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Dear Mr. S a r i c  and Mr. Schneider: 

TRANSMITTAL OF THE PROJECT SPECIFIC PLAN FOR PHASES I AND I 1  OF THE PRE-DESIGN 
FIELD INVESTIGATION 

The U.S .  Department of Energy (DOE) i s  pleased t o  submit t he  P ro jec t  Spec i f i c  
Plan f o r  Phases I and I1  of the Pre-Design Field Invest igat ion f o r  the 
Si te-Wide Disposal Facil i t y .  
methodologies and i s  submitting t h i s  plan f o r  your review and approval. 

DOE has previously submitted the Work P1 an 

The enclosed plan includes proposed sampling loca t ions  f o r  t he  Phase I1 
i nves t iga t ion .  
Chicago, DOE-FN plans t o  evaluate  preliminary geologic da t a  from Cone 
Penetrometer Testing (CPT) t o  s e l e c t  s p e c i f i c  sampling loca t ions .  Based on 
the cu r ren t  schedule, i t  i s  an t i c ipa t ed  t h a t  the  CPT da t a  wi l l  be evaluated by 
November 28, 1994. 
f o r  your concurrence on the s p e c i f i c  sampling locat ions.  

As was discussed during the September 23, 1994 meeting . in  

DOE-FN would l i k e  t o  schedule a meeting during t h a t  week 

The U.S .  DOE would g r e a t l y  appreciate  receiving any comments t h a t  you might 
have regarding t h i s  plan by Friday, December 9,  1994. In o rde r  t o  expedite 
t h i s  work program, we would be happy t o  arrange f o r  a telephone conference, o r  
t o  meet with your r ep resen ta t ives  in  person t o  discuss  any i s sues  o r  concerns. 

I f  you have any questions o r  comments, please contact  Rod Warner of my s t a f f  
a t  (513) 648-3156. 

Si ncerel y , , .  

FN: Warner 

Jack R .  Craig 

Project Manager 
'Fernald Remedial Action 
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1 

The preferred remedial alternative for Operable Unit 2 includes an on-site disposal of remediation 

material. The design of a disposal facility is required as part of these remedial action plans. Initial 

screening for an acceptable location for the disposal facility was performed using available 

- 

- environmental __ - sampling . _  - data. This data __-__ was evaluated - _ _ _ _  by using ~ an uncertainty kjgingmodel - -  too 
determine if enough data was available to ensure accurate geological predictions. The model results 

indicated that an unacceptable uncertainty existed in predicting lithologies in the are most suitable for 

a disposal facility. As a results this Pre-Design Investigation for the location of the on-site disposal 

facility was developed. 

The purpose of the Pre-Design Investigation is to define the most suitable location of the disposal 

facility within an identified best area at the FEW based on Operable Units 2 and 5 Remedial 

Investigatiofleasibility Study (R I /FS)  investigations. The identified best area is located on the east 

side of the FEW and measures approximately 2000 feet east to west by 5300 feet north to south (see 

Figure 1-1). This area is considered the best location for an on-site disposal facility primarily based 

on the greatest amount of gray clay which provides a protective layer over the Great Miami Aquifer. 

Fate and transport modeling and risk assessments in the Operable Unit 2 Feasibility Study (FS) report 

have shown that a disposal facility in this area based on a feasible facility design and a 12 foot gray 

2 

11 

12 

13 

14 

15 

16 

17 

is 

19 

clay layer will be protective of human health and the environment. a0 

21 

The boundary of the study area identified on Figure 1-1 has been bounded on the north, east and 

south by the OEPA siting requirements (buffer from property line and water supply wells). The west 

boundary follows the 12 feet of gray clay contour line with the exception of the northern portion of 

the west boundary line (above the production area), which was made based on identification of sand 

22. 

P 

a 

73 

lenses within the gray clay. xi 

n 

Based on planning meetings with the DOE, FERMCO, €PA and OEPA, the Pre-Design Investigation 

includes three objectives. The first objective is to identify the most suitable hydrogeology in this 

identified best area on site. The field components involve verification of the thickest gray clay and 

the protection of human health and the environment. The field components include verification,of (1) 

25 

29 

x) 

31 

32 

the identification of interbedded granular material. The second objective is the verification analysis of 

000007 
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existing vertical and horizontal uranium contamination; (2) solubility of uranium present; (3) 1 
0 

retardation of uranium; (4) lateral and vertical gradients; and (5) background concentrations of 

information for the design of the disposal facility. The field components include location and extent 

2 

- - ._ . .-uranium of water-in the vadose zone (background lysimeters). The-third objective is todevelop field - 3- __ 

4 

of any interbedded granular material ind geotechnical information in the footprint of the disposal 
facilityr----- _____-- 

5 

6- 

The Pre-Design Investigation field work will be preformed in a phased approach. The first phase will 

include preliminary cone penetrometer testing and water level measurements of existing wells. This 
information will be used to better plan the sampling location during the second phase. The second 

phase will include the collection of data to identify the facility footprint which will include the 

verification of protection of human health and preliminary geotechnical sampling. The third phase 

will be to collect the detailed geotechnical data from the facility footprint needed for the design of the 

facility. 

0 Information from previous investigations pertaining to the study area was analyzed as a first step in 
developing this plan. Lithological data records were compiled into a block model and, by the means 
of kriging, the level of certainty in knowing where interbedded granular areas exist was evaluated. 

This analysis served as the basis for identifying locations for Phase I and preliminary locations for the 

Phase II. 

The scope of work identified in this plan is for Phases I and II of the Pre-Design lnvestigation field 

work. The scope of work for the Phase III investigation wiII be submitted in a separate plan. 

h 

i .  0 

7 

1 

9 .  

10 

11 

12 

13 

14 

15 

16 

11 

II 

19 

m 

21 

P 
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April 1990 

December 1990 

March 1992 

"Conceptual Design Report - Above-Ground 
Engineered Storage (AGES)" 

"Pre-Conceptual Design Study - On-Site Low-Level 
Waste Disposal Facility" 

"Conceptual Design Report for the Engineered 
Waste Management Facility" 

"Technical Report 5.1 A, Engineering Evaluation 
Report for On-Site Disposal" 

June 1993 

2.0 SUMMARY OF PREVIOUS INVESTIGATIONS 1 

U.S. Dept. of Energy 
@OE) 

2 

June 1993 "Technical Report 5. lB, Site 
CharacterizatiodGeological Report for On-Site 
DisDosal" 

- --3 -_ - - - - -  - - _ _ _ _  _ - _ _  - - - -  

Existing Fernald reports were reviewed to obtain information that would be useful in locating the 4 

Parsons 

Parsons 

U.S. Dept. of Energy 
(DOE) 

disposal facility and/or in planning this Predesign Investigation. The reports reviewed are listed in J 

6- Table 2-1. _____-- 

March 1994 "On-Site Waste Disposal Cell Pre-Design Activities 
Engineering Report" 

"FEMP Glacial TillNadose Zone Hydraulic 
Investigations Report - Operable Unit 5" 

"Remedial Investigation Report for Operable Unit 
5," Volume 1 of 5 

May 1994 

June 1994 

TABLE 2-1 

SUMMARY OF REPORTS REVIEWED DURING WORK PLAN PREPARATION 

Author I Date I Report 

Of these reports, four reports and the Sitewide Environmental Database (SED) were found the most 

useful in obtaining data to plan the proposed work. These reports are: 

0 T h e  FEMP Glacial Till Report" (DOE 1994) 
- 

0 "The On-Site Waste Disposal Cell Pre-Design Activities Engineering Report" (Parsons 1994) 
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Technical Report 5. lB, "Site CharacterizatiodGeological Report of On-Site Disposal" (DOE 
1993) 

"The Draft Remedial Investigation Report for Operable Unit 5 at the FEW" (DOE 1994) 

The "FEW Glacial TdlNadose Zone Hydraulic Investigations Report - Operable Unit 5" (Parsons 
1994) provides information on two lysimeters installed close to the study area. One is at the north 
edge of the area and one is within the south part of the investigation site (see Figure 8-2). These 

lysimeters will be re-sampled during the Pre-Design Investigation. 

The report "On-Site Waste Disposal Cell Pre-Design Activities Engineering Report" (Parsons 1994) 
focused on the southwest corner of the current study area. Technical Report 5.1B "Site 
CharacterizatiodGeological Report of On-Site Disposal " (DOE 1993) provided data concerning 

geological and geotechnical engineering characteristics on the north and east boundaries of the current 

study area. Data from these investigations were incorporated in an uncertainty analysis using solid 

block modeling. 

The "The Draft Remedial Investigation Report for Operable Unit 5 at the FEMP" (DOE 1994) 

contained interpretations of stratigraphy and boring/well log data that was used in the development of 

the solid block model and in preparation of the work plan. 

These existing studies, as well as miscellaneous monitoring activities undertaken during remedial 

investigations, have provided greater than 150 borings/wells within the boundaries of the study area. 

The present work plan is based upon the existing data gathered from these reports in the following 

ways: 

1. Thickness maps of brown and gray till, based upon existing data, are used to plan total depths 

for sampling; 
I .  

2. Existing data are used to construct a 3dimensional kriged model of the site geology; 
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3. The kriged model of the site geology is used to estimate the uncertainty of the current data on 

location and extent of sand units within the till, and 

0 
4. The location for future samples will be guided by the need to reduce uncertainty about the 

location of sand within the till. 

0 

e 

The 3dimensional kriged model was developed using existing lithological data records within the 

brown and gray clay within the study 'area. These records were converted into a 0/1 indicator 

variable, where a value of 1 was assigned to records designated as "sand" or "gravel". All other 

records were assigned a value of zero. A block model was created with the following parameters 

(measurements in feet): 

Easting Range 
Northing Range 477,500438,200 (1927 State Planar) 

1,380,900-1.383,100 (1927 State Planar) 

Elevation Range 548416 (MSL) 
Block Size lOo(East) x 100(North) x 1 Elevation 

A statistical distribution of the 0/1 variable was estimated for each block in the model using indicator 

kriging. Based on a sandhon-sand decision point of 0.5, and the 0/1 distribution assigned to each 

block, a new variable was calculated to represents the probability that a block be above the decision 

point of 0.5 and marked as a "sand" block. Using this new variable, areas were defined where there 

is a greater than 5% probability that the sand units are present. Conversely, the inverse of these 

areas represent theaeas where, with a 95% confidence, there are no sands present. 

The distribution that indicator kriging assigns to each block is defined by the two parameters: the 

mean value and the standard deviation of the distribution. The mean value is primarily influenced by 

the ratio of Os and 1s in the nearby samples. The standard deviation is primarily influenced by the 

quantity and spatial nature of the samples around the block. As coverage of the samples around a 

block increases, the standard deviation decreases and vice versa. 

Areas where the sample data is biased towards Os or 1s are denoted as having "consistent" data. 
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Consistent data 

Areas where the sample data has a mixture of Os and 1s are denoted as having "inconsistent" data. 

Using this terminology, four types of areas are defined for locating additional sampling: 

Many Samples Few Samples 

Type I: well understood and 

homogeneous and possibly homogeneous 

Type 11: not well understood 

Table 2-2 

Uncertainty of M g e d  Estimates 

Type m: well understood and 

heterogeneous 

I 

Type IV: not well understood. 

and possibly heterogeneous 

2 

3 

6 

7 

Inconsistent' data 8 

Type 11 and IV areas have been considered in this plan for additional sampling. Confirmation 

sampling is recommended for Type I areas and no additional sampling is recommended for Type 11 

areas. A preliminary determination of the study area has been made based on existing data and 

presented to EPA and OEPA during a planning meeting. The Phase I CPT information will be added 

to this uncertainty analysis prior to planning the specific Phase 11 sampling locations. 

~~U2\VDRSARsEc1-7.sARNovanbdl. 19M 1:19pm 2-4 00001~ 
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2 

- L 3.1 DATA OUALITY OBJECTIVES - .  

Data quality objectives (DQOs) are quantitative and qualitative descriptions of the data required to 

fulfill the purposes of the sampling effort. This section presents the results of the DQO development 

-_ -- process-for-this-Operable-Unit-;! sampling-activity; -The process-determines the necessity -of sample-- -- 

collection, sample types, location and number of samples, and analytical requirements. 

3.1.1 

The data quality objectives and sampling activities are intended to satisfy the following overall 

purposes: 

Pumoses o f SamDling Effort 

Verify the most suitable geology and hydrogeology for the disposal facility with the identified 
best area. 

Identify the thickest gray clay. 
Identify interbedded granular material. 
Define areas that are relatively geologically homogeneous, so that specific tests of the soil and 
water can be related to known volumes of media in the study area. 

Collect samples to verify values used in groundwater fate and transport models in the OU2 and 
OU5 FSs. 

Verify existing vertical and horizontal uranium contamination. 
Determine the solubility of the uranium present. 
Determine the soil retardation of uranium. 
Identify the vertical and lateral perched groundwater gradient. 
Determine the background uranium concentration in the vadose zone 

Develop initial information for design of the disposal. facility. 

Identify the initial geotechnical properties of the soil. 

3.1.2 DeveloDment of Data Oualitv Obiectives and SamDline Plan 
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Separate DQOs were developed for cone penetrometer testing, geotechnical sampling, chemical water 

and soil sampling, the nested well sampling and analysis, K,, sampling and the lysimeter sampling and 

33 

34 

analysis. These DQOs were developed using the following steps: 

0 The problem statement 
The decision 

0 Inputs that affect the decision 
0 Boundaries of the study 0 
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Cone Penetromegr 

General Chemist& 

1, 

Water: 

Radiological(except Tritium) 

Tritium 

Silica - Radiological 

Tbe logic statement 
Constraints on the uncertaintyof the decision 
Obtaining quality data . ?  : '  Summary 

- 1  

B 

B 
D 

E 

D 

Specific DQOs for this PSP were deweloped and are presented in Attachment I. Data requirements 

and corresponding sampling activities are presented in Table 3-1. 

3.2 ASSIGNMENT OF EXISTING ANALYTICAL D O a  

One of five Fernald Environmental Management Project (FEMp)defined analytical support levels 

(ASLs) will be assigned to all data to be collected depending on the intended use of the data. For 

this plan the ASL levels for each tyPe of analysis is provided in Table 3-2. 

Table 3-2 

Analytical Su&rt Level for the PreDesign Investigation 

Analytical Support Level Type of kalysis  I 

~ ~~~ ~- 

soil: 

Radiological 

Geotechnical 
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The specific definitions of the five ASL levels (A through E) are provided in the FEMP Sitewide 

CERCLA Quality Assurance ProjectTlan (SCQ) and are summarized in Table 3-3. 
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TABLE 3-1 

DATA REQUIREMENTS AND PROPOSED SAMPLING ACTIVITY 

Verify-the-thickest-gray-clay - - - 

Define the location and extent of sand 
lenses, and collect additional data 
using the least obtrusive method 
possible. 
Locate areas that contain relatively 
homogenous geological conditions and 
obtain the least number of samples 
required to characterize the required 
properties of the clay and sand. 

Verify existing vertical and horizontal 
uranium contamination and solubility. 

Verify the ability of the brown and 
gray clay to retard the migration of 
uranium. 

Measure the vertical and lateral 
hydraulic gradient and permeability of 
the till to estimate vertical percolation 
of water. 

Determine the background uranium 
concentration in the vadose zone 

Identify initial geotechnical properties 
of the soil 

Proposed Sampling Activity 

DefiniFloEationS for tequu-ed-data by  ismg; kriged 3-D - 

model of sand and the uncertainty of the current model 
of sand. Locate first phase of sampling within areas of 
highest uncertainty. 

Utilize cone penetrometer sampling to minimize damage 
to the clay and define areas of relatively homogenous 
geology. Use soil sampling with an auger to confirm 
CPT interpretations and analyze soil samples. 

Characterize soil borings to locate areas of sand. 

Perform water level measurements of existing and new 
wells to perform inverse modeling to assist in 
determining connectivity of sands. 

Collect soil samples from the brown and gray clay for 
total uranium and TCLP uranium analyses. 

Install lysimeters and collect water samples. Analyze 
samples for chemistry, radio-isotopes and evaluate the 
apparent age of water. 

Collect batch samples from the brown and grey clay for 
I(d analysis. 

Drill and install nested wells to measure hydraulic 
gradient in brown till and gray till. Core samples from 
the borings will have permeability measured. Use these 
data to estimate the potential velocity of water. 

Install nested lysimeters in a background area and collect 
water samples for total uranium analyses. 

Drill borings and take samples for preliminary 
geotechnical sampling. 



-Design Invtstigation 
Sampling and Analysis Plan 

November 7, 1994 
FEMP-OU02-3 D m  

3.3 DA/OC REOUIRE MENTS 
Sampling events follow Quality Assurance/Quality Control (QA/QC) protocol established in Section 4 

and Appendix K of the SCQ, and EPD internal procedure EP-SMS402, "Field Quality Control 

Samples." 

The frequency and number of field QA/QC samples collected are based on the applicable DQOs and 

the CPID. Requirements and justification for collection of field QA/QC samples per sampling round 

shall be documented in this Pre-Design Investigation Project Specific Plan (PSP). Applicable 

laboratory QC sample types and frequency requirements are provided in Appendix G of the SCQ. 

3.3.1 Reauirements for Self-Assessments. Surveillance 

Self-assessment and independent assessments of work processes and operations shall be undertaken to 

assure quality of performance. Self-assessment shall be performed by the Environmental Division, 

shall encompass technical and procedure requirements, and may be conducted at any point in the 

project. 

Independent assessment shall be performed by the FEMP QA organization by conducting 

surveillances. As a minimum, one surveillance shall be conducted, consisting of 

monitoring/observing on-going project activity and work areas to verify conformance to specified 

requirements. Surveillances shall be planned and documented in accordance with Section 12.3 of the 

SCQ. 

3.3.2 Field OA/OC Samu la 
Field QA/QC samples will consist of duplicates (soil and groundwater), field blanks (groundwater), 

and equipment rinsates (groundwater). The collection of field QA/QC samples are discussed further 

in Section 8.0. . 

One rinsate sample per 20 samples collected will be prepared and analyzed for total and isotopic 

uranium during soil sample collection. One rinsate sample per 20 samples or per sampling round, 

whichever is more frequent, will be collected during groundwater sampling and will be analyzed for 

inorganics and total and isotopic uranium. 
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.- 

. 

0 

0 

Suppod 
Level 

B 

C 

D 

E 

TABLE 3-3 

ANALYTICAL SUPPORT LEVELS 

~~ 

Description 

Quolircuive FuU Analysis - This level k characterized by the 
use-of portable instruments that- provide ~l-timC&ta to- 
assist in the optimization of sampling point locations and in 
providing health and safety support. Data can be gene& 
rtgarding the prtsmcc or absence of contaminants (e.g., 
radionuclides, volatiies) at sampling locations. Analogous to 
Environmental Protection Agency @PA) analytical level 1. 

Qualitative, Semi-Quantitative. and Quantitative Analyses - 
Thia level may include the use of more sophisticated 
screening techniques, such as portable analytical instruments 
that can be used on-site (close-support laboratories). 
Depending upon the types of contaminants. sample matrix, 
and QC checks applied, qualitative and quantitative data can 
bc obtained. Analogous to EPA analytical level 2. 

~ ~ 

QvMtitotive with f i l l y  defined QAIQC - Laboratory analyscs 
generated with full QAJQC checks of types and frequencies 
specified for ASL D according to FEMP-specified analytical 
protocols for radiological and nonradiological parameters. 
The analytical methods arc identical to ASL D for QNQC 
sample analysis and method performance criteria. However, 
the data package does not typically contain raw instrument 
output but dots include sumnpries of QAJQC sample 
results. ASL C may be used when analyses require a rigid, 
welldefined protocol, but where other information is 
available, so that a complete raw data package validation 
effort is not required. Laboratories are required to retain. in 
the project tile. raw instrument data to upgrade ASL C 
m r t s  to ASL D. Analoeous to EPA analvtical level 3. 

~~~ ~ 

Conjirmarionaf with complete QAIQC and reporting - 
Provides data generated with a full complement of QNQC 
checks of specified types and frequencies according to 
FEMP-specified analytical protocols for radiological and 
nonradiological parameters. The data package includes raw 
instrument output for validation. These data may be used to 
confirm data gathered at ASLs B and C, and when full 
validation of raw data is required. Analogous to EPA 
analytical level 4. 

Nonrtandard - Analyses by nonstandard protocols that often 
require method development or validation (e.g., when 
extracting d d o n  limits or analysis of an unusual chemical 
compound is required). New methods may be developed for 
ASL E data to allow for parameters or matrices that cannot 
be analyzed by existing standard methods. Analogous to 
EPA analvtical level 5 .  

Typical Data Uses 

- Site _ _  characterization -- -- 
Monitoring during implementation 

Site characterization 
Evaluation of alternatives 
Enginering design 
Monitoring during implementation 

Risk assessment 
Site characterization 
Evaluation of alternatives 
Engineering design 
Monitoring during implementation 

Risk assessment 
Evaluation of altemntives 
Engineering design 

~ 

Risk assessment 
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A duplicate sample will be collected for every round of water sample collection or 1 in 20 water 

samples, whichever is greater; the duplicate will be analyzed for inorganics, total and isotopic 

uranium, and tritium. One soil chaining duplicate shall be collected from every seventh boring. 

A field blank will also be prepared during water sample collection at each location and analyzed for 

inorganics and total and isotopic uranium. 

One Cone Penetrometer Testing (CPT) duplicate will be tested for every tenth CPT location tested. 

One field blank shall be prepared at each day of sampling at each location of sampling in accordance 

with Section K.4.6 of the SCQ. The sample containers containing organic-free de-ionized water will 

remain open during sampling activities at each location. 

3.3.3 Field Changes to the PSP 
Field changes to the PSP are at the discretion of the field geologist, sampling technician, and/or the 

Pre-Design Investigation Project Engineer. Prior to implementation of the field changes, the Project 

Engineer shall be informed of the proposed changes and the circumstances requiring the changes. 

Any changes to the activities specified in the PSP must have the approval of the Project Engineer and 

Quality Assurance prior to implementation. Changes to the program shall be documented on the 

applicable Variance Request Form within one week of approval. Field changes will not reduce the 

sampling activities defined in this PSP but may change the location of sampling or add additional 

sampling locations. 
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AND RESPONSIBILITIES i 

This section describes the organizational and management structure to be used in implementing the 

Operable Unit 2 Pre-Design Work Plan at the FEMP. An Environmental Restoration Management 

4 

5 

Contract (ERMC)-has -- _been. implemented -at-the-FEMI-site-to -manage-the restoration activiti&;-ith- 

Fernald Environmental Restoration Management Corporation (FERMCO). FERMCO, reporting 

directly to the Department of Energy Fernald Field Office (DOE-FN), will act as the main contractor 

for FEMP activities and coordinator of technical support and remediation subcontractors. Under the 

current FERMCO organizational structure, Operable Unit 2 activities will be the responsibility of 

Comprehensive Environmental Response, Compensation, and Liability Act/Resource Conservation 

and Recovery Act (CERCLAlRCRA) Unit 2 (CRUZ), with such activities being conducted by 

individuals of various disciplines matrixed to CRU2 from other FERMCO departments (see Figure 

8.1). 

4.2 RESPONSIE3ILITIES 

The major tasks that constitute the Operable Unit 2 Pre-Design Investigation organizational 

responsibilities to carry out those tasks are identified here. Primary responsibilities for implementing 

the Operable Unit 2 Pre-Design Work Plan will rest with Operable Unit 2 of the FERMCO 

organization, with additional necessary support provided through matrixing from other FERMCO 

departments and through subcontracts as appropriate to ensure quality and timeliness. Task-specific 

responsibilities will be implemented as follows: 

1. 

2. 

3. 

Complete overall planning, integration, execution, and support of the Operable Unit 2 pre- 
design program. Implementation of these activities is the responsibility of the 
Environmental/Enginering Section matrixed to CRU2. 

Prepare and obtain approval of Operable Unit 2 sampling and analytical procedures. 
Development of any new procedures will be the responsibility of the Planning Group within 
the Environmental/Engineering Section of CRU2. New procedures will be submitted to EPA 
for approval, as exceptions or addenda to the SCQ. 

Prepare a sampling and analysis plan (SAP) per CERCLA guidance for conducting field 
investigations, sampling, and analytical tasks. Each SAP will be provided to the U.S. 
Environmental Protection Agency @PA) and the Ohio Environmental Protection Agency 
(OEPA) for their review and approval before sampling activities are initiated. 
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4. Conduct the field program in accordance with the SCQ, established procedures, and the S A P ,  
including all aspects of monitoring, sampling, and shipment of samples. FERMCO’s Sample 
CollectidData Management (SC/DM) will provide the necessary matrixed support to CRU2 
to ensure completion of these tasks. Parsons will provide technical oversite and perform the 
geotechnical testing for geotechnical sample selection, analysis and interpretation. 

5. Review and validation of chemical data collected during field sampling/field characterization 
program will be conducted by the Data Quality Management Department of the 
Environmental Division matrixed to CRUZ, on an ongoing basis throughout the data collection 
and reporting processes. These tasks will be performed in accordance with the approved SCQ 
data validation procedures. Validated data will be entered into the FEMP Site-Wide 
Environmental Database (SED). 

6. Assess and evaluate the field data to verify attainment of the data quality objectives of the 
Work Plan. Various facets of this task will be the responsibility of the Environmental/ 
Engineering Section of CRU2, including the Predesign Investigation Group, ahd the Data 
Management Group. 

4.3 SAMPLE TEAM ORGANIZATION 

4.3.1 Dean izational Structu re 

Sampling for this project will be performed by both Parsons and the Site Characterization Department 

of FERMCO. A schematic presentation of the organization is provided in Figure 4-1. Due to the 

nature, objectives and programmatic requirements of this project, actual sampling locations and 

analysis parameter selection have been designated by FERMCO personnel of Operable Unit 2. 

Parson’s geotechnid personnel will be responsible for retrieving geotechnical samples and producing 

the subsequent field boring logs. FERMCO personnel will be responsible for assisting in well 

construction, water sample collection and shipping of samples to the analytical lab. 

Additional sampling custodian staff may be utilized to provide an interface between the sampling 

crews and the FEMP or contract laboratory to be used for sampling analysis. 
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4.3.2 
Overall project management will be provided by Mr. Don Walker, who is matrixed into CRU2. 

Reporting to him are the following functional groups: 

&Dons ibilities of Team Members 

m l a t o r v  Prom- - responsible for assuring that the regulatory basis for the design is met 
by the proposed data collection 

ProcurementXontracting - Responsible for obtaining the required subcontract services 

Proiect Co ntrols - Responsible for tracking costs and scheduling data 

Pre-Desim Investigation Task Manager - Responsible for defining appropriate objectives for 
the program and reviewing data 

Engineering - Responsible for geotechnical testing and geotechnical data interpretation. 

Field sampling personnel from Environmental Field Programs are responsible for the collection of the 

samples in accordance with the approved S A P .  All activities associated with the execution of 

sampling are to be documented on the appropriate Field Activity Daily Logs (FADLs) which are to be 

completed, by the sampling technicians, for each location. These technicians are also responsible for 

ensuring that the proper sampling equipment is available and in serviceable condition. Also, proper 

decontamination of equipment between each sampling point is the responsibility of these staff. 

Additional sampling custodian staff who interface with the F E W  or contract laboratory are 

responsible for ensuring that proper sampling containers, preservatives and sampling coolers are 

available and in serviceable condition. . 

Also, sample labeling, handling, storage and sample required paperwork in the form of a Sitewide 

Analysis RequestlCustody Record (SWAWCR) Form to be completed prior to submittal to the 

appropriate FEW or contractor laboratory for analysis, are the responsibility of the sampling 

custodian. Finally, sampling custodians are responsible for logging in all collected samples, 

delivering the samples to the F E W  laboratory or sending the samples, with accompanying 

paperwork, to the contract laboratory. These personnel are a part of the Environmental Field 

P r o g r k .  
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5.0 HEALTH AND SAFETY 

3 4  

i 

2 

The - most successful-methodology for providing an effective health and safety program for any activity 3 

is to ensure that involved personnel have received adequate training prior to implementation of the 

field work. 

4 

Employee awareness of all physical, radiological, and chemical hazards which may be J 

_ _  encountered-will be-accomplished-by-training-throughout the planning and-execution-of this project; -- ----T __ 

7 

All FEMP employee and subcontractor personnel who will be performing field work during this 

project will be required to have participated in all Occupational Safety and Health Administration 

(OSHA) mandated 1910.120 Hazardous Waste Site Worker training. In addition, all applicable 

annual refresher training will have been taken by the individuals. 

U.S. DOE regulations at the FEMP require a series of site-specific training courses. These courses 

are designed to augment OSHA required training and provide additional training specific to the 

hazards which exist at the FEMP. 

Field personnel participating in the performance of this project will be trained to the SCQ 
requirements, the FEMP Health and Safety Plan, and the Task Specific Health and Safety Plans. 

0 
In summary, employee awareness and clearly delineated lines of authority and responsibility have 

been designed to provide for effective health and safety related knowledge specific to each activity. 

5.1 TASK SPECIFIC PLANS 

All aspects of this Sampling and Analysis Plan will be performed in accordance with all existing 

applicable U.S. DOE, U.S. EPA, OSHA, and State of Ohio Health and Safety Regulations. 

Additionally, all practices will be managed in accordance with commonly accepted practices used in 

the hazardous waste industry. 

Prior to the implementation of field work which involves drilling, trenching, or soil boring, a 

Penetration Permit will be obtained. Before a Penetration Permit is obtained, the area of concern is 

investigated and compared against the site database for underground utilities in the area. No drilling, 0 
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trenching or soil borings will be performed without a valid Penetration Permit being obtained prior to 

actual performance of the field work. 

Field activities to be performed each have a separate task-specific health and safety plan. Task 

specific health and safety plans have been prepared in accordance with the FEMP Site Health and 

Safety Plan. For each project task and subtask, health and safety technician coverage is provided by 

the assignment of a technician to monitor the activities of the field crew. Project'specific health and 

safety plans provide for the hazards typically encountered by personnel when performing the specified 

field work. 

Existing task specific health and safety plans to be utilized for this project include: 

"Health and Safety Plan for Sampling of Wells and Surface Water Performed in Support of 
Sampling at the FEMP" 

"Health and Safety Plan for Surface Sampling Tasks Performed in Support of Sampling at the 
FEMP" 

"Health and Safety Plan for Well Drilling and Soil Boring Operations Performed in Support 
of Sampling at the FEMP" 

Tasks not covered by the existing plans will have specific health and safety planning documents 

prepared, or existing documents will be revised as needed. Proper equipment to be used for health 

and safety monitoring and personnel protection are specified. Criteria for the selection of monitoring 

equipment and protective clothing are detailed. 

Each member of the field crews is required to participate in a health and safety training session which 

is specific to each field project, prior to performance of this field work. 

5.2 RADIOLOGICAL MONITORING AND CONTROLS 

Radiological monitoring for this work plan will be achieved using existing institutional controls 

commonly utilized at the FEMP. For those areas of the FEMP which are under existing institutional 

radiological controls, any employee who will be entering such areas is required to possess and wear a 

Thermoluminescent Detector (TLD) to monitor for exposure to radiological contamination. In 
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addition, each employee is required to participate in a regularly scheduled urine analysis program 

which is designed to monitor for radiological exposure. 

- 

For areas which are subject to more restrictive radiological controls (Le. the potential for exposure is 

greater), Radiation Work Permits are necessary and will be obtained prior to the field work being 

-- performedlE those g-gg ._ A-radiologkal technician_will. be-assigned .to-each-field-crew-performing- --- 

any activities in an area which could result in site workers being exposed to levels of radiological 

contamination exceeding DOE requirements. 

Ingress and egress of personnel, equip.ment and vehicles to and from radiologically controlled areas 

will be monitored with “real time” radiation detection instrumentation. 

Monitoring results which exceed FEMPdetermined exposure guidelines will be further evaluated as to 

the possible source(s). Measures necessary to remediate radiological contamination sources will be 

implemented. Such measures may include, but are not limited to, personnel training, 

decontamination, employee exposure monitoring, increased personnel monitoring, Personnel 

Protective Equipment, and sampling of suspect materials encountered. 0 
If the responsible radiological technician assigned to the field activities being performed identifies a 

real or potential condition which could or will result in an unsafe condition, then that person has the 

responsibility to cease field operations until such time as the unsafe condition has been corrected. 

5.3 NONRADIOLOGICAL MONITORING AND CONTROLS 

Monitoring of potential health and safety problems associated with nonradiological, hazards are 

evaluated by a health and safety technician. Also, all field crews are responsible for hazard 

awareness and recognition. Task specific training is designed to enhance the performance of all field 

work using good and safe work practices. 
Evaluating the potential for personnel exposure to organic contaminants will be achieved mainly 

through the use of an HNu PI-101 Photoionization Detector. Other equipment which could 

potentially be used includes Drager tubes, oxygen meters and combustible gas indicators. 
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Proposed work in the East Area will be undertaken using protective level D, since the area is not a I 

radiologically controlled area. 2 
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6.0 QUALITY ASSURAlYCE AND QUALITY CONTROL 1 

2 

3 

4 - -  _ _  - The - primary - -  objectives - of the QA/QC sections ad this - plan _ _  relate to the collection of field information . -  

needed to select a preferred location for the foaprint of a 2.5 million cubic yard capacity disposal 
- _ _  

5 

facility. Specific objectives of this field sampl'Qg effort will be designed, organized and implemented 6 

-_ in_a.manner-which-wilI-optimize-the-collection ~-information-which-meets-predetermined_data_quality- --.-7-.-- 

objectives. To ensure that information is gatheed in such a manner that data quality objectives are 

met, QC measures will be used to determine conformance with overall program objectives. Cone 

penetrometer testing is not covered under the SCQ. 

The fundamental mechanisms that will be used m achieve these project quality goals can be 

categorized as prevention, assessment, and cor&tion. These components are further described as 

follows: 

1. Prevention of defects in the data quality-through planning and design, documented instructions 
and procedures, and careful selection a d  training of skilled, qualified personnel. 

2. Quality assessment through a program of regular audits and surveillances to supplement 
continual informal review. 

0 
3. Permanent correction of conditions adverse to quality objectives through a close-looped 

corrective action system. 

6.1 

Field QC samples will be taken to evaluate the possibility that some controllable practice, such as 
decontamination, or sampling technique may be responsible for introducing bias in project analytical 

results. Three types of QC samples will be collected for chemical samples: 

rinsates, field blanks, and duplicate samples (Section 4.1, SCQ). 

FIELD AND LABORATORY OUALITY CONTROL SAMPLES 

sampling equipment 

6.2 ACCURACY. PRECISION. AND SENSITIVITY 

For the purposes of this Sampling and Analysis Plan, Accuracy, Precision, and Sensitivity are defined 

in the following manner: 
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Accuracv and Precision 
Accuracy is defined as degree of conformity to the true value, and is achieved by using recognized 

calibration standards. Precision is defined as degree to which measurements of replicates agree to one 

another, being free from bias or drift in the measurement data. A measure of precision is obtained by 

conducting duplicate analyses and then by assessing the agreement of the measured values. 

Accurate and precise data will be achieved through the use of sampling and analysis procedures that 

minimize biases, through the use of standard procedures, through the meticulous calibration of field 

and analytical equipment, and by implementing corrective action whenever measured accuracy and 

precision exceed pre-established limits. 

Sensitivity 

Sensitivity is defined as the capability of indicating minute differences. The sensitivity of field 

measurements (eg., penetrometer measurements) will be estimated. 

Refer to Section 4.2 of the SCQ for additional detail. 

6.3 COMPLETENESS. REPRESENTATIVENESS. AND COMPARABILITY 

For the purposes of this Sampling and Analysis Plan, Completeness, Representativeness, and 

Comparability are defined in the following manner: 

ComDletenesS 

A sufficient number of successful measurements, at least 90 percent, must be obtained to determine 

the nature of soil, subsoil, and perched groundwater within the proposed predesign investigation 

area. 

Remesentat iveness 

Representativeness is the extent to which reported analytical results factually depict the chemistry of 

the sampled environmental media. This will be assured by following the SCQ, Appendix K. It is 

optimized through proper selection of investigation locations, sampling sites and intervals, proper 

sample handling and analysis. 
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I 

Comparability is the extent to which comparisons among separate measurements will yield valid 

Comparability among measurements in the remedial investigation will be achieved 

and analytical procedures. 5 

2 

conclusions. 

through the use of rigorous standard field installation, sampling, document control, data reporting, 

3 
- - 

4 

6 
_____ ~ - _ _  _ _  

Refer to Section 4.3 of the SCQ for additional detail. 7 

8 

6.4 TRAINING. RECORDS ADMINISTRATION. AND DOCUMENT CONTROL 9 

All FEMP employees and subcontractors assigned to this project will be required to participate in a 

series of regularly scheduled training sessions which are designed to enhance employee awareness of 

each one's responsibilities and duties in the project. Field staff will receive comprehensive project 

IO 

II  

12 

and task specific training. 

and project objectives training prior to the project start. 

Project daily "Tailgate Safety Meetings" will augment health and safety 13 

14 

Refer to Section 4.4 of the SCQ for additional details. 0 16 

17 

6.5 PERFORMANCE AND SYSTEM AUDITS 18 

To verify compliance with the SCQ and project-specific requirements, the FEMP project manager and 19 

designated FEMP QA organization shall be responsible for scheduling and conducting QA audits and 

surveillance. 

DOEEN. 

a0 

Audit results of activities covered by the SCQ are available to the EPA upon request to 21 

EPA may conduct external audits of FEMP activities covered by the 1991 Amended 22 

Consent Agreement as required. 2) 

a 

As a minimum, audits shall consist of evaluation of the QA program and procedures, effectiveness of [ z 

the implementation, and review of associated project documentation. Audits shall cover applicable 26 

laboratory activities, field operations and documentation and final reports. Auditing shall be n 

performed in accordance with DOE guidelines, the SCQ and applicable PSPs. 28 
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As a minimum, surveillance shall consist of monitoring/observing ongoing project activity and work 1 

areas to verify item and activity conformance to specified requirements. 

scheduled, planned, and documented. 3 

Surveillance shall be 2 

Refer to Section 12 of the SCQ for additional details. 
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7.0 FIELD ACTIVITY GUIDELINES 

7.1 FIELD ACTIVITY REOUIREMENTS - -- 

This section presents a generalized description of the field activities proposed to complete Phase I and 

II of the Pre-Design Investigation. Field activities will consist of non-intrusive geotechnical surveying 

using ~ _ _ _ _  a cone _ -  penetrometer - -----'-- and - -  intrusive -- ---  sampling-of. soil,-subsurface-soil,-and-groundwater-media-- - 

using as soil auger. These will be accomplished in a phased approach; Phase I will consist of cone 

penetrometer testing, while Phase I1 will include soil borings and well installation, and the collection 

of soil and groundwater samples. 

Procedures to be used during the performance of the field operations are derived from several FEMP 

program plans, procedures, ASTM guidance, and EPA sources. FEMP program plans, specifically 

the SCQ, Site-Wide RI/FS Work Plan, and FEMP SCDM Department Standard Operating 

Procedures will be used as guidance documents. U.S. EPA procedure reference sources include the 
"Compendium of Superfund Field Operations Methods" and "Hazardous Waste Site Disposal 

Operations." Guidance for field activities is presented in Section 7.2 below. 

For those field activities for which adequate procedures do not exist, activity-specific procedures are 

presented. These procedures will be in accordance with commonly accepted investigative techniques 

and recognized industry practices. 

Because there is a possibility that the FEMP and surrounding area may contain archaeological sites, 

which are protected under Federal law, procedures have been developed to properly protect these 

sites. If any material is encountered during this investigation which may be a cultural or 

archaeological resource, work will stop immediately and the appropriate people notified., Attachment 

II outlines this procedure in greater detail. 
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7.2 FIELD OPERATIONS PROCEDURES 

Tables 7-1 through 7-5 provide references for administrative, field, and sample handling/laboratory 

procedures for various activities in the Operable Unit 2 field investigation. These activities are: 

Geological survey using a cone penetrometer 
Soil sampling for geotechnical soil properties 
Soil sampling for selected chemical/radiological analysis 
Groundwater sampling for selected chemicalhadiological analysis 
Lysimeter installation 
Well installation 
Water level measurements 

FER\CRUZ\MR\SAP\SECI-7.SAPWovcmbcr7. 19w IO: I&m 7-2 
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REFERENCE GUIDELINES 
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QNQC SCQ Sections 4, 5.  10, and 11; Appendix M a b l e  2-2; Appendix D; Appendix J 

QNQC of Grout ASTM C109-92 "Standard-Test.Method.for-Compressive Strength-of-Hydraulic- 
Cement Mortars" --- 

Chain of Custody 

Corrective Action 

SCQ Volume I, Sedon  7.1; 
RUFS Fernald Project Policy and Procedures Manual, FPP-401, Section 5.1.12 

SCQ Volume 1. Section 15.2; 
RIlFS Femald Project Policy and Procedures Manual, FPP-210 

Daily Logs SCQ Appendix J. Subsection J.4.1 

Variances SCQ Volume I, Section 15.4.1; 
RllFS Fernald Project Policy and Procedures Manual, FPP-203 

Document Change Request SCQ Volume 1. Section 4.4.3.2; 
RI lFS  Fernald Project Policy and Procedures Manual. FPP-200 

Field Procedures Reference Documents 

General Drilling Practices 

Monitoring WeWPiezometer 
Design, Installation, and 
Abandonment Plugging and Abandonment 

SCQ Section 5.2.1; Appendix J, Subsection J.4.2 

SCQ, Section 5.2.2; Appendix J ,  Subsection J.4.3; 
PCN-EM-GW-004-1-01 and -02 - Standard Operating Procedure for Well 

0 
Abandonment ASTM D5299-42 "Standard Guide for Decommissioning of Groundwater Wells, 

Vadose Zone Monitoring Devices, Boreholes and Other Devices for 
Environmental Activities" 

OAC 3745-9-10 'Abandonment of Test Holes and Wells" 

ASTM C150-92 "Standard Specification for Portland Cement" 

SCQ Appendix J, Subsection J.4.4 

SCQ Appendix K, Subsection K.5.3.2; 
MlFS Femald Project Policy and Procedures Manual, FPP-600 

Well Development 

Field Screening of Samples 
for Radioactive 
Contamination 

Decontamination SCQ Appendix K, Subsection K. 11 
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Adminiitratire Procedures Reference Documents 

Sample Handling/ 
Laboratom Procedures Reference Documents 

Classification, 
Transportation, and 
Shipment of FEMP RllFS 

RI/Fs Femald Project Policy and Procedures Manual, FPP-601; 
SCQ Appendix K. Subsection K.10; Volume I ,  Subsection 6.7; 
Compendium of Superfund Field Operations Methods, Section 6.0 

Sample3 

1 

2 
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Adminiitrative Procedures Reference Documents 

See Table 7-1 See Table 7-1 

3 4  

1 

2 

3 

4 -  

5 

6 

7 

field Procedures Reference Documents 
~~~ ~ ~~ 

General Groundwater Purging and 
Sampling Techniques 

SCQ Volume I, Subsection 6.2; Appendix K, Subsection K4.2; 
SC-GWM-FO-201 Groundwater Sampling Activities 

Water Level Measukments SCQ Volume I, Section 6.2.2.1; Appendix K, Subsection K.4.2.1; 
EP-GWM-200 Groundwater Elevation Measurements 

Field Analytical Methods SCQ Volume I, Subsection 6.2; Appendix K, Subsection K.4.1 

Parameter-Specific Sampling 
Procedurts 

Decontamination 

SCQ Volume I, Subsection 6.2.2.3; Appendix K, Subsection K.4.2.3; 

SCQ Appendix K, Subsection K.11 
SC-GWM-FO-201 Groundwater Elevation Measurements 

Sample HandlingLaboratory 
Procedures Reference Documents 

0 
Classification, Transportation, and 
Shipment of FEMP FWFS Samples 

See Table 7-1 
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TABLE 7-3 

UNSATURATED ZONE SURVEY PROCEDURES 

Re-Design Investigation 
Sampling and Analysis Plan 

2 

3 

4 

5 

Administrative Procedures Reference Documents 6 

See Table 7-1 See Table 7-1 7 

Weld Procedures ~ Reference Documents 

Lysimeter installation and sampling . ASTM D4696; 
Sation 8.3.1 of this Sampling and Analysis Plan 

Decontamination Appendix 3. EMdW-004 
of this Sampling and Analysis Plan 

Sample Handling/LaboratDry 
Procedures Reference Documents 

8 

9 

IO 

11 

12 

13 

a Sample Handling and Analysis Sections 8.5 and 8.8 of this Sampling and Analysis Plan 
Analabs. A Unit of Foxboro Analytical, "Operating and Service Manual 
for Century Systems, Portable Organic Vapor Analyzer (OVA) Model 
OVA-128 and Optional Accessories, Revision C" 
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TABLE 7-4 

GEOTECHNICAL SURVEYING PROCEDURES 

I 

2 

3 

..__ ~ - ~ __  - _  . - ~ ~ - -  
5 

Administrative Procedures Reference Documents 6 

Field Procedures Reference Documents 8 

Penetrometer Techniques Section 8.3.1 of this Sampling and Analysis Plan; 9 

ASTM D 3441-86 "Standard Method for Deep, Quasi-Static, 
Cone and Friction-cone Penetrometer" 

IO 
I I  
12 

13 
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SOIL SAMPLING PROCEDURES 
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Administrative Procedures Reference Documents 

See Table 7-1 See Table 7-1 

Field Procedures Reference Documents 

General Drilling Ractices 

Subsurface Sampling 

Surface Sampling 

Field Screening of Samples for Radioactive 
Contamination 

Decontamination Sce Table 7-1 

See Table 7-1 

SCQ Appendix K ,  Section K.5.3 

SCQ Appendix K, Section K.5.1 

‘SCQ Appendix K ,  Section K.l l ;  
RIFS Fernald Project Policy and Procedures Manual, FPPaoO 

Sample Handling/Laboratory 
Procedures Reference Documents 

Classification. Transportation, and Shipment of 
FEMP R I F S  Samples 

Gcotcchnical Analyses 

See Table 7-1 

ASTM reference methods as shown on Table 8-5 
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8.0 FIELD SAMPLING PLAN 1 

8.1 SAMPLE TYPE LOCATION AND ANALYSES 3 

Table 8-1 and Figure 8-1 is a summary of soil sample collection proposed for the predesign activity. 4 

_ _  ~Table~83~presents~~totals_for~the~chemi~~analys~s~fo~soil~and~w~er,~and Table-8z3_summarize_water J 

level measurements for inverse modeling. 6 

7 

Sample collection methods and field &d analytical methods and procedures are discussed in the 8 

following sections. 9 

10 

8.2 FIELD PROGRAMS 11 

12 

8.2.1 Cone Penetrometer Testing 13 

8.2.1.1 Obiectives. 14 

15 Cone penetrometer testing (CPT) is proposed as a relatively non-intrusive soil sampling method since 

hydrogeology. This will include identifying the thickest gray clay and identifying the location and 

extent of interbedded granular material. 

soii is not collected for testing. CPT will assist in identifying the most suitable geology and 16 

17 

0 
18 

19 

Proposed CPT locations are shown on Figure 8-1. The CPT activity will precesd other activities 

proposed for the Pre-Design Investigation. The locations for the CFT were selected by 3dimensional 

model of uncertainties and will compliment existing data in the following areas: 

- Where existing lithological sampling was sparse, but the existing data were relatively 
homogenous with respect to the detection of clay or sand materials, and 

- Where existing data were sparse, but the data were inconclusive concerning clay or 
sand. These areas are possibly geologically heterogenous and were selected for 
additional character izat ions. 

These areas were-selected since the addition of even limited data would increase the certainty in 

geological interpretation. 
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TABLE 8-1 

SUMMARY SHEET OF 
SOIL SAMPLES 

SIGN INVI 

I 
TIGATION IN TH - 

1 :  .- 
m .- 

616 2 2 
2 2 
2 2 2 
2 2 2 
2 2 
2 2 
2 2 2 
2 2 2 

6 6 
6 6 
616 % 

2. 2 

2 

2 

- 
- 

6 6 
6 6 
6 6 
6 6 
6 6 
6 6 
6 6 
6 6 
6 6 
6 6 
6 6 

- 3-E 
6 1 6  

11477 
6 6 
6 
6 
6 

- 
- 

6 
6 
6 

- 
- 

I 
1 11485 
1 
1 
1 
1 

- 
- 
- S 

'f- 1 1489 
1 
1 
1 
1 

- 
- 
- 

i- 1 1 1494 
1 1495 1 
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TABLE 8-1 

SUMMARY SHEET OF 
SOIL SAMPLES 
TIGATION IN THE EASTERN AREA PREDESIGN INVI 

(I 

mation 
1 1496 
1 1497 

I I 

I I + 1 
1 
- 11498 

1 1499 
X 
X 
X 
X 
X 

- 
- 
- 
- 

1 
1 
1 
1 
1 

- 
- 
- 
- 

11500 
11501 
1 1502 
1 1503 
11504 
1 1505 

NOTE: The numbers in each column indicate the number of samples for that analyte 
that will be collected at that location. The locations for the uranium phases are tentative 
and subject to change. 

11468 through 11481 are proposed geotechnical borings, 11482 through 11490 are proposed 
lysimeter locations, and 11491 through 11505 are proposed piezometers. 

s - soil samples 
w - water samples 
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36 

15 

51 

TABLE 8-2 

E a 
‘5 
E $ 3  
36 

15 

51 

CHEMICAL ANALYSES 
FOR SOIL AND 

WATER SAMPLES 

e 

36 

Location TypeL 

9 Lysimeters (Water) 

b) 9 , s  E =  
E Z  
m G  

9 

[Total 

lumber 

0)  

m Y 

15 

24 

of 

= s  
= a  
Q g  
a m  

9 9  

15 

24 

NOTE: Numbers indicate total number of samples that will be collected for the indicated analyte. 
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1110 

1278 

11230 
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1418 
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1444 

1733 

1843 

1866 

1905 
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TABLE 8-3 

.. 

WATER LEVEL MEASUREMENTS 

TvDe Manual Transducer Freauencv 

X oncehour 

oncehour- -___ -__ --x 
X oncehour 

X oncehour 

X oncelhour 

X oncehour 

X oncelhour 

X oncelweek 

X oncelweek 

X oncelweek 

X oncelweek 

X oncelweek . 

X oncelweek 

X oncelweek 

1064 X 

1152 X 

1160 X 

1149' 

1167' 

1124' 

1887' 

1301' 

1293' 

X 
X 
X 
X 
X 
X 

'Additional wells being considered for manual water elevation readings. 

oncelweek 

oncelweek 

oncelweek 

oncelweek 

oncelweek 

oncelweek 

oncelweek 

oncelweek 

oncelweek 
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8.2.2 Groundwater Elevations for Inverse Modeling 

An inverse model is proposed that will use measured rainfall data and the response in selected wells 

to estimate the hydraulic conductivity of the till. This is called inverse modeling because traditional 

modeling uses measured values of hydraulic conductivity to predict water level changes. The inverse 

model solution for hydraulic conductivity will not be a unique one, however, since the infiltration and 

transmissivities in the till will both be estimated parameters. The value of the model will be in its 

capacity to test reasonable assumptions concerning the physical structure of the geology and to act as 
an additional model to assess the hydrogeological properties of the study area. A description of the 

inverse model which will be used is 

MODINV Using a starting estimate of the hydraulic conductivity, the model adjusts 
the estimate and adds missing parameter data based upon the measured change in 
groundwater elevations. The model can provide a quantitative estimate of parameter 
value uncertainty that can indicate the value for additional hydraulic testing. 

To complete the proposed inverse modeling, groundwater elevation data will be required from 

numerous wells within the study area for a relatively long period of time. The following wells that 

have possible rapid responses to precipitation recharge will be monitored with transducers and data 

loggers: 1272, 1151, 1281, 1324, 1110, 1418, and 1112. Data loggers will be set to collect water 

levels every hour for at least one month period. Other wells will be monitored on a regular basis by 

hand measurement methods. One measurement per week will be made, with an additional 

measurement made one day after rainfall events that exceed 0.5 inches. These wells include the 

following: 1124, 1444, 1733, 11067, 1905, 1866 and 1843. 

The range in water level changes is expected to be on the order of five feet or less during the study 

period, which will start October 3, 1994. A 10 to 20 PSI transducer with a Hermit brand data logger 

(or equivalent) will be used. Manual water level measurements will be collected on the same day, if 

possible, and recorded to the nearest 0.01 foot depth. 
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8.2.3 SamDling From Soil Boring Locations 1 

8.2.3.1 Obiectives - - - 2 

There are fourteen boring locations proposed to collect soil samples to (1) characterize the 

engineering properties (geotechnical properties) of the soil, (2) verify existing vertical and horizontal 

- 

3 

4 

- ~--_uramum-con tamimnation,-(3) determine-the solubility-of uranium,-(4) assist in-identifying interbedded- 5- 

granular material, and to (5) determine the uranium retardation potential or the partitioning coefficient 

(KJ for the soil in the study area. 

8.2.3.2 Soil S ~ D  le Collection 

Soil samples will be collected from 14 soil borings drilled by truck-mounted hollow-stem auger drill 

rig and split-spoon or Shelby tube type sampler, or by Rotosonic Drilling with Shelby tube samples 

collected with the same hydraulic push method used for auger rigs. The proposed locations and 

quantity of samples are provided in Table 8-1. The analytical methods to be used are referenced in 

the tables and described in Table 8-4. The sample types and depths are presented in Table 8-5, and 

sample volumes, containers and preservatives are listed in Tables 8 4  and 8-7. 

The 14 proposed locations will be defined upon completion of the cone penetrometer testing. 

Geotechnical samples will be collected from both the brown and the gray soils as described in Table 

8 4 .  These samples will help determine whether the soils in the study area display the preliminary 

engineering properties for facility design. In addition to geotechnical samples, soil samples will be 

collected from each boring, one from the brown clay and one from the gray clay, for a total of 28 

samples, and analyzed for total uranium, isotopic uranium, TCLP Total Uranium and TCLP Isotopic 

Uranium. These data will be used to define the vertical and horizontal distribution of uranium in the 

soil of the study area and the solubility of uranium. The TCLP samples will be collected as close to 

the K,, soil collection interval as practicable. 

Samples for definition of the distribution coefficient (Io analysis will be collected from seven of the 

borings: one from the gray and one from the brown clay for a total of 14 samples (see Table 8-5). 

Soil samples will be transferred to containers as quickly as possible with as little disturbance as . 
possible. A minimum of 2000 grams (field weight) of soil will be collected from each location. 

6 
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29 
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TABLE 8-5 
SUMMARY OF ASI'M PROCEDURES 

TEST NO. TITLE 

ASTM D422 

ASTM DS54 

ASTM D2216 

ASTM D4318 

ASTM D4767 

ASTM 05084 

ASTM D2435 

ASTM D698 

ASTM D2937 

ASTM D4319 

Standard Method for Particle Size Analysis for Soils 

Standard Test Method for Specific Gravity of Soils 

Standard Test Methods for Laboratory Determination of Water 
(Moisture) Content of Soil, Rock, and Soil-Aggregate Mixtures 

Test Method for Liquid Limit, Plastic Limit, and Plasticity Index 
of Soils 

Test Method for Consolidated-Undrained Triaxial Compressive 
Test on Cohesive Soils 

Standard Test Method for Measurement of Hydraulic 
Conductivity of Saturated Porous Materials Using a Flexible Wall 
Permeameter 

Test Method for One-Dimensional Consolidation Properties of 
soil 

Laboratory Compaction Characteristics of Soil Using Standard 
Effort 
Unit Weight 

Standard Test Method for Distribution Ratios by the Short-Term 
Batch Method 

ASTM C109 

ASTM C150 

ASTM D4319 

ASTM D420 

Compressive Strength of Hydraulic Cement Mortars 

Standard Specification for Portland Cement 

Distribution Ratios by the Short-Term Batch Method 

Standard Guide for Investigating and Sampling Soil and Rock 

ASTM D1452 

ASTM D1586 

Standard Practice for Soil Investigation and Sampling by Auger 
Borings 

Standard Test Method for Penetrometer Test and Split-Barrel 
Sampling of Soils 

ASTM D1587 Standard Practice for Thin-Walled Tube Sampling of Soils 
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ASTM D2166 '* Standard Test Method for Unconfined Compressive Strength of 
Cohesive - Soil ._ - 

ASTM D2487 Standard Classification of Soils for Engineering Purposes 

ASTM D2488 Standard Practice for Description and Identification of Soils 

Penetration Tests of Soil 
_. _-  ~ --ASTM D3441 - ~ - - -- --Standard Test-Methot-for-DeeprQuasi-Statici Cone-and-Friction- -- - - ~- 

ASTM D4696 

ASTM D4700 

ASTM D5299 

Standard Guide for Pore-Liquid Sampling from the Vadose Zone 

Soil Sampling from the Vadose Zone 

Standard Guide for Decommissioning of Groundwater Wells, 
: Vadose Zone Monitoring Devices, Boreholes, and Other Devices 

for Environmental Activities 
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TABLE 8-6 

? SOIL SAMPLE 
TYPES, LOCATIONS AND DEPTHS 

I 11468 

II I 0 1 x 1  x 
Brown 

Gre 20 
25 l=l=kF 11469 

Brown 

Grev 15 

1 11470 ' I 

0 x x  I Brown ! 5 x x  
~ 

10 ~ x x  
Grey 15 x x  
Grey 20 x x  

25 x x  
It I 30 I I 

X ' I  X I  1 x 1  
X I  x 
x !I 
x 1' I I I 
X i  I I I 

I I 

X I  I I Ix. x 

* 
y 
X 

X 
X $ X 

I 

tt lxlx 

# 
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TABLE 8-6 

SOIL SAMPLE 
TYPES, LOCATIONS AND DEPTHS 

I 

u 

-a& 

.- 
Location + , 11471 + 

XIX Ix Brown z - 
X Grey 

Grev X 
X 
X 

- 
- -P X 

X 
X 

- 
25 
30 X t + + 11472 * - 

X 
X 
- X 

X 
0 X 
5 X 
10 X 
15 X 
20 X 
25 X 
30 X 

Brown 

X 
X 
X 
X 

- 
- 
- 

X 
X 
X 
X 

- 
- 
- 

Grev 

X 
X * X - 

11473 

I - 
X 
X 
- 

- 
X 
X 

20 

X 
X 
X 

- 
- * X 

X 
X 

- 
- 

Grev - 
X 

X 
X 
- -+ 30 I x  

0 0 0 0 s ~  



TABLE 8-6 

SOIL SAMPLE 
TYPES, LOCATIONS AND D-S 

Approximate 
Location Depth (Ft.) 

11474 

Brown 

q+ 
30 

Brown 3 ~ 

Grey 1 10 

=E 11476 

Brown 

20 

e .- 

-qq+ 
x x x  

L - y f -  

x x  

# 
X 

x x x  
x x x  

T 

I- 

+ * * 

X I  l x l x  

ZEE x, x x 
X 
X 

X 
X x x  

I 1 x 1  

000051 



3 4  
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SOIL SAMPLE 
TYPES, LOCATIONS AND DEPTHS 

Approximate 
DeDth Et.) Location * +t 11477 

X 

n X 
X 
X 

- 
- 

X 
X 
X 
X 
X '  
X 
X 

- 
- 
- 
- 

X I  I x  5 
10 

Brown 

Grey X 
X 
X 
X 

- 
- 
- # 

15 
20 

0 

0 

25 
30 * 11478 

# 0 X 
~ 

Brown X 
X 
X 

- 
- -q-+ 

X 

5 
10 

X 
X 
X 

- 
15 Grey 

X 
X 
X 

- 
- 

X 
X 
X 

- 
- 

20 
25 
30 * 11479 

0 X- I x  
X 
X 
X 

- 
- 

Brown 5 
10 
15 

Grey 
XIXI 

X 
X 
X 

- 
- 

20 
25 
30 
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TABLE 8-6 

SOIL SAMPLE 
TYPES, LOCATIONS AND DEPTH!3 

3 
0 
a 
0 
0 

.- 
U 

CA 
W 

4 
3 
3 
- c-0 

I 11480 I + 
0 x x x  

Brown 5 x x x  
Grev 10 x x x  + X 

X 

- 
- "t * 

30 x x x  * * II 11481 i I I 

I I I 

0 x x x  
Brown 5 x x x  

20 x x x  
25 x x x  I 

NOTE: If 
recovery is 

low, 
alternative 
locations 
will be . 

chosen on 

needed 
basis by 

an as- 

2 Task Manager. 
000053 



0 TABLE 8-6 

SOIL SAMPLE 
TYPES, LOCATIONS AND DEPTHS 

11 482 7 I 11483 35 I 11 11484 i 55 I I l l  I 
11485 7 I 11486 35 
11487 55 I 11488 7 
11489 35 
11 490 55 
11491 20 

11 502 20 ' 1'  11503 20 I It 11504 i 20 I I l l  I 
~ 1 11505 I 20 I I l l  I 
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SAMPLE VOLUME, CONTAINERS, AND PRESERVATION - 
SOIL SAMPLES 

Preservation Parameter Container 

TCLP Uranium 1 x 500 mL wide 4°C 
mouth amber 
glass 

Specific Gravity 1 x 500 mL glass None 

Water Content 1 x 500 rnL glass None 

Liquid Limit, Plastic Limit 1 x 1.D.L glass None 

Analysis, Hydrometer 1 x 1.0 L glass None 
Analysis wide mouth 

Dry Unit Weight, 1 3x24 in. Shelby None 
Consolidation, Hydraulic tube 
Conductivity, Unconfined 
Compression 

Consolidated Undrained 1 3x24 in. Shelby None 

wide mouth 

wide mouth 

wide mouth 

tube 
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TABLE 8-8 

- SAMPLE VOLUME, CONTAINERS, AND PRESERVATION - 
WATEWQA SAMPLES 

- _ _ _ _ _  ~ _ _  - -  - . 

Container Preservation Parameter 

Bromide 

Tritium 

Alkalinity, Bromide, 
Calcium, Magnesium, 
Nitrate, and Sulfate 

Total Uranium 

Isotopic Uranium 

. -  

1 x 1 L plastic 

1 x 1 L plastic 

1 x 1 L plastic 

1 x 1 L plastic 

1 x 1 L plastic 

None 

None 

None 

None 
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8.2.4 Lvsimeter Testing 
Installation requirements for lysimeters are detailed in ASTM D4696 and the TIMCO installation 

methodology (TIMCO may be replaced with another vendors specification). These documents are 

provided in Attachments W and III respectively for reference. A summary of the proposed 

installation requirements is provided below. 

8.2.4.1 Objectives 

Nested lysimeters will be installed and sampled to determine the nature of uranium and the 

concentration of uranium in the glacial till and the Upper Great Miami Aquifer for the Eastern Site 

and for an off-site location. The data from the off-site location are intended to establish background 

lysimeter uranium concentrations. Also, age dating, by conducting tritium analysis, will be 

performed for the vadose zone. The age of the water will assist in determining the time it takes 

surface water to reach a certain depth in the vadose zone. Samples will be collected to determine 

when the lysimeters have reached equilibrium and to establish some general chemistry properties for 

the groundwater collected from the vadose zone. 

8.2.4.2 Lvsimeter Placement and Installation 

Preliminary locations for the lysimeter placement are shown in Figure 8-1. Lysimeters will be placed 

in clusters to monitor the fluid characteristics at multiple depths at one location. The final locations 

for installation will be selected to obtain data that is representative of the till; consequently, these 

representative areas will be determined after penetrometer testing and 3-D modeling has been 

conducted. 

There will be two on-site locations with three nested lysimeters each, and one off-site location with 

three lysimeters. The lysimeters will be installed using a hand auger and Rotosonic drilling, the 

shallowist installation being approximately 7 feet deep and located in the upper brown till, the second 

deepest installed approximately 5 feet from the base of the till (approximately 35 to 40 feet deep), and 

the deepest approximately 5 to 10 feet into the Upper Great Miami Aquifer (approximately 50 to 55 

feet deep). General drilling practices will be in accordance with the SCQ when possible. Table 8-8a 
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shows the approximate anticipated depth for the lysimeters. 

- - _ _  - - Qe proposed depth may be within the brown or-gray-clay. - - - - - -- - - - - - - 

The proposed lysimeter (TIMCO'" Deep-Sampling Cup or equivalent) is a 2-inch diameter 

vacuudpressure-soil-pore-water- sampler-as-presented-in-Attachment-IU+'The-lysimeter -allows-water- 

to enter a micro-porous cup at the instrument's base through capillary forces or vacuum. The cup is 

attached to an 18-inch PVC cylindrical body with fulldepth riser and a PVC head. The head 

assembly attaches to the riser and COMW~S sample and pressure ports to the lysimeter via 1/4-inch 

nylon tubing. The lengths of the nylon tubing extend from the lysimeter body through the riser head 

at the surface and are used for vacuum extraction and pressure sampling. The sample tube extends 

from the head through the lysimeter to a point just in contact with the inside base of the lysimeter. 

The vacuum extraction tube extends into the lysimeter to a poht approximately 3 inches below the 

inside of the cap. 

Prior to installation the lysimeter and associated tubing will be decontaminated and installed according 

to manufacturer's specifications and SCQ procedures where applicable. After lysimeter and nylon 

tube decontamination, the ends of the tube will be clamped off at the surface to avoid the inadvertent 

introduction of foreign material into the tubing. The lysimeter components will then be assembled 

and installed with a fulldepth, 2-inch PVC riser screwed on to the lysimeter body to house the nylon 

tubing. The tubing will be measured and cut to allow approximately 2 feet of stick-up at the surface. 

a 

1 

2 - - - -  -- . .- 

3 

4 

- 
J 

IO 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

a0 

A 3- to 6-inch-thick slurry of silica flour and distilled water will be tremied into the open borehole. 

However, prior to making the slurry mixture the silica flour will be sampled and analyzed for total 

and isotopic uranium. This will be conducted at a rate of one sample per on-site nest for a total of 

three samples. An indicator (such as bromide) will be added to the water that is used in 

21 

22 

23 

24 
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TABLE H a  

PROPOSm LYSIMEIER DEPTHS 
- 

Location Depth (feet)* I 
Location 1 

- $  1 1482 ... 
11483 

1 1484 I 

Location 2 

1 1485 

1 1486 

11487 

I 

7 

35 

55 

7 

35 

55 

11488 

11489 

1 1490 

7 

35 

55 

* Dependent upon geological conditions 

slurry production so that the influence of the added water on the sample can be assessed. The 
lysimeter and riser will be gently lowered into the boring and secured at the surface to prevent 

floating. 

Additional slurry will be placed 2 to 4 inches above the top of the ceramic tip of the lysimeter. At 

that point, 80/100 mesh sand will be poured to a minimum of 3 to 6 inches above the top of the 

lysimeter, followed by a column of Volclay grout to within 3 feet of the surface, then a bentonite 

seal. This grout will be placed with a tremie line and will prohibit shallow water from draining into 
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the lysimeter zone. The lysimeter head will then be connected to the tubing. The same volume of 

water that was added to the slurry for the lysimeter installation will be purged from the lysimeter. 

Sampling will be initiated 48 hours after purging. 

- - -$ .2.4.3- Lvsimeter S a m ~  ling ~ ___ __ ~ _ _ _  - 

Sample recovery from the lysimeter will be in accordance with manufacturer's instructions, general 

SCQ protocol and ASTM D4696-92. After satisfactory installation of each lysimeter, a vacuum hand 

pump will be attached to the pressure port of the lysimeter and used to lift the sample into the holding 

chamber of the lysimeter. Pressure should be gently increased until 9 psi is achieved to lift the 

sample into the holding chamber of the Deep-Sampling Lysimeter. 

After installation and purging there will be a total of four rounds of samples collected. The first three 

rounds, which will be approximately five days apart, will be analyzed for bromide, calcium, and 

magnesium. The results of the analysis will be plotted to determine when or if the bromide is reading 

0 ppm, which is background, and when or if the calcium and magnesium concentrations equilibrate. 

Depending on the results, it may be determined that additional purging of the lysimeters be conducted 

to obtain equilibrium before collecting the final round of samples. This final round, which will be at 

equilibrium, will be analyzed for total uranium, isotopic uranium, bromide, calcium, magnesium, 

alkalinity, nitrates, and sulfates. One tritium sample will be collected from the shallowest lysimeter 

from each on-site nest for a total of three. It is anticipated that the volume of water collected from 

the lysimeters may be too small to conduct all of the aforementioned analyses. Therefore, samples 

will be collected on subsequent days with the following prioritization: 

' 

0 &-Site Locations 

Total Uranium, Istopic Uranium, Tritium, Bromide, Calcium, Magnesium, 

Alkalinity, Nitrate, Sulfate 

0 Off-Site Locations 

Total Uranium, Isotopic Uranium, Titium, Bromide, Calcium, Magnesium, 

Alkalinity, Nitrate, Sulfate 

1 

2 -  

3 

4 
-5-- -_- 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
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26 

27 

28 

29 
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Bromide will be analyzed as it was added to the slurry and will assist in determining when the 

lysimeter has reached equilibrium. Calcium and magnesium occur naturally and will be analyzed to 

assist in determining lysimeter equilibrium. Since demineralized water will be used in the slurry for 

installation, the calcium and magnesium concentrations are anticipated to rise until they equilibrate, 

and at this point it can be assumed that the lysimeters have reached equilibrium. Uranium analysis 

will be conducted so a comparison can be made with the previously installed lysimeter uranium 

concentrations. This will assist in determining a potential background uranium concentration for 

lysimeters. Tritium will be collected and analyzed to determine the age of the water in the vadose 

zone. The other analytes analyzed will be used in a comparison with the general chemistry of the 

perched groundwater, which will be collected in the proposed wells for this investigation. 

In addition to the sample collection, field measurements for pH, total suspended solids, total dissolved 

oxygen, and temperature will be taken. 

All samples and measurements will be collected, handled, documented, shipped, and validated 

according to SCQ protocol. 

During the drilling of the lysimeter installation soil samples will be collected described according to 

ASTM D2488 and archived. Soil samples will be collected from the interval selected for placement 

of the lysimeter and analyzed for total uranium, isotopic uranium, TCLP uranium, TCLP isotopic 

uranium, moisture content, and grain size (see Table 8-1). The uranium analysis will assist in, 

determining the vertical and horizontal extent of urnaium contamination and the solubility of detected 

uranium.. 
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25 All samples will be visually described, and all sample collection points will be surveyed to define the 

surface elevation and the northing and easting location. 26 

27 

In addition to sampling the newly installed lysimeters, lysimeters 1 1  132, 1 1  133, 1 1  130, and 1 1  131 

will be samples for total uranium, isotopic uranium, calcium, magnesium, alkalinity, nitrate, and 

28 
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- - 

8.2.5 New Well Installation 

8.2.5.1 pbiectivs 

__ There ar~l5~wells_that_will be-installed-as part-of-the Predesign investigation. -There-will be five- 

nests with three wells each. The obectives of these wells are to (1) identify interbedded and 

interconnected granular material in the till, (2) verify existing uranium contamination in the till, (3) 

the solubility of uranium present in the till, (4) and lateral and vertical perched groundwater 

gradients. 

8.2.5.2 Well Installation 

The wells will be installed using a RotasonW drill rig. Continuous samples will be collected for 

archive in the Rotasonic" barrel or in advance of the auger, through the till to an approximate 

maximum depth of 30 feet. No boring is proposed to penetrate through the till into the regional 

aquifer. Wells will be completed using two-inch diameter, 316 stainless steel riser and .OlO-inch 

slotted screen 2 to 5 feet in length across the perched water interval. Filter pack will be well-sorted 

quartz sand of 20-40 mesh (medium). Wells will be developed after the grout surface seal has cured 

per the SCQ requirements. 

J 

The screening interval will be determined by identifying the largest interval of granular material in the 

Rotasonic" core sample in the perched groundwater zone. 

8.2.5.3 Chemical SamD ling of Water and S oil From the New Wells 

Groundwater sampling will be conducted after developing the newly drilled wells. Equipment may 

include but is not limited to bailers, surge blocks, pumps and hoses. All wells will be developed to 

achieve turbidity-free water ( C 5  NTU), but no less than five times the standing water in the well. 

Parameter specific and general sample collection procedures will be conducted according to the SCQ 

and RIES QAPP. Water levels will be recorded in all proposed new and existing wells prior to 
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- 2  - 
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sampling to establish baseline information; levels will again be measured in all new and existing wells 

at the close of the project. Field measurements of water temperature, pH, conductivity, total 

suspended solids, and dissolved oxygen will be taken and recorded. One round of samples will be 

collected and analyzed at a contract laboratory for alkalinity, carbonates, calcium, magnesium, nitrate, 

1 

2 

3 
4 

9 phosphates, sulfate, isotopic uranium, total uranium, and tritium. 5 '.> ' 
6 

8.2.5.4 Groundwater Level Measurements From New Wells 

Groundwater level measurements from wells for each round will be collected within a 24-hour period 

of consistent weather conditions to minimize atmospheric and precipitation effects on groundwater 

levels. In addition, groundwater levels will be recorded for all new wells at the time of completion 

and after well development. Section K.4.2.1 of the SCQ outlines the procedure for taking water level 

measurements. All measurements will be recorded to the nearest 0.01 feet. All wells will be 

surveyed according to SCQ protocol, and their locations added to the Sitewide Environmental 

Database. 

7 

8 

9 

10 

11 

12 

13 

8.2.6 Othe r S ~ D  ling Activities 

Groundwater samples will be collected from a representative contaminated groundwater well from the 

Plant 2/3 area, and a representative clean (background) groundwater well closes to or in the study 

area. A minimum of 20 gallons of groundwater will be collected from each well. The groundwater 

will be placed in containers with a minimum of air in the container. This water is intended for use in 

the K,, study. 
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8.3 FIELD MEIHODS 23 

8.3.1 .Cone Penetrometer Testing Method. 24 

25 

26 

See Attachment Vm for the complete ASTM D3441-86 method. In summary, truck mounted 

hydraulic pushing equipment is used to push a 1.5-inch diameter steel rod into the ground. Pressures, 

up to 40,OOO pounds, are used to push the rods while end bearing resistance and friction resistance 

are measured by transducers located at the tip. Rate of penetration is maintained constant at 2 to 4 

feet per'minute while the resistance is recorded by data logger equipment in the truck. 
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The ability of the CPT to define shear strength and lithological contacts will be assessed by collecting 

CPrr data adjacent to existing borings where geotechnical data are available. Precision of the CPT 

will be assessed by conducting at least two pushes of the cone penetrometer side by side. The 

mahanical/electrical precision for the ASTM method is stated to be f 5 to 10 percent in end bearing 

~ - -resistance and 10-to 20-percent in-friction resistance.-This range-of-variance is acceptable in the--- 

calculated shear strength since a s a f e  factor of 1.5 to 2 is usually applied to these data. 

- 
The report from the penetrometer will include lithological interpretations based upon the shear 

strength encountered. The CPT holes will be abandoned by filling them with a n o n - s h r i i g  Vype 

K) portland cement grout (Attachment VI). 

8.3.2 Rotasonic" Drilling and Samding 

Rotasonic" drilling is different from conventional drill methods, and is currently not described in 

SCQ. The drill energy comes from an oscillator that imparts vibrational force directly to the slowly 

rotating drill string. This drilling method will be used for collecting samples for geological 

descriptions, and for lysimeter and well installation. 
0 

The sample barrel is f i s t  advanced 5 to 10 feet into the soil profile. The sample barrel is then 

disconnected and an override casing is attached and drilled over the sampler barrel. During this 

process the annular space between the casing and sampler is lubricated with water to flush any 

cuttings. Once the casing is overdrilled to the level of the sample barrel, the casing is disconnected 

and the sampler barrel pulled back. The sample is then extruded from the sample barrel into plastic 

sheaths and given to the geologist for lithological description and sample archiving. A 

decontaminated sampler is then attached and the process repeated. The liquid that is introduced as a 

lubricant does not contak the cored sample, which is in all cases collected ahead of the override 

casing. 

As the Rotasonic" drill tools penetrate the soil medium, the soil particles cannot vibrate in unison 

with the drill steel. The individual soil particles vibrate in random directions and fluidize. This 
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greatly reduces the friction against the drill pipe and allows the soil to move aside. This only occurs 

within about 118 inch from the side of the drill steel. If the medium being penetrated is clay this 

condition is reversible once the sonics are shut off. This means that a casing, once sealed in a clayey 

medium, will be effectively sealed once the vibration stops. This phenomenon has allowed the use of 

multiple override casings to "seal" off upper aquifers or contaminated zones with the Rotasonic" 

system. The dual casing capability will reduce the chance of cross-contaminating perched 

groundwater layers in this clay. 

All casings are retrieved and decontaminated as specified for well casings in accordance with the 

SCQ. This drilling method will be used for well installation and lysimeter installation, and possibly 

conducting lithologic discription sampling for calibratin cone pentrometer data. 

Soil samples collected from Rotasonic" drilling will be visually described and used for chemical 

isotopic, and for K,, analysis. 
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8.3.3 Subsu dace Soil SamDling 

Soil borings not using the Rotasonic" method will be drilled using a truck-mounted hollow-stem auger 

drill. Soil samples will be collected by split spoon or Shelby tube type sampler. After drilling and 

sampling is complete, each boring will be plugged with a non-shrinking (Type K) portland cement 

(see Attachment VI) grout from the bottom to surface through the hollow stem auger or via a tremie 

pipe; after grout has cured, a minimum of a 12-inch cement plug will be placed in the hole. 

Continuous samples will be collected in advance of the hollow-stem auger described above, from six 
inches below surface to planned total dep-th and will be described in the field according to ASTM 

D2487. All samples will be field screened with betalgamma and photoionization detectors, andalues 

recorded. A selected number of soil samples will be sent to the laboratory for chemical and 

geotechnical analyses (see Section 8.2.10). 

8.3.4 waste HandlingDisposal 
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During the performance of this field work, wastes in the form of drill cuttings, and decontamination 

probes to assure that the cuttings are uncontaminated. These cuttings will be placed into clean 55- 

gallon drums during boring operations. After the borehole has been grouted the drummed cuttings 
will_be_emptied_in.the.~ea.of the-boring-and spreac-ovm-the-gmund-surfacer- - 

Decontamination of drilling and sampling equipment will be performed at the Drilling Contractors 

Decontamination Area. Fluids and any solid materials generated will be handled in accordance with 

the n o d  operation of that facility's contamination treatmentlcontrol devices. Well-sampling purge 

water and decontamination water will be placed in the FEW General Sump. 

1 
-- --2- - -- 

3 
4 

wastes -_  will - be ~ - -  generated. __ - -Drjll-cu#ings will be field-screened using a geiger-miiller and P.I.D. - 
.__ -- 

-5-- 
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8.3.5 Proiect Su rveving 
1 1  

12 

Land surveying will be performed at all cone penetrometer and drilling locations. Surveying will be 13 
performed by a Registered Professional Land Surveyor. All surveyed locations will be accurate to the 14 

nearest 0.01 feet elevation accuracy. Survey points will be located to within 0.5 feet accuracy and 15 

integrated into the existing FEMP Geographic Information System (GIS), and incorporated into the 16 

site data base. 17 

18 

8.4 GENERAL SAMPLING REOUIREMENTS 19 

20 

8.4.1 Field OC S amDl= 21 

Field QC samples will be collected during the Operable Unit 2 Pre-Design Investigation. The QC 22 

0 

sample types and rationale for selection follow: 

0 Field blank samples will be prepared for every round of groundwater samples and 
analyzed for the same target analytes specified for the field sample collected during 
the sampling event. The frequency of field blanks is based on the total number of 
rounds of groundwater samples collected from each Operable Unit 2 subunit. A field 
blank sample is prepared at the sampling site by the field team by pouring 
deionized/organic free water into the appropriate sample containers specified in Table 
8-8. 

. .  - 
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e An equipment rinsate sample will be collected for every round of water samples and 
every 5 soil samples, following decontamination of the sampling equipment. The 
sample will be obtained by rinsing clean soil sampling with deionized water and 
collecting the rinsate for analysis. 

e Duplicate water samples will be collected at a frequency of 1 per every round of 
groundwater sampling. These samples should be assigned a unique sample number 
and sent to the laboratory as a blind sample. No duplicate soil samples will be 
collected due to the lack of an effective field cornpositing technique which would 
produce meaningful data where discrepancies could absolutely be considered a 
laboratory precision problem. 

e Container blanks will not be included in the QA samples since containers used for 
sampling activities are pre-cleaned by the manufacturer and have a certificate of 
analysis for each lot of containers. 

8.4.2 Alternate SamDliniz Procedures 

The implementation of alternate sampling procedures could be necessary if any unanticipated problem 

developed during the field investigative effort. Alternate sampling procedures, or deviations, consist 

of either work plan variances or work plan non-conformances. 

If it becomes necessary to deviate from a sampling standard operating procedure, such a deviation 

will be handled in the following manner: 

1 .  The field sampling technician or geologist will identify the need to deviate from the 
sampling plan or procedure. 

2. The technician will bring the problem to the attention of field crew management and 
make recommendations about how to best proceed with sample collection with 
minimal impact to the existing sampling procedures and project data quality 
objectives. 

Possible solutions and the impacts of the solutions on the project data quality 
objectives will be determined. 

3. 

4. A Variance Request Form (example in Attachment IV) will be implemented which 
describes the nature of the variance, the need for the variance and how variation from 
the Sampling and Analysis Plan will minimize or have no impacts to the project data 
quality objectives. 
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5. 

6. 

QA will evaluate and approve the Variance Request. 

"le approved Variance Request Form will become a part of the overall project 
historical !%e, and will be reported in the final project report. 

- Variance __ appgovals will, in most instances, be obtained-prior to-the-actual-performance-of the--- - 

variance in the field. However, depending on the situation, prior variance approval may not be 

feasible due to practical aspects associated with the field work being performed. 

Work plan non-conformances are defined as field or laboratory activities which have been completed, 

but are subsequently found to not have been performed according to the work plan. A non- 

conformance may have a significant impact on the usability of field- or laboratoryderived 

investigation results. Resolution of a project non-conformance will be the responsibility of the 

Operable Unit 2 Project Manager. 

8.4.3 

All environmental media samples will be collected with equipment which is functional, designed for 
the specific purposes of the sampling event, and properly decontaminated. Sampling will be 

accomplished with equipment which is constructed of nonreactive materials. 

S ~ D  le EauiDment and Materials 

Sampling containers will be composed of materials which are commonly used for the type of media to 

be sampled. All sample containers will be of the volume necessary for laboratory analysis purposes. 

Attachment V lists equipment typically used per type of sampling activity. 

8.4.4 EauiDment Decontamination 

All drilling and media sampling equipment will be decontaminated to Level II in accordance with 

Appendix K of the SCQ specifications, and according to procedural memos issued by the Radiation 

Control Depamnent. 

8.4.5 SamD le Volume. Containers and Preservation 
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Sample containers will be pre-cleaned by the manufacturer and will be accompanied by a certificate of 

analysis. The sample container types and preservative requirements are specified in the FEMP SCQ 

and are summarized in Tables 8-7 and 8-8 for solid and aqueous matrices, respectively. Sample 

volumes will be consistent with the contract laboratory requirements. 

8.4.6 SamDle Co llection Documentation 

Both surface and groundwater samples collected in the field are documented on the Sample Collection 

Log, and Water Quality Field Collection Report forms. An example of these forms is shown in this 

report as Attachment V; however, some forms are being revised and the latest revision will be used. 

The collection of soil and sub-soil materials are documented on the following forms: 

0 Sample Collection Log 
0 Visual Classification of Soils 
e Subsurface Soil Sample Collection Log 

Examples of these forms are shown in Attachment V. 

In addition to these forms, daily field activities are recorded on the Field Activity Daily Log form. 

This form is included in Attachment V of this report. 

8.4.7 S a m ~  le Collection ReDoa 

No specific sample collection field reports are proposed for this project. Rather, the information 

contained in the field forms specifid in Section 8.4.6 of this report serve as the basis for 

documenting all significant aspects of the sample collection activities. 

Upon completion of the project, all significant task related information, including copies of field 

forms and laboratory related forms, including analytical results of samples taken, are included in a 

Task Closure Report. This report is initiated by the SCDM Department of the Environmental 

Division, and will be sent to Operable Unit 2 for their records. 
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8.5 SAMPLE MANAGEMENT 1 

8.5.1 &lllD le Identification and Labeling 3 
A unique sixdigit sample number will be assigned to each sample collected by Environmental 

Monitoring. _Each_sample container-will also-be-affixed-with a-sample label-containing; at a -- - - - 3 -  

- - .  2 - 

4 

- 

minimum, the information specified on Form 7-2, Appendix B of the FEW SCQ. 

8.5.2 S ~ D  le Chain of Custodv Records and Field Data Documentation 

Sample custody procedures as outlined in the FEMP SCQ will be observed throughout the sample 

handling process from field collection to shipment or delivery of the samples to the laboratory. The 

Site-Wide Analysis RequestlCustody Record (SAWCR) form will be completed for all samples 

delivered to the on-site sample processing laboratory. 

In addition to the custody records, a Sample Collection Log will be completed which summarizes all 

samples collected from a single borehole or well. A Groundwater Quality Report will be prepared for 

each well sampling event to document the well purge data and groundwater conditions prior to sample 

collection. A Visual Classification of Soils Form and Well Installation Diagram will be completed for 

soil borings and well installations when appropriate. Furthermore, all field investigation work is 

documented in detail on a daily basis using the Field Activity Daily Log Form. 

8.6 FIELD EOUTPMENT METHODS 

8.6.1 

Field equipment to be used during this investigation is divided into the categories of health and safety 

monitoring, and field screening and monitoring. At a minimum, all equipment will be operated and 

calibrated according to the equipment manufacturer's specifications. All instruments are calibrated 

once per week, or once per day, depending on the manufacturer's specifications. Written logs of 

equipment calibration are maintained by the appropriate personnel in charge of performing the 

instrument calibrations. 

Cal ibration of Field EauiDment 
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Health and Safety monitoring equipment consists of the following instruments: 

HNu PI-101 Photoionization Detedor - equipped with a 10.2 EV lamp. This instrument is 

calibrated daily using isobutylene gas as a standard. During use, in order to spot check the 

instrument for proper operation, a hydrocarbon-based felt-tipped pen is comonly  used. However, 

this practice is not a substitute for routine instrument operation checks. 

Ludlum Model 12 Alpha Meter - quipped with a pancake probe. The instrument is calibrated 

against a background concentration. If the background concentration exceeds 2 counts per minute 

(cpm), then the instrument is not used. The instrument is calibrated to a known standard once per 

week. 

Ludlum Model 2 BetaGamma Meter - This instrument is calibrated once per week against a 

background standard. If, during routine use, the operator notes that the background concentration 

exceeds 300 cpm, then the instrument is not to be used. 
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Ludlum Model 19 Micro-R-Meter - This meter is calibrated to a known standard once per week. 

Ludlum Model 9 Ion Chamber - This instrument is calibrated to a known standard once per week. 

Field Screening and Monitoring equipment consists of the following instruments: 

HNu PI-101 Photoionization Detector - equipped with a 10.2 EV lamp. This instrument is 

calibrated daily using isobutylene gas as a standard. During use, in order to spot check the 

instrument for proper operation, a hydrocarbon based felt tipped pen is commonly used. However, 

this practice is not a substitute for routine instrument operation checks. 

Orion Model 250A pH Meter - This instrument is calibrated daily, and is compared to known 

calibration standards at least twice prior to each reading. The buffer solutions typically used for 
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calibration are pH 4 and pH 7 Standard Units. 

- 

YSI Model 33 S.C.T. Conductivity Meter - The conductivity meter is calibrated daily to a known 

standard. 

- _ _  - 

!Monist Water Level Indicator - There is no known standard to which a water level meter is 

calibrated. The meter is, more than calibrated, maintained by ensuring that it is in proper operation, 

and that the batteries are charged. 

Ha& Turbidity Meter - This instrument is calibrated to a known standard on a daily basis. 

YSI Model 51-B Dissolved Oxygen Meter - This instrument is calibrated to a known standard on a 

daily basis. 

ESP-1, Model 141, SPA-3 Sodium Iodine Scintillation Detector - This instrument is use for 

radiation surveying and will be calibrated to a known standard on a daily basis. 

8.6.2 

Separate logbooks are kept for each type of instrumentation. The logbooks ‘contain a history not only 

of the instrument calibration but also of any unusual or irregular problems noted during the use of 

that particular instrument. Four separate documents are used to record calibration of instruments. 

Attachment V contains examples of the calibration documentation. 

Do cumentat ion of Calibration 

The forms are labeled as follows: 

0 

0 Weekly Calibration Lag 
0 

0 Instrument Baseline Data Sheet 

Water Quality Field Collection Report 

Use, Calibration, and Maintenance of the HNu PI 101 

8.7 ANALYTES OF INTEREST 
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The analytes of interest have been developed on "time of travel" needs and what would be considered 

the best tracer analytes. The analytes of interest are total uranium, isotopic uranium, TCLP uranium, 

chloride, bromide, fluoride, tritium, nitrate, sulfate, carbonate, phosphate, and colloids. 

8.8 LABORATORY METHODS 

8.8.1 U y t  ical Methods 

The contract laboratory will adhere to the requirements of the SCQ which is currently under revision. 

EPA CLP or SW-846 requirements will be followed for inorganic analyses. Analytical methods for 

radioisotopes and & will follow performance based criteria cited directly by the SCQ and the 

procedures described in section 8.8.2. In all cases the laboratory shall generate a CLP data package, 

or equivalent for non-CLP analytes such as general wet chemistry. The CLP data package will be 

validatable to ASL D. 

8.8.2 & Andy& 

The & Study is being performed to determine how natural species of uranium in groundwater and 

soil partition between phases. To obtain the most representative results, natural materials will be used 

whenever possible. This includes natural soils from the location of concern, natural groundwater 

contaminated with uranium, and natural groundwater without contamination. 

Fourteen standard adsorption tests and desorption tests will be performed on soil samples and 

contaminated groundwater. The fourteen soil samples will be collected from seven borings. Seven 

soil samples will be collected in the brown clay and seven in the grey clay. Fourteen soil samples 

will be collected, one from each soil location, and sent off site for total and isotopic uranium analysis. 

Contaminated groundwater will be collected from Plant 2/3 perched groundwater area, and clean 

groundwater will be collected from the predesign study area wells and a sample of each will be sent 

off site for total and isotopic uranium analysis. 

The disposal facility will be constructed over clean till, so the partitioning of uranium will occur f m t  
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from potentially contaminated leachate seeping through the bottom of the facility liner. The 

contaminated groundwater is intended to represent the leachate as it leaves the disposal facility. - 

Speciation studies have shown that despite the original nature of the waste or source material, 

uranium, therefore, speciates into two predominant forms in groundwater, carbonate, and phosphate. 

- - - _ _  - - ~ - __ -- - --- -- --- - - - ---5- __ 
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After the adsorption tests are completed, the soil from the adsorption tests will be placed into a new 

reactor with clean groundwater to assess it desorption characteristics. This test wi11 represent 

conditions where contaminated leachate moves through the till allowing the soil to adsorb a fraction of 

the uranium, then cleaner leachate moves through, creating an environment where uranium can desorb 

from the soil back into the groundwater. 

A number of factors affect the K,, in natural conditions; groundwater-to-soil ratio, the sorption 

isotherm, pH, dissolved oxygen, temperature, permeability of the same soil, and others. During the 

test pH and temperature factors can be controlled by keeping them constant near the in situ levels. 

The in situ groundwater-to-soil ratio is no greater then the porosity of the soil, which is the ratio of 

the volume of soil voids to the volume of soil. This ratio is typically between 20 and 40 percent. 

The ratio of soil to groundwater in the standard I(d method used at Fernald is 8.75 (875 percent). 

The groundwater volume is large in practice because it produces a conservative result and it makes 

sampling of the solute possible during the test. In order to determine the impact of the groundwater- 

to-soil ratio on K,, levels, two separate calibration tests will be run. These calibration tests will 

consist of soil samples split from two grey clay soil samples. These calibration tests will include a 

groundwater-to-soil ratio of 0.50 (50 percent), only slightly larger than in situ conditions. These tests 

will be run without sampling, equilibrium will be determined by a duplicate test conducted in parallel. 

The test will be conducted exactly as the normal test, but samples will not be drawn. The container 

will be opened whenever samples are taken from the duplicate test. A final sample will be collected 
from the calibration tests when the duplicate test reaches equilibrium. The desorption test will be run 

for the two soil samples in the same way with a 0.5 clean groundwater-to-soil ratio. A final water 

and soil sample will be collected at the end of the desorption test. The results of this calibration test 
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can then be compared to the duplicate testfo see what impact the groundwater-to-soil ratio had on the 

K,, determinations. 
- 1  

The sorption isotherm describes the trans& of a product from liquid to soil under different 

concentrations in solution. The amount ofproduct adsorbing from solution to soil will vary 

depending on the amount of product available in solution. The relationship is generally assumed to be 

linear, although many studies have indicatbd a non-linear relationship. The sorption isotherm can be 

determined by conducting a series of tests%vith different concentrations of product in solution. The 

results of the tests can be plotted on an inkial versus final solute concentration graph. Each final 

solute concentration is plotted against its initial solute concentration, and all the tests are plotted on 
one graph. The resulting curve represents the sorption isotherm. Equations are available to 

determine the K., under linear and non-linb sorption isotherm. Once the sorption isotherm is 

determined, more exact equations can be & d  to determine &. In order to determine the sorption 

isotherm, six tests will be run with differ& initial solute concentrations. The initial concentration 

will be varied by diluting contaminated gmbndwater with clean groundwater to achieve the desired 

initial concentration. The tests will be conducted using the standard procedure and the results will be 

plotted to determine the sorption isotherm relationship. The six sorption isotherm tests will include 

four of the seven grey clay soil samples split from the grey soil samples. The groundwater 

concentration will be varied by combining uranium contaminated groundwater with clean 

groundwater. 

The permeability of the soil can be maintained by keeping the samples as undisturbed as possible. 

Standard K., practices require the soil samples to be dried, crushed, sifted, and agitated through the 

test. In an effort to determine the impact that these practices have on K,,s, two duplicate tests will be 

run in which the soil will not be disturbed o r  agitated but allowed to sit in contact with groundwater 

as in natural conditions. The two duplicate samples will be split from two of the seven grey clay soil 

samples. The test will be performed identically to the standard method except for the agitation of the 

sample. The results of this duplicate test ch then be compared to the agitation method to bracket the 

conservatism inherent in the standard procedure. 
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The dissolved oxygen factor is complicated to duplicate because dissolved oxygen is limited at depth 

in the soil. In order to reproduce the in situ dissolved oxygen conditions, the K+, study would have to 

be performed in a closed reactor with as little dissolved oxygen as possible (possibly in a nitrogen gas 

environment). This condition is difficult to achieve because of the required sampling that takes place 

dur@g_@_e_tgst, Qne _solution_to _this_is to-run-calibration tests-alongside the normal- &tests; -The--- - 

calibration tests will be set up in the same manner as the normal test, but the reactor will be sealed 

until the completion of the test. The two calibration samples will be split from two of the seven grey 

clay samples. Equilibrium will be determined using a duplicate test run in the normal manner. A 

sample will be collected at the end of the test when the duplicate samples achieves equilibrium. The 

results of the calibration test would then be compared to the normal test results to determine the affect 

of dissolved oxygen on the K,, study. 

- 

Table 8-9 and 8-10 summarize the I<d tests to be performed. 

8.8.2.1 K., Samu le PreDaration 

For the 14 collected samples, the 400 grams (dry weight) of soil will be transferred to a 4.0 liter 

reactor without drying or crushing. Dry weight will be determined using a standard method on a 

portion of the soil sample. he-test agitation of the soil should be kept to a minimum. A 3500 ml 

sample of groundwater contaminated with a known amount of uranium will be added to the container 
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at a pH consistent with perched groundwater pH levels (6.8 to 8.0). The pH level will be adjusted 

with nitric acid or calcium hydroxide. 

20 

21 

22 

23 Two in situ groundwater-to-soil ratio tests will be performed in parallel with two duplicate normal 

tests. In these two reactors, only 200 ml of groundwater will be added. 24 

25 

Four diluted groundwater tests will be conducted in parallel with four normal duplicate tests. The 26 

diluted groundwater will consist of 3500 ml total solution, but 0.75, 0.5, 0.25, and 0 fractions of 

contaminated groundwater to clean groundwater. 

27 
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TABLE 8-9 

TESI'S TO BE PERFORMED FOR I(d DGTERMINATION 

K,, Tests to Be Performed 

7 brown clay adsorptioddesorption tests - Standard methods, 100% contaminated water during 

adsorption test. 

4 grey clay adsorptioddesorption tests - Standard methods, 100% contaminated water during 

adsorption test. 

3 grey clay adsorptioddesorption tests - Standard methods, one 75% contaminated water, one 

50% contaminated water, and one 25% contaminated water during adsorption test. 

' 

2 grey clay (split sample) adsorption tests - standard methods except that only 200 ml of 100% 

contaminated groundwater will be used and no sampling during study. Tests should be performed 

in parallel with standard grey adsorption tests that correspond with the split sample locations to 

determine equilibrium conditions. 

2 grey clay (split sample) adsorption tests - standard methods, clean groundwater used. 

2 grey clay (split sample) adsorption tests - standard methods except that no agitation of the 

sample will be performed. Disruption of the soil will be kept to a minimum. 

2 grey clay (split sample) adsorption tests - standard methods except that only the reactors will be 

sealed and remain unopened until the end of the test. 100% contaminated groundwater will be 

used. No sampling will be conducted during study. Tests should be performed in parallel with 

standard grey adsorption tests that correspond with the split sample locations to determine 

equilibrium conditions. 

0 

0 
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TABLE 8-10 

SOIL AND WATER ANALYSES FOR K, DEIERMINATION 

Initial sampling 

14 soil samples, 7 brown and 7 p y ,  

analyzed for-total and isotopic-- -- 

uranium 

2 ground- 6allTples, one 

ca llmnhkd and one clean, sampled 

for total and isotopic uranium 

14 total soil, 2 total water 

~- 
Off Site K,, Sampling Program 

Post Adsorption Sampling 

7 water samples fmm the brown clay 

rc(~ctorn for total-and-isotopic-ur%iiium- 

7 water samples from the grey clay 

reactors for total and isotopic uranium 

2 water samples from the in-situ 

groundwatcr-to-soil ratio rtadors (split 

grey clay samples) for total and 
isotopic uranium 

2 water samples from the clean 

pundwater baeelinc reactors (split 

grey clay samples) for total and 

isotopic uranium 

2 water samples from the no agitation 

~ r s  (split grey clay samples) for 

total and isotopic uranium 

Post Desorption Sampling 

7 water and soil samples from the 

b S w n  clay reactors for total and 
__ ~- - - - _ _ -  

isotopic uranium 

7 water and soil samples from the 

grey clay reactors for total and 

isotopic uranium 

2 water samples from the c l o d  

reactors (split grey clay samples) for 

total and ieotopic uranium 

22 total water 14 total soil, 14 total water 

. - -  

-. - 
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When the first test is completed with contaminated groundwater the reactor will be drained and the 

solids will be centrifuged. The solids will then be transferred to a clean reactor and 3500 ml of 

background groundwater will be added. The pH will be adjusted as in the first test. The two in situ 
groundwater-to-soil ratio tests will only have 200 ml of clean groundwater added to them. 

8.8.2.2 K, SamD le Mixing 

The samples will be placed in a rotating tumbler and mixed continuously until completion of the 

testing. The tumbler shall be operated at 29 +/- 2 rpm. Two reactors will be left untumbled 

throughout the test with a minimal soil disturbance. 

. 

8.8.2.3 K, Co llection of Samples During Testing 

Samples of leachate will be collected after stopping the tumbler for a sufficient time period (minimum 

of 10 minutes) to allow the solids to settle. A volume of tHe leachate will be decanted from the 

reactor and filtered through a 0.45 micron filter paper. The volume of decant removed will be based 

upon the requirements for analytical testing (approx. 2 ml). After removal of the decant, 20 mi of 

pH adjusted water will be added back to the reactor. Any solids transferred during the separation 

step will be returned to the reactor. 

Intermediate samples will be collected at approximately 72, 1 4 4 ,  168, 240, 288, 360, and 384 hours 

following initiation of the reaction and analyzed at the FEMP laboratory for total uranium. The 

reaction may be stopped earlier if the data indicate that equilibrium conditions between the soil and 

liquid have been achieved. Equilibrium will be determined by maintaining a plot of concentration 

versus time for each reaction. 

Two reactors will remain untested during the program. The reactors will remain sealed. Equilibrium 

conditions will be determined by duplicate tests run in the standard method. Final samples will be 

collected from the two sealed reactors when the duplicate tests indicate equilibrium. 

After the results indicate an equilibrium condition, a final solution sample will be collected and split 
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for analysis by both the F E W  laborat& and an off-site laboratory. The final sample will be 

analyzed for total and isotopic uranium. - Twenty-two - - solution samples will be collected at the end of 

the adsorption testing. If a sample does not reach equilibrium after 384 hours, a decision of whether 

to terminate the testing will be made. 

- - __ __  ~ __ ~ _ _  - -- __- - ---__ 

Identical batch testing procedures will be followed for the second test. At completion of the second 

batch test, a water and soil sample willbe collected from the tumbler and split for analysis by both 

the FEW laboratory and an off-site labratory. These final samples will be analyzed for total and 

isotopic uranium. Twenty-two solutionsamples and 22 soil samples will be collected at the end of the 

desorption testing. 

8.8.3 Laboratorv Performance Reuuiaements 

0 

a 

Analytical performance requirements shall be used as guidelines for evaluating laboratory capability to 

provide specific analytical services to FEW. Audits shall be performed to verify laboratory 

performance using the performance evaluation sample results specified in Appendix E of the SCQ. 

8.9 SAMPLE ANALYSIS AND VALIDATION 

Sample analysis and validation will be performed in accordance with the guidance and requirements 

contained in the F E W  SCQ. This task consists of sample management; chemical and radiological 

analysis; quality control; and data reduction, validation, and reporting. These subjects are discussed 

in detail in the SCQ. Geotechnical samples will not be validated and will comply with ASTMs. 

Sample management and control will be in accordance with Section 7 (Analytical Moratory Sample 

Custody) of the SCQ. Sample custody will be maintained and documented from the time of collection 

through analysis. Appropriate records will be maintained in the chain-of-custody process for sample 

tracking and control during shipment. 

Analysis of samples and laboratory analytical procedures will generally be in accordance with Section 

9 (Analytical Procedures) of the SCQ in conjunction with Appendix E of the SCQ. For all chemical 
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analyses for which such methods exist, EPA-approved methods will be used as the FEW method 

source. Where EPA methods do not exist, verified methods will be submitted to EPA for approval. 

Radiological sample preparation and analysis methods are specified in Appendix I of the SCQ. 

Data reduction, validation, and reporting for each ASL will be in accordance with Section 2.3.3 

(DQOs) of the SCQ. Numerical analysis, including manual calculations, mapping, and computer 

modeling, will be documented and subjected to QC and peer review. The Data Validation Plan is 

presented in Appendix D and the Data Management Plan presented in Appendix F of the SCQ. 

Data validation is an independent and systematic assessment to determine if the sampling and analysis 

process met certain established criteria. The validity of a sample and the analytical information 

generated from the analysis of that sample are dependent upon various factors. The collection and 

examination of all significant information and data associated with the sampling and analysis process 

is essential for the validation process to be effective. This information and data is gathered from the 

scoping process through the final data archival or storage. 

Once the samples are collected and sent to the appropriate laboratory for analysis, field information 

will be received by SCDM to verify that all required field information is complete and accurate, and 

the information will be forwarded to Data Quality Management if the analyses generated for the task 

are either ASLs C, D, and/or E. Field records generated for ASL B analyses may also be forwarded 

to Data Validation, if the PSP has specified that this ASL data will require data validation. 

The laboratory will then analyze the samples per the requirements set forth in the SAP. After the 

laboratory has analyzed the samples and verified that the quality of the data meets the requirements of 

the analytical method, and that all deliverables are included, the data will be delivered to personnel to 

perform the following tasks: 

e Verify that all required deliverables have been received; 

9 Verify that contract performance requirements have been met. These contract 
performance requirements will be identified in the PSP; 
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Enter data into the SED; and 

Copy data packages and deliver them-to Data Validation personnel; The origih-d-of - 
the data packages will be stored in a secure location. 
Confirm with an initial screening that the appropriate information is present; 

-Log_the_package-into-a tracking-database; __- 

1 
2 

-- -3 -- - 

4 
5 
6 
7- 

Assign a priority rating for the data package from the Manager of Data Validation; 
and 

Ensure that all QC information required to qualify data is present and create a field 
data validation summary report with supporting documents which can impact 
qualification of data from the laboratory. 

The appropriate laboratory data validation subgroups are then notified by the DVS group that the data 

package is ready for their evaluation. The data is then validated by the appropriate validation 

discipline group (e.g. organic, inorganic/conventional, and radiochemistry) according to the 

appropriate validation protocols. The data will be qualified, data validation summaries will be 

generated, and checklists will be added to the data package. The validated data packages will then be 

reviewed/approved by the Validation Group Coordinators and given back to the DVS group. In 

addition, the data qualifiers will be entered into the SED. The DVS group will assemble all reports 

and check lists into one data package, update the tracking data base, copy and file the validated data 

0 
package, and send the validated data package to the DR&A. 

Once the DR&A receives the validated data package from Data Validation, the validated data package 

will then be filed by the DR&A into a secure file while copies of the data results, summaries of the 

data validation, the DR&A cover letter and a listing of all other documentation available will be sent 

to Operable Unit 2. 
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Data Quality Objectives For The 
Pre-design Field Investigation 

Geotechnical Borings - - -  _ -  
. -  - 

THE PROBLEM STATEMENT 
_ _  _ _  - - -. _ _  _ _  _. - 

- CRU2 tGs bGn-tasked to conduct the DOE T i e  I r i e  II design and DOE T i e  111 construction oversight 
for a proposed On-Site disposal facility. This will require a predesign field study to characterize the 
geotechnical properties of the potential area of the facility. 

Using all available information an area for this predesign study has been established, which is located on 
the eastem portion of the FEMP and would be sufficient for the layout of a facility capable of handling 8.8 
million cubic yards of material. This study will investigate a portion of that area sufficient to contain 2.2 
million cubic yards of material. 

Existing information has been used to determine the uncertainties in the lithologic descriptions. The 
uncertainties are great enough to warrant collecting additional information. Therefore, the predesign activity 
is being conducted to greatly reduce the uncertainties. 

As one part of the, predesign study, geotechnical sampling will be conducted to determine the physical 
properties of the soils. This will assist in determining whether the area is suitable for the placement of the 
disposal facility. Some of the geotechnical.information may be used for the subsequent detailed design. 
Also, total uranium and TCLP uranium samples will be collected and used for modeling. 

THE DECISION 

The information generated by geotechnical sampling is essential in determining the physical properties of 
the soil in the footprint of the proposed cell. The total uranium and TCLP uranium samples will assist in 
identifying desired chemical properties of the soil in the potential area of the disposal facilrty. Therefore, it 
is necessary to obtain this information to evaluate the location and to proceed with the design of the 
disposal facillty both of which are pivotal to the remediation of the FEMP. 

INPUTS THAT EFFECT THE DECISION 

To produce the most effective disposal facility design and to adequately evaluate the location for the on-site 
disposal facility the geotechnical parameters total and TCLP uranium levels of the soil need to be known. 
The most favorable lithology will be that containing the least amount of sand, or preferably no sand. The 
sampling will be conducted in a manner to accurately determine the soil properties from the surface to 
approximately the bottom of the till. The soil samples will include undisturbed and disturbed samples for 
geotechnical analysis and uranium grab samples (see Table 1). 

Areas of known surface soils contamination, as indicated by the OU5 RI Report, will be avoided. Suspect 
areas will be field screened prior to drilling operations to reduce the probability of encountering 
contamination. Also, perched groundwater is suspected to be contaminated in select locations, therefore, 
to prevent cross contaminating the regional aquifer the bottom of the glacial overburden (till) will be 
estimated from kriged surfaces and borings will terminate 4 feet above the estimated bottom of the till. 
After the borings are completed, they will be filled with expansive Type K grout. 

oooot39 
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The information gathered from the sampling is intended to be used by personnel experienced in conducting 
site investigation and disposal facility design. 

BOUNDARIES OF THE STUDY 

Sampling will occur in an area on the east boundary of the FEMP that measures approximately 2000 feet 
wide by 5300 feet long, with the long edge parallel with the east boundary of the site. Geotechnical samples 
will be collected from the brown clay (up to 15 feet bdow the surface) and the grey clay (up to 30 feet 
bdow the surface) using shdby tubes and split barrel samplers. Total Uranium and TCLP Uranium will be 
collected from the grey clay using split barrel samplers. An auger drill rig will be used to advance the shelby 
tubes and the split barrel samplers. The locations for taking these samples will more accurately be selected 
after a cone penetrometer phase has been completed, which will assist in determining the lithology of the 
study area. 

Samples will be collected from an area selected from the cone penetrometer tests. The area will cover 
approximately 70 acres and with existing data it has been determined that 14 borings will be needed for the 
predesign siting. This number of borings will provide adequate information, when used in conjunction with 
existing information. to adequately determine the geotechnical properties ofthe soil for siting purposes. Split 
spoon and shelby tube samples will be collected at five foot intervals to a maximum depth of 30 feet. The 
shelby tube samples will be collected for parameters that need undisturbed samples; e.g., vertical 
permeability, recompacted permeability, standard proctor, and Atterberg Limits. Split spoon samples will 
be collected for all of the other samples. 

THE LOGIC STATEMENT 

The results of the sampling will be included in the predesign report, which will also include the cone 
penetrometer results and the time of travel results. If it is determined that a potential area exists for an on- 
site disposal facility, then that area will be defined and a more detailed design investigation will be 
conducted. 

The information obtained from this predesign investigation will primarily assist CRUP in the layout and 
design of the disposal facility. Additionally, the information gathered from this sampling effort will be made 
available to both CRU5 and CRU3 to assist in their modeling efforts. . 

CONSTRAINTS ON THE UNCERTAINTY OF THE DECISION 

A false positive error would indicate that the subsurface material has properties more protective than that 
selected for design. This could result from laboratory or analytical testing errors, misclassification of soil 
in the field or by missing a significant granular pathway during the field investigation. The consequences 
would be that the false positive would be discovered during subsequent geotechnical investigations, which 
are planned in conjunction with the final design activities or during construction. Another possibilw is that 
the false positive would be discovered during post-construction monitoring. This would result in a reduced 
factor of safety or a design upgrade. 
A false negative would indicate that the soil has unacceptable properties: therefore, creating the need for 
using off-site material or eliminating the possibility for an on-site disposal facility. 

0 
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The impacts of a false positive (in order of importance): 

--- The impacts of a false negative (in order -_-- of importance): -~ 

1. cost 
2. credibility 
3. social 
4. ecological 

T 

To minimize the possibility of errors, all of the procedures will be conducted by qualified personnel. The 
analysis shall adhere to the appropriate FEMP ASL Levels of quality control criteria as specified in the Site- 
Wide CERCM Quality Assurance Project Plan (SCQ). The required ASLs for this study are presented in 
Table 2. 

All samples collected are considered necessary for successful completion. However, in the event that a 
boring cannot be completed, a new boring will be started a minimum of 5 five from the previous 
unsuccessful boring. If a boring cannot be successfully completed, it is likely that results from other 
sampling locations will serve as an effective substitute. 

All chemical analysis will require a "CLP-equivalent" data package format as a deliverable. 

OBTAINING QUALITY DATA 

Both geotechnical and chemical samples will be taken from the same borings. The following is a summary 
of the parameters and the total number expected for collection and analysis: 

Moisture Content 
Grain Size 
Atterberg Limits 
Standard Proctor 
Unconfined Compressive Str. 
Recompacted Penheability 
Vertical Permeability 
Total Uranium 
TCLP Uranium 

84 
84 
84 
28 
8 
14 
28 
42 
14 

The geotechnical sampling and analysis will be conducted according to the appropriate ASTM standards 
to assure quality results (Table 1). 

The Analytical Support Level (ASL) for all geotechnical analysis will be ASL B, and the ASL for the total 
uranium and the TCLP uranium is D. Level D requires data validation of sample analysis in accordance with 
the "FEMP Data Validation Procedure, "SSOP-1004, REV. 0. In general, results that are rejected by the 
validation process will be disqualified from application for the intended use. Validity of chemical data (i.e., 
%-percent confidence limit) with respect to its intended use will be assessed based on laboratory-supplied 
QA/QC data and protocols outlined in EPA's "Laboratory Data Validation Functional Guidelines for 

000031 
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Evaluation Inorganic Analysis 7/88." This functional guideline will be used as set forth by EPA Region V. 
The data validation process for the radiological analyses will also be done in accordance with the approved 
FEMP internal guidelines. 

For the chemical analysis Field Quality Assurance samples will be collected; e.g., duplicate samples and 
equipment rinsate samples. Laboratory Quality Control samples; e.g., method blanks, and matrix 
spikes/duplicates, will also be collected. 

Records documenting geotechnical laboratory equipment calibration will be maintained and included in 
project records. 

SUMMARY 

The analytical support levels (ASL) for this effort will be B and D. For the chemical analysis Field Quality 
Assurance samples will be collected; e.g., trip blanks, duplicate samples, equipment rinsate samples, and 
performance evaluation samples. Laboratory Quality Control samples; e.g., method blanks, and matrix 
duplicate/replicates, will also be collected. 

The primary objective of this sampling effort is to facilitate the selection of an on-site disposal facility location 
and subsequent geotechnical design study. 
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- w e  Method 

ASTM DZ16-90 - - _- --- -- -- -c_ - Moisture Content _ _  -- 

Grain Size ASTM D422-63 

Atterberg Limits ASTM D4318-84 

Unconfined Compressive ASTM 2166 
Strength 

Standard Proctor ASTM D698 

Recornpacted Permeability ASTM D5084 

Vertical Permeability ASTM D5084 

Total Uranium 

TCLP Uranium App. K of FEMP SCQ 4 

App. K of FEMP SCQ 
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I 
I Analysis ASL LEVEL 

Moisture Content B 

Grain Size B 

Atterberg Limits B 

Standard Proctor B 

Unconfined Compressive Strength B 
Remolded Permeability 6 

Vertical Permeability B 

Total Uranium D 

TCLP Uranium D 

ANALYTICAL SUPPORT LEVELS REQUIRED FOR ANALYSIS 
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mujf$2 
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~ - . ~. ~ ~ . -  - -  
. .. (Put an X in the appropriate selection.) 

RI 0 FS RD 0 RA c] OTHER Spec@: Pre-Design 
- _ _ _ ~  - __ _ _  - _ _  __ _ _  -- --  -- - -- - ~ 

, 1.C. DQO No.:GT-004 DQO Reference No.: GT-UO3.006 

2. Media Characterization: (Put an X in the appropriate selection.) 

Air 0 Biological c] Groundwater [7 Sediment 0 Soil 

waste 0 wastewater 17 Surface water 0 other (specify) 

(put an X in the appropriate Analytical 
Support Level selection(s) beside each applicable Data Use.) 

Site Characterization Risk Assessment 
A 0  B n C n D [ 7 E n  

Evaluation of Alternatives Engineering Design 
A n  BO C n  D O  E n  A n  B m  C n  D a  E n  

Monitoring during remediation activities 
A n  BO C n  D m  EO 

Other (Explain) 
A n  Bo’Cn D O  En 

-- ------------------ -------- 
OU2 Feasibility Study preferred alternative, and State of Ohio 

landfill siting regulations. If the pre-design siting study identifies a suitable 
location, then additional confirmatory samples will be collected during the detailed 
design phases of the project. These design phases are called preliminary (30%) and (60%) 

PA and Title 1/11 design by DOE. 
To gather geotechnical data and specific radiological soil data. 

The data will facilitate selection of a location for an on-site disposal facility. 

The site is located at the east side of the FEMP, in a 
radiologically uncontrolled area. The site is relatively flat and covered with grass. 
Radiological, decontamination and site access problems are not anticipated. 0 
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DQO SUMMARY FORM 

1. pH 0 2. uranium 3.BTX 0 
Temperature CI ~ u l l  Ra.ciiologic 0 TPH 0 
Dissolved Oxygen Cyanide I7 
Specific Conductance 0 Metals Oil/Grease c] 

Silica 0 
4. Cations 

AniOnS 

TOC 
TCLP 
CEC 
COD 

5.VOA 0 6. Other (specify) 
ABN Geotech. - see Table 1 

Pesticides 0 
PCB 0 

0 
CI 

Equipment Selection 

ASL A SCQ Section: 

ASL B Geotechnical Analvsis SCQ Section: 5.3.3 

ASL C SCQ Section: 

ASL D Mass Suectrometrv SCQ Section: APP. E.G 

ASL E SCQ Section: 

Refer to SCQ Section 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(Put an X in the appropriate selection.) 

0 Biased prl composite [7 Environmental [7 Grab [7 Grid 0 
Intrusive Non-Intrusive Phased 0 Source 0 

000095 Other (specify): 
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(List the samples required. Reference the work plan or 
ac..ty,~ ~as-qpropriate;)- ~- -~ ~ - - - ~ ~ -~ ~ - - -~  ~ -- - ~ -- ~ 

Background samples: SamDles have been previouslv collected from this area 

-. -. __  . _ _  - ~ -- 
- (Pli%Se-proFideTspEifiFEeference to the SCQ Section and -- 

subsection guiding sampling collection procedures.) 

Sample Collection Reference: see Table 1 
....................... 

(Place an "X" in the appropriate selection box.) 

Trip Blanks 
Field Blanks 
Equipment h a t e  Samples 0 Preservative Blanks 0 

El Container Blanks 
prl Duplicate Samples 

U 
__I 

Split Samples 
Performance Evaluation Samples 

cl 
rn 
._ 

Other (specify) 

Method Blank El Matrix DuplicateReplicate rn 
Matrix Spike pr( Surrogate Spikes 0 
Other (specify) 
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Data Quality Objectives for 
Cone Penetrometer Tests for Disposal Cell Design 

1) STATEMENT OF THE PROBLEM - - -  - - 

The preferred alternative for the Operable Unit 2 Feasibility Study is to consolidate waste 
materials on-site in an engineered waste disposal facility. Based upon previous 
investigations, and logistical considerations, the eastern part_ of -the FEMP (Eastern Site- - _- 

-h-tEnSeleCtkd for addiyioa study. Theprel--studies will be used in the design 
of the actual waste disposal facility. The problem to be addressed by the proposed 
sampling is the uncertainty concerning the location of potentialy interconnected sands 
within the gray glacial till material on the Eastern Site, and uncertainty concerning the 
shear strength of the soil. 

._ 

State of Ohio requirements to site a landfill require that the most suitable geology be 
defined. This means low permeability environments with slow groundwater flow 
systems. Sand lenses are a critical component to define in order to complete initial 
characterization. The shear strength of the soil relates to the compactiodfdure of the 
soil due to the load of the waste facility. 

Two studies have been conducted in the area for the purposes of siting a waste disposal 
facility. Both were focused on smaller areas, and there are large areas without 
lithological data. Regional scale groundwater studies have also contributed data on 
lithology and groundwater, but these are also in widely separated areas. A preliminary 
review of these data indicated that there are significant missing soil data due to no 
recovery or due to Shelby tube sampling that was not recorded in the boring log. 

Additional data are required to reduce the uncertainty to a level that is acceptable for 
decision making. The present sample grid is not small enough to detect sand bodies that 
will be a problem from an engineering standpoint. Penetrometer locations will be placed 
to reduce the uncertainty of the lithology between existing sample locations. The 
uncertainty has been detailed and refined by kriging and three dimensional modeling. 

2) THE DECISION 

, The data resulting from the penetrometer study will be used as decision tools in the 
following ways: 
- The location of lithological contacts between till and sand will be used in a 3-D 

The location of the data point will be used in a geostatistical kriging program to 

The interpreted geological column from the penetrometer effort will be compared 

The interpreted strength data will be compared to soil sample data and will be 

solid block model to visualize the distribution of sand; 

assess the uncertainty in the resulting data field; 

to soil boring lithological descriptions from nearby control points, and 

used to design a confirmatory geotechnical sampling program. 

- 

- 

- 

In summary, direct use of the data will be for decisions on additional soil boring 
000098 
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locations, geotechnical sampling locations and additional penetrometer locations. 

A concern involves cost/scheduling for additional studies. The availability of workers 
and equipment already owned by.DOE to complete initial studies is a cost effective 
method to save money. The ability to collect some additional data prior to meeting with 
the regulatory agencies will enhance the existing site model for the area. This will 
favorably impact the schedule by encouraging regulatory support for FERMCO's 
subsequent predesign field investigation of the Eastern Site. Work not completed by the 
DOE funded penetrometer will be completed by subcontract penetrometer. 

There is a concern that soil borings drilled through the potentially beneficial clay 
confining units would compromise their integrity. No penetrometer pushes will penetrate 
through the clay into the Great Miami Aquifer. To ensure this, estimated thicknesses of 
the till have been determined by lrriging existing information, the cone penetrometer 
pushes will terminated frve feet short of the thickness of the till. The proposed 
technology produces the minimum intrusion necessary to collect lithological data. For 
example, instead of an 8" diameter borehole, the proposed Dutch Cone penetrometry will 
produce a hole that is 1.5" in diameter. Abandonment of these holes will include using 
non-shrinking K-type grout for pluging. 

3) INPUTS THAT EFFECT THE DECISION 

The penetrometer measures in-situ stress on a steel probe that is pushed into the ground, 
as described in ASTM method D3441-86 "Standard Test Method for Deep, Quasi-static, 
Cone and Friction-Cone Penetration Tests of Soil". When used with a transducer, the 
probe records hydrostatic pressure. The measured quantities are friction and cohesion 
which are used to calculate shear strength of the soil. The soil types can be defined 
based upon these data. The method of data measurement and recovery are provided in 
the ASTM standard D3441-86. The directly measured data include cone resistance, 
sleeve friction resistance and pressure transducer readings if a piezocone is used. The 
methods to summarize and calculate these data are provided in the method. The data are 
manipulated by standard industry computer software to provide estimated shear strength 
and interpretations of the grain size in the gravel, sand, silt and clay breakdown. 

Although there is currently no reference to the method in the SCQ, the proposed 
measurements are standard for cone penetrometry according to established ASTM 
method. 

FERMCO costs for the proposed DOE research vehicle to conduct the penetrometer 
testing will be for support personnel. The Eastern Site is not a radiologically controlled 
area and will require minimum effort for Health and Safety, Radiological Control 
Technicians and FERMCO supervision. Since the activity is estimated to take about two 
weeks, the estimated cost to FERMCO is four labor-weeks or $1 1,500. There will be no 
lab analyses. Money for the activity will be available through funding approved for the 
Pre-Design Investigation. The budget for subcontract penetrometer activities is $85,000. 0 
The OU5 RI states that uranium surface contamination may be present since the 
investigation area is within a 20mgkg total uranium envelope. The precautionary 
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measure that will be used is to conduct periodic radiological field screening of the surface 
and equipment. 

4) THE BOUNDARIES OF THE DECISION 

- Sampling will occur in an a r e i o n  the -east boundary of the FEMP that measures 
approximately 2000 feet wide by 5300 feet long, with the long edge parallel with the east 
boundary of the site. Penetrometer measurements will be obtained from the brown clay 
(up to 15 feet below the surface) and the grey clay (up to 50 feet below-&e surfag))o---- ____ 
amax lmumf  5 f&tabove-the es-&&-b&mofthe a , h e  mechanism to push and 
retract the penetrometer probe is enclosed and truck mounted. This means that collecting 
penetrometer data is not sensitive to weather extremes. Approximately 43 cone 
penetrometer samples are proposed. 

5) LOGIC STATEMENT 

AU the measured data will be required to defrne the strength and lithology. Selected 
sample points will all be used to reduce uncertainty concerning the location of sand 
deposits. 

The data will be used to defrne the local geology and would be of use to those groups 
needing this information. There is no other known user for the data. 

If the penetrometer data are more sensitive in detecting sand lenses in the till than soil 
sampling, then additional sites in areas of historically poor sample recovery may be 
planned. 

If the penetrometer data define areas of sand then additional penetrometer or soil borings 
may be planned to collect engineering solution data. 

If the penetrometer testing fails to correlate with soil boring data on lithology and 
strength values, then the technique may not be used during confirmatory geotechnical 
testing. 

6) CONSTRAINTS ON THE UNCERTAINTY OF THE DECISION 

A "false positive" means that sand materials are identified based upon the measured data 
and in reality there is no sand at that location. Although shear strength would be 
incorrectly estimated to be too high, the removal of the sand would be planned if it was 
extensive. If the sand materials were attempted to be excavated, .there would be a cost 
impact due to additional unwarranted excavation. 

X "false negative" means that no sand materials are detected, when in reality there are 
sand materials present. In this case, the shear strength would be estimated to be too low. 
Such errors could result in an overdesign for the structural part of the facility and an 
underdesign of the hydraulic control for the facility. However, the geotechnical design 

, .' will ' A  be based upon data collected from soil borings, and from tests conducted in certified 
. ,  
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0 labs on soil samples from these borins. A safety factor will be applied to account for 
the observed variability in the laboratcry data. If the sand is unexpectedly encountered 
during construction it may add cost d m  to delays for excavation and recompaction. 

There are no anticipated health risk or. ecological impacts from a false reading by the 
penetrometer. The anticipated impacts are the same for false positive or false negative 
and are ranked as political/social and cost. 

-? 

False negative errors are of the greatest concern, due to the potential for higher 
permeability in sand zones, and the proposed technique is highly effective in supressing 
false negatives. 

The stated precision for the method is 5 % to 20% in the strength determination, and this 
is within the variability in the soil medium. The proposed use for the penetrometer data 
in design will adjust for uncertainty either in the measurement or in the strength 
distribution by applying a “safety factor“. Quantitative measures to define the 
measurement uncertainty include the following: 

CPT probes will be calibrated according manufacturers methods prior to 
field work. 

. Locations will first be tested by CPT that are adjacent to existing soil 
borings. Locations of previous borings will be used as periodic checks on 
the general accuracy of the probe. 
A duplicate CPT push will be used to define the precision of the method 
under field conditions. 
If probe refusal is encountered a new push will be conducted adjacent to 
the refusal location. 

7 )  OBTAINING QUALITY DATA 

The penetrometer methodology is established by a standard method and will be compared 
against existing soil boring logs at several locations. Sample locations have been selected 
nearly equidistant from existing data points. These locations are expected to provide the 
most useful data with respect to unknown geological conditions. Thus the measurement 
expected to provide sufficient information is being made within areas of high data 
coverage (for calibration purposes) and in areas of low data coverage (to resolve 
uncertainty). The most probable distribution for the shear strength is log-normal for the 
gray clay - 
The selected sample points for CPT are not expected to be representative of the entire 
eastern site soil mass since the medium is heterogeneous. The goal of the sampling is 
to reduce the uncertainty in the areas of no structural or lithological data. Since the soil 
is highly heterogeneous, the data coverage is intended to identify the largest sand units 
that will have a significant impact on the engineering design. Smaller sand bodies will 
be managed during construction using a method like excavation and replacement with 
compacted clay. 

0 
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The least cost must be considered in the context of the siting program. The objective is 
to lower the required safety factor by providing sufficient data. Collecting the field data 
is less than two orders of magnitude of the design and construction cost. 0 
In general, a phased approach is the most cost effective program. A phased approach 

- 
- _ _  _ - -  is defined as one in which lower resolution-data-are-wllectd frrst %-a giide tothimore- -- 

expensive and accurate soil boring sampling. The cost of the penetrometer is based upon 
feet of sampling, estimated at 250 feet per day. The first phase of work, using the DOE 
penetrometer, is proposed to sample at 50 locations at an average depth of 25 feet deep 

---each;- -P;dditional-p~-es-~~useubcontract serviEiFcopl&-&tagatheing needs 
in areas identified during the first phase. 

There is currently no defined validation methodology for geotechuical design data. 
However, protocol is being developed for the SCQ and CRU2. The equivalent data is 
proposed to be ASL B. 

Precision of the CPT will be assessed through duplicate pushes at two locations as near 
as possible to each other. Precision of geotechnical lab tests may not be possible to . 
determine since some tests are on unique samples and are destructive, and since the 
mixing of test batches may introduce variability into the analyses. Bias and sensitivity 
are not believed to be relevant to geotechnical tests. Completeness does relate once the 
basis for lab data acceptance has been determined. 

Decontamination procedures for the work performed will, follow the procedures in the 
SCQ, Section 6.8. 

000102 
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To collect Dutch Cone Penetrometer data from about 43 sample locations at the east side of the 
FEMP. 

0 
Data are to be used to define geology, and to generate information on soil strength. - 

- No laboratory samples will be collected as part of this acthity. * 

l.C. DQO No.: GT-003 DQO Reference No.: N/A 

Air Biological 0 Groundwater Sediment S O ~  

waste 0 
- 

wastewater 0 surface water 0 other (specify) 
--- ------------ ---------I__--- 

. .. . . . . . . . .. 
(Put an X in the appropriate Analytical 

Support Level selection(s) beside each applicable Data Use.) 

Site Characterization Risk Assessment 
A n  B n C O D n E n  A n  B O C n D n E u  

Evaluation of Alternatives Engineering Design 
A n  B [ 7 C n D U E O  A m  B m  C n  D O  E O  

Monitoring during remediation activities Other (Explain) 
A n  BO C m  D m  E n  A n  Bn C n  D m  E O  
- --------------------I------------------- 

CRU2 Feasibility Study preferred alternative, and State of Ohio landfrll 
regulations concerning locating a waste facility. If the pre-design study to site the facility 
identifies a suitable location, then additional confiiatory samples will be collected during the 
detailed design phases of the project. These phases are called preliminary (30%) and 
intermediate (60%) design by USEPA and Title 1/11 design by USDOE. 

To gather penetrometer data and lithological data. There will be no lab samples. 
The data will be used to locate sand lenses that are significant from an engineering standpoint, 
md to characterize the bearing strength of the soil. 

The sample locations are located at the east side of the FEMP, in a radiologically uncontrolled 
area. The site is relatively flat and covered with grass. Radiological, decontamination and site 
access problems are not anticipated. 000103 
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. . . . . . . . . . . . . . . . . . . . . . . . . 

analysis if appropriate. Please include a reference to the SCQ Section.) 

1. pH 0 2. uranium 3 . B n  0 
Temperature 0 Full Radiologic [7 TPH 

Dissolved Oxygen 0 Cyanide 0 
Silica 0 

Specific Conductance Metals Oil/Grease c] 

4. Cations 
AIllOns 

5.VOA 

0 ABN 
6. Other (specify) 

0 Penetrometer. not in SCQ 

TOC Pesticides 0 
TCLP 0 PCB 0 
CEC 0 
COD 0 

Equipment Selection 

ASL A SCQ Section: 

ASL B CONE PENETROMETER SCQ Section: N/A 

ASL C SCQ Section: 

ASL D SCQ Section: 

ASL E SCQ Section: 

Refer to SCQ Section 

---------------I_---------------------------------------------------------- 

(Put an X in the appropriate selection.) 

Biased prl Composite 0 Environmental [7 Grab c] G r i d 0  

Intrusive c] Non-Intrusive Ixl Phased 0 Source I7 
, .  
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DQO SUMMARY FORM 

Revision: 1 Page 3 o f 3  
Effective Date: 10/24/94 

DQO Number: GT-003 

(List the samples required. Reference the work plan or 
sampling plan guiding the sampling activity, as appropriate.) 

The DQO is being established prior to completion of the work plan. The number of samples 
(43) is proposed as a possible first phase. Later penetrometer samples may be collected based 

..__ _ _  - -- upon the-results of the proposed-first phase;-A -fulkjustification is-attached ira-DQO miteup:- 

Background samples: At least fwe penetrometer pushes will be adiacent to borings to establish 
a baseline 

(Please provide a specific reference to the SCQ Section and 
subsection guiding sampling collection procedures.) 

Sample Collection Reference: ASTM D 3441-86 

0 

a 

(Place an "X" to the right of the appropriate 
selection@).) 

Trip Blanks 0 Container Blanks 0 
Field Blanks 0 Duplicate Samples El 
Equipment Rimate Samples Split Samples 
Preservative Blanks Performance Evaluation Samples 0 
Other (spec*) Correlation tests will be conducted between the penetrometer and existing boring; 
data. Duplicate pushes will be used to determine orecision. Manufacturers standardization will 
be used to check the operation of 'the instrument. 

Method Blank 0 Matrix Duplicate/Replicate 0 
Matrix Spike 0 Surrogate Spikes 

Other (specify) 

. p&& ...... Please provide my other germme informtion that may impact the quality or 
I....... . ... . . .. ..... . . . . . . . . . . . . . . . . . . . . . . . . ._..._ . . . . . . . . .... :... . . :.:.: .... . ......... L/.. . . . . 

gathering of this particular objective, task or data use. 
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Data Oualitv Obiectives for Disposal Faciiitv Re-Desim Investigation 0 1. State! the Problem or the Situation to be Resolved 

The preferred alternative for the Operable Unit 2 Feasibility 
Study is to consolidate waste materials in an on-site, 

- -engineered waste disposal facility. Based on information 
collected during previous investigations, the eastern part of 

Eastern Site, has been selected for additional hydrogeological 
characterization requLredby- 0hi.Administrative Code -(OAC) ~- --- 

3745-21-and- by-thg substantive requirements of a Permit-to- 
Install (PTI) . 

- _ .  

r the Fernald Environmental Management Project (FEMP), the 

The area was chosen for this investigation based on OAC 3745- 
27 setback requirements which include locations of.residences 
adjacent to the site, domestic water supply well, public water 
supply capture zones, wetlands, surface water bodies, 
historical resources, and property boundaries. 

Previous investigations have been completed within the Eastern 
Site; however, these investigations were not ,adequate to 
fulfill the OAC requirements for the entire area. Lysimeters 
and monitoring wells have been installed and sampled in the 
study 'area; however, no clustered monitoring points exist to 
determine vertical hydrogeologic properties of the till. 
Information from these investigations was used to aid in 
selecting sampling locations and to interpret the hydrogeology 
of the siting area. Three existing lysimeters will be sampled 
during this investigation. 

The preliminary groundwater model indicates that the cleanup 
goal or working preliminary remediation goal (WPRG) for 
uranium in soil is below the background concentration. Data 
is required to refine existing model inputs based on a 
combination of empirical values, analytical methods, and 
published values. 

2. Identify the Decisions to be Made that Affect the Situation 

This field investigation including sampling of 14 geotechnical 
borings, installation of 15 monitoring wells, and installation 
of 9 lysimeters will be conducted to provide radiological, 
hydrogeological, and age dating information. This information 
will be used to aid in demonstrating the protectiveness of the 
Glacial Overburden to the underlying aquifer and to aid in 
fulfilling the regulatory requirements for an on-site waste 
disposal facility. Objectives of the geotechnical 
investigation are outlined in DQO GT-004. 

The major decision to be resolved by this investigation is 
whether the geology and hydrogeology of the area identified 
for the on-site disposal facility is adequately protective of 

000107 
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0 the underlying aquifer with respect to above-ground waste 
storage. Naturally-occurring inorganic analytes (calcium, 
carbonates, phosphates, magnesium, sulfate, nitrate, 
alkalinity, and bromide) and tritium within the groundwater 
will be used to estimate the vertical seepage velocity and the 
time of travel within the till. 

Total and isotopic uranium data is required to further define 
the vertical and lateral extent of uranium over the study area 
to determine the ability of the gray clay to retard the 
migration of uranium. 

The coefficient of distribution (Kd) for uranium used in the 
preliminary groundwater model are based on a combination of 
empirical methods, analytical methods, and published Kd 
values. The low WPRG indicate that the Kd values are not 
representative of the clay soils within the upper portion of 
the overburden at the site. This investigation will provide 
Kd values for both the gray and the brown till in the area 
underlying the proposed disposal facility. 

3.  Identify Inputs that Affect the Decision 

The heterogeneity of the area was considered when selecting 
the number and locations of borings, lysimeters, and 
monitoring wells. The number and locations of sampling 
locations will be based on providing lateral data coverage of 
the proposed siting area, minimizing data uncertainties and 
minimizing the number of sample points to avoid compromising 
the integrity of the confining till unit. 

Sampling locations will be reassessed after receipt of data 
from Cone Penetrometer Testing investigation to be completed 
prior to implementation of the activities outlined in this 
DQO. Lithologic descriptions of the borings will be used to 
confirm CPT interpretations and refine the three dimensional 
model of the study area. Objectives of the CPT investigation 
are outlined in DQO GT-003. Borings will be terminated a 
minimum 5 feet above the base of the Glacial Overburden. The 
number of borings, lysimeter installations, and well 
installations was chosen to best represent the overall 
footprint of the project (approximately 70 acres). 

0 

The monitoring wells will be installed in 5 clusters 
containing 3 monitoring wells at each location. Soil samples 
collected from the monitoring well screened interval at each 
of the 15 locations will be analyzed for total and isotopic 
uranium. Uranium concentrations will be used to further 
define the lateral and vertical uranium distribution of the 
study area. The monitoring wells will be sampled after 
development for bromide, alkalinity, calci-um, magnesium, 
nitrate, sulfate, carbonates, phosphates, total and isotopic 
uranium, and tritium. These results will be used to estimate 0 

. .  . 
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the time of travel of groundwater through the till. 
Analytical requirements are outlined in Table 1. 

The lysimeters will be installed at 3 locations containing 3 
lysimeters each. Soil samples will be collected at the 
lysimeter screened interval and analyzed for total and 

- isotopic uranium; the samples will undergo Toxicity 
Characteristic Leaching Procedure (TCLP) and the extract will 
be analyzed for total and isotopic uranium. Total and TCLP 
results will be used, along with data collected during 
installation of the monitoring wells, to define the uranium 

0 

. __ d-istribution-of- the--study -area-. --- --- -- - - -- ~ ~~ -- _- 

A sample of the silica will be collected prior to installation 
of the lysimeters and analyzed for total and isotopic uranium 
to determine if naturally-occurring uranium is present. 
During placement of the silica flour around the lysimeter, a 
bromide tracer will be added to aid in determining complete 
development and evacuation of the lysimeter. The lysimeters 
will be sampled for a minimum of three rounds for calcium, 
magnesium, and bromide. Once these parameters have 
stabilized, the newly-installed lysimeters and the three 
existing lysimeters will be analyzed for bromide, alkalinity, 
calcium, magnesium, bromide, nitrate, sulfate, carbonate, 
total phosphates, tritium, and total and isotopic uranium. 
Analytical results of these parameters will be used to 
evaluate the apparent age of the water, thereby estimating the 
time of travel through the till. 

Soil samples will be collected from 14 geotechnical borings. 
One soil sample each from the brown till and the gray till 
will be analyzed for total and isotopic uranium. One soil 
sample collected from the gray till in each boring will 
undergo the TCLP and the leachate will be analyzed for total 
and isotopic uranium. The uranium results will be used to 
verify existing horizontal and vertical profile ofthe uranium 
concentrations in the soil and verify existing solubility 
values. This information will be used for site selection of 
the disposal facility. 

One soil sample collected from the gray till in each of the 14 
geotechnical borings will be tested for K, following the 
attached procedure. Additionally, two groundwater samples 
will be collected from one uranium-contaminated monitoring 
well and one uncontaminated monitoring well and tested for Kd 
following the attached procedure. Leachate generated during 
the batch procedure will be analyzed for total and isotopic 
uranium. These data will be used to aid in determining the 
contaminant transport mechanism within the till. 

000109 



0 4. Define the Boundaries of..ae Situation 

Sampling will occur in an4area on the east boundary of the 
FEMk that measures approxhnately 2000 feet wide by 5300 feet 
long, with the long edge4parallel with the east boundary of 
the site. Samples will he? collected from the brown clay (up 
to 15 feet Below the surface) and the grey clay (up to 50 feet 
below the surface) usingkthin-walled Shelby tubes and split- 
spoon samplers. 

The population affected by this investigation consists of all 
operable units specifying on-site disposal as a disposal 
alternative: Operable Unit 2, Operable Unit 3 ,  Operable Unit 
4, and Operable Unit 5. No temporal boundaries are 
anticipated. 

5. Develop a Logic Statement 

Information obtained from this investigation will be used to 
evaluate the area with respect to requirements specified in 
OAC 3745-27. If the sampling indicates that the area is 
suitable for the on-site disposal facility, then further 
investigations of the are+ will be completed. A suitable area 
for the on-site disposa? facility would be an area that 
exhibits low concentratims of uranium, soils with low uranium 
solubility properties, few sand layers, and long time of 
travel. If the results indicate that the area is not 
suitable, then the need f@r further investigation of the area 
will be reevaluated. 0 

I 

The data will be used to provide an on-site disposal facility 
for waste generated during remedial activities for all 
operable units at the FEMP. 

6. Establish Constraints on the Uncertainty of the Decision 

A false negative error is the finding that the area is 
unsuitable for the onsite disposal facility, i.e., is not 
protective of the environment, when the area is suitable. A 
false positive error is the finding that the area is suitable 
for the disposal facility when, in actuality, it is not 
protective of the environment. 

A false negative error could result in excessive engineering 
design for the on-site disposal. facility. A false positive 
error could result in a design €or the facility which may not 
effectively protect the environment. In either case, errors 
would result in an cost increase due to the need to either 
reevaluate remedial alternatives or the need for costly over- 
design of the facility. - 

0 No regulatory action levels are applicable to this 
investigation; therefore, standard calculations cannot be used 
to quantify acceptable percent errors. Laboratory and field 

'- . -. , 
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quality control measures shall be instituted to minimize 
errors. A 90 percent data recovery is deemed acceptable for 
this project. If sufficient valid data points are not 
obtained to meet project objectives, then samples collected 
for archive are available for analysis providing individual 
parameter hold times are not expired and monitoring wells and 

soil sampling or monitoring well installation cannot be 
completed will be relocated within approximately 5 feet of the 
original location in order to complete the objectives of this 
investigation. 

Optimize a Design for Obtaining Quality Data 

Data quality will be optimized by stringently following the 
Sitewide CERCLA Quality Assurance Plan (SCQ) and referenced 
documents. 

_ _  lysimeters- can be reSampled.--- Any -bor-ing- locat-ion -at--which - - - -- 

~ - _ _ _ _ - -  
~ - _ - -  

~ 

7 .  

Samples for uranium (Total,TCLP, and isotopic), tritium, and 
inorganic analyses will be analyzed and reported at an 
Analytical Support Level (ASL) D, E, and B, respectively. 
Data validation will be completed on the analytical results in 
accordance with "FEMP Data Validation Procedurett SSOP-1004. 
Results rejected by the validation process will be 
disqualified from application for the intended use. 

Sampling errors will be controlled through review of the 
sampling plan with sampling technicians and technical guidance 
will be provided by Operable Unit 2 technical staff during 
drilling and sampling operations. 

Field Quality Control (QC) for all samples will consist of 
duplicates, field blanks, and equipment rinsates. One rinsate 
per 20 samples collected will be prepared and analyzed for 
total and isotopic uranium during drilling activities. One 
rinsate per 20 samples or per round, whichever is more 
frequent, will be collected during groundwater sampling and 
will be analyzed for inorganics, total and isotopic uranium, 
and tritium. A duplicate sample will be collected for every 
round of water sample collection or 1 in 20, whichever is more 
frequent; the duplicate samples will be analyzed for 
inorganics, total and isotopic uranium, and tritium. A field 
blank will also be prepared during water sample collection at 
each location and analyzed for inorganics, total and isotopic 
uranium, and tritium. 

Laboratory QC samples for ASL B and D will follow prescribed 
levels in the Sitewide CERCLA Quality Assurance Project Plan. 
For ASL E, a method blank (dead water), Laboratory Control 
Sample (LCS), duplicate, and matrix spike will be performed at 
a frequency of 1 per 20 samples. Additionally, a l l  raw data 
will need to be included in the deliverable. 
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re-Design Investigation 

(Put an X in the appropriate selection.) 

RI 0 FS 0 RD 0 RA R,A OTHER Specify: Pre-Design- 

1.C. DQO No.:MS-013 DQO Reference No.: GT-003.004 

2. Media Characterization: (Put an X in the appropriate selection.) 

A i r - 0 -  - Biological--o - Groundwater Sediment 0 Soil 

.................................................................. 
_ _  _ -  - - _ _  - -  - - _ -  _-  --- - -  - 

El 
Waste 0 Wastewater Surface water Other (specify)- 

Site Characterization Risk Assessment 
A n  B O C n D o  E n  A n  B O C C I  

Evaluation of Alternatives Engineering Design 
A n  B O C U D O  E O  A n  B m C n  

Monitoring during remediation activities Other (Explain) 
A n  B n C n D n E n  A n  B u C n D n E n  

. . . . . . . . . 

geologic and chemical data to aid in the modeling of 
an on-site disposal facility 

st side of the FEMP, in a 
radiologically uncontrolled area. 
The site is relatively flat and covered with grass. 
decontamination 
and site access problems are not anticipated 

Radiological, 



0 DQO Number: MS-013 ; j  

' I  

Please include a 
reference to the SCQ Seaon.) 

1. pH 0 2. Uranium 3. BTX 0 
Temperature 0 -11 Radiologic 0 TPH 0 

Specific Conductance ' i  Metals ClOil/Grease 0 
Dissolved Oxygen [7 : Cyanide 0 

.. silica pcl 

4 .  Cations 5. VDA 0 6. Other(specify) 
Anions 0 ABN 0 isotopic u 
TOC 0 Resticides Tritium 
TCLP 0 ECB [7 Inoraanics (seetable11 
CEC 0 
COD I7 

Equipment Selection Refer t o  SCQ Section 

ASL A SCQ Section: 

ASL B Laboratorv Instrumentation SCQ Section: Appendix G 

ASL C SCQ Section: 

ASL D Laboratorv Instrumentation SCQ Section: Amendix G 

ASL E Laboratorv Instrumentation SCQ Section: N/A 

(Put an X in the appropriate selection.) 

Biased Composite Environmental 0 Grab 0 Grid 0 
Intrusive P'I Non-Intrusive Phased 0 Source 0 
Other (specify) : 
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DQO Number: MS-013 

(List the samples required, 
ng plan guiding the sampling 

0 
activity, as appropriate.) 

- .  Background . .  samples: See Section 2 . O  of Proiect Specific Plan (PsP) 
- .. . 

(Please provide a specific 
subsection guiding sampling 

collection procedures,) 

SamDle Collection Reference: 
._ .. _ _ _  _ _  -~ -. ~ _ _  ~ -~ - 

PSP for Phases I and I1 of the Pre- 

-~ ~ 

(Place an llX1l in the appropriate 

Trip Blanks 0 Container Blanks 0 
Field Blanks prl Duplicate Samples El 
Equipment Rinsate Samples El Split Samples 0 
Preservative Blanks 0 Performancekraluation Sample so 
Other (specify) 0 

Matrix Duplicate/Replicate Method Blank 
Matrix Spike Surrogate Spikes 

Other (specify) Laboratory Control Samples 

QC will be performed as per the specified ASL 

Please provide any other germane information that may 
data quality or gathering of this particular objective, 

task or data use. 

O O O l l Q  



Matrix 7 Parameter ASL Customary Minimum Preser No. 
vative of 

Sampl 
es 

Volume Volume 

~ 

Water 

- 
soil 

~ ~~ 

Silica 
~ ~ 

silica 

D 

B 

B 

~ 

100 grams 

1 liter 300 mL 

150 mL 40 mL 

E 
~ _____ 

1 Liter 275 mL 

Total 
Uranium 

Isotopic 
Uranium 

D 50 grams 

D 100 grams 

TCLP Total 
Uranium 

TCLP 
Isotopic 
Uranium 

Total 
Uranium 

Isotopic 
Uranium 

D 150 grams 
(1 liter 
leachate) 

D 400 grams 
(2 liters 
leachate) 

D 50 grams 

D 100 grams 

Calcium, 
Magnesium, 
Bromide 

B 1 liter 

I I 
Soil I l5 None I 50 grams I Total 

Uranium 

Isotopic 
Uranium 

Soil I l5 None 

Water Alkalinity, 
Bromide , 
Calcium, 
Magnesium, 
Nitrate, 
Sulfate , 
Carbonates 

Cool, 
4OC 

15 

--I- ~~ 

Total 
Phosphates 

15 Cool , 

<2 I 
4OC, pH 

H2s04 

None Water Tritium 15 
Lygh-Esr& 
.. . ... ....... .. .. ......... ... .......,.. 

I I I 

19 
None 

soil 

soil None 9 

soil None 9 

None 1 

None 1 

Cool , 9 x 3  
4 OC Round 

S 

Water 
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D 

D 

50 grams - None 28 

100 grams None 28 

D 150 grams None 28 

D 400 grams 
or 2 
liters 
leachate 

None '28 

Matrix Parameter customary 
Volume 

Minimum 
Volume 

Preser 
vative 

No. 
of 
Sampl 
8s' 

.- Co.01 _ _  
4OC 

Alkalinity , _. 

Bromide , 
Calcium, 
Magnesium, 
Nitrate , 
Sulfate,- 
Carbonates 

Total 
Phosphates 

Water B 

- 
E 

150 mL 9 4 0  mL 

None Water Tritium 

Total 
Uranium 

Isotopic 
Uranium 

1 liter 3 

9 Water D 
- 
D 
- 

1 liter None 

Water None 9 2 liters 

Soil 
I 1 1 I 1 

Total 
Uranium 

Isotopic 
Uranium 

TCLP Total 
Uranium 

soil 

Soil 

Soil TCLP 
Isotopic 
Uranium 
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3.4 
d,. ' ... 

The & study is being performed to determine how natural species of 
- -  uranium in groundwater and soil partition between phases. To 

obtain the most representative results, natural materials will be 
used whenever possible. This includes natural soils from the 
location of concern, natural groundwater contaminated with uranium, 
and natural groundwater without contamination. 

Fourteen standard adsorption/desorption tests will be performed and 
eight calibration tests will be performed on soil samples and 
contaminated groundwater (see table 1). The fourteen soil samples 
will be collected from seven of the fourteen geotechnical borings. 
Seven soil samples will be collected in the brown clay and seven in 
the grey clay. Fourteen soil samples will collected, one from each 
soil location, and sent off site for total and isotopic uranium 
analysis. Contaminated and clean groundwater will be collected 
from appropriate monitoring wells and a sample of each will be sent 
off site for total and isotopic uranium analysis. 

The disposal facility will be constructed over clean till, so the 
partitioning of uranium will occur first from potentially 
contaminated leachate seeping through the bottom of the facility 
liner. The contaminated groundwater is intended to represent the 
leachate as it leaves the disposal facility. Speciation studies 
have shown that despite the original nature of the waste or source 
material, uranium speciates into two predominant forms in 
groundwater, carbonate and phosphate. 

_ _  _ _  - - - __ -- __--- 

0 
After the adsorption tests are complete, the soil from the 
adsorption tests will be placed into a new reactor with clean 
groundwater to assess its desorption characteristics. Fourteen 
standard desorption tests will be performed. This test will 
represent conditions where contaminated leachate moves through the 
till allowing the soil to adsorb a fraction of the uranium, then 
cleaner leachate moves through, creating an environment where 
uranium can desorb from the soil back into the groundwater. 

A number of factors affect the Kd in natural conditions; 
groundwater-to-soil ratio, the sorption isotherm, pH, dissolved 
oxygen, temperature, permeability of the soil, and others. Many 
other factors can affect KdS, but those listed are assumed to be the 
major factors. The pH and temperature factors can be controlled by 
keeping them constant near the in-situ levels. 

The in-situ groundwater-to-soil ratio is no greater then the 
porosity of the soil, which is the ratio of the volume of soil 
voids to the volume of soil. This ratio is typically between 20 
and 40%. The ratio of groundwater to soil in the standard Kd method 
used at Fernald is 8.75 (875%). The groundwater volume is large in 0 
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practice because it produces a conservative result and it makes 
sampling of the solute possible during the test. In order to 
determine the impact of the gkoundwater-to-soil ratio on I<d levels, 
two separate calibration tests will be run. These calibration 
tests will consist of soil samples split from two grey clay soil 
samples. These calibration tests will include a groundwater-to- 
soil ratio of 0.50 (50%) , '  only slightly larger than in-situ 
conditions. These tests will be run without sampling, equilibrium 
will be determined by duplicate tests conducted in parallel. The 
test will be conducted exactly as the normal test, but samples will 
not be drawn. The reactor will be opened whenever samples are 
taken from the duplicate test. A final sample will be collected 
from the calibration tests when the duplicate test reaches 
equilibrium. The desorption test will be run for the two soil 
samples in the same way with a 0.5 clean groundwater-to-soil ratio. 
A final water and soil sample will be collected at the end of the 
desorption test. The results of this calibration test can then be 
compared to the duplicate test to see what impact the groundwater- 
to-soil ratio had on Kd determinations. 

The sorption isotherm describes the transfer of a product from 
liquid to solid under different concentrations in solution. The 
amount of product adsorbing from solution to the solid will vary 
depending on the amount of product available in solution. The 
relationship is generally hssumed to be linear, although many 
studies have indicated a non-linear relationship. The sorption 
isotherm can be determined by conducting a series of tests with 
different concentrations of product in solution. The results of 
the tests can be plotted on an initial versus final solute 
concentration graph. Each final solute concentration is plotted 
against its initial solute concentration, and all the tests are 
plotted on one graph. The resulting curve represents the sorption 
isotherm. Equations are available to determine the K, under linear 
and non-linear sorption isotherms. Once the sorption isotherm is 
determined, more exact equations can be used to determine Kds. In 
order to determine the sorption isotherm, six tests will be run 
with different initial solute concentrations. The initial 
concentration will be varied by diluting contaminated groundwater 
with clean groundwater to achieve the desired initial 
Concentration. The teses will be conducted using the standard 
procedure and the results will be plotted to determine the sorption 
isotherm relationship. The six sorption isotherm tests will 
include four of the seven grey clay soil samples and two soil 
samples split from the grey soil samples. The groundwater 
concentration will be varied by combining uranium contaminated 
groundwater with clean groundwater. 

The permeability of the soil can be maintained by keeping the 
sample as undisturbed as possible. Standard Kd practices require 
the soil sample to be dried, crushed, sifted, and agitated 
throughout the test. In an effort to determine the impact that 
these practices have on Kds, two duplicate tests will be run in 
which the soil will not be disturbed or agitated but allowed to sit 
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in contact with groundwater as in natural conditions. The two 
duplicate samples will be split from two of the seven grey clay 
soil samples. The test will be performed identically to the 
standard method except for the agitation of the sample. The 
results of this duplicate test can then be compared to the 
agitation method to bracket the conservatism inherent in the 
standard procedure. 

The dissolved oxygen factor is complicated to duplicate because 
dissolved oxygen is limited at depth in the soil. In order to 
reproduce the in-situ dissolved oxygen conditions, the Kd study ~~ 

--would -have--to-be performed- in-a- closed- -reactor- -with- as- little 
dissolved oxygen as possible (possibly in a nitrogen gas 
environment). This condition is difficult to achieve because of 
the required sampling that takes place during the test. One 
solution to this is to run calibration tests along side the normal 
Kd tests. The calibration tests will be set up in the same manner 
as the normal test, but the reactor will be sealed until the 
completion of the test. The two calibration samples will be split 
from two of the seven grey clay samples. Equilibrium will be 
determined using the duplicate tests run in the normal manner. A 
sample will be collected at the end of the test when the duplicate 
samples achieve equilibrium. The results of the calibration test 
would then be compared to the normal test results to determine the 
affect of dissolved oxygen on the Kd study. 

SamDle Collection 
Soil samples will be collected using a split spoon sampler. Soil 
samples will be collected from seven borings. Seven soil samples 
will be collected in the brown clay horizon, and seven samples in 
the grey clay horizon, two in each boring, Soil samples will be 
transferred to containers as quickly as possible with as little 
disturbance as possible. A minimum of 2000 grams (field weight) of 
soil will be collected from each location. 

Groundwater samples will be collected from a representative 
contaminated groundwater well and a representative clean 
(background) groundwater well. A minimum of 20 gallons of 
groundwater will be collected from each well. The groundwater will 
be placed in containers with a minimum of air in the container. 

sample PreDaration 
For the 14 collected samples, the 400 grams (dry weight) of soil 
will be transferred to a 4.0 liter reactor without drying or 
crushing. Dry weight will be determined using a standard method on 
a portion of the soil sample. Pre-test agitation of the soil 
should be kept to a minimum. A 3500 ml sample of groundwater 
contaminated with a known amount of uranium will be added to the 
reactor at a pH consistent with perched groundwater pH levels (6.8 
to 8.0). The pH level will be adjusted with nitric acid or calcium 
hydroxide. 

Two in-situ groundwater-to-soil ratio tests will be performed in 
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parall 
only 2 
tests 
tests . 

.el 
00 
wi 0 with two duplicate normal tests. In these two reactors 

ml of groundwater will be added. Four diluted groundwater 
.ll be conducted in parallel with four normal duplicate 
The diluted groundwater will consist of 3500 ml total 

solution, with 0.75, 0.5, 0.25, and 0 fractions of contaminated 
groundwater to clean groundwater. 

When the first test is completed with contaminated groundwater the 
reactor will be drained and the solids will be centrifuged. The 
solids will then beltransferred to a clean reactor and 3500 ml of 
background groundwater will be added. The pH will be adjusted as 
in the first test. The two in-situ groundwater-to-soil ratio tests 
will only have 200 ml of clean groundwater added to them. 

SamDle Mixinq 
The samples Will be placed in a rotating tumbler and mixed 
continuously until completion of the testing. The tumbler shall be 
operated at 29 +/- 2 rpm. Two reactors will be left untumbled 
throughout the test with a minimal soil disturbance. 

Collection of Samples Durina Testinq 
Samples of leachate will be collected after stopping the tumbler 
for a sufficient time period (minimum of 10 minutes) to allow the 
solids to settle. A volume of the leachate will be decanted from 
the reactor and filtered through a 0.45 micron filter paper. The 
volume of decant removed will be based upon the requirements for 
analytical testing (approx. 20 ml). After the removal of the 
decant, 20 ml of pH adjusted water will be added back to the 
reactor. Any solids transferred duringthe separation step will be 
returned to the reactor. 

0 
Intermediate samples will be collected at approximately 72, 144, 
168, 2 4 0 ,  288, 360,  and 384 hours following initiation of the 
reaction and analyzed at the FEMP laboratory for total uranium. 
The reaction may be stopped earlier if the data indicate that 
equilibrium conditions between the soil and liquid have been 
achieved. Equilibrium will be determined by maintaining a plot of 
concentration versus time for each reaction. 

Two reactors will remain untested duringthe program. The reactors 
will remain sealed. Equilibrium conditions will be determined by 
duplicate tests run in the standard method. Final samples will be 
collected from the two sealed reactors when the duplicate tests 
indicate equilibrium. 

After the results indicate an equilibrium condition, a final 
solution sample will be collected and split for analysis by both 
the FEMP laboratory and an off-site laboratory. The final sample 
will be analyzed for total and isotopic uranium. Twenty two 
solution samples will be collected at the end of the adsorption 
testing (see Table 2). If a sample does not reach equilibrium 0 after 3 8 4  -hours, a decision of whether to terminate the testing 
will be made. 



I 

I 3 4  

Identical batch testing procedures will be followed for the second 
test. At completion of the second batch test, a water and soil 
sample will be collected from the tumbler and split for analysis by 
both the FEMP laboratory and an off-site laboratory. These final 
samples will be analyzed for total and isotopic uranium. Twenty 
two solution samples and 22 soil samples will be collected at the 
end of-the-desorption-testing--(-see Table--2)~ - - -  --- -- - -  -~ - 
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Table 1 
3 4  

K, Tests to Be Performed 

7 brown. clay adsorption/desorption tests - Standard methods, 
100% contaminated water during adsorption test. 

4 grey clay adsorption/desorption tests - Standard methods, 
100% contaminated water during adsorption test. 

3 grey clay adsorption/desorption tests - Standard methods,- _ _  
-one -75% contaminated- water; one -5O%-contaminated water,- and 
one 25% contaminated water durins adsomtion test. 

2 grey clay (split sample) adsorption tests - standard methods 
except that only 200 ml of 100% contaminated groundwater will 
be used and no sampling during study. Tests should be 
performed in parallel with standard grey adsorption tests that 
correspond with the split sample locations to determine 
equilibrium conditions. 

2 grey clay (split sample) adsorption tests - standard 
methods, clean groundwater used. 

2 grey clay (split sample) adsorption tests - standard methods 
except that no agitation of the sample will be performed. 
Disruption of the soil will be kept to a minimum. 

2 grey clay (split sample) adsorption tests - standard methods 
except that only the reactors will be sealed and remain 
unopened until the end of the test, 100% contaminated 
groundwater will be used. No sampling will be conducted during 
study. Tests should be performed in parallel with standard 
grey adsorption tests that correspond with the split sample 
locations to determine eauilibrium conditions. 



Table 2 

I n i t i a l  Sampling 

1 4  s o i l  samples, 7 
brown and 7 grey, 
analyzed for t o t a l  and 
isotopic uranium 

2 groundwater samples, 
one contaminated and 
one clean, sampled for 
t o t a l  and isotopic 
uranium 

Post Adsorption 
sampling 

7 water samples from 
the brown c l a y  reactors 
for t o t a l  and isotopic 
uranium 

7 water samples from 
the grey clay  reactors 
for t o t a l  and isotopic 
uranium 

2 water samples from 
the i n - s i t u  
groundwater-to-soil 
r a t i o  reactors ( s p l i t  
grey clay  samples) for 
t o t a l  and isotopic 
uranium 

ram 

Post Desorption 
Sampling 

7 water and s o i l  
samples from the brown 
c l a y  reactors for t o t a l  
and isotopic uranium 

7 water and s o i l  
samples from the grey 
clay  reactors for t o t a l  
and isotopic uranium 

~. ___ 

2 water samples from 
the no agitation 
reactors ( s p l i t  grey 
clay  samples) for t o t a l  
and isotopic uranium 

2 water samples from 
the closed reactors 
( s p l i t  grey clay  
samples) for t o t a l  and 
isotopic uranium 

14 total soil, 2 
total water 

22 total water I 14 total s o i l ,  14 
total water 
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EQUATIONS FOR STUDY 
Equations : 
Co = Initial Concentration of Uranium in Solid Phase 
Cwl = Concentration of Uranium in Leachate (from adsorption) 
C, = Concentration of Uranium in Leachate (from desorption) 
W = Mass of soil ~ - 

V = Volume of groundwater used During Test 
m, = Initial Mass of Uranium in soil 

0 

m , = c , * w  
~ _-_ .~ ~ ~ ~~ ~ - -- - -  -__ 

mL = Mass of Uranium in Liquid (at equilibrium) 

mL = c,, * v 
c, = Solid Phase Concentration of Uranium (from adsorption phase) 

0 

c, = (ms - mL)/w 
KI1 = Leachate Coefficient of the Total Mass 

Kn = Leachate Coefficient of the Extractable Portion 

c, * v - Kn = 
VWl - C,) w 

K,' = Extractable Percentage Remaining after adsorption 

&' = c, * v 
c, (1-C,/Cwd w 

C,' = Concentration of Remaining Extractable Mass after adsorption 

'C,' = C, * K,' 
K, = Total Initial Extractable Portion 
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ATTACHMENT II 

UNEXPECTED DISCOVERY OF 
CULTURAL R O U R C E S  



004 

0 

- . . . . 

0 9 12 6 9 4 13: 04 RUST 6-PLEX 

m 3 4  
-. I Title: UNEXPECTED DISCOVERY OF CULTURAL RESOURCES 

I OOCUMENT NO: SSOP-1070 U ..-' 

1 .o 

2.0 

3.0 

eURPOSE 
-This- procedure provides-the -method-by-which Fernald Envl ronmental---- - 

Restoration Management Corporation (FERMCO) or sub-contractor personnel 
shall notify the FERMCO Cultural Resource Coordinator (CRC) within the 
Environmental P1 annlng Department 'of the Regulatory Programs Dlvl sion of 
the unexpected discovery of Cultural Resources during drllling or any other 
ground disturbing activities at the fernald Environmental Management 
Project (FEMP) or beyond i ts boundarl er . 
SCOPE 
f h l s  procedure applies to all FEMP and subcontractor personnel. 
procedure addresses all ground disturbing activities in process at the FEHP 
and Is applicable to all FEMP, subcontractor and teaming partner personnel. 

Thfs 

DEFINITIOHS 

managing cultural resources at the FEMP. 

-a1 Resources - Any prehistoric dlstrict, buildfng, structure, or 
object included In or eligible for Inclusion on the National Register of  
Historic Places. Such Items include artifacts, records, and remains that 
are related to a district, stte, buflding, structure, or object. 

Resource Coordinator tCRCl - The FERMCO person In charge of 

Ground Di m r b  ins Activity - Any activity that disturbs the ground either 
on the FEMP site or on addacent property. 
include stripping o f  topsoil , drilling wells, road improvements, etc. 
u d  P e r s o m  - FERHCO of Subcontractor employees that are conductlng 
ground dlsturbing activities. 

fllrtorlc Provertles - Any historic or prehistoric slte, structure, or 
object. 

responslbillty for field activities such as Constructlon Englneer, 
Construction Coordinator or Project Engineer. 

State HI storic Preservation Office 
for enforcement o f  the National Historical Preservation Act. 

Examples o f  ground disturbance 

e Fteld Rearesentative - The employee designated with 

- The state authority responsl ble 

. . , .  . . .  _ -  . 
11- 1 
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89/26/94 13: 05 RUST 6-PLEX 00s 

Effective Date: 03-31-94 Page 4 o f  0 

4.0 

- Cultural Resources Point of Contact 

Notifies SHPO of unexpected cultural resource discovery. 

Negotiates mitigation. 

Notifies FERMCO of  authorization to proceed wtth work. 

tal Plannlncr Hanaow 

6 Noti f les DOE-FN of unexpected cultural resource discovery . 
Coordinates mltlgatlon. 

6 Prehlstorjc/Hlstorlc Assessment Report. 

t ural Resource Coord i na tor (CRC 1 
Coordinates Cultural Resource Management Program. 

Not i f fes  Environment P'1 annjng Manager of unexpected cultUra1 resource 
dlscovery. 

Completes and signs Pre-hlstoric/Hlstorlc Assessment Report. 

Assists i n  cornpletlon and signs unexpected cultural resource discovery 
form. 

Coordinates mitigation. 

Project Fnaineer/Construct i o n  EnQineerlConst ruct i on Coard tnator 

Stops work upon discovery of a cultural resource. 

Notifies CRC upon discovery of a cultural resource. 

Completes and signs Unexpected Cultural Resource Df scovery form. 

The National Historic Preservation Act  (36 CFR 800, Section 106) requires 
Federal agencies t o  take i n t o  account the effects o f  their actions on 
properties that are on, or eltglble for inclusion on, the National Register 
of Historic Places List. This llst includes undiscovered resources as well 
as districts, sltes, bu4ldIngs. structures or objects. 

0 
II-2 000127 



09/26/94 '13: 0s RUST 6 P L E X  ass- 3 4  

I I Tit le :  UNWPECffD OXSCOVERY OF CULTURAL RESOURCES 
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Page 5 o f  8 
i :  

~ ~- 
! ,  . .  

5.0 (cont.)  

To comply w i t h  section 106 and due t o  the large number of historic and 

by the Department of Energy (DOE) from the Sta t e  Hlstor lc  Preservation 
Offlce (SHPO) concernlng proposed remedial a c t i v i t y  a t  the FEMP. Thls 
consultation resulted i n  an agreement t h a t  any planned surface disturbance 
actfvl t les  l n  non-controlled areas a t  the  FEMP must be preceded by a 
cul tura l  resources survey t o  determine the exlstence of po ten t ia l ly  
s ign i f i can t  h i s to r i c  or  archeological resources. 

Any records resul t lng from thfs procedure shal l  be. archived w i t h  the CRC 
program and made available on a "need t o  know" basls as speclfled f n  publlc 
law (PL) 96-95. . 

_ _  ___ - -.archaeological resources- exist-ing -In-the-area, consul tation-was requested 

All discoveries ,  h i s tor ic  and preh is tor ic ,  s h a l l  be included i n  the 
Cultural  Resource Management Plan (Draf t ) .  

6.0 

None 1 0 ! 
7.0 PROCfoUqE 

7 .1  HANDLING THE DISCOVERY OF A CULTURAL RESOURCE 

FIELD PERSONNEL 

1. Upon discovery of any h j s to r i c ,  pre-his tor ic ,  or archaeolaglcal 
s i t e ,  feature,  or object ,  cease a l l  ground dls turblng ac t lv l ty  
and contact the responslble F ie ld  Representatlve. 

RESPONSIBLE FIELD REPRESEW AT I V E  

2 .  Inunedlately report the discovery t o  the Cultural  Resource 
Coordinator and the responsible CRU Director or Dlvlslon 
Manager. 

3 .  Complete the  Unexpected Cultural Resources D i  scovery form 
(Figure 1) and log i t  i n t o  the Field Activity Daily Log. Submit 
the Discovery form and a copy of the  Field Act ivl ty  Dally Log t o  
the  CRC. 
m: Proper Document Control Procedures must be foil-owed. 
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CULTURAL RESOURCE COORDINATOR 

4 .  Verbally report  the dl scovery t o  the  Envlronmontrl P1 annlng 
Department Hanager. 

5. Complete and sign a Prehts tor lc /Histor lc  Assessment Report u s i n g  
the format provided (Attachment A ) .  

--__ _ _ ~ _ _  --- 

Ti t le :  UNEXPECXD DISCOVERY OF CULTURAL RESOURCES 

MCUHENT NO : S O P -  I070 
REVISION NO: 0 

Effectlve Date: 03-31-94 . . Page 7 of 8 
I 

6 .  Determlne whether an on-call Cultural Resources Subcontractor 
will be used. 

7. Report the assessment t o  the Envlronrnental P lann ing  Department 
Hanager . 

EWVIRMEIKAL PIAMWING DEPARTlEKl W G E R '  

8 ,  

9. 

Sign the  Prehistoric/Hlstoric Assessment Report., 

Verbally contact the DOE Cultural Resource Point o f  Contact and 
follow up wl t h  the stgned Prehis tor ic /Histor lc  Assessment 
Report. 
Cul tura l  Resources form. 

Include a copy o f  the completed Unexpected Dlscovery of 

DOE CULTURAL RESOURCE POINT OF CONTACT 

10. Contact the S ta t e  Historlc Preservatlon 'Offlce and ga in  

CULTURAL RESOURCE COORDINATOR 

11. Secure the cultural  resource area u n t i l  no t l f led  by WE. 

12. Coordinate any fur ther  mitigation e f f o r t s  through an on-call 

CONSTRUCT ION 

concurrence f o r  t h e  m i t i g a t l o n  procedure t o  be followed, I f  any. 

Subcontractor o r  through EPD. 

13.  Af ter  rece ip t  o f  wri t t en  not l f lca t ton  from the DOE, dfrect  f i e l d  
personnel t o  proceed w i t h  ground a c t i v i t l e s  in t h e  affected 
area. 

II-5 
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9 .  Title: WEXPECTED DISCOVERY OF CULTURAL RESOURCES 

DOCUMENT NO: SOP-1070 
REVISION NO: 0 d 

Effective Date: 03-31-.44 Page 8 of 8 

8 .0  

8.1 DRIVERS 

Archealoglcal and Historic Act o f  1974 

National Historic Preservation Act o f  1966, as amended 

Nat ive  American Graves end Repatrlation Act  o f  1990 

a. 2 REFERENCES 
36 CFR 800, Section 106: 'Protectlon o f  Historic Properties" 

"Secretary o f  the Interior Standards and Guldelines for 
Archaeology and H i  storic Prerervatlon' 

I .. . , 
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TIMCO” Lysimeters for Vadose 
Zone Monitoring - TIMCO” Porous Ceramic Lysimeters 

- --- CYO aypc Lyrmeter 
, mm POCWS c m m c  f i i t t r  

n M c o s N  Porous Ceramic Lysimeters are construaed simiiar to the 
TIMCO” Porous Tef Ion” Lysimeters. Advanced machining techniques allow 
the ceramic filter to be threaded. This permtts. for the firsf time. a totally 
adheswe and sealant f r e e  construction. Sealants. potential Sources of 
contamination. are eliminated. The nMCOm Ceramlc Filter flements have a 
pore sue of 0.446 micrometers by the mercury penetration p o m e t r y  
method (ASIA C439). 
The TlMC0”Porous Ceramic Filter element may be easily removed from 
me body for decontaminanon or replacement il accidental breakage OCCUK. 
nMCO”uses VitorP O4ngs in the flush threaded ceramrc pints. to 
ensure’a leak-free seal. The top plug is threaded to allow attactunent of 
casng. If the lysimeter unit is located more than 20‘ (6M) below the ground 

AIsa Available m T u b  Type surface, a TIM CO“ Deep_Sampling_Lys~meter-~ll-be-requir~.-S~ple----- e o s ~ ” - r a ~  or p”c----- - ~ __ ~ - ~ _ _  recovery in exceSS of 10 psi may damage the filter and/or silica pack and 
force the collected pore water sample out of the lysimeter, back into the sod 
TIMC0”recommends the use of its Select Silica Rour as a pack around the 
installed lysimeter. 

__ - 
_ _ - -  - 

-- 

Lysimeter A c c u s o r i ~  

smu Flour 

TIMCO” Lysimeter Accessory Items 
Tubing 
TIMCO“ provides tubing to connect the lysimeter to the surface. Usually 
1/4’ OD Tefloe or polyethylene IS suitable. 

TIMCO” Select Silica Flour 
S i r i  200 mesh (99.8% pure) is available in SOlb (234) plastic pails Allow a 
minimum of 1 pail per installed lysimeter. Mix each pail with 2 gallons of 
distilled water to make about 6 gallons of silica slurry. 

Vacuum Pressure Hand Pump 
The pump is used to apply vacuum to the lysimeter during the pore water 
extacoon phase. Pressure or vacuum is applied to d e l i  the sample 
to the surface. 

Vacuum Pressure Gauge Assembly 
When imalied on the lysimeter ~cuum/pre~~ure tube. allom for constant 
monitoring during the pore water extraction phasa During the sample 
recovery phase. it will alert the user to potential owr-pressunzation. 

Teflon@ Stopcock and Delrina Shut-Off Valves 
Designed to allow easy sealing of the sample delivery and vaaJum/pressure 
lines when not using a lysimeter well head assembly. The T e W  stopcock 
is wed with TeflorP tubing, the OelrirP shut off valve is used with 
polyethylene tubing. 

Lysimeter Head Assembly 
Designed for placement on the casing a! the gmund surface. it provides a 
neat and seatre termination of the tubes from the lysimeter. A permanent 
Manun/pfessure gauge and taps for me Maturntpressure and sample line 
am mounted beneath the weatherproof cap. Stopcocks and gauge assembly 
am not needd wnh Head Assembly. 

rn- 1 
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m c o  LYSIMETER HANUAL 

~ i m c o  Lvsimeter Models 

The Shallow Tube-Type and Cup-Type Lysimeters 

V a k - P r e s s u r e  . 

~ - C u p T r p c L ~ a  

Sample Evacuation 
. Line 

Porous F i l t e r  
Media 

... 

. .. .. - 
. 

These models are designed for  placement a t  depths of  20 f e e t  or l e s s .  Note 
that either model i s  supplied w i t h  a threaded top plug to  a l l o w  attachment to  a 
r i s e r  casing. 
can be supplied h. e i t h e r  
is  supplied in 

The Cup-Type is a v a i l a b l e  i n  1.9" O.D. only. The Teflon(R) Tube-Type 
2,375" 0.1). or 1.9" 0.D.. The Ceramic Tube-Type 

1.9" O.D. only. 

The Deep-Sampling Tube-Type and Cup-Type Lysimeters 

. .  0' 

These models are designed for  placement a t  depths of 20' to 300'. The Teflon(R) 
Tube-Type i s  available  in 2.375" O.D. and 1.9" O.D., and the Ceramic Tube-Type 
is  available  i n  1.9'' O.D. only. The Ceramic and Teflon Cup-Type Lysimeters are 
available  in 1 . 9 "  0.1). only. 

In-2 
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TXXCO LYSImX= MANUAL 

s YS t e m  Requirements 
3 4  

c 

e fo~~oving items vi11 be reg&.ted for a typical  Timco(TM) Lysimeter h s t a l h t i o n  
t o  20 feet  beneath the ground surface. 

- A Thco Shallov Cup-Type or Tube-Type Lysimeter - A Timco Lysimerer Head Assembly - A 50 lb. P a l l  of Timco Silica Flour (200 mesh, 99.883 pure) - Up t o  40 f e e t  of Teflon(R) or  Polyethylene Tubing, and tube groover - A Timco Vacutrm/Pressure Hand Pump - Up to 20 f e e t  of Timco I)eka-Seal(IX) Teflon(R) or  PVC flush threaded r i s e r  . 

- 

casing 
__ __ - - -- TFmco-Surface-Protective-Cover-- ---__ - - - ___- --- ~ -___ 

Additional items not provided by T h c o :  .. 
- Chemicals and d i s t i l l e d  vater for decontamination (optional) - D i s t i l l e d  water f o r  pressure testing*  de-airing, and prefillinng . - Plastic  gloves f o r  han-g the decontaminated system - A latex membrane €or vacuum t e s t i n g  .the system - Clean plastic bags t o  wrap the assembled system f o r  transfer to the installation 

- 2 gallons o f  d i s t i l l e d  water f o r  each 50 Ib. p a i l  of.Timco S U c a  Flour - A large clean s i l i c a  f lour mdxdng container - A large r i g i d  spatula t o  m i x  the s U c a  slurry - A clean sample c o l l e c t i o n  container wlth a 2 p o r t  stopper s e a l  compatible 

s i t e  

v i t h  the Timco Teflon(R) tubing. 
of the lysimeter. - Bentonite t o  s e a l  the borehole above the lysimeter - A padlock for  the protective  cover 

The capacity should be greater than that 0 

m-3 
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Operating Princimles - 
The Tlmco(TM) Lysimeter System is designed for long term use in one location, 

Czre mst be taken v i t h  the i n s t a l l a t i o n  to ensure correct operation for a long 
?eriod. The assembled system should always be checked for leaks p r i o r  to  being 
;ut in t h e  ground. 

A Tube or Cup Type Lysimeter has an outside diameter o f .  log'! or 2.373". These 
should be placed i n  boreholes of at  least 6" in diameter t o  a l l o v . f o r  an adequate 
s U c a  slurry pack t o  surxound the lysimeter- 

The lysimeter has' the v a c u d p r e s s u r e  o u t l e t  marked on the lysimeter top plug- 
ihls connection 'leads to the vacum gauge on the head assembly, It~allovs a vacuunt 
to be applled to the system, thereby creating a vacuum gradient between the inside 
of the l y s h e t e r ,  the silica slurry pack, and the soil under h v e s t f g a t i o n .  
second unmarked connection is the .sample eva-tion tube, 
the head a s s d l y  sample U n e ,  

Ls critical and should. only be purchased from Timco, If a 6".borehole I K G e d ,  
a single SO L' p d  vill be s u f f i c i e n t  f o r  ea& lysimeter ~&tallat+op, 
Fs made i n t o  a slurry .with d i s t i l l e d  water before placmeat,.. The silica slurry 
Fs used t o  establish a continuum between the lysimeter and:the surrounding s o i l -  
Since the TirPco(TH) silica i s  not.water soluble, It fmmediately..begips t o  separate 
Ltself  from, the d i s t i l l e d  water- U h a  placed in the ground. the :water migrates 
into the soil and e s t a b b h e s  the continaity required f o r  surface'tension t o  be 
t r d t t e d  ih an outward direction upon application of a Pam-. This. a l l b v s -  
cny m o i s m e  attached. to the soil p a t i c l e s  t o . b e  d m  into t h e . ' l y s h e t e r  through 
the s U c a  pack. 

The 
This Ls connected t o  - 

The specification of the sillca'flour A e d - t o  surround the a w e d  lysimeter 

me f Iour  

- 0.5 . 

- .  

-- 
e- 
--u.u- -- 
-eo--- ----- 
---e - QQurC ---- 
Tq- 

*e- 
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TLHCO LYSm== -AL 3 4  

If properly h s t a l l e d ,  the typical lysimeter system v i l l  be expected to  produce 
-epresentative smples for several decades. It i s  therefore inportant t o  check 
t the System thoroughly before caking it t o  the i n s t a l l a t i o n  s i t e .  
s t a l l a t i o n  the systern should be pressure andfor vacuum tested t o  ensure i t  i s  

Prior t o  

leak free. 
m e  lysimeter system components supplied bp Timco are cleaned and packed fn 

p l a s t i c  bags, 
procedures required for equipment used t o  obtain s=Ples for subsequent d c r o - a d Y s i s  
of tzace pollutants. If complete decontadnation is required, see the section 
t i t l e d  "Decontamftion Procedures" and/or follov those specified for the specfiic  
job, 

6 
They have not been subjected t o  the rigorous decontamination 

Note that Ff the lysimeter body is decontaminated it be necessary t o  
pass a t  least 2 l i t e r s  of d i s t i l l e d  water through the porous .sectlon t o  ensure - --- - 

- - complete-.removal of the-'Uquids- used- f or the-deco&tZiSxia&-n, A f t e r  thisprocedure 
i s  completed. the components should. be bagged- 
in a clean area using s t e r i l e  gloves, 

The system components supplied are manufactured Gy-Timca t o  satisfy. the 
requirements of the order, 
lead t o  incompatibility problems result ing i n  leakage or  failure o f  the l y s b e t e r  
system. 

1). 

Subsequent handling should be done 

kfixhg these w i t h  components from other sources rpay 

ksembly of  Tubing to F i t t l n q s .  

Tubgg,  because of i t s  slippery nature and r i g i d i t y ,  has-to be spec(nllv grooved 
before a f i t t h g  is attiched. 
of the f i t t i n g  and cause leakage- T h c o  normally grooves each end of the tubing 
supplied w l t h  the order. 
the nev end will need t o  be grooved using a special  grooving tool  available from 

Failure t o  do so w i l l  allov the tubing t o  sup out 

If the IPStaUation'  requires the tubing to  be shortened 

c o o -  The t o o l  not only cuts the groove b u t  also places the groove a t  the correct 
taace from the end of the tube, 

2 ) .  Assembling the System. 
y-" 

-&-mentioned earlier,  it is suggested that  the complete system .be assembled 
away from the installation s i t e ,  
under clean conditions, 
job s i t e ,  .. . 

This w i l l  ZUOV for the assembly *and .testing 
The assembled lysimeter may then be easily placed a t  the 

The assembly should begin v i t h  the attachment of the v a c u d p r e s m r e  and sample 
If necessary cut each t o  length, making 

Note that the Vacuum /Pressure outlet  

This w i l l  

evacuation l ines  to the lysimeter top plug. 
c e r t a i n  cuts are clean and v e r r i c a l  to the horizontal length of the tubing, 
the previous hstxuctions for the grooving. 
at the top of the lysimeter plug is marked with a "V", 
end of the tube connecred t o  this fitting is  suitably  marked or tagged, 
provide assurance that the tubing is c o r r e c t l y  connected to the Tlmco Head A s s d l y .  

assemble i t  af chis time. 
s t r i n g -  
l i n e s  t o  the bottom of the head assembly. 
is connected i n  the vacuum mode. 
t o  attach fihe end of the tubing t o  the hand pump (black end), 
may nov be tested for leaks. 

Follow 

W e  certain t h a t  the other 

If the instal lat ion is t o  involve threaded r i s e r  casing of appropriate length, 
Pass the two tubes fram the lysimeter through the casing 

To complete the assembly attach the sample evacuation and vacuum/pressure 
The Timco Vacurrm/Pressure Hand Pump 

The black female hose connector should be used 
The assMibled system 

000137 
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: w c o  LYSlliETEK HANUAL 

'Testing the sysieni - 
0 Effective  use of the lysbeteri&ystem. requires that there be no a i r  leaks. 

methods are described t o  check: &e assembled system f o r  leaks-* 

Pressure Testinp 

Ybo 

* !  

Completely h n e r s e  the lpsimeter and the head assembly components, except 
for the gauge, in water. 
the vacuudpressure . l i n e  fit-  OP the head assembly. 
pressure, 
f i l t e r  section should give o f f t u b b l e s - o v e r  i t s  e n t i r e  surface area- 
are obserrred in the tubing f i t t i n g s ,  disassemble and check for c o r r e c t  assembly 
and retighten. 
assembly may be wrapped v f t h  Teflon(R) tape prior . to  reassembly. 
the body components of .the lyslrneter should be checked f o r  c l e a n k h e s s ,  p a r t i c u l a r l y  

Co&t the pressure o u t l e t  of  the T-O Hand Pump. t o  
Apply U p s i .  o f  air  

Obseme a l l  c o n n e c a n s  f o r  evidence o f  bubble leakage. The porous 
If l e a k s  

Leaks at the fitting-connections . to  the lysimeter body or the head 
Leaks involvkrg 

the surface that touches the O-BingS, .. . *. 
Vacuum Testing 

The p o r o k  f i l t e r  media of the lysimeter body 5s sealed off .with a latex o r  
f l e x i b l e  plastic membrane, 
and securing it t o  the body of the l y s h e t e r  above the porous f i l t e r ,  
the sample valve, 
port OIL the head assembly, and apply a vacuum in excess of  20 inches of mer-. 
Shut o f f  the vacuuIp value. 
for several  hours and then recheck the .vacuum reading. 
inches of  mercury may b e  expected. 
all connections as described above, 

Prevetting the Porous F i l t e r  Media 

Secure a  sea^ by p l a t i n g  mbber bands over the membra 
Shut off 

Connect the vac- i n l e t  of the pump t o  the v a c u d p r e s s u r e  

Note the vacuum. rea- on the gauge. Leave the system 
A- small drop of up t o  3 

If a l a r g e  drop is noted, check and r e t i g h t e n  

Finally, before taking the assembled lysimeter system t o  the installation 
s i t e ,  T h c o ( P I )  recommends that the lysimeter body be placed in d i s t i l l e d  water 
and a vacuum of about 15 inches ofmercury be applied f o r  1 hour. This procedure 
prevets a l l  surfaces  of the porous f i l t e r  media, e- * t i n g  any entrapped air 
in the f i l t e r  media, The lysimeter should be installed vith the -body f i l l e d  vi=h 
d i s t i l l e d  water if no r i s e r  casing is used, An empty, unsupported lysimeter w i l l  
f l o a t  on the wet silica slurry vhen. plated in the borehole, 

. .  
* NOTE - A l l  T h c o  Lysimeters are tested at Timco prfor t o  shipping. F i t t h t g s  

may loosen during transit. 
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- 
Installation and Evacuation of the Shallov Lysimeter - 

'he . installation of a Timco Lysimeter System should be in accordance v i t h  the 
.olloVing procedure. It is  suitable for depths of  up to 20 f e e t . .  For greater @ depths a Timco(TH) DeepSampiing Lysimeter should be used. 

1). Borehole Preoaration 
- 

The borehole must provide adequate space- t o  all- the l y s b e t e r  body to be 
surrounded by the silica slurry pack. 
larger borehole. 
slurrp.all around the porous f i l t e r  o f  the lysimeter. If d i f f i c u l t i e s  are  axztfcipated 
in mahtaiaing an op.eu-bore-hole ,-_use casing-co hold- back-the -material. -Immediately- 
a f t K F p s t a l r n t i o i  of the silica pack and lysimeter p u l l  back the casing and - t u  
a benronite p l u g .  

For a 2":dlameter lysfmeter use's 6" 01: 

The borehole must allov for at  l e a s t  a 1.5" thicbess of silica 
-- 

- -- 

M x l n g  the Silica Flour Slurry .. - .. 
The Iimco(TK) 200 mesh, 99.882 pure c r y s t a l l i n e  siliea floar is mixed v i t h  

d i s t i l l e d  water uslng a r a t i o  of 150 mLs. vater  t o  450 grimas of s-ca flour. 
Timco S U c a  Flour is  supplied in.a 50 Ib. sealed pail .  
2 gallons of d i s t i l l e d  water to  make the slurry and w i l l  be aufffcient - f o r  a s i n g l e  
lyslxneter installation in a 6" borehole. 
vater v i t h  constant stirring. 
C o n s c a n t ' s t w  is e s s e n t i a l  as tha s-ca i s  n o t - v a t e r  soluble and w i l l  s e t t l e  
if not agitated. . . 

The 
T h i s  rrill require about 

Add the flour slowly t o  the d i s t i l l e d  
The mir must be completely blended'and lrrmpfree, 

. Placing the Silica Slurry Pack. 

Pour part of the s i l l c a  s lurry  i n t o . t h e  borehole to  provide a bed f o r  the . 

Depending upon the borehole diameter, betaeen a quarter and 
A minimum of 4" depth for the cup-type lysimeter . a d  2" for the 

tube-type lysimeter. 
a thlrd of the t o t a l  m i x  is  usually s u f f i c i e n t  

particular care t o  make certain that the lysimeter body is c e n t r a l l y  located within 
the borehole dlameter. 
of the unit is essential. 
and accurate placement. 

completely cover and surround the lysimeter body. 
lysimeter i n  intinkte contact vi* the silica slurry and &he slurry  must fill all 
voids i n  the bottom of the borehole, 
surface with stakes for  a t  l e a s t  2 hours u n t i l  the silica sets: 

second bencouite seal  is  suggested near the surface. 
cam be achieved v i t h  the Timco('M) Lysimeter Bead Assembly and a -Thco(Cm) Security 
Cover s e t  in concrete. 

. 

The Timco(?) Lysimeter System should nou'be lovered i p t o  the borebole. Take 

A minimum of 1.5" of s i l i c a  s lurry  around the annular area 
Tiznco suggests Deka-Seal(B) casing be b e d  f o r  support 

C e n t r a l h e r s  w i l l  also assure correcr  placement. 
Itie balance of  the s i l ica  slurry  should nov be poured i n t o  the borehole t o  

Note that you must have the. 

The Lysimeter should be supported at the 

Abentonire seal  should be fristalled next, f o l l a t e d  by tamped backff l l .  A 
Protection a t  the surface ' 

4 j  . Actlvatinq the Lysimeter 

If the lysimeter vas f f l l e d  v i t h  d i s t i l l e d  water before installation, this 
should o o v b e  r w v e d  and discarded, 
?topper in a col lection f l a s k -  

T h c o  recomnreads the use o f  a two port nabber 
The flask should be o f  adequate size to hold the 

from a f u l l  lysimecer. This method is u a l i h l y  to disturb the s i l i c a  pack 
break the seal between the pack and the porous section of the lysimeter which 

1, Open the vacuum-pressure v a l v e  and the s q l e  valve on the head assembly, 
2; Attach the tube from t h e  sanple port  on the head assembly to the hole i n  

ould result  in a lysimeter system f a i l u r e .  
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rubber stopper, 

Timco Band P q -  

the collection flask.  

(Tube t o  prorrude about 1" Lato the flask). 

0 3. Attach the second tube from the flask t o  the vacuum-pressure i n l e t  on the 

4 .  Apply a pentle vacuum to the sysrem, the d i s t i l l e d  water vill flow i n t o  
(Tube to  be f lush with the bottom of the rubber stopper) 

After removing the d i s t i l l e d  water from the lysimeter, you are ready t o  a c t i v a t e  
the lysimeter to o b t a h  a sample. 
a f t e r  installation.  it w i l l  be necessary t o  remove and discard the d i s t i l l e d  v a t e r  
used t o  make up the silica pa&. (Remove a water volume equivalent t o  a p p r o x h a t e l y  
one third of that used . to make up the slurry)  .* 
a fev  days, the vater  in the sFlica pack vill migrate Fnto the surrounding so- 
and establish the continufty needed between the porous f i l t e r  media and the soil. 
Samples collected in this situation should be considered representative.  Use the 
following steps t o  activate  the system. 

If you start the a c t i v a t i n g  procedure immediately 

If the FpStaUation is l e f t  for 

1. Close the sample evacuation valve. .. ..- 
2. Connect the vacuurn.inlet of the BaPd Pump t o  the vacuum-pressure port on 
. the Head Assembly. 
3. App1y.a vacuum of 18-21 inches of mercury and c l o s e  the vacuum-pressure 

valve . 
4. When the gauge reads 10 inches o f  mercury or l e s s ,  evacuation of v a t e r  

should be attempted. (Up to 24 hours may .be needed). 

* -LE: Using 2 gallons (7570 mls.) t o  mix the s-ca slurry vould m e a n  that 
t h e - f i r s t  - 6  gallons (2271 nirs.) of d i s t i l l e d  water should be discarded. 

.-. 

- .  

5 ) .  Evacuating the Lvsimeter with Pressure 

The lysimeter body is pressurized and the s q l e  is driven t o  the ground surface. 
A pressure o f  -44 p s i  is requlred for  each f o o t  of depth, 
9 p s i  vill be needed to  U t  the sample. 
v i l l  depend upon the soil conditions, 
or more are not Upcummon. 

For a 20' i n s t a l l a t i o n  
The time taken t o  acctrmulate a sample 

Sampling interPals.separated by 48 hours 
Use the folloving steps t o  evacuate the lysimeter. . 

1. Open the sample evacuation v a l v e  and-the vacuum-pressure valve. 
2. Connect the pressure o u t l e t  o f  the T+co(lK) Band Pump t o  the vacuum-pressure 

port on the lysimeter head assembly. 
3. Pressure should be increased g e n t l y ' u n t l l  9 p s i  is  achieved. (If  9 ps% 

were applled instantly, I t  is possible  the s l 3 i c a  pack would be damaged 
resulting in a lysimeter system f a i l u r e ) .  

4 .  Sample is forced up through the evacuation l i n e  and into a sample c o l l e c t  
flask. 

III-8 
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TIHCO LYS- ma 

- 6 )  . Evacuatinff the Lysimeter vith Vacuum 
i 3 4  

.- 
This method is unlikely to disturb the siLica pack and also reduces the 

possibility of sample aeration. Timco does not recornend this method for installations 
greater than 20 feet in depth. 
is required. 

A cvo port rubber stopper in a collection flask 
Use the f o l l o v i n g  steps to evacuate t&e lysimeter. 

- 1. Open the vacuum-pressure valve and the sample valve on the Head Assembly, 
- _ _  - 2. -Attach the-tube from the-sample port on-the Head Assembly- to the-h%le -b 

the rubber stopper. 
3. Attach the second tube from the flask to the vacuum-pressure port'an-.:the.: 

Thco(M) Hand Pump. 
4 .  Apply a gentle vacuum to the system, the sample vill.flov_ -to-the-collection- 

flask;-(FIXSk-to-biGof adequatesize to hold the sample frorn a f u l l  lysimeter). 

_ _  
(Tube to protrude about 1" into the flask).  

(Tube to be flush with-the bottom of the rubber stopper). 

.. . .  

Vacuum-Pressure . 

Head Assembly Port 
Vacuum Port . \  

Sample Porn on 
Head aSsembly 

Timco Hand Pump 

Conectlon I n  Flask - \  
Lysimeter 
Head - 

III-9 
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Cleaning and Decontamination 

The following advice is provided by T k o .  
provides no guarantee that the procedures w i l l  ensure that a Timco product has 
been 1002 cleaned. 
proper purity characteristic required under s t a t e  of the a r t  conditions. 

T b c o  can assume no l i a b i l i t y  and 

Timco does hovever believe that the procedures w i l l  give the 

TeflontR) h Ceramic Comnonents 

Step 1 - 
Step 2 - 

Step 3 - 
Step 4 - 

Step 5 - 

Disassemble a l l  components. 
I 

Prepare a normal solution of Hydrochloric Acid. 
(120 g. concentrated HCL diluted in 1 l i t e r  d i s t i l l e d  water). 

Rinse a l l  components in d i s t i l l e d  vater.  . .. 
8. 

Submerge a l l  components in this s o l u t i o n - f o r  30 minutes m. 
Use a t o o l  to remove fram the solution. Soak in d i s t i l l e d  vater, 

Resubmerge the components in clean water a t  least 2 more times to 
remove a l l  traces of Hydrochloric'Acid. 

Step 6 - Timco believes an additional step of  an Isopropyl Alcohol (IPA) bath 
.and then another bath of Hydrogen Peroxide should render the equfpment 
clean. 

Step 7 - In a l l  cases a final. rinse i n  d i s t u e d ,  deionized vater should ensu 
that the device is  then suitable  f o r  representative s q l h g .  

PVC Comnonents 
Bd 

Step 1 - All products must be thoroughly cleaned o f  loose PVC particles,  
machining burrs and any other loose materials both inside and out. 
(Timco normally does this Vith all products shipped, but occasionally 

. mistakes do happen). . 

Step 2 - Prepare a suitable Isopropyl Alcohol (XPA) bath which w i l l  a l l o w  

Step 3 - A l l o w  products t o  remain fully bmersed for a period of no l e s s  thau 

t o t a l  bnersion of the product t o  be decontaminated. 

10 minutes. 

Step 6 - Bemove.products w i t h  clean surgical gloves t o  reduce chances of new 
I contamination. Allov excess IPA t o  drain off.  

m-10 
00014% 



3 s  

ATTACHMENT IV 

EXAMPLE FIELD FORMS 
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FERNALD 
- RVFS 

WEATHER CONDITIONS: 

FIELD ACTIVITY DAILY LOG 

IMPORTANT TELEPHONE CALLS: 

ID PROJECT NO. JECT NAME 

LO ACTJVITY SUBJECT: 

DESCRIPTION ON DAILY ACTIVITIES AND EVENTS: 

. 

VISITORS ON SITE: CHANGES FROM PLANS AND SPECIFICATIONS. AND 
OTHER SPECIAL ORDERS AND IMPORTANT DECISIOM. 

I - .  

I 

I PERSONNEL ON SITE 
SUPERVISOR: DATE: 

nt-:.. . .  .. 

Iv- 1 
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P 1 EZ 0 METER 1 N STALLATI 0 N SHEET 

- - _ _  - -  - 
DRILLING METGOO 

ORlLLlNG FLuiO (9 USED: 

FLUID F P@M TO 
FCU\D-----FROM--- - -TO ___ -_ 

3 4  

4 
~ - -- -- - - - _ _  ~~ - --TYPE @F BIT 

CASING SIZE IS) USED: 
SI2 E F R M  TC 
SiZE-------EROM - I C  -__ 

A 

TYPE 

DIAMETER OF PERFORATEO SECTION 

PERFORATICN TYPE: 

SLOTS 0 HOLES 0 SCREEN 0 
AVERAGE SIZE OF PERFCRATIONS 

TOTAL PERFORATED AREA 

GROUNO SUAFACE ( I 0 I I t M  

TOP OF RISER PIPE . 

RISER PIPE MATERIAL I 
RISZR PIPE DIAMETERS: 

0.0. - I .  0 .  

LENGTH OF PIPE SECTIONS 

JOINING METHOO 

i 

I 0.0 GROUND SURFACE 

BOTTOMOF PROTECTIVE PIPE 1 
BOREHOLE FILL MATERIALS: 

- 

-- GROUT /SLURRY TOP 8@TTOM TCP BOTTOM 

BENTONITE TO? 801 TOM - TOP BOTTOM 

SAND TOP BOTTOM TOP BOTrCIM 
GRAVEL TOP 80T TOM TOP BOTTOM 

PERFORATE0 SECTION TOP BOTTOM TOP BOTTOM 

PIEZOMETER TIP 
BOTTOM OF BOREHOLE - . .  
GWL AFTER INSTALLATION 

c 

Iv-3 
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VISUAL CLASSIFICATION OF SOILS 



I I 

I 

’ . ._. 

. .  
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PROJECT NAME 
PROJECT NUMBER SAMPLE ID NUMBER 

DATE COLLECTED RFA NUMBER 

EQUIPMENT NUMBER -EQUIPMENT NAME 

s! 
K - 

-9 

EQUIP. NUMBER 

BAILER 

HOSWS 

PUMP 

FILTER 
KIT 

1. TlME COLLECTED CX: NUMBER I 
1 COLLECTEDBY SAMPLE W E  E, 

I READINGS 
1 

~ _ _ _  

SAMPLING INFORMATION 

BAROMETRIC PRESSURE 

AIR TEMPERANRE 

00 SATURATION IN AIR 

WATER TEMPERATURE 

bcp--- BRXTWHO DEPTH OF SAMPLE roIf READNO , 

WATER LEVEL d 

WEATHER CoNomoNs I ADMTKX.WRE)IURKS 
I 

1 



FERNALD 
34- 

TESTE0 BY OATF- PROJET NAME 
PROJECT NO. 

TEST TRIAL NO. 
GWL BELOW TOP OF PIPE PRIOR TO TEST -n-scoPe~ 0 . 0 1  foot accuracy) 
TIME READING TAKEN 

THE PIEZOMETER WAS FILLED WITH WATER. THE FOLLOWING DATA SHOW THE 

DROP OF WATER FROM THE TOP OF THE PIPE AS TIME ELAPSED. 

BASED ON THE ABOVE OAT& If IS CONCLUDED THAT THE PIEZOMETER IS: 

C U N C T l O N l N G  PROPERLY 
.-NOT FUNCTIONING PROPERLY 

N-7 
i 
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.. - 

I VR No. 
a 3 4  FMPC RWS 

VARIANCE REQUEST Pate - o f  - 

=QUESTED ,BY: ’ Date: 

APPROVED BY: Date: 
Project DircctorlDuignee 

Date: 
Projea Quality k m ~ u  O f k c t  

APPLICABLE DOCUMEM(S) AND SECIlON No.(S) 

IV-11 



FERNALU 
RVFS B 

VARIANCE LOG 

PROJECT NUMBER PAGE OF - 
PROJECT NAME 

N-12 



FERNALD 
RI/FS . 

- 

NONCONFORMANCE REPORT 

PROJECT NO. 

PROJECT .NAME - 

PACE - OF - 
D A T E  

NONCONFORMANCE 
_- ~- - - -- - - - - - _ _  ___ - - - __ - _ _  __  _ _ _  _ _  

IOENTlFIED BY: DATE: 

CORRECTIVE ACnON REQUIRED: 

3 4  I 

TO 8E PfRFORMED BY: DATE: 
MUST CORRECTON BE VERlflED? YES-NO- 
TO BE VERIFIED BY: PREPARED 8% 0 ATE. 

CORRECIVE ACTlON TAKEN: 

PERFORMED BY: DATE: 
VERIF~ED ey: DATE: 

0 cc Approved By Dote: 

Date: 

IV-13 
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FERNALD 
RliFS 

site: Surveyors : 

k t J :  Recorded by: 

bJCt: Count Ttme:  h c t  9 t  w nd : CPW 

Come n t t  : Scaler W e 1  Serial No. 

?rob Model k r f r l  No. . 

Scaler nodel Strlrl  No. 

?rob nodel o Srtlrl  No. 

PIC Serlrl Ib. 

9 

.. . .. IV-14 000157 
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.. Check Locction: Check Source no.: 
Av9. Unrht rlded Unchta\dcd C1. c2 c3 

fhfrlded Cto c, t 3  Avo. fhlelded 
Delta 1 2 3 AVO. Oclta 

'tach count 
S U I 8  Of J 

reoresent$ tho counts 
rat- t er/s ea1 er. 

Average 

ste. b t ~ .  

h e .  t 3 Std. Oar. 

per dnuto bast4 on lntrgrrtlocr of loo0 Cts. 01, the 'C' 

i ' 000158 
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WEEKLY CALIBRATION LOG GROUNDWATER 

bate: Initials METER CALIBRATION 

4 7  147 1413 

IK OK OK 

Date: 

3 
Date: 'METER CALIBRATION 

.. 

IV-17 O O O l G Q  



Pernald RI/PS 
Health and Safety Procedures 

Title: 

Procedure 

Use, Calibration, and Maintenance of the HNU PI-101 

1: HS 015 Issued: 

APPENDIX -10 2 

HNU PI-101 
HAIKTENANCE AND CALIBRATION . 

Instrument Serial #: 

W Light Source Cleaned*: 

Ionization Chamber Cleaned*: 

Calibration Procedure (1 or 2) : 

Inspected by: Date: 

Last Factory Calibration: - 
Date 

Date 

0 Source : 

Type: 

Concentration: 

Lot 1: 

Results of Calibration: 

-- Span setting: initial final 

-- Probe: 
-- Instrument reading (ppm) : initi a 1  final 

Results within 2 15% of calibration gas concentration: 

COMMENTS : 

*Due Monthly 

IV-18 

Ca 1 ibrated by : Date: 

0- 
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LE: Walk-Over Surveys Using a U r g e  NO: RSL-2003 
Volume Scintillation D e t e c t o r  I 

REVISION: 1 

3 4 .  

. .  LARGE VOLUKE SCINTILLATIOH DETECTOR 

S c a l e r  Hodel Serial NO. 

Detector Hodel Serial NO. 
__ -p__-____________p--- - ____- 

Battery  
Response 

Bkgd 
l corn) 

Cesium 
Check 
Source 
IcPm) 

Americium 
Check 
Source 
L G Q E l  

'Surveyor @ s 
In i t a  1 s 

000162 rv-19 
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ATlrACHMENT V 

EQUIPMENT LIST 

9 
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DOCUMENTS 
Required 
Penetration Permit 
Project Specific Health and 
Safety Plan 

Radiological Worker Permit 
Training Certification Card 
Radiological Survey 
Equipment Inspection 
Project-Specific Plan 
Chemical Hazardous Materials 
-Work-Pedt- - --- - - -- 

a =3 4 22- PROJECT EQUIPMENT LIST s a  

Blank Forms 
Tailgate Safety Meeting 
Field Activity Log 
Sample Collection Log 
Site-Wide Analysis Request/ 

Chain of Custody 

SAMPLING SUPPLIES 
Containers 
Sample Labels 
Permanent Indelible Markers 
CPT Sample Extractor 

METERS/DEECTORS 
Beta Gamma Detector (Frisker) 
Photoionization Detector (PID) 

0 
TAPES & PLASTICS 
Silver Duct Tape 
Yellow Radiological Tape 
Clear Tape 
Roll of Clear Plastic 
Custody Tape 

MISCELLANEOUS TOOLS 
Scissors 
Screwdriver 
Hammer 
Box Knife 
Tape MeasurelYardstick 
Carpenters Level 

EXCLUSION ZONE SUPPLES 
Caution Tape 
Wooden Stakes 
-Danger/Caut ion S ignS/Fl@s 

_ _  - - 

PERSONAL SUPPLIES 
Water Dispenser 
Paper Cups 
Drinking Water 
ICe 

DECONTAMINATION SUPPLIES 
Stainless Steel 5-Gallon Pails 
Alconox 
Elbow-length Nitrile Gloves 
Brushes 
Stainless Steel Water Sprayer 
Deionized Water 
Clear Plastic Sheeting 
Chemical laboratory wipes 

PERSONAL PROTECTION 
EOUIPMENT 
Cotton Coveralls 
Hard Hat 

Safety Glasses 
Dosimeter 
Latex Gloves 
Cotton Glove Liners 
Leather Work Gloves 
Ear Plugs 
Full Face Air Purifying Respirator 

DW SUPPLIES 
Plastic Trash Bags 

Stel-Toed Boots 

EMERGENCY SAFETY 
SUPPLES & EOUIPMENT 
Radio 
Emergency Eyewash Station 
First Aid Kit - 

A- 

v-1 



e 

I 

A'ITACHMENT VI 

TYPE K 
EXPANSIVE GROUT 
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Type K Expansive 
;ement from Southdow 

3 e. . 

n 

4 

.. 

pro Diems. 
ou know the problems ordinary V Portland Cement concrete 

1 can bring to a job; Shrinkage 
cracking. Curling. Permeability. They 
often occur soon after placement. 
That's because ordinary concrete shrinks 

tensile stress. when stressacceeds tensile 
strength, the problems begin. Early cracking and 
turfing can lead to bigger problems in the years that 
follow as man and nature combine to attack shnkage 

' +  

1; '. . .. 
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What you need to know to specify 1 me K Expansive Cement. ' 
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leaks. 

a. . w n  
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Southdown makes 
Type K avadable 
throughout - the U. S. 
Just contact the - 

Southdown Company 
nearest you. 

Southdown Companles 
Southwwtwn Portland 
Cement Company 

EO. Box 191 
568 E. Xed8 Or. 
F a m ,  OH 45324 wo) 762.0040 

U.S. Hlghwey 80 
Ode-. TX 79760 

100 N. Barranca Ave. 
Suhe lo50 

(818) 3324075 

3844 E. Mexloo Ave. 
s u i  BQ\ 
OmJef, co 80210 
(3m) 768-1334 

EO. Box 1547 

(Ul6l3814190 

WeCrt m. C4 91791 

Florldo Mlning & Meterials Go. 
16301 Poncs De Leon B M .  
U.S. Highway 88 
BmWUe. FL 34614 
(sot) 796-7241 

Oixle Cunent Comp8ny 
8212 Cemeni Plant Aoad 
Knoxville. TN 37824 
(as) 522-11n 

Trunstt Mlxed Concrete Company Q 4780 Vallov Blvd. 

0 Florida Mining & Mnterlals Co. 
13228 (Conorete N. Central Products) Ave. 

1.08. FL 3 3 i 2  
(8131 9-1 



FAX COVER SHEET 
.. 

R Zompany : 

~ 

SouthwesterdSouthdown 

7 Number of pages to follow: 

Fax sent by: Q,&% c I 
- 

TO verify or if any problems, please call: (513) 879-8373 

. .:: , ?  ' . 

. , .. 
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When TvDe K hits 
the deck, 

8 i 

problems 

+ A  

long-term 
rinkage 
hit the roa P O  d 

Type K can take all the punishment man, nature and time can hand out. 
That’s why forward-looking governments, commissions and corporations am 
mcseasingiy spedfying it for use m bridge decks and parking garages. 

Why the Ohio Turnpike 
turned to %e K. 

VI6 

that iesukd. S i c  then. more 
than 300 bridge decks have been 
placed using Tvpe K. 

Study proves &e K has less 
drying ahrinkage cracking. 
A study by the Ohio T i p i k e  

Commission caveting b*e deck 
replacements fIom l983 to 1989 
compared 271 Type K bridge decks to 
7 l  decks using Type I or II ament. 
Exduding structures poured under 
live load conditions, dtyingdntzkoge 
cnzch occumd in o d y  2.35 qf UU 
Il.be K dccks, but in 73.5% ddecks 
usinqoutcr embnts. 

Piuktw deck durability is 
increased with Type EL 

to bridge decks because they are 
Rally a series of bridges on top of 
each other. But unlike a highray 
bridge deck, a parking garage doesn’t 
have the bene& of rain to wash away 
accumu\sted salts Type K is ideal for 
thee stnrchpes because it can p 
hgfifeandcutrnainteaance costs. 

Parldnggaragesarevqsimikr 

00017z 
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Pbcing b t d  reinforcement at the 
upper half of the slab, preferably 
within two inches of the eurface. is 

%V EXWm*e (hment in recommended far greatest effect 

Higher slump, no bleed water, 
faster M h i n g .  

mnuete is placed at a higher slump 
than ordinary concretes, yet substan- 
my reduces drying shrinkage 
aacking. There is no bleed water, 
&@e &her water demand, and 
the finishing process is  shortened. 
curling problems--and the costly 
mainmunee problems that inedtabty 
fonow-areflsminaM. 

Let'. talk waamics. 

'f@e K am bring tts permanence 
to many job8 at an h-phCe cost often 
no moxe than conven~onal conmte. 
No s p e d  equipment is required 
N o d  practices can be followed for 
mixing, ph&g and 5IaGng. And 
larger placements are the rule with 

=info* u x ~ ~ l ~  Type Ei, so bbor costs can tte less. 
I)rpe K% qmmaion pmpertiea But that's only haM the story, 

Type K yields maximum benehts %e K's reduced permeability, resist- 
when its expansion takes place ance to environmental detcriorants, 
against restraints such as welded wire a a c h  and noling can result m h g -  
fabric, epoxy-coatcd rebars or other =life and Wer mahttnance costs 
rehforcementsprcsaibedbyACL 

. 

I 

L 

. -  

Type K: Beat 
in the long run. 

! 

We hape d e  experience 
with Trpe Kin both b* 
decks aad water treatment 
plants. Wbelkwtkze'ea 
deftnitc tong-lun benefit in 
decreasedmaintenamcecosts : 
andBongaiikcra*anows ' 

detrhnauaebentstoenter I 
the colxxetc which pmmotes 
eartydeteriantion By 
eILnkrating aadchg, you keep 
water, &emidsandother 
iniluencw our oftbe ommtt 
anditkamlaQget 

4 
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Slabs-On-Grade I :  

I :  

' 1  i .  

Type K m e a n s  fewer 
joints, fewer roblems 
in Slabs-On- e rade. 

Placing TVpe K in slab-on-grade 
projects such as warehouses, 
factories. foodlbwerage processing 
facilities, terminals, roads, aircraft 
hangers and runways means building 
a surface that will last a long time 
with less maintenance. 

Qpe K rneatu lees 
maintenance cost. 
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ATTACEMENT VII 

ROTASONIC" DRILLING 

000175 





0 ALLIANCE 
ENVIRONMENTAL, INC. 

DNLLING EXPERTS IN 

"ROTASQNIC DRILLING '' 0 
. .  
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3 4  ROTASONIC U 

Using basic principles originally applied to the placement of piles through 
drilling-by means of resonant vibrations, equipment and techniques have been 
perfected to permit the extraction of near perfect CONTINUOUS CORE SAMPLES 
and the installation of MONITORING WELLS from almost any form of overburden. 

Penetration of unconsolidated materials of up to ONE FOOT PER SECOND is 
achieved by vibration at the cutting edge agitating an entry through the 
overburden to allow the drill pipe to pass with minimal disruption. 

- - _ _ - _  - _ _  __ _ _  - ._ ._ - -  - - 

.- _-________ _- 

Additionally, the drill head is provided with a rotational drive that effects contact 
of solid material with the drill bits to maintain a continuous penetration that 
utilizes both forms of cutting force WITHOUT THE NEED FOR DRILLING FLUIDS. 

.. 

The ROTASONIC drill head is a hydraulically activated unit that imparts high 
frequency wave vibrations into a drill string to effectuate a cutting action. Due to 
the high forces developed by the resonant head and the external flushing nature 
of the drill string, excess  formation material generated by the cutting face of the 
bit is forced into the borehole wall thus resulting in the generation of NO cuttings 
during the drilling process. 

In addition to our 2 truck mounted ROTASONIC drill rigs, we are currently 
building and testing an ATV track mounted unit which will be ready sometime in 
1993. 

If you would like more information on ROTASONIC, please contact: 
.- T 

- ALLIANCE ENVIRONMENTAL, INC 
Ray Clough 

117 Industry Road 
._- - Marietta, OH 45750-9355 . .  

(614) 373-2190 I FAX (614) 374-5908 

VII-3 080178 



RoTASONIC DRILLING TECHNOLOGY 

Sonic drilling differs substantially from convention 
drilling techniques. The sonic technology was perfected in Cana 
about 1974 under patents held by Dr. A. G. Bodine. 

Operationally, there is neither a convention bit nor drill 
string. The relatively large diameter drill bit, shown in Figure 
1, consists of hardened steel with tungsten carbide sprayed onto 
the exterior surface. Drill casing, similar to auger flights 
without the flutes, constitutes the -remainder of the drill string. 

Drilling is accomplished 'by means of a sonic head located on 
the drilling derrick (see Figure 2). The sonic head produces a 
frequency close to the natural frequency of the drill string 
(between 70-15- hz) allowing the drill string to act as a flywheel, 
transferring the energy of the drill string in bursts to the bit. 
Drill cuttings are displaced past the bit into the lexan core tube 
which rests on top of the bit or are imbedded into the side of the 
borehole . 

Actual drilling is affected three ways depending upon the 
material being drilled: 

- Displacement where soil or rock particulates, such as 
unconsolidated soil, are fluidized by the vibration of 
the drill column. 

- Shearing which is affected when drilling in clays and 

0 shales. 
large to overcome the elasticity of the medium. 

is sufficiently large to cause fragmentation. 

The induced amplitude must be sufficiently 

- Fracturing occurs when the inertial moment of the bit 

Borehole specific conditions dictate the necessity of using 
rotation while coring in each sampling location. Depending upon 
whether or not rotation is necessary, the actions of a sonic drill 
are similar to split tube sampling when not utilizing rotation and 
the sonic rig mimics conventional coring or downhole hammering when 
rotation is used. 

Sonic drilling utilizes limited weight on the bit surface, 
relying on the inertial moment of the induced vibration and slow 
rotation to affect penetration. Because this method does not 
require air or fluids for the removal of cuttings it is ideal for 
environmental sampling where samples may be adversely affected by 
induced contamination. This method is believed to produce more 
representative samples than conventional drilling techniques for 
these reasons. Sampling for  volatile organics is a prime example 
of how this feature can benefit sample collection. This method is 
also ideal for sites where high energy impact or high rotation pose 
a safety threat to personnel or the environment by significantly 
decreasing the risk of cornpustion, explosions, or detonations. 

The speed, efficiency, sampling procedure, depth capacity ,,and 

and productive way of drilling environmental borings and install 
monitoring wells. 

- 
versatility of the Rotasonic machine make it a very cost 
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THE ROTASONIC nSONIcii DRILL: 

Alliance Environmental, InC. (AEI) was incorporated in August 
1992 and is based in Warietta, Ohio. Even though we are a new 
company 0- personnel have many years of experience in geotechnical 
and environmental drilling all over the United States. We now 
specialize in Sonic drilling, a state of the art drilling technique 
which permits rapid and complete recovery Of both unconsolidated 
sediments and .bedrock. The drilling equipment is easily mounted on 
multi-wheeled vehicles, tracked vehicles, skids-- -0-r .barges--- -- 
permitting access toLkhe-most difficult terrain conditions. 

0' 
- 

I 

- _. -- -- - -- 

The Sonic drill is capable of penetrating and coring materials 
to depths of over 400 feet. It provides a relatively undisturbed 
9 centimeter diameter continuous core of unconsolidated sediment 
and bedrock with high recovery rates. The Sonic drill is capable 
of penetrating and coring either dry or water-saturated clay, silt, 
sand and gravel, and till (including boulders) at rates of up to 
one foot per second. This rate of penetration far exceeds that of 
conventional rotary drilling techniques. Softer bedrock types, 
such as unweathered granite and volcanic rock can also be 
recovered. 

Slow rotary action and high frequency resonance is imparted 
down the drill stem to the cutting bit facilitating rapid use of 
drilling fluids. AS a result , geotechnical parameters such as 
grain size, relative density, and water content and geological 
properties such as composition, material contacts, and sedimentary 
structures are well preserved. Increased rates of penetration in 
solid bedrock and large boulders are achieved by flushing water to. 
the cutting edge. 

Up to 15 meters of core can be drilled in a single run prior 
to sample extraction. Casing, with an inside diameter of 13 
centimeter, is flushed down over the drill rods using either water 
or drilling mud to prevent caving and contamination of samples. 
The large inside diameter of the casing allows for easy 
installation of piezometers for monitoring wells as well as PVC 
pipe for  downhole geophysical logging after completion of the hole. 

The Sonic drill has been utilized by the mineral exploration 
sector for programs of drift prospecting in glaciated terrain. 
Large diameter, continuous core provides large samples and detailed 
stratigraphic information. Geotechnical engineers and 
hydrogeologist-have found this method to be an excellent tool for 
delineating subsurface stratigraphic units including potential 
aquifiers and load bearing materials. Quarry operators have used 
the sonic drill for delimiting the extent, thickness and quality of 
buried aggregate deposits. Government and academic agencies have 
found the sonic drill to be one of the best methods for obtaining 
large diameter, continuous core as .an aid for deciphering 
geological history. 

w-5 000180 



"DRILLING AND SAMPLING BY ROTASONIC METHOD" 

1 

3 

2 

4 

. 

vII-6 
000181 



tasonic 
- Drillin6 - -- d 

- . - .  --- -- - - 
A state of the art drilling 

technique- which- permits-rapid 
and complete recovery of  both. 
unconsolidated sediments and 

The rotasonic drill has 
demonstrated the capability to 
produce exact continuous 
core samples essential in min- 
ing exploration and 
geotech n ical and hydro- 
geological evaluation. This 

_ .  drilling method can also be . 
.&.utilized in pipeline and seismic -. 
'..,exploration, .pile driving, .' . 

building and bridge construc- 
'. tion foundations, water wells,, 

installing transmission tower . . 
anchors, and placer mining. 

. 

The rotasonic drill is 
capable of penetrating and cor- 
ing materials to depths of over 
four hundred feet, with a 
relatively undisturbed 4 inch 
diameter continuous core in 
consecutive five foot long 
sections. 

' 

:--, -. . '.. 

The five inch insidediameter 
- of the casing allows for easy 
installation of piezometers for 

: monitoring wells as well as - PVC pipe for downhole 
geophysical loggine after com- 
pietion.of the hole. 

:s\, r!L:E-=ES 

.\ . 
-; P . . i  J,:; . 
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ROTASONIC 
The 'Wave" of the Future 

Charles Ray Clough, CET, MGWC 
Alliance Environmental, Inc. 

.____ -----Mar5 etta ,-Obi o---- ____~ ______ . 

Let's Pretend you Ere assigned as project manager to perform a 

soils and ground water investigation for a Superfund site. Part of 

Your responsibility is to develop and supervise the drilling and 

sampling portion of the investigation. The problem is that the 

profile YOU need to penetrate consists of till material with high 

sravel content grading to boulder size. This till overlays sand 

and sravel which is interbedded with silty-clay lenses. 

Due to the presence of perched zones, the water teble is fairly 

hiah, causing sands to "heave' into the sampling tools. 

Your first choice to consider would be hollow stem auetr (HSA) that 

could nenetrate the tills. However, the depths to be szmpled and 

the boulders and "heaving" conditions tend to limit this 

application. HSA is also not conducive to installation Of multi- 

cased wells and the large amount of cuttings produced by the HSA 

method present a difficult and costly disposal problem. 
.- 

! 

Air-rotary drillins is capable of  penetrating the tills, cutting 

through the boulders, and meeting depth reauirements, however, 

cuttings a i e  hard to control and costly to handle. Presence Of the 

heaving sands presents a problem f o r  multi-cased uell 

.__ - - .  

. . - -  
- . .  .- 
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installation which reauire large and expensive rigs. Samples are 

difficult to obtain because the entire drill string must be Pulled 

for eech sample. 

Use of a casing advance system in conjunction with air-rotary or 

air-hammer drillins is an advantage for the driller, but larce 

volumes of hard to control cuttings and dust at the borehole 

surface are Produced. Also, excessive use of any fluids or 

lubricants f o r  environmental drillins is frowned upon by your 

customer. 

Mud-rotary is Guicklr eliminated as a Possible solution due to the 

introduction of fluids in this method which c=n affect the samPlins 

and the potential f c r  dounhcle contzmination. This method also ccn 

have extensive circulation loss in hishly pervious sand zones. 

Individual small saturated zones are difficult to find when the 

mud-rotary method is used. 

Reverse circulation rotary would be an effective method 

cased wells, but again. sampling is difficult and great 
- for' multi- 

volumes of 

cuttings and fluid are generated 

Problems. Use of a dual wall system 

in the samoling effort, is conducive 

causing expensive disposal 
._- - 

in reverse circulation , 'help= ~ ~~ ~ 0 to monitor uell installati 

and .is effective in Penetrating unconsolidated, coarse, alluvial 
. -  

deposits. Houever, the use of fluids and the volume o f  cuttings 
000185 
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Cable tool drilling might yield the best solution to this 

- __ - - - - - - - dr Llling - si t ua t i-on .- - - P3net rat i-oJ- -of __ a> 1 - -dr i 1-1- -2 ones- ca-n _ _  be 

effected, multi-cased wells can be installed, and discrete ssmples 

can be obtained. Cuttings are produced but are in a more 

manageable volume thgn the earlier discussed methods. This method, 

however, is very slow and several rigs misht be rewired to obtain 

the necessary results within your allotted time frame. . The 

assignment of additional rigs and personnel increases your client's 

cost (and exposure). 

Perhaps there is a drilling technique which penetrates a wide range 

of media including boulders, allows installztion o f  multi-cased 

wells, reauires minimal or no fluids, is conducive to monitor well 

installation, can obtain a continuous, contained, in-situ profile 

SamDle, eliminates cuttings and is fast (i.e. 2 tc 3 times ds f a s t  

as HSA and 8 to 10 times as fast as cable tool). 

Sounds too good to be true? This, in fact, can be accomplished 

with the Rotasonic drill. 

-- 

.__ - . -  

What is rotasonic drilling? How does it differ from more 

conventional drilling techniaues? 
. * -  . -  

. .  .. 
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Rotasonic technology was developed in Canada in the mid - 70s and 
was used primarily for minerals exploration. The system does not 

use a-conventional bit or standard drill pipe. The bit used in 

rotasonic drilling consists of a hardened steel ring with tungsten 

carbide inserts. The drill casing makes UP the balance of the 

drill string. 

The heart of rotasonic drilling is the oscillating head unit which 

produces the sonic wave necessary to achieve penetration of' the 

drill media. The oscillator operates at a frequency close to the 

natural frequency of the drill Column allowing the drill Strin 

act as a flywheel. To keep the sonic wave from shaking the rig 

apart and to enable all the sonic uave to be trensmitted to the 

drill column, the oscillator is isolated from the mast by means of 

an "air spring.*' 

This spring consists of a piston set within a closed cylinder. 

Compressed air is introduced to each side of the piston which 

serves to 'cushion' the vibrational motion of the oscillator. The 

effectivenes? of the spring is easily demonstrated when the rig is 

.- -. 

drilling. The ground all around the rig shakes, but if you touch 

the rig itself, no vibration is sensed. ._- - . .- 

Drilling is affected by three ways depending upon the material t a 
be ins- Penetrated. 

.. VII-12 
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*DisDlacement where the soil or rock Particles are fluidized by the  ~ 

vibration such as in sands; 

*Shearing occurs when drilling clays or shales.. The amplituje of 

the sonic wave must be large enough to ;overcome the cohesion 

- ~ - _ _  - _ _  ~ _ _  __ _ _ _  ~ ~ - -- - -- ---- - 

inherent in cleys and shales. 

,*Fracturing of the fragmented material - This is how the rotasonic 
rig Penetrates rocks end boulders. 

To assist in cchievins drill Penetration, a low sceed rotation is 

inparted to the drill column. Jh2s-enables the bit to be in 

cznstant contact with solid material and obtain the maximum e f f e c t  

a f  the vibFztionz1 ferces directed to t h e  bit o r  mattrlal f r o m  the  

drill stern. This rotational ability also allows quick, hands-free, 

screwing and unscrewing of drill tocls. Rcitasonic drillins dces 

nct depend on a heavy down pressure on the bit which elirnineter 

excessive sesr on the S i t .  Eccsuse t h l s  method does not r ,occ i rc  

fluids or air to clean 2nd cool the bit surface and remove 

cuttinrJs, it is l d c s l  for environmental sampling where samples 
.- -.. 

would be adversely effected by cross contamination with drilling 

f l u i d s  or air. 

S i n c e  there is no in.jettion of dr5llina fluid recuired and because 

the core 2 s  retzined in t3se inner samsle by friction, the materials 

flou'into the ramDlsr with a minimal amount of disturbance or 
. I  . - .  

.Y. . 
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compaction. This produces a sample of very high in-situ 

representation in a wide ranse of soil or rock types. In addition, 

the secured sample is extruded into a plastic sheath, minimizin.; 

exposure to sampling personnel. 

The large inside diameter of the cssins allows f o r  easy 

installation of Piezometers for monitoring wells. The use of 

vibrational energy 2s the outer casing is removed eliminates 

'bridaina" of t k t  well mzterinls, (i.e. sandpack, real snd srout). 

a c doI Mr. Geologist, after iz carefu l  analysis 0:: t h e  availab 

technology, you have srrived at en innovative solution to Your 

Particular drilling site problems. Furthermore, the time saved 2nd 

lack of high volumes of generated dlStDsEble waste, inherent safety 

festures and e-xcollsnt samsle recovery y i e l d  considersble project 

dollars sevcd f o r  your- c l i 2 n l t .  

. .  VIi-14 
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Xppiiution of Rotasonic Drilling at a Remedid Investigation Site 

Nancy K. Zeller 
PRC Eavironmengl ,Management Incorporated 

Cincinnati. Ohio 

The rotjtonic driiiing pmc= combines vibrsrional and rotationai forces to advance drill 

pipe in a borehole. The pmcs is er'rexivc in both uncansoiidated and consolidated materials. 

Drilling and well installation require cmsiderabiy less time than that required by more uaditionai 

methods. In situ ground-water -piing and field screti ing c ~ l t  be conducted M y  in 

cmjuncion with this technology. Tine rotasonic driifing tecknology uses little or no added water 

during continuous c o n  sampling of overburden. Smail. corml ied  amountr of water, or an 
0 

environmentally safe Iubriuung tfuid. are used wnen a d w c i n g  driil pipe in the borrhoie. 

drilling in some bedrock canditiars. or irmiling wells. The p r o c s  ge3entcs only small volumes 

of cutrings. 

L -  

Rousonic criiling is bekg scpiied dcring rtzxeiid investigation activities ar a federal 

facility in Ohio. Tadi t iond  driiiizg tzr tzoioges. inc!ocizz ~h: use o i  cble-roo1 and hollow 

stem auger rigs. applied during the fiKK r e m e k i  hvestigsrion resulted in schedule delays and 

txctssive quantities of sire-gez:?,::z hazzraous waste. D e h y  in the rE.neai3i inverrigauon 

schcdu!e. 2nd ultimately rhe re=z~krion ma : i t x u p  st;te=uic. ::suited when c3blc-tool r i g  

were used to drill the detpett z::2xies 2nd ezgi3ct monizring weik at we11 c!uttcr locJtioat. 

" . . 
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0 requires that exc& curtiags. lubriuring fluids. and muds be contained and stored, himy, at 

hanrdous waste. Because both of these dra ing  techniques generate h e  quanube of on-site 

waste, the capacity of the designated stoxage area was soon overwhelmed. These problerm 

prompted the government and iK contmttors to explore a f t e ~ a u v e  drilling techniques for future 

investigations. 
; 

Eulier field teso of the rotasonic driiling technique were suc=fuL A 6O-tooz borehole 

was driiied, cantinuow core tampi& obtained. and a monitoring weli installed in less than 4 

hours. Site-generated drilIing wasfc fit into two 55-gallon dnrmt. This prompted the federal 

government to select the rotasonic drilling proctst combined with continuous core sampling to 

characzcrize subsurface conditions during the second phase of the remedial investigation 

activities. Rotasonic drilIing met ail site-specific investigation objtcuvet: as a result, the f e d c d  

government pians to use this technology for future rerntdiai investigations. 

I 

Remedial investigations at federal facilities ofter! address widespread cgnfiminadon with 

muitipte t ~ u t f e f  or sourc: area. Information on a large scale k ntcrttary to determine the 

pouatiai impacc of these faciIitics on human heaith and the emironmeat One primary objective 

of these investigations is to determine the potential for caanminant mi$ration from the facility 

into on- or off-site drinking water aquifers. which require extensive subsun'acr 

cfiaracotiption. The txtcessary derailed iithoiogic. hydroiogic, and cbemid data arc obtained 

through drilIing and sampling site soils 3nd pround water. Exploratory boreholes M drilled 10 

e.tamine the subsurface l i tholog and to locate the water able and water-bearing units. In situ-? 

soii ana ground-waur samples are colleced during driiling to provide r u l  time dara which k 

used to verify the existe3cz and esux of suksux~xr crsnrjminanan. Finally. monitoring well 

network arc insullcd fo track migmion of conaninant  piumes. To nter this o'ojmive ar an 

. 
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3 4  
aerially extensive site with complex geology, a versatile and efficient drilling technology is 0 n=cssarY. 

Traditional drilling technologies used in remedial investigations incluck hollow stem 
~.~ ~ - ._._ _.__ ~~~ _ _ ~ _ _  __  _ _  ~ 

auger, r o w ,  and ubic-tool (or p e r s i v e )  drilling. Typical sampling technologies combine the 

use of hollow stem auger and cable-tool drilling with split-spoon sampling dcvics. While t h e e  

t c c h n i q u ~ - ~ v e ~ b e e n ~ a ~ ~ l i e ~ ~ ~ ~ ~ ~ r ' u l l ~ d ~ b ~ ~ ~ ~ ~ i ~ & g  slow o v c d -  drilling time. 
-______  

ex&ve drilling-related waste, or poor quality samples, have plagued previous investigations. 

Rotasonic drilling has rccentfy emerged as a technology that is more efficient, produces good 

quality, rehtively undisturbed. cantinuous 5- to IO-foot cqrr samples and CSD be used in both 

unconsolidated and most bedrock conditions. 

A previous study compand the pcrformanc: of w e d  drilling methodologies during the 

driliing and instailation of wells in a g l a c h l  till overfain by sand. Average dril i ig ram were 20 

feet per day for cable-tool drilling, 18 feet per day for hollow stern auger drilling, and 160 feet 

per Cay for rotasonic drilling (1  2). 0 
DRILLING TTCH?4OLOGY 

Rotatonic drilimg corncines rotational ana high frequency vibrational forces fo advance 

the drill bit and drill pipe in the borehole. Tine primary desisn-differeacr becwnn rotasonic 

drilling and other types of rotary systems is h e  incar;roration of an oscillator. loured in the drill 

head. thar proaucr  viorauonai eneqy. T h e  vicnrional frzqutncy geatrated by the oscillator 

can be adjusted for different drilling conditions. Rapid drilling fates result from matching the 

vibrational frcqueacy of the ariil pipe. generztei by the osciilator. witn the resonant frequency 
.- 

of e3ch IO-foot care k m !  or d f i l  pipe secion. E e  resulting high amplitude waves within the 

core b u r d  or drill pipe art mnsrnined to the drill b i t  Tnis viomionai cneqy, cmbintd wirh 

the mtationzi energy; dlows eiie:5ve ope,ctron in both uncsnsoiidan:! ana caasoiidated (or 
.- - 
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bedrock) mated.. Rotasonic drifling un be conduced in both consolidated and moft 

unconsolidjted units at rates that equal or exctcd other rotary techniques (1). 

Basic cquipmclrt associated with a rotasonic drill rig includes the vibrarov/osciilatory 

top-mounted drill head, mast, eievatcd drillin3 platform. motor, hydnuiic pump and I h .  

hydraulic drill center. and the drill pipe and care bamk.  A rack for holding drill pipe, core 

barrels and other drilling materials is either louted on the drilling platform or  on a second 

vehicle. Use of a second vehicie to hold drill pipe ailows off-siu dewammination of that 

mater& without moving the drill rig itself. This second vehicie ~511 also be equipped With a 

tank to store dean drilling water. 
- .  

The rotasonic drill rig can be operated by one driiler and a driller's assistant The ddl 

head is lowered down the mast to a working height above the drilling platform and is 

mechanically rotated from a v e r r i d  to a horizontal orientation. Hydraui idy-opeeud,  

automared, mechanical wrenches and vises rapidly connect drill pipe or core b a n t i  tccdont to the 

drill h e a d  T h e  driil h u d  is then raised and rotated to a v e n i u i  orientation prior to drilling. 

Incorporation of the romting drill head. automated wrenches and vises. and the e!evated driliing 

platform resuits in a saie. dcm. efr'icient drilling process. 

n e  borehole is drilled by advancing nvo lines of driiI pipe. Figure 1 iUusuaus the key 

steps in this process. A studded drill bit K anached to the base of the core b a d .  which has a 4- 

inch inner diameter (ID) and 4.5-incn outer diameter (OD). (The core barrel is ako available 
e - -  

with a 6-inch ID and 6.5-inch OD.) The 

the JS-inch OD inner drill pipe m d  is advanced to the desired depth using hi3h frequency 

vibration and roution. forcing a rt!3tivefy unaisrurced. conrinuout core into the core b a r d  

m e n  the care b a n d  re3ches the desired depth. 3 larger. outer drill pipe, 5.875-. 625-, or 825-  

inch OD. is advancrd. igain usinn roauon and vibnrion. aong the outside of &e core banel. to 

b3m!. uually 10 feet in length. connected to 

0 

._> . . . .  

0 the same deprh. Tine ivger drill pipe is left in piact to hold ope2 the borehole while the inner 

- _  
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driil pipe, core b a d .  and sample are retrieved. This assembly k removed from the borehole and 

lowered towards the drilling piatform. The core sample K exmded from the core barrel, usiag 

vibration or hydraulic prcsure, into a piattic sleeve that has been fined to the end of the coft 

barrel. The core sample is completely contained in this sleeve. The core sample caa be 

alternatively extruded anto a stainlest stet1 tray. The core barrel k raised to a venicat position 

and is returned to the borehole. The process is then regnted, with the core barrel always ddven 

0 
~ - 

- -- - ahead of-the outer d d - p i p e  to ensure representative samphg;  Successive - 4-incb-diametcr-corrs-- --- 

are laid end-to-end for lithologic dekripuon and sampling. In this manner, a complete Lithologic 

core from ground surface to the desired depth c30 be d i l y  obtained. 

- .  

T h e  core sampling proctdurc can be performed efr'ec~vely without the addition of 

drilling fluids. Water is added during the advanctaent of the outer drill pipe, if needed, to flush 

0uf cuttings in the annuiar space between the inner and outer drill pipe or to flush out cunin3s at 

the bonom of the borehole after the sample is retrieved. E x c s  water produc:d during these 

activities is collecte4 in a conraincr located benesth the driiling piatform. 0 
APPLICATIONS 

Eqioratoq Borings 

The high quality, continuous coring apability of rofasopic drilIing m a k e  this technology 

ided for conducring exploratory boring to de:e.minc subsurfact lithology. n e  rotatonic drilling 

technolosy allows rapid advanctzent through aimost any type of geologic m a t e d  Shallow. 

water table borings as well Y taring to bedrock PA tx cmduczd quickly and efrlcksrrly. Tine 

rehuvely undisturbed core smples provide i n  a c z x n e  de?icuon of the physical s t n a m r e  and 
.- .? 

lithology of the subsun-act. ixiudinn lithologic ucirs. C-ogti! to bedrock. 3bsolu~e and rcianvc 

grain sizes. erdrrutions of rchuve penneabiliry. and esunuuons of degree of sjrurauon In 

addition. visual indicxions ai :zncr=ination 
._- ~ 

t: :xrcizci ro pkcitc d q t k  and geologic 
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0 unirs. This information an be used to determine depth to water table and to identify permeable 

and imperme3ble units. If desired. the cores un be logged and cmcd  for long term sorage. 

Slmpiiag 

With rotasonic drilling, soil sampiing, soil h a m a c t  malyscs, and ground-water 

sampling can be e y i l y  incorporated into the overall driiling program. The red time feedback 

from such a program can be used to sclect additional well Ioauons, select additional sampling 

htcrvak, and establish screened i n t e d  in rnoniroring wells. All of these M escntial to 

rnce~ing tf ic objenivcs of a r c r n c d ~  ground-water invd@on.  For example, analysis of toil 

and ground-water samples from an individual borehole u n  be used to establish the verticai 

- 

extcnr of contamination. Analyses of sampics from scversl well loutions can be used KO etrabiish 

the horizontal or lateral extent of contamination and to de!inau plumes. 

0 Other drilling technologies do not always provide the fame fampfing upabZties, High 

quality soil samples arc difficuit to obtain using most uadirional technologies when drilling in 

compiex geologic t:.&ns. Rotasonic drilling provides sampics that arc more re3resentative of 

conditions at discr::c degths than other drilling technologies. E&soacr t&ng with other 

tethnologies. such Y abie-tool and ronry ariiling, tkat r e q u k  h e  addition of fiuids to the 

borehole during drilling, may not be represcmtivc o i  a d  canaitions. 

Soil sampies can be co1lec:ed directfy from the 4-inck-diame~er rotasonic care samples 

Voiatiie orga ic  compound (VOC) sampies should be c o i l ~ - d  from an undknu'oed porrioa of the 

core immediately after the core it rtaovcd from the borc%oic. If the matcrkl h the core consisrs 

of contoiidaied seaimenn. a thin-walled sampler can ke driven 3iang the axis of the core m 

obrain an undistur3td sample for cSernial jndiyses. In an uncansoiidatcd core sample. a thin 

veneer of soil can be removed from the core surfact :o cxgcse 3 rthuvely undisrurbed VOC .__- . 

0 sampiins interval. b p i e s  for iess sensitive *zAyticzi F Z Z L Z X : ~ ~ ~ .  such as me& or t o g i  organic 
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carbon, un be collected from discrete intcrvais within the core ot  cornposited across different 

portions of the core, depending on the objectives of the investigation. Stainless steel or b m  

sleeves 

unconsofidatedsore samples. a-thin-walled sampler-can-be used to provide samuies f o r -  

geotecfinid analysis. The remainder of the core a be c m s d  and stored to provide a physicai 

also be inserted into the core barrei to obtain samples for off-site analysis. In some 
0 

___- _ _  
- 

Headspact tests for VOCs and photoionizable compounds un be conductcd using several 

techniques: bag headspact testing; field headspace testing, and field g s  chromatography. B3g 

hudspace testing is conducted immediately after the sample has been colkcted. Several small 

incisions arc made in the p h u c  bag sumunding the sample, and a photoionjzazion device (PID) 

k insencd to ten for photoionizable compounds., This proctdure is highly quaIitativc and docs 

not identify potenrial contaminants, bur M be used to trigger funher sampling and analyses. 

Field headspace testing consists of collecting either grab or composite samples, depending on the 

objectives, and placing them in a glass container. The mouth of the conzainer is covered with 

aluminum foil. and the lid is screwed on. The sample K allowed to equiiibrau at a constant 

tempeztture for about 10 minutes. The lid is then removed. and the PID probe K inserted 

through the foil. Readings col1ec:ed io this fashion are still qualitative in naturt and do not 

provide ideauriatian. but can produce a record of the re!auve cmctnnauon of photoionizable 

compounds present Again, these results cm be used as a trigger far funher c h e m i d  analyses. 

In the k t  technique, a sample K collesed from the interval-of-interest imrnedkteiy after the core 

is removed from the borehole. Subsequent aruiysis by field gls cfiromatography cm aid in 

identifying and quantifying c k m i n a n u  aitnin the sample inttrvat The accuracy of rhc 

anaiyes depends on the analytical insmment used. 

* 

In situ ground-water sampiing is poaiboie using a rousonic drill rig. Ground-water 

samples un be co1Iec:td diret:iy from &e borehole using a varkty oi sampiing rcthniqucs. The.-. - _  

simptest techsique is to remove the inner drill pipe from the kare:wle a d  leave the outer drill 
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0 pipe in place. Standing water in the borehole k p u q d .  and the well 

ground-water sample is then collesed using e~uipmenr  that satiSfies the objectives of the 

sampting plan. This sample. however. would not nec-sariiy be r e p m e a u u v t  of a rpctirrc depth , 

in the borehole because groundjwatcr m y  enrcr the outer drill pipe from various depths. 

left to recover. n e  

.! 

Figure 2 illusvws a prottdurc for collecting an in siru groond-water tampie that i s  more 

representative of a specific tampling interval. The inner driil pipe and core b a m i  are advanud 

to the bonam of the desired sampling depth. The outer drill pipe is advanced to the famc depth. 

The soii k removed using the core b a d ,  and the outer drill pipe k left in place. A temporary, 

slotted-screen, well point assembly is attached to the bonom of the inner drill pipe. A packer K 

artached to the well point assembly to isolate the sample interval. The well point K lowered to 

the sampling depth; the ourer drill pipe is then pulled back to expose the scree3 causing the 

formation material to ccrllapsc around the well point. The inner drill pipe is unsnwed and 

removed from the borehole. A submersible pump is then lowered into the well poin& and the 

sample interval k purged. The tcmoonry weil point can then be sampled using any sampiinq 

device small enough to fit inside the well point After sampling, the well point assembly is 

removed. and drilling is resumed. 

- 

0 
Well Iasullation 

Monitoring wells are installed through the outer driii pipe. Tnis drill pipe holds the 

borehole open and acs  as a barrier to cross-conminauon beween hydraulic uaiia The well 

us in3  and scrzen are suspended in the cmrer of the coreitole while annular mater% such as 

filter rick. tentonit2 ::!lets. slurries. uld grout. are poured down the mnular space. Slurricl.and 

qrouo arc evi ly  placed using pumos and tremic lines. The annular spac: bemeen the ourer d d l  

pipe and a 2-inch diameter moniterinn well is large s m g h  to ac:ommodate 3 1- or IS-inch 

m m k  line. During introduction of filter p3:k materrtit ana bentonite pellets or &ips, the drill . .- - 

. .  
. . - . 
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materials is added to the borehole. The outer drill pipe is then pulled UP slowly, and the ann& 

materials are allowed LO senle. This process is repeated until the annular mate.* r u c h e s  the 

required thickness. During the plactment of the grout or siumy above the bentonite seal, the 
0 

outer drill sing is slowly removed. allowing this material to complete!y fill &e anrgu& space- ._ . 
- - - _ _ _  _ _  __ _ _  -- - ~- -- --- 

If nectstary, the outer drill using u n  be left in placr to provide additional support or to sed off 

contaminated interrais. This p m c r  un be modified to insnll standard 2-incS and 4-inch 
___ __- -___- d~-e~~moni tor inge lb .h -mountcd  wells, and piezometcn. . .  

- 

CASE m y  

- .  

A remedial investigation is underway at numerous loations throughout a large fcderai 

facility site in Ohio. Hazardous waste generated during past and current activities are suspencd 

to have contaminated the environment in and around the firiiiry. Little docirnenration exit= 

canc:rning specific waste disposal practices or spill histories. 

The site is underlain by glacial till and fluvial deposits that o c z ~ p y  an extcvivc buried 

valley sysrcm. Thick. interbedded sequences of clayt, SiiK. sands. gravels and cobbles indicate 

divene depositional environmeno. Confined aquifer system have been idexhied in some anas. 

wniie other areas appcv to consist of hydraulically conneczd. water-bexing units. Portions of 

the more permeable u n h  form aquifers that provide municipal and private drinking wafer 

supplies. Previous investigations revealed contamination i e  site soils and existing on-and off- 

site drinking water supply welk Actuol ana potential conrninant  sources were identified 

during ezrlier investigations: thest =e= wert 2rioritizei xz3rding IO existing or potential thrcitz 

to human heolrh and the environment. Are= =signed the nignest priorities are being - -. 
invcstigared first 

- 
.__. . Subsunact conditions must be chmcrerizzd to d t E n i n e  the amre a d  exunt of soil 

and ground-water contamination. Remedi3i in-.-estiexist ckjezives x o c i t i  with this goal 0 
W-23 
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0 include identifyins existin3 contamination. determining daZiVe COttcIPtf3tiOP ranges for these 

compounds. dewmining verdui  and lateral exteat of contamination in soik and ground water. 

identifying subsurface lithology, locating both permeable and impermeable geologic -io, 

defining the water table suriacz. and determining l o d  and regional ground-water flow panem. 

The remedial investigation wort plan requires drilling explorarory boringt in potential source 

areas and insdling a monitoring well network of single wells, well pairs, wcil cfusrers, and 

piezometers. to monitor conraminant migration. Well Iocationt are skttered throughout the site 

and in adjacent arcs.  Drillinq octu'rs on borh faciiiry and private pmpeny. 

The initial remedial investigation was conduczed q i n g  aaditional drilling and tampiing 

techniques. Cable-tool rigs w e n  used to drill the deepest borehole at each well Iocatioe 

Continuous Lithologic sampling was performed using 2- or 3-foot split-spoon samplers. Hollow 

stem auger rigs were then used to drill and install intermediate and sfnilow web. In situ 

ground-water sampling was not pen'ormed. Progress in the investigation was impeded by the 

slow, labor-intensive ctbfe-tool drilling proczss. In one insrancz, three weeks w e e  required to 

drill and install one ZOO-foot bedrock monitoring we!L Much of the delay M be amibuted to 

the time needed to weld the drive =in3 sections togelher. Delays were also caused by 

apcrauonaf shutdowns due KO inc!:aent weather. Hollow stem auger drilling proceded more 

-idly but was affected by the variable lithology throughout the study afez Drilting thmogh 

formations containing large-sized fragments was difficult wher! using the hollow stem auger rig. 

Both methods often yielded poor quality samples. Collecriog of soil samples with a 2-inch 

diameter spiit-spoon sampler in formations containing mer sized fragneno oirtn resulted in 

poar rtcovery ram. Low recovery mes in some smpies made acf-mte lithologic descriptions 

impossibfe. In addition. the Z-incn split-spoon sampler did not produce a suir'ihnt volume of-- 

sample to fill all sampic containen when 3 large suite of snatytcs was r e q u i d  Often. a second 

samole was collected from the i n t e - w  below the tzr3et intenai to roakt up the deficit For these 

re3fons. the re?resentauveness of some of the sampies is quesuonabie. 

0 

__- - 

i 
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Another problem evolved while using these drilling teshniques. T h e  remedial 0 investigation work pian stipulated that ail sio soik were considered hazvdous until proven 

otherwise. All excavated soils and muds were treated as hatatdous and weft 

- ~ drummed and stored on site. Both s t e a  auger drilling operations producd 

large quantities of drummed of the drummed mate5afs added to 

- - 
In light of the problems experienctd during the f i n t  h v d g a t i o n ,  rotatonic drilling was 

re lmcd for the second invaugauon. This decision was base:! on the rotatonic drilling 

technology's reputation for (1) drilling rapidly through all t y ~ u  of materiai. (2) producing good 

quality, relatively undisturbed. continuous core samples, (3)  obtaining in situ ground-water 

samples during drilling, and (4) producing less wasre during drifiing. Previous field tau of the 

rotasonic drilling technique conducted at the facility contribured to this decision. A 6O-foot 

monitoring well was drilled and insralled in less than 4 hours. 

The arc3 of interest for the second investigation is adjac:nt to an inactive municipal 

wellfield. T h e  l o d  qeology consists of glacial till and fluvial dcposio overlying bedmck. Well 

logs from the rnunicipai wells and from existing monitoring weik sugg, *xed  that more than one 
aquifer existed I o d l y  and that a monitoring well ncrwork shcuid therefore be establithed to 

evaluate water quality at specific de3rhs within e3ch aquifer. A thick, impermnbie unit within 

the till was e x p m e d  to separate these aquifers. Several porc=lrial sourc: area had been defmed 

during previous investigations. P n m v y  connrninanrs of c3uc.p induded chiorinated solvena. 

fuel-type VOCs. and metals. Tnc objectives for this CffOK weft i d c a t i d  to those for the en& 

faciiky. The work phn  for this are2 incfuded drilling shallow esplontory borenolcs in suspecli'd 

sourci areas. and drilling and inscalling a network of monitoring wells and pieurmeten. An in 

situ sampling and fie!d sc.=ning u u l y r i d  prognm was designed and implcmenrcd to rake 

..- . advantage of the cjojbiiitics associted with this drilling teckzology. 
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0 Rotasonic hriiins and sampling were performed using a &inch ID cure barrei and innu 

drilI pipe and a 6-inch ID outer drill pipe. Borehole depths mgtd from 20 feet t0.285 feet 

below ground surface. Eve-foot- and IO-foot-long, continuous a r e  +plu were collecred 

from each borehole. Four-inch-diameter core samples were collected in p W c  k v a .  A 

lithologic description of each core was generated as it was re??ieved from the borehole. The 

mure  of the glacial till material bcnach the site did not hinder the driiling pmcus. The only 

delayt were caused by the time netded to complete the lithologic descriptions and to c o k  the 

appmprhte samples. For example, ai one loution, the actual drilling time for three H o o t  cores 

in a shallow exploratory boring was less than 1 minute, but the associated litfrologic evaluation 

and sampling required over an hour. The core samples were of much higher quality than those 

obtained using the split-spoon sampfen. The recovery rate for most cores was 100 pemnr  
- .  

Detailed, acamte lithologic descriptions were generated for each borehole, These 

lithologic descriptions were used to construct geologic cross scczions of the rite. Both permeable 

and impermeable units were identified from these cross rccxions and the associaed liihologic 

descriptions. The water mble eftvation in a borehole cooid be ac=3rarciy idenrifiid from 

i n s p d o n  of the core samples, An evaluation of this information e s l y  in the invangation 

suggested the presenct of only one aquifer over a large porrion of the Site, nther than several 

aquifers. as had been cxpeced. The drilling prosram was redesigxd aczordingly. 

Soil zaraplcs were collected for both field and l a b o m g q  analysis of VOCs. Field and bag 

headspace anaiytes were conducrcd on soil collected at major Iirhologic bmks within each core 

and in areas of discolontion. Tine iieid hexispic: urnpies were stored as a phys id  record of the 

lithologic units in each borehole. Soil umples were ilso coilescd at lithologic b& and at 

predetermined intervals for VOC tnilysis by poruble field gas cfrromatograph and m e w  analysis 

by X-ray fluoresctnce. The work plan required that soil samples be collected at specified 

intervals for fuil-scale chemiaf analyses at an off-site analytical laborarory. One rl-incfr core 

provided an adeqatc  volume of samule to s3tiSfy d1 the soii -piing reqairemeno. 
.. - - 
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In situ ground-water samples were collected for fieId screening and off-site analyse at 

specified intervals using a temporary well point instalIed in the borehoie. The fieid t -n ing  

Samples were analyrtd for VOCs and metals in the field screening laboratory using gas 

chromatography and anode srripping volummeuy, rcspectiveiy. Ground-water samples for off- 

site analyses were collected from the temporary we11 point using a teflon bailer. 

- 

- 

- _._ _ _  _ _ - -  -- - -- -- 
- - _ _ _  _ _ _  _ _ _  _ _  -_ - -  - - -- - ~ -~ - 

- 
Field screening results. combined with lithologic information from the care samples, were 

used to estimate the vertical extent of conramination in boreholes where contamination was 

encountered. This information was then used to install monitoring wells near the borehole and to - .  

determine the scremed intervais in those wells. Because in situ ground-water samples were not 

collected during the fint investigation. analytical information was not available unci1 months after 

the tampling date and could not be used to make informed field decisiont on well p k r n e n t  and 

screened interval determinations. 

Rotasonic drilIing during this investigation generated an average of one or  fwg 55-gailon 

drums of solid waste per deep borehole. Shallow and intermediate wellz produczd proponionally 

lower quanuties of drilling-generated solid waste. This was expeered. sincz the addition of water 

or drilling fI uids is not necessaq during rotasonic core sampling. T h e  incfusion of in siru 

ground-water sampling incresed the amount of liquid drilling waste. Thrrt purge volumes were 

pumped from each tempo- weil point prior to sampling.-T+ purge water waf containerized 

in 55-gallon hrums and stored on she. The most signir'icmt reduczion in driUing-generated waste 

occurred in boreholes wnere in situ ground-water rampiins wxs not conducrcd 

-- 

~Monitoring weil and piezometer installation with the rotvonic drilling rig proceeded as 

planned. Stainless net! 2-inch diamc:tr monitoring we!b and piezomete.cs were installed in all 

boreholes, esctpt for tire shallow esplontory boreholes in tht source  arc=^ The drillers had no ._. 

difficulty placing the vxiety of vlnuhr rruterids specified ifi the work pian. Flier pack and 0 
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0 bentonite pellets wen placed in shdIow wells by pouring them inKO tht.aImUkr s p a .  AU 

annular maKerkls in deep weiis were plactd using a sidc-discharge W m i e  pipe or b e .  G m A  - 
water sampics wen latcr culleczed from these monitoring wells for off-site anaiysu. 

SUMMARY 

Rotasonic drilling proved to be a viable alternative drilling method for the re& 

invesugation at this facility. Drilling proceeded rapidly through the mmplex gmlogy beneath the 

site. The high qualiry, continuous care samples collected from the boreholes yielded accurate 

lkhologic and hydrologic information. Drilling-generatcdwatw were kept to a minimom. T h e  

in situ sampling upabilities provided valuable dam for determining well pkemcnt  and screened 

interval 10catiOnS during the investigation. In all aspectt, rotasonic drilling outperformed &le- 

- 

too1 and hollow stem auger drillins in achieving the objectives o€ this rcznedial investigation. 

CONCLUSION 

Rotasonic drilling is an alternative drilling technique for use in remedjai investigations. 

Its rapid drilling capabilities ailow a monitoring well network to be installed over a krge area in a 

rchuvety shon period of time. Geologic diversity docs not dchy or impair the progress of the 

invesugation. The entire procss is faster and more efficient than traditional drilling techniques. 

When combined with continuous core sampling, the te:hno&gy- yields high qualirv, rciativeiy 

undisturbed cores. Rotasonic drilling provides the derailed. a m m u  information needed to meet 

the objectives of a subsunk: invesugation. 

. - ~ 

The authors would like to acknowledge Tom Oathoudt President of North Scar Drifling, 
- .. 

- 0  Inc. md John DUSK== of Scmmit Ezviro-Solutions. for their zssKuncr in prcgzing this pager. 
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RGURE 2 0 3 4  
IN sm GROUND-WATER SAMPLING DRILLING ROTASONIC DRIWNG 

1. Drill to Based Sample interval 
and Removo SOU Sample. 

. .. . 

2 Piaw Wall Poirrt Assembly 
in Borehole * 
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(I) Davis. R and Oothoudr T.. T h e  Use if Rotatonic Drillinn in Envitanrne?rral 
Jnvenieations, submiEd for publication. (Used with permission of the aUltrOK.) 

(2) Dutmaa.  J.. Davis. R and Oothoudr. T.. Soil, Bedmck and Groundwater Sampiin3 Using 
Rotatonic Drilling Tr-iaiquc. Pme. Tne Sixth Nationai Outdoor Acrion Confezncz on 
pauir'cr Restoration. Grwund Wirer Monitorinn. Geounvsimi .Me?hodL pp.179-187, 
Nationai Ground Water Association. L z  Vegas. 1992 
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January Mr. Dean 18, Shanklin 1993 0 A*- 
A L LIANCE FERMCO 

P.O. Box 398704 

Cincinnati, OH 45239-8704 - ENVIRONMENTAL, INC. - 

Re: Comparison between Sonic, Auger and 
Cable Tool Drill Methods 

During our meeting of 01/13/93 it was requested that a comparison 
of basic drill techniques and efficiency be offered to out line the 
advantages of the Rotasonic method against more conventional drill 
effort. Review of the stated Field Activity Policies of the 
Fernald Environmental Management Project's Quality Assurance Plan 
indicates the type of drilling method to be selected for a 
particular project at FEMP "depends on intended use of the borehole 
and samples collected. Ability to acquire data of sufficient 
quality for intended use and personnel health and safety are the 
primary factors considered when choosing a drilling method." 

Since previous wells drilled at the FEMP were by the cable tool and 
hollow-stem auger methods, their types will be addressed in this 
comparison. 

CABLE TOOL (Percussion) 

Cable tool drilling is one of the oldest and most reliable methods 
of drilling. Old timers will tell you this method gives the 
driller the best tlfeeltt for the strata he is penetrating. However, 
it is also the slowest method of drilling in use today. The 
equipment is mechanically simpler than most other drilling 
equipment, is of moderate size and is usually truck mounted. 

Cable tool drilling is performed by raising and dropping a heavy 
bit suspended on a cable. By repeater impact of the bit at the 
bottom of the hole the various strata i.e. soil, rock, boulders are 
broken up,mixed with water and removed by a .bailer. 
of the cable during this type of drilling is an important function 
of cable tool drilling. This cable tension controls the total 
throw (bit rotation, impact velocity, penetration distance) of the 
bit which in turn controls drilling speed and straightness of"the 
borehole. 

- 

0 

The tension. 

Cutting samples for general use may be retrieved through use of the 
bailer. Discrete or undisturbed samples can be obtained at the 
bottom of the hole through several different types of driye 
samples. 

1 17 INDUSTRY ROAD, MARIEIT. OHIO USA 45750 9355 TELEPHONE: 61 4073-21 90 TEEFAX: 614B74-5908 
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The cable tool method 
drillipg methods. 

of drilling has several advantages over other 0 
* In unconsolidated fornations containing boulders or cobbles where 
air or mud rotary ‘or auger methods are unable to achieve a 
successful hole, use of the cable tool rig can Penetrate these 
obstructions: 
* Acquiring environmentally acceptable samples is more easily 
accomplished with cable tool; 
* The method can work in virtually all types of Soil or-rock; 
* The method is conductive to monitor well installations, 
especially multi-cased wells: 
* The equipment is readily available and relatively inexpensive to 
maintain and operate: * Contamination containment i.e. (cuttings, dust, drill water) is 

* Most cable tool rigs offer good mobility: 
* Larger boreholes can be advanced. 
Some disadvantages of using this method are: 

minimized and more easily controlled: 
- .  

Cable tool penetration rates are very slow compared to other 
methods. For example using air rotary or sonic methods a 
penetration rate of 300 ft. per day is not uncommon. 
tool 20 feet per day is considered fast: 
* Pull back ability is weak and additional equipment is often 
brought in to.remove casing: 
* Special sampling such as use of split spoons is slow and 
cumbersome: 
* Casing must be use in unconsolidated formations: 
* Considerable fluids must be used to permit bailing and hole 
clean-out. 

With cab1 

HOLLOW STEM AUGERING 

Use of the hollow stem auger method allows for a range of sampling 
techniques that can be initiated at virtually any depth without 
removal of;the auger from the borehole. The auger flights act as 
a temporary casing while samples are taken or while monitoring 
equipment is emplaced. 

The versatility of the hollow stem auger method is evidenced by-me 
drilling of boreholes for sampling and monitoring well 
installations throughout the U.S. and the world. Advantages of the 
hollow stem auger system are: 

* Rapid penetration rates in clays, silts, sands and even small ._ . - 
gravel : ~. * Ease of obtaining samples: 
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(Hollow Stem Auger advantages continued) 

* Conducive for monitoring well installation in medium to fine 
grained, unconsolidated sediments; 
* Easily transported; 
* Relatively low drilling cost compared to other drilling methods; 
* Good variety of sampling types (i.e. hydropunch, - __ pressure meters-, etc-*)--- _. - - - -- --__- ~ -- - -  

Some disadvantages of this method are: 

* - Limited depth of --~illing,dep+hs_in-- excess- of-120- 3eet-are- ___- 
usually not attempted: 
* During well installation, hollow stem augers are susceptible to 
saturated sands flowing (heaving) into the augers when the pilot 
bit is pulled, or sloughing of the hole wall as the augers are 
removed. The only corrective method involves use of water or mud 
to equalize the hole pressure; 
* Containment of cuttings is another problem with the hollow stem 
auger method. A portion of the moist/saturated cuttings are 
conveyed to the surface by the auger during drilling and collect at 
the top of the borehole around the immediate outside of the auger 
potentially exposing the drilling and sampling crew to contaminated 
materials: 
* Hollow stem augers are primarily restricted to drilling in the 
finer grained, unconsolidated sediments or finer gravels. This 
method becomes ineffective where gravel of cobble size or larger 
are encountered: 
* Hollow stem augers tend to "smear" the borehole wall and can seal 
off or restrict the flow of potential aquifer zones. 

0 
__ __ __--- 

_ _  

0 
SONIC 

Sonic drilling differs substantially from the conventional drilling 
methods discussed previously. Sonic drills are about the same 
average size as other rigs and are usually truck or ATV mounted. 

In sonic drilling there \is neither a conventional drill bit nor 
normal drill rod. The drill bit, or what-acts as a bit, consists 
of a relatively large diameter, thick walled, hardened steel tube 
or sleeve with tungsten carbide inserts set into the outside and 
bottom face' (cutting side and end). 
bottom of the drill rod. The drill rod is also larger diameter. 
It is, therefore, similar to a hollow stem auger without the auger 
flights and longer (10 to 20' sections). It is a fairly thick 
walled pipe that is threaded at each end. 

Drilling is accomplished by means of a sonic head located on the 
drill mast. This sonic head produces and amplifier a harmonic 
frequency close to the natural frequency of the drill string 
allowing the string to act as a flywheel, transferring the entire 
energy of the drill string, in cyclic bursts, to the bit. The bit 
does not leave the cutting surface during drilling. 

This bit is attached to the 

0 
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This method utilizes only limited pressure on the bit surface as 
the inertial moment of the induced vibrations and slow rotation is 
what effects penetration. Sampling with this drill method is 
accomplished with an inner sample barrel. The cuttings, as 
drilling proceeds, are pushed into the sample barrel which is 
positioned in relation to the bit with respect to the material 
being penetrated. 

This drilling method was developed to obtain a sample of high 
integrity from variable lithologies including unconsolidated 
cobbles/boulders. Because the bit never leaves the surface of the 
material being drilled almost all of the sample is captured in the 
core barrel eliminating sample loss and cross contamination. 

Rotasonic drilling performed from past environmental investigative 
work and monitoring well installation on similar sites to FEMP has 
been demonstrated to be far superior- to conventional drilling 
methods for environmental work. 

Some of the advantages in utilizing the Rotasonic method are: 

* High rate of penetration (15' per hour in boulders): 
* High sample integrity and effective for discrete sampling for lab 
analysis; 
* Samples are less time consuming to collect and are of in-situ 
quality ; 
* Conventional sampling can be employed as attachments as needed 
(i.e. hydropunch, split spoons, Shelby tubes, etc.1: 
* There is controlled/complete contaminant containment: 
* Equipment is mobile; 
* Method has no or limited fluid use: 
* Method is more cost effective per ft than other drill types: 
* Waste generation is drastically minimized: 
* Because the samples are contained and controlled the method is 
safer to drill and investigative personnel: 
Sonic drills are capable of angle holes. 

Some disadvantages can be: 

Depth, aiy significant damping effect impacted by the drilled 
media will inhibit the harmonic (vibration) of the drill string and 
eventually cause penetration to stop. This situation is normally 
not encountered until 300 or more feet of clay or rock- is 
penetrated: * More sophisticated maintenance required as well as higher level 
of operator training needed. 

0. 

- -  

Consistent of FEMP policy of water minimization, use of minimal 
fluids, generation of the fewest possible cuttings, and ability to 
penetrate a wide variety of formations: we feel the rotasonic 

000209 
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The method offers great possibilities at the Fernald site. 
rotasonic is adaptable to use of standard sampling devices such as 
hydro-punch, split spoons, temporary wells, and other normal types 
as well as yielding a large diameter, continuous, undisturbed core. 
The method can be utilized in setting multi-cased wells. In short, 

- we-feel Rotasonic can accomplish-the drilling mission at FEMP on a 
faster, less labor intensive, better quality, less waste generation 
method. 

_ _  

- - 

COST COMPARISO-N ROTASONIC YS- CABLE-TOOL - -- - - ---- - - - --- .-- - --- 

As requested we have attempted to develop a cost comparison between 
Cable Tool and Rotasonic drilling methods. We were given a typical 
boring log representing the strata to be penetrated at the FEMP 
site and will base our estimates on each drill method being 
utilized to accomplish this task. Since the depth was below the 
working range of the hollow stem auger type of drilling, we have 
not included this drill type. 

Based on the data presented it required 15 days to drill and 
install a 4 "  well 138.5 feet deep by cable tool method. It is our 
estimate that using the Rotasonic method this would have been 
accomplished in a maximum of 1 week. 
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the well is basically the same for the Rotasonic vs the Cable Too 
AS you can see from this cost comparison while the cost to perfo 

methods, the Rotasonic method produces some decided cost savings. 

1) Drill time is cut to 1/3 the Cable Tool time. This saves living 
expense, information turn 
around . 
2) Minimal waste is generated in the Rotasonic method and is 
confined to the small amount of fluid added to lubricate between 
the sampler and the casing when drilling above the water table and drums for clothing .and safety equipment disposal. The lack of 
cuttings and drill'fluids provided by the Rotasonic method can 
result in the savings of hundreds of drums and their related 
disposal costs over the life of the project- 
3) Sampling is easier, less time consuming, more representative of 
the profile penetrated and safer to handle. The lack of cuttings 
and fluid do not expose the drill crew to contaminants. 

geologist .and supervising time and 

It is our opinion that the Rotasonic Drill method best meets FPIP's 
Field Activity Policy. 

V e r y  truly yours, 

Alliance Environmental, Inc. 

Charles Ray Clough, CET, MGWC 

CRC/clb 
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Ic,B1BT*S TOOL ROTASONIC 

TASK UNITS UNIT COST TOTAL UNIT COST TOTAL 

Mob/Demob 1 2,500 2,500 2,500 2,500 
Drive 10" Casing 138.5 
split Spoon 
Sampling 46 
Shelby Tube- - -1 
Tool Cost 138.5 
Drill Crew Per 
Diem 30/man/ 
- _. -_ - - - - _ _  - - - - - . days---- 

~~ 

- 

15/man/ 
days 

35 4,847.50 

50 2 , 300 
100 ~ 100 
0 -  - 0 -  

.60/_per -man/+ - - 
per day 1,800 

60/per man/ 
,per day 

Water Truck 15 days 75/day 

Grout Mixer 15 days 75/day 

Steam Cleaner 15 days 50/day 

Welder 15 days 25/day 
Casing Jacks 15 days 50/day 
Standby Time 
Steam/Decon 4 hours lOO/hr. 
Pull lon1 & Install 
4" Well 10 hours lOO/hr. 
Install Cover 2 hours 100/hr. 
Develop 4 hours 100/hr. 
Misc. 10 hours 100/hr. 
Naterials 
Use of lonn Drive 

Use of lotn Drive 

5 days 

5 days - 0 - 
5 days - 0 - 

Casing 140 feet 10/ft. 

4" Screen (316 SS) 10 feet 75/ft. 
Shoe 1 100/ea. 

4" 316 Riser 140 48/ft. 
Cap & Plug 1 150 
501 Sand 25 bags 6.50/bag 
Volclay 20 30 
Sacrete 6 10 
10" Protective 
Cover 1 150 

Master Lock 1 12 
55 Gal, DOT Drums 14 50 

Misc. Lot 500 
2 

1,125 

1,125 
- 0 -  

- 0 -  
375 
750 

- .  

750 

400 

1 , 000 
' 200 
400 

1,000 

1,400 

100 
750 

150 
162.50 

600 
60 

- -6,720 

150 
12 
700 

500 

100 13 ;850 

n/a n/a . 

n/a- n/a 
20 2,770 

60/per man/ 
per day 900 

- 0 -  - 0 -  
75/day 375 

- 0 -  - 0 -  
75/day 375 

50/day 250 
- 0 -  - 0 -  
- 0 -  - 0 -  

1 OO/hour 4 00 

75 
48 
150 

6.50 
30 
10 

150 
12 

50 
500 

750 
6 , 720 
150 

162.50 
600 
60 

, '-150 
12 

100 
500 

TOTAL COSTS TO DRILL, SAMPLE, FURNISH & INSTALL 4" 
316 STAINLESS STEEL WEU ------------ $ 29,977.00----- $ 30,624.50 
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Standard Test Method for 
Compressive Strength of Hydraulic Cement Mortars . - _ _  . ~ 

_ -  ~ (Using 2-in. or 50-mm-Cube Specimens)' 
This mndard is issued under the rued designation C 109. l e  number imrncdiitcly following the designation indicates the year of 
original adoption or. in the CIY of rrvisioa the year of laa revidon. A number in p a n n l a a  indicates Ihc year of laa reapproval. A 
ruprurip~ epsilon (e) indicxes an d i t o d  change si= the laa d o n  or reapprod 

Ziis tes method h& been a p p m d j o r  use by-&enrirs of the Depanmem of D & w .  C o d r  rhc DoD Index of SmiJications and 
Scandardsjor the spuijic year of isme which has been adopted by the Depanmmr of D&w. 

. .~ - . .  . .  . ~. 
. ~~ ~ 

1. scope 
1.1 ms test method coven determination of the corn- 

pressive mngth of hydra,& cement mortars, wing 2-in. or 
50-mm cube specimens. 

NOTE I-Tu Method C 349 provides an alternative procedure for 
this decennination (not to k uscd for acceptance tests). 

1.2 The values stated in inch-pound units are to be 
regarded as the standard. The values in parentheses are for 
information only. 

1.3 This standard does not purport to address all oj the 
safay problems, if any, associaied with its use. It is the 
responsibility of the user of this standard to establish appre 
-viae safay and healih practices and detmine the applica- 

table. Two-inch or 50-mm test cubes are compacted by 
-Ping in two layen. The Cubes are cured one day in the 
molds and Stripped and immersed in lime water until tested. 

4. Significance and Use 
4.1 This test method provides a means of determining the 

compressive strength of hydraulic cement and other m o m  
and results may be used to determine compliance with 
specifications. Further, this test method is referenced by 
numerous other specifications and test methods. Caution 
must be exercised in using the results of this test method to 
predict the 

5. Apparatus 
5.1 Weights and Weighing Devices, shall conform to the 

requirements of Specification C 1005. The weighing device 
shall be evaluated for precision and bias at a total load of 
2o00 

5.2 Glass. Gradwes, of suitable capacities (preferably 
large enough to measure the mixing water in a single 
operation) to deliver the indicated volume of 6 8 T  (20'C). 
The permissible variation shall be *2 mL. These graduates 
shall be subdivided to at least 5 m L  CKePt that the 
graduation lines may be omitted for the lowest 10 mL for a 
250-mL graduate and for the lowest 25 mL Of a 500-mL 
graduate. The main graduation fines Shall be circles and Shdl 
be numbered. The least graduations shall extend at least one 
seventh of the way around, and intermediate graduations 
shall extend at least one fifth of the way around. 

5.3 Specimen Molds, for the 2-in. or 50-mm cube speci- 
mens shall be tight fitting The molds Shall have not more 
than three cube compartments and shall be separable into 
not more than two parts. The pans of the molds when 
assembled shall be positively held together. The molds shall 
be made of hard metal not attacked by the cement mortar. 
For new molds the Rockwell hardness number of the metal 

interior of the molds shall be plane surfaces ,,.* a 
permissible variation of o.OO in. (o.025 mm) for new molds 
and 0.002 in. (0.05 mm) for molds in use. The distances 
between opposite faces shall be 2 .C 0.005 in. or 50 .C 0.13 
mm for new molds, and 2 f 0.02 in. or 50 -c 0.50 mm for 
molds in use. The height of the molds, measured separately 
for each cube compartment, shall be 2 in. or 50 mm with 
permissible Variations of +O.O 1 in. (0.25 ram) and -0.005 in. 
(0.13 mm) for new molds, and 4.01 in. and -0.015 in. 

Of concretes. 

'ity of regulatory limitations prior to use. 

Referenced Documents 
2.1 ASTM Standards: 
C 230 Specification for Flow Table for Use in Tests of 

Hydraulic Cement2 
C 305 practice for Mechanical Mixing of ~ ~ h u l i ~  Ce- 

ment Pastes and Mortars of Plastic Consistency3 
c ~g TH Method for Compressive SmnM o f H y b f i c  

Cement M o m  (Using P o ~ o ~  of &m Broken in 
RexUreY 

c 51 1 speclfiation for Moist &bi&ts, Moist Rooms and 
Water Storage T& used in the Testing of ~ ~ h d ~  
Cements and Concrete9 

~ 6 7 0  practice for preparing and B& state- 
menu for Test Methods for Construction Materials4 

C 778 Specification for Standard Sand3 
c 1005 specification for weights and Weighing &vicw 

for Use in Physical Testing of Hydraulic Cements3 

3. Summary of Test Method 
3'1 The mortar used consists Of and 2*75 

cement ratios. Water content for other cements is that 
suf€icient to obtain a flow of 1 10 f 5 in 25 drops of the flow 

This ta mnbod is underthe j d c t i o n  of- cOmmmeCC1 on 
an a d  is the direa r e s p o m i i  of Sukomminct a 1 2 7  on Socnah. 

cum; cdidoa appro&  mi^ 15,1992. F-ubMcd June 1992. OnginaUY 

' 3 ~d Bo& d m ~  smuhk VOI 04.01. 
4 ~d Bo& dA57M .Qandardr. Vols 04.01,04.02,00.04. and 04.08. 

Paru Of sand ~ o ~ m o n e d  
entraining portland cements an mixed at specified 

weighing portland Or be 1 s  than 55 HRB. The ides ofthe mol& be 
sufficiently fi@d to prevent spreading or warping. The 

p U b W  & C 109 - 34 1. ka previouS CditiOn C 109 - 90. 
2 A d  Bo& q f m M  m. VOk 04.01 and 04.02 
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1.38 mm) for molds in use. The angle between adjacent 
iterior faces, and between intenor faces and top and bottom 
-lanes of the mold, shall be 90 2 0.5' measured at poinu 
~ghtly removed from the intersection of the faces. 
5.4 Mixer, Bowl and Paddle, an electrically driven me- 

ganical mixer of the type equipped with paddle and mixing 
owl. as specified in the Apparatus Section of Practice C 305. 
5.5 Flow Table and Flow Mold, conforming to the re- 

uirements of Specification C 230. 
5.6 Tamper, a nonabsorptive, nonabrasive, nonbrittle ma- 

:rial such as a rubber compound having a Shore A 
urometer hardness of 80 f 10 or seasoned oak wood 
:ndered nonabsorptive by immersion for 15 min in paraffin 
! approximately 392T (ZOO'C), and shall have a cross 
xtion of I/z by 1 in. ( 13 by 25 mm) and a convenient length 
f about 5 to 6 in. (120 to 150 mm). The tamping face shall 
t flat and at right angles to the length of the tamper. 
5.7 Trowel, having a steel blade 4 to 6 in. (100 to 150 mm) 

I length, with d g h t  edges. 
5.8 Moist Cabinet or Room, conforming to the require- 

ients of Specification C 5 1 1. 
5.9 Testing Machine, either the hydraulic or the screw 
pe, with sufficient opening between the upper bearing 
d a c e  and the lower bearing surface of the machine to 
mnit the use of verifying apparatus. The load applied to the 
.n specimen shall be indicated with an accuracy of 21.0 %. 
he upper bearing shall be a spherically seated, hardened 
ietal block firmly attached at the center of the upper head of 
le machine. The center of the sphere shall lie at the center 

the surface of the block in contact with the specimen. The 
lock shall be closely held in its spherical seat, but shall be 
ee to tilt in any direction. The diagonal or diameter (Note 
I of the bearing surface shall be only slightly greater than the 
agonal of the face of the 2411. or 50-mm cube in order to 
.cilitate accurate centering of the specimen. A hardened 
ietal bearing block shall be used beneath the specimen to 
iinimize wear of the lower platen of the machine. The 
a r h g  block surfaces ictended for contact with the spec- 
nen shall have a Rockwell hardness number not less than 
3 HRC These surfaces shall not depart from plane surfaces 
y more than 0.0005 in. (0.013 mm) when the blocks are 
:w and shall be maintained within a permissible variation 
' 0.001 in. (0.025 mm). 
NOTE 2-A diameter of 3% in. (79.4 mm), which is large enough for 
sting 3 by bin. (75 by 150-mm) cylinde~~, is sa-, provided that 
e lower bearing block has a diameter slightly greater than the diagonal 
the facc of the 2-in. or 50-mm cube but not more than 2.9 in. (74 

m). andisccnterai with respectto the uppa bearing block and held in 
Isition by suitable means 

Materiais 
6.1 Graded Standard Sand 
6.1.1 The sand (Note 3) used for making test specimens 

iall bc natural silica sand conforming to the requirements 
lr graded standard sand in Specification C 778. 
NOTE I--segregotion of Graded Sund-The graded standard sand 
ould be handled in such a manner as to prevent scgmgation, Since 
riatianS in the grading of the sand cause Variations in the c~ndstency 

went the formation of mounds of sand or craters in the sand, down 
e SI- of which the coars~ partides arill rOa Bins should k of 
5- & to permit thesc precautions. Dcviecs for drawing the sand 

'the mom. In emptying bins or sack care should be CXQclfed ' t o  

from bins by gravify should not k uscd. 

7. Temperature and Humidity 
7.1 Temperature-The temperature of the air in the 

vicinity of the mixing slab, the dry materials, molds, base 
plates, and mixing bowl, shall be maintained between 68 and 
81.5T (20 and 27.5.C). The temperature of the mixing 
water, moist closet or moist room, and water in the storage 
tank shall be set at 73.4T (23'0 and shall not vary from this 
temperature by more than k3'F ( 1 .TC). 

7.2 HumiditpThe relative humidity of the laboratory 
shall be not less than 50 %. The moist closet or moist room 
shall conform to the requirements of Specification C 5 1 1. 

8. Test Specimens 

periodoftestspecified. - 
8.1 Three or more specimens shall be made for each 

9. Preparation of Specimen Molds 
9.1 Apply a thin coating of release agent to the interior 

faces of the mold and non-absorptive base plates. Apply oils 
and greases using an impregnated cloth or other suitable 
means. Wipe the mold faces and the base plate with a cloth 
as necessary to remove any excess release agent and to 
achieve a thin, even coating on the interior surfaces. When 
using an aerosol lubricant, spray the release agent directly 
onto the mold faces and base plate from a distance of 6 to 8 
in. (1 50 to 200 mm) to achieve complete coverage. After 
spraying, wipe the surface with a cloth as neceSSary to 
remove any excess aerosol lubricant The residue coating 
should be just sufficient to allow a distinct finger print to 
remain following light finger pressure (Note 4). 

9.2 Seal the surfaces where the halves of the mold join by 
applying a coating of light cup grease such as petrolatum. 
The amount should be sufEcient to extrude slightly when the 
two halves are tightened together. Remove any excess grease 
with a cloth. 

9.3 After placing the mold on its base plate (and at- 
taching, if clamptype) carefully remove with a dry cloth any 
e x a s  oil or grease from the surface of the mold and the base 
plate to which watertight sealant is to be applied. As a 
sealant, use pad€%, microcrystalline wax, or a mixture of 
three parts paraiEn to five parts rosin by mass. Liquify the 
sealant by heating between 230 and 248T (1 10 and 120'C). 
Effect a watertight seal by applying the liquefied sealant at 
the outside contact lines between the mold and its base plate. 
NOTE 4--Becausc aerosol lubricants evaporate, molds should k 

checked for a sutfiaent coating of lubricant immediately prior to use. If 
an extended period of time has elapsed since treatment, retreatment may 
k neccsary. 
NOTE 5-Waenight Moldt-Thc mixtUrr of p a d i n  and rosin 

spedfied for tealing the joints between molds and base plates may k 
found dif6cult to remove when molds are bcing deancd. Use of straight 
paraffin is perminible ifa watntigh joint is sawed, but due to the low 
strength of pa&in it should k used only when the mold is not held to 
the base plate by the padfin alone A Watatight joint m a y  k secured 
with paraffin alone by slighdy Warming the mold and bate plate before 
brushing the joint Molds so tnatcd should k allowed to to the 
spai6ed temprarurr kfore usc 

10. Procedure! 
10.1 Composition of Mortars: 
10.1.1 The proportions of materials for the standard 

0 

0 
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shall be one part of cement to 2.75 pans of graded 

dard sand by weight. Use a water-cement ratio of 0.485 
or all portland cements and 0.460 for all airentraining 

portland cements. The amount of mixing water for other 
than portland and air-entraining portland cements shall be 
such as to produce a flow of 110 k 5 as determined in 
accordance with 10.3 and shall be expressed as weight 
percent of cement. 

10.1.2 The quantities of materials to be mixed at one time 
in the batch of mortar for making six and nine test 
specimens shall be as follows: 

- 

* 
Number of Spmmms 

6 9 
CnnCnL g mo 740 
Sand. 8 1375 2035 
Water. mL 

Ponland (0.485) 242 359 
Au4mra1mng ponland (0.460) 230 340 
m e r  (to flow of I IO r 5) ... ... 
10.2 Preparation of Mortar: 
10.2.1 Mechanically mix in accordance with the proce- 

dure given in Practice C 305. 
10.3 Determination of Flow: 
10.3.1 Carefully wipe the flow-table top clean and dry, 

and place the flow mold at the center. Place a layer of mortar 
about 1 in. (25 mm) in thickness in the mold and tamp 20 
times with the tamper. The tamping pressure shall be just 
-1fiCient to ensure uniform filling of the mold. Then fill the 

)Id with mortar and tamp as specified for the first layer. 
t off the mortar to a plane surface, flush with the top of e e mold, by drawing the straight edge of a trowel (held 

nearly perpendicular to the mold) with a sawing motion 
across the top of the mold. Wipe the table top clean and dry, 
being especially careful to remove any water from around the 
edge of the flow mold. Lift the mold away from the mortar 1 
min after completing the mixing operation. Immediately, 
drop the table through a height of Vz in. ( 13 mm) 25 times in 
15 s. Determine the flow by measuring the diameter of the 
mortar mas at four equispaced intervals. Average the 
increase and express as a percentage of the original base 
diameter. 

10.32 For portland and air-entraining podand cements, 
merely record the flow. 

10.3.3 In the case of cements other than portland or 
airentraining portland cements, make trial mortars with 
varying percentages of water until the specified flow is 
obtained. Make each trial with fresh mortar. 

10.4 Molding Test Specimens: 
10.4.1 Immediately following completion of the flow test, 

return the mortar from the flow table to the mixing bowl. 
Quickly scrape down into the batch the mortar that may 
have collected on the side of the bowl and then remix the 
entire batch 15 s at medium speed. Upon completion of 
mixing, the mixing paddle shall be shaken to remove excess 
mortar into the mixing bowl. 

10.42 When a duplicate batch is to be made immediately 
additional Specimens, the flow test may be omitted and 
mortar allowed to stand in the mixing bowl 90 s without 6 vexing. During the last 15 s of this interval, quickly scrape 

down into the batch the mortar that may have collected on 
the side of the bowl. Then remix for 15 s at medium speed. 

10.43 Start molding the Specimens Within a total elapsed 

Rounds I and 3 Rounds 2 ond 4 

FIG. 1 Order of Tamping in Molding of lest Specimens 
- - -  

time of not more than 2 min and 30 s after completion of the 
original mixing of the mortar batch. Place a layer of mortar 
about 1 in. (25 mm) (approximately one half of the depth of 
the mold) in all of the cube compartments. Tamp the mortar 
in each cube compartment (5.9) 32 times in about 10 s in 4 
rounds, each round to be at right angles to the other and 
consisting of eight adjoining strokes over the surface of the 
specimen, as illustrated in Fig. 1. The tamping pressure shall 
be just sufficient to ensure uniform filling of the molds. The 
4 rounds of tamping (32 strokes) of the mortar shall be 
completed in one cube before going to the next When the 
tamping of the first layer in all of the cube compartments k 
completed, 6ll the compartments with the remaining mortar 
and then tamp as specified for the fint layer. During tamping 
of the second layer bring in the mortar forced out onto the 
tops of the molds after each round of tamping by means of 
the gloved fingers and the tamper upon completion of each 
round and before h n g  the next round of tamping On 
completion of the tamping, the tops of all cubes should 
extend slightly above the tops of the molds. Bring in the 
mortar that has been forced out onto the tops of the molds 
with a trowel and smooth off the cubes by drawing the flat 
side of the trowel (with the leading edge slightly raised) once 
across the top of each cube at right angles to the length of the 
mold Then, for the purpose of leveling the mortar and 
making the mortar that protrudes above the top of the mold 
of more uniform thickness, draw the flat side of the trowel 
(with the leading edge slightly raised) lightly once along the 
length of the mold. Cut off the mortar to a plane surface 
flush with the top of the mold by drawing the straight edge of 
the trowel (held nearly perpendicular to the mold) with a 
sawing motion over the length of the mold 

10.5 Storage of Test Specimens-Immediately upon com- 
pletion of molding, place the test specimens in the moist 
closet or moist room. Keep all test specimens, immediately 
after molding, in the molds on the base plates in the moist 
closet or moist room from 20 to 24 h with their upper 
surfaces exposed to the moist air but protected from dripping 
water. If the specimens are removed fiom the molds before 
24 4 keep them on the shelves of the moist closet or moist 
mom until they are 24-h old, and then immerse the 
specimens, except those for the 24-h test, in saturated lime 
water in storage tanks constructed of noncorroding mate 
rials Keep the storage water clean by changing as required. 

10.6 Determimion of Compressive Strengrk 
10.6.1 Test the Specimens immediately after their remod 

from the moist closet in the case of 24-h specimens, and 
kom storage water in the case of all other specimens. AU test 
specimens for a given test age shall be broken within the 
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xnnissible tolerance prescribed as follows 
Tat Age 

24 b 
3 day 
7 dayr 

28 dap 

PmnisdMc Totenace 
f H  h 
21 b 
d h  
212 h 

If more than one specimen at a time is removed from the 
moist closet for the 24-h tests, keep these specimens covered 
.iith a damp cloth until time of testing. If more than one 
,pecimen at a time is removed from the storage water for 
.sting, keep these specimens in water at a temperature of 
73.4 2 3'F (23 2 1.7.C) and of sufficient depth to completely 
mmerse each specimen until time of testing. 

10.6.2 Wipe each specimen to a surfacedry condition, 
m d  remove any loose sand grains or incrustations from the 
faces that will be in contact with the bearing blocks of the 
:esting machine. Check these faces by applying a straightedge 
Note 6). If there is appreciable curvature, grind the face or 
-aces to plane surfaces or discard the specimen. A periodic 
:heck of the cross-sectional area of the specimens should be 
nade. 
NOTE 6-Specimen Faces-Results much lower than the me 

mngth will be obtained by loading faces of the cube specimen that arc 
lot truly plane surfacts Therefore, it is essential that specimen molds k 
iept scrupulously dean, as othawisc, large irregularities in the surfaces 
*ill OCCIV. Insauments for cleaning molds should always k softer than 
h e  m d  in the molds to prevent wear. In casc grinding specimen faces 
.s n o x s u y .  it can k accomplished b a t  by rubbing the specimen on a 
ihea of h e  emcry paper or cloth glued to a plane surfaa. using only a 
modcrate pressure. Such grinding is tedious for mort than a few 
Zhouandths of an inch (hundredths of a millimeac); where mort than 
:his is found neacuary. it is rccommmded that the Spcimen be 

10.6.3 Apply the load to specimen faces that were in 
:ontact with the m e  plane surfaces of the mold. Carefully 
olace the specimen in the testing machine below the center of 
the upper bearing block. Prior to the testing of each cube, it 
shall be ascertained that the sperically seated block is free to 
tilt Use no cushioning or bedding materials. An initial 
loading up to one half of the expected maximum loads for 
specimens having expected maximum loads of more than 
3000 lbf (1 3.3 kN) may be applied at any convenient rate. 
4pply no initial loading to specimens having expected 
maximum loads of less than 3000 lbf (13.3 kN). Adjust the 
rate of load application so that the remainder of the load (or 
the entire load in the case of expected maximum loads of less 
than 3000 lbf (13.3 kN)) is applied, without interruption, to 
failure at such a rate that the maximum load will be reached 
in not less than 20 nor more than 80 s from start of loading. 
Make no adjustment in the controls of the testing machine 
while a specimen is yielding before failure. 

Norr 7-It is advisable to apply only a vay light coating of a good 
9lrality. light mineral oil to the Sphaid seat of the uppcr platen. 

11- Calculation 
11.1 Record the total maximum load indicated by the 

testing machine, and calculate the compressive strength in 
Wunds per square inch (or pascals). If the cross-sectional 
arts of a specimen varies more than 1.5 % from the nominal, 
Use the actual area for the cakdation of the compressive 

Pat(andCements 

ratio: 
consryn watercement 

3 4.0 11.3 

. Av 33 10.7 

MlJni-U 3 6.8 192 

- 7 3.6 10.2 - - 
z 

Av 
s." 
6.6 

18.1 
37 

BkndedCememS 
constantfbwmortar: 

3 4.0 11.3 
7 3.8 10.7 

3.4 9.6 
37 

- 
- - 2 8  

Av 3.8 

3 7.8 22.1 
7 7.6 21 5 

28 7.4 20.9 
73 215 - 

Av 

. '  7 
28 - 

Av 

7.9 223 
a2 

7.7 21 B - 's 

7 11.8 33.4 
28 12.0 33.9 - 

Av 

*These wmbers repesem respecbvely . . me (IS%) and (as%) limits as 
described in Ractica C 670. 

strength. The compressive strength of all acceptable test 
specimens (see Section 12) made from the same sample and 
tested at the same period shall be averaged and reported to 
the nearest 10 psi (70 kPa). 

12. Faulty Specimens and Retests 
12.1 In determining the compressive strength, do not 

consider specimens that are m d e s t l y  faulty, or that give 
strengths differing by more than 10 95 from the average value 
of all test specimens made from the same sample and tested 
at the same period (Note 8). After discarding specimens or 
strength values, X l e s  than two strength values are left for 
determining the compressive strength at any given period, 
make a retest. 

NOTE &Reliable strength d t s  dcpend upon c a 6 d  obrcrvancc 
of all of the specified requirements and proadurcr Erratic results at a 
given tea period indicate that some of the requirements and proadurrs 
have not b+cn carefully obsmed; for urample. those covering the testing 
of the specimens as presaibed in 10.62 and 10.6.3. Improper centering 
of speanent resulting in oblique iktms or l a t d  movement of one of 
the heads of the testing machine during loading will cause lower m g t h  
d t s .  

13. Precision and Bias 

13.1 The precision statements for this test method are 
listed in Table 2 and are based on results from the Cement 
and Concrete Reference Laboratory Reference Sample P m  
gram. They are developed from data where a test result is the 
average of compressive strength tests of three cubes molded 
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- --residue. and_container_shall.be-ignited.at_the~ - follo 

r the same conditions as shall be used for the final 
of a residue and cooling in a desiccator for the Same 

4.3 Constancy of Weight oflgnired Residue-To definitely 
period of time used for the crucible containing the residue. 

establish the constancy of weight of the D t a r r  

ature and time, cooled to room temperature in a desiccator, 
and weighed. The residue and container shall then be reheated 
for at least 30 min at the same temperature, cooled in a 
desiccator for the same period of time and reweighed. Addi- 
tional ignition periods may be rquired until two g m e + i v e  
weights do not differ by more than 02 mg, at which time it 
shall be considered that constant weight has been attained. For 
ignition loss, each reheating period shall be 5 min. 

4.4 Calculation: 
4.4.1 The calculations included in the individbal prom- 

dures sometimes assume that the exact weight specified has 
been used. Accurately weighed samples which are approxi- 
mately but not exactly equal to the weight specified may be 
used provided appropriate corrections are made in the 
calculation. Unless otherwise stated, weights of all samples 
and residues should be recorded to the nearest O.OOO1 g. 

4.4.2 In all mathematical operations on a set of observed 
values, the equivalent of two more places of figures than in 
the single observed values shall be retained. For example, if 
dxerved values are read or determined to the nearest 0.1 mg, 

rry numbers to the nearest 0.001 mg in calcuiation. 
4.5 Rounding Figures-Rounding of figures to the nearest 

'ficant place required in the report should be done after 

results free from calculation errors. The rounding procedure 
should follow the principle outlined in Practice E 29. 

e the calculations are completed, in order to keep the final 

5. Residue and Sieve Analysis 
5.1 SignQkance and Use: 
5.1.1 This test method determines the residue obtained 

from slaking quicklime. Residue, in this case, is largely 
unreacted material such as uncalcined limestone or dole  
mite, overburned quicklime, or gross impurities, or a combi- 
nation of these. 

5.2 Apparatu: 
5.2.1 The sieves used shall conform to the requirements of 

Specification E 11. 
5.3 Residue of Quicklime: 
5.3.1 Selezt a representative 2.5-kg (5-lb) sample of the 

quicklime. Break lime selected for this test so as to entirely 
pass a 25.0-mm (1-in.) square mesh screen. Test the pulver- 
ized lime as received. Place the sample in a box of wood or of 
some material of sirnilarty low thermal conductivity, and an 
experienced operator should slake it with sufficient water at 
2 1 to 2TC (70 to 80T) to produce the maximUm quantity of 
lime putty, carefully avoiding 'burning" or 'drowning" the 
lime. Allow it to stand for 1 h and then wash through an 
' 5 0 - j m  (No. 20) sieve by a stream of water having a 
ioderate pressure. Do not rub any material through the 
'eve. Continue the washing until the residue on the screen 

continue the washing for more than 30 min. Dry the residue 
to constant weight at a temperature of 100 to 107% (212 to 
22SF) and calculate the percentage residue, based on the 

. original weight of the sample. 

e appears to consist entirely of coarse particles, but in no case 

FIG 1 ModiiedVicatAppamtur 

5.4 Sieve A d y s i s  of Hydrated Lime: 
5.4.1 Select a 1OO-g sample of the hydrated lime as 

received and place on a 6Wpm (No. 30) sieve, which is 
nested above a 75-pm (No. 200) sieve. Wash the material 
through the sieves by means of a stream of water from a 
faucet Use a piece of rubber tubing attached to the water 
faucet for the washing. The velocity of the water may be 
increased by pinching the tubing, but shall not be sufficient 
to cause any splashing of the sample over the sides of the  
sieve. Continue the washing until the water coming through 
the sieve is clear, but in no case continue the washing for 
more than 30 min. Take care not to let water accumulate OD 
the 75ym (No. 200) sieve, because the openings will become 
clogged and the operation cannot be completed in 30 min. 
Dry the residues on both sieves to constant weight in au 
atmosphere free from c a h n  dioxide at a temperature 
between 100 and 120'C (212 and 248T). 

5.4.2 Calculate the percentage residue retained on ea& 
sieve, based on the original weight of the sample. The weigh1 
of the m a t e d  retained on the 6Wpm (No. 30) sieve shaU 
be added to the weight of the material retained on the 75ym 
sieve to obtain the co~ect weight of the material retained OD 
the 7 5 - p  sieve. 

5.5 Sieve Analysis offirnestone and Dry Quicklime: 
5.5.1 Select the desired sieves and nest them with the 

coarsest sieves on top. Weigh a 1- sample of the mated 
to be tested and place it on the top sieve. Conduct the sieVi@ 
operation by means of a lateral and venical motion of I 
sieve accompanied by a jarring action to keep the sample 
moving continuously over the surtace of the sieve. Conripuc 
sieving until not more than 1 95 of the residue passes a! 
sieve during 1 min. If mechanical Sieving is used, the dei6 . , - .  
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iall be such as to impart the type of agitation described in 
!e hand sieving operation. Continue the shaking for a 
:.nod of 15 min. 

5.5.2 Weigh the residue retained on each sieve to the 
:arest 0.1 g. Report the results of the sieve analysis as 
~ O W S :  (a) total percentages passing each sieve, (b) total 
xcentages retained on each sieve, or (e)  percentages re- 
ined between consecutive sieves, depending upon the form 
-the specification for the use of the material under test. 
5.6 Precision and Bias: 
5.6.1 No precision data are available due to the limited 

;e of these test methods. Therefore, users are advised to 
:veiop their own laboratory precision. No statement is 
ing made about the bias of these test methods. 

. Standard Consistency of Lime Putty 
6.1 Significance and Use: 
6.1.1 In order to measure certain physical properties of a 

.ne putty, such as plasticity, it is necessary to have a 
i f o m  or standard consistency (viscosity), since the prop 
ry measurement is affected by the consistency level. 
6.2 Apparatus: 
6.2.1 Mod3ed Vicat Apparatus-The apparatus, con- 
ructed as shown in Fig. 1, shall consist of a bracket, A, 
a r ing  a movable brass rod, B, 6.3 mm in diameter and of 
iitable length to fit the Vicat bracket. A plunger, C, 12.5 
im in diameter, made of aluminum tubing, shall be 
tached to the lower end of the rod. The total weight of the 
d with plunger shall be 30 g. The lower end of the plunger 
lall be closed without shoulden or curvature and the tube 
lay be loaded with shot to the specified weight. The total 
eight required may also be obtained by means of a weight, 
, screwed into the rod. The rcd can be held in any position 

1~ means of a screw, E, and has a mark midway between the 
ids which moves under a scale, F, graduated in millimetres, 
:tach& to the bracket, A. 
6.2.2 Mold-The conical ring mold shall be made of a 

oncorroding nonabsorbent material, and shall have an 
iside diameter of 70 mm at the base and 60 mm at the top, 
nd a height of 40 mm. 
6.2.3 Base Plate-The base plate for supporting the ring 

iold shall be of plate glass and about 100 mm square. 
62.4 Mechanical  mixer^.^ 
6.3 Standard Consistency Detminatiom 
6.3.1 Mechanical Mixing Procedure Using the Vac-U- 

fiXer-To a measured amount of water contained in an 
ooCm3 Vac-U-Mix bowl, add 300 g of hydrated lime and 
and mix for 10 s with a stif€ spatula (Note 2). Cover putty to 
revent evaporation of water. After the applicable soaking 
enod, 30 min maximum for Type S ,  special hydrated lime, 
nd not less than 16 h nor more than 24 h for Type N, 
ormal hydrated lime, insert the paddle assembly and mix 
le putty for 30 s with the mechanical mixer. Remove the 
addle assembly and scrape down any putty adhexing to it 
nd to the sides of the mixing bowl. Remix for 30 s and 
etnmine the consistency as prescribed in 6.3. If the 
enamtion is less than 15 mm, return all of the material to - 
' A Vac-Uhfi.ur or an N-SO Hoban Mixa. or awivplcaS hr~ bccn fOund 

rmbkforthirprapcac 

ConstamsofmeMaChule: 

-ban of base plates see 14.32. 

&amem. 

Absarptmn d porrekun Base P&- of 40 g m 24 h. For rate ol 

Dunenwn of &e P&e-25 mm (1 h) m lbdmess by 100 mm (4 n.) h 

Dunensm of D M 4 . 8  mm (%a m.) m mdvwas by 76 mm (3 in.) n dmmetw. 
Speed of Venrurl Shaft-1 rewWtnm m 6 nun. 40 s. 
Upward Movemen! d Base P M b 2  mm (%a m.) per revdutm. 

7- ~n D ~ s k  when BOO Reed- S 100-1 41 N-m 

0 FIG 2 Emley Plesticimeter 

the mixer bowl, add additional water, and remix for 15 s. If 
the penetration is greater than 25 mm, repeat the test. 

Narc: 2-Mm lime hydrates will mUirr 250 to 300 mL of wiltcr to 
produce a putty of proper consistency for this test if 300 g of lime arc 
used 

6.3.2 Mechanical Mixing Procedure Using the Hobart 
N-SO Mixer-To a measured amount of water contained in 
the N-50 mixing bowl, add 600 g of hydrated lime and hand 
mix for 10 s with a stif€ spatula (Note 3). Cover puny to 
prevent evaporation of water. After the applicable soaking 
period, 30 A n  maximum for Type S ,  special hydrated lime, 
and not less than 16 h nor more than 24 h for Type N, 
normal hydrated lime, insert the paddle assembly and mix 
the putty for 1 min at a slow speed. Stop the mixer and 
scrape down the paddle and the sides of the mixing bowl. 
Remix for 4 min at a slow speed. Determine the consistency 
as prescribed in 11.3. lfthe penmtion is less than 15 mm, 
return all of the material to the mixing bowl, add additional 
water, and remix for 15 s. If the penetration is more than 25 
mm, repeat the test. 

Narc: 3-Most lime hydrateswill require 500 to 600 mLofwamto 
produce a puny of proper consincncy for this M if600 g of lime 81rc 
used 

6.3.3 Consistency DetenniMtion-To determine consis- 
tency, place the mold with its larger end resting on the glass 
base plate and fill with the lime putty.'Then strike off the 
putty flush with the top of the mold. Center the lime putty, 
confined in the ring mold resting on the plate, under the rod 
of the modified Vicat apparatus Fig. 1). Bring the plunger 
end, C, in contact with the SUrEace of the lime putty and take 
an initial reading. Release the rod and take the finai reading 
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r the plunger is released. The lime putty is of 

7lalned. Record both the total amount of water required to 
nng the putty to standard consistency and the actual 
:netration. proceed with the plasticity determination in 

consistency when a penemtion of 20 2 5 mm is 

xordance with 7.3. ._  . -  

6.4 precision and Bias: 
6.4.1 n e  precision and bias of this test method has not 

ten determined. 

.. Plasticity of Lime Putty 
7.1 Significance and Use: 
7.1.1 This test method provides a measure of the degree of 

uffening of lime putty of standard consistency as water is 
~~thdrawn from it by a standard suction base plate. 

7.1.2 Plasticity is an important property when applying 
nixtures containing lime putty to porous or absorptive 
urfaces such as in plastering, stuccoing, and masonry 
:onstruction. 

7.2 Apparatus: 
7.1.1 Determine the plasticity of lime putty using the 

3Iasticimeter shown in Fig. 2.' 
7.2.2 Cleaning and Care of Base Plates--In making the 

dasticity determinations, much of the success attainable 
depends upon the condition of the base plates. in the case of 
oorcelain plates which are reused, improper cleaning results 
IP 'logging of the pores with reduction in the rate of 

tion. After a plate has been used, wipe the excess lime 
immerse the plate in clear water for not less than 2 h, ai hich transfer it without drying to a dilute solution of 

hydrochloric acid (Ha 1+9) where it shall be kept im- 
mersed for another 2 h. Then transfer to a receptacle 
containing running water for at least 1 h. The plate is then 
free of acid. After the removal of excess water, place the plate 
in an oven overnight at a temperature of between 100 and 
1 IO'C (212 and 230°F) for drying. Before using, cool the 
plate to room temperature. 

7.2.3 Absorption of Plasticimeter Base Plates: 
7.2.3.1 Total Absorption-Plastidmeter base plates when 

immened in water at room temperature for a period of 24 h 
shall absorb not less than 40 g of water. Before making the 
determination, dry the porcelain plates overnight in an oven 
at temperatures of between 100 and 110'C (212 and 230°F) 
and permit to cool to mom temperature. Dry the plaster 
plates overnight over calcium chloride at room temperature. 
After immersion and before weighing, Wipe off the excess 
water with a damp cloth. 

7.2.32 Rate of Absorption (Note 3)-When tested over an 
area 70 mm (2% in.) in diameter, the water absorbed shall be 
in accordance with the following: 

Time. mia 
1 
2 
3 
4 

WaWAbsorkdmL 
81014 
5107% 
4106% 
4106 

rhe stem has k e n  removed. The diameter of the hger end of the funnel 
shall k ground so as to be 70 mm (2% in.) in internal diameter. The 
funnel may be attached to the plate on which the measurcmenr is being 
made by melted p a f i n .  The paraffin should not k too hot. A tittle 
experience will indicate when it is of the proper consistency. 

7.3 Plasticity Determination: 
-7.3.1 Lubricate a ring mold such as is described in 6.22 

with a thin film of water, place on a porcelain base plate (see 
7.22 and 7.2.3) or a disposable plaster base plate (see 7.2.3). 
fill with the paste which has been adjusted to standard 
consistency as described in 6.3.3, and strike off level. 
Remove the mold by raising it venically without distorting 
the paste. Center the base plate and paste in the instrument 
and turn the carriage up by hand until the surface of the 
paste is in contact with the disk and the distance between the 
disk and the top of the base plate is 32 mm ( 1  114 in.). Throw 
the carriage into gear and start the motor. It is essential that 
the motor be started exactly 120 s after the first portion of 
the paste has been placed in the mold. Record the time when 
the frrst portion of paste is placed in the mold as zero time: 
the motor is therefore started at 2 min. Take care to protect 
the specimen from drafts during the test 

7.32 Record the scale reading at 1-min intervals until the 
test is completed. Consider the test complete when: (I ) the 
scale reading reaches 100, (2) any reading is less than the one 
before, or (3) the scale reading remains constant for three 
consecutive readings (2 min) and the specimen has visibly 
ruptured or broken loose from the base plate. Note the time 
and the scale reading at the end of the test. 

7.4 Calculation: 
7.4.1 Calculate the plasticity figure as follows: 

P = J P + ( l O l y  

Ix-7 

where 

F = scale reading at the end of the test, and 
T = time in minutes from the time when the fim portion o 

paste was put in the mold to the end of the test. 

P = plasticity figure, 

7.5 Precision and Bias: 
7.5.1 There are as yet insufficient analyzed data to permi 

preparation of a precision and bias statement for this tes 
method. When data are collected and d y z e d ,  precisio~ 
and bias statements will be proposed. 

8. Autoclave Expansion of Hydrated Lime 
8.1 Significance and Use: 
8.1.1 Expansion of pressed tablets of hydrated lime gena 

ally indicates the presence of unhydrated oxides of magnc 
sium and calcium. The relation of the degree of expansion i 
this test method to field performance has not been detel 
mined 

8.2 Apparatus: 
8.2.1 Mold and Press-A steel mold capable of producin 

a press tablet at least 0.032 m (125 in.) in diameter an 
0.006 m (0.25 in.) thick, and able to sustain at least 88.9 kl 
(20 OOO lbf) pressure from a suitable press. It should 
provided with a release jig also. 

8.22 Auroclave. capable of holding 1034 kPa (1 50 psi) f( 
2h. 

8.2.3 Minommm. dial-type, capable of measuring 2.j 
pm (O.Ooo1 in.). 

8.1.4 
mm. 

8.3 
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8.2.4 hlicroscope. with graduated lens for measuring 0.10 

8.3 Procedure: 
8.3.1 Weigh out 15 g of hydrated sample, place in the 

mold, and press into a tablet. Press to 33.4 kN (7500 lbf) for 
10 s, then increase pressure to 88.9 kN (20 OOO lbf) or more. 
Hold for 10 s before releasing. Press tablet from mold with jig 
and draw three diameter lines across the surface of the tablet 
using a lead pencil. Draw two diameter lines normal to each 
other and draw the third bisecting the 90' angles of the other 
two. Measure the diameters with a dial micrometer and place 
the tablet on the autoclave rack. Use aluminum foil to protect 
the tablets from water dripping. Autoclave at 862 to 1034 kPa 
(125 to 150 psi) for 2 h. Begin timing when the pressure 
reaches 345 kPa (50 psi). After the autoclaving interval, allow 
the autoclave to cool, remove the tablet, and r e m a r e  the 
diameters. Calculate the average percent expansion of the 
tablet from the before and after measurements. 

8.4 Expansion of Hydrared Lime-Portland Cement-Ag- 
gregate: 

8.4.1 Materials: 
8.4.1.1 Standard Cernenf-Type I or Type I1 portland 

cement. 
8.4.1.2 Siandard Aggregate-Pulverized limestone, 

minus 212-pm (No. 70) sieve, having less than 0.5 95 silicon 
dioxide ( Si02). 

8.4.2 Procedure: 
8.4.2.1 Test Tablet-Make up a pressed tablet in accor- 

dance with the procedure outlined in 8.3.1 using the fol- 
lowing mixture for the sample: 
Smdard portland cement 14 g 
Hydrated lime 8 g  
Standard aggregate (pulverized limestone) 72 g 
Blend the mix until homogeneous. 

8.4.2.2 Standard Tabla-Make up a pressed tablet in 
accordance with the procedure outlined in 8.3.1 using the 
following mixture for the sample: 

7 g  Standard portland Cement .............................. 
Standard aggregate (pulverized limestone) 16 g 
Blend the mix until homogeneous. 

8.4.2.3 Autoclave and calculate expansions of the test 
tablet and the standard tablet in accordance with 8.3.1. 

8.4.2.4 Determine the autoclave expansion of hydrated 
for masonry purposes by subtracting the average 

Pacent expansion of the standard tablet from the sample 
tablet. 

83 Precision and Bias: 
8.5.1 No precision data are available due to the limited 

of this test method. Therefore, users are advised to 
m o p  their own laboratory precision. No statement is 
bapg made about the bias of this test method. 

'* popping and Fitting of Hydrated Lime 
9-1 Signi/icance and use: 
9J:I Pops and pits are caused by the hydration and 

W o n  of coarse partides of unhydrated lime or h e -  
m- reaction products present in the hydrated lime. The 

Of popping and pitting in the sample is indicative of the 
for the appearance of surface defects in plastering 

mm. 

............................. 
....................................... 

................ 

................ 

. 
t 

9.2.1 The gauging plaster used for the popping and 
9.2 Gauging Plaster: 

test shall conform to the Test Methods section of Sp&ficaF 
tion C 28 and shall have a setting time of not more than 1 h 
when tested in accordance with Test Methods C472. Test 
the gauging plaster without lime in the manner described in 
9.3 to ensure its freedom from pops and pits. If any pops or 
pits are found. provide another lot of gauging plaster that is 
free of pops and pits when subjected to this test. 

9.3 Procedure: 
9.3.1 Mix 100 g of hydrated lime with suffcient water to 

bring to such a consistency as to give a penetration of 20 f 5 
rnm when tested in accordance with 6.3.3. Mix into this 
putty, 25 g of gauging piaster (9.2.1). adding more water as 
required to maintain workable consistency. Spread on a glass 
plate to make a pat at least 150 by 200 mm (6 by 8 in.) by 
approximately 3 mm (Ya in.) in thickness. Trowel to a 
smooth finish. Allow to stand overnight. 

9.3.2 Place the specimen and plate on a rack in the steam 
bath so that water is not in contact with the specimen to be 
tested. Provide a sloping cover above the specimen to 
prevent condensed steam from dripping onto the surface of 
the specimen. Raise the temperature of the water in the 
steam bath to boiling and maintain at boiling for 5 h. 
Remove the specimens from the bath and examine for pops 
and pits. 

9.3.3 The pitting potential of hydrated lime can be 
determined in conjunction with autoclave expansion as 
20.1. However, it is not necessary to measure diameter, 
only the pitting potential is to be determined. After followi 
the procedure for expansion in 8.3.1, examine the pressed 
tablet under the measuring microscope, and count and 
measure the pits in millimetres 

m 
10. Water Retention of Hydrated Lime 

10.1 Significance and Use: 
10.1.1 This test method measures the ability of the 

hydrated lime in a plastic mix with sand to retain water, and 
hence retain consistency of the mix, when subjected to an 
applied suction. This ability, measured as a percent of the 
original consistency, is indicative of the workability to be 
expected in a masonry containing the lime. 

10.2 Proportioning and Mixing: 
10.2.1 Appararw-The apparatus used shall conform to 

Practice C 305. 
10.2.2 Proponions-The mortar tested shall be composed 

of 500 g of lime and 1500 g of standard sand conforming to 
4 1.4. If hydrated lime putty is used, use that weight of putty 
that is equivalent to 500 g of dry hydrated lime. 

10.2.3 Mechanical Mixing: 
10.2.3.1 Place the dry paddle and the dry bowl in the 

mixing position in the mixer. 
10.2.3.2 Place a measured quantity of water in the bowl. 
10.2.3.3 Add the lime to the water, then start the mixer 

and mix at slow speed (140 f 5 r/min) for 30 s. 
102.4 Add the entire quantity of sand Slowly over a 3 

period while mixing at slow speed- 
102.5 Stop the mixer, change to medium speed (285 -c 10 

rpm) and mix for 30 s. 
102.6 Stop the mixer and let the mortar stand for 1% 

min. (During the first IS s of this intend, quickly scrape 
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flG. 3 Apparatus Assembly for the Water Retention Test 

down into the batch any mortar that may have collected on 
the side of the bowl, then for the remainder of this interval 
cover the bowl with the lid.) 

10.2.7 Finish the mixing for 1 min at medium speed. 
10.2.8 In any case requiring a remixing interval, any 

mortar adhering to the side of the bowl shall be quickly 
scraped down into the batch prior to remixing. 

10.3 Consisrency: 
10.3.1 Appararzu-The flow table and mold used for the 

measurement of consistency of the mortar shall conform to 
Specification C 230. 

10.3.2 Procedure-Caddly wipe dry the flow table top 
and place the flow mold at the center. Immediately after 
completing the mixing operation, 5ll the mold with m o m  
gently pressed into place by the finger tips to ensure uniform 
f a n g  free of voids. Smooth off the mortar level with the top 
of the mold by aid of a trowel, and remove the mold. 
Immediately drop the table through a height of 13 mm (M 
in.), 25 times in 15 s. The flow is the d t i n g  increase in 
diameter of the mortar mass, expressed as the percentage of 
the original diameter. The mortar may be adjusted, if the 
flow is below 100 95, by additions of water until the flow is 
within the range from 100 to 115 %. Make each adjustment 

returning the monar to the original mixing bowl, add 
ter, and then mix at medium speed (285 f 10 r/min) for 6: s. If the flow of the original mortar is greater than 1 15 Z, 

10.4 Water Retention Test 
10.4.1 Apparatus-The equipment used to determine 

prepare a new batch. 

I 3.;4 

water retention shall conform to the same apparatus used for 
the water retention test in Specification C 9 1 (see Fig. 3). 

10.4.2 Procedure: 
10.4.2.1 Adjust the mercury relief column to maintain a 

vacuum of 50.8 mm as measured on the manometer. Seat 
the perforated dish on the greased gasket of the funnel. Place 
a wetted filter paper in the bottom of the dish. Turn the 
stopcock to apply the vacuum to the funnel and check the 
apparatus for leaks and to determine that the required 
vacuum is obtained. Then turn the stopcock to shut off the 
vacuum from the funnel. 

10.4.22 Immediately after the final consistency test 
(10.3.2), return all of the mortar to the bowl and remix the 
entire batch for 15 s at medium speed. Immediately after 
remixing the mortar, fill the perforated dish with the mortar 
to slightly above the rim. Tamp the mortar 15 times with the 
tamper. Apply ten of the tamping strokes at approximately 
uniform spacing adjacent to the rim of the dish and with the 
long axis of the tamping face held at right angles, to the 
radius of the dish. Apply the remaining five tamping strokes 
at random points distributed over the central area of the 
dish. The tamping presswe shall be just s a c i e n t  to ensure 
filling of the dish. On completion of the tamping, the top of 
the m o m  should extend slightly above the rim of the dish. 
Smooth off the mortar by drawing the flat side of the 
suaightedge (with the leading edge slightly raised) across the 
top of the dish. Then cut off the mortar to a plane surface 
flu& with the rim of the dish by drawing the straightedge 
with a sawing motion across the top of the dish in two 
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FIG 4 Slaking Flea- Apparatus 

8 11.1.1 This test method provides a measure of the rate 
settling of a hydrated lime slurry, a form in which this 

cutting strokes, starting each cut near the center of the disk. 
If the mortar is pulled away from the side of the dish during 
the process of cutting off the excess mortar, gently press the 
mortar back into contact with the side of the dish using the 
-per. 

10.4.2.3 Turn the stopcock to apply vacuum to the 
funnel. M e r  suction for 60 s, quickly turn the stopcock to 
expose the funnel to atmospheric pressure. Immediately slide 
the perforated dish off the funnel, touch it momentarily on a 
damp cloth to remove droplets of water, and set the dish on 
the table. Then using the bowl scraper (rubber scraper as 
specified in Practice C 305), plow and mix the mortar in the 
dish for 15 s. Upon completion of mixing, place the mortar 
in the flow mold and determine the flow. Cany out the entire 
operation without interruption and as quickly as possible. 
Not more than 30 min should be required for completion, 
starting from the completion of the mixing of the mortar for 
the hm flow determination. 

10.4.3 Calculaion. 
10.43.1 Calculate the water retention value for the 

m o m  as follows: 
Water mention value = (A/B)  x 100 

where 
-4 = flowaftersuction,and * 
B = flowimmediatelyaftermixing. 

105 Recision and Bias: 
105.1 No precision data are available due to the limired 

use of this test method. Therefore, users are advised 30 
develop their own Laboratory precision. 

11. settling Rate of Hydrated Lime 
11.1 Sign$cmce and Use: 

material is fre;luently used. In some applications a slow 
settling slurry is desirable; in others, fast settling is preferred. 

1 1.2 Procedure: 
1 1.2.1 Place 10.0 g of lime hydrate in a 100-mL glass 

stoppered graduated cylinder (internal diameter about 24 
mm). Wet with 50 mL of carbon dioxide (CO,) free distilled 
water at 23 f 1.7’C (73.4 f 3’F) and mix thoroughly by 
alternately inverting and righting the cylinder slowly for a 
period of 2 min. Allow the graduate and contents to stand at 
23 2 1.7.C for 30 min and then dilute to the 1WmL mark 
with C 0 2 - k  distilled water at 23 f 1.7’C. Mix contents 
again thoroughly as before and allow to stand undisturbed at 
23 f 1 . X  for 24 h. 

1 1.3 Repon: 
1 1.3.1 Report the sedimentation height in millilitres aftm 

Ih, Yi, 314, 1, 2, 4, and 24 h, reading the bottom of the 
meniscus. 

NOTE 5-Slight variations in d t s  of this trst method on a sample 
run in diITmnt laboratories or by differrnt operators arc prmisSiblc 
The M is no1 an absolute one, but is designed to distingush between 
fast and slow smling hydrates. 

1 1.4 Precision and Bias: 
1 1.4.1 No precision data are available due to the limited 

use of this test method. Therefore, users are advised to 
develop their own laboratory precision. 

12. Slaking Rate of Quicklime 
12.1 Significance and Use: 
12.1.1 The temperature rise in 30 s is a measure of the 

reactivity of the softer-burned portion of the quicklime. 
Total slaking time provides a measure of the o v d  degree 
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of reactivity of the material. T o g  temperature rise is largely 
ndent on the available lime content of the sample. 
.I .2 These slaking parameters provide an indication of a rformance of the quicklime to be expected in industrial 

slaking systems. Slaking characteristics have an effect on 
lime slurry properties such as settling characteristics, vis- 
cosity, particle size, and reaction rate. 

12.2 Apparatus: 
12.2. I Mechanical Stirrer,* speed 400 f 50 r/min, fitted 

12.22 Modijied Dewar Flask9 665-mL, fined with spe- 

12.2.3 Thermometer, dial-type, 0 to 1WC range in 1'C 

12.2.4 Torsion Balance. 
12.2.5 Sieve, 203-mm (8-in.), 3.35-mm (No. a), con- 

forming to Specification E 1 1. 
12.2.6 An apparatus essentially the same as that illus- 

trated in Figs. 4 and 5 shall be used. The apparatus consists 
of a covered reaction container fitted with a mechanical 
stirrer and thermometer. The quicklime charge shall be 
stirred with a mechanical stirrer fitted with a stainless steel 
rod, the end of which is formed into a loop to follow the 
contour of the reaction container. The vacuum reaction flask 
shall be provided with a cover consisting of two circular 
pieces of gasket rubber sheet, approximately 3 mm (% in.) 
thick The hm piece is provided with a single radial slot that 
elides over the stking rod and the thermometer. The second 

: (top) has a similar slot plus a hole to provide for the 
thermometer. When the two cover pieces are in place, 
ot on the lower piece is at right angles to the slot on the 

upper piece with the thermometer stem extending through 

with a special stirring rod. 

cial rubber gasket covers 

increments. 

TABLE 1 Schedule tor Slaking Rate 
Matem to Be Tested 

oobrmx High - 
Temperarure of water. ' C  00 25' 
Quentlryofwatef.ml - - - 4 0 -  - - - 4 w  
Quanw of q-. g 120 100 

me InlW tempemture. 

- 

A w tentperatwe of 40'C m y  be used. ponded the repar ol fesults states 

the lower slot. The apparatus may be assembled by-any 
convenient supporting equipment. 

12.3 Procedure: 
12.3.1 Prepare the sample of quicklime to pass a 3.35-mm 

(No. 6) sieve as rapidly as possible to prevent sample 
deterioration. Place the prepared sample in an airtight 
container and allow to come to room temperature before 
testing. 

12.3.2 Slaking Rae-Adjust the temperature of about 
500 mL of distilied water in accordance with the schedule 
given in Table 1, and add the specified amount to the Dewar 
flask. Set the agitator revolving at 400 f 50 r/min. The 
temperature of the water in the flask must be d.5'C of the 
desired temperature. Quarter and weigh out the required 
amount of the prepared quicklime sample. Add the quick- 
lime to the water without delay. Put the covers in place 
immediately. Take a reading at each 30 s after adding the 
quicklime. 

12.3.3 Continue readings until less than 0.YC tempera- 
ture change is noted in each of three consecutive readings. 
The total active slaking time will then be the time at which 
the first of the three consecutive readings was taken. The 
temperature at this time will be considered the final reaction 
temperature. Subuact the initial temperature from the finai 
temperature to obtain the total temperature rise. Subtract the 
initial temperature from the temperature at 30 s for the 
temperature rise in 30 s. Subtraa the initial temperature 
From the temperature at 3 min for the temperatuie rise in 3 
mi& 

12.4 Report: 
12.4.1 Record the actual temperature rise and plot a 

suitable curve showing temperature rise as the ordinate and 
time as the abscissa. The results may also be reported as 

12.4.1.1 Temperature rise in 30 s (or at any other desig- 
nated time) in degrees Celsius, 

12.4.1.2 Total temperature rise in degrees Celsius, and 
12.4.1.3 Total active slaking time in minutes. 
12.5 Precision and Bias: 
12.5.1 There are as yet insufficient analyzed data to 

permit preparation of a precision and bias statement for this 
test method. When data are collected and analyzed, precision 
and bias statements will be proposed. 

13. Air Entrainment 
13.1 Signifiuznce and Use: 
13.1.1 Hydrated lime, particularly that containing an 

airatraining additive, used in masonry m o m  may con- 
tribute to the air content of the mortar. Certain specifications 
and applications of mortar place a limit on this air content. 

13.2 Apparatus: 
13.2.1 ScrrleJ. Sieves, Glaw Graduares, Tamper, Measure, 

fom. 
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TABLE 3 Weight of Materials tor Mortar Batch 
Mortar 
Typ ~opaoons PM Hydrated Blended 

( C Z o )  by"- -t.9 -.€I sandsg onswa 
M l:W3 564 75 1440 
S 1:H:4H 376 100 1440 
N 1:1:6 282 150 1440 
0 1 :2:9 188 200 1440 

forming to the requirements given in Test Method C 185. 
13.2.2 Flow Table, conforming to the requirements pre- 

scribed in Specification C 230. 
13.2.3 Mixing Apparafus. conforming to the requirements 

as prescribed in Practice C 305. 
13.2.4 The sand shall be a blend of equal parts by weight 

of graded Ottawa sand and standard 20-30 Ottawa sand. The 
fineness of graded Ottawa sand and standard 20-30 sand 
may be checked by using the methods described in Specifi- 
cation C 778. 
13.3 Preparation of Mortar: 
13.3.1 Proportions for Mortar-Portland cement- 

hydrated lime m o m  for measurement of air entrainment 
shall be proportioned to conform, in batch size, to the unit 
weights by volume of cementitious material and aggregate as 
shown in Table 2. The portland cement shall conform to 
Spxification C 150, and the hydrated lime to Specification 
C207. The quantity of water, measured in W t r e s ,  shall 
be such as to produce a flow of 110 -e 5 95 as determined by 
the flow table. Proportions for the generally used batch sizes 
based on Table 2 material unit weight shall contain the 
weights as prescribed in Table 3. 
13.32 Mixing of Mortars-Mix the mortar in accordance 

with the procedure for mixing pastes in Practice C 305. 
13.3.3 Daennination of Flow-Determine the flow in 

accofdance with the Procedure section of Test Method 
c 109. 
13.4 Procedure: . 
13.4.1 If the m o m  has the correct flow, use a separate 

Ponion of the mortar for the determination of entrained air. 
Dnerrmne the weight of 400 d of m o m  in accordance 
with Test Method C 185. 
13.5 Calcularion. 
13.5.1 Calculate the air content of the mortar and report 

it to the nearest 0.1 95 as follows 
D = w, + w2 + w3 + VJ/ t( W,/S,) + ( W2/S3 + ( W,/S3) Vwl 

A = 100 - (W,/4D) 
whar 
D = density of air-free mortar, 
w, = weight of portland cement, g, 
WZ = weight of hydmted lime, g, 
W. = weight of blended Ottawa sand, g, 

0 V, = water used, mL, 
S, 
S, 

= specific gravity of portland cement, 
= specific gravity of hydrated lime. 

Sj = specific gravity of blended Ottawa sand, 
A = volume 95 of entrained air, and 
W, = weight of 400 mL of mortar, g. 

1 3.6 Precision and Bias: 
13.6.1 The single operator within laboratory standard 

deviation has been found to be 0.56% air content 
throughout the range of 8 95 to 19 95 air content. Therefore 
results of two properly conducted tests by the same operator 
on similar batches of mortar should not differ by more than 
1.6 % air content. 
13.6.2 The multilaboratory standard deviation has been 

found to be 1.0 !% air content throughout the range of 8 95 to 
19 % air content. Therefore, results of two different labora- 
tories on similar batches of m o m  should not differ from 
each other by more than 2.8 95 air content (see Test Method 
C 185). 

I 

14. pH of Pulverized Limestone 
14.1 Significance and Use: 
14.1.1 Small amounts of lime (calcium oxide or hy- 

droxide) may be produced in the drying of limestone, or 
from heat generated in the grinding process, thus contrib- 
uting to the alkalinity of the product. High alkalinity is 
deleterious in some applications. 
14.2 Apppratus and Materials: 
14.2.1 Volumetric Ffask 1-L capacity. 
14.2.2 Beckman pH Meter, or equivalent. 
14.2.3 Pipet, 50-mL. 
14.2.4 Beaker, 100-mL. 
14.2.5 Buflm, pH 9, standard solution. 
14.3 Procedure: 
14.3.1 Weigh 20 f 0.1 g of sample, and transfer to a 1 -L 

volumetric flask Make up to the mark with distilled water 
(Note 6). Shake the contents Vigorously for 1 min and allow 
to stand for 20 min permitting the suspension to settle. 

ately prior to use. 

14.3.2 Standardize the pH meter to pH 9 with standard 
buffer solution. 
14.3.3 Pipet a 50-mL aliquot of the clear solution from 

the volumetric flask into the beaker. Take three pH readings 
within 30 to 60 s after transfer and record the average. 
14.4 Precision and Bias: 
14.4.1 Separate readings should check within 0.05-scale 

divisions. 

0 

NOTE &The distilled water should k boiled and -led immedi- 

15. Particle S i  of Pulverized Limestone 
15.1 Significance and Use: 
15.1.1 Particle size of pulverized limestone, as the word is 

used in these methods, is the percent distribution of 

expressed in micrometres, using the principle of sedime * equivalent spherical diameter of the individual 

tion and Stokes' law for particle size determination. It 1s 
intended for use with pulverized limestones with not more 
than 0.5 % residue on a 45ym (No. 325) sieve. 
152 Apparatus: 

000225 
. .  E-12 

. .  



@ c110 

0 

FIG 6 Composite Corktion Fa& for Hydkmeter 

15.2.1 Soil Hydrometer, Asru 1 52KI0 
15.2.2 Sedimentation Cylinder, ASTM, 1OOO-mL ca- 

15.23 Rubber Stopper, Size 12. 
153.4 T h o m e t e r ,  0 to 105'C 
152.5 Stop Watch. 
15.2.6 Regulur Clock or Watch 
15.2.7 Mi~er.~I 
15.2.8 Waer Bath. 
15.2.9 Bulunce.12 
15-2-10 Watch Glass. 
15.2.1 1 Graph Puper, l 3  3 cycles X 70 divisions. 

pacity. 

15.2.12 Sieve, 45+m (No. 323, stainless steel cloth, brass 

15.2.13 Sieve, 500-mesh, stainless steel cloth, brass frame, 

15.3 Reagous: 
15.3.1 Partid&Dispersing AgentL4 (30 mL of 25 95 solu- 

15.4 Procedure: 
15.4.1 Detamhe meniscus correction by inserting the 

hydrometer in the sedimentation cylinder filled to mark with 
distilled water. Re!cord the reading at the top of the meniscus 
and at the bottom of the meniscus The difference between 
the two readbgs is the meniscus coTrBction. For example, in 
Fig. 6, the c o d o n  for the hydromem used is 1.2. This 

frame, 8-in. diameter. 

4-in. diameter, Sin. tall frame. 

tion is diluted up to 400 mL with distilled water). 

reading is &&to each R to obtain R, 
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TABLE 4 Hydrometer Composite Correction Factor TABLE 5 Effective Depth, L. for Hydrometer 15W 

TelnDefatLm. 'C COmcacm Factor R, L. cm R, 
17 +1.90 0 16.3 31 112 
18 +1.52 1 16.1 32 11.1 
19 +1.14 2 16.0 33 10.9 
20 H.76 3 15.8 34 10.7 
21 H.39 4 15.6 35 10.6 
22 0.00 5 15.5 36 10.4 

24 -0.76 
23 -038 6 153 37 102 

25 -1.14 7 152 38 10.1 
26 -152 8 15.0 39 9.9 
27 -1.90 9 14.0 40 9.7 

10 14.7 41 9.6 
11 145 42 9.4 

15.4.2 Calibrate the hydrometer by adding 30 mL of the 12 14.3 43 9 2  

13 142 44 9.1 

15 - 13.8 46 8.8 
16 13.7 47 0.6 

top of the meniscus). Repeat after cooling the cylinder to 17 135 48 8.4 

19 13.2 50 8.1 
20 13.0 51 7.9 

particledispersing solution to the sedimentation cylinder, 

Mix thoroughly and take a hydrometer reading (read at the 
then bringing up to the mark With distilled water at 27'C. 14 14.0 45 8.9 

17% and adjusting the meniscus so it is on the mark. 18 13.3 49 8.3 

the composite correction factor. This factor is the Merence 21 12.9 52 7.8 

hydrometer. Four factors are compensated for in the c o r n -  24 12.4 55 7 3  

Assume a straight-line relationship and draw a line that gives 

between the reading and zero. These are the corrections 
entered in Table 4 and should be detennined for each 22 12.7 53 7.6 

23 12.5 54 7 4  

tion factor ( a )  Temperurure: Hydrometers and cylinders are 25 122 56 7.1 
26 12.0 57 7.0 
27 11.9 58 6.8 

inaccuracy in the hydrometer reading; ( b )  Specific gravity: 28 11.7 59 6.6 
29 115 60 6.5 
30 11.4 

calibrated at 20'C; variations from this temperature produce 

Addition of dispersant changes the specific gravity of the 
solution; (c) Meniscus correcrion: Hydrometers are gradu- 
ated to read at the bottom of the meniscus but opaque 
calcium mrbonate solutions require readings at the top ofthe 
meniscus; and (d) Hydrometers: In spite of the supposed 
similarity in volume of the hydrometers (ASTM 152H), 
variations of as much as 1.0-scale divisions between two 
similar hydrometers have been noted. The correction factor 
brings all four into line with one another. It is not necessary 
to repeat this calibration unless changing to a different 
hydrometer. 

NOTE 'I-Temperaturr must be taken inside the cylinder and not m 
the 

15.4.6 Take additional readings at 15,30,60, 120, or 180 
min; 300 or 360 min; and 1200 or 1440 min after the staxt 

15.4.7 Take a 25% sample and run a 500-mesh wet-sieve 
test. The opening of the 500-mesh sieve is approximately 25 
pm. From this result calculate the percent finer than 25 pm. 
Do not discard the plus 500-mesh but use this with the 
45-pm (No. 325) sieve to obtain the percent finer than 44 
Pm- The Opening of the 45-pm sieve 

15.4.3 Weigh 40 g of sample. 
15.4.4 Add approximately 300 mL of distilled water to the 

mixer, 30 mL of the particledispersing solution, followed by 
40 g of unknown sample. Cover. Agitate for exactly 2 min at 
high speed. 

15.4.5 Transfer the slurry quantitatively to the 1000-mL 
sedimentation cylinder. Make up to approximately 3.2 mm 
(% in.) above the mark since it must be read from the top (as 
the bottom of the meniscus is not visible) and this will 

inder temperature can be adjusted to 20'C by running cool 
water on the outside of the cylinder and stirring with a 
thermometer until 20% is reached. c a p  with the rubber 
stopper. Mix well by inverting the cylinder 15 Or more rimes. 

and Put the cylinder in a water bath that 
has been previously adjusted to as close to 20'C aS is possible. 
start the stop watch and note the time on the Clock. At 
exactly 4% min after start, carefully insert the hydrometer to 

the reading at exactly 5 min. Record the reading and 
'emperature (Note 7). Remove the hydrometer and wash 
dean of any sluny. Cover the cylinder with the watch glass 

44 Pm- 
15-5 cdduriorr 
15-5.1 -ge the data On a 
15.5.2 Record the date and clock readings as readings are 

taken. 
15.5.3 Readings are usually taken at 5, 15, 30, 60, 180, 

360, and 1440 min. The 25-pm point is obtained From the 
5Wrnesh sieve result and the 44-pm point is obtain& 
the 45ym sieve ' the calibration of the cylinder. CYl- 15.5.4 Recod the temperature, T, and the hydrometer 

R, for each =ding. 
15.5.5 Obtain R, by adding the to 

15.5.6 Obtain R, the corrected hydrometer reading from 
Fig 6. This value can be Merent for each hydrometer and 
must be 

15.5.7 Obtain L from Table 5 using R, values, 
15.5.8 mis found from Fig. 7 and the values for 

15.5.9 Fmd D at 20% in tenns of m T  Using Table 6. 
15.5.10. To correct D for temperature, use Table 7 and 

R ,,due. 
I 

1 R ~ o v e  the 
I determined. 

the approximate point where the reading is to be made. Take T (time). For times not in Fig. 7, calculate the 
the values for L and T (in minutes) are known. 
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FIG 7 Values for J m  as Related to I for Given Values of T (lime) 

TABLE 6 0 as Related to r p  at 2OoC 

JZ 0. w J L ~  D. w 
0.05 0.7 1 .Q5 14.0 
0.10 1.4 1.10 14.7 
0.15 2.0 1.15 15.4 
020 2.7 120 16.0 
025 3.4 125 16.7 

0.30 
0.35 
0.40 
0.45 
0.50 

055 
0.60 
0.65 
0.70 
0.75 

4.0 
4.7 
5.4 
6.0 
6.7 

7.4 
8.0 
8.7 
9.4 
10.0 

1.30 17.4 
1.35 18.0 
1.40 18.7 
1.45 19.4 
1.50 20.1 

1.55 20.8 
1.60 21.4 
1 -65 22.1 
1.70 22.8 
1.75 23.4 

0.80 10.7 1.80 24.1 

0.90 12.0 
0.95 12.7 
1 .a 13.4 

0.85 11.4 185 24.a 

'?d ALI in terms of W T .  Multiply by AT (AT is the 
kence in temperature between 20'C and the actual 
peratwe of the test). This will give a value to be 6 btracted from the D found in 54.9 if the temperature is 

above 20.C. If the temperature is below 20' C, this c o d o n  
should be added. 

3 4  

TABLE 7 ~ ~ f t o m  Kj7 

Jm AD 
2.0 0.32 
1.9 0.31 
1.8 029 
1.7 0.27 
1.6 026 

1 .5 024 
1.4 023 
1.3 021 
12 0.19 
1 .l 0.1 8 

1 .o 0.16 
09 0.15 
OB 0.13 
0.7 0.1 1 
0.6 0.10 

0.5 
0.4 
0.3 
0 2  
0.1 

0.08 
0.07 
0.05 
0.03 
0.02 

15.5.11 Find P by using Table 8 and the value for Re 
15.5.12 The values of 0, are now plotted against the 

15.6 Precision and Bios: 
15.6.1 The predsion and bias of this test method has not 

values of P. 

beendetermined. 

! 

1[ 
l[ 
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FIG 8 Dy-PowderPress 

TABLE 8 Values for P as Related to R,, Using a = 0.988 
and W - 4 0  

NOTE-Cakulate to neaRst 0.1 of Re For a reading of 24.7. take reading a f  
24.5 whid, rs 60.0 and add 2 X 0.4 or 60.8%. 

R. P 4 p Re P Re P 

0.0 0.0 115 285 23.0 57.0 345 85.0 
05  1 5  12.0 30.0 235 58.0 35.0 865 
1.0 25  125 31.0 24.0 59.0 355 875 
1 5  3 5  13.0 32.0 245 60.0 36.0 89.0 
20  5.0 135 335 25.0 62.0 365 90.0 
25 6.0 14.0 350 255 63.0 37.0 915 
3.0 7.5 145 36.0 26.0 64.0 375 925 
35  8.5 15.0 375 265 65.0 38.0 94.0 
4.Q 10.0 155 385 27.0 665 385 95.0 
4 5  11.0 16.0 395 27.5 675 39.0 96.5 
5.0 12.5 165 40.5 28.0 69.0 395 975 

16.3.2 Dry Powder Press 16--Instructions. as supplied 
the manufacturer, for preparation of the sample and use 
the powder press shall be explicitly followed. 

16.3.3 Whiie Porcelain Standard Plaque. to be used as 
secondary standard. 

16.4 Reagent: 
16.4.1 Barium Sulhte (BaSOJ-Use Eanman Kodakl’ 

Chemical No. 609 1, white reflectance standard only. 
16.5 Calibration and Standardization: 
16.5.1 Zero Scale Calibration (boiiom of scale standard- 

ization): 
16.5.1.1 Place the black glass provided with the instru- 

ment over the specimen port, so that the shiny side is 
towards the opening. The glass should be positioned so that 
no light escapes from the black glass-opening interface. 

16.5.1.2 The processor is then adjusted to read zero 
rdect ance. 

16.5.2 Siandardizing of the Whiie Standard (standard- 
ization of the upper pan ojihe scale): 

16.5.2.1 A primary standard pellet (barium sulfate) which 
is free from surface flaws should be positioned over the 
specimen pqn so that no light can escape at the pellet- 
opening interface. 

16.5.2.2 The Eastman Kodak barium sulfate reflectance 
standard is provided with reflectance values at various 
wavelengths. Since some variation is possible between lots of 
BaSO,, the values used to standardize the reflectometer must 

16.5.2.3 After this has been accomplished, a reading of 
white standard plaque can be taken and the values of X, P be calculated. A normal Y value will be between 99.0 
98.5, depending on the lot number. 

and Z recorded. This plaque can then be used as a secondary 
standard for future standardntions. This reduces the neces- 

5 5  13.5 17.0 42-0 28.5 70.0 40.0 99.0 sity of making a barium sulfate pellet for every test series. 

7.0 175 185 455 30.0 74.0 16.6.1 The reflectometer must be given ample warm-up 
7 5  185 19.0 47.0 305 75.0 time prior to the sample readings. 
8.0 20.0 195 48.0 31.0 76.5 16.6.2 The reflectometer must first be standardized; this 

consists of standardization of the bottom of the scale and 8 5  21.0 20.0 495 315 775 
9.0 225 205 50.5 32.0 79.0 
9 5  235 21.0 52.0 32.5 80.0 standardization of the upper part of the scale. 

10.0 25.0 215 53.0 33.0 815 16.6.3 Sample pellets should then be pressed (Note 8) 
105 26.0 22.0 545 335 825 
11.0 275 225 565 34.0 84.0 

16.6 Procedure: 6.0 15.0 175 43.0 29.0 715 405 100.0 
6 5  16.0 18.0 445 295 725 

following manufacturer instructions explicitly (Note 9). 
~~ 

NOTE 8-Gmund produc~ with mom than 0.5 96 residue on a 
45-pm (No. 325) r n e n  will require SPcQal cdtr in preparing the sample 
cup. The coaner the product, the harder to obtain a compact, smooth 

nncctancc NOTE 9-Sorne with the renarometers powder and spectrophotometers can measure 
in a horirontal position, thuJ 

eliminating the neccsily 1o prrparr a sample Also, coated ground 
limestones arc difficult to pcllaitc Loost powder samples should be 
smoothed in a convenient sired container until the surfaa is level and 
fiu from cracks and Other d a c e  defects 

16. Dry Brightness of Pulverized Limestone 
i 16.1 Summary o/Test Method: surface. 
i : 
! betnstandardized. 

16.1.1 A sample of the dry material is compressed and its 
renectance measured on a reflectometer that has previou~ly 

16.2 Significance and Use: 
16.2.1 This test method provides a measure of the reflec- 
be, Or Or both Of ground calcium 16.6.4 After the has been m a ,  the 

by with a using green and sample pellets are centered beneath the opening and posi- 
tioned so that no light escapes from the pellet-opening 
interface. 

16.6.5 The samples are then read for X, Y, Z, L, a, an 

blue fiten. 

- 
16.3 Apparhtus: 
16.3.1 Rejle~tometer:’~ 

lsThe Bavtcb a d  Lamb or cad Zeks Dry powda RCS a b l y .  of “ Tbe HUUI DZA-Trisrimul~~ colorimaa. of WaiValmS bar ken fouad 
for this p m  cqni87deat ht becn found SaWmorY forthispurpap 

oadanari; _ .  I1 I 
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values. These values are recorded. 
16.6.6 To determine if the values of the reflectometer 

have drifted. the white standard (either the barium Sulfate 
0 

pellet or the porcelain plaque) is placed over the specimen 
pon and read. Values should be the same as those placed in 
the processor during the standardmtion procedure. 

16.7 Report: 
16.7.1 The Y value is recorded as the dry brightness Of 

that specific limestone. 
16.8 Precision and Bias: 
16.8.1 The same instrument, operator, and standard 

should reproduce k0.276. Different instrument (Note lo), - 

operaton. and standard should agree k 1 .O %. 

NOTE 10-It is recognized that there arc various m a n u f a a m  of 
reflectometer% and testing has been undertaken to relate X. Y. and 2 
tristirnulus color values from one instrument to another. If results ofthis 
comparison t a n g  arc desired. pleasc cootact the Pulvaired Limestone 
AssociatiOL 

_ _  - ~- 

17. Apparent Loose Density of Hydrated Lime, Pulverized 
Quicklime, and Limestone 

17.1 Significance and Use: 
17.1.1 ?his test method determines the loose or unsettled 

density of hydrated lime, pulverized quicklime, and lime- 
stone. It provides for an approximate measure of the 
maximum volume occupied by a given weight of hydrated 
lime, pulverized quicklime, or limestone. 

17.2 Apparatus: 
17.2.1 Flour Sifier-A 114 to 127 mm (4% to 5 in.) 

kitchen-type flour sifter of either the squeeze handle type or 
the hand crank type. It shall be able to hold at least 300 g of 
hydrated lime or 500 g of limestone or quicklime. The wire 
mesh openings should be between 0.8 and 1.5 mm. 

17.2.2 Density Cup, 400 mL cylindrical cup as described 
in the Apparatus Section of Test Method C 185. 

17.2.3 Balance, suitable for weighing at least 800 g accu- 
rately tc 0.1 g 

17.2.4 Clock or Warch. 
17.2.5 Straight Edge. 
17.3 Procedure: 
17.3.1 Weigh the empty density cup to the nearest 0.1 g 

on a balance. Place the tared cup on a solid table with a 
suitable mat inserted underneath the cup to collect excess 
sample spilling over the cup. FA the flour sifter with more 
than enough material to fill the density cup. Start the clock 
and the sifting device to facilitate the flow of powder into the 
cup. Overflow the cup until there is a cone of excess material. 

17.3.2 After 3 min, carefully remove the excess powder by 
passing the edge of a spatula blade parallel with, and in 
contact with, the top of the cup. Move the spatula smoothly 
and keep it level at all times to prevent packing or pulling the 
sample out of the cup. 

17.3.3 A b  the cup is level, lightly tap it with the edge of 
the spatula to settle the powder. Wipe the outside of the cup 
with a lintless cloth or paper towel Avoid spilling the sample 
while transferring the cup to the balance for weighing. 

17.3.4 Weigh the cup and sample to the nearest 0.1 g and 
determine the weight of the sample by difference. 

17.3.5 The loose density of the material is calculated and 
reported as grams per cubic entimetre, or as pounds per 
cubic foot. 

0 

0 

17.4 Calculation: 
17.4.1 Calculate the loose density as follows 

D =  WIV 

where: 
D = loosedensity, 
U’ = weight of sample, g, and - _ _  -~ - 

I/ = volume ofcup, an3. 
17.4.2 For reporting as pounds per cubic foot, multiply 

grams per cubic centimeue by 62.43. 
1 7.5 Precision and Bias: 
17.5.1 Single Operator Precision-ne sinde operator 

standard deviation has been found to be 0.4 lb/ft3 (Note 1 1). 
Therefore, results of two properly conducted tests by the 
same operator on the same material should not differ b) 
more than 1.13 lb/A3. 

17.52 Multilaboratory Precision-The multilaborator! 
standard deviation has been found to be 1.26 lb/ft3 (Note 
11). Therefore, results of two properly conducted tests from 
two different laboratories on samples of the same material 
should not differ by more than 3.6 lb/ft3. 

NOTE 1 I-Thesc numbers represent, respectively. the (1s) and (&si 
limits as described in practice C 670. 

17.5.3 The above precision statements are based on a 
multilaboratory testing program for determination of the 
loose bulk density of hydrated lime. No statement is made 
r e w n g  the precision of this method as it relates to other 
materials. Due to a lack of a recognized industry standard. 
the bias of this test method has not been determined. 

18. Apparent Packed Density of Hydrated Lime, Pulverized 
Quicklime, and Limestone 

18.1 Signifkance and Use: - 
18.1.1 This test method determines the packed or settled 

density of hydrated lime, pulverized quicklime, and lime- 
stone. It provides for determining the minimum volume 
occupied by a given weight of hydrated lime, pulverized 
quicklime or limestone. 

18.2 Apparatur: 
18.2.1 Graduated Cylinder, 100 mL capacity. 
18.2.2 Balance. accurate to 0.1 g. 

’ 18.3 Procedure: 
18.3.1 Weigh to within 0.1 g a 25 g sample of powdered 

material and transfer it to the graduated cylinder. 
18.3.2 Allow powder to settle by gently tapping thr 

cylinder on a-desk top cushioned with a thick magazine 0‘ 
writing tablet so that compaction occurs without fluffing. 

18.3.3 Record the volume of the lime after each 100 UP 
and continue tapping until compaction volume change is lH 
than 0.5 mL/lOO taps 

18.3.4 Calculate the density in grams per cubic centimelfl 
or in pounds per cubic foot to the nearest pound. 

18.4 Caldafion: 
18.4.1 Calculate the packed density as follows 

D =  WIV 

where: 
D = packeddensity, 
W = weight of sample, g, and 
V = final volume of sample, an3. 

18.4.2 For reporting as pounds per cubic foot, mulUP1! 
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grams per cubic centimetre by 62.43. to the lower limit with some hydrates. Other hydrates and pulv 
. 18.5 Precision and Bias: quicklime may be sieved to 32 pm (450 mesh). Limestone can be 

18.5.1 Single Operator Recision-The single operator . Io 2o Prn (635 ,. 
>e? 

f$ standard deviation has been found to be 0.5 lb/ft3 (Note 11). 
Therefore, resulu of two properly conducted tests by the 
w e  operator on the same material h u l d  not differ bY 
more than 1.4 lb/ft3. 

18.52 Multilaboratory Precision-The multilaboratory 
m d a r d  deviation has been found to be 1.7 Ib/ft3 (Note 11). 
 fore^ results of two PrOperfY conducted 1- from N O  
different laboratories on samples of the same material should 
not differ by more than 4.8 lb/ft3. 

statements are based on a 
multiiaboratory testing program for determination of the 
packed bulk density of hydrated lime. No statement is made 
regarding the precision of this method as it relates to other 

the bias of this test method has not been determined. 

19. Fmeness of Pulverized Quicklime and Hydrated Lime by 

20.2 Apparatus: 
20.21 An hclosed Device, capable of creating a vacuum 

on the backside of a sieve causing a rotating slit nozzle to 
supply an air stream perpendicular to the bottom of the 
sieve. n e  purpose 10 suspend dl matend on the sieve by 
the air 

20.2.2 Balance, suitable for weighing accurately to 0.01 g. 

NOTE 13-Sclmion of balance with regard to accuracy is dependent 
on the sample size chosen and residue retained and must be consincnt 
wilh the accuracy rrquirrd. Therefore. a balance weighing accurately to 
o.ool gmaybedesirrd 

on a routing basb.18 

18.5-3 ne above 

20.2.3 B m h  soft bristle. 
mater&. Due to a lack of a recogn~ed industry standard, 20.2.4 Sieve Cover-.A. hard plastic trampmnt Covet used 

20.2.5 Test Sieves-The sieves shall be constructed using 
to create a vacuum on the sieve. 

, 

Air Permeability 
19.1 Significance and Use: 
19.1.1 This test method covers the determination of 

fineness of pulverized quicklime and hydrated lime using the 
Blaine air permeability apparatus described in Test Method 
C 204. Fineness in terms of surface area shall be expressed as 
total surface area in square centimetres per gram, or square 
metres per kilogram. 

19.12 This test method provides, in general, relative 
rather than absolute fineness values. For the complete 
description of the apparatus and the procedures for use, refer 
to Test Method C 204. 

192 Recision and Bias: . 

1 9 3 1  Although precision for the test method for fineness 
of ponland cement by air permeability apparatus has been 
qomd in Test Method C204, the precision of this test 
method has not been determined for pulverized lime and 
hydrated lime. When sufficient data has beem obtained and 
analpxi, a statement of precision will be provided. In the 
meantime uses of this test method are advised to develop 
their mal. 

20. Dry Screeniag of Hydrated Lime, Pulverized Quiclhne, 
and Limestone by Air Jet Sieving 

20.1 Significance and Use: 
20.1.1 This test method uses a rotating slit nozzle to 

supply a meam of air directed at the backside of a test sieve, 
keeping the screen from "blinding." The aerated material is 
then pulled back through the sieve by a vacuum source. 

20.12 The advantages of dry screening by air jet sieving 
are twofold. The material being tested is less likely to "blind" 
the satem because of the recuning counterflow of an air 
sueam to the back of the sieve. Also, dry screening avoids the 
aror muoducql by the interaction of the test materia with 
soluble liquid media 

20.13 This test method is suitable for screening material 
h m  a nominal 300 pm (50 mesh) in size to 20 pm (635 
mesh& 

NOIE 12-Blinding of the scves a n  occur at various size depending 
on thcmatcrials k i n g s i d  Expaicncc has shown 45 IUD (32s mah) 

a woven wire, either brass or stainless steel, mounted on a 
substantial Frame. Electroformed sieves should not be used 
because blinding and cleaning problems make them imprac- 
tical to use. The sieves shall be approximately 8 in. in 
diameter and conform to Specification E 1 1. A flexible collar 
must be used to ensure an air tight fit between the sieve and 
the device. 

20.3 Procedure: 
20.3.1 After placing the appropriate sieve into position, 

". weigh (to the nearest 0.0 1 g) a sample of the test material an 
place it on the sieve. 

N o k  I4-fL- amount of sample and duration of sieving arc 
dependent upon the type of material and gdation and therefore should 
be adapted to individual conditions. Generally. the larger the sample 
size, the more representative of the mat& tested and the less 
signiricant arc erron of technique, therefore, the results arr the more 
exaa Sample wights can vary b o r n  20 g for material finer than 40 bm 
up to 50 g for larger, heavier materials 

20.3.2 Place cover on sieve, set timer to 6 min and start 
vacuum (maintain vacuum according to manufacturer's 
recommendation). Any material clinging to the cover or edge 
of the sieve can be removed by light tapping with a mallet or 
similar device (see Note 14). If agglomerations form, they 
can be broken apart with a soft bristle brush. 
NOTE 15-Static electrical charges can ohen develop on the cover (if 

it is made of plastic) causing it to hold a heavy film of the material king 
sieved. If tapping will not loosen the material, a static fixe sheet19 may 
be used to wipe the cover surface More starting the M. 

20.3.3 After screening, clean the sieve with a fine bristle 
brush being carem not to damage the mesh and then weigh 
the residue to the nearest 0.01 g. 

20.4 Caldatior 
20.4.1 Calculate percent passing as follows: 

[(S - R)/S) x 100 = perant passing 
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in.) chute width. 

sample weight, g. and 
= weight of sieve residue, g. 
20.5 Precision and Bias: 
20.5.1 There are as yet insufficient analyzed data to . 

2 1.4.9 Stopuatch. 
2 1.5 Reagents and Materials: 
2 1.5.1 Milling Solution, a 0.1 95 solution of acrylate based 

The dispemt chosen should not increase the 
solubility of limestone in water?6 

e: 
permit preparation of a precision and bias statement for this 

- - -  test method. . .- - - - ~  

21. Limestone Grindability Determination by the Labora- 
tory Ball Mill Method 

-21.1 Scope: . . . . -  

2 1.1.1 This test method is used to determine the relative 
grindability or ease of pulverization of limestones of differing 
hardness and to report this as a grindability index. 

21.1.2 This test method is applicable to all types of 
limestone. 

2 1.2 Summary of Test Method: 
2 1.2.1 Limestone of a specified size range is wet ground in 

a ball mill therein receiving a specified amount of grinding 
energy. The amount of minus 75ym (200-mesh) limestone 
produced is measured by wet sieving and reported as the 
percent passing 75-pm (200-mesh) after 5000 revolutions. 
This is the grindability index. 

2 1.3 Significance and Use: 
21.3.1 This test method is useful for comparison and 

acceptance testing of limestone for applications where fine 
is desired. 

1.4 Apparatur: 
1.4.1 Jar Mill:o operated at 1 10 f 10 r/min. 

Mill Jar?' ceramic 14 cm (5I/2 in.) diameter by 
17.2 cm (6314 in.), high. 

21.4.3 Grinding Media, 160 f 1 g total, consisting of 
seven ceramic 21 by 21 mm ('VI6 by ' K 6  in.) cylindrical 
grinding media= (about 23 g each). 

2 1.4.4 The sieves used shall conform to the requirements 
of Specification E 1 1. 

2 1.4.5 Weights and weighing devices, shall conform to the 
requirements of Specification C 1005. 

2 1.4.6 Drying Oven, capable of maintaining 1WC. 
2 1.4.7 A Chipmunk Crusher,= capable of breaking large 

21.4.8 Rifle Sample Splitter:' open pan, 12.7 mm (V2 

rocks to less than 6.35 mm ( V 4  in.). 

=US. Stonovvc No. 753-RM rotating mill or equivalent. has been found 

21 US. Stoneware mill jar No. 7744-00. or equivllms has berm found 

21 U S  Stonovvc burundum 'YI6 in. grinding media or equivalent, has kcn 

2' B-Braun Gusher haw. chapmunk) Modd No. 241-34, or cquident. has 

24 Curtis Matheson Scientific Modcl No. 095-851. or equivalent. has ken 

ntisfactoyforrhispurpose 

satidactoy for this PuIrme. 

found satLfaaory for thir p m ,  

been found ndslactory for lhir purpor 

found Sarisbcrory for thir purpose 

- -~ 
2 1.6-Sampling: 
21.6.1 Sample in accordance with Practice D 75. 
21.6.2 Reduce the sample in accordance with Practice 

C 702 and prepare by sieving out the material that passes a 
850-pm (No. 20) sieve" and is retained on a 425-pm (No. 
40) sieve?' 

2 1.7 Procedure: 
21.7.1 Weigh seven grinding media, make adjustments 

(by substitutions or ffing) to bring total weight to 160 g 2 1 
% 

2 1.72 If the jar mill has provision for automatic shutsff. 
set it for SO00 revolutions, otherwise determine the mill 
r/min by counting the revolutions in an accurately timed 
period (using stopwatch) and then calculate the exact time 
required for 5000 revolutions. 

21.7.3 Weigh out 20 2 0.01 g of dried 20,by 40 mesh 
limestone. Record actual weight as W1. 

21.7.4 Add 180 mL of milling solution to clean and 
empty mill jar. 

21.7.5 Add the seven grinding media and quantitatively 
transfer the limestone sample to the mill jar and secure the 
top. 

2 1.7.6 Place the mill jar on the mill rollers and operate the 
mill for the exact time required to make 5000 revolutions. 

21.7.7 Quantitatively transfer the limestone slurry from 
the jar mill by rinsing the entire contents onto a coarse sieve 
(for example, 3.35 mm (No. 6)) and an underlying 75ym 
(No. 200) sieve. Rinse the media and coarse sieve and 
separate the sieves. 

2 1.7.8 Wet sieve the sample remaining on the 75-pm (No. 
200) sieve to remove the finer material. 

21.7.9 Dry and weigh the residue from the 7 5 - p  (No. 
200) sieve and record as W2 (to the nearest 0.01 g). 

21.8 Calcdation. 
2 1.8.1 Calculate the grindability index (GI) as follows: 

2 1.9 Precision and Biac 
21.9.1 The precision and bias of this test method has not 

been determined at this time. 

~ - 

G I = ( W l -  W)/w1 X 100 

UAIccspase 149 from Alw Chanid Corp., or equivalent. has bun found 

26 Diaincd or d a o d  aratp should k uscd for milling solution or solubility 

21 US. Standard Si- 6.20.40 and 200 mesh dzs; 20.3 cm (8 in.) d i a m ~  

satisfactmy for this purpou. 

lsls. 

by 5 cm (2 in.) dcptb with Minks& wire d o h  
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Designation: C 150 - 92 I rm 
C S  1 q 

’ , 8: 
Standard Specification for 
Portland Cement‘ 
Thk suodard is Mlcd under the fixed &gnation C IS& the n u m b  immaiiatdy fonowing the -tion intihates the year of 
o w  adoption or. in the of &on. the year of last I1Nidon. A number in parentheses W t e s  the year of last rrapprovrL A 
suprrcript epsilon (e) indicates an editorial dtange since the last d o n  or napprovrL 

l%is n& hat been apprmcdfor uu by agencies Of Khc D e p a n ~  of D&ue. COnnJl the DoD Ida ofSpm$catiom and 
Stan&ra!s/or the sprcilic yew qfissue which has bun adopted by the Depznrnm of D&nsc. 

1. scope 

ment, a~ follow ( ~ e e  Note): 
1.1 This specification covers eight types of portland ce- 

1.1.1 Type I-For use when the special properties speci- 
fied for any other type are not required. 

1.12 Tjpe IA-Air-entraining cement for the Same uses 
as Type I, where air-entrainment is desired. 

1.1.3 Type 11-For general use, more especially when 
moderate sulfate &ce or moderate heat of hydration is 
desired 

1.1.4 Type IIA-Air-entraining cement for the Same uses 
as Type II, where ‘&-entrainment is desired. 

1.1.5 Type IZ1-For use when high early strength is 
desired 

1.1.6 Tjpe IIZA-Air-entraining cement for the Same use 
as Type I4 where air-envainment is desired. 

1.1.7 Tjpe IV-For use when a low heat of hydration is 
desired. 

1.1.8 Tjpe V-For use when high sulfate resistance is 
desired. 

1.2 The values stated in inch-pound units are to be 
regarded as the standard. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 33 Specification for Concrete Aggregad 
C 109 Test Method for Compressive Strength of Hydraulic 

Cement Mortars (Using 2-in. or 50-mm Cube 
 specimen^)^ 

C 1 14 Test Methods for Chemical Analysis of Hydraulic 
Cement3 

C 1 I5 Test Method for Rneness of Portland Cement by 
the TurbidimemJ 

C 15 1 Test Method for Autoclave Expansion of Portland 
Cement3 

C 183 Practice for Sampling and the Amount of Testing of 
Hydraulic Cement3 

C 185 Test Method-for Air Content of Hydraulic Cement 
Mortar‘ 

C 186 Test Method for Heat of Hydration of Hydraulic 
Cement’ 

0 

C 191 Test Method for Time of Setting of Hydraulic 
Cement by Vicat NeedlP 

C 204 Test Method for Fmeness of Portland Cement by 
Air Permeability Apparatus3 

C 226 Specification for Air-Entraining Additions for Use 
in the Manufacture of Air-Entraining Portland Cement’ 

C266 Test Method for Time of Setting of Hydraulic 
Cement Paste by Gillmore Needld 

C 451 Test Method for Early Stiffening of Portland 
Cement (Paste Methodr 

C452 Test Method for Potential Expansion of Portland 
Cement Mortars Exposed to Sulfa+ 

C 465 Specification for procesSing Additions for Use in the 
Manufacture of Hydraulic Cement9 

C563 Test Method for Optimum SO3 in Portland 
Cement3 

C 1038 Test Method for Expansion of Portland Cement 
Mortar Ban Stored in Wates 

3. Terminology 
3.1 Dejinitionr: 
3.1.1 Portland cemenr-a hydraulic cement produced by 

pulverizing clinker consisting essentially of hydraulic d- 
cium silicates, usually containing one or more of the forms 
of calcium sulfate as an interground addition. 

3.1.2 air-entraining portland cement-a hydraulic cement 
produced by pulverizing clinker consiSting essentially of 
hydraulic calcium silicates, usually containing one or more 
of the forms of calcium sulfate as an interground addition, 
and with which there has been interground an air-entraining 
addition. 

4. OrderingInfonnation 

include the following 

I shall be supplied, 

4.1 Orders for material under this specification shall 

4.1.1 This specification number and date, 
4.1.2 Type or types allowable. If no type is specified, Type 

4.1.3 Any optional chemical requirements fiom Table 2, 

4.1.4 Type of setting-time test required, Vicat or 

4.1.5 Any optional physical requirements from Table 4, if 

ifdesired, 

Gillmore. If not specified, the Vicat shall be used, 

desired 

nquircments f o r d  types may not k carried in stock in 
advance of spedfying the use of other than Type I cement, it 
detamined whether the proposed typc of cement is or can k made 
available. 

N-Attention is called to the f8a that cements adormi 
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5. Additions 
5.1 The cement covered by this specification shall contain 

no addition except as follows 
5.1.1 Water or calcium sulfate, or both, may be added in 

amounts such that the limits shown in Table 1 for sulfur 
trioxide and losson-ignition shall not be exceeded. 

5.12 At the option of the manufacturer, proCessing addi- 
tions may be used in the manufacture of the cement, 
provided such materials in the amounts used have been 
shown to meet the requirements of Specification C 465. 

5.1.3 Air-entraining portland cement shall contain an 
interground addition conforming to the requirements of 
Specification C226. 

.hemid Composition 
.I Portland cement of each of the eight types shown in 

Section 1 shall conform to the respective standard chemical 
requirements prescribed in Table 1. In addition, optional 
chemical req'iirements arc shown in Table 2. 

Ix-21 

7. Physical Properties 
7.1 Portland cement of each of the eight types shown ir 

Section 1 shall conform to the respeCtive standard phy& 
requirements prescribed in Table 3. In addition, optiona 
physical requirements are shown in Table 4. 

8. Sampling 
8.1 When the purchaser desires that the cement 

sampled and tested to verify compliance with this s p e d @  
tion, sampling and teSting should be performed in accOp 
dance with Practice C 183. 
83 Practice C 183 is not designed for manufactknl 

quality control and are not required for rnanufactu& 
certification. 

9. Test Methods 
9.1 Determrn e the applicable properties enumerated 

this specification in accordance with the following td 
methods 

9.1.1 At Corrtmrt OfM~ftat-Test Method C 185. 

000234 
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TABlE 2 OptionalChemical AequirementrA 
land nand m d  N V Aemarlu IA ItA lllA <s CemrntType 

? ? i  

T- (W).' max. x ... ... 8 ... ... EEEZW 
Tncaloum - (W).B m8x. X ... ... 5 ... ... 

of tndalm si6wra Md trkalwm 58= forlm&7ateheat 

naabes w + 0.6=c!20). max. x 0.600 0.600 0.60 0.600 0.600 bwakas- 

... ... ... ... 
alUnmafe.8 mart. x 

9.1.2 Chemical Analysis-Test Methods C 1 14. 
9.1.3 Strength-Test Method C 109. 
9.1.4 False Set-Test Method C 45 1. 
9.1.5 Fineness by Air Permeability-Test Method C 204. 
9.1.6 Fineness by Turbidimeter-Test Method C 1 15. 
9.1.7 He& of Hydrotion-Test Method C 186. 
9.1.8 Autoclave Expamion-Test Method C 15 1. 
9.1.9 Time of Setting by Gillmore Needles-Test Method 

9.1.10 Time of Setting by V i m  Needles-Test Method 

9.1.1 1 Sdfae Resistance-Test Method C 452 (sulfate 

9.1.12 Calcium Sd'ae (expansion on Mortar-Test 

9.1.13 Optimum SOrTest Method C 563. 

C 266. 

c 191. 

expansion). 

Method C 1038. 

10. Inspection 
10.1 Inspection of the material shall be made as agreed 

upon by the purchaser and the seller as part of the purchase 
contraa 

11. Rejection 
11.1 The cement may be rejected ifit fails to meet any of 

the requirements of this spedication. 
1 1.2 Cement remaining in bulk storage at the miU, prior 

to shipment, for more than 6 months, or cement in bags in 
local storage in the hands of a vendor for more than 3 
months, after completion of tests, may be retested before use 
and may be rejected if it fails to conform to any of the 

E-22 

e;: requirements of this specification. 
1 1.3 Packages shall identify the weight as n 

Packages more than 2 % below the weight marked 
may be rejected; and if the average weight of packages in an? 
shipment, as shown by weighing 50 packages taken at 
random, is less than that marked on the packages, the entire 
shipment may be rejected. 

12. Manufacturer's Statement 
12.1 At the request of the purchaser, the manufacturer 

shall state in wxiting the nature, amount, and identity of the 
airentraining agent used, and of any proCessing addition 
that may have been used, and also, if requested, shall supply 
test data showing compliance of such airentraining addition 
With the provisions of Specification C 226, and of any such 
pn>cesmhg addition with Specification C 465. 

13. Packaging and Package Marking 
13.1 When the cement is delivered in packages, the words 

'Portland Cement," the type of cement, the name and brand 
of the manufacturer, and the weight of the cement contained 
therein shall be plainly marked on each package. When the 
cement is an airenaaining type, the words "air-entraining" 
shall be plainly marked on each package. S i  informa- 
tion shall be provided in the shipping documents accomna- 
nying the shipment of packaged o r  bulk 
packages shall be in good condition at the 
tion. 
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TABLE 3 Standard Physical Requirements 

Cement Type* I LA II IIA 111 llIA N V 

Alrmtentof m . * V d u m e * :  

Fulenes~.~ speak uataee. n?/kg (altemabve methods): 

max 12 22 12 22 12 22 12 12 
rmn ... 16 ... 16 ... 16 ... ... 

160 160 160 160 ... ... 160 160 
280 - - 280 - 

. _ _  -280 -280-- 280--- 280 -- - ... ... . ~- . -  
Tmbdmemr test. m 
&r&mmabay ' test.min- 

0.80 0.80 0.80 

... ... ... 
1800 1450- 1500- 
(12.4) (10.0) (10.3) 

1 OOO,' 

(19.3) (155) (1725 

(6.9) 
2800 2250' 2500 

1700 
(1l.r)f 

... ... ... 

60 60 60 
600 6m 600 

45 45 45 
375 375 375 

0.80 

... 
1200 

Boo 
(5.5) 
2ooo 
(138) 

(9.3) 

@.af 

135Oc' 

... 

60 
600 

45 
375 

0.80 

1800 
.(124) 
3500 
(24.1) 

... 

... 

60 
600 

45 
375 

0.80 

1450 
(10.0) 
2800 
(19.3) 

... 

... 

60 
600 

45 
375 

0.80 

... 
~ . ~ . .  
... 

loo0 
(6.9) 

2500 
(172) 

60 
600 

45 
375 

0.80 

... 
1200 
Is3 

2200 
(1 5 3  

3ooo 
m.3 

60 
600 

45 
375 
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V - --. 
, '>:?.I2 

... 

160 
280 
0.80 

1200 
(8.3) 

2200 
(152) '. 

3OoO 
(20.7) ' 

60 
6w 

45 
375 

'm of me 

V 

50 

... 

. . .  

. . .  

0.040 - 

'net or 
he time 
1pleS of 
d ~erti-  
ients of 
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4m Designaon: D 420 - 07 

Standard Guide for 
Investigating and Sampling Soil and 'Rock' 

This Mndard is irmed under the bed daignation D420: the number immediatcfy following the designation indicsta the year of 
original adomion or. in the case of e o n  the year of last e o n .  A number in p~nthaa indidater the year of last reapprod. A 
suprvript epsilon (0 indicates an editorial changc sna tbc kn midon or mappmvd 

INTRODUCIION 

Investigation, sampling, and identification of subsurface materials involve complex techniques 
accomplished by many different procedures and interpretations. These are frequently site specific 
and are influenced by geological and geographical conditions; purpose of the investigation; design 
requirements; and the background, training, and experience of the investigator. 
This guide for soil, rock, and ground water investigation and sampling, based on standard 

procedures, will lessen inconsistency and will encourage rational methods of site evaluation. An 
acceptable and consistent investigation and sampling program will help to determine the influence 
of geologic and geographic environment on subsurface conditions. 

1. Scope 
1.1 This guide identifies recognized methods by which 

soil, rock, and ground water conditions may be determined. 
The objective of the investigation should be to identify and 
locate, both horizontally and vertically, significant soil and 
rock types and ground water conditions present within a 
given site area and to establish the characteristics of the 
subsurface materials by sampling and in situ testing. Labora- 
tory testing of soil and rock samples is governed by other 
ASTM standards. 
1.2 Key Words: 
1.2.1 Site Investigations (see Practice D 3584): 
W Reconnaissance Surveys 

Subsurface Investigations 
Geological Investigations 
Eeld Investigations 

BT Explorations 
Feasibility Studies 

NT Hydrologic Investigations 
Foundation investigations 
Geophysical Investigation 

RT Soil Surveys 
Maps 
Preliminary Investigations 
Sampling 

1.3 The values stated in inch-pound units are to be 
regarded as the standard. 

2. Referenced Documents 

2.1 ASTM Standards: 
C 119 Definitions of Terms Relating to Dimension 

Stone' 

I This guidc b under tbe jurisdicrion of ASIM C4mminee B I B  on Soil and 
Rock and is thc dimx raponsibility of Subcommina D18.01 011 Surhac and 
s u b a r r h r o c R c a m ~  

Cumnt edition lppIovcd Aug 19. 1987. Published ocroba 1987. ChigmaUy 
plbliaed as D 420 - 65 T. Las~ prcVioru edidon D 420 - 69 (1979)". 

Annvol Book of ASTM Standud& VolQ4.08. 

IX-26 

C 294 Descriptive Nomenclature of Constituents of Nat- 

C 851 Practice for Estimating Scratch Hardness of Coarse 

D 75 Practice for Sampling Aggregad  
D 653 Terminology Relating to Soil, Rock, and Contained 

D 1 194 Test Method for Bearing Capacity of Soil for Static 

D1452 Practice for Soil Investigation and Samp 

D 1586 Method for Penetration Test and Split-Barrel 

D 1587 Practice for Thin-Walled Tube Sampling of Soik? 
D2113 Practice for Diamond Core Drilling for Site 

D2487 Test Method for Classification of Soils for Engi- 

D 2488 Practice for Description and Identification of Soils 

D2573 Test Method for Field Vane Shear Test in Cohe- 
sive Soil2 

02607 Classification of Peas, Mosses, Humus, and Re- 
lated Productst 

D2937 Test Method for Density of Soil In Place by the 
DriveKylinder MethodZ 

D3282 F'ractice for Qassification of So& and Soil-Ag- 
gregate Mixtures for Highway Construction PurposesZ 

D 3385 Test Method for Infiitration Rate of Soils in Field 
Using Double-Ring Infil tromed 

D3397 Methods for Triaxial Classification of Base Mate- 
rials, Soils, and Soil Mixtures4 

D3441 Test Method for Deep, Quasi-Static, Cone and 
Friaion-Cone Penetration Tests of Soil2 

D 3550 Practice for Ring-Lined Barrel Sampling of Soils 

ural Mineral Aggregates3 

Aggregate Particld 

Fluid9 

Load on Spread Footing? 

Auger Boring? 0 
sampling of soils2 

Investigation* 

neering Purposes2 

(Visual-Manual proced~re)2 

3 Annul Bm& of ASTM Sfawbrds, VolQ4.02. 
A d  Book of ASTM S~adds. VolOO.Q3. 0 
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D3584 Practice for Indexing Papers and Reports on Soil 
and Rock for Engineering Purpose$ 

D 3740 Practice for the Evaluation of Agencies Engaged in 
the Testing and/or Inspection of Sod and Rock as Used 
in Engineering Design and Construction2 

D4083 Practice for Description of Frozen Soils (vi- 
Manual Procedure)2 

D4220 Practices for Preserving and Transporting Soil 

D4427 Classification of Peat Samples by Laboratory 

G51 Test Method for pH of Soil for Use in Corrosion 

G57 Method for Eeld Measurement of Soil Resistivity 

0 
samples2 

Testing2 

Testing - - 

Using the Wenner Four-Electrode Method2 

D420 

3. Significance and Use 
3.1 An adequate soil, rock, and ground water investiga- 

tion provides pertinent information for decision making on 
one or more of the following subjects 

3.1.1 Location of the proposed construction both ved- 
cally and horizontally. 

3.12 Location and preliminary evaluation of suitable 
borrow and other local sources of construction material. 

3.1.3 Need for special excavating and dewatering tech- 

3.1.4 Investigations of dope stability in natural slopes, 

3.1.5 Conceptual selection of embadanent types, founda- 
ins for structures, and hydraulic barrier requirements. 
3.1.6 Ground water resource planning and development 

3.1.7 Identification of ground water contamination and 
development of detailed monitoring studies. 

3.1.8 Development of additional detailed subsurface in- 
vpstigations for speci6c structures or fadities 

32  A subsurface soil, rock, and ground water investiga- 
tion should provide suiliciently large soil and rock samples of 
such quality as to allow adequate testingto determine the soil 
or rock classification or mineralogic type, or both, and the 
engineering propemes pertinent to the proposed design. 

3.3 This guide is not meant to be an inflexible description 
of investigation requirements; other techniques may be 
applied as appropriate. .- 

4. Apparatus 
4.1 The type of equipment requiffd for a subsurface 

hvestigation depends upon various factors including the 
type of subsurface material, the depth of exploration, the 
Patare of the te& and the intended use of the data 

4 2  Hand Augers, Hole Diggers, Shovels. and Push Tube 
sumpien, suitable for exploration of sur6cial soils to depths 
Of3to9ft(l  to3m). 

4.3 Eo& Excavation Equipment, such as backhoes, 
draglines, and drilled pier augers (screw or bucket) to allow 

situ examination of soil deposits and sampling of mate 

niques 

-uts, and embankments. 

of detailed investigations 
0 

- -  
s containing very large particles . 

and for evaluating variations in soil and rock properties. 
5.1.1 Satellite and airrraft Spectrai mapping tools, such as 

LANDSAT, may be used to find and map the areal extent of 
subsurface materials and geologic sv~cture. Interpretation of 
aircraft photogtaphs and satellite imagery may locate and 
identify signifcant geologic features that may be indicative 
of faults and fractures. Some ground control is generally 
required to verify information derived h m  remote sensing 
data Table 13.8 of Ref. (lI5 is a useful summary of remote 
sensing capabilities. 

5.1.2 Seismic refraction/reflection and ground penetrating 
radar techniques may be used to map soil horizons and 
depth profiles, water tables, and depth to bedrock in many 
situations, with depth penetration and resolution MIying 
with local conditions. Electromagnetic induction, electrical 
resistivity, and induced polaritation (or complex resistivity) 
techniques may be used to map vaxiations in water content 
and quality, clay horizons, stratification, and depth to 
aquifer/bedrock. Other geophysical techniques such as 
gravity and magnetic methods may be usefbl under certain 
specific conditions. Crosshole shear wave velocity measure- 
ments may provide soil and rock parameters for dynamic 
analyses. 

5.4 Currently available ASTM standards on boring and 
sampling are: 

5.4.1 Practice D 1452 on auger boring. 
5.4.2 Method D 1586 on standard penetration t e a  
5.4.3 Practice D 1587 on thin walled tube sampling. 
5.4.4 Practice D 2 1 13 on diamond core drilling 
5.4.5 Test Method D 2573 on field vane shear test 
5.4.6 Test Method D 3385 on double ring infiltrometer. 
5.4.7 Method D 3441 on cone penetration tests. 
5.4.8 Practice D 3550 on ring-lined barrel sampling. 

- 

6. ExplorationPlan 
6.1 The project design and performance requirements 

must be established prior to final development of the 
exploration plan. A complete soil, rock, and ground water 
investigation should encompass the following activities 

6.1.1 Review of available information on the geologic 
history, rock, soil, and ground water conditions occurring at 
the proposed location and in the immediate vicinity of the 
site. 

6.12 Interpmtion of air-photo and other remote sensing 
data. 

6.1.3 Held rexnnaknce  for identification of sur6cial 
geologic conditions, mapping of stratigraphic exposures and 
outcrops, and examination of the performance of existing 
stru- 

6.1.4 On site investigation of the surface and subsurface 
materials by geophysical surveys, borings, or test pits. 

6.1.5 Recovery of repreSentative disturbed samples for 
laboratory classification tests of soil, rock, and local con- 
struction material. These should be supplemented by undis- 
turbed specimens suitable for the determination of those 
engineering properties pertinent to the investigation. 

tion of the position of the ground water 
table, or water tables if there is perched or artesian ground 

6.1.6 Detci 
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7. Reconnaissance of Project Area 

program is started. This includes, but is not limited to, 
topographic maps, airphotos, satellite imagery, geologic 
maps, statewide or county soil w e y s  and m i n d  resource 
surveys, and engineering soil maps covering the proposed 
project area. Reporrs of subsurface investigations of nearby 
or adjacent projects should be studied. 
NOTE I--while certain of the oldcr maps and rrpons may k 

obsoletc and of limited value in tht light of current knowicdgr, a 
comparison of the old with the new will often reveal valuable una- 
pactcd information. 

7.1.1 The United States Geological Survey and the geolog- 
ical surveys of the various states are the principal sources of 
geologic maps and reports on mineral resources and ground 
water. 

7.1.2 United States Department of Agriculture Soil Con- 
servation Service soil survey reports, where available and of 
recent date, should enable the engineer to estimate the range 
in soil profile characteristics to depths of 5 or 6 ft ( 1.5 or 2 m) 
for each soil mapped. 

NOTE 2--Each soil type has a distinctive soil profile due to age, 
parent mated, relief. climatic condition, and vegetative corn. These 
properties cm assin in identifying the various soil typs each requiring 
spcdal engincaing considerations and mament S i  engineering 
soil propenits are often found where similar soil pro& characttnstl Q 
arin. Changes in soil properties in adjacent a m s  often indicate changes 
in pamnt matcnal or reiiet 

7.2 In areas where descriptive data are limited by inade- 
quate geologic or soils maps, the soil and rock in open cuts in 
the Vicinity of the proposed project should be studied and 
various soil and rock profiles noted. Field notes of such 
studies should include data outlined in 8.4. 

7.3 Where a preliminary map covering the area of the 
project is desired, it can be prepared on maps compiled from 
airphotos showing the ground conditions. The distribution of 
the predominant soil and rock deposits likely to be enmun- 
tered during the investigation may be shown using data 
obtained from geologic maps and limited ground mnnais- 
sance. Experienced airphoto interpreters can deduce much 
subsurface data from a study of black and white, color, and 
infrared photographs because similar soil or rock conditions, 
or both, usually have similar airphoto patterns in regions of 
similar climate or vegetation. 

7.4 In areas where documentary information is insu5- 
cient, some knowledge of subsurface conditions can be 
obtained from land owners and local well drillers and 
construction people. 

NOTE &This preliminary map may k expanded into a detailed 
cnginecring map by locating all test holes, pits, and sampling stations 

7.1 Technical data should be reviewed before any field ’ 

. .  

wate@n@of the variability of that position in both short and 
long ume frames. 

6.1.7 Determination of the location of suitable foundation 
material, either bedrock or satisfactory load-bearing soils. 

6.1.8 Field identification of soil and rock types with the 
depth of their occurrence and the locations of their structural 
discontinuities. 

6.1.9 Evaluation of the performance of existing installa- 
tions, relative to their foundation material and environment 
in the immediate vicinity of the proposed site. 

and by revidng boundaries as dctamined from 
sury. 

8. Determination of Subsurface Conditions 

the individual test pit, hole, boring, or open cut examined. A 
Stratigraphic profile can be developed by detailed investiga- 
tiom where dererminations of a continuous relatio*p 
of the depths and locations of various types of soil and rock 
can be made. This phase of the investigation may be 

‘implemented by plotting logs of soil and rock exposures in 
walls of excavations or cut areas or by plotting logs of the test 
brings, or both and then interpolating between these logs 
The spacing of these investigations wil l  depend on the 
geologic complexity of the project area and on the impor- 
tance of soil and rock continuity to the project design. 
Exploration should be deep enough to identify all strata that 
might be significantly affeaed by the proposed use of the site 
and to develop the engineering data required to allow 
analysis of the items listed in Section 3 for each projexx 

8.2 Geophysical survey methods may be used to supple- 
ment borehole and outcrop data and to interpolate between 
holes. Seismic, ground penetrating radar, and electrical 
resislivity methods can be particularly valuable when distinct 
differences in the properties of contiguous subsurface mate- 
rials are indicated. 

8.2.1 The seismic refraction method is M y  useful in 
determining depth to, or rippability of, rock in locations 
whexe successively denser strata are encountered. 

82.2 The seismic reflection method is useful in 
eating geological units at depths below 10 A (3 m). It 
constrained by layers of low seismic velocity and is 
useful in areas of rapid stratigraphic change. 

82.3 The electrical d v i t y  method is similarly useful in 
determining depth to rock and anomalies in the stratigmphic 
profile, in evaluating stratilied formations where a denser 
mtum overlies a less dense stratum, and in investigation of 
prospective sand-gravel or other sources of borrow material. 
Resistivity parameters also a n  required for the design of 
grounding systems and cathodic protection for buried struc- 
tures 

82.4 The ground penetrating radar method is useful in 
defining soil and rock layers and manmade s t r u m  in the 
depth range of 1 to 30 ft (Y3 to 10 m). 

detailed Jubwtacc 
c. 

a 8.1 subsurface conditions are positively defined 

-Q) - 

Nm e-(ieopbysical investigations can be a usful guide in deter- 
mining boring or tm hole locations The intcrprrtation of geophysical 
studies should be V d i d b y  brings ortcsl ~ e a V a t i O n r  

8.3 The depth of exploratory borings or test pits for 
roadbeds, airport paving, or vehicle parking areas should be 
to at least 5 ft ( 1.5 m) below the proposed subgrade elevation. 
Special circumstances may increase this depth. Sorings for 
stmctuts or embankments should extend below the level of 
significant influence of the proposed load as determined by a 
subsurface stress analysis. 

8.3.1 When drainage may be influenced by either per- 
vious water-bearing materials or impervious materials that 
can block internal drainage, brings should extend 
into these materials sufficiently to determine those 
neering and geologic properties relevant to the p 
design. 
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8.3.2 In all borrow areas the borings or test pits should be 
icient in number and depth to outline the required * tities of material meeting the specified quality require- 

ments. 
8.3.3 Where frost penetration must be considered in the 

behavior of soil and rock, borings should extend significantly 
below the depth of maximum frost penetration. 

8.4 -Exploration records shall be kept in a sj%tematic 
manner for each project. Such records shall include: 

8.4.1 Description of each site or area investigated. Each 
test hole, boring, test pit, or geophysical test site shall be 
clearly located (horizontally and vertically) with reference to 
some established coordinate system, datum, or permanent 
monument 

8.4.2 Logs of each test hole, boring, test pit, or cut surface 
exposure in which the field description and location of each 
material encountered is clearly shown either by symbol or 
word description. 

Nm S 4 o l o r  photographs of rock cores, soil sampics, and exposcd 
strata may k of considdle value. Each photograph should include an 
identifying number or symbol, a date, and a d c .  

8.4.3 Identification of all soils based on Practice D 2488, 
Qassification D 2607, or Practice D 4083. Identification of 
rock materials based on Definitions of Terms C 119, De- 
scriptive Nomenclature C 294, or Practice C 85 l. Cladica- 
tion of soil materials is discussed in Section 10. 

8.4.4 Seepage and water-bearing zones and piezometric 
?levations found in each test hole, boring, or test pi t  

8.4.5 In situ test mulq where required, such as the 
netration resistance or vane shear tests discussed in 9.3, 

plate load tests; or other in situ tests for engineering 
properties of soils or rock. 

8.4.6 Percentage of core recovery and rock quality desig- 
nation in core drilling as outlined in 9.3.5. 

8.4.7 Graphical presentation of field and laboratory data 
and its interpretation facilitates comprehensive under- 
standing of subsurface conditions 

9. Sampling and In Situ Testing 
9.1 Obtain representative samples of each subsurface 

 mate^ that is significant to the project design and construc- 
tion. The Size and type of sample required is dependent upon 
the tests to be performed and the percentage of coarse 
particles in the sample. 

Nm &The size of disnukd or bulk samples for routine tcsu may 
vary at the disuction of the gcatechnical investigator, but the following 
quantities are suggested as suitable far most materials (a) V i  
eEdrcifieation-50 to 500 g (2 az to I lb); (b) Soil constants and pardcle 
size of/non-gravdy soil-500 g to 2 5  kg (I to 5 bh (c) soil 
ampaction tests a d  sicvc anatysis ofgravelly soils--20 to 40 kg(40 to 
80 lb); (d )  Aggregate man- oraggrrgatc propaCics -50 to 
ux) kg (100 to 400 ib). 

9.2 Accurately identify each sample with the boring, test 
hole, or testpit aumber and depth below reference ground 
surface from which it was taken. place a waterproof idena- 

tion tag inside the container, securely close the container, 
otect it to withstand rough handling, and mark it with .-p. identification on the outside. Keep samples for 

natural moisture deduation in seaied containers to 
pnvcnt moisture losr When drying of samples may deet 
dasrification or engineering promties test fesuly protect 

m 

them to minimize moisture loss. Practices D422O address 
the transportation of samples from field to laboratory. 

9.3 Recommended ASTM procedures for in situ sampling 
and testing are as follows 

9.3.1 Practice D 75 describes the sampling of coarse and 
fine aggregates for the preliminary investigation of a poten- 

9.3.2 Test Method D 1194 describesthe estimation of the 
bearing capacity of soil in place by means of field loading 
tests. The results can be useful for design of spread footings 
based on static loading conditions. The load test should be 
performed in conjunction with other field tests, generally in 
accordance with Method D 1586 or Method D 3441, to 
allow a determination of the applicability of the results. 

9.3.3 Practice D 1452 describes the use of augers in soil 
investigations and sampling where disturbed soil samples can 
be used. This procedure is also valuable in connection with 
ground water exploration. Depths of auger investigations are 
limited by ground water conditions, soil characteristics, and 
equipment used. 

9.3.4 Method D 1586 describes a procedure to obtain 
representative soil samples for identification and classifica- 
tion laboratory tests and to measure the resistance of the soil 
to penetration by a standardized sampler. 

9.3.5 hctice D 1587 describes a procedure to recover 
relatively undisturbed soil samples suitable for laboratory 

9.3.6 Practice D 21 13 describes a procedure to recover 
intact samples of rock and certain soils too hard to sample by 
Method D 1586 or Practice D 1587. 

9.3.7 Practice D3550 describes a procedure to recover 
moderately dim- representative samples of soil for 
classification testing and in some cases shear or consolidation 
testing. 

9.3.8 Test Method D 2573 describes a procedure to mea- 
sure the in situ unit shear resistance of cohesive soils by 
rotation of a four-bladed vane in a horizontal plane. 

9.3.9 Test Method D2937 describes a procedure for 
pushing a thin-wall tube 4 to 6 in. (100 to 150 mm) into a 
soil mass to recover a relatively undisturbed sample of 
known volume allowing the measurement of wet or total 
density and MW moisture content 

9.3.10 Test Method D 3385 describes a procedure for field 
measurement of the infiltration rate of soils. Water under a 
constant head is allowed to seep into the top surface of a 
ked soil area and the volume rate of inflow into a known 
volume of soil is m d  

9.3.1 1 Method D 3441 d m i  the determination of the 
end bearing and side fiction components of the resistance to 
penetration of a conical penetrometer into a soil mass. 

9.3.12 Method G57 describes the measurement of the 
electrical resistivity of a soil masf A Wenner fourelectrode 
configuration is used. 

NOTE 743therin situtestproadurrsarckingprepared by AsT)rl 
comminct D18. 

- t ia l  source ofsupply. - - 

testing. 

10. Qassifcation of Earth Materials 
10.1 Identify samples of soil and rock after submission to 

the laboratory for identification and clasification tests in 
accordance with one or more of the following standards or 
applicable references (2 through 11). or both. 
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10.1.1 Descriptive Nomenclature 294. 
10.1.2 Test Method D 2487. 
10.1.3 Practice D 3282. 
10.1.4 Method D 3397. 
10.1.5 Practice D 2488. 
10.1.6 Practice D4083. 
10.1.7 Classification D 4427. 

D420 

k b g  in the field of geotechnical engineering and f e  
with the purpose, conditions, and requirements of the stud.' 

cepts must be combined with a knowledge of geotec 
engineering or hydrogeology to make a complete appli 

Soil mechanics, rock mechanics, and geomorphologi 

of the results of the soil, rock and ground water investigd- 
tion. Complete design recommendations may require a more 
detailed study than that envisioned by this guide. 

13. Report 

clude: . . I (. 

I 

11. Subsnrface Profile 
1 1.1 Delineate subsurface profiles only from actual 

geophysical, test-hole, test-pit, or cut-surface data. Interpola- 
tion between locations should be made on the basis 

13.1 The- report if a investigation shall in- 

of 13.1. btion of the investigated in terms pertinent 

located, as as geomorphological data relevant to the 
of the various soil and rock types. such data 

includes elevation contours, streambeds, sink holes, clifk 

availab1e geologic 
clearly identified. The of geophysical techniques as on 

Of the area and be to the pro jm may include maps or aerial photos 
the test pits, bore hole and sample areas are dixussed in 8.2 is a valuable aid in such interpolation. 

Geophysical survey data should be identified separately from 
sample data or in situ test data. 

12. Interpretation of Results 
12..1 Interpret the results of an investigation in terms of 

actual findings and make every effort to collect and include 
all field and laboratory data from previous investigations in 
the same area Extrapolation of data into local areas not 
surveyed and tested should be made only for conceptual 
studies. Such extrapolation can be done only where geologi- 
cally uniform subsurface disposition of soil and rock is 
known to exist on the basis of other data. Engineering 
properties of the soil and rock encountered on important 
projects should not be predicted solely on field identification 
or classification but should be verified by laboratory tests 
made on samples collected in accordance with Section 9 or 
by in situ testing, or both. 

12.2 The recommendations for design parameters can be 
made only by professional engineers or geologists special- 

and the like. Where feasible, include in the report a geologic 
map or an agronomic soils map, or both, of the area 
investigated 

13.1.2 Describe the hvdgation procehures and include 
copies of all brings and testhole logs, all laboratory test 
results, and graphical interpretations of the geophysical 
measurements. 

13.1.3 Include cross &ons delineating the extent of the 
matigraphic units and note anomalies or otheNvise sign& 
cant conditions. 

13.1.4 Describe and relate the findings obtained under 
Sections 7, 8, and 12, using the subhead titles for the 
m v e  sections 
14. Precision and Bias 

precision and bias statement is not applicable. 
14.1 This guide provides qualitative data odr, therefoR7 

(1) Recvcs R G.. Anson, A.. and Ianden. D.. cds, Manual of Remote 
h s i n g ,  2nd Ed., American Society of Photogramctry. Falls 
church, V k  

(2) Hvonlev. M. J, SubsurtBa Exploration and Sampling of Soils" 
Engineering Foundation, New Y o 4  1948. 

(3) YhssXxation of Rocks," Colorado School of Mines, VoL SO. No. 
1. 1955, 

(4) Higgins M. W., 'Catadastic Rody" US. Geological S u m y  
Professional Papa 687. 1971. 

(5) H o w 4  J. V, and Wella, J. M.. ais.. Yilossary of Geology," 
Amaican Geological InnitUte. Washington, DC 1972. 

(6) Wabk H. E. ed. -In Situ Measurrmcnt of Soil Ropacics," Arr 
Specidly Conference of the Georechnicuf Engineering Division, 

NC State Univ, Rakigh, NC, 1975. 

(7) ASCE Manual No. 56, Subsurtacc Investigation for Design and 
Conmuction of Foundations of build in^" American Society of 
Civil Enginan. Nm Yo& NY. 1976. 

(8) Dowding, C. H, d, Site charactenza . tion and Exploxatios" 
Rm Sperialty Workshop, A X E ,  Northwatcrn Univ., Evamon, 
IL 1978. 

(9) M o i  K, ai., %ate of the An on Cumnt W a c  of Soil 
Sampling," Roc. Intenmwd Symjwsiwn of Soil Sampling, Int 
Soc Soil M& and Foundation Ensintaing New Yo* NY, 
1979. 

(10) Alsud. S. A. 'Engincuing Geophysia" BuL AEG. VoL XIX, No. 
2. 1982. 

(11) Txautman. C H., and Kuihawy, F. H, 'Data Sourees for Engi- 
ncaing Geologic Studies," BuL AEG. VoL XX, No. 4, 1983. 
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4# Designation: D 422 - 63 (Reapproved 1990)e1 
m c. 3 4  

Standard Test Method for 
Particle-Size Analysis of Soils' 
This swdard is isur;d under the fixed designation D 422: the number immediately following the designation indicates the year of 
original adoption or. in l h e  of revidoh the Y t a r  Of kt revision. A number in parentheses indicates the year of lan reapproval. A 

.- -- - ~ . supmcript epsilon (e) indicates an editorial c@gc sina t&h.rcyision or.rcapproval. ~ _ -  
~- 

~ . - - -  ~ 

" Non--Seclion 19 was added editorially in September 1990. 

1. scope 
1;l This test method covers the quantiktive determina- 

tion of the distribution of particle sizes in soils. The 
distribution of particle Sizes larger than 75 pm (retained on 
the No. 200 sieve) is determined by sieving, while the 
distribution of particle sizes smaller than 75 pm is deter- 
mined by a sedimentation process, using a hydrometer to 
secure the necessary data (Notes 1 and 2). 
NOTE I-Separation may be made on the No. 4 (4.75-mm), No. 40 

(425ym). or No. 200 (75-pm) sieve instead of the No. IO. For whatever 
sieve used, the size shall be indicated in the report 

NOTE 2-Two types of dispersion devices are provided: (I) a 
high-speed mechanical Stimr. and (2) air dispenion. Extenuve invesu- 
gations indicate that airdispersion devices produce a more positive 
dispersion of plastic soils below the 2O-pm size and appreciably less 
degradation on all sizes when used with sandy soils. Because of the 
definite advantages favoring air dispersion, its use is recommended. The 
d t s  from the two types of devices differ in magnitude, dependng 
upon soil type, leading to marked differenas in panicle size dinribu- 
tion, especially for sizes finer than 20 pm. 

2. Referenced Documents 
2.1 ASTM Slandards: 
D421 Practice for Dry Preparation of Soil Samples for 

Particle-Size Analysis and Determination of Soil 
Constants2 

E 11 Specification for Wire-Cloth Sieves for Testing 
Purposes3 

E 100 Specification for ASTM Hydrometers4 

3. Apparatus 
3.1 Balances-A balance sensitive to 0.0 1 g for weighng 

the material passing a No. 10 (2.00-mm) sieve, and a balance 
sensitive to 0.1 9% of the mass of the sample to be weighed for 
weighing the material retained on a No. 10 sieve. 

3.2 Stirring Apparatus-Either apparatus A or B may be 
use;d 

3.2.1 Apparatus A shall consist of a mechanically oper- 

'This tat wthod is under the juridiction of AS'Thl cmmincc D 1 8  on Soil 
and Rod: and is the d i m t  responsibility of Subcommitwe D18.03 on Texture, 
pbaidty, and Density (2mmXam . 'aofSoik 

Cumnt edition apprwed Nov. 21. 1963. Originally published 1935. Replam 
D 422 - 62. 

Annual Book qfAszM ~randardc. Vol04.08. 
Vol 14.02 

&u&rd& vol 14.03. 
' Annual Book of ASTM 
' Annual Book of 

ated stirring device in which a suitably mounted electric 
motor turns a vertical shaft at a speed of not less than 10 OOO 
rpm without load. The shaft shall be quipped with a 
replaceable stirring paddle made of metal, plastic, or hard 
rubber, as shown in Fig. 1. The shaft shall be of such length 
that the stirring paddle will operate not less than 3/4 in. (19.0 
mm)mor more than 1Y2 in. (38.1 mm) above the bottom of 
the dispersion cup. A special dispersion cup conforming to 
either of the designs shown in Fig. 2 shall be provided to hold 
the sample while it is being dispersed. 

3.2.2 Apparatus B shall consist of an air-jet dispersion 
cup' (Note 3) conforming to the general details shown in Fig. 
3 (Notes 4 and 5) .  

NOTE 3-The amount of air required by an air-jet dispersion cup is 
of the order of 2 ft3/'/min; some small air compressors are not capable of 
supplying sufficient air to operate a cup. 
NOTE 4-Another air-type e o n  device, known as a disperson 

tube, developed by Chu and Davidson at Iowa State College, has been 
shown to give results equivalent to those secured by the air-jet dispersion 
cups. When it is used, soaking of the sample can be done in the 
sedimentation cylinder, thus eliminating the need for transfening the 
slurry. When the air-dspemon tube is used, it shall be so indicated in 
the rem 

NOTE 5-Water may condense in air lines when not in use. This 
water must be removed, either by using a water trap on the air line, or by 
blowing the water out of the line before using any of the air for 

3.3 Hydromew-An ASTM hydrometer, graduated to 
read in either specific gravity of the suspension or grams per 
litre of suspension, and conforming to the requirements for 
hydrometers 151H or 152H in Specikations E 100. Dimen- 
sions of both hydrometers are the same, the scale being the 
only item of difference. 

3.4 Sedimentation Cylinder-A glass cylinder essentially 
18 in. (457 mm) in height and 2Yz in. (63.5 mm) in diameter, 
and marked for a volume of IO00 mL. The inside diameter 
shall be such that the 1OOO-mL mark is 36 & 2 cm from the 
bottom on the inside. 

3.5 Thermometer-A thermometer accurate to 1°F 
(OSOC). 

3.6 Sieves-A Series of sieves, of square-mesh woven-* 
cloth, conforming to the requirements of Specification E 1 1. 
A full set of sieves includes the following (Note 6): 

diSpeKiO0 QUrpOSeS. 

' ~aailed wo*g drawings for this cup arc awaiiable at a nominal COR b m  
the A m m a  sodety for Testing and Mamiak 1916 Race SL. PhWeIphia PA 
19103. Orda Adjunct No. 12404220-00. 
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p 3 / 4 = - j  
LNO. is 8 w GO = 0.049' 

Sin. (75-mm) 
2-in. (50-mm) 
I'Gi. (37.5-m) 

%-in. (19.0-mm) 
%in. (9.5-mm) 
No. 4 (4.75-mm) 

I-in. (25.0-mm) 

Metric Equivalentt 

in. 0.001 0.049 0.203 'h Y. 
mm 0.03 1 2 4  5.16 12.7 19.0 

FIG. 1 Detail of Stimng Paddles - 

No. 10 (2.00-mm) 
No. 20 ( 8 5 k m )  
No. 40 (425-pm) 
No. 60 (25CLpm) 
No. 140 (IO&pm) 
No. 200 (75ym) 

NOTE 6-A set of sieves giving uniform spacing of points for the 
graph. as required in Section 17, may be used if desind. This m con- 
of the following sieves 

>in (75-mm) 
1%-in. (37.5-mm) 
Y'in. (19.0-mm) 
Kin. (9.5-mm) 
No. 4 (4.75-mm) 
No. 8 (2.36mm) 

NO. 16 (1.18-mm) 
No. 30 ( W m )  
No. 50 ~3OO-wn) 
NO. 100 ( I S k r n )  
No. 200 (75ym) 

3.1 Water Bah or Constant-Temperamre Room-A 
water bath or constant-temperature room for maintaining 
the soil suspension at a constant temperature during the 
hydrometer analysis. A satisfactory water tank is an insulated 
tank that maintains the temperature of the suspension at a 
convenient constant temperature at or near 68'F (20'C). 
Such a device is illusmted in Fig. 4. In cases where the work 
is performed in a room at an automatically controlled 
Constant temperature, the water bath is not necasary. 

3.8 Beaker-A beaker of 250-mL capacity. 
3.9 Timing Device-A watch or clock with a second 

hand 

4. Dispersing Agent 
4.1 A solution of sodium hexametaphosphate (sometimes 

called sodium metaphosphate) shall be used in distilled or 
demineralized water, at the rate of 40 g of sodium 
hexametaphosphatefitre of solution (Note 7). 

NOTE 7-Solutions of this sals if acidic, slowly reven or hydrolyze 
back to the orthophosphate form with a redrant decrrase in dispnmve 
action. Solutions should be prepared fiequently (at least once a month) 
or adjusted to pH of 8 or 9 by means of sodium Carbo~te. Bottles 
containing solutions should have the date of pnparation marked on 
them. 

4.2 All water used shall be either distilled or 
demineralized water. The water for a hydrometer test shall 

M e M c E q u i  

in. 1 3  2.6 3.75 
m 33 66 952 

FIG. 2 D i i t s i o n  Cups of Apparatus 

be brought to the temperature that is expected to prevail 
during the hydrometer test. For example, if the sedimenta- 
tion cylinder is to be placed in the water bath, the distilled or 
demineralized water to be used shall be brought to the 
temperature of the controlled water bath; or, if the sedimen- 
tation cylinder is used in a mom With controlled tempera- 
ture, the water for the tesf shall be at the temperature of the 
room. The basic temperature for the hydrometer test is 6 8 T  
(20°C). Small variations of temperature do not introduce 

prevent the use of corrections derived as prescxi 
differences that are of practical significance 

JX-32 000245 



t 

e# D422 

a P n  

CROSS SECTION 
CUP A 

.- 

FIG. 3 Air-Jet Dispersion Cups of Apparatus B 

5. Test Sample 
5.1 Prepare the test sample for mechanical analysis as 

outlined in Practice D 421. During the preparation proce- 
dure the sample is divided into two portions. One portion 
contains only particles retained on the No. 10 (2.00-mm) 
sieve while the other portion contains only particles passing 
the No. 10 sieve. The mass of airdried soil selected for 
purpose of tests, as prescribed in Practice D 42 1, shall be 
sufficient to yield quantities for mechanical analysis as 
follows: 

5.1.1 The size of the portion retained on the No. 10 sieve 
shall depend on the maximum size of particle, according to 
the following schedule: 

Nominal Diameter of 
Larsen panida. 
in (mm) 
H (9.5) 
314 (19.0) 

1 (25.4) 
1% (38.1) 
2 (so.8) 
3 (762)  

Approximate Minimum 
Maa of Portio& g 

500 
1000 
2000 
3ooo 
4Ooo 
5ooo 

5.1.2 The size of the portion passing the No. 10 sieve shall 
be approximately 1 15 g for sandy soils and approximately 65 
g for silt and clay soils. 

5.2 Provision is made in Section 5 of Practice D 421 for 
weighing of the airdry soil selected for purpose of tests, the 
separation of the soil on the No. 10 sieve by dry-sieving and 
washing, and the weighing of the washed and dried fraction 
retained on the No. 10 sieve. From these two masses the 
percentages retahed and passing the No. 10 sieve can be 
calculated in accordance with 12.1. 

NOTE 8-A check’on the map values and the thoroughness of 
pulverization of the clods may k saynd by weighing the portion 
passing the No. 10 sieve and adding this value to the mass of the washed 
and ovendried portion mained on the No. 10 sieve. 

SIEVE ANALYSIS OF PORTlON RETAINED ON NO. 10 
(2.00-mm) s m  

6. Procedure 
6.1 Separate the pomon retained on the No. 10 (2.00- 

mm) sieve into a series of fractions using the Sin. (75-mm), 

6 f 

--r-------- 

Metric Equivalent. 

in. ’/a 1 3 6% 14 37 
mm 222 25.4 762 1 5 8 2  356 940 

FIG. 4 Insulated Water Bath 

2-in. (50-mm), 1 Y2-in. (37.5-mm), I-in. (25.0-mm), 3h-in. 
(19.0-mm), 3/sin. (9.5-mm), No. 4 (4.75-mm), and No. 10 
sieves, or as many as may be needed depending on the 
sample, or upon the specifications for the material under 
test. 

6.2 Conduct the sieving operation by means of a lateral 
and vertical motion of the sieve, accompanied by a jarring 
action in order to keep the sample moving continuously over 
the surface of the sieve. In no case turn or manipulate 
hgments in the sample through the sieve by hand. Continue 
sieving until not more than 1 mass % of the residue on a 
sieve passes that sieve during. 1 min of Sieving When 
mechanical sieving is used, test the thoroughness of sieving 
by using the hand method of sieving as described above. 

6.3 Determine the mass of each fraction on a balance 
conforming to the requirements of 3.1. At the end of 
weighing, the sum of the masses retained on all the sieves 
used should equal closely the original m a s  of the quantity 
sieved. 
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''iiYDROMETER AND SIEVE ANALYSIS OF PORTION 
PASSING THE NO. 10 (2.00-mm) SIEVE 

7. Determination of Composite Correction for Hydrometer 
Reading 

7.1 Equations for percentages of soil remaining in suspen- 
sion, as given in 14.3, are based on the use of distilled or 
demineralized water. A dispersing agent is used in the water, 
however, and the specific gravity of the resulting liquid is 
appreciably greater than that of distilled or demineralized 
water. 

7.1.1 Both soil hydrometers are calibrated at 6 8 T  (20'C). 
and variations in temperature from this standard tempera- 
ture produce inaccuracies in the a d  hydrometer readings. 
The amount of the inaccuracy increases as the variation 
from the standard temperature increases. 

7.1.2 Hydrometers are graduated by the manufacturer to 
be read at the bottom of the meniscus formed by the liquid 
on the stem. Since it is not possible to secure readings of soil 
suspensions at the bottom of the menixus, readings must be 
taken at the top and a correction applied. 

7.1.3 The net amount of the corrections for the three 
items enumerated is designated as the composite correction, 
and may be determined experimentally. 

7.2 For convenience, a graph or table of composite 
corrections for a series of 1' temperature differences for the 
range of expected test temperatures may be prepared and 
used as needed. Measurement of the composite corrections 
may be made at two temperatures spanning the range of 
expected test temperatures, and corrections for the interme- 
diate temperatures calculated assuming a straight-line rela- 
tionship between the two observed values. 

7.3 Prepare lo00 mL of liquid composed of distilled or 
demineralized water and dispersing agent in the same 
proportion as will prevail in the sedimentation (hydrometer) 
test. Place the liquid in a sedimentation cyclinder and the 
cylinder in the constant-temperature water bath, set for one 
of the two temperatures to be used. When the temperature of 
the liquid becomes constant, insert the hydrometer, and, 
after a short interval to permit the hydrometer to come to the 
temperature of the liquid, read the hydrometer at the top of 
the meniscus formed on the stem. For hydrometer 15 1H the 
composite correction is the difference between this reading 
and one; for hydrometer 152H it is the difference between 
the reading and zero. Bring the liquid and the hydrometer to 
the other temperature to be used, and secure the composite 
correction as before. 

8. Hygroscopic Moisture 
8.1 When the sample is weighed for the hydrometer test, 

weigh out an awiliary portion of from 10 to 15 g in a small 
metal or glass container, dry the sample to a constant mass in 
an oven at 230 & 9'F (1 10 f YC), and weigh again. Record 
the masses. 

9. Dispersion of Soid Sample 
9.1 When the soil is mostly of the clay and silt sizes, weigh 

out a sample of airdry soil of approximately 50 g. When the 
soil is mostly sand the sample should be approximately 100 

, 
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9.2 Place the sample in the 250-mL beaker and cover w 
125 mL of sodium hexametaphosphate solution (40 g/ 
Stir until the soil is thoroughly wetted. Allow to * . for - -  
least 16 h. 

further, using either Stirring apparatus A or 
9.3 At the end of the soaking period, S s p e e  

apparatus A is used, transfer the soil - water slurry from 
beaker into the special dispersion cup shown in Fig. 
washing any residue from the beaker into the cup Y 
distilled or demineralized water (Note 9). Add distilled 
demineralized water, if necessary, so that the cup is m 
than half full. Stir for a period of 1 min. 

NOTE 9-A largc Site Syringe is a convenient device for handling 
water in the washing operation. Other devices include the wash-w 
bottle and a hosc wth node  connected to a pressurized distilled w 
tank. 

9.4 If Stirring apparatus B (Fig. 3) is used, remove 
cover cap and connect the cup to a compressed air suppl) 
means of a rubber hose. A air gage must be on the I 
between the cup and the control valve. Open the con 
valve so that the gage indicates 1 psi (7 P a )  pressure (h 
10). Transfer the soil - water slurry from the beaker to 
air-jet dispersion cup by washing with distilled 
demineralized water. Add distiued or demineralized wate 
necessary, so that the total volume in the cup is 250 mL, 
no more. 

NUTE 10-The initial air pressure of 1 psi is required to ~ C D I  
soil - water mixture from entering the air-jet chamber when the 
is transfnd to the dispersion cup. 

9.5 Place the cover cap on the cup 

Disperse the soil according to the 
control valve until the gage pressure is 20 

Dispnmon 
Plastinry ladex min 

Under 5 5 
6 to 20 IO 
over 20 I5 

Soils containing large percentages of mica need be dispe~ 
for only 1 min. After the dispersion period, reduce the E 
pressure to 1 psi preparatory to transfer of soil - water sli 
to the sedimentation cylinder. 

10. Hydrometer Test 
10.1 Immediately after dispexsion, transfer the soil - w 

sluny to the glass sedimentation cylinder, and add disti 
or demineralized water until the total volume is lo00 m. 

10.2 Using the palm of the hand over the open end of 
cylinder (or a rubber stopper in the open end), turn 
cylinder upside down and back for a period of 1 mir 
complete the agitation of the slurry (Note 11). At the e n c  
1 min set the cylinder in a convenient location and t 
hydrometer readings at the following intervals of t 
(measured from the beginning of sedimentation), or as m 
as may be needed, depending on the sample or the specif 
tion for the material under test: 2, 5,  15, 30, 60, 250, . 
1440 min. If the controlled water bath is use4 the sedin 
tation cylinder should be placed in the bath between thc 
and 5-min readings. 

NOTE 11-The number of turns during this 
approximately 60, counMg the turn upside down and 
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MY soil remaining in the bottom of the cylinder during the fim fm 
should be loosened by vigorous shaking of the cylinder while it is 

in &e invertcd position. 

TABLE 1 Values of Correction Factor, a, for Different Specific 
Gravities of Soil Particles’ 

specific- carecbon Facta* 

h 10.3 When it is desired to take a hydrometer reading, 2.95 0.99 
cafffully insen the hydrometer about 20 to 25 s before the 
d n g  is due to approximately the depth it will have when 
the reading is taken. As soon as the reading is taken, carefuliy 

2.90 
2.85 
2.80 
2.75 

0.95 
0.96 
0.97 
naa _ _  -._- 

Emove the hydrometer and place it with a spinning motion 2.70 0.99 
2.65 1.00 

1.01 2.60 - -~ _- in a graduate of clean distilled or demineralized water. 
- _ -  - 

NOTE 12-11 is important to remove the-hydromete~immedhtediately 2 s  1.02 
&r each reading. Readings shall k taken at the top of the meniscus 
formed by the suspension around the stem, since it is not possible to 
ycure readings at the bottom of the meniscus. 

10.4 After each reading, take the temperature of the sus- 
pension-by inserting the thermometer into the suspension. 

11. Sieve Analysis 
1 1.1 After taking the final hydrometer reading, transfer 

the suspension to a No. 200 (75ym) sieve and wash with tap 
water until the wash water is clear. Transfer the material on 
the No. 200 sieve to a suitable container, dry in an oven at 
230 f 9’F ( 1  10 2 5’C) and make a sieve analysis of the 
portion retained, using as many sieves as desired, or required 
for the material, or upon the specititation of the material 
under test. 

CALCULATIONS AND REPORT 

12. Sieve Analysis Values for the Portion Coarser than the 
No. 10 (2.00-mm) Sieve 

12.1 Calculate the percentage passing the No. 10 sieve by 
dividing the m a s  passing the No. 10 sieve by the mass of soil 
originally split on the No. 10 sieve, and multiplying the result 
by 100. To obtain the m a s  passing the No. 10 sieve, subtract 
the mass retained on the No. 10 sieve from the original mass. 

12.2 To secure the total mass of soil passing the No. 4 
(4.75-mm) sieve, add to the mass of the material passing the 
No. 10 sieve the m a s  of the fraction passing the No. 4 sieve 
and re&& on the No. 10 sieve. To secure the total mass of 
soil passing the %-in. (9.5-mm) sieve, add to the total mass of 
soil passing the No. 4 sieve, the mass of the fraction passing 
the 3/~in. sieve and retained on the No. 4 sieve. For the 
remaining sieves, continue the calculations in the same 
manner. 

12.3 To determine the total percentage passing for each 
sieve, divide the total m a s  passing (see 12.2) by the total 
mass of sample and multiply the result by 100. 

13. Hygroscopic Moisture Correction Factor 
13.1 The hydroscopic moisture correction factor is the 

ratio between the m a s  of the oven&& sample and the 
airdry m a s  before drying. It is a number less than one, 
except when there is no hygroscopic moisture. 

14. Percentages of Soil in Suspension 
14.1 Calculate the ovendry m a s  of soil used in the 

hydrometer analysis by multiplying the airdry mass by the 
hygroscopic moisture ColTeCtion factor. 

14.2 Calculate the mass of a total sample represented by 
e mag of soil used in the hydrometer test, by dividing the 

vendy mass used by the percentage passing the No. 10 

D 

P 

2.50 1 .m 
2.45 1.05 

*Fauseaequatmnfor~taged~femammgrnJuspewonwhenuYng 
HyQaneter 152H. 

(2.00-mm) sieve, and multiplying the result by 100. This 
value is the weight W in the equation for percentage 
remaining in suspension. 

14.3 The percentage of soil remaining in suspension at the 
level at which the hydrometer is measuring the density of the 
suspension may be calculated as follows (Note 13): For 
hydrometer 1 5 1 H. 

P = [( 100 ooO/W) x G/(G - G,)](R - GI) 
NOTE 13-The bracketed pomon of the equation for hydrometer 

ISlHkconstaat forasenesofreadingsandmaybecalculatedfintand 
then multiptied by the portion in the parentheses. 

For hydrometer 152H: 

where: 
a = correction faction to be applied to the reading of 

hydrometer 152H. (Values shown on the scale are 
computed using a specific gravity of 2.65. Correction 
factors are given in Table l), 

P = percentage of soil remaining in suspension at the level 
at which the hydrometer m e a s w  the density of the 
suspension, 

R = hydrometer reading with composite correction a p  
plied (Section 7), 

W = ovendxy mass of soil in a total t a t  sample repre- 
sented by mass of soil dispersed (see 14.2), g, 

G = specific gravity of the soil particks, and 
G, = specific gravity of the liquid in which soil particles are 

suspended. Use numerical value of one in both 
instances in the equation. In the fist instance any 
possible variation produces no significant effect, and 
in the second instance, the composite c o d o n  for R 
is based on a value of one for G,. 

P = (Ru/W) x 100 

15. Diameter of Soid Partides 
15.1 The diameter of a particle corresponding to the 

percentage indicated by a given hydrometer reading shall be 
calculated according to Stokes’ law (Note 14), on the basis 
that a particle of this diameter was at the surface of the 
suspension at the beginning of sedimentation and had settled 
to the level at which the hydrometer is measuring the density 
of the suspension. According to Stokes’ law: 

D = d[30n/980(G - GI)] x L/r 
where: 
D = diameter of particle, mm, 
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n = coefficient of viscosity of the suspending medium (in 

this case water) in poises (varies with changes in 
temperature of the suspending medium), 

L = distance from the surface of the suspension to the 
level at which the density of the suspension is being 
measured, an. (For a given hydrometer and sedimen- 
tation cylinder, values vary according to the hydrom- 
eter readings. This distance is known as effective 
depth (Table 2)), 

T = interval of time from beginning of sedimentation to 
the taking of the reading, min, 

G = specific gravity of soil particles, and 
G, = specific gravity (relative density) of suspending me- 

dium (value may be used as 1.OOO for all practical 
PUrpOS=). 

NOTE 14-Sine Stokes’ law considers the terminal velocity of a 
single sphm falling in an infinity of liquid, the sizes calculated represent 
the diameter of spheres that would fall at the same rate as the soil 

15.2 For convenience in calculations the above equation 

panids 

may be written as follows: 

where: 
K = constant depending on the temperature of the suspen- 

sion and the specific gravity of the soil particles Values 
of K for a range of temperatures and specific gravities 
are given in Table 3. The value of K does not change for 
a series of readings constituting a test, while values of L 
and Tdo vary. 

15.3 Values of D may be computed with suflicient accu- 

NOTE 1 %TI.- value of L is divided by 7 using the A- and B-scales 
the square mot being indicated on the D-scale. Without ascertaining the 
value of the square root it may be multiplied by K, using either the C- or 
CI-scale. 

D = KKF 

racy, using an ordinary IO-in. slide rule. 

16. Sieve Analysis Values for Portion Finer than No. 10 

16.1 Calculation of percentages passing the various sieves 
used in sieving the portion of the sample from the hydrom- 
eter test involves several steps. The first step is to calculate 
the m a s  of the fraction that would have been retained on the 
No. 10 sieve had it not been removed. This mass is equal to 
the total percentage retained on the No. 10 sieve (100 minus 
total percentage passing) times the mass of the total sample 
represented by the m k  of soil used (as calculated in 14.2), 
and the result divided by 100. 

16.2 Calculate next the total mass passing the No. 200 
sieve. Add together the hctional mases retained on all the 
sieves, including the No. 10 sieve, and subtract this sum from 
the mass of the total sample (as calculated in 14.2). 

16.3 Calculate next the total masses passing each of the 
other sieves, in a manner similar to that given in 12.2. 

16.4 Calculate last the total percentages passing by di- 
viding the total mass passing (as calculated in 16.3) by the 
total mass of sample (as calculated in 14.2), and multiply the 
result by 100. 

(2.00-mm) Sieve 

17. Graph 
17.1 When the hydrometer analysis is perfomed, a graph 

TABLE 2 Values ol Effective Depth Based on Hydrometer a1 
Sedimentation Winder of swcihed Sired 

1 .ooo 
1.001 
1 .w2 
1.003 
1 .a 
1.005 

1 -006 
1.007 
1 .m 
1.009 
1.010 

163  
16.0 
15.8 
15.5 
152 
15.0 

14.7 
14.4 
142 
13.9 
13.7 

L.  an 
16.3 
16.1 
16.0 
15.8 
15.6 
155 

15.3 
152 
15.0 
14.8 
14.7 

- Reading L.m 
31 l l i  
32 11.1 
33 10.c 
34 10.7 
35 10.E 

36 104 
37 10; 
38 10.; 
39 9.9 
40 9.7 

1 -01 1 13.4 11 . 14.5 41 9.6 
1.012 13.1 12 14.3 42 9.4 
1.013 12.9 13 142 43 9 2  
1.014 12.6 14 14.0 44 9.1 
1.015 123  15 13.8 45 8.C 

1.016 12.1 16 13.7 46 8.E 
1.017 11.8 17 13.5 47 8.E 
1.01 8 11.5 18 13.3 48 8.4 

.1.019 113 19 132 49 8.2 
1.020 11.0 20 13.0 50 8.1 

1.021 10.7 21 12.9 51 7.: 
1 .m 10.5 22 12.7 52 7.E 
1.023 102 23 12.5 53 7.F 
1.024 10.0 24 12.4 54 7.1 
1.025 9.7 25 122 55 7 .: 

1.026 9.4 26 
1.027 9 2  27 
1 -028 8.9 . 28 11.7 
1.029 8.6 29 11.5 _ ~ .  
1 .m 8.4 30 11.4 60 6.5 

1 .a1 8.1 
1.032 7.8 
1.033 7.6 
1 .m4 7.3 
1.035 7.0 
1.036 6.8 
1.037 6.5 
1.038 6 2  

*Values of effecbve depm am CakulaW han the eqmtnn: 

L Lq + ‘h [L? - (VdA)] 
where: 
L =effcctivedepth,cm 
L, = distana along the stem of the hydrometer from the top of the buIb 

mark for a hydrometer rrading. cm, 
& = o v d  kngth of the hydrometer bulb, cm, 
V,  = volume of hydrometer bulb. cm’. and 
A = c r d o n d  area of vdimentation cylinder. an2 
values used incakahmg the vahresnTf&le2 afeastoaam: 
F a  born hydraneters. 151H and 152I-k 
& = 14.0cm 
V, = 61.0 cm’ 
A = 27.8 cm2 
Forhydmmetcr 151H 
LI = 10.5 cm for a reading of 1.OOO 

E 2.3 cm for a reading of 1.031 
F a  hy&un&r 152H 
L~ = 105 cm for a reading of0 atre 

E 2.3 cm f o r a d n g o f  50 f l t r~  

of the test results shall be made, plotting the 
uarticles on a logarithmic scale as the a 
&-centages smaller than the corresponding diameters 
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TABLE 3 Values of K for Use in Equation for Computing Diameter of Particle in Hydrometer Analysis 

Temperature. 
O C  - 16 0.01510 0.01505 0.01481 0.01457 0.01435 0.01414 0.01 394 0.01374 0.01356 
17 0.0151 1 0.01486 0.01462 0.01439 0.01 41 7 0.01396 0.01376 0.01356 0.01338 
18 0.01492 0.01467 0.01443 0.01421 0.01339 0.01378 0.01359 0.01339 0.01321 
19 0.01474 0.01449 0.01425 0.01403 0.01382 0.01361 0.01342 0.1323 0.01305 

specilic Gravity of soil parwes 

2.45 2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85 

20 0.01456 

21 0.01438 
- - 2 2  0.01421 ~ 

23 0.01404 
24 0.01388 
25 0.01372 

26 0.01357 
27 0.01342 

. 2 8  - - 0.01327 
29 0.01312 
30 0.01298 

0.01431 

0.01414 
0.01397 
0.01381 
0.01365 
0.01349 

0.01334 
0.01319 
0.013w- 
0.01290 
0.01276 

0.01 408 

0.01391 
0.01374 
0.01358 
0.01342 
0 . 0 1 F  

0.01 31 2 
0.01297 
0.01283 
0.01269 
0.01256 

0.01386 

0.01369 
-0.01353 
0.01337 
0.01321 
0.01306 

0.01291 
0.012n 
-0.01264 
0.01249 
0.01236 

0.01365 

0.01348 

0.01317 
0.01301 
0.01286 

0.01272 
0.01258 
0.01244 
0.01230 
0.01217. 

- 0.01332- 

0.01344 

0.01328 
0.01312 
0.01297 
0.01282 
0.01267 

0.01253 
0.01 239 
O D l W  
0.01212 
0.01 199 

0.01325 

0.01309 
0.01294 - - -  
0.01279 
0.01264 
0.01249 

0.01235 
0.01221 
0.01 208 
0.01 195 
0.01 182 

0.01307 

0.01291 
~ 001 276- 
0.01261 
0.01246 
0.01232 

0.01218 
0.01204 
0.01191 
0.01 178 
0.01 165 

0.01289 

0.01273 - ._ 

0.01258 
0.01243 
0.01229 
0.01215 

0.01201 
0.01188 
0.01175 
0.01 162 
0.01 149 

arithmetic scale as the ordinate. When the hydrometer 
analysis is not made on a portion of the soil, the preparation 
of the graph is optional, since values may be secured directly 
from tabulated data. 

18. Report 
18.1 The report shall include the following 
18.1.1 Maximum size of particles, 
18.1.2 Percentage passing (or retained on) each sieve, 

which may be tabulated or presented by plotting on a graph 
(Note 16), 

1 8.1.3 Description of sand and gravel particles: 
18.1.3.1 Shape-rounded or angular, 
18.1.3.2 Hardness-hard and durable, soft, or weathered 
d friable, 
18.1.4 Specific gravity, if unusually high or low, 
18.1.5 Any difficulty in dispersing the hction passing the 

No. 10 (2.00-mm) sieve, indicating any change in type and 
amount of dispersing agent, and 

18.1.6 The dispersion device used and the length of the 
dispersion period. 

NOTE I6-Tk.s fabulation of graph represents the gradation of the 
sample tested. If particles larger than those contamed in the sample were 
removed before testing, the report shall sa state giving the amount and 
maximum size. 

18.2 For materials tested for compliance with definite 
specifications, the hctions called for in such specifications 
shall be reported. The fractions smaller than the No. 10 sieve 
shall be read from the graph. 

18.3 For materials for which compliance with definite 
specifications is not indicated and when the soil is composed 
almost entirely of particles passing the No. 4 (4.75-mm) 
sieve, the results read from the graph may be reported as 
follows: 

b 

(I) Gravel, paning Sin. and mained on No. 4 sim 
(2) Sand. passing No. 4 sieve and d n c d  on No. 200 sieve 

(0 )  Coarse sand. passing No. 4 siew and main& on 

( b )  Medium sand. passing No. 10 sievc and main& on 

(c) Froe sand. passing No. 40 sim and retained on No. 

........... 46 

........... 0 

........... X 

. . . . . . . . . . .  X 

. . . . . . . . . . .  % 

(3) Silt Size. 0.074 to 0.005 mm ........... X 
( I )  Clay size, smaller than 0.005 mm ........... 56 

........... X 
18.4 For materials for which compliance With definite 

specifications is not indicated and when the soil contains 
material retained on the No. 4 sieve sufficient to require a 
sieve analysis on that portion, the results may be reported as 
follows (Note 17): 

No. 10 sieve 

No. 40 ticvc 

200 sievc 

Colloids. d e r  than 0.001 mm 

SIEVE ANALYSIS 

m t a g c  
Sieve Sire pscsing 

3- i i  ............... 
2-in. ............... 
I %in. . . . . . . . . . . . . . . .  
I-in. ............... 
%-in. 
%in. . . . . . . . . . . . . . . .  
No. 4 (4.75-mm) ............... 
No. IO (2.00.mm) ............... 
No. 40 (425ym) ............... 
No. 200 (75-1 . . . . . . . . . . . . . . .  

HYDROMETER ANALYSIS 
0.074 mm 
0.005 mm ............... 

i 
............... I 

0.001 rnm I 

NOTE 17440.  8 (2.36-mm) and No. 50 (3Wpm) sieves may be i 
substituted for No. 10 and No. 40 sieves. 

19. Keywords I 

ture; particle-size; sieve analysis 
19.1 grain-size; hydrometer analysis; hygroscopic mois- 
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c(m Dssignation: D 698 - 91 

Test Method for 
Laboratory Compaction Characteristics of Soil Using Standard 
Effort (12,400 ft-lbf/fP (600 kN-m/m3))' 
This standard k issued under the fixed designation D 698 the number immediately following the designation indica- the year of 
original adoption or. in the cw of misiod the year of ha revision. A number in parrnthaa indicate the year of ha rcappro~~ A 
supavript epsilon (e) indicata an editorial change s u a  the lan revision or reapprod. 

1. scope 
1 I 1 This test method covers laboratory compaction proce- 

d m  used to determine the relationship between water 
Content and dry unit weight of soils (compaction curve) 
ampacted in a 4 or 6-in. (101.6 or 152.4-mm) diameter 
mold with a 5.5-lbf (24.4-N) rammer dropped from a height 
of 12 in. (305 mm) producing a compactive effort of 12,400 
fi-ibf/ft3 (600 kN-m/m3). 

NOTE 1-The equipment and procedures are similar as those p m  
by R. R. Roctor (Engineering News Record-September 7, 1933) 

with this one major exaption: his cammer blows were applied as "12 
in& firm !jtrok& instead of lk fall, producing variable compctive 
effort depending on the operator, but probably in the range 15,OOO to 
25,000 ft-lbf/A3 (700 to 1,200 kN-m/m)). The standard effort test (see 
32.2) is somaimes r e f d  to as the M o r  Test. 

NOTE 2-Soils and soil-aggegate mixtures should be regarded as 
~ N a l  occurring fine- or coarse-grained soils or composites or mix- 
of natural soils, or mixtures of natural and processed soils or aggrrgates 
such as silt, gravel or crushed rock 

1.2 This test method applies only to soils that have 30 % 
or less by weight of particles retained on the %-inch 
( 19.0-mm) sieve. 
NOTE %For relationships between unit weights and water contem 

of soils with 30 % or Im by weight of material retained on the %-in. 
(19.0-mm) sieve to unit weights and water contents of the Eraction 
passing %-in. (1 9.0-mm) sieve, see Ractice D 47 18. 

1.3 Three alternative procedures are provided. The proce- 
dure used shall be as indicated in the specification for the 
material being tested. If no procedure is specified, the choice 
should be based on the material gradation. 

1.3.1 Procedure A: 
1.3.1.1 M o l d 4 i n .  ( 10 1.6-mm) diameter. 
1.3.1.2 Marerid-Passing No. 4 (4.75-mm) sieve. 
1.3.1.3 Layers-Three. 
1.3.1.4 Blows per layer-25. 
1.3.1.5 Use-May be used if 20 9% or less by weight of the 

material is retained on the No. 4 (4.75-mm) sieve. 
1.3.1.6 Other Use-If this procedure is not specified, 

materials that meet these gradation requirements may be 
tested Using Procedures B or C. 

1.3.2 Procedure B: 
1.3.2.1 M d d 4 i n .  ( 101.6-mm) diameter. 
1.3.2.2 Marerid-Passing W-in. (9.5-mm) sieve. 

1.3.2.4 Blows per layer-25. 
1.3.2.3 L a y e r ~ - W .  

I Thir tm mahod is uada the juridicrion of ASIM CommmcC D-18 on Soil 
and Rock and is the direct rrspondbility of Subcomminec D18.03 on Texturc, 
pkaidtyandDcnzityC3amcmm . 'csofsob 

Currmi edition approved Nov. 19, 1991. Publishaj January 1992. 

1.3.2.5 Use-Shall be used if more than 20 9% by weight 
of the material is retained on the No. 4 (4.75-mm) sieve and 
20 % or less by weight of the material is retained on the 
%-in. (9.5-mm) sieve. 

1.3.2.6 Orher Use-If this procedure is not specified, 
materials that meet these gradation requirements may be 
tested using Procedure C. 

1.3.3 Procedure C: 
1.3.3.1 Mold-6-in. (1 52.4-mm) diameter. 
1.3.3.2 Material-Passing 3/4-in~h (19.0-mm) sieve. 
1.3.3.3 Layers-Three. 
1.3.3.4 Blows per layer-56. 
1.3.3.5 Use-Shall be used if more than 20 9% by weight 

of the material is retained on the %-in. (9.5-mm) sieve and 
less than 30 9% by weight of the material is retained on the 
314411. ( 19.0-mm) sieve. 

1.3.4 The 6-in. (152.4-mm) diameter mold shall 

NOTE 4-Results have been found to vary slightly when a 

used with Procedure A or B. 

tested at the same compactive effoort in dif€crent sire molds 

1.4 If the test specimen contains more than 5 9% by weight 
oversize fraction (coarse fraction) and the m a t e d  will not 
be included in the test, corrections must be made to the unit 
weight and water content of the specimen or to the appro- 
priate field in place density test specimen using Practice 
D 4718. 

1.5 This test method will generally produce a well defined 
maximum dry unit weight for non-fiee draining soils. If this 
test method is used for Free draining soils the maximum unit 
weight may not be well defined, and can be less than 
obtained using Test Methods D 4253. 

1.6 The values in inch-pound units are to be regarded as 
the standard. The values stated in SI units are provided for 
information only. 

1.6.1 In the engineering profession it is customary prac- 
tice to use, interchangeably, units representing both mass 
and force, unless dynamic calculations (F = Ma) are 
involved, This implicitly combines two systems of 
units, that is, the absolute system and the gravimetric system. 
It is scientifically undesirable to combine the use of two 
separate systems within a single standard. This test method 
has been written using inch-pound units (gravimetric system) 
where the pound (lbf) represents a unit of force. The use of 
mass (lbm) is for convenience of units and is not intend 

in the SI system in accordance with Practice E 380. Th 
convey the use is scientifically correct Convesions are 

of balances or scales recording pounds of mass Obm), or e 
recording of density in Ibm/ft3 should not be regarded as 
nonconformance with this standard. 
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1.7 This standard does not purport to address all of the 
safety problems, if any, associared with its use. It is the 
responsibility of the user of this standard to establish appro- 
priate safety and health practices and determine the applica- 
bility of regularory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 

CoarseAggregatS 
-- C 127 Test Method for Spe&c Gravity and Absorption of 

C 136 Method for Sieve Analysis of Fine and Coarse 

D422 Test Method for Particle Size Analysis of Soils3 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 854 Test Method for Specific Gravity of Soils3 
D 1557 Test Methods for Moisture-Density Relations of 

Soils and Soil Aggregate Mixtures Using 10-lb (4.54-kg.) 
Rammer and 18-in. (457 mm) Drop3 

D 2 168 Test Methods for Calibration of Laboratory Me- 
chaniml-Rammer Soil Compactors3 

D 22 16 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil, Rock and Soil- 
Aggregate Mixtures3 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes3 

D2488 Practice for Description of Soils (Vi-Manual  

D4220 Practices for Reserving and Transporting Soil 

D4253 Test Methods for Maximum Index Density of 
Soils Using a Vibratory Table3 

D 47 18 Practice for Correction of Unit Weight and Water 
Content for Soils Containing Oversize Particles3 

D4753 Specification for Evaluating, Selecting and Speci- 
fying Balances and Scales For Use in Soil and Rock 
Testing3 

E 1 Specifcation for ASTM Thermometers4 
E 11 Specification for Wife-Cloth Sieves for Testing 

Purposes5 
E 319 Practice for the Evaluation of Single-Pan Mechan- 

ical BalancesS 
E 380 Practice for Use of the International System of 

Units (SI) (the Modernized Metric System)s 

Aggregate2 

Fluids3 

R m i u r e ) 3  

sampia3 

3. Terminology 

nitions. 
3.1 Definitions-See Terminology D 653 for general defi- 

3.2 Description of T e r n  Specific to This Standard: 
3.2.1 oversize fraction (coarse fraction), P, in %-the 

portion of total sample not used in performing the compac- 
tion test; it may be the portion of total sample retained on 
the No. 4 (4.75-mm), 3 h - i ~ .  (9.5-mm), or 3/4-in. (19.0-mm) 
sieve. 

3.2.2 standard don-the term for the 12,400 ft-lbf/ft3 

2 A d  Bodr qfAS7M Stan&&, v0104.02. 
3 A d  Book of AS7W Stan&&. Vol04.08. 
4 A d  Book of AS7W SI&&, Vol 14.03. 
J Atmvol Book o f m  SIanhnk, vol 14.02. 

3 4  
(600 kN-m/m3) compactive effort applied by the equipment 
and procedures of this test. 

3.2.3 standard maximum dry unit weight. Yd- in bfffi3 
(kN/m-the maximum value defined by the compaction 
curve for a compaction test using standard effort. 

3.2.4 standard optimum water content, w, in %-the 
water content at which a soil can be compacted to the 
maximum dry unit weight using standard compactive effort. 

3.2.5 test ftaction finerfraction). PF in-%--the portion of 
the total sample used in performing the compaction test; it u 
the fraction passing the No. 4 (4.75-mm) sieve in Procedure 
A, minus 3/8-in. (9.5-mm) Sieve in procedure B, or minus 
31'4-h. (19.0-mm) sieve in Procedure C. 

4. Summary of Test Method 
4.1 A soil at a selected water content is placed in three 

layers into a mold of given dimensions, with each layer 
compacted by 25 or 56 blows of a 5.5-ibf (24.444) rammer 
dropped from a distance of 12-in. (305-mm), subjecting the 
soil to a total compactive effort of about 12,400 ft-lbf/A3 
(600 kN-m/m3). The resulting dry unit weight is determined. 
The procedure is repeated for a sufiicient number of water 
contents to establish a relationship between the dry unit 
weight and the water content for the soil. This data, when 
plotted, represents a curvilinear relationship known as the 
compaction curve. The values of optimum water content 
and standard maximum dry unit weight are determined 
from the compaction curve. 

5. Significance and Use 
5.1 Soil placed as engineering fill (embankments, founda- 

tion pads, road bases) is compacted to a dense state to obtain 
satisfactory engineering properties such as, shear strength, 
compressibility, or permeability. Also, foundation soils are 
often compacted to improve their engineering properties 
Laboratory compaction tests provide the basis for deter- 
mining the percent compaction and water content needed to 
achieve the required engineering properties, and for control- 
ling construction to assure that the required compaction and 
water contents are achieved. 

5.2 During design of an engineered !ill, shear, consolida- 
tion, permeability, or other tests require preparation of test 
specimens by compacting at some water content to some 
unit weight. It is common practice to first determine the 
optimum water content (w,) and maximum dry unit weight 
(yd& by means of a compaction test. Test specimens are 
compacted at a selected water content (w), either wet or dry 
of optimum (w,) or at optimum (w,), and at a selected dry 
unit weight related to a percentage of maximum dry unit 
weight (Ydmu). The selection of water content (w) ,  either wet 
or dry of optimum ( WJ or at optimum (wJ and the dry unit 
weight (y-) may be based on past experience, or a range of 
values may be investigated to determine the necessary 
percent of compaction. 

6. Apparatus 
6.1 Mold AssemblyThe molds shall be cylindrical in 

shape, made of rigid metal and be within the capacity and 
dimensions indicated in 6. I. 1 or 6.1.2 and Fw. 1 and 2. The 
walls of the mold may be solid, split, or tapered. The "split" 
type may consist of two half-round sections, or a sexxion of 
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pipe split along one element, which can be s u r e l y  locked 
together to form a cylinder meeting the requimnents of this 
section. The "tapered" type shall an internalziameter taper 
that is uniform and not more than 0.200 in./ft.( 16.7- mm/m) 
of mold height. Each mold shall have a base'Lplate and an 
extension collar assembly, both made of rigid metal and 
constructed so they can be securely attaclmd and easily 
detached from the mold. The extension collarikembly shall 
have a height extending above the top of the niold of at least 
2.0 in. (50.8-mm) which may include an up- section that 
flares out to form a funnel provided there is at- a 0.75 in. 
(19.O-mm) straight cylindrical section beneathit. The exten- 
sion collar shall align with the inside of &e mold. The 
bottom of the base plate and bottom of the ceetrally recessed 
area that accepts the cylindrical mold shall b@anar. 

6.1.1 Mold. 4 in.-A mold having'a 4 . W  f 0.016-in. 
(10 1.6 f 0.4-mm) average inside diameter, a kight of 4.584 
f 0.018-in. (1 16.4 f 0.5-mm) and a v o l u ~ ~  of 0.0333 f 
0.0005 AS (944 f 14 an3). A mold assemlQ having the 
minimum required features is shown in Fig. b, 

6.1.2 Mold, 6 in.-A mold having a 6.OQ f 0.026-in. 
(152.4 f 0.7-mm) average inside diameter, a bight of 4.584 
f 0.018-ih. (1 16.4 f 0.5-mm), and a volumz of 0.075 f 
0.0009 A' (2124 f 25 an3). A mold assemdy having the 
minimum required features is shown in Fig. 22 

6 2  Rammer-A rammer, either manual@ operated as 
described M e r  in 6.2.1 or mechanically' operated as 
described in 6.2.2. The -mer shall fall f r d y  through a 

distance of 12 & 0.05-in. (304.8 f 1.3-mm) from the surface 
of the specimen. The mass of the rammer shall be 5.  
0.02-lbm (2.5 f 0.01-kg), except that the mass of 
mechanical rammers may be adjusted as described in 
Methods D 2168, see Note 5.  The striking face of 
rammer shall be planar and circular, except as noted in 
6.2.2.3, with a diameter when new of 2.OOO f 0.005-in. 
(50.80 f 0.13-mm). The rammer shall be replaced if the 
striking face becomes worn or bellied to the extent that the 
diameter exceeds 2.000 f 0.01-in. (50.80 f 0.25-mm). 
NOTE 5-11 is a common and acceptable pxactice in the inch-pound 

system to assume that the mas of the ramrner is equal to its mass 
determined using either a kilogram or pound balance and I Ibf is equal 
to 1 Ibm or 0.4536 kg. or 1 N is equal to 0.2248 lbm or 0.1020 lcg 

6.2.1 Manual Rammer-The rammer shall be equipped 
with a guide sleeve that has sufficient clearance that the fiee 
fall of the xammer shaft and head is not restricted. The guide 
sleeve shall have at least four vent holes at each end (eight 
holes total) located with centers 3/4 f */ls-in. (19.0 f 1.6-mm) 
from each end and spaced 90 degrees apart. The minimum 
diameter of the vent holes shall be 31s-in. (9.5-mm). Addi- 
tional holes or slots may be incorporated in the guide sleeve. 

6.2.2 Mechanical Rammer-Circular Face-The rammer 
shall operate mechanically in such a manner as to provide 
uniform and complete coverage of the specimen surface. 
There shall be 0.10 f 0.03-in. (2.5 f 0.8-mm) clearance 
between the rammer and the inside surface of the mold at its 
smallest diameter. The mechanical rammer shall meet the 
calibration requirements of Test Methods D2168. 

chanical means to support the rammer when not in o 
mechanical rammer shall be equipped With a positiv 

tion. 
6.2.2.3 Mechanical Rammer-Sector Face-When used 

with the 6-in. (152.4-mm) mold, a sector face rammer may 
be used in place of the circular face rammer. The specimen 
contact face shall have the shape of a sector of a circle of 
radius equal to 2.90 f 0.02411. (73.7 f 0.5-mm). The 
rammer shall operate in such a manner that the vertex of the 
sector is positioned at the center of the specimen. 

6.3 Sample Extruder (optional)-A jack, frame or other 
device adapted for the purpose of extruding compacted 
specimens from the mold. 

6.4 Balance-A class GP5 balance meeting the require- 
ments of Specification D4753 for a balance of 1-g read- 
ability. 

6.5 Drying Oven-Thermostatically controlled, preferably 
of a forced-draft type and capable of maintaining a uniform 
temperature of 230 f 9°F (1 10 f 5 ' 0  throughout the drying 
chamber. 

6.6 Straightedge-A stiff metal straightedge of any conve- 
nient length but not less than IO-in. (254mm). The total 
length of the straightedge shall be machined straight to a 
tolerance of M.005-in. (M.1-mm). The scraping edge shall 
be beveled if it is thicker than %-in. (3-mm). 

6.7 Sieves-%in. (19.O-mm), Vs-in. (9.5-mm), and No. 4 
(4.75-mm), conforming to the requirements of Specification 

@ 

db 

E 11. 
6.8 Mixing Tools--Miscellaneous tools such as 

pan, spoon, trowel, spatula, etc., or a suitable mec 
device for thoroughly mixing the sample of soil with incre- 
ments of water. 

M40 000253 



FIG. 2 6.O-h. Cylindrical Mold 

pipe split along one element, which can be securely locked 
together to form a cylinder meeting the requirements of this 
section. The ‘tapered” type shall an internal diameter taper 
that is uniform and not more than 0.200 in./ft (16.7- mm/m) 
of mold height. Each mold shall have a base plate and an 
extension collar assembly, both made of rigid metal and 
constructed so they can be securely attached and easily 
detached from the mold. The extension collar assembly shall 
have a height extending above the top of the mold of at least 
2.0 in. (50.8-mm) which may include an upper section that 
flares out to form a funnel provided there is at least a 0.75 in. 
(19.0-mm) straight cylindrical section beneath it. The exten- 
sion collar shall align with the inside of the mold The 
bottom of the base plate and bottom of the centrally recessed 
area that accepts the cylindrical mold shall be planar. 

6.1.1 Mold, 4 in.-A mold having a 4.000 A 0.016-in. 
(101.6 f 0.4-mm) average inside diameter, a height of 4.584 
f 0.018-in. (1 16.4 f 0.5-mm) and a volume of 0.0333 f 
0.0005 ft3 (944 f 14 Cm3). A mold assembly having the 
minimum required features is shown in Fig 1. 

6.1.2 Mold, 6 in.-A mold having a 6.000 .r- 0.026-in. 
(152.4 f 0.7-mm) average inside diameter, a height of 4.584 
f 0.018-in. (116.4 f 0.5-mm), and a volume of 0.075 f 
O.OOO9 A3 (2124 f 25 an3). A mold assembly having the 
minimum required features is shown in Fig. 2. 

6.2 Rammer-A rammer, either manually operated as 
described further in 6.2.1 or mechanically operated as 
described in 6.2.2. The rammer shall fall freely through a 

-. 3 4  
distance of 12 f 0.05-in. (304.8 f 1.3-mm) from the surface 
of the specimen. The mass of the rammer shall be 5.5 f 
0.02-lbm (2.5 f 0.01-kg), except that the mass of the 
mechanical rammers may be adjusted as described in Test 
Methods D2168, see Note 5. The striking face of the 
rammer shall be planar and circular, except as noted in 
6.2.2.3, with a diameter when new of 2.000 f 0.005-in. 
(50.80 f 0.13-mm). The rammer shall be replaced if the 

-striking-face-becomes worn-or bellied to the extent that the-- -~ 
diameter exceeds 2.000 f 0.01-in. (50.80 +. 0.25-mm). 

Nm 5-It is a common and acceptable practice in the inch-pound 
system to assume that the mas of the rammcr is equal to its mass 
determined using either a kilogram or pound balance and 1 Ibf is q u a l  
-to 1-lbm or 0.4536 kg. or 1 N is equal to 0.2248 Ibm or 0.1020 kg. - -  

6.2.1 Manual Rammer-The rammer shall be equipped 
with a guide sleeve that has sufficient clearance that the free 
fall of the rammer shaft and head is not restricted. The guide 
sleeve shall have at least four vent holes at each end (eight 
holes total) located with centers 3 h  .e Yia-in. (19.0 f 1.6-mm) 
from each end and spaced 90 degrees apart. The minimum 
diameter of the vent holes shall be %-in. (9.5-mm). Addi- 
tional holes or slots may be incorporated in the guide sleeve. 

6.2.2 Mechanical Rammer-Circular Face-The rammer 
shall operate mechanically in such a manner as to provide 
uniform and complete coverage of the specimen surface. 
There shall be 0.10 f 0.03-in. (2.5 f 0.8-mm) clearance 
between the rammer and the inside surface of the mold at its 
smallest diameter. The mechanical rammer shall meet the 
calibration requirements of Test Methods D 2168. The 
mechanical rammer shall be equipped with a positive me- 
cbanicai means to support the rammer when not in opexa- 
tion. 

6.2.2.3 Mechanical Rammer-Sector Face-When used 
with the 6-in. (152.4-mm) mold, a sector face rammer may 
be used in place of the circular face rammer. The specimen 
contact face shall have the shape of a sector of a circle of 
radius equal to 2.90 f 0.02-in. (73.7 f 0.5-mm). The 
rammer shall operate in such a manner that the vertex of the 
sector is positioned at the center of the specimen. 

6.3 Sample Extruder (optional)-A jack, frame or other 
device adapted for the purpose of extruding compacted 
specimens from the mold. 

6.4 Balance-A class GP5 balance meeting the require- 
ments of Specification D4753 for a balance of 1-g read- 
ability. 

6.5 Drying Oven-Thermostatically controlled, preferably 
of a forced-draft type and capable of maintaining a uniform 
temperature of 230 f YF (1 10 f SOC) throughout the drying 
chamber. 

6.6 Straightedge-A stiff metal straightedge of any conve- 
nient length but not less than 10-in. (254-mm). The total 
length of the straightedge shall be machined straight to a 
tolerance of H.005-in. (20.1-mm). The scraping edge shall 
be beveled if it is hcker  than %-in. (Imm). 

6.7 Sieves-%-in. (19.O-mm), 3h-in. (9.5-mm), and No. 4 
(4.75-mm), conforming to the requirements of Specification 
E 11. 

6.8 Mixing Tools--Miscellaneous tools such as mixing 
pan, spoon, trowel, spatula, etc., or a suitable mechanical 
device for thoroughly mixing the sample of soil with inat- 
ments of water. 

IX-41 000254 
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1.7 This stadard does not purport to address all of the 
safety problems. if any, associated with its use. 11 is the 
responsibility of the user of this standard to establish appro- 
priate safity and health practices and determine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 127 Test Method for Specific Gravity and Absorption of 

Coarse Aggregats 
C 136 Method for Sieve Analysis of Fine and Coarse 

D422 Test Method for Particle Size Analysis of Soils3 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 854 Test Method for Specific Gravity of Soils3 
D 1557 Test Methods for Moisture-Density Relations of 
Soils and Soil Aggregate Mixtures Using 10-lb (4.54-kg.) 
Rammer and 18-in. (457 mm) Drop3 

D2168 Test Methods for Calibration of Laboratory Me- 
chanical-Rammer Soil Compactors3 

D2216 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil, Rock and Soil- 
Aggregate Mixtures3 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes3 

D2488 Practice for Description of Soils (Visual-Manual 
Pr~cedure)~ 

D4220 Practices for Preserving and Transporting Soil 

I34253 Test Methods for Maximum Index Density of 
Soils Using a Vibratory Table3 

D4718 Practice for Correction of Unit Weight and Water 
Content for Soils Containing Oversize Particles3 

D4753 Specification for Evaluating, Selecting and Speci- 
fying Balances and Scales For Use in Soil and Rock 
Testing3 

E 1 Specification for ASTM Thermometer9 
E 11 Specification for Wire-cloth Sieves for Testing 

E 3 19 Practice for the Evaluation of Single-Pan Mechan- 

E 380 Practice for Use of the International System of 

Aggregate2 

F l u i d s 3  

samples3 

~ r p o s e s ’  

i d  Balancess 

Units (SI) (the Modernized Metric System)s 

3. Terminology 

nitions. 
3.1 Definitions-See Terminology D 653 for general defi- 

3.2 Description of Terms Specific to This Standard: 
3.2.1 oversize fraction (coarse fraction). P, in %-the 

portion of total sample not used in performing the compac- 
tion test; it may be the portion of total sample retained on 
the No. 4 (4.75-mm), %-in. (9.5-mm), or 3/4-in. (19.0-mm) 
sieve. 

3.2.2 standard dofl-the term for the 12,400 ft-lbf/ft3 

2 Annual E d  of ASTM Stah?& Vol04.02 
3 Annual Book of AsfM Stanah?&, VoI 04.08. 

A d  Book of ASTM Stah?&, VoI 14.03. 
5 Annual Book of ASTM Stah?&, Vol 14.02. 

(600 kN-m/m3) compactive effoA applied by the equipment 
and procedures of this test. 

3.2.3 standard maximum dry unit weight, Yd- in lb 
(kN/m%the maximum value defined by the compactl 
curve for a compaction test using standard effort. 

3.2.4 standard optimum water content, w,, in %-the 
water content at which a soil can be compacted to the 
maximum dry unit weight using staadard compactive effort. 

3.2.5 test fraction finerfraction), PF in %-the portion of 
the total sample used in performing the compaction test; it is 
the fraction passing the No. 4 (4.75-mm) sieve in Procedure 
A, minus 3h-in. (9.5-mm) sieve in Procedure B, or minus 
3/4-in. (19.0-mm) sieve in Procedure C. 

4. Summary of Test Method 
4.1 A soil at a selected water content is placed in three 

layers into a mold of given dimensions, with each layer 
compacted by 25 or 56 blows of a 5.5-lbf (24.4-N) rammer 
dropped from a distance of 124x1. (305-mm), subjecting the 
soil to a total compactive effort of about 12,400 ft-lbf/ft3 
(600 kN-m/m3). The resulting dry unit weight is determined. 
The procedure is repeated for a sufficient number of water 
contents to establish a relationship between the dry unit 
weight and the water content for the soil. This data, when 
plotted, represents a curvilinear relationship known as the 
compaction curve. The values of optimum water content 
and standard maximum dry unit weight are determined 
from the compaction curve. 

I 

91 

5.1 Soil placed as engineering till (embankments, foun a 5. Significance and Use 

tion pads, road bases) is compacted to a dense state to obmn 
satisfactory engineering properties such as, shear strength, 
compressibility, or permeability. Also, foundation soils are 
often compacted to improve their engineering properties. 
Laboratory compaction tests provide the basis for deter- 
mining the percent compaction and water content needed to 
achieve the required engineering properties, and for control- 
ling construction to assure that the required compaction and 
water contents are achieved. 

5.2 During design of an engineered fQ, shear, consolida- 
tion, permeability, or other tests require preparation of test 
specimens by compacting at some water content to some 
unit weight. It is common practice to lirst determine the 
optimum water content (w,) and maximum dry unit weight 
(Yd-) by means of a compaction test. Test specimens are 
compacted at a selected water content (w), either wet or dry 
of optimum (w,) or at optimum ( wJ, and at a selected dry 
unit weight related to a percentage of maximum dry unit 
weight  mu). The selection of water content (w) ,  either wet 
or dry of optimum (w,) or at optimum ( wJ and the dry unit 
weight ( T d a  may be based on past experience, or a range of 
values may be investigated to determine the necessary 
percent of compaction. 

6. Apparatus 
6.1 Mold AssembipThe molds shall be cyhdri 

shape, made of rigid metal and be within the capacity 
dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and 2. 
walls of the mold may be solid, split, or tapered. The “split” 
type may consist of two half-round sections, or a section of 

m 
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7.  Calibration 
7.1 Perform calibrations before initial use, after repain or 

other occurrences that might affect the test results, at 
intervals not exceeding 1,000 test specimens, or annually, 
whichever occuxs first, for the following apparatus: 

7.1.2 Balance-Evaluate in accordance with Specification 
D 4753. 
- 7.1.3 Moldr-Determine the volume as described in 
AMeX 1. 

7.1.4 Manual Rammer-Verify the free fall distance, 
=mer mass, and xammer face in accordance with Section 
6.2. Verify the guide sleeve requirements in accordance with 
Section 6.2.1. 

7.1.5 Mechanical Rammer-CaIibrate and adjust the me- 
chanical rammer in accordance with Test Methods D 2168. 
In addition, the clearance between the rammer and the 
inside surface of the mold shall be verified in accordance 
with 6.2.2. 

8. Test Sample 
8.1 The required sample mass for Procedures A and B is 

approximately 35-lbm (16-kg), and for Procedure C is 
approximately 65-lbm (29-kg) of dry soil. Therefore, the field 
sample should have a moist m a s  of at least 50-lbm (23-kg) 
and 100-lbm (45-kg), respectively. 

8.2 Determine the percentage of material retained on the 
No. 4 (4.75-mm), 3/s-in. (9.5-mm), or 314-in. (19.0-mm) sieve 
as appropriate for choosing Procedure A, By or C. Make this 
determination by separating out a representative portion 
from the total sample and determining the percentages 
passing the sieves of interest by Test Methods D422 or 
Method C 136. It is only neceSSary to calculate percentages 
for the sieve or sieves for which information is desired. 

9. Reparation of Apparatus 
9.1 Select the proper compaction mold in accordance 

with the procedure (A, B, or C) being used. Determine and 
record its m a s  to the nearest gram. Assemble the mold, base 
and extension collar. Check the alignment of the inner wad 
of the mold and mold extension collar. Adjust if necessary. 

9.2 Check that the rammer assembly is in good working 
condition and that parts are not loose or worn. Make any 
neceSSary adjustments or repairs. If adjustments or repairs 
are made, the rammer must be recalibrated. 

10. Procedure 
10.1 Soils: 
10.1.1 Do not reuse soil that has been previously labora- 

tory compacted. 
10.1.2 When using this test method for soils containing 

hydrated halloysite, or where past experience with a partic- 
ular soil indicates that results will be altered by air drying, 
use the moist preparation method (see 10.2). 

10.1.3 Prepare the soil specimens for testing in accor- 
dance with 10.2 (preferred) or with 10.3. 

10.2 Moist Preparation Method (pr&rred)-Without pre- 
viously drying the sample, pass it through a No. 4 (4.75- 
mm), 3 h - i n .  (9.5-mm), or 3/4-in. (19.0-mm) sieve, depending 
on the procedure (A, B, or C) being used. Determine the 
water content of the processed soil. 

102.1 Prepare at least four (preferably five) specimens 

having water contents such that they bracket the estimated 
optimum water content. A specimen having a water content 
close to optimum should be prepared first by trial additions 
of water and mixing (see Note 6). Select water contents for 
the rest of the specimens to provide at least two specimens 
wet and two specimens dry of optimum, and water contents 
varying by about 2 %. At least two water contents are 
necessafy on the wet and dry side of optimum to accurately 
define the dry unit weight compaction curve (see 10.5). Some 
soils with very high optimum water content or a relatively 
flat compaction curve may require larger water content 
increments to obtain a well defined maximum dry unit 
weight. Water content increments should not exceed 4 %. 

NOTE 6-With practice it is usually posible to visually judge a point 
near optimum water content. Typically, soil at optimum water content 
can be squazai into a lump that sticks together when hand pressure is 
released, but will break cleanly into two sections when 'bent". At water 
contents dry of optimum soils tend to cnunble; wet of optimum soils 
tend to stick together in a sticky cohesive m a s  Optimum water content 
is typically slightly less than the plastic Limit 

10.2.2 Use approximately 5-lbm (2.3-kg) of the sieved soil 
for each specimen to be compacted Using procedure A or B, 
or 13-lbm (5.9-kg) using Procedure C. To obtain the spec- 
imen water contents selected in 10.2.1, add or remove the 
required amounts of water as follows: to add water, spray it 
into the soil during mixing, to remove water, allow the soil to 
dry in air at ambient temperature or in a drying apparatus 
such that the temperature of the sample does not exceed 
140°F (60°C). Mix the soil frequently during drying to 
maintain an even water content distribution. Thoroughly 
mix each specimen to ensure even distribution of water 
throughout and then place in a separate covered container 
and allow to stand in accordance with Table 1 prior to 
compaction. For the purpose of selecting a standing time, the 
soil may be classified using Test Method D2487, Practice 
D 2488 or data on other samples from the same material 
source. For referee testing, classification shall be by Test 
Method D 2487. 

10.3 Dry Preparmion Merhod-if the sample is too damp 
to be friable, reduce the water content by air drying until the 
material is friable. Drylng may be in air or by the use of 
drying apparatus such that the temperature of the sample 
does not exceed 140T (60°C). Thoroughly break up the 
aggregations in such a manner as to avoid breaking indi- 
vidual particles. Pass the material through the appropriate 
sieve: No. 4 (4.75-mm), 3/6-in. (9.5-mm), or 3/4-in. (19.0- 
mm). When preparing the material by passing over the 3/4-in. 

sieve for compaction in the 6-in. mold, break up aggregations 
sutliciently to at least pass the '/8-in. sieve in order to 
facilitate the distribution of water throughout the soil in later 
mixing. 

10.3.1 Prepare at least four (preferably five) specimens in 
accordance with 10.2.1. 

10.3.2 Use approximately 5-lbm (2.3-kg) of the sieved soil 
for each specimen to be compacted using Procedure A or B, 

TABLE 1 Required Standing Tunes of Moisturized specbnenr ' 

MhhUllstWitlgT~.tl 

Gw. w. w. SP No- 
GM. SM 3 
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in. mm 
0.016 0.41 
0.026 0.66 
0.032 0.81 
0.028 0.71 
'h 12.70 
2% 6350 
2% 66.70 
4 101.60 
4% 114.30 
4580 116.43 
4 x 4  120.60 
6 152.40 
6'15 165.10 
6% 166.30 
w4 171.40 
6'14 209.60 

ftJ an) 
- ~~ 

'hp (0.0333) 943 
O.ooo5 14 
Hurr (0.0750) 2.124 
0.001 1 31 

or 13-lbm (5.9-kg) using Procedure C. Add the required 
amounts of water to bring the water contents of the 
specimens to the values selected in 10.3.1. Follow the 
specimen preparation procedure specified in 10.2.2 for 
drying the soil or adding water into the soil and curing each 
test specimen. 

10.4 Compaction--After curing, if required, each spec- 
imen shall be compacted as follows: 

10.4.1 Determine and record the mass of the mold or 
mold and base plate. 

10.4.2 Assemble and secure the mold and collar to the 
base plate. The mold shall rest on a uniform rigid founda- 
tion, such as provided by a cylinder or cube of concrete with 
a m+ss of not less than 200-lbm (9 1-kg). Secure the base plate 
to the rigid foundation. The method of attachment to the 
rigid foundation shall allow easy removal of the assembled 
mold, collar and base plate after compaction is completed. 

10.4.3 Compact the specimen in three layers. After com- 
paction, each layer should be approximately equal in thick- 
ness. Prior to compaction, place the loose soil into the mold 
and spread into a layer of uniform thickness. Lightly tamp 
the soil prior to compaction until it is not in a flutry or loose 
state, using either the manual compaction rammer or a 2-in. 
(5-mm) diameter cylinder. Following compaction of each of 
the first two layers, any soil adjacent to the mold walls that 
has not been compacted or extends above the compacted 
surface shall be trimmed. The trimmed soil may be included 
with the additional soil for the next layer. A knife or other 
suitable device may be used. The total amount of soil used 
shall be such that the third compacted layer slighly extends 
into the collar, but does not exceed V4-h. (6-mm) above the 
top of the mold. If the third layer does extend above the top 
of the mold by more than V4-in. (6-mm), the specimen shall 
be discatded. The specimen shall be discarded when the last 
blow on the rammer for the third layer results in the bottom 
of the rammer extending below the top of the compaction 
mold. 

10.4.4 Compact each layer with 25 blows for the 4-in. 
(101.6-mm) mold or with 56 blows for the 6-in. (152.4-mm) 
mold. 

NOTE 7-When compacting specimens wefter than optim . 
content, uneven compacted surfaces can occur and operator 

10.4.5 In operating the manual rammer, take Q: is required as to the avcragc height of the specimen. 

avoid lifting the guide sleeve during the rammer upstroke. 
Hold the guide sleeve steady and within 5' of v d c a l .  Apply 
the blows at a uniform rate of approximately 25 blows/min 
and in such a manner as to provide complete, uniform 
coverage of the specimen surface. 

10.4.6 Following compaction of the last layer, remove the 
collar and base plate from the mold, except as noted in 
10.4.7. A knife may be used to trim the soil adjacent to the 
collar to loosen the soil from the collar before removal to 
avoid disrupting the soil below the top of the mold. 

10.4.7 Carefully trim the compacted specimen even with 
the top of the mold by means of the straightedge scraped 
actoss the top of the mold to form a plane surface even with 
the top of the mold. Initial trimming of the specimen above 
the top of the mold with a knife may prevent the soil from 
tearing below the top of the mold. Fd any holes in the top 
surface with unused or trimmed soil h m  the specimen, 
press in with the fingers, and again scrape the straightedge 
across the top of the mold. Repeat the appropriate preceding 
operations on the bottom of the specimen when the mold 
volume was determined without the base plate. For very wet 
or dry soils, soil or water may be lost if the base plate is 
removed. For these situations, leave the base plate attached 
to the mold. When the base plate is left attached, the volume 
of the mold must be calibrated with the base plate 
to the mold rather than a plastic or glass plate as 
Annex 1, Al.4. 

10.4.8 Determine and record the mass of the speclmen 
and mold to the nearest gram. When the base plate is left 
attached, determine and record the mass of the specimen, 
mold and base plate to the nearest gram. 

10.4.9 Remove the material from the mold. Obtain a 
specimen for water content by Using either the whole 
specimen (preferred method) or a representative portion. 
When the entire specimen is used, break it up to facilitate 
drying. Otherwise, obtain a portion by slicing the compacted 
specimen axially through the center and removing about 
500-g of material from the cut faces. Obtain the water 
content in accordance with Test Method D 2216. 

10.5 Following compaction of the last specimen, compare 
the wet unit weights to ensure that a desired pattern of 
obtaining data on each side of the optimum water content 
will be attained for the dry unit weight cornpaction m e .  
Plotting the wet unit weight and water content of each 
compacted specimen can be an aid in making the above 
evaluation. If the desired pattern is not obtained, additional 
compacted specimens will be required. Generally, one water 
content value wet of the water content defining the max- 
imum wet unit weight is sufficient to eIlSure data on the wet 
side of optimum water content for the maximum dry unit 

e4 

Weight. 

11. Caidation 
1 1.1 Calculate the dry unit weight and water 

each compacted specimen as explained in 1 1.3 and 1 
the values and draw the compaction m e  as a smooth m e  
through the points (see example, Fig 3). Plot dry unit weight 

4: 
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FIG. 3 Example Compaction Cuwe Plotting 

to the nearest 0.1 lbf/ft3 (0.2 kN/m3) and water content to 
the nearest 0.1 %. From the compaction curve, determine 
the optimum water content and maximum dry unit weight. 
If more than 5 % by weight of oversize material was removed 
from the sample, calculate the corrected optimum water 
content and maximum dry unit weight of the total material 
using Practice D 4718. This correction may be made to the 
appropriate field in place density test specimen rather than to 
the laboratory test specimen. 

11.2 Plot the 100 % saturation curve. Values of water 
content for the condition of 100% saturation can be 
calculated as explained in 11.5 (see example, Fig. 3). 

NOTE 8-The 100% saturation curve is an aid in drawing the 
compaction m e .  For soils containing more than approximately I O  % 
fines at water contents well above optimum, the two curves generally 
become roughly parallel with the wet side of the compaction curve 
between 92 X to 95 95 saturation. Theoretically, the cornpaction curve 
cannot plot to the right of the 100 % saturation curve. If it does, there is 
an m o r  in specific gravity, in measuremenq in calculations, in M 
proccdurrs, or in plotting. 

NOTE 9-The 100 % saturation curve is sometimes referred to as the 

1 1.3 Water Content, +-Calculate in accordance with 
Test Method D 2216. 

1 1.4 Dry Unit Weights-Calculate the moist density (Eq. 
l), the dry density (Eq. 2), and then the dry unit weight (Eq. 

(1) 

0 

air voids curve or the complete saturation curve. 

3) as follows: 
P= = 1 O0o(M, - Md)/ V 

where: 
pm 
M, 
Md = mass of compaction mold, kg, and 
V 

= moist density of compacted specimen, Mum3, 
= mass of moist specimen and mold, kg, 

= volume of compaction mold, m3 (see Annex 1) 

pd = pm/( 1 + w/loo) (2) 
where: 
pd 
w = water content, %. 

= dry density of compacted specimen, Mg/m3, and 

(3) yd = 62.43 pd in lbf/fi3 
or 

where: 
yd = dry unit weight of compacted specimen. 

1 1.5 To calculate points for plotting the 100 ’% saturation 
curve or zero air voids curve select values of dry unit weight, 
calculate corresponding values of water content corre- 
sponding to the condition of 100 % saturation as follows: 

- . -  7 d  = 9.807 pd in w/my ~ . 

where: 
wrat = water content for complete saturation, %, 
yw = unit weight of water, 62.43 Ibf/ft3 (9.807 kn/m3), 
Yd = dry unit weight of soil, and 
G, = specific gravity of soil. 

N a n  IO-Specific gravity may be estimated for the test specimen on 
the basis of test data from other samples of the same soil cWication 
and source. OthmviSe, a specific gravity test (Test Method C 127, Test 
Method D 854, or both) is necessary. 

12. Report 
12.1 The repon shall contain the following information: 
12.1.1 Procedure used (A, B, or C). 
12.1.2 Preparation method used (moist or dry). 
12.1.3 As received water content if determined. 
12.1.4 Standard optimum water content, to the nearest 

12.1.5 Standard maximum dry unit weighs to the nearest 

12.1.6 Description of rammer (manual or mechanical). 
12.1.7 Soil sieve data when applicable for determination 

of procedure (A, B, or C) used. 
12.1.8 Description of material used in test, by Practice 

D 2488, or classification by Test Method D 2487. 
12.1.9 Specific gravity and method of determination. 
12.1.10 Origin of material used in test, for example, 

project, location, depth, and the like. 
12.1.1 1 Compaction curve plot showing compaction 

points used to establish compaction curve, and 100% 
saturation curve, point of maximum dry unit weight and 
optimum water content 

12.1.12 Oversize c o d o n  data if used, including the 
oversize fraction (coarse fraction), P, in %. 

0.5 %. 

0.5 ibf/ft3. 

13. Precision and Bias 
13.1 Precision-Data are being evaluated to determine 

the precision of this test method. In addition, pertinent data 
is being solicited from users of the test method. 

13.2 Bias-It is not possible to obtain information on bias 
because there is no other method of determining the values 
of standard maximum dry unit weight and optimum water 
content. 

1x45 
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14. Keywords RT4ensity-; RT-moisturedensity curves; 
test; UF-compaction characteristics; UF--soil com 
USE-laboratory tests 14.1 NT-impact compaction using standard effort; 

ANNEX 

(Mandatory Information) 

Al. VOLUME OF COMPACTION MOLD 

Al.1 %Ope 

mining the volume of a compaction mold. 

method and checked by a linear-measurement method. 

A1.2 Apparatus 
A 1.2.1 In addition to the apparatus listed in Section 6 the 

following items are required: 
A1.2.1.1 Vernier or Dial Caliper-having a measuring 

range of at least 0 to 6 in. (0 to 150 mm) and readable to at 
least 0.001 in. (0.02 mm). 

A 1.2.1.2 Inside Micrometer-having a measuring range 
of at least 2 to 12 in. (50 to 300 mm) and readable to at least 
0.001 in. (0.02 mm). 

A1.2.1.3 Plastic or Glass Plates-Two plastic or glass 
plates approximately 8 in. square by */4 in. thick (200 by 200 
mm by 6 mm). 

A1.2.1.4 Thermometer-0 to 50'C range, 0.5"C gradua- 
tions, conforming to the requirements of Specification E l. 

Al.2.1.5 Stopcock grease or similar sealant. 
Al.2.1.6 Miscellaneous equipment-Bulb syringe, towels, 

Al.l.1 Thk annex describes the procedure for deter- 

A1.1.2 The volume is determined by a water-filled 

etc. 

A13 Precautions 

drafts or extreme temperature fluctuations. 
Al.3.1 Perform this procedure in an area isolated from 

A1.4 Procedure 
A 1.4.1 Water-Filling Method: 
A1.4.1.1 Lightly grease the bottom of the compaction 

mold and place it on one of the plastic or glass plates. Lightly 
grease the top of the mold. Be careful not to get grease on the 
inside of the mold. If it is necessary to use the base plate, as 
noted in 10.4.7, place the greased mold onto the base plate 
and secure with the.locking studs. 

A1.4.1.2 Determine the mass of the greased mold and 
both plastic or glass plates to the nearest 0.01-lbm (1-g) and 
record. When the base plate is being used in lieu of the 
bottom plastic or glass plate determine the mass of the mold, 
base plate and a single plastic or glass plate to be used on top 
of the mold to the nearest 0.01-lbm (1-g) and record. 

A1.4.1.3 Place the mold and the bottom plastic or glass 
plate on a firm, level surface and fill the mold with water to 
slightly above its rim. 

Al.4.1.4 Slide the second plate over the top surface of the 
mold so that the mold remains completely filled with water 
and air bubbles are not entrapped. Add or remove water as 
necessary with a bulb syringe. 

A1.4.1.5 Completely dry any excess water from the out- 
side of the mold and plates. 

A1.4.1.6 Determine the mass of the mold, plates and 
water and record to the nearest 0.01-lbm (1-g). 

A1.4.1.7 Determine the temperature of the water in the 
mold to the nearest 1'C and record. Determine and record 
the absolute density of water from Table A 1.1. 

A1.4.1.8 Calculate the mass of water in the mold by 
subtracting the mass determined in A1.4.1.2 from the mass 
determined in Al.4.1.6. 

A1.4.1.9 Calculate the volume of water by dividing the 
mass of water by the density of water and record to the 
nearest O.OO01 ft3 (1 an3). 

A 1.4.1.10 When the base plate is used for the calibration 
of the mold volume repeat A 1.4.1.3 through A 1.4.1.9. 

A 1.4.2 Linear Measurement Method: 
A1.4.2.1 Using either the vernier caliper or the * 

top of the mold and 6 times at the bottom of th 
spacing each of the six top and bottom 

micrometer, measure the diameter of the mold 6 tim 

equally around the circumference of the mold. Record the 
values to the nearest 0.00 1 -in. (0.02-mm). 

A1.4.2.2 Using the vernier caliper, measure the inside 
height of the mold by making three measurements equally 
spaced around the circumference of the mold. Record values 
to the nearest 0.001-in. (0.02-mm). 

A1.4.2.3 Calculate the average top diameter, average 
bottom diameter and average height. 

A 1.4.2.4 Calculate the volume of the mold and record to 
the nearest O.OO01 ft3 (1 cm3) as follows: 

(inch-pound) (.XhX4 + $)z V =  
( lax  1728) 

TABLE A1 Densityot.WaterA 
T-. "C (OF) Densty af water. gm 

18 (64.4) 0.93862 
19 (=a 0.99843 

0.99823 
0.99802 

20 (68.0) 
21 (69.8) 
22 (71.6) 0.99719 
23 (73.4) 
24 (752) 
25 mo) 
26 n8.81 
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. =  3 4  

where: 
V = volume of mold, ft3 (cm3), 
h = average height, in. (mm), 
(r, = average top diameter, in. (mm), 
db = average bottom diameter, in. (mm), 
'/I728 = constant to convert in3 to ft3, and 
'/lo3 = anstant to convert mm3 to cm3. 

0 
_ _  -.- . _ .  .- 

A15 Comp&sonof Results 
A1.5.1 The volume obtained by either method should be 

within the volume tolerance requirements of 6.1.1 and 6.1.2. 

A1.5.2 The difference between the two methods should 
not exceed 0.5 7% of the nominal volume of the mold. 

A1.5.3 Repeat the determination of volume if these cri- 
teria are not met. 

A1.5.4 Failure to obtain satisfactory agreement between 
the two methods, even after several trials, is an indication 
that the mold is badly deformed and should be replaced. 

A1.5.5 Use the volume of the mold determined using the 
water-filling method as the assigiied volume value for calcu- 
lating the moist and dry density (see 11.4). 

The Americen Sociery for Testing and Materials takes no pasm respecring the validity of any patent rights asserted in C0nr)Bdicn 
with any item memioned in this standard. Users of this standard are erp.essly advised that detm'natim of Me validity o f  any such 
patenr rgtns, and the risk of infringement of such rghts, BIB entirely their own responsibilify. 

This standard is subject to nwision at any time by the respansible technical canminee and must be reviewed every five years and 
I rot revised. eirher r- or wirhdrewn. Y w r  commems are miTed eilher for revision of this standard or for addition& standards 
and Should be addressed to ASTM HeadquWem. Your Commenrs mil receive careful Gonsidemticm at a meting of VH) responsiM 
techma cwnmiftee, which yw may mend. If y w  feel that your commems have not received e fair bearing you slmuld meke your 
vrem known to the ASTM Commmee on standards. 1916 Race St.. Philadelphia, PA 19103. 



Designation: D 854 - 92 
. $! 4Tb 

Standard lest Method for 
Specific Gravity of Soils’ 0 
This standard is issued under the fued designation D 854: the number immediately following the designation indicates the year of 
original adoption or. in the - of revision. the yeat of laa revision. A number in parentheses indicates the year of law mapprod A 
superscript epsilon (0 indicatcs an editorial change since the last midon or rrapproval. 

1. Scope 
1.1 This test method covers the determination of the 

spedic gravity of soils that pass the 4.75-mm (No. 4) sieve, 
by means of a pycnometer. When the soil contains particles 
larger than the 4.75-mm sieve, Test Method C 127 shall be 
used for the m a t e d  retained on the 4.75-mm sieve and this 
test method shall be used for the material passing the 
4.75-mm sieve. 

1.1.1 TWO procedures for performing the specific gravity 
are provided as follows: 

1.1.1.1 Method A-Procedure for Oven-Dry Specimens, 
described in 9.1. 

1.1.1.2 Method B-Procedure for Moist Specimens, de- 
scribed in 9-2- The procedure to be shall be specified by 

plastic, f i n e - e n d  so* fiocedure B shall be *e 

D4753 Specification for Evaluating, Selecting, and Speci- 
fying Balances and Scales for Use in Soil and Rock 
Testing3 

E 1 Specification for ASTM Thermometers4 
E 11 Specification for Wire-Cloth Sieves for Testing 

E 12 Temhology Relating to Density and 

2.2 AASHTO Standarak? 
MSKO Test Method T 00 

purpo=s 
Gravity of Solids, Liquids, and Gases6 

3. T e ~ o l o g y  
3.1 All definitions are in accordande with Terminology 
653 and E 12. 
3.2 Description of Term Specific to This Standard: the requesting authority. For specimens of O W ~ C  soils and 3.2.1 specific g a v i t p ~ e  ratio of the mass of a unit 

volume o f a  material at a stated temperature to the mass of 
the same volume of gas-free distilled water at a stated 
temperature. 

4. Significance and Use 

phase .relationships of soils (that is, the relative volumes of 
soli& to water and & in a given volume of sa). 

4.2 The term solid particles is typically assumed to mean 
naturally occurring f i n e d  particles that not m a y  
soluble in water. Therefore, the specific gravity of materials 
containing extraneous matter (such as cement, lime, and *e 
like), water-soluble matter (such as sodium chloride), and 
soils containing matter with a specific gravity less than one, 
typically require special treatment or a qualified definition of 
their specific gravity. 

5 .  Apparatus 
5.1 Pycnometer-The pycnometer shall be one of the 

following: 
5.1.1 Volumetric Flask, having a capacity of at least 100 

mL. 
5.1.2 Stoppered Bottle, having a capacity of at least 50 

m L  The stopper shall be of the same material, and shall 
permit the of air and surplus water when it is put in 
P b .  

NOTE 1-Flask sizes of gnater than the specified minimum capacity 
at recommended Larger flasks arc capable of holding larger specimens 
and tend to produce bmer statistid result& 

prefen-ed methad. 
1.2 When the specific gravity value is to be used in 

calculations in connection with the hydrometer portion of 
Test Method D 422, it is intended that the specific gravity 
test be made on that portion of the sample which passes the 
2.00-mm (No. 10) sieve. 

1.3 The’values stated in acceptable metric Units are to be 
regarded as standard. 

1.4 This ‘standard does not purport to address all of the 
safay problems, if any, associated with its use. If is the 
responsibility of the user of this standard to establish appro- 
pride safety and health practices and determine the applica- 
biiity of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 127 Test Method for Specific Gravity and Absorption of 

Coarse Aggregats 
c 670 practice for Preparing mon and ~i~ state- 

menu for Test Methods for Construction Materials2 
D422 Test Method for Particle-Size Analysis of Soils3 
D 653 Terminology Relating to Soil, Rock, and Contained 
Fluids3 

D2487 Test Method for Classification of Soils for En@- 
neering Purposes3 

e 4.1 n e  specific of a is used in dcdatl 

I This test mabod is under the jurisdicrion of AsT)rI Cornmince D l 8  on Soil 
and Rock and is Ibe d i m t  responsibility of Subcommittee D18.03 on Tunrr~ 
RamcirymdCk&y- . ‘ a o f s o i i  ‘ A d  Book of ASTM slondrydr, VOl 14.03. 

Cumnt edition appovcd Nov. IS, 1992. Published January 1993. &@naUy ’ A d  Book of ASTM Smdanls. Vol 14.02 
p~blkhcd I( D 854 - 45. Laa prtviou~ edition D 854 - 91. A d  Book of ASTM Smdargk, Vol 15.05. ’ A d a b l e  from Amaican Assodation Of starc Highmy and TRnzporration Annual B a d  4-M Standtar&, VolW.02. 

J Annual Bodc of ASTM Smuiar&, VolO4.08. OadaL 444 N Capital St. NW. washington. mi. 

i i  . .  

E 4 8  
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5.2 Balance-Meeting the requirements of Specification 
D 4753 and readable, without estimation, to at least 0.1 '% of 
the specimen mass. 

5.3 Drying Oven-Thermostaticallycontrolled oven, ca- 
pable of maintaining a uniform temperature of 1 10 f 5°C 
(230 -C 9°F) throughout the drying chamber. 

5.4 Thermometer, capable of measuring the temperature 
%@-within which the test is king performedygraduated-in- 
a 0.5'C (1 .o'F) division scale and meeting the requirements 
of Specification E 1. 

5.5 Desiccator-A desiccator cabinet or large desiccator 
jar of suitable size containing silica gel or anhydrous calcium 
sulfate? - 

NIXE 2-It is preferable to use a desiccant that changes color to 

5.6 Entrapped Air Removal Apparatus-To remove en- 
trapped air, use one of the following 

5.6.1 Hot Plate or Bunsen Burner, capable of maintaining 
a temperature adequate to boil water. 

5.6.2 Vacuum Sysrem, a vacuum pump or water aspi- 
rator, capable of producing a partial vacuum of 100 min or 
less absolute pressure. 

NOTE 3-A partial vacuum of 100 mm Hg absolute pressure is 
approximately equivalent to a 660 mm (26 in.) Hg reading on vacuum 
gauge at sea level. 

5.7 Miscellaneous Equipment, specimen dishes and insu- 
lated gloves. 

6. Reagents and Materials 
6.1 Purity of Water-Where distilled water is referred to 

in this test method, either distilled or demineralized water 
may be used. 

7. Test Specimen 
7.1 The test specimen may be oven-dried or moistened 

soil and shall be representative of the total sample. In either 
case the specimen shall be large enough that its minimum 
mass in the oven-dried state is in accordance with the 
following: 

indicate when it needs reconStitution. 

Maximum Standard 
Partide Sue Sieve Minvnum Mats 

(100 56 parang) S i  of Test Spnrnen. g 

2 mrn No. 10 20 
4.75 mm No. 4 100 

8. Calibration of Pycnometer 
8.1 Determine and record the m a s  of a clean, dry 

pycnometer, Mf 
8.2 Fd the pycnometer with distilled water to the calibra- 

tion mark. Visually inspect the pycnometer and its contents 
to ensure that there are no air bubbles in the distilled water. 
Determine and record the mass of the pycnometer and 
water, M, 

8.3 Insert a thermometer in the water, and determine and 
record its temperature, T, to the nearest OS'C ( 1 .OW. 

8.4 From the mass, M,,, determined at the observed 
temperature, T, prepare a table of values of mass, M, for a 
series of t e m p e r a m  that are likely to prevail when the 

mas of the pycnometer, soil, and water, Mbr is determined 
later. These values of Mu can be determined experimentally 
or may be calculated as follows: 
Mu (at T,) = [(density of water at TJdensity of water 

where: 
M, = mass of pycnometer and water, g,- - ~ 

Mf = mass of pycnometer, g, 
Tu = observed temperature of water, 'C, and 
T, = any other desired temperature, 'C. 

.NOTE &-This .test method provides .a procedure that is more 
convenient for laboratories making many determinations with the Same 
pycnometer. It is equally applicable to a single determination. Bringing 
the pycnometer and cootents to some designated temperature when 
masies Mu and Mb are taken, requires considerable time. It is important 
that masses Mu and Mb be based on water at the same temperature. 
Values for the density of water at temperatures from 16.0 to 30.0'C are 
given in Table 1. 

9. Procedure 
9.1 Test Method A-Procedure For Oven-Dried Speci- 

mens: 
9.1.1 Dry the specimen to a constant mass in an oven 

maintained at 1 10 f 5'C (230 f 9°F) (See Note 5) and cool it 
in a desiccator. 

NOTE S--Drying of certain soils at I 10'C (230T)  may bring about 
loss of water of composition or hydration, and in such cases drying may 
be done in reduced air prrssun or at a lower temperature. 

9.1.2 Determine and record the mass of a clean, dry, 
calibrated pycnometer, Mf Select a pycnometer of sufficient 
capacity that the volume filled to the mark will be at least 50 
percent geater than the space required to accommodate the 
test specimen. Place the specimen in the pycnometer. 

at Tu) x (Mu (at T,) - Mf)l + Mf 

TABLE 1 Density oi Water and Correction Factor K for Various 
Temperatures 

Temperature. 'C DwRy of Water (g/mL) Conecwn Factor K 

16.0 0.99897 1 .m7 
165 0.99889 1 .m7 
17.0 0.99880 1 .ooo6 
17.5 0.99871 1 .oO05 
18.0 0.99862 1 .ooo4 
18.5 0.9- 1 .oO03 
19.0 0.99843 1 .oocn 
19.5 0.99833 1 .m1 
20.0 0.99823 1 .oooo 
20.5 0.99812 0.9999 
21 .o 0.99802 0.9998 
21 5 0.99791 0.9997 
22.0 0.99180 0.9996 
225 0.99768 0.9995 
23.0 0.99757 0.9993 
23.5 0.99745 0.9992 
24.0 0.99732 0.9991 
24.5 0.99720 0.9990 
25 .O 0.99741 0.9988 
25.5 0.99694 0.9987 
26.0 0.99681 0.9986 
26.5 0.99660 0.9984 
27.0 0.99654 0.9983 
27.5 0.99640 0.9982 
28.0 0.99626 0.9980 
285 0.99612 0.9979 
29.0 0.99597 o.sn 
295 0.99582 03976 
30.0 0.99567 0.9974 
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No.*- No.10 No. 4- No. l o  
(4.75 m) (2.00 mm) !4.75 mm) (2.00 mm) 

Surgle-operatw precision: 

Munilabagtory precision: r - i  

0.m;. 2 0.019 0.06 0.06 
Noncohesivesoas I, 9 

.o.osb;.': :! cohesivesoas 
NoncOhesve ' s o a s  e.:.:.,j e e e 

4Thefiguresgiven in CdMvls2h3aramestandard deviationsthat have 
beanfound to be appopMtefor ttm+mialsdescnbed ' inCdLmvl1.m~ 
given in Cdumns 4 and 5 are t t D p  that should not be exceeded by me 
m e r e n o 3 b e t w e e n m e r w o ~ e d t e s t s .  

B m e J e  m b e n  represent. re+apVely. me (1s) and @2S) limits as de- 
saibed in Racbce C670. 

cwe.fi?itor aSSi@lg ~ ~ t i o n V ~ t 0 r ~  ' SoilSaranot 
avaihbk at the present time. 

Determine the mass of tI&specimen and pycnometer, and 
subtract the mass of the pmometer, M3 from this value to 
determine the mass of the even+ specimen, M, 

9.1.3 Fill the pycnomek with distilled water to a'level 
slightly above that require4 to cover the soil and soak the 
specimen for at least I2 h. ; : 
NOTE &For some soils c o d n i n g  a significant fraction of organic 

maw, kerosine is a better wetting agent than water and may be used in 
place of distilled water for ovendried specimens. If kerosine is used, the 
entrapped air should only be d v e d  by use of an aspirator. Kerosine is 
a flammable liquid that must beflsed with extreme caution. 
NOTE 7-Adding distilled wa6h to just cover the soil makes it easier 

to control boilover during r e d  of enuapped air. 

9.1.4 Remove the en ""$" air by one of the following 
methods: 

9.1.4.1 Boil the spedmq gently for at least 10 min while 
agitating the pycnometerz+asionally to assist in the re- 
moval of air. Then coolrfthe heated specimen to room 

9.1.4.2 Subject the contmts to a vacuum (air pressure not 
exceeding 100 mm Hg) forqt least 30 min (Note 8) either by 
connecting the pycnomeqr directly to an aspirator or 
vacuum pump or by use aZ a bell jar. While the vacuum is 
being applied, gently agitae the pycnometer periodically to 
assist in the removal of ak Some soils boil violently when 
subjected to reduced air prbeure. 1; will be neceSSary in those 
cases to reduce the air p m e  at a slower rate or to use-a 
larger flask. 

Nm &-Specimens with a w g h  plasticity at the natural water 
content may q u i r e  6 to 8 h to m o v e  entrapped air. Specimens with a 
low plasticity at the natural e r  content may require 4 to 6 h to 
remove cntrappcd air. Ovendfiid specimens may require 2 to 4 h to 
remove enmpped air. 

9.1.5 Fd1 the p y c n o m k  to just below the calibration 
mark with distilled water a h o m  temperature. Add the dis- 
tilled water slowly and ca&dly to avoid the entrapment of 
air bubbles in $he specimenri(Note 9). Allow the pycnometer 
to obtain a uniform wateremperature (Note 10). 

N m  9-To avoid the e n b e n t  of air bubbles, the distilled water 
can be introduced through a piecsof smalldiameter flexible tubing with 
its outlet end kept just below e surface of the distilled water in the 
pycnometer. 

8 .:. cohesive soils 
e e 

0.041 0.16 0.12 

. ' .I 
' .. . . .. 
. ,  

temperature. i 

NOTE IO-To obtain a uniform water temperature the pycnometer 
may be allowed to sit overnight or be placed in a constant tempemu? 
bath. 

9.1.6 Fill the pycnometer with distilled water at the sa 
temperature to the mark, clean the outside, and dry with 
clean, dry cloth. Determine and record the mass of the 
pycnometer tilled with soil and water, Mb. 

9.1.7 Insert a thermometer into the water, and determine 
and record its temperature, Th to the nearest 0.5'C (1.o'F). 

9.2 Test Merhod B-Procedure For Moist Specimens: 
9.2.1 Place the specimen in a calibrated pycnometer. 
9.2.1.1 Disperse specimens of clay soils in distilled water 

before they are placed in the pycnometer, by use of the 
dispersing equipment specified in Test Method D 422. The 
minimum volume of slurry that can be prepared by this 
dispersing equipment is such that a 5WmL (or larger) flask 
is needed as a pycnometer. 

9.2.2 Proceed as described in Sections 9.1.4 and 9.1.7. 
9.2.3 Remove the specimen from the pycnometer, and 

dry it to a constant mass in an oven maintained at 1 10 +. 5% 
(230 * 9°F') (See Note 5). Cool the specimen in a desiccator. 

9.2.4 Determine and record the mass of the oven-dried 
soil, M, 

a 

10. calculation 
10.1 Calculate the specific gravity of the soil, G, to the 

nearest 0.0 1, based on water at a temperature ( Tb) as follows: 
Gat Tb = MJM, + (Ma - Mb] 

where: 
M, = m a s  of sample of oven-dry soil, g, 
Ma = mass of pycnometer filled with water at temperat 

Tb (Note 1 1). g, 
Mb = of pycnometer filled with water and soil at 

Tb = temperatw of the contents of the pycnometer when 
temperature T, g, 

mass k f b  was determined, "C. 
NOTE 1 1 -This value can be obtained from the table of values of M, 

prepared in accordance with 6.2. for the temperatures prwailing when 

N m  12-The equation shown in 9.1 is for computing the specific 
gravity of the soil tested in water. When kerosine is used, the Eq must be 
adjusted by multiplying the result by the specific gr;vity of kerosine at 
Tb and dividing it by the density of water at Tb 

10.2 Calculate the weighted average specific gravity for 
soils containing particles both larger and smaller than the 
4.75-mm sieve using the following equation: . 

maSS M b  WaS determined, %. 

1 

+- p, RI Gav8 = - 
IOOG, IOOGZ 

where: 
G,, = weighted average specific gravity of soils composed of 

RI = percent of soil particles retained on 4.75-mm 
PI = percent of soil particles passing the 4.75-mm 
G, = apparent specific gravity of soil particles retained 

the 4.75-mm sieve as determined by Test Meth 
C 127, and 

particles larger and smaller than the 4.75-mm sieve, 
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G2 = specific gravity of soil particles passing the 4.75-mm 

10.3 Unless othenvise required, specific gravity (G) values 
reported shall be based on water at 20'C. Calculate the value 
based on water at 20'C from the value based on water at the 
observed temperature Tb, as follows: 

Gat 20'C = K x (Gat Tb) 

where: 
K = a number found by -dividing-the density-of-waterat 

temperature Tb by the density of water at 20'C. Values 
for the range of temperatures are given in Table 1. 

10.4 In some cases, it is desired to report the specific 
p v i t y  value based on water at a Werent temperature. In 
these cases, the specific gravity value, based on any temper- 
ature ?'' may be calculated as follows: 

sieve as determined by this test method. 

G at 20'C 
K 

G at T, = 

11. Report 
11.1 The report (data sheet) shall include the following 
1 1.1.1 Identification of the sample (material) being tested, 

such as boring number, sample number, test number, etc. 
11.1.2 Specific gravity at 20'C to the nearest 0.01. Tesl 

procedure used (A or B). 

- 
1 1.1.3 Maximum particle size of the test specimen. 
1 1.1.4 Specific gravity to the nearest 0.01 at a specified 

1 1. I .5 Type of fluid used, if other than distilled water. 
1 1.1.6 When any portion of the original sample of soil is 

eliminated in the preparation of the test specimen, the 
portion on which the test has been made shall be reported. 
12. Precision and Bias 

12.1 P&sion-Crit&a for Judzng the acceptability of 
specific gravity test results obtained by this test method on 
material passing the 4.75-mm sieve are given as follows: 

12.2 Statement of Precision-Criteria for judging the 
acceptability of specific gnvitytest results obtain& by this 
test method on mate&-p&ing the 4.75 (No. 4) or 2.00 mm 
(No. 10) sieve are given in Table 2. The estimates of 
precision for material passing the 2.00 mm sieve are based on 
results from the AASHTO Materials Reference Laboratory 
(AMRL) Proficiency Sample Program, of testing conducted 
on material passing the 2.00 (No. 10) sieve by this test 
method and AASHTO Test Method T100. 

12.3 Bias-There is no acceptable reference value for this 
test method; therefore, bias cannot be determined. 
13. Keywords 

temperature other than 20"C, if applicable. 

~ _ _  -~ - - 

13.1 soil; specific gravity 
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Ix-5 1 000264- 



Designation: D 1452 - 80 (Reapproved 1990)'' '2 
h 

Standard Practice for 
Soil Investigation and Sampling by Auger Borings' 
This nandard is issued under the fued designation D 14S2; the number immediatdy following the designation indicates the year of 
orighal adoption or. in the cay of revision, the year of la.u -on. A number in parratheus bdicues the year Of kt reapproval A 
rupncript epsilon (E) indicates an c d i t o d  change since the Ln revision or rcappronL . 
This standard has been approved for use by of the Dcponrnmr of D&me. Co&i the DoD Indu o/Specijicoriarrr and 
Slandnrdr for the spec$c year ojunir which has bem adopted by the Drpanrnmr of Dt$?nse. 

Nm-Smion 6 was added cdiwriallv in July 1990. 

. 
1.1 This practice coven equipment and procedures for the 

se of earth augers in shalIow geotechnical exploration. This 
ractice does not apply to sectional continuous flight augm. 
1.2 This standard does not purpon to address the safety 

roblem associated with its use. It is the responsibility of the 
ser of this standard to establish appropriate safety and 
ealth practices and determine the applicability of regulatory 
mitations prior to me. 

. Significance and Use 
2.1 Auger bonngs often provide the simplest method of 

~ i l  investigation and sampling. They may be used for any 
urpose where disturbed samples can be used and are 
aluable in connection with ground water level detemha- 
on and indication of changes in strata and advancement of 
ole for spoon and tube sampling. Equipment required is 
,mple and readily avaiiable. Depths of auger investigations 
re, however, limited by ground water conditions, soil 
haracteristics, and the equipment used 

;. Apparatus 
3.1 Hand-Operated Augers 
3.1.1 Helical Augers-Small lightweight augers generally 

vailable in sizes from 1 through 3 in. (25.4 through 76.2 
urn). 

3.1.1.1 Spiral-Type Auger, consisting of a flat thin metal 
uip, machine twisted to a spiral configuration of uniform 
itch; having at one end, a sharpened or hardened point, 
vith a means of attaching a shaft or extension at the opposite 
:nd. 

3.1.1.2 ShipType Auger-Similar to a carpentefs wood 
lit It is generally forged fiom steel and machined to the 
lesired size and configuration. It is normally provided with 
h p e n e d  and hardened nibs at the point end and with an 
ntegral shaft extending through its length for attachment of 
1 handle or extension at the opposite end 

3.12 Open Tubular Augers, ranging in size from 1.5 
h u g h  8 in. (38.1 through 203.2 mm) and having the 

common characteristic of appearing essentially tubular when 
viewed fiom the digging end. 

3.12.1 Orchard-Barrel Type, consisting essentially of a 
tube having cutting lips or nibs hardened and sharpened to 
penetrate the formation on one end and an adaptor fitting 
for an extension or handle on the opposite end. 

3.1.2.2 Open-Spird Tjpe, consisting of a flat thin metal 
strip that has been helically wound around a circular 
mandrel to form a spiral in which the flat faces of the strip 
are parallel to the axis of the augered hole. The lower helix 
edges are hard-faced to improve wear charaaeristics. The 
opposite end is fitted with an adaptor for extension. 

3.1.2.3 Closed-Spiral Type-Nearly identical to the open- 
spiral type except, the pitch of the helically wound spiral is 
much less than that of the open-spiral type. 

3.1.3 Post-Hole Augers, generally 2 through 8 in. (50.8 
through 2032 mm), and having in common a means of 
blocking the escape of soil from the auger. 

3.1.3.1 Clam-Shell T m ,  consisting of two halves, hinged 
to allow opening and closing for alternately digging and 
retrieving. It is not usable deeper than about 3.5 A ( 1  -07 m). 

3.1.3.2 Iwan Tjpe, consisting of two tubular steel seg- 
ments, connected at the top to a common member to form a 
nearly complete tube, but with diametrically opposed open- 
ings. It is connected at the bottom by two radial blades 
pitched to serve as cutters which also block the escape of 
contained soil. Attachment of handle or extension is at the 
top connector. 

3.2 Machine-Operated Augers 
3.2.1 Helical Augers, generally 8 through 48 in. (203.2 

through 1219 mm), consisting essentially of a Center shaft 
fitted with a shank or socket for application of power, and 
having one to three complete 360' (6.28-rad) spirals for 
conveyance and storage of Cut soil. Cutter bits and pilot bits 
are available in moderate and hard formation types and 
normally replaceable in the field. They are normally opcr- 
ated by heavyduty, high-torque machines, designed for 
heavy construction work 

32.2 Stinger Augers, generally 6 through 30 in. (152.4 
through 762 mm), are similar to the helical auger in 32.1, 
but lighw and generally smaller. They are commonly 
operated by lightduty machines for post and power pole 
holes 

3.2.3 Disk Augers, generally 10 through 30 in. (254 
through 762 mm), consisting essentially of a flat, steel disk 
with diamemcally opposed segments removed and having a 

0 

0 
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shank or socket located centrally for application of power. 
Replaceable Cutter bits, located downward from the leading 
edges of the remaining disk, dig and load soil that is held on 

e disk by valves or shutters hinged at the disk in order to 
lose the removed segments The disk auger is specifically 

designed to be operated by machines having limited vertical 
clearance between spindle and ground surface. 

3.2.4 Bucket Auger, genexally 12 through 48 in. (304.8 
through 1219 mm), consisting essentially of a disk auger, 
without shank or socket, but hinge-mounted to the h t tom 
of a steel tube or bucket of approximately the same diameter 
as the disk auger. A socket or shank for power application is 
located in the top center of the bucket diameual cross piece 
provided for the purpose. 

3.3 Casing (when needed), consisting of pipe of slightly 
larger diameter than the auger used. 

3.4 Accessory Equipmenr--Labels, field log sheets, sample 
jars, sealing wax, sample bags, and other necasary tools and 
supplies 

4. Procedure 
4.1 Make the auger boring by rotating and advancing the 

desired distance into the soil. Withdraw the auger from the 
hole and remove the soil for examination and test. R e m  
the empty auger to the hole and repeat the procedure. 
Continue the sequence until the required depth is reached. 

4.2 Casing is required in unstable soil in which the bore 
hole fails to stay open and especially when the boring is 
extended below the groundwater level. The inside diameter 
of the casing must be slightly larger than the diameter of the 
uger used. The casing shall be driven to a depth not greater 

the top of the next sample and shall be cleaned out by * eans of the auger. The auger can then be inserted into the 
bore hole and turned below the bopom of the casing to 
obtain a sample. 

e 
- 

4.3 The mil auger can be used both for boring the h& 
and for bringing up dimrbed samples of the soil encow 
tered. The structure of a cohesive soil is completely destroyed 
and the moisture may be changed by the auger. Seal 
samples in a jar or other airtight container and label 
appropriately. If more than one type of soil is picked up in 
the sample, prepare a separate container for each type of soil. 

4.4 Field Observations-Record complete ground water 
information in the field logs. Where casing is used, measure 
6 u n d  water levels, both before and after the casing is 
pulled. In sands, determine the water level at least 30 min 
after the boring is completed; in silts, at least 24 h. In clays, 
no accurate water level determination is possible unless 
pervious seams are present. As a precaution, however, water 
levels in clays shall be taken after at least 24 h 

5. Report 

field logs and shall include the following 
5.1 The data obtained in boring shall be recorded in the 

5.1.1 Date of start and completion of boring, 
5.12 Identifying number of boring, 
5.1.3 Reference datum including direction and distance of 

boring relative to refance line of project or other suitable 
reference points, 

5.1.4 Type and size of auger used in boring, 
5.1.5 Depth of changes in strata, 
5.1.6 Description of soil in each major stratum, 
5.1.7 Ground water elevation and location of seepage 

zones, when found, and 
5.1.8 Condition of augered hole upon removal of auger, 

that is, whether the hole remains open or the sides cave, 
when such can be observed. 

6. Keywords 

.. 

Auger bo- sampling; soil investigations 
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Standard Test Method for 
Penetration Test and Split-Barrel Sampling of Soils' 

This nandard k issued under the lircd drsignation D I586 the number immediately following the designation indicates the year of 
original adopth or. in the cay of e o n ,  the year of hn revision. A n u m b  in parmthacs indicates the year of ka rcapprod. A 
supaxaipt d o n  (0 indicates an editorid change since the ka rivirion 01 rcapprovd. 

This nnndnrd has bem approved for use by agencies of the Depanrnrnt of Dc/mce. Consult the DOD Index of SperijiCarions and 
Stnndnrdsjor i lu spcrifir year of irnu which has been adopted by the Depanmrm of D&nse. 

e l N ~ E d i t o r i a l  cbanga wm made throughout October 1992. 

1. scope 
1.1 This test method describes the procedure, .generally 

known as the Standard Penetration Test (SIT), for driving a 
split-barrel sampler to obtain a representative soil sample 
and a measure of the resistance of the soil to penetxation of 
the sampler. 

1.2 This standard does not purport to address all of the 
safmy problems, if any. associated with its use. It is the 
responsibility of the user of this standard to establish appre 
priate safety and health practices and determine the applica- 
bility of regulatory limitations prior to use. €or a specific 
precautionary statement, see 5.4.1. 

1.3 The values stated in inch-pound units are to be 
regarded as the standard. 

2. Referenced Documents 
2.1 ASTM Stanahrdr.. 
D2487 Test Method for Cladication of Soils for Engi- 
neering Purpose9 

D 2488 Practice for Description and Identification of Soils 

D4220 Practices for Preserving and Transporting Soil 

D4633 Test Method for Stress Wave Energy Measure- 

(Visual-Manual P r o C e d ~ r e ~  

sample9 

ment for Dynamic Penetrometer Testing Systems2 

3. Terminology 
3.1 Desnptionr of Terms SpecGc to This Standord 
3.1.1 anvil-that portion of the drive-weight assembly 

which the hammer strikes and through which the hammer 
energy passes into the drill rods. 

3.1.2 cathead-the rotating drum or windlass in the 
rope-cathead lift system around which the operator wraps a 
rope to lift and drop the hammer by successively tightening 
and loosening the rope turns around the dnun. 

3.1.3 drill rodz--rods used to transmit downward force 
and torque to the driU bit while drilling a borehole. 

3.1.4 drive-weight assemb1p-a device consisting of the 

I Thir mahod UDda thejukdiaioa of ASlM Commiacc D-18 on Soil a d  
Rock pad is the d k !  r6ponsMity of Subcamrmacc D18.02 on Sampling md 
Retorcd Mdf& f o r m  &- 

Cumnt edition approved Scp 11,1984. PuMiBed Novcmbcr 1984. OrighRy 
ablirbsd 8s D 1586 - 58 1. LUI previous edition D 1586 - 67 (1974). 

'Annual Boak dAsliibslaJdv& Volo4.08. 

0 

hammer, hammer fall guide, the anvil, and any hammer 
drop system. 

3.1.5 hammer-that portion of the drive-weight assembly 
consisting of the 140 -C 2 lb (63.5 & 1 kg) impact weight 
which is successively lifted and dropped to provide the 
energy that accomplishes the sampling and penetxation. 

3.1.6 hammer drop system-that portion of the drive- 
weight assembly by which the operator accomplishes the 
lifting and dropping of the hammer to produce the blow. 

3.1.7 hammer fall guide-that part of the drive-weight 
assembly used to guide the fall of the hammer. 

3.1.8 N-value-the blowcount representation of the pene- 
tration resistance of the soil. The N-value, reported in blows 
per foot, equals the sum of the number of blows required to 
drive the sampler over the depth interval of 6 to 18 in. ( 150 
to 450 mm) (see 7.3). 

3.1.9 AN-the number of blows obtained from each of 
the 6-in. (1 50-mm) intervals of sampler penetration (see 7.3). 

3.1.10 number of rope tums-the total contact angle 
between the rope and the cathead at the beginning of the 
operator's rope slackening to drop the hammer, divided by 
360'(seeFig 1). * 

3.1.1 1 sampling rods-rods that connect the drive-weight 
assembly to the sampler. Drill rods are often used for this 
Purpose. 

3.1.12 SPT-abbreviation for Standard Penetration Test, 
a term by which engineers commonly refer to this method. 

0 

4. Significance and Use 
4.1 This test method provides a soil sample for identifica- 

tion purposes and for laboratory tests appropriate for soil 
obtained &om a sampler that may produce large shear strain 
disturbance in the sample. 

4.2 This test method is used extensively in a great variety 
of geotechnical exploration projects. Many local correlations 
and widely published correlations which relate SPT' blow- 
count, or N-value, and the engineering behavior of earth- 
works and foundations are available. 

0 5. Apparatus 
5.1 Drilling Equipment-Any drilling equipment that 

provides at the time of sampling a suitably clean open hole 
before insertion of the sampler and ensures that the penetra- 
tion test is performed on undisturbed soil shall be acceptable. 
The following pieces of equipment haw proven to be 1 
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Ooerator her 

Cathead 

Section A-A 

- 
Section 6-6 

FIG 1 Defmitionr of the Number of Rope Turns and the Angle for (a) counterdockwise Rotation and (b) Clockwise Rotation of the 
Cathad 

itable for advancing a borehole in some subsurface condi- 

.I. 1 Drag, Chopping, and Fishtail Bits, less than 6.5 in. 
162 mm) and greater than 2.2 in. (56 mm) in diameter may 
be used in conjuction with open-hole rotary drilling or 
casing-advancement drilling methods. To avoid disturban 
of the underlying soil, bottom discharge bits are not per- 
mined, only side discharge bits are permitted- 

5.1.2 Roller-Cone Bits, less than 6.5 in. (162 mm) and 
greater than 2 2  in. (56 mm) in diameter may be used in 
conjunction with open-hole rotary drilling or casing-ad- 
vancement drilling methods if the drilling fluid discharge is 
deflected. 

5.1.3 HollowSrem Continuous Flighf Augers, with or 
without a center bit assembly, may be used to drill the 
boring. The inside diameter of the hollow-stem augers shall 
be less than 6.5 in. (162 mm) and greater than 2.2 in. (56 
mm). 

5.1.4 Solid Continuous Flight, B u c k  and Hond Augers, 
less than 6.5 in. (162 mm) and p e r  than 2.2 in. (56 mm) 
in diameter may be used if the soil on the side of the boring 
does not cave onto the sampler or sampling rods during 

5.2 Sampling Roc&-Flush-joint steel drill rods shall be 
used to connect the split-barrel sampler to the drive-weight 
assembly. The sampling rod shall have a cess (moment 
-r hmtk) equal to or greater than that of parallel wall 'A" 

'a steel rod which has an outside diameter of 1% in. 

ce 

*= 

mm) and an inside diameter of 1 */a in. (28.5 mm). 

Nm I-Raat Rstardl and comparative testing indicates the type 
rod used, with stiffness ranging from -A" size rod to 'N" size mi, wiU 
WlzLny have a ntglisible effect on the N-values to depths of at lcsn 100 
n(30 m). 

5.3 Split-Bane1 SampIer-The sampler shall be con- 
structed with the dimensions indicated in fig. 2. The driving 
shoe shall be of hardened steel and shall be replaced or 
repaired when it becomes dented or distorted. The use of 
liners to produce a constant inside diameter of 1% in. (35 
mm) is permitted, but shall be noted on the penetration 
record if used The use of a sample retainer basket is 
pennitced, and should also be noted on the penemtion 
recordifused. 

Nm 2--Both theory and available test data suggest that N-values 
m a y i n c r r a s c ~ 1 0 t o 3 0 1 ~ l i n e r s a r e u s e d  

5.4 Drive Weighr AssembIy: 
5.4.1 Hammer and Anvil-The hammer shall weigh 140 

.e 2 Ib (63.5 1 kg) and shall be a solid rigid metallic m a s  
The hammer shall strike the anvil and make steel on steel 
contact when it is dropped. A hammer fall guide permitting a 
free fall shall be used. Hammers used with the cathead and 
rope method shall have an unimpeded overlift capacity of at 
least 4 in. (100 mm). For safety reasons, the use of a hammer 
assembly with an internal anvil is encouraged. 

Nm 3-It is nrggcstcd that thehamma fallguide be pamanently 
marked to cnable the opaaun or inspnortojudge the hamma drop 
height 

5.41 HWWM Drop sysrem-~ope-cathead, trip, semi- 
automatic, or automatic hammer drop systcms may be & 
providing the lifting apparatus will not cause penetration of 

E-55 
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A - l.Oto2.0h.(25to50~) 

c = 1.375 * 0.005 iL (34.93 f 0.13 m) 
D = 1.50 t 0.05 - 0.00 b. (38.1 1 3  - 0.0 m) 
E = 0.10 f 0.02 in. (2.54 * 025 m) 
F I 2.00 f 0.05 - 0.00 in. (50.8 2 13 - 0.0 IIWn) 

G = 16.Vto23.V 

B = 18.0 to 30.0 ir. (0.457 to 0.762 m) 

The 1% in. (38 m)iro'de &mterspM baml may be used Wim a 1- waO Ukjmess spM her. The penetrating end of W e  drive 6 may be stighUy ramded. MW 
a- r e t e i n e r s m a y b e u s e d t o r e m i n ~ ~ .  

may not be advanced below the sampling elevation prior to 0 FIG. 2 Spli-BarrelSarnpler 

the sampler while reengaging and lifting the hammer. 
5.5 Accessory Equipmm-Amsones such as labels, 

sample containers, data sheets, and groundwater level mea- 
suring devices shall be provided in accordance with the 
requirements of the project and other ASTh4 standards. 

6. DrillingProcedure . 
6.1 The boring shall be advanced incrementally to permit 

intermittent or continuous sampling Test intervals and 
locations are normally stipulated by the project engineer or 
geologist Typically, the intenals selected are 5 ft (1.5 mm) 
or less in homogeneous strata with test and sampling 
locations at every change of strata 

6 3  Any drilling procedure that provides a suitably clean 
and stable hole before insertion of the sampler and assures 
that the penetration test is performed on essentially undis- 
turbed soil shall be acceptable. Each of the following 
procedures have proven to be acceptable for some subsurface 
conditions. The subsurface conditions anticipated should be 
considered when selecting the driuing method to be used. 

6.2.1 Open-hole rotary drilling method. 
6 3 2  Continuous flight hollow-stem auger method. 
62.3 Wash boring method. 
62.4 Continuous flight solid auger m&od. 
63Several drilling methods produce unacceptable 

brings. The process ofjetting through an open tube sampler 
and then sampling when the desired depth is feached shall 
not be permined The continuous flight solid auger method 
shall not be used for advancing the boring below a water 
tabk or below the upper confining bed of a coniked 
non-cohesive stratum that is under arteSian prasure. casing 

' 

sampling. Advancing a boring with bottom discharge bits is 
not permissible. It is not permissible to advance the boring 
for subsequent insemon of the Sampler solely by means of 
previous sampling with the SPT sampler. 

6.4 The drilling fluid level within the boring or hollow- 
stem augers shall be maintained at or above the in situ 
groundwater level at all times during drilling, removal of drill 
rods, and sampling 

7. Sampling and Testing Procedure 
7.1 After the boring has been advanced to the desired 

sampling elevation and excessive cuttings have been re- 
moved, prepare for the test with the following sequence of 
operations 

7.1.1 Attach the split-barrel sampler to the sampling rods 
and lower into the borehole. Do not allow the sampler to 
drop onto the soil to be sampled. 

7.12 Position the hammer above and attach the anvil to 
the top of the sampling rods This may be done before the 
sampling rods and sampler are lowered into the borehole. 

7.1.3 Rest the dead weight of the sampler, rods, anvil, and 
drive weight on the bottom of the boring and apply a seating 
blow. If excessive cuttings are encountered at the bottom of 
the boring remove the sampler and sampling rods from the 
boring and remove the cuttings. 

7.1.4 Mark the drill rods in three successive 6-in. (0.15- 
increments so that the advance of the sampler under th 
impact of the hammer can be easily obsewed for each 6-in. 
(0.15-m) increment, 

7 2  Drive the sampler with blows from the 140-Ib (63.5- 

* 
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kg) hammer and count the number of blows applied in each 
6-in. (0.15-m) increment until one of the following  occur^ 

7.2.1 A total of 50 blows have been applied during any 
one of the three 6-in. (0.15-m) increments described in 7.1.4. 

7.2.2 A total of 100 blows have been applied. 
7.2.3 There is no observed advance of the sampler during 

the application of 10 successive blows of the hammer. 
7.2.4 The sampler is advanced the complete 18 in. (0.45 

m) without the limiting blow counts occurring as described 
in 7.2.1, 7.2.2, or 7.2.3. 

7.3 Record the number of blows required to effect each 6 
in. (0.15 m) of penetration or fraction thereof. The first 6 in. 
is considered to be a seating drive. The sum of the number of 
blows required for the second and third 6 in. of penetration is 
termed the 'standard penetration resistance," or the 
'N-value." If the sampler is driven less than 18 in. (0.45 m), 
as permitted in 7.2.1, 7.2.2, or 7.2.3, the number of blows 
per each complete 6-in. (0.15-m) increment and per each 
partial increment shall be recorded on the boring log For 
partial increments, the depth of penetration shall be reported 
to the nearest I in. (25 mm), in addition to the number of 
blows. If the sampler advances below the bottom of the 
boring under the static weight of the drill rods or the weight 
of the drill rods plus the static weight of the hammer, this 
information should be noted on the boring log 

7.4 The mising and dropping of the 140-lb (63.5-kg) 
hammer shall be accomplished using either of the following 
two methods: 

7.4.1 By using a trip, automatic, or semi-automatic 
hammer drop system which lifts the 140-lb (63.5-kg) 
hammer and allows it to drop 30 f 1.0 in. (0.76 m f 25 mm) 

0 
_ _  _ _  

- 

unimpeded. 
7.42 By using a cathead to pull a rope attached to the 0 hammer. When the cathead and rope method is used the 

system and operation shall conform to the following 
7.42.1 The cathead shall be essentially free of nt% oil, or 

grease and have a diameter in the range of 6 to 10 in. (150 to 
250 mm). 

7.4.2.2 The cathead should be operated at a minimum 
speed of rotation of 100 RPM, or the approximate speed of 
rotation shall be reported on the boring log. 

7.4.2.3 No more than 2% rope turns on the cathead may 
be used during the performance of the penetration test, as 
shown in Fig 1. 

Nm &The operator should gcnaaily use atha 1% or 2% rope 
nuns, depending upon whether or not the ropc wmcs off the top (1% 
turns) or the bottom (2% turns) of the ahead. It is gcnaaily known 
and accepted that 2% or more rope turns wnsidmably impedes the fall 
of the hammer and should not be used to perform the test. The cathead 
rope should k maintained in a relatively dry. dcaa and unfraycd 
condition. 

7.4.2.4 For each hammer blow, a 30-in. (0.76-m) lift and 
drop shall be employed by the operator. The operation of 
pulling and throwing the rope shall be performed rhythmi- 
cally without holding the rope at the top of the stroke. 

7.5 Bring the sampler to the surface and open. Record the 
percent recovery or the length of sample recovered Describe 
the soil samples recovered as to composition, color, stratifi- 
ation, and condition, then place one or more representative 
portions of the sample into sealable moisture-proof con- 0 tainers (jars) without ramming or distorting any apparcnt 

a - -  
A' 

stratification. seal each container to prevent evaporation of 
soil moisture. Af5x labels to the containers bearing job 
designation, boring number, sample depth, and the blow 
count per bin. (0.15-m) increment. Protect the samples 
against extreme temperature changes. If there is a soil change 
within the sampler, make a jar for each stratum and note its 
location in the sampler barrel. - 

8. Report 

shall include the following - 
8.1 Drilling information shall be recorded in the field and 

8.1.1 Name and location of job. 
8.1.2 Names of crew, 
8.1.3 Type and make of drilling machine, 
8.1.4 Weather conditions, 
8.1.5 Date and time of start and finish of boring, 
8.1.6 Boring number and location (station and coordi- 

8.1.7 Surface elevation, if available, 
8.1.8 Method of advancing and cleaning the boring, ~ 

8.1.9 Method of keeping boring open, 
8.1.10 Depth of water surface and drilling depth at the 

time of a noted loss of drilling fluid, and time and date when 
reading or notation was made, 

8.1.1 1 Location of stxata changes, 
8.1.12 Size of casing, depth of cased pomon of boring, 
8.1.13 Equipment and method of driving sampler, 
8.1.14 Type sampler and length and inside diameter of 

8.1.15 S i  type, and section length of the sampling rods, 

8.1.16 Remark 
8.2 Data obtained for each sample shall be recorded in the 

8.2.1 Sample depth and, ifutilized, the sample number, 
82.2 Description of soil, 
8.2.3 Strata changes within sample, 
8.2.4 Sampler penetration and recovery lengths, and 
8.2.5 Number of blows per 6-ii. (0.15-m) or partial 

nate~, if available and applicable), 

barrel (note use of liners), 

and 

field and shall include the following 

increment. 

9. Recision and Bias 

9.1 Precision-A valid estimate of test precision has not 
been determined because it is too costly to conduct the 
necessary inter-laboratory (field) tests. Subcommittee 
D18.02 welcomes proposals to allow development of a valid 
precision statement. 

9.2 Biar-Because there is no reference material for this 
test method, there can be no bias statement. 

9.3 Variations in N-values of 100 % or more have been 
observed when using different standard penetration test 
apparaNs and drillers for adjacent boring in the same soil 
formation. Current opinion, based on field experience, 
indicates that when using the same apparatus and driller, 
N-values in the same soil can be reproduced with a coeffi- 
cient of variation of about 10 %. 

9.4 The use of faulty equipment, such as an extremely 
massive or damaged a n d  a rusty cathead, a low speed 
cathead, an old, oily rope, or massive or poorly lubricated 
rope sheaves can significantly contribute to differences in 
N-values obtained between operatordrill rig systems. 

: .. ... - 
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9.5 The variability in N:;alues produced by different drill 
rigs and operators may be reduced by measuring that part of 
the hammer energy delivered into the drill rods from the 
sampler and adjusting N on the basis of comparative 
energies. A method for energy measurement and N-value 

adjustment is gwen in Test Method D 4633. 

10. Keywords 

barrel sampling; standard penetration test 
10.1 blow count; in-situ test; penetration resistance; split- 0 

The  Amencan soaety for T e m g  and Matenah rakes no pasmar mspeamg the valid!ty of any patem rghts assemd a, ConneQlcn 
wRh any Rem memroned m I)us standard. Users d Uus standard are e- advued that detmnatm d the vaMTy of any such 
patent rrghts. and the rrrk of mfrgemem of such n g h .  (UB entrmty Chm own mspm~~W!ty. 

T ~ I S  standerd IS sublea to revism atanyt~me by the msponsble technical Commmee and must be mtew8d every f f f e  yean and 
d nctmsed. enher reepprwed or mthdmwn. Your comments am med ether for reynron of Uus standard ar for a d d R d  stand- 
end should be addressed to ASTM Headquattm. Your commeds wll fecfjm careful toRslderetl0n at a meetrng of Vn, respom&@ 
tech& comnuttee. whrch you may attend. tf you feel that your CQnmenrS have not m f f e d  a f a r  hearing you S W d  make your 
vmws known to the ASTM Commmee on Standads. 1916 Race St.. Phtladdma PA 79103. 
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(m Designation: D 1507 - a3 
..: ., - 

1. scope 
1.1 This practice covers a procedure for using a thin- 

walled metal tube to recover relatively undisturbed soil 
samples suitable for laboratory tests of structural properties. 
Thin-walled tubes used in piston, plug, or rotary-type sam- 
plers, such as the Denison or Pitcher, must comply with the 
portions of this practice which describe the thin-walled tubes 
(5.3). 

NOTE I-This practice docs not apply to has used within the above 
samplm 

2. Referenced Documents 
2.1 ASTM Standards: 
D2488 Practice for Desaiption and Identification of Soils 

D 3550 Practice for Ring-Lined Barrel Sampling of So&? 
D4220 Practices for Reserving and Transporting Soil 

(Visd-Manual Rocedure)2 

sample2 

3. summary of Practice 0 3.1 A relatively un- sample is obtained by - 
pressing a tbin-~eci metal tube &to the in-situ soii, 
removing the soil-filed tube, and sealing the ends to prevent 
the soil h m  being disturbed or losing moisture. 

4. Significance and Use 
4.1 This practice, or Practice D 3550, is used when it is 

necessary to obtain a relatively unWM specimen suit- 
able for laboratory tests of structural propemes or other tests 

5. Apparatus 
5.1 Drilling Equipment-Any drilling equipment may be 

used that provides a reasonably clean hole; that does not 
disturb the soil to be sampled, and that does not hinder the 
penemtion of the thin-walled sampler. Open borehole 
diameter and the inside diameter of driven casing or hollow 
stem auger shall not exceed 3.5 times the outside diameter of 
the thia-walled tube. 

5.2 Sampler Insertion Equipment, shall be adequate to 
provide a relatively rapid continuous penetration force. For 

that might be influenced by soil disturban e. 

hard formations it may be newssary, although not recorn- 
mended, to drive the thin-walled tube sampler. 

5.3 Thin-Wdled Tubes, should be manufactured as 
shown in Fa 1. They should have an outside diameter of 2 
to 5 in. and be made of metal having adequate strength for 
use in the soil and fonnation intended. Tubes shall be clean 
and free of all surf' irregularities including projecting weld - 

5.3.1 Length of Tuba& Table 1 and 6.4. 
5.3.2 Tolerances, shall be within the limits shown in Table 

2. 
5.3.3 Inside Clearance Ratio, should be 1 95 or as sped- 

fied by the engineer or geologist for the soil and formation to 
be sampled. Generally, the inside clearance ratio used should 
increase with the increase in plasticity of the soil b e q  
sampled. set Fa 1 for definition of inside clearance ratio. 

5.3.4 Comosion Protection4mxion, whether from gal- 
vanic or chemical reaction, can damage or destroy both the 
thin-walled tube and the sample. Severity of damage is a 
function of time as well as -interaction betweem the sample 
and the tube. Thin-walled tubs should have some form of 
protective coating. Tubes which will contain samples fix 
more than 72 h shall be coated. The type ofcoating to be 
used may vary depending upon the material to be sampled. 
coatings may include a light coat of lubricating oil, lacquer, 
epoxy, Teflon, and 0th- Type of coating must be specified 
by the engineer or geologist if storage will exceed 72 h 
Plating of the tubes or alternate base metals may be specified 
by the engineer or geologist 

5.4 Sampler He& serves to couple the thin-walled tube 
to the insertion equipment and, together with the thin-walled 
tube, comprises the thin-walled tube sampler. The sampler 
head shall contain a suitable check valve and a venting area 
to the outside quai to or greater than the area through tht 
check valvc Attachment of the head to the tube shall be 
concentric and coaxial to assure d o x m  application of force 
to the tube by the sampler insertion equipment. 

6. Procedure. 
6.1 Clean out the borehole to sampling elevation using 

whatever method is p r e f d  that will ensure the material to 
be sampled is not disturbed. If groundwater is encountered, 
maintain the liquid level in the borehole at or above ground 
water level during the sampling operation. 

6 2  Bottom discharge bits are not permitted. Si& d& 
charge bits may be used, with caution. Jetting through an 
open-tube sampler to dean out the borehole to sampling 
elmtion is not pennitted. Remove loose mataial from the 
center of a casing or hollow stem auger as canfully as 



~ * 6.77 
H 127 
1 25.4 
2 50.8 
3% 88.9 
4 101.6 

FIG. 1 .Thin-Waned Tub  tor Sampling 

TABLE 1 suitable Thin-Waned Steel Sample Tubes* 

Possble to avoid disturbance of the material to be sampled, 

NOTE 2-Roller bits arc available in doamwarbjjetring and ditfuscd- 
, in con6gurations. Downward-jening confisuration rock bits arc not 

Ditfusc-jet wu6gumtions arc generally acaptablc 

6.3 Plact the sample tube so that its bottom rests on the 
bottom of the hole. Advance the sampler without rotation by 
a continuous relatively rapid motioa 

6.4 Detamine the length of advance by the resistance and 
condition of the formation, but the length shall never exceed 

5 to 10 diameters of the tube in sands and 10 to 15 diameters 
of the tube in clays. 

NOTE 3-Weight of sample. laboratory handling capabilirieg trans- 
@on problems, and commacial availability of tubes will p a a l l y  
limit maximum practical lengths to those shown in Table 1. 

6.5 When the formation is too hard for push-type inser- 
tion, the tube may be driven or Practice D 3550 may be 
used. Other methods, as directed by the engineer or geologist, 
may be used If driving methods are used, the data regarding 
weight and fall of the hammer and penetration achieved 
must be shown in the report. Additionally, that tube must be 
prominently labeled a 'driven sample." 

6.6 In no case shall a length of advance be greater than the 
sample-tube length minus an allowance for the sampler head 
and a minimum of 3 in. for sludgeend cuttings 

NOTE &The tube may k rotated to shear bottom of the sample 
after pressing is complete 

6.7 Withdraw the sampler fiom the formation as carefuUy 
as possible in order to minimize disturbaa ce of the sample. 

7. Reparation for Shipment 
7.1 Upon removal of the tube, measure the length of 

sample in the tube. Remove the disturbed material in the 
upper end of the tube and meatam the length again. Seal the 
upper end of the tube. Remove at least 1 in. of material from 
the lower end of the tube. Use this material for soil 
description in accordance with Practice D 2488. Measure the 
ovQau sample length. Seal the lower end of the tube. 
Alternatively, after measuremen& the tube may be sealed 
without removal of soil h m  the en& of the tube if so 
dirtcted by the engineer or geologist 

NOIE %Field extrusion and pdagjng of Qrmded samples unda 
the sped& dirstion of a gmtcchnid engineer or geologist is permitted. 
N m  &Tubes sealed ova the ends as opposed to thoDe sealed with 

apanding F0ckas should contain end $Yaddhg in cad voids in order to 
pmmt drabage or movement of the sample within the tuk. 

7 2  Rcpare and immediately affix labels or apply mark- 
ings as necessary to identify the sample. Assure that the 0 
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markings or labels are adequate to survive transportation 
and storage. 

. _. . 

I 

m 
Dl587 

8.1.8 Method of drillin& Size of We, cask%, 

Report 
8.1 The appropriate information is required as follows: 
8.1.1 Name and location of the project, 
8.1.2 Boring number and precise location on project, 
8.1.3 Surface elevation or reference to a datum, 
8.1.4 Date and time of boring-start and finish, 
8.1TS-Depth tFtop of -Whple iind number of sampler- 
8.1.6 Description of sampler. size, type of metal, type of 

8.1.7 Method of sampler insertion: push or drive, 

-- 

coating, 

fluid used, 

==& 

D 2488, 

8.1.9 Depth to groundwater level: date and time mea- 

8.1.10 Any possible current or tidal effect on water levd, 
8.1.11 Soil description in accordance With Practice 

8.1.12 Length of sampler advance, and 
8.1.13 Recovery: length of sample obtained. 

- - -- -_  - - _ _  -~ _ _ _ _ _ _  
9. Recision and Bias 

fore, a predsion and bias statement is not applicable. 
9.1 This practice does not produce numerical data; there- 

- 
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Unconfined Compressive Strength of Cohesive Soil' 

1. scope 
1.1 This test method coven the determination of the 

unconfined compressive strength of cohesive soil in the 
undisturbed, remolded, or compacted condition, using 
straincontrolled application of the axial load. 

1.2 This tat method provides an approximate value of 
the strrngtb of cohesive soils in tcnns of total strcscs 

1.3 This ltst method is applicable only to cohesive matc- 
rials which will not expd blced water (water expelled from 
the soil due to deformation or compaction) during the 
loading portion of the test and which will retain intrinsic 
strength after Emoval of confining prrssurts, such as clays or 
cemented soils. Dry and mmbly so& fissured or varved 
materials, silts, pats, and sands cannot k tcstcd With this 
method to obtain valid unconfined compxcsion strength 
ValUcs.  - 

h l - - T b t  detamura . tion dtbe uabriaed 
srrrllglb ofcoksive soits with lateral con6nalKnt k o o d  by Tea 

1.4 This tat method is not a substitute for Test Method 
D 2850. 

1.5 The valucsstated in SI units arc to k regarded as the 
standard. The values stated in inch-pound units art approx- 
imak 

1.6 771& standard does not purpon to address all of the 
M f w  p r d l m ,  i f  any, associated with its use. It is the 
responsibility of the i w ~  of this standard to establish appre 
priare saf2ty and health practices and &ennine the applica- 
bility of reguiatoty limitations prior io use. 

Merhad D 28%. 

2. Referenced Docpmeim 

2.1 ASTM Suurdardc 
D422 Method for particle-Si Analysis of soils' 
D 653 Ttlmindogy Relating to So& Rock, and Contained 

D 8% T a t  Method for Specific Gravity of Soils2 
D 1587 Practice for Thin-Walled Tube Sampling of Soils' 

Water (MoisturC) Content of So& Rods and Soil- 
'AsgrceattMixtud 
D2487 Test Method for Clanification of Soils for Engi- 

netringpumsc9 

Fluids2 

D2216 Test Method for Laboratory Dnarmoa tion of 

D 2488 Practice for Dcrription and Identification of Soh 

D2850 Test Metbod for Unconsolidated, Undraincd 
C o m p k v e  Strength of Cohesive Soii in Trwial 
Compression2 

D4220 Practices for preserving and Transporting Soil 
samples2 

D4318 Test Method for liquid Limis Plastic I h h ,  and 
phsticity Index of soils2 

(Visual-M~ual proad-)' 

3. Tenuinology 

ard definitions of terms. 
3.1 D e f i n i t i o ~ R e f ~  to TermiD010gy D 653 fa stand- 

32 Descriptions of T m  Sp&c to this Standard- 
32.1 Unconfid compressive strength (qJ-thc corn- 

sive strss at which an t m a m h a i  cyrindrical specimen of 
soil will fail ha simple compression tc& h this tcst mahod, 
u m  comprcssivc srcngtb is taken as tbe maximum 
loadattaincd per unit area or the load pa unit a r e a 1  1s 76 
anial main, w b i c h e ~ a  is secufcd h S  during t& paform- 
anczofaust 

3 2 2  sheur strength (sJ-fm unconfised compressive 
strength M specimens, theshear strength is calculated to k 
'h ofthe comprrssive stress at fdw as dchned in 331. 

4. SignifiCaDce d Use 
4.1 The primary puqxxic of the unconfined oompssion 

test is to quickly obtain the approximate cornpccsive 
strrngth of soils that posses dEcient cohesion to pcrmit 
testing in the unconfinacd state. 

4 2  Samples of sods having slickensided or htsured stme 
turc, samples of some typa of l o t g  vcry soft days, dry and 

sisnificant portions of silt or sand, or both (all of arhich 
d y  exhiit  cohesive properties), kqumtly display higher 
sbeu strengths when tested in accordance with Tcst Method 
D 2850. Also, unsaturated soils Win usually exhibit diff.rrnt 
hear svtagths when tcsted in accordance with Tcst Metbod 
D 2850. 

4 3 I f b o t h  an undisturbed and a molded tat arc 
pcdormcd on the same sample, the &tivity . .  oftbe matQial 

SUitaMe only for soils that can rdain a stable specimen 
cankdacrmined. This mcthod ofdetmmmg 

inthemllddcdstatt. 

aUmbly sods and varved OT Sample COBlahbg 
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- APm- 
.1 Compression Dm*ce--Tbe c o m m o n  devia may 

pIatfom weigh~ng scale qui& with a screw-jack- a vatcd load yoke, a hydraulic loading dcvict, or any other 
compression &via with sufiicient capcity and control to 
provide the rate of loading mi in 7.1. For soil with an 
unconfined compressive secngth of less tban 100 kFa (1.0 
ton/ft2) the-compression devia shall be capab~e of mea- 
suring the compressive arts to within 1 l r ~ a  (0.01 ton/*). 
For soil with an unconfined compressive strength of lo0 kPa 
(1.0 ton/ft2) or grcater, the compression devia shall k 
capable of measuring the compressive svcs~ to the nearest 5 
kPa (0.05 ton/*). 

5.2 Sample Ennuie~, capable of extruding the soil core 
from the sampling tube in the same direction of mvei in 
which the sample entered tbc tubc, at a unifom rate, and 
with negligible disturbaoa of the sunpk. Conditions at the 
time of sample removal may dictate the direction of re- 
moval, but the principal conarn is to keep the degFe of 
disturbance negligible. 

5.3 Di$omion Indimor-Tbc deformatim indicator 
shall k a dial indicator graduated to 0.03 mm (0.001 in.) or 
bettcr and havinga travel ran* ofat least 20 96 of the length 
of tbe test specimen, or some other measuring dcvia, such as 
an ekctronic deformation measwing &via, mating thesc 
requirements 

S.4 Did Compararor, or otha sui?abk dcvicc, for mea- 
nVing the physical dimensions of the specimen to within 

3-vaniaaliparyc DarreormDcoded forsoAspcimenr 

i 

willdcform ataaiipas asew 00 thc SXdmee 
5.5 T i w - A  timing &via indicating the dapd testing 

time to tbe narcst second shall k usaJ forsbbhhbg the 
rate of strain application prrscnbed in 7.1. 
5.6 Bdme-The balancc uscd to weigh specimens shall 

determine the mas5 of the specimen to within 0.1 74 of its 
total mas 

S.1 Equipmew, as specitid in Test Mahod D 2216. 
5.8 Miscellaneous Apjmrarus, induding Spccimen trim- 

ming and c a n b g  tools, rcmoiding apparahy watcr amtent 
tang anddatasbects, asfuluircd, 

6. ReporrtioDofTestspedmepr 
6.1 Spaimm SiK-Spa5mens shall have a minimum 

diameter of 30 mm (1.3 in.) and the k g c ~  particle con- 
tained within the test spccimen shank smaIla than one 
tenth of the specimen diameter. For specimens having a 
diameter of 72 mm (2.8 in.) or larger, the hgc!apar\ide ske 
shall k smaller than one sixth of the spahen diameter. If, 
afta completion of a test on an uodishrrbed specimen, it is 
found, based on visual observation, that largff partides than 
permitted arc prcscns indicate this infixmation in the 
remarks d o n  of the report of test data (Note 4). TIE 
bdght--cltr ratio shalt be bcrwecn 2 and 2.5. Deter- 

be P r f O r W d  toconfirm tbc vbullobsrnoo . orodtkrrsulupwidod 
dthtbetlsifCpIxL 

6.2 Undir t~bed  Spffimmt--prcparr ~ndisturkd spsd- 
mens from large uodimvbcd samplcs or fiom sampks 
secured in accordana with Ractia D 1S87 and preserved 
and transported in aamdana with the practices for Group 
C samples in Racticcs D42M. Tuk Specimens may be 
tested without trimming except for the squaring of ends, if 
conditions of the sample justifv this procedurr. Handle 
specimens carefully to prevent disturbana, changes in cross 
section, or lorr of water content If c o m p d o n  or any type 
of noticeable disnrrban a would k caused by the urtnrsion 
device, split the sample tube lengthwise or cut it off in small 
d o n s  to facilitate removal of the specimen without 
&urbana. Prepare carved Spa5mens without d i s m l h l s  
and whenever possiic, in a humidityoontrolled mom. 
Make mry effort to prevent any cbange in water antent of 
the soil. Specimens shall k of uniform circular cross &on 
with ends perpendicular to the longitudinal axis of tbe 
specimen. When carving or trimming, move any small 
pebbles or shells eMx)untcrui Carefully fill voids on the 
surfaa of the specimen with remolded soil obtained fiom tbe 
trimmings When pebbles or aumbling result in e x d v e  
imgularity at the ends, cap the specimen with a minimum 
thicknes of plaster of paris, hydrostone, or rimilrr m a t e d .  
When sample condition parnits a vatical lathe that will 
accommodate the total sample may be used as an aid in 
carving the spaimen to the rapired diamaer. where 
prevention of tbe development of apprrciaMe capiuary foras 
is w e d  imponant, d the specimen with a rubber 
mcmbmacthin W coatiner or with a coatianofartast 

- 

or s p r a y a i ' p d  immediael{afttr preparation duing 
the entin testing cyck Detarmne the mass and dimensions 
of hetest specimen. lfthe specimen istobtcappad its m a s  
and dimensions should be determined before capping. If the 
entire test specimen is not to be used for determination of 
water conten& sesurc a representative sample of cuttings for 
this purpose, placing them immediately in a covered con- 
tainer. The water content dacrmiDation shall k performed 
in aocodana with Tesl Method D 2216. 

6.3 Remo&id Sperimenr--Spacimens may be prrparrd 
either h m  a failed undisnvbcd specimen or h m  a & 
turbed sample, providing n is repnscntative of the faikd 
undisturbed specimen In the case of failed undishvbcd 
Specimens, wrap the mated in a thin rubber membrane 
and work the matcrial thoroughly with the hgm to agu~r 
complete rtmolding. Avoid entrapping ah in the specimen 
Ex& care to obtain a uniform density. to remold to the 
same void ratio as the uodisturbed spedmen,andtopresave 
the natural water content of the so& Form the d h r b a i  
matcrial into a mold of circular CZZKZ section having dimen- 
sions m- tbe requirements of 6.1. After removal fiom 
the mold, determine the m a s  and dimendons of tbe tcst 
sDccim- 
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tbubqrrtcrthPn9096. > .  

a n d o b t r i a v d i d r a u l o w i t h q n d m c l u t h t h r w a ~ d ~  
I ,  

.. 
7. Proctdmc 

7.1 Place the &men in the loading device so that it& 
antacd on the bottom platen Adjust tbe loading &$a 
carrfuny so that the upper pIaten just maka contact with& 
specimen. Zero the deformation indicator. Apply the load d 
as to produa an axial strain at a rate of H to 2 I I m i n .  
Record load, deformation, and time values at suf€icht 
intcrvalt to dche the shape of the stress-strain curve (Usuany 
10 to 15 points arc suf6cient). Tbc rate of strain should %e 
choscn so that the time to failure does not ex& about I15 
min (Note 6). Continue loading until the load *a 
derrcax with h t a s i n g  strain, or until 15% 6 n . k  
reached. The rate of strain uscd for testing sealed specimens 
may k ckeased if deemed desirable for better tcst d t s  
Indicate the rate of strain in the report of the test data as 
required in 9.1.7. Determine the water content of the test 
spedmen using the entire specimen, unles representative 
cuttings an obtained for this purpose, as in the case of 
Undrshlrbcd specimens. Indicate on the tcst report whetha 
the water contmt sample was obtained bcfon or after the 
shear test, as required in 9.1.2. 

N a r r b s d h r m p t r r i a b t h r w a e x h i b i t h r s p ~  ' a t  
hilm should k tcsted u a b g k  ntt of smin Conwdy.  stiff Q 

brinlc mrtakbttlalwinedlii~smrIldd~rwurr sbouu k 
tcsrsdatakmrntcofztnin 

7 2  Make a sketch, or take a photo, of the tcst specimen at 

1 

t 

f 

faillre showing the slopc an& of the failure surtacc ifthe 
pngk is mcasurablc 

7.3 A ~ ~ ~ ~ o f a - p i e  data sheetisindudedin~p&i~ 
XI. Any data sheet can k @ provided the form contains 
alltherequireddata 

8.4 Graph-If desirrd, a graph &Owing tbe rrhtionthip 

cred naxsary for proper intapretatioa, indude tbc graph of 

kflvcen comprcsive strrs (ordina!e) a d  axial strain (ab 

c o m m v e  stress or the annpresivc sbs~ at 15 5% axial 

ucon6ned comprcsivt strrngth, qr Wlmuvu it is cons& 

8.5 lf the uncondned compmsk s&cngth is daamined, 

I 

risra) may k plotted. seka tbe lnaximu value of 

Smi& Whichmr is d fint, and report as thc 

the strrss-strain data as part dthe data rrported 

the sensitivity, SI, is calculated as follows 
4, (- specimen) 

4, (Em- spedmcn) 
S, = 

9. Report 
9.1 The report should indude the fonowhg 
9.1.1 Identification and visual description of thc specc 

hen, including soil dassificatioo, symbol, and whether the 
SDedmen is undisturbed remolded, compactad, ctc. Also 
&dude specimen identifyins information, such as Project, 
lotation, boring number, sampk numba, dcpth, etc Visual 
dcsctiptions shall k made in 2oxmiancx with Raccicc 
D 2481, 

9.12 Initial dry density and water content (spccify if the 
water content specimen was obtained btfm or after shear, 
and whaher h m  cuttings or the entire specimen), 

9.1.3 Degree of saturation (Note 71  if computed, 
m 7 - - T k ~ g r a v i t y d c o a m r # d  in-withTert 

dtbc~ofsmPI t ion  

9.1.4 Unconfined comprsSivc strrngth and sh 

9.13 Average height and diameter of spakncn, 

9.1.7 Average rate ofstrain to f8ilurc, 'Ab, 
9.1.8 Strain at failure, I, 
9.1.9 Liquid and plastic limits, ifdetcrmined, in scar- 

dana with Test Method D 4318. 
9.1.10 Failure sketch or photo, 

inaamdana 
9.1.12 Sensitivity, ifckmmid. 
9.1.13 Particle size analysis, ifdetamiwd 

9.1.14 --Note any U D ~  C O ~ ~ ~ O D S  OT otha 

4 Mabod D 854 b required for aJcuhrm 

strrngth, 

9.1.6 Hcight-todiameta 

9.1.1 1 strrssstrain graph, if prepared, 

with Metbod D 422, and 

data that would be considaed ~ecesraryto propafy htapret 
the results obtained, for uample, s l i m  s4at5cationl 
sbeh pcbblq roots, or brittkaes the type of failure (that 
is, bulge, diagonal shear, Ctc.). 

10. Raisioo md Bko 

10.1 A.ecision-Data arc being evaluated to dettrmine 
the precision of this test method. In addition, Subcomminct 
D18.05 is seeking patbent data h m  usus of the test 
method 
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(m Designation: D 2216 - 92 
c -. .- .’ ..3 4 

Standard Test Method for 
Laboratory Determination of Water (Moisture 

0 
and Rock’ 

Content of Soil 

~- Thisnandard - ~ ~- 
L( mu& unda the fuid-designation D 2216:~the-number immediately-following cbe daignation.indicates.Ihr.year of- -. - 

original adoption or, in the case of revision. the year of last revision. A number in parentheses indicates the year Of last mpproval. A 
suprseript epsilon (0 indicates an editorial change since the last revision or mpproval. 

1. Scope 
1.1 -This ted-rnethod cove6 the laboratory determination 

of the water (moisture) content of soil, rock, and similar 
materials by mass. For simplicity, the word ,“material” 
hereinafter also, refers to either soil or rock, whichever is 
most applicable. 

1.2 Tbe water content of a material is defined by this 
standard as the ratio, expressed as a percentage, of the mass 
of “pore” or “free” water in a given mass of material to the 
mass of the solid material. 

1.3 The term “solid particles” as used in geotechnical 
engineering is typically assumed to mean naturally occurring 
mineral particles of soil and rock that are not readily soluble 
in water. Therefore, the water content of materials con- 
taining extraneous matter (such as cement, and the like) may 
require special treatment or a qualified definition of water 
content. In addition, some organic materials may be.dedom- 
posed by oven drying at the standard drying temperature for 
this method (1 10°C). Materials containing gypsum (calcium 
sulfate dihydrate or other compounds ’ having significant 
amounts of hydrated water) may present a special problem as 
this material slowly dehydrates at the standard drying 
temperature ( 1 1 OOC) and at very low relative humidities, 
forming a compound (calcium sulfate hemihydrate) which is 
not normally present in natural materials except in some 
desert soils. In order to reduce the degree of dehydration of 
gypsum in those materials containing gypsum, or to reduce 
decomposition in highly organic soils, it may be desirable to 

. dry these materials at 60°C or in a desiccator at room 
temperature. Thus, when a drylng temperature is used which 
is different from the standard drylng temperature as defined 
by this test method, the resulting water content may be 
different from standard water content determined at the 
standard drylng temperature. 

NUTE 1-Test Methods D 2974 provides an alternate procedure for 
determining water content of peat materials. 

1.4 Materials containing water with substantial amounts 
of soluble solids (such as salt in the case of marine sediments) 
when tested by this method will give a mass of solids which 
includes the previously soluble solids. These materials re- 
quire special treatment to remove or account for the 
presence of precipitated solids in the dry mass of the 

- .. .~ . - 

0 

1 This method is undcr the jurisdiction of AsRrl Ccmmiw D18 on Soil and 
Rock and is the dincf rrspoqdbility of Sukommiace D18.03 OD Tutura. 

Current edition approved June IS, 1992. Published Augun 1992. OridnaUy 
published as D 2216 - 63 T. Lact previous ditioq D 2216 - wl. 
Flasticity and Density (aaractnrm ’Q of soils. 0 

, 

specimen, or a qualified definition of water content must be 
USed. 

1.5 This test method re&ires several houk for proper 
drying of the water content specimen. Test Method D 4643 
provides for drying of the test specimen in a microwave oven 
which is a shorter process. 

1.6 This standard requires the drying of material in an 
oven at high temperatures. If the material being dried is 
contaminated with certain chemicals, health and safety 
hazards can exist. Therefore, this standard should not be 
used in determining the water content of contaminated soils 
unless adequate health and safety precautions are taken. 

1.7 This standard does not purport to address all of the 
safety problems, if any, associated with its use. It is the 
responsibility of the user of this standard to establish appm 
priate safety and health practices and determine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

D2974 Test Methods for Moisture, Ash, and Organic 

D4220 practice for Preserving and Transporting Soil 

Fluids2 

Matter of Peat and Other Organic Soils’ 

Samples2 
D 43 18 Test Method for Liauid Limit, Plastic Limit, and 

plasticity Index of Soilsz 
D4643 Test Method for Determination of Water 

(Moisture) Content of Soil by the Microwave Oven 
Method2 

D 4753 Specification for Evaluating, Selecting, and Speci- 
fyinn Balances and Scales for Use in Soil and Rock 
Testing‘ 

E 145 SDecification for Gravity-Convdon And Forced- 
Ventiiation 

3. Terminology 

ofterms. . 
3.1 Refer to Terminology D 653 for standard definitions 

3.2 Description of Term Specific to This Standard: 
3.2.1 water content (of a material )-the ratio of the mass 

of water contained in the pore spaces of soil or rock material., 
to the solid mass of particles in that material, expressed as a 
percentage. 

2 Annual Book ofASTM Sfandar&, Vol04.08. 
3 Annual Bodc of ASTM S-, Vol 14.02. 
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4. Summary of Test Method 
4.1 A test specimen is dried in an oven to a constant mass. 

n e  loss of mass due to drying is considered to be water. The 
water content is calculated using the mass of water and the 
mm of the dry specimen. 

5. Significance and Use 
5.1 For many materials, the water content is one of the 

most signifcant index properties used in establishing a 
correlation between soil behavior and its properties. 

5.2 The water content of a material is used in expressing 
the phase relationships of air, water, and solids in a given 
volume of material. 

5.3 In fine-grained (cohesive) soils, the consistency of a 
given soil type depends on its water content. The water 
content of a soil, along with its liquid and plastic limits as 
determined by Test Method D 43 18, is used to express its 
relative consistency or liquidity index. 

6. Apparatus 
6.1 Dving Oven, thermostaticallycontrolled, preferably 

of the forceddraft type, meeting the requirements of Speci- 
fication E 145 and capable of maintaining a uniform temper- 
ature of 110 +- 5'C throughout the drying chamber. 

6.2 Bdances-All balances must meet the requirements 
of Specification D4753 and this 'Section. A Class GPl 
balance of 0.0 lg readability is required for specimens having 
a mass of up to 200 g (excluding mass of specimen con- 
tainer) and a Class GP2 balance of 0.lg readability is 
required for specimens having a mass over 200 g. 

6.3 Specimen Containms-Suitable containers made of 
material resistant to corrosion and change in mass upon 
repeated heating, cooling, exposure IO materials of varying 
pH, and cleaning. Containers with close-fining lids shall be 
used for testing specimens having a mass of less than about 
200 g; while for specimens having a mass greater than about 
200 g, containers without lids may be used. One container is 
needed for each water content determination. 

NOTE 2-The purpose of close-fitting Lids is to prevent loss of 
moisture from specimens before initial mass determination and to 
prevent absorption of moisture from the atmosphcrc following drying 
and before final m a s  determination. 

6.4 Desiccator-A desiccator cabinet or large desiccator 
jar of suitable size containing silica gel or anhydrous calcium 
phosphate. It is preferable to use a desiccant which changes 
color to indicate it needs reconstitution. See Section 10.5. 
NOTE 3-Anhydrous calcium sulfate is sold under the trade name 

Drierite. 

6.5 Container Handling Apparatus, gloves, tongs, or suit- 
able holder for moving and handling hot containers after 

6.6 Miscellaneous, knives, spatulas, scoops, quartering 
cloth, sample splitters, etc, as required. 

drying. 

7. samples 
7.1 Samples shall be preserved and transported in accor- 

dance with Practice 4220 Groups B, C, or D soils. Keep the 
samples that are stored prior to testing in noncorrodible 
airtight containers at a temperature between approximately 3 
and 30% and in an area that prevents direct contaci with 

sunlight. Disturbed samples in jars or other containerc -'-4l 

7.2 The water content determination should be m!! be stored in such a way as to prevent or minimize 
condensation on the insides of the containers. 

soon as practicable after sampling, especially if potentially 
corrodible containers (such as thin-walled steel tubes, paint 
cans, etc.) or plastic sample bags are used. 

8. Test Specimen 
8.1 For water contents being determined in conjunction 

with another ASTM method, the specimen mass require- 
ment stated in that method shall be used if one is provided. If 
no minimum specimen mass is provided in that method 
then the values given before shall apply. 

8.2 The minimum mass of moist material selected to be 
representative of the total sample, if the total sample is not 
tested by this method, shall be in accordance with the 
following 

Maximum partide 
$i?.C(IOO% 

panine) 

2 mm or less 
4.75 mm 

9.5 mm 
19.0 mm 
37.5 mm 
15.0 rnm 

Standard Sicve 
S i  

No. 10 
No. 4 
%-in. 
%-in. 
Ilh in 
vi. 

Recommended 
minimum mas of 

moist test spec- 
imen for warn 

content reponed 
to M.1 % 

20 B 
100 8 
M O B  
2.5 kg 
10 k 
50 k 

Recommended 
minimum mass of 

moist test spec- 
imen for water 

content reponed 
t O f l %  

20 9' 
20 e 
50s  

250 g 
! L e  
Sk 

8.2.1 If the total sample is used it does not hav 
NOTE-70 be representative not less than 20 g shall be m- the minimum mass requirements provided in the lade 

above. The report shall indicate that the entire sample was 
used. 

8.3 Using a test specimen smaller than the minimum 
indicated in 8.2 requires discretion, though it may be 
adequate for the purposes of the test. Any specimen used not 
meeting these requirements shall be noted in the report of 
results. 

8.4 When working with a small (less than 200g) specimen 
containing a relatively large gravel particle, it is appropriate 
not to include this particle in the test specimen. However, 
any discarded material shall be .described and noted in the 
report of the results. 

8.5 For those samples consisting entirely of intact rock, 
the minimum specimen mass shall be 500 g. Representative 
portions of the sample may be broken into smaller particles, 
depending on the sample's size, the container and balance 
being used and to facilitate drying to constant mass, see 
Section 10.4. 

9. Test Specimen Selection 
9.1 When the test specimen is a portion of a larger 

amount of material, the specimen must be selected to be 
representative of the water condition of the entire amount of 
material. The manner in which the test specimen is selected 

sample (from another test, bag, block, and the lik a- depends on the purpose and application of the t 
material being tested, the water condition, and 

9.2 For dimrbed samples such as trimmings, bag sam- 
ples, and the like, obtain the test specimen by one of the 

N-68 
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(9 D2216 
tllowing methods (listed in order of preference): 
9.2.1 If the material is such that it can be manipulated 
d handled without sigdicant moisture loss, the material 
ould be mixed and then reduced to the required size by 

quartering or splitting. 
9.2.2 If the material is such that it cannot be thoroughly 

mixed and/or split, form a stockpile of the material, mixing 
as much as possible. Take at least five po$ons of material at 
random locations using a sampling tube, shovel, SCOOP, 
trowel, or similar device appropriate to the maximum 
particle size present in the material. Combine all the portions 
for the test specimen. 

9.2.3 If the material or conditions are such that a stockpile 
cannot be formed, take as many portions of the material as 
possible at random locations that will best represent the 
moisture condition. Combine all the portions for the test 
specimen. 

9.3 Intact samples such as block, tube, split barrel, and the 
like, obtain the test specimen by one of the following 
methods depending on the purpose and potential use of the 
sample. 

9.3.1 Carefidly trim at least 3 mm of material from the 
outer surface of the sample to see if material is layered and to 
remove material that is drier or wetter than the main portion 
of the sample. Then carefully trim at least 5 mm, or a 
thickness equal to the maximum particle size present, from 
the entire exposed surface or from the interval being tested. 

9.3.2 Slice the sample in half. If material is layered see 
Section 9.3.3. Then carefully trim at least 5 mm, or a 
?hickness equal to the maximum particle size present, from 

e exposed surface of one half, or from the interval being 

a 

e tested. Avoid any material on the edges that may be wetter or 
drier than the main portion of the sample. 

Nm &Migration of moisture in some cohesionlcss soils may 
require that the full seaion be sampled 

9.3.3 Ifa layered material (or more than one material type 
is encountered), select an average specimen, or individual 
specimens, or both. Specimens must be properly identified as 
to location, or what they represent, and appropriate remarks 
entered on data sheets. 

10. Procedure 
10.1 Determine and record the mass of the clean and dry 

specimen container (and its lid, if used). 
10.2 Select representative test specimens in accordance 

with Section 9. 
10.3 Place the moist test specimen in the container and, if 

used., set the lid securely in position. Determine the mass of 
the container and moist material using a balance (See 6.2) 
selected on the basis of the specimen mass. Record this 
value. 

NOTE 5-To prevent miXing of Specimens and yielding of incornct 
reJuhf all containers, and lids if used, should be numbered and the 
container n u m b  shall bt fecorded on the laboratory data shear The 
lid n u m b  should match the container numben to eliminate confu- 

N m  6-To assist in the 0&4qing of large test specimens, they 
shouldbe placed in containers havingalarge surfaccarca(such as pans) 
and the material broken up into smaller d o n s .  

10.4 Remove the lid (if used) and place the container with 
moist m a t e d  in the drying oven. Dry the material to a 

0 sion- 

0 3 4  
constant mass. Maintain the drying oven at 1 10 f 5'C unless 
otheMrise specified (see 1.3). The time required to obtain 
constant mass will vary depending on the type of material, 
size of specimen, oven type and capacity, and other factors. 
The influence of these factors generally can be established by 
good judgment, and experience With the materials being 
tested and the apparatus being used. 
- - NOTE 7-In most cases, drying a test Specimen ovanight (about 12 
to 16 h) is suiKcient. In cases when then is doubt concaning the 
adequacy of drying, drying should be continued until the changt in mag 
aAet two successive periods (preater than I h) of drying is an i w -  
cant amount (less than about 0.1 W). Specimens of sand may often k 
dried to constant m a s  in a period of about 4 h, when a forddraft Oven 
isused. 

Nm &Since some dry materials may absorb moisture from moist 
specimens, dried specimens should be removed before placing moist 
specimens in the same o m .  Hower, this would not be applicable if 
the previously dried specimens will remain in the drying o m  for an 
additional time period of about 16 h. 

10.5 After the material has dried to constant mass remove 
the container from the oven (and replace the lid if used). 
Mow the m a t e d  and container to cool to morn tempera- 
ture or until the container can be handled comfortably with 
bare hands and the operation of the balance will not be 
affected by convection currents and/or its being heated. 
Determine the mass of the container and ovendried material 
using the Same balance as used in 10.3. Record this value. 
Tight fitting lids shall be used if it appears that the specimen 
is absorbing moisture from the air prior to determination of 
its dry mass. 
NOTE 9-Cooling in a deskator is acceptable in placc of tight fitting 

lids since it greatly reduces absorption of moisture h m  the atmosphere 
during cooling especially for containen without tight fitting lids. 

11. calculation 

lows: 
1 1.1 Calculate the water content of the material as fol- 

w = [(M, - M,)/(M, - M,)] x loo = 5 x 100 
MS 

where: 
W = water content, %, 
M, = mass of container and wet Specimen, g, 
M,, = mass of container and oven dry Specimen, g, 
M, = mass of container, g, 
M, = mass of water (M, = M, - AIcdr), g, and ' 

M, = mass of solid particles (M, = Mcdr - M,), g. 
12. Report 

12.1 The report (data sheet) shall include the following 
12.1.1 Identification of the sample (material) being tested, 

such as boring number, sample number, test number, 
container number etc. 

12.1.2 Water content of the specimen to the nearest 1 % 
or 0.1 %, as appropriate based on the minimum sample 
used. If this method is used in concert with another method, 
the water content of the specimen should be reported to the 
value required by the test method for which the water 
content is being determined. 

12.1.3 Indicate iftest specimen had a mass less than the 
minimum indicated in 8.2. 
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12.1.4 Indicate if test specimen contained more than one 

12.1.5 Indicate the method of drying if different from 

12.1.6 Indicate if any material (size and amount) was 

material type (layered, etc.). 

ovendxymg at 1 10 f 5'C. 

excluded from the test specimen. 

13. Precision and Bias 
13.1 Stdement on Bias-There is no accepted reference 

value for this test method, therefore, bias cannot be deter- 
mined. 

13.2 Statemenfs on Precision: 
13.2.1 Single-Operator Precision-The single-operator 

cwfficient of variation has been found to be 2.7 percent. 

Therefore, results of two properly conducted tests by the 
same operator With the same equipment should 

percent of their mean. 
1 3.2.2 Mdtilaboratory Precision-The multilaboratory 

coefficient of variation has been found to be 5.0 percent 
Therefore, results of two properly conducted twts by dif- 
ferent operators using different equipment should not be 
considered suspect unless they differ by more than 14.0 
percent of their mean. 

considered suspect unless they diffkr by more e 
14. Keywords 

analysis; moisture content; soil aggregate; water content 
14.1 consistency, index p r o m ,  laboratory; moisture 
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1. scope 
1.1 This test method covm proccdurcs for determining 

the magnitude and rate of consolidation of soil when it is 
restrained laterally and drain4 axially while subjected to 
incrementally applied ControIkd-srress loading Two alterna- 
tive proadurrs arc provided at follow% 

1. I. 1 Test Mahod ~ - a k  test method is performed with 
consant load increment duration of 24 h, or multiples 
thereof. Timedeformation read@ arc required on a mib. 
h u m  of two load increments 
1.1.2 Test Method B-Timedeformation readings arc 

required on all load increments. Suaccsive load increments 
an applied after 100 % primary consolidation is reached, or 
at constant time increments as described in Test Method A 

NOTE 1-TI-- . tionoitbtratcandmagnitudeofco~ 
tion of sooil wben it is sub- to cwudkd-sat 'n loading is ammd by 
Tat M e h d  D 4186. 

1.2 This tcst method is most commonly performed on 
LlndkwW amples of t he  grained soils naturally 
d m e n t e d  in water, however, the besic test proccdurr is 
appticable, as we& to spahens of compacted soils and 
U l X i H W b d  samples of soils formed by otber procsscs such 
as weathering or chemical alteration. Evaluation techniques 
spacificd in this tcst method an generally applicable to soils 
naturally sedimented in watrr. T e s ~  performed on other 
soils such as compacted and residual (weathered or chemi- 
cally altered) soils may require special evaluation techniques 
1.3 It shall be the rrsponsiity of the agency requesting 

this test to specify the magamaat and sequence of each load 
i n m e n &  including the location of a rebound cyde, if 
mphd, and, for Tcst Method A, the load increments for 
which timedeformation arc desirrd 

NOTE I - l i i o m a t i o n  rrrfirwc are mquired to dclprrmK . t h e  
time for ampktion of primary comolidation a d  Tot evaluating the 
CoCfIidcnt o f c o ~ q ~ s i D c c c , ~ w i t h ~  kvd and load 
iDcrrmtnt ( k d h g o r  unlaadina). the kad incrrmentt with timed 
d n g r  m u s  be dccted witb spci6c ref- 10 tbc iDdividual 
pro* rJlcraativdy. the mquert ingw maysqmSy Test Mahod B 
cwberdntbeamedcfanrur ion~uctakcnoo~  load i n u c m c n ~  

1.4 The value stated in SI anits arc to be regarded as the 

h a t e  and given for guidance only. Reporting of tcst results 
standard The values stated in inch-pound units e a p p r ~ x -  

in units other than SI shall not be tegardcd as nonconfor- 
mance with this test method. 
1.4.1 In the engincerbg profession it h custornaty prac- 

t i a  to uy, interchangeably, units r e p m t i n g  both mass 
and fora, unless dynamic calculatioos (F = Mu) are 
involved. This impliatly combines two separate system of 
units, that is, the abdolute system and the gravimetric system. 
It is scientifically undesirable to combine two scparate 
systems within a single srandard. This test method has ban 
written using 8 uniw however, inch-pound conversions arc 
given in the gravimetric system, where the pound (Ibf) 
represents a unit of fora (weightb The use of M a n a s  or 

pounds of mass (lbm), 01 the recording of 
density -3 in ib/ should not be regarded as nonconformance 
with this test method 
1.5 Ttiir standard doeJ not purport to crddress the May 

problems w t x i u e d  with its use. It is the responsibility of rhe 
USQI of this standard to establish tappropriare sajhy a d  
health practices and determine the applicability of regubrory 
limitationr prior to we. 
2. Referenced Documeats 

2.1 ASTMSt*h: 
D422 Method for ParticleSire Analysis of Soil? 
D653 Taminology Relating to Soil and Rocl? 
D 854 Tcst Method for SpcciSc Gravity of Soil? 
D 1587 Practice For Thin-Walled Tube Sampling of Soil? 
D2216 Method for Laboratory Determination of Water 

(Moisture) Content of Sod, Rock, and Sod-Agg~gate 
Mixture52 

D 2487 classi6cation of Soils for Engineaing h q x d  
D 2488 M a  for Description and Identification of Soils 

(vi i -Manual  Rocedmy 
D 3550 M e  for Ring-Lined Barrel Sampling of So& 
D 4 186 Test Method for One-Dime~onal Consolidation 

~rapertia of Soils Using ControUdStrain ha&& 
D4220 M a  for PrrserVln ' g and Transporting Soil 

samples2 
D 43 18 Test Method for Liquid Limit, Plastic Limit, and 

D4452 Methods for X-Ray Radiography of Soil Sample# 
D4546 Test Methods for One-Dimensional Swcil or 

Plasticity Index of Soil? 

Settlement Potential of Cohesive So&' 

3. Termioology 

method shall bt in accordance with TcrminOlogy D 653. 
3.1 Dejnitions-The &fintiom of terms uscd in this test 

IX-7 1 
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4. Sumnrvy of Test Method 
4.1 In-this M method a soil specimen is restrained 

laterally and loaded axially with total strrss increments Each 
SveSs incmncnt is maintained until excess pore water 
prrssurrs are completdy dissipated. During the consolidation 
process, measunmcntsm mack ofcbangc in the spacimcn 
height and these data are used to determine the relationship 
bctwun the effective sbss and void ratio or shain, and tbe 
rate at which consolidation can occur by evaluating the 
coefficient of consolidation. 

5. SIgnificnnaindUSc 
5.1 The data !?om the consolidation test are used to 

estimate the magnitude and rate of both differential and total 
settlement of a structure or carthbll. Estimates of this type 
arc of key impoxtana in the design of engineered structures 
and the evaluation of their performana. 

5.2 The tcst results can be m t l y  affected by sample 
distwba. Cafelid selection and preparation of test speci- 
mens is rcquind to minimitr diswban u. 

5.3 Consolidation test rtsults arc dependent upon the 
magnitude of the load incrrmcnts Traditionally, the load is 
doubled for each inmment resulting in a load-i iment  
ratio of 1. For undimrbcd samples, this load procedure has 
provided data from which estimates of the preconsolidation 
prcssurrahreferral toasthc maximum past prssurr, using 
established evaluation techniques, compare direaly with 
ficM measurtment Otber load schedules may k uscd to 
model particular field conditions or m a t  special muire- 
mcnts For example, it may be dcsirablt to inundate and 

pattern apcctcd in the fidd in ordcr to best simulate the 
response. Smaller than standard load incrrment ratios may 

responseis higblydcpendcnton strain rate. The test mahod 
spedfied to estimate the prcconsolidation prrsnrrr provides a 
simple technique to verify that one set of time readings an 
taken afta the Prrconsolidation prcsurr. smra lo tba  

load the Specimen in accordance with tbe wating or loading 

k desirable for soils that arc highly sensitive Of whose 

evaluation techniques exin and may yield different estimates 
of the preconsolidation prrssurt. Theref- the requesting 
agency may specify an ahcrnatc technique to estimate the 
preconsolidation prrsun. 

5.4 Consolidation test d t s  arc depcndcnt upon the 
duration of each load increment Traditionally* the had 
duration is the same for each increment and equal to 24 h 
For some so& the rate of consdidation k nrch that 
complete condidation (dissipation of exass pore prrsurr) 
will require more than 24 h. 'Ihe appamtu in g t n d  usc 
docs not have provisions for f o n d  vdication of pore 
prrssurr disipazion It is neassary to use an intapretation 
technique which indiredy determines that consolidation is 
complete. This tcst method specifics two technique, how- 
ever the nqucsting agency may spedfy an alternative tech- 
nique and still be in conformana with this test method 

5.5 The apparatus in g c n d  IXZ fix this tcst method does 
not have provisions for verification o f  saturath. Most 
Unbsturbed sampk taken from below thewatatabkwillbe 
saturatd Homva, tbc time rate of deformation is v a y  
sensitive to of' saturation and caution must be 
exercised regarding estimates for duration of settlements 
when partially saturated conditions prcvaiL The extent to 
which pamal mumion i a f l u e ~ s  tbe tat results may be a 
part of the test evaluation and may induck application of 
theoretical models other than conventional consolidation 
theory. Alternati*, the test may be pertomcd using an 
apparatus equipped to sanrratt the spciInm 

5.6 This tcst mahod uses conventional consolidation 
thcory b a d  on Temghi's consolidation equation to am- 
pute the a x s d e n t  of consoli&tion, c, 'Ibe adysis is bsed 
upon the fokwing assumptions 

5.6.1 n e  soil is saturated and has homogamus proper- 
ties 

5.6.2 The flow of pore water is in the vutical direction; 
5.6.3 The a n n m i  of toil partides and poxc 

is n-ie comparcd to tbe c o m p r c s i i  of tk soil 
skeleton; 
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5.6.4 The strrss-stran relationship is linear o m  tbe kad 

.6.5 Tbe ratio of soil permeability to soil compresi i ty  

5.6.6 Darcy'r law for flaw through porous media appiiu 
o m  the load iacmnent; and 

6.  Appamm 
- - 6.1 LudDmice-A suitable devia for-applying-vda- 
loads or total s.cresses) to the specimen. The devia should be 
capable of maintaining specified loads for long pexiods of 
time with an accuracy of 2 0.5 % of the applied load and 
should permit quick application of a given load increment 
without significant-impact 

NoTE 3-w application generally sbould k c~mplaad 
corresponding to 0.01 
iscompktcd in 3 min, load rppkation s k d d  bc b t h a n  2 L 

8 time 
or im For sob arbm Primary coDsolidanon 

6.2 Consofidomaer-A d w i a  to hold the spahen in a 
ringthat is either fixed to the bast or floating (supportai by 
friction on periphery of specimen) with porous disks on each 
hce of the specimen. The inside diameter of the ring Shan be 
determined to a t o l h a  of 0.075 mm (0.003 h). fbc 
consolidomem shall also provide a means of submerging tbe 
specimen, for transmitting the conanuic v d c a l  load to the 
porous disks, and for meanving the change in height of 
specimen. 

6.2.1 Minimum Specinmi Diumeter-The minimum 
spccimcn diameter shall k 50 mm (2.00 in.). 

6.23 Minimum Specimen Height--- minimum initial 
W e n  height shall k 12 mm (0.5 in.), but shall be not less 

ten times the maximum partide diamacr. P- NOT€ 6 U l U g c  parriclesm fouodin taspcciwn aftatestb& 
*&in cbe thirvkrulobPavatioo ortherauttrofr ptmEk 
Siztrnrtydr in Method D422 (exeegt the minimum 
ampkdzcrequirwent rhaD kaaivbd). 

63.3 Minimum Sptrimen Diamaer-t~U@ght Rtuic- 
The minimum specimen diameter-to-height ratio shall be 
2.5. 

meaded To minimirr the effcas offriaion bemen the 6da af tb t  
spuimen a d  ring a diamaer-to-kgh nrio than four k 
prcrcnbk 

NUE 5-Tk w of diame-whight =ti= iS rc~otl)- 

6.2.4 Specimen Ring Rigid&-- rigidity of the ring 
shall be such that, under hydrostatic strtg conditions in the 
specimen, the change in diameter ofthe ring will not a t a d  
0.03 % of the diameter under the greatest load applied. 

62.5 Specimen Ring M a t e d - T k  ring shall be made of 
a material that is noncorrosive in relation to the soil tcrted 
'Ihe inner surfaa shall be highly polished or shall be coated 
with a low-friction material. Silicone grease or molybdenum 
dkulfide is recommended; poIytmafluorochylene is rrcom- 
mended for nonsandy soils 

carbide, aluminum oxide, or similar noncomsive m a t e d .  

intrusion of soil into the parrs. Umxsary, a filter papa (sec 
low 6) may be mal to prcvcat inWon ofthe soil into the 

however, the permeability of tbe diskt, and 6ha 

6.3 POrOUr Diukr--The p ~ r o u ~  disLs shall k of silicon 

The pule  of'*  disb shan k h e  enough to prrwnt a- 

* .  m . 3 4  * 

papa. ifused, must be at W one orda oCma@udchigba 
thanthatoftbespecimen. 

NOTE 6-Wtutxuan No. 54 hhcr papr k s  been kmnd to mee~ 
Kquimzmu fa 5 . l i tyddUlabiw.  

to 0.5 mm (0.01 to 0.02 in) ks tban rbt inside diameter of 
the ring. Ifa floatins- isused, thebottom diskshan have 
tbcsamcdiametcrasthettopdislr. ~ ~- 

NOTE 7--Tbe uudtapcddizbu rsommeDded with@ larger 
diaoeta in Qlntyt cuithtbe SOiL 

6.3.2 Thidoleu--ThicC.sess of the disks shall k &cient 
to prevent breaking The top disk W.be loaded througb a 
corrosion-resistant plate of sufiicieat rigidity to p e n t  
breakage of the disk. 

6.3.3 Moint-Thc disks shall be dean and free 
from cracks, chips and nonuniformitics New porou3 disks 
should be boded for at least 10 minutcs and M in the water 
to cool to ambient temprahvc before usc. Immediately aftn 
each use, ckan the porous disks with a nonabrasive brush 
and boil to remove day partides that may n d u a  their 
pamcability. it is mmmeaded that porous dislcr be s t o d  
in ajar with deaired water betwan tests. 

6.4 Specimm ThmM Dmk-A hhming Nntable 
or a cylindrical ring may be uscd for trimming tbe 
sample down to the inside diameta ofthe condidometer 
ring with a minimum of distuhm a. A cuatr having the 
same inside diameter as tbe specimen ring shan attach to or 
be intcgd with the spedmen ring The cutter thaIl han a 
sharp edge, a highly p o W  surfaa and k coated with a 
low-liiction material Altcmatiwly, a turntable ot trimming 
tathe may be usai. The cutring tod muss be propafy aligned 
to form a icruujmen oftbc same diameter as that oftbe ring 

6.5 Dq5onnarim Indicatar-To measure in spec- 
imen height, with a nsdaldity of 0.0025 mm (0.OOOl in). 

6.6 MiscPUoneout Equipnent-Muding liming device 

6.3.1 Dicurrprer--The diameta Of the top di& shan be 0.2 

. _  ~ 

with 1 s &ility, dirmkd or * wata, spat- 
ulaf knives, and wire sa- used in prrparingthesqccimea. 

6.7 Bahnas, in accordaxe with Method D 2216. 
6.8 Drying Oven, in acawdana with Method D 2216. 
6.9 Warm C o r n  C ~ ~ ~ ,  in accordana with 

Method D 22 16. 

ronment wherr tcmpccatwc fluctua$ons are kss than f 4'C 
( A  71)d tbm knodireaexposurtto SUnhgk 

7. C a l i i k  

6.10 E n V i r 0 ~ ~ t - T ~  shall bt paformed h mVi- 

7.1 The measurrd vertjcal defodons  must k cor- 
for appamtus flmity whenever the caliiration 

correction detmninad in 7.4 ex& 5 96 of the measured 
deformation and in all tcsts w h a t  6ltcr papcrdiskrarc used 

7.2 Asumble the consotidometa with a coppa or hard 
stetl disk ofapproximatdy the same height 1s the test 

ring, in phcc of the sampk Moistcn tbe porous dirkr If 
6ltcr papas arc to k odd (see 6.3). they rhwld be 
moincned and su86dent time (a minimum d 2 min.) 
allowed forthe moistweto k s q d  from thcm during 
each incrrmcnt of the &Moa pnxrs 

Specimenand 1 mm(O.o4iD.)snalierindiamCtMthanthe 
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7.3 Load and unload the consdidometcr as in the test d 
mCafurr the deformation for each load applies When fdtcr 
papers are used it is imperative that calibration be performed 
following tbe exact loading and unloading scbeduk to bc 
used. This is due to the inelastic deformation chaactcnsa Q 
of filter pciper. Recabition for vsu without fihcr papf 
need be done only on an annual basis, or after replamgent 
and reassembly of apparatus components 

7.4 At each load applied, plot or tabulate the c o d o n s  
to k applied to the measured deformation of the test 
specimen. Note that the metal disk will deform also; how- 
ever, the correction due to this deformation will be negligible 
for all but cxuetnely stiff soils. If naxssary, the compression 
of the metal disk can be computed and applied to the 
COmctiOUS. 

8. Sampling 
8.1 Practices D 1587 and D 3550 cover proc&& and 

apparatus that may be used to obtain undisturbed samples 
generally satidactory for testing Specimens may a h  k 
uirnmed from large undisturbed Mock sampks fabricated 
aud scaled in the field. Rdly ,  remolded Sptcimens may k 
prepared from bulk samples to density and moistwe condi- 
tions stipulated by the agency requesting tbe test. 

8.2 Undimvbed samples destined for &sing in accord- 
ance with this test method shaIl be preserved, handled, and 
tmnsported in accordance with the pactices for Gfoup C 
and D samples in Ractias D42M. Bulk samples for 
remolded specimens &odd be handled and eransported in 
am- With the practia for Group B sampks 

8.3 Sforage--storagC of sealed samples &odd k such 
that no moisture is lost during storage, that h no evidenot of 
PaRial drying of the ends of the samples or shrinkage. Time 
of storage should be minimized, p r h h d y  when the soil or 
soil m o h  is expected to react with the sample tubes 

8.4 Tbe quality of consolidation test results diminishes 
m t l y  with sample dktwbana. It should k ncognized that 
no sampling procedure can ensure completely undisturbed 
-pies. M o r e ,  carrful examination of the sample is 
esstntial in sekccion of specheas for testing 

StoDq OT otha 
inclusions, rod sdeaioa of spsimcn location is greatly facilitated by 

. .  

NUE 8--fuminrtioo for -plC 

X - ~ Y  radi-phy of* mpks (SCC Mahods D 4452). 

9. specimenpreppratioa 
9.1 All possible praautions sbould k taken to minimize 

disturbma of the soil or changrs in moirmre and density 
during specimen preparation. Avoid vibtion, distortion, 
and cornmsion. 

recommended that eitha a vimming turatabkorcytindrical 
cutting ring k used to cut the soil to Iht progo diamera. 
When using a trimming huntabk, make a annpktt paim- 
em 4x6 red* tbe spcimcn diameter to tbe inside 
diameter of tbc consdidation ring CarrfuISy insat the 
@men into the consdidation ring by tbe wihh of the cut, 
with a minimum of force. Repeat until tk spcdmen 
protrudes from tbe bottom of thc ring Wben using a 
cylindrical cutting ring, trim the soil to a gentle tapcr in 6ont 
of the cutting edge. AAa the taper is formed, advance the 
cuncra small distaaccto form the final diameter. Rcpeat the 
process until the specimen protrudes h m  the ring 

9.4 Fibrous soils, such as peat, and tbos toils that an 
easily damagai by trimming, may be transferral directly 
fromthesamplingtubetothc ring, providcdthat the ring has 
the same diameter as the sample tube. 

9.5 Specimens obtained using a ring-Lind ampler may be 
used without prior trimming, provided they axnply with the 
requirements of Racticc D 3550 and thislest method 

9.6 Trim tbe spcciwn fld with the plant ends of the 
ring The spccimen may be raxsscd slightlybdow the topof 

extrusion and trimming of the boaom nufacc For soft to 
medium soils, a wire saw should be used fortxhming tbe 
top and bottom of tbe specimen to mbhkz smearing A 
straightedge with a sharp cutting edge may bt uscd for tbe 
final aim after the e x e s  soil has fint k e n  rcmovcd with a 
wire saw. Forstiffsik, a sharpened straightedge alone may 
be used for trimming thetop and bottorn Ifasnall partick 
is encountad in any surface king trimmed, it should be 
removal and the rcsUtting void filled with d from tbe 

Nom IO-If, at any sage of tk tat tbc sxdmcn ZwcIkkyOd  IS 
initiidhcigb~tkrrquircmcnt oflatad ratniDtofthcoDJdictatstbc 
usc of a rrcmrA spa5rna or* uoc of aspeciwn r i q  quipped arith 
an extension cdkrdtbc amc i n w d i a m c t c r a s t b t ~  ring At 
w time &odd Ik utcod b o n d  tbt ring a 
exunGoo e. 

in the consolidation ring by measwing tbc mas ofthe ring 
with speeimeaand arbtractingthetarcmasiofthcring. 

9.8 Determine the initial height, H, ofthe Specimen to 
the nearest 0.025 mm (0.001 in) by taking tbe average of at 
least four evenly spad mtasuTtmcnts over tbc top and 
bottom surfaas of the specimen using a dial comparator 01 
other suitable measuring device 

9.9 Compute the initial volume, V, oftbe qxzhen to 
the nearcst 0.25 Cmf (0.015 in.') from the diameter of tbc 

tbe ring, to facilitate azltering ofthe top- by partial 

9.7 Detamiae tbe initial wtt  mas^ of the pUrjmm_ Mr., 
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‘4. S o J I a d t r p r O p e r t r ~  *des, 
0.1 fbe daamination of index proPcrtia is an impor- 
t adjunct to but not a requirement of the consolidation a ’Ikst determinations when speciki by the rqucsting 

agcacysbould k made on the mast reprrscntative matQial 
possibk Wben tcsting uniform mamiah, all index tests may 
k performed on adjaant trimmings coilected in 9.1 1. wbcn 

- sampks an heterogeneous or trimmings an in short supply, 
index tats should be performed on material from the vst 
spedmeo as obtained in 11.6, plus rcprcsCntative trimmings 
Cdlcctcd in 9.1 1. 

10.2 Specifir Graviry--Tbe specific ~ G t y  shall k dcttr- 
mined in aamdana with Tcst Method D 854 on material 
from tbe sample as specified in 10.1. The specific gravity 
from another sample judged to be imihr to that of the test 
specimen may k used for calculation in 12.25 whenem an 
aaxuate void ratio is not needed. 

10.3 Afferbeg Lirniu-The liquid limit, plastic limit and 
phsticity index shall be determined in accordance with Test 
Mabad D4318 using maltrial from tbc sample as spaifid 
in 10.1. Dttermination of the Aner&rg arc ntcssary 
for proper material clanification but an not a requirement 
of this tcst method. 

10.4 Panicle Size Distribuion-The partide size distribu- 
tion &all be dctcmined in accordance with Method D 422 
(exapt the minimum sample sizz rayircment Shan be 
waiwd) on a portion of the test specimen as obtained in 
1 1.6. A partide sizc analysis may be helpful when visual 
inspaction indicates that the specimen contains a substantial 
fraction ofooarse grained material but is not a requirement 
o t ~ t c s t m e t h o d .  

11. proccdare 
1 1.1 Reparation of the porous disks and other apparatus 

will depend on the specimen k i n g  tested. The 
consdidometa must be assembled in such a manna as to 
prevent a change in water content of the specimen. Dry 
porous disks and €iltem must be used with dry, highly 
expansive soils and may k used for all other soils Damp 
disks may bc used for partially sannated soils San~ated 
disks may k used when the m e n  is saturakd and 
known to have a low affinity for wta: Asemble the ring 
with specimen, porous diskt. filter disk (when needed) and 
contdidometct. If the specimen will not be inundated 
M y  after application of the seating load (see 1 1.2). enclosc 
tbt consolidomcur in a loost fitting planic or rubber 
membrane to prevent change in spedmen volume due to 
evaporatiOll. 

Norr 11-In orda to m a t  tbe satal o b j e d n s o f t h i s ~  mahod 
tbespcawa must oo( beallowd U) Rdl in exass ofitsinmal height 
pnof to being haded ayood its tionprasure.Daaikd 
pmeedurrs for the &tmnlnation of oacdhasional SarCD or smkment 
paenorl Oraobcsve %As isaovad by Test Mnbad D4544%. 

11.2 Race the consolidomact in the loading and 

D 

indicator and r e c o r d t h e i n i t i a I t a 0 ~  de If-, 
add additional load to keep the spechen from rardling 
Convcrscly, if it is anticipated that a load of 5 kp1 (lo0 
lbf/fP) will cause supfkant consolidation of tbe spimcn. 
d u a  the seating pranrrrto 2 or 3 kpa (about 50 WfP) or 
las.  

11.3 Ifthe test is performed on an intact spehcn that 
was either SaNratCd under field conditions or obtaioed below 
the warn-table, inundate shortly aAtr application of the 
seating load. As inundation and specimen wetting OCEUT, 
in- the load as required to prtvcnt swelling. Record the 
load required to prevent zwelliag and tbe rcsulthg deforma- 
tion reading If specimen inundation is to be ddayed to 
simulate specific conditions, then inundation must OONI at a 
prasurt that is s&ciently large to prevent SWCU In such 
cases, apply the muired load and inundate the specimen. 
Take time deformation readings during tbe inundation 
period as specified in 11.5. In such cases, note in the tcst 
report the prrssurr at inundation and the resulting changcs 
in height 

11.4 The m e n  is lo k subjected to increments of 
constant total SVCS. The duration of CAI inacment sball 
conform to guidelines spedhed in 1 1.5. Tbe spec& Imdhg 
scbedde will depend on the purpose ofthe tess but should 

a virgin compression curve or dctcrmm * tion of the 
precoosotidation p m  is mquirat the final pressam shall 
k qual to or greatn than four times the pnconsoLidation 
pnsurr. In the cast of overconsdidated days, a better 
evaluation of ncomprusion paramcten may be obtained by 
imposing an unloaddoad cycle aAa the preconsolidation 
presurr has betn defined Detaik location lad 
extent of an unload-reload cyde is tbc option oft& agency 

span at least two decrements of pressurr. 
11.4.1 The Etandard loading xbedule shan consist of a 

load increment ratio (LIR) of one which is obtained by 
doubling the presurr on the soil to obtain values of 
approxhnately 12.25, SO, 100,200, ctc. kPa (250,500,1000, 

11.42 The standard &und or unloading sAaluk 
should be dazed by halving theprcsnueon thesoil (that is, 
us the same iaCranens of 11.4.1, but m revase orda). 
Howcvc~, if &sired, each sucassivc load can k only 
onefourth as largt as tbe pnading load, that is, skir~ a 
decrement 

11.4.3 An altcmative Ir#riine unloading, or reloading 
rheduk may be employed that nproduas the consbuction 
strrss changes or obtains hater definition of some part of the 
s~lcss deformation (comprrssion) arrve, or aids in inter- 
preting the Wd behavior of the sail 
rn 1 2 - - s m a n i # x w n o m a y b t d c d r r b l t o o ~ ~  

ibk Spcimensororhen n is&kab4e to &ennlnc . tbtpseo- a 
prcratrrwith rnmpecision hsbouldbccauIioncd.hoama,tbatioPd 
inamtent ntias k s  chan 0.7 and bad iscnmeno ny d e  to tbc 

prmrnt may pshdt d& fatkcocffidcnt d 
amcwanoll. C” and tbe cnbbgnmuy comatidatiaa %discusscdin 

- _  

- 

conform to the following guidtlines. If the slope ad shapt of 

requesting the test (sa 1.3). bowever, unloading shan atwars 

2000,4000, etc M/fP), 

s&oa 12 

. . ,  . .  . .. 
. .  , .  . 
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11.S Beforreachprrssurriacrrmcn isappW,mrdtbt 
height or chans in height, d,. of tbe specimen. Two 
alternative procedures arc availabk that spacify the time 
sequence of rtadinp and the muind minimum load 
duration. Longer durations arc ofkn during specific 

straight tine ScCanQry compression pomon of the defonna- 
tion versus log of tiW graph. For such increments, sufficient 
readiw should be taken near the end of the pressure 
increment to define this straight line ponion. It is not 
n v  to in- the duration of otha pressure incre- 
ments during the t e a  

11.5.1 Test Method A-The standard load increment 
duration shall be 24 h For at least two load inatmentf 
including at least one load increment after the 
preamoLidation prrsnvc has ban exceeded, m r d  tbe 
height or change in height, d, at time inW of approxi- 
mattlyO.l,025,0.S,l,f4,8, 15and3Omin,aad 1,2,4.8 
and 24 h (or 0.09,0.2S, 0.49, 1.4.9 min etc. in using 12.3.2 
to present timedefosmatioo data), measwed h m  the time 
of each incremental prrsnve application. Take sufficient 
readings near the end of tbe prrssurr increment period to 
verify that primary consolidation is completal. For some 
soils, a period of monthan 24 b m a y  be required to rcach 
the end+f-primay consolidation (as determined in 12.3.1.1 
or 1233.3). In such cases, load increment durations grcatcr 
than 24 h act required Tbe load increment duration for 
t h e  tcsts is usually taken at some multiple of 24 h and 
should k the staadard duration for all load increments of 
the test Tbedecisiooto uscatime intaval grratcr than 24 h 
is usually based on aptriena with particular types of soik 
U, however, thcrc uaquestion as to whethera 24 h pcriod is 
adequate, a rccord ofheight or change in bcight with time 
should k made for tbe initial load increments in order to 
verify the adequacyofa 24 h period. Load buement 
durations other than 24 h shall be noted in the report. For 
p m  increments wtmc time versus deformation data art 
not required, leave tbc load on the specimen for the same 
length of time as wbcn time versus deformation arc 
taken 

11-52 TSf Mprhad &For each increment, record tbe 
beight or change in bcight, 4 at time intenals of approxi- 
mately 0.1,0.2S,O.S.1.2,4,8. 15.30 min, and 1,2,4,8 and 
24 h (or 0.09,0.25,0.49, 1, 4,9, min, etc. ifusing 12.3.2 to 
present time deformation data), measured from the time of 
each incremental prcsurr application. The standad load 
increment duration shall ex& the time required for 
completion of primary consolidation as datrmind by 
12.3.1 .I, 12.3.2.3 or a criterion set by the requesting agency. 
Far each increment wben it is impossiMe to verify tbe end of 
primary wnsoiidaticm (for example, low LIR or rapid 
consolidatioo), the leal increment duration shall k constant 
and cxaeed the time required for primary consolidation of an 
increment applied aAn the prroonsolidation prrssurr arrd 
along tbe virgin compcesion curve. Where secondary corn- 
pression must k duated, apply pssures for longer 
periods. The rcportJban contain the b.md iDacment dura 
tiou for cach incmncn~ 

. .  load increments to &fine the dope of the charactensb C 

-The e tiw illtank fa leeding bl5ght o( 

in fa- &and bd ft  isoften 
d c d n b l e t o c b r a g t r b c ~ ~ t o ~ i n t c r p m t i o D o f  
rbt data M a t  mlidconsdkM0n win rewire more fnqalalt 

duringtk6rstbddeemncats F a u n n a ~ p r i m u y c o m p b d a a c m  
will k amplac ia Ius time (typicrDy o~c.~l th)  than warld bc 
q u i d  fk a bod i-t along tbc virgin comprrsfoo CUIYC, 
bowna.u8uybwarrsacbc &mandtimCan kbogcs. 

11.6 To minimitr swtll during disasmMy, rebound the 
specimen bafk to the seating load (S kPa). ha height 
changes haw Ceascd (usually overnight), dismantle quickly 
after releasing the final small load on the &men. Remove 
the specimen and the ring from the contolidometer and wipe 
any tire water from the ring and specimen. Determine the 
mass ofthe @en in the ring and subtraa the tare ma0 
of tbc ring to obtain the final wet specimen mass, Mr,. The 
m a  accurate determination of the Spcimcn dry mass and 
water wntsnt is found by dryins the entire specimen at the 
end of thc bat If the soil sampk is bomogamus and 
sufficient trimmingr are availabk far tbe specified index 
tcsting(sa9.11),thendcttrmine the final water content, wfl 
in accordana with Mahod D 2 1 6  and dry mass of soli& 
Md, using the en& specimen. If the soil is heterogeneous or 
more material is requirsd for the spedfied i n k  tming, then 
determine tbe final water content, w4, in accordaDcc with 
Method DU16 using a small wedge shapcd section ofthe 
specimen. 'Ik remaining undried material should be used 
for the spcdad index testing 

12. cdalhtioa 

. .  

1 1 1  calcuhtions as shown arc based on tbe usc of SI 
units. Other units are pcrmissbk, provided the appropriate 
conversion fdcronarc used tomaintain consistency ofunits 
throughout tbc caiculatioas. S a  1.4.1 for additional com- 
ments on tbe usc of incb-powxi units 

dircu measurement or for the casc wbm part of the 
specimen is uscd for index testing, calculate the dry mass as 
follows 

12.2 Specimen Fropenits: 
12.2.1 obtain the dry mass ofthe td @- Md 9 by 

Mr$ M, = ' + w/, 
where 
Mr, = moist mag of totaI specimen a f k  test, gor Mg, and 
WA =mater content (da5mal form) wedge of spcimco 

12.22 Calculate tbe initial and find water conten& in 
parens as f o h  

t a k e n a i k t c a  
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-12.2.4 Calculate the dry unit wight of the specimen as 
f O l I 0 ~  

74 = 9.8 x pd, in kNlm’ 
yr = 6243 x p, in 

123.5 Compute the d u m e  of d i d s  as follows 
M 
GPI 

v, = 

what: 
G =@cgravityofWsoWd 
pr = density of water, 1.0 g/m3 or W m ’  

122.6 Since tbc cross-sectional area of the spedmen is 
constant throughout the tcst, it is convenient for su-umt 
calculations to intmdua the tam ‘aquivalent hcight of 
sotid&” defined as fdlowr 

V 
A 

H , = d  

W h U C  
A = ~ n a r e 9 , c m z a r m 2 .  

123.7 Cakulate void ratio before and after test at follows 

0 3 4  !I 
wherr: 
H, = initialspaimen bcight, an orm, a d  
H, = final specimen height, cm or m. 

before and after test as fonawr 
12.2.8 Calculate tbe of saturation, in pacent, 

- _  _ _  

12.3 Time-D~omWiOn h W i e s - F &  t h t ~ ~  in- 
meats of load when timcdcforma~on readingr are obtained, 
two alternative procedurcr (sa 123.1 or 12.32) itrr provided 
to pnstnt the data, danmint the endof-primary consolida- 
tion and compute the rate of consolidation. Ahcmatively, 
the requesting agency may spaify a method of its choia and 
still be in confotmana with this test method. Tlc deforma- 
tion readings may be pmatsd as mtaSufbd Momtion, 
deformation comcted for lpparaw c o m m t y  or con- 
verted to strain (see 12.4). 

12.3.1 Referring to Fs  2, plot the deformation readings, 
4 vcms the log of time (normally in minutes) for tach 
increment of load 

12.3.1.1 Fd draw a saaight line \hrougb the poiatE 
reprrscatingthe final e which exhibit a stmight h e  
trend and condant slop (cy’ Draw a second rtraight line 

@). The inksection rrprrxou the defonnatios d,, and 

(E). Comprcsion in QCCIS of thc above mimatall0096 
primary consolidation is defined as S C C O ~  comprrssiop 

123.13 Fd the ddOrmation mrrstnth@ 0 96 Primary 
consdidation by selecting any two poinu that have a time 
ratio of 1 to 4. The deformation at the larger ofthe two times 
should k greater than Y4, but lcs than H of the total 
deformation for the load inament fht deformation corn 
spoading to 0 %  pimary consolidation i s  equal to the 
deformation at the rmalkr time, ks the ditfatnct in 
deformation for the two sdeaed times. 

primary consolidation is equal to the average of the deforma- 
tions corrrsponding to the 0 and 1 0  % ddinmatioar The 
time, tJch rcquirai for 50% consolidation amy k found 
graphically horn xhc deformation-log time curve by ob 
otrvingthe time tbat corresponds to 50% of the primuy 
consolidation on the turn. 

123.2 Refenkg to Fig 3, plot the defoxmation readings 
4 versus the square root of time ( n o d y  in minutes) for 
tach increment of load 

tangeattotbc~partofthedtformatiodogtimecurve 

Q#, t,- CQmSpo- to lW% primary conso~datioa 

12.3.1.3 Tbe d c f d o b  dJo, o ~ m s p ~ n d i n g  to 50% 

Ix-77 
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12.3.2.1 Fun draw a svaight Line through the points 
rrprrscnting the initial readings that exhibit a straight line 
Wad Extrapolate tbc line back to t = 0 and obtain the 

tioe 
12.332 Draw a second stxaight line through the 0% 

abscissa of the tim straight line throagi! the data The 
intersection of this second line with the deformation-squarc 
root of time CUNC is the deformation, dm and timc tm 
amsponding to 90 w pr;mary consolidation. 

12.3.2.3 The deformation at 100 96 coasolidation is 95 
more than the Mcrcncc in deformation ktwan 0 and 90 % 
co~lidation. The time of primary consolidation, t,m may 
k taken at the inksection of the deformation-square root of 
time curve and this deformation ordinate.' The deformation, 
d- corrrsponding to 505% consolidation is equal to the 
deformation at % of the diffmnce between 0 and 90% 
consdidation. 

12.3.3 Compute the coefficient of consolidation for each 
increment of load using the following equation and values 
appropriate to the chosen method ofintcrprrtation: 

G' 

defonnation ordinatt rrprrseoting 0 %  primary d d a -  

OrdiMtC 90 h t  the a Of this h is 1.15 h C S  the 

m20rp 
I 

where 
T = a dimcnsiodes time fictor 

for metbod 12.3.1 usc 50 I consolidation with T 

for method 1232  usc 90 56 consolidation with 7 
= TW = 0.197, I 

I - =rpo=o.848, 

f =time companding to the particuhr degnc of 0 wnsolidation, s or mia; 
for methad 12.3.1 us t = t- 
for mabod 12.33 us t = 1p0. and 

= length of the drainags path at s o 9 6  contdidation. 
cm or m 

height at the appropktc increment and for one 
sided drainage H0, is the full +men height. 

H4. 
for doubk-zided drainage HD- is half the specimen 

12.4 Luud-Dt$bmation Propenies: 
12.4.1 Tabulate the deformation or cbangc in deforma- 

m a t  an4  if using Test Method B, comsponding to the 

in height, AH = d - d, 

t i ~ a  d', 

dof-primw c ~ n s o l i & t i ~ ~  d i e  

lda!ivt to the initial spedmtn height for tach Rading If 
necessary, c o r n  the deformation for the appaatus flcxi- 
bility by subtracting the calibration value obtained in W o n  
9 from each reading 

12.4.3 Reprtscnt the deformation results in one of tbe 

12.4.3.1 Calculate the void ratio as follows 

c~msponding to the tnd Of eacb in- 

12.4.2 M~c the 

following formats 

AH 
e=e,,-- 

4 
12.4.3.2 Altematinly, calculate the vertical amin, in 

I 

perans as foUoWs: 
AH 
HO 

4':-x 100 

12.4.4 Calculate tbc vertical svcg as foUows 
P 

0, = - A 
what: 
P =appliedloadinN 
u, =vtrticalsessinkPa 

12.4.5 Refming to Fs 4, plot the deformation rcsuhs 
(void ratio or strain) corresponding to tbt end of tach 
increment and, if' using Test Method B, comspondingto tbe 
endof-primary c ~ n ~ o l i d a t i ~ ~  V ~ I S U S  the lwth of the 
prrswc 

kad&forrmtion NM in lrithmcdc reak. 

12.4.6 Ref- to Fw 4, detamine the due of the 
precousolidation prrsurr using the following proadurr. 

Norrls-AfIy otba KaYgnid metbod of epimuin. 
p r r o o a o o  pfcslre (oac dcrenm) may atso k ussd, provided 
th mabod is ideatihdintkrrpm 

12.4.6.1 Estimate the point of maximum curvature on the 
consolidation CUNC (B). 

12.4.6.2 Draw the tangent to the consolidation c u m  at 
this point (C), and a horizontal line through the p h t  @), 
both exttaded towards increasing values on tbc abDcisa 

124.6.3 Draw the line bisectinn the an& bctwua tbac 

NOTE 1 k I n  some QPS it may he prcfcrabk U) present tk 

- - 
lines (Er 

124.6.4 Extend the tangent to the steep, hear  portion of 
the consdidation c u m  (virgin compression bnnch) (F) 
upwardt to inmseaion with the bisector tiDe (E). Thc 
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rcssu~t (G) (a)rrrice) corresponding to this point of inter- 
&on is the estimated pnconsolidation pnssurr. 

12.4.7 Compkrt evaluation often indudcs conddtmtion 

@ D2435 m '3 4 
! 
i. 

of information IXS generally available to the laborato~~ 
pcafoming the test For this reason further evaluation of the 
test is not mandatory. Many rrcognized methods of evalua- 
tion arc described in the literature. Some of thesc are 
discusd in the Rek (1) through (8). 

13. Report 
13.1 In addition to project name and location, boring 

number, sample number. and dcpth, rtport the following 
informatiOn. 

13.1.1 Description and cIas6cation ofthe soil in accord- 
ance with Practice D 2488 or Test Method D 2487 when 
Atmberg Limit data arc available. Specilic gravity of solids, 
Attuberg limits and grain size distribution shall also k 
reporred when adable plus the source of such infomation 
ifotbcr than measurements obtain4 on test spedmcn. Also 
note oaxrctxx and approximaw size of isolated large 
pamdes. 

13.12 Soil Cosldirion. 
13.111 Avaagc water content of 
13.132 Initial and final water content of Spaimen, 
13.12.3 Initial and fhl dry Unit weight of specimen, 
13.114 Initial and b a l  void ratio of spchen, 

- 

13.1.2.5 Initial and final degree of saturation of specimen, 

13.1.2.6 ReconsoMatioa ptcssurr. 
13.1.3 Tesr R A  
13.1.3.1 Repemtion proadwe used relative to trimming 

state whaher the qo5mcn was trimmed Using a trimming 
turntable, trimmed using a cutting shot, or tcsted dirrctly in 
a ring from a ring lined sampler. 

13.1.33 Condition oftest (natural moisture or inundata!, 
prmurt at inundation). 

13.1.3.3 Method of testing (A or B). 
13.1.3.4 Test Method used to compute cotfficient of 

COnsolidatiOn. 
13.1.3.5 Listing of loading haerncuts and deannents, 

and load increment duration, if diffcrins from 24 h; end of 
increment deformation rcsdts and, for Test Method B, 
endof-primary deformation results and cocficnt  of c o d -  
idation (see Fs 1). 

13.1.3.6 All dtpamves h m  the procedure outlined, in- 

13.1.4 Graphical Presmcrtions: 
13.1.4.1 Graph of deformation versus log time (set Fig 2) 

or square root of time (oa Fs- 3) for thost load i n m e n u  
where time rate were taken. 

13.1.4.2 Graph of void ratio v e m s  log of prssurr curvc 
or perant comprcsion versus log of prrssurc  ne (sa Fa 
4). 

13.1.4.3 In cases Omat time rate of deformation madings 
have been taken for scvaal load inatments, prrparr a graph 
of the log of cocffiaent o f  consolidation VQW void 
ratio or average perant c o m m o n  for the respective load 
increments (sa Fig 5). Ahanatively, a graph of coefficient 
of consolidation or log o f  coefficient of consolidation versus 
log of avcragc prrssurr may be d Iftime rate d n g s  
were obtained for only two ioad increments, rimply tabulate 
the values of c, VQW the anragc pnsurr for the increment 

NUTE l6-Tbc rvargc presure bctarscn t~ load irwrrmcno k 
cbapn b l a s e  i fkr  coavtaient ooordioltc for plothgtbc maltc 
Unksthenudpacprrsurrdirriprtioanmaamditkaotparziblc 
todanrmnc . tbcd~prarurrutbct imtdw)%consol ib.  
tion F u r t k m m q o ~ m t u n ~ t y  may Uisc in t b c M  h, 
becncurkdthroughaotamatintam~brdrrbarodcyda 

and 

cluding spadal loading sequenocs 
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14. Redsioo.odBbu 

14.1 sibtonenr ofhmkion--l>ue to the nature of the soil 
matcdstnted by thisus method it iseither not fiadMe or 
too d y  at this time to produce muhipk spechms which 
have uniform phMcal properties. Any variation abed in 
the data is just as likely to be due to spcimen e o n  as to 
opcrator or laboratory testing d t i o n .  Submmittee 
D18.05 welcomes proposals that would allow for develop 
meat of a valid pncision statement i 

I 

t 

y: 

I 
1 / ., . 

_.. 

IX-80 

14.2 Sta&menr OfBias-Tkre is no acceptatAe referma 
value for this test method, thefore, bias cannot be dcter- 
mi& 

15. Keywords 
15. I Comprcssibiiw, compression curves; consolidation; 

consolidation coefficient; consolidation test; consolidomatr, 
pnconsolidation pressw primary consolidation; rebound, 
secondary compression; &anent; swelling. 
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Standard 
Classification of Soils for Engineering Phposes 
(Unified Soil Classification System)' 

This standard is issued under the fixed designation D 2487: the n u m k  immediately following the designation indicates the year of 
original adopuon or, in the cay of rcvish. the ycar of last &on. A numkr in parentheses indicates the year of kn reapproval. A 
superscript @on (0 indicates an editorial change sina the lan revision or rrapprod. 

This standard has been approved for w e  by agencies of the Depanmm of Defense. Consult the DOD Index of SppCijiations and 
Siandards for the specjic yprrr of issue which has been adopted by the Depanmrm of Defenre. 

standard describes a system for classifying min- 
sno-mineral soils for engineering purposes based 
r y  determination of particle-size characteristics, 
.. and plasticity index and shall be used when 
jification is required. 
ux of this standard will result in a single classification 
. and group name except when a soil contains 5 to I2 % 
the plot of the liquid limit and plasticity index values falls 

.hatched area of the plasticity chart In these two cases. a 
:s uscd, for example, GPGM. CL-ML When the labom- 
ts indicate that the soil is dose to another soil classification 
xderline condition can k indicated with two symbols 
a slash. The first symbol should k the one based on this 
example, CL/CH, GM/SM. SC/CL Borderline symbols 
ly useful when the liquid limit value of clayey soils is closc 
soils can have expansive characteristics and the use of a 
nbol (CL/CH. CHICL) will alert the user of the anigned 
of expansive potential. - 
group symbol portion of this sytem is based on 
tern performed on the portion of a soil sample 
3-in. (75-mm) sieve (see Specification E 11). 
classification system, this standard is limited to 

xumng soils. 
The group names and symbols used i6-h~ test method 
as a descriptive system applied to such materials as shale, 
:& crushed roc4 etc. See Appendix X2. 
standard is for qualitative application only. 
When quantitative information is r equ id  for detailed 
portant svuctu~cs, this test method must be supplemented 
tests or other quantitative data to determine pcrformancc 

s under expected field conditions 

standard is the ASTM version of the Unified Soil 
In System. The basis for the classification scheme 
field Clasdfication System developed by A. 
* in the early 1 9 4 0 ' ~ ~  It became known as the 
il Classification System when several U.S. Gov- 
gencies adopted a modified version of the Airfield 
1952. 
standard does not purpon to address all of the 

- 
ad is undathcjurididon of ASTM Committee Dl8 on Soil and 
le dirca responsibility of Sukommimx D18.07 on ldenrifieation 
on of Saik 
.tion approved May IS. 1992. Published July 1992 Originauy 
2487 - 66 1. Lm -US edition D 2487 - 90". 
.e. & %assiftcation and lckn6ation of So%" Tmnmaiant. 
. 901. 

safety problems, if any. associated with its use. It is the 
responsibility of the user of this standard to establish appre 
priate safay and health practices and determine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 117 Test Method for Materials Finer Than 75-pm (No. 

200) Sieve in Mineral Aggregates by Washing3 
C 136 Method for Sieve Analysis of Fine and Coarse 

Aggregates3 
C 702 Practice for Reducing Field Samples of Aggregate 

to Testing Size3 
D420 Guide for Investigating and Sampling Soil and 

RWKL 
D421 Practice for Dry Preparation of Soil Samples for 

Particle-Size Analysis and Determination of Soil Con- 
Stan@ 

D422 Test Method for Particle-Size Analysis of Soils4 
D653 Terminology Relating to Soil, Rock, and Con- 
tained Fluids4 

D 1140 Test Method for Amount of Material in Soils 
Finer than the No. 200 (75-pm) Sieve4 

D2216 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil and RoclC 

D2217 Practice for Wet Preparation of Soil Samples for 
Particle-Size Analyds and Determination of Soil Con- 
Stan& 

D 2488 Practice for Description and Identification of Soils 
(Visual-Manual 

D4083 Practice for Description of Frozen Soils (Visual- 

D4318 Test Method for Liquid Limit, Plastic Limit, and 

D 4427 Classification of Peat Samples by Laboratory Test- 

E 1 1  Specification for Wire-cloth Sieves for Testing Pur- 

Manual Rocedure? 

Plasticity Index of Soils4 

in$ 

P0m3 

3. Terminology 

in accordance with Terminology D 653. 
3.1 Definitions-Except as listed below, all definitions are 

Anmrol Bodr of ASTM Sudvds, Vol04.02 
A d  Bodr M m h f  .b&?ds, V d  04.08. 000295 
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NOTE &For partides mained on a 3-in. (75-mm) U S  -dad 

C'bks-particles of rock that will pas a 12-in. (3oO-m~~) square 

Boddm-partides of rock that will not pass a 12in. (UX)-mm) 

3.1.1 gravel-particles of rock that will pass a 3411. 
(7s-mm) sieve and be retained on a No. 4 (4.75-mm) U.S. 
standard sieve with the following subdivisions: 

Course-pas% 3-in. (75-mm) sieve and F i > n  q=.- 
(19-mm) sieve, and 

Fine-passes V4-in. (19-mm) sieve and retained on No. 4 
(4.75-mm) sieve. 

- 3.1.2 sand-particles of rock that will pass a No. 4- 
(4:75-mm)-sieve and be retained on a No. 200 (75-pm) U.S. 
standard sieve with the following subdivisions: 

Coarse-passes No. 4 (4.75-mm) sieve and retained on 
No. 10 (2.00-mm) sieve, 

Medium-passes No. 10 (2.00-mm) sieve and retained on 
No. 40 (425-pm) sieve, and 

Fine-passes No. 40 (425-pm) sieve and retained on No. 
200 (75-pm) sieve. 

3.1.3 cluy-soil passing a No. 200 (75-pm) U.S. standard 
sieve that can be made to exhibit plasticity (putty-like prop- 
erties) within a range of water contents and that exhibits 
considerable strength when air dry. For classification, a clay 
is a fine-grained soil, or the fine-grained portion of a soil, 
with a plasticity index equal to or greater than 4, and the plot 
of plasticity index versus liquid limit falls on or above the 
'A" line. 

3.1.4 silt-soil passing a No. 200 (75ym) U.S. standard 
sieve that is nonplastic or very slightly plastic and that 
exhibits little or no strength when air dry. For classification, 
a silt is a fine-grained soil, or the fine-grained portion of a 
soil, with a plasticity index less than 4 or if the plot of 
plasticity index versus liquid limit falls below the 'A" line. 

3.1.5 organic cluy-a clay with sd'licient organic content 
to influence the soil properties. For classification, an organic 
clay is a soil that would be c l a d e d  as a clay except that its 
liquid limit value after oven drying is less than 75 % of its 
liquid limit value before oven drying. 

3.1.6 organic silt-a silt with sufficient organic content to 
influence the soil properties. For classification, an organic silt 
is a soil that would be c l d e d  as a silt except that its liquid 
limit value after oven drying is less than 75 95 of its liquid 
limit value before oven drying. 

3.1.7 peuf-a soil composed of vegetable tissue in various 
stages of decomposition usually with an organic odor, a 
dark-brown to black color, a spongy consistency, and a 
texture .ranging fiom fibrous to amorphous. 

3.2 Descriptions of Terms Specific to This Stundard: 
3.2.1 coficient of curvature, Cc-the mtio (Dm)2/(Dl0 x 

Da), where Da Dm and DIo are the particle diameters 
corresponding to 60, 30, and 10 9% finer on the cumulative 
particle-size distribution m e ,  respectively. 

3.2.2 coficienf of uniformity, Cu-the ratio D60/D10, 
where Da and Dlo are the particle diameters corresponding 
to 60 and 10 95 h e r  on the cumulative particle-size disai- 
bution w e ,  respeCtively. 

dm, the following definitions are suggested: 

opening and be retained on a 3-ie (75-mm) U.S. standard Si% and 

square opening 

- 

4. Stlmmary 
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3 4. I .  

4.1 As illustrated in Table 1, this classification system iden. 
tities three major soil divisions: coane-grained soils, &e. 
grained soils, and highly organic soils. These three div is io~  
are further subdivided into a total of 15 basic soil groups. 

4.2 Based on the results of visual obsenations and pre- 
scribed laboratory tests, a soil is catalogued according to the 
basic soil groups, asigned a greup symbol(s) and name, and 
thereby classified. The flow-char&,_Fe 1 for iine-gra.in&-- 
Gik-and Fig2 for coarse-grained soils, can be used to assign 
the appropriate group symbol(s) and name. 

5. Siflicance and Use 

location into categories representing the results of prescriw 
laboratory tests to determine the panicle-size chara-q 
the liquid limit, and the plasticity index. 

5.2 The assigning of a group name and symbol(s) along 
with the descriptive information required in Practice D 2488 
can be used to describe a soil to aid in the evaluation of its 
significant properties for engineering use. 

5.3 The various groupings of this classification system 
have beem devised to correlate in a general way with the 
engineering behavior of soils. This standard provides a useful 
fint step in any field or laboratory investigation for 
geotechnical engineering purposes. 

5.4 This standard may also be used as an aid in training 
personnel in the use of Pxactice D 2488. 

5.5 This standard may be used in combination with 
Practice D 4083 when working with frozen soils. 

6. Apparatus 
6.1 In addition to the appaxatus that may be required for 

obtaining and preparing the samples and conducting the 
prescribed laboratory tests, a piasticity chart, similar to Fig 
3, and a cumulative particle-size dimibution curve, similar 
to Fig. 4, are require& 

NOTE 5 - m ~  'U" line shown on Fig 3 has been cmpirically 
dctamincd to k the approximate 'upper limit" for natural soils It is a 
good check against erroneous data, and any M d u  that plot above 
or to the leA of it should k verifitd 

5.1 This standard classifies soils fiom any geographic - 

7.  sampling 
7.1 Samples shall be obtained and identified in accor- 

dance with a method or methods, recommended in Recom- 
mended Guide D 420 or by other accepted procedures. 

7.2 For accurate identification, the minimum amount of 
test sample required for this test method will depend on 
which of the laboratory tests need to be performed. Where 
only the particle-size analysis of the sample is required, 
specimens having the following minimum dry weights are 
required: 

MaximumMdesizc Minimnmspdmn,* w wdght 

8 (0.5 b) 
1.0 kg (22 0) 
8.0 kg (18 0) 
60.0 kg (132 lb) 

S i e n  opeacng 

9.5 mm (% in) 
19.0 mm (4% in) 
38.1 m m ( l H i a )  
75.0 mm (3 in.) 

4.15 mm (No. 4) 100 8 ( 0 3  b) 

Whenever possible, the field samples should have weights 
two to four times larger than shown. 
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7.3 When the liquid and plastic limit tests must also be 
performed, additional material will be required sufficient to 
provide 150 g to 200 g of soil finer than the No. 40 (425ym) 
sieve. 

7.4 If the field sample or test specimen is smaller than the 
minimum recommended amount, the report shall include an 
appropriate remark. 

8. Classification of Peat 
8.1 A sample composed primarily of vegetable tissue in 

Various stages of decomposition and.has a fibrous to amor- 
phous texture, a dark-brown to black color, and an organic 
odor should be designated as a highly organic soil and shall 
be classified as peat, FT, and not subjected to the classifica- 
tion procedures described hereafter. 

8 2  If desired, classification of type,.of peat can be per- 
formed in aocordance with Clarrification D 4427. 

9. Preparation for Classification 
9.1 k f o n  a soil can be clasdfied according to thii 

Standard, generally the particle-size distribution of the minus 
Em. (75-mm) material and the plasticity charaaenstl - 'a of 
the minus No. 40 (425-pm) sieve material must be deter- 

mined. See 9.8 for the specific required tests. 
9.2 The preparation of the soil specimen(s) and the testing 

for particle-size dimibution and liquid limit and plasticity 
index shall be in accordance with accepted standard proce- 
dures. Two procedures for preparation of the soil specimens 
for testing for soil classification purposes are given in 
Appendixes X3 and X4. Appendix X3 describes the wet 
preparation method and is the preferred method for cohesive 
soh that have never dried out and for organic soils. 

9.3 When reporting soil classifications determined by this 
standard, the preparation and test procedures used shall be 
reported or referenced 

9.4 Although the test procedure used in determining the 
par t ic lek  distriiution or other considerations may require 
a hydrometer analpis of the material, a hydrometer aualysis 
is not necessary for soil classification. 

9-5 The percentage (by dry weight) of any plus Sin. 
(75-mm) material must be determined and reported as 
auxijiary information. 

9.6 The maximum particle size shall be determind (mea- 
Ned or estimated) and reported as auxiliary information. 

9.7 When the cumulative partide-size distriiution is re- 
quired, a set of sieves shall be used which include the 

0 
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QROUP 
SYMBOL GROUP NAME 

RG l a  Flow Chart for Classifying FineGrained Soil (50 X or Mom Passes No. 200 Sieve) 

following sizes (with the largest size commensurate with the 
maximum particle size) with other sieve sizes as needed or 
required to define the particle-size distribution: 

3-in. (75-mm) 
3/4-in.( 19.0.mm) 
No. 4 (4.75-mm) 
No. 10 (2.00-mm) 
No. 40 (425ym) 
No. 200 (7Sym) 

9.8 The tests required to be performed in preparation for 
classification are as follows: 

9.8.1 For soils estimated to contain less than 5 % fines, a 
plot of the cumulative particle-size distribution m e  of the 

,ha ion  coarser than the No. 200 (75-pm) sieve is required. 
The cumulative particle-size distribution curve may be 
plotted on a graph similar to that shown in Fig. 4. 

9.8.2 For soils estimated to contain 5 to 15 % fines, a 
cumulative particle-size distribution curve, as described in 
9.8.1, is requued, and the liquid limit and plasticity index are 
required. 

9.8.2.1 If sufficient material is not available to determine 
the liquid limit and plasticity index, the fines should be 
estimated to be either silty or clayey using the procedures 
described in Practice D 2488 and so noted in the report. 

9.8.3 For soils estimated to contain 15 % or more fines, a 
determination of the percent fines, percent sand, and percent 
gravel is required, and the liquid limit and plasticity index 

are required. For soils estimated to contain 90% fines c 
more, the percent fines, percent sand, and percent gravt 
may be estimated using the procedures described in Practic 
D 2488 and so noted in the report. 

10. Rehinary Classification Procedure 
10.1 Class the soil as fine-grained if 50 96 or more by d 

weight of the test specimen passes the No. 200 (75ym) sie. 
and follow Section 1 1. 

10.2 Class the soil as coarse-grained if more than 50 9% 1 
dry weight of the test specimen is retained on the No. 2( 
(75ym) sieve and follow Section 12. 

11. Procedure for Classification of Fme-Grained Soils (50 
or more by dry weight passing the No. 200 (75yr 
sieve) 

11.1 The soil is an inorganic clay if the position o f t  
plasticity index versus liquid Limit plot, FG 3, falls on 
above the "A" line, the plasticity index is greater than 4, a 
the presence of organic matter does not influence the licp 
limit as determined in 1 1.32. 

NOTE 6-ThcplastiatyindexandliquidlimitafeQtamined on 
minus No. 40 (425 p) sim material 

11.1.1 classify the soil as a lean &y, CL, if the liqi 
limit is less than 50. See area identified as CL on Fig. 3. 

11.1.2 clasdfy the soil as a fa clay, CH, ifthe liquid l i ~  

IX-85 . 
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LIQUID L I M I T  (LL) 

FIG 3 PlastitityChert 

. is 50 or greater. See area identified as CH on Fig. 3. 
NOTE 7-111 cases whm the Liquid limit u& 1 IO or the plastiaty 

index uccds 60, the plasticity chart may bt expanded by maintaining 
the same scale on both zxcs and extending the 'A" line at the indicated 

11.1.3 Classify the soil as a silty clay, CL-ML, if the 
position of the plasticity index versus liquid limit plot falls 
on or above the 'A" line and the plasticity index is in the 
range of 4 to 7. See area identified as CL-ML on Fig. 3. 

11.2 The soil is an inorganic silt if the position of the 
plasticity index versus liquid limit plot, Fig. 3, falls below the 
"A" line or the plasticity index is less than 4, and presence of 
organic matter does not influence the liquid limit as deter- 
mined in 11.3.2. 

1 1.2.1 ClW the soil as a silt, ML, if the liquid limit is 
less than 50. See area identified as ML on Fig. 3. 

1 1.2.2 classify the soil as an elastic silt, MH, if the liquid 
limit is 50 or greater. See area identified as MH on Fig 3. 

1 1.3 The soil is an organic silt or clay if organic matter is 
present in su!Kcient amounts to influence the liquid limit as 
determined in 11.3.2. 

1 1.3.1 If the soil has a dark color and an organic odor 
when m o a  and warm, a second liquid limit test shall be 
performed on a test specimen which has been oven dried at 
110 f 5'C to a constant weight, typically over night. 

11.32 The soil is an organic silt or organic clay if the 
liquid limit after oven drying is less than 75 95 of the liquid 
limit of the original specimen determined before oven drying 
(see Procedure B of Practice D 2217). 

11.3.3 clasrify the soil as an organic sill or organic clay, 
OL, if the liquid limit (not oven dried) is less than 50 %. 

. dope. 

ClassifJ the soil as an organic silt, OL, if the plasticity index 
is less than 4, or the position of the plasticity index versus 
liquid limit plot falls below the 'A" line. Classify the soil as 
an organic clay, OL, if the plasticity index is 4 or greater and 
the position of the plasticity index versus liquid limit plot 
falls on or above the "A" line. See area identified as OL (or 
CL-h4L) on Fig. 3. I 

1 1.3.4 Cl- the soil as an organic clay or organic silt, 
OH, if the liquid limit (not oven dried) is 50 or greater. 
Classify the soil as an organic silt, OH, if the position of the 
plasticity index versus liquid limit plot falls below the 'A" 
line. Clasrify the soil as an organic clay, OH, if the position 
of the plasticity index versus liquid-limit plot falls on or 
above the 'A" line. See area identified as OH on Fig. 3. 

11.4 If leu than 30% but 15 % or more of the test 
specimen is retained on the No. 200 (75-pm) sieve, the words 
"with sand" or %th gravel" (whichever is predominant) 
shall be added to the group name. For example, lean clay 
with sand, silt with gravel, ML If the percent of sand is 
equal to the percent of gravel, use %th sand." 

11.5 If3096 ormoreofthetestspecimemisretainedon 
the No. 200 ( 7 5 ~ )  sieve, the words 'sandy" or 'gravelly" 
shall be added to the group name. Add the word 'sandy" if 
30 % or more of the test specimen is retained on the No. 200 
(75ym) sieve and the coane-grained portion is predomi- 
nantly sand. Add the word 'gravellyw if 30 95 or more of the 
test specimen is retained on the No. 200 (75ym) sieve and 
the Coarse-grained portion is predominantly gravel. For 
example, sandy lean clay, CL, gravelly fat clay, CH; sandy 
silt, ML If the percent of sand is equal to the percent of 
gravel, use "sandy." 
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S I E V E  A N A L Y S I S  

I I S C R E E N - I N  1 S I E V E  NO. 
3 2 1 %  I V. V. 4 IO 20 40 60 140 ZOO 

0.075 

L "  0 ' l * * - * l m  8 ' I ' k - * I j  , I , . '  

50 IO 5 1.0 0.5 0.10 
PARTICLE S I Z E  IN MILLIMETRES 

FIG. 4 Cumulative PaltideSue Plot 

12. Procedure for Classification of Coarsffirained Soils 
(more than 50 % retained on the No. 200 ( 7 5 ~ )  sieve) 

12.1 Class the soil as gravel if more than 50% of the 
coarse fraction [plus No. 200 (75-pm) sieve] is retained on 
the No. 4 (4.75-mm) sieve. 

1 2 2  Class the soil as sand if50 % or more ofthe.caarse 
fraction [plus No. 200 (75ym) sieve] passes the No. 4 
(4.75-mm) sieve. 

12.3 If 12 76 or less of the test specimen passes the No. 
200 (75-pm) sieve, plot the cumulative particle-size distribu- 
tion, Fig. 4, and compute the coefficient of uniformity, Cu, 
and coefficient of mature ,  Cc, as given in Eqs 1 and 2. 

cu = D6dDIO (1) 
(2 = @300)2/@10 x Dso) (2) 

where: 
D,, D, and Da = the particle-size diameten corre- 
sponding to 10, 30, and 60 %, respectively, passing on the 
Cumulative panicle-size distribution m e ,  Fe 4. 

D,, diameter. 

12.3.1 Ifless than 5 % of the test specimen passes the No. 
200 (7%) sieve, classify the soil as a well-graded gravel, 
GW, or well-graded sand, SW, if Cu is greater than 4.0 for 
gravel or greater than 6.0 for sand, and Cc is at least 1.0 but 
not morc than 3.0. 

12.32 Ifless than 5 % of the test specimen passes the No. 
200 ( 7 ~ y m )  sieve, dassify the soil as poorly graded gravel, 
GP, or pootly graded sanc2, SP, if eithex the Cu or the Cc 
aitcria for *-graded 'soils are not satisfied 

12.4 Ifmon than 12% of the test Specimen passes the 
No. 200.(75ym) sieve, the soil shall be considered a 

N m  &It may k nccusary to extrapolate the c u ~ e  to obtain the 

0 coarse-grained soil with fines. The fines are determined to be 
either clayey or silty based on the plasticity index versus 
liquid limit plot on Fig. 3. (See 9.8.2.1 if insufficient material 
available for testing). (See NOTE 6) 

12.4.1 classifj. the soil as a clayey gravel, GC, or clayey 
sand, SC, if the fines are clayey, that is, the position of the 
plasticity index versus liquid limit plot, Fig. 3, falls on or 
above the 'A" line and the plasticity index is greater than 7. 

12.4.2 Classify the soil as a silty gravel, GM, or silty sand, 
SM, if the fines are silty, that is, the wsition of the plasticity 
index versus liquid limit plot, Eg. 3, falls below the YAn line 
or the plasticity index is less than 4. 

12.4.3 If the fines plot as a silty clay, CLML, classify the 
soil as a silty, clayey gravel, GC-GM, if it is a gravel or a silty, 
clayey stud, SC-SM, if it is a sand 

125 I f 5 t o  12%ofthetestspecimenpassestheNo.200 
(75-pm) sieve, give the soil a dual classification using two 
group symbols 

12.5.1 The first group symbol shall correspond to that for 
a gravel or sand having less than 5 96 fines (GW, GP, SW, 
SP), and the second symbol shall correspond to a gravel or 
sand having more than 12 % fines (GC, GM, SC, SM). 

12.51 The group name shall correspond to the first group 
symbol plus "with clay" or "with silt" to indicate the 
plasticity characteristics of the fines For example, well- 
graded gravel with clay, GW-GC, poorly graded sand with 
silt, SPSM (See 9.8.2.1 if insuf5cient material available for 
testing). 0 N m  9-If the hnes plot as a si@ ckry, GML,  the second p u p  
symbol should k atha GC or S C  For example. a poorly graded sand 
with IO X 6na a liauid limit of 20. and a ~lasticiry index of 6 would k 
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12.6 If the specimen is predominantly sand or gravel but 

contains 15 95 or more of the other coane-grained constit- 
uent, the words ’with gravel” or %th sand“ shall be added 
to the group name. For example, poorly graded gravel with 
sand, clayey sand with gravel. 

12.7 Lf the field sample contained any cobbles or boulden 
or both, the words ‘with cobbles,” or ‘with cobbles and 
boulders” shall be added to the group name. For example, 
silty gravel _ _  with cobbles, GM. __ - 

13. Report 
13.1 The report should include the group name, group 

symbol, and the results of the laboratory tests. The padcle- 
size distribution shall be given in terms of percent of gravel, 
sand, and fines. The plot of the cumulative particle-size 
distribution curve shall be reported if used in classifying the 
soil. Report appropriate descriptive information according to 

the procedures in Practice D 2488. A local or commercial 
name or geologic interpretation for the material may be 
added at the end of the descriptive information if identified 
as such. The test procedures used shall be referenced 

Nm IO-fimple: Cfayey Gruvef with Sand and Cobbles (CiC)- 
46 % fine to mane, hard, subrounded gravel, 30 X fine to coarsc. had, 
subrounded sand; 24 96 clayey fins, LL = 38. PI = 19; weak &on 
with Ha. original field sample had 4 %  hard, subrounded cobbla; 
maximum dimension 150 mm. _ _  
In-Plae-Conditio~-h. homogeneous, dry, brown, 
Geologic Interpmation-alluvial fan. 
NUTE 1 I-Other examples of soil descriptions arc given in Appendix 

XI. 

._  14. Keywords 
14.1 Anerberg limits; classification; clay; gradation; 

gravel; laboratory classification; organic soils; sand; sils soil 
classification; soil tests 

APPENDIXES 

(Nonmandatory Information) 

X1. EXAMPLES OF DESCRIPTIONS USING SOIL CLASSIFICATION 

X1.l The following examples show how the information 
required in 13.1 can be reported. The appropriate descriptive 
information from Practice D 2488 is included for illustxative 
purposes. The additional descriptive terms that would ac- 

intended use of the classification and the individual circum- 
A__-^- 

brown to grax in-place density = 106 lb/ft3 and in-place 
moisture = 9 %. 

x1.1.3 organic clay (oL)-1m % fines, LL (not dried) 
= 32, LL (Oven dried) = 21, PI (not dried) = 10; wet, dark 

X 1.1.4 Silty Sand with Organic Fines (SM)-74 % fine to 
coarse, hard, subaugular reddish san& 26 % organic and silty 

company &e soil classification should be based on the brown, o w i c  &or, weak reaction with . 

SIilIIUS. 

X1.l.l Well-Graded Gravel with Sand (GW-73 9% fine 
to coane, hard, subangular gravel; 23 % fine to coarse, hard, 
subangular sand; 4 9% fines; Cc = 2.7, Cu = 12.4. 

X1.12 Silty Sand with Gravel (SM)-61 % predomi- 
nantly fine sand 23 95 silty fines, LL = 33, PI = 6; 16 % fine, 
hard, subrounded gravel; no reaction with Ha; (field sample 
d e r  than recommended). In-Place Conditions-Fm, 
stratified and contains lenses of silt 1 to 2 in. thick, mo& 

dark-brown fines, fi (not dried) = 37, LL (oven dried) = 26, 
PI (not dried) = 6, wet, weak reaction with HCL 

X 1.1.5 Poorly Graded Gravel with Silt, Sand, Cobbles und 
Boulders (GP-GM)--78 % fine to coarse, hard, subrounded 
to subangular gravel; 16 7% fine to coarse, hard, subrounded 
to subangular sand; 6 9% silty (estimated) fines; moist, brown; 
no reaction with Ha, original field sample had 7 95 hard, 
subrounded cobbles and 2 %  hard, subrounded boulders 
with a maximum dimension of 18 in. 

X2. USING SOIL CLASSIFICATION As A D- SYSTEM FOR SHALE, CLAYSTONE, SHELLS, 
SLAG, CRUSHED ROCK, ETC. 

X2.1 The group names and symbols used in this standard 
may be used as a descriptive system applied to materials that 
exist in situ as shale, claystone, sandstone, siltstone, 
mudstone, etc., but convert to soils after field or laboratory 
processing (crushing, slaking, etc.). 

X2.2 Materials such as shells, crushed rock, slag, etc., 
should be identified as such. However, the procedures used 
in this standard for describing the particle size and plasticity 
characteristics may be used in the description of the material. 
If desired, a classihtion in accordance with this standard 
may be assigned to aid in describing the material. 

X2.3 If a clasification is used, the group symbol(s) and 
group names should be placed in quotation marks or noted 
with some type of distinguishing symbol. See examples. 

X2.4 Examples of how soil classifications could be incor- 
porated into a description system for materials that are not 
naturally occurring soils are as follows: 

X2.4.1 Shale Chunks-Retrieved as 2 to 4-in. pieces of 
shale h m  power auger hole, dry, brown, no reaction with 
H a .  After laboratory proceSsing by slaking in water for 24 h, 
material classified as ‘Sandy Lean Clay ( C L ) ” 4 1 %  clayey 
fines, LL = 37, PI = 16;  33 % fine to medium san& 6 76 
gravel-size pieces of shale. . 

X2.42 Crushed Sandrrone--product of commercial 
‘cruhing operation; ‘Poorly Graded Sand with Silt (SP- 

SM)”-91% fine to medium sane 9 % silty (estimated) 
fines, dry, reddish-brown, strong reaction with HCL 

X2.4.3 Broken She l l s42  % gravel-size broken shells; 

IX-89 000302 
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0 31 % sand and sand-size shell pieces; 7 % fines; would be 
classified as "Poorly Graded Gravel with Sand (GP)". 

from Pit No. 7; 'Poorly Graded Gravel (GP)"-89 96 fine, 

hard, angular gravel-size panicles; 1 1 96 &me, hard, angular 
sand-size particles, dry, tan; no reaction with Ha; Cc = 2.4, 

X2.4.4 Crushed Rock--Processed gravel and cobbles Cu = 0.9. 

X3. PREPARATION AND TESTING FOR CLASSIFICATION PURPOSES BY THE WET METHOD 

X3.1 This appendix describes the steps in preparing a soil 
sample for testing for purposes of soil classification using a 
wet-preparation procedure. 

X3.2 Samples prepared in accordance With this procedure 
should contain as much of their natural water content as 
possible and every effort should be made during obtaining, 
preparing, and transportating the samples to maintain the 
natural moisture. 

X3.3 The procedures to be followed in this standard 
assume that the field sample contains fines, sand, gravel, and 
plus 3-in. (75-mm) particles and the cumulative particle-size 
distribution plus the liquid limit and plasticity index values 
are required (see 9.8). Some of the following steps may be 
omitted when they are not applicable to the soil being tested. 

X3.4 If the soil contains plus No. 200 (75-pm),particles 
that would degrade during dry sieving, use a test procedure 
for determining the particle-size characteristics that. prevents 
this degradation. J 

X3.5 Since this classification system is limited to the 
portion of a sample passing the 3-in. (75-mm) sieve, the plus 
Ein. (75-mm) material shall be removed prim to the 
determination of the particle-size characteristics*and the 
liquid Limit and plasticity index. 

X3.6 The portion of the field sample finer than the 3-in. 
(75-mm) sieve shall be obtained as follows: 

X3.6.1 Separate the field sample into two fractions on a 
Sin. (75-mm) sieve, being careful to maintain the natural 
water content in the minus 3-in. (75-mm) fraction. Any 
particles adhering to the plus 3-in. (75-mm) particles shall be 
brushed or wiped off and placed in the fraction passing the 
Ein. (75-mm) sieve. 

X3.6.2 Determine the airdry or oven-dry weight of the 
fraction retained on the 3-in. (75-mm) sieve. Determine the 
total (wet) weight of the fiaction passing the 3-in. (75-mm) 
sieve. 

X3.6.3 Thoroughly mix the fraction passing the 3-in. 
(75-mm) sieve. Determine the water content, in accordance 
With Test Method D 22 16, of a representative specimen with 
a minimum dry weight as required in 7.2. Save the water- 
content specimen for determination of the particle-size 
analysis in accordance with X3.8. 

X3.6.4 Compute the dry weight of the fraction passing the 
3-in. (75-mm) neve based on the water content and total 
(wet) weight. Compute the total dry weight of the sample and 
calculate the percentage of material retained on;the 3-in. 
(75-mm) sieve. 

X3.7 Determine the liquid limit and plasticity index as 
follows: 

X3.7.1 If the soil -tes readily, mix un a clean, 

I '  

hard surface and select a representative sample by quartering 
in accordance with Practice C 702. 

X3.7.1.1 If the soil contains coarse-pined pikicles 
coated with and bound together by tough clayey material, 
take extreme care in obtaining a representative portion of the 
No. 40 (425-pm) fraction. Typically, a larger portion than 
normal has to be selected, such as the minimum weights 
required in 7.2. 

X3.7.1.2 To obtain a representative specimen of a basi- 
cally cohesive soil, it may be advantageous to pass the soil 
through a 314-h. (19-mm) sieve or other convenient size so 
the material can be more easily mixed and then quartered or 
split to obtain the representative specimen. 

X3.7.2 procesS the representative specimen in accordance 
With Procedure B of Practice D 2217. 

X3.7.3 Perform the liquid-limit test in accordance with 
Test Method D 4318, except the soil shall not be air dried 
prior to the test 

X3.7.4 Perform the plastic-limit test in accordance with 
Test Method D 43 18, except the soil shall not be air dried 
prior to the test, and calculate the plasticity index. 

X3.8 Determine the particle-size distribution as follows: 
X3.8.1 If the water content of the fraction passing the 

3-in. (75-mm) sieve was required (X3.6.3), use the water- 
content specimen for determining the panicle-size distribu- 
tion. Otherwise, select a representative specimen in aocor- 
dance with Practice C702 with a minimum dry weight as 
required in 7.2. 

X3.8.2 If the cumulative particle-size distribution in- 
cluding a hydrometer analysis is required, determine the 
particle-size distribution in accordance with Test Method 
D 422. See 9.7 for the set of required sieves. 

X3.8.3 If the cumulative particle-size distribution without 
a hydrometer analysis is required, determine the particle-size 
distribution in accordance with Method C 136. See 9.7 for 
the set of required sieves. The specimen should be soaked 
until all clayey aggregations have softened and then washed 
in accordance with Test Method C 117 prior to performing 
the particle-size distribution. 

X3.8.4 If the cumulative particle-size distribution is not 
required, determine the percent fines, percent sand, and 
percent gravel in the specimen in accordance with Test 
Method C 1 17, king sure to soak the specimen long enough 
to soften all clayey aggregations, followed by Method C 136 
Using a nest of sieves which shall include a No. 4 (4.75-mm) 
sieve and a No. 200 (75-pm) sieve. 

X3.8.5 Calculate the percent fines, percent-sand, and 

0 

0 percent gravel in the minus Sin. (75-mm) fiaction for 
classification purposes 

000303 _ _  
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X4. AIR-DRIED METHOD OF PREPAR4TION OF S O U  FOR TESTING FOR CLASSIFICATION PURPOSES 

X4.5 Determine the particle-size distribution and liquid 
limit and plasticity index as follows (see 9.8 for when these 
tests are muid): 

the 3-in- 
(75-mm) sieve. 

X4.1 This appendix describes the steps in preparing a soil 
sample for testing for purposes of soil Flassification when 
airdrying the soil before testing is specified or desired or 
when the natural moisture content is near that of an air-dried 
state--- ~ ~p - - 

organic matter or mined 
colloids that are irreversibly affected by drying, the eluding a 
wet-preparation method as described in Appendix x 3  should 
be used. 

X4.3 Since .this classification system is limited to the - -a hydrometer anal).sis is 
portion of a sample passing the 3-in. (75-mm) sieve, the plus . distribution in accordance 

determination of the particle-size characteristics and the 
liquid limit and plasticity index. 

X4.4 The portion of the field sample finer than the 3-in. 
(75-mm) sieve shall be obtained as follows: 

X4.4.1 Air dry and weigh the field sample. 
x4.4.2 %Parate the field sample into two fractions on a 

3-in. (75-mm) sieve. 
X4.4.3 Weigh the two fractions and compute the per- 

centage of the plus 34x1. (75-mm) material in the field 
sample. Method D4318. 

x4.5.1 ThOrOUghlY 

X4.5.2 If -tlie-pmmulativ~-@clersite distribution-in- - 

the fraction 
- __ - - - __ 

x4.2 If the soil hydrometer anal+ is required, determine the 
particle-* in with Method 
D 422. See 9.7 for the set of sieves that is required. 

X4.5.3 If the cumulative particle-size distribution without 
the particle-site 

with I& Method ,, la fol- 
. -  

(75-mm) material shall k removed prior to the lowed by Method C 136. See 9.7 for the set of sieves that k 
required. 

X4.5.4 If the cumulative particle-size distribution is not 
determine the percent fines, percent and 

percent gravel in the specimen in accordance with Test 
Method D 1 140 followed by Method C 136 using a nest of 
sieves which shall include a No. 4 (4.75-mm) sieve and a No. 
200 (75ym) sieve. 

X4.5.5 If required, determine the liquid limit and the 
plasticity index of the test specimen in accordance with Test 

X5. RATIONALE 

X5.1 Significant revisions were made to the standard 
which appeared as D 2487 - 83 from the previous version of 
D 2487 - 69 (1975). The changes are documented in the 
literature.5 Unified Soil Classification System. 

X5.2 The 1992 edition differs from the previous edition 
in that the title was changed to better indicate the use of the 
standard and identifying it as the ASTM venion of the 0 

J Howard A.K. 'The Revired ASTM Standard on the Unified Soil Classifica- 
tion System.' C+oiechnical Testing JournaL GTJODJ Vol 7, No. 4. Deccrnber 
1984. 
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Standard Practice for 
Description and Identification of Soils (Visual-Manual 
Procedure)' 
This nsnda.td is k e d  unda the bed dcdgnation D 2488: the number immedhdy following the designation indicates the year of 

adoption or, in cbe case o f d o n ,  the year of h revidon. A number in parentheses hdicrtathe year o f h  rrapprwaL A 
supcmxiptepsilon(c)indiarcsanaJitorial change sin= rbc Isn mision or reapprod 

This standard has been appmcd/or use by agensiu of thr Depanmem of D@se. C d  the DoD I& of Spuijhxions and 
S&& f i r  the specfic year of ksw which has bem adopted by the DrpMmrnt of D&nse. 

1. scope 
1.1 This practice covers procedures for the description of 

soils for engineering purposes. 
1.2 This practice also describes a procedure for identifying 

soils, at the option of the user, based on the classification 
system described in Test Method D 2487. The identification 
is based on visual examination and manual tests. It must be 
clearly stated in reporting an identification that it is based on 
visual-manual procedures. 

1.2.1 When precise classification of soils for engineering 
purposes is required, the procedures prescribed in Test 
Method D 2487 shall be used. 

1.2.2 In this pmctice, the identification portion assigning 
a group symbol and name is limited to soil particles smaller 
than 3 in. (75 mm). 

1.2.3 The identification portion of this practice is iimited 
to naturally occurring soils (disturbed and undisturbed). 

NOTE I-This practice may k used as a descriptive systcm applied 
to such materials as We, claystone, s h e 4  crushed rock, etc (Sec 
Appendix X2). 

1.3 The descriptive information in this practice may be 
used with other soil clauification systems or for materials 
other than naturally occurring soils. 

1.4 This standard does not purpon to address ail of the 
safety problems, if any, associated with its use. It is the 
responsibility of the user of this standard to establish appre 
priate safety and healfh practices and determine the applica- 
bility of regulatory limitations prior to use. For specitic 
precautionary statements see Section 8. 

1.5 The values stated in inch-pound units are to be 
regarded as the standard. 

2. Referenced Documents 
2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 1452 Practice for Soil Investigation and Sampling by 

D 1586 Method for Penetration Test and Split-Barrel 

Fluids2 . 

Augei Borings2 

sampling of Sow 

I This pradia is uoda the juritdiction of ASIM Committee P I 8  on Soil and 
Rock a d  b the dired rcspnsibihty of Subcommincc D18.07 on Iden-on 
. n d ~ n o f s o i l s .  

Current edition approved Junc 29.1990. hblizbcd AugusI 1990. origioally 
publiaed 

2 A d  Book of ASTM Slnndards. VolW.08. 
D 2488 - 66 T. Laa &OUS edition D 2488 - 84". 

Ix-92 

D 1587 Practice for 'Ibin-Walled Tube Sampling of Soils2 
D 21 13 Practice for Diamond Core Drilling for Site 

D2487 Test Method for Classification of Soils for Engi- 

D4083 Practice for Description of Frozen Soils (Visual- 

Investigation2 

neering Purposes2 

Manual Procedurey 

3. Terminology 
3.1 Definitions: 
3.1.1 Except as listed below, all definitions are in accor- 

dance with Terminology D 653. 
NOTE 2-For partides retained on a 3-in. (75-mm) US nabdard 

sieve, the following definitions an suggested. 
Cobbles--panides of rock that will pass a 12-in. (300-mm) square 

opening and be ra ined  on a Sin. (75-mm) sievc, and 
Boulders-particla of rock that will not pas a 12-in. (Uxrmm) 

squarc opening 
3.1.12 clay-soil pasing a No. 200 (75ym) si 

can be made to exhibit plasticity (putty-like pro 
within a range of water contents, and that exhibits consider- 
able strength when airdry. For ClassScation, a clay is a 
fine-grained soil, or&e fine-grained portion of a soil, with a 
plasticity index equal to or greater than 4, and the plot of 
plasticity index versus liquid limit falls on or above the 'A" 
line (see Fig. 3 of Test Method D 2487). 

3.1.1.3 gravel-particles of rock that wiU pass a Sin. 
(75-mm) sieve and be retained on a No. 4 (4.75-mm) sieve 
with the following subdiyisions. 

course-passes a 3411. (75-mm) sieve and is retained on a 
%-in. (19-mm) sieve. 

jhe--passes a 3/4-in. (19-mm) Sieve and is retained on a 
No. 4 (4.75-mm) sieve. 

3.1.1.4 organic c l a p a  clay with &cient organic con- 
tent to influence the soil properties. For classification, an 
organic clay is a soil that would be classified as a clay, except 
that its liquid limit value aAer oven drying is less than 75 % 
of its liquid limit value before oven drying 

3.1.1.5 organic silt-a silt with sufficient organic content 
to influence the soil properties. For classification, an organic 
silt is a soil that would be classified as a silt except that its 
liquid limit value after oven drying is less than 75 9% of its 
liquid limit value before oven drying. 

3.1.1.6 p m - a  soil composed primarily of vegetable tissue 
'in various stages of decomposition usually with an 

3.1.1.7 sand--particles of rock that will pass a 

odor, a dark brown to black color, a spongy c o h n  
texture ranging from fibrous to amorphous. 

e 
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"SOUP SYMBOL 
- 

m s 4 
GROUP NAME 

CL< 
<15% plus No. 200 
1525% pku No. 200 

* Lean c b  
% und 2% gravel - Lean clay with und 

-% und <% WMI - Laan cby with p r d  
F / U O %  PIUS NO. 200 

% und 2% of gravel 

Xund <%@raw1 

<lS% grew1 - M y  lean 
215% g r m l  - Sandy lean clrr wrth grnel 
<15% und - Gravelly hm &V 

--115% und - - -- Gravelly lean day wah sand---- 
< 230% plus No. 200 

- ~ _ -  -- - ~ - ___- 

<15% plus No. 200 -Silt 
15.25% plus No. 200 

% und 2% of g r a d  

Xund <%grml 

Y und 2% gravel -Silt wlth und ' 

<15% OnVal- sandy n l t  
-% und <% gnwl- Slit wrth g r a d  

<15% und - Gravelly rik 
215% und - Gravelly ult wrth nnd 

- >30% plus NO 200 - - 

<15% plus No. 200 
15-25% plus NO. 2 

-Fat cl.v 
% ud 2% gr-1 -Fat clay wrth und 

-% und <% $ravel - Fat clay wrth grarrl 
% und 2% of g r m l  .-< <lS% gnwl- s u d y  1.1 C h y  

gravel - sandy fat cl.v wnh g m r l  
W u n d  <%gravel <15% und - Gnvelly fat tlrv - -;15% und -Gravelly fat tlrv wrth und 

- >30% plus No. 200 

FIG. l a  Row Chart for ldentltylng Inorganic Fme-Grained Soil (50 X or more fines) 

5-mm) sieve and be retained on a No. 200 (75ym) sieve 4. Summary of Practice 
with the following subdivisions: 

a No. 10 (2.00-mm) sieve. 

on a No. 40 (425ym) sieve. 

No. 200 (75-pm) sieve. 

nonplastic or very slightly plastic and that exhibits little or no 
strength when air dry. For classification, a silt is a fine- 
grained soil, or the fine-grained portion of a soil, with a 
plasticity index less than 4, or the plot of plasticity index 
versus liquid limit falls below the "A" line (see Fig. 3 of Test 
Method D 2487). 

cwrse-passes a No. 4 (4.75-mm) sieve and is retained on 

medium--passes a No. 10 (2.00-mm) sieve and is retained 

fi-passes a No. 40 (425-pm) sieve and is retained on a 

3.1.1.8 silt-soil passing a No. 200 (75-pm) sieve that is 

GROUP SYMBOL 

4.1 Using visual examination and simple manual tests, 
this practice gives standardized criteria and procedures for 
describing and identifying soils 

4 2  The soil can be given an identification by assigning a 
group symbol(s) and name. The flow charts, Figs. la and Ib 
for he-grained soils, and Fig 2, for coarse-grained soils, can 
be used to assign the appropriate group symbol(s) and name. 
If the soil has properties which do not distinctly place it into 
a specific group, borderline symbols may be used, see 
Appendix X3. 

NOTE 3-11 is suggcstrd that a distinction be made between hrnl 
symbols and borderline symbols. 

Symbol-A dual symbol is two symbols separated by a hyphen, 
for example. GPGM, SWSC C t M L  used to indicate that the soil has 
ban idcnti6ed as having the propmier of a classification in accordance 
with Test Method D2487 what two symbols arc rcquircd Taro 
symbols arc requid when thc soil has ktwccn 5 and 12% haor 

GROUP NAME 
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No~~-FWcmtagesare based on -8ng amounts of fme!s. sand. and gravel to tbneerast 5%. 
FlG. 2 Row Chart tor Identifying Coane-Grained Soils (less than 50 % fines) 

when the liquid Limit and plasticity index values plot in the &ML area 

Borderline Symbol-A borderline symbol is two symbols separated 
by a slash, for example, CL/CH. GM/SM. CLFIL A bordaiine symbol 
should k used to indicate that the soil has been identified as having 
propntia that do not distinctly place the soil into a specific p u p  (see 
A m &  X3). 

of the plasticity chan 

5. Significance and Use 
5.1 The descriptive information required in this practice 

can be used to describe a soil to aid in the evaluation of its 
significant properties for engineering use. 

5.2 The descriptive information required in this practice 
should be used to supplement the classification of a soil as 
determined by Test Method D 2487. 

5.3 This pxactice may be used in identifying soils using the 
classification group symbols and names as prescribed in Test 
Method D 2487. Since the names and symbols used in this 
practice to idenufy the soils are the same as those used in 
Test Method D 2487, it shall be clearly stated in repom and 
all other appropriate documents, that the clasification 
symbol and, name are based on visual-manual procedures. 

5.4 Wpract ice  is to be used not only for identification 
of soils in the field, but also in the office, laboratory, or 
wherever soil samples are inspected and described. 

5.5 This practice has particular value in grouping similar 
soil samples so that only a minimum number of laboratory 
tests need lk run for positive soil classification. 

N a  4-Thc ability to descriik and identify soils comedy is lclrned 
morc readily unda the guidance of upcricncd personnel, but it may 
also k a c q d  systematically by comparing numerical laboratory test 

0 d l s  for typical soils of each type with their visual and 
fharactainia. 

5.6 When describing and identifying soil samples fiom a 
given boring, test pit, or group of borings or pits, it is not 
necessary to follow all of the procedures in this practice for 
every sample. Soils which appear to be similar can be 
grouped together, one sample completely described and 
identifed with the others referred to as similar based on 
performing only a few of the descriptive and identification 
procedures described in this practice. 

5.7 This practice may be used in combination with 
Practice D 4083 when working with frozen soils 

6. Apparatus 
6.1 Required Apparatus: 
6.1.1 Pocket Knife or Small Spatula 
6 2  Us& Auxiliary Apparatus: 
6.2.1 Small Test Tube and Stopper (or jar with a lid). 
6.2.2 Small Hand Luns. 

7.  Reagents 
7.1 Auiry of Water-Unless otherwise indicated, refer- 

ences to water shall be understood to mea0 water from a city 
water supply or ~ N r a l  source, including non-potable water. 
-7.2 Hydrochloric Acid-A smaU bottle of dilute 

chloric acid, HQ, one part HCI (10 N) to three 

Section 8. 
(This reagent is optional for use with this 
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3 4  

(c) SukoUDdsd (d) Sulnngulu 

FIG. 3 Typical Angularity of Bulky Grains 

8. Safety Recautions 
8.1 When preparing the dilute HCl solution of one part 

concentrated hydrochloric acid (10 N) to three parts of 
distilled water, slowly add acid into water following neceSSary 
--<ety precautions. Handle with caution and store safely. If 

comes into contact with the skin, rinse thoroughly 
water. 

not add water to acid. 

9. Sampling 
9.1 The sample shall be considered to be representative of 

the stratum from which it was obtained by an appropriate, 
accepted, or standard procedure. 

NOTE S-hferabiy, the sampling p r o a d w  should be identified as 
having b a n  conducted in accordana with Practices D 1452, D 1587, or 
D 21 13, or Method D 1586. 

9.2 The sample shall be carefdy identified as to origin. 

NOTE 6 - R c m e  as to the origin may takc the form of a boring 
number and sample number in conjunction with a job number. a 
geologic stratum, a pedologic horizon or a location description with 
rrspect to a permanent monument, a grid system or a station number 
and ofkt with respect to a stated centerfine and a depth or elevation. 

9.3 For accurate description and identification, the &- 
h u m  amount of the specimen to be examined shall be in 

TABLE 1 criterie for Describing Angularity d CoerseGrained 
Parrider (see Fa 3) 

accordance with the following schedule: 
Maaimurn Panicle Size. Minimum Specimen S i  

SCVC 0plih$ Dry Wd@l 

4.75 mrn (No. 4) 
9.5 mm (4’1 in.) 
19.0 mm (4’4 in.) 
38.1 mm (llh in.) 
75.0 rnm (3 io.) 60.0kg(132lb) 

Nm 7-If random isolated particla arc encountered that arc 
significantly larger than the partidcs in the soil matrix. the soil matrix 
can k accurately dacribd and identified in accordana with the 
p d n g  schedule. 

9.4 If the field k p l e  or specimen being examined is 
smaller than the minimum recommended amount, the 
report shall include an appropriate remark 

100 g (0.3 lb) 
200 g (0.5 Ib) 
1.0 kg (2.2 Ib) 
8.0 kg ( 18 lb) 

10. Descriptive information for Soils 
10.1 Angularit)L-Desciibe the angularity of the sand 

(coarse sizes only), gravel, cobbles, and boulders, as angular, 
subangular, subrounded, or rounded in accordance with the 
criteria in Table 1 and Fig. 3. A range of angularity may be 
stated, such as subrounded to rounded. 

10.2 Shape-Lkcribe the shape of the gravel, cobbles, 
and boulders as flat, elongated, or flat and elongated if they 
meet the criteria in Table 2 and Fig. 4. Othenvise, do not 
mention the shape. Indicate the fraction of the particles that 
have the shape, such as one-third of the gravel particles are 
flat 

10.3 Color-Descxibe the color. Color is an important 
property in identifying organic soils, and within a given 

TABLE 2 Criteria tor Desaibing Partide Shape (see FQ. 4) 
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PARTICLE SHAPE TABLE 4 Criteria for Describing the Reaction WRh HCI 

W=WIDTH 
T =THICKNESS 
L = LENGTH 

FLAT: W / T > 3  
ELONGATED: L/W > 3  
FLAT AND ELONGATED: - meets both criteria 

flG 4 Criteria for Partide Shape 

TABLE 3 Criteria for Describing Moisture Condition 
DeJcnpbon ClltBna 

Dry Absenceofrorshae. dusty. dry tometarch 
Man Damp eutnonstblewater 
Wet v i  free water. usuaav sal is bebwwatertable 

locality it may also be useful in identifying materials of 
similar geologic origin. If the sample contains layers or 
patches of varying colors, this shall be noted and all 
representative colon shall be described. The color shall be 
described for moist samples. If the color represents a dry 
condition, this shall be stated in the report. 

10.4 Odor-Describe the odor if organic or unusual. So5 
containing a significant amount of organic material usually 
have a distinctive odor of decaying vegetation. This is 
espexdly a p F n t  in fresh samples, but if the samples are 
dried, the odor may often be revived by heating a moistened 
sample. If the odor is unusual (petroleum product, chemical, 
and the like), it shall be d e s c r i i  

10.5 Moistwe Condirion-Mbe the moimre condi- 
tion as dry, moist, or  we^ in accordance with the criteria in 
Table 3. 

10.6 HCZ Reuaion--Describe the reaction with HCl as 
none, weak, or strong, in accordance with the aitera in 
Table 4. Since calcium carbollate is a common cementing 
agent, a report of its presence on the basis of the &on 
with dilute hydrochloric acid is important. 

10.7 Consismcy--For intact tine-grained soil, describe 
the consistency as very soft, soft, firm, hard, or very hard, in 
accordance with the criteria in Table 5. This observation is 
inappropriate for soils with significant amounts of gravel. 

10.8 Cemmuzion-Desrribe the cementation of intact 
coarse-grained soils as weak, moderate, or strong, in accord- 
ance with the criteria in Table 6. 

10.9 Stnccrwe-Describe the structure of intact soils in 
accordance with the criteria in Table 7. 

10.10 Range of Panicle Sizes-For gravel and sand com- 
ponents, describe the range of particle sizes within each 
component as defined in 3.1.2 and 3.1.6. For example, about 
20 % fine to coarse gravel, about 40 95 fine to coarse sand. 

10.1 1 Maximum Panicle Size-Describe the maximum 
particle size found in the sample in accordance with 
following information: 

10.11.1 Sand Size-lf the maximum particle size 
sand size, describe as fine, medium, or coarse as defined 
3.1.6. For example: maximum particle size, medium sand. 

10.1 1.2 Gravel Size-If the maximum particle size is a 
gravel size, describe the maximum particle size as the 
smallest sieve opening that the particle will pass. For 
example, maximum particle size, 1 l/z in. (will pass a 1 %-in. 
square opening but not a 3/4-in. square opening). 

10.1 1.3 Cobble or Boulder Size-If the maximum particle 
size is a cobble or boulder size, describe the maximum 
dimension of the largest particle. For example: maximum 
dimension, 18 in. (450 mm). 

10.12 Hardness-Describe the hardness of coarse sand 
and larger particles as hard, or state what happens when the 
particles are hit by a hammer, for example, gravel-size 
panicles fracture with considerable hammer blow, some 
gravel-size particles crumble with hammer blow. 'Hard" 
means particles do not crack, hcture, or crumble under a 
hammer blow. 

10.13 Additional comments shall be noted, such as the 
presence of roots or root holes, difficulty in drilling or 
augering hole, caving of trench or hole, or the presence of 
mica 

10.14 A local or commercial name or a geologic interpre- 

Qc 
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tation of the soil, or both, may be added if identified as such. 
10.15 A classification or identification of the soil in 

accordance with other classification systems may be added if 
identified as such. 

11. Identification of Peat 
1 1.1 A sample composed primarily of vegetable tissue in 

various stages of decomposition that has a fibrous to 
amorphous texture, usually a dark brown to black color, and 
an organic odor, shall be designated as a highly organic soil 
and shall be identified as peat, IT, and not subjected to the 
identification procedures described hereafter. 

'2. Preparation for Identification 
2.1 The soil identification portion of this practice is 

on the portion of the soil sample that will pass a 3-in. e -mm) sieve. The larger than 3-in. (75-mm) particles must 
be removed, manually, for a loose sample, or mentally, for 
an intact sample before classifying the soil. 

12.2 Estimate and note the percentage of cobbles and the 
percentage of boulders. Performed visually, these estimates 
will be on the basis of volume percentage. 

NOTE 8-Sina the percentages of the particle-& distribution in 
Test Method D 2487 arc by dry weight, and the estimates of pacentages 
for gravel, sand, and Gna in this praclice arc by dry weight, it is 
rsommendcd that the rrport state that the puuntages of cobbles and 
bouldrrs arc by volume. 

12.3 Of the fraction of the soil smaller than 3 in. (75 mm), 
estimate and note the percentage, by dry weight, of the 
gravel, sand, and fines (see Appendix X4 for suggested 
ProcedUreS). 
NOTE 9-Since the partide-ske components appear visually on the 

basis of volume, considerable experience is required to estimate the 
prccntagcs on the basis of d q  weigh; Frequent comparisons with 
laboratory partide-size analyxs should be made. 

12.3.1 The percentages shall be estimated to the closest 
5 W. The percentages of gravel, sand, and fines must add up 
to 100%. 

12.32 If one of the components is present but not in 
sufficient quantity to be considered 5 % of the smaller than 
ti (75-mm) portion, indicate its presence by the term 

ce, for example, trace of fines. A trace is not to be 
'&red in the total of 100 W for the components * 13. Relimhary Identification 

13.1 IhesoilisfinegrainedifitcontainsSO%ormorc 

fines. Follow the procedures for identifying fine-grained soils 
of Section 14. 

13.2 The soil is course grained if it contains less than 50 95 
fines. Follow the procedures for identifying coarse-grained 
soils of Section 15. 

14. Procedure for Identifying Finffirahed Soils 
14.1 Select a representative sample of the material for 

examination. Remove p d c l e s  larger than the No. 40 Sieve 
(medium sand and larger) until a specimen equivalent to 
about a handful of material is available. Use this specimen 
for performing the dry strength, dilatancy, and toughness 
tests - .  

14.2 Dry Strength: 
14.2.1 From the specimen, select enough material to mold 

into a ball about 1 in. (25 mm) in diameter. Mold the 
material until it has the consistency of putty, adding water if 
necessary. 

14.2.2 From the molded material, make at least three test 
specimens. A test specimen shall be a ball of material about 
V 2  in. (12 mm) in diameter. Allow the test specimens to dry 
in air, or sun, or by artificial means, as long as the 
temperature does not exceed 60'C. 

14.2.3 If the test specimen contains natural dry lumps, 
those that are about */z in. ( 12 mm) in diameter may be used 
in place of the molded balls. 
NOTE 10-The procm of molding and drying usually produces 

higher strengths than arc found in natural dry lumps of soil. 

14.2.4 Test the strength of the dry balls or lumps by 
crushing between the fingers. Note the strength as none, low, 
medium, high, or very high in accorance with the Criteria in 
Table 8. If natural dry lumps are used, do not use the results 
of any of the lumps that are found to contain particles of 
coarse sand 

14.2.5 The presence of high-strength water-soluble ce- 
menting materials, such as calcium carbonate, may cause 
exceptionally high dry strengths. The presence of calcium 
carbonate can usually be detected from the intensity of the 
reaction with dilute hydrochloric acid (see 10.6). 

14.3 Dilaanqv: 
14.3.1 From the specimen, select enough material to mold 

into a ball about 1 / ~  in. (12 mm) in diameter. Mold the 
material, adding water ifnecessary, until it has a sofk but not 
sticky, consistency. 

14.3.2 Smooth the soil ball in the palm of one hand with 
the blade of a M e  or small spatula. Shake horizontally, 
striking the side of the hand vigorously against the other 
hand several times. Note the reaction of water appeaxing on 
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TABLE 9 Criteria for Describing Dilatancy 
DescnpMn onem 

TABLE 10 Criteria for Desaibina Touahness 

the surface of the soil. Squeeze the sample by closing the 
hand or pinching the soil between the fingers, and note the 
reaction as none, slow, or rapid in accordance with the 
criteria in Table 9. The readon is the speed with which 
water appean while shaking, and disappears while squeezing. 

14.4 Toughness: 
14.4.1 Following the completion of the dilatancy test, the 

test specimen is shaped into an elongated pat and rolled by 
hand on a smooth surface or between the palms into a thread 
about '/E in. (3 mm) in diameter. (Uthe sample is too wet to 
roll easily, it should be spread into a thin layer and allowed 
to lose some water by evaporation.) Fold the sample threads 
and reroll repeatedly until the thread crumbles at a diameter 
of about l /s  in. The thread will crumble at a diameter of 118 

in. when the soil is near the plastic limit. Note the pressure 
required to roll the thread near the plastic limit- Also, note 
the strength of the thread. After the thread crumbles, the 
pieces should be lumped together and kneaded until the 
lump crumbles. Note the toughness of the material during 
h a d i n g .  

14.4.2 Describe the toughness of the thread and lump as 
low, medium, or high in accordance with the criteria in 
Table 10. 

14.5 Plasticity-On the basis of observations made during 
the toughness test, describe the plasticity of the material in 
accordance with the criteria given in Table 11. 

14.6 Decide whether the soil is an inorganic or an organic 
he-grained soil (see 14.8). If inorganic, follow the steps 
given in 14.7. 

14.7 Identification of Inorganic Fine-Grained Soils: 

14.7.1 Identify the soil as a lean day, CL, if the soil bas 
medium to high dry strength, no or slow dilarancy, 
medium toughness and plasticity (see Table 12). 

14.7.2 Identify the soil as a fat t h y ,  CH, if the so 
high to very high dry strength, no dilatancy, and 
toughness and plasticity (see Table 12). 

14.7.3 Identify the soil as a silt, ML, if the soil has no to 
low dry strength, slow to rapid dilatancy, and low toughnen 
and plasticity, or is nonplastic (see Table 12). 

14.7.4 Identify the soil as an elastic silf, MH, if the soil has 
low to medium dry strength, no to slow dilatancy, and low to 
medium toughness and plasticity (see Table 12). 

NUTE LI-Thcse Propaties arc similar to those for a lean day. 
However, the silt will dry quickly on the hand and have a smooth, d k y  
fal when dry. Some soils that would dasify as MH in accordance arith 
thecritcriainTenMethodD2487arrvisuallydimculttodistin~ 
from lean clays, CL It may k neccyary to perform laboratory testiq 
for proper identification. 

4P 

14.8 Identijicaion of Organic Fine-Grained Soik: 
14.8.1 Identify the soil as an organic soil, OL/OH, if the 

soil contains enough organic particles to influence the soil 
properties. Organic soils usually have a dark brown to black 
calor and may have an organic odor. Often, organic soils wiIl 
change color, for example, black to brown, when exposed to 
the air. Some organic soils will lighten in color significantly 
when air dried. Organic soils normally will not have a high 
toughness or plasticity. The thread for the toughness test wiIl 
be spona. 

Nm 12-In some cayg through practia and experience, it may k 
possible to further identify the organic soils as 0-c silts or 

mghnmtess, and Iaboratorytaucank made to identify organi 
in cerrain d@ of similar mafcrials of known geologic origin * clam OL or OH. Comlations between the dilatancy, dry 

14.9 If the soil is estimated to have 15 to 25 % sand or 
gravel, or both, the words 'with sand" or "with gravel" 
(whichever is more predominant) shall be added to the group 
name. For example: 'lean clay with sand, CL" or 'silt with 
gravel, ML" (see Figs. la and Ib). If the percentage of sand is 
equal to the percentage of gravel, use 'with sand" 

14.10 Ifthe soil is estimated to have 30 95 or more sand or 
gravel, or both, the words 'sandy" 01' 'gravelly" shall be 
added to the group name. Add the word 'sandy" if there 
appears to be more sand than graveL Add the word 
'gravelly" if there appears to be more gravel than sand For 
example: 'sandy lean clay, CL", 'gravelly fat clay, CH", or 
'sandy silt, ML" (see Figs la and lb). If the percentage of 
sand is equal to the percent of gravel, use 'sandy." 

15. Procedure for Identifying Coarse-crained So& (Con- 

15.1 The soil is a gravel if the percentage of gravel is 
tainslessthan50%fines) 

estimated to be more than the perwntage of sand. 

TABLE 12 ldemtificatlon of Inorganic Fine-Graincd Soils from 
M.nual Tests 
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The soil is a sand if the percentage of gravel is 
ced to be equal to or less than the percentage of sand. e The soil is a clean gravel or clean sand if the 

percentage of fines is estimated to be 5 95 or less. 
15.3.1 Identify the soil as a well-graded gravel, GW, or as 

a well-graded sand, SW, if it has a wide range of particle sizes 
a d  substantial amounts of the intermediate particle-sizes. 

15.3.2 Identify the soil as a poorly graded gravel, GP, or as 
a poorly graded sand, SP, if it consists predominantly of one 
size (uniformly graded), or it has a wide range of sizes with 
some intermediate sizes obviously missing (gap or skip 

15.4 The soil is either a gravel with fines or a sand with 
fines if the percentage of fines is estimated to be 15 95 or 
more. 

15.4.1 Identify the soil as a clayey gravel, GC, or a cluyey 
sand, SC, if the fines are clayey as determined by the 
procedures in Section 14. 

15.4.2 Identify the soil as a silzy gravel, GM, or a silty 
sand, SM, if the fines are silty as determined by the 
procedures in Section 14. 

15.5 If the soil is estimated to contain 10 96 fines, give the 
soil a dual identification using two group symbols. 

15.5.1 The first group symbol shall correspond to a clean 
gravel or sand (GW, GP, SW, SP) and the second symbol 
shall correspond to a gravel or sand with fines (GC, GM, SC, 
SM). 

15.52 The group name shall correspond to the fbst group 
01 plus the words 5 t h  clay" or 'with silt" to indicate 
lasticity characterktics of the fines For example: 8 -graded gravel with clay, GW-GC or "poorly graded 

15.6 If the specimen is predominantly sand or gravel but 
contains an estimated 15 96 or more of the other coarse- 
grained constituent, the words 'with gravel" or %th sand" 
shall be added to the group name. For example: "poorly 
graded gravel with sand, GP" or 'clayey sand with gravel, 

15.7 If the field sample contains any cobbles or boulders, 
or both, the words 'with cobbles" or 'with cobbles and 
boulders" shall be added to the group name. For example: 
'dty gravel with cobbles, GM." 

.graded). 

Sand with dt, SP-SM" ( ~ e e  Fig. 2). 

se (see Fig 2). 

16. Report 
16.1 The report shall include the information as to origin, 

and the items indicated in Table 13. 
NOTE 13-€xample: CIqwy Gravel with Sand and Cobbles. GC- 

About 50 56 fine to oxme, subrounded to subangular g r a d  about 30 36 
6ne to came, subrounded sand; about 20% 611s with medium 
~laaiaty, high dry strrngth, no dilatancy, medium toughnax weak 

TABLE 13 Checklist for Description of Soils 

maion with Ha, original field sample had about 5 5% (by volume) 
subrounded cobbles maximum dimension, 150 mm. 

In-Placc Conditions-Fm homogeneous, dry. brown 
Geologic Intcrprctation-AIluvial fan 
NOTE 1 1 ~ 1  exampla of soil descriptions and identification are 

NOTE 15-1f desired the pacentages of gravel, sand. and fines m a y  

Truce-F'artida are present but eslimatcd to be less than 5 % 
F e w 4  to 10 om 
fiitk- 15 to 25 $b 
Somt-30 to 45 56 
Monly-50 to 100 Om 
16.2 If, in the soil description, the soil is identified Using a 

clasdfication group symbol and name as described in Test 
Method D 2487, it must be distinctly and clearly stated in log 
forms, summary tables, reports, and the like, that the symbol 
and name are based on visual-manual procedures. 
17. Recision and Bias 

therefore, a precision and bias statement is not applicable. 
18. Keywords 

soil classification; soil description; visual classification 

given in Appendixes X1 and X2. 

k stated in tcrm~ indicahg a range of prccntag~ as follows 

17.1 This practice provides qualitative information only, 

18.1 classification; clar, gravel; organic soils; sand; silc 
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ê . F- @ Desipation: D 2937 - 83 (Reapproved 1990) . 

Standard Test Method for 
Density of Soil in Place by the Drive-Cylinder Method' 

This standard is issued unda the fixed designation D 2937: the number immediately following the designation indicates the year of 
original adoprion or. in the ca.% of revision. the year of kt I'cvisiOn. A number in parrnthescs indicates the year of kt rcapproval A 
s u p M i p t  epsilon (0 indicates an cd i tod  change since the kn rwision or mapprod 

This IQSI mnhod hac been apprmedfor use by agencies of ihe Dcpanmcnr of D 4 m e .  C o d i  ihe DoD Index of Spea~cmions d 
Sinndordc for [he specijc year of issue which hac been adopied by the Depanmm of ~~. 

1. Scope 
1.1 This test method covers the determination of in-place 

density of soil by the drive-cylinder method. The test method 
involves obtaining a relatively undisturbed soil sample by 
driving a thin-walled cylinder and the subsequent activities 
for the determination of in-place density. Two procedures 
are described for this test, one for testing at the surface, and 
one for testing at greater depths. 

1.2 This test method is not appropriate for sampling 
organic soils, very hard soils which cannot be easily pene- 
trated, soils of low plasticity which will not be readily 
retained in the cylinder, or soils which contain appreciable 
amounts of coarse or granular material. 

1.3 This test method is limited to the procedures neces- 
sary for obtaining specimens suitable for determining the 
in-place density and water content of certain soils. The 
procedures and precautions necessary for obtaining undis- 
turbed samples suitable for laboratory testing or otherwise 
determining engineering propemes is beyond the scope of 
this test method. 

NOTE I-The general principles of this test method have been 
succesfully used to obtain samples of some field compacted fine-grained 
toils having a maximum panicle size of 4.75-mm for purposes other 
than density determinations such as the testing for engineering proper- 
ties. 

1.4 Values may be stated in inch-pound, gramcentimewe, 
or other units, provided the appropriate conversion factors 
are used to maintain consistency of units throughout the 
determinations and calculations. 

1.5 This standard does not purport to address the safety 
problems nssociated with its use. It is the responsibility of the 
user of this siandard to establish appropriate safety and 
health practices and determine the applicability of regulatory 
limitations prior to use. 

2. Referenced Documents 

2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

Fluids' 
D698 Test Methods for Moisture-Density Relations of 

Soils and Soil-Aggregate Mixtures Using 5.5-lb (2.49-kg) 
Rammer and 12411. (305-mm) Drop2 

'This test method is under the jutiditxion of ASIM Cornminee D18 on Soil 
snd Rock and is the direct responsibility of Subcornmiace D18.08 on Special and 
~nsrruaion Conno1 Tear 

Cumxu edition approved Nov. 28, 1983. Published January 1984. OriginaUy 
published as D2937 - 71. Lsn previous edition D2937 - 71 (1976). 
' ANnml Book d A s t M  S~anakrak, Vo104.08. 

0 

D 1557 Test Methods for Moisture-Density Relations of 
Soils and Soil-Aggregate Mixtures Using 10-lb (4.54-kg) 
Rammer and 184x1. (457-mm) Drop2 

D 22 16 Method for Laboratory Determination of Water 
(Moisture) Content of Soil, Rock and Soil-Aggregate 
M i x t u d  

3. Significance and Use 
3.1 This test method can be used to determine the 

in-place density of natud,  inorganic, fine-grained soils. 
3.2 This test method may also be used to determine the 

in-place density of compacted soils used in construction of 
structural fill, highway embankments, or earth dams. 

3.3 Tlis test method is not recommended for use in 
organic, noncohesive, or friable soils. This test method is not 
applicable to soft, highly plastic, or saturated or other soils 
which are easily deformed, or which may not be retained in 
the drive cylinder. The use in fine-grained soils contai 
appreciable coarse material may not yield meaningful 
and may damage the drive-cylinder equipment. 

4. Apparatus 
4.1 Drive Cylinders, with diameters of approximately 2 to 

5 %  in. (50 to 140 mm) or larger. Typical details of two types 
of drive cylinders with outside diameters of 3.0 in. (76.2 mm) 
are shown in Figs. 1 and 2. Drive cylinders of other 
diameters will require proportional changes in the drive- 
cylicder tube and drive-head dimensions. The volume of the 
cylinders with the dimensions shown in Figs. 1 and 2 is 
approximately 0.01 ft3 (283 cm3). The apparatus shown in 
Fig. 1 is of a design suitable for use at or near the surface. 
The threaded apparatus shown in Fig. 2 is of a design for use 
at greater depths. 

4.1.1 The number of cylinders required depends on the 
number of samples to be taken and the anticipated rapidity 
by which the cylinders can be returned to service after 
weighing, cleaning, etc. A minimum of six cylinders is 
recommended. 

4.1.2 The cylinders shown in Figs. 1 and 2 meet the wall 
thickness and area-ratio requirements as set forth by 
HvorsleS for drive samplers, this is 10 to 15%, as defined by 
the following 

A, = [(D: - D:)/D:] x 100 

where: 
A, = arearatio,%, 

' H v a l e v ,  M. J., "Surfaoc ExplOration and Sampling of Soils for Eagm-- 
F'uposu" Engineering Foundation. 345 E 47th St. New Y& NY 10017. 
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Norr--Aeter to Fg. 2 for metric equimknts. 
FIG 1 Typical Design for a Surface Soil Sampler 

De = maximum external diameter of the drive sampler, 

Di = minimum internal diameter of the drive sampler at 

Cylinders of other diameters should conform to these re- 
quirements. 

4.1.3 When the in-place density is to be used as a basis for 
acceptance of compacted fill, the cylinders shall be as large as 
practical to minimize the affects of errors and shall in no case 
be smaller than 0.025 A' (710 an3). This will require 
cylinders larger than those shown in Figs. 1 and 2. 

4.2 Drive Head-The typical details of the drive heads 
and appurtenances are shown in Figs. 1 and 2. The drive 
head for use at or near the surface has a sliding weight for 
driving the cylinder. The cylinder to be used at greater depths ' 
is driven with a hammer or other means. For sampling below 
shallow depths, extensions may be added to the drive rod as 
required to reach the layer to be sampled. 

4.3 Straightedge, steel, approximately !4 by 1% by 12 in. 
with one edge sharpened at approximately a 45' angle for 
trimming the ends of the sample flush with the cylinder. 

4.4 Auger-An Iwan or similar type auger for digging 
below shallow depths. 

4.5 ShmeZ-Any one of several types of shovels or spades 
is satisfactory in shallow sampling for digging the cylinders 

and 

the cutting edge. 

out after they have been driven into the soil. 
4.6 Bulances-A balance or scale of at least 1-kg capacity 

accurate to 1.0-g and a balance of 5OO-g capacity accurate to 
0. l-g are required for the cylinders shown in Figs. 1 and 2. 
Larger cylinders will require a balance of 20-kg capacity 
accurate to 0.1 %. 

4.7 Drying Equipment-Equipment and oven to comply 
with Method D 2216. Other drying equipment may be used 
for rapid evaluation of moisture content if specified (see 7.2). 

4.8 Miscellaneous Equipment-Brushes, sledgehammers, 
plastic bags, metal cans with lids, or other suitable containers 
for retaining the drive cylinder and sample until determina- 
tion of mass and drying, spoons, inside/outside vernier 
caliper, or the equivalent accurate to 0.01 in. (0.0025 mm) 
for calibration, gloves, and safety glasses. 

5. Calibration 
5.1 Before testing begins and periodically thereafter, or 

when damage is suspected, check the cutting edge of the 
drive cylinders (dulled or damaged cylinders may be 
resharpened and re.swaged or discarded). 

5.1.1 Before testing and periodically thereafkr, determine 
the mass and volume of each cylinder. Determine and record 
the m a s  accurately to the nearest 1 g Detennrn * ethevolume 
of each cylinder by measuring the height and the swagedend 
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ENLARGED 
THD DET 

Melnc Equvaknts for Fgs. 1 and 2 0 
NOTE-All tolerances are minal. Machme to fit as requaed. 

m. mm m. mm n. mm m. mm 
~ 

'I32 

0.0625 
%O 
% 
YlO 
0 2  
rk 
w 
7/10 

y1 
w 

0.794 
1.5875 
1.588 
3.175 
4.762 
5.080 
6.350 
9.525 

11.112 
12.700 
15.875 

u 
0.812 
0.824 
0.825 
'/e 
1 
1.050 
1% 
1% 
1V1e 
1% 

19.050 
20.625 
20.930 

. 20.955 
22225 
25.400 
26.670 
28.575 
31 750 
33.338 
38.100 

1% 
1 Ye 
1% 
2 
2% 
2% 
2"/'6 
2% 
2'He 
2% 
2.900 

39.688 
41 275 
44.450 
50.800 
57.150 
63.500 
68.262 
69.850 
70.638 
73.025 
73.660 

290625 
2.97125 
3 
31k 
3% 
3% 
6% 
7 
8U 
36 
48 

7 3 . 8 1 ~ 5  
75.46975 
76.200 
76.994 
82.550 
83.344 

168.175 
1T1.800 
222.250 
914.400 

1219.200 

flG 2 Typical Design for a Soil Sampler for Use Below Surface 

diameter at four equally spaced points to 0.01 in. (0.254 
mm) and average the respective dimensions. Calculate and 
record the volume to the nearest 0.0 1 h3 (0.16 mm3). 

5.2 Permanently identify each cylinder by a number or 
symbol traceable to the calibration data It may be desirable 
in some cases to show the mass and volume on the cylinder 
along with the identification. 

6. Sampling 
6.1 Sampling at or Near the Suface: 
6.1.1 Brush all loose particles from the surface. For 

near-surface sampling (not more than 36 in. (1 m) in depth), 
sample through a hole bored with an auger or dug by a 
shovel from which loosened material has been removed. 
Obtain a fairly level surface before any cylinder is &vm. 
Depending on the soil texture and moisture, the surface may 

be prepared utilizing a bulldozer blade or other heavy 
equipment blades provided the sample area and vicinity are 
not deformed, compressed, tom, or otherwise disturbed. 

6.1.2 Assemble the cylinder and drive head with the 
sharpened edge on the surface to be sampled. Drive the 
cylinder by raising the drop hammer and allowing it to fall. 
Hold the drive rod in a steady and vertical position, keeping 
the drive head in contact with the cylinder. Continue driving 
until the top of the cylinder is approximately 'h in. (1 3 mm) 
below the original surface. Overdriving may result in de- 
forming or compressing the sample and may provide err- 

particularly when sampling below the surface. If ove 
neous results. Care should be taken to prevent ov 

occurs or is suspected, the sample should be discard . 
the soil resampled Remove the drive head and dig the 
cylinder from the ground with a shovel, digging the soil from 

* 
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Hound the sides of the cylinder and undercutting several 
inches below the bottom of the cylinder before lifting the 
cylinder out. When sampling near, but below, the surface, 
use the same procedure, but more soil will necessarily have 
to be dug from around the sides of the cylinder to properly 
undercut the cylinder. 

6.1.3 After the cylinder has been removed from the 
ground, trim any excess soil from the sides of the cylinder. 

-Using the-straightedge, trim the ends of the sample flush and- 
plane with the ends of the cylinder. A satisfactory sample is 
composed of relatively undisturbed soil representative of the 
soil in place and shall not contain rocks, roots, or other 
foreign material. If the cylinder is not full or is not 
.representative, discard the sample and take another sample. 
If the cylinder is deformed or otherwise damaged while 
driving it into or removing it from the ground, discard the 
sample and repair or replace the cylinder. Immediately 
determine the mass of the sample and determine the water 
content or place the drive cylinder and sample in a container 
which will prevent soil or water loss until mass and water 
determinations can be made. 

6.2 Sampling Below the Su$ace: 
6.2.1 Drill a hole with an auger to the elevation of the 

layer to be sampled. Clean the bottom of the hole of 
auger-loosened material as well as possible with a cleaning 
auger or other suitable tool leaving the bottom of the hole 
fairly level. 

6.2.2 Assemble the cylinder to the drive head (and exten- 
sions if needed) and lower the cylinder into the hole, placing 
it M y  on the layer to be sampled. Drive the cylinder into 
the soil by blows of a hammer on the top of the drive rod. 
Continue driving until the top of the cylinder is approxi- 
mately 1 in. (25 mm) below the surface being sampled. Care 
must be taken not to overdrive since there is only approxi- 
mately a 2-in. (50-mm) clearance in the drive head Break 
the sample from the ground by moving the rod of the 
sampler back and forth. Remove the assembly from the hole 
and carefully remove the cylinder from the drive head. In 
cases where the sample breaks from the ground slightly 
above the cutting edge, the sample may be forced back 
through the cylinder by carefully pressing the top of the 
sample against a flat surface. Trim any excess soil from the 
cylinder using the straightedge until the sample is flush and 
plane with the ends of the cylinder. If the cylinder is 
deformed or damaged, or if the sample is broken, disturbed, 
or gouged by rocks during driving, discard the sample. 
Immediately determine the mass of a satisfactory sample and 
determine the water content or place the drive cylinder and 
sampler in a container which will prevent soil or moisture 
loss until mass and water content determinations can be 
made. 

a D 2937 II, 3 4  

7. Procedure 
7.1 Determine the mass of the drive cylinder and soil 

sample to the nearest 1 g and record 
7.2 Remove the soil from the cylinder. Obtain a represen- 

tative specimen for water content determination, or use the 

entire sample. Specimens for determining water content are 
to be as large as practical but in no case smaller than 100 g 
and selected in such a way so as to represent all the material 
from the cylinder. Determine the water content of the soil in 
accordance with Method D 2216. Rapid methods of water 
content determination may be used when specified. Rapid 
methods are generally less accurate than Method D 22 16 and 
should only be used when their accuracy is considered 
sufficient for the testing purpose. - 

8. Calculation 
8.1 The in-place dry density of the soil is expressed as the 

mass of the dry soil divided by the volume of soil, and is 
usually reported in pounds per cubic foot or kilograms per 
cubic metre. 

8.2 Calculate the dry mass of the drivecylinder sample, 
M3, in grams, as follows: 

(2) 
where: 
M, = mass of the cylinder and wet soil sample, g, 
M2 = mass of the cylinder, g, and 
w = water content, %, dry mass basis. 

8.3 Calculate the dry density, pm of the drivecylinder 
sample in ib/fi3 as follows: 

Pd = WdV) (3.810) (3) 
where: 
V = volume of the drive cylinder, in3 (to the nearest 0.01 

NOTE 2-It may be desired to express the in-place density as a 
perantage of some other density, for example, the laboratory maximum 
density, determined in accordana With Test Methods D698. This 
relation can be determined by dividing the in-plaa density by the 
maximum density and multiplying by 100. 

9. Report 

- - - - - 

M3 = [(MI - Mz)/(100 + w)] X 100 

in3) 

9.1 Report the following information: 
9.1.1 Location, 
9.1.2 Depth below ground surface or elevation of surface, 

9.1.3 Dry density, 
9.1.4 Water content, 
9.1.5 Dimensions and volume of the sampler, 
9.1.6 Visual description of the soil sample, and 
9. I .7 Comments on soil sample disturbance. 

10. Precision and Bias 
10.1 The precision and bias of this test method for 

measuring the density of soils in place by the drivecylinder 
method has not been determined. No available methods 
provide absolute values for the density of the soil in-place 
against which this test method can be compared. The 
variability of the soil and the destructive nature of the test 
method do not allow for the repetitive duplication of test 
results required to obtain a meaningful statistical evaluation. 
Precision is a function of the care exercised in performing the 
steps of the test method given, with attention to systematic 
repetition of the procedure and equipment maintenance. 

or both, 
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0 The American society tor Testing and Materiais takes no pasition respecring the validity d any patem rights asmed in conmion 
with any item m e n r i d  in this stanad. Users 01 this standard are expressly advised that detenninamn ot the validity d any such 
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Designation: D 3441 - 86 

0' Standard Test Method for 
Deep, Quasi-Static, Cone and Friction-Cone Penetration Tests 
of Soil' 

This standard b issued under the fixed designanon D 3441; the number hmcdiatcly following the daignrtion indicata the year of 
original adoption or, in Ihe case of rrviSion, the year of Ln e o n .  A number in pvcnthaa i n d i a l s  the year of Ln rrapproval. A 
supascript &on (e) indiala an editorial change sua the Ln revision or mpprod. 

This nandmd has bmr approveifor w by agmies of h e  Drponmmr of Drfmr. C o d i  the DoD Ida of SpYmions a d  
Siantigis for the spafjic yror of irw which has ken adoprd by the Depanmm of Lhfm. 

1. scope! 
1.1 This test method covers the determination of end 

bearing and side friction, the components of penetration 
resistance which are developed during the steady slow 
penetration of a pointed rod into soil. This method is 
sometimes referred to as the 'Dutch Cone Test," or 'Cone 
Penetration Test" and is often abbreviated as the 'CFT." 

1.2 This test method includes the use of both cone and 
frictioncone penetrometers, of both the mechanical and 
electric types It does not include data interpretation. It also 
includes the penetrometer aspeas of piaocone soundings, 
but does not include the details of piezometer construction, 
location, measurement, or data interpretation. 

NOTE I-The European Standard for the CF7 l ~ y s  a tip of right 
adncal h o c  as shown in Flg. 3. as their reference test agains! which a .3 Mechanical penetrbmeters of the type described in 

this method operate incrementally, using a telescoping 
penetrometer tip, resulting in no movement of the push rods 
during the measurement of the resistance components. 
Design constraints for mechanical penetrometers preclude a 
complete separation of the end-bearing and side-friction 
components. Electric penetrometers are advanced continu- 
ously and permit separate measurement of both compo- 
nents. Differences in shape and method of advance between 
mne penetrometer tips may result in significant differences 
in one or both resistance components. 

1.4 This standard may involve hazardous materials. oper- 
ations, and equipment. This standard does not prupon to 
address all of the sajety problems associated with its use. It is 
the responsibility ofthe user of this standard to establish 
appropriate safity and health practices and determine the 
applicability of regularory limitations prior to use. 

r CPTs may be compared 

2. Defhtions 
2.1 cone-the cone-shaped point of the penetrometer tip, 

upon which the end-bearing resistance develops. 
2.2 cone penetrometer-an instrument in the form of a 

cylindrical rod with a conical point designed for penetrating 
soil and soft rock and for measuring the end-bearing 
component of penetration resistance. 

.1 

. .  
, 

2.3 cone resistance or end-bearing resistance, q,-the 
resistance to penetration developed by the cone, equal to the 
vemcal force applied to the cone divided by its horizontally 
projected area- 

2.4 cone sowtding-the entire series of penetration tests 
performed at one location when using a cone penetrometer. 

2.5 electric penetrometer-a penetrometer that uses elec- 
tric-force transducers built into a nontelescoping penetrom- 
eter tip for measuring, within the tip, the component(s) of 
penetration resistance. 

2.6 fnction-cone penetrometer-a cone penetrometer with 
the additional capability of measuring the local side friction 
component of penetration resistance. 

2.7 fiction-cone sounding-the entire series of penetra- 
tion tests performed at one location when using a friction- 
cone penetrometer. 

2.8 friction ratio, R,-the ratio of friction resistance to 
cone resistance,fJq, expressed in percent 

2.9 fiction resistance, /,-the resistance to penetration 
developed by the friction sleeve, equal to the vertical force 
applied to the sleeve divided by its surface area. This 
resistance consists of the sum of friction and adhesion. 

2.10 friction sleeve-a section of the penetrometer tip 
upon which the local side-friction resistance develops. 

2.11 inner rods-rods that slide inside the push rods to 
extend the tip of a mechanical penetrometer. 

2.12 mechanical penetrometer-a penetrometer that uses 
a set of inner rods to operate a telescoping penetrometer tip 
and to transmit the component(s) of penetration resistance 
to the surface for measurement 

2.13 penetrometer rip-the end section of the penetrom- 
eter, which comprises the active elements that sen% the soil 
resistance, the cone, and in the case of the frictioncone 
penetrometer, the friction sleeve. 

2.13.1 Discussion--The addition of a piezometer to the 
electric penetrometer tip pennits the measurement of pore 
water pressure during and aher stopping tip penetration. A 
penetrometer including a piezometer is known as a pi- 
cone penetrometer, or just piezocone. 

2.14 piezocone sounding-the entire series of penetration 
tests performed at one location when using a piaocone 
penetrometer. 

2.15 push rodr-the thick-walled tubes, or other suitable 
rods, used for advancing the penetrometer tip to the required 
test depth. 

3. Significance and Use 
3.1 This test method supplies data on the engineering 
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properties of soil intended to help with the design and 
construction of earthworks and the foundations for struc- 
tures. 

3.2 This test method tests the soil in place and does not 
obtain soil samples. The interpretation of the results from 
this method requires knowledge of the types of soil pene- 
trated. Engineen usually obtain this soil information from 
parallel borings and soil sampling methods, but prior infor- 
mation or experience may preclude the need for boring. 

3.3 Engineers often comlate the results of tests by this test 
method with laboratory or other types of field tests, or 
directly with performance. The accuracy of such correlations 
will vary with the type of soil involved. Engineen usually rely 
on local experience to judge this accuracy. 

3.4 Most engineers With offshore experience have also 
found this test method suitable for offshore use. 

4. Apparatus 
4.1 General: 
4.1.1 Cone-The cone shall have a 60' (H) point angle 

and a base diameter of 1.406 -t 0.016 in. (35.7 -C 0.4 mm), 
resulting in a projected area of 1.55 in? (10 an2). The point 
of the cone shall have a radius less than Vi  in. (3 mm). 

NOTE 2-Cone tips with larger end anas may be uscd to increase 
measurement sensitivity in weak soik Experience with elecvical tips 
with end area between 0.78 in? (5 cm2) and 3.10 in? (20 anz) has 
shown that they produce data similar to the 1.55 in? (IO cm2) standard 
provided they maintain the same tip geometry. Cone tip shes in this 
range may be used for special arcumtmces provided the cone tip and 
friction slave (if any) area is noted 

4.1.2 Friction Sleeve, having the same outside diameter 
+0.024 to -0.OOO in. (M.5 to -0.0 mm) as the base 
diameter of the cone (see 4.1.1). No other part of the 
penetrometer tip shall project outside the sleeve diameter. 
The surface area of the sleeve shall be 23.2 in.2 (150 an') 
+.2 %. 

4.1.3 Steel--The cone and friction sleeve shall be made 
from steel of a type and hardness suitable to resist wear due 
to abrasion by soil. The friction sleeve shall have and 
maintain with use a roughness of 20 pin. (0.5 pm) AA, 
k50 %. 

4.1.4 Push Rods-Made of suitable steel, these rods must 
have a section adequate to sustain, without buckling, the 
thrust required to advance the penetrometer tip. They must 
have an outside diameter not greater than the diameter of the 
hase of the cone for a length of at least 1.3 A (0.4 m) above 
the base, or, in the case of the firictioncone penetrometer, at 
least 1.0 A (0.3 m) above the top of the friction sleeve. Each 
push rod must have the Same constant inside diameter. They 
must screw or attach together to bear against each other and 
form a rigid-jointed string of rods with a continuous, straight 
axis. 

4.1.5 Inner Rodr-Mechanical penetrometers require a 
separate set of steel, or other metal alloy, inner rods within 
the steel push rods The inner rods must have a constant 
outside diameter with a roughness, excluding waviness, less 
than 10 pin (0.25 pm) AA. They must have the same length 
as the push rods (M.004 in. or H . 1  mm) and a cross section 
adequate to transmit the cone resinance without buckling or 
other damage. Qearance between inner rods and push rods 

shall be between 0.020 and 0.040 in. i0.S and 1.0 mm\. 
6.8.1. 

4.1.6 Measurement Accuracy-Maintain the 
suring instrumentation to obtain thrust m 
within *S % ofthe correct values. 

NOTE S-Special. and preferably redundant innnrmentation may t 
muired in the offshore environment to assure this accuracy and *, 
proper opemion of all the remote systems involved. 

4.2 Mechanical Penetrometers: 
4.2.1 The sliding mechanism necessary in a mechaaic; 

penetrometer tip must allow a downward movement of tb 
cone in relation to the push rods of at least 1.2 in. (30.5 mm 

NOTE &At Oertain combinations of depth and tip rcshance(s), & 
elastic compression of the inner rods may exceed the downward mol: 
that the thrust machine can apply to the inna rods dative to the pus 
rods In this case, the tip will not extend and the thrust readings wiU ~ 

elastically to the end of the machine stroke and then jump abmpu 
when the thrust machine makes contact with the push rods. 

4.2.2 Mechanical penetrometer tip design shall includ 
protection against soil entering the sliding mechanism an$ 
afftcting the resistance component(s) (see 4.2.3 and Note 5 

4.2.3 Cone Penetrometer-Figure 1 shows the design an< 
action of one mechanical cone penemmeter tip. A mantle c 
reduced diameter is attached above the cone to mini& 
possible soil contamination of the sliding mechanism. 
N c ~  %An unknown amount of side friction may develop don 

this mantle and be included in the eone nsinanCr * 4.2.4 Friction-Cone Penetrometer-Figure 2 
design and action of one telexoping mechani 
cone penetrometer tip. The lower part of the tip, -g ; 
mantle to which the cone attaches, advances first until th 
flange engages the friction sleeve and then both advance. 

N W  &The shoulder at the lower end of the fiiction sleev 
encounters end-bearing ruistance. In sands as much as two thirdt of th 
sleeve rrsiSrance may consist of karing on this shoulder. Ignore tlu 
effect in soft to medium clays 

35.? 
f m m l  

I 

COLLAPSED 
FKL 1 Example d a Mechanical Cone Penebomater TIp @utch 

Mantle Cone) 
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COLLAPSED EXTENDED 

flG 2 Example of a Mechanical FrictionGone Penetrometer Tip 
(Begemann Friction-Cone) .e .2.5 Measuring Equipment-Measure the penetration 

I 
! resistance(s) at the surface by a suitable device such as a 

hydraulic or electric load cell or proving ring. 
4.3 Electric Penetrometers: 
4.3.1 Cone Penetrometer-Figure 3 shows one design for 

an electriccone penetrometer tip. The cone resistance is 
measured by means of a force transducer attached to the 
cone. An e l d c  cable or other suitable system transmits the 
transducer sign& to a data recording system. Electriccone 

i 
i 

f 8 5 

penetrometers shall permit continuous advance and re- 
cording over each push rod-length interval. 

4.32 Friction-Cone Penetrometer-The bottom of the 
friction sleeve shall not be more than 0.4 in. (10 mm) above 
the base of the cone. The same requirements as 4.3.1 apply. 
Fwre 4 shows one design for an electric frictionane 
penetrometer tip. 

4.3.3 Other Penetrometers-Electric penetrometers may 
-include other transducer measurements as well as, or instead 
of, the friction sleeve measurement. Common ones are 
inclinometers to assist with the alignment control of the tip 
(see 6.3) and piezometers to provide additional data on soil 
stratigraphy and behavior. 

4.4 Thrust Muchine--This machine shall provide a con- 
tinuous stroke, preferably over a distance greater than one 
push rod length. The machine must advance the penetrom- 
eter tip at a constant rate while the magnitude of the thrust 
required fluctuates (see 5.1.2). 

NOTE 7-Deep penetration soundings usually r c q k  a thrust capa- 
bility of at least 5 tons (45 kN). Most modern machines use hydraulic 
phons with 10 to 20.ton (90 to 180.W thrust capability. 

4.5 Reaction Equipment--The proper performance of the 
static-thrust machine requires a stable, static reaction. 

NOTE 8-The type of reaction provided m a y  affea the penetrometer 
rcsistance(s) m e a s u d  panicularly in the surface or ncar-surfacc layers. 

5. Rocedure 
5.1 General: 
5.1.1 Set up the thrust machine for a thrust direction as 

near vertical as practical. 
5.1.2 Rate of Penetration-Maintain a rate of depth 

penemtion of 2 to 4 ft/min (10 to 20 mm/s) k25 % when 
obtaining resistance data. Other rates of penetration may be 
used between tests. 

NOTE 9-The rate of 2 f't/min (10 mm/s) provides the time the 
operator needs to read properly the rrdstancc values when using the 
mechanical friction-cone penetrometer. The rate of 4 ft/min (20 mm/s) 
is suitable for the single resistance reading required when using the 
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RG 4 Electric Friction-Cone Penetrometer Tip 

mechanical cone penetrometer and provides for the efficient operation 
of el&c penetrometers. The European standard requires 4 A/mb (20 
mm/s). 
NOTE IO-Ram of penelration either slower or faster than the 

standard rate may k used for special circumstanas, such as pore 
pressure measunments This is permissible provided the ate actually 
used and the reason for the deviation is noted on the M rccord. 

NOTE I I-Pore prrssunr generated ahead of and around the pene- 
trating cone or friction cone penetrometer tip can have an impomnt 
effect on the qc and value measured. Picrocone tips with simulta- 
neOuS pore prssun measurement capability have proven useful to help 
evaluate such effects and to provide additional data about the 
stratigraphy and engineering properties of the soils penetrated 

5.2 Mechanical Penetrometers: 
5.2.1 Cone Penetrometer-( 1 )  Advance penetrometer tip 

to the required test depth by applying sufficient thrust on the 
push rods, and (2) Apply sufficient thrust on the inner rods 
to extend the penetrometer tip (see Fig. 1). Obtain the cone 
resiStance at a specitic point (see 5.2.3) during the downward 
movement of the inner rods relative to the stationary push 
rods Repeat step (I). Apply sufKcient thwt on the push 
rods to collapse the extended tip and advance it to a new test 
depth. By continually repeating this two-step cycle, obtain 
cone resistance data at increments of depth. This increment 
shall not odinarily exceed 8 in. (203 mm). 

5.2.2 Friction-Cone Penetrometer-Use this penetrom- 
eter as described in 5.2.1 but obtain two resistances during 
the step (2) extension of the tip (see Figs. 2 and 5). First 
obtain the cone resistance during the initial phase of the 
extension. When the loam part of the tip engages and pulls 
down the friction sleeve, obtain a second measurement of the 
total resistance of the cone plus the sleeve. Subtraction gives 
the sleeve resistance. 

NOTE 12-Baa= of SOJ layering, the cone &.stance may change 
during the additional downward movement of the tip required to obtain 
the friction mcasmmcnL 

Nm I3-The soil fiction along the decve puts an additional 
ovaburden load on tbc d above the cone and may iaaeasC cone 
r e d a n c e  above tha m- during the initial phase of the tip 
=&on by an unknown but probably small amount. Ignm this 
&ax 

52.3 Recording Data-To obtain reproducible cone-re- 
sistance test data, or cone and fiction-resistance test data 

when using a frictioncone tip, record only those thrw 
readings that OCCUT at a welldefined point during the 
downward movement of the top of the inner rods in relation 
to the top of the push rods. Because of the elastic compres- 
sion of inner rods (see Note 4), this point ordinarily should 
be at not less than 1.0 in. (25 mm) apparent relative 
movement of the inner rods. When using the Frictioncone 
penetrometer, this point shall be just before the cone engages 
the friction sleeve. 

hydraulic load d can vary during the 
Note the jump in gage pressure when 

Nm 14-Figure 5 shows one example of how the 

5.2.3.1 Obtain the cone plus friction-resistance reading as 
soon as possible after the jump so as to minimize the error 
described in Fi& 5. Unless using continuous recording as in 
Fig. 5, the operator should not record a cone plus friction 
resistance if he suspects the cone resistance is changing 
abruptly or emtically. 

5.3 Electric Penarometers: 
5.3.1 If using continuous electric cable, prethread it 

through the push rods 
5.3.2 Record the initial reading(s) with the penetrometer 

tip hanging freely in air or in water, out of direct sunlighs 
and after an initial, short penetration, test hole so that the tip 
temperature is at soil temperature. 

5.3.3 Record the cone resiStance, or cone resistance and 
friction resistance, continuously with depth or note them at 
intenals of depth not exceeding 8 in. (203 mm). 

5.3.4 At the end of a sounding, obtain a final set of 
readings as in 5.3.2 and check them against the initial set 
Discard the sounding, and repair or replace the tip if this 
check is not satisfactory for the accuracy desired for the 
resistance component(s). 

6. Special Techniques and Precautions 

of this friction reduction is to increase the pen 
depth capability, and not to reduce any differen 
resistance components determined by mechanical 
tric tips as noted in 1.3. To accomplish the tXction reduc- 
tion, introduct a special rod with an enlarged diameter or 

6.1 Reduaion of Friction Along Push R&-The 4; 
... , .  
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projections, called a 'fiction reducer," into the string 
rods or between the push rods and the tip. Another 

method to reduce friction is to use push rods with 
a diameter less than that of the tip. In accordance with 4.1.4, 
my such projections or changes in diameter must begin no 
closer than 1 .O ft (0.3 m) from the base of the cone or the top 
Of the friction sleeve when using cones with the standard 
4.1.1 diameter. For other cones (see Note 2) use no closer 
than 8 diameters 

N m  IS-Non-mechanical techniques to nducc friction, such as the 
use of drilling mud above the tip, M also allowable. 

6.2 Prevention of Rod Bending Above Su~ace-Use a 
tubular rod guide, at the base of the thrust machine, of 
sufficient length to prevent sisnificant bending of the push 
K&i between the machine and the ground surface. 

NOrr I G S p a i a l  situations, such as when working through water, 
q u i =  a  pedal synan of casing support IO rrstrict adequately the 

b-g of the push rods. 

6.3 DriB of Tip-€or penetration depths exceeding about 
40 A (1 2 m), the tip will probably drift away from a vertical 
aligament. occasiona~y, serious drifting occurs, even at less 
depth. Reduce driRing by using push rods that are initially 
qat and by making sure that the initial cone penemtion 

soil does not invoive unwanted, initial lateral thrust. 
%mng through or alongside an obstruction such as bod- 
dm, soil concretions, thin rock layen, or inclined dense 
? Y a  may deflect the tip and induce drifting. Note any 
'ndications of encountering such obstructions and be alert 
for Possible subsequent improper tip operation as a Sign of t strious drifting 

NOTE 17-Elecuic penetrometer tips may also incorporate an indi- 
nometer to monitor drift and provide a warning when it bccoma 
ex&ve. 

6.4 Wear of Tip-Penetration into abrasive soils eventu- 
ally wears down or SCOUIS the penetrometer tip. Discard tips, 
or parts thereof, whose wear changes their geometry or 
surface roughness so they no longer meet the requirements of 
4.1. Permit minor scratches. 

6.5 Dislance Between Cone and Friction Sleeve--The 
friction resistance of the sleeve applies to the soil at some 
distance above the soil in which the cone resistance was 
obtained at the Same time. When comparing these resis- 
tances for the soil at a specified depth, for example when 
computing friction ratios or when plotting these data on 
graphs, take proper account of the vertical distance between 
the base of the cone and the midheight of the friction sleeve. 

6.6 Interruptions-The engineer may have to interrupt 
the normal advance of a static penetration test for purposes 
such as removing the penetrometer and drilling through 
layers or obstructions too strong to penetrate statically. If the 
penetrometer is designed to be driven dynamically without 
damage to its subsequent static performance (those illus- 
trated herein in Rgs. 1 to 4 are not so designed), the engineer 
may drive past such layen or obstructions. Delays of over 10 
min due to penonnel or equipment problems shall be 
considered an intemption. Continuing the static penetration 
test after an intermption is permitted provided this addi- 
tional testing remains in conformance with this standard. 
Obtain further redstance component data only after the tip 
passes through the engineer's estimate of the disturbed zone 
resulting from the nature and depth of the intemption. As 
an alternative, readings may be continued without f h t  
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making the additional tip penetration and the disturbed zone 
evaluated from these data. Then disregard data within the 
disturbed zone, 

NOTE 18-lnKemption of the piuocone sounding after a push 
allows the engmcer to examine the dissipatioo of positive or negative 
~XCCSS pore water prcsure. 

6.7 Below or Aa'jacent to Borings-A cone or friction- 
cone sounding shall not be performed any closer than 25 
boring diameters from an existing unbackfilled, uncased 
boring hole. When performed at the bottom of a boring, the 
engineer should estimate the depth below the boring of the 
disturbed zone and disregard penetration test data in this 
zone. The depth may vary from one to five diameters Where 
the engineer does not have sufficient experience with this 
variable a depth of at least three boring diameters should be 
used. 

6.8 Mechanical Penetrometers: 
6.8.1 Inner Rod Friction--Soil particles and corrosion 

can increase the friction between inner rods and push rods, 
possibly resulting in significant errors in the measurement of 
the resktance component(s). Clean and lubricate the inner 
rods. 

6.8.2 Weight of Inner Rob-For improved accuracy at 
low values of cone resistance, correct the thmst data to 
include the accumulated weight of the inner rods from the 
tip to the topmost rod. 

6.8.3 Jamming-Soil particles between sliding surfaces or 
bending of the tip may jam the mechanism during the many 
extensions and collapses of the telescoping mechanical tip. 
Stop the sounding as soon as uncorrectable jamming occurs. 

6.9 Electric Penetrometers: 
6.9.1 Wafer Sed-Provide adequate waterproofing for 

the electric transducer. Make periodic checks to assure that 
no water has pased the seals, 

Nm 19-Some elearic tip sleeve designs arc not compensated for 
hydrostatic end arra effects and nquirc a calibration C o d o n .  
Determining the net end area of the cone under hydronatic prCrmrr also 
rcquirrs a hydrostatic caliiration maurement The tip manufacturer 
can usually supply these calibsatioo c o d o n  constants. Their impor- 
tana incrrases as the soil being tested b a a m a  weaker. 

7. Report 
7.1 Graph of Cone Resistance. q,-Every report of a cone 

or fiction-cone sounding shall include a graph of the 
variation of cone resistance (in units of tons or kPa) with 
depth (in feet or metres). Successive cone-resistance test 
values from the mechanical cone and frictioncone pene- 
trometers, usuaUy determined at ,equal increments of depth 
and plotted at the depth corresponding to the depth of the 
measurement, may be connected with straight lines as an 

7 
approximation for a continuous graph. 

7.2 Frict ion-Cone Penet romaer: 
7.2.1 Graph oj  Friction Resistance. &In addition t 

graph of cone resistance (7.1) the report may includ 
adjacent or superposed graph of friction resistance or friction 
ratio, or both, with depth. Use the same depth scale as in 7.1 
(see 6.5). 

7.2.2 Graph offridion Ralio, R T I f  the repon includes 
soil descriptions estimated from the friction-cone penetrom- 
eter data, include a graph of the variation of friction ratio 
with depth. Place this graph adjacent to the graph for cone 
resistance, using the same depth scale (see 6.5). 

7.3 Piezocone Penetrometer-In addition to the 7.1 and 
7.2 report requirements, a piezocone sounding shall include 
a parallel graph, to the same depth scale, of measured pore 
water pressure during the penetration versus depth. Excess 
pore water pressure versus time plots may also be con- 
structed at those depths where the piezocone sounding is 
interrupted (see Note 1). 

7.4 General-The operator shall record his name, the 
name and location of the job, date of sounding, sounding 
number, location coordinates, and soil and water surface 
elevations (if available). The report shall also include a note 
as to the type of penetrometer tip used, the type of thrust 
machine, tip and thrust calibration information, or both, any 
zerodrift noted, the method used to provide the reaction 
force, if a friction reducer was used, the method of tip 
advancement, the method of recording, the condition of the 
rods and tip after withdrawal, and any special dificulti 
other observations concerning the performance of the 
ment. 

the test procedures were in accordance with this Test Method 
D 3441. Dexribe completely any deviations from this test 
method. 

.I 

8 7.5 Deviationsfiom Standard-The report shall stat 

8. Precision and Bias 
8.1 Because of the many variables involved and the lack 

of a superior standard, engineers have no direct data to 
determine the bias of this method. Judging from its observed 
reproducibility in approximately uniform soil deposits, plus 
the qc and f, measurement effects of special equipment and 
operator care, persons familiar with this method estimate its 
precision as follow. 

8.1.1 Mechanical Tips-Standard deviation of 10 75 in qc 
and 20 ?4 in fr 

8.12 EIecrric Tips-Standard deviation of 5 75 in qc and 
10 % inf, 

Nm 20-Thae data may not match similar data from mechanical 
tips (sec 1.3). 
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Standard Test Method for 
Liquid Limit, Plastic Limit, and Plasticity Index of Soils1 

1.1 This test method covers the determination of the 
liquid limit, plastic limit, and the plasticity index of soils as 
defined in Section 3. 

1.1.1 Two procedures for preparing test specimens and 
two procedures for performing the liquid limit are provided 
as follows: 
R Multipoint test using a wet prepamtion procedure, 

described in Sections 10.1, 11, and 12. 
B Multipoint test using a dry preparation procedure, 

described in Sections 10.2, 11, and 12. 
C One-point test using a wet prepamtion procedure, 

described in Sections 13, 14, and 15. 
D One-point test using a dry preparation procedure, 

described in Sections 13, 14, and 15. 
The procedure to be used shall be specified by the requesting 
authority. If no procedure is specified, Procedure A shall be 0- 

Nm 1-h;or to the adoption of this test method, a curved grooving 
tool was spaitid as part of the apparatus for performing the liquid limit 
test The curved tool is not considmd to k as accurate as the flat tool 
described in 6 3  Since it docs not control the depth of the soil in the 
liquid limit cup. However, there an some data which indicate that 
typically the liquid limit is slightly increased when the flat tool is used 
instead of the curved tooL 

1.1.2 The plastic limit test procedure is described in 
Sections 16,17, and 18. The plastic limit test is performed on 
material prepared for the liquid limit test. In effect, there are 
two procedures for preparing test specimens for the piastic 
limittest 

1.1.3 The procedure for calculating the plasticity index is 
given in Section 19. 

1.2 The liquid limit and plastic limit of soils (along with 
the shrinkage limit) are often collectively referred to as the 
Atterberg limits in recognition of their formation by Swedish 
soil scientist, A. Attehxg. These limits distinguish the 
boundaries of the several consistency states of plastic soils. 

1.3 AS used in this test method, soil is any natural 
aggregation of mineral or organic matenals, mixtures of such 

1. scope_ materials, or artificial mixtures of aggregates and natural 
mineral and organic particles. 

1.4 The multipoint liquid limit procedure is somewhat 
more time consuming than the one-point procedure when 
both are performed by experienced operators. However, the 
one-point procedure requires the operator to judge when the 
test specimen is approximately at its liquid limit. In cases 
where this is not done reliably, the multipoint procedure is as 
fast as the one-point procedure and provides additional 
precision due to the information obtained from additional 
trials. It is particularly recommended that the multipoint 
procedure be used by inexperienced operators. 

1.5 The correlations on which the calculations of the 
one-point procedure are based may not be valid for certain 
soils, such as organic soils or soils from a marine environ- 
ment. The liquid limit of these soh should therefore be 
determined by the multipoint procedure (procedure A). 

1.6 The liquid and plastic limits of many soils that have 
been allowed to dry before testing may be considerably 
different from values obtained on undried samples. lfthe 
liquid and plastic limits of soils are used to correlate or 
estimate the engineering behavior of soils in their natural 
moist state, samples should not be permitted to dry before 
testing unless data on dried samples are Specisally desired. 

1.7 The composition and concentration of soluble salts in 
a soil affect the values of the liquid and plastic limits as well 
as the water content values of soils (see Method D 2216). 
Special consideration should therefore be given to soils from 
a marine environment or other sources where high soluble 
salt concentrations may be present. The degree to which the 
salts present in these soils are diluted or concentrated must 
be given consideration if meaningful results are to be 
obtained- 

1.8 Since the tests described herein are performed only on 
that portion of a soil which passes the 425-pm (No. 40) sieve, 
the relative contribution of this portion of themil to the 
properties of the sample as a whole must be considered when 
using these tests to evaluate the properties of a soil. 

1.9 The values stated in acceptable meaic units are to be 
regarded as the standard. The values given in parentheses are 
for information only. 

1.10 This standrud may involve hawdous materials, 
operaions, and equipment. This standard does not purport to 
&ress all of the safety problems a.ssociaed with its use. It is 
the responsibility of whoever uses this standard to c o d t  and 
establish appropriate safety and health practices and deter- 
mine the applicability of regulatory limitations prior to use. 
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2. Referenced Documents 
2.1 ASTM Standards: 
C 702 Methods for Reducing Field Samples of Aggregate 

to Testing Size2 
D 75 Practice for Sampling Aggregates4 

... D420 Practice for Investigating and Sampling Soil and 
Rock for Engineering Purposes4 

D 653 Terminology Relating to Soil, Rock, and Contained 
Fluids4 

D 1241 Specification for Materials for Soil-Aggregate 
Sub&, Base, and Surface Courses4 

D2216 Method for Laboratory Determination of Water 
(Moisture) Content of Soil, Rock, and Soil-Aggregate 
Mixtllrw4 

D2240 Test Method for Rubber Property-Durometer 
Hardness' 

D2487 Test Method for ClMication of Soils for Engi- 
neering Purposes4 

D 2488 Practice for Description and Identification of Soils 
(Visual-Manual Pr~cedure)~ 

D3282 Practice for Classification of Soils and Soil-Ag- 
gngate Mixtures for Highway Construction Purposes4 

E 11 Specification for Wire-Cloth Sieves for Testing 

E 319 Methods of Testing Single-Am Balances6 
E 898 Method of Testing Tophading, Direct-Reading 

Purposes6 

Laboratory Scales and Balances6 
3. Definitions 

3.1 Atterberg limits-originally, seven "limits of consist- 
ency" of fine-grained soils were defined by Albert Anerberg. 
In current engineering usage, the term usually refers only to 
the liquid limit, plastic limit, and in some references, the 
shrinkage limit. 

3.2 consistenpthe relative ease with which a soil can be 
deformed. 

3.3 liquid limit (=)-the water content, in percent, of a 
soil at the arbitrarily defined boundary between the liquid 
and plastic states. This water content is defined as the water 
content at which a pat of soil placed in a standard cup and 
cut by a groove of standard dimensions will flow together at 
the base of the groove for a distance of 13 mm (Yz in.) when 
subjected to 25 shocks from the cup being dropped 10 mm in 
a standard liquid limit apparatus operated at a rate of 2 
shocks per second. 

NOTE 2-The undrained shear strength of soil at the liquid limit is 
considered to k 2 f 0.2 kPa (0.28 psi). 

3.4 plastic limit (PL)-the water content, in percent, of a 
soil at the boundary between the plastic and brittle states. 
The water content at this boundary is the water content at 
which a soil can no longer be deformed by rolling into 3.2 
mm (I18 in.) in diameter threads without crumbling 

3.5 plastic soil--a soil which has a range of water content 
over which it exhibits plasticity and which Wiu retain its 
b p e  on drying. 

'Annual Bodc OfASTM S1Mdord. vOl04.02. 
3 ~d Bodc OfAsrM S&dr. Vols 04.02.04.03, and 04.08. 

A d  Bmk ofASTM smdads, vol04.08. 
5 A d  Book o/ASZM Swdanis, VolO9.01. 

Annual Book of AsrM Swdanis, Vol 14.02. 

3.6 plasticity index (PI)-the range of water conten* *or 

3.7 liquidity index-the ratio, expressed as a pe m; which a soil behaves plastically. Numerically, 
difference between the liquid limit and the plastic 

of (I) the natural water content of a soil minus its plastic 
limit, to (2) its plasticity index. 

3.8 activity number (A)-the ratio of (I) the plasticity 
index of a soil to (2) the percent by weight of particles having 
an equivalent diameter smaller than 0.002 mm. 

4. Summary of Method 
4.1 The sample is processed to remove any material 

retained on a 425ym (No. 40) sieve. The liquid limit is 
determined by performing trials in which a portion of the 
sample is spread in a brass cup, divided in two by a grooving 
tool, and then allowed to flow together from the shocks 
caused by repeatedly dropping the cup in a standard me- 
chanical device. The multipoint liquid limit, Procedures A 
and B, requires three or more trials over a range of water 
contents to be performed and the data from the trials plotted 
or calculated to make a relationship from which the liquid 
limit is determined. The one-point liquid limit, Procedures C 
and D, uses the data from two trials at one water content 
multiplied by a correction factor to determine the liquid 
limit. 

4.2 The plastic limit is determined by alternately pressing 
together and rolling into a 3.2 mm (Ys in.) diameter thread a 
small portion of plastic soil until its water content is reduced 
to a point at which the thread crumbles and is no 
to be pressed together and rerolled. The water cont 
soil at this stage is reported as the plastic limit. 

4.3 The plasticity index is calculated as the 
between the liquid limit and the plastic limit. 

5. Significance and Use 
5.1 This test method is used as an integral part of several 

engineering classification systems to characterize the fine- 
grained fractions of soils (see Test Method D2487 and 
Practice D 3282) and to specify the Iine-grained fraction of 
construction materials (see Spectfication D 1241). The liquid 
limit, plastic limit, and plasticity index of soils are also used 
extensively, either individually or together with other soil 
properties to correlate with engineering behavior such as 
compressibility, permeability, compactibility, shrink-swell. 
and shear strength. 

52 The liquid and plastic limits of a soil can be used with 
the natural water content of the soil to express its relative 
consistency or liquidity index and can be used with the 
percentage finer than 2-pm size to determine its activity 
number. 

5.3 The one-point liquid limit procedure is frequently 
used for routine classification purposes. When greater preci- 
sion is required, as when used for the acceptance of a 
material or for correlation with other test data, the 
multipoint procedure should be used. 

5.4 These methods are sometimes used to evaluaw the  
weathering characteristics of clay-shale ma 
subjected to repeated wetting and drying cycles, a .: 
limits of these materials tend to increase. The 
increase is considered to be a measure of a shale's suscepti- 
bility to weathering 

0: 
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5.5 The liquid limit of a soil containing substantial 
amounts of organic matter decreasw dramatically when the 
soil is oven-dried before testing. Comparison of the liquid 
limit of a sample before and after oven-drying can therefore 
be used as a qualitative measure of organic matter content of 
a soil. 

~ - .  - _ _ ~  
6.- Apparatus 

6.1 Liquid Limit Device-A mechanical device consisting 
of a brass cup suspended from a carriage designed to control 
its drop onto a hard rubber base. A drawing showing the 
essential features of the device and the critical dimensions is 
given in Fig. 1. The design of the device may vary provided 
that the essential functions are preserved. The device may be 
operated either by a hand crank or by an el&c motor. 

6.1.1 Base-The base shall be hard rubber having a D 
Durometer hardness of 80 to 90, and a resilience such that 
an 8-mm (V~s-in.) diameter polished steel ball, when dropped 
from a height of 25 cm (9.84 in.) will have an average 
rebound of at least 80 % but no more than 90 %. The tests 
shall be conducted on the finished base with feet attached. 

6.1.2 Feet-The base shall be supported by rubber feet 
designed to provide isolation of the base from the work 
surface and having an A Durometer hardness no greater than 
60 as measured on the finished feet attached to the base. 

6.1.3 Cup-The cup shall be brass and have a weight, 
including cup hanger, of 185 to 215 g 

6.1.4 Cum-The cam shall raise the cup smoothly and 
continuously to its maximum height, over a distance of at 

3 4  m 

least 180' of cam rotation. The preferred & motion is a 
uniformly accelerated lift curve. The design of the cam and 
follower combination shall be such that there is no upward 
or downward velocity of the cup when the cam follower. 
leaves the cam. 

NOTE 3-The cam and follower design in Fw 1 is' for uniformly 
aderated (parabolic) motion after contact and agurcs t&\ the cup b a ~  
no velocity at drop off. other cam designs also provide this featwe and 
may be used Howem, if' the cam-follower iiA pattern is not known. 

g zero velocity at drop off can be assured by carefuUy 6lhg or machinin 
the cam and follower SO that the cup hcight remains constant over the 
last 20 to 45' of cam rotation. 

6.1.5 Carriage-The cup Caniage shall be constructed in 
a way that allows convenient but secure adjustment of the 
height of drop of the cup to 10 mm (0.394 in.). The cup 
hanger shall be attached to the Carriage by means of a pin 
which allows removal of the cup and cup hanger for cleaning 
and inspection. 

6.1.6 Opfionuf Motor Drive--As an alternative to the 
hand crank shown in Fig 1, the device may be equipped with 
a motor to turn the cam. Such a motor must turn the cam at 
2 f 0.1 revolutions per second and must be isolated fiom the 
rest of the device by rubber mounts or in some other way 
that prevents vibration from the motor being transmitted to 
the rest of the apparatus. It must be equipped with an 
ON-OFF switch and a means of conveniently positioning the 
cam for height of drop adjustments. The results obtained 
using a motor-driven device must not differ fiom those 
obtained using a manually operated device. 

DIMENSIONS 

I-' \ 

I I1 I 

I I I  . ,  I I .  

\HARD RUBBER BASE CONFORMING 

TO SPECIFICATION IN 6.1.1 SPECIFICATION IN 6.1.2 

AG 1 Hand-operated Liquid Umit Device 

PIN 

1 

I80 10.818R 
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.- DIMENSIONS 

ESSENTIAL DIMENSIONS 

BACK AT LEAST I S Y Y  CROM TIP 

0 

0 

NOTE: DlWENSlON A SHOULD BE 1.9-20 AND DIMENSION 0 
SHOULD BE 8.0-8.1 WHEN NEW TO ALLOW FOR 
ADEQUATE SERVICE LIFE 

0 

rH1 
N rFi I 

-h 

I 
K I I 

I \ \  \ 

t 
FIG. 2 Grooving Tool (Optional Height-of-Drop Gage Attached) 

6.2 Flaf Grooving Tool-A grooving tool having dimen- 
sions shown in Fig. 2. The tool shall be made of plastic or 
noncorroding metal. The design of the tool may vary as long 
as the essential dimensions are maintained. The tool may, 
but need not, incorporate the gage for adjusting the height of 
drop of the liquid limit device. 

6.3 Gage-A metal gage block for adjusting the height of 
drop of the cup, having the dimensions shown in Fig. 3. The 
design of the tool may vary provided the gage will rest 
securely on the base without being susceptible to.rocking, 
and the edge which contacts the cup during adjustment is 
straight, at least 10 mm (W in.) wide, and without bevel or 
radius. 

DIMENSIONS IN MILLIMETRES 

FIG 3 Height of Drop Gage 

- .. 

-7 
1 

25  

6.4 Containers-Small corrosion-resistant containers with 
snug-fitting lids for water content specimens. Aluminum or 
stainless steel cans 2.5 cm (1 in.) high by 5 cm (2 in.) in 
diameter are appropriate. 

6.5 Balance-A balance readable to at least 0.01 g and 
having an accuracy of 0.03 g Within three standard devia- 
tions within the range of use. Within any 15-g range, 2 

difference between readings shall be accurate within 0.01 E 
(Notes 4 and 5). 

Nm Methcds E 898 and E 319 for an explanation of terms 
rrlating to balance pdormancc. 
NOTE 5-For fresuent use, a toploading type balana with auw 

matic load indication, readable to 0.01 g. and having an index 01 
-on (standard deviation) of 0.003 or better is most suitable for this 
method. However, nOMUtomatiC indicating equal-am analytical bal- 
ances and some small equal m top pan balances having rradabilities 
and scnsitivitia of 0.002 g or better provide the required accuracy when 
used with a weight tet of ASTM clats 4 (National Bureau of Stan- 
Qass P) or better. ordinary commercial and Jassoom type balance 
such as beam balances an not suitable for this method. 

6.6 Storage Container-A container in which to store the 
prepared soil specimen that will not contaminate 
imen in any way, and which prevents mo' stun@: 
porcelain, glass, or plastic dish about 11.4 cm (4 
diameter and a plastic bag large enough to enclose the dish 
and be folded over is adequate. 

E-1 14 000329 
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HEIGHT 

POINT WHERE 
CUP c 
POINT WHERE 

CUP CONTACTS BASE 

GAUGE GAUGE - 

I I 

MASKING TAPE 
IN ADJUSTMENT 

. - .  _ _  
, FIG. 4 Calibration for Height of Drop 

3 4  n 

APPLIED AS AID 
OPERATION . . 

6.7 Ground Glass Plate-A ground glass plate at least 30 
cm (12 in.) square by 1 cm (31s in.) thick for mixing soil and 
rolling plastic limit threads. 

6.8 Spatula-A spatula or pill knife having a blade about 
2 cm (3/4 in.) wide by about 10 cm (4 in.) long. In addition, a 
spatula having a blade about 2.5 cm (1 in.) wide and 15 cm 
(6 in.) long has been found useful for initial mixing of 
samples. 

6.9 Sieve-A 20.3 cm (8 in.) diameter, 425-pm (No. 40) 
sieve conforming to the requirements of Specification E 11 
and having a rim at least 5 cm (2 in.) above the mesh. A 
2-mm (No. 10) sieve meeting the same requirements may 
also be needed. 

6.10 Wash Botrle, or si& container for adding con- 
trolled amounts of water to soil and washing fines from 
coarse particles. 

6.1 1 Drying Ovm-A thermostatically controlled oven, 
preferably of the forced-draft type, capable of continuously 
maintaining a temperature of 1 10 +: 5'C throughout the 
drying chamber. The oven shall be equipped with a ther- 
mometer of suitable range and accuracy for monitoring oven 
temperature. 

6.12 Washing Pan-A round, flat-bottomed pan at least 
7.6 cm (3 in.) deep, slightly larger at the bottom than a 
20.3- (8-in.) diameter sieve. 

6.13 Rod (optional)-A metal or plastic rod or tube 3.2 
mm ('1s in.) in diameter and about 10 cm (4 in.) long for 
judging the size of plastic limit threads. 

7. Materials 
7.1 A supply of distilled or demineralized water. 

8. Sampling 
8.1 Samples may be taken h m  any location that satisfies 

testing needs. However, Methods C 702, practice D 75, and 
Recommended Practice D 420 should be used as guides for 
selecting and preserving samples from various types of 
sampling operations. Samples which will be prepared using 
the wet preparation procedure, 10.1, must be kept at their 
natural water content prior to preparation. 

8.2 Where sampling operations have presented the natural 
stratification of a sample, the various strata must be kept 
sepaxated and tests performed on the particular stratum of 
interest with as little contamination as possible from other 0 strata. Where a mixture of materials will be used in c o m c -  

tion, combine the various components in such proponions 
that the resultant sample represents the actual construction 

8.3 Where data from this test method are to be used for 
correlation with other laboratory or field test data, use the 
same material as used for these tests where possible. 

8.4 Obtain a representative portion ffom the total sample 
suflicient to provide 150 to 200 g of material passing the 
425ym (No. 40) sieve. Free flowing samples may be reduced 
by the methods of quartering or splitting. Cohesive samples 
shall be mixed thoroughly in a pan with a spatula, or scoop 
and a representative portion scooped from the total mass by 
making one or more sweeps with a scoop through the mixed 
mass, 

case. 

9. Calibration of Apparatus 
9.1 Inspection of Wear: 
9.1.1 Liquid Limit Device-Determine that the liquid 

limit device is clean and in good working order. The 
following specific points should be checked: 

9.1.1.1 Wear of Base-The spot on the base where the 
cup makes contact should be worn no greater than 10 mm 
(31s in.) in diameter. If the wear spot is greater than this, the 
base can be machined to remove the worn spot provided the 
resurfacing does not make the base thinner than specified in 
6.1 and the other dimensional relationships are maintained. 

9.1.1.2 Wear ofcup-The cup must be replaced when the 
grooving tool has worn a depression in the cup 0.1 mm 
(0.004 in.) deep or when the edge of the cup has been 
reduced to half its original thickness. Verify that the cup is 
m y  attached to the cup hanger. 

9.1.1.3 Wear of Cup Hunger-Verify that the cup hanger 
pivot does not bind and is not worn to an extent that allows 
more than 3-mm (%-in.) side-teside movement of the lowest 
point on the rim. 

9.1.1.4 Wear of Cam-The cam shaU not be worn to an 
extent that the cup drops before the cup hanger (cam 
follower) loses contact with the cam. 

9.1.2 Grooving Tools-Inspect grooving tools for wear on 
a fresuent and regular basis. The rapidity of wear depends on 
the material from which the tool is made and the types of 
soils being tested. Sandy soils cause rapid wear of grooving 
toois; therefore, when testing these materials, tools should be 
inspected more frequently than for other soils. Any tool with 
atip width greaterthan 2.1 mm must not be used. The depth 
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, i .&" of the tip,of the grooving tool must be 7.9 to 8.1 mm. 
z* 

NOTE &The width of the tip of grooving tools is conveniently 
checked using a pocln-sized measuring magnifier equipped with a 
millimctre d e .  Magnifiers of this type are available from most 
laboratory supply companies. The depth of the tip of grooving tools can 
be checked using the depth measuring feature of vernier calipm 

9.2 Adjustment of Height of Drop-Adjust the height of 
drop of the cup so that the point on the cup that comes in 
contact with the base rises to a height of 10 f 0.2 mm. See 
Fig. 4 for proper location of the gage relative to the cup 
during adjustment. 

NOTE 7-A convenient procedure for adjusting the height of drop is 
as follows place a piece of masking tape across the outside bottom of the 
cup parallel with the axis of the cup hanger pivot The edge of the tape 
away from the cup hanger should bisect the spot on the cup that contacts 
the base For new cups, placing a piece of carbon paper on the base and 
allowingthe cup to drop several tima will mark the contact spot Attach 
the cup to the device and turn the crank until the cup is raised to its 
maximum height Slide the height gage under the cup fiom the front, 
and obstrve whether the gage contacu the cup or the tape. Set FG 4. If 
the tape and cup are both contacted, the height of drop is approximately 
correa If not, adjust the cup until simuhaneous contact is made. Check 
adjustment by tuning the & at 2 revolutions per second while 
holding the gage in position against the tape and cup. If a ringing or 
clicking sound is heard without the cup rising from the gag, the 
adjustmeat is comet If no ringing is heard or if the cup rises from the 
gage, readjust the height of drop. If the cup rocks on the gage during this 
checking operation, the cam follower pivot is excessively worn and the 
worn parts should k replad. Alwap remove tape after completion of 
adjustment -tion. 

MULTIPOINf LIQUID LIICITT-PROCEDURES A AND B 

10. Preparation of Test Specimens 
10.1 Wet Preparotion-Except where the dry method of 

specimen preparation is specified (10.2), prepare specimens 
for test as described in the following sections. 

10.1.1 Samples Passing the 425-pm (No. 40) Sieve- 
When by visual and manual procedures it is determined that 
the sample has little or no material retained on a 425-jun 
(No. 40) sieve, prepare a specimen of 150 to 200 g by mixing 
thoroughly with distilled or demineralized water on the glass 
plate using the spatula If desired, soak soil in a storage dish 
with small amount of water to soften the soil before the start 
of mixing. Adjust the water content of the soil to bring it to a 
Consistency that would require 25 to 35 blows of the liquid 
limit device to close the groove (Note 8). If, during mixing, a 
small percentage of material is encountered that would be 
retained on a 425-pm (No. 40) sieve, remove these parlicks 
by hand, if possible. If it is impractical to remove the coarser 
material by hand, remove small percentages (less than about 
15 76) of coarser material by working the specimen through a 
425-pm (No. 40) sieve using a piece of rubber sheeting, 
rubber stopper, or other convenient device provided the 
opexation does not distort the sieve or degrade material that 
would be retained if the washing method described in 10.1.2 
were used. If larger petcentages of coarse material are 
encountered during mixing, or it is considered impractical to 
remove the cOarSer material by the methods just described, 
wash the sample as described in 10.1.2. When the coarse 
particles found during mixing are concretions, s h e 4  or 
other fragile particles, do not crush these particles to make 
them pass a 425ym (No. 40) sieve, but remove by hand or 
by washing. Place the mixed soil in the storage dish, cover to 

prevent loss of moisture, and allow to stand for at least 16 h 
(overnight). After the standing period and imm 

NOTE 8-The time taken to adequately mix a soil will vary @ before starting the test, thoroughly remix the soil. 

depending on the plasticity and initial warn content Initial mixing 
times of more than 30 min may be needed for stin, fat cia- 

10.1.2 Samples Containing Moterial Retained on a 425- 
pm (No. 40) Sieve: 

10.1.2.1 Select a sufficient quantity of soil at natural water 
content to provide 150 to 200 g of material passing the 
425-pm (No. 40) sieve. Place in a pan or dish and add 
sufficient water to cover the soil. Allow to soak until all 
lumps have softened and the fines no longer adhere to the 
surfaces of the coarse particles (Note 9). 

NOTE 9-In some cases, the rations of salts present in tap water will 
exchange! with the natural cations in the soil and significantly alter the 
test results should tap water be used in the soaking and washing 
operations. Unless it is known that such cations art not present in the 
tap water, distilled or deminnalized water should be used. As a general 
rule, water containing more than 100 mg/L of disolved solids should 
not be used for washing operations. 

10.1.2.2 When the sample contains a large percentage of 
material retained on the 425ym (No. 40) sieve, perform the 
following washing operation in increments, washing no more 
than 0.5 kg (1  lb) of material at one time. Place the 425-pm 
(No. 40) sieve in the bottom of the clean pan. Pour the soil 
water mixture onto the sieve. If gravel or coarse sand 
particles are present, rinse as many of these as possible with 
small quantities of water from a wash bottle, and 

10) Sieve nested atop the 425-pm (No. 40) Sieve, .8)) n 
Alternatively, pour the soil water mixture over a 2- 

fine material through and remove the 2-mm (No. 10) sieve. 
AAer washing and removing as much of the coarser material 
as possible, add sufficient water to the pan to bring the level 
to about 13 mm (95 in.) above the surface of the 425ym (No. 
40) sieve. Agitate the slurry by stirring with the fingers whiie 
raising and lowering the sieve in the pan and swirling the 
suspension so that fine material is washed h m  the coarser 
particles. Disaggregate line soil lumps that have not slaked by 
gently rubbing them over the sieve with the fingertips. 
Complete the washing operation by raising the Sieve above 
the water surface and rinsing the material retained with a 
small  amount of clean water. Discard material retained on 
the 425-pm (No. 40) sieve. 

10.1.2.3 Reduce the water content of the material passing 
the 425-pm (No. 40) sieve until it approaches the liquid 
limit. Reduction of water content may be accomplished by 
one or a combination of the following methods: (a) exposing 
the air currents at ordinary mom temperature, (b) exposing 
to warm air currents from a source such as an electric hair 
dryer, (c) filtering in a Biichner funnel or Using filter candles, 
(d) decanting clear water from surface of !aspension, or ( e )  
draining in a colander or plaster of paris dish lined with high 
retentivity, high wet-strength filter paper.' Ifa plaster of paris 
dish is used, take care that the dish never becomes suffi- 
ciently saturated that it fails to actively absorb water 
surface. Thoroughly dry dishes between uses. During 
ration and cooling, stir the sample often enough to 
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overdrying of the fringes and soil pinnacles on the surface of 
the mixture. For soil samples containing soluble salts, use a 
method of water reduction such as a or b that will not 
eliminate the soluble salts from the test specimen. 

10.1.2.4 Thoroughly mix the material passing the 425ym 
(No. 40) sieve on the glass plate using the spatula. Adjust the 
water content of the mixture, if necessary, by adding small 
increments of distilled or demineralized water or by allowing 

--the mixture to dry at mom temperature while mixing on the 
glass plate. The soil should be at a water content that will 
result in closure of the groove in 25 to 35 blows. Return the 
mixed soil to the mixing dish, cover to prevent loss of 
moisture, and allow to stand for at least 16 h. After the 
standing period, and immediately before starting the test, 
remix the soil thoroughly. 

10.2 Dry Preparation. 
10.2.1 Select sufficient soil to provide 150 to 200 g of 

material passing the 425-pm (No. 40) sieve after procesSing. 
Dry the sample at room temperature or in an oven at a 
temperature not exceeding W C  until the soil clods will 
pulverize readily. Disaggregation is expedited if the sample is 
not allowed to completely dry. However, the soil should have 
a dry appearance when p u l v d .  pulverize the sample in a 
m o m  with a rubber tipped pestle or in some other way that 
does not cause breakdown of individual grains. When the 
coarse particles found during pulverization are concretions, 
shells, or other Fragile particles, do not crush these particles 
to make them pass a 425-pm (No. 40) sieve, but remove by 
hand or other suitable means, such as washing. 

10.2.2 Separate the sample on a 425-pm (No. 40) sieve, 
shaking the sieve by hand to assure thorough separation of 
the finer fraction. Return the material retained on the 
425ym (No. 40) sieve to the pulverizing apparatus and 
repeat the pulverizing and sieving operations as many times 
as neceSSary to assure that all finer material has been 

0 
disaggregated and material retained on the 425ym (No. 40) 
sieve consists only of individual sand or gravel grains. 

10.2.3 Place material remaining on the 425ym (No. 40) 
sieve after the final pulverizing operations in a dish and soak 
in a small amount of water. Stir the soil water mixture and 
pour over the 425-pm (No. 40) sieve, catching the water and 
any suspended fines in the washing pan. Pour this suspension 
into a dish containing the dry soil previously sieved through 
the 425-pm (No. 40) sieve. Discard material retained on the 
425ym (No. 40) sieve. 

10.2.4 Adjust the water content as necessary by drying as 
described in 10.1.2.3 or by mixing on the glass plate, using 
the spatula while adding increments of distilled or 
demineralized water, until the soil is at a water content that 
will result in closure of the groove in 25 to 35 blows. 

10.2.5 Put soil in the storage dish, cover to prevent loss of 
moisture and allow to stand for at least 16 h. After the 
standing period, and immediately before starting the test, 
thoroughly remix the soil (Note 8). 

- 

11. Procedure 
1 1.1 Place a portion of the prepared soil in the cup of the 

liquid limit device at the point where the cup rests on the 
base, squeeze it down, and spread it into the cup to a depth 
of about 10 mm at its deepest point, tapering to form an 
approximately horizontal surface. Take care to eliminate air 
bubbles from the soil pat but form the pat with as few strokes 
as possible. Heap the unused soil on the glass plate and cover 
with the inverted storage dish or a wet towel. 

11.2 Form a groove in the soil pat by drawing the tool, 
beveled edge forward, through the soil on a line joining the 
highest point to the lowest point on the rim of the cup. When 
cutting the groove, hold the grooving tool against the surface 
of the cup and draw in an arc, maintaining the tool 
perpendicular to the surface of the cup throughout its 
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FIG. 6 Soil Pat Afler Groove Has Closed 

movement. -e Fig. 5. In so5 where a groove cannot be 
made in one stroke without tearing the soil, cut the groove 
with several strokes of the grooving tool. Alternatively, cut 
the groove to slightly less than required dimensions with a 
spatula and use the grooving tool to bring the groove to final 
dimensions. Exercise extreme care to prevent sliding the soil 
pat relative to the surface of the cup. 

1 1.3 Verify that no crumbs of soil are present on the base 
or the underside of the cup. Lifi and drop the cup by turning 
the crank at a rate of 1.9 to 2.1 drops per second until the 
two halves of the soil pat come in contact at the bottom of 
the groove along a distance of 13 mm (112 in.). See Fig. 6. 

Nm 10-Use the end of the grooving tool. Fig 2, or a scale to venfy 
that the groove has dosed 13 mm ('h in.). 

11.4 Verify that an air bubble has not caused premature 
closing of the groove by observing that both sides of the 
groove have flowed together with approximately the same 
shape. If a bubble has caused premature closing of the 
groove, reform the soil in the cup, adding a small amount of 
soil to make up for that lost in the grooving operation and 
repeat 11.1 to 11.3. If the soil slides on the surface ofthe cup, 
repeat 1 1.1 through 1 1.3 at a higher water content. Lf, after 
several trials at successively higher water contents, the soil 
pat continues to slide in the cup or if the number of blows 
required to close the groove is always less than 25, record 
that the liquid limit could not be determined, and-report the 
soil as nonplastic without performing the plastic limit test 

1 1.5 Record the number of drops, N, required to close the 
groove. Remove a slice of soil approximately the width of the 
spatula, extending from edge to edge of the soil cake at right 
angles to the groove and including that portion of the groove 
io which the soil flowed together, place in a weighed 
container, and cover. 

11.6 Return the soil remaining in the cup to the glass 
plate. Wash and dry the cup and grooving tool and reattach 

the cup to the carxiage in preparation for the next trial. 
11.7 Remix the entire soil specimen on the glass plate 

adding distilled water to increase the water content of the soil 
and decrease the number of blows required to cl 

the groove. One of the trials shall be for a closure #e r .dg 

groove. Repeat 11.1 through 11.6 for at least two 
trials producing s u k v e l y  lower numbers of blo 

25 to 35 blows, one for closure between 20 and 30 blows, and 
one trial for a closure requiring 15 to 25 blows. 

11.8 Determine the water content, W ,  of the soil spec- 
imen from each trial in accordance with Method D 22 16. 
Make all weighings on the same balance. Initial weighings 
should be performed immediately after completion of the 
test. If the test is to be interrupted for more than about 15 
min, the specimens already obtained should be weighed at 
the time of the intermption. 

12. calculations 
12.1 Plot the relationship between the water content, W ,  

and the corresponding number of drops, N, of the cup on a 
semilogarithmic graph with the water content as ordinates OD 
the arithmetical scale, and the number of drops as abscissas 
on the logarithmic scale. Draw the best stmight line through 
the three or more plotted points. 

12.2 Take the water content corresponding to the inter- 
section of the line with the 25-p abscissa as the liquid 
limit of the soil. Computational methods may be substituted 
for the graphical method for fitting a straight line to the datz 
and determining the liquid limit. 

ONE-POINT LIQUID LIMIT-PROCEDURES C AND D 

@.e- 
13. Preparation of Test Specimens 

13.1 Prepare the specimen in the same man 
scribed in Section 10, except that at mixin& adjust ate: 
content to a consistency requiring 20 to 30 drops of t h c  
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TABLE 1 Factors tot Obtaining Liquid Limit from Water Content 

and Number of Drops Causing Closure of Groove 
N K 

(Numberd Drws) FactorfaLiauidLimitl I ~~ 

0.974 
0.979 

20 
21 
22 
23 
24 
25 

- E--- -.. - 

27 
28 
29 
30 

0.985 
0.990 
0.995 
-. 1.ooo- -~ ~ ~- 
1.005 
1.009 
1.014 
1.018 
1.022 

liquid limit cup to close the groove. 

14. Procedure 
14.1 Proceedasdescribedin 11.1 through 1lSexceptthat 

the number of blows required to close the groove shall be 20 
to 30. If less than 20 or more than 30 blows are required, 
adjust the water content of the soil and repeat the procedure. 

14.2 Immediately after removing a water content spec- 
imen as described in 11.5, reform the soil in the cup, adding 
a small amount of soil to make up for that lost in the 
grooving and water content sampling operations. Repeat 
1 1.2 through 1 1.5, and, if the second closing of the groove 
requires the same number of drops or no more than two 
drops difference, secure another water content specimen. 
OtheMriSe, remix the entire specimen and repeat. 

Nm ll-Excessive dsying or inadequate mixing will cause the 
number of blows to vary. 

14.3 Determine water contents of specimens as described 
in 11.8. 

15. Calculations 

specimen using one of the following equations 
15.1 Determine the liquid limit for each water content 

LL = K(WJ 

where: 
N 

W, = water content, and 
K 

values 

values is greater than one percentage point, repeat the test 

PLASIlCLJMlT 

= the number of blows causing closure of the groove at 

= a factor given in Table 1. 

water content, 

The liquid limit is the average of the two trial liquid limit 

15.2 If the difference between the two trial liquid limit 

16. Preparation of Test Specimen 
16.1 Select a 20% pomon of soil from the material 

prepared for the liquid limit test, either after the second 
mixing before the test, or from the soil remaining after 
completion of the twt Reduce the water content of the soil 
to a consistency at which it can be rolled without sticking to 
the hands by spreading and miXing continuously on the glass 
plate. The drylng process may be accelerated by exposing the 

0 

soil to the air current from an electric fan, or by blotting with 
paper that does not add any fiber. to the soil, such as hard 
surface paper toweling or high wetkrength filter paper. 

17. Procedure 
17.1 From the 20-g mass, select a portion of 1.5 to 2.0 g. 

Form the test specimen into an ellipsoidal mass. Roll this 
mass between the palm or fingerxand the ground-glass plate . - 
with just sufficient pressure to roll the mass into a thread of 
uniform diameter throughout its length (Note 12). The 
thread shall be further deformed on each stroke so that its 
diameter is continuously reduced and its length extended 
until the diameter reaches 3.2 f 0.5 mm (0.125 +. .020 in.), 
taking no more than 2 min (Note 13). The amount of hand 
or finger pressure required will vary greatly, according to the 
soil. Fragile soils of low plasticity are best rolled under the 
outer edge of the palm or at the base of the thumb. 

NOTE 12-A normal rate of rotling for most soils should be 80 to 90 
strokes per minute, counting a stroke as one complete motion of the 
hand forward and back to the Starting position. This rate of rolling may 
have to be decreased for very fragile soils 

Nm 13-A 3.2-mm (%-in.) diameter rod or tube is useful for 
frequent comparison with the soil thread to asCntain when the thread 
has reached the proper diameter, especially for inexperienced operators. 

17.1.1 When the diameter of the thread becomes 3.2 mm, 
break the thread into severai pieces. Squeeze the pieces 
together, knead between the thumb and first finger of each 
hand, reform into an ellipsoidal mass, and reroll. Continue 
this alternate rolling to a thread 3.2 mm in diameter, 
gathering together, kneading and rerolling until the thread 
crumbles under the pressure required for rolling and the soil 
can no longer be rolled into a 3.2-mm diameter thread (See 
Fig. 7). It has no significance if the thread breaks into threads 
of shorter length. Roll each of these shorter threads to 3.2 
mm in diameter. The only requirement for continuing the 
test is that they are able to be reformed into an ellipsoidal 
mass and rolled out again. The operator shall at no time 
attempt to produce failure at exactly 3.2 mm diameter by 
allowing the thread to reach 3.2 mm, then reducing the rate 
of rolling or the hand pressure, or both, while continuing the 
rolling without M e r  deformation until the thread falls 
apart. It is permissible, however, to reduce the total amount 
of deformation for feebly plastic soils by making the initial 
diameter of the ellipsoidal mass nearer to the required 
3.2-mm final diameter, If crumbling occurs when the thread 
has a diameter greater than 3.2 mm, this shall be considered 
a satisfactory end point, provided the soil has been previ- 
ously rolled into a thread 3.2 mm in diameter. Crumbling of 
the thread wiU manifm itself differently with the various 
types of soil. Some soils fall apart in numerous small 
aggregations of particles, others may form an outside tubular 
layer that starts splitting at both ends. The splitting 
progresses toward the middle, and finally, the thread falls 
apart in many small platy particles. Fat clay soils require 
much pressure to deform the thread, particularly as they 
approach the plastic limit- With these soils, the thread breaks 
into a series of barrel-shaped segments about 3.2 to 9.5 mm 
(% to H in.) in length. 

17.2 Gather the portions of the crumbled thread together 
and place in a weighed container. Immediately cover the 
container. 

Ix-119 000332 
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FIG. 7 Lean Clay Soil at the Plastic Limit 

17.3 Select ~ U ~ O L U G I  1.5 to 2.0 g portion of soil from the 
original 20-g specimen and repeat the operations described 
in 17.1 and 17.2 until the container has at least 6 g of soil. 

17.4 Repeat 17.1 through 17.3 to make another container 
holding at least 6 g of soil. Determine the water content, in 
percent, of the soil contained in the containers in accordance 
with Method D 2216. Make all weighing on the Same 
balance. 

NOTE 14-The intent of performing two plaslic limit trials is to 
verify the consincncy of the M d t s  It is acceptable pmctice to 
perform only one plastic limit mal when the consistency in the test 
results can be confirmed by other means. 

18. Calculations 
18.1 Compute the average of the two water contents. If 

the difference between the two water contents is greater than 
two percentage points, repeat the test. The plastic limit is the 
average of the two water contents. 

PLAsncrrY INDEX 

19. Calculations 
19.1 Calculate the plasticity index as follows: 

P I = = - P L  
where: 
LL. = theliquidlimit, 
PL = the plasticlimit. 

Both U and PL are whole numbers. If either the liquid 
limit or plastic limit could not be determined, or if the plastic 
limit is equal to or greater than the liquid limit, report the 
soil as nonplastic, NP. 

20. Report 
20.1 Report the following information: 

. .  

. -  .- . 
. .  . 

. . .  

20.1.1 Sample identifying information, 
20.1.2 Any special specimen selection process used, such 

as removal of sand lenses from undisturbed sample, 
20.1.3 Report sample as airdried if the sample - ~ u -  

dried before or during preparation, 
20.1.4 Liquid limit, plastic limit, and plastici 

the nearest whole number and omitting the percent esgna- 
tion. If the liquid limit or plastic limit tests could not be 
performed, or if the plastic limit is equal to or greater than 
the liquid Limit, report the soil as nonplastic, NP, 

20.1.5 An estimate of the percentage of sample retained 
on the 425ym (No. 40) sieve, and 

20.1.6 Procedure by which liquid limit was performed, 2 
it differs from the multipoint method. 

e o  

21. Precision and Bias 
21.1 No interlaboratory testing program has as yet beer 

conducted using this test method to determine multilab 
oratory precision. 

2 1.2 The within laboratory precision of the results of test: 
perfonned by different operators at one laboratory on twc 
soils using R d u r e  A for the liquid limit is shown in Tablc 
2. 

TABLE 2 Wrthin Laboratory Precision for Liquid Mi 

Average Value. 2 
Standard 

Deviation, s 
soil A' 

PL 21.9 1.07 
K 27.9 1.07 - 
m. 20.1 
U 32.6 0 

sdl& 
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Pore-Liquid Sampling fr+ the Vadose Zone' 
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1.1 This guide discusses equipment and proceduzts used 
for sampling pore-liquid from the vadose zone (unclturated 
zone). The guide is limited to in-situ techniques and dws not 
include soil core collection and extraction metbods for 
obtaining samples 

1.2 The term "pore-liquid" is applicable to any liquid 
from aqueous pore-liquid to oil. However, all of thesamplers 
described in this guide were designed, and are used tD sample 
aqueous pore-liquids only. The abilities of these samplers to 
collect other pore-liquids may be quite different thsn those 
described 

1.3 Some of the samplers described in this guide are not 
currently commercially available. These samplers ;are pre- 
sented because they may have been available in t h e m  and 
may be encountered at sites with established vadre zone 
monitoring programs. In addition, some of these deigns are 
particularly suited to specific situations. U n e e d 4  these 
samplers could be fabricated. 

1.4 The values stated in SI units are to be regarcid3 as the 
standard 

1.5 This standard does not purpon to address $P of the 
safity problems, if any. associated with its use. B is the 
responsibility of the user of this standard to establid a p p m  
priate safety and health prmices and determine theazpplica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 

2.1 ASTM Standarak 
D 653 Terminology Relating to Soil, Rock, and Qmtained 

I* 

Fluids2 

3. Terminology - 
3.1 Dejinitiom: 
3.1.1 WheR reasonable, precise terms and na& have 

been used within this guide. However, certainitems and 
names with Varying definitions are ubiquitous w&iin the 
literature and industry of vadose zone m o n i t d g .  For 
purposes of recognition, these terms and names b e  been 
included in the guide with their mast common w e .  In 
these instances, the common definitions have beenmcluded 
in Appendix X 1. Examples of such terms are so& lpimcter, 
vacuum and pore-liquid tension. 

3.2 Dmptions of Terms Specific to This St&& 
3.2. I Appendix X 1 is a compilation of those tendused in 

- 

.a 

this guide. More comprehensive compilations, that were 
uscd as sources for Appendix X 1, are (in decreasing order of 
their usage): 

3.2.1.1 Terminology D 653, 
3.2.1.2 Cornpilaion of ASTM Tmmin~logy,~ 
3.2.1.3 Glossary of Soil Science .Terms, Soil Science 

3.2.1.4 Webster's New Collegiate Dictionary.' 
Society of Amen-' and, 

4. Summary of Guide 
4.1 Pores in the vadose zone can be saturated or unsatur- 

ated. Some samplen are designed to extract liquids from 
unsatmted pores others are designed to obtain samples 
from saturated pores (for example, perched ground water) or 
saturated macropores (for example, fissures, cracks, and 
burrows). This guide addresses these categories. The sampler 
typesdiscussedaR: 

4.1.1 Suction samplers (unsaturated sampling), (see See 
tion 7), 

4.1.2 F m  drainage samplen (saturated sampling), (see 
Section 8), 

4.1.3 Perched ground water samplers (saturated ,sam- 
pling), (see Section 9). and 

4. I .4 Experimental absorption samplers (unsaturated 
sampling), (see Section 10). 

4.2 Most samplers designed for sampling liquid from 
unsaturated pores may also be used to sample from saturated 
pores. This is useful in areas where the water table fluctuates, 
so that both saturated and unsaturated conditions occur at 
different times. However, samplers designed for sampling 
from saturated pores cannot be used in unsaturated condi- 
tions. This is because the liquid in unsaturated pores is held 
at less than atmospheric pressures (see Richard's out'ow 
principle, in Appendix Xl). 

4.3 The discunion of each sampler is divided into @c 
topics that include: 

4.3.1 operating principles, 
4.3.2 Description, 
4.3.3 Installation, 
4.3.4 Operation, and 
4.3.5 Limitations. 

5. Sigaificance and Use 
5.1 Sampling from the vadose zone may be an importaDt 

component of some ground water monitoring strategies It 
cap provide information regarding contaminant transpofi 
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and attenuation in the vadose zone. This information can be 
used for mitigating potential problems prior to degradation 
of a ground water resource (1): 

5.2 The choice of appropriate sampling devices for a 
particular location is dependent on various criteria. SpeCitic 
guidefines for designing vadose zone monitoring programs 

been diruned by Morrison (1). Wilson (2), Wilson (3), 
tt (4), Wilson (5). Everen et al(6). Wilson (7), Everett 
(8). Everett et al (9). Robbins et al (lo), Merry and 

general, it is prudent to combine various unsatuxated and 
free drainage samplers into a program, so that the different 
flow regimes may be monitored. 

5.3 This guide does not attempt to present details of 
innallation and use of the equipment dkused. However, an 
effort has been made to present those references in which the 
specific techniques may be found. 

Q! er (ll), U.S. EPA (12). Ball (13), and Wilson (14). In 

6. Criteria for Selecting Poreliquid Samplers 
6.1 Decisions on the types of samplers to use in a 

monitoring program should be based on consideration of a 

6.1.1 Required sampling dep- 
6.1.2 Required sample volumes, 
6.1.3 Soil characteristics, 
6.1.4 Chemistry and biology of the liquids to be sampled, 
6.1.5 Moisture flow regimes, 
6.1.6 Required durability of the samplers, 
6.1.7 Required reliability of the samplers, 
6.1.8 Climate, 
6.1.9 Installation requirements of the samplers, 
6.1.10 Operational requirements of the samplers, 
6.1.1 1 Commercial availability, and 

-. variety of criteria that include the following 

: 

Ix- 

However, the ability to balance many of these factors against 
one another can only be obtained through field experiena. 

7. Suction Samplers 
7.1 Table 1 presents the various types of suction samplers 

The range of operating depths is the major criterion by which 
suction samplers are differentiated. Accordingly, the catege 
ries of suction samplers are as follows: 

7.1.1 Vacuum Lysimeters-These samplers are theoreti- 
cally operational at depths less than about 7.5 m. The 
practical operational depth is 6 m under ideal conditions 

7.1.2 Pressure- Vacuum Lysimeters-These samplers are 
operational at depths less than about 15 m. 

7.1.3 High Pressure- Vacuum Lysimeters-(Alx, known 
as pressure-vacuum lysimeters with transfer vessels.) These 
samplers are normally operational down to about 46 m, 
although installations as deep as 91 m have been reported 
(15). 

7.1.4 Suction Lysimeters With Low Bubbling Pressures 
(Samplers With PTFE Porous Sections)-These samplers are 
available in numerous designs that can be used to maximum 
depths varying from about 7.5 to 46 m, 

NOTE l-Tb~-plUSof 7.1.1.7.1.2 7.1.3, and 7.1.4 E f d  to 
coUectivdy as suction lysimeters. Within this standard, lysimeter is 
&hcd as a Qvicc used to collect pemlating warn for amips (16). 

7.1.5 Film Tip Samplers-These samplers theodcally 
have no maximum sampling depth. 

7.1.6 €xperiwd Suction Samplers-Tbe samplers 
have limited field applications at the present time. They 
include cellulosea~aate hollow-fiber samplers, membrane 

ally limited to depths less than about 7.5 m. 
!iIW ~ a m p l m  a d  MCUW pht~ ~ampler~. They a r ~  gaCr- 

7.2 Operating Phciples: 
7.21 Generd: 
7.21.1 Suction lydmetcrs consist of a hollow, porous 

section attached to a sample vcgel or a body tuk. Samples 
arc obtained by applying suction to the sampler and col- .& 

-123 '8 
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letting pore-liquid in the A y  tube. Samples are r e t ~ v e d  by 
a variety of methods 

7.2.1.2 Unsaturated portions of the vadose zone consist of 
interconnecting soil particles, interconnecting air spaces, and 
intepmnecting liquid films. Liquid films in the soil provide 
hydraulic contact between the saturated porous section of 
the sampler and the soil (see Fig 1). When suction greater 
than the soil pore-liquid tension is applied to the sampler, a 
pressure potential gradient towards the sampler is created. If 
the menkcuses of the liquid in the porous segment are able 
to withstand the applied suction (depending on the max- 
imum pore sizes and hydrophobicity/hydrophilicity), liquid 
moves into the sampler. The ability of the meniscus to 
withstand a suction decreases with increasing pore size and 
also with increasing hydrophobicity of the porous segment 
(see 7.6). If the maximum pore sizes are too large and 
hydrophobicity too great, the meniscuses are not able to 
withstand the applied suction. As a result, they break down, 
hydraulic contact is lost, and only air enters the sampler. As 
described in 7.6, ceramic porous segments are hydrophilic 
and the maximum pore sizes are small enough to allow 
menkcuses to withstand the entire range of sampling suc- 
tions. Presently available polytetrafluoroethylene (PTFE) 
porous segments are hydrophobic, the maximum pore Sizes 
are larger, and only a very limited range of sampling suction 
can be applied before menixuses break down and sampling 
ends (see 7.6.1.3). Therefore, samplers made with FTFE 
porous segments may be used only for sampling soils with 

7.2.1.3 The ability of a sampler to withstand applied 
suctions can be ditectly measured by its bubbling pressure. 
The bubbling pressure is measured by saturating the porous 
segment, immersing it in water, and pressurizing the inside 
of the porous segment ,with air. The pressure at which air 
starts bubbling through the porous segment into the sur- 
rounding water is the bubbling pressure. The magnitude of 
the bubbling pressure is equal to the magnitude of the 
maximum suction that can be applied to the sampler before 
air entry occurs (air entry value). Because the bubbling 

low pore-liquid tensions (12,17). 

pressure is a direct measure of how a sampler will perform, it 
is snore useful than measurement of pore Size distributions 

7.2.1.4 As soil pore-liquid tensions increase (low polb 
liquid contents), pressure gradients towards the sampkr 
decrease. Also, the soil hydraulic conductivity decreasa 
exponentially. These result in lower flow rges into thc 
sampler. At pore-liquid tensions above about 60 (for coars 
grained soils) to 80 cbar (for fine grained soils), the flow ram 
are effectively zero and samples cannot be coUeaed. 

7.2.2 Suction Lysimeters: 
7.2.2.1 Vacuum lysimeters directly transfer samples to tbt 

surface via a suction line. Because the maximum suction lift 
of water is about 7.5 m, these samplers cannot be operated 
below this depth. In reality, suction lifts of 6 m should k 
considered a practical maximum depth. 

7.2.2.2 Samples may be mieved using the same tech. 
nique as for vacuum lysimeten or, for deeper applications 
the sample is retrieved by pressurizing the sampler with one 
line; this pushes the sample up to the surface in a second lint. 

7.2.2.3 High pressure-vacuum lysimeters operate in tbt 
same manner as pressure-vacuum lysimeters. However, they 
include an inbuilt check transfer vessel or a chamb 
between the sampler and the surface. This prevents sample 
loss through the porous section during presurkation, and 
prevents possible cup damage due to overpresurization. 

7.2.2.4 Suction lysimeters with low bubbling pressuns an 
available in each of the three previous designs. The only 
difTerence between these samplers and the three pnvious 
designs is that these porous sections are made with FTFE 
The low bubbling prcssure (and hence large pore size CR 
hydrophobicity, or both) of PTFE constrains these sampl~S 
to soils that are nearly saturated (see 7.2.1.2 and 7.6.1.3). 

7.2.3 Filter Tip Samplers-Samples are collected Erom I 
tilter tip sampler by lowering an evacuated sample vial down 
an access tube to a permanently emplaced porous tip. 'Ibc 
vial is connected to the porous tip and sample flows through 
the porous section and into the vial. Once full, the vial 
retrieved. 

1.2.4 Experimental Suction Samplers-Experimental W 
tion samplers generally operate on the same principle PI 
vacuum lysimeten with different ambinations of porn@ 
materials to enhance hydraulic contact The samples art 
generally fragile and difficult to install As with vacua 
lysimeters, they are generally limited to depths of less tbsp 
about 7.5 m. 

7.3 Description. 
7.3.1 Vacuum Lysimeters: 
7.3.1.1 Vacuum lysimeters generally consist of a p m f l  

cup mounted on the end of a tube, similar to a tensiom? 
The cup is attached to the tube with adhesives (187) or e 

t 

'v" shaped €tush threading sealed with an '0" 
stopper is inserted into the upper end of the body 
fastenedinthesamemannwasthe 
of rubber stoppers, insuted tightly 
a suction line is inserted through the 
the sampler. I h e  suction line exten 
connects to a sample bottle and 

'Ibh rrdrrraoc k smll-s -rod il bpM bsen 
t d m h l  m. 
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WY tubes up to 1.8 m long have been reported (15) (see 

13.1.2 Harris and Hansen (19) described a vacuum 
eter with a 6 mm by 65 mm ceramic porous cup 

7.3.1.3 A variety of materials have been used for the 
porous segment including nylon mesh (20), fritted glass (21), 
sintered glass (22A Alundum (manufacturer name), stainless 
s t e l  (U7), and ceramics (1.2 to 3.0 pm max pore size) (W). 
The sampler body tube has been made with PVC, ABS, 
acrylic, stainless steel (24) and PTFE (18'. 25'). Ceramic 
porous segments are attached with epoxy adhesives or with 
flush threading. The stopper is typically made of rubber (12), 
neoprene, or FTFE. The outlet lines are commonly PTF€, 
rubber, polyethylene, polypropylene, vinyl, nylon, and his- 
torically, copper. Fittings and valves are available in brass or 
stainless steel. 

7.3.2 Pressure- Vacuum Lysimeters: 
7.3.2.1 These samples were developed by Parizek and 

Lane (26) for sampling deep moving pollutants in the vadose 
zone. The porous segment is usually a porous cup at the 
bottom of a body tube. The porous cup is attached with 
epoxy adhesives (187 or with 'V" shaped flush threading 
d e d  with an '0" ring (2S7). Two lines are forced through a 
two-hole stopper sealed into the upper end of the body tube. 
The discharge line extends to the base of the sampler and the 
pressure-vacuum line terminates a short distance below the 
stopper. At the surface, the discharge line connects to a 

e 2 ) *  esigned for intensive sampling in small areas. 

sample bottle and the prtssurr-vacuum line connects to a 
prwsure-vacuum pump. Designs are available that do not 
use a stopper but rather an '0" ring sealed, flush threaded 
top plug (259. Tubing lines to the surface are attached to the 
top plug with threaded tub- fittings of appropriate mate- 
rials. Body tubes are commonly available with 2.2 and 4.8 
cm diameters and in a variety of lengths (see fig. 3). The 
sampler and its components have been made out of the same- ~ ~ - - 

materials used for vacuum lysimeters. 
7.3.2.2 These samplers can retrieve samples from depths 

below 7.5 m because pressure is used for retrievaL However, 
during pressuritaton some of the sample is forced back out 
of the cup. At depths over about 15 m, the volume of sample 
lost in &is fashion may be sigdcant. In addition, at depths 
over about 15 m, pressures required to bring the sample to 
the surface may be high enough to damage the cup or to 
reduce its hydraulic contact with the soil (27, 28). Rapid 
pressurization causes similar problems. Morrison and Tsai 
(29) developed a tube lysimeter with the porous section 
located midway up the body tube instead of at the bottom 
(see Fig. 4). This design mitigates the problem of sample 
being forced back through the cup. However, it does not 
prevent problems with porous segment damage due to 
overpressurization or rapid pressurization. The sleeve 
lysimeter (that is no longer available) was a modification to 
this design for use with a monitoring well (1) (see Fig. 5). 
Another modification is the Casing lysimeter that consists of 
several tube lysimeters threaded into one unit (see Fig. 6). 
This anangement allows precise spacing between units (30). 

7.3.2.3 Nightingale et a l  (31) dexribed a design that 

E-125 
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allows incoming sampk to flow into a portion of the 
sampler not in contactwith the bas& porous ceramic cup 
(see F'ii 7). The cerami cup is wedged into the body tuk 
without adhesives or tleeadin~ The sampler was used to 
sample the vadose zaot, the capil la~~ f i g %  and the 
fluctuating water tab lea  a ncharge arta Knighton and 
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Streblow (32) reported a ampler with the porous cup upon 
the top of a chamber. This design was used 

designs also allow pressurization for sample mi 
diameters ranging h m  7.6 to 12.7 cm (see 

significant liquid ~OSS However, because the 
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open to the rest of the samplers, possible damage due to 
overpressurization or rapid pressuritation is still a problem. 

7.3.3 High Pressure- Vacuum Lysimeters (Lysimeters 
With u Transfer Vessel)-High pressure-vacuum lysimeters 
overcome the problems of fluid loss and overpressurization 
through the use of an attached chamber or a connected 
transfer vessel (see Fig 9). The porous segment is usually a 
porous cup at the bottom of the body tube. The cup is 
attached with epoxy adhesives (187) or with 'V" shaped flush 
threading sealed with an '0" ring (25'). In the attached 
chamber design, the body tube is separated into two cham- 
bers connected by a one-way check valve. A pressure- 
vacuum line and a discharge line enter through a mehole 
plug at the top of the body tube. The pressure-vacuum line 
terminates below the plug The discbarge line extends to the 
bottom of the upper chamber. The transfer vessel design is 
similar. However, the vessel and body tube are integral 
components joined by a common double threaded, '0" ring 
sealed plug containing a check valve. Body tube diameters 
range from 2.7 to 8.9 cm outside diameter. Total sampler 
lengths commonly range from 15.2 to 182.9 cm. A threaded 
top plug allows attachment of casing to the lysimeter. This 
facilitates accurate placement and provides long-term protee 
tion for the tubing Lines. The samplers and their components 
have been made out of the same materials as vacuum 
lysimeters 

1.3.4 Suction Lysimetm with Low Bubbling Pressures 
(Samplers Wirh PTFE Porouc Sectiom+-Designs an avail- 

3 4  
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CHECK 
VALVE 

SOU0 
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FIG 9 Hiih Prearure-Vacuum Lysimeter 

able in each of the three categories described in 7.3.1, 7.3.2, 
and 7.3.3. The only difference between this group of sam- 
plers and the previous three samplers is that FIFE is usexi for 
the porous sections of this group of samplers (253. The 
porous FTFE is attached with 'v" shaped flush threading 
sealed with an '0" ring 

7.3.5 Filter Tip Samplers: 
73.5.1 Fdter tip samplers consist of two components i 

permanently installed filter tip, and a retrievable glass sample 
vial. The filter tip includes a pointed end to help witt 
installation, a porous section, a node ,  and a septum. The tir 
is threaded onto extension pipes that extend to the surface 
The sample vial includes a second septum. When in use, thc 
vial is seated in an adaptor that includes a disposable 
hypodermic needle to penetrate both the septa, allowin; 
sample to flow from the porous segment into the vial (set 
Fig. 10). Extension pipes vary from 2.5 to 5.1 cm insids 
diameter. Vial volumes range fkom 35 to 500 mL (32'). 

7.3.5.2 The body of the filter tip is made of thermoplastic 
stainless steel, or brass The attached porous d o n  i 
available in high density polyethylene, sintered ceramic, o 
sintered stainless steel. The septum is made of n a t w  
rubber, nitrile rubber, or fluororubber (32'). 

7.3.6 Experimolral Suction Samplers: 
7.3.6.1 Cellulose-acetate, hollow-fiber samplers were dc 

mibed by Jackson et al (33) and Wilson (3). A sample 
consists of a bundle of these flexible, hollow fibers ( 4 . 8  pr 
max pore size) pinched shut at one end and attached to 
suction line at the other end. The suction line leads to tt 
surface and attaches to a sample bottle and source of suctio 
in the same manner as a vacuum lysimeter (see Fs 11). Tk 
fiben, that are analogous to the porous sections of vacuur 
lysimeters, have outside diameters of up to 250 pm (33 
Levin and Jackson (34) described similar fibers made h m  
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noncellulosic polymer solution (max pore size 4 . 8  pm). 
Those fibers have dense inner layers surrounded by open 
celled, spongy layers with diameters ranging from 50 to 250 
pm. 

7.3.6.2 Membrane lilter samplers were described by 
Monison (l), Everett and Wiison (6). US. EPA (12) and 
Stevenson (35). A sampler consiSU of a membrane filter of 
polycarbo~te,  cellulose acetate (Q.8 pm max pore size), 
cellulose nitrate or FTFE (2 to 5 pm rnax pore size); 
mounted in a 'swinnex" type filter holder (35,36,373. The 
6lter rrsts on a glass fiber prefilter. The preflter resu on a 
glass fiber 'wick" that in turn sits on a glass fiber collector. 
The collector is in contact with the soil and extends the 
sampling area of the small diameter filter (see Fig 12 and 
75.1.6). A suction line lcads h m  the film holder to the 
surfice At the surf!ace, the suction line is attached to a 
sample bottle and suction source in a manner similar to 
vacuum lysimetas. 

7.3.6.3 A vacuum plate sampler consists of a flat porous 
disk fitted with a nonporous backing attached to a suction 

: I  

I I  
I I  

i i- SUCTION 
LINE 
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FIBER BUNDLE 

SEALED - END 

IX-128 

tine that leads to the surface (see Fw 13). Plates are available 
in diameters ranging &om 4.3 to 25.4 cm and custom designs 
are easily arranged (1,189. Plates are available in alundum, 
porous stainless steel (23'). ceramic (1.2 to 3.0 pm rnax pore 
size) or fritted glass (4 to 5.5 pm rnax pore size) (38', 6,39, 
40, 41, 42, 43, 44). The nonpexmeable backing can be a 
fiberglass resin, glass, plastic, or butyl rubber. 

7.3.7 comments: 
7.3.7.1 When some ceramic cups are glued to the inner 

wall of the body tube in a suction lysimeter, an inner lip is 
formed (45). As the discharge line is pushed through the 
stopper at the top of the sampler, it may catch on this lip and 
the operator may conclude that the tine has reached the 
bottom of the ceramic cup (see Fa 14). As a result 

mL of fluid accumulates in the cup, is not removed 
sampling, and will cause cross contamination between sam- 
pling events Soilmoisturc (18') suggested that the tine can be 

mLerrorcan occur in sampling rate daCrrmna * tio=* 
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FIG 12 Membrane Fitter Snrnpler; (a) Preparation of Filter 
Sampler; a d  (b) lnrtalhtion of Filter Sampler 

kept h m  catching by cutting its tip at an angle. In all-PTFE 
suction lysimetus, the dkhaxge line is a rigid PTFE tube 

LIP OF CUP 

POROUS 
CERAMIC - 

CUP 

CORRECT 
DISCHARGE 

LINE 
INSfALLATlON 

LINE CUT 
ON BEVEL 

FIG. 14 Location of Potential Dead Volume in Suction Lysimeter 

extending to the bottom of the cup. This results in a zero 
accumulation of fluid. Older samplers with PTFE porous 
segments and PVC body tubes have a discharge line that 
does not extend all the way to the bottom. This problem has 
been corrected in newer PTFE and PVC samplers (25'). This 
results in a 34 mL accumulation of fluid (12). Filter tip 
samplers develop an 8 mL accumulation of fluid. Haldomn 
et al. (46) suggested collecting and discarding an initial 
sample to purge this accumulated fluid. 

7.3.7.2 Because samplers are often handled roughly 
during installation, durability and ruggedness are important 
It has been shown that VITE has a higher impact strength 
than ceramics which need to be installed with care (25'). It 
has also been found that PTFE threads and ceramic threads 
(when used) are susceptible to leakage, and must be securely 
sealed with pipe threading tape (45). TFE-fluorocarbon 
(PTFE) tape is not recommended in square threaded joints 
since the tape is designed for tapered 'V" threaded compra 
sion joints 

7.3.7.3 As described above, porous sections can be made 
from Various materials. Tlese materials have physical and 
chemical limitations that must be considered when designing 
a monitoxing program. Physical limitations are descn'bed in 
7.6.1. Chemical limitations are described in 7.62. 

7.4 I d l a t i o n  Metluds: 
7.4.1 Re-Znstallation. 
7.4.1.1 As demonstrated by Neary and Tomassini (47). 

new samplers may be contaminated with dust during manu- 
fachrring. In order to reduce chemical interferrnoes h m  
substances on the porous Sections, US. EPA (12) recorn- 
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mcnded.preparation of ceramic units prior to innallation 
following procedures originally developed by Won (a), 
modified by Wood (49) and recommended by Neary and 
Tomassini (47). The process involves passing hydrochloric 
acid (HCI) (for example, 8N) through the porous sections. 
This is followed by flushing with distilled water until the 
specific conductance of the outflowing water is within 2 75 of 
the inflowing water. Debyle et al (50) found (in agreement 
with 49 and 51) that flushing with HCI strips cations off of 
the ceramic. This results in an initial adsorption of cations 
from pore-liquid onto the ceramic surface. This continues 
until the cation exchange capacity (CEC) of the ceramic has 
ken satisfied. The effect is not reduced by distilled water 
flushing after the acid flushing. Therefore, they suggested 
that the sampler also be flushed, prior to installation, with a 
solution similar in composition to the expected soil solution. 
Alternately, the tim sample after installation could be 
discarded (see 7.5.2.1). Bottcher et al (52) attributed in- 
creased adsorption of PO4 to the acid leaching process. 
Therefore, they recommended a thorough flushing with a 
PO4 solution of approximately the same concentration as 
that found in the soil solution, rather than the acid leaching 
procedure, when sampling for PO,. Peters and Healy (53) 
used H2S04 rather than HQ. 

7.4.1.2 Hydrochloric acid may corrode valves within PVC 
and ceramic high pressure-vacuum lysimeters. Therefore, the 
porous segment flushing for these designs should be per- 
formed prior to attachment if possible. The maximum 
suction which can be applied is one atmosphere, therefore 
the flushing process will be slow if suction is used to draw 
HCl through the porous segment. The flushing can be 
performed more rapidly if the porous segment is filled with 
HCI and pressurized to force the acid out of the porous 
segment since more than one atmosphere of pressure can be 
applied. This procedure can only be used if the cups are not 
attached. Care must be taken to prevent overpressurization 
that might damage the porous section. 

7.4.1.3 Corning Laboratories (38’) recommended 
washing fritted glass with hot HCI followed by a distilled 
water rinse. Cleaning procedures for Alundum have not been 
reported, although an acid and water rinse procedure similar 
to that for oeramic would appear to be appropriate (1). 
Tim= (25’) described cleaning procedures for FTFE. The 
method includes passing 0.5 L of distilled water through the 
material. An I.P.A. bath followed by another in hydrogen 
peroxide or rinsing with HCI followed by a distilled water 
rinse. 

7.4.1.4 The use of HCI to wash/flush porous segments of 
lysimeters, that are to be used in sanitary landfills, may cause 
water quality interpretation problems. Sanitary landfills are 
notorious generaton of methane gas. Reaction of methane 
with free chloride ion may result in the generation of di- and 
trichloromethane (also known as methylene chloride and 
chloroform). Because of the small liquid volumes in 
lysimeters and the sensitivity of EPA methods (including 
601). fahe positives for one or both ofthese constituents may 
OCN. 

7.4.1.5 Stevenson (35) recommended treating alIulose- 
acetate hollow-fibers with silver nitrate and sodium chloride 
to prevent biofilm gro- Morrison (1) suggested rinsing 
membrane 6lters with distiUcd water. 

7.4.1.6 The porous section and fi- of individual 
h g  samplers may have d e f e  that Could cause air e n w  

sampling. Therefore, prior to taking samplers to 
each unit should be checked for its bubbling 

these tests are given in U.S. EPA (12) and Tim- (29). 
Washers or ‘0” rings are used to seal the plugs at the tops of 
body tubes. However, the accwfes for pressure-vacuum and 
discharge lines passing through these plugs are not sealed. 
These accesses may leak, and should also be sealed. In the 
past, lubricants have been used when cutting threads into 
body tubes, porous segments and fittings. In addition, 
lubricants have been used in various pressure-vacuum 
pumps. The user should contact the m a n u f a m r  to deter- 
mine if these lubricants are still used. If present, these 
lubricants should be removed 

7.4.1.7 After cleaning and testing, samplers should be 
bagged to prevent contamination during transport to the 
field. Compatibility of bag material and analytical parame- 
ten should be considered. Upon arrival at the installation 
location, and immediately prior to installation, the porous 
section should be placed in distilled water for about 30 min 
to ensure saturation of the porous section (1). Timco (2S7) 
indicated that applying a suction of about 50 cbar to a 
submerged FIT€ sampler for about an hour would ensure 
saturation. EnaUy, immediately prior to installation, the 
sampler and associated lines should be assembled and 
inspected for defects (for example, crimped lines). 

7.4.2 Suction Lysimeter and Filter Tip Sampler Installa- 

pressure tested and vacuum tested for l& dfo; 

9J 
tion: 

7.4.2.1 Suction lysimeter installation proced 
been described by U.S. EPA ( l t ) ,  Soilmoisture (18 
(Z7), Linden (a), and Rhoades and Oster (55). F ter tip 
sampler installation procedures were described by 
Tomensson and Petsonk (32). 

7.4.2.2 The goals of i d a t i o n  are to ensue good 
hydraulic contact between the porous segment and the 
surrounding soil, and to minimize leakage of liquid along the 
outside of the sampler. U.S. EPA (12) recanmended a silica 
flour/bentonite clay method to achieve these goals for 
suction lysimeters. A silica tlour layer (installed as a slurry, 
set 7.4.2.6) placed around the porous segment increases 
hydraulic contact with the surrounding soil. Screened native 
backfill is placed above the silica flour, and a bentonite plug 
above the body tube prevents liquid leakage down the 
installation hole and along the body tube (see Fm. 15 and 
16). mute (56) indicated that a screened native soil slurry 
could be used in place of silica flour for shallow installations. 

7.4.2.3 Samplers may be installed in the sidewall of an 
excavation or, for deeper applications, in a borehole prefer- 
ably advanced with a hollow stem auger (12). US. EPA (12) 
suggested that suction lysimeters should be installed at an 
angle of 30 to 45‘ from vertical whenever possible. This 
ensures that an undisturbed column of soil is retained above 
the porous cup. Accordingly, pore liquid samples will reflect 
flow through pore sequences that have not been disturkd by 
sampler instaUation. This angular placement also im V- -9 

the samplefs ability to collect macroport flow 

is simple (sa Fs 15). However, when install b; installed in the sidewall of a trench, the angled emp 

borehole, angular emplacement entails angled drilling 
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FIG. 15 Pressure-Vawum Lysimeter Installation in the Sidewall 

Where soils permis filter tip samplers can be installed by 
pushing the filter tip into the ground by applying a static load 
to the extention pipe (32). 

7.4.2.4 When suction lysimeters are installed in a 
borehole advanced by a drill rig, the hole is usually advanced 
15 to 20 cm below the desired location of the porous section. 
Morrisan and Szecsody (30) found that the radius of 
sampling influence is maximized if the borehole diameter is 
only slightly larger than that of the sampler and if silica flour 
pack is used. U.S. EPA (12) recommended that the hole have 
a diameter at least 5 cm larger than the sampler. Timco (25') 
recommended that the hole have a diameter at least 8 cm 
greater than that of the sampler to facilitate installation of 
the silica flour. 

7.4.2.5 Suction lysimeters are preferably lowered into 
place attached to risen. These protect the lines and ensure 
exact placement at the desired depth. Centralizers are often 
used to center the sampler in the hole. Suction lysimeters 
float in the silica flour that is installed as a slurry. Therefore, 
the samplers should be installed full of distilled water or held 
in place by rigid risers. 

7.4.2.6 The silica flour slurry (for example 200 to 75 pm 
mesh opening, silica to distilled water ratio of 0.45 kg to I50 
mL) is usually installed Using the tremie method (side 
discharge). Alternately, Brose et al(57) described a method 
for freezing the silica sluny around the sampler prior to 
placement. The sampler and frozen pack are then lowered to 
the sampling location in the borehole. They cited advantages 
of this technique as including ensurance of proper sampler 
placement in the flour pack and elimination of pack contam- 
ination by soils which slough down the borehole. U.S. EPA 
(12) recommended filling the borehole to about 30 cm above 
the suction lysimeter body with the silica. In addition, it was 
recommended that the powdered bentonite plug placed on 

& 3 4  
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top of the silica be about I5 cm thick. The bentonite is also 
sometimes installed as a slurry, being allowed to hydrate 
before emplacement. Mixing the bentonite with fine sand at 
a I to 9 ratio, respectively, reduces the potential for shrinking 
and swelling inherent with pure bentonite (1). The excavated 
soil should be backfilled above the bentonite in the order in 
which it was withdrawn. An effort to compact the soil to iu 
original bulk density should be made. When more than one 
suction lysimeter is installed in one borehole, these proce- 
d u m  are repeated at the various desired sampling depths (see 
Fig. 17). Care must be taken with these installations to 
e'nsure that lines from lower samplers do not interfere with 
the hydraulic contact of shallower samplers. Designs are 
avidable to avert these problems (25'). 

7.4.2.7 U.S. EPA (12) recommended removal of the water 
within the sampler and silica slurry after installation. Litaor 
(58) recommended installation of samplers a year before 
sampling is to begin, in order to allow them to equiliirate 
with the surrounding soil. The lines at the surface should be 
labeled, clamped and housed in locked containers such as 
valve boxes or casing (1). Mahods for cutting and splicing 
tubing may be found in Tmm (m. The user should be 
careful when using clamps and tubing provided by d i f k n t  
manufacturws, inappropriate clamps may damage tubing. 
Clamps must be restricted to permanently flexible tu- 
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Borehole 

otherwise stopcocks should be used. 
7.4.3 Experimenral Suaion Sampler Intrallaion: 
7.4.3.1 Cellulose-acetate hollow-fiber sampler installation 

procedures were described by Everett et al(9) .  Membrane 
Mer sampler installation procedures were described by 
Stevenson (39, Everett et al(9), and Morrison (I). Vacuum 
plate sampler installation procedures wen: described by 
Everett et al(9) and Morrison (1). 

7.4.3.2 Cellulose-acetate hollow-fiber samplers have been 
used almost exclusively in laboratory studies (34). Because 
the samplers operate on the same principles as vacuum 
lysimeters, the goals and concerns of installation are similar. 
Good hydraulic contact between the hollow-fiber and the soil 
is critical. However, the fibers are too thin and fragile to be 
pushed into place. Therefore, the fibers must be placed in a 
predriUed hole (vertical or horizontal). Silkworth and Gngal 
(59) installed these samplers within a length of perforated, 
protective PVC tubing filled with soil slurry. 

7.4.3.3 Membrane film samplen arc placed in a hole dug 
to the top of the selected sampling depth. FVSS sheets of the 
glass fiber " ~ o l l e ~ t ~ ~ "  are placed at the bottom of the hole. 
These develop the necessary hydraulic contact between the 
sampler and the soil. In addition, the 'mlIeaon" extend the 

1 
i 

am of sampling as they cover a la%er area than &e fihe 
holder alone. Second, two or three smaller glass fih * 
discs that fit within the filter holder arc placed 
'collecton." Third, the filter holder fitted with a 
prefilter and the membrane filter is placed on top ofae  
'wick" disks. The suction line leads to the surface. FW 
the hole is backfilled (1,9). 

7.4.3.4 Vacuum plate lysimeters are normally i m a  i 
the ceiling of a cavity cut into the side of a trench. In o e  to i 
obtain the necessary contact between the porous plate a d  . 
the soil, pneumatic bladders, inner tubes, or similar devi- 
are placed beneath the sampler and are used to fora it 
against the cavity ceiling (1). The cavity ceiling is not a 
smooth surface. Therefore, a layer of silica flour between the 
plate and the soil is sometimes used to enhance hydraulic 
contact. - 

7.4.4 .Uainlenance: 
7.4.4.1 The major causes of sampler failure are be 

damage and leaks (caused by Freezing, installation, rodentf 
etc.), connection leaks, and clogging of the porous matend. 
Freeze damage to the lines can be minimized if the lines 
emptied of sample prior to applying a vacuum. Care needs to 
be taken that the tubing line closure devices are freeze proof. 

7.4.4.2 The possibility of line and connection leaks 
minimized by rigorously sealing and pressure testing all 
connections and lines before installation. A common precau. 
tion to asiist in repairing surface damage to lines is to R O ~ C  
excess line below the surface (within the riser pipe w h a  
used) when backfilling the borehole. In the event of 

of an operational system (1). Lines should be clam * , I  

lines, an excavation to this buried length allows 

when not in use to prevent foreign objects or insects fiom 
entering them. The lines should be protected from weather, 
sunlight exposure, and vandalism with i locked housing The 
use of riser pipe around the sampler lines prevents punctures 
by backfill materials and prevents rodents &om damaging 
the lines. 

7.4.4.3 When shallow samplers are used, the ground 
surface above the sampler should be maintained in a f a y  
representative state. Large line housings and exceSSive txa.6~ 
around the sampler (causing compaction of the soil) will 
reduce the amount of infiltration in that area. This will affect 
the representativeness of the pore-liquid sampies. Methods to 
avoid these effkcts include angled installations, and remote 
operation of sampler lines. 

7.4.4.4 Porous sections may clog as a function of soil 
composition, type of porous section material, biofilm 
growth, suction application, and pore-liquid content (1,17, 
20, SO). However, porous section clogging appean to be less 
severe thao once thought (12,17). Soh and the 200 mesh 
silica flour 6lter out fine materials before they reach the 
porous section (60,61,62). Clogging can be further reduced 
by periodically filling the sampler with distilled water and 
allowing it to drain out of the sampler. Debyle et al (SO) 
suggested removing shallow samplers on a seasonal basis for 
flushing with Ha and distilled yarn. This process 
samplers to their original operational and chemical 

30 min. However, rehallation at the same location and 

a 
y8 \ 

- 

ucloggedn lysimeter with lysimeter pure water may and be applying cleaned a out pressure by of m e  5 ps for 
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doa not guaraatec resumption of -piing from the 

is retrieved during a sampling 
odd be a continuity test of the 
test can be done by applying a 

r vacuum to the V P  line and detecting air 
the open sample Line. This could be due to 
high pore-liquid tensions. Because of this, 

ometer near the sampler at a 
e tensiometer that m = m  pore-liquid 

d o n s  allows the operator to determine if failure to obtain 
sample is due to bgh pore-liquid tensions or due to 

be used to gage 
d flow regimes. 

ned as an initid 

le to measure pore- 
be tested to help determine 

ple. The sampler is tested 
on of 80 cbar, and monitoring the decay 
e. f i ~  18 depicts the various types of 

n a suction lysimeter with 
pressure ceramc d o n .  An almost 

of suction is associated with lysimeter 
m e .  A suction decay ova  a period of minutes is 

Under these conditio- the Porous section is daturated 
air enters the sampler. A suction decay Over a period of 

bun reflects normal sample collection. This sugg- that 
to rehieve a sample is related to damage of the sample 

d e v d  system (for example, k h W e  line darnage). 
d o n  does not decay, or does SO over a perid of days, the 
prcsmvacuum line may be clogged or podiquid tensions 

be Fer than 60 char but less than 200 char) causing 
liquid idow rates that are too low for sample collection. 

7.4.4.7 Monison and szecsody (63) described devices that 

mtering the devices prevented accurate measurement of 

pore-liquid tensions. Baier et al (64) described methods for 
converting tensiometers to pressure-vacuum lysimeters. It 
would also appear reasonable to convert suction lysimeters 
to tensiometers. However, Taylor and Ashcroft (65) found 
that the volume of water drawn from a converted lysimeter 
into the surrounding soil would significantly affect natural 
pore-liquid tensions In addition, they found that the larger 
porous d o n  of a lysimeter would cause more diffusion of 
dissolved air into the device, and that the time constant for 
measurement would be significantly increased over that of a 
tensiometer. Filter tip samplers can be converted to 
tensiometenwithpressuretransducen(32). 

7.4.4.8 Operational lifetimes of suction samplers are de- 
pendent on installation, subsurface conditions, maintenance, 
and sampling frequency. %me samplers have been reported 
to be operational for as long as 25 years (64). 

_- 

7.4.5 Comments: 
7.4.5.1 Vacuum lysimeters and experimental samplers use 

suction to &eve sample. Therefon, the maximum w- 
piing depth is limited by the maximum maion liA of water 
(about 7.5 m) (12). In practice, these samplers are generally 
used to about 2 m below h e  surfam (12). They are primarily 
used to monitor near-surface movement of pollutants such 

tho= from land disposal f a d f i e  and those from k g a -  
tionreturnflow. 

7.4.5.2 Pressure-vacuum lysimeters are generally not used 
at depths below about I5 m. At greater depths, sample loss 
and o v e r p m ~ t i o n  problems are consided &@ant 
enough to warrant the use of high pressute-vacuum 
lysimeters that do not have these limitations. High pressure- 
vacuum lysimeters are not preferred at the shallower depths 
bu they are more expensive. In addition, high pressure- 
MCUUm have more moving - than - 
vacuum units, and as a result, the possibility of failure for the 
former is higher. 

7.4.5.3 AS in 7.6, two problems with suction 

my intercepted) and that their results be used in 
quantitative m a s  balance studies. Hornby et al (66) de- 
scribed an installation that could be used to surmount these 
problems. A barrel-sized casing (for example, 57 cm outside 
diameter by 85.7 cm high) is placed in a support device and 
gently pushed into the soil with a backhoe. As the casing is 
pushed, soil is excavated around it to help with insertion. 
The process results in an encased monolith of undisrurbed 
soil. The monolith is then rotated and Lifted, pnssure- 
vacuum lysimeters are placed in its base, and the bottom is 
seald  Subsequently the assembly is placed back into the 
ground at the monitoring site (see Fs 19). All fluid draining 
through the monolith is wllected by the samplers Inasmuch 
as the boundaries of the system are sealed, the flux of liquid 
through the system requires maintaining a vertical hydraulic 
gradient by applying continual suction to the samplm 

~ d t d  with POre-liquid tensions W t e r  than 200 

could as tensiometers and then converted to m p l a  are that they may not sample from mamopom 
(under unsaturated conditions; unless the mmopom are 

- lysimeters However, they found that gases 

PORE-UOUID TENSION 60 cbar - 2 bar 

7.5 Operation. 
TM 7.5.1 Methods: 

7.5.1.1 Vannun L y s i m e r s A p l i n g  methods are de- 
Xribed by the US. EPA (12), by soilmoishlre (18’) and by 
Timco (253. To collect a sample, suction is applied to the 
sampler, and the suction line is clamped shut After sample 
has collected in the body tube, it is retrieved through a 
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With a Transfer Vessel)-Sampling methods may be f- i 
in U.S. EPA (12). in Soilmoisture (18’) and in Tim 
When suction is applied to the systcm, it exten 

bottom of the uansfer vessel or chamber. A second *; o 
porous section through an open, one-way check v 

check valve in the discharge line is closed during time 
As soil solution enters the sampler it is pulled by the 
into the transfer vessel or chamber through a tine attached to 
the open valve at its base. The sample is brought to 
surface by releasing the suction and applying pressure (for 
example. air or nitrogen) through the pressure-wcuum he. 
This shuts the one-way valve to the porous segment ad 
opens the one-way valve in the discharge line. The sample is 
then pushed to the surface (12). A Variety of systems haw 
been developed to control pressure, suction and sample 
volume remotely or manually (44,49,67,69). 

7.5.1.4 Suction Lysimeters Wth Low Bubbling Presswe 
(Samplers With PTFE Porous Seaions)--Sampling m e t h a  
for this group of samplers are a bit different than those for 
the three designs described in 7.5.1.1, 7.5.1.2, and 7.5.1.3. 
This system is designed to allow the soil pore water extrac- 
tion process to occur separately from the movement of the 
collected pore water to the transfer vessel. The only differ- 
ence is that maximum sampling suctions for these units arc 
much lower (see 7.6.1.3). 

7.5.1.5 Filter Tip Samplers-Sampling methods may k 
found in Tomensson and Peuonk (32). Samples are eol- 
lected by first evacuating the sample vial. The Vial is then 
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discharge line extending to the base of the porous cup. in 
shallow installations, with the body tube extending above the 
soil surface, the discharge line is sometimes inserted and 
removed as needed. For deeper installations, the discharge 
line is permanently installed. At the surface, the line is 
connected to a sample collection flask. Suction is applied to 
the flask, and liquid is pulled from the sampler, up the 
discharge line, and into the collection flask Cole (42) 
constructed an array of samplers that were attached to a 
vacuum tank connected to an electric power source. This 
system allowed remote operation at a c o m t  suction. 
Wengel and GrSen (67) described methods by which 
samples can be connected to a central control board and 
operated remotely. Brown et al (a) employed a solar panel 
to power a similar setup. Chow (44) described a sampler that 
shuts off automatically when the desired sample volume has 
been collected. 

7.5.1.2 RessureVacuwn Lysimeters-Sampling methods 
are described in U.S. EPA (12), by Soilmoisture (18’) and by 
Tico (25’). To sample, suction is applied to the system via 
the prtssurpvacuum line. The discharge h e  to the sample 
bottle is clamped shut during this time. When sufficient time 
has been allowed for the unit to fill with pore-liquid, suction 
is released and the clamp on the discharge line is opened. 
Gas pressure (for example, air or nitrogen; see 7.6.2) is then 
applied through the pnssure-vacuum line. This forces the 
sample through the discharge line and into the collection 
flask at the surface (12). A Variety of systems have been 
developed by which the presrure, suction, and sample 
volume can be controlled remotely or manually (44,49,67, 
69). 

1.5.1.3 High Rasure- Vacuum Lysimeters (Lysimeters 

inserted-in the sampling adaptor that contains a two way 

of the filter tip, the needle penetrates the septa in 

hypodermic needle. The adaptor is then lowered 
extension pipe. When the adaptor connects with 

in the filter tip. Sample then flows through the porous 
segment and into the sample vial due to the negative pnsnrre 
in the vial. As sample is collected, the negative pressure in 
the vial falls towards that of the pore-liquid tension. When 
these negative pressures are equal, sampling ends and the 
sample vial is retrieved. The standard sample volume is 
about 35 mL. However, by connecting several vials in Series, 
sample volumes of up to 500 mL can be obtained. 

7.5.1.6 Experimental Suction Samplers-Cellulose-acetate 
hollow-fiber samplers, membrane filter samplers, and 
vacuum plate samplers are opemted using the Same general 
technique as for vacuum lysimeters Jackson et a l  (33) 
sampled from soil columns using cellulose-acetate hollow- 
fiber samplers subjected to a constant suction of 81 cbar. At 
this suction, they were able to extract samples for chemical 
analyses from silty loams with moisture contents rangins 
h m  20 to 50 %. Silkworth and Grigal(59) compared the 
performance of these samplers to suction lysimeters. They 
found that cellulose-acetate hollow-fiber samplers fail more 
often than suction lysimeterr In membrane ater samplers, 
the ‘collectors” provide hydraulic contact between the soil 
and the samplers. Liquid is drawn by capillarity into the 
‘collectors.” When suction is applied, liquid flows through 
the “wick,” the pre6lter. and finally the membrane filte~. Ihe 
prefilter reduces clogging of the membrane filter by 

of between 50 and 60 cbar when sampling with m 
filter samplers A Variety of constant suction meth for 
samphg with vacuum plates are described by Monison (1). 
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advantage of the largcr plats is that they have large 
contact anas with the soil. Thenfore, larger sample volumes 

be collected in shorter times than with vacuum 
lysimeters which have porous sections with smaller surface 
areas. 

7.5.2 Comments: 
7.5.2.1 Nagpal (70) recommended several consecutive 

~~txactions of liquids during a sampling event and use of 
only the last one for chemical analyses. The purpose of this is 
to flush out cross contaminants from previous sampling 
periods, and to ensure that any porous segment/soil solution 
hteractions have reached equilibrium. Debyle et al(50) also 
suggested discarding the fim one .or two sample volumes 
d e n  sampling dilute solutions with newly flushed (HCL 
method) and i d e d  samplers. The purpose of this is to 
d o w  cation exchange between the porous segment and the 
pore-liquid (caused by the HCL flushing) to equilibrate. 

7.5.2.2 Factors which aiTect the volume and source of a 
pore-liquid sample include the amount of suction applied, 
the schedule of suction application, the pore-liquid content, 
the distribution of pore-liquid, the soil grain size dimibution, 
the soil Stnrcture, the porous section design, and the porous 
d o n  age. 

7.5.2.3 Samples collected with lower suctions (about 10 
cbar or less) tend to come from liquids migrating through 
soil macropores (1). Samples collected with higher suctions 
(greater than about 10 cbar) also include fluids held at higher 
tensions in micropores. The sampler may disrupt normal 
flow patterns due to the applied suctions. The effects may 
extend several meters from the sampler although the area 
nearest the sampler is most disturbed (71, 72, 73). This 
dimrbance caws samples to be averages of the affected 
flow afea rather than point samples (1). Warrick and 
Amoozegar-Fard (72) developed an approximate analytical 
quation which can be used to estimate the maximum radius 
of influence on the flow regime by a suction sampler. 
Narasimhan and Driess (74) developed a numerical tech- 
nique to simulate the effects of suction samplers on the 
poreliquid regime. 

7.5.2.4 Sampling with falling suction produces samples 
with compositions that are 'averages" of the liquids held at 
the range of tensions applied Because suctions and therefore 
inflow rates decrease with time, these *averages" are 
weighted toward those portions of the samples obtained in 
early times. Samples collected over prolonged periods (due to 
slow i d o w  ram) are "averages" of the liquids fluxing past 
the samphg region during those times 

7.5.2.5 During wet periods, samplers affect a mall 
volume of soil and puU liquids h m  a sequence of pores that 
may include macropom. During dry periods samplers sect 
a larger volume of soil, draw from micropores because the 
macroporcs have been drained, and collect less liquid (75, 
76). The net rcsult of this is that sampled soil solutions are 
'averaged" over different volumes and derived from d& 
h t  porcs as a function of the soil moisture content and 
distribution. 

75.2.6 Soil textures and poreliquid tensions control the 
amount of liquid that can be removed by a sampler and its 
radius of influence. The slope on the pore-liquid release 
a w e  for a sand is greater than that for a clay at low 
pareliquid tensions (see Fs 20). This indicates that them 

' 
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will be a larger quantity of pore-liquid released from a sand 
than h m  a clay for an equal change of pore-liquid tension 
at these low tensions. At higher tensions, the slope of a clay 
pore-liquid release w e  is greater than that for a sand (see 
Fig. 20). This indicates that more pore-liquid will be released 
!?om a clay than from a sand for an equal change in 
pore-liquid tension at the higher tensions. A consequene of 
this is that suction samplers may not obtain samples from 
muse grained soils at higher pore-liquid tensions. Morrison 
and S d y  (So) found that (under the conditions of their 
study) radii of iduenoe for suction lysimeters ranged fiom 
10 cm in cause soils up to 92 cm in fine grained soils. 

7.5.2.7 Hansen and Harris (20), demonstrated that intake 
rates may vary substantially due to variability in the cwamic 
sections from one manufacturers batch to another. AS 
dixussed in 7.4, the intake rate of a sampler is also a 
function of the degree of clogging As dixussed in 7.6, the 
range of pore-liquid tensions over which a sampler can 
operate is a direct function of the maximum pore size of the 
porous section and the surrounding silica flour pack Fmally, 
Morrison and Szeaody (30) found .that the radius of 
influence of a sampler increases with the diameter of the 
porous section. 

7.52.8 Because of these factors the following recommen- 
dations have been made for sampling with suction 
lysimeters. Hansen and Harris (19), suggested using uniform 
initial suctions, short sampling intenals, and d o m  sam- 
pling times for Merent sampling events and locations to 
increase the uniformity of samples m e  et al (SO) also 
recommended sampling with uniform suctions that do not 
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I significantly exceed the tension at which the percolating soil 
solution is being held. US. EPA (12) suggested sampling 
after infiltration events such as rain storms, spring melts, or 
inigations as these periods of high pore-liquid content are 
accompanied by higher pore-liquid flow rates and contami- 
nant transport. For sampling these events, it is useful to 
install samplers at interfaces between coarse and fine mate- 
rials to take advantage of any liquid perching which might 
occur. Silkworth and Grigal(S9) recommended using sam- 
plers with large diameter ceramic porous sections (as op 
posed to small diameter ceramic samplen, or hollow cellu- 
lose fiber samplers) since they showed less of a tendency to 
alter the pore-liquid, they had lower failure rates, and they 
collected larger sample volumes. These recommendations 
were reinforced by van der Ploeg and Beese (73) who 
concluded that samplers with large cross sectional area 
porous sections used with low extraction rates (suctions 
approaching those of the pore-liquid tensions) reduce the 
effecu of sampling on compositions of sarhples Finally, U.S. 
EPA (12) recommended that porous section material types 
be carefully chosen based on pore-liquid tensions expected in 

I the sampling area. operational ranges of various porous 
section types are discussed in 7.6 and are presented in Table 
1. 

7.6 Limitations: 
7.6.1 Physical Limitations: 
7.6.1.1 The most severe constsaint on the operation of 

suction samplers involves soil around the porous sections 
becoming so dry (and pore-liquid tensions so high) that 
samples cannot be collected. The limiting factors in these 
conditions will be the porous segment or the soil hydraulic 
properties. For porous segments with bubbling pressures less 
than 60 cbar (for example, VCFE), the porous segment will 
be the limiting factor because the high suctions required to 
move liquids into the samplers will cause meniscuses in the 
porous segments to break down and air to enter. Sod 
hydraulic properties will be the limiting factors for porous 
segments with bubbling prasures greater than 60 char (for 
example, ceramics) because unsaturated hydraulic conduc- 
tivity of the soil and pressures gradients across the porous 
segments will be so low (due to high pore-liquid tensions) 
that flow into the samplers will be neghgible. 

7.6.1.2 The maximum suction that the saturated porous 
section of a sampler can withstand before air enters is a 
hnction of the pore configuration and size, and its 
hydrophilicitybydrophobicity (set Appendix X1 and (65)). 
The following variation of the capillary rise equation (8,12, 
1477) combines these factors 

-2 cosa 
r 

Pb = 

where: 
P b  
6 

a 

= bubbling press~re (gage), Units - FLl-', 
= surfaa tension between pore-liquid and air, units - 
= contact angle between the liquid and the material of 
F', 

the porous segment, 0, and 

L 
t = maximum pore radius of the pore segment, units - 
This equation shows that the bubbling pressure decrmses 
with haeasing contact angle and with increashg maximum 

pore rabius. n e  maximum -piing suction that 
applied is 100 cbar (1 atmosphere). For a hy 
material (that has an acute contact angle) the maxim 
site that will allow the application of 100 cbar of su 

contact angle) a s d e r  pore size will be required (65). & 
maximum pore sizes of presently available ceramics (that arc 
hydrophilic) used for suction lysimeters and filter tip 
plers vary from 1.2 to 3 pm (as measured by the bubbling 
pressures) (187, 45, 78'). The maximum pore s k  of 
cellulose-acetate hollow-fibem and membrane filters 
h m  less than 2.8 pm and 0.4 to 5.0 pm respectively (1,35, 
36). These pore sires rest& in maximum sampling s u c t i o ~  
near 100 cbar. Therefore, these materials wiU not allow ait to 
enter during sampling, and the limiting factors will be &e 
soil hydraulic properties The combination of soil limiting 
effects result in negligible sampling rates when porpliquid 
tensions are above 60 cbar (for coarse grained soils) to 80 
cbar (for finer grained soils) (45). At tensions above thm 
levels, inflow rates are too low to allow sampling. 

7.6.1.3 The maximum pore Sizes of presently available 
porous FTFE segments for suction lysimeters mge from 
about I5 to 30 pm (calculated from bubbling pressures) 
(29). 'fbese pore sizes allow maximum sampling suctions of 
about 10 to 21 cbar (25). The hydrophobicity of IlFE wiu 
further reduce the magnitude of the maximum sampling 
suction. Applied suctions of greater than 10 to 21 cbar (or 
less) will cause air to enter, and sampling to cease. Because a 

cbar cannot be sampled with these devices Because 
samplers, pore-liquids held at tensions greater than 

FTFE will be the limiting factor when it is used 
porous segment A consequence of the small suction range 
available to F E E  porous sections is that only very moist 
soils approaching saturation may be sampled (17). 

7.6.1.4 The silica flour pack, that has smaller port Sizes 
than PTFE, can act as an extension of the porous segment, 
and may extend the range of suctions that can be applied to 
the sampler. Everett and McMillion (45) found that the pack 
extended the suction range of earlier, larger pore size PTFE 
(70 to 90 pm) from less than 4 to 7 char. Timco (75') 
suggested that the operational range of the presently avail- 
able FTFE samplers (15 to 30 pm) can be extended from 10 
to 21 cbar to between 61 to 71 cbar when 'properly" 
installed within a silica flour peck (this has not been verified 
in peer reviewed literature). For this to be true, the silica 
flour pack must be able to remain saturated over the range of 
applied suctions. However, the results of Everett and 
McMillion (45) suggest that the bubbling pnssurc of the 
silica flour pack is only 7 cbar. Trainor (27) found that even 
ifthese samplers are 'properly" installed, air may stiU enter if 
applied suctions e x d  pore-liquid tensions by more than 
30%. Pore-liquid tensions are not always known, and 
technicians may not carefully control applied suctions. In 
addition, pressurhtion of presnrre-vacuum lfimcten for 
sample retrieval appears to damage the silica flour pack(27, 
28). Thus, depemdency on the silica flour pack to pro 

of this, suction lysimeters with PTFE porous sea 
needed suction range is an extremely limited option. 

limited to near saturated sampling and have been classified 
separately (= F% m. 

2.8 pm. For a hydrophobic material (that has an a ob- 

suction greater than 10 to 2 1 cbar cannot be applied 

m 
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7.6.1.5 Samples can be collected (using ceramic porous 
gctions) from clays with high pore-liquid tensions ( a p  
proaching 60 to 80 cbar). However, because liquid inflow 
rata arc low at higher tensions, the amount of time required 
to collect sufficient sample volumes may exceed the max- 
imum allowable holding time for many chemical analyses. 
Law (76) pointed out that when soils have liquid contents 
that allow little or-no sample collection (high pore-liquid 
tensions), there is little or no Liquid movement in the soil. 
Consequently, there will be little or no contaminant migra- 
tion. If samples of pore-liquids held at tensions above 60 to 
80 cbar are desired, soil core sampling with subsequent 
laboratory liquid extraction may be used (76). However, Law 
(76), and Brown (79) concluded that results fiom the two 
sampling methods arc not comparable. Liquid from soil core 
samples will include constituents that are held at tensions 
greater than 60 to 80 cbar and that would not be picked up 
by suction samplers. Because of this and because samples 
removed from soil cores may include some of the constitu- 
ents from the soil itself (for example, cations preferentially 
adsorbed in electrical double layers) or sorbed organics, Law 
(76) concluded that soil cores are more conservative estima- 
ton of cation contaminant presence in soil. Brown (79) 
concluded that organic contaminant concentrations derived 
from soil cores and pore-liquid samplers are not comparable 
because of preferential sorption of some compounds. Amter 
(80) developed an alternative to extraction of samples from 
soil cores. The method involves injecting a chemically blank 
fluid through an existing lysimeter. After a time, the 5uid 
(now containing dilute pore-liquid) is recovered through the 
sampler and analyzed. The results, although qualitative, were 
shown to comlate well with known relative pore-liquid 
constituent concentrations. 

7.6.1.6 Suction samplers may not intercept macropores 
because of the small size of their porous sections Because of 
this, they may miss the majority of flow at high moisture 
contents in structured soils (81). The ability to intercept this 
flow can be enhanced by installing the samplers in large 
diameter silica flour packs. However, this involves drilling 
larger holes. Because suction samplers only sample when 
suction is applied, they may miss infiltration events unless a 
constant suction is applied. Therefore, under conditions of 
high moisture content in structured soils, free drainage 
samplers are recommended (see Section 8) (81). Pore-liquid 
composition changes with time. Because suction samplers 
sample over an extended period (especiauy in drier soils), the 
resulting samp€e should be considered an average of the total 
5ux past the sampler during the sampling intervaL 

7.6.1.7 A major factor limiting the operation of shallow 
suction samplers in cold climates is that pornliquid may 
freae near the porous segments In addition, liquid may 
freae within porous segments and lines, preventing sample 
revieval and perhaps hcturhg the sampler during ice 
expansion. Because of this, lines should be emptied before 
the onset of cold weather. Additionally, some soils tend to 
heave during hezing and thawing. Consequently, the sam- 
plers may be displaced in the soil profile, resulting in a break 
of hydraulic contact (12). 

7.62 Chemical Limitarions: 
7.62.1 The inherent heterogeneities of unsaturated pore- 

liquidmovement and chemistry limit the degree to which 

samples collected with suction samplers can be considered 
representative. This is because the small cross sectional areas 
of suction samplers may not adequately integrate for spatial 
variability in liquid movement rates and chemisuy (51,82, 
83). Biggar and Nielsen (84) suggested that results of analyses 
from suction lysimeter samples are good for qd ta t ive  
comparisons, but that they cannot be used for quantitative 
analysis unless the variabilities of the parameters involved 
are established. Law (76) came to similar conclusions, stating 
that results from suction lysimeter sampling could not be 
used for quantitative mass balance studies. 

7.6.2.2 Well structured soils have two distinct flow regions 
including macropom (for example, cracks, burrows, and 
root traces) and micropom. Under saturated conditions, 
liquids move more rapidly through macropores than through 
micropores. Because of this, the movement of tiquid-borne 
pollutants into the finer pores may be limited. Consequently, 
pore-liquids in macropores may have different chemistries 
than those in micropores (85). This is enhanced by the fact 
that oxygen content in macropores can change in a matter of 
hours during an infiltration event, whereas micropores may 
remain suboxk regardless of flow conditions (75). In addi- 
tion, micropores are ley susceptible to leaching than 
macropores (1, 86, 87, 88). Because of these differences, 
sample chemistry can vary widely from location to location 
and from time to time depending on the amount of liquid 
drawn from these two flow systems. 

7.6.2.3 Suction samples may affect pore-liquid chemistry 
as it is being sampled. The major sampler related factors that 
can afTect the sample chemistry are the porous segment 
material and sample storage time. The degree of chemical 
interaction may also be affected by the amount of porous 
d o n  clogging (1). Q W n g  slows the rate of flow through 
the porous section so that contact time and chances for 
chemical interaction are increased (50). In addition, the 
types of adhesives wd to attach porous segments (for 
example, epoxy) may alter the pore-liquid chemistry. 

7.6.2.4 Intexactions between porous materials and liquid 
can include sorption, desorption, cation exchange, precipita- 
tion (for example, ferric precipitation), and screening (20). 
These interactions can also occur with all other paru of the 
samplers that the samples contact. However, the much 
higher surface area of pores within porous segments makes 
them the most critical element chemically. Table 2 presents 
the results of a literature review for porous section/pore- 
liquid interactions An attempt has been made to document 
the pertinent fatures of the listed studies. However, the 
reader should refer to the original papers to determine if 
experimental techniques are applicable to the situation of 
interest The absence of entries for a constituent relative to a 
material does not infer absence of interactions Although 
studies for membrane filter interactions have been per- 
formed, the results have not been included in Table 2. This is 
because membrane 6ltm are made from a variety of 
materials that have differing chemical charactenstl * 'cs(36). 

7.6.2.5 Suarez (89) showed that the pH of a sample may 

during sampling. He r e d u d  this m r  by reducing the 
p l i q u i d  ratio in the sampler, and by flushing severaj 
sampler volumes of soil solution through the sampler before 
collecting a h p l e .  Altemately, S u a r a  (89) developed 2 

be affeaed by 0.28 to 0.44 PH Units due to C O 2  degassing 
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model by which pH value could be corrected. He noted that 
multicharnber samplen had minimal p H  errors and that pH 

conaxions due to CO, degassing were not nassary 
and Healy (53) found that there was no significant change in 
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pH due to C02 degassing during long sampling times, 
although they recognized that pH changes could occuf when 
the solution is originally more acidic than that which they 
tested. Ransom and Smeck (90) and Anderson (75) sug- 
gested purging the sampler with N2 to preseme the subsur- 
face rcdox stats when sampling for redox dependent ions 
Fdter tip samplers do not use a purging gas, therefore, 
pore-liquid redox states arc preserved in the samples. 

7.62.6 Nightingale et al(31) indicated that normal sue 
tion sampling techniques are not suitable for sampling 
volatile organic compounds due to potential loss. Wood et al 
(91) devised a body tube connected to a purging chamber 
that is in turn connected to a trap packed with resin. 
Compounds that volatilize during sampling are captured in 
the trap. Pettyjohn et al(92) d&bed a suitable system for 
sampling highly volatile organics. However, the reported 
system was limited to a maximum sampling depth of 6 m 
and a small sample volume (5 to 10 mL). Torstcnson and 
Pasonlr (32) d c s c r i i  methods that can be used to collect 
samples with filter tip samplers that rcsult in no head space 
in the sample vial and consequently no loss of volatile 
compounds. 

7.637 A newly forming consensus is that the eff- of 

suction samplers (when properly pre-treated) on samplc 
chemistry of nondilute solutions are generally less Si& 
cant than the inherent uncertainties of sampling dixussed i: 
7.6.2.1 and 7.6.2.2 (17, 53,93). 

7.6.3 Microbial L i m i t a t i o m - V i  or bacteria ar 
sometimes monitored in areas where there are livestock lot  
leach fields, septic tanks, or sewage sludge spreading plot. 
However, it has been found that although porous ceramic 
will allow virusts to pay, they will smen out baaeria (fc 
example, escherkhia coli and fecal coliform) (12,26,94,95 

8. Free Drainage Samplers 
8.1 Fra drainage samplers are classifled differently t 

various authors, depending on the installation method 
Many €tee drainage samplers are installed in the side walls i 
trenches and are r e f d  to as trench 1ysimetCrS. Howeve 
fnt drainage Samplus are also instailed in the walls I 

vertical Caisons. The principle behind each of the sample 
is esentialiy the same. However* the maw and c o r n  
tion differ. The general types of free drainage sample 
inClUdlZ 

8.1.1 Pan Iysimeten, 
8.12 G h s  black lysimetms* 
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8.1.3 Trough lysimeters, 
8.1.4 Vacuum trough lysimeters, ' 
8. I .5 Caisson lysimeters, 
8.1.6 Wicking soil pore-liquid samplers, and 
8.1.7 Sand filled fiurnel samplers. 
8.2 Operating Principles: 
8.2.1 A free drainage sampler consists of some, sort of 

collection chamber that is placed at depth in the soil. 
Pore-liquid in excess of field capacity is free to drain through 
soil (usually through macropores) under the influence of 
gravity. This gravity drainage creates a slightly positive 
pressure at the soil-sampler interface causing fluid to drip 
into the sampler. Hence, these samplers collect liquid from 
those portions of the vadose zone that are intermittently 
saturated due to events such as rainfall, flooding, or iniga- 
tion. Some Free drainage samplers apply a small suction in 
order to break the initial surface tension at the soil-sampler 
interface. Samples are retrieved either by accessing the 
samplers at depth or by drawing samples to the surface 
through a suction line. 

8.2.2 As described in 4.2, suction samplers can also be 
used to sample free drainage flow. However, the small area of 
those samplers compared to the spacing of macropores limits 
their usefulness for this application. As described in 7.4.5.3, 
Hornby et al (66) developed an installation that includes 
pressure-vacuum lysimeters within an encased monolith. 
This enhances collection of macropore flow with these 
samplers. 

0.3 Description. 
0.3.1 Pan Lysimeters: 
8.3.1.1 A pan lysimeter generally consists of a galvanized, 

metal pan of varying dimensions. A copper tube is soldered 
to a raised edge of the pan. Plastic or vinyl tubing connects 
the copper tube to a collection vessel. Any liquid that 
accumulates on the pan drains through the tubing into the 
vessel (see Fig. 21) (26). 

8.3.2 Glass Block Lysimeters--Barbee and Brown (81) 
developed free drainage samplers made From hollow glass 
bricks. These glass bricks, that are produced for ornamental 
masonry work, have dimensions of 30 by 30 by 10 cm and 
have a capacity of 5.5 L. To build a sampler, nine holes, 0.47 
cm in diameter, are drilled along the perimeter of one of the 
square surfaces of a brick. Nylon tubing is inserted into one 
of the holes to allow for sample removal. The collecting 
surface is fitted with a fiberglass sheet to improve contact 
with the SOL Pore-liquid collection is enhanced by a raised 
lip along the edge of the surface (see Fig. 22). 

8.3.3 Trough Lysimeters: 
8.3.3.1 Trough lysimeters, also known as Ebexmayer 

lysimeters, rely on a trough or pail to collect pornliquid. In 
order for the edges of the sampler to maintain a firm contact 
with the soil, a fiberglass screen is suspended inside the 
trough. The scnen is lined with glass wool and covered with 
soil until the soil is even with the top of the trough (W). 

8.3.3.2 Morrison (1) reported a trough lysimeter in which 
two parallel metal rods an inside the trough, in contact with 
the bottom side of the screen, and bent toward the collection 
tube. Liquid tbat enters the trough migrates along these rods 
towards the collection tube in rwponsc to capillary forces 
(see Fs 23). A modification of this design consisU of a metal 
trough with a length of perforated PVC pipe mounted inside. 
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FIG. 22 Glas8BlodrLrJmeter 

The trough is filled with graded gravel so that coarse material 
is immediately adjacent to the PVC pipe and b e  sand is at 
the edges and the top of the trough. The pipe is capped at one 
end while the other end is connected to a sample container 
via a drainage tube (1). 

8.3.4 Vacuum Trough Lysimeten-Montgomery et al 
(97) described a vacuum trough lysimeter consisting of a 
metal trough equipped with two independent strings of 
ceramic pipe, each 13 mm in diameter. The design, other- 
wise $milat to trough lysimeters, allowed extra 
samples under applied suctions of up to 50 
ceramic pipes act as a vacuum system, and sam 
extracted through a suction line. 

.i% 
8.3.5 Caisson L y s i m m - A  Oison meter consists of 
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collector pipes, radiating h m  a vertical chamber (1). A 
design used by Schmidt and Qements (98) consists of a 
nearly horizontal, half-screened PVC casing (see Fg. 24). 
Schneider et al(99) designed a similar system consisting oE a 
15.2 cm diameter stainless steel tube extending diagonally 
upward through the caisson wall into the native soil; a 
rreened plate assembly within the tube to retain the soil; a 
purging system that can be used to redevelop the sampler 
when it becomes clogged; and an ahtight cap that prevents 
exchange between the air in the caisson and the soil air. 

8.3.6 Wicking Soil Pore-Liquid Samplers-Hornby et al 
(66) described a wicking sampler, alleged to combine the 
attributes of free drainage samplers and pressure-vacuum 
lysimeters The sampler collects both free drainage liquid 
and liquid held at tensions to about 4 cbar. A hanging 
'Hurnrlon" fibrous column ami as a wick to exert a tension 
on the soil pores in contact with a geotextile fiber which 
sc~es as a plate covering a 30.5 by 30.5 by 1.3 cm pan. The 
terminus of the fibrous column is sealed into the cap of a 
tubuiar sample collector. The collection tube also contains 
an inlet pressuIPvacuum line and a sample d e a i o n  tube. 
Materials for the sample collector depend on the constituents 

WATER 
CORRUGATED I STEEL PIPE 

I 
SAMPLE 

COLLECTOR 
PIPE . 

0 3 4  
being sampled. Glass and FTF€ were recommended mate- 
rials when sampling for organicS (see Fq 25) (66). 

8.3.7 Sand Filled Funnel Samplers-IC. W. Brown and 
Associates (100) discussed a sand-filled funnel for collecting 
freely draining liquid. The hnnel is filled with clean sand 
and inserted into the sidewall of a trench. The funnel is 
connected through tubing to a collection bottle. Application 
of suction to a separate collection tube p u b  the sample to 
landsurface(seeFig26).- - - - -  ~ _ _  

8.3.8 Comments-The dimensions of the free drainage 
samplers discussed are purposely left vague. Because the 
samplers collect fluid flowing primarily through macropores, 
the dimensions arc often dictated on a site-by-site bask by 
the configurations and spacings of the macropores. 

8.4 Installation Methods: 
8.4.1 Inslullation. 
8.4.1.1 Free drainage samplers are commonly installed 

into the side walls of trenches or Caissons. The trenches CSLI] 
be dug either by hand or with backhoes But they should be 
stabilized with timbers and siding if deeper than 1.5 m, in 
order to allow safe access (26) (see Occupational Health and 
safety Administration Regulations). All wood used in the 
construction of permanent trenches should be treated with 
preservatives to protect it against degradation due to semi- 
saturated conditions. This may pose a problem when moni- 
toring for organics. Any spaces between the bare trench side 
walls and the siding are 6Ued with soil and peagravel to allow 
for free drainage. The excavations should be covered to 
provide positive surface drainage away from the ara Some 
h e  drainage samplers require only temporary excavations 
for installation. After the samplers have been installed, the 
excavations are bacldilled with native soil 

8.4.1.2 Caissons for housing fkc drahagc samplers are 
constructed with cormgated culverts or concrete dminage 
pipes Schneider and Oaksford (101) instaUed caissons by 
excaviting soil from within a concrete pipe using a crane 
operated shovel and manual labor. Each concrete pipe 
section, weighing 222.5 kN (25 tons), was set in place with a 
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crane. As excavation inside the pipe progesed, the pipe 
advanced downward under iu own weight. 

8.4.1.3 Pan Lysimeters-A pan IySimeter can often be 
pushed or dxiven directly into the side wall of a trench. 
However, if the soil is mistant, an opening for the sampler 
can be created by hammering a sheet metal blade into the 
soil profile with a sledge hammer. The pan is placed in the 
side wall so that it slopes gently toward the trench. Any voids 
above or below the pan are filled with soil (26). The end of 
the copper tubing is allowed to project through the trench 
siding and is connected to plastic tubing and a sample bortle 
(set Fig. 27). 

8.4.1.4 Glass Block Lysimeters-A @as block lysimeter is 
installed in a cawity that is excavated in the side of a trench. 
Barbee and Brown (81) used a wooden model of the sampler 
in order to achieve the correct cavity Size during excavation. 
They used a smaU knife to score the ceiling of the cavity in 
order to expose any pores that may have been smeared shut 
during excavation. Care should be taken to keep the ceiling 
of the cavity smooth and level so that liquids will not run off 
the upper surface of the glass block Jordan (%) found that 
the edges of the sampler had to be in contact with the soil for 
the e n t k  perimeter of the sampler in order to prevent liquid 
!?om running out through any spaces between the soil and 
the sampler. Level blocks are important so that the majority 
of the collected sample can be retrieved. However, the inside 
glass surface is uneven and has 'low spots" where residual 
sample collects between sampling cycles The glass block is 
pushed to the end of the cavity and wedges are used to hold 
its collecting surface firmly against the ceiling of the tunnel. 
Both the cavity and trench are paaially backfilled. Barbee 
and Brown (81) recommend pressing a sheet of aluminum 
foil against the wall of the trench, extending below the top of 
the brick, before hnal backfilling in order to minimitr any 
lateral migration of liquid from the disturbed portion of the 
soil protile to the undimrbed portion (see Fs 28). It should 
be noted that aluminum foil is o h  coated with oil 

8.4.1.5 Trough Lysimeters-Trough lysimetcn are in- 
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FIG 27 Example of Pan Lyaimem Malhtkrr  

stalled in the Same manner as glass block lysimeters 
28). 

8.4.1.6 Vacuum Trough Lysimeters-The vacuum trough 
lysimeter demibed by Montgomery et al(97) is housed in a 
box-like structure, with four walls and a floor, but no 
The floor of the structure and the lower portions of the w& 
are made o f  steel. The upper portions of the walls art 
composed of fiberglass coated plywood. A slotted, plastic 
drain pipe is set 20 mm above the noor of the structure and 
is surrounded by gravel. 'Ihe soil prome surrounding the 
trough lysimeter is reconstructed incrementally in an at- 
tempt to recreate natural conditions The structure is filled 
with soil in increments of 0.5 m or less. After each increment 
is added, liquid is piped slowly into the structure through the 
drain pipe and allowed to drain back out for 24 h before the 
next increment is added. This working of the soil particles by 
liquid is believed to produce bulk densities that are f a y  
representative of the undisturbed conditions However, soil 
mac~porcs are not reproduced. 

8.4.1.7 Caisson Lysimeters-Lateral collectors or free 
drainage samplers are installed in cavities augered by hand or 
by powerdxivm equipment through holes in the caisson 
walls (see fig. 24). 

8.4.1.8 W&ng Soil Pore-Liquid Samplers-These units 
are installed by the trench and cavity method similar to that 
for glass block lysimeten (66). A backhoe excava 

of the trench to the dimensions of the sampler. The 
the cavity is sometimes scarified (depending on the soil Q trench to the desired depth. A cavity is then dug into 

to remove smearing caused during excavation. The sampler 
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is then forced tightly into place to ensure good conuct with 
the roof of the cavity. The cavity is large enough to 
accommodate the sampler, the hanging wick and the collec- 
tion tube. The pressure-vacuum line and the sample collec- 
tion line are extended to the surface. During backfiung of 
the tunnel and trench, the bulk density of the fill should be 
equal to or greater than the native soil. 

8.4.1.9 Sand Filled Funnel Samplers-The installation 
procedure for these samplers is similar to that used for glass 
block lysimeters (see Fig. 26). 

0.4.2 Mainrenance: 
8.4.2.1 Where samplers are accessed through permanent 

trenches and caissons, the sampling station must be p m  
tected against flooding due to e x d v e  infiltration. Parirek 
and Lane (26) drilled a floor drain about 27 m through 
underlying soil into the unsaturated bedrock. Thk allowed 
drainage of excess liquid fiom the floor of the sampling 
trench, and also decreased the chances of contamination of 
soil surrounding the stnrcture. Alternately, a sump pump can 
be used if a drain is not feasible. Parizek and Lane (26) also 

liquid, thus aggravating any flooding problems. They con- 
cluded that flooding may be a problem in humid areas where 
more than about 5 cm of liquid per week is applied to the 
land surface. 

8.4.2.2 The ground surface above the sampler should be 
maintained in a fairfy representative state. Large housings 
and excessive d c  around the sampler (causing compac- 
tion of the soil) wil l  reduce the amount of infiltration in that 
ana This will affect the representativeness of the pore-liquid 
samples 

found that stratified SO* intensified lateral flow Of pore- 

8.4.3 CommentS--A Significant ad=* Of ~ a m p l m  

maierial may'te required.  his disturbs 
macropores are not preserved (97). 
~- 8.5 Operaion: 

8.5.1 Merhodr:-- 

soil 

__ 

protile and 

~ _ _ _ _  

8.5.1.1 Since pore-liquid flows into Free drainage samples 
under the influence of gravity, sampling is a relatively simple 
procedure. Liquid accumulates in the collection device and 
then drains through tubing- into a sample bottle. The sample 
can be reuieved either through a& to the sampling trench - 
or by pulling it to the surface by a suction pump. The 
wicking pore-liquid sampler allows the application of a slight 
suction (4 cbar) to improve sampling. However, this design 
also has a tendency to clog. 

8.5.1.2 Jordan (96) found that surface tension develops in 
trough lysimeters at the soil-air interface and prevents some 
of the liquid from entering thz collector. Cole (41) addressed 
this problem by inserting an aluminum oxide disc between 
the soil and the collection surface, and then applying suction 
to break the surface tension and draw liquid out of the soil. 
The problem with this approach is that it requires the soil 
adjacent to the aluminum oxide disc to be free of roots, 
cracks, and channels (96). The two parallel rods included in 
the trough lysimeter design overcome this problem. If one 
end of the metal rod touches the fiberglass screen, then the 
surface film of liquid surrounds the rod and the liquid moves 
down the rod toward the sample container. Two rods, barely 
touching, facilitate this migration by allowing the liquid to 
move in response to the capillary forces between them (W). 

8.5.2 Commenrs-Under near saturated conditions With 
macropore flow, €ree drainage samplers tend to collect larger 

.and more consistent samples than suction samplers. Since 
free drainage samplers are continuous samplers, they need to 
be emptied aAer each idltration event in order to ensue 
sample integrity, to prevent sample container overtlows, and 
to prevent cross contamination between hydrologic events 
(1 2). 

8.6 Advanfages and Limitaionc 
8.6.1 Physical Advantages and Limi!ations--A major ad- 

vantage of free drainage samplers is that they are essentially 
passive, thus they do not alter p o d q u i d  flow paths. The 
major disadvantage of frec drainage samplers is that samples 
can only be obtained when soil moisture conditions are in 
exass of field capacity. Such saturated conditions usually 
requirt constant application of surface liquid, as in the case 
of agricultural figation or at land treatment sites Under 
drier conditions, free drainage samplers fail to yield any 
liquid and suction samplers are required. 

8.6.2 Chemical Advunlaga and Limitalions: 
8.6.2.1 There are both advantages and disadvantages to 

Using fkc drainage samplers to collect pore-liquid for chem- 
ical analysis. A major advantage is that the samplers do not 
distort natural flow patterns as do suction samplers Because 
samples arc collected over known areas, quantitative mass 
balance estimates are possible. Because the samplers arc 
continuous coRectors, infiltration events can bc sampled 
without having to go to the field. The major limitation of free 
drainage samplers is that they cannot sample pore-liquids 
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held at tensions greater than the field capacity. As with all 

collected from pan lysimeters should not be analped for 
copper or zinc, particulariy ifthe pH of the collected fluid is 
below seven. 

8.6.2.2 Free drainage samplers tend to collect pore-liquids 
that drain rapidly through macropores. Since the residence 
time of this liquid is less than that of liquid moving under 
tension, the major ion chemistry appears more dilute than 
the fluid sampled from unsaturated pores with suction 
samplers. In some cases, this decrease in residence time in 
combination with other factors can result in an actual change 
in the chemical signature rather than just an overall dilution. 
This is because insufficient time may be available for 
reactions to occur with soil components that act as chemical 
sources or sinks (102). However, free drainage samplers have 
large cross-sectional areas and they are cumulative collectors. 
As a result, they collect samples which average soil heteroge- 
neities and therefore give a more representative picture than 
suction samples of chemical movement through wet soil, 
particularly through well-structured soils (81). In addition, 
the samplers use suction only to retrieve samples As a result 
there is less potential for lass of volatile compounds than 
with suction samplers (12). . 

8.6.3 Microbial Advantages and Limitations-Since free 
drainage samplers do not have the minute openings that 
porous ceramic suction samplers have, they do not screen 
out colloidal-sized particles and soil bacteria. Consequently, 
they yield more representative values for suspended solids or 
BOD measurements (26). 

1 samplers, analytical parametexs/sampler material compati- 
bilities should be considered. As an example, samples 

t 
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9. Perched Ground Water Samplers 
9.1 Perched water occurs where varying permeability 

layers in the vadose zone retard downward movement of 
liquid. Over time, liquid collects above lower permeability 
layers and moisture contents rise until the soil becomes 
saturated with liquid (9,103). Once soil becomes saturated, 
wells and other devices normally installed below the water 
table can be used to collect samples. Separate guides are 
available for ground water sampling, therefore, the topics are 
covered briefly, with reference to appropriate documents 

9.2 Sampling perched liquid is attractive because the 
perching layer collects liquid over a large area This integra- 
tion allows samples to be more representative of areal 
conditions than suction samples (103). This also allows the 
sampler to potentially detect contaminants that may not be 
moving downward immediately adjacent to the sampler. In 
addition, larger sample volumes can be collected than those 
that can be obtained by suction samplers. Everett ct al(6) 
and Everett et al (9 )  discussed the incorporation of perched 
ground water sampling into monitoring programs. There are 
a variety of systems that can be used. These include the 
following 

9.2.1 Point samplers, 
92.2 We&, 
92.3 Cascading water samplers, and 
9.2.4 Drainage samplers. 
9.3 operating Principles: 
9.3.1 Point Sumpiem-Point samplers are open ended 

screened intervals, installed for the purpose of c o l l a ,  
samples from a discrete location in saturated mate 
Samples are collected by bringing liquid that flows free1 
the device to the surface by one of a variety of meth 

sampler except the screened interval is longer. Therefore, 
samples are averaged over the screened length (104). Sample 
are collected by bringing liquid that flows freely into the weu 
to the surface by one of a variety of methods. 

9.3.3 Cascading Water Sarnplers-cascading water w- 
curs when a well is xreened a r n s  a perched layer and the 
underlying water table or when water leaks through casing 
joints at the perched layer. Because the water table is low- 
than the perched layer, water flows into the well in the 
portion open to the perched layer, and cascades downward to 
the water table. This situation is common in some a r a  
where the practice has been to install water wells with large 
screened intervals (105). Samples are collected by capturing 
liquid flowing into the well from the perched layer before it 
cascades down to the water table. 

9.3.4 Drainage Samplers-Shallow perched systems may 
spread contamination, cause problems with structures, or 
interfere with agriculture. Therefore, drainage systems are 
sometimes installed. These systems usually funnel liquid via 
gravity flow to a ditch or sump from which it is pumped out  
This outflow can be sampled. Typical drainage systems 
include tile lines or manifold collectors. Depending on the 
design of the system, it may be possible to sample outflows 

$ 

9.3.2 Wells-A monitoring well is similar to a a! 

that drain different areas. 
9.4 Description: 
9.4.1 Point Samplers: 
9.4.1.1 Point samplers can be installed in se 

boreholes or clustered together in one borehole at different 
depths. Fig. 29 presents different configurations that have 
been used. Piezometers, that are often used as point sam- 
plers, are similar to wells, in that they consist of a small 
diameter casing open at one end or connected to a short 
screened interval (106). Reeve (107), Patton and Smith (108) 
and Morrison (1) discussed merent  designs. 

9.4.1.2 Point samplers can be made from a variety of 
materials including steel, PVC, PTFE, ABS, fiberglass, and 
additional materials for joints, seals and other components 
(106, 107). 

9.4.2 Wells: 

PACKER 

SHORT 
SCREENED 
INTERVAL 

pipes or tubes, such as piezometers or wells with short -2s  -0fPdntSunpenOSy- 
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9.4.2.1 Monitoring wells (as depth averaged samplers) are 

normally installed with one well in each borehole. Compo- 
nents of a well generally include a bottom plug, a length of 
green, a length of blank casing, a cap, and a protective 
aver. Different monitoring well designs are presented in 
Figs M, 31, and 32. Authors who described methods for 

- designing and installing monitoring wells include U.S. EPA 
(109). Driscoll (110). Gas ( l l l ) ,  Keely (112),-Minning 
(113). Richter and Collentine (114). Eggs (11% Riggs and 
Hatheway (116), Wet al(117). Morrison (1). Everett et al 
(S), Campbell and Lehr (1 18). Hackett (1 19, 120) summa- 
&d methods for designing and installing monitoring wells 
with hollow stem augers. Screened hollow stem augers can 
also be used as temporary wells for sampling (Taylor and 
sed=¶ (121)). 

9.4.2.2 Monitoring wells can be made from a variety of 
materials including steel, PVC, PTFE, ABS, fiberglay and 
additional materials for joints. seals, and other components. 
Details are provided by Barcelona et a l  (122), U.S. EPA 
(109). Morrison (1) and many of the references listed above. 

9.4.3 Camding Water Samplers: 
9.4.3.1 Casding water is most often seen in production 

wells in areas with extensive ground water pumpage. Sam- 
plers simply consist of a bucket or bailer lowered to a point 
below the inflow of ascadkg water. Wilson and Schmidt 
(103) described methods for developing cascading water 
samplers (see FG 33). 

9.4.3.2 C a s d h g  wells differ from other wells only by the 
way in which water flows into them. Otherwise, the materials 
used for these wells are identical to those used for other types 
of wells. Bailers or buckets used to collect samples are also 
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available in steel, PVC, Fl'FE, acrylic and other materials 
9.4.4 Drainage Sampiers: 
9.4.4.1 Ixainagc qaems consist of conduits installed 

within the pezched zone at Sumcient slopes for water to flow 
toa central ditch or drain. The conduits can be tile drains, 
half perforated pipes, synth&c sheeting, or even l aps  of 
gravel and sand. schiugaarde ai. (123, contains numerous 
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papers on the design and construction of drainage systems. 
Donnan and Schwab (124) d&bed sampling from agricul- 
tural drainage systems. Gilliam et al (125), Gambrell et al 
'(126), Eccles and Gruenberg (127) and Gilliam et al (128) 
described sampling from tile drains. Gilliam et al(125) and 
Jacobs and Gilliam (129) described sampling from drainage 
ditches. Wilson and Small (130) described a lateral drain 
sampler installed beneath a new sanitary landfdl. A perfs 
rated pipe collected liquid that was funneled to a sump via a 
drain line. In most of these systems, a thin layer of high 
permeability SaDd or gavel is installed around the drain to 
promote flow into the collector, and to sieve out fine 
materials. 

9.4.4.2 Because drainage systems often require large 
quantities of matenals, less exotic, cheaper materials such as 
baked clay tiles and PVC are often used. 

9.4.5 Commms-As with all samplers, potential chem- 
ical interaction beween the sampler material and the con- 
stituents of interest should be considered. Because these 
samplers are usually installed for other purposes, incompat- 
ibility of materials with monitoring objectives is often a 
problem. Everett et al(9), Dunlap (131), and U.S. EPA (109) 
discussed this topic. 

9.5 Inslalhion Methods: 
9.5.1 Point Samplers-Reeve (107), Patton and Smith 

(108), and Morrison (1) dimssed p&ures for installing 
and maintaining point samplers 

9.5.2 WelLs-Most of the references listed in 9.4.2.1 
describe methods for installing monitoring w e k  

9.5.3 Cascading Water Samplers-Whn and Schmidt 
(103) discussed methods for installing cascading water sam- 
plers. 

9.5.4 Drainage Samplers-Schjlf"de ed. (123) contains 
articles that dixussed installation of agricultural drainage 
systems. Associated hazards and costs often prohibit the 
installation of these systems at existing landfills. As a result, 
inclusion of thesc systems, as leachate coUectors, in new 
land!% is more common. Everett et al (9) dixussed 
methods for installing drainage sampling systems at haz- 
ardous waste site. 

9.6 Opemion. 
9.6.1 Point Samplers-Point samplers us&y haw 

pumps. As a result, suction methods are usually req 
Sampling techniques are described in Pickens et al (1 
Reeve (107), Patton and Smith (108) and Morrison (1). ' 

9.6.2 IVelLr-Samples may be retrieved from wells in 
same manner as from piezometen. However, because wells 
are designed for sampling or pumpage, diameters arc wy 
large enough to accommodate most pumps. Samples cap be 
brought to the surface by a variety of systems includiag 
bailers, suction pumps (for example, peristaltic pumps), air 
lift pumps, piston pumps, submersible pumps and Swabbing 
Each of these methods have advantages and disadvan- 
relating to considerations such as depth to water, r e q h  
sample volume. sampling speed, alteration of the sample 
chemistry, equipment requirements, manpower require- 
ments, and cost. These considerations were discus& by 
Everen et al(9), Fenn et al(132). Gibb et al(133), U.S. EPA 
(109), Dunlap et al(131). Driscoll(llO), and Anderson (75). 
Sampling methods were described in most of the references 
of 9.4.2.1. As described in 9.3.2, samples from wells 
averaged over the screened interval. However, samples &om 
discrete depths along the screened interval can also be 
obtained using packer-pump setups such as those described 
by Fenn et al(132). 

9.6.3 Cascading Water Samplers: 
9.6.3.1 Wilson and Schmidt (103) described techniques 

for sampling from cascading wells. A bailer or bucket is 

below the cascading water but above the water table. 
the sampler is full, it is pulled back to the surface. "I) 
decontaminated and then lowered to a position in 

nately, as shown in Fig. 33, the chemistry of the water table 
immediately around a well that has been shut down will be 
dominated by the cascading water. Therefore, a sample can 
also be collected from the water table during the initial stages 
of pumping. 

9.6.3.2 Cascading wells are usually production wells in 
which drawdown has lowered the water table sufficiently to 
cause cascading. Because of this, there is usually a pump 
installed in the well that will prevent access for sampling 
However, the pumps are periodically removed for mainte- 
nance. Therefore, it should be possible to coordinate sam- 
pling uith pump maintenance personnel. 

9.6.4 Drainage Samplers-Samples may be collected 
where tile lines or drainage pipes discharge to ditches or 
sumps (lU,126,127,lt8,129,130). Wdardson et al(134) 
described a 'flow-path ground water sampler" that allows 
collection of water following different flowpaths along a tile 
drainage system. 

9.1 Limitations: 
9.7.1 Perched water systems can be difficult to find and 

delineate. Surface and borehole geophysical methods (for 
example, neutron logging) and video logging of existing wells 
are often used. Also, perched systems tend to be ephemeral. 
Thmfo- suctions samplers an sometimes required as 

eten that are too small to allow the w of sub *I 
. 

9.1.2 Point Samplers-The major problem wi 
backups. 

sampling systems is that their diameters are often 
to dow-&uate development after installation or to G w  
sampling by any method other than suction. Because the 
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maximum suction litt of water is about 7.5 m, this is the 
maximum sampling depth for many of the small diameters 
systems. Systems such as those depicted in fig. 29 require 
rieht contact with the surroundinn material to prevent side 

seated in a galvanized iron trough. The trough is pressed 
against a soil surface with a Series of lever hinges (135). 

10.2.2 The second absorbent sampler design consists of 
tapered ceramic rods that are driven into soil (136). The rods 

T&ge of liquid. Depending on' the materid, this tight 
antact may not be achievable (9). 

9.7.3 Wells-Wells provide samples that are averaged 
over the screened interval. As a result, when contaminants 
are detected, packer-pump arrangements must be used if 
zonation of the contaminants is to be delineated. When 
separate phases of water-immiscible fluid (for example, oil) 
are found floating in the well, it is dimcult to obtain samples 
of the underlying water without contamination from the 
overlying fluid. As with all samplers, care should be taken to 
ensure that materials used to construct a well are compatible 
with the chemical analyses to be performed. 

9.7.4 Carcading Water Samplers-Cascading water may 
enter a well from several distinct perched systems (103). As a 
result, the sample may be a mixture of water from several 
depths. Cascading water is most often sampled from pre- 
existing wells used for other purposes. As a result, materials 
used in the well construction may alter those chemical 
constituents of interest. Wells used for irrigation and water 
supply often have lubricant oils from the pump 5oating in 
them. With fluctuating water levels, these oils become 
smeared along the casing, and may even move out into the 
surrounding soils. Therefore, traces of these oils may appear 
in samples. 

9.7.5 Drainage Samplers-Because of the limitations of 
excavation equipment, drainage samplers are limited to 
shallow depths. In addition. the systems are d i f f d t  to install 
in rocky or steep terrains. In areas that experience freeze- 
thaw cycles, they may be damaged by soil heaving (9). 
Drainage systems are often suxeptible to clogging over time 
as fine particles and chemically precipitated material aax-  
mulate on the drain openings. Collected samples may or may 
not be representative of average conditions, depending on 
the disuibution of soil types and contaminants in the drained 
area If the area of contamination is small compared to the 
drained area, dilution may prevent the detection of contam- 
inants In addition, pollutants that are heavier than water 
may move below the drain if it is not located at the bottom 
of the perched zone. As with all samplers, there is the 
possibility of chemical interaction between the sampling 
system and the chemical constituents of interest In the case 
of drainage sampling systems, this effect is amplified as 
contaminants may have to travel considexable distances 
through drains before being sampled- In addition, normally 
non-aerated solutions may be aerated and chemically altered 
as they travel through drains. 

10. Experimental Absorptioa Samplers 
10.1 Operating AincipleS-Absorbent samplers depend 

on the ability of the matcxial to absorb pornliquid (1). 
Samples are collected by placing the sampler in contact with 
soil. Liquid is allowed to absorb into the sampler material 
over time. The sampler is then removed, and the sample 
liquid is extracted for analyses. 

102 Desmption. 
102.1 Two designs have been described. The first design 

includes a allulasenylon sponge (0.5 by 4.8 by 30 cm) 

& made from unglazed ceramic similar to that used as the 
porous segments of suction samplers. 

10.3 Installatiotr 
10.3.1 Pre-Installation: _ _  
10.3.1.1 Sponge samplers are prepared by soaking them-- 

for 24 h in a 1 to 5 % NaOH solution containing a washing 
powder, Tadros and McGarity (135). Sponges are then 
pressed dry using rollers. stored in a moisture tight container, 
and taken to the field. 

10.3.1.2 Ceramic rod samplers are weighed, boiled in 
distilled water, oven dried, and stored in a desiccator. The 
rods are weighed again and then taken to the field. 

10.3.2 Installation: 
10.3.2.1 A sponge is placed in the sampling trough. The 

trough is then placed in a horizontal cavity cut into the side 
of a trench. The trough is then pressed against the cavlty 
ceiling with the lever hinges. 

10.3.2.2 A ceramic rod sampler is installed by simply 
driving it into the soil. 

10.3.3 Maintenance: 
10.3.3.1 The only field maintenance required for sponge 

samplers is the preservation of the sampling mnch if future 
sampling is desired at that location. 

10.3.3.2 There is no field maintenance for ceramic rod 
samplers as they are completely removed to retrieve the 
samples. 

10.3.4 Comments-Theoretically, there is DO maximum 
installation depth for sponge samplers. However, because 
acceSS trenches are required for operation, installations are 
restricted to shallow depths dictated by excavation equip 
ment and safety considerations. Given the NaOH treatment 
(without rinsing) of the sponge, measurements of pH, 
conductivity, TDS, metals and major cations and anions 
might be affected by the residual NaOH. Depending on the 
composition of the 'washing powder", phosphate, BOD, and 
MBAS might also be atfeaed. 

10.3.4.1 Ceramic rod samplers will have maximum instal- 
lation depths if pushed or driven from the surface. This 
maximum depth will generally decrease with increasing soil 
grain size. However, deeper installations can be achieved by 
drilling to the top of the interval to be sampled, lowering a 
rod down the hole and pushing or driving the rod into the 
sampling interval (136). 

10.4 Operation- 
10.4.1 Methods: 
10.4.1.1 Sponge samplers are p d  aaainst the soil until 

a sufficient volume of liquid for planned analyses has been 
absorbed. The sampler is then removed and the sponge is 
placed in a moist= proof container. The sample is extracted 
fiom the sponge with rollen 

10.4.1.2 Ceramic rod samplers are pushed or driven into 
the soil and left in place for a period of time. The rods are 
then withdrawn, and weighed. Tbc rods arc leached by 
boiling in a known volume of distilled water. This solution is 
then analyzed. The concentrations of constituents m the 
original pore-liquid are estimated by Using the ratio of the 
volume of absorbed water to the volume of the boiling water. 
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10.42 Comments-The amount of liquid that can be 
sampled is dependent on time, soil type, moisture content, 
absorbency of the sampler material, volume of the absorbent 
material, and surface area of the absorbent material in 
contact with the soil. Generally, sponge samplers function 
only at higher moisture contents approaching saturation (1). 
Shimshi (136) used ceramic rod samplers to sample from a 
sandy loam with moisture contents varying from 7 to 20 %. 

10.5 Limitarions: 
10.5.1 Physically, absorbent methods are limited to soils 

approaching saturation. Sampling requires removal of the 
absorbent material. Because of this, repeat sampling at the 
same location is difficult. Although the sampler may be 

.placed ,back at its original location, identical hydraulic 
contact with the soil cannot be guaranteed. 

10.5.2 Chemically, as with other samplers, there are 
problems with absorption, desorption, precipitation, cation 

exchange. and screening of various porpliquid componw 

(135) discussed these concerns in relation to sponge 
as a function of the sampler maurials. Tadros and M 

plers. Shimshi (136) provided a good discussion o 
limitations of sampling for nitrate with ceramic 
plers. Specifically, he found that at lower moisture contests, 
sampled solutions became less representative due to vapor 
transfer and chromatographic separation. However, he mg- 
gested that these effects could be reduced by increasing the 
length of the rod insertion period. Clearly, boiling will affect 
analyses for organia, BOD, COD, NH,, and some other 
species of nitrogen, among others. 

4 

11. Keywords 
11.1 pore fluids, pressure vacuum lysimem, soil m o b  

ture; soil watw, suction lysimeters: unsaturated; vadose zone 
sampling 

APPENDM 

(Tionmandatory Information) 

X1. DESCRWTIONS OF TERMS SPECIFIC TO THIS STAMlARD 

X 1.1 air entry vulue-the applied suction at which water 
menisci of the porous segment of a suction sampler break 
down, and air enters. 

X 1.2 bubbling pressure-the applied air pressure at which 
water menisci of the porous segment of a suction sampler 
break down, and air exits. 

XI3  cascading wuter-perched ground water that enters 
a well casing via cracks or uncovered perforations, trickling, 
or pouring down the inside of the casing 

X 1.4 cution exchange cupacity (CEC-the total capacity 
of a porous system to adsorb cations from a solution. 

Xl.5 hydraulic gradient-the change in total hydraulic 
bead of water per unit distance of flow. 

X 1.6 hydrophobicity-the property that defines a material 
as being water repellent. Water exhiiits an obtuse contact 
angle with hydrophobic materials. 

X 1.7 hydropheficity-the property that defines a material 
as attracting water. Water exhibits an acute contact angle 
with hydrophilic materials 

X 1.8 fysimeter-a device to measure the quantity or rate 
of water movement through a block of soil, usually undis- 
turbed or in-situ; or to collect such percolated water for 
@Y= 

X1.9 macropore-interaggregate cavities that serve as the 
principal avenues for the infilmtion and drainage of water 
and for aeration. 

X1.10 matric potential-the energy required to extract 
water fkom a soil against the capillary and adsorptive forces 
of the soil matrix. 

X 1.1 1 matric suction-for i s o t h e d  soil systems, matric 
suction is the pressure difference across a membrane sepa- 
rating soil solution, in-place, h m  the same bulk (see 
soil-water prrssun). 

XI. 12 micropore-ininuaaggregate capiuarits responsible 
for the retention of water and solutes. 

X 1.13 percolution-the movement of water through the 
vadose zone, in contrast to infiltration at the land surface 
and recharge across a water table. 

X1.14 pore-liquid-Liquid that occupies an open 
between solid soil particles. Within this guide, pore-liq 
limited to aqueous pore-liquid; that includes water an 
SaiUtCS. 

X 1.1 5 pore-liquid tension-see mutric-suction or soil- 
wafer pressure. 

X1.16 pressure head-the head of water at a point in a 
porous system; negative for unsaturated systems, positive for 
saturated systems. Quantitatively, it is the water pressure 
divided by the specific weight of water. 

X1.17 Richard’s outflow principfe-the principle that 
states that pore-liquid will not generally flow into an air-filled 
cavity (at atmospheric pressure) in unsaturated soil. 

X 1.18 soif-waer pressure-the presswe on the water in a 
soil-water system, as measured by a piezometer for a 
saturated soil, or by a tensiometer for an unsaturated soil. 

X1.19 tmiometer-a device for measuring soil-water 
matric potential (or tension or suction) of water in soil 
in-Situ; a porous, permeable ceramic cup connected through 
a water filled tube to a pressure measuring device. 

X 1.20 total soil-water potential-the sum of the energy- 
related components of a soil-water system; for example, the 
sum of the gravitational, matric and osmotic potentials. 

X 1.2 1 tremie method-the method whereby materials are 
emplaced in the bottom of a borehole with a small diameter 
Pipe. 

XI22 vucuum-a degree of rarefaction below atme 

XI23 V&se z o e t h e  hydrogeological region 
spheric pressure: n@ve pressure. 

tending fkom the soil surface to the top of the principle 
table; commonly refared to as the ”unsaturated zone” or 
yzone of aeration”. These aiternate names are inadequate as 

m 

-. 
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do not take into m u n t  locally saturated regions above 

principle water table (for example, perched water zones). 
1.24 water conteru-the amount of water stored within 

a porous matrix, expressed as a volume (volume per 
unit volume) or a mas  (mass per unit mass) of a given solid. 
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Soil Sampling from the Vadose Zone' 

1. scow 
1.1 This guide addresses procedures that may be used for 

obtaining soil samples from the vadose zone (unsaturated 
zone). Samples can be collected for a variety of reasons 
including the following 

1.1.1 Stratigraphic description, 
1.1.2 Hydraulic conductivity testin& 
1.1.3 Moisture content measurement, 
1.1.4 Moisture release curve construction, 
1.1.5 Geotechnical testing, 
1.1.6 Soilgas analyses, 
1.1.7 Microorganism exuaction, or 

. 1.1.8 Pore liquid and soils chemical analyses 
12 This guide focuses on methods that provide soil 

samples for chemical analyses of the soil or contained liquids 
or contaminants. However, comments on how methods m a y  
be modified for other objectives are included. 
1.3 This guide does not describe sampling methdds for 
ed deposits and rocks (for example, sandstone, shale, 
granite). 

1.4 In general, it is prudent to perform all field work with 
at least two people present. This inaeases safety and 
faeilitates efficient data collection. ' 

regarded as the standard. The SI units given in parentheses 
arc for information only. 
1.6 This standard does not-purpoa to d r e s s  all of the 

problems, f any, cLssoci(lted with its use. It is the 
rwm'bility ofthe wer of this standard to establish appre 
pn'me saf2ty and health practices and determine. the applica- 
bditj of regulatory limitations prior to we. . 

. 

P 
15 The values stated in inch-wund Units are to be 

o:..Fluids2 . . -  -. 
Dl452 practia for Soil Invedgati~n and sampling by 

D 1586 Method for Penetration Test and Split-Barrel 

D 1587 Method for Thin-Walled Tube Sampling of Soils2 
D 2488 Practice for Description and Identification of Soils 

D2607 Classification of Pea& Moses, Humus, and R e  

D 3550 Method for Ring-Lined Barrel Sampling of Soils? 
D4083 Practice for Description of Frozen Soils (Visual- 

D4220 Practice for h s e r v h g  and Transporting Soil 

sampling of Sow 

(Vii-ManUal procedure)2 

lated Roducts2 

Manualprocedure)2 

samples' 
3. Terminology 
3.1 Definitions: 
3.1.1 Except where noted, all terms and symbols in this 

guide are in accordance with the following publications. In 
order of consideration they an: 
3.1.1.1 Terminology D 653. 
3.1.1.2 Compilation of ASTM Standard Terminology,' 

and 
3.1.1.3 Webster's New Collegiate Didionary.4 
3-12 For definitions and classifications of soil related 

tcnns used, refer to Practice D2488 and T&ology 
D 653. Additional terms that require cMcation are defined 
in 3.2. 
3.2 Dacriptions of Terms Spec$c to This Standard 
3.2.1 CllsCcLding water-perched ground water that enters 

a well casing via cracks or uncovered perforations, trickling, 
or pouring down the inside of the casing. 
323 sludge-a water charged sedimentaxy deposit. 
3.22.1 Discussion-TL.e water-formed sedimentaxy de- 

posit may include all suspended solids carried by the water 
and trace elements that wffe in solution in the water. sludge 
usually does not where diciently to retain its physical 
shape when mechanical means are used to remove it h m  
the surface on which it deposits, but it may be baked in place 
andbeadherent. 

4. Summary of Guide 
4.1 sampling vadose zone soil involves inSemng into the 

ground a device that retains and cecovers a sample. Devices 
and systems for vadose zone sampling are divided into two 

conjunction with hand operated devi- and samplers used 

, .  
. .  

general g r 0 U ~  namely the followiag samplcn uscd in 

3 CumpWm q f M  3a&d Tamindogy. sirth ASCM. 1916, 
h SI, phit PA 19103.1986. 

W&'s Ncv cdlgimc Diaionmy. Fifth -. 19ll. 
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in conjunction with multipurpose or auger drill xigs. This 
guide discusses these groups and their associated practices. 

4.2 'Ihe discussion of each device is oqanbd into three 
sections, d d b i n g  the device, describing sampling methods, 
and limitations and advantages of its use. 

4.3 This guide identifies and demibes a number of 
sampling methods and samplen. It is advisable to consult 
available site-specific geological and hydrological data to 
assist in determining the sampling method and sampler best 
suited for a specific projen It is also advisable to contact a 
local firm providing the services required as not all Sampling 
and drilling methods described in this guide are available 
nationwide. 

5. SigniGcanceandUse 
5.1 Chemical analyses of liquids, solids, and gases from 

the vadose zone can provide information on the presence, 
possiile source, migration route, and physicalchemical be- 
havior of contaminan ts. Remedial or mitigating measures 
can be formulated based on this information. This guide 
descn'bes devices and procedures that can be used to obtain 
vadose zone soil samples. 

5.2 Soil sampling is useful for the reasons presented in 
Section 1. However, it should be recogwed that the general 
method is destructive, and that resampling at an exact 
location is not possible. Therefore, if a long term monitoring 
program is being designed, other methods for obtaining 
samples should be consi&xgxi. 

6. ateria for Selecting Soil Samplers 
6.1 Important criteria to consider when selecting devices 

for vadose zone soil sampling include the following 
6.1.1 Type of sample: An encased core sample, an 

u~cased core sample, a depth-specific representative sample, 
or a sample according to requirements of the analyses, 

6.1.2 Sample size requitemen& 
6.1.3 Suitability for sampling various soil types, 
6.1.4 Maximum sampiing depth, 

c .- 

6.1.5 Suitability for sampling SO& under various m o b  

6.1.6 Ability to minimitl? cross contamhation, 
6.1.7 Accessibility to the sampling site, and 
6.1.8 Personnel requirements ' 

6.2 The sampling devices described in this guide haw 
been evaluated for these miteria. The results are summarized 
inF# 1. 

conditions, 

0 
7. Sampling with Hand Operated Devices 

agridNral purposes, include: 
7.1 These deviccs, that have mostly been developed for 

7.1.1 Screw-type augers, 
7.1.2 Bamlaugers, 
7.1.3 Tubtype samples, 
7.1.4 Hand held power augen, and 
7.1.5 Trench sampling with shovels in conjunction with 

machine excavations. 
7.2 The advantages of using hand operated devices over 

drill rigs are the ease of equipment trauspofi to locations 
with poor vehicle access, and the lower costs of s e ~ p  and 
decontamination. However, a major disadvantage is that 
these devices are limited to shallower depths than drill rigs 

7.3 Screw-Type Augers: 
7.3.1 Description-The screw or ship auger is essentially a 

small diameter (for example, 1.5 in. (3.81 an)) wood auger 
from which the Cutting side flanges and tip have bem 
removed (lp (see fig Z(Q)). According to the Soil Survey 
Staff(l), the spiral part of the auger should be about 7 in. (1 8 
cm) long, with the distances between flights about the same 
as the diameter (for example, 1.5 in.) of the auger. This 
Wtates measuring the depth of penetration of the tool 
Variations on this design include the closed spiral auger and 
the Jamaica open spiral auger (2) (see Fw 2(6) and l(c)). The 
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FIG 2 ScrswTypeAugen 

auger is welded onto a length of solid or tubular rod. The 
upper end of this rod is threaded, to accept a handle or 
extension rods. As many extensions are used as are required 
to rcach the target sampling depth. The rod and the 
extensions are marked in even increments (for example, in 
Gin. (15.24Cm) increments) above the base of the auger to 
aid in determining driUing depth. A wooden or metal handle 
fits into a tee-type coupling, screwed into the uppermost 

7.32 Sampling Method-For drillin& the auger is rotated 

pressurr to start and embed the auw, the auger 
scltws itselfinto the soil, The auger is advanced to its full 
length, and then pulled up and removed Soil from the 
deepest interval penetrated by the auger is retained on the 
auger flight& A sample can be collected from the flights using 
a spatula A foot pump operated hydraulic system has been 
developed to advance augen up to 4.5 in. (1 1.43 cm) in 
diameter. This larger diameter allows insertion of other 
sampling devices into the drill hole, once the auger is 
moved, if desired (3): 

73.3 commenu--samples obtained with saew-type 
Samples arc d h r b a i  and an not truly wre samples 
Thnefon, the samples are not suitable for tests requiring 
uhurbai samples, such as hydraulic conductivity tests. In 
additon, soil structuns arc disrupted and d scale 
lithologic featurts m o t  be examined Nevertheless, screw- 

'on rod. $" manually. The operator may have to apply downward 

type samplers are still suitable for use in collecting samples 
for the purpose of detecting contaminants. However, it is 
dimcult to avoid transporting shallow soils downward when 
reentering a drill hole. When representative samples illt 
desired Erom a discrere i n t e r 4  the borehole must be madc 
large enough to insert a sampler and extend it to the bottom 
of the borehole without touching the sides of the borehole. It 
is suggested that a larger diameter auger be used to advance 
and clear the borehole, them a smaller diameter auger 
sampler be used to obtain the sample. Screw-tYpe augers 
work bettcr in wet, cohesive soils than in dry, loose soils 
Sampling in very dry (for example, powdery) soils may not 
be possible with these augers as soils wiU not be retained on 
the auger flights. Also, if the soil contains gravel or rock 
fragments larger than about one tenth of the hole diameter, 
drilling may not be possible (4). 

7.4 Banel Augers: 
7.4.1 Description-The barrel auger consists of a bit with 

cutting edges welded to a short tube or barrel within which 
the soil sample is retained, welded in turn to shanks. The 
shanks are welded to a threaded rod at the other end. 
Extension rods are attached as required to reach the target 
sampling depth. Extensions are marked in increments above 
the base of the tooL The uppermost extension rod contains a 
tee-type coupling for a handle. The auger is available in 
carbon -1 and stainless steel with hardened steel cutting 
eds= (56). 

7.42 Sampling Met%The auger is rotated to advana 
the b a d  into the ground. The operator may have to apply 
downward pressure to keep the auger advancing. When the 
barrel is filled, the unit is withdrawn from the soil cavity and 
,a sample may be collected from the barreL 
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7.4.3'Ccomm~-Barrel augers generally pmv& larger 

samples than screw-type augers. The augers can metrate 
shallow clays, silts, and h e  grained sands (7).6 The akers do 
not work well in gravelly so& caliche, or semi-l$hified 
depdsits. Samples obtained with barrel augers are dimubed 
and are not core samples. Therefore, the samples are not 
suitable for tests requiring undisturbed samples, such as 
hydraulic conductivity tests. Nevertheless, the samplers are 
s t i l l  suitable for use in collecting samples for the purpose of 
detecting contaminants Because the sample is retained 
inside the barrel, there is less of a chance of mixing it with 
soil from a shallower interval during insertion or withdrawal 
of the sampler. The following are five common -1 augers 

7.4.3.1 Post-hole augers (also called Iwan-type augers), 
7.4.3.2 Dutch-type augers, 
7.4.3.3 Regular or general purpose barrel augers, 
7.4.3.4 Sand augers, and 
7.4.3.5 Mud augers. 
7.4.4 Post-Hole Augers-The most readily available 

b a d  auger is the post-hole auger (also called the Iwan-type 
auger) (8). As shown in Fig. 3, the barrel collsists of twepart 
cylindrical leaves rather than a complete cylinder and is 
slightly tapered toward the cutting bit. The taper and the 
cupped bit help to retain soils within the barrel. The barrel is 
available with a 3 to 12-in. (7.62 to 30.48cm) diameter. 
There are two types of drilling systems, one has a single rod 
and handle, and the other has two handles. In stable, 
cohesive soils, the auger can be advanced up to 25 A (7.62 m) 
(8). 

7.4.5 Ouch-Tvpe Augers-The Dutch-type auger (com- 
mercially developed by Eijkelkamp) is a smaller variation of 
the post-hole auger design. As shown in Fig. 4, the pointed 
bit is continuous with two, narrow partcyiindrical b a d  
segments, welded onto the shanks. The barrel generally has a 
3 ia. (7.62 cm) outside diameter. This tool is best suited for 
sampling wet, clayey soils 

7.4.6 Regulru or General Aupose Barrel Augers-A m- 
sion of the barrel auger commonly used by soil scientists 
county @culturai agents is depicted in F& S(Q) and (b' 

post-hole auger, the Cutting blades are cupped so that 
shown, the barrel is a complete cylinder. As wi 

loosened and forced into the barrel as the unit is rotated 
pushed into the ground Each filling of the barrel 
sponds to a depth of penetration of 3 to 5 in. (7.62 to 12.70 
cm) (1). The most popular b a d  diameter is 3.5 in. (8.89 
-.a), but Sizes ranging h m  1.5 to 7 in. (3.81 to 17.78 cm) 
available (6).6 Plastic, stainless steel, FEE (polytera. 
fluoroethylene) or aluminum liners can also be used (6)p 
Extension rods are available in 4 A (1.22 m) lengths. ne 
rods can be made h m  standard black pipe, fiom lightwe& 
conduit or h m  seamless steel tubing. The extensions have 
evenly spaced marks to facilitate determining sample depth 
The regular barrel auger is suitable for use in loam type s& 
. 7.4.7 S a d  Augers-For dry, sandy soils it may be n w  
sary to use a variation of the regular barrel auger that 
indudes a specially-formed bit to retain the sample in the 
barrel (see Fig. S(c)). Sand augers with 2, 3, or 4-in. (5.08, 

7.4.8 Mud'Augers-Another variation on the reg& 
barrel auger design is available for sampling wet, clayey so& 
As drown in Fig. 5(4,  the barrel is designed with open 5de 
to faciltate extraction of samples. The bits are the same as 
those used on the regular barrel auger (6).6 Mud augers with 
2.3, or 4-in. (5.08,7.62, or 10.16-m) diameters are available 

, 7.5.1 Tubtype samplers generally have pmpo&o" * 

9 

-. 7.62, or 10.1f5-m) diameters are available (9.6 . .. 

7.5 Tube-Type Sumplers: 

.1) d e r  diametersand greater body lengths than th 
barrel augers. -. 

7.52 For sampling, these units are perched into the soil 
causing the tube to ~ J I  with material h r n  the in& 
penetrated The assembly is then pulled to the surf& and a 
sample can be collected from the tube. Since the device is not -. .. 
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rptated, a undistuhd sample caz~ be obtained 
Commercial units an available with foot lever anachments, 
a hydraulic apparatus, or drophammm to aid in driving the 
sampler into the ground (9. Vibratoxy heads have also been 
dmloped to advance tubetype samplers (9)P 
.7.53 Thesc units an not as suitable for sampling in 
combaaed gxiveJly soils as an the barrel augers They arc 

7.5.3.4 Ring-lined bl samplers, and 
7.5.3.5 pistoa samplers 
7.5.4 Soil SampZing Tubes: 
7.5.4.1 Descriprion--As depicted in F&. 6, the soil sam- 

pling tube consias of a hardened cutting tip, a cutaway 
barrel, and an uppermost thnaded segment. The cutaway 
baml allows tcxmral examination and casy removal of soil 

i f i n  uadisnrrbcd sample is req~ked c~mmon~y  samples. ~en~ral ly, the tube is constructed high 
strength alloy steel (10): The samplers an available with 6, 
12, 15, 18, and 24-in. (1524,-30.48, 38.10,45.72,60.96-~~@ 

psed varieties of the tube type samplers include: 
75.3.1 Soil samplhg tubes (also d e d  Lord SamplnS). . ,. 
7533 --walled tube samplers (also caIled SheIby (2.61 or r a a )  oumae ammeur. IWO mOQlIlCO vemons 

of the t ip are available, for sampling in wet or dry soils The 
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sampling tube is attached to extension rods to attain the 
target sampling depth. A cross-handle is attached to the 
uppermost rod. Extension rods are made of lightweight, 
durable metal. They are available in a Variety of lengths 
depending on the manufacturer. Markine on the extensions 
and the sampler faditate determining sample depths. 

7.5.4.2 Sampling Method-The sampler is pushed into 
the p u n d  by leaning on the unit’s handle. Once the sampler 
har reached the bottom of the sampling intend, it is twisted 
to break soil continuity at the tip. Depending on the type of 
cutting edge, the tube sampler may obtain samples varying in 
diameter from 0.69 to 0.75 in. (1.75 to 1.91 cm). 

7.5.4.3 Comments-The soil sampling tube works best in 
soft clayey, cohesive soils. If the soil contains cobbles or rock 
fiagments larger than about one-half the cutting tip diam- 
eter, satisfactory sampling may not be possible. If the soil is 
cohesionless, it will not be retained in the tube. With time, 
the cutting tip will be damaged and worn dull. Most Units are 
designed so that this part can be replaced. 

7.5.5 Veihmeyer Tubes: 
7.5.5.1 Damption-The Veihmeyer tube is a long, com- 

plete cylinder. As shown in FG 6, this unit consists of a 
bevelled tip, that is threaded into the lower end of the tube, 
and a drive head threaded onto the upper end of the tube. 
 he sampler is constructed of hardened SteeL The tube is 
generally marked in even increments (for example, 1 A or 
0.30 m). These samplers are available in 4 to 1 6 4  (1.22 to 
4.88-m) lengths with a 0.75-in. (1.9 1 an) inside diameter. 

7.5.5.2 Sampling Method-ne lower guide rod of the 
drop hammer is dipped into the upper tube, through the 

drive head (see FG 7). The hammer is used to pound the 
sampler into the ground. The sampler is then retrieved by 
pulling or jerking up on the hammer to force the sampk out 
of the soil cavity. Samples are extruded by forcing a rod 
through the tube. 

7.5.5.3 Commenrs-Prior to sampling, the inside of the 

extrusion. However, the types of analyses to be perf 
the samples should be considered to determine a tube is sometimes coated with a lubricant to 

presence of lubricant will cause interfmnce. Becaw the 
Veihmqer sampler is a solid-walled tube and is fitted with a 
drop hammer, it can generally be used in more resistant soils 
than the soil sampling tube. 

7.5.6 Thin- Walled Tube Samplm: 
7.5.6.1 Desniption-Thin-Wed tube (Shelby Tube) 

samplers are readily available with 2,3, and 5-in. (5.08,7.62, 
and 12.7O-m) outside diameters and are commonly 30 in. 
(7620 cm) long The 3 by 30-in. (7.62 by 762oCm) outside 
diameter long sampler is most common. The advancing end 
of the sampler is rolled inwardly and has a cutting edge with 
asmallerdiameterthanthetubeinsidediameter.Theartting 
edge inside diameter reduction, dehed as a ‘clearance 
ratio,” is usually in the range of 0.0050 to 0.0150 or 050 to 
1.50 % (Refa to Practice D 1587). The sampler tuk is 
usuaIly corncued with set screwsto a sampler head that in 
turn is threaded to connect with extension mds. Plastic and 
PTFE sealing caps for use after sampling are M y  available 
for the 2, 3, and 5-in. (5.08, 7.62, and 12.7OCm) diamctcf 
tubes (refer to Practice D 4220). Shelby tubes are commonly 
available in carbon steel but can be manuikturd fiam otha 
metal (see FG 8). ,* - - . _ .  .. .. ~ 
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FIG. 7 VeihmeyerTube 

7.5.6.2 Sumpfing Methui-The Shelby tube is pushed 
into soil by hand, with a jack-like system or with a hydraulic 
piston. The sample recovefed is often less than the distance 
pushed, that is, the recovery ratio is less than 1.0. The 
rcumry ratio is less than 1.0 because of soil compaction 
duringsampling,andbecausefiictionbetweensoilandthe 
ua tube walls becomes greater than the shear stm@ of 
; soil in h n t  of the tube. Consequently, so3 in h n t  of the 

advancing end of the tube is displaced laterally rather than 
entering the tube (11). In general, shorter tubes provide 
less-disturbed samples than longer tubes. !jamples are ex- 
truded f b m  the Shelby tube with a hydraulic ram. As with 
all sampling devices, the most distwkd portion of the 
sample in contact with the tube is considered unrcp 
resentative. Wilson et at (12) developed a paring devie to 
remove this outer layer of the core during extrusion. 0 
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375.6.3 Commetrls-Shelby tubes are best.usui in days, w 4; dts;-'and fine-&ed sands. Ifthe soils are cohesionles, they 
may not be retained in the tube. If firm to very hard so& are 
encountered, driving (hammering) the sampler nhay be 
required. However, this should be avoided as 'the tube may 
buckle under the drive stress. 
7.5.7 Ring-Lined Barrel Samplers: 
7.5.7.1 Description-As described in & D 3550, the 

ring-lined barrel sampler consists of a one pie+ barrel or two 
split barrel halves, a drive shoe, rings, and akampler head 
(see Fig 9). The rings, that are usually brass, !% snugly inside 
the barrel and are designed to be directlyrinserted into 
geotechnical testing apparatus when removed fiom the 
barrel. Most samplers are designed to hold at least two rings. 
The barrel is commonly 3.5 in. (8.89 cm) intide diameter 
and 3.94 to 5.91 in. (10 to 15 cm) long (3.. With these 
lengths, the barrel can be fitted with a variety oflinexs 
ranging in length fiom 1 to 2.36 in. (2.54 to 6 cm). 
7.5.7.2 Sumpling Method-The ring-lined barrel sampler 

can be driven or pushed into soil. Once xemeved, the 
sampler is disassembled, and the sample-filled rings are 
removed. The rings are usually removed as one unit and 
placed into a capped container. Alternately, the individual 
soil-filled rings can be capped with plastic or FTFE and then 
sealed with wax or adhesive tape (refer to Practice D 4220). 
7.5.7.3 Comments-Because barrel samplers are more 

rigid than thin-walled tubes, they can be driven into hard 
soils and soh containing sands and gravels that might 

$1 

damage th in -~~ed  tubes The sampler provides samples 
rings which cap be handled Without further disturbance 0 
the SOiL -use of this, these devices are most of+- ' 1 s ~ ~  
when geotechnical or chemical analyses are to be p 
7.5.8 Piston Samplers: 
7.5.8.1 Descnption--Locally saturated (for e 

perched ground water), or cohesionless soils, and very s~f, 
soils or sludges may not be retained in most samplers, eva 
when fitted with retainer baskets or flap valves. Pistor 
samplers can be used in these situations. The sample; 
consists of a sampling tube, extension pipe attached to tht 
tube, an internal piston, and rods connected to the piston 
and running through the extension pipe (see Fig 10). These 
samplers are often built, as needed, out of common PVC (for 
use in sludge) or steel pipe fittings The sampling tube 
commonly has a 0.75 to 3-in. (1.91 to 7.62cm) inside 
diameter and is 8 in. to 9 A (20.32 cm to 2.74 m) long (13). 
A variation designed for sampling peat has a cone sham 
piston (8). 
7.5.8.2 Sampling Method-The sampler can be pushed 

into the ground with the handle or driven into the ground 
with a drop hammer (13). As the tube is advanced, the piston 
is held stationary or pulled upward with the attached rods. 
Once the tube has been advanced through the sampling 
intend, it is rotated to break suction that might have 
developed between the soil and the outside wall of the tube. 
The sampler is then pulled to the surface keeping the piston 
rod fixed with respect to the extension pipe. The sample is 
retained because of suction that develops between the piston 
and the sample. Upon retrieval, the sample is extruded by 

a 

Sampler 

FIG. 9 Hand Operated Ring-Uned Bend Sam* 
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the piston to force the sample out of the tube. Sharma 
d De Dalta (14) described a cylindrical sampler for use in a ed soils that would flow back out of most samplers 

The design includes a basal shutter that retains the sample 
while the sampler is withdrawn from the soiL 

7.5.8.3 Comments-Because the sampler depends on d e  
velopment of suction between the sample and the piston, it 
may not work in unsaturated, Coarse-grained sands and 
gravck This is due to the high air permeability of such 
material that prevents the creation of high suction. 

. 7.6.1 Dampiion-A very simple, commercially available 
auger consists of a solid tlight auger attached to and driven 
by a small airaoled engine (see Fig. 11). Two handles on 
the head assembly allow two operators to guide the auger 

7.6 Hand Held Power Augers: 

. .  
. .-.  

into the soil. Throttle and clutch controls are integrated into 
grips on the  handle^ Augers are available with diametas 
ranging from 2 to 16 in. (5.08 to 40.64 cm). The auger 
sections are commonly 3 ft (0.91 m) long. 

7.62 Sampling Methot-As the auger rotates into soil, 
cuttings advance up the flights and are dkharged at the 
surface. Soil samples can be collected from the surfkcc 
discharge, or from the auger flights after pulling the auger out 
of the ground. Altematively, samples can be collected with 
other samplers (for example, a thin-walled tube) after auger 
IWllOval 

collected €tom surface discharge or from the flights, they are 
disnut>ed and are not suitable for some uses. in addition, if 
samples are collected fiom surface discharge, it is dif6cult to 

7.6.3 C~mments--As discussed in 7.3, if  ample^ 
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determine the depth from which the soil came and uncon- 
'' Eolled mix@g of.soil from Mkrent depth intervals can 5.- &. The auger operates well in most soils.   ow ever, ifthe 

soil is cohesionless, it may not be retained on the flights and 
sampling in that fashion may not be possible. If the soil 
contains cobbles or boulders, drilling may not be possible. If 
the auger 'hangs up" on an obstruction, the machine will 
start to rotate at the surface. Otherwise, the operator should 
not attempt to stop rotation of the machine by grabbing the 
handles An alternate design that transfers the torque to a 
separate engine prevents this problem (15).6 As previously 
stated, it is prudent to perform the field work with at least 
two people present. 

7.7 Trench Sampling: 
7.7.1 Description-Soils may be sampled from a trench or 

pit excavated for that purpose. Excavation is usually per- 
formed by a backhoe, and samples are collected with knives, 
trowels, or shovels. Occasionally, samples are collected from 
the sides or the bottom of the trench or pit with hand augers 
or tube-type samplers. 

7.7.2 Sampling Method-Excavation is performed under 
the guidance of the sampling technician. Sampling is per- 
formed only after the backhoe has moved away from the 

, trench or pit. When the trench or pit is in unstable material 
or is more than a few feet deep, the sampling technician 
should only enter the trench or pit after it has been shored up 
or the sidewalls have been cut back to within the'angie of 
repose (see Occupational Safety and Health Administration 
regulations). Otherwise, samples are more commonly col- 
lected at the surface from the bucket of the backhoe as 
excavation  occur^. 

7.7.3 Commdnts-The maximum sampling depth for the 
trench or pit method is dictated by the reach of the backhoe, 
the soil type and the moisture content of the soil. Maximum 
depths of up to 20 A (6.10 m) can be obtained in moist clays. 
Maximum depths of less than 10 A (3.05 m) are common in 
dry sands. Samples collected from the backhoe bucket 
should be taken from the center of the material to prevent 
collecting soil contaminated by the bucket surface, and to 
prevent inclusion of materials that may have fallen h m  
above the desired sampling interval. However, when this is 
done, it is dimcuit to accurately estimate the depth from 
which the sample was obtained. Trenches are useful for 
obtaining lithologic information since cross sections of the 
vadose zone can be studied and photographed. Trench or pit 
sampling is oAen used in areas with difficult access since 
backhoes are designed to travel on rough terrain. However, 
because the process involves excavating a much larger hole 
than drilling methods, chances of encountering underground 
utilities are increased, and proper backfilling and compac- 
tion of the trench is often very difi'icult. 

fr ' 

. .  

8. Mdtiparpose and Aager Drill Rigs . -. 
8.1 Vadose zone samplers used in conjunction with 

rigs are identical to those used to sample below the - 
table. However, commonly used drill rigs such as ca 
and rotary units are not rewmmended as they g 
require the introduction of drilling fluids to the so' rn 
sampled. Air rotary drilling is ais0 undesirable for obtain& 
samples for pore liquid or gas extraction. In most casq 
hollow-stem augers with some type of cylindrical sampla . 
provide the greatest level of assurance that soil sampled 
within the vadose zone was not carried downward by the 
drilling or sampling process. For some situations, such as 
sampling firm to very hard ground, using multipurpose 
augerxore-rotary drill rigs will be necessary. For some 
geologic circumstances the use of solid stem augers will 
provide an adequate drilling method. 

8.2 Multipurpose Auger-Core-Rotary Drill Rigs: 
8.2.1 Multipurpose augerare-rotary drill rigs are gener- 

aUy equipped with rotary power and vertical feed control to 
advance both hollow-stem augers and continuous flight 
(solid stem) augers to depths greater than 100 ft (30.48 m). 
These same drills have secondary capability for rotary and 
core drilling. The larger of these drills are typically mounted 
on 20 OOO to 30 000-lb (9070 to 13605-kg) G W  trucks. Tbe 
same multipurpose drill rigs are available on both rubber- 
tired and track-driven all-terrain carriers. The smaller of the 
multipurpose drills are typically mounted on trailers or 
oneton, 4 by 4 trucks. 

8.2.2 When equipped with augers, the sampling process is 
identical to that for auger drill rigs When multipurpose 
augerare-row drill rigs or auger drill rigs are used., *' 

hand operated equipment Therefore it is useful to 
larger crew to efficiently handle, log, identify, and '"% p 

speed of drilling and sampling is much greater 

the samples. 
8.3 Auger Drill Rigs-Auger drill rigs are similar to 

multipurpose augerare-rotary drill rigs They are nianuf8c- 
tured specifically for efficient auger drilling but do not have 
the pumps and hoists that are required for efficient core or 
mtaq drilling. T%e rigs can be equipped with either solid 
stem or hollow stem augers. There are relatively few auger 
drills available in comparison to multipurpose augercore- 
rotarydrillr 
9. Auger D d h g  and Sampling 

9.1 Solid Stem Auger Drilling and Sampling: 
9.1.1 Damption-The tools used for solid-stem auger 

drilling include: auger sections, the drive cap, and the cutter 
head (see Fig. 12). Auger Sections are typically 5 ft (1.52 m) 
long and are interchangeable for assembly in an articulated 
but continuously flighted column. Augers are available in 
diameters up to 24 in. (60.96 cm). The cutter head is 
attached to the lowermost or leading flight of the auger 
column. It is about 0.5 in. (1.25 cm) larger in diameter than 
the flights. Head types include fish tail or drag bits for use in 
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FIG. 12 Sdtd Stem Auger Sampling 

cohesionless materials, and clay or stinger bits for use in 
more consolidated material (16). 

9.12 Sampling Method-& the auger column is rotated 
into soil, cuttings are retained on the flights. The augers are 
then removed from the hole and samples are taken from the 
retained soil. Samples obtained with solid stem augers are 
dimubed and are not core samples. Therefore, the samples 
arc not suitable for analyses requiring undisturbed samples, 
such as hydraulic conductivity tests This sampling method 
can provide an adequately clean borehole in some clayey and 
silty soils. However, when using the method in caving or 
squeezing ground, the quality and the origin of the fecovered 
samples are questionable because so& from merent inter- 
vals may have mixed. Therefore, when representative sam- 
ples from discrete depths are desired, the borehole should be 
made large enough to insert a smaller diameter auger or 
another sampler (for example, a thin-walled tube) to the 
bottom of the borehole, without touching the sides of the 
borehole (see Fig. 1 l), to collect a discrete sample from the 
intend ahead. 

9.1.3 Commmts-Typical drilling depths with solid stem 
augers range from 50 to 120 A (15.24 to 36.58 m). The 
greater drilling depths are attained in firm, silty and clayey 
soils However, the depth to which the hole will remain open 
for sampling once the auger cohmn has been removed is 
asually less than the maximum drilling depth. I f c i sd ing  
wdta or cohesionless soils are encountered, it can be 
expected that the hole will cave at that depth The sample 
depth measurement, as taken from its location on an auger, 
is not precise. 'fhis is because soil may move up the flights in 
an uneven fashion as the auger column is advanced As with 
honow-stem augers, solid stem augers are often painted by 
the driller or manufacturer. It is prudent to m o v e  this paint 
Wore drilling. The majority ofthe paint can be removed by 
drining *ugh sandy soils or by sand blashg. As with all 
&*iZ-.; L . .  I RLL. 

sampling devices, decontamination (for example, steam 
cleaning) should be performed between holes when chemical 
analyses are to be performed on the samples. This is 
especially important with the solid stem auger as it doubles 
as the drilling and sampling tool. 

9 2  Bucket Auger Drilling and Sampling: 
9.2.1 Description-The bucket auger is a large diameter 

cylindrical bucket with auger-type cutting blades on the 
bottom. The bucket can have a diameter ranging from 12 in. 
(30.48 cm) up to 6 A (1.83 m) with lengths varying from 24 
to 48 in. (60.96 to 121.92 cm) (17). The bottom is hinged to 
allow cuttings to be emptied out (see Fig. 13). 

9.22 Sampling Method-The bucket is rotated to depth 
in the vadose zone until the bucket is full. Therefore, 
depending on the bucket length, sampling intervals can range 
from 24 to 48 in. (60.96 to 121.92 cm). Sampling consists of 
extracting small diameter core samples from the interior of 
the bucket after lowering the 111 bucket to the ground (see 
Section 7). This approach minimk problems with 

9.2.3 Commenfs-The bucket auger is best suited for 
sampling from relatively stable clays as the caving problems 
disused in 9.1.3 are amplified by the larger hole diameter. 
Boulders can impede drilling and may have to be individu- 
ally removed from the hole before sampling can continue 
(15)6. Generally, boulders up to one-third or one-fourth the 
bucket diameter can be picked up by the bucket. Common 
sampling dqths are less than 50 A (15.24 m) but holes up to 
250 ft (76.20 m) deep have been drilled (16,17). 

9.3 Hollow Stem Auger Drilling and h p h g  
9.3.1 Desmption--Outer components of the hollow stem 

auger system include: hollow auger d o n s ,  the hollow 
auger head, and the drive cap. Inner components include: 
the pilot assembly, the center rod column, and the rod-Uxap 
adaptor (see Fig. 14). The auger head contains replacgable 
carbide teeth that pulverize the f o d o n  during flight 

undiscrete mixing of discrete portions to be sampled 
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FIG 13 BuckaAugerandDrimngRig 
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column rotation. The cutting diameter is somewhat greater 
than the flighting diameter because of the prohuding teeth 
Augcr sections are typically 5 A (1.52 m) long and arc 
interchangeable for assembly in an articulated but continu- 
ously flighted column. Drilling progresses in 5 A (1.52 m) or 
shorterincrements and sampling can be accomplished at any 

depth within that i n m e n t  Upon advancement of a 5 ft 
(1.52 m) bcremenG another 5 A (1.52 m) section of 
hollow-stem auger and center rod is aAdpA Hollow-stem 
augas are readily available with 2.25.2.75, 315, 3.75,42% 
6.25, and 8.25-in. (5.72, 6.99, 8.26, 9.53, 10.80, 15.88, and 
20.96-cm) inside diameters 
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9.32 Sampling Method-The auger column and pilot 
sscmbly are advanced to the top of the desired sampling 
in- Sampling is accomplished by removing the pilot 
assembly and center rod, if they are used, and insemng the 
sampler through the hollow stem of the auger column (sa 
Fs 15). 'Ibe sampler may be lowered to the sampling depth 

~ by attaching it to center rods or by using a wireline assembly 
(12). When the sampler is attached to center rods, a sample is 
collected by pushing or driving the sampler into undisturbed 
soil with the rig hydraulic system or with a drop hammer. 
When a wireline is used, the sampler is locked into place 
ahead of the lower-most auger and advanced hito the 
sampling in tend by rotating the auger column (18): 
Hollow stem augers with a 6.25-in. (15.8m) inside diam- 
eter allow the use of Sin. (12.7O-m) outside diameter 
Shelby tubes and 4.5-in. (1 1.42cm) outside diameter split 
barrel samplers (see 9.4). 

9.3.3 Comments--The purpose of the center head (pilot) 
assembly is to prevent soils from entering the auger column 
as it is advanced (19). Driscoll(17) suggests that the assembly 
may be omitted when drilling through hard, silty and clayey 
soils as thest materials will usually form a 2 to 4 in. (5.08 to 
10.16 an) long plug at the auger opening However, Hackett 
(19) recommends that the pilot assembly be used when 
detailed samples are required When perched water is en- 
countered, 'heaving sands" that move up into the auger 

- column upon pilot assembly removal during sampling, may 
: a concem. Various one-way plugs that allow sampling, 
t that prevent sand h m  moving into the auger column, c. described in Hackett (19). The important capability of 

being able to obtain samples that do not contain mixed 
material from shallow sources in the hole is enhanced by 
using the hollow-stem auger method. However, because the 
sections are hollow, decontamination of the auger interiors 
tetween holes to prevent cross contamination is difficult 
High pressure steam cleaners are usually necessary to remove 
cakcd-on soils and contaminants Hollow stem augers may 
advance rapidly through unconsolidated materials. 

0 

9.4 Sampling Devices: 

9.4.1 Sampling devices 'used in conjunction with hollow 
stem augers and occasionally in holes advanced by solid stem 
augers include. 

9.4.1.1 Thin-walled tube samplers (also called Shelby 
mbes), 

9.4.1.2 Split-barrel - drive samplers (also called Split 
spoons), 

9.4.1.3 Ring-lined barrel samplers, 
9.4.1.4 Continuous sample tube sysmns, and 
9.4.1.5 Piston samplers. 
9.42 These samplers are either pushed or driven in 

sequence with an increment of drilling or advanced simulta- 
neously with the advance of a hollow stem auger column. 

9.4.3 Thin- Walled Tube Samplers: 
9.4.3.1 Description-The thin-walled tube sampler con- 

sists of a tube connected to a head with mews. The head is 
threaded to connect with standard drill rods The head 
contains a ball check valve. Thin-walled tube (Shelby tube) 
samplers are readily available with 2,3, and 5-in. (5.08,7.62, 
and 12.7O-m) outside diameter and are commonly 30 in. 
(76.20 cm) long. The 3 by 30 in. (7.62 by 76.20 cm) outside 
diameter long sampler is most common. The advancing end 
of the sampler is constructed with an inward lip, machined 
to a cutting edge, that has a smaller diameter than the tube 
inside diameter. The cutting edge inside diameter reduction, 
deiined as a 'clearance ratio," is usually in the range of 
0.0050 to 0.0150 or 0.50 to 1.50 96 (=fer to pactice 
D 1587). PTFE or plastic sealing caps and other sealing 
devices for use after sampling are readily available for the 2, 

to practice D 4220). Shelby tubes are commonly available in 
carbon steel but can be mandacturcd from other metal (sa 
Fig. 8). 

9.4.3.2 Sampling Methods-When a Shelby tube is 
pushed into soil, the lengtb of the sample recovered is often 
less than the distance pushed, that is, the recovery ratio is less 
than 1.0 (see 7.5.6.2). In addition, a portion of the sample 
frequently remains in the borehole after retrieval of the 
sampler. This is due to suction that develops at the sampler- 
sail interface. This suction may be broken by twisting the 

3, and 5-in. (5.08,7.62 and 12.7O-m) diameter tubes (=fer 
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sampler prior to retrieval or by advancing the auger column 
below the base of the sampler before retrieval (20). Samples 
are’exnuded from the Shelby tube with a hydraulic ram. As 
with all sampling devices, the portion of the sample in 
contact with the tube is considered disnrrbed and 
unrepresentative. Wilson et al. (12) developed a paring 
device to remove this outer layer of the core during extru- 
sion. 

9.4.3.3 Comments-The ball check valve was originally 
intended to provide a vent for drilling fluids when pushing 
the tube into soil, and also to prevent the column of fluid 
within the drill stem from forcing the sample out of the tube 
during retrieval. Since drilling fluids are not used when 
sampling in the vadose zone, these considerations are not 
important. .However, the valve does provide a vent for air 
displaced as the sampler is pushed into soil. Shelby tubes are 
best used in clays, dts, and h e  grained sands. They can be 
pushed with the hydraulic system of most drill rigs in fine 
grained sands that are loose to moderately consolidated or in 
clays and silts that are soft to h. If the soils are 
cohesionless, they may not be retained in the tube. If 
consolidated or hard soils are encountered, driving the 
sampler may be required. However, some tubes may buckle 
under the drive stress. A spring-loaded barrel has been 
developed to protect the Shelby tube &om buckling when 

‘,I 
2 ‘ix 

sampling these soils (21).6 

9.4.4 Split-Banel Drive Smplm: 
9.4.4.1 Description-The split-banel drive sampler COT 

sists of two split-barrel halves, a drive shoe, and a 
head containing a ball check valve, all of which 
together (see Frg. 15). The most common size 
(5.08-m~) outside diameter and a 1.5-in. (3.81 
diameter split barzel with a 1.375-in. (3.49-1 insic 
diameter drive shoe. This sampler is used extensively i 
geotechnical exploration (Refer to Method D 1586). We. 
fitted with a 16 gage liner for encased cores, the sampler h; 
a 1.375-in. (3.49cm) inside diameter throughout. A 3-ir 
(7.62cm) outside diameter by 2.5-in. (6.35cm) inside diae 

diameter drive shoe is also available (22): Other split-bam 
samplers in the size range of 2.5-in. (6.35cm) to 4.5-ic 
(1 1.43cm) outside diameter are maLlllfacNred but are Ies 
common. A plastic or metal retainer basket, or a flap valve r 
often fitted into the drive shoe to prevent samples ~ I I  
tailing out during retried.  

9.4.4.2 Sampiing Method-As descn’bed in Methm 
D 1586 the sampler is threaded onto drilling rods and i. 
lowered to the bottom of the boring. The sampler is thcr 
driven into the soil with blows from a drop hammer anachec 
to the drill rig. The hammer usually weighs 140 Ib and ir 
operated by the driller. The sampler is extracted from the XL 
in a manner that will ensure maximum sample recovery. A 

* 
.. 

etcr split-bml Sampler with a 2.375-in. ( 6 . 0 h )  h& 

I 
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mple is obtained by disassembling the drive shoe and head, 
id s p l i h g  the barrel to expose the core of soil. Material 

by contact with the barrel can be scraped away, or 

9.4.4.3 Comments-Split barrel drive samplers can be 
used in all soil types ifthe largergrain sizes can enterthrough 

-the opening of the drive shw. Because the sampler can be 
fitted with a retainer basket, it is typically used in place of 
thk-wailed tubes when cohesionless soils are to be sampled. 

9.4.5 Ring-Lined Bowel Samplers: 
9.4.5.1 Description-As described in Practice D 3550, the 

ring-lined barrel sampler consists of a one piece barrel or two 
split-barrel halves, a drive shoe, rings, a waste barrel and a 
sampler head containing a ball check valve (see Fig. 17). The 
rings fit snugly inside the barrel and are designed to be 
dinctly inserted into geotechnical testing apparatus when 
moved fiom the barrel. Most samplers are designed to hold 
at least six rings. The waste barrel provides a space above the 
rings into which disturbed soil, originaUy at the bottom of 
the hole, can move. The samplen are commonly available 
with 2, 3,.and 4-in. (5.08, 7.62, and lO .16 -m)  outside 
diameter. 

9.4.5.2 Sampling Method-The ring-lined barrel sampler 
can be driven or pushed into so& It is important to insert the 
sampler deep enough to allow all disturbed soil to move 
through the rings and into the waste barrel. Once retrieved, 
*he sampler is disassembled, and the sample filled rings are 

efully removed. The ings are usually removed as one unit 
1 placed into a capped container. Alternately, the indi- 

and even sealed with wax or adhesive tape (refer to Practice 
D 4220). 

arc more rigid than thin-walled tubes, they can be driven into 
soils containing sands and gravels that might damage thin- 
walled tubes. The sampler provides samples in rings that can 
be handled without further disturban ce of the soil. Because 
of this, these devices are most o h  used when geotechnical 
or chemical are to be performed, 

9.4.6 Continuous Sample Tube System 
9.4.6.1 Dmpfion-Continuous sample tube system 

that fit within a hollow-stem auger column are readily 
available in North America The barrel is typically 5 A (1.52 
m) long, and fits within the lead auger of the hollow auger 

interior portion collected with a spank 

a dual soil 6lled rings can be capped with plastic or FIFE 

9.4.5.3 comments-Becaw ring-lined barrel samplers 

. 

column. The sampler is prevented from rotating as the auger 
column is turned (20). For many conditions the sampler 
provides continuous, 5-A (1 -52-m) samples (see Fs 18). The 
assembly can be split- or solid-barrel and can be used with or 
without Liners of various metallic and nonmetallic materials 
(20). Two clear, plastic, 30 in. (76.20 cm) long liners are 
often used. The smipler may also be fitted with a plastic or 
metal retainer basket, or a falp valve to prevent cohesionless 
soils ftom falling out of the sampler during retrieval (20). 

9.4.62 Sampling Method-The sampler is locked in piace - 
inside the auger column with its open end protruding a short 
distance beyond the end of the column. While advancing the 
column, soil enters the non-rotating sampling banel. After a 
5-A (1.52-m) advance, the sampler is withdrawn, and the 
liner (if used) is removed and capped. 

9.4.6.3 Commm-The continuous sample tube system 
replaces the pilot head assembly in the hollow-stem auger 

since the pilot assembly does not have to be removed before 
taking a sample. The continuous sample tube system is best 
used in clays, silts, and in fine grainedsands. It can be used 
to sample soils that are much more consolidated or harder 
than can be sampled with Shelby tubes. 

9.4.7 Piston Samplers: 
9.4.7.1 DesCription-Locally saturated (for example, 

perched ground water), or cohesionless soils, and very soft 
soils or sludges may not be retained in most samplers, even 
when they have been fitted with retainer baskets or flap 
valves. Piston samplers are often used under these condi- 
tions. The sampler consists of a sampling tube, an internal 
piston, and a drive head. The piston fits snugiy inside the 
tube. The piston is attached to a rod assembly or a cable that 
leads to the surface. Tubes made of steel are avaiIable in 5.5 
and 30-in. (13.97 and 76.2oCm) and 5-A (1.5-m) lengths 
with 0.75, 2, 3, 4, and 5-in. (1.91, 5.08, 7.62, 10.16, and 
12.7oCm) inside diameter (22, 23). When equipped with a 
hardened steel drive shoe, the tube can be fined with a liner 
made of aluminum clear PVC, or another mamial (see Fig. 
19) (24). A version of the sampler designed for peat sampling 
has a cone shaped piston (8). 

9.4.7.2 Sampling Method-%or to sampling, the piston 
is placed at the base (advancing end) of the tutu. The 
sampler is then attached to drill rods and low& down the 
borehole or hollow-stem auger column to the bottom of the 
hole (top of the sampling interval). The sampler is then 
pushed or driven into the sampling i n t d  As the tube 

- 

column. Because of this, sampling speed is greatly increased 

... . . . .  . _. 
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moves downward., the piston nsziins stationary and in 
contact with the top ofthe soil d e .  When the sampler is 
withdram, soil is retained becausesf suction that develops 
between the piston and the soil cobip;ithin the sampler. This 
suction is stronger than the s u b  at the bottom of the 
sampler that would tend to extcau soil fiom the sampler. 
Even so, it is often useful to twist- sampler with the drill 
rods pnor to retrieval, to brcakmgsion at the bottom end 

and ensure that the sample wiU not be pull& out of the 
sampler. , 

9.4.7.3 Comments--Average recovery ratios greater than 
0.9 can be attained with this sampling tool (24, 29. 
However, because the sampler depends on development of 
suction between the Sample and the piston, it 
in unsaturated, coarse gained sands and 
tothe high air permeability ofsuch material that 
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creation of suction with the sampw. Samples collected with 
piston samplers are relatively undirturbed. Zapico et al. (24) . 

descrikd techniques for extracting fluid samples directly 
from linen, and for converting linm into permeameta 

3 
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Standard Test Method for 
Consolidated-Undrained Triaxial Compression Test on 
Cohesive Soils‘ 
This Mndard is issued under the fixed designation D 4767: the oumbm immediately following the designation indicates the ycar of 
o ~ n a l  adoption or, in the care of revision. the year of lan &on. A number in parrnthesa indicates the year of lan reapprod A 
supn;cript @on (e) indicates an editorial cbugc sin- the k t  -on or reapprova~ 

1. scope 
1.1 This test method covers the determination of strength 

and stress-Saain relationships for a cylindrical specimen of 
either an undisturbed or remolded saturated cohesive soil 
when it is isotropimlly consolidated and sheared undrained 
in compression at a constant rate of axial deformation (strain 
controlled). 

1.2 The test method provides for the calculation of total 
and effective stresses on, and axial compression of the test 
specimen by measurement of axial load, axial deformation, 
and pore-water pressure. 

1.3 The test provides data useM in determining strength 
and deformation properties of cohesive soils such as Mohr 
strength envelopes and Young’s modulus. Generally, three 
specimens are tested at different effective consolidation 
stresses to define a strength envelope. 

1.4 The determination of strength envelopes and the 
development of relationships to aid in interpreting and 
evaluating test results are left to the engineer or office 
requesting the test. 

1.5 The values stated in either SI or non-SI units shall be 
regarded separately as standard The values in each system 
may not be exact equivalents, therefore, each system must be 
used independently of the other, without combining values 
in any way. 

This standard may involve hazardous materials, 
operations, and equipment. This standard does not purport to 
address ail of the safety problems associated with its use. It is 
the responsibility of the user of this standard to establish 
appropriate safety and health practices and determine the 
applicability of regulaory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standarb: 
D 422 Method for Particle-Size Analysis of Sou 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 854 Test Method for S w c  Gravity of Soil$ 
D 1587 Practice for Thin-Walled Tube Sampling of So&? 
D2166 Test Method for Unconfined Compressive 

1.6 

Fluids2 

Strength of Cohesive Soil2 

D2216 Method for Laboratory Determination of Water 
Content of Soil, Rock and &&Aggregate Mixmi& 

D2435 Test Method for One-Dimensional Consolidation 
Properties of So* 

D2487 Test Method for Classification of Soils for Engi- 
neering PurposeSZ 

D2850 Test Method for Unconsolidated, Undrained 
Compressive Strength of Cohesive Soils in Triaxial 
Compression’ 

D4220 Practices for Preserving and Transporting Soil 
sample2 

D 43 18 Test Method for Liquid Limit, Plastic Limit, and 
Plasticity Index of So& 

3. Terminology 
3.1 Definitions-The definitions of terms used ’ 

method shall be in accordance with Terminology 
3.2 Description of Terms SpecGc to this Standard: 
3.2.1 back pressure-a pressure applied to the specimen 

pore-water to cause air in the pore space to pass into solution 
in the pore-water, that is, to saturate the specimen. 

3.2.2 @ective consolidafion stress-the difference be- 
tween the cell pressure and the pore-water pressure prior to 
shearing the specimen. 

3.2.3 failure-the stress condition at failure for a test 
specimen. Failure is often taken to correspond to the 
maximum principal stress difference (maximum deviator 
stress) attained or the principal stress difference (deviator 
stress) at 15 95 axial strain, whichever is obtained first during 
the performance of a test. Depending on soil behavior and 
field application, other suitable failure criteria may be 
defined, such as maximum effective stress obliquity, u ’ , / u ’ ~ ,  
or the principal stress difference (deviator sues~) at a selected 
axial strain other than 15 %. 

e 

4. Signifkance and Use 
4.1 The shear strength of a saturated soil in triaxial 

compression depends on the stresses applied, time of consol- 
idation, strain rate, and the stress history experienced by the 
soil. 

4.2 The strength in this test is meaSured under undrained 
conditions and is applicable to field conditions wh 

subjected to a change in.stress without time for 
consolidation to take place (undrained condition), * an 

that have been fully consolidated under one set of 

field stress conditions are similar to those in the test 
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NOTE 1-If the m g t h  is required for the case where the soil is not 

consolidated during testing prior to shear, refer to Test Method D 2850 
or Test Method D 2166. 

4.3 Using the pore-water pressure measured during the 
test, the shear strength determined from this test can be 
expressed in terms of effective stress. This shear strength may 
be applied to field conditions where full drainage can occur 
(drained conditions) or where pore pressures induced by 
loading can be estimated, and the field stress conditions are 
similar to those in the test. 

4.4 The shear strength determined from the test expressed 
in terms of total stresses (undrained conditions) or effective 
stresses (drained conditions) is commonly used in embank- 
ment stability-analyses, earth pressure calculations, and 
foundation design. 

5. Apparatus 
5.1 A schematic diagram of a triaxial compression appa- 

ratus suitable for the performance of consolidated-undrained 
tests is shown in Fig. 1. The requirements for equipment 
needed to perform satisfactory tests are given in the following 
Sections. 

5.2 Axial Loading Device-The axial compression device 
may be a screw jack driven by an electric motor through a 
geared transmission, a hydraulic or pneumatic loading de- 
vice, or any other compression device with sufiicient ca- 
pacity and control to provide the rate of axial strain (loading) 
described in 8.4.2. The rate of advance of the loading device 
should not deviate by more than k195 from the selected 
value. Vibration due to the operation of the loading device 
shall be d c i e n t l y  small to not cause dimensional changes 
in the specimen or to produce changes in pore-water pressure 
when the drainage valves are closed. 

NOTE 2-A loading device may be judged to produce Sumaently 
small vibrations if there are no visible ripples in a glan of water placed 
on the loading platform when the device is operating 

5.3 Axial Load-Measuring Device-The axial load-mea- 
suring device may be a load ring, electronic load cell, 
hydraulic load cell, or any other load-measuring device 
capable of the accuracy prescribed in this paragraph and may 
be a part of the axial loading device. The axial load- 

-. 

measuring device shall be capable of measuring the axial 
load to an accuracy of within k1 95 of the axial load at 
failure. If the load-measuring device is located inside the 
triaxial compression chamber, it shall be insensitive to 
horizontal forces and to the magnitude of the chamber 
pressure. 

5.4 Triaxial Compression Chamber-The thxial cham- 
ber must be able to withstand a chamber pressure equal to 
the sum of the effective consolidation stress and the back 
pressure. It shall consist of a top plate and a baseplate 
separated by a cylinder. The cylinder may be c o m c t e d  of 
any material capable of withstanding the applied pressures. It 
is desirable to use a transparent material or have a cylinder 
provided with viewing ports so the behavior of the specimen 
may be observed. The top plate shall have a vent valve such 
that air can be forced out of the chamber as it is filled. The 
baseplate shall have an inlet through which the pressure 
liquid is supplied to the chamber, and inlets leading to the 
specimen base and provide for connection to the cap to allow 
saturation and drainage of the specimen when required. 

5.5 Axial b a d  Piston-The piston passing through the 
top of the chamber and its seal must be designed so the 
variation in axial load due to fiction does not exceed 0.1 95 
of the axial load at failure and so there is negligible lateral 
bending of the piston during loading. 

NOTE %The use of two linear ball bushings to guide the piston is 
recommended to minimize friction and maintain alignment 

NOTE 4-A minimum piston diameter of I/s the Specimen dnmeter 
has been used s u d y  in many laboratories to miniml.rr latemi 
bending 

5.6 Pressure- and Vacuum-Control Devices-The cham- 
ber pressure and back pressure control devices shall be capa- 
ble of applying and controlling pressures to within a . 2 5  psi 
(2 kPa) for effeaive consolidation pressures less than 28 psi 
(200 P a )  and to within fl 95 for effective consolidation 
pressures greater than 28 psi (200 kPa). The vacuum control 
device shall be capable of applying and controlling partial 
vacuums to witbin H.25 psi (2 Pa) .  The devices may 
consist of selfcompensating mercury pots, pneumatic pres- 
sure regulators, combination pneumatic pressure and vac- 
uum regulators, or any other device capable of applying and 
controlling pressures or partial vacuums to the required tol- 
erances. 

5.7 Pressure- and Vacuum-Measurement Devices-The 
chamber pressure, back pressure, and vacuum measuring 
devices shall be capable of measuring pressures or partial 
vacuums to the tolerances given in 5.6. They may consist of 
Bourdon gages, pressure manometers, electronic pressure 
transducers, or any other device capable of measuring 
pressures, or partial vacuums to the stated tolerances If 
separate devices are used to measure the chamber pressure 
and back pressure, the devices must be calibrated simulta- 
neously and against the Same pressure source. Since the 
chamber and back pressure are the pressures taken at the 
midheight of the specimen, it may be necessary to adjust the 
calibration of the devices to reflect the hydraulic head of 
fluids in the chamber and hack pressure control systems (Fii 
1). 

5.8 Pore- Water Pressure Meawemeru Device--The spec- 
imen porewater pressure shall also be measured to the 
tolerances given in 5.6. During undrained shear, the pore- 
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water pressure shall be measured in such a manner that as 
little water as possible is allowed to go into or out of the 
specimen. To achieve this requirement, a very stif f  electronic 
pressure transducer or null-indicating device must be used. 
With an electronic pressure transducer the pore-water pres- 
sure is read directly. With a null-indicating device a pressure 
control is continuously adjusted to maintain a constant level 
of the water/mercury interface in the capiUary bore of the 
device. The pressure required to prevent movement of the 
water is equal to the pore-water pressure. Both measuring 
devices shall have a rigidity of all the assembled parts of the 
pore-water pressure measurement system relative to the total 
volume of the specimen, satisfying the following require- 
ment 

< 2.2 x in?/lb (3.2 x IO4 m2/kN) (1) Au 

where: 
AV = change in volume of the pore-water measurement 

system due to a pore pressure change, in3 (mm3), 
V = the total volume of the specimen, in.' (mm3), and 
Au = the change in pore pressure, psi (kPa). 

N ~ T E  5-To meet the rigidity requircmenL tubing between the 
specimen and the m&ng device should be short and thick walled 
with small bores Thermoplastic, copper, and stainless nee1 tubing have 
been used suaxsshuy in m a n y  laboratories. 

5.9 Volume Change Measurement Device-The volume 
of water entering or leaving the specimen shall be measured 
with an accuracy of within ~ . 0 5  95 of the total volume of 
the specimen. The volume measuring device is usually a 
burette but may be any other device meeting the accuracy 
requirement. The device must be able to withstand the 
maximum chamber pressure. 

5.10 Ddormation Indicafor-The vertical deformation of 
the specimen is usually determined from the travel of the 
piston acting on the top of the specimen. The piston travel 
shall be measured with an accuracy of at least H.02 95 of the 
initial specimen height. The deformation indicator shall have 
a travel range of at least 20 95 of the initial height of the 
specimen and may be a dial indicator, linear variable 
differential transformer (LVDT), extensiometer, or other 
measuring device meeting the requirements for accuracy and 
range. 

5.1 1 Specimen Cap and Base-The specimen cap and 
base shall be designed to provide drainage from both en& of 
the specimen. They shall be constructed of a rigid, 
noncorrosive, impermeable material, and each shall, except 
for the dramage provision, have a circular plane surface of 
contact with the porous discs and a circular cross Section. 
The weight of the specimen cap and top porous disc shall be 
less than 0.5 95 of the applied axial load at failure or less than 
0.1 lb (50 g). The diameter of the cap and base shall be equal 
to the initial diameter of the specimen. The specimen base 
shall be connected to the triaxial compression chamber to 
prevent lateral motion or tilting, and the specimen cap shall 
be designed such that eccentricity of the piston-toep 
contact relative to the vertical axis of the specimen does not 
exceed 0.05 in. (1.3 mm). The end of the piston and 
specimen cap contact area shall be designed so that tilting of 
the specimen cap during the test is minimal. The cylindrical 
surface of the specimen base and cap that contacts the 

membrane to form a seal shall be smooth and free t 

scratches. 
5.12 Porous Discs-The specimen shall be 

the specimen cap and base by rigid porous 
diameter equal to that of the specimen. The coe 
permeability of the discs shall be approximately equal to th. 
of fine sand (4 x lo-' in./s (1 x 10'' cm/s)). The discs 
be regularly checked to determine whether they have becon 
clogged. 

NOTE 6-Fdter-paper discs of a diameter equal to that of t 
specimen may be plaad between the porous disa and specimen 
avoid clogging of the porous disa when aamate moduli values arc n 
req- 

5.13 Filter-Paper Strips and Discs-Fdter-paper strips a 
used by many laboratories to decrease the time required fc 
testing. If filter strips and discs are USBd, they shall be of 
type that does not dissolve in water. The coefficient I 

permeability of the filter paper shall not be less than 4 x 10- 
in./s (1 X 10'' cm/s) for a normal pressure of 80 psi (55 
Wa). To avoid hoop tension, filter strips should cover I: 
more than 50 95 of the specimen periphery. Fdter-strip tag. 
similar to that shown in Fig. 2 have been successfully used t 
many laboratories. An equation for correcting the princip 
stress difference (deviator stress) for the effect of the streng 
of vextical filter strips is given in 10.6. 

NOTE 7-Whatman's No. 54 Ftlter Paper has been found to meet t 
permeability and durability requirements 

5.14 Rubber Membrane-The rubber membrane used 
encase the specimen shall provide reliable protection wain 
leakage. To check a membrane for leakage, the 
shall be placed around a cylindrical form, sealed a 

inside, and immersed in water. If air bubbles appear fro: 
any point on the membrane it shall be rejected. To off{ 
minimum restraint to the specimen, the unstretched mer 
brane diameter shall be between 90 and 95 96 of that of ti 
specimen. The membrane thickness shall not exceed 1 95 
the diameter of the specimen. The membrane shall be sealt 

*t! 

with rubber O-rings, subjected to a small air p &!mi 
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to the specimen cap and base with rubber O-rings for which 
the unstressed inside diameter is between 75 and 85 95 of the 
diameter of the cap and base, or by other means that will 
provide a positive seal. An equation for correcting the 
principal stress difference (deviator stress) for the effect of the 
ktiffnes of the membrane is given in 10.7. 

5.15 Valves-Changes in volume due to opening and 
closing valves may result in inaccurate volume change and 
pore-water pressure measurements. For this reason, valves in 
the specimen drainage system shall be of the _type that 
produce minimum volume changes due to their operation. A 
valve may be assumed to produce minimum volume change 
if opening or closing the valve in a closed, saturated 
pore-water pressure'system does not induce a pressure 
change of greater than +O. 1 psi (0.7 kea). AU valves must be 

. capable of withstanding applied pressures without leakage. 

0 
.~ 

NOTE 8-Ball valves have been found to provide minimum volume- 
change charactcristicr; however, any other type of valve having suitable 
volumechange c- . ' amaybeuted  

5.16 Specimen-Size Measurement Devices-Devices used 
to determine the height and diameter of the specimen shall 
measure the respective dimensions to within f i . l %  of the 
total dimension and shall be constructed such that their use 
will not disturb the specimen, 

NOTE 9-Circudmtial measuring taps are ncommended over 
QLipcrs for measuring the diameter. 

5.17 Recorders-Specimen behavior may be recorded 
manually or by electronic digital or analog recorders. If 
electronic recorders are used, it shall be necessary to calibrate 
the measuring devices through the recorder using known 

put standards. 
5.18 Sample Extruder-The sample extruder shall be .. pable of extruding the soil core from the sampling tube at 

a uniform rate in the same direction of travel as the sample 
entered the tube and with minimum disturbance of the 
sample. If the soil core is not extruded vertically, care should 
be taken to avoid bending stressa on the core due to gravity. 
Conditions at the time of sample removal may dictate the 
direction of removal, but the principal concern is to mini- 
mize the degtee of disturbance. 

5.19 Timer-A timing device indicating the elapsed 
testing time to the nearest 1 s shall be used to obtain 
consolidation data (8.3.3). 

5.20 Weighing Device-The specimen weighing device 
shall determine the m a s  of the specimen to an accuracy of 
within H.05 % of the total mass of the specimen. 

5.21 Water Deaeration Device-The amount of dissolved 
gas (air) in the water used to saturate the specimen may be 
decreased by boiling, by heating and spraying into a vacuum, 
or by any other method that will satisfy the requirement for 
saturating the Specimen within the limits imposed by the 
available maximum back pressure and time to perform the 
test. 

5.22 Testing Environment--The consolidation and shear 
portion of the test shall be performed in an environment 
where temperature fluctuations are less than +,7.2T (24 '0  
and there is no direct contact with sunlight. 

C 23 Miscellaneous Apparatus-Specimen trimming and 
ig tools including a wire saw, steel straightedge, miter 
and vertical trimming lathe, apparatus for preparing 0 

-. 
compacted specimens, membrane and O-ring expander, 
water content cans, and data sheets shall be provided as 

6. Test Specimen Preparation 
6.1 Specimen Size-Specimens shall be cylindrical and 

have a minimum diameter of 1.3 in. (3.3 cm). The height- 
todiameter ratio shall be between 2,and 2.5. The largest 
particle size shall be smaller than 116 the specimen diameter.. 
If, after completion of a testpit is found based on visual 
observation that oversize particles are present, indicate this 
information in the report of test data (1 1.1.22). 

NOTE I O - I f  oversize particles are found in the spacimen aAa 
testing, a particle-size analysis may be performed in accordance with 
Method D422 to confirm the nsual observation and the rrsults 
provided witb the test repon (1 1.1.4). 

6.2 Undisturbed Specimens-Prepare undisturbed speci- 
mens from large undisturbed samples or fiom samples 
secured in accordance with Practice D 1587 or other accept- 
able undisturbed tube sampling procedures and preserved 
and transported in accordance with the practices for Group 
C samples in Practices D 4220. Specimens obtained by tube 
sampling may be tested without trimming except for cutting 
the end surfaces plane and perpendicular to the longitudinal 
axis of the specimen, provided soil charactexistics are such 
that no signiticant disturbance results fiom sampling, 
Handle specimens carefully to minimize disturbance, 
changes in cross section, or change in water content. If 
compression or any type of noticeable disturbance would be 
caused by the extrusion device, split the sample tube 
lengthwise or cut the tube in suitable sections to facilitate 
removal of the specimen with minimum disturbance. Re- 
pare trimmed specimens, in an environment such as a 
controlled high-humidity room where soil water content 
change is minimid. Where removal of pebbles or m m -  
bling resulting from trimming causes voids on the surface of 
the specimen, carefully fill the voids with remolded soil 
obtained from the trimmings. Where the sample condition 
permits a vertical trimming lathe that will accommodate the 
total sample may be used as an aid in preparing the specimen 
to the required diameter. After obtaining the desired diam- 
eter, place the specimen in a miter box and cut the specimen 
to the final length with a wire saw or other suitable device. 
Trim the surfaces with the steel straightedge. Perform one or 
more water content determinations on material trimmed 
fiom the specimen in accordance with Method D 2216. 
Determine the mass and dimensions of the specimen using 
the devices described in 5.16 and 5.20. A minimum of three 
height measwments ( 120' apart) and at least three diameter 
measurements at the quarter points of the height shall be 
made to determine the average height and diameter of the 
specimen. 

6.3 Compacted S p e c i m 4 m p a c t e d  specimens may 
be prepared by compacting material in at least six layers 
using a pressing or kneading action into a split mold of 
circular cross section having dimensions meeting the require- 
ments enumerated in 6.1. Material required for the specimen 
shall be batched by thoroughly mixing soil with d c i e n t  
water to produce the desired water content. A f k  batching, 
store the material in a covered container for at least 16 h 
prior to compaction. Specimens may be compacted to the 

required. 
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desired density by either: (I) kneading or tamping each layer 
until the accumulative mass of the soil placed in the mold is 
compacted to a known volume; or (2) by adjusting the 
number of layers, the number of tamps per layer, and the 
force per tamp. The top of each layer shall be scarified prior 
to the addition of material for the next layer. The tamper 
used to compact the material shall have diameter equal to or 
less than */2 the diameter of the mold. After a specimen is 
formed, with the en& perpendicular to the longitudinal axis, 
remove the mold and determine the mass and dimensions of 
the specimen using the devices described in 5.16 and 5.20. 
Perform one or more water content determinations on excess 
material used to prepare the specimen in accordance with 
Method D 2216. 
NOTE 1 I-It is common for the unit weight of the specimen after 

removal from the mold to be Im than the value based on the volume of 
the mold. This oc~urs as a d t  of the specimen swelling af&r removal 
of the latexal confinement due to the mold. 

7. MomtingSpecimeu 
7.1 Preparations-Before mounting the specimen in the 

viaxial chamber, make the following preparations: 
7.1.1 If deemed necessary, check the rubber membrane 

for leaks (see 5.14). 
7.12 Place the membrane on the membrane expander or, 

if it is to be rolled onto the specimen, roll the membrane on 
the cap or base. 

7.1.3 Check that the porous discs and specimen drainage 
tubes are not obstructed by passing air or water through the 
appropriate lines. 

7.1.4 Attach the pressurecontrol and volume-measure- 
ment system, and a pore-pressure measurement device to the 
chamber base. 

7.2 Depending on whether the saturation portion of the 
test will be initiated with either a wet or dry drainage system, 
mount the specimen using the appropriate method, as 
follows in either 7.2.1 or 7.2.2: 

NOTE 12-It is recommended that the dry mounting method be used 
for specimens of soils that swell appreciably when in contact with water. 
If the wet mounting method is used for such soils, it will be nccesary to 
obtain the specimen dimensions after the specixnen has been mounted. 
In such 0 1 s ~ ~  it will be nccesary to determine the double thickness of 
the membmne, the double thickness of the wet filter paper strips (if 
used), and the combined height of the cap, base, and porous discs 
(including the thicknm of filter discs if they are used) so that the 
appropriate values may be subtracted from the measwemats 

7.2.1 Wet Mounting Method: 
7.2.1.1 Fd the specimen drainage lines and the pore- 

water pressure measurement device with deaired water. 
7.2.1.2 Saturate the porous discs by boiling them in warn 

for at least 10 min and allow to cool to room temperature. 
72.1.3 Place a saturated porous disc on the specimen base 

and after wiping away alI free water on the disc, place the 
specimen on the disc. Next, place another porous disc and 
the specimen cap on top of the specimen. Check that the 
specimen cap, specimen, and porous discs are centered on 
the specimen base. 

Nm 1 3 4 f  fltcr-papm disa arc-to be placed baween the porous 
discs and *en, they should be dipped in water prior to placanent 

7.2.1.4 If filter-paper strips or a f&r-paper cage (E% 2) 
are to be used, saturate the paper with water prior to placing 

it on the specimen. To avoid hoop tension, do not cover 
more than 50% of the specimen periphery with . 
strips of filter paper. 6 7.2.1.5 Proceed with W o n  7.3. 

7.2.2 Dry Mounting Method: 
7.2.2.1 Dry the specimen drainage system. This may be 

accomplished by allowing dry air to flow through the system 
prior to mounting the specimen. 

7.2.2.2 Dry the porous dim in the oven overnight prior to 
mounting the specimen and place in a desiccator while 
allowing the dixs to cool to room temperature. 

7.2.2.3 Place a dry porous disc on the specimen base and 
place the specimen on the disc. Next, place a dry porous disc 
and the specimen cap on the specimen. Check that the 
specimen cap, porous discs, and specimen are centered on 
the specimen base. 
NOTE 14-If desired, dry filter-paper discs may be placed between 

the porous discs and specimen. 
7.2.2.4 If filter-paper strips or a filter-paper cage (Fig. 2) 

are to be used, the cage or strips may be held in place by 
small pieces of tape at the top and bottom. 

7.3 Place the rubber membrane around the specimen and 
seal it at the cap and base with two rubber O-rings or other 
positive seal at each end. A thin Coating of silicon grease on 
the vertical surfaces of the cap and base will aid in sealing the 
membrane. If filter-paper strips or a iilter-paper cage are 
used, do not apply grease to surfaces in contact with the 
filter-paper. 

7.4 Attach the top drainage line and check the alignment 

method has been used, apply a partial vacuum of 
mately 5 psi (35 P a )  (not to exceed the consolidatio m: of the specimen and the specimen cap. If the dry 

to the specimen through the top drainage line prior to 
checking the alignment. If there is any eccentricity, release 
the partial vacuum, realign the specimen and cap, and then 
reapply the partial vacuum. If the wet mounting method has 
been used, the alignment of the specimen and the specimen 
cap may be checked and adjusted without the use of a partial 
vacuum. 

8. Procedure 
8.1 Prior to Saturation-After assembling the triaxial 

chamber, perform the following operations: 
8.1.1 Bring the axial load piston into contact with the 

Specimen cap several times to permit proper seating and 
alignment of the piston with the cap. During this procedure, 
take care not to apply an axial load to the specimen 
exceeding 0.5 % of the estimated axial load at failure. When 
the piston is brought into contact, record the reading of the 
deformation indicator. 

8.1.2 Fd the chamber with the chamber liquid, being 
careful to avoid trapping air or leaving an air space in the 
chamber. 

8.2 Saturation-The objective of the saturation phase of 
the test is to fill all voids in the specimen with water without 
undesirable pnstmsbg of the specimen or allowing the 
specimen to swell. Saturation is usually accompliS - ’ by 
applying back pressure to the specimen pore wate 

specimen and dry drainage system (lines, poro * air into solution after either: (I) applying vacu 

pore-presure device, filter-strips or cage, and discs) and 
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allowing deaired water to saturate the system while main- 
taining the vacuum; or (2) saturating the drainage system by 
boiling the porous discs in water and allowing water to flow 
through the system prior to mounting the specimen. It 
should be noted that time is required to place air into 
solution. Accordingly, removing as much air as possible 
prior to applying back pressure will decrease the amount of 
air that Wiu have to be placed into solution and will also 

~ decrease the back pressure required for saturation. in addi- 
tion, air remaining in the specimen and drainage system just 
prior to applying back pressure will go into solution much 
more readily if deaired water is used for saturation. The use 
of deaired water Wiu also decrease the time and back pressure 
required for saturation. Many procedures have been devel- 
oped to accomplish saturation. The following are suggested 
procedureS: 

8.2.1 Staning with initially Dry Drainage System-In- 
crease the partial vacuum acting on top of the specimen to 
the maximum available vacuum. If the effective consolida- 
tion stress under which the strength is to be determined is 
less than the maximum partial vacuum, apply a lower partial 
vacuum to the chamber. The difference between the partial 
vacuum applied to the specimen and the chamber should 
never exceed the effective consolidation stress for the test and 
should not be less than 5 psi (35 E a )  to allow for flow 
through the sample. After approximately 2 h, allow deaired 
water to percolate fiom the bottom to the top of the 
specimen under a dBerential vacuum of less than 3 psi (20 
kPa) (Note 15). 

8.2.1.1 There should always be a positive effective stress 
of at least 2 psi (13 P a )  at the bottom of the Specimen 

uring this part of the procedure. When water appears in the 6 burette connected to the top of the specimen, close the valve 
to the bottom of the specimen and fill the burette with 
deaired water. Next, reduce the vacuum acting on top of the 
specimen through the burette to atmospheric pressure while 
simultaneously increasing the chamber pressure by an equal 
amount During this process, the difference between the pore 
pressure measured at the bottom of the specimen and the 
chamber pressure should not be allowed to exceed the 
desired effective consolidation pressure. When the pore 
pressure at the bottom of the specimen stabilizes, proceed 
with back pressuring of the Specimen pore-water as described 
in 8.2.3. To check for equalization, close the drainage valves 
to the specimen and measure the pore pressure change over a 
1-min interval. If the change is less than 1 % of the chamber 
pressure, the pore pressure may be assumed to be stabilized. 

Nm IS-For satumal clays, percolation may not be ncassary and 
water can k added simultaneously at both top and bottom. 

8.2.2 Starting with Initially Saturated Drainage System- 
Mer filling the burette connected to the top of the specimen 
with desired water, apply a chamber pressure of 5 psi (35 
kPa) or less and open the specimen drainage valves. When 
the pore pressure at the bottom of the specimen stabilizes, 
according to the method described in 8.2.1, or when the 
burem reading stabilizes, back pressuring of the Specimen 
pore-water may be initiated 

8.2.3 Applyhg Back Reswe-Simultaneously increase 
e chamber and back pressure in steps with specimen 

valves opened so that deaired warn Erom the 
ected to the top and bottom of the specimen 

0 
may flow into the specimen. To avoid undesirable pre- 
stresdng of the specimen while applying back pressure, the 
pressures must be applied incrementally with adequate time 
between increments to permit equalization of pore-water 
pressure throughout the specimen. The Size of each incre- 
ment might be 5 psi (35 Ea), 10 psi (70 Wa), or even 20 psi 
(140 kPa), depending on the compressibility of the soil 
specimen, the magnitude of the desired effective consolida- 
tion stress, and the degree of satuxation of ?he specimeijust 
prior to the addition of the increment. The difference 
between the chamber pressure and the back pressure during 
back pressuring should not exceed 5 psi (35 E a )  unless it is 
deemed necessary to control swelling of the specimen during 
the procedure. The difference between the chamber and back 
pressure must also remain within 2 5  % when the pressures 
are raised and within k2 % when the pressuresare constant. 
To check for equalization after application of a back pressure 
increment or after the full value of back pressure has been 
applied, close the specimen drainage valves and measure the 
change in pore-pressure over a 1-min interval. If the change 
in pore pressure is less than 1 % of the difference between the 
chamber pressure and the back pressure, another back 
pressure increment may be added or a measurement may be 
taken of the pore pressure parameter B (see 8.2.4) to 
determine if saturation is completed. Specimens shall be 
considered to be saturated if the value of B is equal to or 
greater than 0.95, or i f B  remains unchanged with addition of 
back pressure increments. 

NOTE 1bAlthough the pore presurr parameter B is used to 
measure the degree of samtion, the Bvalue is also a function of soil 
stiffness. If the degree of satwation of the sample is 100 56, the Bvalue 
measurement will increase with decmsing soil stifhess. Thercforr, 
when testing soft soil samples, a &value of 95 95 may lndicatc a degree 
of saturation les than 100 t. 

Nm 17-The back pnssure required to satmate a compacted 
spaimen may k higher for the wet mounting mahod than for the dry 
mountlng method and may k as high as 200 ps (1400 Irpa). 

NOTE 18-Many hbOratOnK use ditfercntial pressure regulators and 
transdua to achieve the nqlllrcments for small diffennccr bctween 
chamber and back pressure. 

8.2.4 Measurement of the Pore Pressure Paramaer B- 
Determine the value of the pore pressure parameter B in 
accordance with 8.2.4.1 through 8.2.4.4. The pore pressure 
parameter B is defined by the following equation: 

B &/ha3 (2) 
where: 
Au = the change in the spechen pore pressure that occurs 

as a result of a change in the chamber pressure when 
the specimen drainage valves are closed, and 

Au3 = the change in the chamber pressure. 
8.2.4.1 Close the Specimen drainage valves and increase 

the chamber pressure 10 psi (70 kPa). 
8.2.4.2 After approximately 2 min, determine and record 

the maximum value of the induced pore pressure. For many 
specimens, the pore pressure may decrease after the imme- 
diate response and then increase slightly with time. If this 
occurs, values of Au should be plotted with time and the 
asymptotic pore pressure used as the change in pore pressure. 
A large increase in Au With time or values of Au greater than 
Au3 indicate a leak of chamber fluid into the specimen. 
Decreasing values of Au with time may indicate a leak in that 
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part of the pore pressure measurement system located 
outside of the chamber. 

8.2.4.3 Calculate the B-value using Eq 2. 
8.2.4.4 Reapply the same effective consolidation stress as 

existed prior to the B-value by reducing the chamber 
pressure by 10 psi (70 P a )  or by alternatively, increasing the 
back pressure by 10 psi (70 Pa). If B is continuing to 
increase with increasing back pressure, continue with back 
pressure saturation. If B is equal to or greater than 0.95 or if 
a plot of B versus back pressure indicates no further increase 
in B with increasing back pressure, initiate consolidation. 

8.3 Consolidation-The objective of the consolidation 
phase of the test is to allow the specimen to reach equilib- 
rium in a drained state under the effective consolidation 
stress for which a strength determination is required. During 
consolidation, data is obtained for use in determining when 
consolidation is complete and for computing a rate of strain 
to be used for the shear portion of the test. The consolidation 
procedure is as follows: 

8.3.1 When the saturation phase of the test is completed, 
bring the axial load piston into contact with the specimen 
cap and m r d  the reading on the deformation indicator. 
During this procedure, take care not to apply an axial load to 
the specimen exceeding 0.5 % of the estimated axial load at 
failure. After recording the reading, raise the piston a small 
distance above the specimen cap and lock the piston in place. 

8.3.2 With the specimen drainage valves closed, hold the 
maximum back pressure constant and increase the chamber 
pressure until the difference between the chamber pressure 
and the back pressure equals the desired effective consolida- 
tion pressure. 

NOTE 19-In artain circumstances, consolidation in stags may k 
desirable, especially when radial drainage is used. 

8.3.3 Obtain an initial burette reading and then open 
appropriate drainage valves so that the specimen may drain 
from both ends into the burette. At increasing intervals of 
elapsed time (0.1,0.2,0.5, 1,2,4,8, 15, and 30 min and at 1,  
2, 4, and 8 h, etc.) observe and record the burette readings 
and after the 15-min reading record the accompanying 
deformation indicator readings obtained by carefully cou- 
plhg the piston with the specimen cap. If burette and 
deformation indicator readings are to be plotted against the 
square root of time, the time inmalls at which readings are 
taken may be adjusted to those that have easily obtained 
square roots, for example, 0.09, 0.25, 0.49, 1, 4, 9 min, etc. 
Depending on soil type, time intervals may be changed to 
convenient time intervals which allow for adequate defini- 
tion of volume change versus time. 

Nm 20-In cases where sigaiilcant amounts of fines may be 
washed from the specimen because of high initial hydraulic @ens, it 
is permisible to gradually increase the chamber pressure to the total 
desiredprcssurr oveta period of up to 10 min with the drainage valves 
own. If this is done, rrcordiag of data should begin immediately after 
t h e t o t a l ~ i s r r a r h c d .  

8.3.4 Plot the burette and defoxmation indicator readings 
versus either the logarithm or square root of elapsed time. 
Mow consolidation to continue for at least one log cycle of 
time or one overnight period after 100 % primary consolida- 
tion has been achieved as determined in accordance with one 
of the procedures outlined in Test Method D2435. A 
marked deviation between the slopes of the burette and 

deformation indicator curves toward the end of conwlida- 
tion based on deformation indicator readings 

test should be terminated. 
8.3.5 Determine the time for 50 95 primary consolidation, 

2% in accordance with one of the procedures outlined in 
Test Method D 2435. 

8.4 Shear-During shear, the chamber pressure shall be 
kept constant while advancing the axial load piston down- 
ward against the specimen cap using controlled axial strain 
as the loading criterion. Specimen drainage is not permitted 
during shear. 

8.4.1 Mor to Axial hading-Before initiating shear. 
perform the following steps: 

8.4.1.1 By opening or closing the appropriate valves. 
isolate the specimen so that during shear the specimen 
pore-water pressure will be measured by the pore-pressure 
measurement device and no drainage will occur. 

8.4.1.2 Place the chamber in position in the axial loading 
device. Be careful to align the axial loading device, the d 
load-measuring device, and the triaxial chamber to prevenr 
the application of a lateral force to the piston during shear. 

8.4.1.3 Bring the axial load piston into contact with the 
specimen cap to permit proper seating and realignment 01: 
the piston with the cap. Remember that during this proce- 
dure, care should be taken not to apply an axial load to the 
specimen exceeding 0.5 95 of the estimated axial load a: 
failure. If the axial load-measuring device is located outsidc 
of the triaxial chamber, the chamber pressure will 

leakage of fluid from the chamber into the specim e 

an upward force on the piston that will react -BIp” 
loading device. In this case, start shear with )I: 
slightly above the specimen cap, and before the piston - -se 
into contact with the specimen cap, either (I) measure anc 
record the initial piston friction and upward thrust of thc 
piston produced by the chamber pressure and later correc 
the measured axial load, or (2) adjust the axial load 
measuring device to compensate for the friction and thrust 
The variation in the axial load-measuring device readin: 
should not exceed 0.1 5% of the estimated failure load whex 
the piston is moving downward prior to contacting th! 
specimen cap. If the axial load-measuring device is locata 
inside the chamber, it will not be necessary to correct o 
compensate for the uplift force acting on the axial loadin: 
device or for piston friction. However, if an internal load 
meaSuriDg device of significant flexibility is used in combi 
nation with an external deformation indicator, c o d o n  o 
the deformation readings may be necessary. In both 
record the initial reading on the porewater pressure mea 
surement device immediately prior to when the pistor 
contacts the specimen cap and the reading on the deforma 
tion indicator when the piston contacts the specimen cap. 

8.4.2 Axial Loading-Apply axial load to the specime: 
using a rate of axial strain that will produce approximat 
equalization of pore pressures throughout the specimen E 
failure. Assuming failure will occur after 4 %, a suitable rat 
of Strain may be obtained by dividing 4 % by ten times th 
value of tm (obtained in 8.3.5). This rate! of 

the range necessary to define effective strength en 
however, it is estimated that failure will OCCUT at a strai- 
value lower than 4 %, it will be necessary to obtain a suitabl 

provide for determination of accurate e f fdve  * 
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ctrain rate by dividing the estimated failure strain by ten 

mes the value of ts0. At a minimum, record load, deforma- 
an, and pore-water pressure values at increments of 0.1 % 0 to 1 9% strain and, thereafter, at every 1 %. Take sufficient 

readings to define the stress-strain c w e ;  hence, more 
frequent readings may be required in the early stages of the 
test and as failure is approached. Continue the loading to 
15 76 strain, except loading may be stopped when the 

- princiw stress difference (deviator itress) hiis dropped 20 9% 
or when 5 9% additional axial strain occurs after a peak in 
principal stress difference (deviator stress). 

NOTE 21-The use of a manually adjusted null-indicating device will 
q u i r e  nearly continuous attention to ensure the criterion for undrained 
shear. 

9. Removing Specimen 
9.1 When shear is completed, perform the following steps: 
9.1.1 Remove the axial load and reduce the chamber and 

back pressures to zero. 
9.1.2 With the specimen drainage valves remaining 

closed, quickly remove the specimen from the apparatus so 
that the specimen will not have time to absorb water from 
the porous discs. 

9.1.3 Remove the rubber membrane (and the filter-paper 
Strips or cage from the specimen if they were used) and 
determine the water content of the total specimen in 
accordance with the procedure outlined in Method D 22 16. 
(Free water remaining on the specimen after removal of the 
membrane should be blotted away before obtaining the 
water content.) In cases where there is insufficient material 
horn trimmings for index property tests, that is, where 
specimens have the same diameter as the sampling tube, the 
Specimen should be weighed prior to removing material for 
index property tests and a representative portion of the 
specimen used to determine its final water content. Prior to 
placing the specimen (or portion thereof) in the oven to dry, 
sketch a picture or take a photograph of the specimen 
showing the mode of failure (shear plane, bulging, etc.). 

10. calcalatiolls 
10.1 Initial Specimen Properties-Using the dry mass of 

the total specimen, calculate and record on the appropriate 
data sheet the initial water content, volume of solids, initial 
void ratio, initial degree of saturation, and initial dry unit 
weigbt. Calculate the specimen volume from values mea- 
sured in 6.2 or 6.3. Calculate the volume of solids by dividing 
the dry mass of the specimen by the specifk gravity of the 
solids (Note 22) and dividing by the density of water. 
Calculate the void ratio by dividing the volume of voids by 
the volume of solids where the volume of voids is assumed to 
be’the difference between the specimen volume and the 
volume of the solids. Calculate dry density by dividing the 
dry mass of the Specimen by the specimen volume. 
NOTE 22-The speci6c gravity of solids can be determined in 

m a  with Test Method D854 or it may be assumed based on 
p m i o u s t e s t d t s .  

10.2 Specimen Properties Afim Consohdationrrrlculate 
the specimen height and area afier consolidation as follows 

10.2.1 Height of specimen after consolidation, H, is 
determined from the following equation: 

0 

H, = H ,  - No (3) 
where: 
f f o  
AHo = change in height of specimen at end of consolida- 

10.2.2 The cross-sectional area of the specimen after 
consolidation, A, shall be computed using one *of the 
following methods (assumiq consistent units are used). n e  
choice of the method to be used depends on whether shear 
data are to be computed as the test is performed (in which 
case Method A would be used) or on which of the two 
methods in the opinion of a qualified person yield specimen 
conditions considered to be most representative of those 
after consolidation. 

= initial height of specimen, in. (mm), and 

tion, in. (mm). 

~ 

10.2.2.1 Method A: 
A, = ( V ,  - AV, - AVJ/H, (4) 

where: 
Vo = initial volume of specimen, ia3 (mm’), 
AV, = change in volume of specimen during consolida- 

tion as indicated by burette readings, in? (mm’), 
and 

AV, = change in volume of specimen during saturation, 
in.’ (nun’), as follows: 

AV, = 3V, AH,/H, 
where: 
AH, = change in height of the specimen during saturation, 

in. (mm). 
10.2.2.2 Method 8: 

A, = ( V d  + V J / K  (5) 
where: 
V4 = final volume of water (based on final water content), 

V, = volume of solids, in.’ (mm’), as follows: 

where: 
w, = specimen dry mass, lb a), 
G, = specific gravity of solids, and 
p,,, = density of water, lb/in.’ Wrnrn’). 

10.2.3 Using the calculated dimensions of the specimen 
after consolidation, and assuming that the water content 
after consolidation is the same as the final water content, 
calculate the consolidated void ratio and degree of satura- 
tion. 
NOTE 23-If the specimen absorbs water from the porous discs 

during the time it is being moved  from the apparatus, the calculated 
degree of saturation based on the 6nal water content will ex& 100 %. 
NOTE 24-In this M method, the equations are written such that 

compression and consolidation are considered positive. 

10.3 Shear Data 
10.3.1 Calculate the axial strain, e l ,  for a given applied 

axial load as follows: 

where: 
AH = change in height of specimen during loading as read 

from deformation indicator, in. (mm), and 
H, = height of specimen after consolidation, in. (mm). 

10.3.2 Calculate the cross-sectional area, A, for a given 
applied axial load as follows 

in? (nun3), and 

V, = w,/(Gg,J 

= N / H ,  (6) 
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(7) 
where: 
A, =average c~oss-sectional area of the specimen after 

t , = axial strain for the. given axial load. 

NOTE 25-The cross-sectional area computed in this manner is based 
on the assumption that the spkcirnen deforms as a right circular cylinder 
during shear. In cases where there is localized bulging, it may be possible 
to determine more aarurateivalua for the area based on specimen 
dimendon measurements obtained after shear. 

A = AJ(1 - t i )  

consolidation, in.' (mm'), and 

10.3.3 Calculate the principal stress difference (deviator 
stress), uI - u3, for a given applied axial load as follows: 

(8) 
where: 
P = given applied axial (load (corrected for upiift and piston 

fiction if required as obtained in 8.4.1.3), Ib (kN), and 
A = corresponding cross-sectional area, in? (mm'). 

10.3.4 Calculate the effective minor principal stress, d3 
for a given applied axial load as follows: 

. (9)  
where: 
u3 = effective consolidation stress, psi (kPa), and 
Au = induced pore-water pressure at the given axial load 

(total pore-water pressure minus the total back pres- 
sure), psi (Pa). 

10.4 Principal Stress Diflkrenee (Deviator Stress) and 
Induced Pore- Water Pressure versus Strain Curves-Prepare 
graphs showing relationships between principal stress differ- 
ence (deviator stress) and induced pore-water pressure with 
axial strain, plotting d e k t o r  stress and induced pore-water 
pressure as ordinates and. axial strain as abscissa Select the 
principal stress difference (deviator stress) and axial strain at 
failure in accordance with' a definition in 3.2.3. 

10.5 p' - q Diagram-Prepare a graph showing the 
relationship between p', (U'~ + d3)/2 and q, (ul - u3)/2, 
plotting q as ordinate and p' as abscissa using the Same scale. 
The value of p' for a givlen axial load may be computed as 
follows: 

P' = ((ai - 43) -k 20'3)/z (10) 
where: 
ul - u3 = principal stress difference (deviator suess), psi 

up3 = effective minor principal stress, psi (kPa). 
10.6 Correction for Filter-Paper Strips-For vertical filter- 

paper strips which extend over the total length of the 
specimen, apply a filter-paper strip correction to the mm- 
puted values of the principal stress difference (deviator 
stress), if the error in principal stress difference (deviator 
stress) due to the strength of the filter-paper strips exceeds 
5 %. 

10.6.1 For values of axial strain above 2 %, use the 
following equation to compute the correction: 

where: 
A(ul - q) = commion to be subtracted fiom the measured 

principal stltss difference (deviator stress), psi 
(kW, 

01 - 03 = P/A 

0'3 = 03 - AU 

Wa), and 

40, - 0 3 )  = KJaPrplAC (11) 
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=load carried by fdter-pam strips y .,nit 
length of perimeter covered by fd 
lbf/in. (kN/mm), 

p/p =perimeter covered by mer-paper, 1 
and 

A, = cross-sectional area of specimen after co-li- 
dation, in? (mm2). 

10.6.2 For values of axial strain of 2 % or less, use the 
following equation to compute the correction: 

Kfp m 
A(u1 - 03) = 50~1K/dj,//Ac (12) 

where: 
e l  =axial strain (decimal form) and other terms are the 

same as those defined in 10.6.1. 
NOTE 26-For filter-paper generally used in viaxial testing, Kh i s  

approximately 1.1 l b f i  (0. I9 kN/m). 

10.7 Correction for Rubber Membrane-Use the fol- 
lowing equation to correct the principal stress difference 
(deviator stress) for the effect of the rubber membrane if the 
error in principal stress difference (deviator stress) due to the 
strength of the membrane exceeds 5 %: 

- 63) = (445dm4/Dc (13) 
where: 
A(ul - u3) = the correction to be subtracted from the mea- 

sured principal stress difference (deviator 

0, = 4AJa = diameter of specimen after consoli- 
dation, in. (mm), 

E m  = Young's modulus for the membrane 
Psi (kpa), 

1, = thickness of the membrane, in. (mm), 
€1 = axial strain (decimal form). 

10.7.1 The Young's modulus of the membrane material 
may be determined by hanging a 0.5-in. ( 15-mm) circumfer- 
ential strip of membrane using a thin rod, placing another 
rod through the bottom of the hanging membrane, and 
measuring the force per unit strain obtained by stretching the 
membrane. The modulus value may be computed using the 
following equation: 

where: 
E,,, = Young's modulus of the membrane material, psi 

F = force applied to stretch the membrane, Ibf (IrN), 
L = unstretched length of the membrane, in. (mm), 
AL = change in length of the membrane due to application 

A, = area of the membrane = 2 t ,  W, in? (m2 = 

y', psi Wa),  

6' 

E, = (FIA,,,)/(ALIL) (14) 

(kw, 

of the force, F, in. (mm), and 

mm2/1 OOo OOo) 
where: 
t ,  = thickness ofthe membrane, and 
W, = width of circumferential Saip (4.5 in. or 15 mm). 

NOTE 27-A typical value of E,,, for latex membrana is 200 psi 
(1400 kpa). 
NOTE 28-The effect of the membrane on the latual stress. 

NOTE 29-The corrections for filter-papcr mips and mem & assumed to be negligible. 

based on simplified assumptions concerning their behavior d 
Their actual behavior is complex and thcre is not a consensus on mom 
uactcorrrctionr 
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10.8 Determine the mqior and minor principal stresses at 
failure based on total stress, u, and ~~~respectively, and on 
effective stresses, u'  and'^'^^ respectively, as follows. 
u3f = effective consolidation stress, psi (Wa), 
elf = (0, - 4 at fail- + u35 psi &Pa), 

u',, = (0, - u3) at failme + u ' , ~  psi &Pa), where Au is the 

10.9 Mohr Stress Cik&s4nstruct Mohr stress circles 
at failure based-on total and effective stresses on an arith- 
metic plot with shear as ordinate and normal stress as 
abscissa using the same scales. As shown in Fig. 3, the circle 
based on total stresses isdrawn with a radius of one-halfthe 
principal stress dif€erenae(deviator stress) at failure with its 
center at a value equal to one-halfthe sum of the major and 
minor total principal shesses. The Mohr stress circle based 
on effective stresses is drawn in a similar manner except that 
its center is at a value equal to one-half the sum of the major 
and minor effective principal stresses. 

d3f = u3f- Aufi psi rn), and 

induced pore-water pressure at failure. 

A =  
B =  
C =  
O =  

TOTAL OR EFFECTIVE MINOR PRINCIPAL STRESS (r or u.) 
AVERAGE OF TOTAL OR EFFECTIVE PRINCIPAL S R E ~ S E S  

RADIUS OF THE MOHR'S CIRCLE; HALF T H E , P R I N C I ~ A L  
TOTAL OR EFFECTIVE MAJOR PRINCIPAL STRESS (U or $1 
n R E S S  DIFFERENCE 

FIG.3 tsmmcth of Mohr Stress Circle 

11. Report 
1 1.1 The report shall include the following 

1 1.1.1 Identification data and visual description of speo- 
imen, including soil classification and whether the specimen 
is un- compacted, or otherwise prepaml 

11.1.2 Values of plastic limit and liquid limit, if deter- 
mined in accordance with Test Method D 4318. 

1 1.1.3 Value of specific gravity of solids and notation if 
the value was determined in accordance with Test Method 
D 854 or assumed. 

1 1.1.4 Particle-size analysis, if determined in accordance - . 
with Method D 422. 

1 1.1.5 Initial specimen dry Unit weighs void ratio, water 
conten& and percent saturation. 

1 1.1.6 Initial height and diameter of Specimen. 
1 1.1.7 Method followed for specimen saturation (that is, 

dry or wet method). 
11.1.8 Total back pressure. 
11.1.9 The pore pressure parameter B at the end of 

saturation. 
1 1.1.10 Effective consolidation stress. 
1 1.1.1 1 Time to 50 % primary consolidation. 
1 1.1.12 Specimen dry unit weight, void ratio, water con- 

tens and degree of saturation after consolidation. 
1 1.1.13 Specimen cross-sectional area aAer consolidation 

and method used for determination. 
11.1.14 Failure criterion used. 
1 1.1.15 The value of the principal stress difference (de- 

viator stress) at failure and the d u e s  of the effective minor 
and major principal stresses at failure. 

11.1.16 Axial strain at failure, percent 
11.1.17 Rate of strain, percent/&. 
11.1.18 Principal stress difference (deviator stress) and 

induced pore-water pressure versus axial strain curves as 
described in 10.4. 

11.1.19 The p' - q diagram for the test results. 
11.1.20 Mohr stress circles based on total and effective 

- 

stresses. 
. 11.1.21 Failure sketch or photograph of the specimen. 

1 1.1.22 Remarks and notations regarding any unusual 
conditions or other information necessary to properly inter- 
pret the results obtained, including any depamves from the 
procedure outlined- 

12. Precision and Bias 

12.1 The variability of soil and resultant inability to 
determine a true reference value prevent development of a 
meaningful statement of b k  Data are being evaluated to 
determine the precision of this test method. In addition, the 
subcommittee is seeking pertinent data from users of this test 
method. 

13. Keywords 
13.1 Back pressure situation; cohesive soils; consolidated- 

undrained-wiaxial compression test; consolidated unchained 
triaxial compressive strength; effective consolidation stress; 
shear strength; strength envelope. 
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(m Designation: D 5084 - 90 3 4  
Standard lest Method for 
Measurement of Hydraulic Conductivity of Saturated Porous 
Materials Using a Flexible Wall Permeameter' 

1. scope 
1.1 This test method covers laboratory measurement of 

the hydraulic conductivity (also referred to as coeficient of 
penneability) of water-saturated porous materials with a 
flexible wail permeameter. 

1.2 This test method may be utilized with undisturbed or 
compacted specimens that have a hydraulic conductivity less 
than or equal to 1 x IO+ m/s (I x 10" cm/s). 

1.3 The hydraulic conductivity of materials with hy- 
draulic conductivities greater than 1 x m/s may be 
determined by Test Method D 2434. 

1.4 The values stated in SI units are to be regarded as the 
standard, unless other units are specifically given. By tradi- 
tion in U.S. practice, hydraulic conductivity is reported in 
entimetres per second, although the common SI units for 
hydraulic conductivity are metres per second 

1.5 This standard does not purpon to address the safety 
problem associated with its use. i t  is the responsibility of the 
user of this standard to establish appropriate safay and 
health practices and detennine the applicability of regulatory 
limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

D698 Test Methods for Moisture-Density Relations of 
Soils and Soil-Aggregate Mixtures Using 5.5-lb (2.49-kg) 
Rammer and 12-in. (305-mm) Drop2 

D 1557 Test Methods for Moisture-Density Relations of 
Soils and Soil-Aggregate Mixtures Using 10-lb (4.54-kg) 
Rammer and 18-in. (457-mm) Drop2 

D 1587 Practice of Thin-Walled Tube Sampling of Soils2 
D2113 Practice for Diamond Core Drilling for Site 

Investigation2 
I) 2216 Method for Laboratory Determination of Water 

(Moisture) Content in Soil, Rock, and Soil-Aggregate 
Mixtures2 

D2434 Test Method for Permeability of Granular Soils 
(Constant Head? 

D4220 Practices for Presening a d  Transporting Soil 

Fluid2 

Samples2 

'lhistcs~ mahod aundcrtbejumdmon of- C4mrmtlrc D18 on Soil 
J& Rock and u the drrea rcqumsiity of Su- D18.04 on Hydrdog~c 

Cumnt d o o a  rpprwcd Junc 29,1990. Pubhhal Oaober 1990. 
R o p m a o f s o i l d ~  

A d  Bode t?fW .!i~mh&, vOl04.08. 

D4753 Specification for Evaluating, Selecting and Speci- 
fying Balances and Scales for Use in Soil and Rock 
TeStillg' 

D4767 Test Method for Consolidated-Undrained Triaxial 
Compression2 

E 145 Specification for Gravity-Convection and Forced- 
Ventilation ovens3 

3. Terminology 
3.1 Definitions: 
3.1.1 hydraulic conductivity, k-the rate of discharge of 

water under laminar flow conditions W ~ u g h  a unit cross- 
sectional area of a porous medium under a unit hydraulic 
gradient and standard temperature conditions (200C). 

DlSCUSSrON--'lhe term c@cient of penneabiiity is often used 
instead of hydraulic conductivity, but hydraulic condmivity is used 
exclusively in this test method. A more complete disfusson of the 
terminology awciatd with Darcy's h w  is given in the titemrt.' 

3.1.2 pore volume offlow-the cumulative quantity of flow 
into a test specimen divided by the volume of voids in the 
specimen. 

3.1.3 Fordefinitionsofothertermsusedinthistestmethod, 
see Terminology D 653. 

4. S i c a n c e a n d U s e  
4.1 This test method applies to onedimensional, laminar 

flow of water within porous materials such as soil and rock. 
4.2 The hydraulic conductivity of porous materials gener- 

ally decreases with an increasing amount of air in the pores 
of the material. This test method applies to water-saturated 
porous materials containing virtually no air. 

4.3 This test method applies to permeation of porous 
materials with water. Permeation with other liquids, such as 
chemical wastes, can be accomplished Using procedures 
similar to those described in this test method- However, this 
test method is only intended to be used when water is the 

4.4 It is assumed that Darcy's law is valid and that the 
hydraulic conductivity is essentially unaffected by hydraulic 
gradient. The validity of Darcy's law may be evaluated by 
measuring the hydraulic conductivity of the specimen at 
three hydraulic gradients; if all measured values are similar 
(within about 25 %), then Darcy's law may be taken as valid. 
However, when the hydraulic gradient acting on a test 

permeant liquid. 
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specimei is changed, the state of stress will also change, and, 
if the specimen is compressible, the volume of the specimen 
will change. Thus, some change in hydraulic conductivity 
may occur when the hydraulic gradient is altered, even in 
cases where Darcy's law is valid. 

4.5 This test method provides a means for determining 
hydraulic conductivity at a controlled level of effective stress. 
Hydraulic conductivity varies with varying void ratio, which 
in turn changes when the effective stress changes. If the void 
ratio is changed, the hydraulic conductivity of the test 
specimen will likely change. To determine the relationship 
between hydraulic conductivity and void ratio, the hydraulic 
conductivity test would have to be repeated at Werent 
effective stresses. 
4.6 The correlation between results obtained with this test 

method and the hydraulic conductivities of in-place field 
materials has not been fully investigated. Experience has 
sometimes shown that flow patterns in small test specimens 
do not necessarily follow the same patterns on large field 
scales and that hydraulic conductivities measured on small 
test specimens are not necessarily the same as larger-scale 
values. Therefore, the results should be applied to field 
situations with caution and by qualified personnel. 

5. Apparatus 
5.1 Hydraulic System-Constant head (Method A), 

falling head (Methods B and C), or constant rate of flow 
(Method D) system may be utilized provided they meet the 
criteria outlined as follows: 

5.1.1 Constant Head-The system must be capable of 
maintaining constant hydraulic pressures to within 2 5  9% 
and shall include means to measure the hydraulic pressures 
to within the prescribed tolerance. In addition, the head loss 
across the test specimen must be held constant to within 
2 5  5% and shall be measured with the same accuracy or better. 
Pressures shall be measured by a pressure gage, electronic 
pressure transducer, or any other device of suitable accuracy. 

5.1.2 Falling Head-The system shall allow for measure- 
ment of the applied head loss, thus hydraulic gradient, to 
within 5 % or better at any time. In addition, the ratio of 
initial head loss divided by final head loss over an interval of 
time shall be measured such that this computed ratio is 
accurate to within k5 5%. The head loss shall be measured 
with a pressure gage, electronic pressure transducer, engi- 
neer's scale, graduated pipette, or any other device of suitable 
accuracy. Falling head tests may be performed with either a 
constant tailwater elevation (Method B) or a rising tailwater 
elevation (Method C). 

5.1.3 Constan! Rate of Flow-The system must be ca- 
pable of maintaining a constant rate of flow through the 
specimen to within 5 5% or better. Flow measurement shall 
be by calibrated syringe, graduated pipette, or other device of 
suitable accuracy. The head loss across the specimen shall be 
measuredtoanaccuracyof5 %orbettefusinganelectronic 
pressure transducer or other device of suitable accuracy. 
More information on testing with a constant rate of flow is 
given in the literature.' 

Olson, H. W.. M h n ,  R H, and Nichols, R W., "Row Pump Appli~aUo~c h 
friaxial TCSring" Svmpamun on A d v d  Triaxid Taring of Soil a d  Rods 
AsTMsTP977. AslM 1988.m. 68-81. 

5.1.4 System De-airing-The hydraulic system- shall be 
designed to facilitate rapid and complete removal of free 
bubbles from flow lines. 

5.1.5 Back Pressure System-The hydraulic system 
have the capability to apply back pressure to the specimen to 
facilitate saturation. The system shall be capable of main- 
taining the applied back pressure throughout the duration of 
hydraulic conductivity measurements. The back pressure 
system shall be capable of applying, controlling, and mea- 
suring the back pressure to 5 % or better of the applied 
pressure. The back pressure may be provided by a com- 
pressed gas supply, a deadweight acting on a piston, or any 
other method capable of applying and controlling the back 
pressure to the tolerance prescribed in this paragraph. 

NOTE 1-Applicdon of gas presut directly to a fluid will dissolve 
gas in the fluid. A variety of techniques are available to minimiv 
dissolution of gas in the back pressure fluid, including -tion of gas 
and liquid phases with a bladder and frequent replacement of the liquid 
with de-aired water. 

5.2 Flow Mearurement System-Both inflow and outflow 
volumes shall be measured unless the lack of leakage, 
continuity of flow, and cessation of consolidation or swelling 
can be verified by other means. Flow volumes shall be 
measured by a graduated accumulator, graduated pipette, 
vedcal standpipe in conjunction with an electronic pressure 
transducer, or other volume-measuring device of suitable 
accuracy. 

5.2.1 Flow Accuracy-Required accuracy for the quantity 
of flow measured over an interval of time is 5 % or better. 

5.2.2 De-airing and Compliance of the System-The flo 
measurement system shall contain a minimum of dead sp 
and be capable of complete and rapid de-airing. Complian 
of the system in response to changes in pressure shall be 
minimized by using a s t i f f  flow measurement system. Rigid 
tubing, such as metallic or rigid thermoplastic tubing, shall 
b e d  

5.2.3 Head Losses-Head losses in the tubes, valves, 
porous end pieces, and filter paper may lead to emr. To 
guard against such errors, the permeameter shall be assem- 
bled with no specimen inside and then the hydraulic system 
filled. If a constant or falling head test is to be used, the 
hydraulic pressures or heads that will be used in testing a 
specimen shall be applied, and the rate of flow measured 
with an accuracy Of 5 % or better. This rate of flow shall be at 
least ten times greater than the rate of flow that is measured 
when a specimen is placed inside the permeameter and the 
same hydraulic pressures or heads are applied. If a constant 
rate of flow test is to be used, the rate of flow to be used in 
testing a specimen shall be supplied to the permeameter and 
the head loss measured The head loss without a specimen 
shall be less than 0.1 times the head loss when a specimen is 
present. 

5.3 Permeameter Cell Pressure System-The system for 
pressurizing the permeameter cell shall be capable of a p  
plying and controlling the cell pressure to within 5 9% of the 
applied pressure. However, the e f f d v e  stress on the test 

and the pore water pressure) shall be maintained to 
desired value with an accuracy of 10 95 or better. The de 

specimen (which is the difference between the cell p 

for pressuridng the cell may consist of a reservoir COM 
to the permeameter cell and partially lilled with de-aired 
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water, with the upper part of the reservoir connected to a 
compressed gas supply or other source of pressure (see Note 
2). The gas pressure shall be controlled by a pressure 
regulator and measured by a pressure gage, electronic pres- 
sure transducer, or any other device capable of measuring to 
the prescribed tolerance. A hydraulic system pressurized by 
deadweight acting on a piston or any other pressure device 
_capable of applying and conuolling $e permweter cell 
pressure to the tolerance prescribed in this paragraph may be 
used. 

NOTE 2-De-aind water is commonly used for the cell fluid to 
minimize potential for diffusion of air through the membrane into the 
specimen. other fluids, such as oils, which have low gas solubilities are 
also aaxptablc. provided they do not react With components of the 
permmeter. Also, use of a long (approximately 5 to 7 m) tube 
connecting the prrssurired cell liquid to the cell helps to delay the 
appearance of air in the cell fluid and to rcdua the flux of dissolved air 
into the all. 

5.4 Penneameter Cell-An apparatus shall be provided in 
which the specimen and porous end pieces, enclosed by a 
membrane sealed to the cap and base, are subjected to 
controlled fluid pressures. A schematic diagram of a typical 
cell is shown in Fig. 1. 

5.4.1 The permeameter cell may allow for observation of 
changes in height of the specimen, either by observation 
tbrough the cell wall using a cathetometer or other instru- 
ment, or by monitoring of either a loading piston or an 
extensometer extending through the top plate of the cell 
bearing on the top cap and attached to a dial indicator or 
other measuring device. The piston or extensometer should 
pass through a bushing and seal incorporated into the top 
plate and shall be loaded with sufficient force to compensate 
for the cell pressure acting over the cross-sectional area of the 
piston where it passes through the seal. If deformations are 
measured, the deformation indicator shall be a dial indicator 
or cathetometer graduated to 0.3 mm (0.01 in.) or better and 
having an adequate travel range. Any other measuring device 
meeting these requirements is acceptable. 

5.4.2 In order to facilitate gas removal, and thus satura- 
tion of the hydraulic system, four drainage lines leading to 
the specimen, two each to the base and top cap, are 
recommended. The drainage lines shall be controlled by 
no-volume-change valves, such as ball valves, and shall be 
designed to minimiZe dead space in the lines. 

5.5 Top Cap and Base-An impermeable, rigid top cap 
and base shall be used to support the specimen and provide 
for transmission of permeant liquid to and h m  the spec- 
imen. The diameter or width of the top cap and base shall be 
equal to the diameter or width of the specimen +.5 %. The 
base shall prevent leakage, lateral motion, or tilting, and the 
top cap shall be designed to receive the piston or extensom- 
eter, if used., such that the piston-to-top cap contact area is 
concentric with the cap. The surface of the base and top cap 
that contacts the membrane to form a seal shall be smooth 
and free of scratches. 

5.6 Flexible Membranes-The flexible membrane used to 
encase the specimen shall provide reliable protection against 
leakage. The membrane shall be carefully inspeaed prior to 
use and if any flaws or pinholes are &den& the membrane 
shall bediscarded. To minimize restrain to thespecimen, the 
diameter or width of the unsaetched membrane shall be 
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between 90 and 95 95 of that of the specimen. The mem- 
brane shall be sealed to the specimen base and cap with 
rubber O-rings for which the unstressed, inside diameter or 
width is less than 90 % of the diameter or width of the base 
and cap, or by any other method that will produce an 
adequate seal. 

NOTE 3-Membranes may be tested for flaws by placing them 
around a form sealed at both ends with rubber O-rings, subjecting them 
to a small mr prrssure on the inside, and then dipping them into water. 
If air bubbles come up from any point on the membrane, or if any 
visible flaws are obsewed, the membrane shall be discarded 

5.7 Porous End Pieces-The porous end pieces shall be of 
silicon carbide, aluminum oxide, or other m a t e d  that is not 
attacked by the specimen or permeant liquid. The end piece: 
shall have plane and smooth surfaces and be free of cracks. 
chips, and nonudormities. They shall be checked regularlq 
to ensure that they are not clogged. 

5.7.1 The porous end pieces shall be the same diameter or 
width (+.5 %) as the specimen, and the thickness shall br 
sufficient to prevent breaking. 

5.7.2 The hydraulic conductivity of the porous end piece: 
shall be significantly greater than that of the specimen to b 
tested. The requirements outlined in 5.2.3 ensure this 

5.8 Film Paper-If necessary to prevent intrusion o 
material into the pores of the porous end pieces, one or mor( 
sheets of filter paper shall be placed between the top anc 
bottom porous end pieces and the Specimen. The paper shal 
have a negligibly small hydraulic impedance. The require 
ments outlined in 5.2.3 ensure that the impedance is small. 

5.9 Equipma for Compacting a Specimen-Equipmen 
(including compactor and mold) suitable for the method c 
compaction specified by the requester shall be used. 

00039a 
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5.10 Sample Extder-When the material being tested is 
a soil core, the soil core shall usually be removed from the 
sampler with an extruder. The sample extruder shall be 
capable of extruding the soil core from the sampling tube in 
the same direction of travel in which the sample entered the 
tube and with minimum disturbance of the sample. If the 
soil core is not extruded vertically, care should be taken to 
avoid bending stresses on the core due to gravity. Conditions 
at the time of sample extrusion may dictate the direction of 
removal, but the principal concern is to keep the degree of 
dismbance minimal. 

5.1 1 Trimming Equipment-Specific equipment for trim- 
ming the specimen to the desired dimensions will vary 
depending on quality and characteristics of the sample; 
however, the following items listed may be used: lathe, wire 
saw with a wire about 0.3 mm (0.01 in.) in diameter, 
spatulas, knives, steel rasp for very hard clay specimens, 
cradle or split mold for trimming specimen ends, and steel 
straight edge for final trimming of specimen ends. 

5.12 Devices for Measuring the Dimensions of the Speci- 
men--Devices used to measure the dimensions of the 
specimen shall be capable of measuring to the nearest 0.3 
mm (0.01 in.) or better and shall be constructed such that 
their use will not disturb the specimen. 

5.13 Balances-The balance shall be suitable for deter- 
mining the mass of the specimen and shall be selected as 
dixussed in Specification D4753. The mass of specimens 
less than 100 g shall be determined to the nearest 0.01 g. The 
m a s  of specimens 100 g or larger shall be determined to the 
nearest 0.1 g. The mass of specimens >lo00 g shall be 
determined to the nearest 1.0 g. 

5.14 Equipment for Mounting the Specimm-Equipment 
for mounting the specimen in the permeameter cell shall 
include a membrane stretcher or cylinder, and ring for 
expanding and placing O-rings on the base and top cap to 
seal the membrane. 

5.15 Vacuum Pump-To assist with de-airing of 
permeameter system and saturation of specimens. 

5.16 Temperature Maintaining Device-The temperature 
of the permeameter, test specimen, and reservoir of perme- 
ant liquid shall not vary more than k3'C (57'F). Nor- 
mally, this is accomplished by performing the test in a room 
with a relatively constant temperature. If such a room is not 
available, the apparatus shall be placed in a water bath, 
insulated chamber, or other device that maintains a temper- 
ature within the tolerance specified in 5.16. The temperature 
shall be periodically measured and recorded. 

5.17 Water Content Containers-The containers shall be 
in accordance with Method D 2216. 

5.18 Drying Oven-The oven shall be in accordance with 
Specification E 145. 

6. Reagents 
6.1 Permeant Warn: 
6.1.1 The permeant water is the liquid used to permeate 

the test specimen and is also the liquid used in backpressur- 
ing the specimen. 

6.12 The type of permeant water should be specified by 
the requestor. If no specification is made, tap water shall be 
used for the permeant liquid. The type of water utilized shall 
be indicated in the repo~ 

NOTE 4-Chemical interactions betwan a permcant liquid and the 
porous material may lead to variations in hydraulic conductivity. 
tilled watm can significantly lower the hydraulic conductivity of 
soils (see the literature).' For this reason, distilled water is not 
recommended as a pmneant liquid. A permeant liquid used by so 
0.005 N CaSO,. which can be obtained for example, by dissolving 6.8 g 
of nonhydrated, reagent-grade CaSO, in 10 L of de-aired. distilled water. 
This -0. solution is thought to neither inaeasc nor decrease 
significantly the hydraulic conductivity of clayey so& In areas with 
extremely brackish tap water, the CasO, solution is recommended. 

6.1.3 Deaired Water-To aid in removing as much air 
from the test specimen as possible, deaired water shall be 
used. The water is usually deaired by boiling, by spraying a 
fine mist of water into an evacuated vessel attached to a 
vacuum source, or by forceful agitation of water in a 
container attached to a vacuum source. If boiling is used, 
care shall be taken not to evaporate an excessive amount of 
water, which can lead to a larger salt concentration in the 
permeant water than desired. To prevent dissolution of air 
back into the water, deaired water shall not be exposed to air 
for prolonged periods. 

7. Test Specimens 
7.1 Size-Specimens shall have a minimum diameter of 

25 mm (1.0 in.) and a minimum height of 25 mm. The 
height and diameter of the specimen shall be measured to the 
nearest 0.3 mm (0.01 in.) or better. The length and diameter 
shall vary by no more than +5 7%. The surface of the test 
specimen may be uneven, but indentations must not be so 
deep that the length or diameter vary by more than k 5  9' 
The diameter and height of the specimen shall each 
least 6 times greater than the largest particle size wi 
specimen. If, after completion of a test, it is found based * 
visual observation that oversized particles are present, that 
information shall be indicated on the rep or^ 

drical test specimens. It is possible to utilize special equipment for 
testing prismatic M spedmens, in which case refcrcna to "diameter" 
in 7.1 applies to the least width of the prismatic test specimen. 

7.2 Undisturbed Specimm-Undisturbexi test specimens 
shall be prepared from a representative portion of undis- 
turbed samples secured in accordance witb Practice D 1587 
orPracticeD2113,andpreservedandtransportedinaccord- 
ance with requirements for Group C materials in Practice 
D 4220. Specimens obtained by tube sampling or coring may 
be tested without trimming except for cutting the end 
surfaces plane and perpendicular to the longitudinal axis of 
the specimen, provided soil characteristics are such that no 
significant disturbance results from sampling. Where the 
sampling operation has c a d  disturbance of the soil, the 
disturbed material shall be trimmed. Where removal of 
pebbles or crumbling resulting from trimming causes voids 
on the surface of the specimen that cause the length or 
diameter to vary by more than 2 5  %, the voids shall be filled 
with remolded material obtained fiom the txhmings. The 
en& of the test specimen shall be cut and not troweled 
(troweling can seal off cracks, slickensides, or other sec- 

shall be trimmed, whenever possible, in an enviro 
ondary features that might conduct water flow). S 

where changes in moisture content are xmmmmd 
trolled high-humidity room is usually used for this purpose. 
The mass and dimensions of the test Specimen shall be 

a 

NOTE 5-Mm hydraulic conductivity teN P r f O m d  ou ~ y h -  

?!e . .  . 
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determined to the tolerances given in 5.12 and 5.13. The test 
specimen shall be mounted immediately in the permeam- 
eter. The water content of the tximmings shall be determined 
in accordance with Method D 22 16. 

7.3 Laboratory-Compacted Specimm-The material to 
be tested shall be prepared and compacted inside a mold in a 
manner specltied by the requestor. If the specimen is placed 
and compacted in layers, the surface of each previously- 
compacted layer shall be lightly scarified (roughened) wi@ a 
fork, ice pick, or other suitable object, unless the requester 
specifically states that scarification is not to be performed. 
Test Methods D698 and D 1557 describe two methods of 
compaction, but any other method specified by the requestor 
may be used as long as the method is described in the report. 
Large clods of material should not be broken down prior to 
compaction unless it is known that they will be broken in 
field construction, as well, or the requestor specifically 
requests that the clod size be reduced. Neither hard clods nor 
individuaf particles of the material shall exceed 9% of either 
the height or diameter of the specimen. After compaction, 
the test specimen shall be removed from the mold, the ends 
scarified, and the dimensions and weight determined within 
the tolerances given in 5.12 and 5.13. After the dimensions 
and mass are determined, the test specimen shall be imme- 
diately mounted in the permeameter. The water content of 
the trimmings shall be determined in accordance with 
Method D 22 16. 

7.4 Other Preparation Methods--other methods of prep 
aration of a test specimen are permitted if specifically 
requested. The method of specimen preparation shall be 
identified in the report. 

7.5 After the height, diameter, mass, and water content of 
the test specimen have been determined, the dry unit weight 
shall be calculated. Also, the initial degree of saturation shall 
be estimated (this information may be used later in the 
backp- stage). 

- 

-. 

8. Procedure 
8.1 Specimen Setup: 
8.1.1 Cut two filter paper sheets to approximately the 

same shape as the cross d o n  of the test specimen. Soak the 
two porous end pieces and filter paper sheets, if used, in a 
container of permeant water. 

8.1.2 Place the membrane on the membrane expander. 
Apply a thin coat of silicon high-vacuum grease to the sides 
of the end caps. Place one porous end piece-on the base and 
place one filter paper sheet, if used, on the porous end piece, 
followed by the test specimen. Place the second filter paper 
sheef if used, on top of the specimen followed by the second 
porous end piece and the top cap. Place the membrane 
around the specimen, and using the membrane expander or 
other suitable O-ring expander, place one or more O-rings to 
seal the membrane to the base and one or more additional 
O-rings to seal the membrane to the top cap. 

8.1.3 Attach flow tubing to the top cap, if not already 
attached, assemble the permeameter cell, and fill it with 
desired water or other cell fluid. Attach the cell pressure 
reservoir to the permeameter cell line and the hydraulic 
system to the influent and etnuent lines. Fa the cell pressure 
reservoir with desired water, or other suitable liquid, and the 
hydraulic system with deahd permeant water. Apply a smal l  

3 4  
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FIG. 2 Back Pressure to Attain Various Degrees of Saturation6 

confining pressure of 7 to 35 kPa (1 to 5 pa) to the cell and 
apply a pressure less than the contining pressure to both the 
influent and efnuent systems, and flush permeant water 
through the flow system. After all visible air has been 
removed from the flow lines, close the control valves, At nc 
time during saturation of the system and spedmen or 
hydraulic conductivity measurements shall the maximun 
applied effective stress be allowed to exceed that to which thc 
specimen is to be consolidated. 

8.2 Specimen Soaking (Optional)-To aid in saturation 
specimens may be soaked under partial vacuum applied tc 
the top of the specimen. Atmospheric pressllre shall bc 
applied to the specimen base through the influent lines, anc 
the magnitude of the vacuum set to generate a hydraulic 
gradient across the sample less than that which will be usec 
during hydraulic conductivity measurements. 

NOTE 6--Soaking under vacuum is applicable whm there ar 
continuous air voids in the specimen. Soaking under vacuum IS oni 
recommended for test specimens with initial degrees of saturation belo 
70 I. The specimen may well when exposed to warn, the effecti\ 
strrss will tend to countrract the swelliog Howmr, for materials th: 
tend to well, unless the applied effective stms is grater than or equal t 
the sweii pxtsurc, the specimen will &. 

8.3 Backpressure Salutation-To saturate the specimer 
backpressuring is usually necessary. Figure 2 provides guic 
ance on back pressure required to attain saturation. 

NOTE 7--Rgurc 2 assumes that the water used for back prcmrrr 
deaind and that the only soufce for air to disolve into the water is 2 
from the test specimen. If air prcrmrr is used to control the b a c  
prrssun. P- . air will disolve into the water, thus reducing tl 
capacity of the water used for back prrssurr 10 disolvc air located in c 
pores of the test specimen. The problem is minimized by using a lo: 
(>5 m) tube that is impmneablc to air between the air-water intda 
and test specimen, by Separatingthe back-presnmwater from the air : 
a mataial or fluid that is relatively impermeable to air, by pcriodica! 
replacing the back-pressurr water with deaind wata. or by otha mear 

E-185 
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8.3.1 Open the flow line valves and flush out of the system 
any free air bubbles using the procedure outlined in 8.1.3. If 
an electronic pressure transducer or other measuring device 
is to be used during the test to measure pore pressures or 
applied hydraulic gradient, it should be bled of any trapped 
air. Take and record an initial reading of specimen height, if 
being monitored., 

8.3.2 Adjust the applied confining pressure to the value to 
be used during saturation of the sample. Apply backpressure 
by simultaneously increasing the cell pressure and the 
influent and efnuent pressures in increments. The maximum 
value of an increment in b a c k p m  shall be sufficiently 
low so that no point in the specimen is exposed to an 
effective stress in excess of that to which the specimen will be 
subsequently consolidated. At no time shall a head be 
applied so that the effective confining stress is <7 kPa (1  psi) 
because of the danger of separation of the membrane from 
the test specimen. Maintain each increment of pressure for a 
period of a few minutes to a few hours, depending upon the 
characteristics of the specimen. To assist in removal of 
trapped air, a small hydraulic gradient may be applied across 
the specimen to induce flow. 

8.3.3 Saturation shall be verified with one of the three 
following techniques: 

8.3.3.1 Saturation may be verified by measuring the B 
coefficient as described in Test Method D 4767 (see Note 8). 
The test specimen shall be considered to be adequately 
saturated if (I) the B value is 20.95, or (2) for relatively 
incompressible materials, for example, rock, if the B value 
remains unchanged with application of larger values of back 
pressure. The B value may be measured prior to or after 
completion of the consolidation phase (see 8.4). Accurate 
B-value determination can only be made if no gradient is 
acting on the specimen and all pore pressure induced by 
consolidation has dissipated. 
NOTE 8-The E coefficient is defined for this type of test as the 

change in pore water p m  in the porous material divided by the 
change in con!ining pnssurc. Compresible materials that are fuuy 
saturated with water will have a E value of 1.0. Relauvely incompress 
ible, satwated materials have E values which are somewhat less than 1.0. 

8.3.3.2 Saturation of the test specimen may be confirmed 
at the completion of the test by calculation of the final degree 
of saturation. The final degree of saturation shall be 100 f 
5 %. However, measurement of the B coefficient as described 
in 8.3.3.1 or use of some other technique (8.3.3.3) is strongly 
recommended because it is much better to confirm satura- 
tion prior to permeation than to wait until afier the test to 
determine if the test was valid. 

8.3.3.3 Other means for verifying saturation, such as 
measurement of the volume change of the specimen when 
the pore water pressure has been changed, can be used for 
verifying saturation provided data are available for similar 
materials to establish that the procedure used confirms 
saturation as required in 8.3.3.1 or 8.3.3.2. 

8.4 Consolidation-The specimen shall be consolidated to 
the effective stress specified by the requestor. Consolidation 
may be accomplished in stages, ifdesired. 

NOTE 9-The test spezimen may be consolidated prior to application 
of bacLprcrsurc Also, thc baclqmsam and consolidation phases may 
be completed concurrently if badqmmm arc applied d c i e n t l y  
slowly to minimize potential for overconsolidation of the specimen. 

8.4.1 Record the specimen height, if being monitored, 

8.4.2 Increase the cell pressure to the level necessary * prior to application of consolidation pressure and j& 
cally during consolidation. 

develop the desired effective stress, and begin consolidation. 
Drainage may be allowed from the base or top of the 
specimen, or simultaneously from both ends. 

8.4.3 (Optional) Record outflow volumes to confirm that 
primary consolidation has been completed prior to initiation 
of the hydraulic conductivity test Alternatively, measure- 
ments of the change in height of the test specimen can be 
used to confirm completion of consolidation. 

NOTE IO-The procedure in 8.4.3 is optional because the require- 
ments of 8.5 ensure that the test specimen is adequately consolidated 
during permeation because if it is not, inflow and outflow volumes wiU 
differ significantly. However, for aocurate B-value determination, com- 
pletion of consolidation should be confirmed (see 8.3.3.1). It is 
recommended that outflow volumes or height changes be ncorded as a 
means for verifying the completion of consolidation prior to initializa- 
tion of permeation. Also, measmments in the change in height of the 
test specimen, coupled with knowledge of the initial height, provide a 
means for checking the final height of the specimen. 

8.5 Penneation: 
8.5.1 Hydraulic Gradient-When possible, the hydraulic 

gradient used for hydraulic conductivity measurements 
should be similar to that expected to occur in the field. In 
general, hydraulic gradients from < 1  to 5 cover most field 
conditions. However, the use of small hydraulic gradients 
can lead to very long testing times for materials having low 
hydraulic conductivity (less than about 1 X loa 

laboratory to accelerate testing, but excessive gradients m 
Somewhat larger hydraulic gradients are usually used in 

be avoided because high seepage pressures may 
the material, material may be washed from the specimen, or 
fine particles may be washed downstream and plug the 
effluent end of the test specimen. These effects could increase 
or decrease hydraulic conductivity. If no gradient is specified 
by the requestor, the following guidelines may be followed: 

HydnSc Conducbvlty. Rccornrnmded Maximum 
CmIS Hydraulic Gmchcnt 

I x IO-3to I x IO-' 2 
I x 104to I x 10-5 5 
I x IO-' 10 I x iod 10 
1 x 1 P 1 0  I x IO-' 20 
l a t h a n  1 x 10-7 30 

NOTE Il--seePage prrssurrs associated with large hydraulic gradi- 
ents can consolidate soft., compressible Specimens and reduce their 
hydraulic conductivity. It may be neasary to use smaller hydraulic 
gradients ( 4 0 )  for such specimens 

8.5.2 Znitialization-Initiate permeation of the specimen 
by increasing the influent pressure (see 8.3.2). The efnuent 
pressure shall not be decreased because air bubbles that were 
dissolved by the specimen water during backpresswing may 
come out of solution if the pressure is decreased. The back 
pressure shall be maintained throughout the permeation 
P W .  

8.5.3 Constant Head Test (Method A ) - M w  and 
record the required head loss across the test spechen to the 
tolerances stated in 5.1.1 and 5.2.3. The head loss across th 
specimen shall be kept constant +.5 %. Measure and reco 
periodically the quantity of i d o w  as well as the quantity 
outflow. Also measure and record any changes in height of 
the test specimen, if being monitored (see Note 11). Con- 
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tinue permeation until at least four values of hydraulic 
conductivity are obtained over an interval of time in which: 
(I) the ratio of outflow to inflow rate is between 0.75 and 
1.25, and (2) the hydraulic conductivity is steady. The 
hydraulic conductivity shall be considered steady if four or 
more consecutive hydraulic conductivity determinations fall 
within 225 9% of the mean value for k 2 I x lo-'' m/s or 
within k50 9% for k < 1 x lo-'' m/s, and a plot of the 

- - hydraulic conductivity versus-time-shows no significant 
upward or downward trend. 

8.5.4 Falling-Head Tests (Methods B and C)-Measure 
and record the required head loss across the test specimen to 
the tolerances stated in 5.1.2. For falling-head tests, at no 

- time shall the applied head loss across the specimen be less 
than 75 75 of the initial (maximum) head loss during each 
individual hydraulic conductivity determination (see Note 
12). Periodically measure and record any changes in the 
height of the specimen, if being monitored. Continue perme- 
ation until at least four values of hydraulic conductivity are 
obtained over an interval of time in which (I) the ratio of 
outflow to inflow rate is between 0.75 and 1.25, and (2) the 
hydraulic conductivity is steady (see 8.5.3). 

NOTE 12-When the water p m  in a test specimen changes and 
the applied total stress is comunt, the effective svcss in the M 
specimen changes, which can cause volume changes that can invalidate 
the test d ~ 5 .  The requirement that the head loss not d m  very 
much is intended to keep the dfative nreg from changing too much. 
For extremely soft, compressible test specimens, even more restrictive 
criteria might be needed. Also, when the initial and final head losses 
across the test specimen do not differ by much, great accuracy is needed 
to comply with the requirement of 5.1.2 that the ratio of initial to final 
head loss be determined with an accuracy of 2 5  76 or better. When the 
initial and final head loss over an interval of time do not differ very 
much, it may be possible to comply with the requirements for a constant 
head test (8.5.3) in which the head lors must not Mer by more than 
2 5  % and to treat the test as a constant head test. 

8.5.4.1 Test with Constant Tailwater Level (Method B)- 
If the water pressure at the downstream (tailwater) end of the 
test specimen is kept constant, periodically measure and 
record either the quantity of inflow or the level of water in 
the influent standpipe; measure and record the quantity of 
outflow from the test specimen. 

8.5.4.2 Test with Increasing Tailwater Level (Method 
C)-If the water pressure at the downstream end of the test 
specimen rises during an interval of time, periodically mea- 
sure and record either the quantity or inflow and outflow or 
the changes in water levels in the influent and efnuent 
standpipes. 

8.5.5 Constanf Rate of Flow Tests (Method D)-Initiate 
permeation of the specimen by imposing a constant flow 
rate. Choose the flow rate so the hydraulic gradient does not 
exceed the value specified, or if none is specified, the value 
recommended in 8.5.1. Periodically measure the rate of 
inflow, the rate of outflow, and head loss across the test 
specimen to the tolerances given in 5.1.3. Also, measure and 
record any changes in specimen height, if being monitored 
Continue permeation until at least four values of hydraulic 
conductivity are obtained over an interval of time in which 
(I) the ratio of inftow to outflow rates is between 0.75 and 
125, and (2) hydraulic conductivity is steady (see 8.5.3). 

8.6 Final Dimensions of the Specirnen-Afh completion 
of permeation, reduce the applied confining, innuent, and 

u 

effluent pressures in a manner that does not generate 
significant volume change of the test specimen. Then care- 
fully disassemble the permeater cell and remove the spec- 
imen. Measure and record the final height, diameter, and 
total mass of the specimen. Then determine the final water 
content of the specimen by the procedure of Method D 22 16. 
Dimensions and mass of the test specimen shall be measured 
to the tolerances specitied in 5.13 and 7.1. 
NOTE 13-The spedmen may swell after removal of hack pressure as 

a result of air coming out of solution. A c o d o n  may be made for this 
effect, provided that changes in the length of the Spaimen arc 
monitored during the test The strain caused by dismantling the all IS 
computed from the length of the specimen before and after dismantling 
the ell. The same strain is assumed to have occumd in the diameter. 
The corrected diameter and actual length before the back p r e s u ~  was 
removed are used to compute the volume of the test specimen prior to 
dismantling the ell. The volume prior to dismantling the ell is used to 
determine the final dry density and degree of saturation. 

- -- 

9. calculation 
9.1 Constant Head and Constant Rate of Flow Tests 

(Methods A and D)-Calculate the hydraulic conductivity, k. 
as follows: 

k = QL/Ath (1) 
where: 
k = hydraulic conductivity, m/s, 
Q = quantity of flow, taken as the average of inflow anc 

L = length of specimen along path of flow, m, 
A = cross-sectional area of specimen, m2, 
t = interval of time, s, over which the flow Q occurs, and 
h = difference in hydraulic head across the specimen, m 0. 

9.2 Falling-Head Tests: 
9.2.1 Constant Tailwater Pressure (Method B)-Calculatc 

outflow, m3, 

water. 

the hydraulic conductivity, k, as follows: 

k = !k In (2) 
At 

where: 
a =cross-sectional area of the reservoir containing th 

L = length of the specimen, m, 
A = cross-sectional area of the specimen, m2, 
t = elapsed time between determination of h,  and h2, s, 
h,  = head loss across the specimen at time t i ,  m, and 
h2 = head loss across the specimen at time t2, m. 

9.2.2 Increasing Tailwater Pressure (Method C)-Calcc 
late the hydraulic conductivity, k, as follows: 

influent liquid, m2, 

where: 
4, = crosssectional area of the reservoir containing tk 

u,, . = cross-sectional area of the reservoir containing tt 

L 
A 
t 
h, 
h2 

inftuent liquid, m2, 

etnuent liquid, m2, 
= length of the specimen, m, 
= cross-sectional area ofthe specimen, m2, 
= elapsed time between determination of h, and h2, 
= head loss across the specimen at time t, m, and 
= head loss across the specimen at time t2, m. 
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-c . .  NOTE 14-For the cay in which &n = Q = u, the equation for 

calculating k for a falling head test with a rising tailwater level is: 

9.3 Correct the hydraulic conductivity to that for 20°C 
(68'0, km, by multiplying k by the ratio of the viscosity of 
water at test temperature to the viscosity of water at 20°C 
(68'0, R ,  from Table 1,  as follows: 

k, = R f i  ( 5 )  

10. Report 
10.1 Report the following information: 
10.1.1 Sample identifying information, 

.lo. 1.2 Any special selection and preparation process, such 
as removal of stones or other materiais, or indication of their 
presence, if undisturbed specimen, 

10.1.3 Descriptive information on method of compac- 
tion, 

10.1.4 Initial dimensions of the specimen, 
10.1.5 Initial water content and dry unit weight of the 

specimen, 
10.1.6 Type of permeant liquid used, 
10.1.7 Magnitude of total back presswe, 
10.1.8 Maximum and minimum effective consolidation 

NOTE 1 5-The maximum effective SVes exizU at the effluent end of 

10.1.9 Height of specimen after completion of consolida- 

10.1.10 Range of hydraulic m e n t  used, 
10.1.11 Final length, diameter, water content, dry unit 

weight, and degree of saturation of the test specimen, 
10.1.12 Average hydraulic conductivity for the last four 

determinations of hydraulic conductivity (obtained as de- 
scribed in 8.5.3 to 8.5.5), reported with two significant 
figures, for example, 7.1 x lo-'' m/s, and reported in units 
of m/s (plus additional units, if requested or customary), 

10.1.13 Graph or table of hydraulic conductivity versus 

stress, 

the test specimen and the minimum strrss at the influent end 

tion, if monitored, 

TABLE 1 Correction Factor R, for Wscosily of Water at Variwr 
T e l W X € W d  

1 1.723 26 0.869 - 
2 1.664 27 0.850 
3 1.611 28 0.832 
4 1.560 29 0.814 
5 1511 30 0.797 
6 1.465 31 0.780 
7 1.421 32 0.764 
8 1.379 33 0.749 
9 1.339 34 0.733 

10 1 . a 1  35 0.719 
11 1265 36 0.705 
12 1230 37 0.692 
13 1.197 38 0.678 
14 1.165 39 0.665 
15 1.135 40 0.653 
16 1.106 41 0.641 
17 1 .on 42 0.629 
18 1 .051 43 0.61 8 
19 1.025 44 0.607 
20 1 .m 45 0598 

~ 21 0.976 46 0.585 
22 0.953 47 0.575 
23 0.931 48 0.565 
24 0.910 . 49 0.556 

* R7 = (-0.02452 T +  1.495) where Tis Wm degrees cekius. 

time or pore volumes of flow is recommended. 

11. Precision and Bias 
11.1 Precision-Data are being evaluated to dete 

D18.04 on Hydrologic Properties of Soil and Roc 
the precision of this test method. In addition, Subcom 

seeking pertinent data from users of this test method. 

test method, therefore, bias cannot be determined. 

rn 
11.2 Bias-There is no accepted reference value for this 

12. Keywords 

draulic condudv i~ ,  liner, permeameter 
12.1 coefficient of permeability; hydraulic barriers; hy- 

,- . 
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I . .  . 409 Designation: D 5299 - 92 

Standard Guide for 
Decommissioning of Ground Water Wells, Vadose Zone 
Monitoring Devices, Boreholes, and Other Devices for 
Environmental Activities' 

0 
1. Scope 

1.1 'fhis guide covers procedures that are specifically 
related to permanent decommissioning (closure) of the 
following as applied to environmental activities. It is in- 
tended for use where solid or hazardous materials or wastes 
are found, or where conditions OCCUT requiring the need for 
decommissioning. The following devices are considered in 
this guide: 

1.1.1 A borehole used for geoenvironmental purposes (see 
Note l),  

1.1.2 Monitoring wells, 
1.1.3 Observation wells, 
1.1.4 Injection wells (see Note 2). 
1.1.5 Piezometers, 
1.1.6 Wells used for the extraction of contaminated 

ground water, the removal of floating or submerged mate- 
rials other than water such as gasoline or tetrachloroethylene, 
or other devices used for the extraction of soil gas, 

1.1.7 A borehole used to construct a monitoring well, and 
1.1.8 Any other vadose zone monitoring device. 
1.2 Temporary decommissioning of the above is not 

covered in this guide. 
NOTE 1-m guide may k used to decommission boreholes w h m  

no contamination is obstrvcd at a site (sa Ractia D 420 for details); 
however. the primary IKC of the guide is to decommission boreholes and 
wdk where sotid or hatardous waste have k e n  identified Methods 
identified in thk guide can also be used in other situations such as the 
daommissioning of water supply wells and boreholes what  water 
contaminated witb nonhatardous pollutants (such as nitrates or dates)  
arc present. This guide should k c o d t e d  in the event that a routine 
geotechnieal investigation indicates the presence of contamination at a 
site. 

NOTE 2-The term W" is used in this guide to denote monitoring 
w d k ,  picromctcrq or other devices constructal in a manner similar to a 
well. Some of the dcvim listed such as i n j d o n  and extraction wells 
can k decommissioned using this guide for information, but are not 

NOTE 3--Details on the decommissioning of multiple-scruned wells 
arc not provided in this guide due to the many mahods used to 
construct these typer of we& and the numerous typcs of c ~ m m a c i a l l y  
available multiplc-scnened well qstcms. Howeva. in =me instances, 
the methods presented in this guidc may be used with few changes. An 
example of how this guide may k used is the complete xtmoval of the 
multipk-rreencd wells by ovetdriuiDg 

1.3 Most monitoring wells and piezometers are intended 

0 

specificaily Covcrrd in the tcxt 

primarily for water quality sampling, water level observatio 
or soil gas sampling, or combination thereof, to determir 
quality. Many wells are relatively small in diameter ( 4 - i  
(10.1 an) inside diameter) and are used to monitor fi 
hazardous chemicals in ground water. Decommissioning 
monitoring wells is neceSSary to: 

1.3.1 Eliminate the possibility that the well is used f, 
purposes other than intended, 

1.3.2 Prevent migration of contaminants into an aquif 
or between aquifers, 

1.3.3 Prevent migration of contaminants in the vador 
zone, 

1.3.4 Reduce the potential for vertical or horizont 
migration of fluids in the well or adjacent to the well, and 

1.3.5 Remove the well fiom active use when the well is I 
longer capable of rehabilitation, or has failed structurally; r 
longer required for monitoring; no longer capable of prl 
viding representative samples or is providing unreliab 
samples; or required to be decommissioned; or to me 
regulatory requirements. 

Nm4-The detarmna ' tion of whether a well u providing 
xepresmtatiw water quality sample is not defined in this gruc 
Examples of when a rrprrsentativc water q u h y  sample may not 
collected include the biological or chemical clogging of well scram 
drop io water lewd to klow the bast of the WCU sarea. or comple 
silting of a tail pipe. These conditions may indicate that a well is n 
functioning properly. 

1.4 This guide is intended to provide information fc 
effective permanent clonrre of wells so that the physic 
structure of the well does not provide a means of hydraui 
communication between aquifen or react chemically in 
detrimental way with the environment. 

1.5 The intent of this guide is to provide procedures tb 
when followed result in a reasonable level of confidence 
the integrity of the decommissioning activity. However, 
may not be possiile to veri@ the integrity of the decomm! 
sioning procedure. At this time, methods are not available 
substantially determine the integrity of the decommidonii 
activity. 

1.6 The values stated in inch-pound units are to i 
regarded as the standard. The SI units given in parentha 
arc for information only. 

1.7 This standard does not plqport to address all of 1. 
safmy problems, if any, clssociated with its me. It is t. 
responribiiity of the user of this standard to esroblish appr 
priate safay and health practices and determine the applic 
bility of regulatory limitations prior to we. 

E-189 000402 
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2.1 ASTM Standardr: 
C 150 Specifration for Portland Cement2 
C 618 Specification for Fly Ash and Raw or Calcined 

Pozzolan for Use as a Mineral Admixture in Portland 
Concrete Cement2 

D420 Practice for Investigating and Sampling Soil and 
Rock for Engineering Purposes3 

D4380 Test Method for Density of Bentonitic Slurries3 
D5088 Practice or the Decontamination of Field Equip 

ment Used at Non-Radioactive Waste Sites3 
D5092 Practice for Design and Installation of Ground 

Water Monitoring Wells in Aquifers’ 

3. Terminology 
3.1 Descriptions of Terms Specific to This Standard 
3.1.1 abandonrneat-see decommissioning. 
3.1.2 attapulgite clay-a chain-lattice clay m i n e d  The 

term also applies to a group of clay m i n e d  that are 
lightweight, tough, matted, and fibrous 

3.1.3 borehole television log-a borehole or well video 
record produced by lowering a television camera into the 
borehole or well. This record is useN in visually observing 
downhole conditions such as collapsed casing or a blocked 
screen. 

3.1.4 blowow-a sudden or violent uncontrolled escape 
of fluids or gas, or both, from a borehole. 

3.1.5 caliper log-a geophysical borehole log that shows 
to scaie the variations with depth in the mean diameter of a 
cased or uncased borehole. 

3.1.6 cement, APZ, Class A-a cement intended for use 
from the surface to a depth of 6000 A (1 828 m). This cement 
is similar to ASTM Type I cement. 

3.1.7 cement, APZ- Class B-a cement intended for use 
from the d a c e  to a depth of 6000 A (1828 m) when 
conditions require moderate- to high-Mate resistance. This 
cement is similar to ASTM Type I1 cement. 

3.1.8 cement, APZ, Class C-this cement is intended for 
use fiom the surface to a depth of 6000 A ( 1  828 m) when 
conditions require high early strength. This cement is similar 
to ASTM Type III cement. Also available as a high sulfate 

3.1.9 cement. MI, Class G-this cement is intended for 
use from the surface. to a depth of 8000 A (2438 m). It can be 
used with accelerators or retarders to cover a wide range of 
well depths and temperatures. No additions other than 
calcium sulfate or water, or both, can be interground or 
blended with the clinker during manufacture of the cement. 
Also available as several sulfate-resistant types 

3.1.10 cement. API. Class H-this cement is intended for 
use from the surface to a depth of 8000 A (2438 m). It can be 
used with accelerators or retarders to cover a wide range of 
well depths and temperatures. No additions other than 
calcium d a t e  or water, or both, can be interground or 

resistant type. 

blended with the clinker during manufacture of the cement 
AIS0 available as a sulfate-resistant type. 

3.1.1 1 cement, API. Class J-this cement is intend 

under conditions of extremely high temperatures and m use from depths of 12 OOO to 16 OOO ft (3658 to 48 

sures. It can be used with accelerators and retafders to cover 
a range of well depths and temperatuns No additions of 
retarders other than calcium sulfate, or water, or both, can be 
interground or blended with the clinker during manufacture 
of the cement. 

3.1.12 cmenz bond (sonic) log-a borehole geophysical 
log that can be used to determine the effectiveness of a 
cement seal of the annular space of a well. 

3.1.13 channeling-the process of forming a vertical 
cavity resulting from a faulty cement job in the annular 
space. 

3.1.14 curing accelerator-a material added to cement to 
denease the time for curing. Examples are sodium chloride, 
calcium sulfate (gypsum), and aluminum powder. 

3.1.15 curing retarder-a material added to cement to 
increase the time for curing. Sodium chloride in high 
concentrations is an example. 

3.1.16 decommissioning (closure)-the engineered closure 
of a well, borehole, or other subsurface monitoring device 
sealed with plugging materials. Decommissioning also in- 
cludes the planning and documenting of all associated 
activities. A synonym is abandonment 

3.1.17 decontamination-the process of removing unde- 
sirable physical or chemical constituents, or both, from 

3.1.18 fdlback--shrinkage, settlemen& or loss of plu 
material placed in a borehole or well. 

3.1.19 fire c l a w  silicious clay rich in hydrous 
minum silicates 

3.1.20 flow log-a borehole geophysical log used to record 
vemcal movement of ground water and movement of water 
into or out of a well or borehole and between formations 
within a well. 

3.1.2 1 geophysical borehole log-a log obtained by low- 
ering an instrument into a borehole and continuously 
recording a physical property of native or backfill material 
and contained fluids Examples include resistivity, induction, 
caliper, sonic, and natural gamma logs. 

3.1.22 pour-material consisting of bentonite, cement, or 
a cement-bentonite mixture. 

3.1.23 pout pipt-a pipe or tube that is used to txar~~port 
cement, bentonite, or other plugging materials from the 
ground surfice to a specified depth in a well or borehole. The 
material may be allowed to flow fieely or it may be injected 
under pxssure. The term tremie pipe is kquently used 
interchangeably. 

3.1.24 hydraulic communica!ion-the migration of fluids 
from one zone to another, with reference to this guide; 
especially along a casing, grout plug, or through bacu 
materials 

3.1.25 multiple-screened wells-two or more monitoring 
wells situated in the same borehole. These devices can be 

consist of devices with  reen ens with tubing or other coll 

either individual casing strings and Screen set at a 

devices attached that can collect a discRte sample. 

equipment to reduce the potential for 

depth, a well withscreens in more than one zone, 

Ix-190 

008403 



q#b D 5299 

3 h 6  nufive material-in place geologic (or soil) mate- 
rials encountered at a site. 

3.1.27 ovmdrilling-the process of drilling out a well 
casing and any material placed in the annular space. 

3.1.28 per$oration-a slot or hole made in well casing to 
allow for communication of fluids between the well and the 
annular space. 

3.1.29 pennanm plugging-a seal that has a hydraulic 
conductivity that is equivalent or less than the hydraulic 
conductivity of the geologic formation. This term is often 

3.1.30 plow layer-the depth typically reached by a plow 
or other commonly used earth turning device used in 
agriculture. This depth is commonly one to two feet (-3 m to 
.61 m) below land surface. 

3.1.3 1 plugging materid-a material that has a hydraulic 
conductivity equal to or less than that of the geologic 
fomtion(s) to be sealed. Typical materials include portland 
cement and bentonite. 

3.1.32 pre-conditioning-an activity conducted prior to 
placing plugging material into a borehole in order to stabilize 
the hole. 

3.1.33 temporary decommissioning-the engineered clo- 
sure of a well intended to be returned to service at some later 
date (generally no more than six months). Temporary 
plugging should not damage the structural integrity of the 
well. Plugging materials consist of sand, bentonite, or other 
easily removed materials. 

0 
- - used with un& boreholes. 

- 

4. Summary of Guide 
4.1 Information is provided on the significance of prop 

erly decommissioning boreholes and wells at sites containing 
or formerly containing solid or hazardous waste or haz- 
ardous materials or their byproducts, or that may be affected 
by solid or hazardous waste materials or their byproducts in 
the future. This guide may be used in situations where water 
quality in one aquifer may be detrimental to another aquifer 
either above or below the aquifer. The primary purpose of 
decommissioning activities is to permanently decommission 
the borehole or monitoring device so that the natural 
migation of ground water or soil vapor is not significantly 
influenced Decommissioned boreholes and wells should 
have no adverse influence on the local environment than the 
original geologic setting. 

4.2 It is important to have a good undemanding of the 
geology, hydrogeology, well construction, historic and future 
land use, chemicals encountered, and the regulatory environ- 
ment for s u e  decommissioning to occur. 

4.3 Various materials suitable for decommissioning 
boreholes and wells are discussed, including their positive 
and negative attributes for decommissioning. A generalized 
procedure is provided that discusses the process &om plan- 
ning through implementation and documentation. Examples 
of typical practices are provided in the appendix. 

5. Significance and Use 
5.1 Decommissioning of boreholes and monitoring w e 4  

and other devices requires that the specific charactexistics of 
each site be considered. The wide variew of aeolOgicaL 
biological and physical conditions, constnhon-pr&ces, 
and chemical composition of the surrounding soil, rock, 0 

3 4  
waste, and ground water p k u d e s  the use of a s 
decommissioning practice. The procedures dkussed in 
guide are intended to aid the geologist or engine 
selecting the tasks required to plan, choose materiais for. 
carry out an effective permanent decommissioning 01 
tion. Each individual situation should be evaluated c 
rately and the appropriate technology applied to best I 
site conditions. Considerations for selection of approp 
procedures are presented in this guide, but other cons 
ations based on site specific conditions should also be t' -~ 

into account 

NOTE 6-Ideally. decommissioning should k consisidend a 
intcgral pan of the design of the monitoring well. Planning at this 
nage can malce the decommissioning activity easier to accomplish 
Practice D 5092 for details on monitoring well conm~ction. 

5.2 This guide is intended to provide technid infor 
tion and is not intended to supplant statutes or regulati. 
Approval of the appropriate regulatory authorities shoulc 
an important consideration during the decommissior 
P-. 

6.  Materials 
6.1 The materials used for construction of a monitor 

well or other monitoring device to be decommissionec 
part determines how it is decommissioned. Various mater 
are available for use in plugging boreholes and monitor 
wells. This section provides information on these materk 

6.2 Casing and Screen Materiais: 
6.2.1 Various materials are used for well casing i 

screen. The most common materials used are: PVC, PTI 
fibergkss, carbon steel, stainless steel, and aluminum. T! 
d y ,  the same material is used for casing and screen ir 
well, however, in some instances different materials may 
used in a well to achieve a particular pwpose such 
corrosion protection, reduction of material costs, or i 
proving the integrity of ground water or soil vapor sampl 
This guide does not specifically a d h  the use of more th 
one type of casing or screen material used in a we& howm 
the same decommissioning methods can frequently be E 
when more than one material is used (for example, PVC a 
€"E, or stainless steel and carbon steel) in a well. 

6.2.2 In selecting a well decommissioning method, PV 
PTFE, and fiberglass wells can be decommissioned usi 
similar methods as all three types of materials tend to be lc 
in tensile strength and easy to drill out or perfora 
Appendix X1 provides a dixunion on various procedur 
that can be used for the decommissioning of PVC wells ar 
by reference PTFE and fiberglass wells. 

6.2.3 Wells constructed of carbon steel, stainless steel, ar 
heavy walled aluminum can be decommissioned usi: 
similar methods as these materials tend to have a high 
tensile strength that allows for the casing to be remove 
Appendix X1 provides a discusion on various procedur 
that can be used for the decommissioning of steel wells ar 
by reference stainless steel and aluminum wells. 

6.3 Plugging Materials: 
6.3.1 Plugging materials should be carefhlly chosen 

well closure to be permanent Basic matexial characterisu 
art listed as follows: 

6.3.1.1 Plugging materials should not react with contau 

Ix-191 
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nants'br adversely react with ground water or geologic 
materials. 

6.3.1.2 Plugging materials used in decommissioning wells, 
brings, etc. should have hydraulic conductivity (saturated 
condition) that is comparable to or lower than that of the 
lowest hydraulic conductivity of the geologic material being 
sealed. 

6.3.1.3 Plugging materials must have sufficient mucnual 
strength to withstand pressures expected from native condi- 
tions. 

6.3.1.4 Plugging materials must maintain sealing capabil- 
ities and not degrade due to chemical interaction, corrosion, 
dehydration, or other physical or chemical processes. Mate- 
rials should maintain their design characteristics for the 
length of time contamination is present at the site. 

6.3.1.5 Plugging materials should not be readily susceg 
tible to cracking or shrinkage, or both. 

6.3.1.6 Plugging materials must be capable of being 
placed at the position in the well or borehole in which they 
are needed and must have properties that reduce their 
unintended movement vertically and horizontally. 

6.3.1.7 Plugging materials must be capable of forming a 
tight bond and seal with well casing and the formation. 

6.3.18 Plugging materials must have properties that elim- 
inate leaching or erosion of the material, under the condi- 
tions the material will be subjected. These include vertical or 
horizontal movement, or both, or contact with ground water 
or other existing conditions. 

NOTE 7-The gmin site of plugging material used in decommis- 
sioning operations conducted in arcas where thick vadose zones OCCUT 
should k coamr than mattrials used in artas where thin vadose zones 
or shallow saturated conditions MEUI. This is naxssary as water is not 
transpod effectively in coarsc-graincd materials under ncga~ve pore 
prmurrr Coarse-grained materials should not k used where saturated 
conditions arc likely to exist during the period of time that hazardous 
materiais can k expected to OCCUT at the site. It is important to 
damnine the lithology and grain Sire distribution of materials adjaant 
to the borehole or well prior to selection of plugging mataials. 

NOTE 8--IT coarse-grained materiais axe used to decommission the 
borehole or well. a layer of fine-grained material (such as ament or 
bentonite, or both) 1 or 2 A (.3 or .61 m) thick should k placed at 10 A 
(3 rn) intervals in the borehole in the saturated zone. This layer should 
extend 2 to 3 A (.6 1 to .9 I m) above the highest expected level saturation 
i s  ex& based on historical information on the water table for 
unconfined aqrufar. A similar thickncs of there matcxials should k 
used for confined aquifm A similar S A  (1.5-m) seal of a low- 
prmcability mataial should k placed near the ground surface to 
reduce the potential for enpance of fluids at the ground surface. 

6.4 Commonly Used MateriaLs4ubsections 6.2 and 6.3 
introduced the generat criteria that must be evaluated during 
the process of selecting the appropriate procedure and 
material for plugging a specific well. Because well C O ~ G  
tion and local geological conditions are site specific, a wide 
variety of materials and procedures may be used to complete 
the closure. 

6.4.1 Section 6.4 presents a review of the plugging mate- 
rials most commonly used to decommission monitoring 
wells Table 1 summark these materialS and lists the most 
important considerations (positive and negative) for their 
use. A detailed discussion of each material is presented in the 

6.42 P O K h d  Cemm-Portland cement may be used in 
any of its various forms to meet placement, strength, and 

following subsections. 

durability criteria listed in 6.1. The amount of sbixhge o 
settling of neat cement is dependent on the amount of mte 
used. Higher water to cement ratios tend to +qay 
shrinkage-(l).4 

6.5 Specificarion C 150: 
6.5.1 Type I-Type 1 cement, a 

is the most commonly used cement, This material has 2 

tendency to develop a relatively high heat of hydration =her 
used in confined situations and has relatively low-sulfatt 
resistance. 

6.5.2 Tjpe ZZ-Somewhat slower strength developmen- 
than Type I; however, Type II cement has moderate heat 0. 
hydration and moderate sulfate resistance. 

6.5.3 Tvpe IIZ-Type III cement is used when high earl! 
strength is desired. This material is not commonly used ir 
decommisioning activities because of its ability to quickl! 
set. Care must be used in working with this material. 

6.5.4 Tjpe IV-Type IV cement is used where a loa. heat 
of hydration is desired. It is not commonly used in decom- 
missioning activities. 

6.5.5 Tjpe V-Type V Cement has high resistance to 
d a t e ,  and brine solutions. This material has ultimate 
strength development somewhat less than either Types I or 

6.5.6 Type K cement is expansive and can be used to 
compensate for shrinkage. This cement is essentially Type I 
or more commonly Type II Portland Cement with additives 
to produce expansion. It can be of use in plugging sinmions 
where water-tinhtness is immrtant. T m  K cement contains 

n. 

calcium sdoaiuminate. when mixedkth 
tion causes  ai^ expansion ranging from approxima 
0.20 % (2). 

6.6 API Cements (3): 
6.6.1 CIms A& A cement corresponds closely to 

ASTh4 Type 1. This cement is intended to be used from the 
surface to a depth of 6000 A (1 828 m). 

6.6.2 CZass B--class B cement corresponds closely to 
ASTM Type II. It is intended for use from the surface to a 
depth of 6OOO A (1828 m) and is also available as a 
high-sulfate resistant variety. 

6.6.3 C h s  C--class C cement corresponds closely to 
ASTM Type III. It is intended for use from the surface to a 
depth of 6000 ft (1 828 m). It is also available as a high-sulfate 
resistant variety. 

6.6.4 Class G-Class G cement 'is intended for use h m  
the surface to a depth of 8000 A (2438 m) and can be used 
With accelerators or retarders to cover a wide m g e  of depths 
and temperatures The cement is also available as a high- 
d a t e  resistant variety. 

6.6.5 Class H-Class H cement is intended for use h m  
the surface to a depth of 8000 A (2438 m). It can be used 
with a wide variety of accelerators and retarders to cover a 
wide range of depths and temperatures. It is available only as 
a moderate-sulf8te resistant type. 

6.6.6 Cfass J-This cement is intended for use from a 
depth of 12000 to 16000 A (3658 to 4877 m) where 
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moderate heat of hydration. 
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txtffmely high temperatures and pressures can be expected 
10 occur. 

6.6.7 Other Cements-Other cements have been devel- 
oped that may have applicability in decommissioning adv-  
,Us These include the following 

6.6.7.1 Ultralight cements with a slurry density that can 
k a ~  low as 6 Ib/gal (719 cm Kg/L). This material can be 
made by foaming the cement with nitrogen or through the 
&lition of hollow glass microspheres between 60 and 315 
pm in diameter. The latter forms a slurry of between 9 and 
12 lb/gal (1078 and 1438 Kg/L). Ultralight cements and 
microspheres have been reported (4) for cement 
unconsolidated sands and for plugging cavernous formations 
3nd lost circulation zones. Reference (5) provided Similar 
information on microspheres. Microspheres can also be used 
in high-pressure applications when it may be desirable to 
limit density increases. Another advantage is the low water/ 
cement ratio due to the low water absorbency and low 
density (5). 

6.6.7.2 Pozzolanic-Ponland Cemerus-These cements 
consist of silicious materials that develop into a cement in 
the presence of lime and water. Both natural materials of 
rolcanic origin such as perlites (volcanic ashes), heat-treated 
clays, shales, tuffs, opaline cherts, diatomaceous earth and 
mificial materials consisting of byproducts from glass facto- 
ncs. furnace slag, and fly ash have been used (2,4,6). The 
b e  variety of materials that can be used as a source for 
ponolans may result in variable results. 

6.6.7.3 Pozzolans act to extend cement and decrease 
density. The specific gravity of fly ash ranges from 2.3 to 2.7 
(depending upon the source) while portland cement is 3.1 to 
1.2 (2). These materials can also provide improved resistance 
1r1 corrosive fluids. Table 2 provides a comparison of sulfa'e 
raistance between ASTM Type V cement with and wthout 
Douolans. 

6.6.7.4 The improved resistance to corrosive materials is 

TABLE 2 Comparison of ASTM Type V Cement With and Wnhout 
Pozzolan Materiala* - 

accomplished in part as many pozzolans contain zeolites 
which have the ability for ion exchange between the corro- 
sive material and the alkaline component in the cement (7). 
Secondly, the use of pozzolans also decreases cement perme- 
ability over time. 'This occw as a resuit of the increased 
percentage in hydrated cement containing materials resulting 
fiom the release of calcium hydroside and the silica com- 
bining with lime from the cement to form a stable material 
(8). 

6.6.7.5 Pozzolans are added to portland cement by adding 
74 lb (33.6 Kg) (as fly ash) per sack of cement. Ifperlites are 
used, 2 to 6 7% of bentonite by wight is needed to keep the 
perlite from floating (9). 

6.6.8 Gypsum cements can be used for high early strength 
development and their ability to set rapidly. These ce 
expand approximately 0.3 %. This cement may have 
plugging highly permeable formations. Care should be 
in using gypsum cements due to the solubility of gypsum. 

6.6.9 E p o ~  Resin Cemms-Epoxy (vinyl ester resins) 
cements may have applicability in decommissioning wells 
and boreholes where comsive mataialS may be present (5). 

6.6.9.1 Epoxy cement consists of an epoxy base, hardener, 
accelerator, and inert filler. Resin +,cosity is reduced by the 
addition of a nonreactive liquid diluent that also controls 
exothermic heat during polymexization. An inert solid filler 
such as very fine silica or barite is added to further reduce 
reaction heat and increase strength (10). 

6.6.9.2 There are several advantays of using epoxy ce- 
ments. Reference (11) reports that a stronger bond occurred 
between the casing and the formation. Cole also reported 
resistance to various chemicals (see Table 3). The cement is 
highly resistant to high concentrations of hydrochloric and 
sulfuric acid, but is not suitable for use in environments 
where acetic acid, chlorinated hydmcarbons, or toluene are 
present 

m 

TABU 3 Ut of Chemical8 Reporbed Not to Affect Epoxy 
Cement* 

mabd 5 A 
Hvdmade 
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6.6.9.3 This cement is expensive and requires removal of 

water (that reduces a t h g  time) through the use of gelled 
and weighted diesel oil to precondition the hole. The use of 
this material may increase contamination at the site, if diesel 
oil (hydrocarbons) are a concern at the site. 

6.6.10 Cemenf Addirives-A number of materials can be 
added to cement to modify properties to meet a specific 
need. Cement additives can be used to extend, accelerate, 
retard, increase density, control fluid losses, control circula- 
tion losses, or reduce friction (4). Several of these materials 
have more than one use; for example, sodium chloride can 
be used to acceierate or retard cement. The most common 
cement additives are discussed in the following subsections 
figure 1 lists these additives and presents the dative impact 
of their use on selected performance criteria 

6.7 Extenders: 
6.7.1 Bentonite is the most commonly used material in 

modifjing cement properties. It can be added to most ASTM 
and API cements. In decommissioning activities, the per- 
centage of bentonite added is generally no more than 4 %. It 
has the following effects when added to cement (4): 

6.7.1.1 Lowers the hydraulic conductivity of the cement; 
6.7.1.2 Increases slurry viscosiv, 
6.7.1.3 Reduces fluid loss to the formation; 
6.7.1.4 Provides for a longer pumpability at normal 

6.7.1.5 Reduces compressive strength; and 
6.7.1.6 Lowers resistaace to chemical attack 
6.7.2 Bentonite increases shrinkage as it ties up large 

volumes of water that would normally be in the cement. A 

pressures as a result of delaying strength development; 

s 

3 4  
second common extender are poeblans which have alread. 
been addressed in 6.6.7.2. 

6.8 Aazleraton: 
6.8.1 Accelerators hasten the settling of cement and an 

usefid when voids OOCUT, or when cement plugs are to bt 
used in the fist pour. Two common materials are used 
caicium chloride and sodium chloride. 

6.8.2 Calcium chloride is available as a powder or flake 
Flakes are the most commonty used form, as it is easy tc 
store and can absorb some-moistUre without becomiiig 
lumpy (2). Two to four 9% of calcium chloride by weight ir 
used to achieve maximum acceleration. The use of calcium 
chloride should be Considered when a rapid set, a demease in 
viscosity, and early strength are desired 

6.8.3 sodium chloride can be added between 1.5 to 5 9c 
by weight of cement to reduce setting time. Maximum 
acceleration occurs at a concentration of 2 to 2.5 % excgp 
when higher water ratios are used (2). 

6.9 Retarders: 
6.9.1 sodium chloride can be used to retard the settling of 

cement as well as accelerate the setting of cement. F h n  to 
seventeen 95 salt (14 to 16 Ib (6.35 to 726 Kg) of salt per 
sack) by weight is added to retard cement (2). 

6.9.2 Other chemicals (cellulose, lignosulfates) have been 
used as retarders, but are not appro*te for decommis- 
sioning activities without additional information on their 
compatibility with waste and their effect on water quality. 
Reference (12) indicates that sugarderived Rtarders such as 
cellulose lignosuifates are destructive to cement strength and 
should not be used where strength is important. Organic 
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should not be used for decommissioning activities. 
6.10 Density Improvers-The density of cement can be 

improved to intrease hydrostatic pressure. Sand can be used 
(0 increase density without affecting the cement chemically 
although additional water is required. Barite has been used, 

6.1 I Fluid Loss Controllers: 
6.1 1.1 Various organic materials such as cellulose can be 

to produce a constant water to solids ratio that may 
have applicability when a grout is placed under pressure and 
water loss can OCCUT. However, these materials may not be 
suitable for decommissioning activities, as they may con- 
tribute to contamination. 

6.1 1.2 These organic materials (fibrous materials, cello- 
phane flakes) act to block the movement of the grout into the 
formation. It is not desirable to use these materials in 
decO~miSSiOning activities due to their organic content that 
may adversely affect water quality and also may not result in 
a good plug. 

6.12 Friction Reducers (Dispersants)): 
6.12.1 These materials reduce friction to improve flow 

and can be effective when the water cement ratio is reduced. 
Reduction of the water Cement mtio is a method to decrease 
cement friction. (It is possible to reduce the amount of water 
added by using a dispersant (5). These materials (sodium 
chloride, polymers, and calcium lignoSulf0~t.e) also help to 
reduce the energy required to pump the grout. Polymers and 
calcium lignosulfo~te may not be appropriate materials for 
decommissioning activity as they may affect water quality. 

6.13 Bentonite-Bentonite is predominantly composed of 
the clay mined sodium montmorillonite. It has the ability 
to absorb large quantities of water and swell to many times 
its original size when hydrated, and the material remains 
flexible. Bentonite clay may be used in any of its various 
forms to meet placement, strength, and sealing Crimia listed 
in 6.3. The amount of shrinkage or settling of a bentonite 
seal is dependent on the percent solids of bentonite, campo- 
sition of surrounding formation and its soil moisture. Higher 
water to bentonite ratios increase the likelihood of dehydra- 
lion. 

6.13.1 The permeability of bentonite is very low; hy- 
draulic conductivities of 1 x IO4 cm/s or less can be 
achieved. However, bentonite may desiaate in the presence 
of high concentrations of some organic chemicals, strong 
acids or bases, saline ground water, or when allowed to dry, 
thereby increasing its hydraulic conductivity. Bentonite is 
commercially available in the following forms 

6.13.1.1 Pellets-Pellets are made from gxanular pow- 
dered bentonite that has been compressed into tablets, 
commonly 114 to 314 in. (.64 cm to 1.91 cm ) in diameter. 
Pellets have a low-moisture contenq high density, and 
uniform size. Pellets should be composed of additive-fiee, 
high-swelling granular sodium bentonite. Properly placed in 
a well or borehole, pellets hydrate and expand creating a low 
permeability (1 x IOd cm/s) plug. Pellets can be used in the 
saturated zone provided the length of the water column is 
shoa The rate of pour into the hole should not be more than 
50 Ib (22.7 Kg) of bentonite in 5 min (1). 

6.13.12 Prt$onned Donuzs-Commercial preformed do- 
nuts consist of compressed bentonite and may have use in 
decommissioning activities 

but may interact with waste and should not be used 

6.13.2 Chips-Raw mined sadium montmorillonite in 
the form of chunks that are '14 to 3/4 in. (6.4 to 1.91 m' 
diameter. Their angular shape can make it dif€icult to 
chips to the desired depth in a small-diameter 
borehole without bridging. 

6.13.2.1 Fme-gmined material resulting from the mechan- 
ical breakdown during shipping may cause a problem in the 
placement of chips due to clumping Fmes should be 
screened through a *14-in. (6.4-mm) mesh screen before use. 

6.13.22 The lower alhity for water that chips have allow 
them to fall through a water column without rapid hydra- 
tion. 

6.13.2.3 Chips have applicability in largediameter 
boreholes and when carehlly dropped into the hole to 
reduce bridging. 

6.13.3 Granular--Raw-mined sodium montmorillonite 
without any additives that has been crushed and seared to an 
8 to 20-mesh size. This material can be placed at depth in dry 
holes but hydrates quickiy when placed into water. It often 
sticks to wet borehole walls and bridges when placed through 
water. Granular material is best suited for use in the 
unsaturated zone with enough water added to provide 
adequate hydration. 

6.13.3.1 Fmes can clump when in contact with water (1). 
Fines result from mechanical breakdown of the material 
during shipping. Granular bentonite should be poured slowly 
to reduce the potential for bridging. In some situations, a 
pour rate not exceeding 50 lb (227 Kg) in 5 min has been 
used successflluy (1). 

bentonite that passes through a 200-mesh screen. 
designed to be used in drilling fluids (muds) and 
additive to other plugging materials such as cement. 
Bentonite powder sluny can become an effective grout 
material when combined with density-increasing additives 
and swelling inbibiton. Powdered bentonite should not be 
placed in dry form through water as it can bridge and stick to 
the borehole walls. 

6.13.5 High Solids Clay Gtout-l'his material is a blend 
of powdered polymer-fire bentonite clays mixed with fir& 
water that forms a slurry With a minimum 20 % solids by 
weight and a density of 9.4 Ib/gal(I 126m3 Kg/L). The slurry 
sets to a low-permeable plastic grout that generates no heat of 
hydration and does not shrink during Curing in the presence 
of moisture. High solids clay grouts are commonly used for 
borehole plugging 

6.14 Other iUa&eri&: 
6.14.1 A number of other materials have been used for 

.. 
6.13.4 Powdered-Untreated, seared, and gr m 

plugging: 
6.14.1.1 Attapulgite clay (may have applicability when 

used with a salt Cement groutr 
6.14.1.2 Fm clay 
6.14.1.3 Commercial packing materials 
6.14.1.4 Packers 
6.14.2 These materials are either inappropriate for use in 

decommissioning wells or boreholes where hazardous waste 

sioning wells in hazardous waste situations. Therefore, 
are encountered, or are not well studied for deco 
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A & not hixussed in this guide. 
6.14.3 Other materials have been used in tht past for 

plugging web and boreholes. Such materials as w e e n  or 
lead plugs should not be used because wood plugs m~ d-y 
and lead is a potentially h d o u s  material. M&axucal 
Packers composed of steel, plastic, or other m a t e d  can be 

7. Procedure 
7.1 The primary purpose of most boreholes and moni- 

- toring wells is to monitor chemical compounds in-the soil 
and ground watw, however, there are other uses for subsur- 
face monitoring including the measurement of temperature, 
soil gas sampling, or measurement of geophysical parame- 
ters Use Sigdicant care in planning and implementing the 
decommissioning activity. It is important to obtain any 
required approvals from regulatory agencies, land ownen, 
responsible parties, and other parties involved with the site. 
The following subsections present a recommended list of 
tasks in order that the decommissioning activity is success- 
fully completed. Several of the steps outlined below do not 
pertain to boreholes and may be omitted. 

7.2 Planning: 
7.2.1 Records Review-Carefully review all a k a b l e  

records and information relating to use of the monitoring 
well, borehole, etc. This review may include the following 
information: 

7.2.1.1 Review applicable Federal state, and local regula- 
tions relating to decommissioning activities. This may in- 
clude contacting the applicable state or local agency having 
jurisdiction over drilling activities and preparation of the 
neceSSary documentation to drill (start cud), 

7.2.1.2 Collection of drillen' logs, geophysical logs, well 
construction, or geologic logs, including stratigraphy, struc- 
tural geology, subsurface information, construction mate- 
rials, screened interval, depth, hydraulic-gradients (if water 
levels are available from other wells for its determination), 
legal location, date of installation, and photographs of the 
well, 

7.2.1.3 Review of analytical chemical data for soil and 
ground water over the life of the we4 and variations in water 
levels over time, 

7.2.1.4 Review of records of the repairs, modifications, or 
other changes made to the well during the lifetime of the 
well, 

7.2.1.5 Evaluation of historic, current, and planned land 
=, 

7.2.1.6 Interviews with local workers and collection of 
other pertinent data such as discussing site conditions with 
local W e n ,  and 

72.1.7 While not directly part of the decommissioning 
activity, proper disposal of displaced fluids and other mate- 
rials (such as pulled or drilled out casing and cement seals) 
should be considered Some of these materials may be 
classified as a hazardous waste under Federal, state, or local 
regulations. Conduct a review of these regulations and 
appropriate analytical documentation prior to classifying a 
material as a hazardous waste. 

used to assist in plugging. .I 
3 
i '  

0 
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7.22 Verification of Field Daa-%e variety ahd quality 

of field practices and reporting q u i r e  that ,the well be 
inspected to veri@ the actual field situation prior to decem- 
missioning the well. The following list of p r i u r e s  & 
recommended so that the actual condition of the well & 
known. Some of the borehole geophysical logs may not be 
applicable or may not be available for small diameter (2 in. 
(5.08 cm) or less) holes or wells 

7.22.1 Inspection of well head installation for integrity, 
7.22.2 Current depth measurement of the casing and 

well. (The original depth of the borehole may be different 
than the well.), 

7.2.2.3 Water Quality Sampling and Analysis-A final 
water quality sample taken from the well may be required for 
regulatory purposes; 

7.2.2.4 Downhole Inspections-Including caliper logs to 
measure inside diameter, television logs to determine in-w 
conditions such as casing breaks, screen size, etc.; gamma 
logs to verify geologic information, if not already available; 
cement bond logs (sonic) to determine if the casing is firmly 
attached to grout (presently available for holes 2% in. (6.35 
cm ) or larger in diameter); flow logs (flow meter or spinners) 
to determine if vertical flow occuts within the casing and 
hydraulic integrity test to determine if the well casing is 
intact 

NOTE should k taken in running any of thesc took in a 
wcll with a collapsed or broken casing, or in boreholes that may collapse 
on the tooL Tools with active radioactln ~ ~ O U T O C S  should not k used 
under these Circumstances. Conduct downhole inspections only aftcr 
obshumons arc removed from the well casing or borehole. 

7.22.5 Contact local owner, resident operator/obsemer to 
verify operations at the site. 

7.2.26 Verification of field data is an ongoing responsi- 
bility. Use veri6ed information to modify plans in order that 
the decommkioning activity is correctly conducted Con- 
tinue this activity during the field phase and change specifi- 
cations as needed. 

7.2.3 Review of Decommissioning Options-After the 
records have been thoroughly reviewed and verified in the 
field, select an appropriate decommissioning procedure. 
Evaluate each possible option to determine the most appro- 
priate method for the selection. The following list of evalua- 
tion Criteria is recommended: 

7.2.3.1 The potential for fluid movement from one 
aquifer into another by means of the borehole or well should 
be eliminated. 

7.2.32 Materials to be used in plugging must be compat- 
ible with w d  casing and screen (if left in place), and with 
subsurface formation and ground water, etc. ovq the period 
of time hazardous materiais are found at these sites 

72.3.3 Future land use (as is known at the time of 
decommissioning) should be compatible with decommis- 
sioning plans 

7.2.3.4 Closure options should be compatiile with appli- 
cable federal state, and local requiremenu 

7.3 Implementation. 
7.3.1 Field Procedure: 
7.3.1.1 Satisfactory completion of decommissioning is the 

primary purpose of this guide. All work performed on the 
borehole or well should be completed by competently 
trained drillen, equipped with appropriate tools, under the 
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d P. duection of a geological or engineering professional who is 
qualified to certify that the decommissioning is completed 
according to the planned procedures and is consistent with 
applicable regulations. 

7.3.1.2 Approve any modifications to the proposed work 
plan and record in writing by the on-site geologist or 
engineer (or their representatives) prior to implementation. 

7.3.1.3 The geologist or engineer should be on-site during 
the field activities to verify that the activities are completed 
as planned. Decommissioning operations can be successfully 
accomplished by carefid planning and documentation (see 
7.5). Maintain documentation of decommissioning activities 
for the post-closure period or period required by regulations 
(if specified). While regulations may require documentation 
for a period of 30 years, it is advisable to continue this 
activity for a penod lasting as long as hazardous materials 
occur at the site. 

7.3.1.4 Remove casing from the ground by either pulling 
or overdrilling (see 7.3.7). Depending upon construction, it 
may be necessary to leave the casing in place and produce 
suitable perforations in the screen and blank casing to allow 
for the plugging material to penetrate the annular space and 
formation (see 7.3.7). If grout in the annular space can be 
verified to be in good condition, the well can be decommis- 
sioned by cutting the blank casing and filling the screened 
interval with grout. Verifying the integrity of grout may be 
difficult to impossible. If a 6Iter pack is present, it may be 
neceSSacy to remove the filter pack after perforating the 
casing by washing or overdrilling. Several of the methods 
idenflied in this subsection are briefly discussed in the 
Appendix XI. 

7.3.1.5 If well construction conditions are not adequately 
known and the well site contains hazardous matenals, it may 
not be appropriate to remove the casing and screen, as this 
may increase the mobility of hazardous materials. 

7.3.1.6 The borehole or well, or both, may require pre- 
conditioning for decommissioning to be successful. Re- 
conditioning can reduce the potential for sloughing of the 
borehole wall if for example, a sodium montmorillonite clay 
occurs naturally in the formation and cement is used as the 
plugging material. The calcium contained in Portland ce- 
ment exchanges with the sodium cation in bentonite clay 
decreasing the water contained in the clay and inducing 
sloughing. This problem can be significant in sediments or 
rocks that are under considerable pressure, causing a loss in 
part of the hole, thereby not completely plugging the 
borehole and possibly causing loss of all downhole equip 
ment. These conditions are usually known by local drilling 
and well servicing contractors who should be contacted prior 
to the start of field operations. 

7.3.1.7 Preconditioning consists of removing mud from 
borehole walls (when mud is used for drilling the borehole), 
or stabilizing a borehole prior to placement of the plugging 
material. If a drilling mud has been used to drill a borehole, 
preconditioning can involve the circulation of a highquality, 
low-solids drilling fluid to remove gelled mud fiom the 
borehole and borehole walls prior to plugging. For the above 
situation, a highquality bentonite or drilling fluid can be 
used. If a drilling mud is used as the plugsing material, 
prepare fresh mud. The mud used in drilling contains 
cuttings and may also not have suitable properties (13). The 

selection and use of material(s) should meet the require 
men& specified in Section 6. 

7.3.2 Volume of Plugging M a m i d  Required: 
7.3.2.1 The geologist or engineex should cal 

volume of plugging material required for the boreh 
after fim taking into consideration applicable loss te 
rial to the formation, voids intersecting the borehole, change 
in borehole diameter, washout zones, and swelling 0: 
shrinkage of material. An approximation of the volume 0: 
material that may be required can frequently be provided b! 
contacting local drillers or professionals 

7.3.2.2 Loss of plugging material into the formation ma? 
occur rapidly (within minutes) or after several hours or days. 
The volume of plugging material required to be on-site 
should be at a minimum, enough to fill one borehole 
volume, however, it is advisable to have available a min- 
imum of 25 to 50 % in excess of the calculated borehole 
volume (1,2). Additional plugging material should be readily 
available to site personnel under short notice, especially if ir 
is common to lose plugging material into the formation or 
the material is required for clearing a hole (see 7.3.8.2). 

7.3.2.3 A caliper log is helpful in .boreholes or overdrilled 
holes to define hole diameter. If this information is not 
available, use an estimate of borehole diameter from the 
available well construction specifications. Calculate the 
volume of the borehole using the following 

*i 

v = T $ L  
where: 
v =volume, 
L = length of borehole or well to be plugged, and 
r = radius of hole. 

7.3.2.4 Manuals listing the volume of a hole 
foot (metre) such as Ref (3) can also be used. These 
are available through major deep well cementing Seryice 
companies. Assume in the calculations or table used that the 
derived volume is the minimum required for actual condi- 
tions due to possible loss of plugging material into the 
formation. Verify grout emplaced through estimating the 
volume of material leaving the hole for holes filled with mud 
or water. For all boreholes, measure the volume of material 
emplaced and check for the appearance of the material at the 
top of the interval grouted or land's surface, whichever is 
applicable. 

7.3.2.5 Location of the grout at depth can be diflicuit 
because the top of the grout may not be able to be 
distinguished fimm water or other fluids in the borehole. One 
field procedure that has been applied to measure the level of 
the gout  is to use a wooden sounding block with a weight 
attached to the block. The weight should be slightly denser 
than the grout. 
N m  1 1-Location of the depth of plugging mataial in a borchole 

or wdl does not confirm that the plug has performed its intended 
purpose. Plugging matcriab may not bave a d h d  to the walls of the 
bonhole or wtll or may have kcn bypaped horn the wga zone. 
Therefore, placement of plugging mattrials is highly dependent upon 
proper prepamtion of the hole. 

a 

7.3.2.6 In areas where coarse materials hre encountered, 
or considerable fracturing or solution openings 

required to fill the hole. In extreme cases such as 
three times the calculated volume of material 

karst terrains where large conduits may exist, it 
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. difEcult to plug a well or borehole. In these SituatiopS, 
packers can be used to isolate critical intervals for filling with 
plugged materials above or below the kantic formations. 
Packers may also be used to isolate critical intervals within a 
well or borehole throughout the entire depth. 
7.3.3 Quality of Water Used for Grout-Grout must be 

carefully mixed using water of a known chemical quality. 
The quality of the water must be compatible with the 
grouting material and not introduce contamination into the 
subsurface. For cement, water used should be fke of silt, 
organic matter, alkali cpmpounds-and have a total solids 

-antent o f  500 mg/L or less (14). The grout should be 
weighed using a mud balance. 

NOTE 12-Tbidrer grout mixtures may have greater effeaivcaess in 
plugging highly permcable matvials or materials with largc voids, but 

. - -may k - v e r y  difficult to pump through a grout piw Less viscous 
mixtum an casy to pump, but may be too mobile, have greater 
shrinkage, and take longer to set if additives 10 compensate thesc 
problems are not added. 

7.3.4 Mlxing of Cement and Bentonite On-Site-Both 
cement and bentonite can be mixed on site. Cement GUI also 
be purchased from a contractor and delivered premixed on 
site, provided the water used is of known and acceptable 
quality. 
7.3.5 Use of Curing Accderators-Curing accelerators can 

be used to hasten the initial set time for cement from 6 to 8 
h to perhaps 2 or 3 h, provided the accelerator (typically 
calcium chloride, sodium chloride, aluminum powder, or 
gypsum) does not degrade the cement or react with the 
environment. The use of these materials may also require! 
approval by regulatory authorities. 
1.3.6 Decommissioning of Boreholes: 
7.3.6.1 To achieve an effective seal, the borehole should 

be free of debris and foreign matter that may restrict the 
adhesion of the plugging materials to the borehole 4. Clear 
boreholes of excessive mud filtercake, or gelled mud (if used) 
and any bridges resulting from the removal of temporary 
casing, or when noncohesive materials (such as sand and 
gravel) are encountered that can lead to a collapsed borehole 
during decommissioning activities. 
7.3.6.2 One method commonly used for effective removal 

of these materials is to advance a small grout pipe to the 
bottom of the borehole by use of water or a highquality 
bentonite slurry and flush the hole. Flushing is continued 
until the blockage is removed, or noncohesive formations are 
stabiljzed. Use at least two borehole volume of materials. If 
the flushing fluid returning to the surface contains poten- 
tially hazardous mate* it may be necessary to place this 
material into containers for proper disposal. 
7.3.6.3 As soon as the borehole is prepared pump plug- 

ging material slowly through a grout pipe to displace the 
flushing fluid. Inject grout starting from the bottom of the 
hole, forcing other fluids upwad Complete grouting slowly 
to prevent channeling of the grout around any undesirable 
material remaining in the hole. Complete this operation in 
one continuous operation. Raise the grout pipe when 
pumping pressure increases significantly, or when undiluted 
grout reaches the surface. Regularly sample and evaluate 
overflowing grout for weight, presence of foreign material, or 

- 

other changes When the overnowing grout iskmilar to that 

being pumped d o m  the h’ole, the plugging is considc 
complete. 
7.3.6.4 Grout pipes should be the largest diameter thr 

practical for field operations to reduce the required pumr 
pressu& Cut the lower end of the pipe at an angle to al 
for the side discharge of the grout. Side disehrge reduces 
potential for erosion of the borehole wall. Typically, hea 
walled PVC (Schedule 40 or greater) or thin-walled steel p 
is used for grouting purposes Use caution while grout 
deeper holes in order that downhole pressure does not exa 
the rupture strength of the grout pipe. 
7.3.6.5 Grouting of shallow auger holes or other borehc 

where grout pumping equipment is not readily adab le  II 
be accomplished by placing grout through a side discha 
grout pipe that has a funnel attached to the top. As i 
grouting progresses, slowly raise the pipe. Take care wh 
using this procedure, as the low placement pressure may r 
completely hll or flush undesirable materials from t 
borehole. This procedure is only recommended when t 
entire borehole depth is 10 to 15 ft (3 to 4.6 m) or less 
7.3.6.6 Small diameter (Q-in. (5.08 cm-mm)) holes a 

difficult to plug. A small diameter (Y.-in. (1.9 cm-mn 
grout pipe can be used, however, high-pumping pressur 
may be required or less viscous plugging materials may t 
nectssary. 

NOTE 13-11 is imponant to avoid hydrofracturing 01 blowout 
shallow hola in unconsolidated materials when pns~t grouting, 

d e  to avoid hydrofracturing is to &ct pumping pressure 
about 0.6 Ib/in.z (0.42 Kg/cm2) of hydraulic presure for each fo 
(marc) of overburden. In some instances, the prcsure used m w  t 
reduced funha. 
7.3.6.7 A conservative method (15) of calculating ma, 

~ _ - - -  

imum pressure is as follows: 

where: 
Pm ‘pressure of fluid injected at wellhead, lb/h2 

Sg =density (specific gravity) of the plugging materia 
(grout) (unitless), and 

d = depth measured for the surface to the opening of tbt 
Bout pipe (metres) feet. 

Hydrohcturing typically occurs during start-up or restaxt o; 
grouting. 
7.3.6.8 Inject grout at the bottom of the hole, displacing 

grout, loose formation materiais, and borehole fluids u p  
w a d  Slowly pump grout to avoid channeling Do this in one 
continuous operation. Raise the grout pipe when grout can 
no longer be easily forced from the pipe into the hole or 
when undiluted grout reaches the top of the hole and flows 
OUL Sample and weigh this material. The weight of the grout 
returning to the surfaoe should be the same as the grout 
pumped into the hole. 
7.3.7 Comrol of Elevated Formation Ressura-Oaz- 

sionally, a borehole or well may penetrate a formation that is 
under confined conditions (artesian head), or from which a 
gas is being released, under pressure. (Gas bubbling upward 
through the grout may result in open channels, or in- 
the permeability of the grout) When this condition is 
encountered, sealing of the borehole requires that the grout 
prrssure be maintained greater than the formation prssUrr 
until initial grout set occurs The "shut-in-pressure" of the 

hl = (0.733 - 0.433 sg)d 

Kg/cm2), 
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formation can usually be detennined by use of pressure gags 
attached to a casing that has been pushed or driven into the 
confining ugt. This casing must be tightly sealed to prevent 
1-e around its annulus. (Separate packers or casing 
grout, or both, may be required to prevent leakage around 
the casing.) 

7.3.7.1 Several procedures may be used to balance the 
formation pressure until the initial set of the grout has 
occurred. (See fig. 2.) The procedure most often used to 
contain the pressure is to use a sufficient column of grout. If 
additional head pressure is required, increase the unit weight 
of the grout by the addition of sand, densifying additives 
(barite, or hematite) or d d g  the water cement ratio. 
Another alternative commonly used is to pump the grout 
through a check valve into the casing until the top of grout 
reaches the desired elevation. Maintain pressure above the 
gout by use of compressed air, or by use of a simple 
standpipe filled with water. If the standpipe procedure is 
used, pump grout through a tremie pipe extending through 
the water to prevent dilution. 

7.3.7.2 After the initial grout set has occurred (minimum 
24 h), the sustaining pressure (above atmospheric pressure) 
may be released. However, record the air pressure (or fluid 
level) in the air filled casing above the grout frequently for 
several days to verify that no leakage is occurring. If gas (of 
any variety) is present in the formation, analyze a sample of 
the air from the casing above the grout. Care should be taken 
under these conditions, as explosive or hazardous conditions 
may be present. Methane, the most commonly produced gas, 
is odorless, colorless, toxic, and extremely flammable. Safety 
precautions are advised. 

C h k W k  
Grout - - In 

W f u  filled to /  
required height 

-==v- 
Confimmp u@ 

r 

-0rivcn or Pushed 
Ccsing 

Gas Ftodueing'or 
Arresion FormoriM 

7.3.7.3 Only after testing results confirm that the sed 
effective, is it advisable to complete the permanent closure 
removal of the near (or above) surface casing 

7.3.7.4 Measure any fallback or d e m e n t  of tc- 
surface (whether by gravity or under pressure) 
after grout emplacement to the nearest foot 
Correct any fallback with native or imported 
grade, or to a specified depth below grade, such as below - 
plow layer. The depth is based on existing and proposed 12 

7.3.8 Decommissioning of Wells and Other Monitor: 
Devices: 

7.3.8.1 This discussion has applicability in decomr 
sioning ground water monitoring and injection wells and 5 
gas monitoring wells, neutron probe access tubes, lysime 
and tensiometer and installations, and similar devices. -2 
pendix X1 should be consulted for additiod informatio: 

7.3.8.2 It is desirable to remove all existing well consv. 
tion materials such as screen, casing, filter pack, seal, E 
grout from the hole to reduce the potential for the formati 
of a vertical conduit to occur at the contact between car' 
and annular seal; reduce the potential of these matei. 
interfering with the decommissioning operation; decrease : 
potential of a reaction between the materials used; or 
minimize the reaction with the native materials or gror- 
water. In situations where well materials are removed P 
borehole collapx occurs, redrill the borehole following 
guidance provided in 7.3.6. 

7.3.8.3 Steel casing may be removed using jacks to f 
casing from the hole followed by lifting the casing out 
using a drill rig, backhoe, cranes, etc. of sufficient capacit? 

a 
use and regulatory requirements. . .. 

- - Grout In 
C h p  Mln 

Gas ploduong or 
Allesion Famotion 

Stand Pip. To Contain 
Excess Formation Pressure 

Comprorwd Air To Contain 0 Excesa Formation PttSSUrO 

FIG 2 Two Procedures That Can Be U s e d  to Overcome Elevated Fomration Ressure 
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the annular space has been cemented over a long distauce, generally cannot be removed by PUW if theygaVe been 
w method may not be readily usexi unless a poor contact properiy cemented into pla~e. 'overdrilling is n k  to 
occurs between the casing and borehole. Small lengths of remove these Casing and screen ma& 
cement ( typidy less than 10 fi (3 m)) can be removed along 7.3.8.6 A hollow stem auger equipped with outward 
with the casing if the drill rig has sufficient lifting capacity. fadng carbide cutting teeth with a diameter 2 to 4 in. (50.8 to 
When the casing cannot be removed, perforate the casing 1016 cm ) larger than the casing may be used for overdrilling 
and screen using a suitable tool. This is necessary as Place the lead auger over the casing and rotate downward 
encrustation or corrosion of the Screen can block or com- (see Fig. 4). The Casing guides the cutting head and remains 
pletely close openings. A wide variety of commercial equip inside the auger. When the hll diameter and length of the 
ment is available for perforating casings and xreens. Due to well has been penetrated, the Casing and screen can be 
the diversity of application, consuit an experienced con- retrieved from the center of the auger. It is important to use 
tractor prior to selection of the technique. A minimum of -outward facing cutting teeth in order that the cutting tool 
four rows of perforations several inches (millimeyes) long does not sever the Casing and drift off center. An alternative 
and a minimum of five perforations per linear foot (metre) of is to install a steel guide pipe inside the well casing so that the 
casing or Screen is recommended. augers can be centered6 Firmly attach this temporary 

7.3.8.4 Remove steel casing by overdrilling (overreamingj working pipe to the inside of the Casing by use of a packer, or 
the casing Overreaming can be done using an overreaming other type of expansion or friction device. When the auger 
tool (see Fig. 3). Select a pilot bit that is nearly the same size reaches full depth and the well materials have been removed, 
as the inside diameter of the casing. The reaming bit should pump plugging materials through -the hollow stem as the 
be slightly larger than the borehole diameter to remove all augers are withhwn. 
well construction materials and a small amount of native Norr ,"Local rrgulations may anow leaving the pvc - in material. As drilling proceeds, the casing, grous bentonite place, good annular seal b w  dg 
seal, filter pack, and other well materials are destroyed integrity annular seal OUI k d m m a  It is generally difficult 
returned to the surface. In situations when the grout in the to doaunent a good ann& seal (w 6% no OT -1 
annuiar space can be verified to be in good condition, it may without the use of a ament bond log or similar method. A amat bond 
be very difficult to remove casing and grout and grout can be 1% cannot be run in small diameter wells Oess than 2.5 in. (6.35 cm) in 
left in place by pressure grouting b e  screened interval and b m )  a small tool is not w n d y  a m l c  Also, 

this mahod is not reliable for PVC casingr casing. Verifying the integrity of the grout can be dimcult. 
7.3.8.5 PVC and other low tensile strength materials 

be completed in accordance with 7.3.6. 

e 

7.3.8.7 After remova of& casing, d e c o m e o & g  

6B;rLa. R4bq Pasonal commuarcatioo. byuc En~mtal1990.  -- 

FlG 3 Over DfiUing by Mud Rotay Pmtedure FIG 4 OwrOmangbyHdlorvStemAugerProcedurs 
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Ncrk IS-WeIlswitha maximum depth of 10 to I5 A ( 3  to4.6 m) 

out of the ground. The open hole is then tilled Wirb grout or other 
moved byovcrdrilling, ~rwhcn  possible by$~&th~cas ing  

A tampiDg rod Can k roed to tamp the sutable P1U-g 
meal into place. 

1 

7.4 Decontamination of Downhole Equipmhnt: 
7.4.1 If hazardous waste or other contaminants occur at 

h e  site, decontaminate all tools placed into the borehole or 
well prior to entry (see Practice D 5088). Follow state and 
local regulations, if applicable. A hot water pressure wash or 
Steam cleaning are examples of two typical decontamination 
methods. Other methods such as the use of solvents followed 
by rinsing With clean tap water and allowing equipment to 
air dry may also be acceptable. Also contain water and other 
materials used for decontamination for chemical analysis to 
determine proper disposal methods. 

7.4.2 Do not flush grout pipes out with water while in or 
above the hole. Conduct all cleaning operations aboveground 
and manage appropriately as a hazardous or nonhazardous 
situation depending upon chemical analytical data on the 
site. 

7.5 Documentation: 
7.5.1 Inspection Recordr-The primary purpose of 

records of field work is to provide that appropriate measures 
have been taken so that the borehole or monitoring well is 
permanently decommissioned in a manner that minimizes it 
from being a conduit for fluid, water, or vapor migration. 
Properly decommissioned boreholes and wells should have 
no adverse influence on the local environment than the 
original geological setting. 

7.5.2 Narrative Report-Maintain the narrative report of 
activities as a permanent record of the decommissioning 
activities and include the full set of field activities including 

7.5.2.1 Decommissioning date, 
7.5.2.2 Personnel (with listing of company representation, 

including phone number and address), 
7.5.2.3 Source of decommissioning method, 
7.5.2.4 Stepby-step procedures used in the field, 
7.5.2.5 Record of all measurements made, depths encoun- 

tered, types and volume of fluids pumped and photograp1 
before and after, and 

7.5.2.6 All 0th- W n e n t  information that is require 
based on site conditions or regulatory requirem 

8. Report 
8.1 At the completion of field work, present a fonn 

report to document the entire procedure used in the decon 
missioning process for the borehole or well. Addition. 
information or requirements may be specified in governmer 
regulations and should also be included in this report. Repo 
in detail the following items as a minimum: 

8.1.1 Bockground Infirmatiow 
8.1.1.1 Location of the borehole/well, 
8.1.1.2 Purpose of the borehole/well, 
8.1.1.3 History of the borehole/well, 
8.1.1.4 Chemical parameters and concentrations preser 

during the active Life of the well and at the t h e  of pluggin 
and 

8.1.1.5 Information collected prior to the inspedo 
record. . 

8.1.2 Testing Prior to Decommissioning: 
8.1.2.1 Site characterization (if appkable), 
8.1.2.2 Physical testing (depth, structural condition, etc. 
8.12.3 Chemical testing results (last chemical analysis fc 

8.1.2.4 Geophysical logging results (if any). 
8.1.3 Decommissioning Design Procedure: 
8.1.3.1 Rationale for selection of method used, and 
8.1.3.2 Presentation of a decommissioning plan. 
8.1.4 Field Implementation: 
8.1.4.1 Description of activities, 
8.1.4.2 Variance from plan, and 
8.1.4.3 Result of testing and measurements. 
8.1.5 Confinnation-Statement of regulatory compliance 

problems encountered should also be documen *: 

record), and 

0 
9. Keywords 

itoring web, hazardous waste; plugging 
9.1 abandonment; decommissioning, ground water mor 

APPENDIX 

(Nonmandatory information) 
1 

XI. EXAMPLES OF SUCCESSFUL MONITORING WELL DECOMMISSIONING PRACTICES 

X1.l This appendix covers a general dirmssion of field 
procedures that have been used to decommission monitoring 
welk These procedures are presented to provide technical 
guidance to assist in the development of decommissioning 
wells or boreholes. Local regulations may not allow h p l e  
mentation of some procedures. Two subsets of procedures 
are outlined, one for rigid steel Casing and the second for 
lower tensile strength casing materials (plastic). 

X 1.2 Steel Casing: 
X12.1 Condition-Properly p u t e d  steel d g  and 

screen, difficult to pull casing: 
X 12.1.1 Suggestion--ptessUre pump p1u-g xnatefials 

into well to above aquifer, place 3-ft (.9l-mm) plug of plastic 

m a t e d  (bentonite plug) above rigid plug then complet 
with rigid plugging material to surface. Place a PVC c 
neoprene plug or packer, located at the base of the rigif 
(cement) material to reduce the co-mingling of fluids due t 
different specific gravities Complete decommissioning E 
surface according to local regulations. 

X1.2.1.2 Alfmive-Perforate steel Casing and screen t 
allow plugging material to come into contact with th 
annular space and formation. 

X13.1.3 Advantuge4.f (when) casing material corrodc 
the continually plastic bentonite plug will co 
provide a Nitable sealing &e. 
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X1~2.2 ConditionCteel well ma- that, mnov- 
&le: 

X1.2.2.1 Suggestion-Pull screen and casing;. then redrill 
borehole to original depth using slightly larger diameter drill 
bit than the borehole. Complete closure by pressltre sealing 
the borehole by grout pipe from bottom to top. 

X1.2.2.2 Advmuge-Casing and annular maeerials are 
completely removed and replaced with sealing material of 
equal or lower permeability (saturated zone) than the native 
geologic materials. 

X 1.2.3 Condition-Shallow screened well completed into 
permeable sand or gravel w-uifeer: 

X1.2.3.1 Suggestion-Puli the casing and screen (grout 
also, if possible) then redrill the borehole to original depth. 
Completion should be by pressure sealing to the surface. 

X1.2.3.2 Advantage-The possibility of hydrciulic a n -  
nections with the surface is greatly reduced. 

X 1.2.4 Conditzon4teel casing and screen set into highly 
permeable formation (such as fiactured Limestone) that 
results in lost fluid circulation during drilling or decommis- 
sioning procedures: 

X 1.2.4. I Suggestion-Fa highly permeable section with 
quick setting cement grout (addition of calcium chloride), or 
coarse gravel to base of casing, or hang "cement basket" at 
base of casing. Complete decommissioning with plugging 
materials pumped into place, including at least one section of 
permanent plastic seal. 

X 1.2.4.2 Advantage-Extremely permeable or highly cav- 
ernous materials may not be able to be filled sufficiently to 
allow closure similar to other cases. In such situations, 
prevention of vertical migration of fluids to or from that 
zone is the primary purpose of decommissioning. 

X1.3 L.owTensile Srrengrh h4uferia.L~ (thal is, PVC, ABS, 
PTFE): 

X1.3.1 Condition-Properly constructed well that has a 
sealed annulus from the surface to the tep of screen: 

X 1.3.1.1 Sugge.stions--Ressure grout in place after pede 
rating the entire casing so that the xreen and gravel pack are 
fiued with grout; or over-ream the well Using a drill bit 
diameter that is a minimum or slightly larger than the 

diameter of the annular space. 
X1.3.2 Condirion-Annulus is not permanently seala 

and casing/screen cannot be p u i l d  
X1.3.2.1 SUggeSton-Overdrill casing, SCreen and filte 

pack with a hollow stemmed auger or other suitable drillin; 
method. Remove casing from bottom to top as augers a r t  

removed. 
X1.3.2.2 AhWage-Complete well stn~cture is re 

moved. Grouting materialS provide no avenue of fluid or ga! 
migration after decommissioning. 

X1.3.3 Condition-Annulus seal questionable; &i 
smxn cannot be pulled: 

X1.3.3.1 Suggestion-Use rotary tools equipped with 
pilot bit. h g e  pomon of bit must be equal to or larger than 
diameter of original borehole. Drill out casing, annular 
material, to depth of well. Pressure seal after tools are 
removed. 

X1.3.3.2 AhWage-Cornplete well structure is re- 
moved. Grouting materials do not provide pathways for fluid 
or gas migration after decommissioning. 

X1.3.4 Condition-Annulus seal questionable, casing and 
screen may be pulled from firm clay soils: 

X1.3.4.1 Suggestion-Use pulling rig equipped with 
down hole casing latch tool. Anchor tool at bottom of well 
a d  lift Casing and screen. Presure grout open hole &om 
bottom to top. clhis method may have applicability for 
shallow wells.) 

X1.3.4.2 Advanluge-This method is often possible in 
h clay soils. Requires less expensive equipment than other 
procedures. 

X1.3.5 Condition-Vadose zone monitoring devices such 
as lysimeters, tensiometers, neutron access holes, and similar 
devices installed vertically 

X1.3.5.1 Suggeszion-DdI out the device and b a c W  as 
suggested in 7.3.8.5 and 7.3.8.6. (See also Note 15 in the 
text.) 

X1.3.52 Advunzage-The device and materials used to 
construct the device are removed reducing the potential for 
fluid movement from the surface to underlying materials and 
ground water. 
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