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DESIGN PARAMETER SUMMARY 

INTRODUCTION AND SCOPE 

The purpose of this design parameter summary is to provide information regarding the 
values of the parameters used in the design calculation packages for the On-Site Disposal Facility 
(OSDF). The summary addresses the majority of parameters that are used within the individual 
design calculation packages. The parameters not discussed herein are primarily those that are 
used only within one calculation package or group of related packages. Discussion of these 
parameters is provided in the Data Verification section of the individual package(s). 

For this summary, a number of general design parameter categories have been established. 
Each individual design parameter has been associated with one of the general categories. For 
example, an individual design parameter such as the thickness of the primary geomembrane in 
the liner system is associated with the general design parameter category, geosynthetics. 

A general guide to the use of design parameters in the calculations is provided in the 
attached Table 1 .  This table is a matrix which lists the general parameter categories from top 
to bottom on the left edge and the individual sections of the design calculation package from left 
to right on the top edge. The checked boxes in the matrix indicate which calculation packages 
use parameters from any of the general parameter categories. For example, inspection of 
Table 1 indicates that parameters relating to site hydrogeology are used in the following eight 
calculation packages: 3.1  OSDF Foundation; 3.6 Access Corridor; 3.7 Borrow Area Cut Slopes; 
4.3 Performance Analysis; 5.1 Foundation Settlement; 6.1 Hydrostatic Uplift; 10.3 Temporary 
Lift Station and Manhole Design; and 10.4 Permanent LTS Lift Station Design. 

a 

The remainder of this summary provides information regarding the values of the 
parameters used in &design calculations. This summary is organized with each section 
addressing one of the general design parameter categories. The order of presentation is that used 
in Table 1 .  
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GENERAL PARAMETER CATEGORIES 

OSDF, Geometry. 

This section addresses design parameters relating to the geometry of the OSDF and OSDF 
support facilities. Data such as dimensions, areas, and slopes are obtained from the Design 
Drawings. 

In addition, information needed for the "Earthwork Required Volumes'! calculation and 
the "Required Volume" calculation was obtained from the following drawing provided by 
Fermco: "Alternatives 3A and 3D, On-Property, Undeveloped Park @ l.E-6 + ALAR4 base 
+ level 1 + level 2". 

Based on these drawings, the following key design data were obtained. 

For general landfill design, the OSDF will have 8 cells (with a 9th cell for 
contingency). The area for each cell will be approximately 6.5 acres. The cell 
dimensions will be approximately 400 ft  by 725 ft. The cells will be separated from 
the adjacent cell by intercell berms that are a maximum of 7 ft  in height. 

The subgrade and leachate collection layer along the base of the OSDF will have a 
slope of 2.24 percent, resulting from design grades of 1 percent in the E-W direction 
(i.e., parallel to the leachate collection pipes) and 2 percent in the N-S direction (Le., 
perpendicular to the leachate collection pipes). The maximum drainage length in the 
leachate collection layer will be 224 ft. The slope on the liner system perimeter 
sideslopes will be 25 percent, corresponding to 4H: 1V design grades. 

. 

The final cover system slopes of the OSDF vary on the East - West Sections from 
20H: lV, to 10H: lV, to 6H: 1V. The maximum final slope is 6H: 1V. Details of the 
configuration of the final slopes is given in the Design Drawings. Interim OSDF 
slopes may be as steep as 3H:lV during construction and material placement. 
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OSDF. General 

This category includes parameters that are associated with the OSDF and OSDF support 
facilities but that are unrelated to the geometry of those facilities. These parameters include; 
the number of seasonal closings (Required Volume calc.), transformer loadings (Electrical Power 
Demand calc.), water demand (Potable Water Demand calc.) and other miscellaneous 
parameters. The majority of these parameters are used in only a single calculation package and 
thus are not discussed herein. 

This section addresses existing si; topography. As indicated in Table 1, topograph 1 I 

primarily related to stormwater management calculations for the OSDF and to several Borrow 
Area calculations. The topography is also related to the Hydrostatic Uplift, Temporary Lift 
Station and Manhole, and Potable Water Demand calculations. All topographic data that is 
related to the calculations indicated on Table 1 was obtained from the following plans included 
in the Design Drawings: "Site Plan" and "Borrow Area Development Plan". Specific point 
elevations and slopes needed in the calculation packages are obtained from these plans. 

@ 

Climate 

Climate-related data such as temperature, evapotranspiration, and precipitation are 
addressed in this section. 

Climate data for average monthly precipitation and solar radiation are obtained from the 
"Hydrologic Evaluation of Landfill Performance (HELP) Model, Version 3, " USEPA Office of 
Research and Development, Washington, D.C., Report No. EPA/600/R-94/168b, Sep 1994. 
The reference city (source for data input into model) for the temperature and solar radiation data 
is Cincinnati, Ohio. The reference city for the precipitation data is Covington, Kentucky. 
Covington, KY was used for the precipitation data because synthetic rainfall data is not available 
in the HELP Model for Cincinnati, Ohio. 

GE3900-11/F9630145 
0 
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Precipitation data are shared by many calculations. The data and sources used for the 

calculations are presented below: 

rainfall distribution is Type I1 for Ohio (USDA-SCS "Urban Hydrology for Small 
Watersheds", Technical Release 55 (TR-53, June 1986); 

rainfall for the 2-year, 25-year, and 2000-year, 24-hour storm events is 2.55 in, 4.7 
in, 13.0 in, respectively (Parsons, "2000 year Flood and Probable Maximum Flood, 
Sitewide Floodplain Determination", Revision A, August 1995); and 

average rainfall energy is 175 (Ohio SCS guidelines for "Water Management and 
Sediment Control for Urbanizing Areas", 1987). 

The 25-year 24-hour storm event is used to calculate runoff and size sedimentation basins 
and erosion and sediment control calculations for the OSDF construction and the borrow area. 
The 25-year 24-hour storm event is used to size components of the leachate transmission system. 

Hvdrolow 

- Design parameters considered in the hydrology parameter category include information 
regarding runoff curve number and Manning's roughness coefficient for the OSDF and the 
borrow area during various stages of site activity. Assumed parameters are needed for existing 
conditions, construction conditions, and final conditions for both the OSDF and the OSDF 
borrow area. 

Parameters relating to existing, construction, and final surface conditions are needed for 
each calculation. The associated runoff curve number and Manning's roughness coefficient are 
directly related to the type of surface condition or hydraulic structure. These parameters are 
used in the calculations for stormwater runoff and erosion control. Values for these parameters 
are obtained from the following sources: 

Chow, Ven Te, "Open-Channel Hydraulics", 1959; 
USDA-SCS, "Urban Hydrology for Small Watersheds", 1986; 
USDA-SCS, "Engineering Manual for Conservation Practice", Nov 1986. 
Temple et. al., "Stability Design of Glass-Lined Open Channels", 1987. 

GE3900-I 1/F9630145 
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VePetation 

Design parameters in the vegetation category include ground cover descriptions for 
existing, construction and long-term conditions. Ground cover descriptions are used in the 
following calculation packages: (i) calculated rates (leachate generation); (ii) required cell 
storage; (iii) migration through primary liner; (iv) cover system erosion resistance; (v) 
stormwater runon-runoff drainage control; (vi) OSDF sediment basins, stormwater runodrunoff; 
drainage control (after closure); (vii) drainage control structure erosion resistance; (viii) 
stormwater runoff routing; and (iv) borrow area sediment basin. Ground cover descriptions are 
determined for the OSDF area, the East Field borrow area and nearby drainage areas of the 
OSDF and the East field areas. 

Data used to describe existing vegetative conditions was obtained from aerial photographs 
and from the report "Operable Unit 5 Remedial investigation" (March 1995). 

Parameters used for descriptions of expected vegetative cover for construction and long- 
term conditions were estimated considering anticipated construction activity and the design 
period. Vegetative cover is expected to vary from none for newly-graded areas as a result of 
construction activity to light, moderate or heavy grass cover for long-term (Le., post- 
development) conditions. 

a 
.- 

.. Hvdrogeolog 

Data for hydrogeology at the OSDF is presented for the perched ground-water table and 
the static ground-water table. 

Data for the perched ground-water table is obtained primarily from monitoring well 
data and Figure 2-20 of Parsons "Pre-Design Investigation and Site Selection Report 
for the On-Site Disposal Facility", Volume 1 of 3, July 1995. A design basis perched 
water table contour map was developed from this data for use in the Hydrostatic Uplift 
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calculation. This map was also used in the Temporary Lift Station and Manhole 
calculation and the Permanent Lift Station calculation. 

For the foundation stability, access corridor stability, and borrow area cut slope 
stability calculations, the perched ground-water table was conservatively assumed to 
be at the existing ground surface. 

Data regarding ground-water within the Great Miami Aquifer soils indicates that the 
elevation of the static ground-water table below the OSDF is variable, ranging from 
70 to 90 feet below the ground surface (Parsons, Remedial Investigation Report for 
Operable Unit 2, 21 January 1995). For the foundation settlement calculations it is 
conservative to use a groundwater elevation corresponding to the upper elevation of 
the range. Therefore, for these calculations the location of the static ground-water 
table was assumed to be 70 ft below ground surface. 

0 Geosvnthetics 

The geosynthetic materials that are considered in the design calculations are those shown 
in the Design Drawings. These materials are as follows: 

primary and secondary geomembrane liner - textured 80 mil High Density 
Polyethylene (HDPE); 
geomembrane cap - textured 60 mil HDPE; 
primary and secondary Geosynthetic Clay Liner (GCL) - sodium montmorillonite clay 
core with textured 40 mil HDPE geomembrane backing; or internally reinforced 
sodium montmorillonite core with geotextile backing (both sides); 
GCL Cap - reinforced or unreinforced GCL conforming to the specifications stated 
above; 
geotextile filter and geotextile cushion - polyester or polypropylene needle-punched 
nonwoven geotextile; and 
geotextile separator. 

GE3900-1 I/F9630145 
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Shear Strength 

The shear strengths on interfaces between these geosynthetics and adjacent materials are 
used in several calculation packages, as are the internal shear strengths of the GCLs. Shear 
strength testing of interfaces and GCLs that are representative of anticipated conditions and 
materials are in progress but results are not yet available. Therefore, estimates of the shear 
strengths for the geosynthetics and the interfaces in the liner and cover system have been made 
for the calculations. The shear strengths estimates have been based on a number of sources 
including the following: 

geosynthetics manufacturer's literature; 
unpublished results from GeoSyntec Consultants; 
Martin, J.P., Koerner, R.M., and Witty,  J.E., "Experimental Friction Evaluation of 
Slippage Between Geomembranes, Geotextiles, and Soils", Proceedings, Intemtional 
Conference on Geotextiles, IFAI, Denver, 1984, pp. 191-196; 
Koerner, R.M., Martin, J.P., and Koerner, G.R., "Shear Strength Parameters Between 
Geomembranes and Cohesive Soils", Geotextiles and Geomembranes, Vol. 4, No. 1 ,  

Williams, N.D., and Houlihan, M.F., "Evaluation of Interface Friction Properties 
Between Geosynthetics and Soils", Proceedings, Geosynthetic '87, New Orleans, LA, 

Daniel, D.E., Shan, H.Y. and Anderson, J.D., "Effects of Partial Wetting on the 
Performance of the Bentonite Component of a Geosynthetic Clay Liner," Proc. of 
Geosynthetics '93, Vancouver, Feb 1993, pp. 1483-1496; and 
Nataraj, M.S., Magauti, R.S., and McManis, K.L., "Interface Frictional 
Characteristics of Geosynthetics, I' Proc. of Geosynthetics '95, Nashville, Feb 1995, 

1986, pp. 21-30; 

1987, pp. 616-627; 

pp. 1057-1069. 

Intevace Shear Strength 

Geotextilelgranular soil interface. The granular soils (i. e., vegetative layer, drainage 
layer, LCS and LDS layers, etc.) are assumed to have an internal friction angle of 30 
degrees and a cohesion of zero (discussion in cover and liner system sections). Based 
on the sources listed above, it is reasonable to assume that the interface strength is 70 

GE3900-I liF9630145 
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to 80 percent of the soil strength. Therefore, the geotextile/granular soil interfaces are 
assumed to have an internal friction angle of 22 to 25 degrees and an adhesion of zero. 

Geotextilehextured HDPE geomembrane interface. Based on the sources listed above, 
it is reasonable to assume that this interface has an internal friction angle of 25 degrees 
and an adhesion of zero. . 

Compacted clayhextured HDPE geomembrane interface. The shear strength of the 
compacted clay used in the cover and liner system is assumed to be represented by a 
friction angle of 25 degrees and an cohesion of zero (discussion in cover and liner 
system sections). Based on the sources listed above, it is reasonable to assume that 
the interface strength is 80 percent of the soil strength. Therefore, it is assumed that 
the interface has an internal friction angle of 20 degrees and an adhesion of zero. , 

GCL Internal Shear Strength 

The shear strength of the GCL is a function of GCL type (Le., reinforced or 
unreinforced), normal stress acting on the GCL, hydration conditions, and the duration of 
loading. The assumed shear strengths discussed below are based on the information sources 
listed above. 

* 
For short- term conditions: 

The unreinforced GCL is protected on either side by a geomembrane and is assumed 
to remain dry. The peak shear strength of the clay component is assumed to be 
represented by an internal friction angle of 25 degrees and a cohesion of zero. The 
interface sheq strength of the GCL and the HDPE geomembrane is assumed to be 80 
percent of the peak strength, or an internal friction angle of 20 degrees and an 
adhesion of zero. 

The reinforced GCL is assumed to be hydrated. The peak internal shear strength is 
assumed to be represented by an internal friction angle of 30 degrees and a cohesion 
of zero. 

@ GE3900- I llF9630145 
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For long-term conditions: 

The reinforced GCL and the unreinforced GCL are assumed to have the same shear 
strength due to long-term reduction in the effect of the reinforcing elements. The 
unreinforced GCL is assumed to be hydrated. The shear strength is assumed to be a 
function of the normal stress as follows: 

Angle of Internal Friction for 
Peak Shear Strength (cohesion taken as zero) Normal Stress 

850 psf 15 degrees 
1900 psf 12 degrees 
5600 psf 9 degrees 
7500 psf 8 degrees 

These values have been obtained from: Bonaparte, R., Othman, M.A., Rad, N.R., Swan, 
R.H., and Vander Linde, D.L., "Evaluation of Various Aspects of GCL Performance, 'I Report 
of I995 Workshop on Geosynthetic Clay Liners, USEPA National Risk Management Laboratory, 
1996 (in press). A copy of this publication is 

-.:*'l"dOCI :A seL+.:LhA r.3 Df tcu', C J L O I d L  

Installation and Performance of Geomembrane 

The following assumptions are made regarding installation and performance of the 
geomembrane for the -leachate generation, leachate collection, and leak detection system 
calculations: 

saturated hydraulic conductivity of the geomembrane, 2xE- 13 c d s ;  
pinhole density, zero; 
placement quality, good; and ~ 

installation defect density for liner and cover system geomembranes, one sq. cm. per 
acre. 
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It is noted that the assumed installation defect density is appropriate with respect to the 
likely defect density. For example, Bonaparte and Giroud (1989) suggested that defect densities 
for geomembranes installed with strict CQA would be on the order 0.06 square centimeter per 
acre. Subsequently, b i n e  (1991) presented data indicating geomembrane defect densities even 
lower than those reported by Giroud and Bonaparte. The results of these studies have also been 
discussed by the United States EPA (EPA, 1992). 

It is noted that the three references cited above are: (i) Giroud, J.P. and Bonaparte, R. 
(1989). "Leachate Through Liners Constructed with Geomembranes, Part I: Geomembrane 
Liners", Geotextiles and Geomembranes, Vol. 8, No. 1,  pp. 26-67; (ii) Laine, D.L. (1991). 
"Analysis of Pinhole Seam Leaks Located in Geomembrane Liners Using the Electrical Leak 
Location Method", Proceedings, Geosynthetics '91 Conference, Vol. 1,  Atlanta, pp. 239-254; 
and (iii) EPA, "Action Leakage Rates for Leak Detection Systems, I' Supplemental Background 
Document for the Final Double Liners and Leak Detection Systems Rule for Hazardous Waste 
Landfills, Waste Piles, and Surface Impoundments, Office of Solid Waste, January 1992. 

HDPE PiDe/Manholes e 
Design parameters for HDPE pipe are used in the leachate collection system calculations, 

the leakage detection system calculations, and in the leachate transmission system calculations. 
The pipes for the leachate collection and leakage detection system are SDR 11 pipes with a 6 in. 
nominal diameter. The pipe for the leachate transmission system is a dual-containment SDR 1 1  
pipe with an outer pipe nominal diameter of 10 in. and an inner pipe nominal diameter of 6 in. 
The following additional design parameters are used: 

hydraulic gradient (slope) - varies - 1 percent for leachate collection and detection 
system pipes, 0.5 percent minimum for the leachate transmission system pipes. Values 
based on OSDF geometry given in the Design Drawings. 

In addition, the following data obtained from pipe manufacturer's literature is used for the 
pipe design calculations: 

modulus of elasticity - 2.7 x lo6 psf; 
compressive yield strength - 2.16 x l@ psf; 
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allowable ring deflection - 2.7 percent; and 
Manning’s roughness coefficient - 0.013. 

A number of identical design parameters for Class 100 HDPE manholes were used in the 
Temporary Lift Station and Manhole calculations and in the Permanent Lift Station calculations. 
The values are presented in the data verification portion of those calculation packages. 

Cover Svstem 

This section addresses design parameters for the OSDF final cover system. The 
parameters are related to the geometry and cross section of the cover system and the properties 
of the individual material components of system. Based on the Design Drawings, the cover 
system consists of the following components from bottom to top: 

2-ft thick compacted clay cap; 
geosynthetic clay liner; 
60-mil textured HDPE geomembrane; 
geotextile cushion; 
1-ft thick cover drainage layer; 
3-ft thick biointrusion barrier layer; 
0.5-ft thick granular filter layer; 
1.75-ft thick vegetative soil layer; and 
0.543 thick topsoil layer. 

Parameters related to the geosynthetic components of the cover system are discussed in 
the geosynthetics section - of this document. 

Geometry 

The total thickness of the soil components of the cover system is 8.75 ft (approximately 
9 ft) with the geosynthetic components adding negligible additional thickness. The total 
thickness of the soil components of the cover system that overlie the geomembrane is 6.75 ft 
(approximately 7-ft) with the geosynthetic components adding negligible additional thickness. 

GE3900- 11lF9630145 
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It is noted that cover system slopes are addressed in the OSDF Geometry section of this 
summary. . 

Total Unit Weight 

The total unit weight of each of the soil components of the cover system, with the 
exception of the compacted clay component, is assumed to be 125 pcf. This value is based on 
typical values used in geotechnical practice for the moist unit weight of primarily granular soils. 

The total unit weight of the compacted clay component is assumed to be 130 pcf. This 
value is based on tests performed cn remolded samples of the on-site brown till material which 
is proposed for use as the compacted clay component of the cover system (and liner system). 
The test data is presented in the Parson's draft report entitled "Geotechnical Investigation Report 
On-Site Disposal Facility", Operable Unit 2, Revision 0, December, 1995. The assumed values 
are also consistent with a final version of this report. 

It is noted that for the "Hydrostatic Uplift" calculation a value of 126.1 pcf is used for the 
average total unit weight of the final cover system. This value is appropriate because it 
represents a weighted average of the unit weights of the compacted clay component and the other 
soil components. 

Shear Strength 

The shear strength of the soil components of the cover system, with the exception of the 
compacted clay component, is assumed to be represented by an internal friction angle of 30 
degrees and a cohesion of zero. This value is based on typical values used in geotechnical 
practice for the near-lower-bound shear strength of primarily granular soils. 

The long-term (drained) shear strength of the compacted clay component is assumed to be 
represented by an internal friction angle of 25 degrees and a cohesion of zero. This value is 
based on tests performed on remolded samples of the on-site brown till material which is 
proposed for use as the compacted clay component of the cover system (and liner system). The 
test data is presented in the Parson's report entitled "Geotechnical Investigation Report On-Site 

0 GE3900-I 1/F9630135 
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Disposal Facility", Operable Unit 2, Revision 0, December, 1995. The assumed values are also 
consistent with a final version of this report. 

Other Parameters 

A 1-ft thick contouring layer, underlying the compacted clay, is considered to be part of 
the final cover system in some calculations. Where considered, the properties of this layer are 
assumed to be similar to the compacted clay. 

lmDacted Material 

The impacted material to be placed in the OSDF consists of a combination of on-site 
contaminated soil, fly ash, demolition debris from the existing buildings, municipal solid waste, 
and lime sludge. It is anticipated that approximately 80 to 85 percent of the impacted materials 
will be soil (see "Required Volume" calculation). The majority of this soil will be excavated 
from the brown till. Therefore, the properties of the impacted material are assumed to be 
similar to recompacted brown till. 

@ 

It is assumed that the impacted material will be compacted at its optimum water content 
to 85 to 95 percent relative compaction (with respect to Standard Proctor compaction). Based 
on data obtained from tests performed on recompacted brown till the following assumptions 
regarding the impacted material's properties are made (Parsons, "Geotechnical Investigation 
Report On-Site Disposal Facility", Operable Unit 2, Revision 0, December, 1995): 

total unit weight of 125 pcf; 
short-term she& strength represented by an internal friction angle of 25 degrees and 
a cohesion of 200 psf; and 
long-term shear strength represented by an internal friction angle of 25 degrees and 
a cohesion of zero. 

For the "Hydrostatic Uplift" calculation a total unit weight of 80 pcf was assumed. This 
assumed lower value, which is based on the total unit weight of an impacted material that 
consists primarily of fly ash, is conservative for the calculation (Le., the lower the unit weight 

0 GE3900-1 llF9630145 
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the greater the potential for liner uplift). Available data on the fly ash sources at the site 
indicate that this assumed unit weight is reasonable. 

The total thickness of the impacted material varies across the OSDF. Based on the Design 
Drawings the maximum impacted material thickness is estimated to be 50 ft. For the 
"Hydrostatic Uplift" and leachate generation rates calculations, smaller thicknesses of impacted 
material are used in some cases. These smaller values are appropriate for the "Hydrostatic 
Uplift" calculation because they represent actual design thicknesses at spot locations where uplift 
calculations are performed. These smaller values are appropriate for the leachate generation 
rates calculations because they represent impacted material thicknesses prior to final cover 
construction. 

It is noted that settlement, water balance, and compaction properties for the impacted 
material are described in the Data Verification sections of the calculations where they are used 
(i.e., "Impacted Material Settlement", "Leachate Generation Rates", and "Required Volume" 
calculations, respectively). 

0 Liner System 

This section addresses design parameters for the OSDF liner system. The parameters are 
related to the geometry and cross section of the liner system and the properties of the individual 
material components of system. Based on the Design Drawings, the liner system consists of the 
following components from bottom to top: 

e 

e 

e 

e 

e 

e 

0 

e 

e 

0 

e 

3-ft thick compacted clay liner; 
secondary geosynthetic clay liner; 
secondary 80-mil textured HDPE geomembrane; 
geotextile cushion; 
1-ft thick leachate detection layer; 
primary geosynthetic clay liner; . . 

primary 80-mil textured HDPE geomembrane; 
geotextile cushion; 
1-ft thick leachate collection layer; 
geotextile filter; and 
1-ft thick protective soil layer. 

GE3900-I llF9630115 
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Parameters related to the geosynthetic components of the liner system are discussed in the 
geosynthetics section of this document. 

Geometry 

The total thickness of the soil components of the liner system is 6 ft. with the geosynthetic 
components adding negligible additional thickness. It is noted that liner system base and side 
slopes are discussed in the OSDF Geometry section of this summary. 

Total Unit Weight 

The total unit weight of each soil component of the liner system, with the exception of the 
compacted clay component, is assumed to be 125 pcf. This value is based on typical values used 
in geotechnical practice for the moist unit weight of primarily granular soils. 

The total unit weight of the compacted clay component is assumed to be 130 pcf. This 
value is based on tests performed on remolded samples of the on-site brown till material which 
is proposed for use as the compacted clay component of the liner system (and cover system). 
The test data is presented in the Parson's report entitled "Geotechnical Investigation Report On- 
Site Disposal Facility", Operable Unit 2, Revision 0, December, 1995. The assumed value is 
also consistent with a final version of this report. 

Shear Strength 

The shear strength of the soil components of the liner system, with the exception of the 
compacted clay component, is assumed to be represented by an internal friction angle of 30 
degrees and a cohesion of zero. This value is based on typical values used in geotechnical 
practice for the near-lower-bound shear strength of primarily granular soils. 

GE3900-I llF9630145 
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The long-term (drained) shear strength of the compacted clay component is assumed to be 

represented by an internal friction angle of 25 degrees and a cohesion of zero. The short-term 
(undrained) shear strength of the compacted clay component is assumed to be represented by an 
internal friction angle of zero degrees and a cohesion of 1200 psf. These values are based on 
tests performed on remolded samples of the on-site brown till material which is proposed for use 
as the compacted clay component of the liner system. The compacted clay for the liner system 
is assumed to be placed at 95 to 98 percent relative compaction (with respect to Standard Proctor 
compaction). The test data is presented in the Parson's report entitled "Geotechcal 
Investigation Report On-Site Disposal Facility", Operable Unit 2, Revision 0, December, 1995. 
The assumed values also appear to be consistent with a final version of this report. 

Other Parameters 

For the leachate generation and leachate collection and detection calculations, the saturated 
hydraulic conductivity of the granular materials in the leachate collection and leak detection 
(LCLD) layers is taken as of 0.1 c d s .  This value is equal to the minimum hydraulic 
conductivity permitted by the project material specifications. A higher value of saturated 
hydraulic conductivity, 10 c d s ,  is used for the LCLD corridor. 

@ 

Subsurface Soils 

This section addresses design parameters for the subsurface soils at the OSDF. Subsurface 
soils are the in-situ soils and consist of the brown till, the gray till, and the Great Miami Aquifer 
(GMA) granular soils. Parameters that are used in two or more calculations include thickness, 
total unit weight, undrained shear strength, and drained shear strength. Parameters that are 
specific to individual calculations such as consolidation parameters, elastic settlement parameters, 
and dynamic parameters are presented in the Data Verification section of the calculations in 
which the parameters appear. 

Material parameters discussed below are based on data presented in two Parson's reports: 
"Soil Investigation Data Report Summary Document, It Revision 0, July 1995, and "Geotechnical 
Investigation Report, On-Site Disposal Facility, Revision 0, December 1995. It is noted that 
examination of the final version of the latter report did not reveal any significant data beyond 

GE3900- 1 1/F9630145 
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that presented in the December 1995 version. The thicknesses of the soil layers 2re based on 
existing site conditions and planned excavations shown on the Design Drawings. 

For the brown till soils, the cited sources indicate that the layer thickness ranges from 5 
to 15 ft. For stability analyses (static and seismic) the brown till is a weak layer and is therefore 
assumed to have the maximum expected thickness, 15 ft. For settlement analyses, calculations 
are performed for 5 and 10 ft  thicknesses to obtain a range of calculated settlement values. 
Based on the cited sources, the total unit weight of the brown till is assumed to be 135 pcf. The 
shear strength of the brown till is assumed to be represented by an internal friction angle of zero 
degrees and a cohesion of 1200 psf for short-term (undrained) conditions and by an internal 
friction angle of 25 degrees and a cohesion of zero for long-term (drained) conditions. 

For the gray till soils, the cited sources indicate that the material thickness ranges from 
a minimum of 15 ft to a maximum of 45 ft across the OSDF site. The total unit weight of the 
gray till is assumed to be 145 pcf. The shear strength of the gray till is assumed to be 
represented by an internal friction angle of zero degrees and a cohesion of 1900 psf for short- 
term (undrained) conditions and by an internal friction angle of 30 degrees and a cohesion of 
zero for long-term (drained) conditions. @ 

For the GMA granular soils, the aquifer thickness is assumed to range between 172 and 
210 ft in thickness. The 210 ft GMA soils thickness is associated with use of the 5 ft thick 
brown till and 15 ft thick gray till layers. The total unit weight of the GMA soils is assumed 
to be 135 pcf and the shear strength is assumed to be represented by an internal friction angle 
of 35 degrees and a cohesion of zero. 

Design parameters relating to the bedrock at the OSDF site are addressed in this section. 
The parameters assumed for bedrock are used in the foundation settlement, foundation stability, 
and seismic calculations. Only the seismic-related parameters are addressed herein because they 
are the only parameters used in two or more calculations. Based on data presented by Parsons 
in a report entitled "Remedial Investigation Report for Operable Unit 5 ,  Draft Final, March 
1995", the bedrock is assumed to be approximately 230 ft below the OSDF. The dynamic 
properties of the bedrock that are used in the seismic calculations are the following: (i) the peak 

GE39OO-I I/F9630135 
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bedrock acceleration from the design seismic event is 0.16 g; (ii) the maximum moment 
magnitude of the design seismic event is 6.1; (iii) the artificial accelerogram used to simulate 
the design seismic event is B2-SYN; and (iv) a value of 5 percent viscous damping is used. 

Leachate Generation 

The leachate generation rate calculations are used to verify the adequacy of the leachate 
collection, detection, and transmission system designs. The results of the calculation are used 
as design parameters in several other individual calculations. 

. 

Structural Fill and Backfill 

This section addresses design parameters assumed for structural fill, back fill and pipe 
bedding. Structural fill is to be used in the construction of the LTS access corridor and for fill 
below the OSDF. Back fill and pipe bedding are to be used for the placement of LCS, LDS and 
LTS HDPE pipe located outside the OSDF footprint, the LTS forcemain, lift stations, manholes 
and culverts. Structural fill and backfill will be compacted brown till and pipe bedding will most 
likely be gravel; each will be compacted to the relative densities required by project 
specifications. 

0 

The following design parameter values were assumed for the calculations: 

long-term 
Moist friction modulus of 
unit weight angle soil reaction 

Structural Fill 135 pcf 25" 
Backfill 120 to 135 pcf none 
Bedding gravel 145 pcf 35" 

a GE3900-1 l/F9630145 

432,000 psf 
none 
216,000 psf 
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A value 120 pcf was assumed for total unit weight of backfill for a ring compression 
analysis of the culvert crossing the South Access Road (Borrow Area Sediment Basin 
calculation). In this case the backfill was assumed at 85 % relative density instead of at 95 7% 
relative density expected for the backfill. Although this assumption reduces the calculated 
overburden stress on the culvert this assumption is conservative given the higher load factor used 
for backfill at 85 % relative density compared with that for backfill at 95 % relative density. 

Road Aggregate 

This category addresses aggregate to be used for construction of the following structures: 
(i) construction and impacted material hauls roads (Construction Haul Road and Haul Road 
calculations); (ii) leachate transmission system access corridor (LTS Access Corridor calc .); and 
(iii) construction administration area pavement (Construction Admin. Area Surfacing calc.). 
Base and subbase aggregate layers are required for each of the roads and only base aggregate 
for the administrative area pavement. 

The following design parameters were selected from the Ohio DOT, “Location and Design 
Manual, Volume 1, Roadway Design”, 1992. 

Structural 
Coefficient Modulus 

Base Aggregate 
Subbase Aggregate 

0.14 30,000 psi 
0.11 15,000 psi 

Construction Vehicles 

This section addresses construction vehicle loadings which are considered in 19 separate 
calculations including: (i) the selection of geosynthetics; (ii) stability analyses, (iii) structural 
design of HDPE pipes, CMP and RCP culverts and manhole covers. Vehicle loadings are 
expressed in terms of maximum wheel loads, maximum ground pressures and live loads. For 
pavement and unsurfaced road designs the number of design loadings over the lifetime of the 

GE3900-I 11F9630145 
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pavement or for a performance period used to account for repeated loadings. Although assumed 
vehicle loadings vary somewhat among the calculations, a typical example is as follows: 

concentrated construction loads (wheel loads) - 20,000 lbs, intended to represent an 
assumed wheel load for a 35-ton capacity dump truck; and 

impact factor for dynamic loads of 1.5.  

These particular values are based on an ASCE publication entitled "Design and 
Construction of Sanitary and Storm Sewers", Manual and Report on Engineering Practice No. 
37, reprinted 1979. 

Concrete/Steel 

This section addresses properties of concrete and steel used in calculations for the design 
of reinforced concrete in the following calculations: (i) LTS Temporary Lift Station and Manhole 
Design; (ii) Permanent LTS Lift Station Design; and (iii) Decontamination Facility Pavement. 

The design parameter values were selected to be consistent with those commonly assumed in 
reinforced concrete design: For concrete, the following parameters were assumed: 

* 
Unconfined compressive strength = 4,000 psi; and 
Unit weight = 150 pcf. 

The yield strength for steel was assumed to be 60,000 psi. This corresponds to A572 steel, 
grade 60. 

Erosion and Sediment Control 

This section addresses design parameters used in two or more calculations for erosion and 
sediment (Elks) control. Based on state and federal waste disposal regulations, the required 
sediment storage volume for use in the calculations is 5445 cubic feet per disturbed acre. This 
value is used for the "OSDF Sediment Basins" calculation. For the "Borrow Area Sediment 
Basins", which are not within the OSDF area, a value of 1800 cubic feet per disturbed acre is 
used in the calculations based on Soil Conservation Service regulations. 

GE3900- 1 1 lF9630 145 
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APPENDIX A 

COMPUTER SOFTWARE USED TO 
PREPARE CALCULATIONS PACKAGE 

1. Autodesk’, Inc., AutoCAD’ Release 13 User’s Guide, September 1994. 

2. SOFTDESK’, Inc.. SOFTDESK” CiviYSurvev: Earthworks Reference Manual, Henner. NH. 
November 1994. 



2 5 3  n E 

, E-- a Y 

n 



I 



7 

IP Y l  - 2 5 3  



N I 

! 



d 

I 

. .. . .. .- . - 

h 
0 
- 5  - 

-, 
h 



-T 

N -  
N 

- 

a 
a z 

3 



! 

' I  

0 
f 
u 
z 
a 

N -. .- 

.- 



. .. . . . . .. . . . .. - 

3 h 
c 

U 

d 
d 

(D 
(D 0 



X 

ri - 
7 m  - 

7 

h h 

7 

.- - .- . . . - . __. _ _  . . . - . . . . .. . _ _  - . . . . 

h 
7 
7 

1 
h 
7 

¶ 



P 
' *, - 

h 

c: .n 

h 
-A 

n 

. -- 



Z 

! 



Softdesk@ CiviYSurvey 
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Softdesk. Inc. 
7 Liberty Hill Road 
Henniker. NH 03242 USA 

Version 7.0 



Copyright0 by Softdesk. Inc. 
All Rights Reserved 

This manual and the accompanying software are governed by the terms and conditions of the 
Softdesk, Inc. Customer Software License (see the following page). 

Neither ~e documentation nor the software may be copied, photocopied, reproduced. translated, 
or reduced to any electronic medium or machine-readable format except in the manner described 
in the documentation. 

Softdesk. Inc. reserves the right to revise and improve its products as it sees fit. This publication 
describes the state of the product at the time of its publication, and may not reflect the product at 
all times in the future. 

Program Credits 

The installation program used to install Softdesk Earthworks; INSTALL, is based on licensed 
software provided by Knowledge Dynamics COT, P.O. Box 1558. Canyon Lake, Texas 78130- 
1558 (USA). INSTALL is Copyright 0 1987-1992 by Knowledge Dynamics Corp which reserves 
all copyright protection worldwide. INSTALL is provided to you for the exclusive purpose of 
installing Softdesk products. Softdesk has modified the software as provided by Knowledge 
Dynamics Corp, and thus the performance and behavior of the INSTALL program shipped with 
Earthworks may not represent the performance and behavior of INSTALL as shipped by 
Knowledge Dynamics Corp. Softdesk or the authorized Softdesk Reseller is exclusively 
responsible for the support of Earthworks. including support during the installation phase. In no 
event will Knowledge Dynamics Corp provide any technical support for Softdesk products. 

a -  
Trademarks 
The Softdesk Logo. Softdesk. Tech Talk, The Auto-Archrte~t. Archsoft, Rastenvare and CAD Overlay are registered in the U.S. 
Patent and Trademark Offre and other junsdrtmns by Softdesk. Inc. The Image System bgo. ViewBase. RAStahon. SCAN 
Overlay and PowerPak are trademarks of Softdesk, Im. intdllCADD IS a reglstersd tradsmarfi lcensed exduscvdy to Softdesk. 
Inc. AutOFM IS a trademark of Deuslon Graphics. Ltd AutoCAD IS regstersd in the U.S. Patm and Trademark office by 
Autodesk. Inc. All omer company names and proQa names menbond am me propetly of mar m e  owners. 

a 2 



Table Of Contents 

Chapter 1 ............................................................................................................... 17 
Introduction ................................................................................................................. 17 

How this Guide is Organized ................................................................................ 17 
Requirements and Recommendations .................................................................... 18 
Conventions Used in this Guide ............................................................................ 18 
Typographical Conventions .................................................................................. 19 
Menu Formats ....................................................................................................... 19 
Command Reference Formats ............................................................................... 20 
Installation ............................................................................................................ 20 
Changes From Previous Releases .......................................................................... 20 
Defining Strata ..................................................................................................... 20 
Average End Area Command Location ................................................................. 21 

. Chapter 2 .............................................................................................................. 23 
Earthworks Settings ..................................................................................................... 23 

Modifying the Earthworks Settings ....................................................................... 23 
Modifying the Earthworks Layer Management Settings ........................................ 25 
Modifying the Output Settings .............................................................................. 27 
Modifying the Earthworks Site Settings ................................................................ 27 
Modifying the Earthworks Section Volume Settings .............................................. 29 
Modifying the Earthworks Grid Volumes Settings ................................................ 31 
Modifying the Earthworks Composite Settings ...................................................... 33 
Modifying the Cross Section Plotting Settings ....................................................... 34 
Modifying the Section Layout Settings .................................................................. 35 
Modifying the Page Layout Settings ...................................................................... 37 
Modifying the Earthworks Grid Volume Ticks Settings ........................................ 38 
Modifying the Subsite Settings ............................................ ................................. 40 
Modifying the Earthworks Grading Settings ......................................................... 42 

Chapter 3 ............................................................................................... .. ............. 45 
Grading ....................................................................................................................... 45 

Grading Pull-down Menu .............................................................. : ....................... 45 

Softdesk Earthworks Reference Manual 7 



8 

Selecting the Current Surface ......................................................................... 46 
Set Points Menu .................................................................................................... 17 

Modifying the Finished Grade Points Settings .................. ............................. 47 
Labeling Finished Grade Points ..................................................................... 18 
Placing a Point with an Elevation ................................................................... 19 
Placing a High/Low Point .............................................................................. 49 
Importing Random Point Elevations .............................................................. 50 
Setting Points at Slope/Grade by Distance ...................................................... 51 
Setting Points at SlopelGrade by Elevation Override ...................................... 52 

Set Points on Entity Menu .................................................................................... 53 
Setting Points at Vertices of a Selected Polyline ............................................. 53 
Setting Points with Interpolated Elevations .................................................... 53 
Setting Points with Given Elevations ............................................................. 54 

Elevations from Surface Menu .............................................................................. 54 
Updati.ng Point Elevations by Selection Set .................................................... 55 
Updating Point Elevations by Number Range ................................................. 57 
Reporting Point Information by Selection Set ................................................. 57 
Reporting Point Information by Number Range .............................................. 58 
Reporting Point Information from Text File ................................................... 59 
Updating Point File Elevations ....................................................................... 61 

Interpolate Menu .................................................................................................. 62 
.Selecting Points and Entities for Interpolation ...................................................... 62 
Setting the Second Control Point's Elevation ........................................................ 63 

Adding Points by Relative Location ............................................................... 64 
Setting Points by Relative Elevation ............................................................... 65- 

Setting Points Perpendicularly from Points .................................................... 66 
Interpolating Points Using an Incremental Distance ....................................... 67 
Interpolating Points Using Incremental Elevation .......................................... 68 
Setting Figure Intersection Points .................................................................. 69 

Create Contours Menu .......................................................................................... 71 
Modifying the Sketching Settings .................................................................. 71 
Sketching Contours ........................................................................................ 71 
Copying Existing Ground Contours ............................................................... 72 
CreatingProposed Contours at a Slope .............................. ; ............................ 72 
Creating Proposed Contours at a Grade .......................................................... 73 
Creating Multiple Offsets Using a Distance .................................................... 74 
Creating Multiple Offsets Using an Elevation ................................................ 75 
Creating an Arc Around a Contour's Vertex ................................................... 75 

3D Polylines Menu ............................................................................................... 76 
Creating a 3D Polyline by Elevation ............................................................... 76 
Creating a 3D Polyline by Slope ..................................................................... 77 
Offsetting a Polyline ...................................................................................... 77 
Offsetting an Existing Polyline ...................................................................... 78 
Filleting 3D Polylines .................................................................... : ............... 79 

Setting a Number of Points over a Specified Distance .................................... 65 

Softdesk Earthworks Reference Manual 



Table of Contents 

Establish Daylight Lines Menu ............................................................................ 179 
Selecting the Daylight . Surface ....................................................................... 79 
Modifying the Daylight Settings ..................................................................... 80 

. 

Adding Vertices to a Polyline for Daylighting ................................................ 80 
Locating Daylight Points Based on Multiple Slopes ........................................ 81 
Calculating Daylight Points Based on a Single Slope ..................................... 83 
Interpolating Points between Vertices and Daylight Points ............................. 84 
Creating Faultlines between Vertices and Daylight Points .............................. 84 

Listing the Elevation of a Selected Point ........................................................ 87 

Importing a Daylight Polyline ........................................................................ 85 
Creating Points, Daylight Faults, and Daylight Polylines ................................ 86 

Creating a Random Daylight Point ................................................................. 87 
Edit Menu ................................................................................................ : ............ 88 

Editing Point or Finish Grade Label Elevations .............................................. 88 
Editing a Group of Points or Finish Grade Label Elevations ........................... 88 
Editing Elevations Relative to a Hinge Line and Slope ................................... 89 
Editing Elevations Absolute to a Hinge Line and Slope .................................. 89 
Editing a 2D Polyline ..................................................................................... 90 
Editing a 3D Polyline ..................................................................................... 91 
Editing a Polyline Contour Curve Configuration ............................................ 91 
Editing the Elevation of a Contour Line ......................................................... 91 
Changing the Elevation of a Group of Objects ................................................ 91 
Placing Contours with Zero Elevations on a Layer ......................................... 91 

Displaying the Surface's Elevation ................................................................. 92 
Displaying Information about the Surface ...................................................... 92 

Reversing the [Check for Zero Elevations] Command .................................... 92 
List Menu ............................................................................................................. 92 

Listing the Slope Between Two Points .................................... ; ....................... 92 
Listing the Elevation from a Slope and Distance ............................................ 93 
Marking Breaks in Grade on Polylines ........................................................... 93 

Chapter 4 ............................................................................................................ .. 95 
Volumes ...................................................................................................................... 95 

Volumes Menu ..................................................................................................... 95 
Selecting the Current Strata ........................................................................... 96 
Modify'ing the Site Labeling Settings .............................................................. 96 
Defining a Site ............................................................................................... 97 
Editing Site Definitions ................................................................................ 101 

Calculation Methods ........................................................................................... 104 
Generating a Grid Surface ............................................................................ 109 

Calculating the Surface Volume ................................................................... 112 
SectionMethod Volumes Menu .......................................................................... 112 

Sampling Section Information from the Surface ........................................... 113 
Editing Sampled Section Information ........................................................... 114 

Generating a Composite Surface ... ; .............................................................. 111 

Softdesk Eadhworks Reference Manual 9 



M- 

Table of Contents 

Modifying Section Output Settings ............................................................... 118 
Processing Total Site Volumes ..................................................................... 1i8 

Modifying Cross Section Plotting Settings ................................................... 120 
Setting the Text Size for Section Reports ..................................................... 121 
Plotting a Single Section .............................................................................. 122 
Plotting All Sampled Sectijns ...................................................................... 123 

. 

Writing Section Volume Information to a File ............................................. i19 

Plotting a Page of Sections ........................................................................... 124 
Site V. olume Output Menu .................................................................................. 128 . 

Modifying the Output Settings ..................................................................... 128 
Displaying Site Volume Information ............................................................ 128 
Inserting a Site Volumes Table .................................................................... 130 
Writing an ASCII File for Site Volumes ...................................................... 132 

Subsite Section ................................................................................................... 133 

Define Subsite Menu ........................................................................................... 134 
Breaking an Entity ....................................................................................... 134 
Defining a Polygonal Subsite Using Lines and Arcs ..................................... 135 
Defining a Polygonal Subsite Using a Polyline ............................................. 137 
Defining a Polygonal Subsite Using Points ................................................... 138 
Editing Defined Subsites .............................................................................. 140 

Subsite Volume Output Menu ............................................................................. 145 

Displaying Subsite Volume Information ....................................................... 145 
Inserting a Subsite Volumes Table ............................................................... 147 

Labeling Cut and Fill Nodes ........................................................................ 151 

Chapter 5 ............................................................................................................ 155 
Earthworks Tools ...................................................................................................... 155 

Modifying the Subsite Volume Settings ........................................................ 133 

Calculating Volumes for Subsites ........................................... i ..................... 143 

Modifying the Output Settings ..................................................................... 145 

Writing an ASCII File for Subsite Volumes ................................................. 149 

ErTools Menu ..................................................................................................... 155 
Earthworks Layer Commands ............................................................................. 155 

Editing the Site Grid Layer .......................................................................... 155 
Editing the Volume Ticks Layer .................................................................. 156 

DTM Layer-Menu ............................................................................................... 157 

Glossary .................................................................................................................... 159' 
Appendix A ......................................................................................................... 159 

Appendix B ............................................. ........................................................... 163 
Revision History ........................................................................................................ 163 

Version 7 - November 1994 ................................................................................ 163 

Appendix C ......................................................................................................... 165 
File Listing ................................................................................................................ 165 

File Archiving Importance .................................................................................. 165 

10 Softdesk Earthworks Reference Manual 
a . 



. Project Name ................ ...................................................................................... 166 
Earthworks Files .................................................................................................. 166 

INDEX ................................................................................................................. 151 

Softdesk Earth works Reference Manual 11 



GEOSYNTEC CONSULTANTS 

Client: FERMCO Project : OSDF ProjJProposal No.: GE3900 Task No.: 08.1 

APPENDIX A 

COMPUTER SOFTWARE USED TO PREPARE CALCULATION PACKAGE 
HydroCAD" STORMWATER MODELING SYSTEM 

Applied Microcomputer Systems, "HydroCAD Stomwater Modeling System ", version 3.10, 
Chocorva, NH, 1993. 

GE3900-08.1IAPP.A 



a 6102 rcv. 9/23/91 

Developed, sold, and supported by: 

APPLIED MICROCOMPUTER SYSTEMS 

’’ Tech ti ica 1 Sofiva re De Iaelop er Sin ce I9 7 7 ”  

Copyright 1986-1991 by 

Applied Microcomputer Systems 
Page Hill Road 

Chocorua, NH 03817 

1-800-927-RAIN 
Tel: (603) 323-8666 
Fax: (603) 323-7467 

H y d r o C A D ” ”  
STORMWAIER MODELING S Y S E M  

Version 3 

INTRODUCTION 



T A B L E  O F  C O N T E N T S  

For Non-Engineers: AN INTRODUCTION TO STORMWATER MODELING . . . . . . . . . . . . . . . . . .  

HydroCAD: AN OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

HydroCAD DESIGN PHASES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
P b e  I . CONSTRUCTION OF THE ROUTING DIAGRAM . . . . . . . . . . . . . . . . . . . . . . .  6 
P h a  I1 . DESCRIPTION OF EACH STRUCTURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

P h e  Il l  . CALCULATION OF FLOW THROUGH EACH STRUCTURE . . . . . . . . . . . . . . .  13 
P h a  IV . DISPLAY AND EXAMINATION OF RESULTS . . . . . . . . . . . . . . . . . . . . . . . .  15 

3 

. 

Appendix A: HydroCAD Engineering Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-1 

Appendix B: HydroCAD Computer Requirements . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  A-2 

Appendix C: Sample Reports : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-3 

2 



’ 8 .  - - 2 5 3  
For Non-Engineers: INTRODUCTION TO STORMWATER MODELING 

What is Stormwater and why does i t  need to be modeled? 

During a rainstom the precipitation that reaches the ground is dissipated by several mechanisms: Some of the water 
infiltrates directly into the ground, some is lost to evaporation, ana the remainder appears as stormwater runoff. 
This runoff can cause a variety of undesirable effects such as erosion and flooding. In order to prevent such damage 
the runoff must be safely conveyed through suitable channels, pipes, streams, and rivers to a suitable point of 
disposal, and eventually to the sea. By determining the nature of the runoff b d  the way it will flow through these 
channels, it is possible to predict how, where, and when damage may occur. Steps can then be taken to reduce the 
chances of damage, such as enlarging a stream to prevent overflow of its banks, or  detaining some of the runoff 
in a pond to reduce flooding downstream. 

Why is there an increased need for stormwater modeling now? 

Most new construction involves changes in the usage of the surrounding land. A new shopping center, for example, 
may remove a stand of trees and replace i t  with a paved paricing lot and several buildings. Such a change in the 
ground cover has a dramatic effect on the runoff, greatly increasing its total volume and the rate of runoff. This 
directly increases the potential for erosion and flooding in all a r m  downstream of the new construction. To prevent 
such damage the runoff must be predicted and analyzed before construction, so that suitable steps can be taken 
during the design stage to handle the runoff in a safe and effective manner. 

In the past such analysis and design was often not performed, and a significant amount of stormwater damage now 
occurs as a direct result. This ranges from minor flooding of local streams, to erosion of farmland, to flooding of 
major rivers. TLC resultant burden on many drainage systems and the increasing rate of construction means that 
all new construction and development should include a careful analysis of the effects on stormwater runoff. This 
not only reduces possibte liability for stormwater damage, but is required by law in a growing number of states and 
towns. 

- 

How is stormwater modeled? 

Stormwater modeling can be divided into two basic fields: Hvdroloey, which is the study of runoff and the factors 
which influence it, and Hydraulics, which is the study of water flow in the channels, pipes, streams, ponds, and 
rivers which convey i t  to the sea. In each field there are many techniques available for performing the required 
analysis, a situation which requires a qualified engineer to choose the best methods for each situation. 

In the past a number of simplified techniques have been employed for predicting runoff and its effects. With the 
advent of lowcost computers it is now possible to use more sophisticated techniques in order to perform a more 
accurate and complete analysis in less time. 

Are there different ways to model stormwater? 

Absolutely. There are many different approaches to stormwater modeling and drainage design. Most approaches 
can be divided into two groups: 1) Steady-state (constant flow) methods, such as the Rational method as applied to 
storm sewer pipe networks, and 2) Hydrograph generation and routing procedures designed to simulate the time- 
varying nature of actual runoff. Although HydroCAD can be used for steady-state designs and does include the 
Rational Method, it is designed primarily as a hydrogruph generaion and routing program. For a detailed 
comparison of these methods please see Understanding Hydroloa, available from Applied Microcomputer Systems. 

. 

- 
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HydroCAD: AN OVERVIEW 

H y d r o 0  is a Computer Aided Design program for modeling the hydrology and hydraulics of stormwater runoff. 
It is based primarily on hydrology tehnjques developed by the Soil Conservation Service (SCS) combined with 
standard hydraulics calculations. For any given storm, these techniques are used to generate hydrographs thoughout 
a watershed. Typically, this allows the engineer to verify that a given drainage system is adequate for the area 
under consideration, or to predict where flooding or erosion are likely to occur. 

HydroCAD takes this capability one step further by maintaining a complete database for the watershed and drainage 
system. With this database, HydroCAD becomes a working model for the entire system where changes can easily 
be made and their effects viewed. With HydroCAD this takes just minutes, not hours, so the engineer can interact 
with the watershed model in a way not previously possible. This lets the engineer evaluate numerous possible 
designs and choose the one most suitable, not just from a safety and environmental standpoint, but based on cost 
and other considerations as well. 

. 

HydroCAD frees the engineer to concentrate on creative design, a goal which is often sacrificed when each 
alternative requires hours or days of tedious calculations. No program can substitute for human creativity, but 
HydroCAD frees that creativity by providing a working model which lets the engineer ask "whar $..?" 

Note: manual is intended to provide an understanding of the unique operarional capabilities of HydroCAD. 
For information on the specific calcularioy please see the Technical Reference Manual. 
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Although HydroCAD's sequence of operatio& i,s very flexible, its power is most easily understood by viewing it 
in four phases. 

Phase I - Construction of Routing Diagram 

A diagram is constructed which shows the functional components, or structures, which make up the watershed. 
The diagram shows the location of each structure and how water is routed from one structure to another. 

Phase II - Description of each Structure 

Each structure is described in detail so that HydroCAD can calculate the outflow from each structure once the inflow 
is known. 

Phase Ill- Calculation of flow through each Structure 

Starting at the upstream end of the diagram and working downstream, HydroCAD calculates the outflow and other 
results for each structure. A minimal reculcularion feature 
automatically re-uses the results of previous calculations where no changes have occurred. 

Multiple inflows are summed automatically. 

Phase N - Display and Examination of R m ~ l t s  

After the calculations have been completed, the user examines the results to see if  the watershed is behaving as 
desired. If any changes are required, the user may return to Phase I, 11, or 111 and repeat the cycle until the desired 
results are obtained. 

h t i a l  analysis and design will generally proceed through these phases in the order shown. However, with 
HydroCAD the phases may be performed in virtually any order desired. For example, the user could describe 
several structures (Phase 10, create a partial diagram containing these structures (Phase I), and then calculate the 
outflows (Phase In). H y d r o 0  doesn't restrict the user's options for solving a problem. In fact, i t  provides 
greater flexibility than any other approach to stormwater modeling. 
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Phase I - CONSTRUCTION OF THE ROUTING DIAGRAM 

To model any watershed the drainage system is represented by a network consisting of four basic components: 

SUBCATCHMENT: A relatively homogenous area of land that drains into a single reach o r  
pond. Each subcatchment generates a rumf hydrograph. 

REACH: A uniform stream, channel, or pipe which conveys water from one point to another 
reach or pond. The outflow of each reach is determined by a hydrograph routing calculation. 

POND: A pond, swamp, dam, or other impoundment which fills-with water from one or more 
sources and empties in a manner determined by a weir, culvert, or other device(s) at its outlet. 
A pond may empty into a reach or into another pond. The outflow of each pond is also 
determined by a hydrograph routing calculation. 

LINK: A multi-purpose mechanism for introducing a hydrograph from outside the diagram, 
either by manual entry, file import, or linkage to another diagram. A link also allows the 
diversion and/or scaling of hydrographs. 

After identifying each of these components the system may be represented by a routing diagram such as this: 

0 0  
S U B C Q T C M N T  REOCH 

A 
POND 

Kl 
LINK 

As indicated by the legend, subcatchments are represented by hexagons, reaches by squares, ponds by triangles, 
and links by broken squares. An arrow from each component, or structure, indicates where its outflow is routed. 

In this example subcatchments 1, 2, 3, and 4 flow into reach 1 which flows into pond 1 along with subcatchments 
10 and 11.. Subcatchments 20,22, and link 1 flow into reach 2 which flows into reach 3 along with the outflow 
from pond 1. Reach 3 then flows into pond 3.which flows into reach 4. Reach 4 then flows into reach 5, which ' 
has a dotted outline indicating a 'phantom" structure outside the system currently being considered. a 
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In addition' to showing b e  routing beween the structures, the routing diagram may also represent the physical 
location of each structure. 

Constructing and modifying the routing diagram is a crucial step in building a watershed model with HydroCAD. 
As in most CAD programs, changes are shown immediately on the display as they are made. For example, to add 
a new stmcture to the diagram you would pick a location, specify what YOU want to creak, and what i t  will flow 
into. In a similar manner any structure can be instantly moved, rerouted, renumbered, or deleted. 

As the diagram grows beyond the edges of the screen, the user m y  PAN or ZOOM the display to view the region 
of interest. This expanded version of the previous diagram can be created in just one or two minutes: 

Although the creation of the diagram is usually the first step in most projects, i t  can be revised at an) time. 
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Phase II - DESCRIIPTION OF EACH STRUCTURE 

Before HydroCAD can detemjne the outflow of any structure, the user must provide the size, shape, or other 
descriptive information. To enter a new description, or to change an existing one, the user simply fills in the blanks 
in the appropriatefill-in screen. A completed screen for a subcatchment might look like this: 

SUBCATCHHENT 1 1  DESCRIPTION 

NAME: Old Orchard 

Use CHOICE keys to select Tc method(s): 
1 TR-55  Sheet Flou 
Z Shallou Concentrated Flow 
3 Parabolic Channel 
4 Circular Channel 
5 
6 

RATIONAL METHOD C= .OO (optional) 

TOTAL AREA= 25.00 A G E S  (optional) 

ACRES - - - - - - - - 
12.50 
7.40 
5.10 
0.00 
0.00 
0.00 
0.00 
0.00 

CN DESCRIPTION 

58 Orchard, Soil Group 8,  Good 
65 Orchard, Soil Group 8, Fair 
60 Woods, Soil Group 8, Fair 

_ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 
0 
0 

0 
0 .  

Items are ordered on the screen for easy. entry, but may be entered in any desired sequence. W k n  all entries and 
corrections have been made, the user accepts the screen and the description is saved in the database for later use. 
At any time the description may be recalled, examined, and modified as needed. 

Subcatchment Description 

Subcatchments are described.by specifying the following items (see sample screen above): 

Name or textual description (optional) 
The method(s) to be used to calculate the Time of Concentration (Tc) 
Rational method 'C' value (if needed) 
The total area of the subcatchment (optional) 
A column heading of ACRES or PERCENT, depending on data to be entered 
The acreage or percentage covered by each curve number 
Up- to eight SCS Curve Numbers, plus optional descriptions 

Curve number data may be entered by ACRES or PERCENT simply by setting the column heading accordingly. 
If more than one cume number is entered, the composite curve number is automatically .calculated. 

8 



P 2 5 3  
HydroCAD provides several p r d u r e  for calculathg the Time of Concentration including TR-SPSh&t flow, 
shallow concentrated flow, channel flow, upland method, curve number method, and direct entry. The chadnel flow 
calculations ellow direct entry of cross-sectional area and wetted perimeter, or this  an be calculated automatically 
for circular, rectangular, vee, trapezoidal, and parabolic channels. 

Each subcatchment may have up to six flow segments, & e  travel time for each being determined by any of these 
methods. The total travel time for all segments is the Tc for that subcatchment. 

A separate screen is used to describe each Ggment in detail. This is a typical screen for the TR-55 sheet flow 
procedure. Note that HydroCAD contains the standard Suljhce Descripfions, and automatically supplies the 
corresponding Manning's number: 

SUBCATCHHENT 1 1  Tc SEGMENT # 1 DESCRIPTION 

TR-55 Sheet Flou 

COMMENT: Segment AB I 
1. Surface Description: Cultivated: Residue<=ZOX 
2 .  - o r -  Manning's No. n = .  -000 (for other surfaces) 

3. Flou Length (c.300 f:) L =  100 F T  
4 .  Two-yr 24-hr Rainfall P2= 3.6 IN 
5 .  Land Slope s= .0100 F T / F T  

Line nurbers correspond to 12-55 Worksheet t3 rev. 6/86 

The following screen is used to calculate the Tc contnbu-tion from a segment of channel flow. Other channel flow 
screens allow the direct entry of we, rectangular, trapezoidal, parabolic, and circular geometries: 

I 

SUBCATCHMENT 1 1  Tc S E t H E h ' T  # 2 DESCRIPTION 

Channel Flou 

COHHENT: Segment CD 

12. X-Sec Flou Area a =  27.0 SO-FT 
13. Wetted Perimeter Pu= 28.2 FT 
15. Channel Slope S= .0050 FT/FT 

18. Flou Length L= 7300 FT 
16. Manning's N h r  n= .05 

Line mnt>ers correspond to TR-55 Worksheet #3 rev. 6/86 

After entering all data for a subcatchment the runoff hydrograph may be generated immediately. However, this is 
not required, since HydroCAD will per fom requisite calculations automatically when they are required as inflow 
for downstream calculations. 
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Reach Description 
- 

A completed reach screen looks like this: 

REACH 3 DESCRIPTION 

NAME: EXISTIHG STREAM BED 

PIPE DIAMETER= 0.0 INCHES (O=Auto-Size) NO. OF PIPES: 0 

CHANNEL BOTTOH WIDTH= 5.4 F T  DEPTH= 1.5 F1 

SIDE SLOPE: LEFT= .40 RIGHT= .40 (rise/run; enter 0 i f  vertical) 

MANNING'S NUMBER= .040 SLOPE= -0350 FT/FT 

; LENGTH='SSOO ' F T  1 x FINER ROUTING 
I BASE FLOW= 0.0 CFS EXFILTRATION= 0.0 CFS I 

I 
I 

STREAM FLOOO ELEVATION/DEPTH= 0.0 FT (O=Last table entry) 

ELEV/DEPTH (FT) END A R E A  (SO-FT) DISCHARGE (CFSL 
0.0 0.0 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 

Note that the following items are specified for a reach: 

Name 
If a pipe, the diameter (enter zero for automatic sizing) 
The number of pipes (allows several identical, parallel pipes) 
If an open channel; the width, depth, &d side slopes 
Manning's Number and slope 
Length 
A fmer routing interval (dt) may be selected, if desired 
Base flow and exfiltration (if any) 

For reaches which can't be described with these parameters (such as an irregular stream bed) you may complete 
the elevatiodend-arddischarge table directly. When using this table you may enter elevation or depth as you 
prefer. You also have the option of entering wetted perimeter instead of discharge by changing the heading-on this 
column. Otherwise this table is left blank, and HydroCAD calculates the end-area and discharge vs. depth based 
on the specified geometry. 
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@ Pond Description 

In order to perform hydrograph routing though a pond the storage and outflow characteristics must be known. 
Outflow vs. elevation is automatically calculated for the selected outlet device(s). Storage vs. elevation data may 
entered directly, or the user may enter the area at selected elevations and HydroCAD will calculate the storage. 
This information is entered with the following pond description screen: 

POND 1 MAIN DESCRIPTION 

NAME: NEW POND 

OUTLET # 
1 

TYPE (Use CHOICE keys f o r  options1 
Or i f i ce 

2 Culvert 
3 Broad-Crested Rectangular Weir 
6 Sharp-Crested Rectangular Weir 
5 V-Notch Weir 
6 

SPEClAL OUTLET: Y 1 x FINER ROUTING 
BASE FLOW= 0.0 CFS EXFILTRATION= 0.0 CFS 
STARTING ELEVATION- 0.0 F T  (0:bottm o f  pond) 

FLOOD ELEVATION= 0.0 FT  (O=Last table entry) 

ELEVATION (FT) AREA (AFIACl 
50.0 0.00 
52.5 
53.0 
55.0 

0.0 
0.0 
0.0 I 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

.75 
1.50 
2.75 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

HydroCAD pond design is very flexible, allowing for many variations and special cases: 

Up to six standard outlet devices may be used in any combination 
Outlet devices may be positioned at any desired elevation 
A special outlet device allows direct entry of stagedischarge data 
Base flow may be added for non-runoff inflows 
Exfiltration allows modeling of porous soils 
Adjustable pre-storm elevation handles 'wet ponds' 
Both retention and detention ponds can be modeled 
Cumulative or incremental storage data can be entered directly in AF or CF -or- 

* Storage can be calculated automatically from area using conic or prismuric sections 
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Each pond may have up to six standard outlet devices plus a special outlet device. These can be used alone o r  in 
any desired combination. After the desired outlet(s) are selected on the previous screen, each one is described using 
an individual screen. This is a typical scmn for a culvert: a 

POND 1 OUTLET # 2 DESCRIPTION 

Culvert 

INVERT ELEVATION= 20.5  FT 

DIAHETER= 18.0 INCHES 

WIDTH= 0.0 FT HEIGHT= 0.0 FT 

MANWING'S NUMBER= -013 LENGTH= 22 FT SLOPE= .0250 F T / F T  

ENTRANCE LOSS COEFFICIENT Ke= .SO0 

CONTRACTION COEFFICIENT Cc= .900 

TAIL WATER ELEVATlOh'r 0.0 FT 

The following screen is used for a broad-crested rectangular weir. It allows the coefficient to vary with head, as 
usually occurs in most real-world weirs. Sharp-crested and \'-notch weirs are also available. 

POND 1 OUTLET JY 2 DESCEIPTION 

Broad-Crested RectangaLar Weir 

INVERT ELEVATION= 5 L . 0  F T  

CREST LENGTH= 10.0 F1 

HEAD (FT) ENGLlSH COEFFICIENT 
.5 2.LO 

1 .o 2 . 5 0  
I .5 2.LO 
2 . 0  0 .00  
2 . 5  0 . 0 0  
3 .0  0 .00  
4.0 0 .00  
5 . 0  0.00 

After describing each outlet H y d r o 0  calculates a composite discharge vs. elevation (stagedischarge) curve for 
the pond. This may be plotted or tabulated to aid in the selection and design of outlet control devices. 
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RUNOFF BY SCS TR-20 METHOO FROn 10 TO 20 H W R S  

TYPE I 1  2 L - H W R  RAINFALL = 6 . 3  INCHES, U.H.=SCS 
RATIONAL DURATION = 0 MINUTES, INTENSITY 0.00 IN/HR 

REACH METHOD: STOR-IND RE-SIZE ALL PIPES: N 
POND HETHDD: STOR-IND 

/ RECALC-> LINKS: N WARNINGS: N EVERYTHING: N \ 

\ SHOW-> PROGRESS: N INFLOdS: N DETAILS: / 
< > options 

I 

15 ipftous & 15 calculations OK for  15 structures with 0 warnings 

%. - 
PhW III - CALCULATION OF FLOW THROUGH EACH STRUCTURE 

Once a diagram has been created and each structure is described, HydroCAD can calculate the flows !boughout 
the system. This process automatically begins at the head of the watershed and p r d  downstream so that the 
inflows are known when each structure is calculated. 

The calculation process is entirely automatic and is controlled by data entered in the calculation control screen. 
Since the screen retains ail settings from the last calculation, only the changes (if any) need be entered. A typical 
screen looks like this: 

The screen-allows the szlection of several items: 

Runoff method and calculation period 
For SCS runoff: The storm type, rainfall, and Unit Hydrograph 
For Rational Method: The event duration and intensity 
Reach calculation method (Storage-Indication shown here) 
Option to automatically re-size pipes 
Pond calculation method (Storage-Indication shown here) 
Optional selection of structures to be calculated 
Selection of infofmation to be shown during calculations 

Note that HydroCAD not only allows the selection of storm type and rainfall, but also of calculation methods. As 
new methods are developed and added to HydroCAD, the engineer can choose the one best suited to the task at 
hand. This also permits direct comparison of different methods. These capabilities are unique to HydroCAD. 

The calculation process begins when the screen is accepted. Unless otherwise specified, HydroCAD only calculates 
those structures whose inflow or description have changed. It also calculates just to the structure under 
consideration,-thus keeping calculation time to an absolute minimum! This minimal reculculorion feature is one of  . 
the key differences between HydroCAD and other programs. 

If an unusual condition occurs during the calculations a warning message appears, such as "Reach 12 overlopped 
by I. 2 feet. " This does not stop the calculations, but merely indicates a condition the user should be aware of. 

- 
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To calculate the outflow for each StmCmTe HydroCAD automatically performs these steps: 

1) If there is more than one inflow the inflows are summd together to produce a singie 
hydrograph. If a pipe is being r e - s i d ,  its diameter wlll be calculated to handle the peak inflow. 

2) The inflow is routed through the structure using the description and method previously 
specified. For subcatchments the specified storm type and rainfall are used. 

3) For a reach, the maximum depth, peak velocity, contact time, etc. are calculated. 

4) For a pond, the peak elevation, peak storage, etc. are calculated. 

5) Any warning messages are displayed. 

6 )  For the inflow and outflow the peak flow and time of peak are calculated by interpolating 
between the three highest points. 

. 7) The total volume of inflow and outflow are calculated. 

8) d l  results are stored in the database for successive calculations or examination at any time. 

This process is automatically repeated for each structure until the design point is reached, or until you interrupt the 
program. After examining the results you can make adjustments at any point in the system and repeat the process 
until the desired results are obtained. 

14 



Phase JY - DISPLAY AND EXAMINATION OF RESULTS 

In order to easily’evaluate data and results HydroCAD provides output in several ways: 

On the computer display for quick review during design work 
On a printer for reports or  permanent records 
On a plotter for the highest quality graphics 
To a data file for use in other graphics or text programs 

Regardless of how you view the results, you can also choose between numerous formats: 

A Summary includes the description and results for one structure 
A Discharge Curve shows the relationship between elevation and discharge for a reach or pond 
A Hydrograph Plot shows both the inflow and outflow vs. time 
The outflow may be Tabulated to determine exact flow at any time 
A Table shows several structures together for quick reference and comparison 

In addition to producing these individual formats, HydroCAD provides a complete report generator u t ich  lets you 
design your own report including any combination of formats for one or  more structures. This allows complete 
proposals and reports to be produced with an absolute minimum of manual preparation. Actual samplzs of various 
reports are included in the appendix at the end of this manual. 
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Appendix A: HydroCAD Engineering Specifications 

Subcatchments are described according to standard 
SCS (Soil Conservation Service) methods including 
area, curve number, and time3f-concentration. 

The composite curve number is calculated by 
weighting up to 8 individual CNs. 

by entering end-area and stagedischarge curves 
directly. Discharge can also be calculated from 
wetted perimeter data. 

0 Pipes can be automatically sized by Manning's 
equation based on the peak inflow. If the Manning's 
capacity is exceeded a warning message will appear. 

The time of concentration foreach subcatchment 
may be calculated by any combination of the 
following methods: TR-55 sheet flow, shallow 
concentrated flow, channel flow, upland method, or 
curve number method. Channel flow calculations 
also allow direct entry of circular, rectangular, vee, 
trapezoidal, and parabolic channel geometries. 

0 If you wish to use the Rational Method a 'C" 
value may also be specified for each subcatchment. 

0 Subcatchment runoff is calculated by performing a 
corivoluriori of the unir hydrograph wirh the rainfall 
distribution curve. This is the method employed by 
the SCS TR-20 program and HydroCAD runoff 
results agree within 1 !%. 

? The user may choose between 24-hour type I, IA, 
I1 and.111 s t o k .  Other rainfall distribution are 
easily added by the user. 

The standard SCS unit hydrograph and the 
Delmarva unit hydrograph are provided. Other 
curves may be easily added by the user. 

Rational method may also be used .where 
appropriate to generate trapezoidal hydrographs. 

Reach calculations presently employ the Storage- 
Indication method. Other methods (such as 
Attenuation-Kinematic) will be added as the need 
arises, but are only needed for very long reaches. 
For most situations the Storage-Indication method 
produces comparable results in much less time. 

Each reach may have a constant base flow to 
represent continuous non-storm conditions, or an 
exfiltration to compensate for porous soils or 
perforated pipes. 

Reaches may be a pipe or a rectangular, vee, or 
trapezoidal channel. Left and right side-slopes may 
be different. Other channel shapes may be utilized @ 

When a pipe fills with water the excess will be 
detained without head. If a full culvert analysis is 
required simply model the pipe as a pond with a 
culvert outlet. 

For channels which overtop HydroCAD will 
extrapolate from the end-area and discharge curves, 
and display a warning message. 

Pond calculations employ the industry standard 
Storage-Indiution method. 

A starting elevation may be spxified for each 
pond to represent the seasonal pre-stom water level. 

Ponds may have multiple outlet control devices 
including a V-Notch weir, Sharp-crested or Broad- 
crested weir, Orifice (horizontal or vertical), or a 
culvert. Culvert calculations handle all types of inlet 
arld outlet control including tailwater. 

0 Each pond may have a special outlet dzvice where 
the discharge K elevation curve is entered manually. 
This may be used alone or in combination with 
standard outlet(s). 

Ponds may have a base flow or exfiltration. 

0 Each project, or diagram, may contain from 10 to 
1,ooO structures, depeoding on the program 
purchased. Approximately 90% of all user projects 
are less than 40 structures. 

0 A link may be used to manually enter a 
hydrograph, import a hydrograph from an ASCII file, 
or to interconnect several diagrams when handling 
large projects. 

0 A link may also contain a flow threshold and/or 
scale factor, allowing i t  to be used to establish a flow 
diversion. 
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Appendix B: HydroCAD Computer Requirements 

HydroCAD is available for IBM PC-compatibles and HP-9000 workstations h order to match your specific 
computing needs. 

Hardware requirements for the PC version: 

IBM-compatible PC, XT, AT, 386 or 486 computer 
MS-DOS operating system 
640K RAM 
1MB hard disk space (recommended) 
-or- 720K or 1.2MB floppy disk drive 
Hcrculek CGA, EGA, or VGA display 
Math co-processor (optional) 
All PC networks and multi-user systems are supported 

- 

Hardware requirements for the workstation version: 

HP-9000, Series 200 or 300 computer 
HP RMB operating system 
I M B l U M  
1MB hard disk space (recommended) 
-or- 720K floppy disk drive 
Math co-processor (optional) 
All HP networks are supported 

Most HP and Epson-compatible printers are supported including: 

HP LaserJet I ,  11, and 111 
HP PaintJet f o r j d l  color ourpur 
HP ThinkJet, QuietJet, & DeskJet 
9-pin and 24-pin Epson printers 
IBM Proprinter 

HydroCAD also supports the following accessories: 

Mouse (recommended for cursor positioning) 
HP plotter (or compatible) for presentation graphics, 
Graphics output to a file for use with Wordperfect* or other applications 

NOTE: New features and hardware support are constantly being added. Please call for current specifications and 
information on your specific requirements. 
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Section 1 - INTRODUCTION TO HydroCAD" t 

What is HydroCAD? 

HydroCAD is a Computer Aided Design program for modeling the hydrology and hydraulics of stormwater runoff. 
It utilizes the latest techniques from both fields to accurately predict the consequences of any given storm. 
Typically, this allows the engineer to verify that a given drainage system is adequate for. the area under 
consideration, or to predict where flooding or erosion are likely to occur. 

HydroCAD takes this capability one step further by maintaining a complete database for the watershed and drainage 
system. With this database, HydroCAD becomes a working model for the entire system where changes can easily 
be made and their effects viewed. With HydroCAD this takes just minutes, not hours, so the engineer can interact 
with the watershed model in a way not previously possible. This lets the engineer evaluate numerous possible 
designs and choose the one most suitable, not just from a safety and environmental standpoint, but based on cost 
and other considerations as well. 

The advent of interactive design tools, like HydroCAD, frees the engineer to concentrate on creative design, a goal 
which is often sacrificed when analysis of each desi@ requires hours or days of tedious calculations. No program 
can substitute for human creativity, but i t  can greatly aid that creativity by assisting with the critical analysis of each 
idea or design. This is the goal of HydroCAD. 

Finding the Information You Need 

This nmual  is a User's Guide. It contains the material n - A e d  by a qualified engineer to opeme the program. 
For additional hiormation please refer to the following publications: 

0 Introduction to HydroCAD provides a general discussion of the scope and purpose of Hydr0CA.D. 
Technical Reference Manual provides a detailed description of the techniques and calculations employed. 
Applications Notes contain additional infonnation on specific topics. 
HydroCAD Support  Letter provides information on new features and commonly asked questions. 

The on-line help system, as described later, also provides information on many topics. 

Conventions Used In This Manual 

Throughout this manual, small bold type indicates a specific key that must be pressed, such as ENTER. These 
include the actual keyboard-keys such as DELETE, plus the function keys which are labeled on the bottom of thz 
screen. For example: 

The QUIT key will terminate the current activity. 
The ACCEPT key will accept the data you have entered. 

Underlined words designate an entry by the user. After each entry you must also press the ENTER or RETURN key. 
For example, HYDROCAD means that the user types the underlined text exactly as shown and then presses the 
ENTER key (or RETURN or EXECUTE on some keyboards). 
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Understanding HydroCAD 
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H y d r o 0  is a collection of techniques for the generation and routbg of hydrographs. It also provides many other 
related calculations such time of concentration, weighted curve numbers, pond volumes, stagedischarge curves, etc. 
This broad range of capabilities allows a large number of studies to be performed entirely w i t h  HydroCAD. 

But HydroCAD provides features that go far beyond its computational capabilities. It provides an automatic 
graphical environment which provides enormous gains in productivity and clarity over traditional drainage software. 
Please see the HvdroCAD Users Guide for details on these operational features. 

HydroCAD is a hydrograph routing model. It is designed specifically to handle rime varyingj7ows, as required for 
pond design and other volume-sensitive calculations. As such, HydroCAD routes completely through one structure 
at a time. Only after determining the outflow hydrograph from a given structure does it consider the next structure 
downstream. 

Certain calculations, such as channel backwater or pressurized pipe networks, are normally analyzed under constatif 
f low conditions. These tasks are best addressed by steady-state numerical techniques, and not by a hydrograph 
routing system, such as HydroCAD. In fact, many problems will involve the use of HydroCAD to model the 
overall drainage system, plus a steady-state analysis of specific components. Thls is an unavoidable consequence 
of the different methodologies. 

a Using this Manual 

This manual describes the exact calculations performed by HydroCAD. It is intended to provide the engineer with 
insight into these t e c h q u e s  so that their application and limitations can be better understood. This manual also 
provides the information necessary for independent verification of HydroCAD's results. 

Where additional information is needed the reader is urged to consult the references listed at the end of this manual. 
In each section specific references are made to the appropriate sources. All references are of the form [3 p.121, 
meaning reference number 3,  page 12. 

This manual does not contain operating instructions for HydroCAD, or information on the routing diagram or  other 
operational features. Please see the HvdroCAD User's Guide for this information. 
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HydroCAD’“’ 
STORM WATER 
MODELING 
SYSTEM APPLICATION NOTE 4 

A COMPARISON OF TR-20 and TR-55 RUNOFF METHODOLOGY 

. HydroCAD runoff determination is based upon the USDA Soil Conservation Service Technical Release Number 
20, commonly known as SCS TR-20. TR-20 uses a numerical unit hydrograph procedure for predicting runoff. 
This is the most precise procedure developed by the SCS for h s  purpose. 

. 

. 

Because of the complexity of TR-20 it isn’t practical to perform these calculations by hand. To provide a 
noncomputenzed solution, SCS used TR-20 to develop a set of tabular hydrographs which could be manipulated 
by hand. This information constitutes the ”Tabular Method” as published in TR-55. Since the TR-55 tables are 
derivedfiom TR-20, the accuracy of TR-55 can at best match that of TR-20. In many situations the results will 
be very close, and the two methods can be used interchangeably. However, the assumptions and simplifications 
used to develop TR-55 can produce errors in certain cases. The TR-55 manual specifically advises: 

“Use the TR-20 computer program instead of the tabular method if any of the following conditions applies: 
Tc is greater than 2 hours. 
Drainage a r m  of individual subareas differ by a factor of 5 or more. 
The entire composite flood hydrograph or runoff volume is required for detailed flood rout ing .”  

Other limitations stated in TR-55 include: 
The minimum Tc is .I hours. Use of TR-55 when TcC.  1 will result in underestimation o f  runoff. 
Tc is rounded to the nearest tabulated value thus underestimating or overestimating runoff. 
All tables were developed with a curve number of 75. As the CN varies from 75 accuracy is reduced. 

These differences are clearly summarized in the TR-55 manual: 
“This method (TR-55) approximates TR-20, a more detailed hydrograph procedure . . . Use 
TR-20 if the watershed is very complex or a higher degree of accuracy is required. ” 

This applies particularly to the design of detention basins which are very sensitive to changes in the inflow 
hydrograph. Again quoting from TR-55: 

“The procedure (TR-55) should not be used to perfom final design if  an error in storage of 25 
percent cannot be tolerated . . . More detailed hydrograph development and routing will often 
pay for itself through reduced construction costs. ’ 

For these reasons and others: users of TR-55 are gradually shifting over to products based on TR-20. While this 
change will insure more accurate studies, the engineer must still meet local and state requirements, some of which 
still specify TR-55. In response to this the following points can be made: 

1) In many applications TR-20 will produce almost identical results to TR-55 and can be used 
interchangeably. In such cases TR-55 can be used to verify TR-20 studies, and vice versa. 

2) When results do differ i t  is due to the inaccuracy of TR-55. In most instances, i t  will be found 
that one or more of the limitations listed above has been exceeded. In these cases ignoring the 
(correct) results obtained with TR-20 can lead to inadequate drainage designs and future problems. 

Note: See Application Note 5 for a cornparision of other aspects of TR-20 and TR-55. 
(-J g, 6) 079 
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Runoff methodology 
(also see A.N. 4) 

Rainfall t y p e s  

Unit hydrograph 

Curve number entry 

Curve number 
limitations 

Time of 

HydroCAD TR-20 TR-55 
SCS unit hydrograph 
procedure procedure 

SCS type I, IA, II, & 111, 
plus user-defined s torms  

SCS or Delmarva U.H., 
plus user defined curves 

Weights multiple curve 
numbers composite curve number 
No restrictions No restrictions 

Calculates Tc by all TR-55 Contains no Tc 

SCS unit hydrograph 

SCS type I ,  IA, II & 111 

SCS Unit Hydrograph or 
user defined curve 

Requires direct entry of 

concentration 
calculations 

Tc  limitations 

methods plus common calculations: Requires shallow concenrrated, & 
channel shapes, upland direct entry of Tc channel flow 
method, & CN method 
No restrictions No resirittions Limited t o  . I  to 2 hrs 

~ ~ ~ ~ _ _ _ _  ~ _ _ _ _ _  

1 I1 0 minute (1 1600 hour) 

None 

Within 1 %  of TR-20 

~ 

1 I1 00 hour 

None 

"The standard" 

Rounded to  nearest s tep  

Must not differ by more 
than a factor of 5 
Within 25% of TR-20 

Reach routing 
. 

Storage-indication method 
with automatic calculation 
of stage-discharge 

Modified Att-Kin procedure Separate runoff tables for 
travel times of  6 to 3 
hours 

none none 

Report Generation 
Data s torage  

Automatic with graphics Manual Manual 

Automatic by project name Manual Manual 

HydroCAD'"' 
STORM WATER a MODELING 
SYSTEM APPLICATION NOTE 5 

A COMPARISON OF HvdroCAD. TR-20. AND TR-55 

The following table summarizes the similarities and differences between these three programs. 
HydroCAD combines selected features of TR-20 and TR-55 with other capabilities. 

Note that 

____ ~~ ~ - 

Tabular method derived 
from TR-20 

~~ 

SCS Unit Hydrograph only 

Weights curve numbers 

____ ~ ~~~~ 

Reduced accuracy a s  CN 
differs from 7 5  

e 
~ _ _ _ _ _ ~ _ _ _ _ _ ~ _ _ _ _ _  

Tc precision 

Subarea limitations 

Runoff accuracy 

Pond routing 1 Storage4ndication method Storage-indication method I None, es t imates  effect 

I Stage-discharge Automatic calculation for 
curve hydraulics many common outlets 

Must be entered directly, 1 ::; 
, 

no calculations provided 

Direct entry Stage-storage curve Automatic calculation from I areas, plus direct entry' 
~~ ~~ ~ ~~ 

Interactive, on-screen 
____ 

none I none Routing diagram 

Calculation procedure 
~ 

"Batch mode" calculation 
of entire watershed I calculation 

Manual initiation of each Automatically triggered by 
changes and sequenced by 
routing diagram 
Full graphics to screen,  
printer, plotter, or file. 

Graphics capabilities 
I 
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Appendix C: Computer program 

Tqe TR-% procedures have been incorporated in a 
.:c,rnputer program. The program. written in BASIC. 
r e a u r e s  iess than %6K memory to operate and was 
nieveiopea for an MS-DOS operating system. Users of 
:he program. however. stdl need to be famdiar with 
:he procedures in this TR. Features of the program 
inciuae the ioilowing: 

The full screen (24 lines. 80 coiumns) is used to 
enter data. Flexlbllity of coding allows movement -- 
bout the screen for quick data modifications. 

Function keys provide menu power to move to 
1 itfferent modules (TR-55 chapters) within the 
?roaram. Some keys are permanently defined 
..vnile others vary by module. 

“Help” screens provide pertinent information to 
:he user dependmg on location in the program. 
Two types of information are included: (1) define 
system operation and (2) describe input 
~arameters. e c s e r  files provide for optional entry of local data. - 
such as rai&all-h.equen&, graphic peak discharge 
equation coefficients. and tabular hydrographs for 

. other ramfall distributions. 

Copies of the program can be obtained frorn- 

Sational T e c h c a l  Information Service 
C.S. Department of Commerce 
. 5 3 3  Port R o ~ d  Road 
Springileld. VA 22161 
Telephone (703) 4874650 

. b  n. - 2 5 3  

000383 C-1 
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Technical Release SS (TR-SSI presents simplrfed 
procedures to calculate storm runoff voiume. p.eak 
rate o i  discharge. nydrocaphs. and storage volumes 
required for rloodwacer reservoirs. These procedures 
are applicable in small watersheds, especially 
arbamzing watersheds. in the United States. First 
issued by the Soil Conservation Service (SCS) in 
..Januap 1973. TR-55 incorporates current SCS 
procedures. This revision includes results of .recent 
research and other .changes based on e.xperience-%th 
use oi the origlnal edition. 

The major revisions and additions are- 

1. A flow chart for selecting the appropriate 
procedure: 

2. Three additionai rain distributions: 
3. Expansion o i  the chapcer on runoff curve 

numbers: 
4. A procedure for calculating travel times of 

sheet flow: 
3. Deletion of a chapter on peak discharges; 
6. Modifications to the Graphcal Peak Discharge 

method and Tabular Hylroqraph method: 
7 .  A new storage mutmg procedure: 
8. Features of the T R Z  computer program: and 
9. Worksheets. 

This revision was prepared by Roger Cronshev, 
Hydraulic Engineer. Hydrotogy Unit. SCS, 
Wasfunrfon. DC: Dr. Richard H. SIcCuen. Professor 

Park. MD: Sorman AWler, Head. Hydrology Unit. 
SCS. Washngton. DC; Dr.Walter Rawls, 
Hydro1og-w Agricultural Research Service, 
Beltsvllle. MD: Sam Robbins (deceased), formerly 
Hydraulic Engineer. SCS, South National Techrucal 
Center (NTC), Fort Worth, TX; and Don Woodward, 
Hydraulic Engineer. SCS, Northeast NTC, Chester, 
PA. Valuable contributions were made by John 
Chenoweth. Stan Hamilton. William Merkel. Robert 
Rallison (ret.), Harvey Richardson. Wendell Styner. 
other SCS hydraulic engineers. and Tereaa Seeman. 

Civil Enspneennq, Cnivemty of Maryland. College 

Revised June 1986 
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\Vorks heets Definitions of symbols 

2unoii c - m e  number and runoii . . . . . . . .  
TIme oi concentration (To..) or  travel time 
T, 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 iruphicai Peak Discharqe method . . . . . . .  
3asic watershed data . . . . . . . . . . . . . . . . . .  
Tabular hydrograpn discharge s u m m q  . 
Detention basin storage, peak outrlow 
liiscnarqe tq,,) known . . . . . . . . . . . . . . . . . . .  
Detention basin peak outrlow. storage 
*:ohme cVj) known..  . . . . . . . . . . . . . . . . . . .  

Metric conversions 

The Enqlish system of units is used in this TR. To 
c-.onven to the international System of units (metric): 
s e  the following factors: 

Tmm English urut To metric U N ~  Multiply by e -  
~ 

' .icre 
Square rmle Square kilometer 2.59 
Cubic feet per second Cubic metem per second 1).0253 
. ncn 
Feet per second . Metem per second 9.3048 
. i.c re- root Cubic meter 1233.489 
: 'soic Ioot Cubic meter 0.0293 

Millimeter '15.1 . .  

Penorm rounding operations is appropnate to 
indicate the same level of precision as that of the 
lmq.mal measurement. For exampie: 

1. .A stream discharge is recoded  in cubic feet per 
second with three sigrufiw-t digm. 

3. Convert stream discharge to cubic meters per 
second by multiplying by 0.0283. 

3. Round to enough sqpikant digits so that. when 
converting back to cubic feet per second. you 
obtain the original value (step 1) with three 
sipuicant digits. 

Knit 
.'..I - . _  

:=1- 

;. 
in 
L. 

:. 
:. .L 

. -  

in 

in 

f t  
cis 
CIS 
CiS 
L*!S 

l:smin 

csmin  
:n 
it 

ftift 
in 

hr 
h r  
hr  
hr  
itA 
Licre-it. w. 
or  water- 
shed-inch 

acre-it. ft3. 
water- 

.+nea-incn 

I )e  tini tion 
I .:.!>$= .-.I.c"tionai !:ow area 
Drainuee ;tre;l 
Eunori curve number 
' 'njmposite r*.inoif curve 

Pervious runoif c w e  number 
Maymurn stage 
Pond and swamp adjustment 

Head over weir crest 
!nitiai abstraction 
F!& length 
LVctir crest IenpTh 
Sumber  o i  flow segments 
Xmninc 's  rouehness 

Rainiall 
Percent imperviousness 
Two-year frequency, %hour 

Wetted perimeter 
H ydrom-aph coordinate 
Peak i d o w  d i scha rp  
Peak outflow discharge 
Peak rbscharge 
Tabular hvdroqraph unit 

[_nit peak ciischarge 
Runoff 
Hydnuiic rddius . 

Ratio ot' unconnected 
impervious area to total 
impervious area 

Slope of hydraulic grade line 
Potential maximum retention 

after nurot'f b e g m  
Hydrograph time 
Time of concentration 
Time to peak 
Travel time 
Average velocity 
Runoff volume 

::umber 

iactor 

i:oeificient 

ruiniall 

I i iscnarpe 

Storage volume 

iv 
t .cur,c 
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Chapter 1: Introduction IB 2 5 3  

3 e  conversion o i  nuai land t o  urban iana usuailv 
mreases erosion ana the cliscnarqe ana voiume or' 
; t o r n  rmori' in a warersnea. 4: ais0 causes ocher 
.:rooiems cnat deet soii ana water. -b part oi 
? r o w s  established to ailewate tnese problems. 
tnplneen increasinqiy must assess the probable 
-8ects or uroan aevelopment. weil as design ana 
:mpiement measures that uiil mimmue its adverse 
d e c t s .  . ._-- 

Tecnnicu Release (TR-33) presents simpilfied 
Droceaures ior estimating mnoif ana peak discharges 
in smad wawrsheds. In seiecting the appropriate 
?roceaure. consider the scope and complexity of the 
nroolem. the available aata. ana the acceptable level 
A' e m r .  While tb TR e v e s  qmiai emphasis to 
iroan ana urbaruzmq watersneds. the procedures 
+piy to any smui watershed in which c e n m  
:imtations are met. 

E f f e c t s  of  urban development e 
=Ln urban or u r b w m g  watersned is one m which 
m p e m o u s  surfaces cover or w l l  soon cover a 
:onsiaeraole area. Impemous surfaces include roads, 
3iaewaiks. parmg lots. and buidinqs. Natural flow 
patns m tne watersned may oe replaced or 
-uopiemented bv paved a r t e m  storm sewers. or 
m e r  elements 01 artuiciai dramage. 

iivdroioqic studies t o  d e t e r n e  runoff and peak 
ischarge should ideally be based on longterm 
stationary streamtlow records for the area Such 
records are seldom avadable..for small dramage 
mas. Even where they are avadable. accurate 
statistical anaiysis of them is usually impossible 
because of the conversion of land to urban uses 
during the period of record. I t  therefore is necessary 
to estunate peak discharges w t h  hydroiomc modeis 
-based on measurable watershed c b t e r i s t i c s .  Only 
through an understanding oi these characteristics 
md experience m usmg these models can we make 
sound judgments on how to aiter'moael parameters 
:o rerlect cnangmg watersnea conaitions. 

.- 
L roamation cnanges a w.tersneti'3 response to 
?recjpitation. The most common eiiecrs are reduced 
inriltrauon ana decreased travel rime. which 
jiqnuicantiy increase peak discnarqes and nuroif. 
Runori' is determined pnmaniy by the amount o i  
?recipitation ana by inxlltration charactenstics 
reiatea to sod type. soil moisture. antecedent ramfall. 
cover type. impemous surfaces. and surface 
retention. Travel time is d e t e m e d  pnmaniy by 
dope. ienqth o i  flow path. depth of flow. and 
rouqhness o i  flow surfaces. Peak discharges are 
based on the reiationsiup oi  these parameters and on 
the totai h n a g e  area of the watershed. the location 
of the aeveiopment. the effect of any flood control 
works or  other natural or manmade storage. and the 
:ime distnbucion oi  rau~kil during a gven storm 
event. 

The model descnbed tn TR-55 beens w t h  a ramfall 
m o u n t  umformiy imposed on the wawrshed over a 
jpecliied tune aistnbution. Mass ramfail is converted 
to mass runoff by usmg a runoff c w e  number (CN). 
CN is based on sods. plant cover. amount of 
impervious areas. interception. and surface storage. 
Runod is then transformed lnto a hydrograph by 
using umt h y d r o p p h  theory and rouung procedures 
that  depend on runoff travel time through segments 
o i  the watershed. 

For a description oi the hydrograph development 
rnethoa used by 3CS. see cnapter 16 of the SCS 
N a t i o d  Engmeenng Handbook. Section 
4-Hydrology tNEH1) (SCS 19851. The routing 
method Modified Att-Kin) is explained in appendixes 
G and H of draft Techcal Release 20 ("R-ZO) (SCS 
1983). 

Rainfall 

TR-55 includes four regional rainfail time 
distributions. See appendix B for a disclLseion of how 
these distributions were developed. 

.U four distributions are for a %hour period. This 
period was chosen because of the general avadability 
of daily ramfall data that were used to estimate 
24-hour ramfall amounts. The &hour duauon spans 
most of the applications of TR-55. 

(210-VI-TR-55, Second Ed.. June 1986) 1-1 
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_. 

The methods in chapters 4 and .j snouid be usea in 
;iccorriance L r x n  specuic widelines. [f basic data are 
improperly prepared or aa.justments not properiy 
~isea. errors xiil resuit. 

Storage effects 

- +--:.irr,ate !.xnotf from storm rainrall. SCS uses the 
:::;riurf 
nroucn 111 

n ' X  tir.!,t.ncis on iiie ivatersneti'3 ..A ;rnd cuver 
jnnitiono. ivnicn tne rnotiel represents as nyaroloqc 

..oil p u p .  cover type. treatment. and hydroloqc 
ondition. Chapter 2 01' this TR tiiscusses the effect 
; urban rieveiooment m t-'S and espiains now to  

i d e  C'S t o  esiimate runotf. 

Siimber i(.'S) metnoci [see cnapters 4 
SEH-4. SCS 19&5L Determination ot 

Time parameters 

i:;iutt.i- .; a%scr!nes ;L :r.etnoci t ' t r  wimarinz tne 
,:irxnecery ;:-;ea t o  (iistnbute rne runotf into a 

:.*:tirotnapn. T?e method is based on velocities or 
::e)\v throurn seementt of' the watenned. Two major 
.iurarneters ;ire time ot concentration {TJ and travel 
':=e ti tlo\v ? I ~ O U F ~  the smnen t s  cT,). These and 
' ne 1')ther Iiarameters used are tne same ;is those 
iseci in accented hycirauiic analyses oi  open channels. 

"anv metnocis are empiricallv derived from actual 
!-.inoii hyriroenpns ana watershed characteristics. 
T3e method in cnapter 3 was cnosen because it is 
:usic: 3uLvever. Ijther methods mav be used. 

Peak discharge and hydroaraphs 

I) hapter 4 liescribes a method for approximatine 
leak i x e s  

:?ernod ior onraining or routine: h y a r o g p n s .  Both 
discnaree. and chapter 5 describes a 

( "nmter 6 outlines proceaures LG account for the 
effect of detention-tpe storace. It  Drovldes a 
=hortcut method to estunate temporary tlood storage 
based on  hyriroioac data developed from the 
I hpn ica l  PeaK Discnarge or Tdbular Hydrograph 
methods. 

By increasing runod and decreasing travel times. 
wbanltation can be expected to  increase downstream 
peak dischwes.  Chapter 6 discusses how tlood 
Itetention can mod@ the hydroqraph so that. ideally, 
I townstream peak discharqe is reduced approximately 
ro the predeveiopment condition. The shortcuts in 
cnapter 6 ;ire usexul in sizinq a basin even though 
:he ilnai tlesim mav require a more detailed analvsis. 

Selecting the appropriate procedures 

Fimre 1-1 IS a rlow chart that shows how to select 
the appropnate procedures to use in TR-55. In the 
figure. the diamond-shaped box labeled "Subareas 
reaumd?" directs the user to the appropnate 
method based on whether the watershed needa to be 
divided into suoareas. Watershed subdivision ts 
requlred when signuicantly different conditions 
'iffectinq runoif or tirmng are present tn the 
rvatersned-for e.uample. d the watershed has wdely 
1 Ilffering curve numbers or nonhomogeneous slope 
patterns. 

(210-VI-TR-33. Second Ed.. June 1986) 
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SECTION 1 

INTRODUCTION 

The Hydrologic Evaluation of h d f i l l  Performance (HELP) computer program is 
a quasi-twodimensional hydrologic model of water movement across, into, through and 
out of landfills. The model accepts weather, soil and design data, and uses solution 
techniques that account for the effects of surfac-z storage, snowmelt, runoff, infiltration, 
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage, 
leachate recirculation, unsaturated vertical drainage, and leakage through soil,- 
geomembrane or composite liners. Landfill systems including various combinations of 
vegetation, cover soils, waste cells, lateral drain layers, low permeability barrier soils, 
and synthetic geomembrane liners may be modeled. The program was developed to 
conduct water balance analysis of landfills, cover systems and solid waste disposal and 
containment facilities. As such, the model facilitates rapid estimation of the amounts of 
runoff, evapotranspiration, drainage, leachate collection and liner leakage that may be 
expected to result from the operation of a wide variety of landfdl designs. The primary 
purpose of the model is to assist in the comparison of design alternatives as judged by 
their water balances. The model, applicable to open, partially closed, and fully c l o d  
sites, is a tool for both designers and permit writers. 

1.1 BACKGROUND I) 
The HELP program, Versions 1, 2 and 3, was developed by the U.S. Army Engineer 

Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental 
Protection Agency (EPA), Risk Reduction Engineering Laboratory, Cincinnati, OH, in 
response to needs in the Resource Conservation and Recovery Act (RCRA) and the 
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA, 
better known as Superfund) as identified by the €PA Office of Solid Waste, 
Washington, DC. 

HELP Version 1 (Schroeder et al., 1984) represented a major advance beyond the 
Hydrologic Simulation on Solid Waste Disposal Sites (HSSWDS) program (Pemer and 
Gibson, 1980; Schroeder and Gibson, 1982), which was also developed at WES. The 
HSSWDS model simulated only the cover system, did not model lateral flow through 
drainage layers, and handled vecical drainage only in a rudimentary manner. The 
infiltration, percolation and evapotranspiration routines were almost identical to those 
used in the Chemicals, Runoff, and Erosion from Agricultural Management Systems 
(CREAMS) model, which was developed by Knisel(l980) for the U.S. Department of 
Agriculture (USDA). The runoff and infiltration routines relied heavily on the 
Hydrology Section of the National Engineering Handbook (USDA, Soil Conservation 
Service, 1985). Version 1 of the HELP model incorporated a lateral subsurface drainage 
model and improved unsaturated drainage and liner leakage models into the HSSWDS 
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model. In addition, the HELP model provided simulation of the entire landfill including 
leachate collection and liner systems. 

0 
Version 2 (Schroeder et al., 1988) represented a great enhancement of the capabilities 

of the HELP model. The WGEN synthetic weather generator developed by the USDA 
Agricultural Research Service (ARS) (Richardson and Wright, 1984) was added to the 
model to yield daily values of precipitation, temperature and solar radiation. This 
replaced the use of normal mean monthly temperature and solar radiation values and 
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model 
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by 
the A R S  (Arnold et ai., 1989) was merged into the HELP model to calculate daily leaf 
a m  indices. Modeling of unsaturated hydraulic conductivity and flow and lateral 
drainage computations were improved. Accuracy was increased with the use of double 
precision. Default soil data were improved, and the model permitted use of more layers 
and initialization of soil moisture content. Input and editing were simplified. Output was 
clarified, and standard deviations were reported. 

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The 
number of layers that can be modeled has been increased. The default soiYmaterial 
texture list has been expanded to contain additional waste materials, geomembranes, 
geosynthetic drainage nets and compacted soils. The model also permits the use of a 
user-built library of soil textures. Computation of leachate recirculation between soil 
layers and groundwater drainage into the landfill have been added. Moreover, HELP 
Version 3 accounts for leakage through geomembranes due to manufacturing defects 
(pinholes) and installation defects (punctures, tears and seaming flaws) and by vapor 
diffusion through the liner. The estimation of runoff from the surface of the landfill has 
been improved to account for large landfill surface slopes and slope lengths. The 
snowmelt model has been replaced with an energy-based model; the Priestly-Taylor 
potential evapotranspiration model has been replaced with a Penman method, 
incorporating wind and humidity effects as well as long wave radiation losses ('heat loss 
at night). A frozen soil model has been added to improve infiltration and runoff 
predictions in cold regions. The unsaturated vertical drainage model has also been 
improved to aid in stprage computations. Input and editing have been further simplified 
with interactive, full-screen, menudriven input techniques. 

- In addition, the HELP Version 3 model provides a variety of methods for specifying 
precipitation, temperature and solar radiation data. Now, data from the most commonly 
available government and commercial sources can be imported easily. Moreover, data 
used in HELP Version 2 can still be used with minimum user effort. Specifymg weather 
data manually and editing previously entered weather data can be easily done by using 
built-in spreadsheet facilities. 

The use of data files in Version 3 is much simpler and more convenient than HELP 
Version 2 because data are saved permanently in user defined file names at a user- 
specified location. Similarly, the user has more flexibility to define units for every type .I 
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of data needed to run the HELP model. Finally, Version 3 of the HELP model provides 
on-line help at every step of the data p w o n  proces~. 

Although applicable to most landfill applications, the HELP model was developed 
wifically to perform hazardous and municipal waste disposal landfill evaluations as 
required by RCRA. Hazardous waste disposal landfills generally should have 2 liner to 
prevent migration of waste from the landfill, a final cover to minimize the production of 
leachate following closure, careful controls of runon and runoff, and limits on the 
buildup of leachate head over the liner to no more than 1 ft. The HELP model is useful 
for predicting the amounts of runoff, drainage, and leachate expected for reasonable- 
designs as well as the buildup of leachate! above the liner. However, the model should 
not be expected to produce credible results from input unrepresentative of landfills. 

1.2 OVERVIEW 

The principal purpose of this User's Guide is to provide the basic information needed 
to use the computer program. Thus, while some attention must be given to definitions, 
descriptions of variables and interpretation of results, only a minimal amount of such 
information is provided. Detailed documentation providing in-depth coverage of the 
theory and assumptions on which the model is based and the internal logic of the 
program is also available (Schroeder et al., 1994). Potential HELP users are strongly 
encouraged to study the documentation and this User's Guide before attempting to use 
the program to evaluate a landfill design. Additional documentation concerning the 
sensitivity of program inputs, application of the model and verification of mode1 
predictions are under development. 

1.3 SYSTEM AND OPERATING DOCUMENTATION 

1.3.1 Computer Equipment 

The model entitled "The Hydrologic Evaluation of Landfill Performance" (HELP) 
was written to run on IBM-compatible personal computers (PC) under the DOS 
environment. 

1.3.2 Required Hardware 

The following IBMcompatible CPU (8088,80286,80386 or 80486) hardware is 
required: 

1. Monitor, preferably color EGA or better 
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2. Floppy disk drive (5.25-inch double-sided, double- or highdensity; or 3.5-inch 
double-sided, double- or highdensity) 

3. Hard disk drive or a second floppy disk drive 

4. 400k bytes or more of available RAM memory 

5 .  8087, 80287, 80387 or 80486 math co-processor 

6. Printer, if a hard copy is desired 

1.3.3 Software Requirements 

The user must use Microsoft or compatible Disk Operating Systems (MS-DOS) 
Version 2.10 or a higher version. The user interface executable module was compiled 
and linked with Microsoft Basic Professional Development System 7.1. Other executable 
components were compiled with the Ryan-McFarIand FORTRAN Version 2.42. The 
Microsoft Basic Professional Development System and Ryan-McFarland FORTRAN 
compiler are not needed to run the HELP Model. 
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SECTION 1 

PROGRAM IDENTIFICATION 

PROGRAM TITLE: Hydrologic Evaluation of Landfill Performance (HELP) Model 

WRITERS: Paul R. Schroeder, Tamsen S. Dozier, John W. Sjostrom and Bruce M. McEnroe 
--. -_ - 

ORGANIZATION: U.S. Army Corps of Engineers, Waterways Experiment Station (WES) 

DATE: September 1994 

UPDATE: None Version No.: 3.00 

SOURCE LANGUAGE: The simulation code is written in ANSI FORTRAN 77 using Ryan- 
McFarland Fortran Version 2.44 with assembly language and Spindrift Library * 

extensions for Ryan-McFarland Fortran to perform system calls, and Screen operations. 
The user interface is written in BASIC using Microsoft Basic Professional Development 
System Version 7.1. Several of the user interface support routines are written in ANSI 
FORTMN 77 using Ryan-McFarland Fortran Version 2.44, including the synthetic 
weather generator and the ASCII data import utilities. 

HARDWARE: The model was written to run on IBM-compatible personal computers under 
the DOS environment. The program requires an IBM-compatible 8088, 80286, 80386 
or 80486-based CPU (preferably 80386 or 80486) with an 8087,80287,80387 or 80486 
math co-processor. The computer system must have a monitor (preferably color EGA 
or better), a 3 5 -  or 5.25-inch floppy disk drive (preferably 3.5-inch double-sided, high- 
density), a hard disk drive with 6 MB of available storage, and 400k bytes or more of 
available low level RAM. A printer is needed if a hard copy is desired. 

AVAILABILITY: The source code and executable d e  for IBM-compatible personal comput- 
ers are available from the National Technical Information Service (NTIS). Limited 
distribution immediately following the initial distribution will be available from the 
USEPA Risk Reduction Engineering Laboratory, the USEPA Centcr for Environmental 
Research Information and the USAE Waterways Experiment Station. 
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ABSTRACT: The Hydrologic Evaluation of Landfill Performance (HELP) computer program 
is a quasi-two-dimensional hydrologic model of water movement across, into, through 
and out of landfills. The model accepts weather, soil and design data and uses solution 
techniques that account for surface storage, snowmelt, runoff, infiltration, vegetative 
growth, evapotranspiration, soil moisture storage, lateral subsurface driunage, leachate 
recirculation, unsaturated vertical drainage, and leakage through soil, geomembrane or 
composite liners. Landfill systems including combinations of vegetation, cover soils, 
waste cells, lateral drain layers, barrier soils, and synthetic geomembrane liners may be 
modeled. The program was developed to conduct water balance analyses of landfills, 
cover systems, and solid waste disposal facilities. As such, the model facilitates rapid 
estimation of the amounts of runoff, evapotranspiration, drainage, leachate collection, and 
liner leakage that may be expected to result from the operation of a wide variety of 
landfill designs. The primary purpose of the model is to assist in the comparison of 
design alternatives as judged by their water balances. The model, applicable to open, 
partially closed, and fully closed sites, is a tool for both designers and permit writers. 

0 
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The HELP model uses many process descriptions that were previously developed, 
reported in the literature, and used in other hydrologic models. The optional synthetic 
weather generator is the WGEN model of the U.S. Department of Agriculture (USDA) 
Agricultural Research Service ( U S )  (Richardson and Wright, 1984). Runoff modeling 
is based on the USDA Soil Conservation Service (SCS) curve number method presented 
in Section 4 of the National Engineering Handbook (USDA, SCS, 1985). Potential 
evapotranspiration is modeled by a modified Penman method (Penman, 1963). 
Evaporation from soil is modeled in the manner developed by Ritchie (1972) and used 
in various ARS models including the Simulator for Water Resources in Rural Basins 
(SWRRB) (Arnold et al., 1989) and the Chemicals, Runoff, and Erosion from 
Agricultural Management System (CREAMS) (Knisel, 1980). Plant transpiration is 
computed by the Ritchie's (1972) method used in SWRRB and CREAMS. The 
vegetative growth model was extracted from the SWRRB model. Evaporation of 
interception, snow and surface water is based on an energy balance. Interception is 
modeled by the method proposed by Horton (1919). Snowmelt modeling is based on the 
SNOW-17 routine of the National Weather Service River Forecast System (NWSRFS) 
Snow Accumulation and Ablation Model (Anderson, 1973). The frozen soil submodel 
is based on a routine used in the CREAMS model (Knisel et al., 1985). Vertical 
drainage is modeled by Darcy's (1856) law using the Campbell (1974) equation for 

- - _ .  unsaturated hydraulic conductivity based on the Brooks-Corey (1964) relationship. 
Saturated lateral drainage is modeled by an analytical approximation to the steady-statC 
solution of the Boussinesq equation employing the Dupuit-Forchheimer (Forchheimer, 
1930) assumptions. Leakage through geomembranes is modeled by a Series of equations 
based on the compilations by Giroud et al. (1989, 1992). The p~ocesses art linked 
together in a sequential order starting at the surf= with a surface water balance; then 
evapotranspiration from the soil profile; and finally drainage and water muting, Starting 
at the surfae- with infiltration and then proceeding downward through the landfill proNe 
to the bottom. The solution procedure is applied repetitively for each day as it simulates 
the water routing throughout the simulation period. 
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SECTION 2 

NARMTIVE DESCRIPTION 

The HELP program, Versions 1 , 2  and 3, was developed by the U.S. Army Engineer 
Waterways Experiment Station (WES), Vicksburg, MS, for the U.S. Environmental 
Protection Agency P A ) ,  Risk Reduction Engineering Laboratory, Cincinnati, OH, in 
response to needs in the Resource Conservation and Recovery Act (RCRA) and the 
Comprehensive Environmental Response, Compensation and Liability Act (CERCLA,- 
better known as Superfund) as identified by the EPA Office of Solid Waste, 
Washington, DC. The p n m q  purpose of the model is to assist in the comparison of 
landfill design alternatives as judged by their water balances. 

- 

The Hydrologic Evaluation of Landfill Performance (HELP) model was developed 
to help hazardous waste landfill designers and regulators evaluate the hydrologic 
performance of proposed landfill designs. The model accepts weather, soil and design 
data and uses solution techniques that account for the effects of surface storage, 
snowmelt, runoff, infiltration, evapotranspiration, vegetative growth, soil moisture! 
storage, lateral subsurface drainage, leachate recirculation, unsaturated vertical drainage, 
and leakage through soil, geomembrane or composite liners. Landfill systems including 
various combinations of vegetation, cover soils, waste cells, lateral drain layers, low 
permeability barrier soils, and synthetic geomembrane liners may be modeled. Results 
are expressed as daily, monthly, annual and long-term avenge water budgets. 

The HELP model is a quasi-twodimensional, deterministic, water-routing model for 
determining water balances. The model was adapted from the HSSWDS (Hydrologic 
Simulation Model for Estimating Percolation at Solid Waste Disposal Sites) model of the 
U.S. Environmental Protection Agency (Pemer and Gibson, 1980; Schroeder and 
Gibson, 1982), and various models of the U.S. Agricultural Research Service (ARS), 
including the CREAMS (Chemical Runoff and Erosion from Agricultural Management 
Systems) model (Knisel, 1980), the SWRRB (Simulator for Water Resources in Rural 
Basins) model (Arnold et al., 1989), the SNOW-17 routine of the National Weather 
Service River Forecast System (NWSRFS) Snow Accumulation and Ablation Model 
(Anderson, 1973), and the WGEN synthetic weather generator (Richardson and Wright, 
1984). 

HELP Version 1 (Schroeder et' al., 1984a and 1984b) represented a major advance 
beyond the HSSWDS program (Perrier and Gibson, 1980; Schroeder and Gibson, 1982), 
which was also developed at WES. The HSSWDS model simulated only the cover 
system, did not model lateral flow through drainage layers, and handled vertical drainage 
only in a rudimentary manner. The infiltration, percolation and evapotranspiration 
routines were almost identical to those used in the Chemicals, Runoff, and Erosion from 
Agricultural Management Systems (CREAMS) model, which was developed by Knisel 
(1980) for the U.S. Department of Agriculture (USDA). The runoff and infiltration 
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routines relied heavily on the Hydrology Section of the National Engineering Handbook 
(USDA,.Soil Conservation Service, 1985). Version 1 of the HELP model incorporated 
a lateral subsurface drainage model and improved unsaturated drainage and liner leakage 
models into the HSSWDS model. In addition, the HELP model provided simulation of 
the entire landfill including leachate collection and liner systems. 

Version 1 of the HELP program was tested extensively using kth field and 
laboratory data. HELP Version 1 simulation results were compared to field data for 

, 20 landfdl cells from seven sites (Schroeder and Peyton, 1987a). The lateral drainage 
component of HELP Version 1 was tested against experimental results from two large- 
scale physical models of landfill linerldrain systems (Schroeder and Peyton, 198%). The 
results of these tests provided motivation for some of the improvements incorporated into 
HELP Version 2. 

. 

Version 2 (Schroeder et al., 1988a and 1988b) presented a great enhancement of the 
capabilities of the HELP model. The WGEN synthetic weather generator developed by 
the USDA Agricultural Research Service (ARS) (Richardson and Wright, 1984) was 
added to the model to yield daily values of precipitation, temperature and solar radiation. 
This replaced the use of normal mean monthly temperature and solar radiation values and 
improved the modeling of snow and evapotranspiration. Also, a vegetative growth model 
from the Simulator for Water Resources in Rural Basins (SWRRB) model developed by 
the ARS (Arnold et al., 1989) was merged into the HELP model to calculate daily leaf 
area indices. Modeling of unsaturated hydraulic conductivity and flow and lateral 
drainage computations were improved. Default soil data were improved, and the model 
permitted use of more layers and initialkition of soil moisture content. 

In Version 3, the HELP model has been greatly enhanced beyond Version 2. The 
number of layers that can be modeled has been increased. The default soillmaterial 
texture list has been expanded to contain additional waste materials, geomernbmes, 
geosynthetic drainage nets and compacted soils. The model also permits the use of a 
user-built library of soil textures. Computations of leachate recirculation and 
groundwater drainage into the landfill have been dded. Momver, HELP Version 3 
accounts for leakage through geomernbranes due to manufacturing defects (pinholes) and 
installation defects (punctures, tears and seaming fIaws) and by vapor diffirsion through 

/he liner based on the equations compiled by Giroud et al. (1989,1992). The estimation 
of runoff from the surface of the landfill hasbeen improved tzmccw nt for large landfill 
surface slopes and slope lengths. The snowmelt model has been replaced with an energy- 
based model; the Priestly-Taylor potential evapotranspiration model has been replaced 
with a Penman method, incorporating wind and humidity effkcts as well as long wave 
radiation losses (heat loss at night). A frozen soil model has been added to improve 
inNtration and runoff predictions in mld regions. The unsaturatcd-vdcal drainage 
model has also been improved to aid in storage computations. Input and editing have 
been further simplified with intemtive, full-scm, menu-driven input W k q u .  

The HELP model requires daily climatoiogic data, soil and design 
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specifications to perform the analysis. D d y  rainfall data may be input by the usex, 
generated stochastically, or taken from the model's historical data base. "he model 
contains parameters for generating synthetic precipitation for 139 U.S. cities. The 
historical data base contains five years of daily precipitation data for 102 U.S. cities. 
Daily temperature and solar radiation data are generated stochastically or may be input 
by the user. Necessary soil data include porosity, field capacity, wilting point, saturated 
hydraulic conductivity, and Soil Conservation Service (SCS) runoff curve number for 
antecedent moisture condition II. The model contains default soil characteristics for 42 
material types for use when measurements or site-Specific estimates are not available. 
Design specifications include such things as the slope and maximum drainage distance- 
for lateral drainage layers, layer thicknesses, leachate recirculation procedure, surface 
cover characteristics and information on any geomembranes. 

- 

Figure 1 is a definition sketch for a somewhat typical closed hazardous waste landfill 
profile. The top portion of the profile (layers 1 through 4) is the cap or cover. The 
bottom portion of the landfill is a double liner system (layers 6 through ll), in this case 
composed of a geomembrane liner and a composite liner. Immediately above the bottom 
composite liner is a Idcage detection drainage layer to collect leakage from the primary 
liner, in this case, a geomembrane. Above the primary liner are a geosynthetic drainage 
net and a sand layer that sewe as drainage layers for leachate collection. The drain 
layers composed of sand are typically at least I-ft thick and have suitably spaced 
perforated or open joint drain pipe embedded below the surface of the liner. The 
leachate collection drainage layer serves to collect any leachate that may percolate 
through the waste layers. In this case where she liner is solely a geomembrane, a 
drainage net may be used to rapidly d n i n  leachate from the liner, avoiding a significant 
buildup of head and limiting leakage. The liners are sloped to prevent ponding by 
encouraging leachate to flow toward the drains. The net effects are that very little 
leachate should leak through the primary liner and virtually no migration of leachate 
through the bottom composite liner to the natural formations below. Taken as a whole, 
the drainage layers, geomembrane liners, and barrier soil liners may be referred to as the 
leachate collection and removal system (drainlliner system) and more specifically a 
double liner system. 

Figure 1 shows eleven layers-four in the cover or cap, one as the waste layers, three 
in the primary leachate collection and removal system (drainlliner system) and three in 
the secondary leachate collection and removal system (leakage detection). These eleven 
layers comprise three subprofiles or modeling units. A subprofde consists of all layers 
between (and including) the landfill surface and the bottom of the top liner system, 
between the bottom of one liner system and the bottom of the next lower liner system, 
or between the bottom of the lowest liner system and the bottom of the lowest soil layer 
modeled. In the sketch, the top subprofile contains the cover layers, the middle 
subprofile contains the waste, drain and liner system for leachate collection, and the 
bottom subprofile contains the drain and liner system for leakage detection. Six 
subprofiles in a single landfill profile may be simulated by the model. 

5 .  
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The layers in the landfill are typed by the hydraulic function that they perform. Four 
types are of layers are available: vertical percolation layers, lateral drainage layers, 
barrier soil liners and geomembrane liners. These layer types are illustrated in Figure 1. 
m e  topsoil and waste layers are generally vertical percolation layers. Sand layers above 
liners are typically lateral drainage layers; compacted clay layers are typically barrier soil 
liners. Geomembranes are typed as geomembrane liners. Composite liners are modeled 
as two layers. Geotextiles are not considered as layers unless they perform a unique 
hydraulic function. 

Flow in a vertical percolation layer (e.g., layers 1 and 5 in Figure 1) is either- - 

downward due to gravity drainage or extracted by evapotranspiration. Unsaturated 
vertical drainage is assumed to occur by gravity drainage whenever the soil moisture is 
greater than the field capacity (greater than the wilting point for soils in the evaporative 
zone) or when the soil suction of the layer below the vertical percolation layer is greater 
than the soil suction in the vertical percolation layer. The rate of gravity drainage 
(percolation) in a vertical percolation layer is assumed to be a function of the soil 
moisture storage and largely independent of conditions in adjacent layers. The rate can 
be restricted when the layer below is saturated and drains slower than the vertical 
percolation layer. Layers, whose primary hydraulic function is to provide storage of 
moisture and detention of drainage, should normally be designated as vertical percolation 
layers. Waste layers and layers designed to support vegetation should be designated as 
vertical percolation layers, unless the layers provide lateral drainage to collection , 
systems. 

Lateral drainage layers (e.g., layers 2, 6, 7 and 9 in Figure 1) are layers that 
promote lateral drainage to collection systems at or below the surface of liner systems. 
Vextical drainage in a lateral drainage layer is modeled in the same manner as for a 
vertical percolation layer, but saturated lateral drainage is allowed. The saturated 
hydraulic conductivity of a lateral drainage layer generally should be greater than 1 x lo3 
cm/sec for significant lateral drainage to occur. A lateral drainage layer may be 
underlain by only a liner or another lateral drainage layer. The slope of the bottom of 
the layer may vary from 0 to 40 percent. 

Barrier soil liners (e.g., layers 4 and 11 in Figure 1) are intended to restrict vertical 
flow. These layers should have hydraulic conductivities substantially lower than those 
of the other types of layers, typically below 1 x lod cdsec. The program allows only 
downward flow in barrier soil liners. Thus, any water moving into a liner will 
eventually percolate through it. The leakage (percolation) rate depends upon the depth 
of water-saturated soil (head) above the base of the layer, the thickness of the liner and 
the saturated hydraulic conductivity of the barrier soil. Leakage occurs whenever the 
moisture content of the layer above the liner is greater than the field capacity of the 
layer. The program assumes that barrier soil liner is permanently saturated and that its 
properties do not change with time. 

Geomembrane liners (e.g., layers 3, 8 and 10 in Figure 1) are layers of nearly 
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impermeable material that restricts significant ledkage to small areas around defects. 
Leakage @emlatian) is computed to be the result from three sources: vapor diffusion, 
manufacturing flaws (pinholes) and installation defects (punctures, cracks, tears and bad 
seams). Leakage by vapor diffusion is computed to occur across the entire area of the 
liner as a function of the head on the surface of the liner, the thickness of the 
geornembrane and its vapor diffusivity. Leakage through pinholes and installation defects 
is computed in two steps. First, the area of soil or. material contributing to lakage is 
computed as a function of head on the liner, size of hole and the saturated hydraulic 
conductivity of the soils or materials adjacent to the geomembrane liner. Second, the 
rate of leakage in the wetted area is computed as a function of the head, thickness of soil 
and membrane and the saturated hydraulic conductivity of the soils or materials adjacent 
to the geomembme liner. 
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XSTABL 

VERSION 5.00 

Copyrightc 1990 - 1994, All rights reserved. 
IN TERA C TIVE SOFTWARE DESIGNS, lnc. 

NOTICE 

The XSTABL documentation and software are 
copyrighted with all rights reserved. Under copyright 
laws, no part of the XSTABL documentation or 
software may be copied, reproduced, transmitted, or 
translated into any language, natural or computer, in 
any form or by any means, without the prior writ ten 
consent of  Interactive Software Designs, lnc. 

Although the software has been tested and the 
documentatron reviewed, the programs are provided 
"as is", that is, without any warranty, express or 
implied. The user assumes the entire risk as to  the 
quality of the results and operation of  the programs. 

Interactive Software Designs, lnc., reserves the right 
to make changes to the XSTABL software and 
information contained in this document wi thout 
obligation to report such changes to any person of 
such modifications, 

The user is also specifically advised, and cautioned, 
to  exercise careful engineering judgement in the 
correct interpretation of the final results. 
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License No. 

1202- 

XS TABL 
License Agreement 

Copyrighto, 1994 
INTERACTIVE SOFTWARE DESIGNS, Inc. 

All Rights Reserved 

READ BEFORE USING 

WARiiIiVG: Carefully read this license agreement before using the XSTML 
program. Use of the program indicates your acceptance of the terms of h s  license. 

The licensed software is provided for your personal business, professional and 
educational use and may be installed on more than one computer or a single network. 
However, XSTABL may NOT be operated on more than one personal computer at the 
same time. One back-up copy of the original XSTABL disk(s) is permitted to 
safeguard against disk failure. 

Without the written consent of INTERACTIVE SOFTWARE DESIGNS, Inc., YOU 
MAY KOT : 

1 .  Make copies of XSTABL with the intent !o supply other users, 

2. Transmit XSTABL via any electronic media, 

3.  Duplicate the XSTABL Reference Manual, 

4 .  Attempt to disassemble the XSTABL machine-code for any purpose 
whatsoever. 
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CHAPTER. 7 

1 .O INTRODUCTION 

XST.4BL is a fully integrated slope stability analysis program designed to operae  on an 
IBM personal computer. or close compatible. It permits the engineer to develop the slope 
geometry interactively and perform the slope analysis from within a single program. The slope 
analysis portion of XSTABL uses a modified version of the popular STABL program, - 
originally developed at Purdue University. 

XSTABL performs a two dimensional limit equilibrium analysis to compute the factor of 
safety for a layered slope according to: 

(a) 

(b) 

(c) Simplified Bishop, 

(d) Simplified Janbu. 

General Limit Equilibrium (GLE) Method. 

Janbu's Generalized Procedure of Slices (GPS), 

If  the program is used to search for the most critical &face, only the simplified Bishop and 
Janbu methods are available for calculating the factor of safety. The program can be used to 
search for the most critical surface or the factor of safety may be determined for specific 
surfaces. XSTABL. version 5.0, is programmed to handie: 

1 .  

2.  

heterogenous soil systems with up to 20 soil units, 

The strength of a soil unit may be defined using: 

(a) conventional, c-d parameters. 

(b) undrained strengths as.a function of venical 
effective stress, 

(c) a nonlinear Mohr-Coulomb envelop. 

3. Anisotropic soil strength propenies. 
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3. Reinforced slopes. 

5 Pore uater p:essures for effective stress analysls using 

(a) phreatic and piezometric surfaces 

(b) pore pressure grid 

(c )  & factor 

(d) constant pore water pressure 

6. Pseudo-static eanhquake loading, 

7 .  Surcharge boundary loads, 

8. Automatic generation and analysis of an unlimited number of 
circular, noncircular and block-shaped failure surfaces. 

9. Analysis of right-facing slopes, 

10. Both SI and Imperial units. 

1.1 Summary of Interactive Features of XSTABL 

XST.4BL is intended for use on an IBM-PC. or near compatible, suitably equipped for 
screen graphics. The program uses menus and data-tables to "guide" the potential user through 
the many options available for performing a slope stability analysis. The interactive features of 
S S T M L  include: 

1 .  

7 
e. 

3 .  

3 .  

5 .  

. 6. 

7. 

8. 

Selection of options via inruitive, easy to understand menus, 

Context sensitive help information. 

All numeric data is enrered through prompts into a table, 

Error checking during data entry phase, 

Slope geometry may be readily reviewed on-screen, 

Previously entered data can be edited, 

Single failure surfaces may be analyzed using several rigorous 
procedures that satisfy force and moment equilibrium, 

Previously saved files can be edited and saved as "new" files, 
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9. 

10 

L 

XSTABL files may be copied. deleted. printed. renamed or 
viewed rcifhouf exiting the progam. 

Screen plots may be saved to disk in one of several different 
formats for later printing or inclusion within a document 
prepared with a wordprocessing or charting soitware. 

High quality plots may be generated. usins SST.4BL. on 
several different types of output devices if the screen plots are 
saved'in the default format. 

It is expected that the approach offered by SST.UL will m,inimize potential errors and 
provide a more appropriate data preparation method for the less familiar user. The time 
expended jn.learning to use the program is expected to be nominal and users can be expected to 
generate input data files almost immediately. 

1.2 General Information 

The SSTML Reference Manual is intended to provide information about the interactive 
features that allow the user to prepare data tiles and perform a slope stability analysis. The 
next six chapters of the Reference Manual provides details concerning the following topics: 

1 .  
7 - .  

3. 

4.  

5 .  

6. 

XSTABL program components. 

SST.ABL menus and available options, 

Data tables for establishmg the slope geometry, and assigning 
soil properties and boundary loads, 

Methods of analysis, 

Slope stability analysis, including the creation and saving of 
screen plots. 

Printing of hardcopy plots. 

Further details about the limit equilibrium theop.  search procedures and slice development are 
given in Appendix D. 

3 XSTABL Reference Manual 



This manual concentrates on the interactive features and is not intended to provide [he 
necessary engineering background for slope stability analysis. If the user wishes to obtain more 
information concerning slope stability analysis. the following publications are. recommended 

1. 7he Stabilify of Slopes, by E.N. Bromhead. 
Surrey University Press. Chapman and Hall. NY. 41 I pases. 
ISBN 0 412 01061 5.  1992. 

Lunds1ides:'Analysis and Control. by R.L. Schuster and R.J. 
Krizek (editors), Special Repon 176. Tramporration Research 
Board, National Academy of Sciences. 234 pages. ISBN 0 309 
02804 3 ,  1978. (new edition, edited by R.L. Schuster and K. 
.Turner will be published in 1994) 

.~ 

2.  

I 

3. Rock Slope Engineering, by E. Hoek and J.W. Bray, Inst. of 
Mining and Metallurgy, London, England, Third Edition, 
358 pages, ISBN 0 900488 573. 1981. 

Please note that the above list represents u very small portion of literature available on the 
subject of slope stability analysis. 

0 - 
1.3 Hardware Requirements 

In order to use XSTABL, the user will require: 

1 

2. 

An IBM-PC. or near Compatible, with either dual floppy disk 
drives or a hard disk (preferred) and one floppy disk drive, 
640 kb RAM and DOS 2.1 (or later). 

.. 

Execution of XSTABL will require at least 450,000 bytes of 
- free RAM. The user may check the amount of RAM available 
by using the "MEMK" command, as documented in the DOS 
manual. 

An IBM compatible VGA. EGA or CGA graphics adaptor with 
an appropriate monitor, 

4.  Copyright 1994, I. S. Designs, Inc. 0 
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3. 0ne.of  the following devices for hardcopy output: /11~1*1 

(a) laser printer. 2.g. Hewlett Packard LaserJet 
with at least I hlb of RAM. or 

(b) An iBM Graphics compatible. 9 or 24 pin. dot 
matrix printer. e.g. EPSON FS-85.  

A HPGL compatible pen plotter. 
e.g. Hewlett Packard 7175A Plotter 

(c) 

. 1.4 XSTABL INSTALLATI 0 N 

The XSTABL programs and example data files are supplied on one 3 . 5  inch or one j.2j 
inch disk in a compressed format. To copy these files to a subdirectory on your hard disk. 
please follow the instruction listed below: 

I. 

2. 

3 .  

create a directory on your hard disk (e.g. MD XSTABL etc.. . . )  

change to this newly created directory (e.g. CD XSTABL etc . . . .)  

from this directory type either : 

(a) A:INSTALL --> if the XSTABL disk is in "A" drive, or 

(b) B:INSTALL - -> if  the XSTABL disk is in "B" drive 

The installation program will place the XSTABL files in the current directory and copy all 
example datafiles into a subdirectory named: "EXAMPLES". The complete installation of 
these files will required about 500 kb of disk space. The PACK.LST file on the original disk 
includes a list. and description, of all files that should have been copied to the current directory 
on your disk. 

:VOTE: 
The above procedure will work if you are preparing to use XSTABL from a 
hard-disk or at least a 720 kb floppy diskette. However if you would like to 
use the program on dual 360 kb disk drive system, please contact Interactive 
Software Designs, Inc. ,  for special instructions to order a non-compressed 
version of XSTABL. 

~~~ 
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1.5 XSTABL Components AI5 I ;, 
Before using XSTABL. the user should ensure that files listed below. and section 2 . 2 .  have 

been copied : 

1 .  PACK.LST . . . . . . . summary of file descriptions 
- -  

2 .  

3. 

README 

DEMO.TXT . . . . . . dialogue script for demonsrrationltutorial 

. . , . . . . special "last-minute" notes or revisions to this Xlanual 
* .  

1.6 Files for using XSTABL 

1. XSTABL.EXE . .  . . . executable version of program 

2. 

3 .  

4. 

5 .  

6. 

7 :  

SETUP1 .STB . . . . . file used during program s t amp  

XSTABL.HLP . . . . . help screen information 

XSTABL.ERR . . . . . XSTABL error descriptions 

XSTABL.FN1 . . . . . font file for screen characrers 

XSTABL..FNZ . . . . . font file for-hardcopy plots 

XPLOT.EXE . . . . . executable program for hardcopy plots 

The instal!ation process will also copy the example'input data files and the ourput (4 files) 
corresponding to an analysis using the file EX-1 .IPT to the "EXAMPLES" subdirectory. . . 

These "extra" files may be deleted to conserve disk space. 

The program can then be started by typing. XSTABL at the DOS prompt. The program 
will 90T operate without the SETUPl.STB file. 

~~ 

Please note that the XSTABL software and documentation is 
copyrighted and may NOT be copied without permission. 
However, the user is permined to make ONE archival backup 
copy of these tiles to guard against possible disk failure. 

6 Copyright @ 1994, I.S.  Designs, Inc. 



1.7 Supporting XSTABL files 

File: SETI,Tl.STB -- contains initialization inforhation that sets several parameters at the Start 
of the XSTXBL program. Also. 'the first line of this fils may be modified to control 
the amount of information that is written into the outpilt file following a slope analysis. 
A typical unmodified file.will'have the.followine form: 

'Line I :  0 10 10 IO 
Line 2: 1.000 1.000 0.30 9.80 
Line 3: (blank line) ' 

Let the four values on the firsf line be' labeled as var-1. var-2, var-3 and var-4. Then 
the user is permitted to modify these according to the following: 

var-1 = 

var-2 = 

var-3 = 

var-l = 

0 (zero) for all cases, unless advised otherwise; 

value between 1 and 10. inclusive. for 
controlling the number of failure surface 
coordinates that will be listed in the O U ~ D U I  file 
following each slope analysis; 

value between 1 and 10. inclusive, for 
controlling the number of critical surfaces that 
will be displqved on fhe Screen at the end of the 
slope analysis; 

value between 1 and 10, inclusive. for 
controlling the number of surfaces plorred fo [he 
hardcopy file. 

Please note that the default for the number of surfaces is set at ten for all cases 
(i.e. var-2 = var-3 = var-4 = 10). These parameters may be changed directly by 
editing the SETUP1.STB file. Alternatively these may be changed from within 
XST.4BL via the F5 key just before the stan of the multiple search analysis. 

The four values listed on the second line control the scaling and location of the 
hardcopy-plot on paper. The first two values assign the scaling in the x and y direction 
of the plot. The last two numbers fix the origin of the plot on the basis of a global 
origin located in the right-hand corner of the printed 11 x 8.5 inch (landscape) page. 
The user can manipulate these values to scale the hardcopy plots, but must ensure that 
the aspect ratio of the vertical to horizontal axes is maintained at unity. 
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Other Files: 
The two files; XSTN3L.HLP and XST.ABL.ERR. are used by XSTABL to provide help 

and input data error information. respectively. Although the program can function xithou[ 
these files. on-line help information will not .be available and error messages will not be written 
to the output file created during the slope stability analysis: However, error numbers will be 
written to the output file and the user can determine the corresponding message from the 
complete list of possible errors given in Appendix B. 

1.8 Connecting. HP Plotters 

XSTABL screen plots may be successfully plotted using HP plotter models: 7440A. 7470A. 
7375A and 7550A connected to a personal computer. The cable should be connecred to the PC 
with a DB 9 or DB 25 connector via the serial or asynchronous port. At the plotter, a DB 3 
connector should be used to connect the cable to the computer/modem port. XSTABL uses the 
XON/XOFF protocol and thus only requires three connecting wires in accordance with Fig I .  1 

Personal Computer HP Plotter 

1 .  Receive' Data Transmit Data 
D 9 1 P i n - 3 , o r  - , I D 2 5 l p i n - 3  
0 25 / Pin - 2 

2 Transmit Data Receive Data 

D9/Pin-2 ,or  - D 25 1 Pin - 2 
D 25 / Pin - 3 

Signal Grdund 3 Signal Ground 
D 9 1  Pin - 5. or 
D 251 Pin - 7 
- 0 2 5 /  Pin - 7 

Fig. 1.1. Wire connections for PC - HP plotter cable 

' 8  Copyright 1994, I.S. Designs, inc. 



1.9 Starting XSTABL 

XSTABL should be executed from the directory occupied by the program's files by typing 
"XSTABL" at the DOS prompt. Please note that an error will be reported if the user attemprs 
to execute XSTABL from a directory which does not have the SETUPI.STB fiie. Also. the 
program expects to access the files: XSTABL.HLP and XSTABL.ERR (i.e. the help and error 
files) from the current directo,ry only. If these files are not in the current directory. SST.I\BL 
will be unable to provide a c-omplete report on the errors and the context sensitive help 
information will not be available. 

In executing the program. XSTABL offers the user an opportunity to change three 
default parameters via a command line option. If the user executes the program by only typin,a 
"XSTABL", the following default options are invoked: 

(a) 

(b) 

(c) 

Imperial units, i.e. pounds. psf. pcf and feet; 

Parallel printer port selected as LPT1; 

Serial port selected as COMl . 

The parallel pon is used for printing input and output files and for printing all slope analysis 
plots, except those sent to a plotter. In this case the plotter is assumed to be connected to the 
COMl serial port. If  the above default selection is not appropriate. the user may change any of 
these according 'to the command-line switches given below. 

Alternative SI Units may be selected by executing the program by typing: "XSTABL -m" at 
the DOS prompt. In this case the program will s t m p  with SI units represented by: 
kN. kPa (kilo Pascals), W/m3 and meters. 

The Alternative Parallel Port LPT2 may be selected by staning the program by typing: 
"XSTABL LPT2". This selection will send all parallel pon output to the LPT:! pon. 

The Alternative Serial Port C O W  may be selected by itaning the program by typing: 
"XSTABL COM2". This selection will send the plotter output to the alternative serial 
port. 

- 

Any combination of the above three options is possible. For example by typing : 
"XSTABL COM2 LPTZ -m" the user may invoke (1) COM2 as the serial port, (2) LPT2 as the 
default parallel printer port and (3) SI units. 

- .. 
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.1.10 Example Input and Output Files 

Several data files are provided with the main programs. on the enclosed disk. for evaluating - 
the SSTXBL software. These files are based on the slope Seometry described in Appendix .A 
of rhis manual. The output files. for example EX-1.IPT. are also included for the convenience 
of the user and to check for proper operation of XSTABL on your computer. A complete 
description of these example files is summarizcd.in the disk file: PACK.LST. ' 

.e . .  

1.1 1 XSTABL Tutorial 

A dialogue script for a moria1 that demonstrates some of the unique features of XSTABL is 
included with the program disk(s) in the file: DEMO.TXT. The user is encouraged to print 
this file. and follow the suggested instructions. This tutorial will fkniliarize users with the 
editing features. special commands and orher data tables that are used to assemble a data file 
for slope stability analysis. 

1.12 ANSI.SYS Device Driver 

The XSTABL program has been designeG to access the video hardware direct,j, thus 
minimizing the response time between keyboard entry and subsequent actions. However if the 
.L\SI.SYS device driver is loaded, i t  "filters" the data before it is written to the screen. Thus 
in order to maximize the speed of XSTABL, the use of the ANSI.SYS device driver is not 
recommended as i t  tends to slow the response time for data written to screen. 

The user may check to see if the ANSI.SYS driver is loaded by examining the 
CONFIG.SYS file in the root directory. A line of the general form : 

DEVICE= ANSLSYS 

will indicate that the device driver is loaded at the stan of every session. The user must then 
choose to either load-or omit the ANSI.SYS device driver. 



1.13 Loading and Execution Errors 

It is possible that an "unexplainable" error may occur during rhe loading and cxecutjon 
phase of the program. If such an error Occurs. please check you data thoroughly. I f  your d l t 3  

appears to be correct and the error condition persists. please conracr: 

Dr. Sunil  Sharma. 
Interactive Software Designs. Inc.. 
953 N. Cleveland. 
hioscow. ID 83543. 
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APPENDIX A 

COMPUTER SOFI'WARE USED TO 
PREPARE CALCULATION PACKAGE 

SHAKE91 

2 5 3 A1173 

Idriss, I.M. and Sun, J.I . ,  "SHAKE91 - A Computer Program for Conducting 
Equivalent Linear Seismic Response Analyses of Horizontally Layered Soil Deposits," 
User's Manual, Center for Geotechnical Modeling, Department of Civil and 
Environmental Engineering, University of California, Davis, California, 1992, 13 p. 
(plus Appendicies) . 
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APPENDIX A -- COMPUTER LISTING 

APPENDIX B -- SAMPLE PROBLEM 

Table 1 -- Sample Input 

Table B-1.-- Input Data For Sample Problem Using Diamond Heights Record as Input 
Motion 

Table B-2 -- Selected Results For Sample Problem Using Diamond Heights Record as 
Input Motion 

Fig. 1 -- One - Dimensional -Idealization of a Soil Profile 

Fig. B-1 -- Shear Wave Velocities Used for Sample Problem 

Fig. B-2 -- Modulus Reduction and Damping Values Used for Sample Problem 

Fig. B-3 -- Acceleration Time History and Spectral Ordinates for EW Component . 
Recorded at Diamond Heights 

Fig. B-4 -- Calculated Shear Strains and Strain-Compatible Damping and Shear Wave 
Velocities for Sample Problem Using Diamond Heights Record as Input 
Motion 

Fig. B-5 -- Calculated Shear Stresses and Accelerations for Sample Problem Using 
Diamond Heights Record as Input Motion 

Fig. B-6 -- Acceleration Time History and Spectral Ordinates for Computed Motion at the 
Ground Surface Using Diamond Heights Record as Input Motion 

Fig. B-7 -- Calculated Amplification Spectra for Sample Problem Using Diamond 
Heights Record as Input Motion 

Fig. B-8 -- Time Histones of Shear Strains and Stresses Calculated at Depths of 20 and 
60 ft for Sample Problem Using Diamond Heights Record as Input Motion 
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. A Computer Program for Conducting Equivalent Linear 
Seismic Response Analyses of Horizontally Layered Soil Deposits 

Program Modified based on the Original SHAKE program published in 
December 1972 by Schnabel, Lysmer & Seed 

Modifications by 

I. M Idrissl and Joseph I. Sun2 

1 

J. 1 

INTRODUCTION 

The computer program SHAKE was written in 1970-7 1 by Dr. Per Schnabel and 
Professor John Lysmer and was published in December 1972 by Dr. Per Schnabel and 
Professors John Lysmer and H. Bolton Seed in report No. UCBEERC 72/12, issued by 
the Earthquake Engineering Research Center at the University of California in Berkeley. 
This has been by far the most widely used program for computing the seismic response of 
horizontally layered soil deposits. 

The program computes the response of a semi-infinite horizontally layered soil deposit 
overlying a uniform half-space subjected to vertically propagating shear waves. The 
analysis is done in the frequency domain, and, therefore. for any set of properties it is a 
linear arialysis. An iterative procedure is used to account for the nonlinear behavior of 
the soils as summarized below. 

The object motion (ie, the motion that is considered to be known) can be specified at the 
top of any sublayer within the soil profile or at the corresponding outcrop. 

The program SHAKE was originally written for a main fiame computer. It  was 
converted for use on a personal computer by Dr. S. S. Lai in 1985; almost everything else 
remained identical to the original computer program. While there have been many 
modifications and several editions of the program SHAKE have been referenced in recent 
publications, the version included herein constitutes the most extensive modifications to 

~ 

1 Department of Civil Engineering, University of California, Davis 
2Woodward-Clyde Consultants, Oakland, California 00014-1 
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0 the original program. The intent of the modificatjons was to make the program more 
convenient for use with a personal computer. 

MODIFICA TIONS IMPLEMENTED IN SltAKE91 

The main modifications incorporated in SHAKE91 include the following: 

The number of sublayers was increased from 20 to 50; this should permit a more 
accurate representation of deeper and/or softer soil deposits. 

All built-in modulus reduction and damping relationships were removed. These 
relationships are now specified by the user; up to 13 different relations of modulus 
reduction, G/Gmax, versus shear strain and damping ratio, A. versus shear strain can 
be specified as part of the input file. A number of published variations of G/Gmax and 
h with shear strain are available in the literature (eg, Hardin and Dmevish, 1970; Seed 
and Idriss. 1970; Seed et ai, 1986; Sun et al, 1988; Vucetic and Dobry, 1991). 

The maximum shear velocity or the maximum modulus are now specified for each 
sublayer; again these are part of the input and therefore the program no longer 
calculates modulus values as a function of either confining pressure or shear strength. 
The user specifies the maximum values, which are derived by the user. 

Object motion is now read from a separate file; the number of header lines and format 
are specified by the user. 

Other clean-up include: renumbering of options, elimination of infrequently used 
options, user specified periods for calculating spectral ordinates ... etc. 

DESCRIPTION OF THE PROGRAM 

The soil profile is idealized as a system of homogeneous, visco-elastic sublayers of 
infinite horizontal extent; the idealized soil profile is shown in Fig. 1. The response of 
this system is calculatecbconsidering vertically propagating shear waves. The algorithm 
in the original program SHAKE (Schnabel et al, 1972) is based on the continuous 
solution to the wave equation (Kanai. 195 1 ; Matthiesen et al, 1964; Roesset and 
Whitman, 1969; Lysmer et a1 1971), which was adapted for transient motions using the 
Fast Fourier Transform techniques of Cooley and Tukey (1 965). The program SHAKE91 
retains this feature of the original program. Details pertinent to the derivation of the 
applicable equations of motion and solution of these equations are summarized in the 
original SHAKE manual. in the aforementioned references and in most textbooks on 
wave propagation. Therefore, they are not repeated in this user's manual. I 

An equivalent linear procedure (Idriss and Seed, 1968; Seed and Idriss, 1970) is used to 
account for the nonlinearity of the soil using an iterative procedure to obtain values for . 

2 
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modulus and damping that are compatible with the equivalent uniform strain induced in .@ . each sublayer. Thus, at the outset. a set of properties (shear modulus, damping and total 
unit weight) is assigned to each sublayer of the soil deposit. The analysis is conducted 
using these properties and the shear strains induced in each sublayer is calculated. The 
shear modulus and the damping ratio for each sublayer are then modified based on the 
applicable relationship relating these two properties to shear strain. The analysis is 
repeated until strain-compatible modulus and damping values are arrived at. Starting 
with the maximum shear modulus for each sublayer and a low value of damping, 
essentially strain-compatible properties (ie, difference less than about one percent) are 
obtained in 5 to 8 iterations for most soil profiles. 

-- 

The following assumptions are incorporated in the analysis (Schnabel et al. 1972): . 

a 

Each sublayer, m, is completely defined by its shear modulus. G,, damping ratio, 
hm, total unit weight, Ytm (or corresponding mass density, Pm) and thickness. h,; 
these properties are independent of frequency. 

The responses in the soil profile are caused by the upward propagation of shear waves 
from the underlying rock half-space. 

The shear waves are specified as acceleration ordinates at equally spaced time 
intervals. (Cyclic repetition of the acceleration time history is implied in the 
solution). 

The strain dependence of the shear modulus and damping in each sublayer is 
accounted-for by an equivalent linear procedure based on an equivalent uniform 
strain computed in that sublayer. The ratio of this equivalent uniform shear strain 
divided by the calculated maximum strain is specified by the user (see Option 5 
below); the same value of this ratio is used for all sublayers. 

A variable OD- 

The options incorporated-into SHAKE91 are as follows: 

I Option Number I Description 
1 .  dynamic soil properties 
2 data for soil profile . 

3 input (object) motion 
4 assignment of object motion to 

the top of a specified sublayer 
or to the corresponding outcrop 

5 number of iterations specified 
& ratio of uniform strain to 

maximum strain 
000143 
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6 sublayers at top of which peak 
accelerations & time histories 

7 

8 
I 9 I response spectrum I 

are computed and saved 
sublayer at top of which time 

history of shear stress or strain 

time history of object motion 
is computed and saved . 

I IO I . amplification spectrum I 
1 1  Fourier amplitudes 

Note that the original program SHAKE included 16 options and that the modified 
program includes only 1 1 ; the five options eliminated pertain mostly to plotting and to 
adjusting the time increment. Such operations can best be done in auxiliary programs. 

INPUT DATA 

The input data are provided in an input file; the name and location of this input file is 
specified directly from the key board at the time of program execution. A sample input is 
presented in Table 1 .  As can be noted in the table, each option starts with the following 
two.lines: 

Line No. 1 (Format: A80) 

columns I - 80 Identification information for this option (this line cannot be 
blank) 

Line No. 2 (Format: 15) 

columns 1 - 5 Option Number 

The specific inputs for each option are presented below. 

Option I - Dvnamic Soil Properties 

0 first line after option number (Format: 15) 

columns 1 - 5 Number of materials included (maximum is 13) 

then, for each material, the following input should be supplied: 

first line (Format: 15, 11A6) 

columns 1 - 5 number of strain values to be read (maximum is 20) 

4 
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identification for this set of modulus reduction values 

second & consecutive lines (Format: 8F 10.0) 

columns 1 - 80 strain values, in percent, beginning with the lowest value. Eight 
entries per line using 8F 10.0 Format (maximum is 20) 

consecutive lines (Format: 8F10.0) 

columns 1 - 80 values of modulus reduction (GiGmaX) each corresponding to the 
shear strain provided in the previous lines; these values should be 
in decimal not in percent. 

the second set for the same material will consist of identical information except that 
values of damping (in percent) are provided as illustrated in Table 1. 

After the last set is completed, the following information is to be provided (Format: 
1615): 

;ti 

0 columns 16-20  third material number to be used 

columns 1 - 5 
columns 6 - 10 
columns 1 1  - 15 

number. N, of materials to be used in this analysis 
first material number which will be used 
second material number to be used 

............ 

........... 
etc until all N materials are identified. 

Values of G/Gm, and h versus strain for these N materials will then be saved in output 
file No. 1 (see section on OUTPUT below) so that only the material properties used in 

' this analysis are saved in this file. This feature was added for the convenience of the user 
who can include up to 13 sets of material properties in the input file but for any one 
analysis uses fewer than 13. This feature also provides a check that the intended material 
properties were utilized in the analysis. 

Option 2 Soil Pro& . .  - 
first line after option number (Format: 215, 5X, 6A6) 

1 
i columns 1,- 5 

columns 16 - 5 1 

0 

soil deposit number; may be left blank 

identification for soil profile - 
-' c o l u m n s X -  10 number of sublayers, including the half-space 

second and subsequent lines; one line for each sublayer, includin -a ? (Format: 215,5X. 5F10.0) 

j 
0 0 014.J 
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@ . columns 1 - 5 
columns y\l - 10 

b - \o 

columns 16 - 25 
columns 26 - 35 

columns 36 - 45 
columns 46 - 55 
columns 56 - 65 

sublayer number 
soil type (corresponding to numbers assigned to each material in 
Option 1). 
v o t e  that if this material type is given as 0 (zero) for all sublayers. 
then the calculations are conducted for only one iteration using the 
properties (modulus, or shear wave velocity, and damping) 
specified in this input]. 
thickness of sublayer. in feet 
maximum shear modulus for the sublayer, in ksf (leave blank if 
maximum shear wave velocity for the sublayer is given) 
initial estimate of damping (decimal) 
total unit weight, in ksf 
maximum shear wave velocity for the sublayer, in Wsec (leave 
blank if maximum shear modulus for the sublayer is given) 

For the half-space, leave columns 16 to 25 blank: ie. no thickness should be specified for 
the half-space. 

Q d o n  3 - Input fObiect) MotioQ 

first line after option number (Format: 215. F10.3, A30. A12) 

columns 1 - 5 
columns 6 - 10 

number, NV. of acceleration values to be read for input motion 
number, MA. of values for use in Fourier Transform; MA should 
be a power of 2 (typically, this number is 1024, 2048 or 4096). 
Note that MA should always be greater than NV. The following 
may be used as a guide: for NV I 800. MA can be 1024. for NV I 
1800, MA can be 2048 and for NV I 3800. MA can be 4096. The , 

current program is limited to a maximum value of 4096 for MA. 

columns 1 1  - 20 time interval between acceleration values. in seconds 
columns 21 - 50 
columns 51 - 62 

name of file for input (object) motion 
format for reading acceleration values 

kjf AW p l i e  

columns 1 - 10 

columns 11  - 20 

second line after option number (Format: 3F10.0,215) 

multiplication factor for adjusting 

read-in will be scaled to provide the maximum acceleration 

multiplication factor is specified in columns 1 - 10. 
maximum frequency (ie, frequency cut-off) to be used in the 

%. 
e= ̂ r, 

columns 1 1  - 20 are left blank 
maximum acceleration to be used, in g's; the acceleration values 

specified in these columns; leave columns 1 1 - 20 blank if a 
/g+. 

s 
", 

. ' C  

colupns 21 - 30 ' C  

analysis 
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columns 31 - 35 
columns 36 - 40 

number of header lines in file containing object motion 
number of acceleration values per line in file containing object 
motion 

Option 4 -Assignment o f  Object Motio n t a a S  pecific Sublave r 

columns.1 - 5 

c o l u m n s x  - 10 

first line after option number (Format: 2J5) 

number of sublayer at the top of which the object motion is 

use 0 (zero) if the object motion is to be assigned as outcrop 
motion. otherwise 
use 1 (one) if the object motion is applied within the soil profile at 
the top of the assigned sublayer 

6 assigned 

option 5 - .Arumbe r of  Iterations & Rat1 '0 o f  Eauivalent Un iform Strain to Maxim U r n  

Straia 

first line after option number (Format: 215. F1O.O) 
Y 

columns 1 - 5 parameter used to specify whether the strain-compatible soil 
properties are saved after the final iteration: set = 1 if these 
properties are to be saved; otherwise leave columns 1 - 5 blank 

ratio of equivalent uniform strain divided by maximum strain; 
typically this ratio ranges from 0.4 to 0.75 depending on the input 
motion and which magnitude earthquake it is intended to represent. 
The following equation may be used to estimate this ratio: 

in which M is the magnitude of the earthquake. Thus. for M = 5. 
the ratio would be 0.4. for M = 7.5. the ratio would be 0.65 ... etc. 

. number of iterations 
6 

co1umn.N- 10 
+columns 1 1  - 20 

[ ratio = (M - 1)/10 ] 

Option 6 - Co m putat ion of  Accele rat1 b n  at Too o f  Soecified SublaveE 

(Note that a maximum of fifteen sublayers can be specified at a time; if accelerations for 
more than 15 sublayers are desired. then Option 6 can be repeated as many times as 
needed). 

first line after option number (Format: 1515) 
- 
columns 1 - 75 array to indicate the numbers of the sublayers at the top of which 

the acceleration is to be calculated 

second line after option number (Format: 1515) 



i ... ,, 

p.. .Y . 

columns 1 - 75 array to specify type of each sublayer: 0 (zero) for outcropping 
or 1 (one) for within the soil profile 

columns 1 - 75 

third line after option number (Format: 1515) 

array to specify the mode of output for the computed accelerations: 
0 (zero) if only maximum acceleratioq is desired or 1 (one) if  both 
the maximum acceleration and the time history of acceleration are 
to be calculated and saved 

option 7 - Computation o f  Shea r Stress or Strain Time Histow at Top QfSpecr :fied 
Sublavers 

(Note that a maximum of two sublayers can be specified; i f  stress or strain time histones 
for more than two sublayers are desired. then Option 7 can be repeated as many times as 
needed). 

first line after option number (Format: 515. F 10.0. 5A6) 

columns 1 - 5 
columns 1 1  - 10 
columns 1 i - 15 
C O ~ U ~ ~ S  16 - 20 
columns 21 - 25 

columns 26 - 35 
columns 36 - 65 

number of sublayer 
set equal to 0 (zero) for strain or 1 (one) for stress 
set equal to one to save time history of strain or stress 
leave blank 
number of values to be saved; typically this should be equal to the 
number NV (see Option 3 above) 
leave blank 
identification information 

- 

,2049 , y a y ,  

second line after option number (Format: 515. F1O.O. 5.46) 

same as the above line for the second sublayer 

Note that the time histories ofshear stresses or strains are calculated at the top of the 
specified sublayer. Thus. if the time history is needed at a specific depth within the soil 
profile, that depth should be made the top of a sublayer. The time history of stresses or 
strains is saved in the second Output file. 

This options should be specified after Option 6 as shown in Table 1 and in Table B-1 . 
! 

- Although this option was retained, its purpose is most easily accomplished in Option 6. 

8 



P -  2-5 3 

- uectrum 

first line after option number (Format: 215) 
e ' ODtion Responses- 

columns 1 - 5 sublayer number 
set equal to 0 (zero) for outcropping or equal to 1 (one) for Lvithin -- columns 6 - IO 

second line after option number (Format: 215, F 10.0) 

... number of damping ratios to be used . . . \  

set equal to 0 (zero) o r  7Q fd !fi.,j;k pi-i"".'. 
columns 1 - 5 !:.! 

columns 6 - 10 
columns 1 1  -20 

, ;;, C.r,. ~ :L 
/--------- 

acceleration of gravity 

third line after option number (Format: 6F10.0) 

.. _ _  .. 

columns 1 - 5 0 columns 6 - IO 
columns 1 1 -1  5 
columns 16 - 20 
columns 21 - 20 

number of first sublayer 
set equal to 0 (zero) for outcropping or equal to 1 (one) for within 
number of second sublayer 
set equal to 0 (zero) for outcropping or equal to 1 (one) for within 
frequency step (in cycles per second); the amplification spectrum 
is calculated for 200 frequencies using this frequency step and 
starting with 0 
identification information columns 31 - 78 

[The amplification spectrum is the ratio of the amplitude of motion at the top of the 
second sublayer divided by that at the top of the first sublayer]. 

If the amplification spectrum is desired for two other sublayers. Option 10 can be 
repeated as many times as needed. 

@tion 11 - Fourier Soect rum 

first line after option number (Format: 515) ! 

columns 1 - 5 
columns 6 - 10 
columns 1 1 - 15 
columns 16 - 20 

number of the sublayer 
set equal to 0 (zero) for outcropping or equal to 1 (one) for within 

set equal to 2 (two) if spectrum is to be saved to file 
number of times the spectrum is to be smoothed 'a 

columns 21 - 25 number of values to be saved 

1. 9 
1 '  



@ The following expression (Schnabel et al, 1972) is used to smooth the Fourier spectrum: 

in which Ai is the amplitude of the spectrum for the ith frequency. 

A second line is always needed when using Option 1 1. Thus. the user should either 
provide a second line for another sublayer or repeat the information provided in the first 
line in a second line. 

I t  may be noted that calculation of Fourier amplitudes for a specific accelerogram is best 
accomplished in an auxiliary program. 

Program Termination 

For program termination, the user should provide a line that contains information that 
execution will terminate when the number is encountered as an option number; the line 
following this information should have 0 (zero) with a format of 15. Execution will then 

;< 

The output of the program is contained in two files. The first file echoes much of the 
input information and contains the results of each iteration. the listing of calculated 
maximum shear stresses and strains. maximum acceleration. response spectrum, Fourier 
spectrum and amplification spectrum. as appropriate. The second file contains all the 
time histories requested. The name of each file is specified by the user at the time of 
program execution directly from the key;board. 

COMPUTER LISTING 

The FORTRAN listing of program SHAKE91 is given in Appendix A. 

SAMPLE PROBLEM 

The results for a sample problem are given in Appendix B. 



CONCLUDING REMARKS a 
The computer program SHAKE has been widely used throughout the United States and in 
many parts of the world for conducting ground response studies. Its use in recent studies 
involving c recordings obtained at several sites from the 1989 Loma Prieta earthquake (eg, 
Idriss, k990; Dickenson et al, 1991; Idriss. 1991: Rollins et al. 1992: Yokel. 1992) have 
indicated that the calculated surface motions are in reasonably good agreement with the 
recorded values when the appropriate soil properties and input rock motions are used. 

, 

-- 

Therefore. this program remains a convenient tool for conducting such analyses at many 
sites and for a variety of applications. 
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k'. 4, 

Table 1 
Sample Input 

1 

option 
1 
3 

11 
-- 0.0001 

1. 
1.000 
0.238 

11 
0.0001 
1. 
0.24 
21. 

0.0001 
1. 
1.000 
0.080 

11 
0.0001 
1. 
0.24 
21. 

11 

8 
.OOOl 
1.000 
- 5  
. O O O l  
0.4 

2 

1 - dynamic soil properties - (max is thirteen): 

#1 modulus reduction for clay ( S u n  et al, 1988) upper range 
0.0003 0.001 0.003 0.01 0.03 0.1 0.3 
3. 10. 
1.000 1.000 0.981 0.941 0.847 0.656 0.438 
0.144 0.110 
damping for clay (Idriss 1990) - 
0.0003 0.001 0.003 0.01 0.03 0.1 0.3 
3.16 10. 
0.42 0.8 1.4 2.8 5.1 9.8 15.5 
25. 28. 
#2 modulus reduction for sand (seed & idriss 1970). - upper Range 
0.0003 0.001 0.003 0.01 0.03 0.1 0.3 
3. 10. 
1.000 0.990 0.960 0.850 0.640 0.370 0.180 
0.050 0.035 
damping for  sand (Idriss 1990) - (Lhg from seed & idriss) 1970) 
0.0003 0.001 0.003 0.01 0.03 0.1 0.3 
3. 10. 
0.42 0.8 1.4 2.8 5.1 9.8 15.5 
25. 28. 
# 3  modulus for rock half space (Schnabel et al, 1972) 
0.0003 0.001 0.003 0.01 0.03 0.1 1.0 
1.000 '0.9875 0.9525 0.900 0.810 0.725 

Damping in Rock (Schnabel et al, 1972) 
0.001 0.01 0.1 1. 
0.8 1.5 3.0 4.6 

0.550 

1 
option 2 - -  

2 
1 9 
1 1 
2 1 
3 1 
4 1 
5 1 
6 1 
7 1 
8 1 
9 3 

3 
option 3 - -  

800 2048 

option 4 - -  
4 
9 0 

5 
1 7 

option 5 - -  

option 6 - -  
. 6 '  

1 2 

1 0 
1 .  1 

3 
soil profile : 

.r,,,: It-' , -', 
EXAMPLE SITE 
7.00 1500. 

13.00 1000. 
10.00 1800. 
12.00 2000. 
20.00 2500. 
18.00 3000. 
20.00 4000. 
20.00 5000. 

I,. 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.01 

c' 
0.120 
0.100 
0.100 
0.100 
0.125 
0.125 
0.125 
0.125 
0.150 3000. 

input motion: 

.02 PAS. acc (8f 9.6) 

.1 25. 1 8 .  
sublayer where input. motion is applied (within or outcropping) : 

number of iterations & ratio of avg. strain to max strain: 

0.65 
sublayers for which accn. time histories are to computed & saved: 

3 4 5 6 7 8 9 9 
1 1 1 1 1 1 1 0 
0 0 0 0 0 0 1 0 

1 
i 

i 



' * , - '  B'' 2.5 3 
Eh6 UP?. w / x  

, u  -, 7 -  7J 
Table 1 . 70 ~ k q C  

Sample Input 

option 7 - -  sublayer for which shear stresses or strains are computed & saved: 
7 

0 
4 1 1 b09 - -  stress in level 4 
4 0 1 a 0 9  - -  strain in level 4 

-_ option 9 - -  compute & save response spectrum: 
9 
1 0 
1 0 981.0 

0.05 

10 
option 10 - -  compute & save amplification spectrum: 

9 0 1 0 0 . 1 2 5  
option 11 - -  compute & save Fourier Spectrum: 

11 
1 0 1 1 1000 
1 0 1 3 1000 

0 
execution will stop when program encounters 0 

? 

.J 



coordinate 
system U ' 

7 V I  reflected wave 

For Each Sublayer, m: 
shearmodulus = G, 
damping ratio = h 
mass density = pm 

m 

rn 

m+ 7 

inciden t wave 
I +  

i # 

I 

N 
lh a If -spa c e) 

e--- - - - -  -* particle motion 1 1  
#!!Fig. 1 .One-Dimensional Idealization of a Horizontally- 
.1 Layered Soil Deposit Over a Uniform Half-space 

1 



APPENDIX B 

COMPUTER SOFI'WARE USED TO 
PREPARE CALCULATION PACKAGE 

YSLIP - c 

Yan, L.P., "Seismic Deformation Analysis of Earth Dams: A Simplified 
Method," Research Report No. SML-91-01, California Institute of Technology, Soil 
Mechanics Laboratory, Pasadena, California, 1991. 



USER GUIDE FOR YSLIP - C 
By Liping Yan 

PREPARATION OF INPUT DATA FILE: 

CARD 1 : PHI, THETA, RC, R, RI 
CARD 2: BETA, NCR, NSIGN 
CARD 3: NA, INDEX, MNA, STEP, KREAD 
CARD 4: EARTHQUAKE RECORD IN SPECIFIED FORMAT 

NOTE: 

PHI [UNIT: DEGREE]--- FRICTION ANGLE, CHOSEN TO GIVE DESIRED 
YIELD ACCELERATION 

THETA [UNIT DEGREE]--- INCLINED ANGLE 
RC [UNIT: METER]---- DISTANCE FROM CENTER OF CIRCLE TO CENTER 

[UNIT: METER]---- RADIUS OF CIRCLE 
[UNIT: METER]---- RADIUS OF GYRATION OF MASS 

OF MASS 
R 
RI 

BETA [UNIT: DEGREE]--- ANGLE OF TANGENTIAL LINE OF ARC AT 
CREST TO VERTICAL 

NCR: = 0, OUTPUT IS FOR THE LOCATION AT SLIDING MASS CENTER; 

NSIGN: = 1, RECORD (AT) IS POSITIVE AS ASSUMED IN THE INPUT FILE; 
= 1, OUTPUT IS FOR THE LOCATION AT CREST 

=-1, RECORD (AT) IS POSITIVE INVERSELY AS ASSUMED IN THE 
INPUT FILE 

NA [INTEGER]-------- NUMBER OF RECORDING POINTS 
INDEX [INTEGER]-------- NUMBER OF RECORDING LINES 
MNA [INTEGER]-------- 8*MNA 

KREAD [INTEGER]-------- SPECIFIED RECORD FORMAT 
STEP [[UNIT: SECOND]-- TIME INTERVAL OF RECORD 

= 0, FORMAT(8F9.6,17) 
= 1, FORMAT( 1X,8F9.6) 
=2, FREE FORMAT, TWO VALUES PER LINE (TIME, ACCELERATION) 
=3, FREE FORMAT, NA VALUES OF ACCELERATION 

, 
I 



?T,W m: SECOND]- TIME 
EARTHQUAKE RECORDS [UNIT: GI: AT---TRANSVERSE COMPONENT, 

AV---VERTICAL COMPONENT. 
SLIDING---POSITIVE IN DOWNSLOPE DIRECTION. 

AV---POSITIVE IN UPWARD DIRECTION. 
IF SLIDING OCCURS ON THE UPSTREAM SIDE OF DAM: 

IF SLIDING OCCURS ON THE DOWNSTREAM SIDE OF DAM: 
AT---FOSI"VE IN DOWNSTREAM DIRECTION. 

AT---POSITIVE IN UPSTREAM DIRECTION. 

FOUTA---OUTPUT FILE NAME FOR ABSOLUTE MOTION OF BLOCK. 
FOUTS-OUTPUT FILE NAME FOR SLIDING MOTION OF BLOCK 

. . . - - . . 



.. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* *  YSLIP c * *  

* *  OF A SLIDING BLOCK ON A CIRCULAR ARC * *  
**  [INPUT MOTION: EARTHQUAKE RECORD] ** 

* *  ADVISOR: R.F.Scott * *  
* *  VAX VERSION 1.0: SEPTEMBER, 1986 ** 
* *  VAX VERSION 2.0: JUNE, 1990 * *  
* *  VAX VERSION 3.0: SEPTEMBER, 1991 * *  
* *  PC VERSION 1.0: AUGUST, 1992 ** 
*. PC VERSION 1.1: SEPTEMBER, 1992 * *  

**A COMPUTER PRO~FUM FOR NUMERICAL SIMULATION** 

* *  DEVELOPER: Liping Yan * *  

* *  * *  

I P  - 2 5 3  
%i l q  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

READ -- PHI,THETA, RC, R, RI 

READ -- BETA, NCR; NSIGN 

- 
READ -- NA,INDEX,MNA,STEP,KREAD 

READ -- ACCELERATION RECORD 

OUTPUT FILE FOR ABSOLUTE ACC. OF BLOCK WILL 
LIST ROW BY ROW OF: 
Time, Horizontal ACC., Alpha 

OUTPUT FILE FOR SLIDING MOTION OF BLOCK WILL 
LIST ROW BY ROW OF: 
Time, Sliding ACC., VEL., D1SP.-in INCHES ! 

YOU GOT IT ! THANKS FOR USING YSLIP C ! - 
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APPENDIX A 

COMPUTER SOFTWARE USED TO PREPARE CALCULATION PACKAGE 
RADIATION ATTENUATION EFFECTIVENESS AND COVER 

OPTIMIZATION WITH MOISTURJ3 EFFECTS (RAECOM) 

NRC, "Radon Attenuation Eflectiveness and Cover Optimization wish Moisture weas (RAECOM)", 
Computer Program prepared by Rogers and Associafes Engineering, Salt Lake City, Utah, for the US. 
Nuclear Regulatory Commission, Washingson, D.C. , 1984. 
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RPOIATION ATTENUATION EFFECTIVENESS 
AND @ER )PTIH~~ATIoN WITH-SL STURE EFFECTS ' 

THE RAECOM CODE 

c 2 a 

The one-dimensional, s teady-s ta te  radon d l f fus ion  code, RAEC0,(48) has  
been modified and updated. T h e  updated code, RAECM, i s  a FCRTRAN program 
which determines the radon f luxes  and concent ra t ions  i n  mlt i  layer  uranium 
t a i l i n g s  and cover systems using the mathematical formulat ion given i n  
Appendix A, and then opt imizes  the cover th ickness  t o  s a t i s f y  a given f t u x  
c o n s t r a i n t .  The numerical method of so lu t jon  i n  RAECOM is i d e n t i c a l  to 
t h a t  i n  RAECO. 

I n  proceeding through a ca l cu la t ion ,  f irst ,  the 0's a r e  c a l c u l a t e d  
from a c o r r e l a t i o n  i f  they a r e  not i n p u t  directly. Then the migra t ion  of 
radon is determined f o r  the specified cover c h a r a c t e r i s t i c s  and the rqdon 
concen t r a t ions  ( C )  and t h e  radon fluxes (3) a re  ca l cu la t ed .  The cover 
op t imiza t ion  is performeo y le ld ing  adjusted values  ( t )  f o r  the l a y e r  
t h i cknesses ,  The radon migrat ion ca l cu la t ions  a re  :hen repeated f o r  each J 
and C w i t h  t h e  ad jus ted  cover layer  thfcknesses, and t h e  resu l t in \ :  s u r f a c e  
f lux ,  3,. is tested aga ins t  the specified c r i t e r i o n ,  Jcr j t .  I f  t h i s  
c r i t e r i o n  is  satisfi'ed, the code proceeds to f l n a l  output .  I f  t h e  f l u x  
c r i t e r i o n  is not s a t i s f i e d ,  approor ia te  layer  thickneszes a r e  ad jus t ed  
w i t h i n  the specffied c o n s t r a i n t s ,  radon migration c a l c u l a t i o n s  a r e  
repea ted ,  and the surface radon f l u x  is agaiq tested aga ins t  :he f l u x  
c r i t e r i o n .  Thls process is repe3ted u n t i l  a l l  c r i t e r i a  a re  s a t i s f i e d .  The  
code then ou tpu t s  a l l  radon a t t enua t ton  data. If add i t iona l  cover systems 
are t o  be evalua ted ,  the RAECOM code will r e - i n i t l a l i z e  and perform the 
complete a n a l y s i s  f o r  the subsequent cover :)stems. Any number of cover  
systems can be analyzed by stacking da ta  sets. 

8.1 MODIFICATIONS . 

' d d i f l c a t i o n s  t o  RAECO t h a t  a r e  incorporated i n  RAECOM <n:lude: 

1. S o i l  moistures  (dry  we igh t  percent)  a r e  raad i n ,  t o  c a l c u l a t e  
the 0 of any layer  no t  i n p u t ,  using Equation 12. 

2. Tl-2 radon concent ra t ion  in t e r f ace  condi t l o n  Includes t h e  
effects of s o i l  moisture (Appendix A) .  

3. The Gfffuslon c o e f f i c i e n t  of the pore space, 0, a!d the 

di,rectly ins tead  of the bulk parameters 0 ,  = pD and Qe = pQ. 
' pore space radon source term, Q = R p E d P ,  a r e  read i n  

8-1 



4. 

5. 

.. . . - .._._. z - . .@lZ3/  p -  9 2 5  2: _. 

Q_sr;hL aS/oi /P6 

The optimization routine does not depend upon cost  parameters. 

If desired. the grogram w i l l  estiinate .:he entrance radon f l u x  
i n t o  layer 1, assumtng an 4nfinite:y thick subsoil underneath 
layer  1. 

" . 

8.2 INPUT DATA FORMAT FOR RAECOM 

All i n p u t  data is free format. The foll&ing f n p u t  is needcd f o r  
program operation. 

Card Set Number Card Description 

1 

2 

S i t e  Desfqnation Card - hn,. card w i t h  up b 80 
characters which designates the t a i l i n g s  cover 
system and r u n  l den t i f i ca t i sn ,  

Boundary Conditions and Cost Contr31 Parme= - 
One card containing s i x  p a r m t e r  values, each 
separated by c m a s  Sn the following order: 

, .  (1) N, Number of dist inct  t a i l j n g s  cover layers: 
w s i t 5 v e  intesrt, presently llmited t o  99. 

( 2 )  -FO1, Entrance radon f l u x  t o  layer 1. pCi/ds.  
I f  FO1 equals -1.. t h e n  FO1 i s  computed 
In t e rna l ly  for  an inf ini te ly  t h i c k  subsoil. 

( 3 )  C N 1 ,  Surface radon concentration a t  top of 

( 4 )  ICOST, Integer Cover Optimization Flag, 

system, p C f / l ,  

ICOST = 0 i f  no optimization is t o  be 
performed, otherwise, ICOST equals t h e  layer  
number t o  be optimized. ICOST cannot equal 1. 

CRITJ, Surface Flux Constraint f o r  
optimization, pCi/&, CRITJ = 0 for no 
constraint .  

( 6 )  ACC, Surface Flux Convergence Cri ter ion,  
f ract ion.  

, ( 5 )  

3, I - N  Individual Cover Layer Data Cards - One card f o r  
each t a i l i n g s  o r  cover layer. Each card is 
composed o f .  four parameters : 

(1) OX, The layer thickness i n  cm. 

8-2 



1 
. ' (2) 0 ,  Layer'radon diffusion coefficient, on2 s-1. 

( 3 )  p, Layer porosfty. 

(4) Q, Layer radon source term in  pC1 -3s-1. 

(5) M, Moisture content as' dry rt percent. 

I 

8.4 SAMPLE PROBLEM 

the Handbook i s  given below: 
']he output and input for the example problem described in .Table 2 of 

RAECOM CALCULATION OF MULTIREGION EXAMPLE 

1.JOOOE-QZ 0.wo 5.7300164 11.70 
7.8000E-03 0.3000 0.@004)E-01 6.30 

1 5oQ. 
2 50. 
3 100. 2 . r n E - 0 i  0.3700 0.0003M1 S.40 

0.7025 
0.7063 

' 3 I 143. 2.6011E+01 0.0000E-01 . 0.810 

1 m. 7.69371*01 , 1.67OIE~OS 
1 So. ~.S28SE*OI 4 . 6 1 9 8 w  

. 6-3 



e 

2 5  
1 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

THE RAECOM PROGRAM IS A SHORTENED AND UPDATED VERSION OF THE 

ORIGINAL RAECO PROGRAM (V . C . ROGERS ET. At. , UMTRA-DOE/ALO- 165. JUNE 

1981). THE COST CALCULATION SEGMENT OF IHE ORIGINAL PROGRAM HAS 

BEEN REMOVED. MODIFIED INPUT INCLUDES DIFFUSION COEFFICIENTS AND 

SOURCE TERMS FOR THE PORE SPACE. AND SOIL MOISTURES. 

ALSO CAN ESTIMATE DIFFUSION COEFFICIENTS FROM MOISTURES (V. C. ROGERS 

THE PROGRAM 

ET.AL. , UMTRA-DOE/ALO-193. NOV. 1982). INTEREACE CONDITIONS HAVE 

BEEN UPDATED (V .C .  ROGERS ET.AL.. FT. COLLINS: URANIUM MILL TAILINGS 

MANAGEMENT - 5. P. 369-382. 19821. THE MODIFICATIONS IN RAECOM, ME 

INPUT FORMAT, AND A SAMPLE PROBLEM ARE GIVEN IN NUREUCR-3533 (1984) .C 
C 
C 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCDEC - 1983CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

PROGRAM RAECOM 
C 
C DEFINE & INITIALIZE ARRAYS 
C 

IMPLICIf REAL*8 (A-H.0-2) 
CHAWCTER*80 H 
DIMENSION ALP(5O) .AIPlMI(SO) ,R(50) .A(245) .B(99) .G(245) .611(99). 

&AS(50> ,BS(50) .Q(50) .D(50) .P(50) ,T(SO) .U(50) .RR(50) ,DOX(50). 
&X(50) .RF(50) .RC(50) .DX(50> .RH0(50) .XM(99) .A4(50) .XMS(99) 
DATA RHO/SO*O.ODO/ , 

OPEN (UN IT-6. FILE=' RAECOM .OUT' , FORM=' FORMATTED * 1 
&NSAVE , XL/O .2.1D-6/ 

C CALL PSSIGN(6. 'LA: ' >  

3 



P 

C 
C READ RADON DIFFUSION DATA 
C 

OPEN(UNIT=5,FILE=’RAECOM. I N P ’ )  
READ(5.882) H 

READ(5,l) N. FO1. CN1, ICOST, CRITJl, ACC 
READ(5.2) (DX(I).D(I).P(I~.Q(I).XM(I).I=l.N) 

882 FORMAT(A80 ) 

1 FORMAT( 13.2F8.0. I3.2F8.0) 
2 FORMAT(5F10.0) 
NO3 = 0 
IF (ICOST.GT.0) NO3 = ICOST 
IF (ICOST.GT.0) ICOST = 1 
ITHK = 0 
NO2 = NO3 - 1 
NO1 = NO2 - 1 
NO4 = NO3 + 1 
FO = F01/10000. 
CN = CN1/1000. 
CRITJ = CRITJ1/10000. 
WRITE( 6,2222 1 H 

2222 FOWT(///// ’ ’ ,A801 
WRITE(6.888) N.FOl.CN1 

888 FORMAT(/, ’ ********** I N P U T P A R A M E T E R S 
&********* ’ , / / , ’ NUMBER OF LAYERS : ’ ,19X, 12, 
&I. ’ RADON FLUX INTO LAYER 1 : ’ ,12X ,610.3. ’ pCi/m2/sec’, / , 
& ’  SURFACE RADON CONCENTRATION : ’ .8X.G10.3. ’ pCi/liter’) 

675 F O R M A W . ’  LAYER’.I2,’ ADJUSTED TO MEET Jcrit  :‘,SX.G10.3 

676 CONTINUE 

IF (ICOST.EQ.0) GO TO 676 
WRITE(6.675) N03.CRITJl .ACC 

& ’+I- ’.610.3.. pCi/m2/sec’ , / )  

DO 100.1=1.N 
XM(1) = XM(I)*.Ol 

XMS(1) = RHO( I )*XM( I > / P (  I) 
IF (XMS(I).LE. .99> GO TO 678 

RHO( I) = 2.7D0*(1. DO-P( I)) 

T8 = XM(1) 
XMS(1) = .99 



XM(1) = XMS(I)*P(I)/RHO(I) 
WRITE(6.679) I .T8.XM(I) 

67 9 FORMAT( / .  ' LAYER'. 12. ' EXCEEDS SATURATION. MOISTURE ' , 

678 CONTINUE 
& 'CHANGED FROM' .F7.3.' TO' . F 7 . 3 . / / )  

IF(D( I ) . EQ. 0. )D( I)=. 07*DEXP( -4. *(XMS( I I*( 1. -Pi I )**2)+ 
& XMS(I)**5>) 

'100 A4(I) = 1. - .74*XMS(I) 
AB = DSQRT(XL/D(l)) 
RF( 1) = (Q( 1 )*P( 1) /AB )*TANH(AB*DX ( 1) ) 
IF (FOl.EQ.-l.) RF(1) = RF(1)/(1.+(.5*TANH(AB*DX(l)))/ 

& O.S/(DEXP(AB*DX(l))+DEXP(-AB*DX(I) 1 ) )  
IF (FOl.EQ.-l.) FO = -.S*RF(l)*TANH(AB*DX(l)) 
DDX(1) = DX(1) 
R C ( 1 )  = CN/A4(1) 
WR I Ti ( 6,341 RF ( 1 1 *10 0 00 . 

341 FORMAT( ' BARE SOURCE FLUX (Jo) FROM LAYER 1 : ' .G11.4. 
& '  pCi/m2/sec' ,//I 
WRITE( 6.887 1 
WRITE(6.850) (I.DX(I~.D(I).P(I).Q(II.lOO.*XM(I).I=l,N~ 

850 FORMAT(50(/ .2X. 12.5X.F6.0.8X. lPEll.4.7X. OPF7.4.7X. lPE11.4.7X. 
&OPF7.2 1 ) 
WRITE ( 6,886) 

886 FORMAT(//,' ***** R E S U L T S 0 F R A D 0 N D I F F U S 
I 

& 0 N 
887 FORMAT(' LAYER' .2X. 'THICKNESS' ,7X. 'DIFF COEFF' ,7X. 

& '  POROSITY .9X. 'SOURCE' .9X. 'MOISTURE ' . / .11X. ' (cm) ' .9X, 
& '  (cm2/sec) ' ,21X, ' (pCi /cm3/sec) ' ,1X. ' (dry A. percent ' ) 

Q(I> = Q(I3*P(II 
P(I) = P(I>*A4(I) 
D(I> = D(I>*P(I) 

C A L C U L A T I 0 N ** ' . /)  

DO 101 I=l.N 

101 CONTINUE 
IF (N.EQ.1) GO TO 110 
NM1 = N - 1 
NMZ = N - 2 
JTST = 1 
DDX(1) = DX(1) 



ALP(1) = DSQRT(XL*P(l)/D(l)) 
99 CONTINUE 

DO 58 It2.N 
58 DDX(1) = DX(I) 

C 
C MODIFY PARAMETERS FOR CODE LIMITS 
C 

SUMX = 0. 
SUMA = 0. 
SUMAX = 0. 
XRED = 0. 
XCHG = 0. 
X(1) = 0. 
xo = 0. 
SUMMAX = ALP(l)*O.X(l) 
IF (SUMMAX.LE.4.61) GO TO 60 

XRED = 4.61/ALP(l) 
FO = FO * DEXP(4.61 - SUMMAX) 
SUMMAX = ALP(1) * (DX(1) - XRED) 

60 CONTINUE 
IF (XRED.GT.0.) xCHG=DX(l)-XRED 
DO 345 I=l.N 

ALPI = DSQRT(XL*P(I)/D(I)) 
SUMX = SUMX + DX(1) 

SUMA = S U M  + ALPI 
ALSUM = ALPI * X(I+l) 
I F ( ALSUM . GE . SUMMAX 1 SUMMAX = ALSUM 
SUMAX = SUMAX + ALSUM 

X(I+1) = SUMX - XCHG 

345 ALP(1) = ALPI 

321 FORMAT( ’ LAYER THICKNESS OR DIFFUSION COEFFICIENT EXCEEDS LIMITS’ ) 
IF (SUMMAX . GT. 174.) WRITE(6.321) 

IF (SUMMAX.LE.87.) GO TO 500 
xo =suMAX/suMA 
DO 456 I=O.N 
X(I+l) = X(I+l) -xo 

456 CONTINUE 
500 CONTINUE 

C 



C 
C 

C. 
C 
C 

C 
. c  

C 

CALCULATE PARAMETERS FOR MATRIX 

SPECIFY MATRIX ELEMENTS AND SOLVE 

DO 20 I=l.NMl 
J = 5*1-4 
K = 2*I-1 
A(J) = DEXP( -2.*ALP( I)*X( I+1> 1 
A(J+l) -DEXP(AIPlMI(I)*X(I+l)) 

' A(J+2) = -DEXP(-(ALP(I+l)+ALP(I))*X(I+l)) 
A(3+3) = R( I)*DEXP( (ALP(I+l)+ALP(I) )*X(I+l)) 

B ( l 0  = T(1) 
A( J+4)' = RR( I )*DEXP ( -AIPlMI ( I) *X (  I+1) 

20 B(K+l) = U ( I )  
N5M4 = 5*N-4 
A( N5M4) = DEXP( -2. *ALP(N ) *X ( N + 1 )  ) 
N2M1 = 2*N-1 
B (N2M1) = (CN-Q( N)  / (P( N)*XL) )*DEXP( -ALP(N)*X(N+l) 

UPPER TRIANGULARIZE MATRIX 



30 BU(K+l) = (B(K+1) -BU(K))/G(J+Z> 
N5M6 = 5*N-6 
G(N5M6) = A(N5M6)-G(N5M6-2) 
G( N5M6+1) = (A( N5M6+1) -G( N5M6- 1) )/G(N5M6) 
N2M2 ' = 2*N-2 
BU(N2M2) = (B(N2M2) -BU(NZMZ-l) )/G(N5M6) 
G(N5M6+2) = A(N5M6+2) -G(NSM6+1) 
BS (N ) = (6( N2M1) -6U (N2M1-1) 1 /G( N5M6+2 1 
AS (N) = BU( N2M1- 1) -G( N5M6+1 )*BS (N)  
DO 40 I=l.NMZ 

J = 5*(M-I)-3 
K = 2*(N-11-1 
L = N-I 
BS ( L ) = BU (K) -G( J 1 *AS ( L+1) -G( J+l >*BS ( L+1) 

40 AS(L> BU(K-1)-6(3-2>*6S(L) 
BS(1) BU( l)-G(Z>*AS(Z)-G(3)"BS(Z) 
AS( 1) = (BS( 1 )*DEXP(-ALP(l)"X(l) 1 -FO/(ALP(l)*D(l> 1 )  
& *DEXP( -ALP( 1 )*X( 1) 1 

C 
C MATRIX SOLUTION COMPLETE 
C 

DO 147 1-1.N 
ALP1 = ALP( I >*X( I+1) 
AS1 = AS( I)*DEXP(ALPI 1 

RC ( I) = ASI+BSI+Q( I 1 / ( P( I )*XL) 
BSI = BS( I )*DEXP( -ALP1 

147 RF(1) = -D(I>*ALP(I)*(ASI-BSI) 
RC(N> = CN 
IF (ICOST.EQ.0) GO TO 45 
FOP = FO 
IF (FO.LT.1) FOP=l. 
IF (RF(l).LE.O.DO) RF(l)=l.DO 

IF (JTST.EQ.0) GO TO 44 
C ***- BEGIN COST OPTIMIZATION 



IF (CRITJ.GT.99.) GO TO 45 
IF (CRITJ.LE.0.) GO TO 45 

ABT7 = DABS(T7) 
IF (ABT7.LE.ACC) GO TO 45 
NTST = NO3 
IIJ = NO2 
IF (NTST.EQ.NSAVE1 GO TO 190 

T7 = (RF(N) -CRITJ)/CRITJ 

DXMAX = 0. 
OXMIN = 0. 
RFMAX = 0. 
RFMIN = 0. 
NSAVE = NTST 

190 CONTINUE 
C 
C SET LIMITS (DXMAX &OXMINI AND DO REGULA EALSI SEARCH FOR DX 
C 

200 

201 
0 

202 

203 
204 

46 
55 

56 

IF (T7) 200,45.201 
DXMAX = DXCNTST) 
RFMIN = RF(N> 
GO TO 202 
DXMIN = DX(NTST) 
RFMAX = RF(N) 
IF (DXMAX) 202.203.202 

GO TO 204 
DX(NTST) = DX (NTST)*( 1. +O .5*T7) 
CONTI NU€ 
IF ( RFMAX . EQ . 0 .I DX (NTST)=O. 5*DXMAX 
IF (DX(NTSTI.LE.1.) DX(NTST)=O. 
IF (DX(NTSTI.LE.1.) JTST=O 
IF (ITHK.EQ.0) GO TO 99 
T2T = 0. 
IF(N04.GT.N) GO TO 55 
DO 46 I3 = N04.N 
T2T = T2T+DX ( 13) 
IF(NO1 .LT.2) GO TO 47 
00 56 I3 = 2.N01 
TZT = T2T+DX( IJ) 

DX ( NTST) = DXM I N+( DXMAX-DXMI N 1 * ( WMAX-CRITJ ) / (RFMAX - RFMI N) 



. .. . a { .  47 CONTINUE 
T23 = DX(NTST1 
T2T = TZT+DX(NTST) 

C IF (NMIN.EQ.NTST) TZT=TZT+DX(IIJ)-DX(NTST) 
C I F  ( NMIN . NE. 0 1 DX ( NM I N =X ( N + 1 )  - X  ( 2 1 -T2T 
C I F  (DX(NMINI.GE.0.) GO TO 48 
C DX(NMIN1 = 0. I 
C 
C GO TO 99 

48 CONTINUE 

GO TO 99 
44 CONTINUE 
45 CONTINUE 

C 
C OUTPUT RESULTS 
C 

DX(NTST) = 0. S*(DX(NTST)+DDX(NTST) 1 

I F  (DX(NTST> .NE.T23) CRITJ=-l. 

110 WRITE(6,881) 
881 FORMAT(6X. ' LAYER' .3X. 'THICKNESS' .7X, 'EXIT -FLUX' .lox. 

&'EXIT CONC.',8X. 'MIC'./.18X.'(cm>'.7X.'(pCi/m2/sec)', 
&8X. '(pCi/liter)' . / )  

RXYZ = RF(I)*10000. 
CXYZ = RC( I )*1000. *A4( I) 

DO 884 1=1 .N 

884 WRITE(6.883) I .DDX( I) ,RXYZ .CXYZ.A4( I ) 
883 FORMAT(8X. I2.6X. F6.0.6X.lPE12.4,7X .E12.4,6X. OPF7.4) 

CLOSE ( UN IT15 1 
CLOSE(UNIT=6) 0 

END 
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ABSTRACT 

This document is a user's guide for a computer program entitled, 
"Landfill Air Emissions Estimacion Model, Version 1.1." This manual provides 
step-by-step guidance for using this program EO estimate landfill air 
emissions. The purpose of this program is to aid local and state agencies in 
escimaring landfill air emission rates for nomethane organic compounds and 
individual air tosics. This program will also  be helpful r o  landfill owners 
and operators affected by the upcoming New Source Performance Standard and 
Emission Guidelines for Municipal Solid Uasce Landfill A i r  Emissions. 

The model is based on the Scholl Canyon Gas Generation Hodel. which was 
used in 'the development of che soon-to-be proposed regulacion for  landfill air 
emissions. The Scholl Canyon Model is a first order decay equacion that uses 
site specific characreristics for escimating che gas generation rate. In the 
absence of site-specific data, the program provides conservative default 
values taken from the soon-to-be proposed NSPS for nev landfills and emission 
guidelines for existing l a n d f i l l s .  These default values may be revised based 
upon any future information collected by che Agency. 
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Reference: "Report of Workshop on Geosynthetic Clay Liners", United 
States Environmental Protection Agency, National Risk 
Management Research Laboratory, Cincinnati, Ohio, 
August 1995, in press. 

EVALUATION OF VARIOUS ASPECTS OF GCL PERFORMANCE 

R. Bonapane', M.A. Othman', N.R. Rad', R.H. Swan', 
and D.L. Vander Linde' 

INTRODUCTION 

The purpose of this paper is to briefly present the results of various activities 
that have recently been undertaken by the authors on the subject of geosynthetic 
clay liner (GCL) testing and performance evaluation. The subjects that are 
addressed are: 

field hydraulic performance of composite liners contahi.ng GCh; 

drained shear strength of hydrated GCLs at high normal stress; 

interface shear strength between unhydrated GCLs and textured 
geomembranes at high normal stress; 

hydration of GCLs adjacent to soil layers; and 

causes of failure of a landfill cover system containing a GCL. 

FIELD PERFO'kMANCE OF COMPOSITE LINERS CONTAINING GCLs 

Sources of Flow in LDS of Double-Liner System 

A double liner system consists of top and bottom liners with a leakage 
detection system (LDS) between the two liners. If the double-liner system is used 
in a landfill, it will also contain a leachate collection and removal system (LCRS) 
above the top liner. As part of an ongoing research investigation for the United 
States Environmental Protection Agency (USEPA), the authors have collected data 

GeoSyntec Consultants, 1100 Lake Hearn Drive, Atlanta, Georgia 30342 1 
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on the rates of liquid flow into the sumps of LCRSs and LDSs for a wide variety 
of double-lined waste management units located throughout the United States. 
Comparison of the rates of flow into the LCRS and LDS of a unit can be used to 
quantify the performance of the top liner (in terms of the ability to impede . 

advective transport of liquid through the liner). In essence, the LDS serves as a 
large lysimeter (i.e., collection pan) below the top liner. 

To make the evaluation, consideration must be given to the potential sources 
of liquid in the LDS. Gross et d. [1990] described the potential sources of LDS 
flow, which are (Figure 1): (i) leakage through the top liner; (ii) drainage of 
water (mostly rainwater) that infiltrates the leakage detection layer during 
construction but does not drain to the LDS sump until after start of facility 
operation (“construction water“); (iii) water expelled from the LDS layer as a 
result of compression under the weight of the waste (“compression water”); (iv) 
water expelled from any clay component of the top liner as a result of clay 
consolidation under the weight of the waste (“consolidation water”); and (v) for 
a waste management unit with its base located below the water table, groundwater 
infiltration through the bottom liner (“infiltration water”). 

Gross et al. [1990] and Bonaparte and Gross [1990] presented the following 
five-step approach for evaluating the sources of LDS liquid at a specific waste 
management unit. 

Identify the potential sources of flow for the unit based on double-liner 
system design, climatic and hydrogeologic setting, and unit operating 
history. 

Calculate flow rates from each potential source. 

Calculate the time frame for flow from each potential source. 

Evaluate the potential sources of flow by comparing measured- flow 
rates to calculated flow rates at specific points in time. 

Compare LCRS and LDS chemical constituent data to further establish 
the likely source(s) of liquid. 

Bonaparte and Gross [1990, 19931 used this five-step approach to evaluate 
the sources of LDS flow for 93 waste management units. Under a contract to the 
USEPA Risk Reduction Research Laboratory, the authors are currently 

<. performing this evaluation using new data from the facilities in the B o ~ p a r t e  and 
. -,*i Gross studies, as well as data from a significant number of additional waste 

management unik not included in the original studies. Preliminary results for 
waste management units with composite top liners containing GCLs are presented 
below. 

2 



\ GEOMEMBRANE 

Q = TOTAL FLOW 
Q = A + B + C + D  

A = TOP LINER LEAKAGE 
B = CONSTRUCTION WTER AND COMPRESSION WATER 

C = CONSOLIDATION WATER 
D = WATER FROM GROUNDWATER INFILTRATION 

Figure 1. Sources of flow from leak detection layers. 

LCRS and LDS Flow Data 

Flow rate data have been collected for 26 waste management units containing 
composite top liners consisting of a geomembrane overlying a GCL. The 26 
units are located-at six different landfill sites. Descriptions of the components of 
the liner systems used at these facilities are presented in Table 1 and flow rate 
data for the LCRSs and LDSs in the units are presented in Table 2. Average 
daily flow rates were calculated for both systems on a monthly basis by dividing 
the total amount of liquid extracted from the system during the month by the 
number of days in the month and the area of the waste management unit. Flow 
rates are reported in units of liter/hectare/day (lphd). The volume of flow used 
in the calculation was typically obtained from the landfill operator, with flow 
measurements most often measured using accumulating flow meters. The 
reported flow volumes should be considered approximate. 
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Figure 2 shows LCRS and LDS average daily flow rate data for a municipal 
solid waste management unit, located in Pennsylvania, that was active for 56 
months. Subsequently, a final cover system containing a geomembrane was 
placed over the entire unit. Flow data for the 56-month operational period and 
a 25-month post closure period were obtained and analyzed. As Figure 2 shows, 
flow rates in both systems were highest immediately after the start of waste 
placement and thereafter decreased with time. During the first twelve months of 
operation, the average rate of flow into the LCRS sump decreased from 12,700 
to 180 lphd. After that time, the LCRS flow rate stabilized and during the 
following 44 months, the rate of flow into the LCRS sump varied between 10 and 
170 lphd. After final closure, the flow rate decreased even further, to between 
10 and 80 lphd. 

As illustrated in Figure 2, waste management unit development can be 
divided into three distinct periods. During the first period, herein referred to as 
the. "initial period of operation", LCRS flow rates may be relatively high. High 
flows during this period are attributed to the Occurrence of rainfall into a unit that 
initially contains little waste. To the extent rainfall occurs during this period, it 
will find its way rapidly into the LCRS. Obviously, the amount of LCRS flow 
during this period is highly dependent on climate. A lag exists between the time 
liquid first enters the LCRS and when it flows into the LCRS sump. The 
magnitude of the lag is largely dependent on the hydraulic characteristics (Le., 
the length and slope of the LCRS and the hydraulic conductivity of the LCRS 
drainage material). Most available data indicate a decreasing LCRS flow rate 
with time during the initial period of operation. During the second period, 
referred to herein as the "active period of operation", the rate of flow into the 
LCRS continues to decreases and eventually stabilizes. This occurs as the amount 
of waste in the unit increases and as daily and intermediate layers of cover soil 
are placed. This trend in flow rates is also dependent on the type of waste but 
is likely representative of the trends observed at most new landfills, excluding 
those that accept sludges or other high moisture content wastes. During the "post 
closure period", the final cover system further reduces infiltration of rainwater 
into the waste, resulting in a further reduction in LCRS flow. Final covers 
containing geomembranes can, if functioning properly, virtually eliminate 
rainwater infiltration. 

LDS flow rates for the waste management unit in Figure 2 were highest (860 
lphd) at the beginning of operations and decreased in the following few months, 
becoming very low (Le., less than 10 lphd) within approximately 15 months afrer 
the start of unit operation. The decrease in LDS flow with time is expected 
because: (i) flow rates in the LCRS during this time period decreased, and 
therefore, the potential for leakage through the top liner also decreased; (ii) most 
construction water initially present in the LDS flowed to the LDS sump in the 
first few weeks to months of unit operation; and (iii) the volume of compression 
and consolidation water for this waste management unit should be very small. 
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Figure2. LCRS and LDS flow rates at a modem MSW landfrll in 
Pennsylvania. 
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Table 2 summarizes LCRS and LDS flow data for the 26 waste management 
units containing GCLs in their composite top liners. Average and peak flow rates 
are reported for the three time periods described above. Table 2 shows that 
between the initial and active periods of operation, LCRS flow rates decreased 
one to two orders of magnitude and LDS flow rates decreased one to three orders 
of magnitude. Reported peak LCRS flow rates were up to 5 times the average, 
while peak LDS flow rates were up to 20 times the average. Table 3 presents the 
mean values of average and peak flows for the database. 

LCRS 

Initial Period of Operation 

Active Period of Operation 

Post-Closure Period 

Table 3. Mean values of flow for the data in Table 2 (Note: m = mean value; 
Q = standard deviation; values are in liter/hectare/day). 

Number Average Flow Rate Peak Flow Rate 
of Units 

m 4 m 4 

25 5,350 3,968 14,964 11,342 

18 276 165 752 590 

4 124 - 266 - 

LDS 
r 

Initial Period of-Operation 

Active Period of Operation 

Post-Closure Period 

Number Average Flow Rate Peak Flow Rate 
of units 

m U m 4 

26 36.6 68.5 141.8 259.9 

19 0.7 1.1 7.7 13.7 

4 0.2 - 2.3 
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Top Liner Hydraulic Efficiency 

100.00 
100.00 
99.55 
100.00 

Table 4 summarizes calculated "apparent" efficiencies for the composite top 
liners of the 26 waste management Units presented in Table 2. Liner apparent 
efficiency, AE, is calculated using the following equation: 

D1 
D2 
El 

'F1 
F2 
F3 

AE (5%) = (1 - LDS Flow Rate / LCRS Flow Rate) x 100- (Equanon 1) 

100.00 

Table 4. "Apparent" efficiencies of composite liners containing GCLs''). 

Median 

Cell No. 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
A1 1 
A12 
A13 
A 14 
A15 
A16 
B1 
c 1  
c 2  

E Median 

Cells w 
Initial Period 
of Operation 

(%) 

100.00 
99.90 
98.97 
96.01 
97.23 
98.58 
99.37 
99.02 
99.91 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 

'.- 94.57 
97.94 
91.84 

19 

91.84 - 100.M 

98.60 

99.90 

Sand LDS 11 Cells wi 
Active Period 
of Operation 

(%) 

100.00 
99.33 
98.71 
98.75 
97.50 
100.00 
99.20 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
100.00 
99.29 

17 

97.5 - 100.00 

99.58 

100.00 

39.55 - 100.00 Range 3k 

GT/GN LDS 
~ 

Initial Period 
of Operation 

(%) 

99.98 , 

100.00 
99.95 
100.00 
99.95 
99.90 

6 

99.90 - 100.M 

99.96 

99.97 

Notes: (I) Apparent Efficiency = (1 - LDS Flow / LCRS Flow) x 100 % 
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This liner efficiency is referred to as "apparent" because, as described above, 
flow into the LDS sump may be attributed to sources other than top liner leakage 
(Figure 1). If the only source of flow into the LDS sump is top liner leakage, 
then Equation 1 provides the "true" liner efficiency. Liner efficiency provides 
a measure of the effectiveness of a particular liner in limiting or preventing 
advective transport across the liner. 

Table 4 presents calculated AE values for waste management units with sand 
LDSs (Landfills A, B, and C). For these units, the apparent efficiency is lowest 
during the initial period of operation (AE, = 98.6 percent; where AE, = mean 
apparent efficiency) and increases SignSicantly thereafter (AE,,, = 99.58 percent 
during the active period of operation and AE, = 99.96 percent during the post 
closure period). The lower AE, during the initial period of operation can be 

. attributed to LDS flow from construction water. For units A, B, and C, 
calculated AE values during the active period of operation and the postclosure 
period may provide a reasonably accurate indication of true liner efficiency for 
the conditions at these units during the monitoring periods. It should be noted, 
however, that the true efficiency of a liner is not constant but rather a function' 
of the hydraulic head in the LCRS and size of the area over which LCRS flow 
is occurring (the area is larger at high flow rates compared to low flow rates). 

Table 4 also presents calculated AE values for waste management units with 
geonet LDSs (Landfills D, E, and F). The available data are limited to the initial 
period of unit operation. As shown in Table 4, AE, for the six units with geonet 
LDSs is 99.96 percent. This value is much higher than the AE, of liners of cells 
with sand LDSs for the same facility 0perati0~1 period (Le., 98.60 percent). 
This higher efficiency can be attributed to the differences in liquid storage 
capacity and hydraulic transmissivity between sand and geonet drainage materials. 
A granular drainage layer can store a much larger volume of construction water 
and releases this water more slowly during the initial period of operation than 
does a geonet drainage layer. This suggests that, during the initial period of 
operation, the main source of flow in a sand LDS underlying a composite top 
liner containing a GCL is construction water. 

Conclusions on Field Petfonnance of Composite Liners Containing GCLs 

From Table 2, LDS flows attributable to top liner leakage very from 0 to 50 
lphd, with most values being less than about 2 lphd. These flow rates are very 
low. The data shown in Table 4 suggest that the true hydraulic efficiency of a 
composite liner incorporating a GCL may be greater than 99.90 percent. A liner 
with this efficiency, when appropriately used as part of an overall liner system, 
can provide a very high degree of liquid containment capability. . 
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SHEAR STRENGTH OF HYDRATED GCLs 

Overview 

- 2 5  3 

a -  

For a recent project, the authors were concerned with the long-term drained 
shear strength of hydrated GCLs at normal stresses in the range of 240 to 720 
P a .  Drained shear strengths are applicable to long-term design and the range of 
considered normal stresses is applicable to conditions in a liner system at the base 
of a landfill. A testing program to evaluate the long-term drained shear strength 
of GCLs was undertaken and this program is ongoing. To develop interim values 
for preliminary design, the authors reviewed and analyzed available data from the 
technical literature on the consolidateddrained (CD) shear-strength of GCLs. 
The findings of this review are presented below. 

Required Deformation Rates to Achieve CD Conditions 

To achieve consolidated drained (CD) test conditions, direct shear tests must 
be carried out at a very slow rate of shear displacement. The required 
displacement rate can be estimated using the well-known time-to-failure equation 
specified in American Society of Testing and Materials (ASTM) standard test 
method D 3080: 

t , = 5 0 b  (Equation 2) 

where: = time required for the test 
specimen to achieve 50 percent primary consolidation under the specified normal 
stress, or increment(s) thereof. Using t, from consolidation tests and an estimated 
failure displacement 6,, the required shear displacement rate, 4, can be calculated 
using the equation: 

= total elapsed time to failure(s); and 

Shan [ 19931 performed one-dimensional consolidation tests on the GCL products 
Claymax', Gundseal', Bentomat', and Bentofix'. He evaluated t values for each 
product. The results of his evaluation are provided in Figure 3. With reference 
to this figure, at normal stresses in the range of 240 to 720 kPa, 4 values are in 
the range of about 100 to 400 hours. If it is assumed that a displacement of 25 
mm is needed to achieve peak shear stress conditions, a required shear 
displacement rate of 0.05 to 0.25 mm/s is calculated. Only test results conducted 
at shear displacement rates that satisfy Equations 2 and 3 and the data from Shan 
E19931 should be considered to represent CD conditions. Test results at faster 
rates will yield lower 
development during the 

4D 
shear strengths as a result of positive pore pressure 
shearing phase of the test. 
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Figure 3. Relationship between time to failure of GCLs in direct shear tests 
and normal stress (from Shan, 1993; Note: 1 psi = 6.9 kPa). 

It is noted that direct shear tests on GCLs are often performed in general 
accordance with the standard test method ASTM D 5321 (“Detennining the 
Coeffscient of Soil and Geosynthetic or Geosynthetic and Geosynthetic Friction by 
the Direct Shear Method“). This method provides the following guidelines for 
selecting shear displacement rates for tests involving soils: 

“ I  I .  6 Apply the shear force using a constant rate of displacement that is 
slow enough to dissipate soil pore pressures, as described in Method D 3080 
(Note 9). If excess pore pressures are not anticipated, and in the absence 
of a material specification, apply the shear force at a rate of 1 mm/min (0.04 
in. /men). ” 
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The foregoing requirement calls for performing direct shear tests involving soils 
at a shear displacement rate in conformance with ASTM D 3080 if pore pressures 
are anticipated. For the soil component of GCLs (Le., sodium montmorillonite), 
significant pore pressures wil! certainly be generated if the GCL is sheared at 
rates faster than those satisfying Equations 2 and 3. Interestingly, however, most 
test data available in the published literature were generated at the default shear 
displacement rate of 0.017 d s .  Data generated at the default shear 
displacement rate are considered to reflect "undrained" or "partially-drained, " and 
not "fullydrained, conditions. 

Review of Available Infonnation for  Unreinforced GCLs 

For purposes of shear strength characterization, two different categories of 
GCL can be considered: GCLs that do not contain internal reinforcement 
(hereafter referred to as unreinforced GCLs) and those that do (hereafter referred 
to as reinforced GCLs). Published information relevant to the CD shear strengths 
of unreinforced GCLs is very limited. The available information is summafized 
below. 

Daniel and Shan [1991] and Shan and Daniel [1991] reported CD direct 
shear test results for the GCL product Claymax'. Tests were performed 
using 60-mm diameter specimens and a shear deformation rate of 5 x 
10" d s .  Test results have been interpreted herein in terms of "peak 
@)" and "large-displacement (Id)" normalized shear strengths. Peak 
displacements in these tests were 0.5 to 5 mm with the largest 
displacement corresponding to the lowest normal stress; the reported 
"ld " shear strengths correspond to shear displacements of approximately 
6 to 9 mm. Results from the tests are as follows: 

17/(I& AIL 
0.236 13.3" 34 0.236 13.3" 

69 0.238 13.4" 0.209 11.8" 
100 0.194 11 .O" 0.165 9.4" 
140 0.178 10.1 " 0.137 . 7.8" 

(I, (Wa) (7/dQ Qn 

where: (I, = normal stress on the shear plane at failure p a ) ;  7 = 
shear stress on the shear plane at failure Wa) ;  and 4 = secant friction 
angle (dimensionless), calculated as the inverse tangent of do,. It is 
noted that t$ should also be interpreted as a measure of normalized shear 
strength and not as a "true" indication of internal fiction. This data 
interpretation is illustrated in Figures 4 and 5. 
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Figure 4. Log-linear regression analysis for peak CD conditions. 

Figure 5 .  

0 m 

NORMAL STRESS, On (Wa) 

Log-linear regression analysis for largedisplacement CD 
conditions. 
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Daniel and Shan [1991], Daniel et al. [1993], and Shan [1993] reported 
direct shear CD test results for the GCL product Gunheal.. Tests were 
performed using 60-mm diameter specimens and a shear deformation 
rate of 5 x 106 mm/s. Test results have been interpreted herein in 
terms of peak and large-displacement normalized shear strengths. 
Typical peak displacements in these tests were 2 to 4 mm with the 
largest displacement corresponding to the lowest normal stress; the 
reported "ld" shear strengths correspond to shear displacements of 
approximately 9 to 12 mm. Results from the tests are as follows: 

A- 
27 0.275 15.4" - - 
44 0.300 16.7" 0.231 13.0" 
61 0.256 14.4" 0.227 12.8" 

100 0.223 12.6" 0.169 .9.6" 
140 ' 0.181 10.3" 0.164 9.3" - 

The direct shear test results from Daniel and Shan are plotted in Figures 4 
and 5 for "peak" and "large displacement" shearing conditions, respectively. 
Regression equations were developed to describe the test.results. It is interesting 
to note the lesser amount of scatter in the results for the largedisplacement 
shearing conditions compared to the peak shearing conditions. 

The test results in Figures 4 and 5 only cover the stress range between 24 
and 144 @a. Even at these relatively low normal stresses, GCL CD shear 
strengths exhibit significant normal stress dependency. A basis is needed for 
extrapolating this stress dependency to higher normal stress. This basis was 
derived from published information from the soil mechanics literature on the 
shear strength of sodium montmorillonite. This information is summarized 
below. 

_. 
Mesri and Olson [1970] and Olson [1974] reported the results of 
consm-t rate-of-strain CD and consolidated-undraid (with pore 
pressure measurement) triaxial compression tests on homionic sodium 
montmorillonite consolidated from a slurry (Figure 6); approximate 
effective-stress normalized. shear strengths and secant friction angles 
derived from the tests are as follows: 

un &Pa) W!Z$ AL 

72 0.21 12" 
170 0.14 8" 
340 0.10 6" 
530 0.07 . 4" 

._ 
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Figure 6. Effective-stress failure envelopes for calcium and sodium 
montmorillonite from CD and CU triaxial tests (from Mesri and 
Olson, 1970; Note: 1 psi = 6.9 Wa). 

Mitchell [1993] presented residual shear strength data for 
montmorillonite from Kenney [ 19671 and Chattopadhyay [ 19721. 
Inspection of the residual shear strength data shown in Figure 7 reveals 
several significant points: 

the residual friction angle exhibits significant stress dependency 
over a wide range of normal stress; stated differently the residual 
failure envelope is curved over a wide range of normal stress; 

there may exist a normal stress above which the residual friction 
angle is independent of n o d  stress; based on Figure 7, this 
normal stress may be on the order of 480 kPa for sodium 
montmorillonite; and 

the residual friction angle of montmorillonite is dependent on the 
dominant exchangeable cation and the soil pore chemistry; the 
smallest measured residual friction angle given in Figure 7 is 3" 
for homionic sodium montmorillonite in distilled water. 

The GCL regression lines from Figures 4 and 5 are plotted along with the 
Mesri and Olson [1970] data in Figure 8. Reasonable agreement is observed 
between the Mesri and Olson data and the extrapolated regression lines for the 
unreinforced GCL. Also shown on this figure are the residual shear strengths for 
sodium montmorillonite developed by KeMey [ 19671 and Chattopadhyay [ 19721 
as reported by Mitchell [1993]. These latter results further support the 
extrapolations presented in Figure 8. 

16 000193 



(2) DATA FROM BISHOP el al (1971) 
(3) DATA FROM CWlTOPADHYAY (1972) 

Figure 7. 
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Residual effective-stress friction angles for clay minerals (from 
Mitchell, 1993; Note: 1 .psi = 6.9 kPa). 

Figure 8. 

. . _  ' 2,- NORMAL STRESS, a, (kPa) 

Comparison on montmorillonite shear strength data and GCL log- 
linear regression lines. 

.i 
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Review of Available Information for  Reinforced GCLs 

The authors were unable to find any information in the published technical 
literature on the CD shear strengths of reinforced GCLs at high normal stress. 
A few CD tests'performed at low normal stress have been reported by Daniel and 
Shan (19911 for the product Bentomat". These results cannot be extrapolated to 
higher normal stress, however, due to the current limited understanding of the 
effect of reinforcing fibers on the shear displacement-shear resistance-normal 
stress relationship for this type of material. 

The authors have performed a limited number of consolidated-quick (CQ) 
direct shear tests on reinforced GCLs at normal stresses in the range of interest. 
Quick tests were performed at a displacement rate of 0.016 mm/s. W e  not 
"truly undrained" due to the lack of boundary drainage control in the direct shear 
test, the specimens in these tests will only undergo very limited pore pressure 
dissipation during the shear phase of the test due to the high rate of shear 
displacement. Due to these pore pressures, CQ tests at a given consolidation 
stress will result in lower GCL shear strengths than obtained from true CD tests 
at the same normal stress. CQ tests may therefore be considered to provide a 
lower bound of the CD shear strength of reinforced GCLs. 

The results of the CQ direct shear tests on reinforced GCLs indicate 
relatively high peak shear strengths followed by a significant degree of shear 
softening (Le., post peak decrease in shearing resistance). A typical test result 
is illustrated in Figure 9. Normalized 
strengths, and the ratio of the two (#) for 
below: 

Q.. 
Bentomat" . 29" 
Bentofma 31" 
Claymax" 500SP 13" 

peak and large displacement shear 
a normal stress of 480 H a  are given 

loo( 4 ) 0.32 
la0( 4 ) .  0.48 
6"( 4 1 0.45 

In the above table the downward arrow ( 4 ) indicates that the GCL shearing 
resistance was decreasing at the end of the test (Le., at a shear displacement of 
40 to 50 mm). The # values reported above are low, generally in the range of 
0.3 to 0.5. In contrast, # values for the CD direct shear tests on unreinforced 
GCLs were higher, typically in the range of 0.7 to 1.0. The &, values reported 
above are somewhat larger than those obtained for the unreinforced GCLs. 
However, as noted above, observation of the shear forcedisplacement plots for 
the tests indicates that the shear stresses applied to the sample were decreasing 
at the ends of the tests, which typically occurred at a displacement of 40 to 50 
mm. This observation, coupled with observations of the tested samples, that the 
GCL reinforcing fibers and stitching were still partially intact at the time the test 
was terminated, suggests that residual CD and CQ shear strengths of reinforced 
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GCLs may not be much larger than those of unreinforced GCLs. Clearly, testing 
is required to establish the large-displacement, high normal stress behavior of 
these materials, and to identify differences in product behavior based on 
differences in montmorillonite properties and reinforcing characteristics. 

E 
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Figure 9. Results of CQ direct shear tests on reinforced Bentofix GCL. 

Interim Design Values .. 

Unreinforced GCLs: Based on the information presented in Figure 8, the 
authors used the following interim guidelines for performing liner system stability 
analyses for long-term drained conditions, for potential slip surfaces that involve 
internal shearing of unreinforced GCLs. These guidelines further assume that the 
GCL will hydrate through adsorption of water from an adjacent subgrade soil 
layer. 

I 

Slope stability analyses are performed using: (i) peak internal GCL 
shear strengths and a minimum slope-stability factor of safety of 1.5; 
and (ii) large-displacement internal GCL shear strengths and a minimum 
slope-stability factor of safety of 1.15. 
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Using the regression equation presented h Figure 4, peak normalized 
shear strengths are: . . 

96 0.214 12.1 " 
240 0.157 8.9" 

b 480 0.114 6.5" 
720 0.106 6.1" 

Using the regression equation presented in Figure 5 ,  largedisplacement 
normalized shear strengths are: 

96 0.178 10.1 O 

240 ' 0.116 6.6" 
480 0.070 4.0" 
720 0.052 3.0" 

For the large displacement strengths, a minimurn friction angle cutoff of 3" 
was assumed based on the test results reported by Mitchell [1993], presented in 
Figure 7. 

The normalized shear strengths given above are relatively low, and their use 
may be viewed by some as overconservative. This view should be tempered with 
the realization that the largedisplacement GCL shear strengths reported in the 
technical literature do not represent true residual minimums (due to the limited 
displacement of the direct shear apparatus) and no allowance has been made for 
the possible effects of drained creep of the GCL under workmg stress conditions. 
Furthermore, the available CD direct shear test results for unreinforced GCLs 
correlate well with the triaxial compression test results for sodium 
montmorillonite from Mesri and Olson [1970] and Olson [1974] (Figure 6). 
Finally, it is noted that the foregoing approach, which utilizes a.-smaller slope 
stability factor of safety with the large displacement shear strengths than the 
factor of safety used with the peak shear strengths, is similar to the approaches 
advocated by Byrne [1994] and Stark and Poeppel [1994]. 

Reinforced GCLs: Recognizing the lack of data on the CD strength of 
reinforced GCLs at high normal stress, the complex behavior and high degree of 
shear-softening exhibited by these products, the authors utilized the same factors 
of safety and GCL long-term shear strengths for reinforced-GCLs as for 
unreinforced GCLs. It is recognized that this assumption is conservative. 
However, given the limitations with respect to the available reinforced GCL test 
data (e.g., the technical literature does not contain any "true" CD direct shear test 
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results for reinforced GCLs at high normal stress) and the other factors discussed 
above, the authors believe the assumption was prudent. 

SHEAR STRENGTH OF GCLGEOMEMBRANE INTERFACES 

Direct Shear Testing Program 

For a project located in the desert of southeastern California, the authors 
performed 14 interface direct shear tests on unhydrated GCL-textured HDPE 
geomembrane interfaces. The tests were performed in a 300 mm x 300 mm shear 
box following procedures in general accordance with ASTM D 5321. Three 
different GCLs were tested. The geomembrane used in the tests was from a 
single roll of material and samples were selected based on visual observation of 
a consistent degree of texturing. The tests were carried out in a manner that 
allowed shearing either at the GCL interface or internally within the GCL 
bentonite layer. Tests were carried out at normal stresses ranging between 
approximately 350 and 1,920 P a .  Sliding in the tests consistently occurred at 
the interface and not within the GCL. Thus, the test results correlate to interface 
failures and at the same time provide conservative lower bound hydra t ed  shear 
strengths for the tested GCLs under the project testing conditions. 

Typical test results are presented in Figure 10 and mmmamed ' in Table 5. 
The tests correspond to two shearing rates, namely 0.016 mm/s and 0.0007 
mmh. Interface friction angles obtained from the tests at the slower shearing rate 
are 1 O to 2" lower than interface friction angles obtained from tests at the higher 
shearing rate. The test results also reveal an interface shear strength stress- 
dependency with secant interface friction angles 5" to 10" lower at 1,920 kPa 
than at 350 P a .  The interfaces exhibited only minor amounts of shear softening 
(typically less than 1 to 2") at test displacements of up to about 50 mm. 

Comment on Results 

The foregoihg interface direct shear test results illustrate the ranges of shear 
strengths obtained and several of the factors that affect this strength including 
normal stress, displacement rate, and magnitude of displacement. 

The authors note that they have observed relatively wide variances in the 
degree of texturing of geomembranes, even from a given manufacturer. The 
degree of texturing significantly influences the interface shear strength. Thus, the 
strength values reported above should not be considered appropriate for design. 
Interface shear strengths for design should be established on a project-specific 
basis and construction-phase quality control testing should be used to establish 
that materials delivered to the construction site can achieve the interface strengths 
established during design. 
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Figure 10. Results of direct shear tests on unhydrated Bentofm GCL-textured 
HDPE geomembrane interface. 

HYDRATION OF GCLs ADJACENT TO SOIL LAYERS 

Overview of Testing Program 

The authors conducted an extensive laboratory testing program to evaluate 
the potential for hydration of GCLs placed against a compacted subgrade soil 
layer. Hydration tests were performed on three different GCL products to 
evaluate the effects of (i) test duration (Le., hydration time); (ii) soil initial water 
content; (iii) thickness of soil layer; and (iv) overburden pressure. Three 
commercially -available GCL products, namely, Claymax@, Bentomat@, and 
Bentofuc" were used in the testing program. The soil used in the testing program 
was obtained from the USEPA GCL Field Test Site at the ELDA-RDF facility 
in Cincinnati, Ohio. This material is classified as low plasticity clay (CL) based 
on the Unified Soil Classification System (USCS). Tests were performed on two 
different soil samples and consistent results were obtained between samples. The 
results reported herein were obtained from tests on a sample with 99 percent of 
the soil passing the U.S. No. 200 standard sieve and 33 percent smaller than 2 
pm (clay fraction). The liquid limit .of the soil is 41 and the plasticity index is 
19. The soil has an optimum moisture content (OMC) of 20 percent and a 
maximum dry unit weight of 16.7 kN/m3 based on the standard Proctor 
compaction method (ASTM D 698). 
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Testing Apparatus and Procedure 

Figure 11 shows the apparatus specially designed to conduct the GCL 
hydration tests. The apparatus consists of a. polypropylene mold 75 mm in 
diameter and 150 mm in height. A geomembrane/GCL/soil composite specimen 
is placed in the mold and covered with two layers of a thin vapor barrier. A 
loading platen is placed on the specimen for application of overburden pressure. 

To process the soil, it was first passed through a U.S. No. 4 standard sieve. 
The soil was then moisture conditioned to achieve the desired moisture content. 
The moist soil was placed in the mold in a loose condition and statically 
compressed to 50-mm thick lifts. The soil was compacted to a dry unit weight 
equal to approximately 90 percent of the maximum dry unit weight based on the 
standard Proctor method (ASTM D 698). Two soil lifts were used giving a total 
thickness of 100 mm. The GCL and geomembrane specimens were carefully 
trimmed from the same sheets. The initial moisture content of the GCL was 
measured by taking a small sample from the same GCL sheet and measuring its 
weight before and after oven drying. The initial moisture content of the GCLs 
varied between 15 and 20 percent. 

DOUBLE LAYER 
MOISTURE 
BARRIER 1 

GEOSYNTHETIC 
CLAY LINER 

,/ L E N G  WEIGHTS 
EN APPLICABLE) 

Figure 11. Simplified diagram of GCL hydration test set-up. 
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The GCL and geomembrane were placed on the soil and covered with the 
vapor barrier. The side of the GCL placed against the soil was woven in the case 
of Claymaxa and nonwoven for Bentomat@ and Bentofur@., Overburden pressure 
of 10 kPa was applied on the composite specimen utilizing standard weights 
which were placed on the loading platen. The entire apparatus was then placed 
in a temperature and humidity controlled room for the desired hydration time 
period. At the end of the hydration period, the test specimen was removed and 
the water content of the GCL and soil were measured. The final moisture content 
of the GCL was measured by weighing the entire GCL specimen before and after 
oven drying. The final moisture content of the soil was measured as the average 
water content of three samples obtained from the top, middle, and bottom of the 
soil specimen. 

Testing Conditions and Results 

As previously described, test conditions were varied to evaluate the effects 
of several factors on the.hydration of GCLs. To evaluate the effect of test 
duration, tests were performed where the GCL was in contact with the soil for 
5,  25, and 75 days. Soil specimens were compacted to initial moisture contents 
equal to OMC, 4 percentage points dry of OMC, and 4 percentage points wet of 
OMC to evaluate the effect of soil initial moisture content on GCL hydration. 

Figures 12, 13, and 14 present the results of the hydration tests for the GCL 
products Claymax@, Bentomat@, and Bentofma, respectively. These figures show 
that the moisture content of all three GCLs increased significantly as a result of 
contact with compacted subgrade soil. The increase in GCL water content was 
significant after only five days of hydration. With increasing time, GCL water 
content continued to increase at a decreasing rate. For most tests, GCL water 
content reached a maximum value after about 25 days of soil contact and for 
some of the tests water content continued to increase even after 75 days of 
hydration. It is interesting to note that all three GCL products showed relatively 
similar behavior. Increases in water content were comparable for the three GCL 
products despite differences in GCL fabric (Le., woven vs. nonwoven) and types 
of bentonite clay-used to manufacture the GCLs. 

Figures 12, 13, and 14 illustrate the influence of soil subgrade initial 
moisture content on the hydration of GCLs. From these figures, it is evident that 
the moisture content of the GCL for any particular hydration time increases as the 
initial moisture content of the soil increases. These figures also show that a small 
increase in soil initial moisture content can have a significant impact on GCL 
moisture content. For example, after 75 days of hydration, the moisture content 
of Clay-@ was approximately 16 percent higher when the initial moisture 
content of the soil was equal to OMC than when it was 4 percentage points drier 
than OMC. This behavior is expected because more water is available in the soil 
for the GCL to hydrate. 
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Figure 12. Increase in GCL moisture content due to contact with compacted 
subgrade soil: Clayma@ with woven geotextile against soil. 
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Figure 13. Increase in GCL moisture content due to contact with compacted 
subgrade soil: Bentomat? with nonwoven geotextile against soil. 
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Figure 14. Increase in GCL moisture content due to contact with compacted 
subgrade soil: Bentof=@ with nonwoven geotextile against soil. 

The examination of the curves shown in Figures 12, 13, and 14 shows that 
the time required for the GCL to reach its final moisture content is less in the 
case of a dry soil than in the case of a wet soil. At the lowest soil initial 
moisture content tested, GCL moisture content ceased to increase after about 5 
to 25 days. At the highest initial moisture content tested, the Bentomat@ and 
Bentofma GCLs continued to increase in moisture content after 75 days of 
hydration. 

To evaluak-the effect of soil layer thickness, specimens were prepared using 
50, 100, 150, and 200 mm of soil thickness. Soil initial moisture content was 20 
percent and dry unit weight was 14.9 kN/d for all specimens. Figure 15 shows 
the results of hydration tests for the Bentof=@ GCL after 25 days of hydration. 
The GCL moisture content increased with the increase of the soil layer thickness. 
However, it appears that only a small change in moisture content increase occurs 
for thicknesses greater than 100 mm. 

The effect of overburden pressure on GCL hydration is illustrated in Figure 
16 for the Bentofma GCL. As shown in this figure, overburden pressure in the 
range of 5 to 390 kPa did not significantly affect the rate of GCL hydration 
during the 25day test duration. 
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Figure 15. Influence of subgrade soil layer thickness on GCL moisture 

content. 

8 - 
OVERBURDEN PRESSURE (pa) 

Figure 16. Influence of overburden pressure on the increase in GCL moisture 
content. 
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Summary 

From the testing program results described above, the following can be 
concluded: 

GCLs will hydrate when placed in contact with subgrade soils 
compacted within the range of moisture contents typically found in 
earthwork construction specifications; this conclusion is consistent with 
data provided by Daniel et al. [1993]; even for the driest soil 
(compacted 4 percentage points dry of OMC), GCL moisture contents 
consistently increased from an initial value in the range of 15 to 20 
percent up to about 40 percent within a 1OO-day period; it should thus 
be anticipated that GCLs placed even against relatively dry compacted 
subgrades will undergo substantial hydration; 

given that Daniel et al. [1993] have shown that long-term GCL shear 
strengths are insensitive to water content for water contents above about 
50 percent, stability analyses involving GCLs placed in contact with 
compacted subgrade soils should be based on hydrated GCL shear 
strengths; 

significant increases in GCL moisture contents may OCCUT within a few 
days of GCL contact with a moist soil; the rate of GCL hydration is 
initially highest and then decreases with increasing time; 

within the range of conditions tested a higher soil moisture content 
results in a higher GCL moisture content; 

larger soil layer thickness results in a larger increase in GCL moisture 
content, however, for soil layer thicknesses greater than 100 mm only 
insignificant increases were observed with increasing soil layer 
thickness; 

overburden pressure within the range tested (Le.* 5 to 390 P a )  did not 
influence the hydration process; and 

differences between GCL products tested (Le., type of bentonite clay 
and fabric) did not seem to significantly affect the test results. 
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FAILURE OF LANDFILL COVER SYSTEM CONTAINING 

Description of Cover System 

The authors recently investigated the failure of a cover 

A GCL 

system for a 
municipal solid waste landfill near Atlanta, Georgia. The failure is described in 
more detail by Vander Linde et al. [1995]. The cover system was constructed in 
the fall of 1994 on 3H:lV (horizontal:vertical) side slopes to a maximum height 
above surrounding ground of approximately 18 m. The cover system consisted 
of, from top to botxom: 

300-mm thick layer of final cover soil which is classified as silty sand 
containing approximately 40 percent fines based on ASTM D 2487, and 
which has a hydraulic conductivity in the range of 104 to lo3 c d s ;  

stitch-bonded reinforced GCL; and 

150- to 300-mm thick layer of intermediate cover soil which served as 
a foundation for the overlying final cover components. 

Failure of System 

During the winter of 1995, the cover system experienced several episodes 
of downslope movement. The fnst major episode occurred approximately one 
month after the completion of construction; the movement occurred after a three- 
day period in which 58 mm of rain fell at the site. The next major episode 
occurred six weeks later, after two days of inclement weather generated about 41 
mm of rainfall at the site. Total downslope movements exceeded 1 m at some 
locations. The observed failure mechanism was sliding of the frnal cover soil on 
top of the GCL. 

Analysis of Failure 

The episodes of downslope movement both followed periods of extended 
rainfall at the site. A slope stability back-analysis of the cover system was 
performed which accounted for the influence of rainfall-induced seepage forces 
on cover system factor of safety against downslope sliding. The back-analysis 
involved two steps: 

estimating seepage forces within the cover soil using several different 
calculation methods and parameter values; and 

calculating the resulting slope stability factors of safety for the range of 
estimated seepage forces. 
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The evaluation of seepage forces involved calculating the water build-up 
(i.e., hydraulic head) within the final cover soil on top of the GCL. Head was 
calculated using a methodology developed by Giroud and Houlihan 119951 and 
checked using the United States Environmental Protection Agency (USEPA) 
Hydrologic Evaluation of Landfill Performance (HELP) computer program 
Version 3.03 [USEPA, 1994a. 1994bl. The values of head calculated using these 
approaches ranged from 150 mm to the full thickness of the cover soil layer, 300 
mm. 

Calculations to obtain slope stability factors of safety were performed using 
the equations presented by Giroud et al. [1995a, 199583. An important input to 
the equations is the shear strength of the interface between the cover soil and 
GCL. Tests to evaluate the shear strength of this interface had not been carried 
out as part of the original design. For the back-analysis of the failure, a range 
of friction angles (20" to 26") was considered for the cover soil-GCL interface; 
this range llkely brackets the actual interface strength and includes the value of 
24" originally assumed by the design engineer. Calculations were performed and 
the following results were obtained: 

Interface Friction 
Angle (degrees) rn 100 mm 200 mm 

Factor of Safety (FS) vs. Hydraulic Head 

20" 1.09 0.84 0.60 
24 " 1.35 1.04 0.73 
26 " 1.47 1.13 0.80 

These calculation results demonstrate the significant impact of seepage forces 
on the stability of the final cover soil. Even with the largest assumed interface 
strength, only 140 mm of head buildup is required to decrease the slope stability 
factor of safety to less than 1 .O. Interface shear strength tests performed after the 
completion of the back analyses resulted in peak and large-displacement secant 
friction angles for the GCL-cover soil interface, at the applicable normal stress, 
of 23" and 21", respectively. ; ;a .  

Summary 

The primary factor contributing to the observed final cover soil movements 
was the build-up of seepage forces in the final cover soil during periods of heavy 
rain. Seepage forces were not accounted for in the design. If seepage forces had 
been accounted for, the potential for instability likely would have been identified 
during preparation of the design. The development ,of seepage forces in cover 
soils is typically minimized by the inclusion of a drainage layer above the low- 
permeability barrier component of the cover (in this case, the GCL). A 
secondary factor contributing to the movements was a final cover soil-GCL 
interface shear strength lower than assumed in the design. An interface friction 
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angle of 24" was assumed by the design engineer, based on information provided 
by the GCL manufacturer. The actual project-specific interface shear strength 
was closer to 21". This result highlights the fact that actual interface strengths 
can only be assessed by project-specific testing; such testing was not performed 
for the project. 
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OSDF REQUIRED VOLUME 

EXECUTIVE SUMMARY 

Pumose 

Calculate the required volume of the OSDF considering the design requirement of 
2,500,000 yd3 of "bank/unbulked" materials to be disposed and taking into account: (i) impacted 
material bulking; (ii) post-placement material settlement; and (iii) placement of seasonal (winter) 
closure cover soils. 

Contents 

0 Calculation Procedure 

AB - 0 Data Verification Package 

0 Calculation Results 

Findinps 

The required OSDF volume is 2,750,000 yd3 assuming compaction of impacted soils to 90% 
relative compaction based on standard Proctor compaction procedures. The required volume is 
2,880,000 yd3 .if 85% relative compaction is assumed. 

Recommendations 

Design of OSDF for a volume of 2,880,000 yd3 
/ 

Consider providing a contingency volume equal to about 10% of the required volume to 
account for: 

. additional volume resulting from confirmatory sampling . minor overexcavation . unanticipated seasonal (winter) or partial closure activities 

@ ' GE3900-OS.lllF9530071.CD 
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TABLE 7-3 

- _  
MA- ASSUMED TO MEEI' WASI'E ACCEPTANCE CRITERIA FOR 

(Assumed for CRARE Analysis) 
ON-PROPERTY DISPOSAL 

Quantity Source Material (cubic yards) 
ou2 F3 Solid waste landfill material ia,mr,, 

gl South Field material 120,000 
C .  Lime sludge ponds material 1 a,ooo 
F,+ Active fly asb pile material ao,m 
c4 Inactive fly ash pile material 109.000 

Subtotal 345,000 
OU3 & Windows, wood, insulation 

F2 Asphalt and concrete 

F,, Equipment, conduitlwire. piping 
GI, Painted light gauge metals 
fb Brick 
qbTransite, floor tile, fire brick 

Fb Structural steel 

Subtotal 

Subtotal 
OU4 17~ Concrete 

58,311 

64,485 

167,797 
2274 

224 
766 

3843 
297,960 

3ooOa 
3000 

OU5 . $ 1  soil 1,750,OOO 

Subtotnl 1,780,000 
F5 Sludge - groundwater/wastewater treatment facilities 30.000 

TwrAL 2,425360 

7.1.3 Off-- D m  
This section provides information on the material assumed, as part of the adopted criteria remedy, to 
be disposed of off-properry. Table 7 4  lists these wastes. Assumed quantities given are in-place 
cubic yards ad PO allowances have been made for volumes following excavation, treatment, and/or 
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SELECTION OF CONCRETE SHRINK/SWELL FACTOR 

The selected shrink/swell factor of 1.3 for concrete was chosen based on a number of factors and 
assumptions. These are: (i) concrete will consist of (on an unbulked volume basis) 75 percent broken-up 
concrete pieces (including concrete rubble and masonry) placed in lifts and 25 percent individual concrete 
pieces (including columns and footings); and (ii) the bulking factors for these pieces are 1.4 for the broken- 
up concrete and 1.0 for the individual concrete pieces. Thee average bulking factor of 1.4 is based on an 
assumed broken-up concrete porosity of 35 percent, which is a typical porosity for a granular material. 
(Note, bulked volume = unbulked volume divided by (1-porosity)). The bulking factor for individual 
concrete pieces recognizes the fact that these pieces will be placed intact in the OSDF and soil will be placed 
and compacted around the pieces. 
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I I 

9-CELL OSDF 8-CELL OSDF 
3,118,801.48 cyd 2,753,689.1 1 cyd 
3,275,394.24 cyd 2,898,035.08 cyd 

4.80% 4.98% 

I 

OSDF CAPACITY VERIFICATION 

EXECUTIVE SUMMARY 
. PURPOSE OF ANALYSIS 

The purpose of this package is to present the OSDF capacity verification summary. Results 
are given for the volume of a 9 cell OSDF (ninth cell is a contingency cell) and an 8 cell OSDF. 

METHOD OF ANALYSIS 
The OSDF capacity (for a nine cell OSDF) was calculated using two methods: (1) hand 

calculated using the average end area method for the midsection (see Figure 1) and approximating the 
ends as a pyramid; and (2) using the Earthworks volume calculation package developed by SOFTDESK 
for AUTOCAD". The OSDF capacity was also calculated by hand for an eight cell OSDF by 

subtracting one cell from the midsection (see Figure 1). 3 

CONCLUSIONS a 
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Subsite: S1 
cover lcs COV- 8 

Subsite: S2 
cover lcs cov- 8 

Subsite: S3 
cover lcs cov- 8 

Subsite: S4 
cover ICs COV-8 

Subsite: S5 
cover lcs COV- 8 

Subsite: S6 
cover lcs cov- 0 e Subsite: S7 
cover lcs COV-8 

0.00 312498.91 312498.91 (F) 

0.00 382964 -23 

0.00 38080Cf.21 

0.00 380378.59- 

382964.23 (F) 

380800.21 (F) 

380378.59 (F) 

0.00 380758.11 380758.11 (F) 

0.00 381458.23 381458.23 (F) 

0.00 377893.28 377893.28 (F) 

Subsite: S8 
cover lcs COV- 8 0.00 377808.55 377808.55 (F) 

303866.49 (F) 
Subsite: S9 
cover ICs cov-8 0.00 303866.49 

/ 



. Subsite: J1 
vol-1 johna cov-8 

Subsite: 52 
vol-1 johna cov-8 

Subsite: 53 
vol-1 johna cov-8 

Subsite: 54 
vol-1 johna cov-8 

Subsite: J5 
vol-1 johna cov-8 

Subsite: J6 
vol-1 johna cov-8 

Subsite: 57 

Subsite: J8 
vol-1 johna cov-8 

Subsite: J9 
vol-1 -johna cov-8 

0.00 311268.05 311268.05 (F) 

0.00 381997.36 381997.36 (F) 

0.00 380830.08 380830.08 (F) 

0.00 380876.36 380876.36 (F) 

0.00 380411.40 380411.40 (F) 

0.00 380050.57 380050.57 (F) 

377301.16 377301.16 (F) 0.00 

0.00 376909.76 376909.76 (F) 

302717.13 (F) 1 0.00 302717.13 

3,272, ab I. 87 qk  / 

/ 
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APPENDIX A 

COMPUTER SOFTWARE USED TO 
PREPARE CALCULATIONS PACKAGE 

1 .  

2. SOFTDESK", Inc., SOFTDESK" CiviVSurvev: Earthworks Reference Manual, Henner, NH, 

Autodesk", Inc., AutoCAD" Release 13 User's Guide, September 1994. 

November 1994. 

See Section 1.2 of the Design Parameter Summary. 
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I 

OSDF EARTHWORK REQUIREMENTS 
EXECUTIVE SUMMARY 

Earthwork quantities for the OSDF are calculated in this section. All quantitie nted as 
compacted volumes. The earthwork quantities were calculated for the following components of the OSDF: . 

e 

e 

e 

0 

e 

e 

e 

e 

e 

0 

e 

e 

e 

e 

0 

compacted clay liner; 

leachate detection system (LDS) drainage layer; 

leachate collection system (LCS) drainage layer; 

protective layer; 

compacted clay cap; 

cover drainage layer; 

biointrusion barrier; 

choke layer; 

granular filter; 

vegetative soil layer; 

topsoil; 

seasonal cover; 

are pres 
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The required quantities (in cubic yards) are summarized below. 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

compacted clay liner 

leachate detection system (LDS) drainage layer 

leachate collection system (LCS) drainage layer 

protective layer 

compacted clay cap 

cover drainage layer 

biointrusion barrier 

choke layer 

granular filter 

vegetative soil layer 

topsoil 

seasonal cover 

riprap(2) 

compacted fill 
C O N R W I ~ ~ ~ ( ,  L ~ Y E I Z .  

#Grinc'tsrF m s p  

- 6 ~ F c ;  A M 5-6 64 S€ 

8 Cells 

297,23 1 

85,589 

106,302 

64,892"' 

194,582 

124,070 

293,896 

23,784 

57,428 

232,166 

57,428 

25,151 

26,574 . 

124,437 
07,6 58 

36, r78 
y l j  3Ob 

9 Cells 

334,097 

96,286 

119,608 

72,982") 

2 18,286 

138,441 

329,585 

26,691 

64,177 

258,74 1 

64,177 

28,744 

26,574 

137,071 4 p,=cp 
? e , 5 3 r t  4 ~ 4 ; ~  96 

3o,S78 
74 306 

(1) Quantities for protective soil layer reflect both impacted and non-impacted material. 

(2) Riprap quantities, as calculated herein, are for the entire OSDF and are not calculated on a per cell basis. 
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S u b s i t e :  10 
eg -bs  r d o g  

S u b s i t e :  11 
eg-bs  r d o g  

S u b s i t e :  12  
eg -bs  r d o g  

S u b s i t e :  13 
eg-bs  r d o g  

S u b s i t e :  1 4  
eg -bs  r d o g  

S u b s i t e :  1 5  
eg -bs  r d o g  

S u b s i t e :  1 6  
eg-bs  r d o g  

bsgrd 90442.58 . 16245.92  74196.66 (C !  

b s g r d  68363.85 6253.86 62109.99 ( C )  

b s g r d  61457.78 14754 ..29 46703.49 ( C )  

b s g r d  39177.44 16846.93  22330.51 ( C )  

b s g r d  12909.28 23881.41  10972.13  (F) 

b s g r d  30656.57 15243.96  15412 .61  ( C )  

b s g r d  44792.03 . 11263.63  33528.40 ( C )  

37043.05 ( C )  1 eg-bs  r d o g  b s g r d  4 9676.19 12633 .13  

S u b s i t e :  18  
eg-bs rdog  b s g r d  211525.74 19944.89  191580.85 ( C )  
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OSDF FOUNDATION STABILITY 

EXECUTIVE SUMMARY 

Purpose 

This calculation package contains analyses for static foundation stability of the OSDF for 
final and interim landfill configurations. The slope stability factor of safety of the OSDF is 
calculated for potential slip surfaces that pass through the waste mass and along the soils beneath 
the OSDF. 

Procedure 

Calculations are performed for the f d  OSDF Configuration and for the interim (between 
cell) OSDF configuration as shown on Figures 1 and 2. For the interim configuration, both 
short-term and long-term properties of the impacted material and the foundation materials are 
considered. For the final OSDF configuration, only long-term properties of the impacted 
material and the foundation materials are considered. The stratigraphy of the foundation soils 
beneath the OSDF is selected based on available data and is considered to represent the worst 
case conditions. 

Minimum acceptable factors of safety (FS) based on UMTRA Technical Approach 
Document (DOE, 1989) are as follows: (i) long-term stability, FS 1 1.5; and (ii) end of 
construction (inteMshort-term) stability, FS 2 1.3. 

The stability analyses are performed using established geotechnical procedures for 
calculating slope stability. 

Results 

Minimum FS 
Interim conditions - 3H:lV slope 
. short-term strengths 1.5 acceptable 
- long-term strengths 1.8 acceptable 

Final conditions - 6H:lV slope 2.8 acceptable 

All factors of safety meet the established criteria. 
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OSDF FOUNDATION STABILITY 

CALCULATION PACKAGE 

PURPOSE: The purpose of the document is to provide the engineering calculations for 
foundation stability of the OSDF. The calculations provide an analysis of the 
resistance to failure of the OSDF for potential slip surfaces that pass through 
the impacted material mass and the foundation soils beneath the OSDF. The 
analyses were performed for both interim and final configurations of the 
OSDF. The interim configurations model the conditions expected to occur 
while the OSDF is being filled. The interim configurations were analyzed 
for both short-term (undrahed) and long-term (drained) soil strength 
parameters. For the long-term effective stress analysis, a perched water 
table in the brown till that corresponds to the elevation of the surface was 
considered. 

PROCEDURE: The calculation procedures for foundation stability analysis is described in 
detail in the Design Criteria Package, and is summarized here. The data 
used for the analysis (Le., unit weights, undrained shear strengths, and 
drained shear strengths) are provided in the Data Verification Package. 

The computer program XSTABL (Sharma, 1994) was used to perform the 
stability analyses. Circular and wedge-type slip surfaces were examined. 
Circular slip surfaces were analyzed using Bishop’s Simplified Method 
(Bishop, 1955). Wedge slip surfaces were analyzed using Janbu’s simplified 
method (Janbu, 1973) and Spencer’s Method (Spencer, 1973). 

ANALYSIS : 

I. XSTABL ComputerdModel Notes 

A. The stability of the foundation soils and the associated factors of safety against 
foundation failure were analyzed using the program XSTABL, Version 5. 

B. For circular slip analysis, the program requires the analyst to provide 2 ranges of x- 
values delineating where the circular slip surfaces can originate and termhate in 
addition to the cross-sectional geometry of the slope and the material strength 
parameters. The user must, also, provide a spacing between the initiation points and 
the number of circular slip surfaces to test for from each initiation point. 

_-. 
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C. Wedge slip surface analyses require the operator to provide cne or more "boxes" 
within the model through which all of the slip surfaces must pass. 

11. Methodology for Critical Slip Surface Search 

A. Circular Slip Surfaces 

1. The number of initiation points for the circular slip surface search were 20 
intervals. X-values for the initiation points were allowed to range from the 
wastehoe berm intersection to the limits of the model. 

2. The circular slip surfaces were allowed to termhate anywhere within the waste 
mass. 

3. Forty to eighty slip surfaces were examined for each initiation point. 

4. From the hundreds of slip surfaces generated, the 10 circular surfaces with the 
lowest factor of safety against failure were plotted. (Note: Since this was an 
examination of the foundation materials, any slip surfaces that did not pass into 
the foundation soils were disregarded). 

5 .  The ranges of initiation and termination points for the 10 failure circles with the 
lowest factors of safety were then re-entered into the model as the new limits for 
the investigation. 

6. The number of initiation points and number of slip circles remain unchanged. 

7 .  The slip circle with the lowest factor of safety generated in the second run was 
taken as the critical circle. 

B. Wedge-- . ... Slip Surfaces 

1. Two boxes were designated within the model. The first box was sized to contain 
as much of the foundation soils located under the impacted material mass as the 
computer model would allow. The second box was located and sized to contain 
the remainder of the foundation soils that were not located under the impacted 
material mass. 
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2. 

3. 

4. 

5 .  

6 .  

7. 

From 400 to 1,000 slip surfaces were then generated through the 2 initial boxes 
and the factor of safety for each slip surface computed using the Janbu's 
simplified method (Janbu, 1973). 

The 10 most critical slip surfaces were plotted. 

Both boxes were then reduced in size and repositioned to contain the inflection 
points of the 10 most critical slip surfaces. 

Steps 2 through 4, above, were repeated until a single, minimum factor of safety 
against failure was obtained for 2 consecutive runs, or the factor of safety began 
to increase. 

As a check, the wedge slip surfaces were generated using both the Rankine and 
block failure generation. 

The final factor of safety against a wedge slope instability was computed using 
Spencer's method (Spencer, 1973) on the wedge slip surface generated in steps 
1 through 6. 

111. Stratigraphy 

The stratigraphy used for the foundation stability analysis represents the most critical 
condition based on all existing data for the site (Parsons, 1995). Various subsurface conditions 
were considered for the foundation stability analysis to identify the worst case. 

For long-term conditions, the presence of a perched water table located in the brown till 
layer was considered. It was assumed that the perched water table had no effect on shear 
strength, and the buoyant unit weight of the bottom till was used. For the short-term, total 
stress analysis, the effect of the perched water table was not considered. 

IV. Interim Landfill Conditions 

A. OSDF Geometry 

The interim conditions are expected to occur while the OSDF is being filled after 
capping of the existing cell and prior to placement of impacted materials in the 
adjacent cell. The geometry is taken from the Construction Drawings, is a North to 
South section, and is shown on Figure 1. 
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B. Material Strength Parameters 

1.  Short-Term Conditions 

a) Stability analyses were performed for circular and wedge slip surfaces in the 
subgrade materials. The total stress analyses used undrained strengths for 
brown and gray tills. 

b) Total Stress material parameters in the following table are established in the 
Data Verification section of this package. 

Total Unit S" 4 
Material Weight (7) (PSO (degrees) 

(PCO 
~~ 

1) Impacted Material 125 200 25 

2) Granular Soils of cover 125 30 
and liner system 

3) Compacted Clay Liner 130 1200 

4) Brown Till 135 1 200 

5) Gray Till 145 1900 

6) Great Miami Aquifer 135 35 

2. Long-Term Conditions 

a) Stability analyses were performed for circular and wedge slip surfaces in the 
subgrade materials. The analysis was performed using the effective stress 
drained shear strengths for the brown and gray tills. 

b) Effective Stress material parameters in the following table are established in 
the Data Verification section of this package. 

Total Unit 4l C' 

Material Weight (7) (degrees) (PSO 
(PCO 

1) Impacted Material 125 
~~ 

25 0 

2) Granular Soils of cover 125 
and liner system 

3) Compacted Clay 130 

30 0 

25 0 
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Total Unit $ I  C’ 

Material Weight (Y) (degrees) (PSf) 
(ncfl 

4) Brown Till(’) 135 25 0 

5) Gray Till 145 30 0 

6) Great Miami Aquifer 135 35 0 

Note (‘)A perched water table was assumed for this material. 

V. Final Landfill Conditions 

A. Landfill Geometry 

The final conditions examined will occur after the OSDF has been closed and capped. 
The geometry was obtained from the Construction Drawings is an East to West 
Section, and is shown on Figure 2. 

B. Material Strength Parameters 

1. Stability analyses were performed for circular and wedge slip surfaces in the 
subgrade materials. The analysis was performed using the effective stress 
drained strengths for the brown and gray tills. 

2. Effective stress material parameters in the following table are established in the 
Data Verification Section of this package. 

Total Unit C’ 

Material Weight (7) (degrees) (PSf) 
(PCf) 

1) Impacted Material 125 25 0 

2) Granular Soils of Liner 125 30 0 
and Cover 

3) Compacted Clay 130 25 0 

4) Brown Till(’) 135 25 

A GE3900-09.4/F9530020. CD 
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5) Gray Till 145 30 0 

6) Great Miami Aquifer 135 35 

Note (')A perched water table was assumed for this material. 

0 

VI. Summary of Results 

The minimum acceptance factors of safety against slope failure are: (UMTRA, 1989) 
(Ref 7) 

1.5 For long-term conditions; and 
1.3 For interim (end-of-construction) conditions. 

The critical factors of safety against slope failure obtained from the calculations are: 

Interim conditions (short-term) 
1.5 Against circular failure 
1.6 Against wedge failure 

Interim conditions (long-term) 
1.8 Against circular failure 
2.0 Against wedge failure 

Final configuration 
2.8 Against circular failure 
3.5 Against wedge failure 

All factors of safety meet the established criteria. 

.iE3900-09.4/F9530020. CD 
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Fig. 12.8 Remolded shear strength vs. liquidity index relationships for mad d a p  

percent, the strengths in the two directions were the 
same. This was consistent with the finding that as the 
density increaacd the intensity of preferred orienta- 
tion d e d  

The sample rtihess. as measured by the ratio of 
stress to s h b r  displacrment, at 50 percent of peak 
strength was about twice as high for shear aucm the 
direction of prcfmed orientation than parallel to it. 

The results of direct shear tests on highten Buz- 
zard sand, which contains rounded panicles, (Arthur 
and Menries, 1972) gave a maximum shear to n o d  
s t r a s  ratio 24 perant greater for samples poured 

through the side or end of the shear box than for 
samples prepared in the normal way. Additional tests 
wen done on the same sand at a porosity of 34 per- 
a n t  using a cubical M a l  a l l  in which samples 
could k tilted to the direction of pouring. The re- 
sults, shown in Fig. 12.14 in terms of effective prim 
apal ttnins, indiate strength variations of about 10 
paant of maximum &'/v,' for different orientations 
of u< and us' dative to the direction of pouring. 
The variations of peak d d v e  stress ratio and effec- 
tive s t r e u  friction angle 4' arc shown in Fig. 12.12d. 

Figures 12.12 6 and c show also that the strain 
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APPENDIX A I 

COMPUTER SOFTWARE USED TO 
PREPARE CALCULATION I PACKAGE 

XSTABL - Version 5 

Sharrna, S. ,  "XSTABL: An Integrated Slope Stability Analysis Program for 
Personal Computers, Version 5 ,  'I Interactive Software Designs, Moscow, ID, 1994. 0 

See Section 1.2 of the Design Parameter Summary. 
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Written by: Ges Date (YM/D): 9$/ 12 I I 3  Reviewed by: Date: I *  0% 95 

Client.: Project: OSPF Project NO.: GQaWt  Task No.: 9 .5 

SHORT-TERM LINER SYSTEM STABILITY ON SIDE SLOPES 

EXECUTIVE SUMMARY 

PurDose of Calculations: 

These calculations are performed to evaluate the stability of the liner system on 
the perimeter side slopes during the period between liner system construction and 
placement of impacted material in the cell. The evaluation includes assessment of 
the potential for tensile stresses to develop in the geosynthetic components of the 
liner system during the indicated time period. 

Stability is evaluated by first calculating the minimum slope stability factor of 
safety (FS) for the liner system on the perimeter side slopes using the 2dhnensional 
limit equilibrium analysis approach presented by Giroud et al. (1995) (reference no. 
1 in Calculation Procedures/Methods package). The calculation considers the 
following: (i) location of the least stable side slope cross section; (ii) stability during 
each stage of liner system construction; (iii) the minimum available shear strength, 
appropriate for short-term conditions, of the materials and interfaces within the liner 
system; and (iv) the effect of rainfall, specifically, the 25-year, 24-hour storm, on 
liner system stability. The calculated minimum FS is then compared to the target 
value of FS given in the Design Criteria Package, Le., 1.3. Adequate stability is 
demonstrated if the calculated minimum FS is equalegreater than the target value. 

0 

The potential for tensile stresses to develop in the geosynthetic components of 
the liner system is evaluated using information presented by Long et al. (1994) 
(reference no. 4 in Calculation Procedures/Methods package). 

Conclusions: 

Calculated minimum slope stability FS is 1.58. This value exceeds the target 
value of 1 -3. Therefore, stability is adequate. 
Predicted tensile stresses in the liner system geosynthetics are negligible. 

End of Executive Summary 

GE3900-9 SlF953Oo27. SUM 
. .I 

95.10.12 
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EXECUTIVESUMMARY 

Purpose 

This calculation package contains analyses for static stability of the OSDF impacted material 
mass for final and interim configurations. The stability of the OSDF is calculated for slip 
surfaces that pass through the impacted material mass and along the liner system of the OSDF. 

Procedure 

Calculations were performed for the interim and final OSDF configurations as shown on 
the figures presented in this package. Minimum acceptable factors of safety (FS) based on 
UMTFZA Technical Approach Document (DOE, 1989) are as follows: (i) long-term stability, 
FS 2 1.5; and (ii) end of construction stability (interim/short-term), FS 2 1.3. In addition, 
for potential slip surfaces involving the geosynthetic clay liner, the long-term slope stability 
factor of safety should be checked using large displacement shear strengths for the geosynthetic 
clay liner. The slope stability factor of safety for this condition should be at least 1.25 
( B ~ ~ p a r t e ,  et al. [1996]). 

The stability analyses are performed using established geotechnical procedures for 
calculating slope stability. 

Results 
' Factor of Safety 

Interim conditions 

Dry unreinforced GCWGeomembrane interface FS = 2.0 
- Hydrated reinforced (Internal strength) GCL FS = 1.9 

Long-term conditions 

- Peak hydrated GCL strengths FS = 1.8 
- Large displacement hydrated GCL strengths FS = 1.5 

All factors of safety meet the established criteria and are conservative based on the 
variability of materials and shear strengths considered in this calculation. 
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CALCULATION PACKAGE 

Purpose: The purpose of this document is to provide the engineering calculations used in 
establishing that the OSDF liner system will be stable under static conditions with 
an adequate factor of safety. The calculations are used to obtain a minimum 
factor of safety of impacted material in the OSDF against sliding along the OSDF 
liner system. Analyses were performed for both the interim and final 
configurations of the impacted material in the OSDF landfill. The interim 
configurations model the conditions expected to occur while the landfill is being 
filled. The interim co~igurations were analyzed for both short-term (undrained) 
and long-term (drained) soil strength parameters. 

Procedure: The calculation procedure used for the liner stability analysis is described in detail 
in the Design Criteria Package and is ed here. The data used in the 
liner system evaluation (Le., unit weights, undrained shear strengths, and drained 
shear strengths) are provided in the Data Verification Package. 

Calculations were performed for the interim and final OSDF configurations as 
shown on the figures presented in this package. Minimum acceptable factors of 
safety (FS) based on UMTRA Technical Approach Document (DOE, 1989) are 
as follows: (i) long-term stability, FS 1 1.5; and (ii) end of construction 
stability (interim/short-term), FS 2 1.3. In addition, for potential slip surfaces 
involving the geosynthetic clay liner, the long-term slope stability factor of safety 
should be checked using large displacement shear strengths for the geosynthetic 
clay liner. The slope stability factor of safety for this condition should be at least 
1.25 (Bonaparte, et al. ‘[1996]). 

. 

The computer program XSTABL (Sharma, 1994) was used to perform the 
stability analyses for slip surfaces that pass through the impacted material and 
along the OSDF liner system. The wedge-shaped potential slip surfaces were 
analyzed using Janbu’s simplified method (Janbu, 1973) and Spencer’s method 
(Spencer, 1973). 

Analysis: 

I. XSTABL Computer Model Notes 

A. The stability of the liner system and the associated factors of safety against failure 
were generated using the program XSTABL, Version 5 .  

~QOi. ;?rE2 
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B. For analyses involving wedge-shaped potential slip surfaces, the computer program 
requires the operator to designate one, or more, "boxes" within the model through 
which all of the potential slip surfaces must pass. 

II. Methodology for Critical Slip Surface Search 

A. 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

The interface friction strengths and internal strength of each of the liner system 
components were examined and the interfaces and components with the lowest 
strengths were identified. (See Data Verification Package). 

Based on the Construction Drawings, the OSDF geometry for both interim and f d  
configurations was input into the computer model. Because these analyses are for slip 
surfaces that pass along the liner system, the foundation stratigraphy was not included. 

To create the potential slip surfaces, two boxes were designated within the OSDF 
geometry. The fust "box" consisted of a line (a box with no height) located in the 
layer of the liner system that was identified as having the lowest strength. The line 
was sized to contain the liner system from the toe of the landfill to a point having the 
same x-coordinate as the mid-point of the landfdl face slope. The second box (line) 
was sized to contain as much of the remaining liner system as the model would allow. 

' 

Four hundred potential slip surfaces were generated through the two initial boxes, and 
a factor of safety using Janbu's simplified method (Janbu, 1973) for each generated 
surface was calculated. 

The 10 most critical potential slip surfaces were plotted. 

Both lines were then shortened and repositioned to contain the inflection points of the 
10 most critical potential slip surfaces. 

Steps C through F were repeated until a single, minimum factor of safety against 
failure was obtained for two consecutive runs, or the factor of safety began to increase. 

The f m l  factor of safety against a wedge failure was then computed using Spencer's 
method (Spencer [1973]) for the wedge-shaped potential slip surface having the 
minimum factor of safety as calculated using Janbu's simplified method.' 
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III. Interim OSDF Configuration 

A. OSDF Geometry 

The interim conditions are expected to occur, while the OSDF is being filled, after 
capping of the existing cell, and prior to placement of the impacted materials in the 
adjacent cell. The geometry of the interim landfill condition is taken from the 
Construction Drawings, is a north-to-south section, and is shown in Figure 1. 

B. Material Strength Parameters 

1. Based on the analyses presented in the Data Verification Section of this 
calculation package, the liner system interfaces were those associated with the 
geosynthetic clay liner (GCL). The stability of the OSDF interim configuration 
was calculated for the following two cases: (i) an unhydrated GCWHDPE 
geomembrane liner interface for the GCL with a geomembrane backing; and (ii) 
the internal shear strength of a hydrated reinforced GCL. 

2. For the hydrated reinforced GCL, the shear strength of the bentonite component 
of the GCL is a function of the normal stress induced by the overlying OSDF. 
Due to the variation in the normal stress, an average overburden stress is 
calculated for four sections of the hydrated GCL. The shear strength of the 
reinforced GCL for short-term conditions is assumed to be equal to approximately 
twice the hydrated shear strength of unreinforced bentonite, (Bonaparte, et al. 
[ 19961) as presented in the Data Verification Section of this calculation. 

3. The shear strength parameters used for the interim OSDF Configuration are 
presented below. 

GE39oM)9.6/F953o(n3 .CD 
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INTERIM OSDF CONFIGURATION 

Total Unit Overburden(') Shear Strength Parameter - C#J 
Material Weighty Stress (degrees) 

Dry Peak Peak 
Hydrated Hydrated 

(unreinforced) (reinforced) 

1) Impacted 125 NIA $J = 25", 25 25 
Material c = 200 

PSf 

2) Granular 125 NIA 30 30 30 
Cover System 
soils 

3) GCLA 125 7700 20 8 15 

4) GCLB 125 5600 20 9 17 

5) GCLC 125 2000 20 12 23 

6) GCLD 125 400 20 16 30 

(')Assumes an average overburden total unit weight of 125 pcf. 

IV. Final OSDF Configuration 

A. OSDFGeometry 

The final configuration conditions will occur after the OSDF has been closed and 
capped. The geometry was obtained from the Construction Drawings, is an east to 
west Section, and is shown on Figure 2. The section is taken along the leachate 
collection line and is considered to represent the most critical geometry for this case. 

B. Material Strength Parameters 

1. Based on the analyses presented in the Data Verification Section of this 
calculation package, the long-term hydrated shear strength of the bentonite 
component of the GCLS represents the material with the lowest shear strength. 

( ) Q O : l 1 5  
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This is based on the assumption that the bentonite in all GCLs will become 
hydrated and, for long-term conditions, the reinforcement will be ineffective. As 
in the interim confguration, the shear strength of the GCL will vary .as a function 
of the normal stress induced by the overlying OSDF. 

2. 

3. 

e 

The shear strength parameters used for the final OSDF configuration are 
presented below. 

The factor of safety for the final OSDF confguration is calculated for both peak 
GCL strength and for large displacement GCL strength. 

FINAL OSDF CONFIGURATION 

Shear Strength Parameter - 4 
Material Weight -y Overburden(') (degrees) 

stress 
Dry Peak @cf) 

Hydrated Displacement @sf) 

1) Impacted Material 125 N/A 25 25 25 

2) Granular Cover 125 NJA 30 30 30 
System Material 

3) GCLA 125 7700 8 5 

4) GCLB 125 6200 8 6 

5) GCLC 125 3500 10 8 

6) G C L D .  125 2000 12 10 

(I) Assumes an average overburden total unit weight of 125 pcf. 

WASTE MASS STABILITY 

The minimum acceptable factors of safety for slope stability as stated in UMTRA, 1989 
(Ref 8) are: 

1.5 for long-term conditions; and 
1.3 for interim - end of construction conditions. 

GE~W-O!~.~/F~S~W~ .CD 
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In addition, for long-term stability analyses using large displacement shear strengths for the 
geosynthetic clay liner, the slope stability factor of safety should be at least 1.25 (Bo~parte  
et al. [1996]). 

The calculated factors of safety for the cases considered in this analysis are: 

Interim Conditions 

2.0 for dry GCL (unreinforced) 
1.9 for hydrated GCL (reinforced) 

Long-Term Conditions 

1.8 for peak hydrated GCL strengths 
1.5 for large displacement hydrated GCL strengths 

All factors of safety meet the established criteria. m -  
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APPENDIX A 

COMPUTER SOFIWARE USED TO 
PREPARE CALCULATION PACKAGE 

XSTABL - Version 5 

Sharma, S . ,  “XSTABL: An Integrated Slope Stability Analysis Program for 
Personal Computers, Version 5,  I’ Interactive Software Designs, Moscow, ID, 1994. 0 

See Section 1.2 of the Design Parameter Summary. 

I 
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INTERCELL BERM STABILITY 

EXECUTIVE SUMMARY 

Purpose: 

These calculations are performed to evaluate the slope stability factor of safety of the 
intercell berm. The specific case considered in the evaluation is for slope stability of the 
upgradient side of the intercell berm when it contains the stormwater runoff from the existing 
cell-for the 25-year, 24-hour storm event. The foundation stability and the stability against 
lateral thrust of the intercell berm are considered in this calculation. 

Procedure: 

Bishop's simplified method (Bishop, [1955]) was used to calculate the factor of safety 
for foundation stability of the intercell berm. A hand calculation, using traditional 
geotechnical analyses, was used to calculate the factor of safety of the intercell berm against 
lateral thrust. 

Data Verification: 

The following information was used for this calculation package: (i) the intercell berm 
cross section was obtained from the Construction Drawings; (ii) the contained stormwater 
level from the 25-year, 24-hour storm event was used; (iii) the calculations were for short term 
conditions; and (iv) appropriate shear strength of the different components of the intercell 
berm were obtained from the "Foundation Stability" package. 

The computed minimum factor of safety is compared to the target factor of safety given in the 
Design Criteria Package (Le. 1.3 for short-term conditions). The slope stability is considered 
adequate if the calculated minimum factor of safety is equal to or greater than the target value. 

Conclusions: 

The calculated minimum foundation 
conditions without the water load applied is 
factor of safety with the water load is 3.85. 

slope stability factor of safety for short-term 
3.9. The calculated foundation slope stability 
The calculated factor of safety of -the intercell 

berm for lateral thrust due to the water load is approximately 40. These values exceed 
target value of 1.3. Therefore, the short-term stability of the intercell berm is acceptable. 0 

the 
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INTERCELL BERM STABILITY 

Purpose: 

The purpose of these calculations is to evaluate the stability factor of safety of the 
intercell berm. The specific case considered in the evaluation is for slope stability of 
the upgradient side of the intercell berm when it contains the stormwater runoff from 
the existing cell for the 25-year, 24-hour storm event. The foundation stability and the 
stability against lateral thrust of the intercell berm are considered in this calculation. 

Procedure: 

' The computer program XSTABL (Sharma, 1994) was used to perform the foundation 
stability analysis. Circular failure surfaces were analyzed along with the simplified 
Bishop's method (Bishop, [1955]), as coded in XSTABL. 

A hand calculation, using traditional geotechnical analyses, was used to calculate the 
factor of safety of the intercell berm against lateral thrust. 

Data Verification: 

The unit weights and undrained shear strengths used in the analysis assumed for this 
analysis are provided in the data verification package of the OSDF Foundation Stability 
Calculation Package (Package Number 3.1). The foundation was conservatively 
assumed to be uniform brown till. Gray till, although present at greater depth, has a 
greater shear strength that the brown till and is not used in this calculation. Presented 
on Figure 1 are the geometric and stratigraphic characteristics of the temporary 
intercell berm as well as the material properties used for the analysis. 

The additional resisting force provided by the geosynthetic components of the liner 
system were neglected in the analysis. 

The analysis considers the stability of the intercell berm when subjected to stress 
associated with the ponding of stormwater runoff in the landffl cell upgradient of the 
berm from the 25-year, 24-hour storm event. The runoff is assumed to be contained 
above the primary geomembrane component of the liner system (Figure 2). 
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Analysis: 

The analysis is performed for short term conditions because the loading from the 
stormwater runoff occurs for only brief time periods after storm events. Therefore, the 
stormwater runoff is considered to be an additional load applied to the intercell berm. 

For foundation stability, the termination points of the circular potential slip surfaces 
were constrained to exit below the ponded water. 

For stability against lateral thrust, the passive resisting force of the material on the 
opposite side of the intercell berm was ignored. The active lateral force of the 
contained stormwater is resisted by the length of the potential slip surface and the shear 
strength along the slip surface. 

Foundation stability factor of safety without water = 3.90; / 
Foundation stability factor of safety with water = 3.85; and 
Lateral thrust factor of safety= 40. 

u The short-term stability of the intercell berm is adequate (Le. FS > 1.3). 

References: 

Bishop, A.W., “The Use of the Slip Circle in the Stability Analysis of Slopes”, Geotechnique, 
Vol. 5, 1955, pp. 7-17. 

Sharma, S., “XSTABL: An Integrated Slope Stability ’ Analysis Program for Personal 
Computers”, Version 5 ,  Interactive Software Designs, Moscow, ID, 1994. 
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COVER SYSTEM STABILITY 

EXECUTIVE SUMMARY 

Purpose 

/ 
The purpose of this calculation package is to evaluate the minimum static slope stability 

factor of safety of the final cover system for the On-Site Disposal Facility (OSDF) and to 
compare the calculated value with the minimum accepted value. 

Procedure 

Provided in this package are the analyses of final cover system static slope stability for 
potential slip surfaces that pass along interfaces within the final cover system. The conditions 
considered are: (i) final cover system for short-term stability at 6H:lV inclination; (ii) final 
cover system for long-term stability at 6H: 1V and 5H: 1V slope inclinations. 

The minimum acceptable factors of safety based on the UMTRA Technical Approach 
Document (DOE, 1989) are: (i) long-term stability of final cover system, FS 2 1.5; and (ii) 
short-term stability of final cover system, FS 2 1.3. The stability analyses are performed using 
established geotechnical procedures for calculating veneer stability. 

' @ ' 

Results for Final Cover System Stability 

Factor of Safety 
/ 

Case 

- 6H:lV Short-Term Stability FS = 2.4 acceptable 
- 6H:lV Long-Term Stability FS = 1.6 acceptable 
- 5H:lV Long-Term Stability FS = 1.4 not acceptable 

Based on the calculations presented in this document, the static slope stability for both 
short-term and long-term conditions for the final cover system must meet the minimum 
acceptable value established in DOE (1989). A final cover system with a 5H: 1V slope does not 
meet this minimum acceptable factor of safety requirement. 
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COVER SYSTEM STABILITY 

CALCULATION PACKAGE 

Purpose: The purpose of this document is to provide the engineering calculations to 
evaluate the static slope stability factor of safety for the OSDF final cover system 
(Figure 1). The calculations provide an analysis of the stability of the final cover 
system for potential slip surfaces that pass along the critical interfaces that exist 
within the system. 

Procedure: The calculation procedure for the final cover system stability analysis is described 
in the Design Criteria Package and is summarized below. The data used for the 
analyses are provided in the Data Verification Package that is included with these 
calculations. The slope stability of the final cover system is calculated using the 
methods described in Giroud, et al. 1995a and 1995b. 

/ 

Final Cover System 

The final cover system will be constructed over the entire OSDF. The maximum 
slope inclination for the final cover system is 6H:lV. For the analysis, a 

Consider for the 
analysis the following cases: (i) short-term stability; (ii) long-term stability; and 
(iii) long-term stability of a 5H: 1V slope (to establish that a 5H: 1V slope does not 
satisfy minimum stability requirements). 

maximum continuous slope height is assumed to be 60 ft. J 

Analysis : 

Use the following equation adapted from Giroud et al. 1995a and 1995b: 

%e 5 a/ stA8 
- t  

\(t ( t - L J ) +  r b t w  

rt I t - C U J )  t r+.+ L 
F5 = 

fi \rt Ct-t..) r r s 4 l -  t u  
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COVER SYSTEM STABILITY 

where: 

Factor of Safety 
total unit weight of soil (pcf) 
saturated unit weight of soil (pcf) 
buoyant unit weight of soil (pcf) 
thickness of soil layer (ft) 
thickness of water flow along slope (ft) 
thickness of water flow in toe of slope (ft) 
slope angle (degrees) 
interface friction along slip surface (degrees) 
interface adhesion (assumed to be zero) 
internal friction of soil above critical surface (degrees) 
height of slope (ft) 
tension in geosynthetics (assumed to be zero) 
cohesion of soil above critical surface (assumed to be zero) 

For c, T, and a = 0, the equation becomes: 

Data for Analysis: 

Presented below are the components and the interfaces present in the final cover system, 
as indicated in Figure 1. Assumptions are made regarding the shear strengths of these materials 
and interfaces to evaluate which material or interface is most critical in terms of shear strength 
for the slope stability analysis. A more detailed discussion regarding selection of these material 
properties is provided in the Data Verification Section of the other calculations. 

GE3900-09.7/F9530022. CD 



GEOSYNTEC CONSULTANTS 
Date: qb / 2 / 13 Reviewed by: Date: 20 /%I $6 Written by: M. Gleason - 

Client: FERMCO Project: OSDF Proj./Proposal No.: GE3900 Task No.: 9.7 
ZBCDTL) IS F a  96 

COVER SYSTEM STABILITY 

InterfaceMaterial Properties Reference 

Contouring layer 
(compacted fill) 

.i 
! 

GCL internal shear strength 
and/or GCL/HDPE 
geomembrane interface shear 
strength 

long-term: Hydrated bentonite, 
no effect on GCL reinforcement 

#b c(cp"dtltf on ern 
For cover s V r l r a  v,,a %sop(  

short-term: Hydrated 
reinforced GCL or non-hydrated 
geomembrane-protected GCL 
(i.e., Gundseal) 

Geotextilehextured HDPE 
geomembrane interface 

Granular soil - drainage gravel, 
biointrusion barrier, granular 
filter, vegetative soil layer, 
topsoil 

Geotextile/granular soil 
interface 

Geotextile/compacted clay 
interface 

Reference 2 

/ 

Reference 3 J 

Table 4-9 

Reference 5 

f 

/ 
Reference 4 
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COVER SYSTEM STABILITY 

From the analysis presented in the previous section, the interfaces presented below are 
considered to be critical for this slope stability analysis. 

The critical interface for short-term final cover system stability is either: 

- interface shear strength of dry GCWHDPE geomembrane interface (assuming 
Gundseal type product used) without hydraulic head (head acts on geomembrane, 
not GCL); or 

interface shear strength of geotextile/HDPE geomembrane interface with 0.5 f t  
of hydraulic head. 

, 
The critical interface shear strength for the final cover system stability for long-term 
conditions is the shear strength of the hydrated bentonite component of the GCL. For 
long-term conditions, the bentonite component of the GCL (either reinforced or 
unreinforced) is assumed to be hydrated and any reinforcement is not effective. In 
addition, for long-term conditions, assume that the HDPE geomembrane is not intact, 
and a maximum hydraulic head of 0.5 ft acts on the GCL. 

Based on analyses performed by GeoSyntec in the Cover System Performance Calculation 
Package, assume that the maximum hydraulic head in the final cover system is 0 .5  ft. 

Minimum Acceptable Factors of Safety Based on UMTRA Technical Approach Document 
(DOE, 1989) Ref. 6 

For Final Cover System 

Long-Term Stability FS 1 1.5 , 

Short-Term Stability FS 1 1.3 
J 
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COVER SYSTEM STABILITY 
- 

Parameters for Design 

Final Cover System 

vt = &&t = - l2secF 

'6b = & Z t b P &  

qj = 30" 
t = LlLb 
t* s osp ( k r u w s )  

t&+ = 3,rkt ( k c - t d )  

= ( I p n : t v )  roc llh3' (sHB.IJ)l 
h.- b o f b  M&u 

6 = VQrCRhk d,=k( c m  
Final Cover Svstem Stability 

Short-Term Stabilitv 

Case A Dry GCL/HDPE geomembrane interface d- 20' 
For this case, tw = 0, tw* = 0 

125(6.8-0) + 62.6(0) tan20 
125(6.8-0) + 125(0) GG FS = 

J 

125(6.8-0) + 62.6(0) 6.8 sin 30 + - 
125(6.8-0) + 125(0) 60- 2~in9.5 c 0 ~ 9 . 5  COS(39.5) 

FS = 2.18 + 0.22 = 2.4 acceptable 

Case B Reinforced GCLIHDPE geomembrane interface with 6= 25", tw = 0.5 ft, 
tw* = 3.4 ft 

125(6.8 -0.5) + 62.6(0.5) tan25 
125(6.8 -0.5) + 125(0.5) tan9.5 

FS = 
/' 

i 
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COVER SYSTEM STABILITY 

125 (6.8 -3.4) + 62.6(3.4) 6.8 sin 30 + - 
125(6.8 -0.5) + 125(0.5) 60 2~in9.5 COS9.5 cos(39.5) 

FS = 2.68 + 0.07 = 2.7 acceptable 

Final cover system is stable in short term. 

GE3900-09.7/F953OO22. CD 



GEOSYNTEC CONSULTANTS e 

Written by: M. Gleason Date: 9Lo / t / 17 Reviewed by: B?. Date: *' /Gb/ ~ G Y  

Client: FERMCO Project : OSDF Proj./Proposal No.: GE3900 Task No.: 9.7 
PB(Dn) IB F a  qL 

COVER SYSTEM STABILITY 

Long-Term Stabilitv - Hvdrated GCL 

6H:lV SloDe 

tw = 0.5 tw* = 3.4 d =  15" peak 

125(6.8 -0.5) + 62.6(0.5) tan15 
125(6.8 -0.5) + 125(0.5) EST FS = 

125(6.8-3.4) + 62.6(3.4) 6.8 sin 30 + - 
125 (6.8 -0.5) + 125 (0.5) 60 2sin9.5 ~ 0 ~ 9 . 5  cos(39.5) 

FS = 1.54 + 0.07 = 1.6 acceptable 

Check large displacement FS > 1.3 

FS = 1.33 + 0.07 = 1.4 acceptable 

d = 13" J 

5H:lV SloDe 

tw = 0.5 tw* = 3.4 d=  15" peak /3 = 11.3" 

125(6.8 -0.5) + 62.6(0.5) tan15 FS = 
125(6.8-0.5) + 125(0.5) a 

125(6.8 -3.4) + 62.6(3.4) 6.8 sin 30 + - 
125 (6.8 -0.5) + 125 (0.5) 60 2sin9.5 ~ 0 ~ 9 . 5  cos(39.5) 

/ 
FS = 1.34 + 0.7 = 1.4 Not acceptable. Minimum FS of 1.5 not achieved. 

.*. slope must be 6H:lV. ' 
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COVER SYSTEM STABILITY 
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ACCESS CORRIDOR STABILITY 

EXECUTIVE SUMMARY 

Purpose: 

These calculations are performed to e m a t e  the minimum static slope stability factor 
of safety for the access corridor. The analysis is performed for short-term and long-term 
conditions. 

Procedure: 

Stability is evaluated by calculating the minimum factor of safety of access corridor 
slope using the 2dimensional limit equilibrium analysis chart solutions presented by Duncan 
et. al (1987). 

0 - DataVerification: 

The following information is developed for this calculation package: (i) the cross 
section used for the analysis& obtained from the Construction Drawings and is interpreted to 
represent the location with the largest volume of fill; (ii) an estimate of the potential traffic 
load on the top of the access corridor; (ii) appropriate shear strength of the corridor material 
(i.e. compacted brown till) and underlying foundation material (Le. in-situ brown till) based on 
the data verification section presented in the Foundation Stability calculation package; and (iv) 
the effect of the perched ground-water table on the stability analysis. 

The computed minimum factor of safety is compared to the target value of factor of 
safety given in the Design Criteria Package (Le. 1.3 for short-term conditions and 1.5 for 
long-term conditions). The slope stability of the access corridor is considered to be adequate 
if the calculated minimum factor of safety is equal to or greater than the target value. 

Conclusions: 

The calculated minimum factor of safety for short-term conditions is 4.1. The 
calculated factor of safety for long-term conditions is 2.8. Each of these values exceed the 
target value of 1.3. 

GE3900-09.4/F%30025. CD 
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The factor of safety for the access corridor is considered to be acceptable based on the 
variability of the foundation stratigraphy, and the considered effect of the perched groundwater 
table. 
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Access Corridor Stability 

Purpose: 

These calculations are performed to evaluate the minimum static slope stability factor 
of safety for the access corridor. The analysis is performed for short-term and long-term 
conditions. 

Procedure: 

The slope stability of the access corridor slope is evaluated by calculating the minimum 
factor of safety using the 2dimensional limit equilibrium analysis chart solutions presented by 
Duncanet. al (1987). 

. 

Data Verification: 

The access corridor is located on the perimeter of the OSDF and supports a roadway. 
The access corridor is desigdo be stable at the end of construction and to remain stable 
thereafter. Stability of the access corridor is assessed by considering potential slip surfaces 
that pass through the access corridor material. A factor of safety for slope stability is 
calculated for the critical potential slip surface. The design is acceptable if the factor of safety 
exceeds the designated target value. Both short-term (end of construction) and long-term 
conditions are considered. The target value of factor of safety given in the Design Criteria 
Package is 1.3 for short-term conditions and 1.5 for long-term conditions. The main issues to 
be considered in the analysis are: 

- Geometry of the access corridor; 
- Physical properties of the access corridor and foundation materials; and 
- pore pressures within the access corridor. 

Geometry: 

The geometry of the access corridor was obtained from the Construction Drawings. 
The slopes of the embankment are a maximum 6H:lV. The maximum height of the access 
corridor is 10 ft. A surcharge, applied by maintenance vehicles is assumed to be 250 psf. 
These factors are identified in Figure 1. 
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Material Parameters: 

The shear strength and unit weight of access corridor material and foundation soils are 
considered for both short-term (end of construction) and long-term conditions. The material 
properties are assumed based on the information presented by (Parsons, 1995), and as 
interpreted in the foundation stability calculation package (GeoSyntec Doc. No. 
F95 3 0020. CDO) . 

The access corridor fill material is assumed to be recompacted brown till (i.e., 
compacted clay). Based on the analysis and interpretations provided in the foundation stability 
calculation package (GeoSyntec Doc. No. F9530020.CDO), the appropriate shear strength 
parameters for the compacted clay are as follows: 

End of construction: t$ =O and 
Long-term: t$ = 25’ and 

c= 1200 psf (total stress conditions) 
c = 0 psf (effective stress conditions) 

From the same document, an appropriate value of total unit weight is y= 135 pcf. 

Based on the analysis and interpretation referenced above, the foundation material is a 
natural brown till that will underlie the access corridor to a depth of approximately 15 ft. The 
natural brown till is underlain by a stronger gray till. For the purpose of this analysis, the 
foundation is conservatively assumed to consist of all  brown till. The shear strengths of the 
natural brown till are assumed to be the same as for the compacted clay. The unit weight of 
brown till is assumed to be 135 pcf. 

a 

Pore Pressures: 

For short-term conditions the classical assumption that pore pressure effects are 
accounted for in selected values of undrained shear strength is employed. For long-term 
conditions, it is assumed that perched and aquifer ground-water levels will remain in the 
foundation materials such that no pore pressure will be present in the access corridor 
materials. The top of the perched ground. water table is assumed to be consistent with the 

“Hydrostatic Forces” calculation package (GeoSyntec Document No. F9530014.CDO). 
original ground surface. This assumption is supported by site information, as summarized in 

GE3900-09.4E9630025. CD 
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Procedures: 

The following procedures are followed for the calculation of the access corridor 
stability: 

1. The most critical case for access corridor stability involves the highest and steepest 
access corridor slope. This statement implicitly assumes that both foundation and 
access corridor materials are relatively uniform throughout the OSDF. The critical 
cross section is selected based on the Construction Drawings. All slopes are inclined 
at 6H:lV. Hence, steepness is not a factor in the selection of the critical location. The 
maximum slope height is H = 10 ft. 

- 

2. Surcharge and pore pressure distributions for access corridor are selected. A surcharge 
(9) equal to 250 psf is assumed (Figure 1): This load corresponds to the minimum 
surcharge recommended by AASHTO to represent traffic loading for retaining wall 
design (AASHTO, 1992). This assumption is appropriate for this calculation because 
only traffic associated with maintenance is expected on the access corridor. 
For short-term conditions, the classical assumption that pore pressure effects are 
accounted for in selected values of undrained shear strength is appropriate. For long- 
term conditions, it is assumed that perched and aquifer ground-water levels will remain 
in the foundation materials such that no pore pressure will be present in the access 
corridor materials. The top of the perched ground water table is assumed to be 
consistent with the original gro&d surface. 

3. For calculation of the critical factor of safety for short- and long-term conditions the 
methodology and chart solutions provided by Duncan et. al . (1987) are used. This 
reference provides solutions for a range of conditions which encompass the conditions 
of concern herein. 

The geometry, stratigraphy, and material properties presented in the data verification 
section of this calculation are used. 

of Construction: 

The methodology followed in the calculation of the factor 
by Duncan et al. (1987). The factor of safety is computed 

of safety for 4 =O soils is described 
as: 

e F+) 
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Y H + q - y w  Hw 
Pq P w  P, 

with Pd = 

where N, =5.53 is obtained from Figure 2, using slope inclination, p, =9.46 (6H:lV), depth, 
d =a, soil cohesion, c=1200 psf, slope height, H =10 ft, submerged slope height, H,=O, 
the traffic surcharge, q=250, the soil unit weight, y=135 pcf, the water unit weight, y,=62.4 
pcf. The surcharge reduction factor, pq= 1, is obtained from F i p e  3a. Seepage and tension 
cracks are assumed to have no effect on the stability of the access corridor. The submergence 
reduction factor, h, and the tension crack reduction factor, A, obtained from Figure 3b, are 
equal to unity. For the values shown, Pd and the factor of safety is: 

(135) (10) + 250 - 62.4(0) 
Pd = = 1600 

(1)(1)(1) 

(1 200)(5.53) F, =( ) =4.1 
1600 

The methodology followed in the calculation of the factor of safety for $9 soils 
is described by Duncan et al. (1987). For the case of c=O, the factor of safety is computed 
by: 

where Pd is the same as the end of construction case and P, is given by 

I 

H=lO ft, y = 135pcf, q = 25Opcf, and the height of water within the slope, H', = 0. As for 
the undrained case, the seepage correction factor, p',=1 and pq= 1, thus P, = 1600psf = Pd. 

000- 188 
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Thus, the factor of safety is given by: 

F, =(=) tan 25 =2.* 

The target critical factors of safety for the access corridor are 1.3 for end of 
construction (i.e., short-term) and 1.5 for long-term conditions. 

The calculated critical factors of safety must be equal to or greater than target values to 
establish adequate stability. The calculated factor of safety are: 

End of construction: Fs = 4.1 > 1.3 (acceptable) (undrained conditions) 
Long term Fs = 2.8 > 1.5 (acceptable) (drained conditions) 

The stability is adequate for both cases. 1) 
References: 

AASHTO, "Standard Specifications for Highway Bridges, 15th edition, Art 3.203, 1992. 

Duncan J.M., Buchignani, A.L. and De Wet, M., "An Engineering Manual for Slope Stability 
Studies, Department of Civil Engineering, Virginia Polytech and State University, 1987. 

Parsons, "Disposal Facility Pre-Design Geotechnical Investigations, * Soil Investigation Data 
Report, Operable Unit 2, Project Order 32, 1995. 
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BORROW AREA CUT SLOPES 

EXECUTIVESUMMARY 

Purpose: 

factor of safety for the excavated slopes of the borrow area. 
performed for both short-term and long term conditions. 

These calculations are performed to evaluate the minimum static slope stability 
The calculations are 

Procedure: 
The slope stability of the borrow area cut slopes is evaluated by calculating the 

minimum factor of safety using the 2-dimensional limit equilibrium analysis chart 
solution presented by Duncan et. a1 (1 987). 

Data Verification: 
The following information is developed for this calculation package: (i) the cross 

section used for the analysis is obtained h m  the Construction Drawings and is 
interpreted to represent the location with the largest cut; (ii) no traffic surcharge is 
assumed for the crest of the borrow area cut slope; (iii) a conservative estimate of the 
shear strength of the borrow area cut material (i.e. in-situ brown till) is based on the data 
verification section of the Foundation Stability calculation package; and (iv) the effect of 
the perched ground-water on the stability analysis is considered. 

J 

. The computed minimum factor of safety is compared to the target value of factor 
of safety given in the Design Criteria Package (i.e., 1.3 for short-term and 1.5 for long 
term conditions). The stability of the borrow area cut slopes is considered to be adequate 
if the calculated minimum factor of safety is equal to or greater than the target value. 

Conclusions: 
The calculated minimum borrow area cut slope stability factor of safety for short- 

term conditions is 2.5. The calculated minimum borrow area cut slope stability factor of 
safety for long-term conditions is 1.5. These values exceed the target values of 1.3 and 
1.5 for short- and long-term conditions, respectively. 

These calculated factors of safety are conservative because the parameters 
selected for the analysis have taken into consideration the inherent variability in material 
properties and foundation stratigraphy, as well as the effect of a perched ground-water 
table. Therefore, the short-term and long-term stability of the borrow area cut slopes is 
adequate. 
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Borrow Area Cut Slopes 

Purpose: 

The purpose of these calculations is to evaluate the minimum static slope stability . 

The calculations are factor of safety for the excavated slopes of the borrow area. 
performed for both short-term and long term conditions. 

Procedure: 

The slope stability of the borrow area cut slopes is evaluated by calculating the 
minimum factor of safety using the 2-dimensional limit equilibrium analysis chart 
solution presented by Duncan et. a1 (1987). 

Data Verification: 

The cut slopes of the borrow area are designed to be stable during excavation of 
the borrow material and are designed to remain stable thereafter. Stability of the borrow 
area cut slopes is assessed by considering potential slip surfaces that pass through the 
remaining material an into the open borrow area excavation. A factor of safety for slope 
stability is calculated for the critical potential slip surface. The design is considered to be 
acceptable if the factor of safety exceeds the designated target value. Both short-term 
(end of excavation) and long-term conditions are considered. The target value for factor 
of safety given in the Design Criteria Package is 1.3 for short-term conditions and is 1.5 
for long-term conditions. The primary issues to be considered in the analysis are: 

- Geometry of the critical cross section of the borrow cut area; 
- Physical properties of excavated materials in the borrow area; and 
- pore pressures within borrow area cut slope. 

/ 

Geometry: 
The geometry of the cut slopes in the borrow area was obtained from the 

Construction Drawings. The slopes of the borrow area excavation have a maximum 
inclination of 6H:lV (horizontal to vertical). The maximum excavation is not greater 
than 20 ft. These factors are identified in Figure 1. 

J 

Material Parameters: 
The shear strength and the unit weight of the borrow area material are considered 

for both short-term (end-of-excavation) and long-term conditions. The soils to be 
excavated in the borrow area consist of brown till. The material properties of the brown 
till are assumed based on the information presented by (Parsons, 1995), and as 
interpreted in the foundation stability calculation package (GeoSyntec Document 
Number F9530020.CDO). Based on the analysis and interpretation provided in the 

/ 
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foundation stability calculation package, the shear strength parameters of the brown till 
are as follows: 

RBC o n )  16 FkT3 46 

End of excavation: 
Long-term: 

$4 and ~ ~ 1 2 0 0  psf (undrained, total stress conditions) 
e 2 5 "  and c= 0 psf (drained, effective stress conditions) 

, 
From the same document, the unit weight of the brown till is ~ 1 3 5  pcf. 

Based on the analysis and interpretation represented above, the excavated material 
is a brown till that is underlain by a gray till. The gray till is assumed to have a higher 
shear strength than the brown till. For the purposes of this analysis, the excavated soil 
and foundation material are assumed to consist of brown till. This assumption 
corresponds to a conservative analysis. 

Pore Pressure: 
The effect of the perched ground-water table in the borrow area is considered 

For the most severe case, the perched ground-water table is assumed to be consistent with 
the ground surface. For short-term conditions the classical assumption that pore pressure 
effects are accounted for in selected values of undrained shear strength are employed. 
For long-term conditions, it is assumed that perched and aquifer ground-water levels will 
remain at the ground surface, hence pore pressure will be present in the remaining brown 
till material. 

J 

0 
Analysis: 

borrow area cut slopes: 

1. 

The following procedures are followed to calculate the slope stability of the 

/ The most critical case for borrow area slope stability involves the deepest and 
steepest excavated slope. All excavated slopes are inclined at 6H:lV. Hence, 
steepness is not a factor in the selection of the critical location. The maximum 
expected slope height is H=20 fi. 

2. Vehicle surcharge and pore pressure distributions for the excavated slopes are 
selected It is assumed that there will be no vehicle surcharge. The perched 
ground-water table is assumed to be consistent with the ground surface. 

For short-term conditions the classical assumption that pore pressure effects are 
accounted for in selected values of undrained shear strength will be employed. 
For long-term conditions, it is assumed that perched and aquifer ground-water 
levels will remain at the ground surface, hence pore pressure will be present in 
the slope materials. 

. 
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3. Forcalculation of critical factor of safety for short- and long-term conditions the 

methodology and chart solutions provided by Duncan et al. (1987) are used. This 
reference provides solutions for a range of conditions which encompass the 
expected conditions in the borrow area. 

The geometry, stratigraphy, and material properties presented in' the data 
verification section of this calculation are used 

End of Construction: 
The methodology followed in the calculation of the factor of safety for e 0  soils is 
described by Duncan et al. (1987). The factor of safety is computed as: 

where Nc=5.53 is obtained from Figure 2 using a slope inclination, Pq.46 
(6H:lV), a depth, d-, a soil cohesion, ~ 1 2 0 0  psf, a slope height, H=20 A, a 
height of the submerged slope, Hw4, a surcharge, 4'0, a soil unit weight, ~ 1 3 5  
pcf, and a water unit weight, yw=62.4pcf. The surcharge reduction factor, pq, is 
obtained from Figure 3% the submergence reduction factor, CL, is obtained from 
Figure 3b, and the tension crack reduction factor, is equal to unity (i.e., no 
tension crack is allowed). The surcharge and submergence reduction factors are 
also equal to unity. For these values, Pd, and the factor of safety (FS) are: 

(135) (20) + 0 - 62.4(0) 
Pd = = 2700 

(1)(1)(1) 

(1200)(553) e=( 2700 ) = 2 5  

Long-term Conditions: 
The methodology followed in the calculation of the factor of safety for 4>0 soils is 
described by Duncan et al. (1 987). For the case of c=O, the factor of safety is computed 
by: 

a -  
GE3900-9.4fF9630087.CD 
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where Pd is the same as the end of construction case and P, is given by 

H=10 R, y = 135 pcf., q =O pcf., and the height of water in the slope, HI,= 20. 
From Figure 3, for H', /H = 1, k'=l.O and the surcharge reduction factor, 
Cl,=l.O. Thus 

= 1452 pf (1 35)20 + 0 - 62.4(20) Pd = 
, (1)(1) 

a -  
The factor of safety is given by: 

/ 

Summary: 

The target critical factors of for slope stability of the borrow area cut slopes are 
1.3 for end of excavation conditions (i-e., short-term, undrained total stress analysis) and 
1.5 for long-term conditions (i.e., drained, effective stress analysis). 

The calculated critical factors of safety must be equal to or greater than the target 
values to establish adequate stability. The calculated factor of safety are: 

End of excavation conditions: 
Long-term conditions 

Fs = 2.46 2 1.3 (acceptable) J 
Fs = 1.50 2 1.5 (acceptable) 

The stability is adequate for both cases. 
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SEISMIC HAZARD ASSESSMENT 

1. EXECUTTVESUMMARY 

A seismic hazard assessment was performed for the Fernald Environmental 
Management Project (FEMP) On-Site Disposal Facility (OSDF). The analysis was 
performed for the purposes of assigning a magnitude to the design peak ground 
accelerations for the OSDF and selecting an acceleration time history for use in design 
analyses. Seismic sources within a 250-mile (400-km) radius of the facility were 
evaluated. Based on this evaluation, a maximum moment magnitude M, = 6.1 was 
assigned to both the Grenville and Illinois Seismic Source Zones (SSZ). A maximum 
moment magnitude Mw = 6.6 was assigned to the Reelfoot Rift Complex Subzone B, 
which is a part of the New Madrid seismic source megazone. Based upon estimates of 
the peak horizontal acceleration in a hypothetical bedrock outcrop (PGA) at the OSDF 
from the maximum magnitude events, a moment magnitude of 6.1 was assigned to the 
design event. Based on the analysis, a PGA of 0.16 g was selected in accordance with 
USEPA 40CFR $258. A synthetic accelerogram, BZSYN, developed at the California 
Institute of Technology was recommended for use in the seismic site response analysis. 

J 

1 
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2. PURPOSE 

The purpose of the seismic hazard assessment is to evaluate the magnitude , 
associated with peak ground acceleration (PGA) from . DOE-STD-1020-94 and 
Algermissen et ai. (1990) and to select design accelerogram(s). 

2 
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3. 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

PROCEDURE 

Review available literature on regional and local seismic geology and geophysics 
(limit study area by 250-mile or 400 km radius). The study should include data 
published in scientific and technical literature (e.g., ATC, 1994) as well as 
technical reports for critical structures in the iicinity of the FEMP site. 

/ 

Based on the literature review, identify and delineate seismic source zones 
(lateral extents and hypocentral depths). Make a clear distinction between a 
local (near-field) event (i.e., Grenville seismic zone) and a distant (far-field) ’ 
event (i.e., Reelfoot Rift Complex B in the New Madrid Seismic Zone). 

Based on the literature review, assign a maximum (credible) magnitude to each 
delineated zone. 

Review available literature on attenuation relationships for rock conditions in the 
central United States. Select the most appropriate attenuation relationship. The 
latest update of the Boore and Atkinson (1987) attenuation relationship (Atkinson 
and Boore, 1990) will be used for seismic analysis of the OSDF. 

Based on data identified in steps 2 and 3, using the acceleration relationship 
selected in step 4, estimate mean and mean plus one standard deviation peak 
horizontal ground acceleration (PGA) for the OSDF for both the near-field and 
far-field maximum credible events. 

Compare estimated PGA value for the near-field and far-field events with the 
PGA-s obtained from applicable standards (e.g., the ground surface PGA for a 
1OOO years return period from DOE-STD-1020-94 and, in accordance with 
USEPA 40CFR 258, and the hypothetical bedrock outcrop PGA for a 2372 , 
years return period obtained, as recommended in EPA (1993) and EPA (1995), 
by interpolation from the Algermissen et al. (1990) map. Based on this 
comparison, evaluate which source zone (or zones) is (are) the primary 
contributor(s) to the design PGA and assign a magnitude to the design event(s). 

3 
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3.7 Select a strong motion record (or records) on the basis of seismic geology data 
evaluated in step 2 and the design earthquake magnitude from step 6 .  If 
necessary, i.e.,  if historic strong motion records are unavailable or nonexistent, 
select a synthetic earthquake record (or records). / 

4 
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4. DATA VERIFICATION 

4.1. PURPOSE 

The purpose of this section is to provide the input data for the seismic hazard 
assessment for the OSDF. The data thus collected is provided for verification and 
further use in the seismic hazard analysis. 

4.2 PARAMETERS FOR DESIGN 

The parameters required for the seismic hazard assessment are the earthquake 
seismic sources (zones) and the corresponding magnitudes that may affect the OSDF. 
An assessment of the design earthquake sources and magnitudes is presented in this 
section. 

. 

Opinions vary widely about the best way to delineate and quantify the seismic 
sources (areal zones) in central United States. GeoSyntec adopted the most recent 
approach contained in the recent study by Johnston and Nava (1994) to evaluate design 
earthquake sources and magnitudes for the OSDF. 0 ' 

Johnston and Nava (1994) provide a map of seismic source zones and associated 
maximum credible magnitudes for the central United States. This map is reproduced 
in Figure 1. The seismic source zones delineated in the map are regions within which 
structures have similar seismogenic potential. Consequently, the approach by Johnston 
and Nava implies that the maximum credible earthquake must be allowed to occur 
anywhere within the boundaries of these seismic source zones. 

According to Johnston and Nava, the following three seismic source zones are / 

within a 250-mile (400 km) radius from OSDF: (i) the Grenville seismic source zone 
(SSZ); [ii) the Illinois SSZ; and (iii) the Reelfoot Rift Complex seismic source 
megazone, also known as the New Madrid seismic source zone. 

The Grenville SSZ is classified by Johnston and Nava as a "Seismotectonic" 
SSZ, a source zone defined on the basis of a tectonic feature such as a fault zone, rift, 

'GE3900-3.1\FER9530028.CD 5 a . .  
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suture, or intrusion with which seismicity is spatially associated, but where a clear 
association with a specific fault or faults is lacking. Johnston and Nava estimate that 
the maximum credible earthquake for the Grenville SSZ is an event with a (short 
period) body wave magnitude m,, = 5.7, which according to the chart in Figure 2a 
from Heaton et al. (1986), corresponds to a moment magnitude M, = 6.1. Based on 
the Johnston and Nava map (epicentral) distance of 17 miles (28 km), and a hypocentral 
depth estimate for the Grenville SSZ of 10 miles (16 km) (see Johnston and Nava), Y 
GeoSyntec estimates a hypocentral (site-to-source) distance of 20 miles (32 km) from 
the OSDF to the nearest point within the Grenville SSZ. 

The Illinois SSZ is classified by Johnston and Nava as a "seismic" SSZ, a 
source zone defined on the basis of seismicity which is "enhanced over background", 
(Le., a zone in which spatial clustering if microseismicity is evident, but where data are 
insufficient to associate the activity with seismogenic or seismotectonic crustal 
structures.) Johnston and Nava estimate that the maximum credible event in the Illinois 
SSZ is an event with a the body wave magnitude m, = 5.7, corresponding to a moment 
magnitude M, = 6.1 (see Figure 2a). Based on the Johnston and Nava map 
(epicentral) distance of 125 miles (200 km), and a hypocentral depth estimate for the 1 
Illinois SSZ of 10 miles (16 km) (see Johnston and Nava), GeoSyntec estimates a 
hypocentral distance of 125 miles (200 km) from the OSDF to the nearest point within 
the Illinois SSZ. 

a -  
The Reelfoot Rift Complex seismic source megazone is subdivided by Johnston 

and Nava (1994) in two subzones called Zone A and Zone B. Subzone A is classified 
by Johnston and Nava (1994) as a "Seismic" source zone, identified on the basis of the 
linear trend of numerous small epicenters. The great New Madrid earthquakes of 
1811-1814 occurred in Subzone A. Subzone A is more than 250-miles (400 km) from 
OSDF and therefore unlikely to impact the OSDF. 

Reelfoot Rift Complex Seismic Subzone B is classified by Johnston and Nava 
(1994) as a "Seismotectonic" and has been delineated on the basis of the geophysically 
inferred limits of the Reelfoot complex. In accordance with the study by Johnston and 
Nava (1994), a maximum credible earthquake of (short period) body wave magnitude 
m,, = 6.5 is assigned to Subzone B. This magnitude has been converted to the moment 
magnitude scale using the upper bound curve from the Boore and Atkinson (1987) chart 

GE3900-3.1WER9530028.CD 6 
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(see Figure 2b), because the chart by Heaton et al. (1987) used for the other seismic 
source zones (see Figure 2a) saturates at m, = 6.4. As indicated in Figure 2b, 
GeoSyntec conservatively assigned M, = 6.6 to Subzone B. Based on the Johnston and 
Nava map (epicentral) distance of 60 miles (100 km), and a hypocentral depth estimate ’ 
of 10 miles (16 km) (see Johnston and Nava, 1994), GeoSyntec estimates a hypocentral 
distance of 63 miles (100 km) from the OSDF to the nearest point within the Reelfoot 
Rift Complex Subzone B. 

4.3 DESIGN VERIFICATION 

The following calculation elements used in the seismic hazard assessment are 
presented below for verification. 

e The equation presented below by Atkinson and Boore (1990) is used to 
attenuate the strong ground motions (Le., to calculate the peak horizontal 
acceleration (mean and mean plus one standard deviation)) for the 
maximum credible earthquake estimated on the basis of data presented 
in Johnson and Nava (1994). 

Atkinson and Boore (1990) attenuation relationship has the following form: 

log@) = a” + b (M, - 6) + c (M, - 6)2 - log@) + k(R) + s J 

where: y = depending on the s-term in equation above, the mean or, the mean + 
one standard deviation peak horizontal acceleration value 

a = 3.65 (coefficient of attenuation equation) 
a” = a - log(980.7) (a” is coefficient a modified in order to get acceleration 

b = 0.42 (coefficient of attenuation equation) 
c = -0.03 (coefficient of attenuation equation) 
k = -0.00281 (coefficient of attenuation equation) 
s 

values in g-units) J 

= standard error term (s = 0 yields mean acceleration value; s = 0.3 
yields mean + one standard deviation peak horizontal acceleration 
value) 

7 
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R = [(RJ2+(h)2)]0.5 (note: RE = epicentral distance from Johnston and 
Nava Map; h = hypocentral depth from study by 
Johnston and Nava; R, RE and h in kilometers). 

0 The following peak accelerations for the site are obtained from the 
literature. 

DOE STD 1020-94 gives the peak acceleration at the ground 
surface with a mean recurrence interval of 1000 years at the 
OSDF as 0.13 g. 

, 

The peak bedrock acceleration with a probability of not being 
exceeded of 10 percent in a 250 year period as specified by EPA ’ 
40 CFR 258 evaluated as recommended by EPA (1993) and EPA 
(1995) is 0.16 g. 

. .  

GW900-3. I\FER9530028.CD 8 
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5. ANALYSIS 

5.1 INTRODUCTION 

Given the earthquake sources and magnitudes provided in the previous section, 
the seismic hazard analysis presented in this section consists of the following elements: 

assessment of source-to-site attenuation of design ground motions; and 

selection of a representative acceleration time history. 

These elements are discussed in greater detail in the following section. 

5.2 SOURCETO-SITE ATTENUATION OF DESIGN 
GROUND MOTION 

The large earthquakes in the central United States associated with the Reelfoot 
Rift Complex seismic source zone occurred in the 19th century before the development 
of instrumental seismology and at a time when the area was sparsely populated. 
Consequently, available Modified Mercalli isoseismal maps are of relatively poor 
quality and stfong motion recordings are practically nonexistent. Therefore, the 
attenuation of earthquake peak ground acceleration with distance for the Central United 
States is based primarily on theoretical models and experience from similar tectonic 
regimes in other parts of the world. 

To attenuate strong ground motions in this study, GeoSyntec selected the latest 
update of the Boore and Atkinson (1987) Central United States attenuation relationship, 
as presented in Atkinson and Boore (1990). This attenuation relationship has been 
developed on the basis of a theoretical model of strong ground motion attenuation in 
the central United States. Based on the estimated moment magnitude and hypocentral 
(site-to-source) distance of a design earthquake, this attenuation relationship provides 
mean and standard deviation estimates of peak horizontal ground acceleration in a 
hypothetical bedrock outcrop at a site. The mean and mean plus one standard deviation 
peak horizontal ground acceleration estimates for a hypothetical bedrock outcrop at the 

GE3900-3.1WER9530M8.CD 9 
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OSDF site calculated using the Atkinson and Boore (1990) attenuation relationship are 
provided in Table 1 along with the calculation details in footnote. The horizontal 
ground acceleration estimates are provided for the maximum credible earthquake from 
Johnston and Nava (1994) in all three seismic source zones identified in the previous 
section as contributing to the seismic exposure of the site. 

DESIGN PEAK GROUND ACCELERATION AND 
EARTHOUAI(E MAGNITUDE 

5.3 

The intensity of the design earthquake for the OSDF is the maximum of the peak 
acceleration at the ground surface as specified by DOE-STD-1020-94 and the peak 
ground acceleration as specified by EPA 40CFR 258 (Subtitle D of the Resource 
Conservation and Recovery Act). As stated in DOE-STD-1020-94, the design 
earthquake has mean recurrence interval of lo00 years and corresponds to a peak 
ground acceleration of 0.13g. The design seismic event specified by EPA 4OCFR 258 
is for peak ground accelerations for a hypothetical bedrock outcrop with a probability 
of not being exceeded of 10 percent in a 250 year period-, corresponding to a mean 
recurrence interval of 2372 years. The peak ground accelerations as specified by EPA 
40CFR 258 at the OSDF, evaluated as recommended in EPA (1993) and EPA (1995) 
by interpolation from the map provided by Algermissen et al. (1990), is 0.16 g. 

The estimated mean value of the peak horizontal ground acceleration in a 
hypothetical rock outcrop at the OSDF from the maximum credible earthquakes defined 
by Johnston and Nava (1994) as the M, = 6.1, M, = 6.1 and M, = 6.6 events in the 
Grenville, Illinois, and Reelfoot Subzone B seismic source zones respectively, is 
between 0.01 g and 0.13 g. The estimated mean plus one standard deviation peak 
horizontal ground acceleration in a hypothetical bedrock outcrop at the OSDF is 
between 0.01 g and 0.25 g for the maximum credible earthquakes from the same three 
seismic source zones. For both the mean and mean plus one standard deviation cases, 
the largest peak ground acceleration is associated with the Grenville source zone. The 
Subzone B of the Reelfoot Rift Complex Seismic Source Zone produces the second 
largest peak ground acceleration in a hypothetical bedrock outcrop in both cases. It 
should be noted that, even at the mean plus one standard deviation level, Subzone B of 
the Reelfoot Rift Complex Seismic Source Zone produces a peak ground acceleration 

GU900-3.1 \FER9530028 .CD 10 
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of only 0.08 g at the OSDF. On the basis that Subzone B of the Reelfoot Rift Complex 
is not capable of producing a peak ground acceleration in a hypothetical bedrock 
outcrop at the OSDF in excess of 0.08 g even at the mean plus one standard deviation 
level, the design peak ground accelerations of 0.16 g, evaluated in accordance with 
EPA 40CFR 258 will be used for the seismic site response analysis. This peak ground 
acceleration may conservatively be associated with the maximum earthquake moment 
magnitude M, = 6.1, corresponding to a maximum credible earthquake (short period) 
body wave magnitude m,, = 5.7. 

5.4 REPRESENTATIVE ACCELERATION TIME HISTORY 

Selection of design strong motion records (acceleration time histories) for use 
in seismic response analyses is a key element of a seismic hazard analysis. 
Acceleration time histories from western United States earthquakes (western 
earthquakes) have often been used in the past for seismic response analyses of central 
United States sites, mainly because of the lack of acceleration time histories from strong 
central earthquakes. However, acceleration time histories from earthquakes in the 
western United States may not be the most appropriate time histories to use for the 
central United States for the following reasons: 

0 Central United States earthquakes are believed to be enriched in high 
frequency energy compared to western United States earthquakes 
(ATC-35, 1994). 

0 A rational method for predicting the duration of a central United States 
earthquake is not available. Earthquake dur5tion typically increases with 
magnitude, but Nuttli and Herrman (1981, p. 43) reports that empirical 
data for duration of central United States earthquakes is not available. 

0 A recorded acceleration time history from a western United States 
earthquake of a given magnitude is not likely to have a peak acceleration 
and duration that are consistent with a similar magnitude event at an 
eastern site. This lack of consistency is because the relationship between 
magnitude, peak acceleration, and duration depends largely on the 

GE3900-3.1WER9530028.CD 11 
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attenuation of the motions between the source and the recording site. 
Available data indicate that attenuation in central United States geologic 
conditions is significantly less rapid than in western United States 
geologic conditions. 

. 

0 Source mechanisms are believed to be different for central and western 
United States earthquakes. Typically, western United States earthquakes 
are associated with shallow surface faulting, while central United States 
earthquakes are generated by complex tectonic mechanisms (see 
discussion of Mechanisms for Grenville and Reelfoot Rift Complex 
provided in data verification section of this document). 

Unfortunately, the catalog of strong motion acceleration time histories for the 
central United States is very limited (Friberg and Jacob, 1990). The strongest 
earthquakes that have been recorded in the New Madrid Seismic Zone after the strong 
motion network was installed are the Risco (M, = 4.6) and Cape Girardeau 
(M, = 4.8), Missouri earthquakes. Acceleration time histories recorded during these 
events can not by themselves constitute a representative set of time histories for the site 
because of their relatively moderate magnitude. Therefore, GeoSyntec selected a 
synthetic accelerogram, the B2-SYN accelerogram developed at the California Institute 
of Technology, for the site response analyses at the OSDF. The B2-SYN synthetic 
accelerogram was generated by Jennings et al. (1968) to simulate M, = 7.0 
earthquakes on alluvium. It should be noted that application of B2-SYN introduces in 
the seismic analysis at OSDF a twofold source of conservatism. First, the selected 
accelerogram is representative of the strong motion shaking of a significantly larger 
magnitude earthquake than the design magnitude. Second, the B2-SYN motion was 
developed to be characteristic of a soil site motion. As such, it has more energy, at 
longer periods than typical rock site strong ground motions. As longer period motions 
are potentially more damaging than short period motions, an additional level of 
conservatism is introduced into the design through the use of the B2-SYN motion. 
B2-SYN synthetic accelerogram response spectrum, calculated for commonly used 5 % 
viscous damping value, is shown in Figure 3. 

a -  
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SEISMIC SITE RESPONSE ANALYSIS 

1. EXECUTIVESUMMARY 

A seismic site response analysis was performed for the Fernald Environmental 
Management Project (FEMP) On-Site Disposal Facility (OSDF). The analysis was 
performed for the purpose of evaluating the average acceleration time history at the 
liner and f d  cover levels of the facility. A representative soil-landfill profde 
approximately 300-ft (91-m) thick was analyzed using the onedimensional total-stress 
equivalent-linear computer program SHAKE91 (Idriss and Sun, 1992). A synthetic 
accelerogram B2-SYN scaled to a peak ground acceleration (PGA) of 0.16 g, 
established in the Seismic Hazard Assessment calculation package, was used in the 
analysis. Results of the seismic site response analysis indicate that the design seismic 
event induces a peak average acceleration of approximately 0.14 g at the OSDF final 
cover level and of approximately 0.11 g at the OSDF liner level. 

A 
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2. PURPOSE 

The purpose of these calculations is to evaluate the site-specific peak average 
acceleration values at the liner and final cover levels of the facility, and, if necessary, 
provide corresponding average acceleration time histories. 

/ 

e -  
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3. 

3.1 

3.2 

3.3 

3.4 

3.5 

PROCEDURE 

Perform one-dimensional total-stress equivalent-linear site response analysis of 
the OSDF using the latest update of the SHAKE program, SHAKE91 (Idriss and 
Sun, 1992). 

Based on the results of geotechnical, geophysical and other investigations 
performed at the site and/or on the materials recovered from the site, develop 
a representative site profile(s). The representative profile(s) should reflect the 
soil conditions and waste and containment system material properties from the 
top of bedrock to the top of the landfill. The profile@) should also be consistent 
with, but not necessarily exactly the same as, the profile(s) developed for 
settlement and stability analyses. 

, 

Assign dynamic soil properties (e.g., small strain shear modulus, mass density, 
and strain-dependant modulus reduction and equivalent viscous damping) to the 
representative site profile(s). Utilize site-specific data on the site soils and 
impacted materials to be disposed of in the OSDF in conjunction with published 
correlations from technical literature to establish dynamic properties. Evaluate 
small-strain shear moduli from correlations with Standard Penetration Test 
(SPT) blow counts (Imai and Tonouchi, 1982), from void ratios (Hardin and 
Black, 1968) and/or from undrained shear strengths for foundation materials 
(Seed and Idriss, 1970). Use the same values of unit weight as in settlement 
and slope stability calculation procedures. Based on the plasticity index of the 
site materials, select strain-dependant modulus reduction and equivalent viscous 
damping curves from a family of curves shown in Figure 1 following 
recommendations of Vucetic and Dobry [ 19921. 

/ 

Perform the seismic response analysis for the profde(s) defined in step 3 using 
the strong motion data derived from the seismic hazard analysis procedure. 

Present the peak average accelerations and the peak average acceleration time 
histories from the site-specific seismic response analyses in tabular or graphical 
form and evaluate the results. The upper bound values of peak average 
acceleration calculated in the site response analysis at the base foundation, liner, 

/ 
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and final cover system levels should be used in the seismic performance 
evaluation to determine whether or not a seismic deformation analysis is 
necessary. J 
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4. DATA VERIFICATION 

4.1 INTRODUCTION 

The purpose of this section is to provide the data required for input for the 
Seismic Site Response Analysis. Also presented in this section is the methodology for 
calculating additional data required for the dynamic properties of the materials. The 
data and methodology are presented for verification and further use in the Seismic Site 
Response Analysis. 

4.2 RESULTS OF SEISMIC HAZARD ASSESSMENT 

The strong motion data derived from the seismic hazard analysis procedure is 
used in the Seismic Site Response Analysis. As stated in the Seismic Site Response 
Analysis, the characteristics of the design seismic event for the OSDF are as follows: 

4.3 

peak bedrock acceleration of 0.16 g in accordance with EPA 4OCFR 
258; 
maximum credible earthquake moment magnitude M, = 6.1 
(corresponds to the maximum credible earthquake (short period) body 
wave magnitude of m, = 5.7); and 
the design strong motion record (acceleration time history) represented 
by the synthetic accelerogram B2-SYN. 

J 

MATERIAL PROPERTIES 

The properties of the materials used in the Seismic Site Response Analysis are 
derived from parameters defined in previous calculation packages. The properties for 
the site strata and the site profile are described in the following sections and are 
summarized in Table 1. 

Based on the results of geotechnical investigations performed at the site and/or 
on the materials recovered from the site, a representative profile was developed for the 

J 
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seismic response analysis. The profile is similar to that used for the foundation stability 
and foundation settlement analyses. The layers of the profile are as follows from the 
cover of the OSDF to bedrock: 

e 

e 

e 

e 

e 

e 

e bedrock. 

7-ft (2.1-m) thick cover system; 
50-ft (15-m) thickness of impacted materials; 
3-ft (0.9-m) thick compacted clay liner; 
1 0 4  (3-m) thick brown till layer; 
4 5 4  (14-m) thick gray till layer; 
1724 (52-m) thick granular soil layer (Great Miami Aquifer Soils); and 

The material properties for these layers are !ammamd in Table 1. Specific 
sources for the properties listed in the table are described below. 

e The unit weights for all materials and the undrained shear strength for 
the cohesive foundation soils were obtained from the data verification / 

sections of the Foundation Stability and Impacted Materials Settlement 
analyses. 

e For the cover system granular soils, a void ratio (e) of 0.7 and a , 
plasticity index (PI) of 0 are assumed. These parameters are consistent 
with the granular nature of the soils to be used in the cover system. 

e For the impacted materials on the OSDF a PI value of 15 was assumed , 
for the analysis. The value of PI is an average value based on 
laboratory data presented in Parsons (July, 1995). 

’ 

e For the subsurface cohesive soils, an average PI value of 15 was 
assumed for the analysis based on laboratory data presented in Parsons 
(July, 1995). 

e For the granular soils in the Great Miami Aquifer, the SPT blow counts 
(N-values) range from 30 to greater than 50 blows per foot, based on 
data presented in Parsons (July, 1995). For this analysis, a conservative 

/ 
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average N-value of 40 is assumed. 

e The bedrock at the site ii defined as a shale with interbedded limestone 
(Parsons, [January, 19951). A unit weight of 145 pcf (22.8 kN/d) is 
assumed for the bedrock. 

/ 

4.4 MATERIAL DYNAMIC PROPERTIES 

The purpose of this section is to define the dynamic properties of the materials 
used in the analysis. The dynamic properties are calculated using the following 
equations and the material properties identified in the previous section and presented 
in Table 1. 

The unit weight values for the site materials, y, presented in Table 1 and in 
calculation sheets attached to Table 1 are considered to be representative of the site 
materials. Shear wave velocity for each layer is evaluated from corresponding small 
strain shear modulus, G,, using the basic principles of physics: 

J 

where g is acceleration of gravity. For underlying bedrock, a descriptive correlation 
from Clark [1966] was used. 

The small strain shear moduli of granular cover system materials were evaluated 
from the Hardin and Black [ 19681 equation as: 

(in psi) / G, = [(22.52 - 10.6e)2 / (1 + e)] (~’m)~’’ 

where e is the average void ratio and u’, is the mean effective stress in the mid-height 
of the layer calculated as a mean value of the vertical and horizontal stress acting in 
two perpendicular horizontal directions. 

The small strain shear moduli of on-site ~tllral and recompacted cohesive soils 
were evaluated from Seed and Idriss [1970] correlation as: 

GE3900-3.llFER9530029.CD 7 
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where S, is the undrained shear strength of the material in consideration. 

, 

The small strain shear moduli of on-site natural cohesionless 'soils were 
evaluated from Imai and Tonouchi 119821 correlation as: 

(in P a )  

where N is the Standard Penetration Test (SPT) blow count and g is a constant of 
gravity. 

Straindependant modulus reduction and equivalent viscous damping values were 
selected based on the plasticity index, PI, of the site materials following 
recommendations of Vucetic and Dobry [1992]. 

a -  
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5. ANALYSIS 

GeoSyntec used the theory of onedimensional wave propagation through layered 
media to model the response of OSDF to strong ground shaking. The analysis was 
performed in time domain using total-stress equivalent-linear computer program 

SHAKE (Schnabel et al., 1972). This computer program is publicly available through 
the Earthquake Engineering Research Center at University of California, Berkeley. 

SHAKE91 (Idriss and Sun, 1992), an updated version of the well-known program / 

A seismic response analysis for the profile characterized in Table 1 and with 
Figure 1 was performed using the B2-SYN synthetic accelerogram. The B2-SYN 
synthetic accelerogram developed at the California Institute of Technology and 
characterized in the seismic hazard analysis procedure was scaled to 0.16 g peak value 
prior to site response analysis. 

Results, which include reprint of all input parameters employed in site response 
analysis, are enclosed in the Appendix to this calculation package. These results 
indicate that the design seismic event induces a peak average acceleration of 
approximately 0.14 g at the facility final cover level and of approximately 0.11 g at the 
facility liner level. These calculated values for peak average accelerations will be used 
in the Seismic Performance Evaluation to estimate the potential for permanent seismic 
deformation of the OSDF. 

/ 
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APPENDIX A 

COMPUTER SOFI'WARE USED TO 
PREPARE CALCULATION PACKAGE 

SHAKE91 

Idriss, I.M. and Sun, J.I., "SHAKE91 - A Computer Program for Conducting 
Equivalent Linear Seismic Response Analyses of Horizontally Layered Soil Deposits," 
User's Manual, Center for Geotechnical Modeling, Department of Civil and 
Environmental Engineering, University of California, Davis, California, 1992, 13 p. 
(plus Appendicies) . 

a 

See Section 1.2 of the Design Parameter S m a r y  . 
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SEISMIC PERFORMANCE EVALUATION 

EXECUTIVESUMMARY 

The potential for seismic deformation of the On-Site Disposal Facility (OSDF) 
during the design seismic event is evaluated in this calculation package. For the 
relevant stability conditions presented in the static stability analysis, a pseudo-static 
stability analysis is perfonned to obtain a yield acceleration. ' The yield 
acceleration is the horizontal acceleration (reported as a percentage of gravity) at 
which the factor of safety is equal to 1.0. This value is compared to the peak 
average acceleration obtained in the Seismic Site Response Evaluation. For three 
cases of concern, the yield acceleration is less than the peak average acceleration 
for the design seismic event. For these cases, a seismic deformation analysis was 
performed. Based on the results of this analysis, the maximum permanent seismic 
deformation for the OSDF during the design seismic event is expected to be less 
than 0.1 in (3 mm). This calculated deformation is less than the maximum 
permissible seismic deformation of 6 in (0.15 m) based on the recommendations 
in Seed and Bo~parte  (1992) and Anderson and Kavazanjian (1995). Therefore, 
the seismic performance of the OSDF during the design seismic event is 
acceptable. 

- 
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SEISMIC PERFORMANCE EVALUATION 

PURPOSE 

The purpose of this document is to provide the,engineering calculations for the 
evaluation for seismic performance of the On-Site Disposal Facility (OSDF). The 
calculations provide an evaluation, and if necessary, a calculation of the potential 
for permanent seismic deformation of the OSDF during the design seismic event. 

The potential for permanent seismic deformation is calculated for the base 
(foundation), the impacted material mass, along the liner system, the OSDF 
perimeter berm, and the OSDF final cover system. The permanent seismic 
deformation is calculated for each configuration in which the yield acceleration 
(calculated in a pseudo-static stability analysis) exceeds the upper bound peak 
average acceleration (calculated in the Seismic Site Response Evaluation). 

Several of the parameters and data used in these calculations are obtained from 
other calculations. These reference calculations are as follows: 

Seismic Hazard Assessment; 
Seismic Site Response Analysis; 
OSDF Foundation Stability; 

OSDF Cover System Stability. 

OSDF Interim/Final Impacted Material Stability; 
OSDF Access Corridor Stability; and 

PROCEDURE 

1. Using the sections evaluated in the static stability analyses indicated above, 
perform a pseudo-static stability analysis to calculate the yield acceleration. 
The yield acceleration is the value of horizontal acceleration (measured as a 
percentage of gravity) at which the factor of safety for the critical slope 
stability interface is equal to 1 .O. The computer program XSTABL (Sharma, 
1994) is used in the pseudo-static stability analysis. Circular failure surfaces 
are evaluated using Bishop’s Simplified Method (Bishop, 1955). Wedge 
failure surfaces are analyzed using Janbu’s Method (Janbu, 1973). 

/ 
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SEISMIC PERFORMANCE EVALUATION 

2. For each case, compare the yield acceleration calculated in the previous step 
to the upper bound peak average acceleration for the foundation liner and 
cover system of the OSDF as presented in the results of the Seismic Site 
Response Analysis. Identify the conditions that require an evaluation of 
permanent seismic deformation as follows. 

For conditions in which the yield acceleration exceeds the upper bound 
peak average acceleration as calculated in the Seismic Site Response 
Analysis, it is concluded that no permanent seismic deformations will 
occur and the analysis is complete. t 

For conditions in which the yield acceleration is smaller than the upper 
bound peak average acceleration, permanent seismic deformations may 
occur during the seismic event and a Seismic Deformation Analysis is 
required. 

/ 

3. For each stability condition requiring evaluation of permanent seismic 
deformations, perform a quantitative Newmark deformation analysis using the 
calculated yield acceleration from the pseudo-static limit equilibrium analysis 
and the acceleration time histories for the design earthquakes calculated in the 
Seismic Site Response Analysis. The yield acceleration and the average 
acceleration time history are entered into the validated Newmark computer 
program YSLIP C van, 1991). The permanent seismic deformation for 
cases requiring evaluation is then calculated. 

/ 

4. For each case considered in Step 3, evaluate the potential for seismic upset 
to the OSDF by comparing the calculated defoxmation to the deformation 
levels considered to have the potential for impairment to the OSDF. The 
maximum permanent seismic deformation for all analysis conditions should 
be no larger than 6 in. (0.15 m) based on recommendations in Seed and 
Bo~par t e  (1992) and Anderson and Kavazanjian (1995). 

/’ 
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DATA VERIFICATION 

Each of the parameters used in the pseudo-static stability analysis come from 
parameters defined in previous calculation packages. Listed on Table 1 and Table 
2 are the material, geosynthetics, and interface properties used in the pseudo-static 
stability analysis. The location of the original data verification package for each 
parameter is also specified in the tables. 

The sections used for the pseudo-static stability analysis are identical to the 
sections defined in previous static stability analyses. 

/. 

~ 

ANALYSIS 

A pseudo-static stability analysis using XSTABL is performed to calculate the yield 
acceleration for the cases listed in Table 3. The yield acceleration is the value of 
horizontal acceleration (reported as a percentage of gravity) at which the factor of 
safety is 1.0. The minimum yield acceleration for each case is reported. The 
yield acceleration, the peak average acceleration, and the acceleration ratio for 
each case is presented in Table 3. The XSTABL output for each yield acceleration 
case is attached to these calculations. 

For the cases indicated in Table 3 for which the yield acceleration is less than the 
peak average acceleration, a seismic deformation analysis was performed according 
to the procedures outlined in the procedure section. The cases for which the 
analysis was performed are as follows: (i) OSDF foundation - interim 
configuration condition; (ii) OSDF impacted materials - fd configuration; and 
(iii) OSDF final cover system - long-term conditions. 

To perform the seismic deformation analysis the shear stress time history for the 
final cover layer and the base of the impacted materials layer (liner) was obtained 
from the Seismic Site Response Analysis. The shear stress time history for each 
layer is used to obtain a peak average acceleration time history for the layer. The 
peak average acceleration time history for each layer is input into the validated 
Newmark computer program YSLIP C (Yan, 1991). The permanent seismic 
deformation for each case requiring e&uation was then calculated. The files for 
the seismic deformation analysis are attached to this calculation package'. 

/ 
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' SEISMIC PERFORMANCE EVALUATION 

RESULTS 

Presented in Table 3 are the yield acceleration, the peak average acceleration and 
the acceleration ratio for all  cases considered in this ahalysis. For those cases for 
which the calculated peak average acceleration is less than the calculated yield 
acceleration, the permanent seismic deformation is considered to be negligible and 
no further analysis is required. 

/ 

For the three cases for which the calculated peak average acceleration is greater 
than the calculated peak yield acceleration, a seismic deformation analysis is 
performed. The results of this analysis are SUlllIllilllzed in Table 4. As indicated 
in the table, the maximum permanent seismic defomution for the OSDF during 
the design seismic event is expected to be less than 0.1 in (3 mm) for each case. 
This calculated deformation is less than the maximum pennissible seismic 
deformation of 6 in. (0.15 m) based on the recommendations in Seed and 
Bo~par te  (1992) and Anderson and Kavazanjian (1995). Therefore, the seismic 
performance of the OSDF during the design seismic event is considered 
acceptable. 

/ 

, 
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TABLE 1 

Foundation Stability 

DATA VERIFICATION 
MATERIALPARAMETERS 

Seismic Performance Evaluation 
Fernald Environmental Management Project 

On-Site Disposal Facility 
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Granular Soils in Liner and 
Cover Svstem I 125 

Impacted Materials 
long term I 125 

Compacted Clay 
long term I 130 

Brown Till 
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Gray Till 
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Final Cover System 

GCL Strength 
HDPE/GCL andor Internal 

Seismic Performance Evaluation 
Fernald Environmental Management Project 

On-Site Disposal Facility 
Fernald, Ohio 

Liner System and Impacted 
Materials 

Interim Configuration 
- ReinforcedGCL 

Final Configuration 
- HydratedGCL 

friction angle = 15" 

friction angle = 15" @ a,, = 7,700 psf 
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friction angle = 23" @ a,, = 2,000 psf 
friction angle = 30" @ a,, = 400 psf 

friction angle = 20" 

friction angle = 8" @ a,, = 7,700 psf 
friction angle = 8" @ a,, = 6,200 psf 
friction angle = 10" @ a,, = 3,500 psf 
friction angle = 12" @ a,, = 2,000 psf 

/ 

Cover System Stability 

Interim/Final Waste Slope 
Stability 

Interim/Final Waste Slope 
Stability 

InterMFinal Waste Slope 
Stability 

GE3900-09.1 llF9530055.CD 



GEOSYNTEC CONSULTANTS 

0.11 
0.11 

Page Q of.* 

0.9 - Deformation Analysis 
Required 

2.5 - No Seismic Deformation 

TABLE 3 

EVALUATION SUMMARY 

Seismic Performance Evaluation 
Fernald Environmental Management Project 

On-Site Disposal Facility 
Fernald, Ohio 

0.14 

OSDF Foundation 
Interim Configuration 
Final Configuration 

0.9 - Deformation Analysis 
Required 

0.10 
0.28 

0.11 

OSDF Liner System and Impacted 
Materials 
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2.5 - No Seismic Deformation 
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OSDF Final Cover System 
Long-Term Conditions 0.12 

0.11 
0.11 

1.7 - No Seismic Deformation 
0.9 - Deformation Analysis 

Required 

N/A I NIA 

OSDF Perimeter Berm 
Long-Term Conditions 0.28 

Notes: 

(l) Calculated in pseudo-static stability analysis. 
Calculated in the Seismic Site Response Analysis. 

0) Ratio of yield acceleration. to peak average acceleration. If the acceleration ratio is greater than 1.0, no 
permanent seismic deformation is expected. 
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OSDF Foundation 
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XSTABL File: FCOVY 10-16-95 15:05 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* X S T A B L  * 
* * 
* Slope Stability Analysis * h4vlcc.GIM 

* 4 r I d ' b  
* * using the 

* Method of Slices 
* * 
* Copyright (C) 1992 6 94 * 
* Interactive Software Designs, Inc. * 
* MOSCOW, ID 83843, U.S.A. * 
* All Rights Reserved * 
* * 
* * 
* Ver. 5.100 95 6 1305 * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Problem Description : FINAL COVER VENER STABILTY - STATIC 

2 SURFACE boundary segments 

Segment x-left y-left x-right y-right Soil Unit 
No. (ft) (ft) (ft) (ft) Below Segment 

e 
1 - 0  160.0 130.0 153.0 1 
2 130.0 153.0 436.0 102.0 1 

3 SUBSURFACE boundary segments 

Segment x-left y-left x- right y- right Soil Unit 
No. (ft) (ft) (ft) (ft) Below Segment 

1 . o  153.0 130.0 146.0 2 
2 130.0 146.0 394.0 102.0 2 
3 394.0 102.0 436.0 102.0 2 

Soil Unit Weight Cohesion Friction Pore Pressure Water 
Unit Moist Sat. Intercept Angle Parameter Constant Surface 
No. (pcf) (pcf) (psf 1 (deg) Ru (psf) No. 

.o  1 

.o  1 
1 125.0 125.0 .o 30.00 .ooo 
2 125.0 125.0 .o  15.00 .ooo 

00037G 



A horizontal earthquake loading coefficient 
of .120 has been assigned 

A vertical earthquake loading coefficient b- 61- 
q d ' b  of -000 has been assigned 

1 397.94 108.34 
2 397.08 . 107.51 
3 385.82 103.36 
4 134 :26 145.29 

, 5  126.39 153.19 

A critical failure surface searching method, using a random 
technique for generating sliding BLOCK surfaces, has been 
specified. 

200 trial surfaces will be generated and analyzed. 

2 boxes specified for generation of central block base 

* * * * * DEFAULT SEGMENT LENGTH SELECTED BY XSTABL * * * * * 
Length of line segments for active and passive portions of 
sliding block is 12.0 ft 

Box x-left y-left x-right y-right Width 
no. (ft) (ft) (ft) (ft) (ft) 

1 300.0 117.6 394.0 102.0 . o  
2 130.0 146.0 200.0 134.3 - 0  

Factors of safety have been calculated by the : 

* * * * * SIMPLIFIED JANBU METHOD * * * * * 

The 5 most critical of all the failure surfaces examined 
are displayed below - the most critical first 

Failure surface No. 1 specified by 5 coordinate points 

Point x-surf y-surf 
No. (ft) (ft) 

** Corrected JANBU FOS = 1..004 ** (Fo factor =1.007) 



e -  

Failure surface No. 2 specified by 5 coordinate points ,.G?q h Point x-surf y-surf ~ r l l o / l r  
No. (ft) (ft) 

1 400.81 107.87 
2 
3 

399.02 
387.65 

106.88 
103.05 

4 147.72 143.04 
5 139.31 151.45 

**  Corrected JANBU FOS = 1.007 ** (Fo factor =1.008) 

Failure surface No. 3 specified by 5 coordinate points 

Point x-surf y-surf 
No. (ft) (ft) 

1 406.05 106.99 
2 403.89 104.85 
3 392.16 102.30 
4 142.46 143.92 
5 135.64 152.06 

**  Corrected JANBU FOS = 1 . 0 1 1  ** (Fo factor =1.008) 

Failure surface No. 4 specified by 4 coordinate points 

Point x-surf y-surf 
No. (ft) , (ft) 

1 . 389.21 109.80 
2 379.54 104.40 
3 135.20 145.13 
4 127.96 153.11 

**  Corrected JANBU FOS = 1.011 ** (Fo factor =1.008) 

Failure surface No. 5 specified by 5 coordinate points 

Point x-surf y-surf 
No. (ft) (ft) 

1 376.35 111.94 
2 373.12 110.84 
3 361.63 107.37 
4 139.06 144 -48 
5 132.21 152.63 

**  Corrected JANBU FOS = 1.013 ** (Fo factor =1.008) 

The following is a summary of the TEN most critical surfaces 



f i 7  8 '. 5 F-  . -  - 2 5 3  
Problem Description : FINAL COVER VENER STABIikY - STATIC ;/,.' 

sr/& wfb? 
Modified Correction Initial Terminal Available 

JANBU FOS 

1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8 .  
9 .  
10. 

1 . 0 0 4  
1 . 0 0 7  
1 . 0 1 1  
1.011. 
1 . 0 1 3  
1 . 0 1 4  
1 . 0 1 4  
1 . 0 1 5  
1 . 0 1 6  
1 . 0 1 6  

Factor x-coord x-coord Strength 
(ft) (ft) (lb) 

1 . 0 0 7  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  
1 . 0 0 8  

397 .94  
4 0 0 . 8 1  
40.6. 05  
3 8 9 . 2 1  
376 .35  
402 .67  
406 .00  
404 .83  
381 .47  
371 .60  

1 2 6 . 3 9  6.359E+04 
1 3 9 . 3 1  6.113E+04 
1 3 5 . 6 4  6.379E+04 
1 2 7 . 9 6  6.148E+04 
1 3 2 . 2 1  ' 5.7123+04 
1 5 3 . 0 8  5.878E+04 
1 5 8 . 0 1  5.846E+04 
1 4 7 . 9 1  5.968E+04 
1 4 0 . 2 4  5.633E+04 
1 2 6 . 0 6  5.786E+04 

* * * END OF FILE * * * 
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ih- 2 
XSTABL File: BERMlY 2-20-96 7:35 M . W ”  

3 0  WAG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* X S T A B L  * 

5 3  
A9 

* * 
* Slope Stability Analysis * * using the * 

* Copyright (C) 1992 6 94 * 
* Interactive Software Designs, Inc. * 
* MOSCOW, ID 83843, U:S.A. * 
* All Rights Reserved * 

* Method of Slices * 
* * 

* * 
* * 
* Ver. 5.100 95 g 1305 * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Problem Description : ACCESS CORRIDOR - SEISMIC STABILITY 

3 SURFACE boundary segments 

Segment x-left y- lef t x-right y-right Soil Unit 
No. (ft) (ft) (ft) (ft) Below Segment 

1 . o  60.0 100.0 60.0 1 
2 100.0 60.0 160.0 70.0 1 
3 160.0 70.0 200.0 70.0 1 

1 Soil unit(s1 specified 

Water Soil Unit Weight Cohesion Friction Pore Pressure 
Unit Moist Sat. Intercept Angle Parameter Constant Surface 
No. (pcf) (pcf) (psf) (deg) Ru (psf 1 No. 

1 135.0 135.0 .o  25.00 .ooo . o  0 

A horizontal earthquake loading coefficient 
of .280 has been assigned 

A vertical earthquake loading coefficient 
of .OOO has been assigned 

000581 



Load x-left x-right Intensity Direct ion 
No. (ft) (ft) (psf 1 (deg) 

1 160.0 200.0 250.0 . o  

NOTE - Intensity is specified a.s a uniformly distributed 
force acting on a HORIZONTALLY projected surface. 

A critical failure surface searching method, using a random 
technique for generating CIRCULAR surfaces has been specified. 

500 trial surfaces will be generated and analyzed. 

10 Surfaces initiate from each of 50 points equally spaced 
along the ground surface between x = 80.0 ft 

and x = 110.0 ft 

Each surface terminates between x = i60.0 ft , 
and x = 190.0 ft 

Unless further limitations were imposed, the minimum elevation 
at which a surface extends is y = .o  ft 

* * * * * DEFAULT SEGMENT LENGTH SELECTED BY XSTABL * * *. * * 
2.0 ft line segments define each trial failure surface. 

ANGULAR RESTRICTIONS : 

The first segment of each failure surface will be inclined 
within the angular range defined by : 

Lower angular limit := - 4 5 . 0  degrees 
Upper angular limit := (slope angle - 5 . 0 )  degrees 

Factors of safety have been calculated by the : 

* * * * * SIMPLIFIED BISHOP METHOD * * * * * 



1, b\@w 
.*Lo w4@ 

The most critical circular failure surface 
is specified by 33 coordinate points 

Point x-surf y-surf 
No. (ft) (ft) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

101.43 
103.43 . 

105.43 
107.43 
109.43 
111.43 
113.43 
115.42 
117.42 
119.42 
121.41 
123.40 
125.39 
127.37 
129.36 
131.34 
133.32 
135.29 
137.26 
139.22 
141.18 
143.14 
145.09 
147.04 
148.98 
150.91 
152.84 
154.76 
156.68 
158.58 
160.49 
162.38 
163.56 

60.24 
6.0 . 19 
60.17 
60.17 
60.20 
60.24 
60.31 
60.41 
60.53 
60.67 
60.83 
61.02 
61.23 
61.46 
61.72 
62.00 
62.30 
62,63 
62.98 
63.35 
63.75 
64.16 
64.60 
65.07 
65.55 
66.06 
66.59 
67.15 
67.72 
68.32 
68.94 
69.58 
70.00 

**** Simplified BISHOP FOS = 1.030 **** 

The following is a summary of the TEN most critical surfaces 

Problem Description : ACCESS CORRIDOR - SEISMIC STABILITY 
FOS Circle Center Radius Initial Terminal Resisting 

(BISHOP) x-coord y-coord x-coord x-coord Moment 
(ft-lb) (ft) (ft) (ft) (ft) (ft) 

1. 1.030 106.34 231.62 171.45 101.43 163.56 1.4923+06 
2. 1.033 103.65 215.18 155.97 87.96 160.65 1.4813+06 
3. 1.036 107.75 190.02 131.10 91.02 160.48 1.4363+06 



.. @A. . - 2 5 3  
4. 1.042 111.80 198.34 139.05 97.76 165.31 1.826E+06 

6. 1.060 116.22 150.60 92.84 95.92 162.30 1.561E+06 
7. 1.061 117.54 156.25 98.38 97.14 164.87 1.789E+06 
8. 1.063 106.27 203.74 145.51 83.67 163.58 2.1803+06 
9. 1.066 110.49 213.95 155.25 90.41 168.63 2.6053+06 

10. 1.066 109.57 191.12 133.19 86.12 164.98 2.3083+06 

5. 1.050 110 -49 201.86 143.03. 92.24 165.90 2.1073+06 

0 -  

f$?ddzdqH 
* * * END OF FILE * * * 



a .DEFORMATION ANALYSIS FILES 



FERMCO - OSDF 

L'SLBP- c O0tp.t l=tk 
Seismic Deformation Analysis 
Foundat i on 

.oooooo 
5.138869 
5.150000 
5.175000 
5.200000 
5.225000 
5.230072 
5.230072 
6.344942 
6.350000 
6.375000 
6.400000 
6.407003 
6.407003 
9.318106 
9.325000 
9.350000 
9.375000 
9.400000 
9.425000 
9.450000 
9.475000 
9.489553 
9.489553 

50.975000 

.oooooo 

.oooooo 
6.380257 

10.253719 
1.718517 

-19.223190 
- 25.365296 

.oooooo 

.oooooo 
1.360990 
3.347796 

-3.431040 
-6.409766 

.oooooo 

. 000000 
6.723750 

21.582260 
25.076653 
17.948883 
2.325751 

- 18.899207 
-42.300485 
-55.399725 

. 000000 

.oooooo 

.oooooo 

.oooooo 

.035510 

.243434 

.393087 

.174279 

.oooooo 

. 000000 

.oooooo 

.003442 

.062302 

.061261 

.oooooo 

.oooooo 

.oooooo 

.023176 

.377001 

.960238, 
1.498057 
1.751490 
1.544322 

.779325 

.oooooo 

. 000000 

.oooooo 

. 000000 

.oooooo 

.000052 

.001345 

.004653 

.007874 

.008115 

.008115 

.008115 

.008117 

.008400 

.009147 

.009273 

.009273 

.009273 

.009294 

.010959 

.017468 

.029712 

.046024 

.062679 

.074594 

.077114 

.077114 1.0771141 



FERMCO - OSDF 
Seismic Deformation Analysis 
F inaVIn ter im Impacted Materials .  LIP- C &tpt Fbk 

.oooooo 
5.170026 
5.175000 
5.175548 
5.175548 
5.200000 
9.329642 
9.350000 
9.375000 
9.400000 
9.425000 
9.450000 
9.458537 
9.458537 

50.975000 

.oooooo 

.oooooo 

.704807 

.533654 

.oooooo 

.oooooo 

.oooooo 
11.064249 
14.259717 
7.741723 

-6.544872 
.25.954069 
.33.261491 

.oooooo 

.oooooo 

.oooooo 

.oooooo 

.001753 

.oooooo 

.oooooo 

.oooooo 

.oooooo 

.112620 

.429170 

.704188 

.719149 

.312912 

.oooooo 

.oooooo 

. 000000 

3EFPtMknd 
.b AI) 

.oooooo 

.oooooo 

.000001 

.000002 

.000002 
- .000235 
- .000235 

..000066 

.002667 

.008378 

.015675 

.021152 

.021797 
021797 

i32iET-l 



FERMCO - OSDF 
Sei smi c Deformati 
Final Cover System 

n An 

c 
1 lb!l5 (4 
. 000000 

5.140645 
5.150000 
5.175000 
5.200000 
5.225000 
5.232683 
5.232683 
9.308584 
9.325000 
9.350000 
9.375000 
9.400000 
9.425000 
9.450000 
9.455978 
9.455978 

50.975000 

. 000000 

.oooooo 
9.633136 

17.677656 
3.911492 

-27.310667 
-39.629547 

.oooooo 

. 000000 
17.274693 
22.676986 
17.326034 
2.898036 

- 19.474762 
-46.603145 
-53.182988 

.oooooo 

. 000000 

. 000000 

.oooooo 
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FERMCO - OSDF GE 3900-9.1 1 
Seismic Deformation Analysis 
Calculate theta equivalent to  yield acceleration for input t o  YSLIP-C. 

Case 1 

M. Gleason . 
20-Oct-95 

Critical Interface on  Final Cover 

interface phi = 15 degrees 0.261 799'radians 

a-yield = 0.12 g 
theta (radians) a-yield 

10 .O. 174533 0.087489 
9 0.15708 0.105104 
8 0.139626 0.122785 

8.2 0.1431 17 0.1 19243 
8.15 0.142244 0.120128 theta 

Case 2- Interim/Final Impacted Materials 
(Failure Surface Along the Liner System) 

, 
Interface phi = 8 degrees 0.139626. radians 

a-yield = 0.10 g 

(radians) a-yield 
10 0.174533 -0.03492 
8 0.139626 0 
6 0.10472 0.034921 
4 0.069813 0.069927 
2 0.034907 0.105104 

2.2 0.038397 0.101576 
2.3 0.0401 43 0.09981 3 

2.25 0.03927 0.100695 theta 

Case 3 Foundation 
(Failure Surface Within Subsurface Till) 

phi = 25 degrees 0.436332 radians 
a-yield = 0.10 g 

- 1  

theta (radians) a-yield 
10 0.174533 0.282968 
15 0.261799 0.19116 
20 0.349066 0.097357 
19 0.331613 0.11635 

1 9.5 0.340339 0.10687 
19.8 0.345575 0.1 01 167 theta a 
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APPENDIX A 

COMPUTER SOFI71TARE USED TO 
PREP= CALCULATION PACKAGE 

XSTABL - Version 5 

S b a ,  S. ,  “XSTABL: An Integrated Slope Stability Analysis Program for 
Personal Computers, Version 5,” Interactive Software Designs, Moscow, ID, 1994. 

See Section 1.2 of the Design Parameter summary. 



APPENDIX B 

COMPUTER SOFITVARE USED TO 
PREPARE CALCULATION PACKAGE 

Yan, L.P., "Seismic Deformation Analysis of Earth Dams: A Simplified 
Method," Research Report No. SML-91-01, California Institute of Technology, Soil 
Mechanics Laboratory, Pasadena, California, 1991. a -  
- 

See Section 1.2 of the Design Parameter Summary. 
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5.1 Foundation Settlement 
5.2 Localized Impacted Material Settlement 
5.3 Overall Impacted Material Settlement 
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FOUNDATION SETTLEMENT 

EXECUTIVE SUMMARY 

Pumose 

The purpose of this calculation package is to calculate settlements of the foundation soils 
due to surcharge applied by the On-Site Disposal Facility (OSDF). The calculations are 
performed to account for variation in the site stratigraphy and evaluate total and differential 
settlements of the foundation soils, tensile strains and grade change in the liner system, and time 
rate of primary settlement of the cohesive foundation soils. 

Procedure 

The settlements are calculated using established geotechnical equations and procedures for 
elastic and consolidation settlement. The settlements are calculated for points within the OSDF 
at the center, crest, sump and toe of the facility. Based on the total calculated settlements, 
differential settlements, tensile strain, and minimum final grade are calculated. 

Based on the calculations, the following results are obtained. 

Maximum calculated settlement: 2.84 ft (Case 2 Point A) 

Maximum calculated tensile strain due to differential settlement 

€- = 0.01% Satisfies limits of maximum allowable tensile strain for 
HDPE geomembranes as stated in Berg and Bonaparte 
(1992) (Reference 12). 

Maximum calculated grade change due to differential settlement 
~ .- 

Maximum change = 0.61 % Post-settlement grade of leachate collection 
pipes will maintain positive flow. No 
grade reversal is calculated. 

Calculated time rate of primary settlement 

- 90% consolidation; minimum: 6.1 yrs. maximum: 39 yrs. 
95% consolidation; minimum: 8.4 yrs. maximum: 54 yrs. 
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FOUNDATION SETTLEMENT 

CALCULATION PACKAGE 

Subiec t Paae 

1 Executive Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Calculation Procedures, Purpose, Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Idealized Cross Section of OSDF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Material Properties for Analysis 

. References for Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  zq 
Idealized Subsurface Strata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 
Influence Values for Settlement Points . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  C? 

Settlement Calculations - Case 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3s' 
Pointpi . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  '.3b 
PointB r 3  
PointC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  qb 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PointD . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

Settlement Calculations - Case 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  St 
PointA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * SZ 
PointB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 8  
PointC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - a b l  
PointD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6s 

Differential Settlement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  b? 
Liner Tensile Strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  * b 9  

- 69 Calculated Grade Change 
Time Rate of Settlement m 

. . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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FOUNDATION SETTLEMENT 

CALCULATION PACKAGE 

Pumose 

The purpose of this document is to provide the engineering calculations for foundation 
settlement of the OSDF. The calculations provide an estimate of settlement of the surface of 
the liner system due to consolidation and elastic settlement of the underlying soil materials. 

Included in the analysis is the elastic, primary consolidation; and secondary consolidation 
of the cohesive soils underlying the OSDF as well as the elastic settlement of the granular 
cohesionless soils underlying the OSDF. Also included in this calculation package is an analysis 
of the time rate of primary consolidation for the cohesive soils. 

1 

The analysis accounts for the variability' in the foundation soils and the location of the 
ground water table. The effect of the perched water table was not considered to be significant 

@ for this analysis. 

Based on the calculated settlements, an analysis will be made of the maximum change in 
liner system grade, the maximum differential settlement, and the maximum tensile strain 
expected in the liner system due to differential settlement. 

Procedure 

The calculation procedure for foundation settlement is described in detail in the Design 
Criteria Package and is summarized here. The engineering properties of the underlying soil 
materials used in the analysis are provided in the attached sheets and have been included in the 
Data Verification Package. 1 

Calculate the elastic and consolidation settlement of the foundation soils due to the load 
imposed by the OSDF. Use widely known equations from elastic theory and consolidation 
theory. 

Settlement is dependent upon: 

subsurface stratigraphy; a subsurface material properties; 

GE3900-09.9/F95 3OO2 1 . CD 
00032.G 
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FOUNDATION SETTLEMENT 

load imposed by the landfill materials; 
geometry of the landfill; and 
location of the settlement point for calculation. 

Analyses 

A. Given the landfill geometry shown on Figure 1, calculate the total settlement of the 
geomembrane components of the liner system due to consolidation and compression of the 
underlying soils. 

B. Calculate settlement at Points.A, B, C, and D indicated on Figure 1. 

/ C. Estimate the unit weight of landfill waste and the corresponding surcharge to the subsurface 
soils applied by the landfill. 

a D. Estimate variation in the influence of the landfill surcharge on the soils beneath the Points 
A, B, and C (Figure 1) with increased depth (Le., Aov variable with location and depth). 

E. Using the material properties described later in this package (in data verification section) 
and the methods described below, and in the design criteria package, calculate the total 
settlement at Points A, B, and C. 

El. Settlement of Cohesive Soils 

Total Settlement S, = Si + S, + S, 

where Si = elastic settlement (immediate) 
/ 

S, = primary consolidation settlement (time and surcharge dependent) 
S, = secondary compression settlement (time dependent). 

a. Elastic Settlement, Si (or Ahi for each layer) 

Ahi = (AoJM) H, 

GE3900-09.9/F9530021 .CD 
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where Aav = additional vertical stress due to OSDF surcharge 
M = constrained modulus 
H, = initial layer thickness 

Constrained Modulus, M 

E, (1 - v )  
(1 + v )  (1 - 2v)  

M =  

where = Undrained Tangent Modulus 
u = .Poisson's Ratio 

E. 1 .a. Settlement of Cohesive Soils, Elastic Settlement 

Undrained Tangent Modulus, E,, (from Reference 3) 

E,,~ = kPa (a,/pa)" [I - Rf (al - a,)/@ Sd]' 

/ 

J 

where pa = atmospheric pressure (21 17 psf) 
k, n, Rf = modulus parameters 
a, = 3, = minor principal stress (total stress) 
01 = major principal stress (total stress) 
S U  = undrained shear strength 

E.1.b. Primary Consolidation Settlement, Sp (or Ah, for each layer) 

/ G V O  + Aa, 
log - + c, - Ho log H O  Ahp = c, - 

1 + eo avo 1 + e, 
1 -_ 

where C, = 
Cr = 

P o  = 
avo - 
Aav = 

H, = 

- 

- - 

coefficient of compression 
coefficient of recompression 
initial layer void ratio 
initial vertical effective stress 
additional vertical effective stress 
past maximum pressure due to overconsolidation or desiccation 
initial layer thickness 

GE3900-09.9/F9530021 .CD 
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E. 1 .c. Secondary Compression Settlement, S, (or hh, for each layer) 

secondary compression index 
initial layer thickness 
void ratio at the start of secondary compression time 
the time ratio f2/tl where tl is the time from loading to the end 
of primary consolidation (Le., 90% x primary) and f2 is a 
future time of interest (i.e., 200 years or 1,OOO years) 

Assume tl = 10 years and f2 = 1,000 years 

E. 2 Settlement of Cohesionless Soils (Granular Non-Plastic Soils) 

Granular settlement is elastic and immediate. 

where Ah, = 
Auv = 
M =  
H, = 

where E, 1 = 
u =  

Ahs = [ 21 Ho 

elastic settlement of sand layer 
additional vertical effective stress 
Constrained Modulus 
initial layer thickness 

E,(1 - v )  
(1 +Y)(1-2V) 

M =  

Elastic Tangent Modulus 
Poisson's Ratio / 

where (Q4 = 
5, = 
e3 = 

atmospheric pressure 
major principal effective stress 
minor principal effective stress 

GE3900-09.9/F9530021 .CD 
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6 = effective stress angle of internal friction 
K, n, 2 F = hyperbolic model parameters 

E.3 TOTAL SETTLEMENT = Cohesive Soil + Cohesionless 
Settlement Settlement 

E.4 Calculate Total Settlement at each point for two cases 
(see data verification for parameter back-up) 

CASE BROWN TILL GRAY TILL GREAT MIAMI' GROUND WATER' 
THICKNESS THICKNESS AQUIFER THICKNESS DEPTH (ft) 

(ft) (ft) (ft) (Approximate) 

1 5 15 

2 10 45 

210 

175 
/ 70 

70 

1) 
2) 

3) 
4) 
5 )  

Depth to bedrock beneath site is a maximum of 230 ft - worst case. 
Elevation of groundwater beneath site is relatively constant. 70 ft depth represents the shallowest 
depth of groundwater and will result in a more conservative estimate of total settlement. 
3-ft thick clay liner is not included in this table. 
Perched water table is not considered for this analysis. 
Material thicknesses show account for range of conditions expected at OSDF. 

F. Using the total settlement calculated at each point (for each case), calculate differential 
settlement between points, grade change between points, and tensile strain (if any) in 
the geomembrane. 

a. Differential Settlement, As 

As = A h B  - Ah, 

where AhB = total settlement at Point B 
Ah, = total settlement at Point A 

GE3900-09.9/F9530021 .CD 
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b. Grade Change 

Grade change % = (AJL) 100 
/' 

where L = horizontal distance between points of concern 

c. Tensile Strain, - 
J 

where A,, L, as described above. 

G. Finally, for the cohesive soils, calculate the time for primary consolidation of the 
cohesive soils (i.e., time rate of settlement). Granular soil settlements are immediate. 

T Hdr 
c v  t = -  

where t = time for % settlement of concern 
T = time factor-variable depending on % of total consolidation. 

T = 0.848 for 90% consolidation which is generally considered 
the end of primary settlement. 
the length of the longest drainage path for water to escape the 
cohesive layer. 

Hdr = 

cV S f  = coefficient of consolidation (property of the-). J 
M d b  

t varies with cohesive soil thickness. Calculate t for several cohesive soil 
thicknesses. 

GE390049.9/F953002 1 .CD 
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LOCALIZED IMPACTED MATERIAL SETTLEMENT 
0 

EXECUTIVE SUMMARY 

The possible extent of localized settlements in the impacted material are calculated in this section. 
The largest localized settlements are most likely to occur in locations where Category 2 impacted material 
(Le., construction debris) is placed. The Category 2 impacted material has the greatest potential for the 
development of large voids into which overlying soils may enter and possibly create a depression in the 
surface of the overlying soils. These large voids could potentially occur &o soil raveling or the 
disintegration of certain types of debis over the extended life of the OSDF. The magnitude of possible 
settlements that may occur in the surface of the overlying soils due to localized development of voids in 
the Category 2 impacted material was calculated using the methods described in Sagaseta (1987) which 
analyses the strains induced in an incompressible soil caused by ground losses at moderate depths below 
the ground surface. The results of the calculation indicate depressions at the surface of the overlying soils 
(whether the overlying soils are an intermediate soil or the final cover soils) due to localized settlements 

q0-I eppe6lcd b L u c  

@ in the Category 2 impacted material should be very small (Le., approximately one inch or less). ad orp, 

&b!AI\cucL'p '4p-Ct M Qu, : * k / ~ c J . &  sa:( (vc/c @V b- ay 1 
G 4  coJc/ "l'teM' 
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CALCULATION' PROCEDURES 

Sagaseta's formulation for maximum deflection due to a void developing in the underlying 
material is: 

s, = s,, + s, + Sd 

where: 

S,, = -(a2/2)([z-h]/[r12]) 

S, = (a2/2)([z+h]/[r:]) 

Sz3 = (a2z/r:)( 1-z[x2/r,l) 

and where: 

x = x coordhate (horizontal position) of point of interest 

y = y coordinate (vertical position) of point of interest 

a = void radius 

h = vertical distance between center of void and point of interest 

r, = radius from point of interest to void center 
= ( ~ 2  - [z-h]2)1/2 

r, = 

= (x2 + [z+h]')'/' 
radius from point of interest to mirror image of void center 
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During placement of impacted material in the OSDF, Category 2 waste will be placed in waste horizons 
consisting of (from bottom to top): 

18-inch thick category 2 waste; 

3-inch thick category 1 soil; 

18-inch thick category 2 waste; 

3-inch thick category 1 soil; and 

4-foot thick category 1 soil (during construction of the final horizon this will be replaced with the 
3-fOOt thick select impacted material layer overlain by the 1-foot thick contouring layer) 

Based on the Sagaseta equations, the magnitude of localized settlement will increase as the proximity of the 
void to the point of interest (Le., the point on the surface of the soil overlying the Category 2 waste located 
directly above the void center) decreases. Based on this, for any one Category 2 horizon, the largest 
deflection at the surface of the 4-foot thick Category 1 soil layer would occur if a void developed at the top 
of the uppermost 18-inch thick Category 2 lift. Therefore, for this calculation a void is assumed to develop 
in a Category 2 horizon at the top of the uppermost lift of Category 2. The magnitude of localized 
settlement that would then result at the surface of the overlying 4-foot thick layer of Category 1 soil is then 
calculated. Various void diameters (i.e., 9", 12", and 15") are investigated with Sagaseta's equation. For 
the purposes of this calculation it is assumed that once a 3-inch thick Category 1 lift is placed and 
compacted over an 18-inch thick Category 2 lift, the three inches of Category 1 soil is substantially worked 
into the surficial voids of the Category 2 waste so that the net thickness of the two lifts is 18 inches. It is 
also assumed that depfissions due to localized settlements within a Category 2 horizon are not cumulative 
because of the soil arching in the intervening Category 1 soil layers. 
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COLLECTION AND VERIFICATION OF DATA 

In one 18-inch thick Category 2 lift a range of possible void sizes that may develop is conservatively 
estimated to be 9 inches to 15 inches. Given this, the data used in the calculation are presented below. 

For all voids of any diameter x and y are arbitrarily set to zero: 

x = o  

y = o  

For a 9-inch diameter void: 

a = 4.5 inches 0 
h = rl = r2 = 52.5 inches 

For a 12-inch diameter void: 

a = 6 inches 

h = rl = r2 = 54 inches 

~. 

For a 15-inch diameter void: 

a = 7.5 inches 

h = rl = r2 = 55.5 inches 

GE39OO-8.8/5/F9630 146 
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Check Maximum Vertical Deformation of Ground Surface Due to Void 
.Method of Sagaseta [ 19871 

Void Diameter = 9 in. 
48 in. Depth to Top of Void = 

Void Radius, a = 4.5 in. 
52.5 in. Depth to Center of Void, h = 

Maximum vertical deformation of ground surface will occur directly above void. 
Coordinates for this point are: X =  0 in. 

Z =  0 in. 

Radii from this point to center of void (and mirror image of void) are: 
Void: r12 = 2756.25 in. 

2756.25 in. Mirror Image: r; = 

Assume plane-strain condition: - vertical deflections are: 
S Z I  = 0.193 in. 
Sd = 0.193 in. 

Total, S, = 0.386 in. 
Sd = 0.000 in. 

- .  ^ .  - .  

.I 

GE3900-08.8/SAGASETA.XLS(Sheet 1) 
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Check Maximum Vertical Deformation of Ground Surface Due to Void 
Method of Sagaseta [ 19871 

Void Diameter = 12 in. 
48 in. Depth to Top of Void = 

Void Radius, a = 6 in. 
54 in. Depth to Center of Void, h = 

Maximum vertical deformation of ground surface will occur directly above void. 
Coordinates for this point are: X =  0 in. 

Z =  0 in. 

Radii from this point to center of void (and mirror image of void) are: 
Void: r,* = . 2916 in. 

2916 in. Mirror Image: r: = 

Assume plane-strain condition: - vertical deflections are: 
S Z I  = 0.333 in. 
S* = 0.333 in. 

Total, S, = 0.667 in. 
S f i  = 0.000 in. 

GE3900-08.8/SAGASETA.XLS(Sheet 1) 
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Check Maximum Vertical Deformation of Ground Surface Due to Void 
Method of Sagaseta [ 19871 

Void Diameter = 15 in. 
48 in. Depth to Top of Void = 

Void Radius, a = 

Depth to Center of Void, h = 

7.5 in. 
55.5 in. 

Maximum vertical deformation of ground surface will occur directly above void. 
Coordinates for this point are: X =  0 in. 

Z =  0 in. 

Radii flom this point to center of void (and mirror image of void) are: 
Void: rI2 = 3080.25 in. 

3080.25 in. Mirror Image: r: = 

Assume plane-strain condition: - vertical deflections are: 
S Z I  = 0.507 in. 
Sd = 0.507 in. 
ss = 0.000 in. 

Total, S, = 1.014 in. 

GE3900-08.8/SAGASETA.XLS(Sheet 1) 
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IMPACTED MATERIALS SETTLEMENT 

EXECUTIVE SUMMARY 

The settlement of the impacted materials in the On-Site Disposal Facility (OSDF) 
is evaluated in this calculation package. Settlement of the impacted materials is 
calculated for the following two cases: (i) incremental settlement during placement 
of successive lifts of impacted materials; (ii) final settlement of the impacted 
materials due to placement of the final cover system. Settlement of the impacted 
materials is calculated for material assumed to be placed at optimum moisture 
content and at a relative compaction of 90 and 85 percent of maximum dry density 
as determined by ASTM D698. Both immediate and time dependent settlement of 
the impacted materials is calculated for several locations on the OSDF. Based on 
the calculations, settlement of the impacted materials will be primarily immediate 
settlements. In addition, differential settlement of the final cover system will not 
induce tensile strains and grade changes will be less than 0.2 percent. Therefore, 
the performance of the final cover system for the calculated settlements is 
acceptable. 

h- . . 9 .  
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IMPACTED MATERIALS. SETTLEMENT 

PURPOSE 
A 

The purpose of this document is to provide the engineering calculations for analysis 
of settlement of the impacted materials placed in the On-Site Disposal Facility (OSDF). 
Provided in the calculations is an estimate of the settlement of the OSDF materials 
during filling operations and after final closure. 

The results of the calculations are used to assess the total settlement and final 
performance of the final cover system of the OSDF. The calculations are also used to 
estimate settlement of the placed OSDF materials so that a prediction of volume 
available in the OSDF may be made. 

’ 

PROCEDURE 

The calculation procedure for estimating settlement of the impacted materials of 
the OSDF is presented in this section. Calculations for settlement of the OSDF liner 
system due to impacted material placement is contained in the Foundation Settlement 
Package (Document Number F9530021). Calculations for settlement of the OSDF 
impacted materials are provided for conditions during waste placement and for final 
conditions (i.e., long-term conditions after placement of the OSDF Final Cover 
System). 

The engineering properties of the impacted materials used in this analysis are 
provided in the attached Data Verification section. Based on the estimated distribution 
of impacted material types to be placed in the OSDF, provided in the OSDF Required 
Volume Calculation Package (Document Number F953007 l), approximately 80 percent 
of the impacted materials will be on-site near-surface soils. These on-site soils are 
primarily cohesive soils. - 

J 

The impacted materials will be placed in the OSDF in a controlled manner (as 
described in-the Impacted Material Placement Plan). Because approximately 80 percent 
of the impacted materials are the on-site cohesive soils, and the materials will be placed 
in a manner such that homogeneity of the impacted materials is maximized, the 
engineering properties of these soils will govern settlement. 

The settlement of the OSDF impacted materials will be governed by the immediate 
compression and consolidation settlement of the impacted materials. The settlement of 
the OSDF impacted materials is calculated using well known geotechnical engineering 
equations for consolidation settlement. 

GE3900-09.8/F953W26. CD 
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IMPACTED MATERIALS SETTLEMENT 

PROCEDURE (continued) 

EQUATIONS : 

Total Settlement S, = Si + S, + S, 

where Si = immediate compression settlement 
S, = primary consolidation settlement 

. (time and surcharge dependent) 
S, = secondary compression settlement 

(time dependent) 

Immediate Compression and Consolidation Settlement, Si and S, (Ahi and 4 for 
each layer) 

- 
H O  QP HO Qvo+AQv Ah, = C, - log + c, - log - 

Qvo @P 
1 +eo 1 +eo 

where C, = Coefficient of Compression (remolded) 
C, = Coefficient of Recompression (remolded) 
eo = initial layer void ratio 
- 
Qvo - - initial effective vertical stress 

A& = additional effective vertical stress 

a, = past maximum pressure due to compaction 
H, = initial layer thickness 

- 

This equation is used for both immediate compression and for consolidation 
of-the impacted materials. As placed, the impacted materials will not be 
saturated. For each layer considered, the void ratio and saturation at 
placement is calculated. The impacted materials are assumed to undergo 
immediate settlement until saturation. Once the materials have settled such 
that saturation is achieved, further settlement is governed by time-dependent 
consolidation processes. This settlement process is graphically depicted in 
Figure 1. 

000'712 
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IMPACTED MATERIALS SETTLEMENT 

. _  PROCEDURE (continued) 

Secondary Compression Settlement, S, 

Consider Secondary Settlement for long-term conditions only. Secondary 
settlement is not relevant for conditions during OSDF impacted materials 
filling operations. 

where C, = 
H, = 
P, = 

t, = 

t2 = 

secondary compression index 
initial layer thickness 
void ratio at end of primary (start of secondary 
compression time) 
the time from initial loading to the end of 
primary consolidation; assume t, = 1 year 
a future time of interest for the OSDF; 
assume 6 = 1,000 years (target design life) 

Assumptions for Analysis 

The following assumptions are made regarding OSDF cell geometry and impacted 
material placement: 

one cell is filled during a single construction season; 

the average construction season is 6 months; 

a 1.O-ft (3-m) thick impacted material layer is placed, on average, once every 
month; 

J 

the cell is closed (final cover is placed) at the end of each season so that 
additional material is not added at the beginning of the following season; 

immediate settlement under each load increment occurs prior to placement of 
the next load increment; 
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IMPACTED MATERIALS SETTLEMENT 

PROCEDURE (continued) 

the calculations are performed for one cell of the OSDF at the locations of 
change in grade on the final cover system as shown on Figure 2 in the Data 
Verification Section; 

the calculations are performed for an impacted material thickness ranging 

(including compacted clay and contouring layer) of 9 f t  (2.7 m); 
from 56-ft (17-m) thick to 45-ft (14-m) thick, and a final cover hckness J 

an average layer thickness of 10 ft  (3 m) is assumed; and 

material compaction and engineering properties are described in the Data 
Verification Section. 

Local Settlement and Local Deformation 

Because the OSDF impacted materials will be placed following strict compaction 
criteria and under well-controlled conditions, with multiple passes of one or more 
heavy compactors, the in-place material should consist of a relatively dense, 
uniform mass. The OSDF impacted materials will be approximately 80 percent 
soils. Therefore, the potential for local deformations to occur from material 
heterogeneity, ravelling, chemical changes, or biodegradation are minimal. 

J 

Based on the discussion presented. above, the OSDF impacted materials are 
expected to settle and deform as a uniform mass. Deformations due to local 
settlement and local waste heterogeneity are not expected. (5.- LJIL~I&- 
- f % ~  Lodlscd Lf-.LJ -4 ~ e t c ( o n r e $ )  

Long-Term Settlement 

Once settlements are calculated for the points indicated on Figure 2, an analysis 
of the final cover system integrity is made. Considered in the analysis is the 
differential settlement, grade change, and tensile strain in the final cover system. 

’ 
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