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I l r .  James S a r i c  
United S t a t e s  Environmental  P r o t e c t i o n  Agency 
Region V - 5HRE-8J 
7 7  \J. Jackson Blvd. 
Chicago, I L  60604-3590 

Mr. Tom Schne ide r ,  P r o j e c t  Manager 
Ohio Environmental P r o t e c t i o n  Agency 
401 East 5 th  S t r e e t  
Dayton, OH 45402-2911 

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

TRANSMITTAL OF T H E  PROPOSED METHODOLOGIES FOR T H E  PRE-DESIGN FIELD 
INVESTIGATION 

The Department of  Energy, Fernald Area O f f i c e  ( D O E - F N )  i s  p leased  t o  submit 
t h e  proposed f i e l d  methodologies  f o r  Phase I 1  of  t h e  Pre-Design F i e l d  
I n v e s t i g a t i o n  f o r  the  proposed Fernald Environmental Management P r o j e c t  (FEMP) 
Disposal  F a c i l i t y .  
p r i o r  t o  the submi t t a l  o f  a work p l an  a s  agreed upon in  a meeting on September 
23,  1994. 
(Enclosure  111, VI, V I I ,  and I X ) .  

DOE-FN would a p p r e c i a t e  any responses  you might have t o  the proposed -.  
methodologies  no l a t e r  than  October 28, 1994. 
i nco rpora t ed  i n t o  the PrerDesign F i e l d  I n v e s t i g a t i o n  Work Plan b e f o r e  i t  i s  
submi t ted  f o r  f i n a l  approva l .  

DOE-FN i s  submi t t i ng  t h e s e  methodologies  f o r  your  review 

The e n c l o s u r e s  a r e  numbered a s  they  w i l l  appear  i n  t h e  work p lan  

Comments o r  concerns  can be 

I f  you have any q u e s t i o n s  o r  comments, p l e a s e  c o n t a c t  Rod Warner a t  (513) 
648-3156. 

S i n c e r e l y ,  

FN :Warner K R .  Craig 
Fernald Renedial Act ion 
P r o j e c t  blanager 

Enclosure :  A s  S t a t e d  
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G .  J a b l o n o w s k i  , USEPA-V, AT-183 
P.  Vanieeuwen,  USEPA-V, 5HRE-8J 
M.. P r o f f i t t ,  OEPA-Dayton 
3 .  J a l o v e c ,  DOE-FN 
R .  Warner ,  DOE-FN 
B.  Cohan, GeoTrans  
G .  B e c k e r ,  MTC 
J .  M i c h a e l s ,  PRC 
D.  Walkek,  FERMCO, MS 51 -2  
N. b lea the rup ,  FERMCO, MS 51-2 
J. W i l l i a m s ,  FERMCO, MS 51-2 
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T I  t l e :  UNEXPECTED DISCOVERY OF CULTURAL RESOURCES 

DOCUMENT NO: SSOP- 1070 
REVISION NO:. 0 

Ef fec t lve  Date: 03-31-94 Page 3 of 8 

1 . o  

2.0 
1 

3 . 0  

PURPOSE 
Thls procedure provides the method by whlch Fernald Environmental 
Restorat Ion Management Corporat Ion (FERMCO) o r  sub -con t rac to r  personnel 
shal l  n o t i f y  the FERMCO Cul tura l  Resource Coordinator (CRC) w i t h i n  the  
Envlronmental Plannlng Department of t he  Regulatory Programs D i v l  slon of 
the unexpected dlscovery of Cul tura l  Resources dur ing  d r i l l i n g  o r  any o t h e r  
ground d l s tu rb lng  a c t l v l  t l e s  a t  the  f e rna ld  Environmental Management 
Project (FEMP) o r  beyond its boundarles. 

dCOPE 
T h l s  procedure applies t o  all FEMP. and subcont rac tor  pe r sonne l .  
procedure addresses  a l l  ground d i s t u r b i n g  a c t i v l t i e s  f n  process  a t  the FEHP 
and i s  appl lcable  t o  a l l  FEMP, subcont rac tor  and teamlng p a r t n e r  personnel .  

T h l s  
L 

DEFIHITIOHS 
ce -or (CRC) - The FERMCO person In  charge of 

managlng c u l t u r a l  resources  a t  the FEMP. 

o b j e c t  Included i n  or e l i g l b l e  for lncluslon on the Nat iona l  Regis te r  of  
Hlstorlc Places. Such Items Include a r t l fac ts ,  r eco rds ,  and remalns t h a t  
a r e  r e l a t e d  t o  a d l s t r i c t ,  s l t e ,  bu l ld ing ,  s t r u c t u r e ,  o r  o b j e c t .  

Any p r e h i s t o r l c  d l s t r l c t ,  bu l ld lng ,  s t r u c t u r e ,  o r  

lnc lude  s t r l p p l n g  of t o p s i l l ,  d r i l l i n g  bells ,  road lmprbemen t s ,  etc.  

mld P m  - FERHCO of  Subcontractor  employees t h a t  a r e  conductlng 
ground d l s tu rb lng  a c t i v i t l e s .  

f l l s t o r i c  P rope r t l e s  - Any h l s t o r i c  or p r e h l s t o r l c  s l t e ,  s t r u c t u r e ,  o r  
o b j e c t .  

l e  F l e ld~&nresen ta t lve  - The employee des igna ted  w i t h  
r e spons lb f l  I t v  f o r  f i e l d  a c t i v i t i e s  such a s  Cons t ruc t ion  Ens neer ,  

\ Construct ion Coordinator. o r  P r o j e c t  Englneer. 
- 

Ground Disturb inq Act ivi ty  - Any a c t i v i t y  t h a t  d i s t u r b s  t h e  ground either 
on the FEMP s i t e  or on ad jacent  Droperty. Examples of ground d i s tu rbance  

bl@ S a t e  H i  s t o r i c  Preservat ion Of f l ce  P - The s t a t e  a u t h o r  
fo r  enforcement of t he  Natlonal H i s to r i ca l  P rese rva t ion  Act. 

t y  respons 

II-I 
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4.0 W O N $ -  
C . 

DOE-FN C u l b r a l  Resources Pojot of  C o n t a L  . 

Not1 f i es SHPO of unexpected c u l t u r a l  r e source  d l  scovery . 
Negot ia tes  mi t iga t ion .  

\ 

N o t l f i e s  FERMCO of au tho r i za t ion  t o  proceed w l t h  work. 

-1 Plannfna H a n u  

Not i f les  DOE-FN of unexpected c u l t u r a l  r e source  d l  scovery . 

Coordinates  mi t lga t fon .  

1 . P r e h l s t o r i c / H i s t o r l c  Assessment Report. 
2 

CUI t u r a l  Resource Coor&&o r (CRCL 

Coordl na t e s  Cul tura l  Resource Management Program. - N o t i f l e s  Envlronment Plannlng Manager of unexpected c u l t u r a l  r e s o u r c e  
I 

d 1 s cove ry . 
Completes and s lgns  P r e - h l s t o r l c f H l r t o r l c  Assessment Report .  

Assists i n  completion and s igns  unexpected c u l t u r a l  resource  d i scove ry  

Coordina tes  mi t iga t ion .  

\ 

form. / 
.. J 

. 

Stops work  upon discovery of a c u l t u r a l  resource .  

N o t l f l e s  CRC upon discovery o f  a cultural resource. 
L Completes and signs Unexpected Cul tura l  Resource Dlscovery form. 

5 . 0  & E N E M  

The Nat iona l  H i s t o r l c  Preserva t ion  Act (36 CFR 800, Sec t ion  106) r e q u i r e s  
Federa l  agencies  t o  t ake  i n t o  account t h e  e f f e c t s  of t h e i r  a c t i o n s  on 
p r o p e r t i e s  t h a t  a r e  on, or e l i g l b l e  for inc lus ion  on, the  Nat ional  R e g i s t e r  1 

of H i s t o r i c  Places  L i s t ,  This l f s t  includes undiscovered r e s o u r c e s  a s  well 
as d i s t r i c t s ,  s l t es ,  b u f l d i n g s ,  s t r u c t u r e s  o r  o b j e c t s .  

11-2 . .  
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5.0 (cont.) 

To comply w l t h  sectlon 106 and due t o  the large number of hjstoric and 
archaeological resources ex1 sting In the area, consul tatlon was requested 
by the Department of Energy (DOE) from the State Historlc Preservation 
Office (SHPO) concerning proposed remedial actlvlty at the FEMP. l h l s  
consul tation resulted in an agreement that any planned surface disturbance 

'actfvltles In non-controlled areas at the FEMP must be preceded by a 
cui tural resources survey to determi ne the ex1 stence of potent i a1 ly 
sfgniflcant historic or archeological resources. 

\ 

Any records resultlng from this procedure shall be. archived wlth the CRC 
program and made available on a "need to know" basis as specifled fn publlc 

A l l  discoveries, historlc and prehlstoric, shall be Included in the 
CUI tural Resource Management Plan (Draft). 

law (PL) 96-95. \ 

7 

6.0 

None 

i7.0 PROCEDURE 

, 7 . 1  HANDLING THE DISCOVERY OF 'A CULTURAL RESOURCE 

FIELD PERSONNEL 

1. Upon discovery of any historic,  pre-historic, or archaeological 
site, feature, or object, {cease all ground dlsturbing activity 
and contact the responsible Fjeld Representative. 

RESPONSIBLE FIELD REPRESENTATIVE 

2 .  Immedfately report the discovery to the Cultural Resource 
Coordinator and the responsible CRU Dlrector or Dlvlslon 
Manager. 

3. Complete the Unexpected Cultural Resources Discovery form 
(Figure 1) and log It into the Field Activity Dally Log. Submit 
the Oiscovery form and a copy of  the Fleld Actlvlty Dally Log to 
the CRC. 

I m: Proper Document Control Procedures -must be followed. 

r 
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Effective Date: 03-31-94 
RestemtimManogrmmt~m 

CULTURAL RESOURCE COORDINATOR 

4 .  
1 

Verbally report the dtscovery to the Lnv 
Department Uanager . 
Complete and slgn a Prehistoric/Historic 
the format provided (Attachment A). 

5 .  

Page 7 o f  8 

II.. r: 

a -  

r.-~ ' - r.v : 

7 . 1  HANDLING THE DISCOVERY OF A CULTURAL RESOURCE (cont.) 

ronmontr\ P I  anntng 

Assessment Report using 

6. Detehlne whether an on-call Cul tusal Resources Subcontractor 
wlll be used. 

7. Report ,the assessment to the Envlronmental Plannlng Department 
Manager. 

ENVIRONMENTAL PLANNING DEPARTRENT W G E R  

8 .  

9. 

Sign the Prehistorlc/Historic Assessment Report., 

Verbally contact the DOE Cultural Resource Point of Contact and 
follow up wi th the slgned Prehistorlc/Hlstoric Assessment 
.Report. 
Cultural Resources form. 

DOE CULTURAL RESOURCE POINT OF CONTACT 

Include a copy o f  the completed Unexpected Discovery o f  

- 

10.- Contact the State Historic Preservatlon 'Offlce and g a l n  

CULTURAL RESOURCE COORDINATOR 

11. Secure the cultural resource are: until notified by DOE. 

concurrence for the mitigation procedure to be followed, i f  any. 

/ 

r 

12. Coordinate any further mitigation efforts through an on-call 

CONSTRUCTION 
L 

Subcontractor or through EPD. 

13. After receipt o f  wrttten natlficatton from the DOE, direct f ie ld 
personnel to proceed wlth ground activities In the  affected 
area. 

II-5 
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8 . 0  

8.1 DRIVERS 

Archeologlcal and Historic Act of 1974 

National Historic Preservation A c t  o f  1966, as amended 

tlative American Graves and Repatrlatlon A c t  o f  1990 
\ 

8.2 RU'ERENCES I 

36 CFR 800, Section 106: 'Protectlon o f  Historic Properties" 

"Secretary o f  the Interior Standards and Guldelines for 
Archaeology and Historic Preservation" 

r 
\ 



ATTACHMENT I11 

TIMCO 
LYSIMETER MANUAL 



Also Available m T u b  T y w  
8w in Tenor+ or PVC 

I. . :. Porous Ceramic Lysimeters: Shes Available with PVC Body 
Tube type I 

-CUP w e  1 

v 

1.90' (483mm) x 175' (44Scm) 
1.90' (483mm) x 175" (44Scm) 

Lysimeter Acceuorier 

TIMCO" Lysimeter Accessory Items - Tubing 
TIMC0"provides tubing to connect the lysimeter to the surface. Usually 
114' OD Teflon* or polyethylene is suitable. 

Hand Pump 3 TIMCO" Select Silica Flour 
Sii i i .  200 mesh (99.8% pure) is available in 501b (23kg) plastic pails. Allow a 
minimum of 1 pail per instaJI4 lysimeter. Mix each pail with 2 gallons of 
distilled water to make about 6 gallons of silica slurry. 

. -Vacuum Pressure Hand Pump 
Tenma s topma The pump is used to apply mcuum to the lysimeter during the pore water 

extraction phase. Pressure or vacuum is applied to deliver the sample 
to the surface. 

Vacuum Pressure Gauge Assembly 

SlllU flour ."n, 
When installed on the lysimeter vacuumlpresure.tube. allows for constant 
monitoring during the pore water extraction phase. During the sample 
recovery phase. it will alert the user to potential over-pressurization. 

Teflon@ Stopcock and DelrinO Shut-Off Valves 
Designed to allow easy sealing .of the sample delivery and vacuumlpressure 
tines when not using a lysimeter well head assembty. The T e W  stopcock 
Ls used with TeflorP tubing. the DelrirP shut off valve is used with 
polyethylene tubing. - Lysimeter Head Assembly 
Designed for placement on the casing a! the ground -ace. it provides a 
neat and secure termination of the tubes from the lysimeter. A permanent 
Marumlpressure gauge and taps for the vacuumlpressute and sample line 
am mounted beneath the weatherproof cap. Stopcocks and gauge assembly 
am not needed with Head Assembly. 

L*tcnwt.r Q(j(j(jj32 , . 
H8.d A ~ s u s W v  19 

I 
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TMCO LYSIMETER MANUAL 

Timco  Lvsimeter Models 

The Shallow Tube-Type and Cup-Type Lys'imeters 

Vacuum-Pressure 

nuco- c u p  rype L Y C ( ~ C C C  

Sample E v a c u a t l m  

Porous F i l t e r  

.. . 

.._ 

These models are designed f o r  placement a t  depths of  20 f e e t  or l e s s .  Note 
t h a t  e i t h e r  model i s  supplied with a threaded top plug t o  allow attachment t o  a -  
r i s e r  casing.  The C u p - m e  is a v a i l a b l e  in 1.9" O.D. only. The Teflon(R) Tube-Type 
can be supplied i n  e i t h e r  2.375" O.D. o r  1.9" 0.D.. The Ceramic Tube-Type 
i s  supplied i n  1.9'' O.D. only. 

The Deep-Sampling Tube-Type and Cup-Type Lysimeters 

BodyhTe(bn .aRIC 

These models a r e  designed f o r  placement a t  depths of 20' t o  300'. The Teflon(R1 
Tube-Type i s  a v a i l a b l e  in 2.375" O.D. and 1.9" O.D., and the Ceramic Tube-Type 
is a v a i l a b l e  in 1.9" O.D. only. 
a v a i l a b l e  in 1.9" O.D. only. 

The Ceramic and T e f l o n  Cup-Type Lysimeters are 

. 
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TLYCO L Y S m m  MANUAL 

System Requirements 
L 

..e f o l h v i n g  items w i l l  be required f o r  a t y p i c a l  Timco(Ri) L y s h e t e r  I n s t a l l a t i o n  
up t o  20 f e e t  beneath the ground surface. 

- A T h c o  Shallow Cup-Type or Tube-Type ,Lysimeter 
- A T h c o  Lysimeter Head Assembly 
- A 50 l b .  P a l l  of Timco S i l i c a  Flour (200 mesh, 99.88% pure) - Up to 40 f e e t  of Teflon(R) o r  Polyethylene Tubing, and tube S o o v e r  
- A Timco Vacuum/Pressure Hand Pump 
- Up to 20 f e e t  of Timco Deb-Seal(T2-l) Teflon(R) or PVC flush threaded r i s e r  

- Timco Surface P r o t e c t i v e  Cover 
casing 

I 

Additional items not provided by Timco: 
. -  

- Chemicals and d i s t i l l e d  water f o r  decontamination (optiondl) - D i s t i l l e d  v a t e r  f o r  pressure t e s t i n g ,  de-airing, and p r e f i l l i n g  . - P l a s t i c  gloves  for  handling the decontaminated-system - A l a t e x  membrane f o r  vacuum t e s t i n g  the system - Clean p l a s t i c  bags to  wrap the assembled system f o r  transfer to  the i n s t a l l a t i o n ,  

- 2 gallons o f  d i s t i l l e d  water f o r  each 50 l b .  p a i l  o f  Timco S i l i c a  Flour - A large c l e a n  s+lica f l o u r  mixing container - A large r i g i d  spatula  t o  m i x  the silica slurry - A clean sample c o l l e c t i o n  container with a 2 port stopper s e a l  compatible 

I 

s i t e  

with the Timco Teflon(R) tubing. 
of the lysimeter. 

The c a p a c i t y  should be greater than t h a t  

- Bentonite t o  s e a l  the borehole above the lysimeter  - A padlock f o r  the p r o t e c t i v e  cover 

. .  

,- 
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Operating Principles  

. 

The T h c o ( R I )  Lysimeter System i s  designed for long term use i n  one location. 
Czre must be taken v i t h  t h e  i n s t a l l a t i o n  t o  ensure correct operation f o r  a long 
?eriod.  The assembled system should always be checked for leaks p r i o r  t o  being 
;ut in t h e  ground. - 

A Tube or Cup b e  L y s h e t e r  has an outside diameter of 1.9" o r  2.375". 
should b e  placed in boreholes of  a t  h a s t  6" in diameter t o  a l l o v  f o r  an adequate 
s l l i c a  slurry pack t o  surround the lysimeter. 

3 1 3 ~  connection leads t o  the vacuum gauge on the head assembly. 
to be applied t o  the system, thereby. creating a vacuum gradient  betveen the inside 
o f  the  lysimeter,  the s i l i c a  slurry pack, and the s o i l  under i n v e s t i g a t i o n .  
second unmarked connection is the sample evacuation tube. 
the head assembly sample m e .  

is critical and should only be purchased from Timco. If 0 6" borehole F6"used. 
a s ingle  50 l b i  p a i l  
Ls =de h t o  a slurry  v l t h  d i s t i l l e d  v a t e r  before placement. . The S u c a  S l u r r P  

Since t h e  Timco(PI) s m c a  i s  not water soluble,  it hmediately. .begiPs  to  separate 
i t s e l f  from the d i s t i l l e d  vater.  
L n t O  the s o i l  and establishes  the continuity required for s u r f a c e ' t e n s i o n  t o  be 
t r d t t e d  in an outward d i r e c t i o n  upon a p p l i c a t i o n  of  a vacuum-A This d b w s -  
m P  m o k t u r e  attached. t o  the soil p a r t i c l e s  t o . b e  drawn into t h e  l y s i m e t e r  through 
the s-ca pack. 

These 

The lysimeter has the vacuum/pressure o u t l e t  marked on the l y s i m e t e r  top plug. 
It a l l o w s  a vacuum 

The 
ThFs is connected t o  

The s p e c i f i c a t i o n  of the s i l l c a ' f l o u r  d e d - t o  surround t h e  i n s t a l l e d  lysimeter 

The flour be s u f f i c i e n t  for ea& lysimeter % i ~ t d h ~ O n ~  

used t o  e s t a b l i s h  a continuum between the lysimeter andlthe s u m o u n d h g  SOfl. 

When placed In the ground-the v a t e r  migrates 

. a  -. 
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TLHCO LYSIKETER MANUAL 

Assembling the Lysimeter 

I ' -  " 6 6 4 1  

If properly i n s t a l l e d ,  the t y p i c a l  lysimeter  system vi11 be expected to  produce 
presentative  samples for s e v e r a l  decades. It is therefore important t o  check 

l n s r a l l a t l o n  the system should be pressure and/or.vacuum tested t o  ensure it i s  
l e a k  free.  

p l a s t i c  bags. 
procedures required f o r  equipment used t o  o b t a i n  samples f o r  subsequent d c r o - a n a l Y s i s  

t i t l e d  nDecontamination Procedures" and/or fol low those specff  ied f o r  the specff  i c  
j o b .  
pass  a t  l e a s t  2 liters of d i s t u e d  water through the porous s e c t i o n  t o  ensure 
complete removal o f  the l iquids  used f o r  the decontamination. 
i s  completed the components should. be bagged. 
in a clean area using s t e r i l e  gloves.  

The system components supplied a r e  manufactured hy T h c o  to s a t i s f y .  t h e  
requirements o f  the order. 
l e a d  t o  FncompatibUty problems r e s u l t i n g  in leakage o r  f a i l u r e  o f  the lysimeter 
system. 

1). 

J t  the system thoroughly before taking i t  t o  the i n s r a l l a t i o n  s i t e .  P r i o r  to 

The lysime'ter system components supplied by Timco are cleaned and packed 
They have not been subjected t o  the rigorous decontamination 

' o f  t r a c e  pollutants.  Lf complete decontamination i s  required, see the s e c t i o n  

Note that ff the lysimeter body is decontlminated it will be necessary t o  
\ 

A f t e r  t h i s  procedure 
Subsequent handllng should be done 

Hirfng t h e s e , v i t h  components from other sources may 

Assembly of Tubing to  F i t t i n g s .  

. Tubing, because o f  I t s  s l i p p e r y  nature and r i g i d i t y ,  has-to be s p e c i a l l y  grooved 
befqre a f i t t i n g  is attached. 
of the f i t t i n g  and cause leakage. Timco normal ly  grooves each end o f  t h e  tubing 
supplied v i t h  the order. 
*he nev end v i l l  need t o  be grooved using a s p e c i a l  grooving t o o l  avaFlable  from 

A s t a n c e  from the end of the tube. 

F a i l u r e  t o  do so will a l l o v  the tubing t o  sllp out 

I f  the I n s t a l l a t i o n ' r e q u i r e s  the tubing t o  be  shortened 

mco-.  The t o o l  not only cuts the groove but  a l s o  places  the groove a t  the correct  

2).  Assembling the System. 

.Bsmentioned earlier, it is suggested that the complete system.be assembled 
avay from the i n s t a l l a t i o n  s i t e .  
under c l e a n  conditions. 
j o b  s i t e .  .. . 

This w i l l ) a l l o v  f o r  the assembly 'and . t e s t i n g  
The assembled l y s i m e t e r  may then be e a s i l y  placed a t  the 

The assembly should begin v i t h  the attachment of the v a c u d p r e s s u r e  and SlmPle 
If necessary c u t  each t o  length,  making 

Note that the Vacuum /Pressure o u t l e t  

This d 3 . l  

evacuation l i n e s  t o  the lysimeter top plug.  
c e r t a i n  cuts a r e  c l e a n  and v e r t i c a l  t o  t h e  h o r i z o n t a l  length of the tubing.  
the previous instructions for the grooving. 
a t  the top of the lysimeter plug is marked w i t h  a "V. 
end of the tube connected t o  t h i s  f i t t i n g  i s  s u i t a b l y  marked or tagged. 
provide assurance that  the tubing is c o r r e c t l y  connected to  the Timco Head Assembly. 

F o U w  

Hake certain t h a t  the other 

If the i n s t a l l a t i o n  is t o  involve  threaded r i s e r ' c a s i n g  o f  appropriate length, 
Pass the two tubes from the lysimeter through the casing assemble i t  a t  t h i s  time. 

s t r i n g .  
l i n e s  t o  the bottom of the head assembly. 

t o  a t t a c h  the end of  the tubing t o  the hand pump (black end). 
"ay now be tested f o r  leaks.  

To complete the assembly a t t a c h  the sample evacuation and vacuudpressure 
The Timco Vacuum/Pressure Hand Pump 

connected in the vacuum mode. The b l a c k  female hose connector should b e  used 
The assembled system 
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T e s t i n g  the System 
d 

E f f e c t i v e  use of the lysimeter system requires t h a t  <here be no a i r  , l e a k s .  
methods are  described to  check the assembled system f o r  l e a k s . *  . 

Two 

Pressure l e s t l n q  , 

Completely immerse the lysimeter and the head assembly components, except 
f o r  the gauge, in v a t e r .  
the vacuudpressure . l i n e  f i t t i n g  on the head assembly, 
pressure. 
f f l t e r  s e c t i o n  should g i v e  o f f  bubbles -over i t s  e n t i r e  s u r f a c e  area. 
are observed in the tubing fittings, disassemble and check for c o r r e c t  assembly 
and retighten.  
assembly may be-wrapped w i t h  Teflon(R) tape prior  . t o  reassembly. 
the body components of ,the lysimeter should be checked f o r  c l e a a l i n e s s ,  p a r t i c u l a r l y  
the surface that  touches the 0-Rings.' 

Connect the pressure o u t l e t  of the Timco Band Pump to  
Apply 15 Psi- of a* 

Observe a l l  connections for evidence of bubble l d g e .  The porous 
If leaks 

Leaks at the f i t t ing.connections . t o  the lysimeter  body or the head 
Leaks inVOlVbg 

.. . .. 
) 

Vacuum T e s t i n g  

The por& f i l t e r  media of the lysimeter body .is s e a l e d  off with a latex Or 
f l e x i b l e  p l a s t i c  membrane, 
and securing it t o  the body of the lysimeter above the porous f i l t e r .  
the sample valve.  
port on the head assembly, and apply a vacuun in excess of  20 inches of mercur+. 
Shut o f f  the vacuum value. Note the vacutrm.reading on the gauge. Leave the -st- ,. 
f o r  s e v e r a l  hours and then recheck the vacuum reading. A. small drop of  Up t o  3 
h c h e s  of  mercury may be expected. 
all connections as described above, 

Secure a s e a l  by p l a c i n g  rubber bands over  the membrane 
Shut o f f  

Connect the vacutrm i n l e t  of the pump t o  the v a c u d p r e s s u r e  

If a l a r g e  drop I s  noted, check and r e t i g h t e n  

1 

P r e w e t t L g  the Porous F i l t e r  Media 

F l n a l l y ,  b e f o r e  taking the assembled lysimeter system t o  the i n s t a l l a t i o n  
s i t e ,  T h c o ( m )  recommends t h a t  the lysimeter body be p l a c e d  in d i s t i l l e d  water 
and a vacuum o f  about 15 inches of. mercury be applled f o r  1 hour. 
prewets a l l  s u r f a c e s  of the porous f i l t e r  media, e3Adnat-g anp entrapped air 
in the f i l t e r  media. 
d i s t i l l e d  water if no r i s e r  casing is used, 
f l o a t  on the wet s i l i c a  s l u r r y  when p l a -  &ed in the borehole, 

This p r o c e d y e  

The lysimeter should be i n s t a l l e d  w i t h  the .body f i l l e d  v i t h  
An empty, unsupported lysimeter  

* NOTE - A l l  T h c o  Lysimeters are tested a t . T h c o  p r i o r  t o  shipping. F i t t i n g s  

I may loosen during transit .  

3 
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TMCO LYSLXETER MANUAL 

I n s t a l G c i o n  and Evacuation of  the Shallow Lysimeter 
-.- 

3 -  ' 6 6 4 1  

. e . i n s t a l l a t i o n  of a ~ h c o  Lysimeter SyFtem should be i n  accordance v i t h  the 
Lollowing procedure. 
depths a Timco(TH) Deep-Sampling Lysimeter should be used. 

1). Borehole PreDaration 

It i s  s u i t a b l e  fer depths of  up t o  20 f e e t .  For greater 

The borehole must provide adequate space to allow the lysimeter  body to  be 
surrounded by the s i l i c a  s l u r r y  pack. 
larger borehole. 
s l u r r y . a l l  around the porous f i l t e r  of the lysimeter. ' I f  d i f f i c u l t i e s  are a n t i c i p a t e d  
in maintaining an open borehole, use casing to hold back the material .  
after  i n s t a l l a t i o n  of the silica pack and lysimeter p u l l  back the casing and Install  
a bentonite plug. 

For a 2" diameter l y s b e t e r  use a 6" or 
The borehole must allow for  a t  l e a s t  a 1.5" t h i c k e s s  O f  s f l i c a  

Immediately 

.. . .  . 
2). HiXing the S i l i c a  Flour Slurry 

The Iimco(M) 200 mesh, 99.882 pure c r y s t a l l i n e  s m c a  f l o u r  l s  mixed v i t h  
distilled vater  using a r a t i o  of 150 mls. vater to 4 5 0  grams of  s i l i c a  f lour.  
Tlmco S U c a  Flour is supplied in a 50 l b .  sealed p a i l .  
2 gallons of d i s t i l l e d  v a t e r  t o  make the slurry and w i l l  be s u f f f c l e n t - f o r  a s h g l e  
lysimeter I n s t a l l a t i o n  in a 6" borehole. 
v a t e r  v i t h  constant s t i r r i n g .  
Constant 'st lrring is e s s e n t i a l  as the s i l i c a  i s  not. water s o l u b l e  and w i l l  s e t t l e  
If not agitated.  . . 

The 
This  vill require about 

Add the f l o u r  slowly t o  t h e  d i s t i l l e d  
The d x  must be completely blended'and lumpfree. 

/ 

-1- Plachq the S i l i c a  S l u r r y  P a c k .  

Pour part of the s u c a  s l u r r y  i n t o  the borehole t o  provide a bed f o r  the 
lysimeter. 
tube-type lysimeter. 
a third of the t o t a l  mix is  usually s u f f i c i e n t  

p a r t i c u l a r  care t o  make c e r t a i n  that the lysimeter body Fs c e n t r a l l y  located w i t h i n  
the borehole diameter. A o f  1.5" of s i l i c a  s l u r r y  around t h e  annular area' 
of the u n i t  i s  essential .  
and accurate placement. 

completely cover and surround the lysimeter body. 
lysimeter i n  intimHte contact  v i t h  the s i l i c a  slurry and the s l u r r y  must fill all 
voids in the bottom of the borehole, 
surface v i t h  stakes for  a t  l e a s t  2 hours u n t i l  the silica sets .  

A bentonite s e a l  should be i n s t a l l e d  next, followed by tamped b a c k f i l l .  
second bentonite s e a l  i s  suggested near the surface. - 

can be achieved v i t h  the Timco(TM) Lysimeter Head hsembly and a T l m c o ( M )  S e c u r i t y  
Cover s e t  in concrete. 

A -lrm of 4" depth for the cup-type lysimeter .and'2" for the 
Depending upon the borehole diameter, betveen a quarter and 

The Timco(M) Lysimeter System should nov'be lovered i n t o  the borehole. Take 

Timco suggests  Deb-Seal(R) casing be b e d  f o r  support 
C e n t r a i i z e r s  vlll: a l s o  assure c o r r e c t  placement. 

The balance of the s i l i c a  s l u r r y  should nov be poured l n t o  the borehole t o  
Note that  you must have the. 

The Lysimeter should be supported a t  the 

A 
P r o t e c t i o n  a t  the surface 

4 ) .  A c t i v a t i n g  the Lysimeter . \ .  

If the lysimeter vas f i n e d  v i t h  distiJ.led water before i n s t a l l a t i o n ,  t h i s  I 

should now be removed and discarded. T h c o  recommends the use of a two>ort rubber 
topper i n  a c o l l e c t i o n  f l a s k .  
ample from a f u l l  lysimeter. 

m e  f l a s k  should be of adequate size  t o  hold the 
T h i s  method is  unlikely  t o  d i s t u r b  the silica pack 

and break the s e a l  between the pack and the porous s e c t i o n  of the lysimeter  which 
would r e s u l t  i n  a l y s h e t e r  system f a i l u r e .  

1. Open the vacuum-pressure v a l v e  and the sample v a l v e  on the head assembly, 
2. Attach the tube from the sample port on the head assembly t o  the-hole  
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TLnCO LYSIMETER HANUAL . 

rubber stopper. 

TFmco Hand Pump. 

the c o l l e c t i o n  f l a s k .  

(Tube t o  p r o t r u d e  about 1" into the f l a s k ) .  
3 .  Attach the second tube from,the f l a s k  t o  the vacuum-pressure i n l e t  on the 

4. Apply a pentle vacuum t o  the system, t h e  d i s t i l l e d  water vi11 flow i n t o  
(Tube t o  be f l u s h  w i t h  the bottom o f  t h e  rubber stopper).  

A f t e r  removing the d i s t i l l e d  water from the lysimeter, you a r e  ready t o  a c t i v a t e  
the lysimeter to obtain a sample, 
a f t e r  Instal lat ion,  i t  VFIl be necessary t o  remove and discard t h e  d i s t i l l e d  water 

/used to make up the s-ca pack. (Remove a water v o l k e  e q u i v a l e n t  t o  approx-tely 
one third of that used t o  make up the slurrp).*  
a few days, the v a t e r  in the silica pack v l l l  migrate i n t o  the surrounding s o i l  
and establish the continuity  needed between< the porous f F l t e r  media and the soil. 
Samples col lected in t h i s  s i t u a t i o n  should be considered r e p r e s e n t a t i v e .  Use the 
folloving steps to  a c t i v a t e  the system. 

If you s t a r t  the a c t i v a t i n g  procedure immediately 

c I f  the i n s t a l l a t i o n  Fs l e f t  f o r  

.. . .. 1. Close the sample evacuation v a l v e .  
2. Connect the vacuum i n l e t  o f  t h e  Hand Pump t o  the vacuum-pressure port  on 
. the Head Assembly. 
3. Apply a vacuum of 18-21 inches o f  mercury and c l o s e  the vacuum-pressure 

4 .  When the gauge reads 10 inches o f  mercury o r  l e s s ,  evacuation o f  water\ 

i 

I valve . 
should be attempted. (Up t o  24 hours may be needed). 

* EXAMPLE: Using 2 g a l l o n s  (7570 mls.) t o  d x  the s m c a  s l u r r y  would mean t h a t  
t h e . f i r s t  .6 g a l l o n s  (2271 mls.) of d i s t i l l e d  water should be discarded. 

.-. 
I 

5 ) .  Evacuating the Lvsimeter w i t h  Pressure 

\ 
The lysimeter body i s  pressurized and the sample is d r i v e n  t o  the ground surface. 

A pressure of - 4 4  p s i  is required for each foot of depth. 
9 p s i  VFIl be needed t o  U f t  t h e  sample. The time taken t o  accumulate a sample 
v i l l  depend upon the s o i l  conditions.  Sampling i n t e r n a h  separated by 48 hours 
or more are not uncommon. Use the fol lowlug steps t o  evacuate  t h e  lysimeter.  . 

For a 20' I n s t a l l a t i o n  
\ 

> 

1. Open the sample evacuation v a l v e  and. the vacuum-pressure v a l v e .  
2. Connect the pressure o u t l e t  of the Timco(TH) Hand Pump t o  the vacuum-pressure 

3. Pressure should be increased g e n t l i u n t i l  9 p s i  is achieved.  
port on the lysimeter head assembly. 

(If  9 p s i  
were a p p l l e d  i n s t a n t l y ,  i t  is possible  the s i l i c a  pack would be damaged 
result ing in a l y s i m e t e r  system fai lure).  

f lask.  
1 4 .  Sample is forced up through t h e  evacuation l i n e  and FPto a sample c o l l e c t i o n  

8 
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- 6 ) .  Evacuating the Lysimeter v i t h  Vacuum < 
.- --. 

This method i s  u n l i k e l y  t o  d i s t u r b  t h e  s i l i c a  pack and a l s o  reduces the 
, o s s i b i l i t y  of sample aeration.  
greater  than 20 f e e t  in depth. 
is required. 

Timco does not  recommend t h i s  method f o r  i n s t a l l a t i o n s  
A two p o r t  rubber stopper in a c o l l e c t i o n  f l a s k  

Use the f o l l o v i n g  s t e p s  to  evacuate  the lysimeter.  

1. Open the vacuUm-preSSure v a l v e  and the sample v a l v e  on the Head Assembly, 
2, Attach the tube from the sample p o r t  on the Head Assembly t o  t h e  h o l e  i n  

3. Attach the second tube from the f l a s k  t o  the vacuum-pressure port'an?.thk.: 

4. Apply a g e n t l e  vacuum to t h e  system, the sample v i l l . f l o v  i n t o  t h e  c o l l e c t i o n  

the rubber stopper. 

Timco(M) Hand Pump. 

f l a s k .  

(Tube t o  protrude about 1" i n t o  the f l a s k ) .  

(Tube t o  be f l u s h  v i t h . t h e  bottom of t h e  rubber stopper).  

(Flask t o  be of  adequate s i z e  t o  hold t h e  sample from a f u l l  lysimeter).  
- 

. ... 

Vacuum-Pressure . 
Head Assembly Port 

Sample Port  on 
Head Bssembly 

- \  
Lysimeter 
Head ksembty 

C o l l e c t  l8 on Flask 
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Cleaning and Decontamination 

The following advice i s  provided by Timco. 
provides no guarantee that the procedures w i l l  ensure that a Timco product has 

' b e e n  100% cleaned. T h e 0  does hbvever b e l i e v e  t h a t  the procedures Viu g i v e  t h e  
proper purity c h a r a c t e r i s t i c  required under s t a t e  of  the a r t  conditions.  

Teflon(R1 6 Ceramic ComDonents 

f h c o  can assume no l i a b i l i t y  and 

- 

Step 1 - Disassemble a l l  components. 

Step 2 - 

Step 3 - 
Step 4 - 

Step 5 - 

Prepare a normal solution o f  Hydrochloric Acid. 
(120 g. concentrated HCL d i l u t e d  i n  1 l l t e r  d i s t i l l e d  v a t e r ) .  

L. 

Rinse a l l  components i n  d i s t i l l e d  water. .. 
a .  

Submerge a l l  components in t h b  s o l u t i o n  f o r  30 minutes minimum. 
Use a t o o l  t o  remove from t h e  s o l u t i o n ,  Soak in d i s t u e d  v a t e r .  

Resubmerge the components in c l e a n  water a t  l e a s t  2 more times t o  
remove a l l  traces  of Hydrochloric Acid. 

LJ 

Step 6 - Timco b e l i e v e s  an a d d i t i o n a l  s t e p  of  an Isopropyl  A l c o h o l  (IPA) bath 
.and then another bath o f  Hydrogen Peroxide should render the equipment 
clean. / 

Step 7 - I n  a l l  cases  a f i n a l  r i n s e  i n  d i s t i l l e d ,  deionized water should ensure 
that the device i s  then s u i t a b l e  f o r  representative  samplhg. 

3 

PVC Components 

Step 1 - All products must be thoroughly cleaned o f  loose PVC p a r t i c l e s ,  
machining burrs and any o t h e r  loose materials  both i n s i d e  and out.  
(Tlmco normally does t h i s  w i t h  all products shipped, but  o c c a s i o n a l l y  
mistakes do happen). . 

Step 2 - 

Step 3 - 

Step 4 - 
I 

Prepare a s u i t a b l e  Isopropyl  Alcohol (IPA) bath which w i l l  a l l o w  
t o t a l  h e r s i o n  of  the product t o  be decontaminated. 

m o w  products t o  remain fully immersed f o r  a period of no l e s s  than 
10 minutes. 

. 

Remove .products 
contamination. '. 

vith c l e a n  s u r g i c a l  
Allow excess, IPA t o  

gloves  t o  reduce chances of  new 
d r a i n  o f f .  
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FERNALD 
- RVFS 

VISITORS ON SITE: 

FIELD ACTiVlTY DAILY LOG 

CHANGES FROM PLANS AND SPECIFICATIONS. A N 0  
OTHER SPECIAL ORDERS A N 0  IMPORT ANT DECISIONS. 

WEATHER CONDITIONS: ' 
IMPORTANT TELEPHONE CALLS: 

I 
PERSONNEL ON SITE. 

DATE: 
2yP.t 4 

SUPERVISOR 
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PIEZOMETER INSTALLATION SHEET ' ' - 6 6 4 1  

CASING SIZE IS) USEO: 
TC 

ORlLLlNG FLUID IS) USED: 
Fcu iO F PCM L TO SIZE F R M  

FLU10 FROM TO SIZE FROM TC 

ROJ€CT NAME FIELO ENGJEEO. DATE 

'I - CHECKEO BY OAT E PRCJECT NC. *. BORING NO. 
PIEZOMETER NO. DATE OF INSTALLATION 

d 

BOREHOLE DRILLING 

r 

- 1 ORICLINC' METHOO TYPE @F 811 I 

r 
TYPE 

DIAMETER OF PERFORATE0 SECTION 

PERFORATICN TYPE: 

SLOTS 0 HOLES 0 SCREEN [3 
AVERAGE SIZE OF PERFCRATIONS 

TOTAL PERFORATED AREA 
i 

1 
RISER PIPE MATERIAL 

RGR PIPE DIAMETERS: 

0.0.  -1.0. 
LENGTH OF PlPE SECTIONS 

JOINING METWO 
> 

A 

PIEZOMETER DESCRIPTION 

PROTECTIVE PIPE 0.0. 

DISTANCE ABOVE /BELOW 
I f € M  GROUNO SUf?fACE ( 1 

TOP OF RISER PIPE 

GROUNO SURFACE 0.0 
BOTTOM OF PROTECTIVE PIPE 

BOREHOLE FILL MATERIALS: 

CROUT/SLURRY TOP B@TTOM 

BENTONITE TO? BOT TOM 

SAND TOP 801 TOM 
GRAVEL TOP BOT TOM 

PERFORATE0 SECTION - TOP BOT TOM 

PIEZOMETER TIP 
BOTTOM OF 80REHOLE 

GWL AFTER INSTALLATION 

- 
- 

C 

Y E S 0  
Y E S O  

€ L E VAT ION 
0 

-- TCP BOTTOM 
.TOP BOTTOM 

TOP BOTTCIM 

TOP 80TTOM 

TOP 1 BOTTOM 

. . .  

R€MARKS 

/ 
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PROJECT NAME SAMPLE LOCATION 

PROJECT NUMBER SAMPLE ID NUMBER 

DATE COLLECTED RFA NUMBER 

~ ~ ~ U E C T E O  ~ 

CIC NUMBER 
SAMPLE W E  COLLECTED 8 Y  I 

SAMPLING INFORMATION FIELD READINGS 

BAROMETRIC PRESSURE 

AIR TEMPERATURE 

00 SATURITION IN AIR I 

WAT ER TEMPE FUTURE 

._ 

\ 

I METER CALlaRATlON 

J ' e  

WEATHER CWD(TI0NS 

ADMTIO).UL R M S  

EOUIPMENT NUMBER .EQUIPMENT NAME EQUIP. 

- BAILER 

HOSVS 

PUMP 

FILTER 
KIT 

I 

NUMBER 

i 

- 
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FERNALD 
RlfFS 

I I . , , .  

PIEZOMETER SENSITIVITY TEST 

DATE- 
- 

’ PROJET NAME TESTED BY 

PROJECT NO. 

B O R I N G  NO. 

PIEZOMETER NO. 
TEST TRIAL NO. ’ 

GWL &LOW TOP OF PIPE PRIOR TO TEST H-scope t 0 0 1  foot accuracy ) 
. I  

TIME R E A D I N G  TAKEN 

THE PIEZOMETER WAS FILLED WlTH WATER. THE F O L L O W I N G  DATA SHOW THE 

DROP OF WATER F R O M  T H E  TOP of THE PIPE AS TIME ELAPSEO. 

4 

E L A P S E D  TIME (M\NUTES) I DROP OF WATER (FEET) 
1 

BASED ON.THE . -  ABOVE DATA, IT IS CONCLUDED THAT THE PIEZOMETER IS: 
,-FUNCTIONING PROPERLY 
*-NOT FUNCTIONING PROPERLY 

I) 
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VARIANCE REQUEST 
Datc  

VARUNCE ( h d u d e  Justification) 

REQUESTED BY: Date: 

APPROVED BY: Date: 

M e :  
Projtct DirectorlDaigw 

Project QuditJ C~SU-C Olliccr 

APPLICABLE DOCUMENT(S) AND SECTION No.(S) 
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' FERNALD 1 RVFS . 

NONCONFORMANCE REPORT \ -" 6 6 4  

PAGE -OF - 
0 A m .  

PROJECT NO. 

P R O E C T  NAME 

NONCONFORMANCE: 

~/ 

IDENTIFIm BY: DATE 

CORRECTIVE ACnON REQUIRED: 

I 

DATE: TO BE PERFORMED B Y  
MUST CORRECTION BE MRlnED? TO BE VERIFIEO ey: PREPARW 8% DATE: UES - NO - 
CORRECTlnVE ACTlON TAKEN: 

P€-'-' 
vLn8i ILY - 

0 ATE: 
MRlFlED BY: DATE: 

PERFORMED B Y  

Approved By. Date: 
C C  --rr- - - -  C C  

Date: 
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Pernald RII/PS 
Health and S a f e t y  Procedures 

T i t l e :  Use,, Calibration, and Haintenance of the' KNU PI-101 

Procedure #; HS 01s , ~ssued: 

APPENDIX 10 2 

HNU PI-101 
MAINTENANCE AND CALIBRATION ZXX; 

Instrument S e r i a l  I: 'Last Fa'ctory Calibration:  - 
UV L i g h t  Source Cleaned*: 

Date 
, 

i I o n i z a t i o n  Chamber Cleaned*: 
Date 

C a l i b r a t i o n  Procedure (1 or 2 ) :  
I n s p e c t e d  by: Date: 

-- Source: 

-- Type: 
J -- Concentrat  ion: \ 

-- Lot # :  

R e s u l t s  of  Calibration: 

-- Span s e t t i n g :  ~ n i t i a  

-- Probe: 

-- Instrument reading (ppm) : initi al final 

Results w i t h i n  & 15% of  c a l i b r a t i o n  gas concentration: 

COMMENTS: 

C a l i b r a t e d  by:  

*Due Monthly 

Date: 
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E: Walk-Over Surveys Using a Large NO:  RSL-ZOO3 
Volune Scintillation Detector I 

REVISION: 1 
I I 

LARGE V O L W  S C I N T I  LLATION DETECTOR 

IHSTRWNT CHECK 
RSL-2003 

S e r i a l  No. 

S e r i a l  No. 

Cesium h e r i c i u i  

PROCEDURE 

Sca ler  Model 

Detector Model 

Check 
Source 
__lcPml 

Check 
Source 'Sumeyor's Bkgd 

J C D r n l  
Battery 

pesponse I n i t a l s  

\ 

Iv-19 





\ 

. 

c 

ATTACHMENT V 

EQUIPMENT LIST 

I 



PROJECT EQUIPMENT LIST 

DOCUMENTS 
Reauired 
Penetration Permit 
Project Specific Health and 
Safety Plan 

Radiological Worker Permit 
Training Certification Card 
Radiological Survey 
Equipment Inspection 
Project-Specific Plan 
Chemical Hazardous Materials 
Work Permit 

Blank Forms 
Tailgate Safety Meeting 
Field Activity Log 
Sample Collection Log 
Site-Wide Analysis Request/ 

Chain of Custody 

SAMPLING SUPPLIES 
Containers 
Sample Labels 
Permanent Indelible Markers 
CPT Sample Extractor 

METERSDETECTORS 
Beta Gamma Detector (Frisker) 
Photoionization Detector @ID) 

TAPES & PLASTICS 
Silver Duct Tape 
Yellow Radiological Tape 
Clear Tape 
Roll of Clear Plastic 
Custody Tape 

MISCELLANEOUS TOOLS 
Scissors 
Screwdriver 
Hammer 
Box Knife 
Tape MeasureNardstick 
Carpenters Level 

EXCLUSION ZONE SUPPLIES 
Caution Tape 
Wooden Stakes 
DangerlCaution SignsFlags 

DECONTAMINATION SUPPLIES 
Stainless Steel 5-Gallon Pails 
Alconox 

' Elbow-length Nitrile Gloves 
Brushes 
Stainless Steel Water Sprayer 
Deionized Water 
Clear Plastic Sheeting 
Chemical laboratory wipes 

PERSONAL PROTECTION 
EOUIPMENT 
Cotton Coveralls 
Hard Hat 

Safety Glasses 
Dosimeter 
Latex Gloves 
Cotton Glove Liners 
Leather Work Gloves 
Ear Plugs 
Full Face Air Purifying Respirator 

Steel-Toed Boots 

IDW SUPPLIES 
Plastic Trash Bags 

I 

PERSONAL SUPPLIES 
Water Dispenser 
Paper Cups 
Drinking Water 
Ice 

EMERGENCY SAFETY 
SUPPLIES & EOUIPMENT 
Radio 
Emergency Eyewash Station 
First Aid Kit 
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ATTACHMENT VI 

TYPE K 
EXPANSIVE GROUT 



I .  

Twe KExpansive 
Cement from Soufidown. 
A concrete solution to 
ordinary concrete 
problems. 

ou know the problems ordinary 
Portland Cement cunaete Y can bring to a job. Shrinkage 

cracking. Curling. Permeability. They 
often OCCUT soon after placement 
rhat's because ordinary concrete shrinks 
e c a n t l y  as it dries, causing internal 
tensile stress. When stress exceeds tensile 
strength, the px6bIemSbegh Early mkbg and 
curling can lead to bigger problems in the years that 
folluw a3 man and nature combine to attack shrinkage 

1 





In containment areas, 
you can't afford to L 

build in cracks and 
leaks. \ 

What if T?pe K 
had not been used? 

effitjerrcy - without admixwee or\ 
changes m hsic mix design 

! 
I 



Southdown makes 
Type K available' 
throughout the U. S. 
Just contact the 
Southdown Company 
nearest you. 

Southdown Companles 
Southwtwn Porllbnd 
Cement Company 

PO. Box 181 
508 E. Xenla Or. 
Favborn, OH 45324 
woo) 762QMo 

EO. Box 1547 
U.S. Hlghway 60 
Odessa. TX 79760 

100 N. Barnnca Ave. 
Suhe 1050 
West &Ana. CA 3791 
(818) 3324075 

3wM E. M d o o  Ave. 
%is m 
Oenvsr, CO 80210 
(303) 768-1334 

(ft16) 3819\80 

Florlds Mlning & Meter1816 b. 
163M Paned De Leon Blvd 
U S .  Hi#~way 88 
Bmknv(Uo. FC 34614 
(804) 798-7241 

I 

Dixls Cement Company 
8212 Cemenl Pbnt  Road 
Knoxville. TN 37824 
(615) 522-117l 

Trenslt Mixed Concrete Company 
4760 Volley 8Id. 
LOB Angeles. CA 90032 
(213) 223-4tM 

Florida Mining L Materlols Co, 
(Concsate Pfoduas) 
13228 N. Central Aw. 
Tampa, FL 33812 
(813) Q3&67ll 

8 

c 

c 

A 

, 

'c 3 / 

V SoutJufown Type K Central Intormation: 1-8U&tBzawO 

Southdown, Inc. 
1200mSh.wt suite2400 ' 5 Houston ?bga 77002 

/ 

, 



7 

FAX COVER SHEET 

Zompany : 

FU NO.: (513) 879-8392 I 
SouthwesterdSouthdown -.- 

Number of pages to follow: 7 
Fax sent by: 

- - 
To verify or ifxmy problems, please call: (513) 879-8373 
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When TvDe K hits 
the deck, long-term 

xlyo biems hit thUe roa P O  d 
that iesulted. Since then, more 
than 300 bridge decks have k e n  
placed using Trpe K. 

Study proves K has less 
drying clhrinkage cracking. 
A study by the Ohio T i p i k e  

Cornmission cavering bridge &zck 
replamnts fm l983 to 1989 

The Ohio hrrnpike 
and Type K. 

I 

\ 

L- 

\ 

Why the Ohio Turnpike 
turned to Qpt K. 

In 1984, the Ohio 'hrnpike 
changed ita spdmtions to Wude 
me K for use in hundreds of bridge 
dfxk rephcements. The spedbica- 
tions were changed to minlntirc 
widespread drying s h h b g e  
problems ax! deck deteriwation 

Parkine deck durability Ir 
increased with Type K. 

Parkinggaragesareverysimilar 
to bridge decks because they are 
really a series of bridges on top of 
each other. But unlike a highway 
bridge deck, a parkine garage doesn't 
bave the bene& of rain to wash away 
accumulated 8alta. Tjpe K is ideal for 
these stmctmes because it can pm 
\ana Me and cut mainteMnce costs. 

\ ~ K b I d d t a ~ l ~ ~  a&#rm~muRIr8uup 
> 
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Type K Bent 
_. in the long run. 

PbCing internal &orcement at the 
upper half of the Sbb, prrfcably 
within two inches of the surface, is 
recommended tar meatest effea 1 

Higher elunrp, no bleed wator,\ 
hater  finishing. 

K Expensive Cement m 
'I _.. 
1 .  

: . 

matte is placed at a tugher Slump 
than ordinary concretes, yet substan- 
tially reduces drying ahrinkage 
crackmg. There is no bleed water, 
despite higher water demand, and 
the finishing process is shortened. 
Curling problems - and the ccrsw 
h t e n a n c e  problems that mevftabty 
I h - a r e  elhninakd. 

. lnrcrnal reinforcing conttolr 
Qpe Kb expasion pmpertier. 
Type K yields maximum benefits me KS reduced permeability, resist- 

when its expansion takes place ance to environmental deteriorants, 
against restraints such as welded Wire cracking and curhg can result in long- 
fabric, epoxy-coatcd mban or other er \ifc and h e r  mahtenance costa. 

w 

Let's talk economicr. 

lLpe K can bring Its permanence 
to many jobs at an In-place cost often 
no more than conventional Conatte. 
No s p e d  equipment is required 
Normal practices can be followed for 
mixing, pbcing and fishing, And 
larger placements are the rule with 
% K, so hbar costa can be less. 

But that's only half the story, 

' 

I 
* _  

We have extensive acperience 
with Tvpe K in both bridge 
decks and wate~ mamrent 
planu. We k W  thert'e a 
definite Long-Nn beneft in 
decreased maintenance costs ! 

and longer He. craddnp allows 
detrimentaeelementstoenter } 
the concrete which promotes 
earlydeteriaration By 
eIiminating uadcing, you keep 
water, c3emids and other 
irdluenocs out dtht amattt 
and it hsto bgtr. 

' 

2 
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Slabs-On-Grade 
J 

I 

Type means fewer 
joints, fewer roblems 
in Slabs-On- 8 rade. 

Placing Type K in slab-on-gnde 
projects such as warehouses, 
factories. foodheverage processkg 
facilities, tetrrrinals, road91 aircraft 

. hangers and runways means bullding 
a surface that will \as\ a long h e  
with less maintenance, 

The secret to durability ia 
locked in the produd. 

Type K is carefuly produced by 
Southdown companies by hlergrkd- 
ing anhydrous cdaum eulfoahJminate 
clinkere with Portland Cement 
clinkers in precise proportion to meet 

the ASTM C 845 specifications for 
expansive hydraulic cement. which 
producer controlled expansion during 
the curing process. As a result. zero 
expansion/contraction is  achieved 
after cure, 80 shrinkage convol jdmts 
-can be reduced dramatically, 
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ATTACHMENT Vn 

ROTASONIC" DRILLING 





ALLIANCE 
ENVIRONMENTAL, INC. 

DRILLING EXPERTS I N  

"ROTASONIC DRILLING " 
VII-2 
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RO TA SO NIG 
6641 

Using basic principles originally applied to the placement of piles through 
drilling by means of resonant vibrations, equipment and techniques have been 
perfected to permit the extraction of near perfect CONTINUOUS CORE SAMPLES 
and the installation of MONITORING WELLS from almost any form of overburden. 

Penetration of unconsolidated materials of up to ONE FOO'T PER SECOND is 
achieved by vibration at the cutting edge agitating an entry through the 
overburden to allow the drill pipe to pass with minimal disruption. 

Additionally, the drill head is provided with a rotational drive that effects contact 
of solid material with the drill bits to maintain a continuous penetration that 
utilizes both forms of cutting force WITHOUT THE NEED FOR DRILLING FLUIDS. 

. 

The ROTASONIC drill head is a hydraulically activated unit that imparts high 
frequency wave vibrations into a drill string to effectuate a cutting action. Due to 
the high forces developed by the resonant head and the external flushing nature 
of the drill string, excess formation material generated by the cutting face of the 
bit is forced into the borehole wall thus resulting in the generation of NO cuttings 
during the drilling process. 

'3 

.t B 
3 
'," 

' I t  

-4 

In addition to our 2 truck mounted ROTASONIC drill rigs, we are currently 
building and testing an AT\i track mounted unit which will be ready sometime in 
1993. - - - _. I -  

( 
If you would like more information on ROTAS'ONIC, please contact: 

> 

-- 

- ALLIANCE ENVIRONMENTAL, INC 
Ray Clough 

117 Industry Road 
Marietta, OH 45750-9355 

(614) 373-2190 I FAX (614) 374-5908 

._- - . .. 
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Sonic drilling differs substantially from conventional 
drilling techniques. The sonic technolow was perfected in Canada 
about 1974 under patents held by Dr. A. G. Bodine. 

Operationally, there is neither a convention bit nor drill 
string. The relatively large diameter drill bit, shown in Figure 
1, consists of hardened steel with tungsten carbide-sprayed onto 
the exterior surface. Drill casing, similar to auger flights 
without the flutes, constitutes the remainder of the drill string. 

Drilling is accomplished by means of a sonic head located on 
the drilling derrick (see Figure 2). The sonic head produces a 
frequency close to the natural frequency of the drill string 
(between 70-15- hz) allowing the drill string to act as a flywheel, 
transferring the energy of the drill string in bursts to the bit. 
Drill cuttings are displaced past the bit into the lexan core tube 
which rests on top of the bit or are imbedded into the side of the 
borehole. 

Actual drilling is affected three ways depending upon the 
material being drilled: 

- Displacement where soil or rock particulates, such as 
unconsolidated soil, are fluidized by the vibration of 
the drill column. 

- Shearing which is affected when drilling in clays and 
shales. The induced amplitude must be sufficiently 
large to overcome the elasticity of the medium. 

- Fracturing occurs when the inertial moment of the bit 
is sufficiently large to cause fragmentation. 

\ 

1 

/ 

I, 
Borehole specific conditions dictate the necessity of using 

rotation while coring in each sampling location. Depending upon 
whether or no t  rotation is necessary, the actions of a sonic drill 
are similar to split tube sampling,when not utilizing rotation and 
the sonic rig mimics conventional coring or downhole hammering when 
rotation is used. 

- Sonic drilling utilizes limited weight on the bit surface, 
relying on the inertial moment of the induced vibration and slow 
rotation to affect penetration. Because this method does not 
require air or fluids for the removal of cuttings it is ideal for 
environmental sampling where samples may be adversely affected by 
induced contamination. This method is believed to produce more 
representative samples than conventional drilling techniques for 
these reasons. 'Sampling for volatile organics is a prime example 
of how this feature can benefit sample collection. This method is 
also ideal for sites where high energy impact or high rotation pose 
a safety threat to personnel or the environment by significantly 
decreasing the risk of combustion, explosions, or detonati-ons. 

The speed, efficiency, sampling procedure, depth capacity,.-and 
Versatility of the Rotasonic machine make it a very cost effective 
and productive way of drilling environmental borings and installin 
monitoring wells. 

VI14 
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THE ROTASONIC "SONIC" DRILL: 

Alliance Environmental, Inc. (AEI) was incorporated in August 
1992 and is based in Harietta, Ohio. Even though\we are a new 
company our personnel have many years Of experience in geotechnical 
and environmental drilling all over the United States. We now 
specialize in Sonic drilling, a state of the art drilling technique 
which permits rapid and complete recovery Of both Unconsolidated 
sediments and bedrock. The drilling equipment is easilymounted on 
multi-wheeled vehicles, tracked vehicles, skids or barges 
permitting access to the most difficult terrain conditions. 

The Sonic drill is capable of penetrating and coring materials 
to depths of over 400 feet. It provides a relatively undisturbed 
9 centimeter diameter continuous core of unconsolidated sediment 
and bedrock with high recovery rates. The Sonic drill is capable 
of penetrating and coring either dry or water-saturated clay, silt, 
sand and gravel, and till (including boulders) at rates of up to 
one foot per second. This rate of penetration far exceeds that of 
conventional rotary drilling techniques. Softer bedrock types, 
such as unweathered grani'te and volcanic rock can also be 
recovered. 

r 

I 

. .  

Slow rotary action and high frequency resonance is imparted 
down the drill stem to the cutting bit facilitating rapid use of 
drilling fluids. AS a result , geotechnical parameters such as 
grain size, relative density, and water content and geological 
properties such as composition, material contacts, and sedimentary 
structures are well preserved. Increased rates of penetration in 
solid bedrock and large boulders are achieved by flushing water to 
the cutting edge. 

Up to 15 meters of core can be drilled in a single run prior 
to sample extraction. Casing,.with an inside diameter of 13 
centimeter, is flushed down over the drill rods using either water 
or drilling mud to prevent caving and contamination of samples. 
The large inside diameter of the casing allows for easy 
installation of piezometers for monitoring wells as well as PVC 
Pipe for downhole geophysical logging after completion of the hole. 

The Sonic drill has been utilized by the mineral exploration 
sector for programs of drift prospecting in glaciated terrain. 
Large diameter, continuous core provides large samples and detailed 
stratigraphic information. Geotechnical engineers and 
hydrogeologist have found this method to be an excellent tool for 
delineating subsurface stratigraphic units including potential 
aquifiers and load bearing materials. Quarry operators have used 
the sonic drill for delimiting the extent, thickness and quality of 
buried aggregate deposits. Government and academic agencies have 
found the sonic drill to be one of the best methods for obtaining 
large diameter, continuous core as an aid for deciphering 
geological history. " 

z . 
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I~DRILLING AND SAMPLING BY ROTASONIC  METHOD^^ 

\ 

.! 

1 .  

3 

7 

, 
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Drillinc -- w 1 

- - - - - -- 
A state of the art drilling 

technique which permits rapid 
and complete recovery of both. 
unconsolidated sediments and 
bedrock. 

The‘ rotasonic dri l l  has 
demonstrated the capability to 
produce exact continuous 
core samples-essential in min- 
ing exploration- and 
geotechnical. and hydro- 
geological evaluation. This 

. :  drilling method can also be 
c;S.utilized in pipeline and seismic 

. . :. exploration, .pile driving, 
. . building and bridge construc- 
...-, tion foundations, water wells, 
I;.~.lnStalling . -  transmission tower 

‘.anchors, and .placer mining. 

. 

_ Y  The rotasonic drill is  
capable of penetrating and cor- 
ing materials to depths of over 
four hundred feet, with a 
relatively undisturbed 4 inch 
diameter continuous core in 
consecutive five foot long 
sections. 

The five inch insidediameter 
of the casing allows for easy 

;s\, ph:E-’=z: . I installation of piezometers for 
. monitorina wells as well ‘as -- 

- 7 %  VII-7 
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ROTASONIC 
The "Wave" of the Future 

BY 

\ Charles Ray Clough, CET, MGWC 
Alliance Environmental, Inc. 

Marietta, Ohio 

Let's Pretend you ere assigned as, project manager to perform 2 

soils and ground water investigation f o r a  Superfund site. Part of 

Your responsibility is to develop and supervise the drilling and 

sampling Portion of the investigation. The Problem is that the 

Profile YOU need to penetrate consists of till material with'hish 

gravel content grading to boulder size. This t i l l  overlays , Sand 

and gravel which is interbedded with siltr-clsy lenses. 

.,' Due to the presence of perched zones, the water table is fairly 

hish, causing sands to "heave" into the sampling tools. 

c o u l d  Renetrat-e-the t i l .1~ .  However, the depths to be sampled and 
?- - 

. ,- . _  
. ~ .---th&.--boulders and "heaving" conditions tend to limit this 

application. HSA is-also not conducive to installation of multi- 

cased wells and the large amount of cuttings produced by the HSA 

method present a difficult and costly disposal problem. 
._ -. 

- Air-rotary drillin.;; is CaPable of Penetrating t h e  tills., cutting 

through the boulders, and meeting depth requirements, however, 
-- . / 

cuttings are hard to control and costly to handle. 

heaving sands presents a problem f o r  multi-cased well 

Presence of the 
. . . -  

- - .  - -  
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I '  

I 

installation which recuire large and expensive rigs. Samples are 

difficult to obtain because the entire-drill string must be Pulled 
I . 

for each sample. 

Use of a casing advance system in conjunction with air-rotary or 

air-hammer drillins is an advantage for the driller, but larse 

volumes of hard to control c-uttings and dust at the borehole 

surface are produced. Also, excessive use of any fluids o r  

lubricants for environmental d.rillin5 is frowned upon by Your 

customer. 

Mud-rotary is quickly eliminated as a Possible solution due to the 

introduction of fluids in this method which csn affect the sampling 

and the potential fcr downhcle conteminetion. This method also CEn 

have extensive circulation loss in hishly pervious sand zones. 

Individual smell szturated zones m e  difficult to find when the 

mud-rotary method is used. 
-5. 2 

Reverse circulation rotary would be an effective method- for-.multi- 

cased wells, but again, sampling is difficult and great volumes of 

- 

cuttings and fluid are generated causing expensive disposal 
__. . 

Problems. Use of a dual wall system in reverse circulation , 'helps 

in the samDling effort, is conducive to monitor well instaLlatior 

and .is effective in penetrating unconsolidated, coarse, alluvial 

Houever, the use of  fluids and the volume of cuttings 
. -  r !  1.' - 1  . i L L  . . - 

()u(jb&.$ePoSits.- 
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Cable tool drilling might yield the best solution to this 

drilling situation. Penetration of all drill zones can be 

effected, multi-cased wells can be installed, and discrete samples 

can be obtained. Cuttings are produced but are in a more 

manageable volume than the earlier discussed methods. This method, 

however, is very slow and several rigs misht be rewired to obtain 

. The the necessary re.sults within your allotted time frame. 

assignment of additional. rigs and personnel increeses your client's 

Cost (and exposure). 
. ,  

Perhaps there is a drilling technique which penetrztes a wide range 

Of media including boulders, allows installetion of multi-cased 

wells, requires minimal o r  no fluids, is conducive to monitor well 

installation, can obtain a continuous, contained, in-situ profile 

as HSA and 8 to 10 times as fast as cable tool). 

Sounds t o o  good to be true? This, in fact, can be accomplished -- 

with the Rotasonic drill. 

- . .  

What is rotasonic erilling? How does it differ f r o n  more 

conventional drilling techniques? 

. -  
- -  

- . .  - -  
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Rotasonic technology was developed in Canada in the mid - 70s and 
was used primarily for minerals exploration. The system does not 

use a-ccnventional bit or standard drill Pipe. The bit used in 

rotasonic drilling consists of  a hardened steel ring with tungsten 

carbide inserts. The drill casing makes U P  the balance of the 

drill string. 

The heart of rotasonic drilling is the oscillating heed unit which 

produces the sonic wave necessary to achieve penetrztion of the 

drill media. The oscillator operates at a frequency close to the 

natural frequency of the drill column allowing the drill string t. 

act as a flywheel. To keep the sonic wave from shaking the rig 

apart and to enable all the sonic wave to be transmitted to the 

drill column, the oscillator is isolated from the mast by means Of 

an "air spring." 

This spring consists of a piston set within a clcsed cylinder. 

Compressed air is introduced to each side of the piston uhich 

serves to "cushion" the vibrational motion of the. oscillator. The 

effectiveness - of the spring is easily demonstrated when the rig is 
.- 

drilling. The ground all around the rig shakes, but if you touch 

the rig itself, no vibration is sensed. - 
_ _ -  . . .  

Drilling is affected by three ways depending upon the material tYPe 

being- penetrated. (pii).(jGB;;' - e -.- 

' . . _  
- >  ' 
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*Displacement where the soil o r  rock perticles are fluidized by t h e  

vibration such as in sands; 

’Shearing occurs when drilling Clays o r  shales.. The amplitude of 

the sonic wave must be large enough to overcome the cohesion 

inherent in clays and shales. 

*Fracturing of the fragmented material - This is how the rotasonlc 
rig penetrates rocks 2nd boulders. 

To assist in echievinc drill penetration, a low SGeed rotation is 

inparted to the drill column. -Tl-As.enables the bit to be in 

r- c2nstant contact with solid material and obtain the niaximum effect 

af t h e  vibrstionzl fcr-scs directed to tPtc bit o r  material f r o m  t h e  

drill stem. This rotetional ability also allclws ~ u l c k ,  hands-free, 

screwing and unscrewing cf drill tocls. Rctasonic drilling d c e s  

nct depend on a heavy down pressure on the bit which eliminates 

sxssrsivc uesr on t h e  t i t .  Ercauso this method does not reccire 

fluids o r  air to clean and C O C ~  the bit surface and remove 

cuttings, it is idcsl f o r  environmental samPlin3 where samples  . - ~.. 

would be adversely effectee by cross contamination with drilling 

_:- . 

since there is no i,-t;’ection of drilling fluid rccuired end because 

the core  i’s reteined in the’inner sample by friction, the materials 

flow’into the sampler with a minimal amount of disturbance or 

VII- 13 * ()0086”% 



compact ion. This produces a sample of very hioh in-situ 

representstion in a wide rance of roil or rock types. In addition, 

exposure to sampling. pers.onnel. 

The large inside dlcmtter o f  the casing al-ous for e3EY 

installation of piezometers f o r  monitorins wells. The use of 

vibrational snersy es the outer casing is removed eliminates 

"bridging" of the w e l l  ;it=terisls, (i.e. sanbDzck, seal and Grout). 

So, M r .  Geologist, after e cereful analysis ~f the evailable 

technology, yau have arrived at sn innovative solution to Your 

Particular drilling rite prcblems. Furthermore, the tine saved a n d  

lack o f  high v o l u m + s  of Generated c!istostble waste, inhercnt SZfctY 

features atid excellent samsle recovery yield considersble project 

dollers cevcd fn r  your- clisnt. 

. - -.. 
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Applicatioa.of Rotuonic Drilling at  a Remedial Inrestigatioa Site 

Nancy K. Zcllcr 
PRC Emimnmental Managemenf Incorporated 

Cincinnati. Ohio 

Koscv ,Dovan&. Ph.D.. P.E. 
PRC Ezvironmeanl Managedenr. Incarporated 

Chicago, Illinois 

Wm. Turpin Ballard 
United Sates Environmental Protection Agency . 

- Chicago, Illinois - 

- .  ABSTRACT 
1 

J 

'The rotvonic drilling p r o c s  combines vibmional and rotational forctt to advance drill 

pipe in a borehole. The p r o c s  is effec:ive in both unconsolidated and consolidated materials. 

Drilling and well installation reqire  cmsiderably less time than that required by more traditional 

methods. In situ ground-water -piing and field stretain3 M be conducted e v i l y  in 

canjunc5on with' this tccnnology. Tne rotasonic drilling technology uses little or no added water 

during continuous core sampling of overburden. Small. conmlled amounts of water, or an 

environmentally safe lubricating fluid. arc used wnea a a m c i n g  drill pipe in the borehole. 

drilling in some bedrock cmditiom. or  icsnlling wells. The procss 3t3entcs only small volumes 

of cunings. 

- -  '. 

Rousonic drilling is beicg 3cplied during rezx3ijl  invesrigation activities at a federai 

facility in Ohio. i 'adi t iond d:iili:q tcchnologits. i x ! a c i q  the use of c5Ae-tool and hollow 

stem auger rigs. appiiea during tbe first renecki  investigdo'n resulted in schedule delays and 

escssive quantities oi site-ter.e=:c: nxxaous  waste. Dehys in the r t a e a i d  investigation 

schedule. md ultimately the re-,Etition ana : i%xxp scke=.ulc. :nuited when able-tool r i g  

- .  ,- 

L. 

/, 
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requires that exce'ss cunings, lubricating fluids. and muds be contained and stored, initially, 

hazardous wast'c. Because both of t hex  drilling techniques generate large quantities of on-site 

waste, thacjpacity of the designated sronge area was soon overwhelmed. 'Ihete problems 

prompted the government and its contnctors to explore alternative drilling techniques for  future 

investigations. 

t EYlier field tests of the rotasonic drilling CecSniquc were s u c : ~ f u I .  A 6!-foot borehole 

was drilled, continuous core samples obtained. and a monitoring well installed in_lcss than 4 

hours. Site-generated drilling waste fit into two 55-gallon drums. This prompted the federal 

government to select the rorasonic drilling process combin-ed with continuous core sampling to 

characterize subsurfac; conditions during the second phase of the remedial investigation 

activities. Rotasonic drillinq met all site-specific investigation objectiver, as a result, the federal ? 

government plans ul use this technology for future remedial invesugationt. 

INTRODUCnON 

Remedial investigations at  federal facilities often address widesorMd cantamination with 

multiple sources or source areas. Information on a largi scale is necestary to determine the 

potential impact of these facilities on human h a i t h  and the enviroamex. One primary objective 

of these investigations is to determine the potential for contaminant migration from the facility 

into on- or off-site drinking ware: aquifers. which requires extensive.subsun'act 

charac:erktion. T h e  necessary detailed lithologic. hydrologic. and chemical data are obtained 

through drilling and sampling site soils and ground water. Expiontory boreholes are drilled to 

L 
> 

c.samine the pbsur face  lithology and to locate the water nble and water-bearing units. In s i tu-  

soil ana ground-water .samples are col1et:ed during drilling to provide real time data. whicn is 

used to verify the existencr ma extent of s u ~ s u ~ ~ ~ c :  cmuminanon. Finally, monitoring well 
- .  

neworb  are intol led ul uack migntion of c m n n i n a n t  plumes. To meet this objective a t  an .-:. 
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aerially extensive 

necessary. 

Site with complex geology, a versatile and efficient drilling technology it 

Traditional drilling technologies used in remedial investigations include hollow stem 

augtr ,  r o w ,  and cable-tool (or percxxive) drilling. Typical sampling technologies combine the 

use of hollow stem auger and cable-tool drilling with split-spoon sampling devics. While these 

techniques have been applied succssiully, drawback,  including slow overall drilling time. - 
exceuive drilling-related waste, or G o r  quality samples, have plagued previous investigations. 

Rotasonic drilling has recently emerged as a technology that is more efficient, produces good 

quality, re!atively undisturbed, continuous 5- to I0-foot cgre samples and can be used in  both 

unconsolidated and most bedrock conditions. 
\ 

\ 

A previous study compared the perfonnancz of s e v e d  drilling methodologies during the 

drilling and installation of welb in a glacial till overlain by sand. Average drilling rates were 20 

feet per day for  catjle-tool drilling, 18 feet per d3y for hollow s ten auger drilling, and 160 feet 

per Cay for  rotzsonic drilling (1.2). 

.I . <\ 

DRILLING TECHYOLOGY 

Rotasonic drilling corncines rotational ana hign frequency vibrational forcu  to advance 

the drill bit and drill pipe in the borehole. Tine primary de ign -d i f f e rxc t  between rotasonic 
r 

drilling and other types of rotary systems is the i n c ~ ~ o r a t i o n  of an oscillator. located in the drill 

head. that p r o c u c s  vibrational energy. T h e  vicmion3l frtquency ge3trated by the oscillator 

Can be adjusted for  different drilling conditio&. Rapid drilling m e s  result from matching the 

vibrational frequency of the ariil pipe. genenred t y  the osciilator. witn the resonant frequency 

of each I0-foot care bure l  or ariil pipe seczion. The resultinn hign amplitude waves within the 

core b m e l  o r  drill pipe are tnnsmined to the drill bit. Tnis vibntionai e ~ e q y ,  csmbincd with 

the rorationai energy, illows e f l e t ~ v e  opent ion in both uncsnsoiirhted ma cmsoiidated (or 

- 

- -  

/- 
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bedrock) material: Rotasonic drilling &I be conducted in both consolidated and most 

unconsolid3ted units at rates that equal or exceed other rotary techniqus (1). 

Basic equipment associated with a rotxonic drill rig includes the v ibmtoq/osc i lh toq  , 

top-mounted drill head, man, elevated drillin? platicrn. motor, hydnulic pump and lines, 

hydraulic drill czntcr. and the drill pipe and care barrels. A rack for holding drill pipe, core 

barrels and other drilling ma te r i a  is either located on the drilling platform or on a second 

vehicle. Use of a second vehicle to hold drill pipe allows off-site decontamination Of t h e e  

anterials without moving the drill rig itself. This second vehicle c3n also be equipped with a 

. 

tank to store clean drilling water. 
- 

The rotasonic drill rig can be operated by one driller and a driller's assistant The drill( 

head is lowered down the mast to a working height above the drilling platform and k 

rncchanicdly rotated from a vertical to a horizontal orientation. Hydraulically-operated* 

automated, mechanical wrenches and vises rapidly connect drill pipe or core. barn1 secti01~ to the 

drill h e a d  T h e  drill h a d  js &en raised and rotated to a venical orientation prior to drilling. 

hCOrOOration of the rotating drill head. automated wrenches and vises. and the elevated drilling 

. 

Platform rCSUlK in a safe. Clem, eft'cient drilling procss. 
\ 

The borehole is drilled by advancing WO lines of drill pipe. Egure  1 illustrates the key 

steps in this process. A studded drill bit is attacbed to the base of the core banel. which has a 4- 

inch inner diameter (ID) and 4J-incn outer diameter (OD). (The core barrel is a h  available 
- -  

with a 6-inch ID 3nd 6.j-inch OD.) - The a r t  Dsrre!. usually 10 feet in length. is connected to 

the 4.5-incn OD inner drill pipe 3nd is advanced to the desired depth using higb frequency _. - 

vibration and rontion. forcing a re!xively unaisturted. continuous core into the core b m L  

men the care  barrel reaches the desired depth. 1 larger. outer drill pipe, 5.875-. 6 Z - ,  Or 825- 

inch OD. is advanced. again usinn rontion and vibration. dong the outside of t!!c-core b m l .  to 

the Same degth. Tnc i3rgc:drill pipe is left in phc: to hold open the borehole while the inner 
. _  . 
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drill pipe. core barrel. and sample arc retrieved. This awenbly 

lowered towards the drilling platform. The core sample is extruded from the core barrel, using 

vibration or hydraulic prmure,  into a plastic sleeve that has been fitted to the end of the cafe 

removed from the borehole and 

v 

barrel. The core sample is completely contained in this sleeve. T h e  c3re sample can be 

alternatively exuuded onto a stainless steel my. Tne core barrel is nised  to a venical posiuon 

I 

\ 

and is returned to the borehole. The process is then re?e3ttd, with the core barrel always d:iven 

ahead of the outer drill pipe to ensure representative sampling. S u c c d v e  - 4-inch diameter cares 

are laid end-to-end for lithologic d e k i p t i o n  and sampling.-'In this manner, a complete Lithologic 

core from ground surface to the desired depth c m  be readily obtained. 

- .  

The core sampling procedure can be per iorned effectively without the addition of 

drilling fluids. Water is added during the advancernent of the outer drill pipe. if needed, to flush 

Out cuttings in the annular space between the inner and outer drill pipe or  to flush out cuttings at 

the bottom of the borenole after the sample is retrieved. E x c s  water p r o d u c d  during these 

activities iS collected in a container located beneath the drilling platform. v 

APPLICATIONS 

Exploratory Borings i 

T h e  high quality, continuous coring mpability of roFop ic  drilling makes this technology 

ide+ for  conducting exploratory boring to de:ermine subsurfact lithology. The rotatonic drilling 

technology allows rapid advanctnent through aimost any type of geologic materid. shallow. 

water table b o r i n g  as well y torings to bedrock c s  Le c3nduc:ed quickly and efficiently. Tne _ .  

relatively undisturbed core smples provide an  ac=xate degic:ion of the physic31 smcmre and 

- 7  

.. 



units. This information u n  be used to determine. depth to water table and to idenufy permed,k 

and impermeiblc units. If desired, the cores cJn be logged and cn ted  for  long term storage. 

Sampling 

With rotvonic drilling. soil sampling, soil he~3spacc  analyses, and ground-water 

sampling can be easily incorporated into the overall drilling pmgram. The real time feedback 

from such a program can be used to select additional well locluons, select additional sampling 

intervals, and establish screened intervak in monitoring wells. All of these arc essential to 

meeting the objectives of a remedial ground-water invesuga~ion. For example, U a l y s k  of soil 

and ground-water samples from an individual borehole L 

extent of contamination. Analyses of samples from several well 10cjU0nt  Can be wed to establish 

the horizontal or lateral extent of contamination and to de!incitc plumes. 

- I  

b 

c311 t e  used to establhh the vertical 

t \ 

Other drilling technologies do not always provide the same sampling upakdities. High 

qu3lity soil samples a r e  difficult to obuin  using mOSt traditional technologies-when drilling in 

complex geologic terrains. Rotasonic drilling provides samcles that are more r c v s e n t a u v e  of 

conditions at  disc:e:e dezths than other drilling technolo~ict. k d s s p a c t  testing with other 

te~hnologies. such as clcle-tool and rotary c:iiling, that requi:: the addition or' fiuids to the 
1 

borehole during drilling, may not be regretemrive of a c d  cmditions. ~ 

- -  
Soil samples can be collerx! directly from the 4- inch -dbe re r  rotasonic c3re samples. 

Volatile organic compound (VOC) samples snould be coilc%zd from an undisturbed portion of the 

core immediately after the core is removed from the borehole. If the materia! in the core consko 

Of Consolidated sediments. 3 thin-walled sampler can ke driven llong the axis Of the Core 10 
\ 

obtain an undisturbed sample for cSemical analyses. In i n  unc3,nsolidated core m p l c .  a thin 

veneer of soil can be removed f:om the core sun'3ct :o ex;csc 3 re!atively undisturbed VOC 

samoiing interval. Empies  for iea senritive z n a l y t i d  p ~ . ' t n e : ~ .  such as me& or totai o r p i c  
r 



cjrbon. cm be collected from discme intervals within the core or cbmuosited a c m  different 

portions of the core, depending on the objectives of the investigation. Stainless steel or bxass - 
sleeves can also be inserted into the core barrel to obtain sampkS for off-site analysis. In some 

unconsolidated core samples, a thin-walled sampler can be used to provide samples for  

geotechnicsl analysis. The remainder of the core c in  be c n t c d  and stored 10 p7ovide a physical 

record of the sample. 

- - 
Headspace t a r s  for VOCs and photoioninble compounds a n  be conducted using several 

techniques bag headspace testing, field headspace testing, and field g3S chromatography. Bag 

hadspace  testing is conducted immediately after the sample has beon collected. Several small 

incisions are made in the plastic bag surrounding the sample, and a photoionization device (PID) 

is inserted to test for photoioninble compounds. This procedure is highly qualitative and docs 

not identify potential contaminants, but mn be used to trigger further sampling and analyses. 

Field headspace testing consists of collecting either grab or  composite samples, degending on the 

objectives, and placing them in a glass conainer. The mouth of the container is c w x e d  with 

"aluminum foil. and the lid is sc:ewed on. The sample is allowed to equilibrate at a coastant 
i J  

temperature for  about IO minutes. The lid'is then removed, acd the PID probe is inserted 

througn the foil. Resdings collec:e4 in this fashion are still quditauve in nature and do  not . 

provide identiticition. but can produce a record of the re!auve cmctntration of photo ionhble  

cornpounds present  Again, these results c i n  be used as a trigger for further chemical analyses. 

In the last tethnique. a sample is collected from the intervakof-interest immediately after the core 

is r eaoved  from the borehole. Subsequent andysk by field g x  chromtography can aid in 

identifying and quantifying contan inmu witnin the sample interval. The accuracy of the 

' analyses. depends on the a n a l g i a l  instrument used. 

In situ ground-water sampiing k possibie using a rousonic drill rig. Ground-water 

samples can tt col!ec:ed dire:::iy from the borehole using a varkry of sampling techniqua. The.- . . 

simpiest t e c h i q u t  is to remove the inner drill pipe from tSe kcrthole zad lezve the outer drill 
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pipe in place. Standinq water in the borehole is purged. and the well is left to recover. The 

ground-water sample is then collected using equipment that satisfies the objectives of the 

,_ 

sampling plan. This sample. however, would not necssarily be repr t sennuve  of a specific depth 

in the borehole because ground ware: may enter the outer drill pipe from various depths. 
4 

Egure  2 illustrates a procedure for collecting an in situ ground-water sample that is more 

representative of a sp&k sampling interval. The  inner drill pipe and core barrel are advanced 

to the bottom of the desired sampling depth. The outer drill pipe is advanced to the same depth. 

The soil k removed using the core barrel, and the outer drill pipe K left in place. A temporary, 

slotted-screen, well point assembly is attached to the bottom of the inner drill pipe. A packer is 

- 
- 

r- amched  to the well point assembly to kOl3te the sample interval. Tine well point is lowered to 

the sampling depth; the outer drill pipe is then pulled back to expose the sc:eta causing the 

formation material to collapse around,the well point. The inner drill pipe is unscrewed and 

removed from the borehole. A submersible pump is then lowered into the well point, and the 

sample interval is purged. T h e  temporary well point can then be sampled using any sampling 

device small enough to fit inside the well point. After sampling, the well point assembly h 

removed, and drilling is resumed. 

Well Installation 

f 

Monitoring wells are installed throunh the outer driii pipe. T A ~  drill pipe holds the 

borehole open and a c s  as a barrier to cross-contamination bewee3 hydraulic units. The  we11 

I m i n g  and scretn are suspended in the c m t e t  of the corenole while annular materials. such as 

filter r x k .  bentonite :?!lets. slurries. and grout. are poured down the 3nnular space. Slurries and 

qrours are e s i l y  placed using p u m ~ s  and t r ea i e  lines. The annular spact becwetn the outer drill 

pipe and a 2-inch diameter monitorins well is large ::ncush to actommodate J 1- o r  I J - inch  
I 

tremie I -  line. During introduction of filter p x k  materkb ana kentonite pellets or  c s p s ,  the drill .. 

pipe ana well sm ce v icn ted  to lese3  the F a t e x k l  for bridning. A s r A 1  quznury of these 



materials is added to the borehole. The  outer drill pipe b then pulled up SIOwly, and the annular 

materials arc allowed to settle. This process is repeated until the annular material rezchu  the 

required thickness. During the placement of the grout or sluny above the bentonite seal. the 

outer drill c s i n g  is slowly removed. allowing this material to completely fill the annular spac:. 

If ncctsary ,  the outer drill casing u n  be left in place to provide additional support or to seal off 

contaminated intervals. This process can be modified to insal l  standard 2-incS and 4-inch 

diameter monitoring wells, flush-mounted wells, and pictometen. - 

CASE STUDY 

- 

A remedial investigation is underway at numerous lout ions throughout a large federal 

facility site in Ohio. Hazardous waste generated during p a t  and current acuvities are suspecud 

to have contaminated the environment in and around the fzci l ip .  Little documentation exists 

concerning specific waste disposal practices or spill histories. 

~. i:' . , 

-,valley'syttem. Thick, interbedded sequencts of clays, silts. san& gravels and cobbles indicate 

The  site is underlain by glacial till and fluvial deposits that occupy an extemive buried 

diverse degositional cnvironrnenn. Confined aquifer sys tem have betn identified in some arm. 

wnile other a m i s  a p p e v  t o  consist of hydraulically conncs:ed. water-beuing unio. Portions of 

the more permeable units form aquifers that provide municipal and private drinking water 

supplies. Previous investigations rcvezled contamination i o  site soils and existing on-and off- 

site drinking water supply wells. Actual ana  potential c o n m i n a n t  s o u r c s  were identified 

during ezrlier investiguions: these z r e s  w e e  prioritizer', x:;rdinp to existinp or potential threin 

to human health and the environment. Are% ssiPned t h t  nignest priorities are being 

investigated first 

- .  

- 
.. . Suksun'act conditions must be chancterized to dt:t.mine the nature and estent of soil 

R e m e d i i  in*;estigticc c:jec::ives zssockxt= with this qoal and grouna-water conminat ion .  
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include identifying existing contamination, determining relative concentntion ranges for  these 

compounds, determining v e r t i d  and lateral extent of contamination in soils and ground water, 

identifying subsurface lithology, 10Cating both permeable and impermeable geologic unio. 

defining the water table surface. and determining local and regional ground-water flow pattern. 

T h e  remedial investigation work plan requires drilling exploratory borings in potential source 

areas and installing a monitoring well network of single wells, well pain, well clusten, and 

piezometers, to monitor contaminant migration. Well locarions are scattered throughout the site 

and in adjacent a rea .  Drilling oc:& on both facility and private property. 

T h e  initial remedial investigation was conducted u$ng traditional drilling and sampling 

techniques. Cable-tool r i g  were used to drill the deepest borehole at each well loation. 

Continuous lithologic sampling was performed using 2- or 3-foot split-spoon tamglen. Hollow 

stern auger rigs were then used to drill and i n s d l  intermediate and shallow wells. In situ . 

ground-water sampling was not pert'ormed. Progress in the investigation was impeded by the 

slow, labor-intensive cable-tool drilling process. In one insrance. three week, were required to 

drill and install one 200-foot bedrock monitoring well. ' Much of the delay can be atnibuted to 

the time needed to weld the drive -in3 sections together. Delays were also aused by 

operational shutdowns due to incfeaent weather. Hollow stem auger drilling proceeded more 

np id ly  but was affected by the variable lithology throughout the study are& Drilling K@ugh 

formations containing large-sized fragments was difficult when using the hollow stem auger rig. 

Both methods often yielded poor quality samples. Col lecuo~ of soil samples with a 2-inch 

diameter split-spoon sampler in formations containing laqer siztd fragments often resulted in 

poar rccovery cites. Low rccovery n t e s  in some samples made a c a n t e  lithologic descriptions 

impossible. In addition. the 2-incn split-spoon sampler did not produce a suftlicknt volume of- 

sample to fill all sample containers when a larne suite of anaiytn was required. Often. a second 

SaxlDle was collected from the interval below the txget  interval to r n d e  up the def ic i t  For these 

rt3fons. the representativenew of some of the sampies is questionable. . . ~ .  
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Another problem evolved while using these drilling tzbniques. T h e  remedial 

investigation work plan stipulated that all site soils were considered h a z t r d o u  unul proven 

otherwise. All excavated soils and drilling-generated muds were treated as h a n r d o u  and were 

drummed and stored on site. Both cable-tool and hollow s t e n  auger drilling operations produced 

large quantities of drummed wastes. Testing and disposing of the drummed materials added to 

the overd l  cost of the investigation. 

- 
In light of the problem experienced during the fist kvcstigation, rotasonic drilling w;u 

selected for the second investigation. This decision was based on the romonic  drilling 

technology's reputation for ( 1 )  drilling rapidly through all -types of material. (2) producing good 

quality, relatively undisturbed. continuous core samples, (2)  abKaining in situ ground-water 

samples during drilling, and (4) producing l e a  waste during dAling. Previous field teSK of the 

rotasonic drilling technique conducted at the facility contributed to this decision. A 60-foot 

monitoring well was drilled and installed in less than 4 houn. 

The area of interest for the second investigation is adjac:at to an iaacuve municipal 

wellfield. T h e  locai geology consists of glacial till and fluvial deposits overlying bedrock. Well 

logs from the municipal wells and from existing monitorinq wells suggested that more than one 

aquifer existed locally and that a monitoring well network shcuid therefore be esrablished to 

evaluate water quality at specific degths within each aquifer. A thick. i m p e m a b l e  unit within 

the till was expected to separate these aquifers. Several p o t e i r h l  source areas had been defined 

during p r e v i o u  investigations. P r i m w  contaminants of c o n c e n  included chlorinated solveno. 

fuel-type VOCs. and metals. Tne objectives far this effort wert identical to those for the enure 

facilhy. The work plan for this are2 included drilling shallow expiontory boreholes in suspeciered 

S O U t t l  a res .  and drilling and installing a network of monitoring wells and piezomercn. An in 

situ sampling and fie!d sc:ctaing anilytic31 prognm WY des igxd  and implemented to take 

advantage of the capabilities as toci ted with this drilling tec?2ology. _ -  

vn-25 



Rotasonic drilling and sampling were periormed using a 4-inch ID core banel  and inner 

drill pipe and a 6-inch ID outer drill pipe. Borehole depths ranged from 20 feet to-28S feet 

below ground surface. Five-foot- and 10-foot-long. continuous core a m p l a  were collected 

from each borehole. Four-inch-diameter core samples were collected in plastic sleeves. A 

lithologic description of each core was generated as it was retrieved from the borehole. T h e  

nature of the glacial till material tcnesrh the site did not hinder the drilling process. The only 

delays were =used by the time nttded to complete the lithologic descriptio= and to colI&t the 

appropriate samples. For example, ai one location. the actual drilling time for three 5-foot c o r n  

in a shallow exploratory boring was less than I minute. but the assocked lithologic evaluation 

and sampling required over an hour. The core samples were - of much higher quality than those 

obtained using the splir-spoon samplers. The recovery rate for most corn  was 100 pe rcen t  

Detailed, accumre lithologic descriptions wert generated for e x h  borehole. These 

lithologic descriptions were used to construct geologic cross setrions of the site. Both permeable 

and impermeable units were identified from these cross sections and the associated lifiologic 

descriptions. The water table e!tvation in a borehole could be ac=3rately idendfled from 

inspection of the core samples. An evaluation of thh informauon e u l y  in the investigation 

suggested the presence of only one aquifer over a large ponion of the site, nther than several 

aquifers, as had been expected. T h e  drilling program was redesiqned accordingly. 

Soil samples were collettcd for both field and laborafpry analysh of VOCs. Field and bag 

headspace an3lyses were conducted on soil collecred at  major lithologic breaks within each core 

and in a r e s  ot' discoiontion. Tine field hemspace umples were stored as a p h y s i d  record of the 

lithologic units in each borehole. Coil samples were 3lso collected at lithologic b& and at - 

predetermined intervals for VOC znilysis by portable tield 3 s  chromatograph and meralt analyth 

by X-ray fluoretcrnce. T h e  work plan required t h t  soil sampics be collected at spetified 

intervals for  full-scale c h e m i d  analyses at an off-site analytical laboratory. One 4-inch C o r e  

provided an adequate volume of sample to satisfy i l l  the soil sampling requiremen=. 
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\ . . -  

In situ ground-water samples were collected for field screening and off-site analyses at 

specified intervals wing a temporary well point installed in the borehole. T h e  field screening 

Sa.mules were analyzed for VOCs and metals in the field sc:eening laboratory using gas 

chromatography and anode stripping voltammetry, respectively. Ground-water samples for  off- 

site analyses were collected from the temporary well point using a teflon bailer. 

- 
Field screening results. combhed with lithologic information f rom the care samples, were 

used to estimate the vertical extent of conchinat ion in boreholes where contamination was 

encountered. This information was then used to insrall monitoring wells near the borehole and to - .  

determine the screened intervals in those wells. Because in situ ground-water samples were not 

collected during the fin[ invatigation, analytical information was nor available until months after 

the SampLing date and could not be used to make informed field decisions on well placement and 

screzned interval determinations. 

b 

y i  

r. '3'. Rotatonic drilling during this investigation generated an average of one or  two 55-gallon 

.. 
'G 

drums of solid w t e  per deep borehole. Shallow and intermediate wells produced proportionally 

lower quantities of drilling-genent~d solid waste. This was expected. since the addition of water 

o r  drillins fluids is not necessary during rotasonic core sampling. T h e  inclusion of in siru 

ground-water sampling incresed the amount of liquid drilling waste. Three purge volumes we= 

pumped f rom each temporary well point prior to sampling.-Tn-is purge wafer was conra inerkd  

in  55-galIoa dm& and stored on site. The most signir'icmt rdiuction in drilling-generated wasre 

occurred in boreholes where in situ ground-water sanplinn was nor conducted. 

-- 

&Monitoring weil and piezometer installation with the rotvonic drilling rig proceeded as 

pianned. Stainleu nee1 2-inch diarncm monitoring we!& and piezometers were installed in all 

borcnoltt,  except for tire shallow expiontory boreholes in the source arw. The drillen had no 

difficulty placing the variety oi m n u h r  materials spczi~ied in the work pian. Fiiter pack and 
f 
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bentonite pellets were placed in shallow wells by pouring t h e n  into the.mnular space. All 

annular materials in deep weits were plactd using a side-discharge uemie  pipe or hose. Ground - 
water samples were later collected from these monitoring welts for  off-site mdYSu. 

SUMMARY 

Rotasonic drilling proved to be a viable alternative drilling method for the remedial 

investigation at this facility. Drilling proceeded npid ly  through the complex geology beneath. the 

site. The high quality, continuous c x c  samples'collected from the boreholes yielded accurate 

lithologic and hydrologic' information. Drilling-generated. wastes were kept to a minimum. T h e  

in situ sampling capabilities provided valuable data for  determining well placement and screened 

interval locations during the investig'ation. In all aspects, rotasonic drilling outperformed uble-  

tool and hollow stem auger drilling in achieving the objectives of this remedial investigation. 

i 

CONCLUSION 

I 

I 

Rotasonic drilling is an alternative drilling technique for use in remedial investigations, 
I 

Its rapid drilling capabilities allow a monitoring well network fo be installed over a large area in a 

relatively short period of time. Geologic diversity does not de!ay or impair the pmgren of the 

investigation. The entire proccs is faster and more efficient than traditional drilling techniques. 

When combined with continuous core sampling. the tethnology- yields high quality, relatively 

undisturbed cores. Rotasonic drilling provides the derailed. ac:unte information needed to meet 

the objectives of a subsunacr investigxion. n 

\ 

.- -: 
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The authon would like to acknowledge Tom Oothoudt President of Nonh Scar Drilling, 
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January 18, 1993 

Mr. Dean Shanklin 
FERMCO 
P.O. Box 398704 
Cincinnati, OH 45239-8704 

J 

ALLIANCE 
ENVIRONMENTAL, INC. 

Re: Comparison between Sonic., Auger and 
Cable Tool Drill Methods 

,Dear Mr. Shanklin: 

During our meeting of 01/13/93 it was requested that a comparison 
of basic drill techniques and efficiency be offered to out line the 
advantages of the Rotasonic method against more conventional drill 
effort. Review of the stated Field Activity Policies of the 

indicates the type of drilling method to be selected for a 
particular project at FEMP "depends on intended use of the borehole 
and samples collected. Ability to acquire data of sufficient 
quality for intended use and personnel health and safety are the. 
primary factors considered when choosing a drilling method.It 

I Fernald Environmental Management Project's Quality Assurance Plan 

Since previous wells drilled at the FEMP were by the cable tool and 
hollow-stem auger methods, their types will be addressed in this 
comparison. 5 

CABLE TOOL (Percussion) 

Cable tool drilling is one of the oldest and most reliable methods 
of drilling. old timers will tell you this method gives the 
driller the best Ilfeel1t for the strata he is penetrating. However, 
it is also the slowest method of drilling in use today. The 
equipment is mechanically, simpler than most other drilling 
equipment, is of moderate size and is usually truck mounted. 

Cable tool drilling is performed by raising and,dropping a heavy 
bit suspended on a cable. By repeated- impact of the bit at the 
bottom of the hole the various strata i.e. soil, rock, boulders are 
broken up,.mixed with water and removed by a -bailer. 
of the cable during this type of drilling is an important function 
of cable tool drilling. This cable tension controls the total 
throw (bit rotation, impact velocity, penetration distance) of-the 
bit which in turn controls drilling speed and straightness of the 
borehole. 

The tension. ' 

Cutting samples for general use may. be retrieved through use of the 
bailer. Discrete or undisturbed samples can be obtained at the 
bottom of the hole through several different types of drive 
samples. 

. .. 

, 
/ 

1 17 INDUSTRY ROAD, MARI€ITA. OHIO USA 45750 9355 TELEPHONE: 61 4/373-2190 TELEFM: 61 41374-5908 
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The cable tool method of drilling has several advantages over other 
drilling methods. 

* In unconsolidated formations containing boulders or cobbles where 
air or mud rotary or auger methods are unable to achieve a 
successful hole, use of the cable tool rig can penetrate these 
obstructions: 
* Acquiring environmentally acceptable samples is more easily 
accomplished with cable tool: 
* The method can work in virtually all types of soil or'rock; 
* The method is conductive to monitor well installations, 
especially multi-cased wells: 
* The equipment is readily available and relatively inexpensive to 
maintain and operate: 
* Contamination containment i.e. (cuttings, dust, drill water) is 
minimized and more easily controlled: 
* Most cable tool rigs offer good mobility; 
* Larger boreholes can be advanced. 
Some disadvantages of using this method are: 

* Cable too l  penetration rates are very slow compared to other 
methods. For example using air rotary or sonic methods a 
penetration rate of 300 ft. per day is not uncommon. With cable 
tool 20 feetzper day is considered fast; 
* Pull back ability is weak and additional equipment is often 
brought in to remove casing; 
* Special sampling such as use of split spoons is slow and 
cumbersome: ( 

* Casing must be use in unconsolidated formations; 
* Considerable fluids must be used to permit bailing and. hole ' 
clean-out. 

- I 

r 

( 

HOLLOW STEM AUGERING 

Use of the hollow stem auger method allows for a range of sampling 
techniques that can be initiated at virtually any depth without 
removal of,the auger from the borehole. The auger flights act as 
a temporary casing while samples are taken or while monitoring 
equipment is emplaced. 

The Versatility of the hollow stem auger method is evidenced ,by the 
drilling of boreholes for sampling and monitoring well 
installations throughout the U.S. and the world. Advantages of the 
hollow stem auger system are: 

* Rapid penetration rates in clays, s i l t s ,  sands and even small _ -  
gravel : \ 

* Ease of obtaining samples: 
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(Hollow Stem Auger advantages continued) 

Conducive for monitoring well installation in medium to fine 
grained, unconsolidated sediments; 
* Easily transported: 
* Relatively low drilling cost compared to other drilling methods; 
* Good variety of sampling types ( i .e. hydropunch, pressure meters, 
etc.) 

Some disadvantages of this method are: 

* Limited depth of drilling, depths in excess of 120 feet are 
usually not attempted; 
* During well,installation, hollow stem augers are susceptible to 
saturated sands flowing (heaving) into the augers when the pilot 
bit is pulled, or sloughing of the hole wall as the augers are 
removed. 
to equalize the hole pressure: 
* Containment of cuttings is another problem with the hollow stem 
auger method-. A portion of the moist/saturated cuttings are 
conveyed to the surface by the auger during drilling and collect at 
the top of the borehole around the immediate outside of the auger 
potentially exposing the drilling and sampling crew to contaminated 
materials; * Hollow stem augers are primarily restricted to drilling in the 
finer grained, unconsolidated sediments or finer gravels. This 
method becomes ineffective where gravel of cobble size or larger 
are encountered; 
* Hollow stem augers tend to ltsmearV1 the borehole wall and can seal 
off:or restrict the flow of potential aquifer zones. 

SONIC \ 

/ 

The only corrective method involves use of water or mud I 

. 

- Sonic drilling differs substantially fromthe conventional drilling 
methods discussed previously. Sonic drills are about the same 
average size as other rigs and are usually truck or  ATV mounted. 

c -  .. i 

. -  
.. . 

J 

In sonic drilling there is neither a conventional drill bit nor 
normal drill rod. The drill bit, or what-acts as a bit, consists 
of a relatively large diameter, thick walled, hardened steel tube 
or sleeve with tungsten carbide inserts set into the outside and 
bottom face' (cutting side and end). 
bottom of the drill rod. The drill rod is also larger diameter. - 

flights and longer (10 to 20' sections). It is a fairly thick 
walled pipe that is threaded at each end. 

This bit is attached to the ' 

1 It is, therefore, similar to a hollow stem auger without the auger 

Drilling is accomplished by means-of a sonic head located on the 
drill mast. This sonic head produces and amplifier a harmonic 
frequency close to the natural frequency of the drill string 
allowing the string to act as a flywheel, transferring the entire 
energy of the drill string, in cyclic bursts, to the bit. The bit 
does not leave the cutting surface during drilling. 
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i 
This method utilizes only limited pressure on the bit surface 
the inertial moment of the induced vibrations and slow rotation 
what effects penetration. Sampling with this drill method 
accomplished with an inner sample barrel. The cuttings, 
drilling proceeds, are pushed into the sample barrel which 
positioned in relation to the bit with respect to the mater 
being penetrated. 

a s 
is 
is 
as 
is 
ial 

This drilling method was developed to obtain a sample of high 
integrity from variable lithologies including unconsolidated 
cobbles/boulders. Because the bit never leaves the surface of the 
material being drilled almost all of the sample is captured in the 
core barrel eliminating sample loss and cross contamination. 

Rotasonic. drilling performed from past environmental investigative 
work and monitoring well installation on similar sites to FEMP has 
been demonstrated to be far superior- to conventional drilling 
methods for environmental work. 

I 

Some of the advantages in utilizing the Rotasonic method are: 

* High rate of penetration (15' per hour in boulders): 
* High sample integrity and effective for discrete sampling for lab 
analysis; 
* Samples are less time consuming to collect and are of in-situ u 

quality; 
* Conventional sampling can be employed as attachments 
(i.e. hydropunch, split spoons, Shelby tubes, etc.): 
* There is controlled/complete contaminant containment; 
* Equipment is mobile; 
* Method has no or limited fluid use: 
* Method is more cost effective per ft than other drill 
* Waste generation is drastically minimized; 
* Because the samples are contained and controlled the 
safer to drill and investigative personnel: 
* Sonic drills are'capable of angle holes. 

4 -  

as ne,eded 

I 

types : 

method is 

Some disadvantages can be: 

* Depth, aiy significant damping effect impacted by the drilled 
media will inhibit the harmonic (vibration) of the drill string and 
eventually cause penetration to stop. This situation is normally 
not encountered until 300 or more feet of clay or rock is 
penetrated; * More sophisticated maintenance required as well as higher level 
of operator training needed. 

Consistent of FEMP policy of water minimization, use of minimal 
fluids, generation of the fewest possible cuttings, and ability to 
penetrate a wide variety of formations; wefeel the rotasonic 

. 

' 
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method offers great possibilities at the Fernald site. The 
rotasonic is adaptable to use of standard sampling devices such as 
hydro-punch, split spoons, temporary wells, and other normal types 
as well as yielding a large diameter, continuous, undisturbed core. 
The method can be utilized in setting multi-cased wells. In s h o r t ,  
we feel Rotasonic can accomplish the drilling mission at F E W  on a 
faster, less labor intensive, better quality, less waste generation 
method. 

COST COMPARISON ROTASONIC vs CABLE TOOL 

AS requested we have attempted to develop a cost comparison between 
Cable Tool and Rotasonic drilling methods. We were given a typical 
boring log representing the strata to be penetrated at the FEMP 
site and will base our estimates on each drill method being 
utilized to accomplish this task. Since the depth was below the 
working range of the hollow stem auger type of drilling, we have 
not included this drill type. 

Based on the data presented it required 15 days to drill and 
install a 4" well 138.5 feet deep by cable tool method. It is our 
estimate that using the Rotasonic method this would have been 
accomplished in a maximum of 1 week. 

- -  

I 
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TASK 

M 1 . E  TOOL, 

UNITS UNIT COST TOTAL UNIT.COST TOTAL 

Mob/Demob 1 2 , 500 2,500 2,500 2,500 
Drive 10" Casing 138.5 35 4,847.50 100 13 , 850 
split Spoon 
Sampling 46 50 2 , 300 n/a n/a 
Shelby Tube 1 100 100 n/a n/a 
Tool Cost 138.5 - 0 -  - 0 -  20 2,770 
Drill Crew Per 
Diem 30/man/ 

days 60/per man/ 

days 60/per man/ 

per day 1,800 - 0 -  - 0 -  
15/man/ 

per day 60/per man/ 
per day 900 

1 , 125 - 0 -  - 0 -  
75/day 375 

Grout Mixer 15 days 75/day 1 , 125 - 0 -  - 0 -  
5 days - 0 - - 0 -  75/day 375 

Welder 15 days 25/day 375 - 0 -  - 0 -  
Casing Jacks 15 days 50/day 750 - 0 -  - 0 -  

- Water Truck 15 days 75/day 
5 days 

Steam Cleaner 15 days 50/day 750 
5 days - 0 - - 0 -  50/day 250 

Standby Time 
Steam/Decon 4 hours 100/hr. 400 1 OO/hour 4 00 
Pull l o t f  C Install 
4" Well 10 hours 100/hr. 1 , 000 

Install Cover 2 hours 100/hr. 200 
Develop 4 hours 100/hr. 400 
Misc. 10 hours 100/hr. 1,000 
Hater i a 1s 
Use of l o t t  Drive 

Use of loll Drive 

4II Screen (316 SS) 10 feet 7S/ft. 750 75 750 
4'' 316 Riser 1 4 0  48/ft. - -6,720 48 6 , 720 
Cap h Plug 1 150 150 150 150 
5091 Sand 25 bags 6.50/bag 162.50 6 . 5 0  162.50 
Vo lcl a y 20 30 600 30 600 ' 
Sacrete 6 10 60 10 60 
10" Protective 
Cover 1 150 150 150 150 

Master Lock 1 12 12 12 12 
55 Gal. DOT Drums 14 50 700 

2 50 100 
Misc. Lot 500 500 500 500 

TOTAL COSTS TO DRILL, SAMPLE, FURNISH & INSTALL 4 "  

Casing 140 feet 10/ft. 1 , 400 
Shoe 1 100/ea. 100 

$ 29 , 977.00----- $ 30,624.50 316 STAINLESS STEEL WELL ------------ 
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As you can see from this cost comparison while the Cost to perform 
the well is basically the same for the Rotasonic VS the Cable Tool 
methods, the Rotasonic method produces some decided cost savings. 

1) Drill time is cut to 1/3 the Cable Tool time. This saves living 
expense, geologist and supervising time and information turn 
around. 
2) Minimal waste is generated in the Rotasonic method and is 
confined to the small amount of fluid added to lubricate between 
the sampler and the casing when drilling above the water table and 
drums for clothing .and safety equipment disposal. The lack of 
cuttings and drill fluids provided by the Rotasonic method can 
result in the savings- of hundreds of drums and their related 
disposal costs over the life of the project. 
3) Sampling is easier, less time consuming, more representative of 
the profile penetrated and safer to handle. The lack of cuttings 
and fluid do not expose the drill crew to contaminants. 

It is our opinion that the Rotasonic Drill method best meets FEMP's 
Field Activity Policy. 

Very truly yours, 

Alliance Environmental, Inc. 

Charles Ray Clough, CET, MGWC 

CRC/clb 

I' 
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Designation: C 109 - 92 4Nb 
Standard Test Method for . 
Compressive Strength of Hydraulic Cement Mortars 
(Using 2-in. or 50-mm Cube Specimens)' 

This sundard is issued under b e  fixed designation C 109; b e  number immediately follouing the designation indicates the year of 
original adoption or. in the (ay of  revision. ~ h c  year of last mvision. A number in parenlhcsa indicates b e  )tar Of last reapproval. A 
supcrrcript epsilon (I) indicates an editorial change since the last revision or reapproval. 

This res1 merhod ha5 been ap&owd for we by agencies of rhe Depanmenr a/ DeJense. Consulr thr DoD Index OJSpQCijicarions and 
Srondards for rhr speril;c year of i5me rhich has been adopled by the Depanmenr of Dejense. 

1. Scope 
1.1  This test method coven determination of the com- 

pressive strength of hydraulic cement mortars, using 2-in. or 
50-mm cube specimens. 
NOTE I-Test Method C 349 provides an alternative procedure for 

this determination (not 10 be used for acceptance rests). 

1.2 The values stated in inch-pound units are to be 
regarded as the standard. The values in parentheses are for 
information only. 

1.3 This standard does not purport to address all of the 
safety problems. i /  any, associated with its use. I t  is the 
responsibility of the user of this standard to establish appro 
priate safety and health practices and dftermine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 230 Specification for Flow Table for Use in Tests of 

Hydraulic Cement2 
C 305 Practice for Mechanical Mixing of Hydraulic Ce- 

ment Pastes and Mortars of Plastic Consistency3 
C 349 Test Method for Compressive Strength of Hydraulic 

Cement Mortars (Using Portions of Prisms Broken in 
Rexure)3 

C 5 1 I Specification for Moist Cabinets, Moist Rooms and 
Water Storage Tanks Used in the Testing of Hydraulic 
Cements and Concretes' 

C670 Practice for Preparing Precision and Bias State- 
ments for Test Methods for Construction Materials4 

C 778 Specification for Standard Sand' 
C lo05 Specification for Weights and Weighing Devices 

for Use in Physi'd Testing of Hydraulic Cements3 

3. Summary of Test Method 
3.1 The mortar used consists of 1 part cement and 2.75 

parts of sand proportioned by weighing. Portland or air- 
entraining portland cements arc mixed at specified water- 
cement ratios. Water content for other cements is that 
sufficient to obtain a flow of 1 10 f 5 in 25 drops of the flow 

'This test method is under the juridiction of Cornminee C-l on 
. 

Cumnt edition approved April 15. 1992. Publisbal June 1992. O r i g i d y  

a Annual Book of m M  Smhrds. Vdr 04.01 md 00.02. 
3 Annual Book cfASTM Sudards. Vul 00.01. 
4 A n n 4  Book ofASTM SKU&?&. Vob 04.01.04.OL 04.04, and 04.08. 

Cement and h the dirrcr responsibility o f  Sukommincr 0 1 . 2 7  on-strragth. 

published IS C 109 - 34 T. Lia previous edition C 109 - 90. . 
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table. Two-in'ch or 50-mm test cubes are compacted by 
tamping in two layers. The cubes are cured one day in the 
molds and stripped and immersed in lime water until tested. 

4. Significance and Use 
4.1 This test method provides a means of determining the 

compressive strength of hydraulic cement and other mortars 
and results may be used to determine compliance with 
specifications. Further, this test method is referenced by 
numerous other specifications and test methods. Caution 
must be exercised in using the results of this test method to 
predict the strength of concretes. 

5. Apparatus 
5.1 Weights and Weighing Devices, shall conform to the 

requirements of Specification C 1005. The weighing device 
shall be evaluated for precision and bias at a total load of 
2000 g. 

5.2 Glass Graduates, of suitable capacities (preferabl! 
large enough to measure the mixing water in a single 
operation) to deliver the indicated volume of 68'F (200C). 
The permissible variation shall be &2 mL. These graduates 
shall be subdivided to at least 5 mL, except that the 
graduation lines may be omitted for the lowest 10 mL for a 
250-mL graduate and for the lowest 25 mL of a 500-mL 
graduate. The main graduation lines shall be circles and shall 
be numbered. The least graduations shall extend at least one 
seventh of the way around, and intermediate graduations 
shall extend at least one fifth of the way around. 

5.3 Specimen Molds, for the 2-in. or 50-mm &be speci- 
mens shall be tight fitting. The molds shall have not more 
than three cube compartments and shall be separable into 
not more than two parts. The parts of the molds when 
a smbled  shall be positively held together. The molds shall 
be made of hard metal not attacked by the cement mortar. 
For new molds the Rockwell hardness number of the metal 
shall be not less than 55 HRB. The sides of the molds shall be 
sufficiently rigid to prevent- spreading or marping. The 
interior faces of the molds shall be plane surfays with a 
permissible variation of 0.001 in. (0.025 mm) for new molds 

" and 0.002 in. (0.05 mm) for molds in use. The distances 
between opposite faces shall be 2 f 0.005 in. or 50 f 0.13 
mm for new molds, and 2 f 0.02 in. or 50 f 0.50 mm for 
molds in use. The height of the molds, measured separately 
for each cube compartment, shall be 2 in. or 50 rnm with 
permissible variations of 4 . 0  1 in. (0.25 mm) and -0.005 in. 
(0.13 mm) for new molds, and 4 . 0 1  in. and -0.015 in. 
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an extended period of time has elapsed Since treatment retreatment may 

1.. m )  for molds in use. The angle between adjacent 
lienor faces, and between interior faces and top and bottom 
.Imes of the mold, shall be 90 2 0.5' measured at points 
.ightly removed from the intersection of the faces. 

5.4 Mixer. Bowl and Paddle, an electrically driven me- 
hanical mixer of the type equipped with paddle and mixing 
awl. as specified in the Apparatus Section of Practice C 305. 

5.5 Flon Table and Flou Mold, conforming to- the re- 
uirements of Specification C 230. 
5.6 Tamper, a nonabsorptive, nonabrasive, nonbrinie ma- 

:rial such as a rubber compound having a Shore A 
urometer hardness of 80 2 10 or seasoned oak wood 
:ndered nonabsorptive by immersion for 15 min in paraffin 
!-approximately 392'F (ZWC), and shall have a cross 
iction of V z  by 1 in. ( 1  3 by 25 mm) and a convenient length 
f about 5 to 6 in. (I20 to 150 mm). The tamping face shall 
c flat and at right angles to the length of the tamper. 
5.7 Trowel, having a steel blade 4 to 6 in. (100 to I50 mm) 

I length, with straight edges. 
5.8 Moisf Cabinet or Room. conforming to the require- 

ients of Specification C 5 1 1 .  
5.9 Testing Machine, either the hydraulic or the screw 
pe, with sufiicient opening between the upper bearing 
d a c e  and the lower bearing surface of the machine to 
mnit  the use of verifying apparatus. The load applied to the 
:st specimen shall be indicated with an accuracy of f 1 .O %. 
he upper.bearing shall be a spherically seated, hardened 
y 5lock h l y  attached at the center of the upper head of 

: b e .  The center of the sphere shall lie at the center 
; -- surface of the block in contact with the specimen. The 
iock shallhe closely held in its spherical seat, but shall be 
ee to tilt in any direction. The diagonal or diameter (Note 
I of the bearing surface shall be only slightly greater than the 
:agonal of-the ,face of the 2-in. or 50-mm cube in order to 
.cilitate accurate centering of the specimen. A hardened 
ietal bearing block shall be used beneath the specimen to 
iinimize wear of the lower platen of the machine. The 
-&ng block surfaces ictended for contact with the spec- 

( nen shall have a Rockwell hardness number not less than 
3 HRC. These surfaces shall not depart from plane surfaces 
Y more than 0.0005 in. (0.013 mm) when the blocks are 
s v  and shall be maintained within a permissible variation 
? 0.00 1 in. (0.025 mm), 
NW 2-A diameter of Yh in. (79.4 mm), which is large enough for 

hug 3 by bin. (75 by 1%-mm) cylinders, is satisfactory, provided that 
e lower bearing block has a diameter slightly p t e r  than the diagonal 
'the face of the 241. or SO-mm cube but not more than 2.9 in. (74 
m), and is ,mtrrcd with respect to the upper bearing block and held in 
)sition by suitable means. 

Materials 
6.1 Graded Standard S a d  
6.1.1 The sand (Note 3) used for making test specimens 
!all be natural silica sand conforming to the requirements 
I! f2raded standard sand in Specification C 778. 

: 3-Segregafion of Gr& Swuj-The gmkd ~ ~ ~ d a r d  sand 
. be handled in such a manner as to prevent scgmgation. since 

! ' 
A i o l u  in the grading of the sand cause variations in the consistency 
'the mortar. kl C U l h n R  bins OT sada OLR &Odd be C l e r d s e d  to 

t 

from bins by gravity should not k used. 

7. Temperature and Humidity 
7.1 Temperalure-The temperature of the air in the 

vicinity of the mixing slab, the dry materials, molds, base. 
plates, and mixing bowl, shall be maintained betueen 68 and 
81.5.F (20 and 27.5.C). The temperature of the mixing 
water, moist closet or moist room, and water in the storage 
tank shall be set at 73.4'F (23'C) and shall not vary from this 
temperature by more than 23'F (1.7.C). 

7.2 Humidity-The relative humidity of the laboratory 
shall be not less than 50 %. The moist closet or moist room 
shall conform to the requirements of Specification C 5 I 1. 

8. Test Specimens 
8.1 Three or-  more specimens shall be made for each 

period of test specified. . 

9. Preparation of Specimen Molds 
9.1 Apply a thin coating of release agent to the intenor 

faces of the mold and non-absorptive base plates. Apply oils 
and greases using an impregnated cloth or other suitable 
means. Wipe the mold faces and the base plate with a cloth 
as necessary to remove any excess release agent and to 
achieve a thin, even coating on the interior surfaces. w e n  
using an aerosol lubricant, spray the release agent directly 
onto the mold faces and base plate from a distance of 6 to 8 
in. (150 to 200 mm) to achieve complete coverage. AAer 
spraying, wipe the surface with a cloth as necessary to 
remove any excess aerosol lubricant. The residue coating 
should be just sufficient to allow a distinct finger print to 
remain following light finger pressure (Note 4). 

9.2 Seal the surfaces where the halves of the mold join by 
applying a coating of light cup grease such as petrolatum. 
The amount should be sufficient to extrude slightly when the 
two halves are tightened together. Remove any excess grease 
with a cloth. 

9.3 After placing the mold on its base plate (and at- 
taching, if clamp-type) carefully remove with a dry cloth any 
excess oil or grease from the surface of the mold and the base 
plate to which watertight sealant is to be applied. As a 
sealant, use p a d i n ,  microcrystalline wax, or a mixture of 
three parts p a d i n  to five parts rosin by man. LiqUiry the 
sealant by heating between 230 and 248'F ( 1  IO and 120'C). 
Effect a watertight seal by applying the l i que fd  sealant at 
the outside contact lines between the mold and its base plate. 

' 

NOTE 4-Becausc aerosol lubricants evaporate. molds should be 
checked for a sufficient coating of lubricant immediately prior to w. If 
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mortar shall be one pan of cement to 2.75 parts of graded 
standard sand by weight. Use a watercement ratio of 0.485 
for all portland cements and 0.460 for all air-entmhing 
portland cements. The amount of mixing water for other 
than portland and air-entraining portland cements shall be 
such as to produce a flow of 110 f 5 as determined in 
accordance with 10.3 and shall be expressed as weight 
percent of cement. 

10. I .2 The quantities of materials to be mixed at one time 
in the batch of mortar for making six and nine test 
specimens shall be as follows: 

Number Of S ~ m e n r  
9 

500 740 
*03' 

242 359 
230 340 

Rounds I ond 3 

Order of Tamping in Molding of Test Specimens 

Rounds 2 ond 4 

FIG. 1 

time of not more than 2 min and 30 s after completion of the 
original mixing of the mortar batch. Place a layer of mortar 
about I in. (25 mm) (approximately one half of the depth of 
the mold) in all of the cube compartments. Tamp the mortar 
in each cube compartment (5.9) 32 times in about 10 s in 4 
rounds, each round to be at right angles to the other and 
consisting of eight adjoining strokes over the surface of the 
specimen, as illustrated in Fig. 1 .  The tamping pressure shall - 
be just suficient to ensure uniform filling of the molds. The 
4 rounds of tamping (32 strokes) of the mortar shall be 
completed in one cube before going to the next. When the 
tamping of the first layer in all of the cube compartments is 

and Place the flow mold at the center. Place a layer Of m o m  completed, fill the compartments with the remaining mortar 
about ' in. (25 mm) in thickness in the mold and tamp 2o and then tamp as specified for the first layer. During tamping 
times with the The pressure be just of the second layer bring in the mortar forced out onto the 
sufficient to ensure uniform filling of the mold. Then fill the tops of the molds after round of tamping by of 

cut Off the mortar to a piane surface* round and before starting the next round of tamping. On 

extend slightly above the tops of the molds. Bring in the 

6 
CcrnenL g 
Sand. g I375 
Water. mL 

P o d a n d  (0.485) 
hr-cnlmning ponland (0 460) 
mter (IO flow of i 10 t 5) ... ... 
10.2 Preparation oJMortar: 
102.1 Mechanically mix in accordance with the P r e -  

10.3 Determination of Flow: 
10-3.1 Carefully wipe the flow-table top clean and 

dure given in Practice C 305. 

mold with mortar and tamp as specified for;the layer* the gloved fingen and the tamper upon completion of each ' 

with the top Of 

with a sawing motion 
the drawing the Straight &e of a completion of the tamping, the tops of all cubes should 

perpendicular lo the 
across the top ofthe mold. Wipe the table top clean and dry, 
being especially careful to remove any water from around the 

drop the table through a height of 112 in. (13 mm) 25 times 

mortar ,mass at four equispaced intervals. Average the 
increase and express as a percentage of the original base 
diameter. 

10.3.2 For podand and air-entraining portland cements, 
merely record the flow. 

A r e n h i n g  podand cemenq make trial with 
varying percentages of water until the flow is 
obtained. Make each trial with fresh mortar. 

that has been forced out onto the tops of the molds 
with a trowel and smooth off the cubes by drawing the flat 

mold for the purpose of leveling the mortar and 

of more uniform thickness, draw the flat side of the trowel 
(with the leading edge slightly raised) lightly once along the 
length of the mold. Cut off the mortar to a plane surface 
flush with the top of the mold by drawing the straight edge of 

sawing motion over the length of the'mold. 
10.5 Storage o1Test Specimens-Immediately upon com- 

pletion of molding, place the test specimens in the moist 
closet or moist room. Keep all test specimens, immediately 
after moldin& in the molds on the base plates in the'moist 
Closet Or moist room from 20 to 24 h with their upper 
surfaces exposed to the moist air but protected from dripping 
water. If the Specimens ate RmOved from the molds before 
24 h, keep them on the shelves of the moist closet or moist 
room until they -are 24-h old, and then immerse the 
specimens, except those for the 24-h test, in saturated lime 
water in storage tanks constructed of noncorroding mate- 
rials. Keep the storage water clean by changing as required. 

10.6 Determination ojcompressive Strengrh: 
10.6.1 Test the specimens immediately after, their r e m o d  

from the moist closet in the case of 24-h specimens, and 
from storage water in the case of all other specimens. All teSr 

edge Of the flow mold. Lift the mold away from the 
min after 1 i d e  of the (with the leading edge slightly raid) Once 

aCTOss the top of each cube at right angles to the length ofthe the mixing operation* Immediate!y* 

the flow by measuring the diameter Of the l 5  " the that above the top of the mold 

10.3.3 In the of =men& other than podand or the trowel (held nearly WWndicular to the mold) with a 

10.4 Molding Test Specimens: 
10.4.1 Immediately following completion of the flow test, 

return the mortar from the flow table to the mixing bowl. 
Quickly scrape down into the batch the mortar that may- 
have collected on the the 
entire bat& 15 s at medium speed Upon completion of 
mixing, the mixing paddle shall be shaken to remove excess 
mortar into the mixing bowl. 

10.4.2 When a duplicate batch is to be made immediately 
for additional specimens, the flow test may be omitted and 
the moctaf allowed to stand in the mixing bowl 90 s without 
covering. During the last 15 s of this interval, quickly scrape 
down into the batch the mortar that may have collected on 
the side of the bowl. Then remix for 15 s at medium speed. 

of the bowl and then 

the specimens within a total elapsed specimens for a given test age shall be broken within the 
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)t .ble tolerance prescribed as follows: TABLE 2 Precision 
AC-CJt- 

ResrdU 
0 2 s  %* 

T a t  Age Permissible Tolenncc Test Age. ~ ~ n ~ ~ o '  Range of Test 

Qars 1s %* 
24 h flh h 

3 dayr fl h 
*3 h 

28 day5 i l 2  h Portland Cements 
7 byr 

if more than one specimen at a time is removed from the 
noist closet for the 24-h tests, keep these specimens covered 
.\ith a damp cloth until time of testing. If more than one 
.pecimen at a time is removed from the storage water for 
.esting, keep these specimens in water at a temperature of 
'3.4 & 3'F (23 f 1.7.C) and of sufficient depth to completely 
mmerse each specimen until time of testing. 

10.6.2 Wipe each specimen to a surfacedry condition, 
ind remove any loose sand grains or incrustations from the 
faces that will be in contact with the bearing blocks of the 
:esting machine. Check these faces by applying a straightedge 
Note 6). If there is appreciable curvature, grind the face or 
-aces to plane surfaces or discard the specimen. A periodic 
:heck of the cross-sectional area of the specimens should be 
nade. 

KOTE &Specimen Fuces-Results much Iowa than the true 
.trength will be obtained by loading f a m  of the cube specimen that art 
101 truly plane surfam Therefore. it is essential that specimen molds be 
x p t  scrupulously clean. as othenvisc, large irregularities in the surfam 
.rill occur. Instruments for cleaning molds should always be soher than 
:he metal in the molds to prevent wear. In case grinding specimen f a m  
.s n c e w u y ,  it can be accomplished best by rubbing the *men on a +' 'fine emery paper or cloth glued to a plane surface. udng only a 

e pressure. Such grinding is tedious for more than a few 
:hL._.,ndths of an inch (hundredths of a millimeue); where more than 
:his is found:nemsary. it is recommended that the specimen be 
iiuarded _, 

10.6.3 Apply the load to specimen faces that were in 
:ontact withythe true plane surfaces of the mold. Carefully 
?lace the specimen in the testing machine below the center of 
the upper bearing block. Prior to the testing of each cube, it 
shall be ascertained that the s p e r i d y  seated block is free to 
tilt. Use no cushioning or bedding materials. An initial 
loading up to one half of the expected maximum loads for 
specimens having expected maximum loads of more than 
3 0 0 0  lbf (1 3.3 kN) may be applied at any convenient rate. 
Apply no initial loading to specimens having expected 
maximum loads of less than 3000 lbf (13.3 kN). Adjust the 
rate of load application so that the remainder of the load (or 
the entire load in the case of expected maximum loads of less 
than 3000 Ibf (1  3.3 kN)) is applied, without intemption, to 
failure at such a rate that the maximum load will be reached 
in not less than 20 nor more than 80 s from start of loading 
Make no adjustment in the controls of the testing machine 
while a specimen is yielding before failure. 

NOTE 7-11 is advisable to apply only a very Light coating of a good 
quality, light m i n d  oil to the spherical seat of the upper plaun. 

11. Calculation 
' ' I Record the total maximum load indicated by the i machine, and calculate the compressive strength in 
L--& per square inch (or pascals). If the cross-sectional 

of a specimen varies more than 1.5 % from the nominal, 
the actual area for the calculation of the compressive 

Constant watercement 
ratio: 

Sil&ab 3 4 .O 11.3 
10.2 3.6 n 10.7 
- z 

Av 

Blended Cements 
Constant Row mortar: 

sing- 

Masonry Cements 

Singblab 
constant Row monar. 

3 
7 - 

Av 

3 
7 

- 2 8  
Av 

3 
7 

28 
Av 

7 
28 - 

AV 

6.8 
6.4 
i;i5 

4 .O 
3.8 
3.4 
33 

7.0 
7.6 

7.6 
7.4 

7.9 

7.7 
7.5 

19.2 
18.1 
Tin 

11.3 
10.7 
9.6 

557 

22.1 
21 .5 

21.5 
20.9 

22.3 

21.8 
21.2 

Multi-lab 7 11  .8 33.4 
12.0 33.9 . 
in 337 28 

Av 

*These numbers repesent. respectively. the ( l s%) and ( a s % )  limits Bs 
desaibed in Practice C 670. 

strength. The compressive strength of all acceptable test 
specimens (see Section 12) made from the same sample and 
tested at the same period shall be averaged and reported to 
the nearest IO psi (70 Wa). 

12. Faulty Specimens and Retests 
12.1 In determining the compressive strength, do not 

consider specimens that are manifestly faulty, or that give 
strengths differing by more than 10 % from the average value 
of all test specimens made from the Same sample and tested 
at the same period (Note 8). After discarding specimens or 
strength values, if less than two strength values are left for 
determining the compressive strength at any given period, 
make a retest. 
N m  8-Reliable strength results depend upon a r t f u l  observance 

of all of the specified requirements and procedures. Emtic results at a 
given test period indicate that some of the requirements and p d u r c s  
have not been carefully observed; for example, thox covering the testing 
of the specimens as prescribed in 10.6.2 and 10.6.3. Improper antering 
of specimens resulting in oblique fractures or lateral movement of one of 
the heads of the testing machine during loading will cause lower strength 
results. 

13. Precision aod Bias 
13.1 The precision statements for this test method are 

listed in Table 2 and are based on results from the Cement 
and Concrete Reference Laboratory Reference Sample Pro- 
gram. They are developed from data where a test result is the 
average of c o m p d v e  strength tests of three cubes molded 

I 



under the same conditions as shall be used for the find 
ignition of a residue and cooling in a desiccator for the same 
period of time used for the crucible containing the residue. 

4.3 Constancy o j  Weight of Ignired Residue-To definitely 
establish the constancy of weight of the ignited residue, the 
residue and container shall be ignited at the specified temper- 
aiure and time, cooled to room temperature in a desiccator, 
and weighed. The residue and container shall then be reheated 
for at least 30 min at the same temperature, cooled in a 
desiccator for the same period of time and reweighed. Addi- 
tional ignition periods may be required until two consecutive 
weights do not differ by more than 0.2 mg, at which time it 
shall be considered that constant weight has been attained. For 
ignition loss, each reheating period shall be 5 min. 

4.4 Cakularion: 
4.4.1 The calculations included in the individual proce- 

dures sometimes assume that the exact weight specified has 
been used. Accurately weighed samples which are approxi- 
mately but not exactly equal to the weight specified may be 
used provided appropriate corrections are made in the 
calculation. Unless otherwise stated, weights of all samples 
and residues should be recorded to the nearest O.OOO1 8. 

4.4.2 In all mathematical operations on a set of observed 
values, the equivalent of two more places of figures than in 
the single observed values shall be retained. For example, if 
observed values are read or determined to the nearest 0.1 mg, 
carry numbers to the nearest 0.001 mg in calculation. 

4.5 Rounding Figures-Rounding of figures to the nearest 
significant place required in the report should be done after 
the calculations are completed, in order to keep the final 
results free from calculation errors. The rounding procedure 
should follow the principle outlined in Practice E 29. 

5. Residue and Sieve Analysis 
5.1 Signijkance and Use: 
5.1.1 This test method determines the residue obtained 

from slaking quicklime. Residue, in this case, k largely 
unreacted material such as uncalcined limestone or do le  
mite, overburned quicklime, or gross impurities, or a combi- 
nation of these. 

5.2 Apparatus: 
5.2.1 The sieves used shall conform to the requirements of 

Specification E 11. 
5.3 Residue of Quicklime: 
5.3.1 Select a representative 2.5-kg (5-lb) sample of the 

quicklime. Break lime selected for this test so as to entirely 
pass a 25.0-mm (1-in.) square mesh screen. Test the pulver- 
ized lime as received. Place the sample in a box of wood or of 
some material of similariy low thermal conductivity, and an 
experienced operator should slake it with sufficient water at 
2 I to 27% (70 to 80'F) to produce the maximum quantity of 
lime putty, carefully avoiding "burning" or 'drowning" the 
lime. Mow it to stand for 1 h and then wash through an 
8 5 h m  (No. 20) sieve by a sueam of water having a 
moderate pressure. Do not rub any material through the 
sieve. Continue the washing until the residue on the screen 
appears to consist entirely of coarse particles, but in no case 

to -onstant weight at a temperature of 100 to 107% (212 to o ~ ~ ~ ~ & $ F )  and calculate the w n t a g e  residue, based on the 
original weight of the sample. . - 

I continue the washing for more than 30 min. Dry the residue 

shall t 
the h: 
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FIG. 1 Modified Vicat Apparatus 

5.4 Sieve Analysis of Hydrated Lime: 
5.4.1 Select a 100-g sample of the hydrated lime as 

received and place on a 600-pm (No. 30) sieve, which is 
nested above a 75ym (No. 200) sieve. Wash the material 
through the sieves by means of a stream of water from a 
faucet. Use a piece of rubber tubing attached to the water 
faucet for the washing. The velocity of the water may be 
increased by pinching the tubing, but shall not be sufficient 
to cause any splashing of the sample over the sides of the 
sieve. Continue the washing until the water coming through 
the sieve is clear, but in no case continue the washing for 
more than 30 min. Take care not to let water accumulate on 
the 75-pm (No. 200) sieve, because the openings wil l  become 
clogged and the operation cannot be completed in 30 min. 
Dry the residues on both sieves to constant weight in an 
atmosphere free from carbon dioxide at a temperature 
between 100 and 120'C (212 and 248'F). 

5.4.2 Calculate the percentage residue retained on each 
sieve, based on the original weight of the sample. The weight 
of the material retained on the 600-pm (No. 30) sieve shd 
be added to the weight of the material retained on the 75-pm 
sieve to obtain the correct weight of the material retained OD 
the 75ym sieve. 

5.5 Sieve Analysis oftimestone and Dry Quicklime: 
5.5.1 Select the desired sieves and nest them with tht 

coarsest sieves on top. Weigh a 1% sample ofthe materid 
to be tested and place it on the top sieve. Conduct the sievia 
operation by means of a lateral and vemcal motion of tht 
sieve accompanied by a jarring action to keep the samplt 
moving continuously over the surface of the sieve. Continu( 
sieving until not more than 1 Om of the residue passes an! 
sieve during 1 min. If mechanical sieving is used, the deG@ 



all ach as to impan the type of agitation described in 
e hand sieving operation. Continue the shaking for a 
:nod of I5  min. 
5.5.2 Weigh the residue retained on each sieve to the 

xirest 0.1 g. Repon the results of the sieve analysis as 
Ilows: ( a )  total percentages passing each sieve, ( b )  total 
srcentages retained on each sieve, or (c) percentages re- 
(ned between consecutive sieves, depending upon the form 
. the specification for the use of the material under test. 
5.6 Precision and Bias: 
5.6.1 No precision data are available.due to the limited 

;e of these test methods. Therefore, users are advised to 
:velop their own laboratory precision. No statement is 
ling made about the bias of these test methods. 

Standard Consistency of Lime Putty 
6.1 Signijlcance and Use: 
6.1.1 In order to m&ure certain physical properties of a 

me putty, such as plasticity, it is necessary to have a 
3ifom-i or standard consistency (Viscosity), since the prop 
t y  measurement is affected by the consistency level. 
6.2 Apparatus: 
6.2.1 Modified Vicat Apparatus-The apparatus, con- 
ructed as shown in Fig. 1, shall consist of a bracket, A ,  
:aring a movable brass rod, B, 6.3 mm in diameter and of 
iitable length to fit the Vicat bracket. A plunger, C, 12.5 
in- -- diameter, made of aluminum tubing, shall be 
t to the lower end of the rod. The total weight Of the 
d ..-.,I plunger shall be 30 g. The lower end of the plunger 
iall be closed without shoulders or curvature and the tube 
:ay be loaded with shot to the specified weight. The total 
eight required may also be obtained by means of a weight, 
, screwed into the rod. The rod cil~l be held in any position 
! means of a screw, E, and has a mark midway between the 
~ d s  which moves under a scale. F, graduated in d m e t r e s ,  
:tached to the bracket, A. 
6.2.2 Mold-The conical ring mold shall be made of a 

oncorroding, nonabsorbent material, and shall have an 
iside diameter of 70 mm at the base and 60 mm at the top, 
nd a height of 40 mm. 
6.2.3 Base Plate--The base plate for supporting the ring 

\old shall be of plate glass and about 100 mm square. 
6.2.4 Mechanical Mixers? 
6.3 Standard Consistency Deiermimion: 
6.3.1 Mechanical Mixing Procedure Using the Vac-V- 

fixer-To a measured amount of water contained in an 
h3 Vac-U-Mix bowl, add 300 g of hydrated lime and 
and mix for 10 s with a stiff spatula (Note 2). Cover putty to 
revent evaporation of water. After the applicable soaking 
enod, 30 min maximum for Type S, special hydrated lime, 
nd not less than 16 h nor more than 24 h for Type N, 
Omal hydrated lime, inw-t the paddle assembly and mix 
le putty for 30 s with the mechanical mixer. Remove the 
addle assembly and scrape down any putty adhering to it 
f the sides of the mixing bowl. Remix for 30 s and 

ne the consistency as prescribed in 6.3. If the 
& m i o n  is less than 15 mm, return all of the material to 

Constants of Uw Machine: 

absorpbon of base pbtes see 14.32. 

diameter. 

Absw@ion d Porcelain Base Plat9-tWhum of 40 g in 24 h. For rete of 

Dimension ol Base Plate--25 mm (1 in.) in *ness by 100 mm (4 in.) h 

Dimensions ol Dbk-0.8 rnrn (%a in.) in thickness by 76 mm (3 in.) in diameter. 
Speed d VertiaJ Shafl-1 revolution in 6 min. 40 9. 
Upw8rd Movemem ol &se Plate--2 mm (VIS in.) per revolution. 

Torque on Disk when Bob Reading is 100-1.41 N.m. 

FIG. 2 Emley Plasticimeter 

the mixer bowl, add additional water, and remix for 15 s. If 
the penetration is greater than 25 mm, repeat the test. 

NOTE 2-Most lime hydrates will require 250 to 300 mL of water to 
produce a putty of proper consistency for this test if 300 g of lime arc - 
used. 

6.3.2 Mechanical Mixing Procedure Using the Hobart 
N-50 Mixer-To a measured amount of water contained in 
the N-50 mixing bowl, add 600 g of hydrated lime and hand 
mix for 10 s with a s t X  spatula (Note 3). Cover putty to 
prevent evaporation of water. After the applicable soaking 
period, 30 min maximum for Type S, special hydrated lime, 
and not less than 16 h nor more'than 24 h for Type N, 
normal hydrated lime, insen the paddle assembly and mix 
the putty for 1 min at a slow speed. Stop the mixer and 
scrape down the paddle and the sides of the mixing bowl. 
Remix for 4 mh at a slow speed. Determine the consistency 
as prescribed in 11.3. If the penetration is less than 15 mm, 
return all of the material to the mixing bowl, add additional 
water, and remix for 15 s. If the penetration is more than 25 
mm,repeatthetest. , 

NOTE 3-Most lime hydrates Win require 500 to 600 mL of water to 
produce a putty of proper consistency for this M if 600 g of lime are 
used. 

6.3.3 Consistency Detenninafion-To determine consis- 
tency, place the mold with its larger end resting on the glass 
base plate and fill with the lime putty. Then strike off the 
putty flush with the top of the mold. Center the lime putty, 
confined in the ring mold resting on the plate, under the rod 
of the modified Vicat apparatus (Fig. 1). Bring the plunger 
end, C, in contact With the surface of the lime putty and take 
an initial d n g .  Release the rod and take the 6nal reading 

OUO%$O 
TX-fi 
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1 s after the plunger is released. The lime putty is of 
jndjrd consistency when a penetration of 20 2 5 mm is 
713ined. Record both the total amount of water required to 
ring the putty to standard consistency and the actual 
:nctntion. Proceed with the plasticity determination in 
:cordance with 7.3. 
6.4 Precision and Bias: 
6.4.1 The precision and bias of this test method has not 

;.en determined. 

-. Plasticity of Lime Putty 
- 

7.1 SigniJicance and Use: 
7.1.1 This test method provides a measure of the degree of 

iiffening of lime putty of standard consistency as water is 
Cithdrawn from it by a standard suction base plate. 

7.1.2 Plasticity is an important property when applying 
nintures containing lime putty to porous or absorptive 
urfaces such as in plastering, stuccoing, and masonry 
:onstruction. 

7 .2  Apparatus: 
7.2.1 Determine the plasticity of lime putty using the 

~lanicimeter shown in Fig. 2.' 
7.2.2 Cleaning and Care of Base Plates-In making the 

nlasticity determinations, much of the success attainable 
depends upon the condition of the base plates. In the case of 
porcelain plates which are reused, improper cleaning results 
in clogging of the pores with reduction in the rate of 
absorption. After a plate has been used, wipe the excess lime 
off and immerse the plate in clear water for not less than 2 h, 
after which transfer it without drying to a dilute solution of 
hydrochloric acid (Ha, 1+9) where it shall be kept im- 
mersed for another 2 h. Then transfer to a receptacle 
containing running water for at least 1 h. The plate is then 
free of acid. After the removal of excess water, place the plate 
in an oven overnight at a temperature of between 100 and 
1 IO'C' (212 and 23VF) for drying. Before using, cool the 
plate to room temperature. 

7.2.3 Absorption o/ Plasticimeter Base Plates: 
7.2.3.1 Total Absorption-Plasticimeter base plates when 

immened in water at room temperature for a period of 24 h 
shall absorb not less than 40 g of water. Before making the 
determination, dry the porcelain plates overnight in an oven 

'at temperatures of between 100 and 11o'C (212 and 230 '0  
and permit to cool to room temperature. Dry the plaster 
plates overnight over calcium chloride at mom temperature. 
After immersion and before weighing, wipe off the excess 
water with a damp cloth. 

7.2.3.2 Rate ofribsorption (Note 3)-When tested over an 
area 70 mm (2% in.) in diameter, the water absorbed shall be 
in accordance with the folloiving 

Time, min Walcr Abrorbed mL 
I 810 14 
2 .  5107% 
3 4 t o 6 H  
4 4106 
5 3% to 5% 

Nm 4-A convenient apparatus for d e t d n i n g  the rate of absorp 
tion oonsisu of a buret sealed onto an inverted g h ~  f u n d  from which 

- _  

the gem has been removed. The diameter of the larger end of the funnel 
shall be ground so as to k 70 mm (2% in.) in internal diarneur. The 
funnel may be attached to the plate on which the measurement is k i n g  
made by melted p a d i n .  The parafin should not be 100 hot- A Little 
experience .will inbcatc when it is of the proper consistency. 

7.3 Plasriciry Dererminarion: % 

7.3.1 Lubricate a ring mold such as is described in 6.2.2 
with a thin film of water, place on a porcelain base plate (see 
7.2.2 and 7.2.3) or a disposable plaster base plate (see 7.2.3), 
fill with the paste which has been adjusted to standard 
consistency as described in 6.3.3, and strike off level. 
Remove the mold by raising it vertically without distort>ing 
the paste. Center the base plate and paste in the instrument 
and turn the carriage up by hand until the surface of the 
paste is in contact with the disk and the distance between the 
disk and the top of the base plate is 32 mm (1 V4 in.). Throw 
the carriage into gear and start the motor. It is essential that 
the motor be started exactly 120 s after the first portion of 
the paste bas been placed in the mold. Record the time when 
the first portion of paste is placed in the mold as tero time: 
the motor is therefore started at 2 min. Take care to protect 
the specimen from drafts during the test. 

7.3.2 Record the scale reading at I-min intervals until the 
test is completed. Consider the test complete when: ( I )  the 
scale reading reaches 100, (2) any reading is less than the one 
before, or (3) the scale reading remains constant for three 
consecutive readings (2 min) and the specimen has visibly 
mptured or broken loose from the base plate. Note the time 
and the scale reading at the end of the test. 

7.4 Calculmion: 
7.4.1 Calculate the plasticity figure as follows: 

P = JF + (low 
\ 

where 

F = scale reading at the end of the test, and 
T = time in minutes from the time when the first portion of ' 

P = plasticity figure, 

paste *as put in the mold to the end of the test. 
7.5 Precision and Bias: 
7.5.1 There are as yet insuficient analyzed data to permit 

preparation of a precision and bias statement for this tesl 
method. When data are collected and anal+, precision 
and bias statements will be proposed 

8. Autoclave Expansion of Hydrated Lime 
8.1 Signgcance and Use: 
8.1.1 Expansion of pressed tablets of hydrated lime gener. 

ally indicates the presence of unhydrated oxides of magnc. 
sium and calcium. The relation of the degree of expansion in 
this test method to field performance has not been deter. 
mined. 

8.2 Apparatus: 
" 8.2.1 Mold and Press-A steel mold capable.of producin! 
a press tablet at least 0.032 m (1.25 in.) in diameter ani 
0.006 m (0.25 in.) thick, and able to sustain at least 88.9 k' 
(20 OOO Ibf) pressure from a suitable press. It should b 
provided with a release jig also. 

8.22 Autuclave, capable of holding 1034 kPa (1 50 psi) fo 
2h. 

pm (0.OOOl in.). 
8.23 Micrometer, dial-type, capable of measuring 2.5 

.4 
mm. 

8.3 P 
mold. 8.3.1 ar 

10 s. the 
Hold-for 
and dray 
using a I 
other an, 
two. Me: 
the table- 
the table 
(125 to 
reaches 5 
the autoc 
diameter 
tablet frc 

8.4 E. 
gregate: 

8.4. I 
8.4.1 .i] 

cement. 
8.4.1 .I 

minus 2 1 
dioxide ( 

8.4.2 . 
'. a 2.1 

! H': 

Standard 
Hydrated 
Standard. 
Bpnd th 

8.4.2.1 
accordan 
following 
Standard : 
Standard : 

Blend th; 
8.4.2.3 

tablet an,. 
8.4.2.4 

h e  for 
Percent e 
Wet. 

8.5 Prc 
8.5.1 : 

of ti 
develop 
being mz 

9, -p ~ 7-  
OPPl  

Si<: 
i 

L- . -&lo: 
impurity 

of F 
Mkntial 
amlicatic 

IL-  -..g IT 

0 s  



:.2.4 .Vicroscope. with graduated lens for measuring 0. IO 

8.3 Procedure: 
8.3.1 Weigh out 15 g of hydrated sample. place in the 

mold, and pres  into a tablet. Pres  to 33.4 W (7500 Ibf) for 
IO s, then increase pressure to 88.9 kN (20 OOO Ibf) or more. 
Hold for 10 s before releasing, Pres  tablet from mold with jig 
and draw three diameter lines across the surface of the tablet 
using a lead pencil. Draw two diameter lines normal to each 
other and draw the third bisecting the 90' angles of the other 9.3 Procedure: 
two. Measure the diameters with a dial micrometer and place 9.3. I, Mix 100 g of hydrated lime nith sufficient water to 
the tablet on the autoclave rack. Use aluminum foil to protect bring to such a consistency as to give a penetration of 20 2 5 
the tablets from water dripping. Autoclave at 862 to 1034 kPa mm when tested in accordance with 6.3.3. Mix into this 
(125 to 150 psi) for 2 h. Begin timing when the pressure putty, 25 g of gauging plaster (9.2.1), adding more water as 
reaches 345 kPa (50 psi). After the autoclaving interval, allow required to maintain workable consistency. Spread on a glass 
the autoclave to cool, remove the tablet, and remeasure the plate to make a pat at least 150 by 200 mm (6 by 8 in.) by 
diameters. Calculate the average percent expansion of the approximately 3 mm ('/a in.) in thickness. Trowel to a 
tablet from the before and after measurements. smooth finish. Allow to stand overnight. 
8.4 Expansion of Hydrated Lime-Portland Cemenf-Ag- 9.3.2 Place the specimen and plate on a rack in the steam 

gregate: bath 50 that water is not in contact with the specimen to be 
8.4.1 Materials: tested. Provide a sloping cover above the specimen to 
8.4.1.1 Standard Cement-TF I or Type 11 portland prevent condensed steam from dripping onto the surface of 

the specimen. Raise the temperature of the water in the 
8.4.1.2 Standard Aggregate-Pulverized limestone, steam bath to boiling and maintain at boiling for 5 h. 

Remove the specimens from the bath and examine for pops 

8.4.2 Procedure: 9.3.3 The pitting potential of hydrated lime can be 
.. 8.4.2.1 Test Tablet-Make up a pressed tablet in accor- determined in conjunction with autoclave expansion as in 

yce with the procedure outlined in 8.3.1 using the fol- 20.1. However, it is not necessary to measure diameter, if 
whg mixture for the sample: only the pitting potential is to be determined. After following 

the procedure for expansion in 8.3.1, examine the pressed 
tablet under the measuring microscope, and count and 
m a u r e  the Pits in millimetres. 

10. Water Retention of Hydrated Lime 

9.2 Gauging Plaster: 
9.1. I The gauging plaster used for the popping and pitting 

test shall conform to the Test Methods-section of Specifica- 
tion C 28 and shall have a setting time of not more than 1 h 
when tested in accordance with Test Methods C 472. Test 
the gauging plaster without lime in the manner described in 
9.3 to ensure its freedom from pops and pits. If any pops or 
pits are found, provide another lot of euging plaster that is 
free of pops and pits when subjected to this test. 

..m. 

cement. 

minus 212-pm (No. 70) sieve, having less than 0.5 %, silicon 
dioxide (SO2). and pits. 

.. 

Standard portland cement ............................. 14 
Hydrated liiie 8 g  
Standard aggregate (pulverized limestone) . . . . . . . . . . . . . . . .  72 g 

Blend the mix until homogeneous. 
8.4.2.2 Standard Tablet-Make up a pres& tablet in 

accordance with the procedure outlined in 8.3.1 using the 
foliowing mixture for the sample: 
standard portland cement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Standard aggregate (pulverized limestone) . . . . . . . . . . . . . . . .  16 

Blend the mix until homogeneous. 
8.4.2.3 Autoclave and calculate expansions of the test 

tablet and the standard tablet in accordance with 8.3.1. 
8.4.2.4 Determine the autoclave expansion of hydrated 

lime for masonry purposes by subtracting the average 
-nt expansion of the standard tablet from the sample 
tabla 

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

10.1 Signijicance and Use: 
10.1.1 This test method measures the ability of the 

hydrated lime in a plastic mix with sand to retain water, and 
hence retain consistency of the mix, when subjected to an 
applied suction. This ability, measured as a percent of the 
original consistency, is indicative of the workability to be 
expected in a masonry containing the time. 

PraaiceC305. 

of 500 g of lime and 1500 g of standard sand conforming to 
41.4. If hydrated lime putty is used, use that weight of putty 
that is 

10.2 Proportioning and Mixing: 
Apparatus-ne apparatus used ' 

mortar tested shall be 
. 

8.5. Recision and Bias: 
8-5.1 No precision data are available due to the limited 

le of this test method. Therefore, users are advised to 

bring made about the bias of this test method. 

'* 

' 9.1 Significance and use: 
.9-l:l Pops and pits are caused by the hydration and 
. w o n  of coarse particles of unhydmted lime or lime- 

' paMtY reaction products present in the hydrated lime. The 
lcvtl Of popping and pitting in the sample is indicative of the 
b m  for the appearance of surface defects in plastering 

to 5oo of dry hyht&,hme. 
MechanicalMixing: 

mixing position in the mixer. 
'?lop their Own labratory precision. No is 10.2.3.1 Place the paddle and the dry bowl in the 

10.2.3.2 Place a measured quantity of water in the bowl. 
10.2.3.3 Add the lime to the water, then start the mixer 

and mix at slow speed (140 f 5 r/min) for 30 s. 
10.2.4 Add the entire quantity of sand slowly over a 30-s 

period while mixing at slow speed. 
10.2.5 Stop the mixer, change to medium speed (285 10 

rpm) and mix for 30 s. 
10.2.6 Stop the mixer and let the mortar stand for 1% 

min.. (During the first 15 s of this interval, quickly scrape 

.:: ' 

and Pitting of Hydrated Lime 
. 

f 

I 

TX-8 
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FIG. 3 Apparatus Assembly for the Water Retention lest 

down into the batch any mortar that may have collected on 
the side of the bowl, then for the remainder of this interval 
cover the bowl with the lid.) 

10.2.7 Finish the mixing for 1 min at medium speed. 
10.2.8 In any case requiring a remixing interval, any 

mortar adhering to the side of the bowl shall be quickly 
scraped down into the batch prior to remixing. 

10.3 Consistency: 
10.3.1 Apparatus-The flow table and mold used for the 

measurement of consistency of the mortar shall conform to 
Specification C 230. 

10.3.2 Procedure-Carefully wipe dry the flow table top 
and place the flow mold at the center. Immediately after 
completing the mixing operation, fill the mold with mortar 
gently pressed into place by the finger tips to ensure uniform 
filling free of voids. Smooth off the mortar level with the top 
of the mold by aid of a trowel, and remove the mold. 
Immediately drop the table through a height of 13 mm ('h 
in.), 25 times in 15 s. The flow is the resulting increase in 
diameter of the mortar mass, expressed as the percentage of 
the original-diameter. The mortar may be adjusted, if the 
flow is below 1 0  %, by additions of water until the ffow is 
within the range from 100 to 115 95. Make each adjustment 
by returning the mortar to the original mixing bowl, add 
water, and then mix at medium speed (285 f 10 r/&) for 
30 s. If the flow of the original mortar is greater than 115 %, 
prepare a new batch. 

10.4 Water Retention Test: 
10.4.1 Apparatus-The equipment used to determine 

water retention shall conform to the same apparatus used for 
the water retention test in Specification C 9 1 (see Fig. 3). 

10.4.2 Procedure: 
10.4.2.1 Adjust the mercury relief column to maintain a 

vacuum of 50.8 mm as measured on the manometer. Seat 
the perforated dish on the greased gasket of the funnel. Place 
a wetted filter paper in the bottom of the dish. Turn the 
stopcock to apply the vacuum to the funnel and check the 
apparatus for leaks and to determine that the required 
vacuum is obtained. Then turn the stopcock to shut off the 
vacuum from the funnel. 

10.4.2.2 Immediately after the find consistency test 
(10.3.2), return all of the mortar to the bowl and remix- the 
entire batch for 15 s at m-dum speed. Immediately after 
remixing the mortar, fill the perforated dish with the mortar 
to slightly above the rim. Tamp the mortar 15 times with the 
tamper. Apply ten of the tamping strokes at approximately 
uniform spacing adjacent to the rim of the dish and with the 
long axis of the tamping face held at right angles, to the 
radius of the dish. Apply the remaining five tamping strokes 
at random points disuibuted over the central area of the 
dish. The tamping pressure shall be just sufficient to ensure 
filling of the dish. On completion of the tamping, the top of 
the mortar should extend slightly above the rim of the dish. 
Smooth off the mortar by drawing the flat side of the 
straightedge (with the leading edge slightly raised) across the 
top of the dish. Then cut off the mortar to a plane surface 
flush with the rim of the dish by drawing the straightedge 
with a sawing motion across the top of the dish in two 
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FIG. 4 Slaking Reactivity Apparatus 

i og strokes, starting eac.. cut near the center of the dish. 
II the mortar is pulled away kom the side of the dish during 
the preps of cutting off the excess mortar, gently press the 
mortar.back into contact with the side of the dish using the 
tamper: 

10.4.2.3 Turn the stopcock to apply vacuum to the 
funnel.' AAer suction for 60 s, quickly turn the stopcock to 
expose the funnel to atmospheric pressure. Immediately slide 
the perforated dish off the funnel, touch it momentarily on a 
damp cloth to remove droplets of water, and set the dish on 
the table. Then using the bowl scraper (rubber scraper as 
specified in Practice C 305), plow and mix the mortar in the 
dish for 15 s. Upon completion of mixing, place the mortar 
in the flow mold and determine the flow. Carry out the entire 
operation without interruption and as quickly as possible. 
Not more than 30 min should be required for completion, 
nartljg From the completion of the mixing of the mortar for 
the fim flow determination. 

10.4.3 Calculation. 
10.4.3.1 Calculate the water retention value for the 

m o m  as follows: 

- 

Water retention d u e  = (A/B) x 100 
where: 
-4 = flowaftersuction,and 
B = !low immediately after mixing. 

105 Recision and Bias: 
i 15.1 No precision data are available due to the limited 

of this test method. Therefore, users are advised to 
develop their own laboratory precision. 

11. Senling Rate of Hydrated Lime 
1 1.1 Significance and Use 

1 1 . 1 . 1  This test method provides 11. f the rate of m 
settling of a hydrated lime slurry, a form in which this 
material is frequently used. In some applications a slow 
settling slurry is desirable; in others, fast settling is preferred. 

1 1.2 Procedure: 
11.2.1 Place 10.0 g of lime hydrate in a 100-mL glass- 

stoppered graduated cylinder (internal diameter about 24 
mm). Wet with 50 mL of carbon dioxide (COJ free distilled 
water at 23 f 1.7'C (73.4 f 3°F) and mix thoroughly by 
alternately inverting and righting the cylinder slowly for a 
period of 2 min. Allow the graduate and contents to stand at 
23 f 1.7"C for 30 min and then dilute to the 100-mL mark 
with CO1-free distilled water at 23 f 1.7'C. Mix contents 
again thoroughly as before and allow to stand undisturbed at 
23 f 1.7'C for 24 h. 

1 I .3 Report: 
1 1.3.1 Report the sedimentation height in millilitres after 

V4, '12, 3 4  1,  2, 4, and 24 h, reading the bottom of the 
meniscus. 

NOTE 5-!%ght variations in resdts of this test method on a sample 
run in different laboratories or by different operators are permissible. 
The test is not an absolute one, but is designed to distinguish betwecn 
fast and slow settling hydrates 

1 1.4 Precision and Bias: 
1 1.4.1 No precision data are available due to the limited 

use of this test method. Therefore, users are advised to 
develop their own laboratory precision. 

12. Slaking Rate of Quicklime 
12.1 Significance and Use: 
12.1.1 The temperature rise in 30 s is a measure of the 

reactivity of the softer-burned portion of the quicklime. 
Total slaking time provides a meaSure of the o v e d  degrez ()U(-JL@G 

u IX-IO y .  
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TABLE 1 Schedule for Slaking Rete 
Material to Be Tested 

Bxmw H g h  CaJOm 

Temperature of water. *C 40 25' 
Ouantrty of water. mL 400 400 
ouantrty Of qutckllme. g 120 100 

A IruW temperature of 40°C may be used. p0vded the repon of resulls slates 
me initial IemDeratUre. n 

l5rrnl 

FIG. 5 Stirring Rod Detail 

of reactivity of the material. Total temperature rise is largely 
dependent on the available lime content of the sample. 

12.1.2 These slaking parameters provide an indication of 
the performance of the quicklime to be expected in industrial 
slaking systems. Slaking characteristics have an effect on 
lime slurry properties such as settling characteristics, vis- 
cosity, particle size, and reaction rate. 

,- 

12.2 Apparatus: 
12.2.1 Mechanical Stirrer,B speed 400 2 50 r/min, fitted 

12.2.2 Modijied Dewar Flak9 665-mL, fitted with spe- 

12.2.3 Thermometer. dial-type, 0 to 1 W C  range in 1'C 

12.2.4 Torsion Balance. 
12.2.5 Sieve, 203-mm (&in.), 3.35-mm (No. 6). con- 

forming to Specification E 11. 
12.2.6 An apparatus essentially the same as that illus- 

trated in Figs. 4 and 5 shall be used. The apparatus consists 
of a covered reaction container fitted with a mechanical 
stirrer and thermometer. The quicklime charge shall be 
stirred with a mechanical stirrer fitted with a stainless steel 
rod, the end of which is formed into a loop to follow the 
contour of the reaction container. The vacuum reaction flask 
shall be provided with a cover consisting of two circular 
pieces of gasket rubber sheet, approximately 3 mm ('h in.) 
thick. The first piece is provided with a single radial slot that 
slides over the &ng rod and the thermometer. The second 
piece (top) has a similar slot plus a hole to provide for the 
dial thermometer. When the two cover pi- are in place, 
the slot on the lower piece is at right angles to the slot on the 
upper piece with the thermometer stem extending through 

with a special stirring rod. 

cial rubber gasket coven. 

increments. 

~ 

. 

the lower slot. The apparatus may be assembled by any 
convenient supporting equipment. 

12.3 Procedure: 
12.3.1 Prepare the sample of quicklime to pass a 3.35-mm 

(No. 6) sieve as rapidly as possible to prevent sample 
deterioration. Place the prepared sample in an airtight 
container and allow to come to room temperature before 
testing. 

12.3.2 Sluking Rate-Adjust the temperature of about 
500 mL of distilied water in accordance with the schedule 
given in Table 1, and add the specified amount to the Dewar 
flask. Set the agitator revolving at 400 f 50 r/min. The 
temperature of the water in the flask must be kO.5'C of the 
desired temperature. Quarter and weigh out the required 
amount of the prepared quicklime sample. Add the quick- 
lime to the water without delay. Put the covers in place 
immediately. Take a reading at each 30 s after adding the 
quicklime. 

12.3.3 Continue readings until less than OS'C tempera- 
ture change is noted in each of three consecutive readings. 
The total active slaking time will then be the time at which 
the fint of the three consecutive readings was taken. The 
temperature at this time will be considered the final reaction 
temperature. Subtract the initial temperature from the final 
temperature to obtain the total temperature rise. Subtract the 
initial temperature from the temperature at 30 s for the 
temperature rise in 30 s. Subtract the initial temperature 
from the temperature at 3 min for the temperature rise in 3 
min. 

12.4 Report: 
12.4.1 Record the actual temperature rise and plot a 

suitable curve showing temperature rise as the ordinate and 
time as the abscissa. The results may also be reponed as: 

12.4.1.1 Temperature rise in 30 s (or at any other desig- 
nated time) in degrees Celsius, 

12.4. I .2 Total temperature rise in degrees Celsius, and 
12.4.1.3 Total active slaking time in minutes. 
12.5 Precision and Bias: 
12.5.1 There are as yet insufficient analyzed data to 

permit preparation of a precision and bias statement for this 
test method. When data are collected and analyzed, precision 
and bias statements will be proposed. 

13. Air Entrainment 
13.1 Signijicance and Use: 
13.1.1 Hydrated lime, particularly that containing an 

airentraining additive, used in masonry mortar may con- 
tribute to the air content of the mortar. Certain specifications 
and applications of mortar place a limit on this air content. 
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TABLE 2 Unit’Weighta and Apparent Specific Gravities 

1 504 (94) 3.15 
800 (50) 2.30 

1 280 180) . 2.65 

em c 110 

TABLE 3 Weight of Materials lor Mortar Batch 

” 
. M  1 :‘/.:3 564 75 1 440 

S 1:H:4H 376 100 1440 
N 1:1:6 282 150 1 440 
0 1:2:9 188 ,200 1440 I 

forming to the requirements given in Test Method C 185. 
13.2.2 Flow Table. confoxminp. to the reauirements  re- - 

scribed in Specification C 230. 
13.2.3 Mixing Apparatus. conforming to the requirements 

as prescribed in Practice C 305. 
13.2.4 The sand shall be a blend of equal parts by weight 

of graded Ottawa sand and standard 20-30 Ottawa sand. The 
fineness of graded Ottawa sand and standard 20-30 sand 
may be checked by using the methods described in Specifi- 
-ation C 778. 

‘- 

‘V, = water used, mL. 
SI = specific gravity of portland cement, 
S, = specific gravity of hydrated lime, 
S, = specific gravity of blended Ottawa sand, 
A = volume % of entrained air. and \ 

W,,, = weight of 400 mL of mortar, g. 
13.6 Precision and Bias: 
13.6.1 The single operator. within laboratory standard 

deviation has been found to be 0.56 o/c +r content 
throughout the range of 8 % to 19 % air content. Therefore 
results of two properly conducted tests by the same operator 
on similar batches of mortar should not differ by more than 

I 1.6 % air content. 
13.6.2 The multilaboratory s&ndard deviation has been ~ 

found to be 1 .O 9% air content throughout the range of 8 9% to 
19 % air content. Therefore, results of two different labora- 
tories on similar batches of mortar should not differ from 
each other by more than 2.8 9% air content (see Test Method 
C 185). 

- 13.3 Prepararion of Mortar: 
* 13.3.1 Proportions for Mortar-Portland cement- 

hydrated lime mortar for measurement of air entrainment 
shall be proportioned to conform, in batch Si, to the unit 
weights by volume of cementitious material and aggregate as 
shown‘in Table 2. The portland cement shall conform to 
Specifibtion C 150, and the hydrated lime to Specification 
C207. The quantity of water, measured in millilitres, shall 
be such as to produce a flow of 110 & 5 9% as determined by 
the flow table. Proportions for the generally used batch sizes 
based on Table 2 material unit weight shall contain the 
weights as prescribed in Table 3. 

13.3.2 Miring ofMonais-Mix the mortar in accordance 
with the procedure for mixing pastes in Practice C 305. 

13.3.3 Determination of Flow-Determine the flow in 
accordance with the Procedure section of Test Method 
c 109. 

13.4 Procedure: 
13.4.1 If the mortar has the correct flow, use a separate 

Portion of the m o m  for the determination of entrained air. 
Determine the weight of 400 mL of mortar in accordance 
With Test Method C 185. 

13.5 Calculation: 
13.5.1 Calculate the air content of the mortar and report 

it to the nearest 0.1 % as follows 
i)- w, + wz + w, + VJ/ [(W,/SJ + (WZ/S2) + CW,/S,) Vwl 

hue: 
A 100 - (WJ4D) 

= density of air-free mortar, 
w, = weight of portland cement, g, wa = weight of hydrated lime, g, 
w, = weight of blended Ottawa sand, g, 

14. pH of Pulverized Limestone 
14.1 Sign$cance and Use: 
14.1.1 Small amounts of lime (calcium oxide or hy- 

droxide) may be produced in the drying of limestone, or 
from heat generated in the grinding process, thus contrib- 
uting to the alkalinity of the product. High alkalinity is 
deleterious in some applications. 

14.2 Apparatus and Materials: 
14.2.1 Volumetric Flask, 1-L capacity. 
14.2.2 Beckman pH Meter, or equivalent. 
14.2.3 Pipet. 50-mL. 
14.2.4 Beaker, 100-mL. 
14.2.5 BufJi?, pH 9, standard solution. 
14.3 Procedure: 
14.3.1 Weigh 20 k 0.1 g of sample, and transfer to a 1-L 

volumetric flask. Make up to the mark with distilled water 
(Note 6). Shake the contents vigorously for 1 min and allow 
to stand for 20 min permitting the suspension to settle. 

NOTE &The distilled water should be boded and cooled immtdi- 
ately prior to use. 

14.3.2 Standardize the pH meter to pH 9 with standard 
buffer solution. 

14.3.3 Pipet a 50-mL aliquot of the clear solution from 
the volumetric flask into the beaker. Take three pH readings 
within 30 to 60 s after transfer and record the average. 

14.4 Precision and Bias: 
14.4.1 Separate readings should check within 0.05-scale 

divisions. 

15. Particle Size of Pulverized Limestone 
15.1 Sign$cance and Use: 
15.1.1 Particle size of pulverized limestone, as the word is 

used in these methods, is the percent distribution of’the 
equivalent spherical diameter of the individual particles 
expressed in micrometres, using the principle of sedimenta- 
tion and Stokes’ law for particle Site determination. It is 
intended for use with pulverized limestones with not more 
than 0.5 95 residue on a 45ym (No. 325) sieve. 

15.2 Apparatus: 

IX-13 
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FIG. 6 ComporiteComctum . Factor for Hydrometer . 

15.2.1 Soil Hydrometer, ASTM 1 52H.1° 
15.2.2 Sedimentation Cylinder, ASTM, 1000-mL ca- 

15.2.3 Rubber Stopper, Sku 12. 
15.2.4 Thermometer, 0 to 105%. 
15.2.5 Stop Watch. 
15.2.6 Regular Clock or Watch. 
1 5.2.7 Mixer. l 
15.2.8 _Water Barh. 
15.2.9 Balance.12 
1 5.2.10 Wach Glass. 
15.2.1 1 Graph Paper,I3 3 cycles x 70 divisions. 

pacity. 

i 
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TABLE 4 Hydrometer Composite Cometion Factor 

Temperature. 'C Camctm F e d a  
17 +1.90 
18 +1.52 
19 +1.14 
20 +0.76 
21 +0.39 
22 0.00 
23 -0.38 
24 -0.76 
25 -1.14 
26 -1.52 
27 -1.90 

~ ~~ 

15.4.2 Calibrate the hydrometer by adding 30 mL of the 
particledispersing solution to the sedimentation cylinder, 
then bringing up to the mark with distilled water at 27'C. 
Mix thoroughly, and take a hydrometer reading (read at the 
top of the meniscus). Repeat after cooling the cylinder to 
17'C and adjusting the meniscus sq it is on the mark. 
Assume a straight-line relationship and draw a line that gives 
the composite correcfion /ador. This factor is the difference 
between the reading and zero. These are the corrections 
entered in Table 4 and should be determined for each 
hydrometer. Four factors are compensated for in the correc- 
tion factor: ( a )  Temperature: Hydrometers and cylinders are 
calibrated at 20°C; variations from this temperature produce 
inaccuracy in the hydrometer reading; ( b )  Speci/ic gravify: 
Addition of dispersant changes the specific gravity of the 
solution; (c) Meniscus correction: Hydrometers are gradu- 
ated to read at the bottom of the meniscus but opaque 
calcium carbonate solutions require readings at the top of the 
menisc'us; and ( d )  Hydrometers: In spite of the supposed 
similarity in volume of the hydrometers (ASTM 152H), 
variations of as much as I.0-scale divisions between two 
similar hydrometers have bepn noted. The correction factor 
brings all four into line with one another. It is not neceSSary 
to repeat this calibration unless changing to a different 
hydrometer. 

15.4.3 Weigh 40 g of sample. 
15.4.4 Add approximately 300 mL of distilled water to the 

mixer, 30 mL of the particledispersing solution, followed by 
40 g of unknown sample. Cover. Agitate for exactly 2 min at 
higb speed. 

15.4.5 Transfer the slurry quantitatively to the 1 W m L  
sedimentation cylinder. Make UD to amroximatelv 3.2 mm 

TABLE 5 Effective Depth, L. for Hydrometer 152H 

R, L. an R. L. an 
0 16 3 31 11.2 . 

1 16.1 32 11.1 
2 16.0 33 10.9 
3 15.8 34 10.7 
4 15.6 35 10.6 
5 15.5 36 10.4 
6 , 15.3 37 102 

7 15.2 38 10.1, 
8 15.0 39 - 9.9 
9 14.8 40 9.7 

10 14.7 41 9.6 
11 14.5 42 9.4 
12 14.3 43 9 2  

13 
14 
15 
16 
17 
18 
19 
20 
21 

142 
14.0 
13.8 
13.7 
13.5 
13.3 
13.2 
13.0 
12.9 

22 12.7 
23 12.5 
24 12.4 
25 122 
26 12.0 
27 11.9 
28 11.7 
29 114 

44 
45 
46 
47 
48 
49 
50 
51 
52 

53 
54 
55 
56 
57 
58 

I 59 
60 

9.1 
8.9 / 
8.8 
8.6 

. 8.4 
, 8.3 

8.1 
7.9 
7.8 

7.6 ' 
7.4 
7.3 
7.1 
7.0 
6.8 
6.6 
6.5 

(% in.) above the mark since it must be A d  from ;he top (as 
the bottom of the meniscus is not visible) and this will 
approximate the 1000-mL calibration of the cylinder. Cyl- 
inder temperature can be adjusted to 20'C by running cool 
water on the outside of the cylinder and stirring With a 
thermometer until 20'C is reached. Cap with the rubber 
stopper. Mix well by inverting the cylinder I5 or more times. 
Remove the stopper and put the cylinder in a water bath that 
has been previously adjusted to as close to 20% as is possible. 

.,start the stop watch and note the time on the clock. At 
' exactly 4% min after sta~, carefully insert the hydrometer to 
tbe approximate point where the reading is to be made. Take 
the reading at exactly 5 min. Record the reading and 
temperature (Note 7). Remove the hydrometer and wash 
Clean of any slurry. Cover the cylinder with the watch glass. 

30 11.4 

NOTE 7-Temperature must be taken inside the cylinder and not in 
the water bath. 

15.4.6 Take additional readings at 15, 30, 60, 120, or 180 
min; 300 or 360 min; and 1200 or I440 min after the start. 

15.4.7 Take a 25-g sample and run a 500-mesh wet-sieve 
test. The opening of the 500-mesh sieve is approximately 25 
pm. From this result dculate the percent finer than 25 pm. 
Do not discard the plus 500-mesh but use this with the 
45-pm (No. 325) sieve to obtain the percent finer than 44 

; pm. The opening of the 45ym sieve is 44 pm. 
15.5 Calculation: 
15.5.1 Arrange the data on a sample sheet. 
15.5.2 Record the date and clock readings as readings are 

taken. 
15.5.3 Readings are usually taken at 5, IS, 30, 60, 180, 

360, and 1440 min. The 25ym point is obtained from the 
500-mesh sieve result and the 44-pm point is obtained from 
the 4 5 y m  sieve result. 

15.5.4 Record the temperature, T, and the hydrometer 
reading, R, for each reading, 

15.5.5 Obtain R, by adding the meniscus correction to 
each R value. 

15.5.6 Obtain R, the corrected hydrometer reading, from 
Fig. 6. This value can be different for each hydrometer and 
must be individually determined. 

15.5.7 Obtain L from Table 5 using R, values. 
15.5.8 ais found from Fig. 7 and the values for L and 

T (time). For times not in Fig. 7, calculate the since 
the values for L and T (in minutes) are known. 

15.5.9 Fmd D at 20'C in tern of W T  Using Table 6. 
15.5.10. To correct D for temperature, use Table 7 and 

.. - .  TX- . l A  
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15.6 Precision and Bias: 
15.6.1 The precision and bias of this test method has not 

been determined. 
1 

FIG. 7 Valuer for J m  as Related to L for Given Values of T p m e )  
1 

TABLE 6 0 as Related to rfl at 2OoC TABG 7 AD tmm .lrTi 
Jii7 0. prn Jm 0. lun G r  SD 

0.05 0.7 1 .os 14.0 2.0 0.32 

0.15 2.0 1.15 15.4 1.8 029 
020 2.7 1.20 16.0 1.7 0.27 
025 3.4 125 16.7 1.6 0.26 

0.10 1.4 1.10 14.7 1.9 0.31 

J -  

pu 

0.30 4.0 1.30 17.4 
0.35 4.7 1.35 18.0 
0.40 5.4 1.40 18.7 
0.45\ 6.0 1.45 19.4 
0.50 6.7 1.50 20.1 

0.55 7.4 1.55 - 
0.60 8.0 1.60 
0.65 8.7 1.65 

20.8 
21.4 
22.1 

,0.70 9.4 1.70 22.8 
0.75 10.0 1.75 23.4 

0.80 10.7 1.80 24.1 
0.85 11.4 1.85 24.8 
0.90 12.0 

- -  - 0.95 12.7 
- 1 .oo 13.4 

find AD in terms of a T .  Multiply by AT (AT is the 
difference in temperature between 20'C and the actual 
temperature of the test). This will give a value to be 
subtracted from the D found in 54.9 if the temperature is 
above 20'C. If the tempera- is below 20' C, this correction 
should be added. 

1 .5 
1.4 
1.3 

, 1 2  
1.1 

1 .o 
0.9 
0.8 

0.24 
0.23 
021 
0.19 
0.18 

0.16 
0.15 
0.13 

h. 
24.5 

r 

1 

- 
- 

1 
1 
1 .  

16. 
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16.3.2 Drj. Pobrder Press '6-lnstructions. as supplied by 
the manufacturer. for preparation of the sample and use of 
the powder press shall be explicitly followed. 

16.3.3 U'hire Porcelain Srandard Plaque. to be used as 
secondan standard. 

16.4 Reagent: 
16.4.1 Baritrni Su/Tate (BaS0,)-Use Eastman Kodak'' 

16.5 Calibrarion and Standardizarion: 
16.5.1 Zero Scale Calibrarion (borrom of scale srandard- 

imion): 
16.5.1.1 Place the black glass provided with the instru- 

ment over the specimen pon, so that the shiny side is 
towards the opening. The glass should be positioned so that 
no light escapes from the black glass-opening interface. 

16.5.1.2 The processor is then adjusted to read zero 
refleciance. 

16.5.2 Srandardizing of the Whire Standard (standard- 
ization of the tipper pan of the scale): 

16.5.2.1 A primary standard pellet (barium sulfate)-which 
is free from saiface flaws should be positioned over the 
specimen pon so that no light can escape at the pellet- 
opening interface. 

4 P 4 P 4 P Rc standard is provided with reflectance values at various 
OS 1.5 12.0 30.0 235 - 58.0 35.0 86.5 wavelengths. Since some variation is possible between lots of 
1.0 2.5 12.5 31.0 24.0 59.0 35.5 87.5 BaSO,. the values used to standardize the reflectometer must 
1-5 3.5 13.0 32.O 24.5 60.0 36.0 89.0 be calculated. A normal Y value will be between 99.0 and 
2 5 .  6.0 14.0 35.0 25.5 63.0 37.0 915 98-59 dependingon the lot 
3.0 7.5 14.5 36.0 26.0 64.0 37.5 92.5 , 16.5.2.3 After this has been accomplished, a reading of the 
35 8.5 15.0 37.5 26.5 65.0 38.0 94.0 white standard plaque can be taken and the values of X, Y, 

$: z: 2: and Z recorded. This plaque can then be used.as a secondary 
5.0.: ' 12.5 16.5 40.5 28.0 69.0 39.5 97.5 standard for future standardizations. This reduces the neces- '. 
5.5 . 13.5 17.0 42.0 28.5 70.0 40.0 99.0 sity of making a barium sulfate pellet for every test series. 
6.0 . 15.0 17.5 43.0 29.0 71.5 40.5 100.0 16.6 Procedure: 
7.0' 17.5 18.5 45.5 30.0 74.0 16.6.1 The reflectometer must be given ample warm-up I 

7 5  18.5 19.0 47.0 30.5 75.0 time prior to the sample readings. 
8.0 20.0 19.5 48.0 31.0 76.5 16.6.2 The reflectometer must first be standardized; this 

consists of standardization of the bottom of the scale and 
9.5 23.5 21.0 52.0 32.5 80.0 standardization of the upper part of the scale. 

10.0 25.0 21.5 53.0 33.0 81.5 - 16.6.3 Sample pellets should then be pressed (Note 8) 

Chemical No. 609 I. white reflectance standard only. 

FIG. 8 Dry-Powder Press 

TABLE 8 Values for P as Related to R,, Using a = 0.988 
end W = 40 

Norr-Cillcubate to nearest 0.1 of &. For 8 read i  of 24.7, lake r e a d i  of 
24.5 which is 60.0 and add 2 x 0.4 or 60.8%. 

P 16.5.2.2 The Eastman Kodak barium sulfate reflectance , 

0.0.' 0.0 11.5 28.5 23.0 57.0 34.5 85.0 

- 2.0 5.0 13.5 33.5 25.0 62.0. 36.5 90.0 

iy: :ii 2; 

6 5  '. 16.0 18.0 ' 44.5 29.5 72.5 

05 21.0 20.0 49.5 31.5 77.5 
9.0 22.5 20.5 50.5 32.0 79.0 

following manufacturer instructions explicitly (Note 9). 

4*m (No. 325) sacen will require special care in preparing the sample 
cup. The coarser the product, the harder to obtain a compact. smooth 
surface. 
NOTE 9-Some refleaorneten and spectrophotometers can measure 

in a horizontal position, thus 
eliminating the n k t y  to prepare a sample pellet. Also, coated pound 
limestones arc difficult to pclletizc. Loov powder samples should be 
smoothed in a convenient sized container until the surface is level and 

16.6.4 M e r  the reflectometer has been standardized, the 

tioned so that no light escapes from the pellet-opening 

16.6.5 The samples are then read for X,  Y, 2, L, a, and b 

105 26.0 22.0 54.5 33.5 82.5 
11-0 27.5 22.5 56.5 34.0 04.0 

NOTE &Ground products with more than 0.5 ?& residue 'on a . 

~ 

16. Dry Brightness of Pulverized Limestone 

. 16.1.1 A sample of the dry material is compressed and its 
16.1 Summary of Test Merhod: 

I with the 1 
! beenstandardized. 

reflectance measured On a reflectometer that ha PrevioUs1Y 

16.2 Signijicance and Use: 
16.2.1 This t ea  method provides a measure of the reflec- fire from and Other 

Or whiteness, Or both Of ground calcium 
by With a stan-, using pen and sample pelleu are entered beneath the, opening and po& 

blue filters. , 

. 16.3.1 Refle~tometer:'~ 
16.3 Apparatus: interface. 

"The Hunm DZ5A-lrinimulm cdorim*er. or cquivaleac, has k e a  found l6Tbe B a d  and lamb or Carl Dry Powder Rcs Asumbly, or - for chir purpose. 

.. ~ '7RcgiQmdmdemah 
, cguivaht  has lKm found Satidaaory for this purparr. 

I 

L -.  ... ' 
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N m  1 1-The numben represent, respectively. the (Is) and (dh 
lirniu as described in Practice C 670. 

values. These values are recorded. 
16.6.6 To determine if the values of the reflectometer 

have drifted. the white standard (either the barium sulfate 
pellet or the porcelain plaque) is placed over the specimen 
port and read. Values should be the same as those placed in 
the DrOcessor during the standardization procedure. 

16.7 Repon: 
16.7.1 The Y value is recorded as the dry brightness of 

that specific limestone. 

L 16.8.1 The same instrument, operator, and standard 
should reproduce 20.2 %. Different instrument (Note lo), 
operators, and standard should agree f 1 .O 9%. 
NOTE 10-11 is recognized that there arc various manufacturers Of 

reflectometers, and testing has been undenaken to relate X,  Y. and Z 
tristimuius color values from one instrument to another. If mults of this 
comparison testing are desired, please contact the ,hlverized Limestone 
Association. 

16.8 Precision and Bias: E 

! 

17. Apparent( Loose Density of Hydrated Lime, Pulverized 
Quicklime, and Limestone 

17.1 Significance and Use: r 

17.1.1 This test method determines the loose or unsettled 
density of hydrated lime, pulverized quicklime, and lime- 
stone. It provides for an approximate measure of the 
maximum volume occupied by a given weight of hydrated 
lime, pulverized quicklime, or limestone. 

17.2 Apparatus: 
17.2.1 Flour Sifrer--A 1 14 to 127 mm (4% to 5 in.) 

kitchen-type flour sifter of either the squeeze handle type or 
the hand crank type. It shall be able to hold at least 300 g of 
hydrated lime or 500 g of limestone or quicklime. The wire 
mesh openings should be between 0.8 and 1.5 mm. 

17.2.2 Density Cup. 400 mL cylindrical cup as described 
in the Apparatus Section of Test Method C 185. 

17.2.3 Balance, suitable for weighing at least 800 g accu- 
rately tc 0.1 g. 

17.2.4 Clock or Watch. 
17.2.5 Straight Edge. 
17.3 Procedure: 
17.3.1 Weigh the empty density cup to the nearest 0.1 g 

on a balance. Place the tared cup on a solid table with a 
suitable mat inserted underneath the cup to collect excess 
’sample spilling over the cup. Fi the flour sifterlwith more 
than enough material to fill the density cup. Start the clock 
and the sifting device to facilitate the flow of powder into the 
cup. Overflow the cup until there is a cone of excess material. 

17.3.2 After 3 min, carefully remove the excess powder by 
pasing the edge of a spatula blade parallel With, and in 
contact With, the top of the cup. Move the spatula smoothly 
and keep it level at all times to prevent packing or pulling the 
sample out of the cup. 

17.3.3 After the cup is level, lightly tap it With the edge of 
the spatula to settle the powder. Wipe the outside of the cup 
with a lintless cloth or paper towel. Avoid spilling the sample 
while transferring the cup to the m c e  for weighing. 

17.3.4 Weigh the cup and sample to the nearest 0.1 g and 
determine the weight of the sample by difference. 

j 17.3.5 The loose density of the material is calculated and 
reported as grams per cubic antimetre, or as pounds per 
cubic foot. 

‘ 

17.5.3 The above precision statements are based on a 
multilaboratory testing program for determination of the 
loose bulk density of hydrated lime. No statement is made 
regarding the precision of this method as it relates to other 
materials. Due to a lack of a recognized industry standarc’ 
the bias of this test method has not been determined. I 

i 

18. Apparent Packed Density of Hydrated Lime, Pulverized 
Quicklime, and Limestone 

18.1 Significance and Use: a 

18.1.1 This test method determines the packed or settled 
density of hydrated lime, pulverized quicklime, and lime- 
stone. It provides for determining the minimum volurnc 
occupied by a given wgght of hydrated lime, pulverized 
quicklime or limestone. 

18.2 Apparatus: 
18.2.1 Graduated Cylinder. 100 mL capacity. 
18.2.2 Balance, accurate to 0.1 g 
18.3 Procedure: 
18.3.1 Weigh to within ,0.1 g a 25 g sample of powdered 

material and transfer it to the graduated cylinder. 
18.3.2 Allow powder to settle by gently tapping tht 

cylinder on a desk top cushioned with a thick magazine 01 
writing tablet so that compaction occurs without fluffing. 

18.3.3 Record the volume of the lime after each 100 UP 
and continue tapping until compaction volume change is Id 
than 0.5 mL/100 taps. 

18.3.4 Calculate the density in grams per cubic centirnete 
or in murids per cubic foot to the nearest - _  - pound. 

18.4 Calnclation: 
18.4.1 Calculate the packed density as follows: 

D =  WfV 

wbere: 
D = packeddensity, 
H’ = weight of sample, g, and 
Y = final volume of sample, cm3. 

18.4.2 For reporting as pounds per cubic foot, mdUd 

*e. e. * TX-17 
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. per cubic centimetre by 62.43. 
J Precision and Bias: 

I 6.5.1 Single Operator Precision-The single operator 
mndard deviation has been found to be 0.5 Ib/R3 (Note 1 I). 
Therefore. results of two properly conducted tests by the 
m e  operator on the same material should not differ by 
more than 1.4 Ib/ft3. 

18.5.2 hlulrilaborarory Precision-The multilaboratory 
standard deviation has been found to be 1.7 Ib/ft3 (Note 1 1). 
Therefore, results of two properly conducted tests from two 
different laboratories on samples of the same material should 
not differ by more than 4.8 Ib/ft3. 

18.5.3 The above precision statements are based on a 
mulcilaboratory testing program for determination of the 
packed bulk density of hydrated lime. No statement is made 
rewdmg the precision of this method as it relates to other 
materials. Due to a lack of a recognized industry standard, 
the bias of this test method has not been determined. 

19. Frneness of Pulverized Quicklime and Hydrated Lime by 
Air Permeability 

19.1 SigniJcance and Use: 
19.1.1 This test method coven the determination of 

fineness of pulverized quicklime and hydrated lime using the 
;4 Blaine air permeability apparatus described in Test Method 

C 2oJ. fineness in terms of surface area shall be expressed as 
: total d a c e  area in square centimetres per gram, or square 
-. ,metres per kilogram. 

52 ,' 12 This test method provides, in general, relative 
-7 than absolute fineness values. For the complete 

description of the apparatus and the procedures for use, refer 
to Test Method C 204. 

19.2 Precision and Bias: 
192.1 Although precision for the test method for fineness 

of portland cement by air permeability apparatus has been 
reponed in Test Method C204, the precision of this test 
method has not been determined for pulverized lime and 
hydrated lime. When sufficient data has been obtained and 
andyed, a statement of precision will be provided. In the 
meantime users of this test method are advised to develop 
their oap. 

. 

, 

2 - 

20. Dry Screening of Hydrated Lime, Pulverized Quicklime, 
and Limestone by Air Jet Sieving 

20.1 Significance and Use: 
20.1.1 This test method uses a rotating slit nozzle to 

Supply a meam of air directed at the backside of a test sieve, 
keeping the screen from "blinding" The aerated material is 
then pulled back through the sieve by a vacuum scyrce. 

20.12 The advantages of dry screening by air jet sieving 
are tapfold The material W i g  tested is less likely to "blind" 
the scnen because of the resuning counterflow of an air 
Sream to the back of the sieve. Also, dry screening avoids the 
error introduced by the interaction of the test material with 
mluble liquid media 

1-13 This test method is suitable for screening material 
J a nominal 300 pm (50 mesh) in size to 20 pm (635 

meshr 
NOTE 12-Btinding of the SCVCS at various sizes dwnding  

os thtmaxaiakking simd Exprimcc has shown 45 pm (325 mesh) 

o be the lower limit with some hydratts. Other hydrates and pulverized 
luicklime may be sieved to 32 pn (450 mesh). Limestone can be sieved 
o 20 pm (635 mesh). 

20.2 Appararirs: 
20.2. I A n  Enclosed Device, capable of creating a vacuum 

3n the backside of a sieve causing a rotating slit nozzle to 
supply an air stream perpendicular to the bottom of the 
sieve. The purpose is to suspend all material on the sieve by 
the air stream on a rotating basis.'* 

20.2.2 Balance, suitable for weighing accurately to 0.01 g. 
NOTE 13-Seleaion of balance with regard to accuracy is dependent 

on the sample sire chosen and residue retained and must be consistent 
with the accuracy required. Therefore, a balance weighing accurately IO 
0.001 g may be d a d  

20.2.3 Brush, soft bristle. 
20.2.4 Sieve Cover-.A hard-plastic transparent cover used 

to create a vacuum on the sieve. 
20.2.5 Test Sieves-The sieves shall be constructed using 

a woven wire, either brass or stainless steel, mounted on a 
substantial frame. Electroformed sieves should not be used 
because blinding and cleaning problems make them imprac- 
tical to use. The sieves shall be approximately 8-in. in 
diameter and conform to Specification E 1 1 .  A flexible collar 
must be used to ensure an air tight fit between the sieve and 
the device. 

20.3 Procedure: 
20.3.1 After placing the appropriate sieve into position, 

weigh (to the nearest 0.01 g) a sample of the test material and 
place it on the sieve. 

NOTE 14-The amount of sample and duration of sieving 
dependent upon the type of material and gradation and therefore should 
bc adapted IO individual conditions. Generally, the larger the sample 
size. the mort ~prrxntat ive  of the material tmd and the lest 
significant arc errors of technique, therefore, the mults arc the more 
exact Sample weights can vary from 20 g for material finer than 40 pm 
up to 50 g for larger, heaiier materials. 

, I 

20.3.2 Place cover on sieve, set timer to 6 min and start 
vacuum (maintain vacuum according to manufacturer's 
recommendation). Any material clinging to the cover or edge 
of the sieve can be removed by light tapping with a mallet or 
similar device (see Note 14). If agglomerations form, they 
can be broken apart with a soft bristle brush. 

0 
NOTE 15-Static electrical charges can often develop on the cover (if 

it is made of plastic) causing it to hold a heavy film of the material being 
sieved. If tapping will not loosen the material, a static face ~ h e t t ~ ~  may 
be used to wipe the cover surfaa before starting the test 

20.3.3 After screening, clean the sieve with a fine bristle 
brush being careful not to damage the mesh and then weigh 
the residue to the nearest 0.01 g 

r 

20.4 Calculation: 
20.4.1 Calculate percent passing as follows: 

[(S - R)/S] x I00 = percent passing 

f 

'*The apparatus describes commcrciaUy available uniu sold by tbe Alpine 
American thporation of Natick. Maoacbuctis Al~ougb the description of tbe 

is dimted loarard this commercially available equipment. it d o a  not 
m cbc IXZ of otbn cpuivalent equipmeot which may k available or may bc 

'amaructai. .I long m it follow tbe g a d  principle3 out l id  under lhc 
wnmuyofthirtMlwtbod. ' 

I9 . ny .nikMr. 
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-4% c 
where: 
S = sample weight, g. and 
R =. weight of sieve residue, g. 

20.5 Precision and Bias: 
20.5.1 There are as yet insufficient analyzed data to 

permit preparation of a precision-and bias statement for this 
test method. 

> 

21. 'Limestone Grindability Determination by the Labora- 
tory Ball Mill Method 

21.1 Scope: 
21.1.1 This test method is used to determine the relative 

grindability or ease of pulverization of limestones of differing 
hardness and to report this as a grindability index. 

21.1.2 This test method is applicable to all types of 
limestone. 

21.2 Summary of Test Method: 
2 1.2. I cLimestone of a specified size range is wet ground in 

a ball mill therei'n receiving a specified amount of grinding 
energy. The amount of minus 75ym (200-mesh) limestone 
produced is measured by wet sieving and reported as the 
percent passing 75-pm (200-mesh) after 5000 revolutions. 
This is the grindability index. 

2 1.3 Significance and Use: 
21.3.1 This test method is useful for comparison and 

acceptance testing of limestone for applications where fine 
ground limestone is desired. 

21.4 Apparatus: 
2 1.4.1 Jar 
21.4.2 Mill Jar,2' ceramic 14 cm (5% in.) diameter by 

17.2 cm (6% in.) high. 
21.4.3 Grinding Media, 160 f 1 g total, consisting of 

seven ceramic 21 by 21 mm ('%6 by 13/16 in.) cylindrical 
grinding media22 (about 23 g each). 

21.4.4 The sieves used shall conform to the requirements 
of Specification E 11. 

2 1.4.5 Weights and weighmg devices, shall conform to the 
requirements of Specification C 1005. 

2 1.4.6 Drying Oven, capable of maintaining 1oo'C. 
21.4.7 A Chipmunk Crusher:3 capable of breaking large 

21.4.8 Rifle Sample Spliner,24 open pan, 12.7 mm (I12 

operated at 1 10 f 10 r/min. 

( 

rocks to less than 6.35 mm (114 in.). 

=US. Ston- No. 753-RM rotating mill. or equivalent. has been found 

z ' U S .  Ston- mill jar N a  774-Boo, or equivalent, has betn found 

21 US. Stoneware burundum W I ~  in. grinding media. or equivalent bas been 

2' BiatBraun Crusher (jaw. chipmunk) Modd No. 241-34, or q u i d e n t  has 

24Cunis Maleson ScitntSic Modcl No. 095-851. or equivalent bas been 

satisfaclory for lh is purport. 

satisfactory for this purpou. 

found satisfactory for this purpose. 

becn found satisfactory for this purpooc 

found satisfactory for this ~urposc 

' 
- 

10 

n.) chute width. 
2 1 A.9 Stopwarch. 
2 1.5 Reagents and Alalerials: 
2 1.5.1 Milling Solution, a 0.1 % solution of acrylate based 

dispersant.?' The dispersant chosen should not increase the 
solubility of limestone in water.26 

\ 

2 1.6 Sampling: 
2 1.6.1 Sample in accordance with Practice D 75. . . 

21.6.2 Reduce the sample in accordance with Practice 
C 702 and prepare by sieving out the material that passes a 
850ym (No. 20) sievs' and is retained on a 425-pm (No. 
40) sieve.27 

2 1.7 Procedure: 
2 1.7.1 Weigh seven grinding media, make adjustments 

(by substitutions or filing) to bring total weight to 160 g k 1 
g- 

21.7.2 If the jar mill has provision for automatic shut-off. 
set it for 5000 revolutions, otherwise determine the mill 
r/min by counting the revolutions in an accurately timed 
period (using stopwatch) and then calculate the exact time 
required for 5000 revolutions. 

21.7.3 Weigh out 20 k 0.01 g of dried 20 by 40 mesh 
limestone. Record actual weight as W1. 

21.7.4 Add 180 mL of milling solution to clean and 
empty mill jar. 

21.7.5 Add the seven grinding media and quantihtively 
transfer the limestone sample to the mill jar and secure the 
top. 

2 1.7.6 Place the mill jar on the mill rollers and operate the 
mill for the exact time required to make 5000 revolutions. 

21.7.7 Quantitatively transfer the limestone slurry from 
the jar mill by rinsing the entire contents onto a coarse sieve 
(for example, 3.35 mm (No. 6)) and an underlying 75-pm 
(No. 200) sieve. Rinse the media and coarse sieve Snd 
separate the sieves. 

2 1.7.8 Wet sieve the sample remaining on the 75ym (No. 
200) sieve to remove the finer material. 

21.7.9 Dry and weigh the residue from the 75-pm (No. 
200) sieve and record as WZ (to the nearest 0.01 g). 

2 1.8 Calculation: 
2 1.8.1 Calculate the grindability index (GI) as follows: 

2 1.9 Precision and Bias: 
21.9.1 The precision and bias of this test method h& not 

been determined at this time. 

~ 

GI=(WI - U?)/U'l x 100 

2' Alcospau 149 from Alco Cbcmical Corp.. or equivalent has been found 

26 Disilled or deionized warn sbould k used for milling solution or solubilit) 

2' US. Standard Sieves 6.20.40 and 200 mesh k, 20.3 cm (8 in.) diamevl 

satisfactory for rhrr purpose. 

teN 

by 5 cm (2 in.) dep@ with nainko el wire doth. 
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Standard Specification for 
Portland Cement‘ 

T k  SUndard k issued under tbe fkbd daignadon C IS& tbc number imm&uly follouing tbe designation indicala lbc )+u of 
original adoption or, in h e  case of revision. &e y& of lacl revidon. A number in pafcnlhcvs indicata h e  year of lan rapprod .  A 
SUupeECfipt c p o n  (t) ind ia la  an editorial change s i n e  the lacl rrvision or rtapprod. 

This standard has been approved for use by agencies of the Depanmenl of Defense. Connrlr rhe DoD Index Of Spe~i/icOtiotU nnd 
Srandord5 /or the specijic yew of issue which has been adopfed by fhr Depnnmm of Dejemr. 

1. Scope 
1.1 This specification covers eight types of portland ce- 

ment, as follows (see Note): 
1.1.1 Type I-For use when the special properties speci- 

fied for any other type are not required. 
1.1.2 Type IA-Airentraining cement for the same uses 

as Type I, where &-entrainment is desired. 
1.1.3 Type If-For general use, more especially when 

moderate sulfate resistance or moderate heat of hydration is 
desired. 

1.1.4 Type IIA-Airentraining cement for the same uses 
as Type 11, where airentrainment is desired. 

1.1.5 Type Iff-For use when high early strength is 
desired. 

1. I .6 Type IIIA-Air-entraining cement for the same use 
as Type 111, where airentrainment is desired. 

1.1.7 Type I V-For use when a low heat of hydration k 
desired. 

1.1.8 Type V-For use when high sulfate resistance is 
desired. 

1.2 The values stated in inch-pound units are to be 
regard& as the standard. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 33 Specification for Concrete Aggregates* 
C 109 Test Method for Compressive Strength of Hydraulic 

Cement Mortars (Using 2-in. or SO-mm Cube 
Specimens)) 

C 114 Test Methods for Chemical Analysis of Hydraulic 
Cement) 

C 115 Test Method for Fineness of Portland Cement by 
the Turbidimete9 

C IS I Test Method for Autoclave Expansion of Portland 
Cement3 

c 183 F’ractice for Sampling and the Amount of Testing of 
Hydraulic Cement) 

C 185 Test Method.for Air Content of Hydraulic Cement 
M o d  

C 186 Test Method for Heat of Hydration of Hydraulic 
Cement) 

.A 

C 191 Test Method for Time of Setting of Hydraulic 
Cement by Vicat Needle3 

C 204 Test Method for Fineness of Portland Cement by 
Air Permeability Apparatus’ . 

C 226 Specification for Air-Entraining Additions for Ux 
in the Manufacture of Air-Entraining Portland Cement’ 

C266 Test Method for Time of Setting of Hydraulic 
Cement Paste by Gillmore Needles) 

C451 Test Method for k l y  Smening of Portland 
Cement (Paste Method)) 

C452 Test Method for Potential Expansion of Portland 
Cement M o m  Exposed to SulfatG 

C 465 Specification for Processing Additions for Use in the 
Manufacture of Hydraulic Cements) 

C563 Test Method for Optimum SO3 in Portland 
Cement3 

C 1038 Test Method for Expansion of Portland Cement 
Mortar Ban Stored in Wate9 

3. Terminology 
3.1 Dejnitions: 
3.1.1 ponland cement-a hydraulic cement produced by 

pulverizing clinker consisting essentially of hydraulic cal- 
cium silicates, usually containing one or more of the forms 
of calcium sulfate as an interground addition. 

3.1.2 air-entraining ponland cement-a hydraulic Cement 
produced by pulverizing clinker consisting essentially of 
hydraulic calcium silicates, usually containing one or more 
of the forms of calcium sulfate as an interground addition, 
and with which there has been interground an airentraining 
addition. 

4. Ordering Information 

include the following: 
4.1 Orders for material under this specification shall 

4.1.1 This specification number and date, 
4.1.2 Type or types allowable. If no type is specified, Type 

I shall be supplied, 
4.1.3 Any optional chemical requirements &om Table 2, 

if desired, 
4.1.4 Type of setting-time test required, Vicat or 

Gillmore. If not specified, the Vicat shall be used, 
4.1.5 Any optional physical requirements from Table 4, if 

desired. 
N m A t t c n t i o n  is called to the fact that aments conforming to the 

nquircments for all types may not be carried in stock in u n n ~  uear In 
advana of spaifying tbe use of other than Type I cement, it should be 
determined whether tbe proposcd type of a m a t  is or a n  k made 
available. 

- 



TABLE 1 Standard Chemical Requiremenu 
I and IA II and IIA 111 and lllA N V cement Type' 

S k r m  dioxide (SO,). min. x 
Aluminum oxide (40,). max. x 
Fenic oxide (Fe20,). max. x 
Magnesium oxide (MgO). max. X 
Sulfur trioxide (SO,). 8 max. x 

When (C,A)C is 8 x or less 
When (C,A)C is m e  than 8 x 

Loss on ignition. m a .  X 
Insoluble residue. max, % . . .  Tocalcium silicate (C,S)C rnax. % ... ... . . .  3 5 6  
D~calcium s i r i t e  (C2S)C min. % ... . . .  ... 40 E 
T w l a u m  aluminate (C# max. t . . .  8 15 7' 5 f  

. . .  

... ... 25 l e t r a w u r n  aluminofenite plus twice the tricakiurn aluminatec (C.AF + 2(C@)). . . .  ... 
or Mid SOMion (C,AF + C&. as applicable. max. X 

m e  are Cases where optimWn SO3 (using Test Memod C 563) for a parijcular cement is dose lo or in excess Of the Limit in this s w t i O n .  In wd, 
See Note. 

where 
poperties of a m t  can be improved by exceeding the SO, t i m i  stated in this table. it is pmnwbk to exceed the values m the tabie. pwided it has been 
aemOnStrated by Test Method C 1038 that cement with the inaeased SO1 will not develop ex- in water e x d i n g  0 . ~ 0  X at 14 days. when the - U k t U f e r  

supplies CBment under this provision. he shan. upon request. suppry suppxtmg data to the purchaser. 
The expressing of c t t e ~  rimitations by means oi cataJIatecj assumed cornpaads does not neces~ardy mean that the oxides are a- or en* present as such 

awnpounbs. 
when expressing cornpoun6s. C = CaO. S = SOa. A = 40,. F = Fe203. For e w w k .  C$ = -0.&03. 
f i M  dioxide and phosphorus pentoxide ria and P,Od shan be induded with the A&03 content. The value histaicab and traditionalty used tor 40, in calculating 

PocedWe indudes as AI,O, me TO2, P,O, and 0- trace oxides which peciptate with the ammonium hydroxide gmrrp in the dassicaI wet fwtfmds. Many 
modem instnnnental methods of cement W ~ Q S  determine aluminum OT aluminum oxide diu- withan the minor and trace oxides induded by the dasica! mew 
m~eq~en%. for consistency and to p r o m  m p a r * t i i  with historic data and among v- wd m-, m, .-m p o t m a  W P O U ~ ~ S  '0 . 
SPedfmtiOn purposes. moSe using methods determine AI or AI,O, directly should add to the determined 40, m h t  qumtmes Of P2O5. and W 0-r OX& , 

except Fe,O, which w d  predptate the analyzed by the dasw method and whid, is WeSent in an amount of 0.05 weight X u  i 
greater. The weight percent of minor or trace oxides to be added to AI& by those using direct methods may be obtained by actual 
beins lasted or estimated from hist- data estimated values are iden- as such. 

ratio of percenws of aluminum oxide to ferric oxide is 0.64 or more. the percentages of m u m  grate. dcakium g a t e .  m a t e .  and ~ 

tetracak5um aluminofenite shan be a t e d  from me cmnical analysis as follows: 

(2.867 x X SiOd - (0.7544 x X C,S) 

Potential Comparnds for Specificatial purposes is the ammQlium hydroxide group m W r ~  fenic oXic)e (R20J - F+OJ Bs Obtained by dassw Wt methods. This 

hydroxide group 
Of those 0- in Sam* 

oxides on cements from the same source. vovided that 
when 

T ~ b k k n n  s i i t e  = (4.071 x x CaO) - (7.600 x x si09 - (6.718 x x 403 - (1.430 x X FqOJ - (2.852 X 0 So3 
Dicaldum t i l i t e  
T W m  Wluminete (2.650 X t 403 - (1.692 X X F+OJ 
Tetrac4llcium aluminofenite = 3.043 x x F ~ O ,  ! 

SOM solution and. : the ahrmina-(enic Oxide ratio is kss than 0.64. a calcium lrluminofenite Mi solution (expressed as 5s(c,AF + Go) is fmned. Contents Of 
of trkakhn t i l i t e  shall be crtlculated by the following fomndas: 

SS(C& + &F) (2.100 X X 403 + (1.702 x X F e O 3  
Tncakiran s i l i t e  = (4.071 x x CaO) - (7.600 x % S i d  - (4.479 x f - (2.859 x X F+OJ - (2.852 X X Sod. 
N o  bicalciwn aluminate wiE be present in cements of thisannpmtm ' .  . m u m  silicate shall be cakulated as prenarJy shown. 
In the caladation of a0 comparnds the oxides deterrnined to the w e s t  0.1 X shan be used. 
An values calculated as desa%ed in this note sha! be repotted to the nearest 1 X .  

'Does not ap@y when the heat of hydration limit hl Table 4 is specilid. 
FDoes not apply when the sulfate resistanca limit in T a M  4 is speahed. 

Not applbbk. 

5. Additions 
5.1 The cement covered by this specification shall contain 

no addition except as follows: 
5.1.1 Water or calcium sulfate, or both, may be added in 

amounts such that the limits shown in Table 1 for sulfur 
trioxide and loss-on-ignition shall not be exceeded. 

5.1.2 At the option of the manufacturer, processing addi- 
tions may be used in the manufacture of the cement, 
provided such materials in the amounts used have been 
shown to meet the requirements of Specification C 465. 

5.1.3 Air-entraining portland cement shall contain an 
interground addition conforming to the requirements of 
Specification C 226. 

6 .  Chemical Composition 
6.1 Portland cement of eich of the eight types shown in 

Section 1 shall pnform to the respective standard chemical 
requirements p r e s c r i i  in Table 1. In addition,. optional 
chemical pquiremcnts are shown in Table 2. 

OUGL.25 

... . . .  . . .  20.0 ... 
... 6.0 

6.0 ... 6.5 . . .  
6.0 6.0 6.0 6.0 6.0 

3.0 3.0 3.5 2.3 2.3 

3.0 3.0 3.0 2.5 3.0 
0.75 0.75 0.75 0.75 0.75 

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

3.5 0 4.5 0 0 

7. Physical Properties 
7.1 Portland cement of each of the eight types shown in 

Section 1 shall conform to the respective standard physical 
requirements prescribed in Table 3. In addition, optional 
physical requirements are shown in Table 4. 

8. Sampling 
8.1 When the purchaser d e s k  that the cement 

sampled and tested to verify compliance with this specifio 
tion, sampling and testing should be performed in accOI- 
dance with Practice C 183. 

8.2 Practice C 183 is not designed for manufactunn.! 
quality control and are not required for manufacturers 
certification. 

9. Test Methods 
~ 9.1 Determine the applicable properties enumerated is 
this specification in accordance with the following td 
methods: 

9.1.1 Air Contenr of Mortar-Test Method C 185. 

IX-2 1 
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TABLE 2 OptioMl Chemical Requirements" 
land nand ni N V Remarlu LA IIA lllA Cemsnt Typs 

~ d l i m  slwninete (WAD max. % ... ... 8 ... ... fa moderate stitfate resata~a 
T d u m  aluminate (C,A). max. % ... ... 5 ... ... for hgh sulfate resisuvra 
sum of tricaldum silicate and oicaldum ... 58c ... ... ... for modereta heat of hyYatim 

mdit (Ne20 + 0.65&0).  ma^. % 0.600 0.60 0.600 0.60 0.600  cement 
&Illinate,' max. % 

A These optimal reqbirements apply only if specjfrcaey requested. AvaiLWity ShUM be verified. See note in SeCUon 4. 
e  he expressingofdwmidtimitalions by means of ccllcubted essumedaunpcurdsdoe n0t-mee.n thnt the oxidesare aaualtyorentirely presem as su( 

when expressing corn-. C = -0. S - sio,. A - 40,. F - F%O, Fa e = W e .  
ntanium dioxide and p h o s $ u ~  pentoxide (TO, and P,o,) sha~I be induded wim the 40, a n t e n l  The value histomally and t r a d i  used for N,O, in ca!danr 

potential Campounds for speCmCatbn purposes is the ammonium hydroxide Brarp mknn fenic OW (R,O, - Fa03 as Obtained by d a s w  wet chemkal meth~ds. Tti 
p t d u r e  indudes as 40, the TO,. P,O, end other tram oxides which predpitate with the Bmmonarm hydroxide grwp in the d a w  wet M i c a l  memods. Mar 
rodern instrumentel m e W s  of cement analysis determine aluminum or atuminum oxide diecLty withart the minor and trace oxides Muded by the chsical metha 
WsequenUy. for consistency and to provide m p a r a ~ i t y  with histaic dam and among Varous 8naIytW methods. when calcldating potential comparnds k 

except FaO, which WaQd precipitate with the BmmoIlium hybxide group when mfdyzed by the dassies) method and which is present in an amount of 0.05 weight % c 
greater. The weght percent of minor or trace oxides to be edded to 40, by those direct methods m y  be obtained by actual analysis of those oxides in me samp: 

When the ratio of penenmges of aluminum oxide to ferric oxide is 0.64 or more. the pertsitages of bidcium silicate. d i m  silicate. tfkak5um aluminate an 
retradcium aluminofenite s b 0  be calculated from the ctmmkal enalyss as follows: 

mnpamds. - 3CdO-40,. 

5-M paposeS. mWe using methods detemdne AI Q 40, dhCUy S h O M  Bdd to detsrmined 40, Weight quantities of'PZ0,. TO, and any OW 0xiC 

tested or estimated from historical date on those oxides m cements from the same XMDB. prh3ed that the estimated values am identjiied as such. 

Tncakium s i t e  - (4.071 x % CaO) - (7.600 x x SiOd - (6.718 x % 
Dicskjun skate = (2.867 x % Si03 - (0.7544 x x C$) 
TtWriufn Juminete - (2.650 x x 404  - (I .692 x x F%OJ 
Tetracak5um ahnihmfenite - 3.043 x X F%O, 

- (1.430 x f F%OJ - (2.852 x % SO,) 

When the alumina-fenic oxide ratio is bss than 0.64. a &wn aluminofenite soli sO(vti0n (expreJsed as ss (CJF + C#)) is formed. contents of this sold dution anc 
ot trka!ciumsiiiceteshaMbecalcrdated bythefdlowngfomndas: 

No triceldum aluminate Wm be premt h camnts of mis mnposmn " . Dicakium siliceteshallbecaladatedasp&slyshown. 

WCJF + C a  (2.100 X % 404 + (1.702 x X F%OJ 
TtWriufn silkate - (4.071 x % CaO) - (7.600 x x SiOd - (4.479 x I 403 - (2.859 x X F%O,) - (2.852 x % SOJ. 

In the cakxIationof an canpounds me oxides detetmined to the nearest 0.1 x shas be used. 
AB V W s c a k u i a t e d  asdesuibdin this note sha! be m e d  to Um neerest 1 X. 
"The optioocil lLnit for heat of hydration in Table 4 shaa not be requested when tnsoptionsl brrit is feqwstd. 
'This runit may be specified me cement is to be used inconaete with aggregates that m y  be deletemusty reactive. Referena, shadd be made to specmcation 

c33 for suitableaiteriaofdeleteriars mctivny. 

9.1.2 Chemical Analysis-Test Methods C 1 14. 
9.1.3 Strength-Test Method C 109. 
9.1.4 False Set-Test Method C 45 1. 
9.1.5 Fineness by Air Permeability-Test Method C 204. 
9.1.6 Fineness by Turbidimeter-Test Method C 1 15. 

'9.1.7 Heat ofllydrurion-Test Method C 186. 
. 9.1.8 Autoclave Expansion-Test Method C 151. 
' . 9 .  I .9 Time of Setting by Gillmore Needles-Test Method 

C 266. 
9.1.10 Time of Setting by Vicar Needles-Test Method 

C 191. 
9.1.1 I Sul/afe Resisrance-Test Method C 452 (sulfate 

expansion). 
9.1.12 Calcium Sulfate (expansion on Monar-Test 

Method C 1038. 
9.1.13 Optimum SOrTest Method C 563. 

10. Inspection 
10.1 Inspection of the material shall be made as agreed 

upon by the purchaser and the seller as part of the purchase 
contract. 

11. Rejection 
1 1.1 The cement may be rejected if it fails to meet any of 

the requirements of this specification. 
1 I .2 Cement remaining in bulk storage at the mill, pnor 

10 shipment, for more than 6 months, or cement in bags in 
local storage in the hands of a vendor for more than 3 
months, after completion of tests, may be retested before use 
and may be rejected if it fails to ~ n f o m  to any of the 

requirements of this specification. 
11.3 Packages shall identify the weight as net weight. 

Packages more than 2 95 below the weight marked thereon 
may be rejected; and if the average weight of packages in any 
shipment, as shown by weighing 50 packages taken at 
random, is less than that marked on the packages, the entire 
shipment may be rejected. 

12. Manufacturer's Statement 
12.1 At the request of the purchaser, the manufacturer 

shall state in writing the nature, amount, and identity of the 
air-entraining agent used, and of any processing addition 
that may have been used, and also, if requested, shall supply 
test data showing compliance of such air-entraining addition 
with the provisions of Specification C 226, and of any such 
procesSing addition with Specification C 465. 

13. Packaging and Package Marking 
13.1 When the cement is delivered in packages, the words 

"Portland Cement," the type of cement, the name and brand 
of the manufacturer, and the weight of the cement contained 
therein shall be plainly marked on each package. When the 
cement is an airentraining type, the words 'airentraining" 
shall be plainly marked on each package. Similar informa- 
tion shall be provided in the shipping documents accompa- 
nying the shipment of packaged AX bulk cement. Au 
packages shall be in good condition at the time of inspec- 
tion. 
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TABLE 3 Standard Physical Requirement0 
IA II IIA 111 llIA N V Cement Type" I 

k r  content ol mutar.' volume a: 
max 
mm 

F~neness.~ Specmc surface. mz/kg (altemabve methods): 
Turbidmeter test, mn 
kr penneab~lity test, mm 

Autoaave elrpanwon. max. x 
Strength, not less than the values shown far the ages 
lndtcated bebw: 

 compress^^ strength, psi (MPa): 
1 &Y 

3 days 

7 days 

28 days 

lime of setting (Memative methods): 

Initial set. min. not less man 
Final set. min. not more than 

lime ofsetlinq. min. not less man 

Gillmore rest: 

v a t  test? 

TABLE 4 Optional Physical Requirements. 
Cement Type I IA n IIA 111 lllA N V 

'alse set. Wl penttrabon, mn. x 50 50 50 50 5 0 5 0 5 0  50 
ieat of m b a c  

12 
. . .  

160 
280 
0.80 

... 
1800 
(12.4) 

2800 
(19.3) 

... 

60 
600 

45 
375 

22 
16 

160 
280 
0.80 

... 
1450 
(10.0) 

2250 
(1 5.5) 

. . .  

60 
600 

45 
375 

12 
... 

160 
280 
0.80 

... 

1500 
(10.3) 

(6.9) 
2500 

1700 

'OOO,' 

s 7 a ,  

(11.7)C 
. . .  

60 
600 

45 
375 

22 
16 

160 
280 
0.80 

. . .  

1200 

800 
(5.5) 
2000 
(13.8) 

(9.3) 

(8.3)' 

1350,' 

. . .  

60 
600 

45 
375 

12 
. . .  

. . .  

. . .  
0.80 

1800 
(12.4) 
3500 
(24.1) 

. . .  

... 

60 
600 

45 
375 

22 
16 

... 

. . .  
0.80 

1450 
(10.0) 
2800 
(19.3) 

... 

... 

60 
600 

45 
375 

12 
. . .  

160 
280 
0.80 

... 

. . .  

1000 
(6.9) 

2500 
(17.2) 

60 
600 

45 
375 

12 
... 

160 
280 
0.80 

... 

1200 
(8.3) 

2200 
(1 5.2) 

3Ooo 
(2o.T) 

60 
600 

45 
375 

4. Storage 15. Manufacturer's Certification 
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16t.J 
280 
0.80 

. . .  

1200 
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2200 
(15.2) 

3Ooo 
. (20.7) 
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ents Of me 
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This standard is subject to revision at any time b y  the responsible technical cummitree and m a t  be reviewed every f i e  y e e n  end 
ilnol revised, enhw reapproved 01 wrthdrawn. Your comments are invited either for revision dthis standard or fa additional standards 
and should be eddressed to ASTM Heedqvarten. Your CQmmentS win receive careful considerarim at a meeting of the responsim 
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Designation: D 420 - 87 

Standard Guide for 
Investigating and Sampling Soil and' Rock' 

f 

This standard is issued under the rued designation D 420. the ournbcr imm'ediauly following the designation indicate the yar of 
original adoption or. in the case of rcvisioo. the year of kn rcvisioo. A number in paentheses indicate l e  year of kn ~appr0v;rl. A 
superUript epsilon (c)  indicates an editorial change s i n e  tbc Ian revidon or reapproval. 

INTRODUCTION 

Investigation, sampling, and identification of subsurface materials involve complex techniques 
accomplished by many different procedures and interpretations. These are frequently site specific 
and are influenced by geological and geographical conditions; purpose of the investigation; design 
requirements; and the background, training, and experience of the investigator. 
This guide for soil, rock, and ground water investigation and sampling, based on standard 

procedures, will lessen inconsistency and will encourage rational methods of site evaluation. An 
acceptable and consistent investigation and sampling program will help to determine the influence 
of geologic and geographic environment on subsurface conditions. 

' 
~ 

1. Scope 
1.1 This guide identifies recognized methods by which 

soil, rock, and ground water conditions may be determined. 
The objective of the investigation should be to identify and 
locate, both horizontally and vertically, significant soil and 
rock types and ground water conditions present within a 
given site area and to establish the characteristics of the 
subsurface materials by sampling and in situ testing. Labora- 
tory testing of soil and rock samples is governed by other 
ASTh4 standards. 

C 294 Descriptive Nomenclature of Constituents of Kat- 
ural Mineral Aggregates3 
851 Practice for Estimating Scratch Hardness Of coarse 
Aggregate Particles3 1 

D75 Practice for Sampling AkVP@& 
D 653 Terminology Relating to SO& Rock, and Contained 

D 1194 Test Method for Bearing Capacity of Soil for Static 

D 1452 Practice for Soil Investigation and Sampling by 

D 1586 Method for Penetration Test and Split-Barrel 

D 1587 Practice for Thin-Walled Tube Sampling of Soil? 
D2113 Practice for Diamond Core Drilling for Site 

D2487 Test Method for Classifcation of Soils for Engi- 

' Fluids2 

Load on Spread Footing? 

. 1.2 Key Words: Auger Bonn& 
I .2. I Site Investigations (see Practice D 3584): 
WF Reconnaissance Surveys 

Subsurface Investigations 
Geological Investigations 
Field Investigations 

Feasibility Studies neering Purposes2 

Foundation Investigations 
Geophysical Investigation 

Sampling of Soils' 

Investigation' 
BT Explorations 

NT Hydrologic Investigations 1 D 2488 Practice for Description and Identifcation of Soils 
(Visual-Manual P roced~~) '  

D2573 Test Method for Field Vane Shear Test in Cohe- 
sive Soil2 

D2607 Classification of Pea6 Mosses, Humus, and Re- 
lated product? 

D2937 Test Method for Density of Soil In Place by the 
DriveCylinder Method' regarded as the standard. D3282 Practice for Classification of Soils and Soil-Ag- 
gregate Mixtures for Highway Construction Purpose? 

D 3385 Test Method for Infiltration Rate of Soils in field 2. Referenced Documents 

2.1 ASTM Standards: Using Double-Ring Infiltrometers' 
C 1 19 Definitions of Terms Relating to Dimension D 3397 Methods for Triaxial Classification of Base Mate- 

rials, Soils, and Soil Mixtures4 
D 3441 Test Method for Deep, QuasiStatic, Cone and 

Friction-Cone Penetration Tests of Soil' 

RT Soil Surveys 

Preliminary Investigations 
Sampling 

r' Maps 

1.3 The values stated in inch-pound units are to be 

Stone' 
, 

Thu srudc h uada tk juridKtloo of AsM Cornmince D18 on sai) .ad 
Rock and u the dura rrsponntnlity of Subcommntz D18.01 on Surface and 
SuhaufacrRaaY0nuzr;laac 

CufrmI edillon qqmwd Aug 19. 1987. Published ocrobn 1987. w y  
plbluhcduD420-65T.  LaaprrnowebuonD420-69(1979)". ' A m d  Book dAS73f  Sl&&. Vol04.08. 

D 3550 Practice for fing-Lned -1 Sampling of So& 

A n n d  Bcdc ofASTM Stnwhv&. Vol04.02. 
'Annual Bmk 4/As7;cI SI&& Vol04.03. 
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D3584 Practice for lndexing Papers and Reports on Soil 
and Rock for Engineering P u r p o d  

D 3740 Practice, for the Evaluation of Agencies Engaged in 
the Testing and/or Inspection of Soil and Rock as Used 
in Engineering Design and Construction' 

D4083 Practice for Description of Frozen Soils (Visual- 
Manual Procedure)2 

D4220 Practices for Preserving and Transporting Soil 
Samples2 

D4427 Classification of Peat Samples by Laboratory 
Testing 

G 5 1 Test Method for pH of Soil for Use in Corrosion 
Testing2 

GS7 Method for Field Measurement of Soil Resistivity 
Using the Wenner Four-Electrode Method' 

3. Significance and Use 

tion provides pertinent information for decision making on 
one or more of the following subjects: 

3.1.1 Location of the proposed constnrction both verti- 
cally and horizontally. 

3.1.2 Location and preliminary evaluation of suitable 
borrow and other local sources of construction material. 

3.1.3 Need for special excavating and dewatering tech- 
niques. 

3.1.4 Investigations of slope stability in natural slopes, 
cuts, and embankments. 

3.1.5 Conceptual selection of embankment types, founda- 
tions for structures, and hydraulic barrier requirements. 

3.1.6 Ground water resource planning and development 
of detailed investigations. 

3.1.7 Identification of ground water contamination and 
development of detailed monitoring studies. 

3.1.8 Development of additional detailed subsurface in- 
vestigations for specific structuures or facilities 

3.2 A subsurface soil, rock, and ground water investiga- 
tion should provide sufficiently large soil and rock samples of 
such quality as to allow adequate testing to determine the soil 
or rock classification or mineralogic type, or both, and the 
engineering properties pertinent to the proposed design. 

3.3 This guide is not meant to be an inflexible description 
of investigation requirements; other 'techniques may be 
applied as appropriate. 

4. Apparatus 
4.1 The type of equipment required for a subsurface 

investigation depends upon various factors including the 
typC of subsurface material, the depth of exploration, the 
nature of the terrain, and the intended use of the data. 

4.2 Hand Augers, Hole Diggers, Shovels, and b h  Tube 
hnplers,  suitable for exploration of surficial soils to depths 
of3 to 9 ft (1 to 3 m). 

4.3 Earlh Excavation Equipment, such as backhoes, 
bghnes, and drilled pier augers (screw or bucket) to allow 

Situ examination of soil deposits and sampling of mate- 
rials containing very large particles 

5. Techniques 

> 3.1 An adequate soil, rock, and ground water investiga- 

-5.1 ,Geophysical or remote sensing techniques may be 
used for mapping of the a r d  extent of geological formations 

and for evaluating variations in soil and rock properk .  
5.1.1 Satellite and aircraft spectral mapping tools, such as 

LANDSAT, may be used to find and map the areal extent of 
subsurface materials and geologic structure. Interpretation of 
aircraft photographs and satellite imagery may locate and 
identify significant geologic features that may be indicative 
of faults and fractures. Some ground control# is generally 
required to verify information derived from remote sensing 
data. Table 13.8 of Ref. (ly is a useful summary of remote 
sensing capabilities. 

5.1.2 Seismic refraction/reflection and ground penetrating 
radar techniques may be used to map soil horizons and 
depth profiles, water tables, and depth to bedrock in many 
situations, with depth penetration and resolution varying 
with local conditions. Electromagnetic induction, electrical 
resistivity, and induced 'polarization (or complex resistivity) 
techniques may be used to map variations in water content 
and quality, clay horizons, stratification, and depth to 
aquifermdrock. Other geophysical techniques such as 
gravity and magnetic methods may be useful under certain 
specific conditions. Crosshole shear wave velocity measure- 
ments may provide soil and rock parameters for dynamic 
analyses. 

5.4 Currently available ASTM standards on boring and 
sampling are: 

5.4.1 Practice D 1452 on auger boring 
5.4.2 Method D 1586 on standard penetration test. 
5.4.3 Practice D 1587 on thin walled tube sampling. 
5.4.4 Practice D 2 1 13 on diamond core drilling. 
5.4.5 Test Method D 2573 on field vane shear test. 
5.4.6 Test Method D 3385 on double ring infdtrometer. 
5.4.7 Method D 3441 on cone penetration tests. 
5.4.8 Practice D 3550 on ring-lined barrel sampling. 

6. Exploration Plan 
6.1 The project design and performance requirements 

must be established prior to final development of the 
exploration plan. A complete soil, rock, and ground water 
investigation should encompass the following activities: 

6.1.1 Review of available information on the geologic 
history, rock, soil, and ground water conditions occurring at 
the proposed location and in the immediate vicinity of the 
site. 

6.1.2 Interpretation of air-photo and other remote sensing 
data 

6.1.3 Field reconnaissance for identification of surficial 
geologic conditions, mapping of stratigraphic exposures and 
outcrops, and examination of the performance of existing 
structures. 

6.1.4 On site investigation of the surface and subsurface 
materials by geophysical surveys, borings, or test pits. 

6.1.5 Recovery of representative disturbed samples for 
laboratory classification tests of soil, rock, and local con- 
struction material. These should be supplemented by undis- 
turbed specimens suitable for the determination of those 
engineering properties pertinent to the investigation. 

6.1.6 Determination of the position of the ground water 
table, or water tables if there is perched or artesian ground 

\ 
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water, and of the variability of that position in both short and 
long time frames. 

6.1.7 Determination of the location of suitable foundation 
material, either bedrock or satisfactory load-bearing soils. 

6.1.8 Field identification of soil and rock types with the 
depth of their occurrence and the locations of their structural 
discontinuities. 

6.1.9 Evaluation of the performance of existing installa- 
tions, relative to their foundation material and environment 
in the immediate vicinity'of the proposed site. 

7. Reconnaissance of Project Area 
7.1 Technical data should be reviewed before any field 

program is started. This includes, but is not limited to, 
topographic maps, airphotos, satellite imagery, geologic 
maps, statewide or county soil surveys and mineral resource 
surveys, and engineering soil maps covering the proposed 
p r o j p  area. Reports of subsurface investigations of nearby 
or adjacent projects should be studied. 

NOTE I-While certain of the older maps and rcpons may be 
Obsokte and of limited value in the light of curnnt knowlcdge, a 
comparison of the old with the new will often reveal valuable uncx- 
wed information. 

7.1.1 The United States Geological Survey and the geolog- 
ical surveys of the various states are the principal sources of 
geologic maps and reports on' mineral resources and ground 
water. 

7.1.2 United States Department of Agriculture Soil Con- 
servation Service soil survey reports, where available and of 
recent date, should enable the engineer to estimate the range 
in soil profile characteristics to depths of 5 or 6 A (1 .S or 2 m) 
for each soil mapped. 

NOTE 2-Each soil type has a distinctive soil profile due to age. 
m n t  material. relief, climatic condition, and vegetative cover. These 
propcrtk can assist in idenufying the various soil types each requiring 
Special engineering considerations and treatment Similar enginaring 
soil properties arc often found where similar soil profile charaacristia 
exist. changes in soil properties in adjacent areas often indicate c e g c s  
in parcnt material OI rebef. 

7.2 In areas where descriptive data are limited by inade- 
quate geologic or soils maps, the soil and rock in open cuts in 
the Vicinity of the proposed project should be studied and 
various soil and rock profiles noted. Field notes of such 
studies should include data outlined in 8.4. 

7.3 Where a preliminary map covering the area of the 
project is desired, it can be prepared on maps compiled from 
airphotos showing the ground conditions. The distribution of 
the predominant soil and rock deposits likely to be encoun- 
tered during the investigation may be shown using data 
obtained from geologic maps and limited ground reconnais- 
sance. Experienced airphoto interpreters can deduce much 
subsurface data from a study of black and white, color, and 
infrared photographs because similar soil or rock conditions, 
or both, usually have Similar airphoto patterns in regions of 
similar climate or vegetation. 

7.4 In areas where documentary information is insuff- 
cient, some knowledge of subsurface conditions can be 
obtained 6om land owners and local well drillers and 
construction people. 

NUTE &This preliminary map may be expanded into a detailed 
engineering map by locating all test holes, pits and sampling nations 

8. Determination of Subsurface Conditions 
8.1 Subsurface conditions are positively defined only at 

the individual test pit, hole, boring, or open cut examined. A 
stratigraphic profde can be developed by detailed investiga- 
tions only where determinations of a continuous relationship 
of the depths and locations of various types of soil and rock 
can be made. This phase of the investigation may be 
implemented by plotting logs of soil and rock exposures in 
walls of excavations or cut areas or by plotting logs of the test 
brings. or both, and then interpolating between these logs. 
The spacing of these investigations will depend on the 
geologic complexity of the project area and on the impor- 
tance of soil and rock continuity to the project design. 
Exploration should be deep enough to identify all strata that ~ 

might be significantly a f f t e d  by the proposed use of the site 
and to develop the engineering data required to allow 
analysis of the items listed in Section 3 for each project 

8.2 Geophysical survey methods may be used to supple- 
ment borehole and outcrop data and to interpolate between 
holes. Seismic, ground penetrating radar, and electrical ' 
resistivity methods can be particularly valuable when distina 
differences in the properties of contiguous subsurface mate- 
rial~ are indica& 

8.2. I The seismic refraction method is especially useful in 
determining depth to, or rippability of, rock in locations 
where successively denser strata are encountered. 

8.2.2 The seismic reflection method is useful in delin- 
eating geological units at depths below 10 A (3 m). It is not 
constrained by layers of low seismic velocity _and is especially 
useful in areas of rapid stratigraphic change. 

8.2.3 The electrical resistivity method is similarly useful in 
determining depth to rock and anomalies in the stratigraphic 
profile, in evaluating stratified formations where a denser 
stratum overlies a less dense stratum, and in investigation of 
prospective sand-gravel or other sources of  HOW material 
Resistivity parameters also are required for the design of 
grounding systems and cathodic protection for buried m c -  
nues. 

8.2.4 The ground penetrating ray& method is useful in 
defining soil and rock layers and manmade suuctures in the 
depth range of 1 to 30 A (% to 10 m). 

Nm 4-Geophysical investigations can be a useful guide in deter- 
mining boring or test hole Iocitioos. The interpretation of geophysical 
studies should k verified by brings or test cxcavationr 

8.3 The depth of exploratory brings or test pits for 
roadbeds, airport paving, or vehicle parking areas should be 
to at least 5 A (1.5 m) below the proposed subgrade elevation. 
Special circumStances may increase this depth. brings for 
structures or embankments should extend below the level of 
signiFicant influence of the proposed load as determined by a 
subsurface stress analysis. 

8.3.1 W e n  drainage may be influenced by either per- 
vious water-bearing materials or impervious materials that 
can block internal drainage, brings should extend down 
into these materials sufficiently to determine those engi- 
neering and geologic properties relevant to the project 
design. 



8.3.2 In all borrow areas the borings or test pits should be 
suficient in number and depth to outline the required 
quantities of material meeting the specified quality require- 
ments. 

8.3.3 Where frost penetration must be considered in the 
behavior of soil and rock, borings should extend significantly 
below the depth of maximum frost penetration. 

8.4 Exploration records shall be kept in a systematic 
manner for each project. Such records shall include: 

8.4.1 Description of each site or area investigated. Each 
test hole, boring, test pit, or geophysical test site shall be 
clearly located (horizontally and vertically) with reference to 
some established coordinate system, datum, or permanent 
monument. 

8.4.2 Logs of each test hole, boring, test pit, or cut surface 
exposure in which the field description and location of each 
material encountered is clearly shown either by symbol or 
word description. 

NOTE S-Color photographs of rock cores. soil samples, and exposed 
strata may be of considerable value. Each photograph should include an 
identifying number or symbol, a date, and a scale. 

8.4.3 Identification of all soils based on Practice D 2488, 
Classification D 2607, or Practice D 4083. Identification of 
rock materials based on Definitions of Terms C 119, De- 
scriptive Nomenclature C 294, or Practice C 85 l. Classifica- 
tion of soil materials is djscuyd in Section 10. 

8.4.4 Seepage- and water-bearing zones and piezometric 
elevations found in each test hole, boring, or test pit. 

8.4.5 In situ test results, where required, such as the 
penetration resistance or vane shear tests discussed in 9.3, 

, plate load tests, or other in situ tests for engineering 
properties of soils or rock. 

8.4.6 Percentage of core recovery and rock quality desig- 
nation in core drilling as outlined io 9.3.5. 

8.4.7 Graphical presentation of field and laboratory data 
and its interpretation facilitates comprehensive under- 
standing of subsurface conditions. 

9. Sampling and In Situ Testing 
9.1 Obtain representative samples of each subsurface 

material that is significant to the project design and construc- 
tion. The Site and type of sample required is dependent upon 
the tests to be performed and the percentage of coarse 
particles in the sample. 

NOTE &The sire of disturbed or bulk samples for routine tests may 
vary at the dirrction of the geotcchnical investigator, but the folloWing 
quantities am suggested as suitable for mod materials: (a) vwal 
CkPification-50 to SO0 g (2 oz to 1 lb); (b) Sod constants and pardcle e analysis of non-gxavelly soil-SO0 g to 2.5 kg (1 to 5 lb); (c) Sod 
compaction tests and sieve analysis of gravelly soils-20 to 40 kg (40 to 
80 Ib); (d),Aggrrgatc manufacture or aggrrgdte properties -50 to 
200 kg(lO0 to 400 lb). 

9.2 Accurately identify each sample With the boring, test 
hole, or testpit number and depth below reference ground 
Surface from which it was taken. Place a waterproof identifi- 
Cation tag inside the container, securely close the container, 
Protect it to withstand rough handling, and mark it With 
Droper identification on the outside. Keep samples for 
natural moisture determhation in sealed containen to 
prcvcnt.moisture loss. When drying of samples may af€ect 
ctassification or engineering propertics test results, protect 

, 

them to minimize moisture loss. Practices D4220 address 
the transportation of samples from field to laboratory. 

9.3 Recommended ASTM procedures for in situ sampling 
and testing are as follows: 

9.3.1 Practice D 75 describes the sampling of coarse and 
fine aggregates for the preliminary investigation of a poten- 
tial source of supply. 

9.3.2 Test Method D I194 describes the estimation of the 
bearing capacity of soil in place by means of field loading 
tests. The results can be useful for design of spread footings 
based on static loading conditions. The load test should be 
performed in conjunction with other field tests, generally in 
accordance with Method D 1586 or Method D 3441, to 
allow a determination of the applicability of the results. 

9.3.3 Practice D 1452 describes the use of augers in soil 
investigations and sampling where disturbed soil samples can 
be used. This procedure is also valuable in connection with I 

ground water exploration. Depths of auger investigations are 
limited by ground water conditions, soil characteristics, and 
equipment used. 

9.3.4 Method D 1586 describes a procedure to obtain 
representative soil samples for identification and classifica- 
tion laboratory tests and to measure the resistance of the soil 
to penetration by a standardized sampler. 

9.3.5 Practice D 1587 describes a procedure to recover 
relatively undisturbed soil samples suitable for laboratory " 
testing. 

9.3.6 Practice D 2 113 describes a procedure to recover 
intact samples of rock and certain soils too hard to sample by 
Method D 1586 or Practice D 1587. 

9.3.7 Practice D3550 describes a procedure to recover 
moderately disturbed, representative samples of soil for 
classification testing and in some cases shear or'consolidation 
testing. 

9.3.8 Test Method D 2573 describes a procedure to mea- 
sure the in situ unit shear resistance of cohesive soils by 
rotation of a four-bladed vane in a horizontal plane. 

9.3.9 Test Method D2937 describes a procedure for 
pushing a thin-wall tube 4 to 6 in. (100 to 150 mm) into a 
soil mass to recover a relatively undisturbed sample of 
known volume allowing the measurement of wet or total 
density and natural moisture content. .. 

9.3.10 Test Method D 3385 describes a procedure for field 
measurement of the infiltration rate of soils. Water under a 
constant head is allowed to seep into the top surface of a 
fixed soil area and the volume rate of inflow Into a known 
volume of soil is measured 

9.3.1 1 Method D 344 1 describes the determination of the 
end bearing and side & d o n  components of the resistance to 
penetration of a conical penetrometer into a soil mass. 

9.3.12 Method G 57 describes the measurement of the 
e l d c a l  resistivity of a soil mas. A Wenner four-electrode 

NOTE 7--01hain situ test procedures arc king  prcparcd bym 

, 

configuration is used. _ .  - 

Committee D18. 

10. Classification of Earth Mate& 
10.1 Identify samples of soil and rock after submission to 

the laboratory for identification and classification tests in 
accordance with one or more of the following standards or 
applicable references (2 through ll), or both. 

IX-29 
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10.1.1 Descriptive Nomenclature 294. 
10.1.2 Test Method D 2487. 
10.1.3 Practice D 3282. 
10.1.4 Method D 3397. 
10.1.5 Practice D 2488. 
10.1.6 Practice D 4083. 
10.1.7 Classification D 4427.' 

~ 

11. Subsurface Profile ~ - 
1 1. I Delineate subsurface profiles only from actual 

geophysical, test-hole, test-pit, or cut-surface data. Interpola- 
tion between locations should be made on the basis of 
available geologic knowledge of the area and should be 
clearly identified. The use of geophysical techniques as 
discussed in 8.2 is a valuable aid in such interpolation. 
Geophysical survey data should be identified separately from 
sample data or in situ test data . 

12. Interpretation of Results 
12.1 Interpret the results of an investigation in terms of 

actual findings and make every effort to collect and include 
all field and laboratory data from previous investigations in 
the same area. Extrapolation of data into local areas not 
surveyed and tested should be made only for conceptual 
studies. Such extrapolation can be done only where geologi- 
cally unifo-rm subsurface disposition of soil and rock is 
knowh to exist on the basis of other data. Engineering 
properties of the soil and rock encountered on important 

.- projects should not be predicted solely on field identification 
3r classification but should be verified by laboratory tests 
aade  on samples collected in accordance with W o n  9 or 
by in situ testing, or both. 

12.2 p e  recommendations for design parameters can be 
made o@y by professional engineers or geologists s p e d -  

1 

: 

idng in the field of geotechnical engineering and familiar 
with the purpose, conditions, and requirements of the study. 
Soil mechanics, rock mechanics, and geomorphological con- 
cepts must be combined with a knowledge of geotechnical 
engineering or hydrogeology to make a complete application 
of the results of the soil, rock, and ground water investiga- 
tion. Complete design recommendations may require a more 
detailed study than that - envisioned by this guide. 

13. Report 
13.1 The report of a subsurface investigation shall in- 

elude: . -  
13.1.1 Location of the area investigated in terms pertinent 

to the project. This may include sketch maps or aerial photos 
on which the test pits, bore holes, and sample areas are 
located, as well as geomorphological data relevant to the 
determination of the various soil and rock types. Such data 
includes elevation contours, streambeds, sink holes, cliffs. 
and the like. Where feasible, include in the report a geologic 
map or an agronomic soils map, or both, of the area 
investigated. 

13.1.2 Describe the investlgation procedures and include 
copies of all borings and testhole logs, all laboratory test 
results, and graphical interpretations of the geophysical 
measurements. 

13.1.3 Include cross sections delineating the extent of the 
stratigraphic units and note anomalies or othenvise si@- 
cant conditions. 

13.1.4 Describe and relate the findings obtained under 
Sections 7, 8, and 12, using the subhead titles for the 
respective sections. 

14. Precision and Bih 

precision and bias statement is not applicable. 
14.1 This guide provides qualitative data only; therefore, a 
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## Designatibn: D 422 - 63 (Reapproved 1990)'' 

Standard Test Method for 
Particle-Size Analysis of Soils' 

\ 

This standard is isrued under the fixed designation D 422: the number immcddiately follouing the designation irdicata the year o f  
original adoption or. in the case of revision, the ycar of last revision. A number in parentheses indicates the year Of last reapproval. A 
supcncript cyilon (t) indicates an editorial change since the last revision or rcapproval. 

'' NOTE-kiOn 19 was added editorially in September 1990. 

I. Scope ated stining device in which a suitably mounted electric 
motor turns a.vertical shaft at a speed of not less than 10 OOO 1 . 1  This test method ;overs the quantitative detemina- 

tion of the distribution of particle sizes in soils. The 
distribution of particle sizes larger than 75 pm (retained on 
the No. 200 sieve) 'is determined by sieving, while the 
distribution of particle sizes smaller than 75 pm is deter- 
mined by a sedimentation process, using a hydrometer to 
secure the necessary data (Notes 1 and 2). 

NOTE I-Separation may be made on the No. 4 (4.75-mm), No. 40 
(425-pm), or No. 200 (75-pm) sieve instead of the No. IO. For whatever 
sieve used, the sue shall be indicated in the report. 

NOTE 2-Two types of dispersion devices are provided: ( I )  a 
high-speed mechanical stirrer, and (2) air dispersion. Extensive investi- 
gations indicate that airdispersion devices produce a more positive 
dispersion of plastic soils below the 20-pm size and appreciably less 
degradation on all sizes when used with sandy soils. Because of the 
definite advantages favoring air dispersion, its use is recommended. The 
results from the two t,ypes of devices differ in magnitude, depending 
upon soil type, leading to marked differences in yrticle sue distribu- 
tion. especially for sizes finer than 20 pm. 

2. Referenced Documents 

2.1 ASTM Standards: 
D421 Practice for Dry Preparation of Soil Samples for 

Particle-Size Analysis and Determination of Soil 
Constants2 

E I 1  Specification for Wire-Cloth Sieves for Testing 
Purposes3 

E 100 Specification for ASTM Hydrometers4 

3. Apparatus 
3.1 Balances-A balance sensitive to 0.01 g for weighmg 

the matqrial passing a No. 10 (2.00-mm) sieve, and a balance 
sensitive to 0.1 95 of the mass of the sample to be weighed for 
weighing the material retained on a No. 10 sieve. 

3.2 Stirring Apparatus-Either apparatus A or B may be 
U s e d .  

3.2.1 Apparatus A shall consist of a mechanically oper- 

' Ths M mcthod is under the jurisdictron of ASTM Committee D18 on Soil 
and Rock and is the direct rcsponsibhty of Subcommittee D18.03 on Textun, 

Cumnt ediuon approval Nov. 21. 1%3. Originally published 1935. Replam 
- . Plasticity. and Densty Charactenstics of So& 

' 0422-62. 
Annual Book of ASTM Standardr, Vol04.08. ' Annual Bwk of ASTM Smnahrdr, V d  14.02. 

'Annual Book ofASTM slandards, Vol 14.03. 

-. ' .  

rpm without load. The shaft shall be equipped with a 
replaceable stimng paddle made of metal, .plastic, or hard 
rubber, as shown in Fig. 1. The shaft shall be. of such length 
that the stimng paddle Will operate not less than 3/4 in. (19.0 
mm) nor more than 1'12 in. (38.1 mm) above the bottom of 
the dispersion cup. A special dispersion cup conforming to 
either of the designs shown in fig. 2 shall be provided to hold 
the sample while it is being dispersed. 

3.2.2 Apparatus B shall consist of an air-jet dispersion 
cup' (Note 3) conforming to the general details shown in Fig. 
3 (Notes 4 and 5). 

NOTE 3-The amount of air required by an air-jet dispersion cup is 
of the order of 2 ft3/min: some small air compressors are not capable of 
supplying sufficient air to operate a cup. 

NOTE +Another air-type dispersion device, known ak a dispersion 
tube, developed by Chu and Davidson at Iowa State College, hz 
shown. to give results equivalent to those secured by the air-jet dis; 
cups. When it is used. soaking of the sample can be done ill ..le 
sedimentation cylinder. thus eliminating the need for transferring the 
slurry. When the airdispersion tube is used, it shall be so indicated in 

NOTE 5-Water may condense in air lines when not in use. This 
water must be removed, eitherby using a water trap on the air line, or by 
blowing the water out of the line before using any of the air for 
dispersion purposes. 

3.3 Hydrometer-An ASTM hydrometer, graduated to 
read in either specific gravity of the suspension or grams per 
litre of suspe&ion, and conforming to the requirements for 
hydrometers 15 1 H or I52H in Specifications E 100. Dimen- 
sions of both hydrometers are the same, the scale being the 
only item of difTerence.' - 

3.4 Sedimentation Cylinder-A glass cylinder essentially 
18 in. (457 mm) in height and 2V2 in. (63.5 mm) in diameter, 
and marked for a volume of lo00 mL. The inside diameter 
shall be such that the 1000-mL mark is 36 f 2 cm from the 
bottom on the inside. 

3 3  Thermometer-A thermometer accurate to 1°F 
(OS'C). 

3.6 Sieves-A series of sieves, of square-mesh woven-wire 
cloth, conforming to the requirements of Specification E 1 1. 
A full set of sieves includes the following (Note 6): 

the report. \ 

-~ - ~- . ~- - . - ~ ~  - ._ . - ~ ~.~ . ~~ ~~ 
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Dctaikd working d r a m i n g s  for this cup M available at a nomid con &-m ' the American Society for Testing and Marerial& 1916 Race SL, Philadelr 
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Sin. (75-mm) 
2-in. (SO-mm) 
I%-in. (37.5-mm) 
I-in. (25.O-rnm) 
%-in. (19.0.mm) 
k i n .  (9.5-mm) 
No. 4 (4.75-mm) 

L- 
G o .  18 8 W  GO m 0.049' 

Metric Equivalent$ 

m. 0.001 0.049 0.203 '12 VI 
mm 0.03 1.24 5.16 12.7 19.0 

FIG. 1 Detail of Stimng Paddies 

No. IO (2.00-mm) 
No. 20 (850-pm) 
No. 40 (425ym) 
No. 60 (25Oym) 
No. 140 (106+m) 
No. 200 ( 7 5 y m )  

NOTE 6-A set of sieves giving uniform spacing of points for the 
,graph, as required in Section 17, may be used if desired. This set consists 
of the follo\ring sieves: 

Sin. (7S-mm) No. 16 (1.18-mm) 
\%-in. (37.5-mm) No. 30 (600ym) 

%in. (9.5-mm) No. 100 ( I  SO-pm) 
No. 4 (4.7S-mm) No. 200 ( ' l a m )  
No. 8 (2.36-mm) 

:, .3.7 Water Bath or Constant-Temperalure Room-A 
water bath or constant-temperature room for maintaining 
-.the soil suspension at a constant temperature during the 
,hydrometer analysis. A satisfactory water tank is an insulated 
tank that maintains the temperature of the suspension at a 
convenient constant temperature at or near 68°F (20'C). 
Such a device is illustrated in Fig. 4. In cases where the work 
is performed in a room at an automatically controlled 
constant temperature, the water bath is not necessary. 

3.8 Beaker-A beaker of 250-mL capacity. 
3.9 Timing Device-A watch or clock with a second 

hand. 

4. Dispersing Agent 
4.1 A solution of sodium hexametaphosphate (sometimes 

called sodium metaphosphate) shall be used in distilled or 
demineralized water, at the rate of 40 g of sodium 
hexametaphosphatefitre of solution (Note 7). 
NOTE 7-%lutions of this salt, if acidic, slowly revert or hydrolyze 

back to the orthophosphate form with a resultant decrease in dispersive 
action. Solutions should be prepared frequently (at least once a month) 
or adjusted to pH of 8 or 9 by meam of sodium carbonate. Bottles 
containing solutions should have the date of preparation marked on 
them. 

4.2 All water used shall be either distilled or 
demineralized water. The water for a hydrometer test shall 

Ir %-in. (19.0-mm) No. 50 ( W m )  

.. 

' 

. -  

M e w  EpUiv8lentr 

h. 1.3 2.6 3.75 
mn 33 66 95.2 

FIG. 2 Dispersion Cups of Apparatus 

be brought to the temperature that is expected to prevail 
during the hydrometer test. For example, if the sedimenta- 
tion cylinder is to be placed in the water bath, the distilled or 
demineralized water to be used shall be brought to the 
temperature of the controlled water bath; or, if the sedimen- 
tation cylinder is used in a room with controlled tempera- 
ture, the water for the test shall be at the temperature of the 
room. ?he basic temperature for the hydrometer test is 68'F 
(20'C). Small variations of temperature do not introduce 
differences that are of practical significance.and do not 
prevent the use of corrections derived as prescribed. 
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W A  

CRGSS SECTION 
CUP A 

FIG. 3 Air-Jet Dispersion Cups of Apparatus B 

5. Test Sample 
5.1 Prepare the test sample for mechanical analysis as 

outlined in Practice D 421. During the preparation proce- 
dure the sample is divided into two portions. One portion 
contains only particles retained on the No. 10 (2.00-mm) 
sieve while the other portion contains only particles passing 
the No. 10 sieve. The mass of air-dried soil selected for 
purpose of tests, as prescribed in Practice D 421, shall be 
sufficient to yield quantities for mechanical analysis as 
follows: 

5.1.1 The size of the portion retained on the No. 10 sieve 
shall depend on the maximum size of particle, according to 
the following schedule: 

Nominal Diameter of 

in. (mm) 
Largest Panicles Approximate Minimum 

Mass of Portion, g 

H (9.5) 
'14 ( 19.0) 

I (25.4) 
1 %  (38.1) 
2 (50.8) 
3 (76.2) 

500 
1000 
2000 
uxx) 
4000 
5000 

5.1.2 The sue of the portion passing the No. 10 sieve shall 
be approximately 1 15 g for sandy soils and approximately 65 
g for silt and clay soils. 

5.2 Provision is made in Section 5 of Practice D 42 1 for 
weighing of the air-dry soil selected for purpose of t a u ,  the 
separation of the soil on the No. 10 sieve by dry-sieving and 
washing, and the weighlng of the washed and dried fraction 
retained on the No. 10 sieve. From these two masses the 
percentages retained and passing the No. 10 sieve can be 
calculated in accordance with 12.1. 

NOTE 8-A check on the mass values and the thoroughness of 
pulverization of the clods may be secured by weighng the portion 
paning the No. IO sieve and adding this value to the mass of the washed 
and ovendried portion retained on the No. 10 sieve. 

SIEVE ANALYSIS OF PORTION RETAINED ON NO. 10 
(2.00-mm) SIEVE 

6. Procedure 
6.1 Separate theqmtion,retained on the No. 10 (2.00- 

mm) sieve into a series of fractions using the 3-in. (75-mm), 

Me& Eauivslents 
~ 

in. 718 1 3 6% 14 31 
mm 222 25.4 16.2 158.2 356 940 

FIG. 4 Insulated Water Bath 
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2-in. (Srnm) ,  1 b i n .  (37.5-mm), 1-in. (25.0-mm), 3/4-in. 
(19.0-mm), %-in. (9.5-mm), No. 4 (4.75-mm), and No. 10 
sieves, or as many as may be needed depending on the 
sample, or upon the specifications for the material under 
test. 

6.2 Conduct the sieving operation by means of a lateral 
and vertical motion of the sieve, accompanied by a jarring 
action in order to keep the sample moving continuously over 
the surface of the sieve. In no case turn or manipulate 
fragments in the sample through the sieve by hand. Continue 
sieving until not more than 1 mass 96 of the residue on a 
sieve passes that sieve during 1 min of sieving. When 
mechanical sieving is used, test the thoroughness of sieving 
by using the hand method of sieving as d e s c r i i  above. 

6.3 Determine the m a s  of each fraction on a balance 
conforming to the requirements of 3.1. At the end of 
weighing, the sum of the masses retained on all the sieves 
used should equal closely the original mass of the quantity 
sieved. 

i , ,. . 



HYDROhlETER AiVD SIEVE ASVALYSIS OF PORTION 
PASSING THE SO. 10 (2.00-mm) SIEVE 

7. Determination of Composite Correction for Hydrometer 
Reading 

7.1 Equations for percentages of soil remaining in suspen- 
sion, as given in 14.3, are based on the use of distilled or 
demineralized water. A dispersing agent is used in the water, 
however, and the specific gravity of the resulting liquid is 
appreciably greater than that of distilled or demineralized 
water. 

7.1.1 Both soil hydrometers are calibrated at 68'F (ZOOC), 
and variations in temperature from this standard tempera- 
ture produce inaccuracies in the actual hydrometer readings. 
The amount of the inaccuracy increases as the variation 
from the standard temperature increases. 

7. I .2 Hydrometers are graduated by the manufacturer to 
be read at the bottom of the meniscus formed by the liquid 
on the stem. Since it is not possible to secure readings of soil 
suspensions at the bottom of the meniscus, readings must be 
taken at the top and a correction applied. 

7.1.3 The net amount of the corrections for the three 
items enumerated is designated as the composite correction, 
and may be determined experimentally. 

7.2 For convenience, a graph or table of composite 
corrections for a series of 1' temperature differences for the 
range of expected test temperatures may be prepared and 
used as needed. Measurement of the composite corrections 
may be made at two temperatures spanning the range of 
expected test temperatures, and corrections for the interme- 
diate temperatures calculated assuming a straight-line rela- 
tionship between the two observed values. 

7.3 Prepare IO00 mL of liquid composed of distilled or 
demineralized water and dispersing agent in the same 
proportion as will prevail in the sedimentation (hydrometer) 
test. Place the liquid in a sedimentation cyclinder and the 
cylinder in the constant-temperature water bath, set for one 
of the two temperatures to be used. When the temperature of 
the liquid becomes constant, insert the hydrometer, and, 
after a short interval to permit the hydrometer to come to the 
temperature of the liquid, read the hydrometer at the top of 
the meniscus formed on the stem. For hydrometer 15 1 H the 
composite correction is the dflerence between this reading 
and one; for hydrometer 152H it is the difference between 
the reading and zero. Bring the liquid and the hydrometer to 
the other temperature to be used, and secure the composite 
correction as before. 

8. Hygroscopic Moisture 
8.1 When the sample is weighed for the hydrometer test, 

weigh out an auxiliary portion of from 10 to I5 g in a small 
metal or glass container, dry the sample to a constant m a s  in 
an oven at 230 f 9'F (1 10 f S'C), and weigh again. Record 
the masses. 

9. Dispersion of Soil Sample 
9.1 When the soil is mostly of the clay and silt sizes, weigh 

out a sample of airdry soil of approximately 50 g When the 
soil is mostly sand the sample should be approximately 100 
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9.2 Place the sample in the 250-mL beaker and cover with 
125 mL of sodium hexametaphosphate solution (40 glL). 
Stir until the soil is thoroughly wetted. Allow to soak for at 
least 16 h. 

9.3 At the end of the soaking period, disperse the sample 
further, using either stimng apparatus A or B. If stirring 
apparatus A is used, transfer the soil - water slurry from the 
beaker into the special dispersion cup shown in Fig. 2, 
washing any residue from the beaker into the cup with 
distilled or demineralized water (Note 9). Add distilled or 
demineralized water, if necessary, so that the cup is more 
than half full. Stir for a period of I min. 
NOTE 9-A large size syringe is a convenient device for handling the 

water in the washing operation. m e r  devices include the wash-water 
bottle and a hose with n o d e  connected to a pressurized d d e d  water 
tank. 

9.4 If stimng apparatus B (Fig. 3) is used, remove the 
cover cap and connect the cup to a compressed air supply by 
means of a rubber hose. A air gage must be on the line 
between the cup and the control valve. Open the control 
valve so that the gage indicates I psi (7 kPa) pressure (Note 
IO). Transfer the soil - water slurry from the beaker to the 
air-jet dispersion cup by washing with d i d e d  or 
demineralized water. Add distilled or demineralized water, if 
necessary, so that the total volume in the cup is 250 mL, but 
no more. 
NOTE IO-The initial air pressure of 1 psi is required to prevent the 

soil - water mixture from entering the air-jet chamber when tbe mixture 
is tnnsferred to the dispersion cup. 

9.5 Place the cover cap on the cup and open the air 
control valve until the gage pressure is 2O.psi (140 ma) .  
Disperse the soil according to the following schedule: 

Planicity Index 

Under 5 
6 io 20 
Over 20 

Disprrdon Pcricd. 
min 

s 
10 
IS 

Soils containing large percentages of mica need be dispersed 
for only 1 min. After the dispersion period, reduce the gage 
pressure to 1 psi preparatory to transfer of soil - water slurp 
to the sedimentation cylinder. 

10. Hydrometer Test 
10.1 Immediately after dispersion, transfer the soil - water 

slurry to the glass sedimentation cylinder, and add distilled 
or demineralized water until the total volume is IO00 mL. 

10.2 Using the palm of the hand over the open end of the 
cylinder (or a rubber stopper in the open end), turn the 
cylinder upside down and back for a period of 1 min tc 
complete the agitation of the slurry (Note 11). At the end 01 
1 min set the cylinder in a convenient location and t a k e  
hydrometer readings at the following intervals of timc 
(measured from the beginning of sedimentation), or as man) 
as may be needed, depending on the sample or the speclfica. 
tion for the material under test: 2, 5 ,  15, 30, 60,250, anc 
1440 min. If the controlled water bath is used, the &en. 
tation cylinder should be placed in the bath between the 2- 
and 5-min readings. 

NOTE 11-The number of turn during this minute should bc 
approximately 60. counting tbe turn upside down and back as two turns 

Ix-34 
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Any soil remaining in the bottom of the cylinder during the first few 
turns should be looxned by vigorous shaking of the cylinder while it is 
in the inverted position. , 

10.3 When it is desired to take a hydrometer reading, 
carefully insen the hydrometer about 20 to 25 s before the 
reading is due to approximately the depth it will have when 
the reading is taken. As soon as the reading is taken, carefully 
remove the hydrometer and place it with a spinning motion 
in a graduate of clean distilled or demineralized water. 
NOTE I 2 4 t  is important to remove the hydrometer immediately 

after each reading. Readings shall be taken at the top of the meniscus 
formed by the suspension around the stem, since it is not possible to 
ycure readings at the bottom of the meniscus. 

10.4 After each reading, take the temperature of the sus- 
pension by inserting the thermometer into the suspension. 

11. Sieve Analysis 
11.1 After taking the final hydrometer reading, transfer 

the suspension to a No. 200 (75ym) sieve and wash with tap 
water until the wash water is clear, Transfer the material on 
the No. 200 sieve to a suitable container, dry in an oven at 
230 f 9'F ( 1  10 f 5OC) and make a sieve analysis of the 
portion retained, using as many sieves as desired, or required 
for the material, or upon the specification of the material 
under test. 

CALCULATIONS AND REPORT 

12. Sieve Analysis Values for the Portion Coarser than the 

12.1 Calculate the percentage passing the No. 10 sieve by 
dividing the mass passing the No. 10 sieve by the mass of soil 
originally split on the No. 10 sieve, and multiplying the result 
by 100. To obtain the mass passing the No. 10 sieve, subtract 
the mass retained on the No. 10 sieve from the original mass. 

12.2 To secure the total mass of soil passing the No. 4 
(4.75-mm) sieve, add to the mass of the material passing the 
No. 10 sieve the mass of the fraction passing the No. 4 sieve 
and retained on the No. 10 sieve. To secure the total mass of 
soil passing the %-in. (9.5-mm) sieve, add to the total mass of 
soil passing the No. 4 sieve, the mass of the fraction passing 
the 3/n-in. sieve and retained on the No. 4 sieve. For the 
remaining sieves, continue the calculations in the same 
manner. 

12.3 To determine the total percentage passing for each 
sieve, divide the total mass passing (see 12.2) by the total 
mass of sample and multiply the result by 100. 

13. Hygroscopic Moisture Correction Factor 
13.1 The hydroscopic moisture correction factor is the 

ratio between the m a s  of the ovendried sample and the 
air+ mass before drying. It is a number less than one, 
except when there is no hygroscopic moisture. 

14. Percentages of Soil in Suspension 
14.1 Calculate the ovendry m a s  of soil used in the 

hydrometer analysis by multiplying the airdry mass by the 
hygroscopic moisture c o d o n  factor. 

14.2 Calculate the m a s  of a total sample represented by 
the mass of soil used in the hydrometer test, by dividing the 
ovendry mass used by the percentage passing the No. 10 

No. 10 (2.00-mm) Sieve 

TABLE 1 Values of Correction Factor, a, for Different Specific 
Gravities of Soil Particles" 7 

speahc Gravitv Carecm Factor' 
2.95 
2.90 
2.85 
2.00 
2.75 
2.70 
2.65 
2.60 
2.55 
2.50 
2.45 

0.94 
0.95 

0.97 
0.90 
0.99 
1 .oo 
1.01 
1.02 
1.03 
1.05 

0.96 J 

' For use in equation for percentage of soil remaining in suspens~xl when u s q  
Hydrometer 152H. 

(2.00-mm) sieve, and multiplying the result by 100. This 
value is the weight W in the equation for percentage 
remaining in suspension. 

14.3 The percentage of soil remaining in suspension at the 
level at which the hydrometer is measuring the density of the 
suspension may be calculated as follows (Note 13): For 
hydrometer 15 1 H: 

P = [( 100 OOO/w) x G/(G - G,)] (R - G , )  

NOTE 13-The bracketed pomon of the equauon for hydrometer 
15 I H is constant for a series of readings and may be calculated first and 
then multiplied by the portion in the parentheses. 

For hydrometer 152H: 
P = (Ro/W) x 100 

where: 7 
u = correction faction to be applied to the reading 01 

hydrometer 152H. (Values shown on the scale are -- 
computed using a specific gravity of 2.65. Correction 
factors are given in Table I), 

P = percentage of soil remaining in suspension at the level 
at which the hydrometer measures the density of the 
suspension, 

R = hydrometer reading with composite correction ap- 
plied (Section 7), 

W = ovendry mass of soil in a total test sample repre- 
sented by mass of soil dispersed (see 14.2). g, 

G = specific gravity of the soil particles, and 
G, = speclfic gravity of the liquid in which soil particles are 

suspended. Use numerical value of one in both 
instances in the equation. In the fim instance any , 
possible variation produces no sigmticant effect, and -1 ~ 

in the second instance, the composite correction for R 
is based on a value of one for GI. 

) 

I 
I 

15. Diameter of Soil Particles 
15.1 The diameter of a particle corresponding to the 

percentage indicated by a given hydrometer reading shall be 
calculated according to Stokes' law (Note 14), on the basis 
that-a particle-of this diameter was at the surface of the 
suspension at the beginning of sedimentation and had settled 
to the level at which the hydrometer is measuring the density 
of the suspension. According to Stokes' law: 

D = \/[3On/980(G - G,)] x LfT 
where: 
D = diameter of particle, mm, 

,l 
- 

d' 
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n = coefficient of viscosity of the suspending medium (in 
this case water) in poises (varies with changes in 
temperature of the suspending medium), 

L = distance from the surface of the suspension to the 
level at which the density of the suspension is being 
measured, cm. (For a given hydrometer and sedimen- 
tation cylinder, values vary according to the hydrom- 
eter readings. This distance is known as effective 
depth (Table 2)), 

T = interval of time from beginning of sedimentation to 
the taking of the reading, min, 

G = specific gravity of soil particles, and 
G, = specific gravity (relative density) of suspending me- 

dium (value may be used as 1.OOO for all practical 
PUrPoW. 

NOTE I A S i n c e  Stokes’ law considen the terminal velocity of a 
single sphere falling in an infinity of liquid, the sizes calculated represent 
the diameter of spheres that would fall at the same rate as the sooil 
particles. 

15.2 For convenience in calculations the above equation 
may be written as follows: 

where: 
K = constant depending on the temperature of the suspen- 

sion and the specific gravity of the soil particles. Values 
of K for a range of temperatures and specific gravities 
are given in Table 3. The value of K does not change for 
a series of readings constituting a test, while values of L 
and T do vary. 

15.3 Values of D may be computed with sufficient accu- 
racy, using an ordinary IO-in. slide rule. 
NOTE I %The value of L is divided by T using the A -  and B-scales, 

the square root k i n g  indicated on the D-scale. Without ascertaining the 
value of the square root it may be multiplied by K. using either the C- or 
CI-scale. 

D = K J ~  
t 

16. Sieve Analysis Values for Portion Finer than No. 10 

16.1 Calculation of percentages passing the various sieves 
used in sieving the portion of the sample from the hydrom- 
eter test involves several steps. The first step is to calculate 
the m a s  of the fraction that would have been retained on the 
No. 10 sieve had it not been removed. This mass is equal to 
the total-percentage retained on the No. 10 sieve (100 minus 
total percentage passing) times the m a s  of the total sample 
represented by the mass of sod used (as calculated in 14.2). 
and the result divided by 100. 

16.2 Calculate next the total mass passing the No. 200 
sieve. Add together the fractional masses retained on all the 
sieves, including the No. 10 sieve, and subtract this sum from 
the mass of the total sample (as calculated in 14.2). 

16.3 Calculate next the total masses passing each of the 
other sieves, in a manner similar to that given in 12.2. 

16.4 Calculate last the total percentages passing by di- 
viding the total mass passing (as calculated in 16.3) by the 
total m a s  of sample (as calculated in 14.2). and mdtiply the 
result by 100. 

(2.00-mm) Sieve 

t 

, 6 6 4 1  
TABLE 2 Values of Effective Depth Based on Hydrbmeter and 

Sedimentation Cylinder of Specified Sirea’ 
Hydrometer 151H Hydrometer 152H 

Actual Effective ‘. A C t d  Effective k h d  Effective 
wmter Depm. w m m t e r  oe~m. wmmeter Depm. 

Readvla 1.m Rea4np 1.m Readrnp 1.m 

1 .Ooo 
1.001 
1.002 
1.003 
1 .w 
1.005 

1.006 
1 .001 
1.008 
1.009 
1.010 

16.3 
16.0 
15.8 
15.5 
15.2 
15.0 

14.1 
14.4 
14.2 
13.9 
13.1 

0 16.3 31 
1 16.1 32 
2 16.0 33 
3 15.8 34 

5 15.5 

6 15.3 36 
1 15.2 31 
8 15.0 3a 
9 14.8 ~ 39 
10 14.1 40 

i 15.6 35 

11.2 
11.1 
10.9 
10.1 
10.6 

10.4 
10.2 
10.1 
9.9 

’ 9.7 

1.01 1 13.4 11 14.5 41 9.6 
1.012 13.1 12 14.3 42 9.4 
1.013 12.9 13 14.2 43 9.2 
1.014 12.6 14 14.0 44 9.1 
1.015 12.3 15 13.8 45 8.9 

1.016’ 
1.017 
1.018 
1.019 
1 .m 
1.021 
1 .M2 
1.023 
1.024 
1 .MS 

12.1 
11 .8 
11.5 
11.3 
11.0 

10.1 
10.5 
10.2 
10.0 
9 .l 

16 13.1 46 
11 y 13.5 41 
18 13.3 .48 
19 13.2 49 
202 13.0 50 

21 12.9 51 
22 12.1’ 52 
23 12.5 53 
24 12.4 54 
25 122 55 

8.8 
8.6 
8.4 
8.3 
8.1 

7.9 
7.8 
1.6 
1.4 
1.3 

1.026 9.4 26 12.0 56 1.1 
1.027 9.2 21 11.9 51 1.0 
1.028 8.9 . 28 11.7 58 6.8 
1.029 8.6 29 . 11.5 59 6.6 
1.030 8.4 30 11.4 60 6.5 

jl.031 8.1 
1.032 7.8 
1.033 7.6 , 

1.034 1.3 
1.035 ! 7.0 
1.036 6.8 
1.037 6.5 
1.038 6.2 

A V w s  of effective depth are calculated from the equation: 

1 = 1 1  + ‘h [La - (V$A)] 

where: 
L = effeclivc depth. em. 
L, = distance along the N m  of the hydrometer from cbc top of the bulb to L 

& = overall lenglh of the hydrometer bulb, a& 
V, = volume of hydrometer bulb, an’. and 
A = crors-bona~ area of sedimentation cylinder. cm2 
Values used in calcubting ?he values in Table 2 are as Wow: 
F a  born hydrometen. l5lH and 152H: \ 

& = 14.0cm 
V, = 67.0cm’ 
A = 27.8 cm’ 
F a  hydruneter 151H: 
L, = 10.5 cm for a reading of 1.oOO 

= 2.3 cm for a reading of 1.031 
F a  hydrometer 152H: 
L, = 10.5 cm for a d n g  of 0 g/litrc 

2.3 cm fora reading of 5Og/litrc 

mark for a hydrometer mading cm. 

\ 

of the test results shall be made, plotting the diameters oft 
particles on a logarithmic scale as the abscissa and t 
percentages smaller than the corresponding diameters to 

17. Graph 
17.1 When the hydrometer analysis is performed, a graph 
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TABLE 3 Values of K for Use in Equation for Computing Diameter of Particle in Hydrometer Analysis 
/ - 

Spearic Gravity of Scd ParweS _ _  
. _  Temperatwe. 

'C 2.45 2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85 
16 0.01510 0.01505 0.01481 0.01457 0.01435 0.01414 0.01394 0.01 374 0.01356 
17 0.01 51 1 0.01486 0.01462 0.01439 0.01417 .0.01396 0.01376 0.01356 0.01338 

0.01339 - 0.01321 18 0.01492 0.01467 0.01443 0.01421 0.01 399 0.01 378 0.01359 
19 0.01074 0.01449 0.01425 0.01403 0.01382 0.01361 0.01342 0.1323 0.01305 
20 0.01456 0.01431 0.01408 0.01 386 0.01365 0.01344 0.01325 0.01 307 0.01289 

' 21, 0.01438 0.01414 . 0,01391 0.01369 0.01348 0.01328 0.01309 0.01291 0,01273 
2 2 '  0.01421 0.01397 0.01374 0.01353 0.01332 0.01312 0.01294 0.01 276 0.01258 
23 0.01404 0.01381 0.01358 0.01337 0.01317 0.01297 0.01279 0.01261 0.01243 
24 0.01 388 0.01365 0.01342 0.01321 0.01301 0.01282 0.01264 0.01246 0.01229 
25 0.01372 0.01 349 0.01 327 0.01306 0.01286 0.01267 0,01249 0.01232 0.01 21 5 

26 0.01357 0.01334 0.01312 0.01291 0,01272 0.01253 0.01235 0.01218 0.01201 
27 0.01 342 0.01319 0.01297 0.01277 0.01258 0.01239 0.01221 0.01 204 0.01 188 
20 0.01327 0.01304 0.01283 0.01264 0.01244 0.01255 0.01208 0.01 191 0.01175 

I 2 9  0.01312 0.01290 0.01269 0.01249 0.01230 0.01212 0.01 195 0.01 178 0.01162 
30 0.01298 0.01276 0.01256 0.01236 0,01217 0.01199 ' 0.01182 0.01 165 0.01 149 

arithmetic, scale as the ordinate. When the hydrometer 
analysis is not made on a portion of the soil, the preparation 
of the graph is optional, since values may be secured directly 
from tabulated data. 

18. Report 
18.1 The report shall include the following: 
18.1.1 Maximum size of particles, 
18.1.2 Percentage passing (or retained on) each sieve, 

which may be tabulated or presented by plotting on a graph 
(Note 16). 

18.1.3 Description of sand and gravel particles: 
18.1.3.1 Shape-rounded or angular, 
18.1.3.2 Hardness-hard and durable, soft, or weathered 

18.1.4 Specific gravity, if unusually high or low, 
18.1.5 Any diffculty in dispersing the fraction passing the 

No. 10 (2.00-mm) sieve, indicating any change in type and 
amount of dispersing agent, and 

18.1.6 The dispersion device used and the 'length of the 
dispersion period. 
NOTE 16-This tabulation of graph reprrsents the gradation of the 

sample tested. If particles larger than those contained in the sample were 
removed before testing, the report shall 50 nate D i n g  the amount and 
maximum sue. 

18.2 For materials tested for compliance with definite 
specifications, the fractions called for in such specifications 
shall be reported. The fractions smaller than the No. 10 sieve 
shall be read from the graph. 

18.3 For materials for which compliance with dehnite 
specifications is not indicated and when the soil is composed 
almost entirely of particles passing the No. 4 (4.75-mm) 
sieve, the results read from the graph may be reported as 
follows: 

and friable, 

( I )  Gravel. passing f i n .  and mained on No. 4 sieve 
(2) Sand. passing No. 4 sieve and retained 00 No. 200 sieve 

((I) Coam sand. passing No. 4 sieve and retained 00 

(6) Medium sand. passing yo. IO sieve and retained 00 

(c) Fine sand, parsing No. 40 sicve and retained on No. 

. . . . . . . . . . .  5% 

. . . . . . . . . . .  56 

. . . . . . . . . . .  96 

. . . . . . . . . . .  56 

. . . . . . . . . . .  ?6 

No. IO sieve 

No. 40 sicvc 

200 sieve 
(3) Silt &e. 0.074 to 0.005 mm . . . . . . . . . . .  x 
( I )  Clay size, smaller than 0.005 mm . . . . . . . . . . .  ?6 

18.4 For materials for which compliance with definite 
specifications is not indicated and when the soil contains 
material retained on the No. 4 sieve sufficient to require a 
sieve analysis on that portion, the results may be reponed as 
follows (Note 17): 

Colloidr. smaller than 0.001 mm . . . . . . . . . . .  x 

SIEVE ANALYSIS I 

Sieve Sic Passing 
Penxntage 

3-in. . . . . . . . . . . . . . . .  
2-in. . . . . . . . . . . . . . . .  
I %in. 1 
I -in. . . . . . . . . . . . . . . .  
%-io. . . . . . . . . . . . . . . .  
%-io. . . . . . . . . . . . . . . .  

No. IO (2.Wmm) . . . . . . . . . . . . . . .  
No. 40 (425-m) . . . . . . . . . . . . . . .  
No. 200 (75-m) . . . . . . . . . . . . . . .  

HYDROMETER ANALYSIS 

0.074 mm . . . . . . . . . . . . . . .  
0.005 mm 
0.001 mm 

substituted for No. 10 and No. 40 sieves. 

< . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  No. 4 (4.75-mm) I: 

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

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

NOTE 17-No. 8 (2.36-mm) and No. 50 (30O-pm)'sieves may be 

19. Kepords 

ture; particle-ee; sieve analysis 0 

19.1 grain-size; hydrometer analysis; hygroscopic mois- 

The American Society for Testing and Meterial$ takes no pasirion respecting the vcllidity d any per& rights asserted in umneclion 
wirh'any hem mentioned in this standard. Users d this standard are exCwessly advised that dattvminatkm of the validity of any such 
Went rights, and the risk of Mngenmni d such rights, are entirely their own ratpapibilify. 

. .  
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Designation: D 698 - 91 4D 
Test Method for 
Laboratory Compaction C h a r a c a i s t a  o 
Effort (12,400 ft-lbf/ft3 (600 kN-m/m3))' 

2 

Soil 

"6641 

,sing Standard 

This standard is isSued under the fixed designation D 698; the number immediately foUouing the designation indicates thc year of 
original adoption or. in the cau of reblsion. the year of Im revision. A number in parentheses indicates the year of lan reapproval. A 
superscript epsilon (c) indicates an editorial change since the lm revision or reapproval. 

1. scope 
1.1 This test method covers laboratory'compaction proce- 

dures used to determine the- relationship between water 
content and. dry unit weight of soils (compaction curve) 
compacted in a 4 or 6-in. (101.6 or 152.4-mm) diameter 
mold with a 5.5-lbf (24.4-N) rammer dropped from a height 
of I2 in. (305 mm). producing a compactive effort of 12,400 
ft-lbf/ft3 (600 kN-m/m)). 

NOTE I-The equipment and pr&edures are similar as those pro- 
posed by R. R. Proctor (Engineering News Record-September 7, 1933) 
with this one major exception: his rammer blows were applied as "12 
inch firm strokes" instead of free fall, producing variable compactive 
effort depending on the operator, but probably in the range 15,OOO to 
25,poO ft-lbf/A3 (700 to 1,200 kN-m/m3). The standard effort test (see 
3.2.2) is sometimes referred to as the Proctor Test., 
NOTE 2-SoiI.s and soil-aggregate mixtures should be regarded as 

natural occurring fine- or coarse-gxained soils or composites or mixtures 
of natural soils, or mixturk of natural and processed soils or aggregates 
such as dt gravel, or crushed rock. 

1.2 This test method applies only to soils that have 30 ?% 
or..'less by weight of particles retained on the %-inch 
(19.0-mm) sieve. 
'NOTE &For relationships between unit weights and water contents 

of soils with 30 56 or less by weight of material retained on the %-in. 
(19.0-mm) sieve to unit weights and water contents of  the fraction 
pasing %-in. (19.0-mm) sieve, vt Practice D4718. 

1.3 Three alternative procedures are provided. The proce- 
dure used shall be as indicated in the specification for the 
material being tested. If no procedure is specified, the choice 
should be based on the material gradation. 

1.3.1 Procedure A: 
1.3.1.1 Mold-4-in. (101.6-mm) diameter. 
1.3.1.2 Material-Passing No. 4 (4.75-mm) sieve. 
1.3.1.3 Luyers-Three. 
1.3.1.4 Blows per layer-25. 
1.3.1.5 Use-May be used if 20 9% or less by weight of the 

material is retained on the No. 4 (4.75-mm) sieve. 
1.3.1.6 Other Use-If this procedure is not specified, 

.materials that meet these gradation requirements may be 
tested using Procedures B or C. 

1.3.2 Procedure B: 
1.3.2.1 M o l d 4 i n .  ( 10 1.6-mm) diameter. 
I .3.2.2 Material-Passing W-in. (9.5-mm) sieve. 

1.3.2.4 Blows per luyer-25. 
1.3.2.3 Luyer~--Three. 

! 

' This tcsl mahod b uoder the juridictioo of ASl?+i Committee D18 on Soil 
mpoosiiity of Subcommincc D18.03 OD Texturr. 

c-t edition appmvcd Nov. 19.1991. Publishd J a n e  1992. 

Rock and is the 
~dtyaDdDcnsitycharaccerrstlcr . .  ofsoil% 

1.3.2.5 Use-Shall be used if more than 20 7% by weight 
of the material is retained on the No. 4 (4.75-mm) sieve and 
20% or less by weight of the material is retained on the 
%in. (9.5-mm) sieve. 

1.3.2.6 Other Use-If this procedure is not specified, 
materials that meet these gradation requirements may be 
tested using Procedure C. 

1.3.3 Procedure C: 
1.3.3.1 Mold-6-in. ( I  52.4-mm) diameter. 
1.3.3.2 Material-Passing 3h-inch (19.0-mm) sieve. 
1.3.3.3 Layers--Three. 
1.3.3.4 Blows per layer-56. 
1.3.3.5 Use-Shall be used if more than 20 % by weight 

of the material is retained on the 3Ia-in. (9.5-mm) sieve and 
less than 30 9% by weight of the material is retained on the 
314411. (19.0-mm) sieve. 

1.3.4 The 6-in. (152.4-mm) diameter mold shall not be 
used with Procedure A or B. 

NOTE &Results have been found to vary slightly when a material is 
tested at the same compactive effort in different size molds. 

I .4 If the test specimen contains more than 5 % by weight 
oversize fraction (coarse fraction) and the material will not 
be included in the test, corrections must be made to the unit 
weight and water content of the specimen or to the appro- 
priate field in place density test specimen using Practice 
D4718. 

1.5 T%is test method will generally produce a well defined 
maximum dry unit weight for non-free draining soils. If this 
test method is used for free draining soils the maximum unit 
weight may not be well defined, and can be less than 
obtained using Test Methods D 4253. 

1.6 The values in inch-pound units are to be regarded as 
the standard. The values stated in SI units are provided for 
information only. 

1.6.1 In the engineering profession it is customary prac- 
tice to use, interchangeably, units representing both mass 
and force, unless dynamic calculations (F = Mu)  are 
involved. This implicitly combines two separate systems of 
units, that is, the absolute sysem and the gravimetric system. 
It is scientifically undesirable to combine the use of two 
separate systems within a single standard. This test method 
has beem written using inch-pound units (gravimetric system) 
where the pound (lbf) represents a unit of force. The use of 
mass (Ibm) is for convenience of units and is not intended to 
convey the uy is scientifically corrk  Conversions are given 
in the SI system in accordance with Practice E 380. The use 
of balances or scales recording pounds of mass (Ibm), or the 
recording of density in Ibm/A3 should not bedregarded as 
nonconformance with this standard. 

j 

/ 
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1.7. This standard does not purport to address all of the 
sajety problems, i/ any, associated with iis use. I t  is the 
responsibility of the user ojthis standard to establish appre 
priate safety and health practices and deiermine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 

2.1 ASTM Standards: I 
C 127 Test Method for Specific Gravity and Absorption of 

C 136 Method for Sieve Analysis of Fine and Coarse 

D 422 Test Method for Particle Size Analysis of Soil3 
D 653 Terminology Relating to Soil. Rock, and Contained 

D 854 Test Method for Specific Gravity of Soils3 
D 1557 Test Methods for Moisture-Density Relations of 

Soils and Soil Aggregate Mixtures Using 10-lb (4.54-kg.) 
Rammer and 18-in. (457 mm) Drop3 

D 2 168 Test Methods for Calibration of Laboratory Me- 
chanical-Rammer Soil Compactors3 

D 22 16 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil, Rock and Soil- 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes3 

D2488 Practice for Description of Soils (Visual-Manual 
Proced~re)~ 

D4220 Practices for Preserving and Transporting Soil 
Samples3 

D4253 Test Methods for Maximum Index Density of 
Soils Using a Vibratory Table3 

D 47 I8 Practice for Correction of Unit Weight and Water 
Content for Soils Containing Oversize Particles3 

D4753 Specification for Evaluating, Selecting and Speci- 
fying Balances and Scales For Use in, Soil and Rock 
Testing' 

Coarse Aggregate2 

Aggregate2 

Fluids3 

Y Aggregate Mixtures3 

E 1 Specification for ASTM Thermometers4 
E 11 Specification for Wire-Cloth Sieves for Testing 

E 3 19 Practice for the Evaluation of Single-Pan Mechan- 

E 380 Practice for Use of the International System of 

PurpOSeSS 

ical Balances' 

Units (SI) (the Modernized Metric System)5 , 

3. Terminology - ri 

nitions. 
3. I Definitions-See Terminology D 653 for general defi- 

3.2 Description of Terms Specific to This Standard: 
3.2.1 oversize fraction (coarse fraction). P, in %-the 

portion of total sample not used in performing the compac- 
tion test; it may be the portion of total sample retained on 
the No. 4 (4.75-mm), 3/ein. (9.5-mm), or 3/4-in. (19.0-mm) 
sieve. 

3.2.2 standard flon-the term for the 12,400 A-lbf/ft3 
I 

a Annual Bd of ASTM Standards. Vol04.02. 
3 Annual Book of ASTM Standards. VolW.08. 

A d  Book of ASTM Slandnrdr, Vol 14.03. 
Annual Boac of ASTM Standards. Vol 14.02. . 

(600 kN-m/m3) compactive effort applied by the equipment 
and procedures of this test. 

(kN/m')-the maximum value defined by the compaction 
curve for a compaction \test using standard effort. 

3.2.4 standard optimum water content, w,, in %-the 
water content at which a soil can be compacted to the 
maximum dry unit weight using standard compactive effort. 

3.2.5 testfiaclion Cfinerfiaction). PF in %-the ponion of 
the total sample used in performing the compaction test; it is 
the fraction passing the No. 4 (4.75-mm) sieve in Procedure 
A, minus %-in. (9.5-mm) sieve in Procedure B, or minus 
Yo-in. (19.0-mm) sieve in Procedure C. 

4. Summary of Test Method 
4.1 A soil at a selected water content is placed in three 

layers into a mold of given dimensions, with each layer 
compacted by 25 or 56 blows of a 5.5-lbf (24.44'4 rammer 
dropped from a disdnce of 12411. (305-mm), subjecting the 
soil to a total compactive effort of about 12,400 ft-lbf/ft3 
(600 kN-m/m3). The resulting dry unit weight is determined. 
The procedure is repeated for a sumcient number of water 
contents to establish a relationship between the dry unit 
weight and the water content for the soil. This data, when 
plotted, represents a curvilinear relationship known as the 
compaction curve. The values of optimum water content 
and standard maximum dry unit weight are determined 
from the compaction curve. 1 

3 3.2.3 standard mavimum dry unit weight; Ydmax ii 

5. Significance and Use 
1- 

tion pads, road bases) is compacted to a dense state to obtain 
satisfactory engineering properties such as, shear strength, 
compressibility, or permeability. Also, foundation soils are 
often compacted to improve their engineering properties. 
Laboratory compaction tests provide the basis for deter- 
mining the percent compaction and water content needed to 
achieve the required engineering properties. and for control- 
ling construction to assure that the required compaction and 
water contents are achieved. 

5.2 During design of an engineered fill, shear, consolida- 
tion, permeability, or other tests require preparation of test 
specimens by compacting at some water content to some 
unit weight. It is common practice to first determine the 
optimum water content (w,) and maximum dry unit weight 
(Ydmax) by means of a compaction test. Test specimens are 
compacted at a selected water content (w), either wet or dry 
of optimum (w,) or at optimum ( w,), and at a selected dry 
unit weight related to a percentage of maximum dry unit 
weight (Ydmu). The selection of water content ( w ) ,  either wet 
or dry of optimum (w,) or at optimum (w,) and the dry unit 
weight (Ydma)  may be based on past experience, or a range of 
values may be investigated to determine the necesaq 
percent of compaction. 

6.  Apparatus 
6.1 Mold Assemblp-The molds shall be cylindf 'n 

shape, made of rigid metal and be within the capac J 
dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and L. A ne 

' walls of the mold may be solid, split: or tapered. The 'split' 
type may consist of two half-round sections, or a section of 

\ 
5.1 Soil placed as engineering fill (embankments, 1. 

. _  
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FIG. 1 4.0-in. Cylindrical Mold 
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i - .  FIG. 2 6.0-in. Cylindrical Mold 
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pipe split along one element, which can be securely locked 
together to form a cylinder meeting the requirements of this 
section. The "tapered" type shall an internal diameter taper 
that is uniform and not more than 0.200 in./fi (1 6.7- mm/m) 
of mold height. Each mold shall have a base plate and an 
extension collar assembly, both made of rigid metal and 
constructed so they can be securely attached and easily 
detached from the mold. The extension collar assembly shall 
have a height extending above the top of the mold of at least 
2.0 in. (50.8-mm) which may include an upper section that 
flares out to form a funnel provided there is at least a 0.75 in. 
(19.0-mm) straight cylindrical section beneath it. The exten- 
sion collar shall align with the inside of the mold. The 
bottom of the base plate and bottom of the centrally recessed 
area that accepts the cylindrical mold shall be planar. 

6.1.1 Mold, 4 in.-A mold having a 4.000 f 0.016-in. 
(101.6 f 0.4-mm) average inside diameter, a height of 4.584 
f 0.018-in. (116.4 f 0.5-mm) and a volume of 0.0333 f 
0.0005 ft3 (944 f 14 cm3). A mold assembly having the 
minimum required features is shown in Fig. 1. 

6.1.2 Mold, 6 in.-A mold having a 6.000 f 0.026-in. 
(152.4 f 0.7-mm) average inside diameter, a height of 4.584 
f 0.018-in. (116.4 ~t 0.5-mm), and a volume of 0.075 f 
0.0009 fi3 (2124 f 25 an3). A mold assembly having the 
minimum required features is shown in Fig. 2. 

6.2 Rammer-A rammer, either manually operated as 
described further in 6.2.1 or mechanically operated as 
described in 6.2.2. The rammer shall fall freely through a 

! 

distance of I 2  +- 0.05-in. (304.8 f I .3-mm) from the surface 
of the specimen. The mass of the rammer shall be 5.5 f 
0.02-lbm (2.5 f 0.01-kg), except' that the mass of the 
mechanical rammen may be adjusted as described in Test 
Methods D 2168. see Note 5. The striking face of the 
rammer shall be planar and circular, except as noted in 
6.2.2.3, with a diameter when new of 2.000 +. 0.005-in. 
(50.80 k 0.13-mm). The rammer shall be replaced if the 
striking face becomes worn or bellied to the extent that the 
diameter exceeds 2.000 f 0.01-in. (50.80 f 0.25-mm). 
NOTE 5-11 is a common and acceptable practice in the inch-pound 

system to assume that the mass of the rammer is equal to its mass 
determined using either a kilogram or pound balance and 1 Ibf is equal 
to 1 Ibm or 0.4536 kg. or I N is equal to 0.2248 Ibm or 0.1020 kg 

6.2.1 Manual Rammer-The rammer shall be equipped 
with a guide sleeve that has sufficient clearance that the free 
fall of the rammer shaft and head is not restricted. The guide 
sleeve shall have at least four vent holes at each end (eight 
holes total) located with centers 314 & %-in. (19.0 f 1.6-mm) 
from each end and spaced 90 degrees apart. The minimum 
diameter of the vent holes shall be 3 h - h  (9.5-mm). Addi- 
tional holes or slots may be incorporated in the guide sleeve. 

6.2.2 Mechanical Rammer-Circular face-The rammer 
shall operate mechanically in such a manner as to provide 
uniform and complete coverage of the specimen surface. 
There shall be 0.10 f 0.03-in. (2.5 f 0.8-mm) clearance 
between the rammer and the inside surface of the mold at its 
smallest diameter. The mechanical rammer shall meet the 
calibration requirements of Test Methods D 2168. The 
mechanical rammer shall be equipped with a positive me- 
chanical means to support the rammer when not in opera- 
tion. 

6.2.2.3 Mechanical Rammer-Sector Face-When used 
with the 6-in. (152.4-mm) mold, a sector face rammer may 
be used in place of the circular face rammer. The specimen 
contact face shall have the shape of a sector of a circle of 
radius equal to 2.90 f 0.0241. (73.7 f 0.5-mm), The 

I rammer shall operate in such a manner that the vertex of the 
sector is positioned at the center of the specimen. 

6.3 Sample Extruder (oplional)-A jack, frame or other 
device adapted for the purpose of extruding compacted 
specimens from the mold. 

6.4 Balance-A class GP5 balance meeting the require- 
ments of Specification D4753 for a balance of 1-g read- 
ability. 

6.5 Drying Oven-Thermostatically controlled, preferably 
of a forceddraft type and capable of maintaining a uniform 
temperature of 230 f 9°F ( I  10 f 5°C) throughout the drying 
chamber. 

6.6 Straightedge-A stiff metal straightedge of any conve- 
nient length but not less than IO-in. (254-mm). The total 
length of the straightedge shall be machined straight to a 
tolerance of M.005-in. (kO.l-m$). The scraping edge shall 
be beveled if it is thicker than %in. (3-mm). 

6.7 Sieves--3./4-in. (19.@rnm), 3/u-in. (9.5-mm), and No. 4 
(4.75-mm), conforming to the requirements of Specification 
E 11. 

6.8 Mixing Tools-Miscellaneous tools such as mixing 
pan, spoon, trowel, spatula, etc., or a suitable mechanical 
device for thoroughly mixing the sample of soil with incre- 
ments of water. 

i 

., 
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FIG. 1 4.0-in. Cylindrical Mold 

FIG. 2 6.0-in. Cylindrical Mold 

pipe split along one element, which can be securely locked 
together to form a cylinder meeting the requirements of this 
section. The "tapered" type shall an internal diameter taper 

' that is uniform and not more than 0.200 in./A (16.7- mm/m) 
of mold height. Each mold shall have a base plate and an 
extension collar assembly, both made of rigid metal and 
constructed so they can be securely attached and easily 
detached from the mold. The extension collar assembly shall 
have a height extending above the top of the mold of at least 
2.0 in. (50.8-mm) which may include an upper section that 
flares out to form a funnel provided there is at least a 0.75 in. 
(19.0-mm) straight cylindrical section beneath it. The exten- 
sion collar shall align with the inside of the mold. The 
bottom of the base plate and bottom of the centrally recessed 
area that accepts the cylindrical mold shall be planar. 

6.1.1 Mold, 4 in.-A mold having a 4.000 f 0.016-in. 
(101.6 f 0.4-mm) average inside diameter, a height of 4.584 
f 0.018-in. (116.4 f 0.5-mm) and a volume of 0.0333 f 
0.0005 A3 (944 f 14 cm3). A mold assembly having the 
minimum required features is shown in Fig. 1. 

6.1.2 Mold. 6 in.-A mold having a 6.000 f 0.026-in. 
(1  52.4 f 0.7-mm) average inside diameter, a height of 41584 
f 0.018-in. (1 16.4 f 0.5-mm), and a volume of 0.075 f 
0.0009 fi3 (2124 f 25 cm3). A mold assembly having the 
minimum required features is shown in Fig. 2. 

6.2 Rammer-A rammer, either manually operated as 
described further in 6.2.1 or mechanically operated as 
described in 6.2.2. The rammer s h d  fall F l y  through a 

0' 

J 

distance of I2 2 0.05-in. (304.8 f 1.3-mm) from the surface . 
of the specimen. The mass of the rammer shall be 5.5 . 
0.02-lbm (2.5 f 0.01-kg), except that the mass of ti 
mechanical rammers may be adjusted as described in Test 
Methods D 2168, see Note 5. The striking face of the 
rammer shall be planar and circular, except as noted in 
6.2.2.3, with a diameter when new of 2.000 k 0.005-in. 
(50.80 f 0.13-mm). The rammer shall be replaced if the 
striking face becomes worn or bellied to the extent that the 
diameter exceeds 2.000 f 0.01-in. (50.80 f 0.25-mm). 

NOTE 5-11 is a common and acceptable practice in the inch-pound 
system to assume that the mas of the rammer is equal to its m a  
determined using either a kilogram or pound balance and 1 Ibf is equal 
to 1 Ibm or 0.4536 kg. or 1 N is equal to-0.2248 Ibm or 0.1020 kg 

6.2.1 Manual Rammer-The rammer shall be equipped 
with a guide sleeve that has suficient clearance that the free 
fall of the rammer shaft and head is not restricted. The guide 
sleeve shall have at least four vent holes at each end (eight 
holes total) located with centers 3/4 f Vwin. (19.0 k 1.6-mm) 
from each end and spaced 90 degrees apart. The minimum 
diameter of the vent holes shall be 3/s-in. (9.5-mm). Addi- 
tional holes or slots may be incorporated in the guide sleeve. 

6.2.2 Mechanical Rammer-Circular Face-The rammer 
shall operate mechanically in such a manner as to provide 
uniform and complete coverage of the specimen surface. 
There shall be 0.10 & 0.03411. (2.5 f 0.8-mm) clearance 
between the rammer and the inside surface of the mold at its 
smallest diameter. The mechanical rammer shall meet the 
calibration requirements of Test Methods D 2168. The 
mechanical rammer shall be equipped with a positive I: 
chanical means to support the rammer when not in ope. 
tion. 

6.2.2.3 Mechanical Rammer-Sector Face-When used 
with the 6-in. (152.4-mm) mold, a sector face rammer may 
be used in place of the circular face rammer. The specimen 
contact face shall have the shape of a sector of a circle of 
radius equal to 2.90 f 0.02-in. (73.7 2 0.5-mm). The 
rammer shall operate in such a manner that the vertex of the 
sector is positioned at the center of the specimen. 

6.3 Sample Exlruder (optional)-A jack, frame or other 
device adapted for the purpose of extruding compacted 
specimens from the mold. 

6.4 Balance-A class GP5 balance meeting the require- 
ments of Specification D4753 for a balance of 1-g read- 
ability. 

6.5 Drying Oven-Thermostatically controlled, preferably 
of a forced-draft type and capable of maintaining a uniform 
temperature of 230 f YF (1 IO f 5°C) throughout the drylng 
chamber. 

6.6 Straightedge-A stiff metal strkghtedge of any conve- 
nient length but not less than IO-in. (254-mm). The total 
length of the straightedge shall be machined straight to a 
tolerance of f0.005-in. (f0.l-mm). The scraping edge shall 

- be beveled if it is thicker than %-in. (3-mm). ~ 

6.7 Sieves-3/4-in. (19.O-mm), %-in. (9.5-mm), andNo. 4 
(4.75-mm), conforming to the requirements of Specification 
E 11. 

6.8 Mixing Tools-Miscellaneous took such as mil 
pan, spoon, trowel, spatula, etc., or a suitable mecham- 
device for thoroughly mixing the sample of soil with incre- 
ments of water. 

- 

' 
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1.7 This standard does not purport to address all ofthe 
fety problems. if an): associated with its use. I t  is the . esponsibility of the user ofthis standard to establish appre 

priate safety and health practices and determine the applica- 
bility of regulatory limitations prior to use. . 

2. Referenced Documents 
2.1 AST.41 Standards 
C 127 Test Method for Specific Gravity and Absorption of 

Coarse Aggregate2 
C 136 Method for Sieve Analysis of Fine and Coarse 

Aggregate2 
D422 Test Method for Particle Size Analysis of Soils) 
D653 Terminology Relating to Soil, Rock, and Contained 

D 854 Test Method for Specific Gravity of Soils) 
D 1557 Test Methods for Moisture-Density Relations of 

Soils and Soil Aggregate Mixtures Using 10-lb (4.54-kg.) 
Rammer and 18-in. (457 mm) Drop) 

D 2 168 Test Methods for Calibration of Laboratory Me- 
chanical-Rammer Soil Compacton) 

D 2216 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil, Rock and Soil- 
Aggregate Mixtures) 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes3 

D 2488 Practice for Description of Soils (Visual-Manual 
Proced~re)~  

; D4220 Practices for Presening and Transporting Soil 
, Sampled 

D4253 Test Methods for Maximum Index Density of 
Soils-Using a Vibratory Table) > 

D 47 18,’Practice for Correction of Unit Weight and Water 
Content for Soils Containing Oversize Particles3 

D 4753% Specification for Evaluating, Selecting and Speci- 
fylng Balances and Scales For Use in Soil and Rock 
Testing) 

E 1 Specification for ASTM Thermometers“ 
E 11 Specification for Wire-Cloth Sieves for Testing 

E 319 Practice for the Evaluation of Single-Pan Mechan- 

E 380 Practice for Use of the International System of 

Fluids) 

Purposes5 

ical Balances’ 

Units (SI) (the Modernized Metric System)’ 

- 3. Terminology 
3.1 Dejinitions-See Terminology D 653 for general defi- 

3.2 Description oJ Terms Specific to This Standard: 
3.2. I oversize fraction (coarse fraction), P, in %-the 

portion of total sample not used in performing the compac- 
tion test; it may be the portion of total sample retained on 
the No. 4 (4.75-mm), 3h-in. (9.5-mm), or 3h-in. (19.0-mm) 
sieve. 

3.2.2 standard eflorz-the term for the 12,400 ft-lbf/ft3 

nitions. 

i 

Annual Book of ASTM Si&&, Vd 04.02. ’ Annual Book of ASTM Si&&, Vd 04.08. 
Annual Book of ASTM smndnrdc. Vol 14.03. ’ Amual Book of ASTM SI&&. Vd 14.02. 

(600 kN-m/m3) compactive effort applied by the equipment 
and procedures of this test. 

3.2.3 standard mayimum dry unil weight, Ydmm in lbf/ft3 
(kN/m3)-the maximum value defined by the compaction 
curve for a compaction’test using standard effort. 

3.2.4 standard optimum water content, wo in %-the 
water content at which a soil can be compacted to the 
maximum dry unit weight using standard compactive effort. 

3.2.5 testfiaction finerfraction), PF in %-the portion of 
the total sample used in peiforming the compaction test; it is 
the fraction passing the No. 4 ,(4.75-mm) sieve in Procedure 
A, minus %-in. (9.5-mm) sieve in Procedure B, or minus 
3/4-in. (19.0-mm) sieve in Procedure C. 

i 

4. Summary of Test Method 
4.1 A soil at a selected water content is placed in three 

layen into a mold of given dimensions, with each layer 
compacted by 25 or 56 blows of a 5.5-lbf (24.4-N) rammer 
dropped from a distance of 12-in. (305-mm), subjecting the 
soil to a total compactive effort of about 12,400 ft-lbf/ft3 
(600 kN-m/m3). The resulting dry unit weight is determined. 
The procedure is repeated for a suficient number of water 
contents to establish a relationship between the dry unit 
weight and the water content for the soil. This data, when 
plotted, represents a curvilinear relationship known as the 
compaction curve. The values of optimum water content 
and standard maximum dry unit weight are determined 
from the compaction curve. 

5. Significance and Use 
5.1 Soil placed as engineering fill (embankments, founda- 

tion pads, road bases) is compacted to a dense state to obtain 
satisfactory engineering properties such as, shear strength, 
compressibility, or permeability. Also, foundation soils are 
often compacted to improve their engineering properties. 
Laboratory compaction tests provide the basis for deter- 
mining the percent compaction and water content needed to 
achieve the required engineering properties, and for control- 
ling construction to assure that the required compaction and 
water contents are achieved. 

5.2 During design of an engineered fill, shear, consolida- 
tion, permeability, or other tests require preparation of test 
specimens by compacting at some water content to some 
unit weight. It is common practice to first determine the 
optimum water content ( w0) and maximum dry unit weight 

by means of a compaction test. Test specimens are 
compacted at a selected water content (w) ,  either wet or dry 
of optimum (w,) or at optimum ( w,), and at a selected dry 
unit weight related to a percentage of maximum dry unit 
weight (Ydma).  The selection of water content (w) ,  either wet 
or dry of optimum,( w,) or at optimum (w,) and the dry unit 
weight (Ydmlx) may be based on past experience, or a range of 
values may be investigated to determine the necessary 
percent of compaction. 

6.  Apparatus 
6.1 Mold Assembly lhe  molds shall be cylindrical in 

shape, made of rigid metal and be within the capacity and 
dimensions indicated in 6.1.1 or 6.1.2 and Figs. 1 and 2. The 
walls of the mold may be solid, split, or tapered. The ‘split” 
type may consist of two half-round Sections, or a section of 

1x42 
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7. Calibration 
7.1 Perform calibrations before initial use, after repairs or 

other Occurrences that might affect- the test results, at 
intervals not exceeding 1,OOO test specimens, or annually, 
whichever occurs first, for the following appahtus: 

7.1.2 Balance-Evaluate in accordance with Specification 
D 4753. 

7.1.3 Molds-Determine the volume as described in 
Annex 1. 

7.1.4 Manual Rammer-Verify the free fall distance, 
rammer mass, and rammer face in accordance with Section 
6.2. Verify the guide sleeve requirements in accordance with 
Section 6.2.1. 

7.1.5 Mechanical Rammer-Calibrate and adjust the me- 
chanical rammer in accordance with Test Methods D 2168. 
In addition, the clearance between the rammer and the 
inside surface of the mold shall be verified in accordance 
with 6.2.2. 

8. Test Sample 
8.1 The required sample m a s  for Procedures A and B is 

approximately 35-lbm' (16-kg), and for Procedure C is 
approximately 65-lbm (29-kg) of dry soil. Therefore, the field 
sample should have a moist m a s  of at least 50-lbm (23-kg) 
and 100-lbm (45-kg), respectively. 

8.2 Determine the percentage of material retained on the 
No. 4 (4.75-mm), %-in. (9.5-mm), or 3/4-in. (19.0-mm) sieve 
as appropriate for choosing Procedure A, B, or C. Make this 
determination by separating out a representative portion 
from the total sample and determining the percentages 
passing the sieves of interest by Test Methods D422 or 
Method C 136. It is only necessary to calculate percentages 
for the sieve or sieves for which information is desired. 

9. Preparation of Apparkus 
9.1 Select the proper compaction mold in accordance 

With the procedure (A, B, or C) being used. Determine and 
record its mass to the nearest gram. Assemble the mold, base 
and extension collar. Check the alignment of the inner wall 
of the mold and mold extension collar. Adjust if necessary. 

9.2 Check that the rammer assembly is in good working 
condition and that parts are not loose or worn. Make any 
necessary adjustments or repairs. If adjustments or repairs 
are made, the rammer must be recalibrated. 

10. Procedure 
10.1 Soils: 
10.1.1 Do not reuse soil that has been previously labora- 

tory compacted. 
10.1.2 When using this test method for soils containing 

hydrated halloysite, or where past experience with a partic- 
ular soil indicates that results will be altered by air drying, 
use the moist preparation method (see 10.2). 

10.1.3 Prepare the soil specimens for testing in accor- 
dance with 10.2 (preferred) or with 10.3. 

10.2 Moist Preparation Method (prefierred)-Without pre- 
viously drying the sample, pass it through a No. 4 (4.75- 
mm), 3/8-in. (9.5-mm), or 3/4-in. (19.0-mm) sieve, depending 
on the procedure (A, B, or C) being used. Determine the 
water content, of the processed soil. 

\ 

-l 

10.2.1 Prepare t -1 four prefeTbly five) specimens duT&a$ 

having water contents such that they bracket the estimated 
optimum water content. A specimen having a water conten 
close to optimum should be prepared first by trial additions 
of water and mixing (see Note 6). Select water contents for 
the rest of the specimens to provide at least two specimens 
wet and two specimens dry of optimum, and water contents 
varying by about 2 9%. At least two water contents are 
necessary on the wet and dry side of optimum to accurately 
define the dry unit weight compaction curve (see 10.5). Some 
soils with very high optimum water content or a relatively 
flat compaction curve may require larger water content 
increments to obtain a well defined maximum dry unit 
weight. Water content increments should not exceed 4 %. 

NOTE 6-With practice it is usually possible to nsually judge a point 
near optimum water content. Typically, soil at optimum water content 
can be squeezed into a lump that sticks together when hand pressure is 
released, but will break cleanly into two sections when 'bent". At water 
contents dry of optimum soils tend to crumble; wet of optimum soils 
tend to stick together in a sticky cohesive mass. Optimum water content 
is typically slightly less than the plastic limit. 

10.2.2 Use approximately 5-lbm (2.3-kg) of the sieved soil 
for each specimen to be compacted using Procedure A or B, 

' or 13-lbm (5.9-kg) using Procedure C. To obtain the spec- 
imen water contents selected in 10.2.1, add or remove the 
required'amounts of water as follows: to add water, spray it 
into the soil during mixing; to remove water, allow the soil to 
dry in air at ambient temperature or in a drying apparatus 
such that the temperature of the sample does not exceed 
140'F (arc). Mix the soil frequently during drylng t c  
maintain an even water content distribution. Thoroufl 
mix each specimen to ensure even distribution of water 
throughout and then place in a separate covered container 
and allow to stand in accordance with Table 1 prior to 
compaction. For the purpose of selecting a standing time, the 
soil may be classified using Test Method D2487; Practice 
D2488 or data on other samples from the same material 
source. For referee testing, classification shall be by Test 
Method D 2487. 

10.3 Dry Preparation Method-If the sample is too damp 
to be friable, reduce the water content by air drying until the 
material is friable. Drying may be in air or by the use of 
drying apparatus such'that the temperature of the sample 
does not exceed 140°F (60'C). Thoroughly break up the 
aggregations in such a manner as to avoid breaking indi- 
vidual particles. Pass the material through the appropriate 
sieve: No. 4 (4.75-mm), %-in. (9.5-mm), or 3h-in. (19.0- 
mm). When preparing the material by passing over the 3h-in. 
sieve for compaction in the 6-in. mold, break up aggregations 
sufficiently to at least pass the %-in. sieve in order to 
facilitate the distribution of water throughout the soil in later 
mixing. 

10.3.1 Prepare at least four (preferably five) specimens in 
accordance with 10.2.1. 

-10.3.2 Use approximately 5-lbm (2.3-kg) of the sieved soil 
for each specimen to be compacted using Procedure A or B, 

TABLE '1 Re~uired Standing Timer ol Moirturized s9ecimew 
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0.01 6 0.41 
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2% 63.50 
2% 66.70 
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'I30 (0.0333) 943 
O.OOO5 14 
% r m  (0.0750) 2,124 
0.001 1 31 

or 13-lbm (5.9-kg) using Procedure C. Add the required 
amounts of water to bring the water contents of the 
specimens to the values selected in 10.3.1. Follow the 
specimen preparation procedure specified in 10.2.2 for 
drying the soil or adding water into the soil and curing each 
test specimen. 

10.4 Compaction-After curing, if required, each spec- 
imen shall be compacted as follows: 

8 10.4.1 Determine and record the mass of the mold or 
mold and base plate. 

,.1,0.4.2 Assemble and secure the mold and collar to the 
base plate. The mold shall rest on a uniform rigid founda- 
tion, such as provided by a cylinder or cube of concrete with 
a mass of not less than 200-lbm (91-kg). Secure the base plate 
to-the rigid foundation. The method of attachment to the 
rigid foundation shall allow easy removal of the assembled 
mold, collar and base plate after compaction is completed. 

10.4.3 Compact the specimen in three layers. After com- 
paction, each layer should be approximately equal in thick- 
ness. Prior to compaction, place the loose soil into the mold 
and spread into a layer of uniform thickness. Lightly tamp 
the soil prior to compaction until it is not in a f l u e  or loose 
state, using either the manual compaction rammer or a 2-in. 
(5-mm) diameter cylinder. Following compaction of each of 
the first two layers, any soil adjacent to the mold walls that 
has not been compacted or extends above the compacted 
surface shall be trimmed. The trimmed soil may be included 
with the additional soil for the next layer. A knife or other 
suitable device may be used. The total amount of soil used 
shall be such that the third compacted layer slighly extends 
into the collar, but does not exceed '/*-in. (6-mm) above the 
top of the mold. If the third layer does extend above the top 
of the mold by more than V4-in. (6-mm), the specimen shall 
be discarded. The specimen shall be discarded when the last 
blow on the rammer for the third layer results in the bottom 
of the rammer extending below the top of the compaction 
mold. 

10.4.4 Compact each layer with 25 blows for the 4-in. 
( 10 1.6-mm) mold or with 56 blows for the Gin. ( 152.4-mm) 
mold. 

NOTE 7-When compacting specimens wetter than optimum mater 
content, uneven compacted surfaces can occur and operator judgement 
is required as to the average height of the specimen. 

10.4.5 In operating the manual rammer, take care to 
avoid lifting the guide sleeve during the rammer upstroke. 
Hold the guide sleeve steady and within 5" of vertical. Apply 
the blows at a uniform rate of approximately 25 blows/min 
and in such a manner as to provide complete, uniform 
coverage of the specimen surface. 

10.4.6 Following compaction of the last layer, remove the 
collar and base plate from the mold, except as noted in 
10.4.7. A knife may be used to trim the soil adjacent to the 
collar to loosen the soil from the collar before removal to 
avoid disrupting the soil below the top of the mold. 

10.4.7 Carefully trim the compacted specimen even with 
the top of the mold by means of the straightedge scraped 
across the top of the mold to form a plane surface even with 
the top of the mold. Initial trimming of the specimen above 
the top of the mold with a knife may prevent the soil from 
tearing below the top of the mold. Fill any holes in the top 
surface with unused or trimmed soil from the specimen, 
press in with the fingers, and again scrape the straightedge 
across the top of the mold. Repeat the appropriate preceding 
operations on the bottom of the specimen when the mold 
volume was determined without the base plate. For very wet 
or dry soils, soil or water may be lost if the base plate is 
removed. For these situations, leave the base plate attached 
to the mold. When the base plate is left attached, the volume 
of the mold must be calibrated with the base plate attached 
to the mold rather than a plastic or glass plate as noted in 
Annex 1, A 1.4. 

10.4.8 Determine and record the mass of the specimen 
and mold to the nearest gram. When the base plate is left 
attached, determine and record the mass of the specimen, 
mold and base plate to the nearest gram. 

10.4.9 Remove the material from the mold. Obtain a 
specimen for water content by using either the whole 
specimen (preferred method) or a representative portion. 
When the entire specimen is used, break it up to facilitate 
drying. Otherwise, obtain a portion by slicing the compacted 
specimen axially through the center and removing about 
500-g of material from the cut faces. Obtain the water 
content in accordance with Test Method D 2216. 

10.5 Following compaction of the last specimen, compare 
the wet unit weights to ensure that a desired pattern of 
obtaining data on each side of the optimum water content 
will be attained for the dry unit weight compaction curve. 
Plotting the wet unit weight and water content of each 
compacted specimen Can be an aid in making the above 
evaluation. If the desired pattern is not obtained, additional 
compacted specimens will be required. Generally, one water 
content value wet of the water content defining the max- 
imum wet unit weight is sufficient to ensure data on the wet 
side of optimum water content for the maximum dry unit 
weight. 

11. Calculation ' 

1 1.1 Calculate the dry unit weight and water content of 
each compacted specimen as explained in 1 1.3 and 1 1.4. Plot 
the values and draw the compaction curve as a smooth curve 
through the points (see example, Fig. 3). Plot dry unit weight 
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FIG. 3 Example Compaction Curve Plotting 

to the nearest 0.1 Ibf/ft3 (0.2 kN/m3) and water content to 
the nearest 0.1 %. From the compaction curve, determine 
the optimum Hater content and maximum dry unit weight. 
If more than 5 % by weight of oversize material was removed 
from the sample, calculate the corrected optimum water 
content and maximum dry unit weight of the total material 
using Practice D 47 18. This correction may be made to the 
appropriate field in place density test specimen rather than to 
the laboratory test specimen. 

11.2 Plot the 100 9% saturation curve. Values of water 
content for the condition of 100 9% saturation can be 
calculated as explained in 11.5 (see example, Fig. 3). 
NOTE 8-The 100% saturation curve is an aid in drawing the 

compaction curve. For soils containing more than approximately IO % 
fines at water contents well above optimum, the two curves generally 
become roughly parallel with the wet side of the compaction curve 
between 92 W to 95 % saturation. Theoretically, the compaction curve 
cannot plot to the right of the 100 W saturation curve. If it does, there is 
an error in specrfic gravity, in measurements, in calculations, in test 
procedutrs, or in plotting. 

NOTE 9-The 100 % saturation curve is sometimes referred to as the 
zero air voids w e  or the complete saturation curve. 

1 1.3 Water Content, w-Calculate in accordance with 
Test Method D 22 16. 

1 1.4 Dry Unit Weights-Calculate the moist density (Eq. 
l), the dry density (Eq. 2), and then the dry unit weight (Eq. 
3) as foUoWs: 

where: 
pm 
MI 
Md = mass of compaction mold, kg, and 
V 

= moist density of compacted specimen, Mg/m3, 
= mass of moist specimen and mold, kg, 

= volume of compactionpmold, m3 (see Annex 1) 

Pd = PJ I + H'/ 100) ( 3  
where: 
pd 
H' = water content, %. 

= dry density of compacted specimen, Mg/m3, and 

yd = 62.43 pd in Ibf/ft' (3) 
or 

yd = 9.807 pd in kN/m3 
where: 
yd = dry unit weight of compacted specimen. 

11.5 To calculate points for plotting the 100 '3 saturation 
curve or zero air voids curve select values of dry unit weight, 
calculate corresponding values of water content corre- 
sponding to the condition of 100 % saturation as follows: 

where: 
wsac = water content for complete saturation, %, 
yw = unit weight of water, 62.43 Ibf/ft3 (9.807 kn/m3), 
Yd = dry unit weight of soil, and 
G, = specific gravity of soil. 
NOTE IO-Specific gravity may be estimated for the test specimen on 

the basis of test data from other samples of the same soil classification 
and source. Otherwise. a specific gravity test (Test Method C 127, Test 
Method D 854, or both) is necessary. 

12. Report 
12.1 The report shall contain the following information: 
12,l. 1 Procedure used (A, B, or C). 
12.1.2 Preparation method used (moist or dry). 
12.1.3 As received water content if determined. 
12.1.4 Standard optimum water content, to the nearest 

12.1.5 Standard maximum dry unit weight, to the nearest 

12.1.6 Description of rammer (manual or mechanical). 
12.1.7 Soil sieve data when applicable for determination 

12.1.8 Description of material used in test, by Practice 

12.1.9 Specific gravity and method of determination. 
12.1.10 Origin of material used in test, for example, 

project, location, depth, and the like. 
12.1.1 1 Compaction curve plot showing compaction 

points used to establish compaction curve, and 100 9% 
saturation curve, point of maximum dry unit weight and 
optimum water content. 

12.1.12 Oversize correction data if used, including the 
oversize fraction (coarse fraction), P, in 96. 

0.5 %. 

0.5 Ibf/ft3. 

of procedure (A, B, or C) used. 

D 2488, or classification by Test Method D 2487. 

13. Precision and Bias 
13.1 -Precision-Data are being evaluated-to determine 

the precision of this test method. In addition, pertinent data 
is being Solicited from users of the test method. 

13.2 Bias-It is not possible to obtain information on bir 
because there is no other method of determining the value. 
of standard maximum dry unit weight and optimum water 
content. 
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ANNEX 

(Mandatory Information) 

AI. VOLUME OF COMPACTION MOLD 

Al.1 Scope 

mining the volume of a compaction mold. 

method and checked by a linear-measurement method. 

Al.2 Apparatus 
A 1.2.1 In addition to the apparatus listed in Section 6 the 

following items are required: 
A 1.2.1.1 Vernier or Dial Caliper-having a measuring 

range of at least 0 to 6 in. (0 to I50 mm) and readable to at 
least 0.001 in. (0.02 mm). 

A 1.2.1.2 Inside Micrometer-having a measuring range 
of at least 2 to 12 in. (50 to 300 mm) and readable to at least 
0.001 in. (0.02 mm). 
, A1.2.1.3 Plastic or Glass Plates-Two plastic or glass 
plates approximately 8 in. square by 114 in. thick (200 by 200 
mm by 6 mm). 

A1.2.1.4 Thermometer4 to 50°C range, OS'C gradua- 
tions, conforming to the requirements of Specification E I.  

A I  .2. I .5 Stopcock grease or similar sealant. 
A 1.2. I .6 Miscellaneous equipmenr-Bulb syringe, towels, 

Al.1.1 This annex describes the procedure for deter- 

A1.1.2 T I e  volume is determined by a water-filled 

1 

etc. 

A I 3  Precautions 

drafts or extreme temperature fluctuations. 
A1.3.1 Perform this procedure in an area isolated from 

A1.4 Procedure 
A1.4.1 Water-Filling Method: 
A1.4.1.l Lightly grease the bottom of the compaction 

mold and place it on one of the plastic or glass plates. Lightly 
grease the top of the mold. Be careful not to get grease on the 
inside of the mold. If it is neceSSary to use the base plate, as 
noted in 10.4.7, place the greased mold onto the base plate 
and secure with the locking studs. 

A1.4.1.2 Determine the mass of the greased mold and 
both plastic or glass plates to the nearest 0.01-lbm (I-g) and 
record. When the base plate is being used in lieu of the 
bottom plastic or glass plate determine the mass of the mold, 
base plate and a single plastic or glass plate to be used on top 
of the mold to the nearest 0.0 1 -1bm ( 1 -g) and record. 

A1.4.1.3 Place the mold and the bottom plastic or glass 
plate on a firm, level surface and fill the mold with water to 
slightly above its rim. 

A I  .4.1.4 Slide the second plate over the top surface of the 
mold so that the mold remains completely filled with water 
and air bubbles are not entrapped. Add or remove water as 
necessary with a bulb syringe. 

A 1.4.1.5 Completely dry any excess water from the out- 
side of the mold and plates. 

A1.4.1.6 Determine the mass of the mold, plates and 
water and record to the nearest 0.0 I -1bm ( 1 -g). 

A1.4.1.7 Determine the temperature of the water in the 
mold to the nearest I T  and record. Determine and record 
the absolute density of water from Table A 1.1. 

A1.4.1.8 Calculate the mass of water in the mold by 
subtracting the mass determined in A1.4.1.2 from the mass 
determined in A 1.4.1.6. 

A1.4.1.9 Calculate the volume of water by dividing the 
mass of water by the density of water and record, to the 
nearest 0.OOO 1 ft3 ( 1  cm'). 

A1.4.1.10 When the base plate is used for the calibration 
of the mold volume repeat A I .4.1.3 through A I  .4.1.9. 

A I .4.2 Linear Measurement Method: 
A1.4.2.1 Using either the vernier caliper or the inside 

micrometer, measure the diameter of the mold 6 times at the 
top of the mold and 6 times at the bottom of the mold, 
spacing each of the six top and bottom measurements 
equally around the circumference of the mold. Record the 
values to the nearest 0.001-in. (0.02-mm). 

A1.4.2.2 Using the vernier caliper, measure the inside 
height of the mold by making three measurements equally 
spaced around the circumference of the mold. Record values 
to the nearest 0.001-in. (0.02-mm). 

A 1.4.2.3 Calculate the average top diameter, average 
bottom diameter and average height. 

A1.4.2.4 Calculate the volume of the mold and record to 
the nearest o.Oo01 ft' (I cm') as follows: 

' 

( r X h x 4  + dd' (inch-pound) V =  
(16x1728) 

TABLE A1 Density of WaterA 

18 (64 4) 0 99862 
19 (662) 0 99843 
mwo)  0 99823 
21 (698) 0 99802 
22 (71.6) 0 99779 
23 (73 4) 0 99756 
24 (75.21 0 99733 

TemPemm. "C (OF)  Demny of Water. g/ml 

25 (77.0) 0 99707 
099681 

"Vah*Womerman shormmay beoMarned by refemng tome Handbodc d 
chenasayand Ryscs.c3mncal RubberR;btishngCo.. c%v+ind.ohD. 
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where: 
V = volume of mold, ft3 (cm)), 
h = average height, in. (mm), 
d, = average top diameter, in. (mm), 
db = average bottom diameter, in. (mm), 
1/~7z8 = constant to convert in' to ft3, and 
1/10' = constant to conven mm3 to cm'. 

A1.5 Comparison of Results 
A1.5.1 The volume obtained by either method should be 

within the volume tolerance requirements of 6.1.1 and 6.1.2. 

A1.5.2 The difference between the two methods should 
not exceed 0.5 96 of the nominal volume of the mold. 

teria are not met. 
A 1 S.4 Failure to obtain satisfactory agreement between 

the two methods, even after several trials, is an indication 
that the mold is badly deformed and should be replaced. 

A1.5.5 Use the volume of the mold determined using the 
water-filling method as the assigned volume value for calcu- 
lating the moist and dry density (see 1 1.4). 

~ A1.5.3 Repeat the determination of volume if these CI 

The American Society for Testing and Materials takes no position respecting the validity of any patent nghts asserfed in connection 
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity d any such 
petent rights, and the risk of infringement of such rights, are entirely their own r&psibiI@. 

This standard is subject to revision at any time by the responsible technical comminee and must be reviewed every five y w s  and 
it nof revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards 
and should be addressed to ASTM Headquarfers. Your comments will receive careful consideration at a meeting of the responsible 
technical cumminee, which you may attend. If you feel that your comments have nof received a fair hearing you should make your 
views known to the ASTM Comminee on Standards. 1916 Race St.. Philadelphia, PA 19103. 
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Designation: D 854 - 92 

Standard Test Method for 
Specific Gravity of Soils’ 
This standard is issued under the fixed designation D 854: the number immediately following the designation indicates the yearlor 
original adoption or. in the case of revision. the year of last rcsision. A number in parcnthevs indicates the year of Ian reapproval. A 
supcrscript epsilon (t) indicates an editorial change since the last rerision or reapproval. 

1. Scope I-- 

1.1 This test method covers the determination of the 
specific gravity of soils that pass the 4.75-mm (No. 4) sieve, 
by means of a pycnometer. When the soil contains particles 
larger than the 4.75-mm sieve, Test Method C 127 shall be 
used for the material retained on the 4.75-mm sieve and this 
test method shall be used for the material passing the 
4.75-mm sieve. 

1.1.1 Two procedures for performing the specific gravity 
are provided as follows: , 

I. 1.1.1 Method A-Procedure for Oven-Dry Specimens, 
described in 9.1. 

I. 1. I .2 Method B-Procedure for Moist Specimens, de- 
scribed in 9.2. The procedure to be used shall be specified by 
the requesting authority. For specimens of organic soils and 
highly plastic, fine-grained soils, Procedure B shall be the 
preferred method. 

1.2 When the specific gravity value is to be used in 
calculations in connection with the hydrometer portion of 
Test Method D422, it is intended that the specific gravity 
test be made on that portion of the sample which passes the 
2.00-mm (No. 10) sieve. 

1.3 The values stated in acceptable metric units are to be 
regarded as standard. 

1.4 This standard does not purpon to address all of the 
safety problems, if any, associated with its q e .  I t  is the 
responsibility of the user of this standard to establish appro- 
priate safety and health practices and determine the applica- 
bility of regulatory limitations prior$ to use. 

\ 

I 

2. Referenced Documents 

2.1 ASTM Standards: 
C 127 Test Method for Specific Gravity and Absorption of 

Coarse Aggregate2 
C670 Practice for Preparing Precision and Bias State- 

ments for Test Methods for Construction Materials2 
D422 Test Method for Particle-Size Analysis of Soils3 
D 653 Terminolbgy Relating to Soil, Rock, and Contained 

D2487 Test Method for Classification of Soils for Engi- 
Fluids3 

neering Purposes3 

This test mahod is under the juridiction of A m  Committee D l 8  on sod 
m d  Rock and is the dirccr responsibility of Subcornmitux D18.03 on Texture. 

Currrnt edition approvcd Nov. 15, 1992. Published January 1993. Originally 
pkaicity and Density C h m a m a  . ‘Q of soi 

. p u ~ a D 8 W - 4 5 . L a s r p r e v i o u r e d i t i o n D 8 W - 9 1 .  
Annual Book ~ A S T M  Sinndnrdc. Vol04.02. ’ Annual E d  ofAs7M slondnrdr. Vol04.08. 

I 
. I  

D4753 Specification for Evaluating, Selecting, and Speci- 
fying Balances and Scales for Use in Soil and Rock 
Testing3 ‘ 

E 1 Specification for ASTM Thermometers4 
E 11 Specification for Wire-Cloth Sieves for Testing 

E 12 Terminology Relating to Density and Specific 
’ 

2.2 AASHTO Standards:’ . 
AASHTO Test Method T IO0 

Purposes5 

Gravity of Solids, Liquids, and Gases6 

3. Terminology 

D 653 and E 12. 
3.1 All definitions are in accordance with Terminology 

3.2 Description of Term Specfic to This Standard: 
3.2.1 spec$c gravity-the ratio of the m a s  of a unit 

volume of a material at a stated temperature to the mass of 
the same volume of gas-free distilled water at a stated 
temperature. 

4. .Significance and Use 
4.1 The specific gravity of a soil is used in calculating the 

phase relationships of soils (that is, the relative volumes of 
solids to water and air in a given volume of soil). 

4.2 The t e rn  solid particles is typically assumed to mean 
naturally occumng mineral particles that are not readily 
soluble in water. Therefore, the specific gravity of materials 
containing extraneous matter (such as cement, lime, and the 
like), water-soluble matter (such as sodium chloride), and 
soils containing matter with a specific gravity less than one, 
typically require special treatment or a qualified definition of 
their specific gravity. 

5 .  Apparatus 
5.1 Pycnometer-The pycnometer shall be one of the 

following: 
5.1.1 Volumetric Flask, having a capacity of at least 100 

5.1.2 Stoppered Bottle, having a capacity of at least 50 , 
mL. The stopper shall be of the same material, and shall ’ 
permit the emission of air and surplus water when it is put in 
place. 

NUTE ~ 1-Flask sizes of greater than the specified minimum capacity 
are recommended. M e r  flasks are capable of holding 1- spbcimens 
and tend to produce bmer statistid results. 

. mL. 

\ 
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’Annual Book of ASTM Sian&rds, Vol 14.02. 
6 A m d  Book of ASTM ~londardr, VOl 15.05. 
7 Availabk born American AaociaUOn of state Highway and TnnrpoMtioa 

officials. 444 N Capital St. W, Washingto& DC 2OOOI. 
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5.2 Balance-Meeting the requirements of Specification 
D 4753 and readable, without estimation, to at least 0. I 5% of 
the specimen mass. . 

5.3 Drying Oven-Thermostatically-controlled oven, ca- 
pable of maintaining a uniform temperature of 110 f 5°C 
(230 f 9'F) throughout the drying chamber. 

5.4 Thermomeler, capable of measuring the temperature 
range within which the test is being performed, graduated in 
a 0.5"C (1  CF) division scale and meeting the requirements 
of Specification E 1. 

5.5 Desiccator-A desiccator cabinet or large desiccator 
jar of suitable size containing silica gel or anhydrous calcium 
sulfate.* 

NOTE 2-It is preferable to use a desiccant that changes color to 
indicate when it needs reconstitution. 

5.6 Entrapped Air Removal Appararus-To remove en- 
trapped air, use one of the following: 

5.6.1 Hot Plate or Bunsen Burner, capable of maintaining 
a temperature adequate to boil water. 

5.6.2 Vacuum System, a vacuum pump or water aspi- 
rator, capable of producing a partial vacuum of 100 min or 

NOTE 3-A partial vacuum of 100 mm Hg absolute pressure k 
approximately equivalent to a 660 mm (26 in.) Hg reading on vacuum 
gauge at sea level. 

5.7 Miscellaneous Equipment, specimen dishes and insu- 

less absolute pressure. , \  

lated gloves. 

6. Reagents and Materials 
6.1 Purify 01 Wafer-Where distilled water is referred to 

in this test method, either distilled or demineralized water 
may be used. 

7. Test Specimen 
7.1 The test specimen may be ovendried or moistened 

soil and shall be representative of the total sample. In either 
case the specimen shall be large enough that its minimum 
m a s  in the ovendried state is in accordance with the 
following: 

Maximum Standard 
Parude Sue Sieve Minimum Matc 

(100 W passing) Si of Ten Spmmen. g 

2 m m  No. 10 20 
4.75 m m  No. 4 100 

c 

8. Calibration of Pycnometer 
8.1 Determine and record the mass of a clean, dry 

pycnometer, Mr; 
8.2 Fill the pycnometer with distilled water to the calibra- 

tion mark. Visually inspect the pycnometer and its contents 
to ensure that there are no air bubbles in the distilled water. 

. Determine and record the mass of the pycnometer and 
water, M, 

8.3 Insert a thermometer in the water, and determine and 
record its temperature, T, to the nearest OS'C (I .VU. 

8.4 From the mass, M, determined at the observed 
temperature, T, prepare a table of values of mass, M, for a 
series of temperatures that likely to prevail when the 

mass of the pycnometer, soil, and water, Mb is determined 
later. These values of AI, can be determined experimenta' 
or may be calculated as follows: . 

Ma (at T,) = [(density of water at TJdensity of water 
at 7,) x (Ma (at 7,) - MI)] + MI ' 

where: 
Ma = mass of pycnometer and water, g, 
Mf = mass of pycnometer, g, 
T, = observed temperature of water, "C, and 
T, = any other desired temperature, "C. 

NOTE 4-This test method provides a procedure that is more 
convenient for laboratories making many determinations with the same 
pycnometer. It is equally applicable IO a single determination. Bringing 
the pycnometer and contents to some designated temperature when 
masses M, and M6 are taken, requires considerable time. It is important 
that masses Ma and M6 be based on water at the same temperature. 
Values for the density of water at temperatures from 16.0 to 30.0'C are 
given in Table 1 .  

9. Procedure 
9.1 Test Method A-Procedure For Oven-Dried Speci- 

mens: 
9.1.1 Dry the specimen to a constant mass in an oven 

maintained at 1 10 f 5'C (230 f 9°F) (See Note 5 )  and cool it 
in a desiccator. . / 

NOTE S-Dqing of certain soils at 1 IO'C (230'F) may bring about 
loss of water of composition or hydration, and in such cases drylng may 
be done in reduced air pressure or at a lower temperature. 

9.1.2 Determine and record the mass of a clean, 
calibrated pycnometer, Mf Select a pycnometer of suffiL 
capacity that the volume filled to the mark will be at least 50 
percent greater than the space required to accommodate the 
test specimen. Place the specimen in the pycnometer. 

TABLE 1 Density of Water and Correction Factor K for Various 
Temperature8 

Temperature. *C Density of Water (Q/mL) Con- Factor K 

16.0 0.99897 1 .ooo7 
16.5 0.99889 1.0007 
17.0 0.99880 1 .o006 

0.99871 1 .oO05 
18.0 0.99862 1 .ooo4' 
18.5 . .  0.99853 1 .ooo3 
19.0 0.99843 1 .o002 
19.5 0.99833 1 .OOol 
20.0 0.99823 1 .m 

0.9999 20.5 0.99812 
21 .o 0.99802 0.9998 
21.5 0.99791 0.9997 
22.0 0.99780 0.9996 
22.5 0.99768 0.9995 
23 .O 0.99757 0.9993 
23.5 0.99745 0.9992 
24.0 0.99732 0.9991 
24.5 0.99720 0.9990 
25.0 0.99707 0.9988 

0.9987 25.5 - - -  
26.0 0.99681 0.9986~ ~ - 

0.9984 
0.9983 

( 26.5 0.99668 
27.0 0,99654 

0.9902 
0 . W  

3.5 0,99640 
28.0 0.99626 
28.5 0.99s12 0.9979 
29.0 0.99597 0.9977 
29.5 0.99582 0.9976 
30.0 0.99567 0.9974 

17.5 , 1 

~ -0.99694 - 
.. 

' I  
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TABLE 2 Table of Precision Estimates. 

Standard Range Ot 
Two ResultsC . 

Material and 
Type Index P a w  Passing Passing Pas- 

No. 4 No. 10 No. 4 No. 10 
(4.75 mm) (2.00 mm) (4.75 mm) (2.00 mm) 

S n g l a ~ r a f o r  pre~ision: 
Cohesive soils 0.021 0.019 0.06 0.06 
Nmcotwsive soits a 8 8 e 

cohesive soas 0.056 0.041 0.16 0.12 
Noncohesive soils 8 B 8' . e  

Muflilaborafory precision: 

figures given m Columns 2 and 3 are the standard devlatms that have 
been found to be appropate lor the materials dexnbed u1 Column 1 The %ures 
wen m cdumns 4 and 5 are the lirmts that should not be exceeded by the 
ddfwetm between the two property cooducted tests 

numbers represent. respecbvety. the (1s) and (02s) huts as c!e 
scnbed UI Ractce C 670 

CnteM for asvgrung standard dewaton valws for noncohesive sals are not 
avaaabIe a1 the present bme 

Determine the mass of the specimen and pycnometer, and 
subtract the m a s  of the pycnometer, Mj from this value to 
determine the mass of the ovendry specimen, M,. 

9.1.3 Fill the pycnometer with distilled water to a'level 
slightly above that required to cover the soil and soak the 
specimen for at least 12 h. 

NOTE 6-For some soils containing a significant fraction of organic 
matter, kerosine is a better wetting agent than water and may be used in 
place of distilled water for ovendried specimens. If kerosine is used. the 
entrapped air should only be removed by use of an aspirator. Kerosine is 
a flammable liquid that must be used with extreme caution. 

NOTE 7-Adding distilled water to just cover the soil makes it easier 
control boil-over during removal of entrapped air. 

9.1.4 Remove the entrapped air by one of the following 
methods: A 

9.1.4.1 Boil the specimen gently for at least 10 min while 
agitating the pycnometer occasionally to assist in the re- 
moval of air. Then cool the heated specimen to room 
temperature. 

9. I .4.2 Subject the contents to a vacuum (air pressure not 
exceeding 100 mm Hg) for at least 30 min (Note 8) either by, 
connecting the pycnometer directly to an aspirator or 
vacuum pump or by use of a bell jar. While the vacuum is 
being applied, gently agitate the pycnometer periodically to 
assist in the removal of air. Some soils boil violently when 
subjected to reduced'air pressure. It will be n e c e e  in those 
'wes to reduce the air pressure at a slower rate or to use a 
larger flask. 

NOTE 8-Specimens with a high plasticity at the natural water 
content may require 6 to 8 h to remove entrapped air. Specimens with a 
low plasticity at the natural water content may require 4 to 6 h to 
remove entrapped air. Ovendried specimens may require 2 to 4 h to 
remove entrapped air. 

9.1.5 Fill the pycnometer to just below the calibration 
mark with distilled water at room temperature. Add the dis- 
tilled water slowly and carefully to avoid the entrapment of 
air bubbles in the specimen (Note 9). Allow the pycnometer 
to obtain a uniform water temperature (Note 10). 

. N ~ T E  9-To avoid thc entrapment of air bubbles, the distilled water 
a be introduced through a piece of smalldiameter flexible tubing with 
its outlet end kept just below the surface of the distilled water in the 
pycnometer. 6 

* I  .-  

. , 

. 

- 
[ 
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XOTE 10-To obtain a uniform water Iemperaiure the pycnometer 
may be dlowed to sit overnight or be placed in a constant temperature 
bath. 

9.1.6 Fill the pycnometer with distilled water at the same 
temperature to the mark, clean the outside, and dry with a 
clean, dry cloth. Determine and record the mass of the 
pycnometer filled with soil and water, Mb. 

9.1.7 Insert a thermometer into the water, and determine 
and record its temperature, T,,, to the nearest OS'C ( 1  .o"F). 

9.2 Test Merhod B-Procedure For Moist Specimens: 
9.2. I Place the specimen in a calibrated pycnometer. 
9.2.1.1 Disperse specimens of clay soils in distilled water 

before they are placed in the pycnometer, by use of the 
dispersing equipment specified in Test Method D 422. The 
minimum volume of slurry that can be prepared by this 
dispersing equipment is such that a 500-mL (or larger) flask 
is needed as a pycnometer. 

9.2.2 Proceed as described in Sections 9. I .4 and 9.1.7. 
9.2.3 Remove the specimen from the pycnometer, and 

dry it to a constant m a s  in an oven maintained at 1 10 k 5°C 
(230 f 9'F) (See Note 5) .  Cool the specimen in a desiccator. 

9.2.4 Determine and record the m a s  of the ovendried 
soil, M,. 

10. Calculation . 
10.1 Calculate the specific gravity of the soil, G, to the 

nearest 0.0 1, based on water at a temperature ( Tb) as follows: 

where: 
M, = mass of sample of ovendry soil, g, 
M, = mass of pycnometer filled with water at temperature 

Mb =mass of pycnometer filled with water and soil at 

Tb = temperature of the contents of the pycnometer when 

NOTE 1 \-This value can be obtained from the table of values of M, 
prepared in accordance with 6.2, for the temperatures prevailing when 
mass Mb was determined, 'C. 

NOTE 12-The equation shorn in 9.1 is for computing the specific 
graV;.ty of the soil tested in water. When kerosine is used, the Eq must be 
adjusted by multiplying the result by the specific gravity of kerosine at 
T, and dividing it by the density of water at Tb 

10.2 Calculate the weighted average specific gravity for 
soils containing particles'both larger and smaller than the 
4.75-mm sieve using the following equation: '. 

G at Tb = Mo/(Mo +- (Ma - Mb] I - 

Tb (Note 1 I), 

temperature T, g, 

mass M b  was determined, 'C. 

1 ,  
p ,  

Ga, = ' R, 
-+- r 

100Gl 100GZ 
where: 
Gaq = weighted average specific gravity of soils composed of 

particles larger and smaller than the 4.75-mm sieve, 
R, = percent of soil particles retained on 4.75-mm sieve, 
P, = percent of soil particles passing the 4.75-mm sieve, 
GI = apparent specific gravity of soil particles retained on 

the 4.75-mm sieve as determined by Test Method 
C 127, and 

. .  



~ 

.:r 

.*e 

.e 
~a 

le 

le 

:r 
:e 
:e 

k 
!S 

.d 

r. 
d 

- 
b 

:e 
S: 

I 

.e 

I t  

n 

2' 

n 

! 

t 

.~ 

I 

GI = specific gravity of soil particles passing the 4.75-mm 

10.3 Unless otherwise required, specific gravity (G) values 
reported shall be based on water at 20°C. Calculate the value 
based on water at 20°C from the value based on water at the 
observed temperature Tb as follows: 

G a t  20'C = K x ( G  at Tb) 

sieve as determined by this test method. 

em D854 

where: 
K = a number found by dividing the density of water at 

temperature T, by the density of water at 20°C. Values 
for the range of temperatures are given in Table 1. 

10.4 In some cases, it is desired to report the specific 
gravity value based on water at a different temperature. In 
these cases, the specific gravity value, based on any temper- 
ature T, may be calculated as follows: 

. 

G at 20'C 
K 

Gat T, = 

11. Report 
1 1.1 The report (data sheet) shall include the following: 
1 1.1.1 Identification of the sample (material) being tested, 

such as boring number, sample number, test number, etc. 
11.1.2 Specific gravity at 20°C to the nearest 0.01. Test 

procedure used (A 'or B). 
- 

1 I .  1.3 Maximum particle size of the test specimen. 
11.1.4 Specific gravity to the nearest 0.01 at a 

11.1.5 Type of fluid used, if other than distilled watt. 
1 I .  1.6 When any portion of the original sample of soil is 

eliminated in the preparation of the test specimen, the 
portion on which the test has been made shall be reported. 

12. Precision and Bias 
12.1 Precision-Criteria for judging the acceptability of 

specific gravity test results obtained by this test method on 
material passing the 4.75-mm sieve are given as follows: 

12.2 Statement OJ Precision-Criteria for judging the 
acceptability of  specific gravity test results obtained by this 
test method on material passing the 4.75 (No. 4) or 2.00 mm 
(No. IO) sieve are given in Table 2. The estimates of 
precision for material passing the 2.00 mrn sieve are based on 
results from the AASHTO Materials Reference Laboratory 
(AMRL) Proficiency Sample Program, of testing conducted 
on material passing the 2.00 (No. IO) sieve by this test 
method and AASHTO Test Method T 100. 

12.3 Bias-There is no acceptable reference value for this 
test method; therefore, bias cannot be determined. 

13. Keywords 

temperature other than 20"C, if applicable. 

13.1 soil; specific gravity . 
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(1" 'qesignation: D 1452 - 80 (Reapproved 1990)'' 

Standard Practice for 
Soil Investigation and Sampling by Auger Borings' 

This mndard  is iuued under the fixed designation D 1452; the numbcr immtdiately following the designation indicata the year Of 
original adoption or, in the cby of revision. the year of lan revision. A number in parrnlhevs indicates the year of lan reapprod.  A 
supcncript epsilon (t) indicates an editorial change incc  the Ian revision or reapprod. 

This standard hac been approved for use by agencies of (he Depanrnoll of Defeme. Consult [he DoD Index of Spcc$calions and 
Standardsfor (he spec$c year o/issue which hcrr been adopted by the D e p a n m m  of Ddeme. 

'' NoTE-ScCliOn 6 was added editorially in July 1990. 

. scope 
1.1 This practice covers equipment and procedures for the 

se of earth augers in shallow geotechnical exploration. This 
ractice does not apply to sectional continuous flight augers. 
1.2 This srandard does not purpon to address the safety 

Voblems associated with its use. I t  is the responsibility of the 
sei o/ this standard to establish appropriate safely and 
ealth practices and determine the applicability of regulatory 
mitations prior to use. 

. Significance and Use 
uger boring often provide the simplest method of 

1. stigation and sampling. They may be used for any 
urprse wheree&sturbed samples can be used and are 
aluable in connection with ground water level determina- 
on and indication of changes in strata and advancement of 
ole for spoon and tube sampling. Equipment required is 
,mple and readily available. Depths of auger investigations 
re, however, limited by ground water conditions, soil 
haracteristics, and the equipment used. 

~ 

J ;. Apparatus 
3.1 Hand-Operated Augers 
3. I. I Helical Augers-Small lightweight augers generally 

vailable in sizes from 1 through 3 in. (25.4 through 762 
am). 

3.1.1.1 SpiraLType Auger, consisting of a flat thin metal 
trip, machine twisted to a spiral configuration of uniform 
)itch; having at one end, a sharpened or hardened point, 
vith a means of attaching a shaft or extension at the opposite 
!Ud. 

3.1.1.2 Ship-Type Auger-Similar to a carpenter's wood 
it It is generally forged from steel and machined to the 
fesired size and configuration. .It is normally provided With 
;@ned and hardened nibs at the point end and With an 
ntepsal shaft extending through its length for attachment of 
1 handle or extension at the opposite end 
. I 2 Open Tubular Augers, ranging in Size from 1.5 
( I 8 in. (38.1 through 203.2 mm) and having the 

common characteristic of appearing essentially tubular when 
viewed From the digging end. 

3.1.2.1 Orchard-Barrel Type, consisting essentially of a 
tube having cutting lips or nibs hardened and sharpened to 
penetrate the formation on one end and an adaptor fitting 
for an extension or handle on the opposite end. 

3.1.2.2 Open-Spiral Type, consisting of a flat thin metal 
strip that has been helically wound around a circular 
mandrel to form a spiral in which the flat faces of the sUip 
are parallel to the axis of the augered hole. The lower helix 
edges are hard-faced to improve wear characteristics. The 
opposite end is fitted with an adaptor for extension. 

3.1.2.3 Closed-Spiral Type-Nearly identical to the open- 
spiral type except, the pitch of the helically wound spiral is 
much less than that of the open-spiral type. 

3.1.3 Post-Hole Augers, genedy 2 through 8 in. (50.8 
through 203.2 mm), and having in common a means of 

-blocking the escape of soil from the auger. ' 
3.1.3.1 Clam-Shell Type, consisting of TWO halves, hinged 

to allow opening and closing for alternately digging and 
retrieving. It is not usable deeper than about 3.5 A (1.07 m). 

3.1.3.2 Iwan Type, consisting of two tubular steel seg- 
ments, connected at the top to a common member to form a 
nearly complete tube, but with diametrically opposed open- 
ings. It is connected at the bottom by two radial blades 
pitched to serve as cutters which also block the escape of 
contained soil. Attachment of handle or extension is at the 
top connector. 

3.2 Machine-Operated Augers 
3.2.1 Helical Augers, generally 8 through 48 in. (203.2 

through 12 19 mm), consisting essentially of a center shaft 
fitted with a shank or socket for application of power, and 
having one to three complete 360' (6.28-rad) spirals for 
conveyance and storage of cut soil. Cutter bits and pilot bits 
an available in moderate and hard formation types and 
normally replaceable in the field. They are normally oper- 
ated by heavyduty, high-torque machines. designed for 
heavy comhuction work ' 

3.2.2 Stinger Augers, generally 6 through 30 in. (152.4 
through 762 mm), are similar to the helical auger in 3.2.1, 
but lighter and generally smaller. They art commonly 
operated by lightduty machines for post and power pole 
holes. 

3.2.3 Disk Augers, generally 10 through 30 in. (254 
through 762 mm), consisting of a flat, s t a l  disk 
with diametrically opposed segments removed a i d  having a 
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shank or socket located centrally for application of power. 
Replaceable cutter bits, located downward from, the leading 
edges of the remaining disk, dig and load soil that is held on 
the disk by valves or shutters hinged at the disk in order to 
close the removed segments. The disk auger is specifically 
designed to be operated by machines having limited vertical 
clearance between spindle and ground surface. 

3.2.4 Bucket Auger, generally 12 through 48 in. (304.8 
through 1219 mm), consisting essentially of a disk auger, 
without shank or socket, but hinge-mounted to the bottom 
of a steel tube or bucket of approximately the same diameter 
as the disk auger. A socket or shank for power application is 
located in the top center of the bucket diametral cross piece 
provided for the purpose. 

3.3 Casing (when needed), consisting of pipe of slightly 
larger diameter than the auger used. 

3.4 Accessory €quiprnenr-La+ls, field log sheets, sample 
jars, sealing wax, sample bags, and other necessary tools and 
supplies. ' 

and the moisture may be changed by the auger. Seal all 
samples in a jar or other airtight container and label 
appropriately. If more than one type of soil is picked up in 
the sample, prepare a separate container for each type of so& 

4.4 Field Observations-Record complete ground water 
information in the field logs. Where casing is used, measure 
ground water levels, both before and after the casing is 
pulled. In sands, determine the water level at least 30 min 
after the boring is completed; in silts, at least 24 h. In clays, 
no accurate water level determination is possible unless 
pervious seams are present. As a precaution, however, water 
levels in clays shall be taken after at least 24 h. 

5. Report 
5.1 The data obtained in boring shall be recorded in the 

field logs and shall include the following 
5.1 .,1 Date of start and completion of boring, 
5.1.2 Identifying number of boring, 
5.1.3 Reference datum including direction and distance of 

boring relative to reference line of project or other suitable 
reference points, \ 

5.1.4 Type and size of auger used in boring, 
5.1.5 Depth of changes in strata, 
5.1.6 Description of soil in each majo? s F t u m ,  
5.1.7 Ground water elevation and location of seepage 

5.1.8 Condition of augered hole upon removal of auger, 
zones, when found, and 

4. Procedure 
4.1 Make the auger boring by rotating and advancing the 

desired distance into the soil, Withdraw the auger from the 
hole and remove the soil for examination and test. Return 
the empty auger to the hole and repeat the procedure. 
Continue the sequence until the required depth is reached. 

4.2 Casing is required in unstable soil in which the bore 
hole fails to stay open and especially when the boring is 
extended below the ground-water level. The inside diameter 
of the casing must be slightly larger than the diameter of the 
auger used. The casing shall be driven to a depth not greater 
than the top of the next sample and shall be cleaned out by 
means of the auger. Tbe auger can then be inserted into the 
bore hole and turned below the bottom of the w i n g  to 
obtain a sample. 

' 
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/ dm Designation: D 1586 - 84 (Reapproved 1992)" 

Standard Test Method for 
Penetration Test and Split-Barrel Sampling of Soils' 
Thh issued under the f i x d  designation D 1586; the numkr immediately following the designation indicates the year Of 
original adoption or. in the tay ofp+,ion, IJIC year of lan revision. A number in parcnthcsn, indicates the year of lan reapproval. A 
superscript epsilon (e) indicates an editorial change sin= the lan revision or reapproval. 

This srandard has been approved /or w e  by agencies oJrhe Depanrnenl o/ Defense. Consul! rhe D O D  index o / S ~ $ c C u i o n r  and 
Srandards /or rhe skil;c year o/issue m*hich has b e n  adopted by rhe Depanrnm OJDeJenre. 

"NoE-Editorial changes were made throughout Onober 1992. 1. 

1. scope 
1.1 This test method describes the procedure, generally 

known as the Standard Penetration Test (SPT), for driving a 
split-barrel sampler to obtain a representative soil sample 
and a measure of the resistance of the soil to penetration of 
the sampler. 

1.2 This standard does not purpon to address all of the 
safety problem, if ayy, associated with its use. It is the 
responsibility of the user of [his standard to establish appro- 
priate safety and health practices and determine,the applica- 
bility of regulatory limitationr prior to use. For a specific 
precautionary statement, see 5.4. I. 

The values stated in inch-pound units are to be 

' 

ied as the standard. 
.- -. - 
2. Referenced Documents 

2.1 ASTM Stanaimis: 
D2487 Test Method for Classification of Soils for Engi- 

neering Purposes2 
D 2488 Practice for Description and Identification of So5 

(Visual-Manual P r d u r e ) 2  
D4220 Practices for Reserving and Transporting Soil 

D4633 Test Method for Stress Wave Energy Measure- 
Samples2 

ment for Dynamic Penetrometer Testing Systems2 

3. Terminology 
3.1 Descriptions of Tenns Specijic 10 This Siandard 
3.1.1 mvif-that portion of the drive-weight assembly 

which the hammer strikes and &rough which the hammer 
energy passes into the drill rods. 

3.1.2 cathead-the rotating drum or windlass in the 
ropeathead lift system around which the operator w r y  a 
rope to lift and drop the hammer by successively tightening 
and loosening the rope turns around the drum. 

3.1.3 drill rodr-rods used to transmit downward force 
and torque to the drill bit while drilling a borehole. 

3.1.4 drive-weighr arsemb1y-a device consisting of the. 

- 
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hammer, hammer fall guide, the anvil, and any hammer 
drop system. 

3.1.5 hammer-that portion of the drive-weight assembly 
consisting of the 140 & 2 lb (63.5 2 1 kg) impact weight 
which is successively lifted and dropped to provide the 
energy that accomplishes the sampling and penemtion. 

3.1.6 hammer drop sysrem-that portion of the drive- 
weight assembly by which the operator accomplishes the 
lifting and dropping of the hammer to produce the blow. 

3.1.7 hammer fall guide-that part of the drive-weight 
assembly used to guide the fall of the hammer. 

3.1.8 N-value-the blowcount representation of the pene- 
tration resistance of the soil. The N-value, reported in blows 
per foot, equals the sum of the number of blows required to 
drive the sampler over the depth interval of 6 to 18 in. (1 50 
to 450 mm) (see 7.3). 

3.1.9 AN-the number of blows obtained from each of 
the 6-in. (1 50-mm) intervals of sampler penetration (see 7.3). 

3.1.10 number of rope turn-the total contact angle 
between the rope and the cathead at the Wnning of the 
operator's rope slackening to drop the hammer, divided by 
360' (see Fig. 1). 

3.1.1 1 sampling rods-rods that connect the drive-weight 
assembly to the sampler. Drill rods are often used for this 
PUrpo= 

3.1.12 SPT-abbreviation for Standard Penetration Test, 
a term by which engineers commonly refer to this method. 

4. Significance and Use 
4.1 This test method provides a soil sample for.-identifica- 

tion purposes and for laboratory tests appropriate for soil 
obtained from a sampler that may produce large shear strain 
disturbance in the sample. 

4.2 This test method is used extensively in a great variety 
of geotechnical exploration projects. Many local correlations 
and widely published correlations which relate SFT blow- 
count, or N-value, and the engineering behavior of earth- 
works and foundations are available. 

5. Apparatus 
5.1 Drilling Equipment-Any drilling equipment that 

provides at the time of sampling a suitably clean open hole 
before insertion of the sampler and ensues that the penetra- 
tion M is performed on undisturbed soil shall be aowptable. 
The following pieces of equipment have, prom to be 

()WQLrd.EI 
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Operator her 

Cathead 

Section A-A 

FIG. 1 Definitions of the Number of Rope Turns and the Angle for (a) Counterclockwire Rotation and (b) Clockwire Rotation of the 
I Cathead 

suitable for advancing a borehole in some subsurface condi- 
tions. 

5.1.1 Drag. Chopping, and Fishtail Bits, less than 6.5 in. 
(162 mm) and greater than 2.2 in. (56 mm) in diameter may 
be used in conjuction with open-hole rotary drilling or 
casing-advancement drilling methods. To avoid disturbance 
of the underlying soil, bottom discharge bits are not per- 
mittled; only side discharge bits are permitted. 

5.1.2 Roller-Cone Bits, less than 6.5 in. (162 mm) and 
greater than 2.2 in. (56 mm) in diameter may be used in 
conjunction with open-hole rotary drilling or casing-ad- 
vancement drilling methods if the drilling fluid discharge is 
deflected. 

5.1.3 Hollow-Stem Continuous Fligh? Augers, with or 
without a center bit assembly, may be used to drill the 
boring. The inside diameter of the hollow-stem augers shall 
be less than 6.5 in. (162 mm) and greater than 2.2 in. (56 
mm). I 

5.1.4 Solid. Continuous Flight, Bucket and Hand Augers, 
less than 6.5 in. (162 mm) and greater' than 2.2 in. (56 mm) 
in diameter may be used if the so? on the side of the boring 
does not cave onto the sampler or sampling rods during 
sampling. 

5.2 Sampling Rods-Flush-joint steel drill rods shall be 
used to connect the split-barrel sampler to the drive-weight 
assembly. The sampling rod shall have a stifiness (moment 
of inertia) equal to or greater than that of parallel wall "A" 
rod (a steel rod which has an outside diameter of 1% in. 
(41.2 mm) and an inside diameter of 1Va in. (28.5 mm). 

J 

. 
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NOTE I-Raxnt rcscarch and comparative testing indicates the type 
rod used, with mfFnes rangng from 'A" Sire rod to 'N" size rod, will 
usually have a ncgllgible effect on the N-values to depths of at lean 100 
ff (30 m). 

5.3 Split-Barrel Sampler-The sampler shall be \con- 
structed with the dimensions indicated in fig. 2. The driving 
shoe shall be of hardened steel and shall be replaced or 
repaired when it becomes dented or distorted. The use of 
liners to produce a constant inside diameter of 1% in. (35 
mm) is permitted, but shall be noted on the penetration 
record if used. The use of a sample retainer basket is 
permitted, and should also be noted on the penetration 
record ifused. 

NOTE 2-hth theory and available test data suggm that N-values 

5.4 Drive- Weight Assembly: 
5.4.1 Hammer and Anvil-The hammer shall weigh 140 

i 2 lb (63.5 f 1 kg) and shall be a solid rigid metdlic mass. 
The hammer shall strike the anvil and make steel on steel 
contact when it is dropped. A hammer fall guide permitting a 
free fall shall be used. Hammers used with the cathead and 
rope method shall have an unimpeded overlift capacity of at 
least 4 in. (100 mm). For safety reasons, the use of a hammer 
assembly with an internal anvil is encouraged. 

Nm 3-11 is sum that the hammer fd fide k pmnanently 
marked to enable the opcrator or inspeaor to judge the hamma drop 
height. 

5.4.2 Hammer Drop System-Ropecathead, trip, semi- 
automatic, or automatic hammer drop systems may be used., 
providing the lifting apparatus will not cause penetration of 

+ 

may increase betwan 10 to 30 W when hen arc used. 

I 



A - 1.0 to 2.0 in. (25 to 50 mm) 

C - 1.375 f 0.005 h. (34.93 f 0.13 mm) 
D - '1.50 i 0.05 - 0.00 in. (38.1 f 1.3 - 0.0 nn\) 
E - 0.10 i 0.02 in. (2.54 t 025 mm) 
F 2.00 i 0.05 - 0.00 in. (50.8 i 1.3 - 0.0 m) 
G - 16.0' to 23.0. 

or plattic retainers may be used to retain sod sampks. 

B - 18.0 to 30.0 in. (0.457 to 0.762 m) 
J 

The 1% in. (38 mm) inside awretersplikml m y  be usedwith a l6gage waA thidtness spst her. The penetrating end ofthe drive shoe may be slighUy rounded. Metal 

/ FIG. 2 Split-Barrel Sampler 
, 

the sampler. while reengaging and lifting the hammer. 
5.5 Accessory Equiprnent-Accessones such as labels, 

sample containen, data sheets, and groundwater level mea- 
suring de<= shall be provided in accordance with the 
requirements of the project and other ASTM standards. 

6. Drilling Procedure 
6.1 The boring shall be advanced incrementally to permit 

intermittent or continuous sampling. Test intervals and 
locations are normally stipulated by the project engineer or 
geologist. Typically, the intervals selected are 5 ft (1.5 mm) 
or less in homogeneous strata with test and sampling 
locations at every change of strata. 

6.2 A n y  drilling procedure that provides a suitably clean 
and stable hole before insertion of the sampler and assures 
that the penetration test is performed on essentially undis- 
turbed soil shall be acceptable. Each of the following 
Procedures have proven to be acceptable for some subsurface 
conditions. The subsurface conditions anticipated should be 
considered when selecting the drilling method to be used. 

6.2.1 Open-hole rotary drilling method. 
6.2.2 Continuous flight hollow-stem auger method. 
6.2.3 Wash boring method. 
6.2.4 Continuous flight solid auger method. 
6.3 Several drilling methods product unacceptable 
jmgs. The process of jetting through an open tube sampler 

'Q then sampling when the desired depth is reached shall 
not be permitted The continuous !light solid auger method 
shall not be used for advancing the boring below a water 
table or below the uppa confininn bed of a confked 
nonahtsive stratum that is under afiesian pressure. Casing 

- 
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may not be advanced below the sampling elevation prior to 
sampling. Advancing a boring with bottom discharge bits is 
not permissible. It is not permissible to advance the boring 
for subsequent insertion of the sampler solely by means of 
previous sampling with the SPT sampler. 

6.4 The drilling fluid level within the boring or hollow- 
stem augers shall be maintained at or above the in situ 
groundwater level at all times during drilling, removal of drill 
rods, and sampling. 

7. Sampling and Testing Procedure 
7.1 After the boring has been advanced to the desired 

sampling ele\ation and excessive cuttings have been re- 
moved, prepare for the test with the following sequence of 
operations. 

7.1.1 Attach the split-barrel sampler to the sampling rods 
and lower into the borehole. Do not allow the sampler to 
drop onto the soil to be sampled. 

7.12 Position the hammer above and attach the anvil to 
the top of the sampling rods. This may be done before the 
sampling rods and sampler are lowered into the borehole. 

7.1.3 Rest the dead weight of the sampler, rods, anvil, and 
drive weight on the bottom of the boring and apply a seating 
blow. If excessive cuttings are encountered at the bottom of 
the boring, remove the sampler and sampling rods from the 
boring and remove the cuttbgs. 

7.1.4 Mark the drill rods in three successive bin. (0.15-m) 
increments so that the advance of the sampler under the 
impact of the hammer can be easily observed for each 6-in. 
(0.15-m) increment. 

7 2  Drive the sampler with blows from the 140-lb (63.5- 
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kg) hammer and count the number of blows applied in each 
6-in. (0.15-m) increment until one of the following occurs: 

7.2.1 A total of 50 blows have been applied during any 
one of the three 6-in. (0.15-m) increments described in 7.1.4. 

7.2.2 A total of 100 blows have been applied. 
7.2.3 There is no observed advance of the sampler during 

the application of 10 successive blows of the hammer. 
7.2.4 The sampler is advanced the complete 18 in. (0.45 

m) without the limiting blow counts occumng as described 
in 7.2.1, 7.2.2, or 7.2.3. 

7.3 Record the number of blows required to effect each 6 
in. (0.15 m) of penetration or fraction thereof. The first 6 in. 
is considered to be a seating drive. The sum of the number of 
blows required for the second and third 6 in. of penetration is 
termed the "standard penetration resistance," or the 
"N-value.n If the sampler is driven less than 18 in. (0.45 m), 
as permitted in 7.2.1, 7.2.2, or 7.2.3, the number of blows 
per each complete 6-in. (0.15-m) increment and per each 
partial increment shall be recorded on the boring log. For 
partial increments, the depth of penetration shall be reported 
to the nearest 1 in. (25 mm), in addition to the number of 
blows. If the sampler advances below the bottom of the 
boring under the static weight of the drill rods or the weight 
of the drill rods plus the static weight of the hammer, this 
information should be noted on the boring log. 

7.4 The raising and dropping of the 140-lb (63.5-kg) 
hammer shall be accomplished using either of the following 
two methods: 

7.4.1 By using a trip, automatic, or semi-automatic 
hammer drop system which lifts the 140-lb (63.5-kg) 
hammer and allows it to drop 30 f 1.0 in. (0.76 m f 25 mm) 
unimpeded. 

7.4.2 By using a cathead to pull a rope attached to the 
hammer. When the cathead and rope method is used the 
system and operation shall conform to the following 

7.4.2.1 The cathead shall be essentially free of rust, oil, or 
grease and have a diameter in the range of 6 to 10 in. ( 1  50 to 
250 mm). 

7.4.2.2 The cathead should be operated at a minimum 
speed of rotation of 100 RPM, or th'e approximate speed of 
rotation shall be reported on the boring log. 

7.4.2.3 No more than 2% rope turns on the cathead may 
be used during the performance of the penetration test, as 
shown in Fig. 1. 

NOTE 4-The operator should generally use either 1% or 2 h  rope 
turns. depending upon whether or not the rope comes off the top ( 1 % 
turns) or the bottom (2% turns) of the cathead. It is generally known 
and aoccpted that 2% or more rope turns considerably impeda the fall 
of the hammer and should not be uscd to perform the t a t  The cathead 
rope should be maintained in a relatively dry, clean. and unfrayed 
condition. . 

7.4.2.4 For each hammer blow, a 30-in. (0.76-m) lift and 
drop shall be employed by the operator. The operation of 
pulling and throwing the rope shall be performed rhythmi- 
cally without holding the rope at the top of the stroke. 

7.5 Bring the sampler to the surface and open. Record the 
percent recovery or the length of sample recovered. Describe 
the soil samples recovered as to composition, color, stratifi- 
cation, and condition, then place one or more representative 
portions of the sample into sealable moisture-proof con- 
tainers (jars) without ramming or distorting any apparent 

I stratification. Seal each container to prevent evaporation of 
soil moisture. Affix labels to the containers bearing job 
designation, boring number, sample depth, and the blow 
dount per 6-in. (0.15-m) increment. Protect the sample 
against extreme temperature changes. If there is a soil change 
within the sampler, make a jar for each stratum and note its 
location in the sampler barrel. 

8. Report 

shall include the following: . 

I . 

8.1 Drilling information shall be recorded in the field and 

8. I .  1 Name and location of job, 
8.1.2 Names of crew, 
8. I .3 Type and make of drilling machine, 
8.1.4 Weather conditions, 
8.1.5 Date and time of start and finish of boring, 
8.1.6 Boring number and location (station and coordi- 

8.1.7 Surface elevation, if available, 
8.1.8 Method of advancing and cleaning the boring, - 
8.1.9 Method of keeping boring open, 
8.1.10 Depth of water surface and drilling depth at the 

time of a noted loss of drilling fluid, and time and date when 
reading or notation was made, 

8.1.1 1 Location of strata changes, 
8.1.12 Size of casing, depth of cased portion of boring, 
8.1.13 Equipment and method of driving sampler, 
8.1.14 Type sampler and length and inside diameter of 

8.1.15 Size, type, and section length of the sampling rods, 

8.1.16 Remarb. 
8.2 Data obtained for each sample shall be recorded in the 

8.2.1 Sample depth and, if utilized, the sample number, 
8.2.2 Description of soil, 
8.2.3 Strata changes within sample, 
8.2.4 Sampler penetration and recovery lengths, and 
8.2.5 Number of blows per 6-in. (0.15-m) or partial 

nates, if available and applicable), 

barrel (note use of liners), 

and 

field and shall include the following 

increment. 
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9. Precision and Bias 
9.1 Precision-A valid estimate of test precision has not 

been determined because it is too costly to conduct the 
neceSSary inter-laboratory (field) tests. Subcommittee 
D18.02 welcomes proposals to allow development of a valid 
precision statement. 

9.2 Biar--Because there is no reference material for this 
test method, there can be no bias statement. 

9.3 Variations in N-values of 100 R or more have been 
observed when using different standard penetration test 
apparatus and drillers for adjacent borings in the same soil 
formation. Current opinion, based on field experience, 
indicates that when using the same apparatus and driller, 
N-values in the same soilkcan be reproduced with a coeffi- 
cient of variation of about 10 96. 

9.4 The use of faulty equipment, such as an extremely 
massive or damaged anvil, a rusty cathead, a low spec? 
cathead, an old, oily rope, or massive or pooriy lubricate 
rope sheaves can signtficantly contribute to differences in 
N-values obtained between o p e r a t o r 4  rig systems. 
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9.5 The variability in IV-values produced by different drill 

rigs and operators may be reduced by measuring that part of 
the hammer energy delivered into the drill rods from the 

der  and adjusting N on the basis of comparative 
des. A method for energy ,measurement and hr-vdue 

adjustment is ghen in Test Method D 4633. 

10- KeP’ords 

barrel sampling; standard penetration test 
10.1 blow count; in-situ test; penetration resistance; split- 

The American Sociery for Testing and Materials 1aJres no pmtim respecting the velidw of any palem rights assmed in mneclion 
with my ilm mentioned in this standard. Users ot this standard are erpressfy advised rhal defermination ol the Mllidny of any such 
patent righrs. and Ihe risk of intringwwm of such rigms. .we entirety fheir own respwibility. 

This standard is subject to revision at any time by the responsit4e t&njCa/ m i l l e e  and must be reviewed every live yean and 
ii mf revised. either reapproved or wilhdrewn. Your ccnun8nts are invrted efihef for revision of this slendard or for additiMal stendards 
end should be addressed 10 ASTM Headquarters. Your commems will receive careful consideralion a1 a meeting of Ihe responsible 
lechnical commhlee. which you may anend. If you feel lhat your Ccrnmems have no1 received a fair hearing you should make your 
views known to the ASTM Commmee on s?andards. 1916 Race 3.. Philadel@M. PA 19103. 
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Standard Practice for 
Thin-Walled Tube Sampling of Soils' 
This standard ir hued under Ibc fued designation D 1587; tbe number immediately fo l ldng the -tion indicates Ihc year of 
original adoption or, in the cay of rcvido~~ chc ycar of bn midon A number in parratb~~~3 indicates tbe y e ~ r  dbn mpproval. A 
supcrrript cpdon (1 )  indicates an editorial changc dna che hst  rrvidon'or reapprod 

This practice has been approvcdfir use byagmcirs of rhe Deponmeni of D q h e  and for lining in the DOD lndu ~ S p r c i f i c c U i O ~  and 
9andards. 

1. G p e  
1.1 This practice covers a procedure for using a thin- 

walled metal tube to recover relatively undisturbed soil 
samples suitable for laboratory tests of structural properties. 
Thin-walled tubes used in piston, plug, or rotary-type sam- 
plers, such as the Denison or Pitcher, must comply with the 
portions of this practice which describe the thin-walled tubes 
(5.3). 
NOTE 1 --This practia does not apply to liners used within the above 

samplers. 

2. Referenced Documents 
2.1 ASTM Standards: 
D 2488 Practice for Description and Identification of Soils 

D 3550 Practice for Ring-Lined Barrel Sampling of So&? 
D4220 Practices for Presening and Transporting Soil 

(Visual-Manual Procedure)2 

Samples2 

3. Summary of Practice 
3.1 A relatively undisturbed sample is obtained by 

pressing a thin-walled metal tube into the in-situ soil, 
removing the soil-filled tube, and sealing the ends to prevent 
the soil from being disturbed or losing moist-. 

4. Significance and Use 
4.1 This practice, or Practice D 3550, is used when it is 

necessary to obtain a relatively undisturbed specimen suit- 
able for laboratory tests of structural properties or other tests 
that might be influenced by soil disturbance. 

5. Apparatus 
5.1 Drilling Equipment-Any drilling equipment may be 

used that provides a reasonably clean hole; that does not 
disturb the soil to be sampled; and that does not hinder the 
penetration of the thin-walled sampler. Open borehole 
diameter and the inside diameter of driven casing or hollow 
stem auger shall not exceed 3.5 times the outside diameter of 
the thin-walled tube. 

5.2 Sampler Insertion Equipment, shall be adequate to 
provide a relatively rapid continuous penetration force. For 

This ma h unda the jurisdidon o f m  Cornmi- Dl8 on Soid .ad 
Rock and h the dka responsibility of Subcornmiace D18.02 on Sampbq md 
Related r;eld.lqtiOg for sail Invarigrtiolu 

Cumnt aiition rpprovcd Aug 17. 1983. Publirhd octoba 1983. 
PIJ~W u D 1587 - 58 1. Lra ~ O U S  edition D I587 - 74. 

Ann& Bodc o f m h f  . b l h d s .  Vol04.08. 
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hard formations it may be necessary, although not recom- 
mended, to drive the thin-walled tube sampler. 

5.3 Thin-Walled Tubes, should be manufactured as 
shown in Fa. 1. They should have an outside diameter of 2 
to 5 in. and be made of metal having adequate strength for 
use in the soil and formation intended. Tubes shall be clean 
and free of all surface irregularities including projecting weld 
Seams. 

5.3.1 Lungfh of Tubes-& Table 1 and 6.4. 
5.3.2 Tolerances, shall be within the limits shown in Table 

2. 
5.3.3 Inside Clearance Ratio. should be 1 % or as speci- 

fied by the engineer or geologist for the soil and formation to 
be sampled. Generally, the inside clearance ratio used should 
increase with the increase in plasticity of the soil being 
sampled. See Fig 1 for definition of inside clearance ratio. 

5.3.4 Corrosion Protection-Corrosion, whether from gal- 
vanic or chemical reaction, can damage or destroy both the 
thin-walled tube and the sample. Seventy of damage is a 
function of time as well as interaction between the sample 
and the tube. Thin-walled tubes should have some form of 
protective ooating Tubes which will contain samples for 
more than 72 h shaU be coated. The ryPe of coating to be 
used may vary depending upon the material to be sampld 
Coatings may include a light coat of lubricating oil, lacquer, 
epoxy, Teflon, and others. Type of coating must be specified 
by the engineer or geologist if storage will exceed 72 II. 
Plating of the tubes or alternate base metals may be specified 
by the engineer or geologist. 

5.4 Sampler Head, serves to couple the thin-walled tube 
to the insertion equipment and, together with the thin-walled 
tube, comprises the thin-walled tube sampler. The sampler 
head shall contain a siitable check valve and a venting area 
to the outside equal to or greater than the area through tbe 
check valve. Attachment of the head to the tube shall be 
concentxic and coaxial to assure uniform application of fora 
to the tube by the sampler insertion equipment. 

6. procedure 
6.1 Clean out the borehole to sampling elevation using 

whatever method is preferred that will ensure the material to 
be sampled is not disturbed. If groundwater is encountered, 
maintain the liquid level in the borehole at or above ground 
water level during the sampling operation. - 

6.2 Bottom discharge bits are not permitted. Side dis- 
charge bits may be used, with caution. Jetting through an 
open-tube sampler to clean out the borehole to sampliw 
elevation is not permitted. Remove loose material from tht 
center of a casing or hollow stem auger as carefully as 
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TABLE 1 

sc 
H 
1 
2 
3% 
4 

6 . n  
12.7 
25.4 
50.8 
88.9 

101.6 

RG. 1, Thin-Walled Tube tor Sampling 

Suitable Thin-Wailed Steel Sample Tubes* 

2 3 ' 5  
50.8 762 12? 

18 16 11 
0.049 0.m 0.120 
124 1.65 3.05 

36 36 54 
0.91 0.91 1.45 
1 1 1 

e threediameters recommended h Table 1 am mcbcated tor prposesof 
~ J y d a a b o n .  Md are not htended to mdicata that samphgt&e$ of- 
6ateataqpfdlameters are not eaapteible. Lengms ot Mes shovun am 
austmva RoperiefuJms t o b e d e t e m r n e d a s s u t e d t o m ~ .  

TABLE 2' Dimensional Tolerances tor Thin-Walled Tubes 
thttful Tube -ten trOm T U  l A  T m .  h. 

2 3 5 /  
&e oulsrde 

Dwneter- 

outydedlameta 4.007 4 . 0 1 0  4.015 
-0.m -O.m -0.Ooo 

lmde&me!ter 4.m 4.m 4.m 
-0.007 -0.01 0 -0.015 

wan hdmess M.007 93.010 M.015 
c-w 0.01 s 0.020 0.030 
sm#l-= 0.O3Om O.O3O/R O.O3O/tt 

*htemediateorbrgerduVneters s h o J d b e p r o p o r b a r d . T ~ m o w n r  
a r s ~ s r a n d a r d a a n m e r d s l ~ t o r e r a n a r s f a ~ s t m l  
mecharaCeltLftmJ speclryordytvmofmehtchreetoltranceb * mat s.OD. and 
1.0.. or OD. and W J .  or 1.0. Md WaL 

Possible to avoid disturbance of the material to be sampled. 

NOTE 2-Roller bits arc availaMe in downward-jetting and difhrsed- 
kt configurations. Dormward-jetting conliguration rock bits arc not 
acccptablc. Dirruse-ja con6gurations arc generally acceptable. 

6.3 Place the q p l e  tube so tdat its bottom rests on the 
bottom of the hole. Advance the sampler without rotation by 

Determine the length of advance by the resistance and 
budition of the formation, but the length shall never exceed 

itinuous datively rapid motion. 

5 to 10 diameters of the tube in sands and 10 to 15 diameters 
/of the tube in clays. 

Nm &Weight of sample, laboratory handling capabilities, trans 
portation problems, and commercial availability of tubes will generally 
limit maximum practical lengths to thosc shown in Table 1.  

6.5 When the formation is too hard for push-type inser- 
tion, the tube may be driven or Practice D 3550 may be 
used. Other methods, as directed by the engineer or geologist, 
may be used. If driving methods are used, the data regarding 
weight and fall of the hammer and penetration achieved 
must be shown in the report. Additionally, that tube must be 
prominently labeled a 'driven sample." 

6.6 In no case shall a length of advance be greater than the 
sample-tube length minus an allowance for the sampler head 
and a minimum of 3 in. for sludgeend cuttings. 

Nm &The tube may k rotated to shear bottom of the sample 
aftcr prcssing is complete. 

6.7 Withdraw the sampler from the formation as carefully 
as possible in order to minimize disturbance of the sample. 

' J  

7. Preparation for Shipment 
7.1 Upon removal of the tube, measure the length of 

sample in the tube. Remove the disturbed material in the 
upper end of the tube and measure the length again. seal the 
upper end of the tube. Remove at least 1 in. of material from 
the lower end of the tube. Use this material for soil 
description in accordance with Practice D 2488. Measure the 
overall sample length. Seal the lower end of the tube. 
Alternatively, after measurement, the tube may be sealed 
without removal of soil from the ends of the tube if so 
dkected by the engineer or geologist. 

Nm (Field extrusion and packaging of extruded samples under 
the specific dircuion of a geotcchnical engineer or geologist is permitted. 

Nm 6-Tuks scaled over the cuds as opposed to those sealed witb 
expanding packas should contain end palding in end voids in orda to 
prcvcnt dminagc or movement of the sample within the tube 

7 3  Repan and immediately amX labels-or apply mark- 
ingr as necessary to identify the sample. Assure that the 
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markings or labels are adequate to survive transportation 
and storage. fluid used 

8.1.8 Method of drilling, Size of hole, k n g ,  and drilling 

8.1.9 Depth to groundwater level: date and time mea- 
8. Report sured, 

8.1.10 Any possible current or tidal effect on water level, 
8.1.11 Soil description in accordance with Practice 

8.1.13 Recovery: length of sample obtained. 

8. I The appropriate information is required as follows: 
8.1.1 Name and location of the project, ' D 2488, 
8. I .2 Boring number and precise location on project, 
8.1.3 Surface elevation or reference to a datum, 
8.1.4 Date and time of boring-start and finish, 
8.1.5 Depth to top of sample and number of sample, 
8.1.6 Description of sampler. size, type of metal, type of 

8.1.7 Method of sampler insekon: push or drive, 

I . ' 8.1. I2 Length of sampler advaace, and 
. 

9* 

fore, a precision and bias siatement is not applicable. 

and Bias 
coating, 9.1 This practice does not produce numerical data; there- 

The American Soc/efy tar Testing and Materials takes no posillcn respeaing the valkfrty olany parent r @ h  -fled h cont%~hm 
wilh my item mentioned In thb standad. Usen d VIIS siandard are expressly advised thai detetmlnafion d lhe dkfw d any Such 
petem rights, @ the risk ol infringemenl d such rights. are erdlrely their own respooslbillty. 

This standard is subjecf to m&loo dl any t h e  by the rstpoMible rechnlcsl oevnminw and must lm reviewed evesy fin, yeen and 
it not revised. either mpprwed ar'w&hdmwn. Y a n  c~mments are invtted &her tar revislcn d thh standard cy tu addilicnel stand- 
and shwM lm addressed to ASTM Heedguamws. Yu i r  c w n m s  will m d v e  careM awMeration al e meeNng cd the rssponsfbk, 
technical comminee. which ycu m y  mend. tf you fettl thet yu i r  c u n m  have nd received a leir k ~ i ~  you Sharld make yan 
dews known to the ASTM Cornmilfee on standards. 1976 Rece st.. Philadelphle. PA 19103. krown to the ASrM Commmee m 
standards. 1976 Raced.. PNladelphle. PA 79103. 
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4m De8ignation: 0 2166 - 91 

Standard Test Method for 
Unconfined Compressive Strength of Cohesive $oil' 

\ 
1. scope 

1.1 'Ibis test method coven the detTnnhation of the 
unconfined compressive strength of cohesive soil in the 
undisturbed, remolded, or compacted condition, using 
straincontrolled application of the axial load. 

1.2 -Thir test method provides an approximate value Of 
the strength of cohesive soils in ttnns of total StRsSts 

1.3 'This test method is applicable only to cohesive matt- 
nals which will not expel bleed watcr (water expelled from 
the soil due to7dcformation or compaction) during the 
loading pohon of the test and which will intrinsic 
strtngth aAer removal of confining p m m r q  such as clays or 
cemented soils. Dry and crumbly soils, f i s s u r e d  or varved 
materials, silts, pea& and sands cannot be tested with this 
method to obtain valid unconfined compression strength 
ValUCS-  

Ncm I-= detcrminatioo of the uacoadidatsd. uodniasd 
I' *b dcobesin sooils with lataal conhemcnt is c o d  by fat 

I D 2850. 

1.4 Thit test method is not a substitute for T k  Mahod 
D2850. . 

1.5 The values stated in SI units arc to be rrgarded as the 
Standard The values stated in inch-pound units arc approx- 
imate. 

1.6 This standard does nol purpon to address all of the 
s a f i  problem. if any. associatd wirh its me. If is the 
responsibility of the user of this n&d to establish appro 
p n a e  saf iy  and health practices and determine the applica- 
bility ofreguhory limitations prior to yse. 

2. Refemaced Documents 
2.1 ASTM SUI.&&: 
D422 Method for particle-Site Analysis of Soils2 
D 653 Terminology Relating to So& Rock and Contained 

D 854 Test Method for Specific Gravity of Si 
D 1587 Practice for Thin-Walled Tube Sampling of Soils? 
D2216 Test Method for Laboratory'Determination of 

Water (Moisture) Content of Soil, Rock and Soil- 
AssrrsatcMixturrs2 

D2487 Test Method for Clanification of soils for E&- 
n#ringpwK=9 

Fluidt' 

D2488 Practice for Description and Identification of Soils 

D28N Test Method for Unconsolidated, Undraincd 
Compressive Strength of Cohesive Soils in Trwial 
Compression2 

D4220 Practices for Reserving and Transporting Soil 
samples2 

D 43 18 Test Method for tiquid Limit, Plastic Limit, and 

(Visual-Mmual p r o c e d ~ ~ y  

pbsticity Index of soils' 

3. Terminology 

ard definitions of terms. 
3.1 Definitions-Refer to Terminology D 653 for stand- 

3 2  Descriptions of Terms Specific to this Standard 
3.2.1 unconfined compressive srrengrh (qJ - tk  comprrs- 

dve strm at which an unconfined cytiadrical Specimen of 
soil will fail in a simple compression ttst In this ttst method, 
unconfined compressive zsength is taken as tbe maximum 
load attained per unit area or the load pa unit area P 15 96 
axial strain, whicheva is secured first during the puform- 
a n a o f a t t s t  

3.2.2 shew srrengrh CsJ-for unoon6ncd compressive 
strength test spacimens, tbe shear strength iscalculatcdtobc 
Ih of the compressive stress at failure, as dehed in 32.1. 

4. SIgnifiCaace iDd Use 
4.1 The primary purpose of tbe unconfined comprcsion 

test is to quickly obtain tbe approximate compnsive 
strrngth of soils that posstss sufficient cohesion to p m i t  
testing in the unconfined state. 
42 Samples of soils having slickensided or tkuxul stnm 

tun, samples of some types of lots, very soft dan dry and 
crumbly soils and d mataials, or samples containing 
-cant portions of sih or sand, or both (aU of whicb 
usually exhibit cohesive propertks), muently display higher 
shear strengths when tcsled in aooordana with Test Metbod 
D 2850. Also, unsaturated soils will usually exhibit diaktnt 
shear strengths when tested in acoordana with Test Metbod 
D 2850. 

4.3 If both an undisturkd and a remolded lc~l are 
performed on the same sample, the sensitivity of the mntcrizl 
cank detmniad Thismcthodofdaaminingsensitivity it 
suitabk only for soh that can retain a stable specimen &ape 
in tbc molded slate. 

I 
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5. Appurtpr 
5.1 Compression Device-lbe compression dcvia may 

be a platform wiglung rak equipped with a --jack- 
activated load yoke, a hydraulic loacting &via, or any 0th- 
compression device with sufficient capacity and control to 
provide the rate of loading prescrii  in 7. I. For soil With an 
unconfined compressive strength of kss than 100 lrpa (1.0 
ton/R2) the compression dcvia shall be capable of mea- 
suring the compressive mess to within 1 k ~ a  (0.01 ton/fP). 
For soil with an unconfined c o m p d v e  strength of 100 kPa 
(1.0 ton/R2) or greater, the compression device shall be 
capable of measuring the compressive stress to the nearest 5 

5.2 Sample Extncder, capable of extruding the sod core 
from the sampling tube in the same direction of travel in 
which the sample entered tbe tube, at a uniform rate, and 
With negbgible-disturbna of the sampk. Conditions at the 
time of sample remod may dictate the direction of re- 
moval, but the principal a m a m  is to keep tbe m of 
disturbance neghgible. 

5.3 Wormation Indicator-~he dtlonnatim indicator 
shall k a dial indicator graduated to 0.03 mm (0.001 in.) or 
better and having a travel range of at -20 % of the length 
of the test specimen, or some other measuring device. such as 
an ekctronic deformation measuring &via, m d n g  these 
nquinments 

5.4 Dial Comparator, or other suitable &vice, for mea- 
suring tbe physical dimensions of tbe specimen to within 
0.1 W of the meaSured dimension. 

NOTE 3-Vcmier cllipm an WA mmmcDded for soft 
whicb will deform astbc CalipmIrC sa OnthesffMee 

5.5 Tim~r-A thing &via indicating the clap@ t d n g  
time to tbe neartSt second shall be d for establ$hhg the 
rate of Itrain application pmxibed in 7.1. 

5.6 Balanct-ll~e balance uscd to weigh specimens shall 
determine the mass of the specimen to within 0.1 56 of its 
total mass 

5.7 Equipmen&, as specified in Test Mabod D 2216. 

' kPa (0.05 ton/ft'). 

5.8 Miscellaneous Apparalur, induding specimen trim- 
ming and caning tools, remolding apparatus, water content 
-4 ad data sheets asnquirad 

6.2 Undislvbed Specimem-Reparr undktwbcd speci- 
samples or from sampks mens from large udismkd 

secured in accordana with hctia D 1587 and prcxrved 
and transported in aoc.Mdancc with the practicc~ for Group 
C samples in Racticts D4220. Tube Specimens may be 
testcd without trimming exapt for the squaring of ends if 
conditions of the sample julfv this procedure. Handle 
specimens carefully to prevent disturbance, changes in CTOSS 
section, or loss of water content. If compression or any type 
of noticeable disturbana would be caused by the extrusion 
devia, split the sample tube lengthwise or cut it off in small 
xstions to facilitate removal of the specimen without 
disturbana. Reparc carved specimens without disturbance, 
and whenever possible, in a humidity-csontrolld porn.  
Make every effort to prevent any change in mater content of 
the soil. Specimens shall be of uniform circular cross section 
with en& perpendicular to the longitudinal axis of the 
specimen. When carving or trimming, remove any small  
pebbles or shells encountered. Carefully fdI voids on the 
surfaa of the specimen with remolded soil obtained from the 
uimmings When pebbles or crumbling result in ex&vc 
irregularity at the ends, cap the specimen with a minimum 
thickness of plaster of park hydrostone, or similar material. 
Wben sample condition permits, a vertical tatbe that will 
accommodate the total sample may be used as an aid in 
carving the specimen to the requirtd diameter. W b m  
prevention of tbe devdopment of appreciaMe capiuary forus 
is deemed important, seal the specimen with a 
membrane, thin plastic coatings, or with a coating of grease 
or sprayed plastic immediately after preparation and during 
the entire testing cyde. Determine the m a s  and dimensions 
of them specimen. Ifthe specimen is to beapped, its mass 
and dimensions should be determined before capping If the 
entin M specimen is not to be used for determination of 

-' 

6. PrepamtioaofT&spe&~~~ 
6.1 Spercimen Size-Specimens hail havc a minimum 

diamctrr of 30 mm (1.3 in.) and the largcsl p d c l e  con- 
tained within tbt test specimen ~ h a n  be smder than one 
tenth of the specimen diameter. For specimens having a 
diamctcr of 72 mm (2.8 in.) or larger. tbe dele size 
shall k smaller than one sixth of the specimen diameter. If, 
after completion of a test on an uDdisturbed specimen, it is 
found, b a d  on visual observation, that larger particla than 
permitted arc prescnt, indicate this information in tbe 
remarks section, of tbe report of u s  data (Note 4). Ihe 

mint the average height and diameter of the test qxchen 
Uring tbe apparatus spccificd in 5.4. Take a minimum of 
tluzc beight measurements (1W apart), pnd at kast three 
diameter measurements at tbe quarta points of* k g h t  

beight-todiamdn ratio shall be W 2 ad 2.5. Den- 

water content, secure a repmzntative sample of curtings for 
this purpose, placing them immediately in a covered con- 
tainer. The water Content detrrmination shall be performed 
in accordana with Tcst Method D 2216. 

6.3 Remolded Specimem--Specimens m y  be prepared 
either from a failed undisnrrbed specimen or from a dis- 
turbed sample, providing it is reprPscntative of the failed 
U- specimen. In tbe casc of failed undisturbed 
specimens, map the marerial in a thin rubber membrane 
y d  work tbe mattrial thoroughly with the bgen to assure 
complete remolding Avoid entrapping ab in &e specimen. 
Exercise care to obtain a uniform density, to remold to tbc 
same void ratio as the uadimvbed specimen, and to preserve 
the natural water content of the soil. Form the disturbed 
material into a mold of citcular cross d o n  ha- dimen- 
sions mating tbe requifcments of 6.1. Afttr removal hm 
the mold, determine the mag and dimensions of the tcst 
specimens. 

6.4 Compoded Specim-Specimens shaIl k prcparrd 
tothepmdcmmd . water content and density 
by tbe individual assigning tbe test (Note 5). AAn a 
specimen is formed trim the e& pcrpcbdicuhr to the 
longitudinal axis, remove 6rom the rnokl. and daarmoe - t h e  - md dimensionsof tbt tcQ pvrjmm 

' 

t 
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7. procedare 

7.1 phcc the specimen in the loading dcvia so that it is 
a n t e d  on the bottom platen. Adjust the loading deVia 
crarcFully 50 that the upper platen just make contact with the 
@men. Zero the deformation idcator.  Apply the load So 
as to praiua an axid strain at a rate of H to Z W / m i n .  
Record load, deformation, and time valua at sufficient 
intends to define the shape of the stresstrain curve ( u ~ Y  
10 to 15 points an suflicient). Tbe rate of strain should be 
cboscn so that tbe time to fail- does not e x a x d  about 15 
rnin Wok 6). Continue loading until the load values 
decrease with increasing strain, or until 1 5 %  strain is 
reached The rate of strain used for testing sealed specimea 
may be dcmased if deemed desirable for kncr test results 
Indicate the rate of strain in the nport ofthe tcst data, as 
required in 9.1.7. Determine the water content of the test 
specimen using the entire specimen, unless rqmsentativt 

undisturkd specimens. Indicate on the tcst report whether 
the mater content sample was obtained beforr or after tbe 
shear test, as required in 9.1.2. 

NOTE 6-sdta mptaiab tht win &it hrl#?r cktkxla- .t 
h i l ~  sbouid k tated u a hIgkr me dmah anverstly. stiffa 
L*mlc makrids thl arin &lt myn ddorrmtioa, 8l failure &ould bc 

tad rt Iowa ntc of stnio 

73 &Ice a sketch, or take a photo, of the tcst specimen at 

angk is measurable. 
7.3 Abqpy of a sample data sheet is included in Appeodix 

XI. Any data sheet can be used, provided the form contains 
allthequinddata 

cuttings arc obtained for this purpost, as in the casc of 

hilure showing the slope angle of tbe failure swfaot if* 

comprssivi drrs5, or tht comprrssive strrst at 1s % axia~ 
strain, whichever is s#urrd fils& and rrport 0s the 
unconfined c o m p k v c  strrng14 qr Whenever it is consid- 
ered nectssary for propel intapretation, indude tbc graph of 
the dress-strain data as part dthe data Wrtcd 

is dele& 
the sensitivity, sp is calculated as followr 
8.5 If the unconfined cOmptsSivc 

ST = 
qr (uodist- rpec;men) 

qr (rem- -1 

8. cllculntioa 
8.1 Calculate tbe axial strain, e l ,  to &‘neared 0.1 I. for 

a given applied load, as folloss 
1 1  - sur0 

W h m :  

AL = length change of spcdmen as read from deformahon 

& = initial kngth of t s t  spedmea, mm Cm.). 
8.2 Calculate tbe avaage croo-sectional8cta A,  for a 

given applied load, 8s foUowr 
A = Ad(l - e t )  

indicator, mm (in.), and 

wbcrc - initial avcxagc area of the specimen. 

el - axialstrainfarthegivenload,%. 
8.3 Calculate tbt cornprssive stress, u, to three signrfi- 

cant figures or aeattst I k ~ a  (0.01 ton/ft*), for a ei- 
~lppliedlo9d,~ffollows: 

1111L12 (i3. aad 

(PIA) 

9. Report 
9.1 The report &odd include the following: 
9.1.1 Identi6cation and visual dexription of the specc 

imen, including soil cksificatioa, symbd, and whcther the 
specimen is undisturbed, rrmoldad compacted, etc. Also 
include d m e n  identifying information, such as projCU. 
location, boring number, sampk n u m b ,  dcpB ctc. Visual 
descriptions shall be made in aaxrdana with Ractioc 
D 2488, 
9.12 Lnitial dry density and water content (qx& if the 

water content specimen was obtained before or after W, 
and wbaber from cuttings or the entire &men), 
9.1.3 Degree of saturation (Note 7), ifcomputcd, 

9.1.4 Unconfined comp&vc strength and shear 
-n%h, 
9.1.5 Avrraae height and diameter of spedmen, 
9.1.6 Heighi-&cter ratio, 

9.1.8 Strain at failure, %, 
9.1.9 Liquid and plastic limits, if determined, in accor- 
dana with Test Method D 4318, 
9.1.10 Failure sketch or photo, 
9.1.1 1 Strcss-Strain graph, if prepared, 
9.1.12 Sensitivity, ifdete- 

- 9.1.7 Average rate d& to failm 96, 

. 

9.1.13 Partide size anal- ifdctarmned, inaccordamr 

tbe d t s  ob- for eramplc, rlicktaddcs, saa_tificon, 
sbeb ptbMq root& orbrittklxss the typc of failure (ha! 
is, bulge, diagonal shear, etC.1 

with Mabod D 422, and 

data that would be considaed OecesSary topropafy inttrprrt 
9.1.14 R~t~~rkr-Note my ~ l l d  ~0Ddit ion~ ot 0 t h  
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Designation: D 2216 - 92 4m . 

Standard Test Method for J 

Laboratory Determination of Water (Moisture) Content of Soil 
and Rock’ 

. This srandard is issued under the fixed designation D 2216: the number immediately following the designation indicates the ycar of 
original adoption or. in the case of revision. the year of last revision. A number in parentheses indicates \he ?car of Ian reapproval. A 
superscript epsilon (c )  indicates an editorial change since the last revision or’reapproval. 

I 

1. Scope 
1.1 This test method covers the laboratory determination 

of the water (moistye) content of soil. rock, and similar 
I materials by mass. For simplicity, the word “material” 

hereinafter also refers to either soil or rock, whichever is 
most applicable. 

1.2 The water content of a material is defined by this 
standard as the ratio, expressed as a percentage, of the m a s  
of “pore” or “free“ water in a given may of material to the 
mass of the solid material. 

1.3 The term “solid panicles” as used in geotechnical 
engineering is typically assumed to meap naturally occumng 
mineral particles of soil and rock that are not readily soluble 
in water. Therefore, the water content of materials con- 
taining extraneous matter (such as cement, and the like) may 
require special treatment or a qualified definition of water 
content. In addition, some organic materials may be decom- 
posed by oven drying at the standard drying temperature for 
this method (1 10°C). Materials containing gypsum (calcium 
sulfate dihydrate or other compounds having significant 
amounts of hydrated water) may present a special problem as 
this material slowly dehydrates at the standard drying 
temperature ( 1  10°C) and at very low relative humidities, 
forming a compound (calcium sulfate hemihydrate) which is 
not normally present in natural materials except in some 
desert soils. In order to reduce the degree of dehydration of 
gypsum in those materials containing gypsum, or to reduce 
decomposition in highly organic soils, it may be desirable to 
dry these materials at 60°C or in a desiccator at room 
temperature. Thus, when a drying temperature is used which 
is different from the standard drying temperature as defined 
by this test method, the resulting water content may be 
different from standard water content determined at the 
standard drying temperature. 

determining water content of peat materials. 

1 

NOTE I-Test Methods D 2974 provides an alternate procedure for 

specimen, or a qualified definition of water content must be 
used. 

1.5 This test method requires several houn for proper 
drying of the water content specimen. Test Method D 4643 
provides for drying of the test specimen in a microwave oven 
which is a shorter process. 

1.6 This standard requires the drying of material in an 
oven at high temperatures. If the material being dried is 
contaminated with certain chemicals, health and safety 
hazards can exist. Therefore, this standard should not be, 
used in determining the water content of contaminated soils 
unless adequate health and safety precautions are taken. 

1.7 This standard does not purport to address all of the. 
safety problems, if any, associated with its use. It is the 
responsibiiily ofthe user of this standard to establish appro- 
priate safity and health practices and determine the applica- 
bility of regulatory limitations prior to use. 

2. .Referenced Documents ’ 

2.1 ASTM‘Srandards: - ‘ 
D653 Terminology Relating to Soil, Rock, and Contained 

Fluids’ 
D2974 Test Methods for Moisture, Ash, and Organic 

Matter of Peat and Other Organic Soils2 
D4220 Practice for Preserving and Transporting Soil 

Samples2 
D 43 18 Test Method for Liquid Limit, Plastic Limit, and 

Plasticity Index of Soils’ 
D4643 Test Method for Determination of Water 

(Moisture) Content of Soil by the Microwave Oven 
Method’ 

D4753 Specification for Evaluating, Selecting, and Speci- 
fjmg Balances and Scales for Use in Soil and Rock 
Testing2 

E 145 Specification for GravityConvection And Forced- 
Ventilation Ovens3 7 

, 

, 

1.4 Materials containing water with substantial amounts 
of soluble solids (such as salt in the case of marine sediments) 
when tested by this method will give a mass of solids which 
includes the previously soluble solids. These materials re- 
quire special treatment to remove or account for the 
presence of precipitated solids in the dry mass of the 

I This method is under the jurisdictron of ASTM Commim D-18 on Sod and 
Rock and is the direct responsibility of Subcommittee D18.03 on Texture. 

Cumat edition approved June IS, 1992. Published August 1992. %&h’ 
Pbsticity znd Dcaaty charactcrisucr of si  

IX-67 

3. Terminology 
3.1 Refer‘to Terminology D 653 for standard definitions 

of terms. 
3.2 Description of Term Specific to This Standard: 
3.2.1 watercontent (of a material)-the ratio of the mass 

of water contained in the pore spaces of soil or rock material, 
to the solid m&s of particles in that material, expressed as a 
percentage. 3 

I . A n n d  Book of ASTM Sl&&, VolW.08. 
3 Annual Book of ASTM St&&. Vol 14.02. 
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4. Summary of Test Method 
4. I A test specimen is dried in an oven to a constant mass. 

The loss of mass due to drying is considered to be water. The 
water content is calculated using the mass of water and the 
mass of the dry specimen. 

5. Significance and Use , 
5.1 For many materials, the water content is one of.the 

most significant index properties used in establishing a 
correlation between soil behavior and its properties. 

5.2 The water content of a material is used in expressing 
the phase relationships of air, water, and solids in a given 
volume of material. 

5.3 In fine-grained (cohesive) soils, the consistency of a 
given soil type depends on its water content. The water 
content of a soil, along with its liquid and plashc limits as 
determined by Test Method D 43 18, is used to express its 
relative consistency or liquidity index. 

6. Apparatus 
6.1 Drying Oven, thermostatically-controlled, preferably 

of the forceddraft type, meeting the requirements of Speci- 
fication E 145 and capable of maintaining a uniform temper- 
ature of 1 IO f 5'C throughout the drying chamber. 

6.2 Balances-All balances must meet the requirements 
of Specification D4753 and this Section. A Class GPI 
balance of 0.0 Ig readability is required for specimens having 
a mass of up to 200 g (excluding mass of specimen con- 
tainer) and a Class GP2 balance of 0.lg readability is 
required for specimens having a mass over 200 g. 

.6.3 Specimen Containers-Suitable containers made of 
material resistant to corrosion and change in mass upon 
repeated heating, cooling, exposure to materials of varying. 
pH, and cleaning. Containers with close-fitting lids shall be 
used for testing specimens having a mass of less than about 
200 g; while for specimens having a mass greater than about 
200 g, containers without lids may be used. One container is 
needed for each water content determination. 
NOTE 2-The purpose .of close-fitting lids is to prevent loss of 

moisture from specimens before initial mass determination and to 
prevent absorption of moisture from the atmosphere following drying 
and before final m a s  determination. 

6.4 Desiccator-A desiccator cabinet or large desiccator 
jar of suitable size containing silica gel or anhydrous calcium 
phosphate. It is preferable to use a desiccant which changes 
color to indicate it .needs reconstitution. See Section 10.5. 
NOTE 3-Anhydrous calcium sulfate is sold under the trade name 

Drierite. 

6.5 Container Handling Apparatus, gloves, tongs, or suit- 
able holder for moving and handling hot containers after 
drylnk 

6.6 Miscellaneous, knives, spatulas, scoofi quartering 
cloth, sample splitters, etc, as required. 

7. Samples 
7.1 Samples shall be preserved and transported in accor- 

dance with Practice 4220 Groups B, C, or D soils. Keep the 
samples that are stored prior to testing in noncorrodible 
airtight containers at a temperature between approximately 3 
and 30% and in an area that prevents direct contact with 

sunlight. Disturbed samples in jars or other containers shall 
be stored in such a way as to prevent or minimize moisture 
condensation on the insides of the containers. 

7.2 The water content determination should be done as 
soon as practicable after sampling, especially if potentially 
corrodible containers (such as thin-walled steel tubes, rwnt 
cans, etc.) or plastic sample bags are used. 

8. Test Specimen 
8.1 For water contents being determined in conjunction 

with another ASTM method, the specimen mass require- 
ment stated in that method shall be used if one is provided. If 
no minimum specimen mass is provided in that method 
then the values given before shall apply. 

8.2 The minimum mass of moist material selected to be 
representative of the total sample, if the total sample is not 
tested by this method, shall be in accordance with the 
following: 

Recommended Recommended 

' moist test spec- moin tm spec- 
Maximum panicle imen for water imen for warn 

size (I00 W Standard Sieve content reponed conteot reponed 

minimum mass of minimum m a s  of 

passine) Sire to io. l  W t o i l %  

2 mm or lcss No. IO 20 8 20 g' 
4.75 mm No. 4 100 B Be' 

9.5 mm %-in. 500 B WOg 
19:O mm %in. 2.5 kg 2% 8 
37.5 mm 1 %  in. 10 ks I k g  
75.0 mm 3-in. - 50kg 5kg 

Non-70 be representative not less than 20 g shall be used. 

8.2.1 If the total sample is used it does not have to meet 
the minimum mass requirements provided in the table 
above. The report shall indicate that the entire sample was 
used. 

8.3 Using a test specimen smaller than the minimum 
indicated in 8.2 requires discretion, though it may be 
adequate for the purposes of the test. Any specimen used not 
meeting these requirements shall be noted in the report of 
results. 

8.4 When working with a small (less than 200g) specimen 
containing a relatively large gravel particle, it is appropriate 

. not to include this partic1e.h the test specimen. However, 
any discarded material shall be .described and noted in the 
report of the results. 

8.5 For those samples consisting entirely of intact rock, 
the minimum specimen mass shall be 500 g. Representative 
portions.of the sample may be broken into smaller particles, 
depending on the sample's size, the container and balance 
being used and to facilitate drying to constant mass, see 
Section 10.4. 

9. Test Specimen Selection 
9.1 When the test specimen is a portion of a larger 

amount of material, the specimen must be selected to be 
representative of the water condition of the entire amount of 
material. The manner in which the test specimen is selected 
depends on the purpose and application of the test, type of 
material being tested, the water condition, and the type of 
sample (from another test, bag, block, and the likes.) 

9.2 For disturbed samples such as trimmings, bag sam- 
ples, and the like, obtain the test specimen by one of the 
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following methods (listed in order of preference): 
9.2.1 If the material is such that it can be manipulated 

and handled without significant moisture loss, the material 
should be mixed and then reduced to the required size by 
quartering or splitting. 

9.2.2 If the material is such that it cannot be thoroughly 
mixed and/or split, form a stockpile of the material, mixing 
as much as possible. Take at least five portions of material at 
random locations using a sampling tube, shovel, scoop, 
trowel, or similar device appropriate to the maximum 
particle size present in the material. Combine all the portions 
for the test specimen. 

9.2.3 If the material or conditions are such that a stockpile 
cannot be formed, take as many portions of the material as 
possible at random locations that will best represent the 
moisture condition. Combine all the portions for the test 
specimen. 

9.3 Intact samples such as block, tube, split barrel, and the 
like, obtain the test specimen by one of the following 
methods depending on the purpose and potential use of the 
sample. 

9.3.1 Carefully trim at least 3 mm of material from the 
outer surface of the sample to see if material is layered and to 
remove material that is drier or wetter than the main portion 
of the sample, Then carefully trim at least 5 mm, or a 
thickness equal to the maximum particle size present, from 
the entire exposed surface or from the interval being tested. 

9.3.2 Slice the sample in half, If material is layered see 
Section 9.3.3. Then carefully trim at least 5 mm, or a 
thickness equal to the maximum particle size present, from 
the exposed surface of one half, or from the interval being 
tested. Avoid any material on the edges that may be wetter or 
drier than the main portion of the sample. 

require that the full section be sampled 

9.3.3 If a layered material (or more than one material type 
is encountered), select an average specimen, or individual 
specimens, or both. Specimens must be properly identified as 
to I d t i o n ,  or what they represent, and appropriate remarks 
entered on data sheets. 

NOTE &Migration of moisture in some cohesionless soils may 

10. Procedure 
10.1 Determine and record the m a s  of the clean and dry 

specimen container (and its lid, if used). 
10.2 Select representative test specimens in accordance 

with Section 9. 
10.3 Place the moist test specimen in the container and, if 

used, set the lid securely in position. Determine the mass of 
the container and moist material using a balance (See 6.2) 
selected on the basis of the specimen mass. Record this 
value. 

NOTE 5-To prevent mixing of specimens and yielding of incoma3 
d t s ,  all containers. and lids if used, should be numbcrcd and the 
container numbers shall k recorded on the laboratory data sheets The 
lid numbers should match the container numbers to eliminate c o b -  
sion. 

NOTE &TO assist in the ovendrying of large test specimens they 
should be placed in containers having a large surface a r ~ a  (such as pans) 
and &e material broken up into smaller aggregatioos 

10.4 Remove the lid (if used) and place the container With 

- 

constant mass. Maintain the drying oven at 1 10 +- 5'C unless 
otherwise specified (see 1.3). The time required to obtain 
constant mass will vary depending on the type of material, 
sue of specimen, oven type and capacity, and other factors. 
The influence of these factors generally can be established by 
good judgment, and experience with the materials being 
tested and the apparatus being used. 
NOTE 7-111 most cases, drying a test specimen overnight (about 12 

to 16 h) is suficient. In cases where there is doubt concerning the 
adequacy of drying, drying should be continued until the change in mass 
after two successive periods (greater than 1 h) of drying is an insignifi- 
cant amount (less than about 0.1 5%). Specimens of sand may often be 
dried to constant mass in a period of about 4 h, when a forced& oven 
is used. 
NOTE 8-Since some dry materials may absorb moisture from moist 

specimens, dried specimens should be removed before placing moist 
specimens in the same oven. However, this would not be applicable if 
the previously dried specimens will remain in the drying oven for an 
additional time period of about 16 h. 

10.5 AAer the material has dried to constant m a s  remove 
the container from the oven (and replace the lid if used). 
Allow the material and container to cool to room tempera- 
ture or until the container can be handled comfortably with 
bare hands and the operation of the balance will not be 
affected by convection currents and/or its being heated. 
Determine the m a s  of the container and oven-dried material 
using the same balance as used in 10.3. Record this value. 
Tight fitting lids shall be used if it appears that the specimen 
is absorbing moisture from the air prior to determination of 
its dry mass. 

I NOTE 9-Cooling in a desiccator is acceptable in place of tight fittint 
lids since it greatly reduces absorption of moisture from the atmosphere 
during cooling especially for containers without tight fitting Lids. 

I 
:w-- 

11. Calculation 

lows: 
11.1 Calculate the water content of the material as fol- 

w = [(M,, - M,)/(M, - M,)] x 100 = 5 x 100 
M* 

where: 
W = water content, %, 
M, = mass of container and wet specimen, g, 
M, = mass of container and oven dry specimen, 8, 
M, = mass of container, g, 
M, = mass of water (M, = M, - Mcds)r g, and 
MS = mass of solid particles (Ms = Neds - Mc), g. 

mo$t material in the drying oven. Dry the material to a 
00(8t63 
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12. Report 
12.1 The report (data sheet) shall include the following 
12.1.1 Identification of the sample (material) being tested, 

such as boring number, sample number, test number, 
-container number etc. 

12.1.2 Water content-of the specimen to the nearest 1 A 
or 0.1 96, as appropriate based on the minimum sample 
used. If this method is used in concert with another method, 
the water content of the specimen should be reported to t' 
value required by the test method for which the wa 
content is being determined. 

minimum indicated in 8.2. 
12.1.3 Indicate if test specimen had a mass less than the 
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. 12.1.4 Indicate if test specimen contained more than one 

12.1.5 Indicate the method of drying if different from 

12.1.6 Indicate if any material (size and amount) was 

material type (layered, etc.). 

ovendrying at I 10 k S'C. 

excluded from the test specimen. 

13. Precision and Bias 
13.1 Statement on Bias-There is no accepted reference 

value for this test method; therefore, bias cannot be deter- 
mined. 

13.2 Statements on Precision: 
13.2.1 Single-Operator Precision-The single-operator 

coefficient of variation has been found to be 2.1 percent. 

Therefore, results of two properly conducted tests by the 
same operator with the same equipment should not be 
considered suspect unless they differ by more than 7.8 
percent of their mean. 

1 3.2.2 Multilaborarory Precision-The multilaboratory 
coefficient of variation has been found to be 5.0 percent. 
Therefore, results of two properly conducted tests by dif- 
ferent operators using different equipment should not be 
considered suspect unless they differ by more than 14.0 
percent of their mean. 

14. Keywords 

analysis; moisture content; soil aggregate; water content 
14.1 consistency; index property; laboratory; moisture 

The American Society fcu Testing and Materials tekes no pasition respecting the validity of any parem rights asserted in connection 
with any item mentioned in this standard. Users d this standard are expressly advised that determination oi the validity d any such 
patent rights, and the risk d infrmgemnt d such rights, are entirdy their own respmsibilitity. 

This standard is s u m  to revision a1 any t ihe by the respmsible technical ccmminee and must be reviewed every five yeen and 
if no1 revised, either reappfwed cu withdrawn. Your comments are invited either Icw revision of this standard or fcu e d d i t W  standards 
and should be addressed to ASTM Headquarters. Your ccwnments will receive careful consideration at e &ing d the responsible 
technical m m i n e e .  which you may anend. H ycu feel that your Comments have nof received a fair hearing you should make your 
views known to the ASTM Cornminee on Standards, 1916 Race St.. Philadelphia. PA- 19103. 
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Standard Test Method for 
One-Oimensional Consolidation Properties of Soils’ 

1. scope in units other than SI shall not k regarded as nonconfor- 
mane with this test metbod. 1.1  his test method covers D r d u r t S  for determining 

the magnitude and rate of co&lidation of soil when it is 
&ncd laterally and drained axially while subjected to 
incrementally applied controlled-stress loading Two alterna- 
tive procedures are provided as follow 

I. I. I Test Mahod A - M  M method is performed with 
constant load increment duration of 24 h, or multiples 
thereof. Timedeformation rradings are required on a min- 
imum of two load increments 
1.1.2 Test Method 8-Timedeformation readings arc 

required on all load increments Successive load increments 
are applied after 100 96 primary consolidation is reached or 
at constant time increments as described in Test Method A. 

1.2 This test method is most commonly performed on 
undimubed samples of 6nc grained sob naturally 
sedimented in water, bowtm, the basic test procedure b 
applkable, as well, to spedwns of compacted soils and 
undimuixd mnples of & formed by other pnxxssts such 
as weathering or chemical alteration. Evaluation techniques 
specified in this M method arc generally applicable to so5 
naturally saiimented in water. Tesu performed on 0th 
mob such as compacted and residual ( w e a t h d  or chemi- 
cally altered) soils may requin special evaluation techniques. 

1.3 It shall be the rtsponn’bility of the agency nquesting 
this test to the magnitude and quence  of each load 
increment, including the loation of a rebound cycle, if 
required, and. for Test Method A, the load increments for 
which timedeformation readings are desirrd 

I .4.1 In the engineering professon it is customary prac- 
tice to use, interchangtably, units representing both mas 
and force, unless dynamic calculatiom (F = Ma) are 
involved. This implicitly combines two scparatc systems of 
units, that is, the absolute system and the gravimetric system. 
It is scientifically undesirable to combine two separate 
systems within a single standard. This M method has b a n  
written using SI uni t s  however, inch-pound conversions arc 
given in the gravimetric system, w h  the pound (lb0 
represents a unit of fora (weightL The use of balanm or 
scala recordi pounds of mass Obm), or the recordmg of 
density in Ib/A should not be regarded as nonconfonnaPcc 
with this test method. 

1.5 This standard does not p w n  to d r e s s  the safety 
problems associafed with iu use. It  is [he refponsibility ofthe 
use of this standard to establish appropride suftty and 
hedrh practices and daermine rhe applicability ofregulafoty 
limitations prior to use. 

Y 

- 

2. R e f e d  Docameats 

2.1 ASTMStandardr: 
D422 Method for ParticleSizc Analysis of Soil? 
D 653 Terminology Relating to Soil and Ro& 
D 854 Test Method for Specific Gravity of Sod? 
D 1587 Practice For Thin-Walled Tube Sampling of Soils2 
D2216 Method for Laboratory Determination of Water 

(Moisture) Content of Soil, Rock, and Soil-Aggregate 
M i x d  

D 2487 Classidcation of Soils for Engineering Purpod 
D 2488 Practice for Description and Identification of Soils 

( v i i - M a n u a l  Roccduny 
D 3550 Practice for Ring-Lined Barrel Sampling of SoL? 
D 4 186 Test Method for One-Dimensional Cowlidation 

~roperties of Soi Using ControUaiStrain Lmdi~$ 
D4220 Practia for Frrserving and Transporting Soil 

Sample? 
D 43 I8 Test Method for Liquid Limit, Pbstic Limit, and 

D4452 Methods for X-Ray Radiography of Sail Sample? 
D4546 Test Methods for One-Dimeasional S w d  or 

plasticity Index of So@ 

Settlement Potential of Cohesive Soe 
3. Tcrmioologg 

mahod shallJbc in accordance with Tmninology D 653. 
3. I D4/nitiont--Tbe definitions of terms rised in this tcst 

< Ix-7 1 
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4. Summary of Test Method 

4.1 In this test method a soil specimen is restrained 
laterally and loaded axially with total stnss increments Each 
stress increment is maintain4 until ex- pore water 
pressurts are completely dissipated During the consolidation 
process, measurements are made of change in the specimen 
height aod the data arc uscd to determine the relationship 
be!twan the effhve smss and void d o  or strain, and the 
rate at which cowlidation can OCCUT by evaluating the 
coefficient of consolidation. 

5. S i g n i f ~ M d U s c  
5.1 ?he data from the consolidation test are used to 

estimate the magnitude and rate of both difierential and total 
settlement ,of a structm or eaRhhu. Estimates of this type 
arc of key imponana in the design of engineered structures 
and the evaluation of their performance. 

5.2 The test results can be grtatly atreaed by sample 
dinha .  +em selection and preparation of test speci- 
mens is quired to e disnubaace. 

5.3 Consolidation test rtsuhs are dependent upon the 
m ~ t u d e  of the load increments Traditiordy, the load is 
doubled for each increment d t h g  in a load- i iment  
ratio of 1. For undisturbed sampks, this load procedure has 
provided data from which estimates of the preconsolidation 
pressure also referred to as tbe maximum past p m ,  using 
established evaluation,tcchniques, compare directly with 
field measurement Other load schedules may be wd to 

-model ,paR'cular field conditions or m a t  special require- 
ments For example, it may-be desirable to inundate and 
load the specimen in atmtdana with the wetting or loading 
pattern expected in the k i d  in order to best simulate the 
rrsponsc. Smaller tb$n staadard load increment ratios may 
be desirable fot soils that ~ J E  W y  sensitive or whost 
response is highly dependent on ztrain rate. Tk test method 
specifiedtoestimatetbcprrcoasdidationprrssurrprovidesa 
simple technique to verify that one set of time readinas arc 

evaluation techniques en in  and may yield different estimates 
of the preconsolidation pressure. Thaefm, the req- 
agency may specify an alternate tcchnique to estimate the 
preconsolidation pressurr. 

5.4 Consolidation tcst results arc dependent upon tbe 
duration of each load increment Traditionally, the load 
duration is the same for each increment and equal to 24 b 
For some soils, the rate of c o a t i o n  u such that 
complete consolidaqon (dissipation of exass pore p m )  
wil l  q u i r e  more than 24 h. The appamtu in general usc 
does not have provisions for formal v d d o n  of pore 
pressurr dissipation. It is necegary to usc an interpretation 
tcchnique which indirrctly determines that consolidation is 
complete. This test method spdies two technique how- 
ever the r e q u d q  agency may specify an altemativc tech- 
nique and still be in 00nforma.n~~ With this test method 

5.5 The apparatus in g e n d  use for this test method docs 
not have provisioa~ for veriljcation of saturation. Most 
U l M l K h & d  simpks taken From below tbc watu tabk will be 
sattuatd Howem, tbe time rate of deformation is vay 
sensitive to degrtt of' saturation a d  caution must be 
exercised regding estimates for duration of settlements 
when partially saturated conditionsaprevail The extent to 
which partial saturation innuenas tbc test resuhs may k a 
part of tbe test evaluation and may indude application of 
theorctical models otber than conventional consolidation 
theory. Alternatively, the test may be performed using an 
apparatus equipped to saturate the spedmcn. 

5.6 This test method uscs conventional consolidation 
theory brased on Tcmghi's cowlidation equation to am- 
pute the coeflliaent of cowlidation, c, Tbc adysis  is based 
upon tbc fobwing assumptions - _  

5.6.1 The soil is saturated and has bomogtoeous proper- 
ties; 

5.6.3 The c o m m i t y  of soil particks and pore water 
i s n @ i g i b l e c o m p a n d t o t h c c o m p r e s s i i d ~ d  

* 

5.6.2, ~ h ?  am or p ~ r r  water it in tbe vatical -on; 

n 



e02435 - 

- 
664.1 ; 

S.6.4 The stress-strain relationship is linear over tbe load 
.nment; 
S.6.S The ratio of soil permeability to soil compresitdity 

5.6.6 Darcy's hw for Oow thro& porous media a+ 

6.'1 J~RZI Device-A suitable devia for applying 

is mutant  o v a  the load inclement; and 

6. Appprpm 

loads or total s~esses) to the specimen. The devia should be 
capable of maintaining specified loads forllong periods of 
time with an accuracy of i 0.5 Sb of the applied load and 
should permit quick application of a'-given load increment 
without sigmficant impact 

NOTE 3--Load application g r n d y  should k completed in a time 
oorrcspoading to 0.01 t IQ) or len For =& wberc p h m q  coasOlidatiO0 
i t ~ ~ m p l e t c d  in 3 cain. load application &odd k b t h a n  2 %  

6.2 Consolidomem--A devi= to hold the spccimen in a 
ring that is either fixed to the bax 01 aating (supported by 
friction on periphery of specimen) with porous disks on each 
ha of the specimen. The inside diameter of the ring shan be 
determined to a tolerance of 0.075 mm (0.003 in.). The 
consolidomern shall also provide a means of submerging the 
specimen, for transmitting tbe conantric vertical load to tbe 
porous disks, and for measuring the change in height of 
specimen. 

6.2.1 Minimum Specimen Di-er-The minimum 
specimen Qiamettr 

6.2.2 Minimum Specimen Height-* minimum hhd 
' w h e n  height shall be 12 mm (0.5 in.), but Shall be not less 
Jan ten tima the maximum pamde diameter. 

be M mm (2.00 in.). 

+ 

NOTE ~ U & C -  m fmd ia tbe specimen .ftn 
a u d c h  ~ rcpOrr & k V h d o b v n o t i O O  O r &  dtSof8prrcidc 
s k  maly&;in aaodaoa with Metbod D 422 (ex- tbe minimum 
sample dzc p l i m n e n t  shall k aaind), 

6.2.3 Minimum Sperimen Diamerer-teHeigh Rai-. 
Tbe minimum specimen diameter-teheight ratio Shall be 
2s. 

NOTE S-lk usc of grcata hem-to-height. ratios k ~com-  
mmded To cainimiLt tbc &cas of friction bctwao tbe sides dtk 
spciwn and ring I d i a m a c r w t  d o  &rea- thn four is 
mfenbk. 

6.2.4 Sperimen Ring RigiddpThe rigidity of tbe ring 
shall be such that, under hydrostatic stress conditios in tbe 
specimen, the change in diametqd the ring will not e x a d  
0.03 X of the diameter under the gnat& load applied 

6.2.S Specimen Ring Matm'd--Tbe ring shall be made of 
a material that is noncorrosive in relation to the soil tested 
The inner surfaa sha~ k himy polished or shall be coated 
with a low-fiction material. Silicone grease or molybdenum 
disulfide is recommended; polyrctranuoroahylene is rccom- 
mended for nonsandy soilr 

6:3 Porous Dirkr-The porous disks' sban be of silioon 
carbide, alumipum oxide, or similar n o n c o d w  material 

?nision ofsoil into the po~cs. Ifnrrr_cerv, a filter papcr(sec 
,ote 6) may be used to p e n t  intrusion of the toil into the 

' 

* glade of tbe disb shan k h e  emugh to prcmt 
I 

-.-.-jitltS; h o w = ,  the pameability of tbe dish, aad hha 

papa, ifusui, mustbeatkaaonc&dmmagaitudehigber 
than that ofthe specimen. 

reqrurraKa0 for pamabilry . a n d h k a i t y .  

6.3.1 Diamaer--Tbe diameter of tbc top disk shall be 0.2 
to 0.5 mm (0.01 to 0.02 in.) kss tbaa tbc inside diameter of 
the ring Lfa floatingringis&thebottom diskdao have 
the same diameter as the top disk. 

NOTE 7--The w of- drsks u noommcaded snth tbc hrger 
dlaman in contK1 with tbc soil 

6.3.2 ThickneJs-Thic).sess of the disks shall be sufkieat 
to prevent breaking The top disk shall be loaded through a 
corrosion-resistant plate of &cient rigidity to prevent 
breakage of the disk. 

6.3.3 Muinlenunce-Tk disks shall be clean and 6ne 
from crach chips, and nonuniformitics New potou~ disks 
should be boiled for at lean 10 minutcs and kft in the water 
to cool to ambient temperaturr before use. Immediattly afta 
each ux, dean the porous disks with a nonabrasive brush 
and boil to nmove clay particles that may n d u a  their 
pu-meatdity. it is mmwded that porous disks be s t o d  
in ajar with deairrd water betwan tcsu. 

6.4 Specimen Trimming Device--A trimming turntable 
or a cylindrical cutting ring may be uscd for trimming the 
sample down to the inside diameter of the consotidometcr 
ring with a minimum of disturbance. A cutter having the 
same inside diamenastbespecimen ringshall ana& to or 
be integral with the specimen ring The cutter rhan have a 
sharp edge, a highly polisbed surfact and be coated with a 
low-bidon ma& Alternatively, a turntable or trimming 
tathe maybe used. 'Ibe cuningtod must be ptopaly ahgncd 
to form a specimen oftbe same diameter as that oftbe ring 

6.S Dgomra~ion lndicolor-To measure dmgc in spec- 
imen haght, with a d t y  of 0.002s mm (O.ooO1 in.). 

6.6 MisceUaneous Eqrripmmu--Lpduding timing devict 

ulas, knives, and wire sa- used in prcparingtbespecimen 
6.7 Balances, in accordana with Method D 2216. 
6.8 Drying Oven, in accordance with Method D 2216. 
6.9 Water Conmu C w i n e r s ,  in accordana with 

Method D 2216. 
6.10 Environment-Tests shall be performed in an envi- 

ronment where temperature fluctuations arc ks than f 4'C 
(i 7 T )  and there is no direu exposure to sunlight 

7. r n h t k o  / 

7.1 The meaSurtd vcmcal deformations must bc cor- 
rtctcd for apparatus flexibility whenever the calibration 
comaion determined in 7.4 e x d  S 96 of tbe mearurtd 
deformation and in aR tests wbae filter paper disks an used 

7.2 Assemble the condidometer with a coppa or hard 
steel disk of approximatdy the same height as the test 

rbg, in pkx of tbe sample Moisten tbe porous disks If 
filtcr papar arc to k u d  (sct 6.3A they should be 
moistcaed and suflicht time (a minimum d 2 min.) 
dowed fortbe moisnurtobe'squdhmthcm duriq 
each inclement of the cahbrotiioa proocss. 

NOTI 6-Whatmm No. 54 filter papa b.r b a n  fooad to mat 

with 1 5 readability, distilkd or demineralited WatQ, spat- 

specimeaaad1mm(0.04in)unalkrindiam~tbaDthe 
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7.3 Load a d  unload the consolidometa as in the test and 
mwure  tbe deformation for eacb load appllea Wbcn 6 h  
papen are used it is imperative that calibration be performed 
following tbe exact loading and unloading scbeduk to be 
used. This is due to the inelastic deformation chataacnsa cs 
of filter paper. Recalibration for tests witbout filter paw 
need be done only on an annual basis, or afttr replacement 
and reassembly of apparatus components 

7.4 At each load applied, plot or tabulate the correCti0nS 
to be applied to the measured deformation of the test 
specimen. Note that the metal disk will deform also; how- 
eber, the correction due to this deformation will be negligible 
for all but extremely stitr soils. U necessary, tbe compression 
of the metal disk can be computed and applied to the 
c o d o n s .  

8. Sampling 
8.1 Racticcs D 1587 and D 3550 cover procedures and 

apparatus that may be used to obtain undisturbed samples 
generally satisfactory for testing Specimens may also be 
trimmed from large undisturbed Mock samples fabricated 
and sealed in the field. Finally, remolded specimens may be 
prepared from bulk samples to density and moisture condi- 
tions stipulated by the agency requesting the t e a  

8.2 Undisturbed samples destined for testing in accord- 
ance with this test method shan be p m e d ,  handled, and 
nanspOrted in accordance with the ptacticcs for Group C 
and D sampks in Ractices D4220. Bulk sampIes for 
remolded spbcimens should be handled and transported in 
accordance With tbe practice for Group B sampk-s 

8.3 SforageStorage of sealaj samples should be such 
that no  moisture is lost during storage, tbat is, no evidena of 
partial drying of the ends of the gmpies or shrirdqe. Time 
of s t o w  shouM be minimized, p a r t i d d y  when the soil or 
soil m o i m  is expectcd to mct with the sample tubes. 
8.4 The quality of consolidation test d t s  diminishes 

mtly with sample disturbance. It should be ncognited that 
no sampling procedurr-can e m  completely undisNrbed 
samples. Therefore, careful examination of the sample is 
essential in selection of specimens for testing 
N a  8-Examinuioa for same disturbaaa. or otba 

inclusions .ad sekdoa of @men b t i o n  IS gnaw facihated by 
x-ray ~~&ogtaphy of tbe mpks (sot Methods D 4452). 

9. SpecimenReparatioa 
9.1 AU possible pmutions sbould be taken to minimize 

dinurbaaa of the soil or changes in moisture and density 
during specimen prcparation. Avoid viirabon, disto16on, 
and compression. 

9.2 Frrparc test specimens in an environment where soil 
moisture change during preparation is minimized 

NOTE 9-A high humidity environwot is uaully uud for this 
purpow. - 

9.3 Trim the specimen and instrt it into the consolidation 
ring When specimens come thm undisturbed soil collected 
"sing sample tubes, the inside diameter oftbe tube sball be at 
,kast 3 mm (0.25 in.) greater tban the inside diameter of the 
lcauolidation ring, exctpt 'as aotcd in 9.4 ~JXI 9.5. It is 

. .  

~ 

recommended that either a trimming turntab& or cyliadricll 
cutting ring be uscd to cut the soil to tbe propa diameter. 
When using a uimmingturntabk, make acompktt pcrim- 
eter cut, reducing tbe spccimen diameter to tbc inside 
diameter of the o o d d a t i o n  ring CarduDy iwrt tbe 
specimen into the consolidation ring, by tbe width of tbe cut, 
with a minimum of force. Repeat until tbc Specimen 
protrudes from tbe bottom of the ring Wben using a 
cylindrical cutting ring, trim the soil to a gentk taper in front 
of the cutting edge. Aftcr the taper is formed, advance the 
cutter a small distaMx to form the final diametn. Repeat the 
p r m  until the specimen protrudes from tbe ring 

9.4 Fibrous soils such as peat, and those roils that are 
easily damaged by trimming. may be t r a n d e r r e d  directly 
from the sampling tube to the ring, providal that the ring bas 
the same diameter as tbe sample tube. 

9.5 Specimens obtained using a ring-lined sampler may be 
used without ~ r i ~  mmminPr. ~tovided tbey a m d y  with the 

. 

nquircments'of practice D j i S  ami this test &&MA. 
9.6 Trim tbe specimen flush with tbe plane ends oftbe 

ring. The specimen may be d slightly bdow tbe top of 
the ring, to facilitate antering of tbe topstooc, by partial 
extrusion and trimming of tbe bottom dace For soft to 
medium soils, a wire saw sbould be d for t h m h g  the 
top and bottom of tbe specimen to minimize smearing A 
straightedge with a sharp cutting edge may be uscd for the 
final trim after tbe cxcrss soil bas hrrt been rnaovedwith a 
wire saw. For stif€ sds. a sharpened straighw alone may 
be used for trimming tbe top aod bottom. Ifa Sman partidc 
is encountered in any surfaa being trimmed. it should be 
removed and tbe resulting void tilled With soil h m  the 
trim- 
N m  I G U ,  at my- of tbe tat h e  Spccimen nnlbkyond m 

initial bagbt.tbe raquirrment ofhtenl restmuit dtk d d h - t b t  
usc of a d SpCimcD a r b e  u9t of aspaimen csuippd pmb 
an e x k n  cdlvdtbenmc m~erdmncterasthqrcamca ring At 
no a m  sbouM tbt SpCcMen uuod mod tk Ipcimen nng 01 
extenion &. 

9.7 Det& the initial wet mas of the spaciwn, M ,  
in the cousolidation-ring by measuring tbe mtrr of tbe ring 

9.8 Deltrmrn . e tbe initial be&& H, of tbe @men to 
the nearest 0.025 mm (0.001 in.) by t a h g  tbe average of at 
least four mdy spaad measurements over the top 4 
bottom surtaccs of tbe specimen using a dial oomparatoior 
other suitable measuring device. 

9.9 Compute the initial volume, V, of tbe specimen to 
the neartsI 0.25 cm' (0.015 in.') from tbe diamatr of the 
ring and the initial specimen height 

9.10 Obtain two or thnc ~ t u f a l  wam contmt determi- 
nations of tbe soil in aocordana with Metbod D 2216 from 
material trimmed adjacent to the test spahea ifnrfi6Cieat- 
matcrialisavailaMc 

9.11 When iadex Properties arc spdkd by tbe rc- 
questing agency, ston tbe remaining aimmingr taken from 
~UndtbCspacimearaddCU3Wl& * tobesimilarmataid 
in a scaled cmtaincr for d e t a m ~ ~  * tion as &sai i  in 
W o n  10. 

with specimen andsubtractingthetan manoftbe ring 
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SOJ h k x  Roperty DttcTUIhmdoa, 

1.1 Tbe dcvrmination of index pmpda is an impor- 
tant adjunct to but not a rcquirtment of the consolidation 
tcst Tbesc determinations when spcclhed by the requesting 
agency should be made on tbe most rrpnscntativc material 
p0~5bk. Wben testing uniform materials, all index tests my 
be performed on adjaant trimmings cockcted in 9.1 I .  Wben 
m p k s  arc heterogeneous or trimminp are in short supply, 
index lcsts should be performed on material from the test 
&n as obtained in 11.6, plus representative vimmiogs 
cdlectcd in 9.11. 

10.2 Spec$c Gruviry-The specltic gravity shall be deter- 
mined in accordance wth Test Method D 854 on material 
from tbe sample as @ed in 10.1. The specific gravitv 
from another sample judged to be similar to that of the test 
specimen may be used for calculation in 12.2.5 whenever an 
accurate void ratio is not needed. 

10.3 Alrerbetg Limiu-The liquid limit, plastic limit and 
plasticity index shall be determined in acmrdaaoe with Test 
Method D 43 I8 using material from the sample as speclfed 
in 10. I .  Determination of the Attcrkrg fimits an n m  
for propet material classification but are not a requirement 
of this l c ~ l  m c t b d  

10.4 Panicle Size Distnburiott-Tbe partide Size disuibu- 
tion shall be daumined in am- with Method D 422 
(~roept ' tbe minimum sample sirt requirement shall be 
waived) on a portion of \he test specimen as obtained in 
1 1.6. A 'partide sizc adysis may be helpful when visual 
w o n  indicates that the specirnca contains a substantial 
f i a d n  dtawv grained material but is not a requircment 
ofthistestmethod. 

11. PKKtdmr 

I 1. I -Reparation of the porous disks and other apparatus 
will depend on the specimen being tested. 'Ibe 
consdidometer must be a m b l e d  in such a manner as 10 
prevent a change in water content of the specimen. Dry 
porous disks and filters must be used with dry, hishlY 
expansive sooils and may be used for all other soils. 
disb may k used for partially saturated soils. Saturated 
diskr may be u3cd when the spaimea is saturated and 
known to have a low af€inity for water. Assemble the 
with specimen, porous d d s ,  filter disks (when needed) and 
cowlidomcur. Lf tbe specimen will not be inundated 
sbortly a f k  application of the seating load (sat 1 1.2). enclose 
tbe consolidomem in a loose fitting plastic or rubber 
membrane to prevent change in spccimen volume due to 
cvapomtion. 

11--la order to mat UK gated objmins ofthis test ma?od. 
tbcqnciwa mus not be &wed to radl m ucm ofits irutd k g h t  
pna 10 being badcd beyond m plumsow . tionprrrsurr.Dctaikd 
proccdurrs for b e   antio on of O D d l m c n S  ' o d  nwdl or ntkment 

11.2 PIaCc the consolidomcur in tbe loading de* and 
apply a seating pnssurr of 5 l r ~ a  (100 Ibf/ftf). Immediately 
OAer apOlication o f  tbc seating lo& adjust the deformation 

potcnu dcoberivr soils soovered by Tbl Mctbod D4544. 

% 

I 
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indicator and rtcod the initial tcro e d, Knrrrper~, 
add additional load to keep tbe specimen from swdling 
Convcrxly, if it is anticipated tbat a load of 5 k h  (100 
lbf/ftz) will cause s g d k a n t  consolidation of the Speciwn, 
d u a  the seating preswc to 2 or 3  pa (about SO Wft3 OT 
1- 

11.3 Lf tbc test is performed on an intact qxchnen that 
was either saturated under field cordtiom 01 ob- below 
the water table, inundate shortly afkr application of tbe 
seating load. As inundation and specimen w d n g  occur, 
increase the load as required to prevent sweUing Rmrd the 
load required to prevent swelling and the resulting deforma- 
tion reading If specimen inundation is to be dclaycd to 
simulate s p e d c  conditions, tben inundation must occw at a 
presswt that is sufficiently large to prevent swell. In sucb 
cases, apply the required load and inundate the specimen. 
Take time deformation readings during the inundation 
Mod as specified in 11.5. In such cases, note in tbc test 
report the pressure at inundation and the resulting changes 
in height. 

11.4 Tbe specimen is to be subjected to increments of 
Constant total The duration of each inatment shall 
Conform to guidelines specified in 11.5. Tbe speak loading 
schedule will depend on the purpost of tbe test, but should 
conform to the fouowing guidelines. Lf the slope and shape of 

pmnsolidatioa p m u r e  is required, the final prrssurr shall 
be equal to or greater than four tima the pnconsolidation 
pressure. In the case of overconsoIidau clan a better 
evaluation of recompresion patamden may be obtaiacd by 
imposing an unload-reload cycle &a the pnconsolidation 
pressure has ban defined Details regudhg location and 
extent of an unload-reload cycle is tbe option of tbe agency 
requesting the test (set l.3), bowtnr, unloading Shan h y s  
span at least two demments of prrssure. 

1 1.4.1 Tbe staodard loading schedule shall consist of a 
load increment ratio (LIR) of one which is obtainad by 
doubling the pressure on the soil to obtain values of 
approximately 12,25,50, 100,200, etc. kPa (230,500,1000, 

11.4.2 The dandard &und or unlo2ding scheduk 
should be selected by halving the prcssure on the soil (that is, 
use the same increments of 11.4.1, but in f c v ~ s c  order). 
Howcwr, if desk& & m d v e  load can k only 
one-fourth as large as tbc p- 1 4  that is, sldp a 
decrement 

I 1.4.3 An alternative loadin& unloading, or reloading 
schedule may be employed that reproduces tbe Constrdon 
stress changes or obtains bencr definition of sow part of tbe 
mess deformation (comprtssion) we, or aids in inter- 
p m i q  the field behavior of the soil 

NOTE 1 2 C d  imcwno may be denrablcoa lughty comprrsc . .  

prcssurrwith rnm prrcidon h sbould kcautioDed hovcvcr,tbatlood 
iacrtwat rad- lar than 0.7 and losd iacrrmcnu nry dost to tbt 
pceondidation prasurr may pIcludc enluatioa fa Ik codkknt d 

sectioo 12 

a virgin compression curv~ or dctmnma tion o f  the 

2000,4000, etc. 1 M m .  

IW spU5mern of Vbea it isdcdrrbk to t3cmullDe tht prtsx- 

-0 C" and thc e D b d - p r i m u y ~  adistrmedia 

, 
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I 1.5 Before each prrssurc increment is applied record tbc 
height or chans in height d,. of tbe specimen. Two 
alternative proccdura arc availabk that spdcify the h e  
q u e a c t  of reading and the requ id  minimum 1 d  
duration. Longer durations arc often n&mi during specific 
load increments to &fine the slope of the characteristic 
straight line secondary compression portion of the deforma- 
tion versus log of time graph. For such increments, sufficient 
readings should be taken near the end of the  press^^ 
increment to define this straight line pofion. It is not 
n c c e s u y  to increase the duration of other pressure inm- 
men& during the test 

11.5.1 Test Mahod  the standard load increment 
duration shall be 24 h. For at least two load increments, 
including at least one load increment after tbe 
preconsolidation prrsnvc has been exceeded, m r d  tbe 
height or change in height, d, at time intervals of approxi- 
m a t c l y 0 . l , 0 . 2 5 , 0 . 5 , 1 , ~ 4 , 8 , 1 S a n d ~ ~ a n d l , 2 , 4 , 8  
and 24 h (or 0.09.0.25.0.49, 1 .4 .9  min etc. in using 12.3.2 
to pmsent timedeformation data), measud from the time 
of each incremental pressure amcation. Take sufficient 
readings near the end of the pressurr increment period to 
verify that primary consolidation is completed. For some 
mils, a Period of mort than 24 h may be required to rtacb 
the end-of-primary consolidation (as determined in 12.3.1.1 
or 12.3.2.3). In such load increment durations greater 
than 24 h arc rapkd. Tbe load increment duration for 
thest tcsts is usually taken at some multiple of 24 h and 
should k the staadard duration for all load inmments of 
the test The d d o n t o  usc a time interval greater than 24 h 
is usually based on experience with particular typs of soils. 
U, however, t h m  is a question as to whetha a 24 h period is 
adquate, a mrd of height or cbange in height with time 
should k made for tbc initial load increments in order to 
v e e  the adequacy o f a  24 h period. Load increment 
durations other than 24 h shall be noted in the report For 
pressure increments where time yc~zus deformation data arc 
not rtquind, kave the load on the @en for the same 
length of time as when time versus deformation madings arc 
taken 

1 1  - 5 2  Test Method &For each increment, record tbc 
height or change in beigbt, d, at time intenals of approxi- 
matelyO.l,O.25,0.5, 1.2,4,8, 15. 30 min, and 1,2,4,8 and 
24 h (or 0.09,0.25,0.49, I, 4.9,  min, etc. if using 12.3.2 to 
present time deformation data), measured from the time of 
each incremental pnrmrr application. The standard load 
increment duration shall e x a d  the time required for 
completion of primary consokhtion as determined by 
12.3.1.1, 12.3.2.3 or a criterion set by the requesting agency. 
For each increment where it is i m m b k  to verify tbe end of 
primary consolidation (for example, low LIR or rapid 
consolidation), tbe load increment duration shall be anstant 
and exacd the time required for primary consolidation of an 
inmment  applied aftn the pmxnsdidation prrssurr and 
along the virgin comprrssion curve wberr secondary a m -  
pression must k enluatuj, - prrsuns for longer 
pen& The rrport-sball contain tbe load inaement dun- 
tion for each iDcrrwnt 

i 
. . .  .- 

11.6 To minimize well during disaatmbly, rebound the 
specimen back to the stating load ( 5  kPa). Once beight 
changes have cased ( d y  overnight), dismantle quickly 
aAer releasing the final small load on the @men. Remove 
the specimen and the ring from the ansolidometer and wipe 
any lret water fiom the ring and specimen. Determine the 
mass of the @men in the ring and subtract the tare mas 
of the ring to obtain the final wet &men mass, Mr,. The 
m o d  aocuratc determination of the specimen dry mas and 
water content b found by drying the en& specimen at the 
end of tbe tcst If the soil smpk is homogeneous and 
sufficient trimmings an availabk for the specified index 
Vsting (m 9.1 I), then determine the final water content, w 
in acuxdanoc with Metbod D2216 and dry mass of soli& 
Md , using tbe entire specimen. Lf the soil is betttogeaeous or 
more material is required for the specified index tcSting, then 
devrmine tbe hnal water content, w4, in aamrdana with 
Method D 2216 using a small wedge shaped h o n  of the 
specimen. Tbe remaining undried mattrial should be u . 4  
for tbe spedfied index tcsting 
12. a c n h f i o o  

12.1 CaJCuhtions as sbown arc baxd on tbe use of SI 
units. Otha units arc permissbk, provided tbe approQriatc 
conversion faaon arc d to maintain consistency of units 
throughout tbe calculations See 1.4.1 for additional com- 
ments on the use of inchpound unitr 

12.2 Specimm Ropmies: 
12.2.1 Obtain tbe dry m a s  ofthe total specimen, Md, by 

direct measurement or for tbe casc where part of the 
specimen b used for index testing, calculate the dry m a s  as 
follaws: 

Mr, 
+ w/, 

where: 
Mr, = moist mars of total specimen after tat, g or & and 
w4 =water content (dadmal form) wedge of spccimen 

12.22 Calculate the initial and hnal water content, in 
percent, as f&ws 

M d  = 

taken after test. 
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WhCfC: 
H, = initial tpecimcn haght, an or m, and 

before and after test as follow 

where 2. 
pI = dry density of specimen, %an3 or IWm’, and 
V, = injtial volume of specimen, cm3 or m’. 

12.2.4 Calculate the dry unit weight of tbe &en as 
folloars: 

7, - 9.8 x pb in Wlm’ 
y, = 62.43 x pb io bf/@ 

12.2.5 Compute the volume of XMS as foUows: 

v,=% 
GP. 

Wbm: 
G =specificgravityofthesolids,aDd 
pr = density of water. 1.0 s/cm3 or W m ’  

12.2.6 Since tbc aoss-sectional area of tbe m e n  is 
constant throughout tbe test, it is co0-t for s u b ~ u m t  
calculations to introdua the tam ‘quivalent heisht of 
solids,” &fined as fdlows 

V 
A 

H a = L  

12.3 Time-Ddonnalion Pro&es-From t h e  inme 
menu of load where timedeformation readings an obtained, 
two alternative procedunr(sct 12.3.1 or 12.3.2) arc provided 
to prestnt the data, determine the end-of-prime consolida- 
tion and compute the rate of consolidation. Alternatively, 
the requesting agency may spcclfy a method of its choice and 
still be in conformanct with this test method- ’The deforma- 
tion rtadipgs may k presented as m d  deformation, 
deformation cor~~3e.d for apparatus comprtslbilitY or con- 
v d  to strain (sec 12.4). 

12.3.1 Referring to Fs 2, plot the deformation readings, 
d verws the log of time (normally in minutcs) for each 
ixkcmcnt of load 
- 

12.3.1.1 Fm draw a stmight line through the P0;ntt 
representing the fins) mdbgs Whicb exhibit a straight b e  
mnd and c0-t dopc (0.’ Draw a second araight liae 

0). ’Ihe i n d o n  rrpracnts the dcformatios dlP and 
time, 1,- comspooding 10 100% primary consoldation 
(E). Comprssion in e x a s  of the above mimated 100% 
primary consoli&tion is &final as secoDdary c o m p d o a  

12.3.1.2 F d  the &formation rtpmntiag 0 5% primary 
consolidation by stlcding any two pobu that have a time 
ratio of 1 to 4. Tbe deformation at the larsp of the two dma 
should k grtater than Y4, but l e s ~  than Ih of the total 
deformation for the load increment The deformation corn 
sponding to 0% primary consolidation is equal to thc 
deformation at the smalkr time, les tht di.f€mna in 
deformation for the two selected times 

12.3.1.3 Tbe deformation, dm cornspondins to 50 9b 
primary consolidation is qual to the avexag of tbe defonna- 

time, rquired for 50% consolidation may be found 
graphically from tbc deformation-log time curve by o b  
stwing the time that corrtsponds to 5 0 %  of tbe primary 

t a n g c n t t o t b e ~ p a r t  O f t b e d e f O r m a t i O d o g t i m c a u K  

tiom corresponding to the 0 aDd 100 7% &formations. ’Ihe 

ConsoGdatioo on the curvt. 
123.2 Referring to Fig 3, plot the deformation readings 

d vefsus the square root of time (normally in minutcs) for 
& inmat of load 

W k C  

A = specimen areq cm2 or m2. 
12.2.7 Calculate void ratio btfm and aftcr tcst as follows: i 

t 
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1 =ti= corrcrpodng to the particular d q r a  o f  
consolidation, s or 6, 

for method 12.3.1 us 1 = 1- 
for metbod 12.33 usc I = tpo, and 

HD, = length of the drainage path at 50 96 consdidation, 
cm or m 
for doublesided drainage HDlo is half the specimen 
height at the appropriate increment and for one 
sided drainage HD,, is the full specimen height 

12.4 Load-D@mafion Propenies: 
12.4.1 Tabulate the deformation or change in dcforma- 

tion, d,, readings corresponding to the end of each incre- 
ment and, if using Test Method B, corresponding to the 
end-of-primary consolidation, dlw 

12.4.2 Calculate the change in height, aH - d - d,  
relative to the initial specimen height for each d n g  If 
neassary, c o w  tbc deformation for the apparat\u flexi- 
bility by subtracting the calibr;hon value obtained in Section 
9 from each readin& 

12.4.3 Represent the deformation results in one of tbc 
following formats 

12.4.3.1 Calculate tbe void ratio as follows: 
LW 

e a e a - -  
H, 

12.4.3.2 Alternatively. calculate the vertical Strain, in 
percent, as follows 

12.3.2.1 Furt draw a svaight Line through the points 
representing the initial rtadings that exhibit a straight Line 
-4. Extrapolatetbc line back to t = 0 a d  obtain the 
deformation &ate m a t i n g  0 96 primary consolida- 
tion 

12.32.2 Draw a m a d  araigbt line through the 0 % 
ordinate so that the abscissa of this line is 1.15 times the 
abecissa of the hrst straight line through the data Tbe 
intervction of this second line with the deformation-square 
root of time curve is the deformation, dpo, and h e ,  fm 
comsponding to 90 96 primary conrotidation. 

12.3.2.3 Tbe deformation at 100 W consolidation is '15 
more than the differrna in deformation betwan 0 and 90 56 
consolidation. The time of primary consolidation, tlm may 
be taken at the i n f e d o n  of the deformation-square root of 
time m e  and this deformation o r d i ~ t t .  The deformation, 
d,, corresponding to 50% consolidation is equal to the 
deformation at H of the Merena  between 0 and 90% 
consdidation. 

12.3.3 Compute the coefficient of consolidation for each 
increment of load using the following quation and d u e s  
appropriate to the chosen method of interpretation: 

THzD 
G =  

I 

where: 
T = a dimensionless time factor: 

for metbod 12.3.1 use 50 96 consolidation with T 

for method 12.3.2 use 90 W consolidation with T 
= TS = 0.197, 

I 
I Tm =- 0.848, 
I 

12.4.4 Calculate the vertical strm as follows: 
P 

a,  = - 
A 

where: 
P = a p p l i e d l d i n N  
Q, =vcrticalstrrssinkpa 

12.4.5 Referring to Fig 4, plot the deformation results 
(void ratio or strain) comsponding to the end of each 
increment an& if using Test Method B, corresponding to the 
end-of-primary consolidation v e m  the logarithm of the 
PrrsSUrr. 

Nm 14-In ywc it m a y  bc prrfmbk to prrscnl Ibt 
hyxi&rorrmtioo CUM in mnthmctic scale. 

12.4.6 Referring to Fig 4, determine tbc value of the 
prtconsolidation pressure using the following proccdurr. 

NoTEIs-Any other r e a m i d  mabod of csbming 
p n c o ~ t i o a  prraurr (cec rrfcream) m a y  also k ussd. p r o w  
tbe mubod is deah6cd LIL Ibc rrpm 

12.4.6.1 Estimate the point of maximum curvatuft on tbe 
consolidation c u m  (8). 

12.4.6.2 Draw the tangent to the consolidation curvc a! 
this p in t  (C), aad a horizontal line through tbe point 0). 
both extended tmmrds increasing values on tbe abscina 

12.4.6.3 Draw the line bisecting the an& bctaacn tbest 
liaes (E). 

12.4.6.4 Extend the tangent to tbe decp, linear @on of 
the condidation curve (virgin compression branch) 0 
upwardr to interscctioa with the bisector line (E). Tbc 
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ssurc (G) (at+sa) oomsponding to tbis point of inter- 
d o n  is-the estimated pnconsoljdation prcsurt. 

12.4.73Complac evaluation often includes consideration 
of information ad g e n d y  available to the laboratory 
performing the tlst For this reason further evaluation of tbe 
test is not mandatory. Many racognited methods of evalua- 
tion are described in the literature. Some of thesc arc 
discuaed in the R& (1) through (8). 

'. 
13. Report 

13.1 In addition to project name and location, bo- 
numbcr, sample number, and depth, report tbe following 
information 

13. I. 1 Description and classification of tbe soil in a o c ~ r d -  
ana With Practia D2488 or Tcst Method D2487 when 
Atterbtrg limit data are available. Specific gravity of soli& 
Atttrbeg limits and grain sire disuibution shall also k 
reported when available plus the soura of such information 
if other than meaSuftmenu obtained on M specimen. Also 
DO@ OCC~~Z~CIM a d  approximate dzr of isolated large 
particles. 

13.1.2 Soil Condition. 
1 3.1.2.1 A- water antent of trimmingr, 
I 3. I -2.2 ~nitial and hnal water content of specimen, 
13.1.2.3 lnitial aad final dry unit weight of specimen, 
13.1.2.4 Initial and final void ratio of rpcCimen, 

' 
1 

13.1.2.5 Initial and hnal degret of w.rdtion of specimen, 

13.1.2.6 Reconsolidation prcssurr. 
13.1.3 Test Ra& 
13.1.3.1 Reparation procedure used relative to trimming; 

state whether the rpccimen was mmmed using a trimming 
turntabk, trimmed using a cum shot, or tested M y  in 
a ring Emm a ring lioed sampla. 

13.1.3.2 Condition oftcst (natural moisture or inundated, 
pressure at inundation). 

13.1.3.3 Method of testing (A or B). 
13.1.3.4 Test Method u d  to compute coefficient of 

COnsoli&tiOn, 
13.1.3.5 listing of loabing increments and d m m e n u ,  

and load increment duration, if differing h m  24 h; end of 
increment deformation rcsuhs and, for Tcst Method B, 
end-of-primary deformation results and coefficient of consol- 
idation (set Fa I). 

13.1.3.6 All deparmres from the procedurt outlined, in- 
cluding special loading s c q u e n a  

13.1.4 Graphical Presentariont: 
13.1.4.1 Graph of deformation versus log time (see Fs 2) 

or square foot of time (set Fs 3) for those load inmments 
where time rate midings were taken. 

13.1.4.2 Graph of void ratio versus log of preswc curve 
or perant compression versus log of presurr curve (see F I ~  
4). 

13.1.4.3 In cases wbnc time rate of deformation d n @  
have been taken for stveral load inmmentf prrparr a graph 
of the log of axfficient of consolidation versus awragc void 
ratio or average perant compression for tbe rcspctive load 
inmemenu (see F% 5). Ahtrnatively, a graph of coefficient 
of mnsolidation or log of coefficient of consolidation versus 
log of average prcsure may be wd Iftime rate d n g s  
were obtained for only two load increments, simply tabulate 
the values of c, versus tbe average pressure for the increment. 
Norr J b T b t  lycn8t prcraM betwen two load incream0 b 

Unkotbt ntr dm pmsmdiniprtioo is meaaued. it is DQI pussii 
to M o e  tbc nuJ&axiu plrsarrr at tbc time of50 96 amdida- 
tioa Fwbcmat,pomc ambiguity may arise in us- tbrtcsthrr 

and 

chosen k c l u o C  6 8 C o o e l  COordiLUlC fOr d e  tbr d 

bcroaniadrbFwpboaca~inlcrm*tcw*cyda 
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14. PrecisioOrad Bias 

14.1 Stafemenf ofPraision--Due to tbe nature of the soil 
mataids testtd by this test method it it eitber not feasible or 
too costly at this time to produa multiple Epecimcnr which 
have uniform physical propertits. Any variatioo~observed in 
thedataisjustasWtelytobtduetospecimenvariatioaasto 
operator or laboratory testing variation. Subcommittee 
D18.05 welcomes proposals that would allow for develop 
ment of a valid precision statement 

I 

14.2 Sratempru q f B i a s - M  is no aaxptabk refercna 
value for this test method, berefore, bias cannot be deter- 
mined 

15. Keywords 
’15.1 Compressibiliv, compression curves; consolidation; 

consolidation axfficient; consolidation test; consolidometer, 
prtconsolidation pressure; primary consolidation; rebound 
secondary c o m p d o n ;  settlement; swelling. 

\ 

\ 
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iignation: D 2487 - 92 

Standard 
Classification of Soils .for Engineering Pbrposes 
(Unified Soil Classification System)' 
This standard is isrued under the fixed daignation D 2487; the number immediately following the designation indicates the year of 
original adoption of. in thc case of revision. the year of last revision. A number in parentheses indicates the year of IasI reapproval. A 
superscript epsilon ( I )  indicates an edilorial change since the lasc *>ision or mpproval. 

This srandard has been approredfor use by agencies d r h e  Depanmennr of Defense. Consult the DOD Index of S~~iJ lca l ions  and 
Standards for the specijic year ofissue which has been adopied by  rhe Depanment of Defme .  

I 

standard describes a system for classifying min- 
anemineral soils for engineering purposes ba'sed 
n. determination of particle-sue characteristics, 
. and plasticity index and shall be used when 
iification is required. 
Jse of this standard will mult in a single classification 
. and group name except when a soil contains S to I2 X 
the plot of the liquid limit and plasticity index valua falls 
hatched a m  of the plasticity<chan. In these two cays, a 
s used. for example. GPGM, CL-ML. When the labora- 

IS indicate that the soil is close to another soil classification 
xderline condition can be indicated with two symbols 
a slash. The first symbol should be the one based on this 
example, CL/CH, GMISM, SC/CL. Borderline symbols 

I!. useful when the liquid limit value of clayey soils is closc 
soils can have expansive characteristics and the use of a 
nbol CCLlCli. CH/CL) will alert the user of the asigned 
of expansive potentid. - 
group symbol portion of this sytem is based on  
tests performed on the portion of a soil sample 
3-in. (75-mm) sieve (see Specification E 11) .  
classification system, this standard is limited to 

The group names and symbols used ifi-this test method 
as a descriptive system applied to such materials as shale, 
:Us. crushed rock, etc. See Appendix X2. 
standard is for qualitative application only. 

When quantitative information is required for detailed 
ponant structurrs, this test method must be supplemented 
tests or other quantitative data to determine performancet 

s under expected field conditions. 

standard is the ASTM version of the Unified Soil 
>n System. The basis for the classification scheme 
ileld Classification System developed by A. 
* in the early 1940 '~ .~  It became known as the 
il Classification System when several US. Gov- 
yncies adopted a modified version of the W i e l d  
1952. 
standard does not purport to address all of the 

... x u m n g  soils. 

- 
a d  b under IJIC juridiction ofASTh4 Committee D18 OD Sod and 
IC dim rtspoosibility of Subcommittee D18.07 00 ktentilication 
00 ofsoih 
tion PpPloHd h4ay 15. 1992. Published July 1992. Originauy 

.e. A, 'YLrStia . tion and Identitication of Soik" Tmnsaaim 
2087 -66 T. IAS -OW editii~n D 2487 - w. 
.901: 

L- safety problems, ij any, associated with its use. I t  is the 
responsibility of the user of this standard to establish appro- 
priate safety and health practices and determine the applica- 
bility of regulatory limitations prior to use. 

2. Referenced Documents 
' 2.1 ASTM Standards: 

r /  

C 117 Test Method for Materials Finer Than 75-pm (No. 
200) Sieve in Mineral Aggregates by Washing3 

C 136 Method for Sieve Analysis of Fine and Coarse 
Aggregates3 

C 702 Practice for Reducing Field Samples of Aggregate 
to Testing Size3 

D420 Guide for Investigating and Sampling Soil and 
Roclt' 

D421 Practice for Dry Preparation of Soil Samples for 
Particle-Size Analysis and Determination of Soil Con- 
s t a n t ~ ~  

D422 Test Method for Particle-Size Analysis of Soils' 
D653 Terminology Relating to Soil, Rock, and Con- 
tained Fluids4 

D1140 Test Method for Amount of Material in Soils 
Finer than the No. 200 (75ym) Sieve4 

D2216 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil and Rock" 

D 22 17 Practice for Wet Preparation of Soil Samples for 
Particle-Size Analysis and Determination of Soil Con- 
s t a n t ~ ~  

D 2488 Practice for Description and Identification of Soils 
(Visual-Manual Procedure)4 

D4083 Practice for Description of Frozen Soils (Visual- 
Manual Procedure)' 

D 43 18 Test Method for Liquid Limit, Plastic Limit, and 
Plasticity Index of Soils' 

D 4427 Classification of Peat Samples by Laboratory Test- 
ing' 

E 11 Spe'citication for Wm-cloth Sieves for Testing Pur- 
Poses3 \ 

3. Terminology \ 

in accordance with Terminology D 653. 
3.1 Definitions-Except as listed below, all definitions are 

2 
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NOTE &For pamcles retamed on a 3-in. (75-rnm) U.S. standard 

Cobbles-pamcles of rock that 4 pass a 12-in. (300.rnm) S q m  

Boulders-pamcles of rock that will not pass a 12in. (300-mm) 

3.1.1 grarel-particles of rock that will pass a 3-in. 
(75-mm) sieve and be retained on a No. 4 (4.75-mm) US. 
standard sieve with the following subdivisions: 

Coarse-passes 3411. (75-mm) sieve and retained on %-in. 
/ (19-mm) sieve, and 

Fine-passes %-in. (19-mm) sieve and retained on No. 4 
(4.75-mm) sieve. 

3.1.2 sand-particles of rock thtt will pass a No. 4 
(4.75-mm) sieve and be retained on a No. 200 (75-pm) U.S. 
standard sieve with the following subdivisions: 

Coarse-passes No. 4 (4.75-mm) sieve and retained on 
No. 10 (2.00-mm) sieve, 

Medium-passes No. 10 (2.Wmm) sieve and retained on 
No. 40 (425ym) sieve, and 

Fine-passes No. 40 (425-pm) sieve and retained on No. 
200 (75-pm) sieve. 

3.1.3 clay-soil passing a No. 200 (75-pm) U.S. standard 
sieve that can be made to exhibit plasticity (putty-like p rop  
erties) within a range of water contents and that exhibits 
considerable strength when air dry. For classification, a clay 

' is a fine-grained soil, or the fine-grained portion of a soil, 
' with a plasticity index equal to or greater than 4, and the plot 

of plasticity index ve?us liquid-limit falls on or above the 
'A" line. 

3.1.4 silt-soil passing a No. 200 (75ym) U.S. standard 
I. * sieve that is nonplastic or very slightly plastic and that 
' exhibits little or no strength when air dry. For classification, 

a silt is a fine-grained soil. or the fine-grained portion of a 
\ soil, with a plasticity index less than 4 or if the plot of 
' plasticity index versus liquid limit falls below the "A" line. 

3. I .5 organic clay-a clay with suficient organic content 
to influence the soil properties. For classification, an organic 
clay is a soil that would be classified as a clay except that its 
liquid limit value after oven drymg is less than 75 % of its 
Liquid limit value before oven drying. 

3.1.6 organic silt-a silt with sufficient organic content to 
influence the soil properties. For classification, an organic silt 
is a soil that would be classified as a silt exceDt that its liauid 

sleve. the following defimtions arc suggested: 

opening and be retained on a 3 4 .  (75-rnm) US. standard dew. and 

squarc opening 

limit value after oven drying is less than 75 95 of its liquid 
limit value before oven drymg. 

3.1.7 peat-a soil composed of vegetable tissue in various 
stages of decomposition usually with an organic odor, a 
dark-brown to black color, a spongy consistency, and a 
texture-ranging from fibrous to amorphous. 

3.2 Descriptions of Terms Specific to This Standard: 
3.2.1 coeficient ofcurvature, Cc-the ratio (Drn)2/(Dl0 X 

DW), where Dm, Dm and Dlo are the particle diameters 
corresponding to 60, 30, and 10 95 finer on'the cumulative 
padcle-size distribution curve, respectively. 

where D, and Dlo are the particle diameters corresponding 
to 60 and 10 95 finer on the cumulative particle-size distri- 
bution curve, respectively. 

3.2.2 coficient of uniJonnity, Cu-the ratio D60/D1&I 

4. Summary 
4.1 As illustrated in Table 1, this classification system i&p. 

tifes three major soil divisions: coarse-grained so& fine. 

are further subdivided into a total of 15 basic soil groups. 
4.2 Based on the results of Visual observations and pn. 

scribed laboratory tests, a soil is catalogued according to the 
basic soil groups, assigned a greup symbol(s) and name, ad 
thereby classified. The flow charts, fig. 1 for fine-graiaa 
soils, and Fig. 2 for coarse-grained soils, can be used to assign 
the appropriate group symbol(s) and name. 

grained soils, and highly organic soils. Thm three divisiom 

5. Significance and Use 
5.1 This standard classifies soils from any geographic 

location into categories representing the results of prescribed 
laboratory tests to determine the particle-size characteristia, 
the liquid limit, and the plasticity index. 

5.2 The assigning of a group name and symbol(s) along 
with the descriptive information required in Practice D 2488 
can be used to describe a soil to aid in the evaluation of its ' 
significant properties for engineering use. 

5.3 The various groupings 'of this classification system 
have been devised to correlate in a general way with the 
engineering behavior of soils. This standard provides a useful 
fim step in any field or laboratory investigation for 
geotechnical engineering purposes. 

5.4 This standard may also be used as an aid in training 
penonnel in the use of Practice D 2488. 

5.5 This standard may be used in combination with 
Practice D 4083 when working with frozen soils. 

6. Apparatus 
6.1 In addition to the appm'tus that may be required for 

obtaining and preparing the samples and conducting the 
prescribed laboratory tests, a plasticity chart, similar to Eg 
3, and a cumulative particle-size distribution c w e ,  similar 
to Fig. 4, are required. 

NOTE %-The 'W Line shown on Fig. 3 has been empirically 
detennined to be the approximate 'upper limit" for natural sob It is a 
good check against erroneous data, and any test results that plot above 
or to the left of it should be verified. 

/ 

7. sampling 
7.1 Samples shall be obtained and identified in m r -  

dance with a method or methods, recommended in Recom- 
mended Guide D 420 or by other accepted procedures. 

7.2 For accurate identification, the minimum amount of 
test sample required for this test method wil l  depend on 
which of the laboratory tests need to be performed. Where 
only the particle-size analysis of the sample is required, 
specimens having the following minimum dry weights are 
required: 

Maximum F'anide S i  Minimum specimen sire. -- Dry waeht 

200 6 (03 b) 
1.0 t (22 b) 
8.0 kg (I8 lb) 

4.7s mm (No. 4) 100 6 ( 0 3  Ib) 
9.5 mm (H in) 

19.0 mm (% in) 
38.1 mm (IVa in) 
7S.O mm (3 in) a.0 (132\lb) 

Whenever possible, the field samples should have weights 
two to four times larger than shown. 
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TABLE 1 Soil Classification Charl - 
soilcbssmcatm 

c Group Group Name' Cntena for Asslgrung Grarp Symbds and Group Names U s q  Laboratory Tests* 
symbol 

COARSEGRAINED SOILS Gravels ' cleanGra* C u r 4 a n d l ~ C c d 3 ~  GW Webgraded gravel' .. 
Ucfe than 50% remned on No More than 50% of coarse Less than S % m c  cu and,a > > 3~ GP Poody graded gravel' 200 S t e v e  

Gravels mth Fines Fmes daswty as ML or MH GM ~mygravef0.n *' 

than '* Fws daswty as CL or CH GC UayeygravelFoW < 
h a m  refamed on No 4 
Slev8 

C u r 6 a n d l ~ C c d 3 ~  SW Wellgradedsand' Sands Clean Sands 
50 % or m e  of coarse Lessman5xhnes0 C ~ < 6 a n d / o r l > C c > 3 ~  SP Pooriygradedd' 
hactm passes No 4 sieve 

sands mth Fries Fuws d a w  as ML or MH SM Slttysand" 
Mae than l2 ' Fines daswty as CL or CH sc ClayeysatW"' 

/ PI > 7 and pbts on or above 'A' 6ne' CL Lean day" . FINEGRAINED SOILS Silts and Clays =fganrc 
PI c 4 or pblsbebw'A' bneJ ML WKLY 50% or more passes the No 

m S i e v e  
m u d  bmtt lest than 50 

organr; m u d  LN - Oven dried 75 oL OrgarucdapLUN 
Liquld Irn - not dned 

R plots on or above 'A' rum 
Oruanlc SlIFLY O 

CH Fatday- Sins and cby~ mgarrr. 
PI plots t&w 'A' he MH EbsbcsdtWY bqud limit 50 or more 

I 
OH Organic daf up 

Oruanic sdt*LUO 

organr Lqud llmn - oven 6ned < 75 
Liqud hmn - not dried 

HIGHLY ORGANIC SOILS Fmwily or- matter. dark n color. and organic odor PT Peat 

ulf sui tootarns 2 30% plus No 200. ps 

"PI 
O P I  e 4 a plots W w  'A' 6ne 

0 PI plots below 'A' lrne 

dunmantly gravel. add 'graveny' to group name 
" B - o n - m a t w P e = w - h  cI5-mm) E Cu=D&,o Cc. (0,P 

Dl0 x Dw w e  

both. add 'm catuses or boulden. or both' to 
proupname Olf  fines daw as CL-ML. use dual symbd GC- P R  plots above'A' lrne 

B I f b l d  SamFe arrravled cdlbles or bouMen,or 

CGravels rnm 5 to 1 2 %  fines requw dual 

f If a 2 15% sand. add 'mth SMd'tO 4 and plob onor - ' A ' h  

G M , ~ ~ S M  

9mup - 
to grwp name 

c ~ ~ ~ ~ d e y  

.mm sa& p 
domRIBM 

symbok: 
GWGM w a d e d  grad mth sdt 
GWCC weagraded gravel wrth day 

GP-GC peaty greded grave! mth day 

symbdr: 
SW-SM w a d e d  sand mm sdt 

"If fines are crgaruc. add 'wth or- cmes'to 

'ti soa antams z 15% gravel. add 'mth gravel' 

J I f  Anerberg b i t s  plot m hat- area. sdi s I 

#If soa mtms 15 to 29% phn No 200. add 
gravel.' wtuchever~s p 

GPCM Pog graded grad wrth sdt 

'Sandt m 5 b 1 2 %  fines requCre dual 

SW-SC wellqraded sand wth day 
SP-SM Pog greded sand mth Sa 
SP-sc pocdy graded +and mm day 

'If Soa caltams t 30% plus No 200. V e  
l3ommuy sand. add 'sandy' to group name 

L 

i 7.3 When the liquid and plastic limit tests must also be 
performed, additional material will be required sufficient to 
provide 150 g to 200 g of soil finer than the No. 40 (425ym) 
sieve. 

7.4 If the field sample or test specimen is smaller than the 
minimum recommended amount, the report shall include an 
appropriate remark. 

8. Classification of Peat 
8.1 A sample composed primarily of vegetable tissue in 

various stages of decomposition and has a fibrous to amor- 
phous texture, a dark-brown to black color, and an organic 
odor should be designated as a highly organic soil and shall 
be classified as peat, PT, and not subjected to the classifica- 
tion procedures described hereafter. 

8.2 If desired, classification of type of peat can be per- 
formed in accordance with Classification D 4427. 

9. Reparation for Classification 
9.1 Before a soil can be classified according to this 

Stancia$, generally the particle-size distribution of the minus 

the minus No. 40 (42Sym) sieve material must be deter- 
ria. (7Smm) material and the plasticity c- . 'csof 

t . \ 

mined. See 9.8 for the specific required tests. I 
9.2 The preparation of the soil specimen(s) and the testing 

for particle-size dimibution and liquid limit and plasticity 
index shall be in accordance with accepted standard proce- 
dures. Two promhues for preparation of the soil specimens 
for testing for soil classification purposes are given in 
Appendixes X3 and X4. Appendix X3 describes the wet 
preparation method and is the preferred method for cohesive 
soils that have never dried out and for organic soils. 

9.3 When reponing soil classifications determined by this 
standard, the preparation and test procedures used shall be 
reported or referenced 

9.4 Although the test procedure used in determining the 
particle-size distribution or other considerations may require 

~ a hydrometer analpis of the material,,a hydrometer analysis 
is not necessary for soil classitication. 

9.5 The percentage (by dry weight) of any plus 3-in. 
(75-mm) material must be determined and reported as 
auxiliary information. 

9.6 The maximum partide size shall be determined (mea- 
sured or estimated) and reported as auxiliary information. 

9.7 When the cumulative particle-size distribution is m 
quired, a set of sieves shaIl be used which include the 

I 

I 
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SYMBOL GROUP NAME 

~ following sizes (with the largest size commensurate With the 
maximum particle size) with other sieve sizes as needed or 
required to define the particle-size distribution: 

3-in. (75-mm) 
%-in.( 19.0-mm) 
No. 4 (4.75-mm) 
No. 10 (2.00-mm) 
No. 40 (425ym) 
No. 200 (75ym) 

9.8 The tests required to be performed in preparation for 
classification aie as follows: 

9.8.1 For soils estimated to contain less than 5 % fines, a 
plot of the cumulative particle-size distribution Curve of the 

,fraction coaser than the No. 200 (75ym) sieve is required. 
The cumulative particle-size distribution curve may be 
plotted on a graph similar to that shown in fig. 4. 

9.8.2 For soils estimated to contain 5 to 15 % fines, a 
cumulative particle-size distribution curve, as described in 
9.8.1, is required, and the liquid limit and plasticity index are 
required. 

9.8.2.1 If sufficient material is not available to determine 
the liquid limit and plasticity index, the_fines should be 
estimated to be either silty or clayey using the procedures 
described in Practice D 2488 and so noted in the report. 

9.8.3 For soils estimated to contain 15 ?6 or more fines, a 
determination of the percent tines, percent sand, and percent 
gravel is required, and the liquid limit and plasticity index 

( :  

are required. For soils estimated to contain 90 % 6nes or 
more, the percent fines, percent sand, and percent gravel - 
may be estimated using the procedures described in Practice 
D 2488 and so noted in the repoR 

10. Preliminary Classification Procedure 
10.1 Class the soil as fine-grained if 50 ?6 or more by dq 

weight of the test specimen passes the No. 200 (75ym) sieve 
and follow Section 11. 

10.2 Class the soil as coarse-grained if more than 50 95 by 
dry weight of the test specimen is retained on the No. 200 
(75ym) sieve and follow Section 12. 

11. Procedure for Classification of Fmd;rained Soils (50 o/c 
or more by dry weight passing the No. 200 (75-pm) 
sieve) 

11.1 The soil is an inorganic clay if the position of the 
plasticity index versus liquid limit plot, Fw 3, falls on or 
above the 'A" line, the plasticity index is greater than 4, and 
the presence of organic matter does not influence the liquid 
limit as determined in 11.3.2. 

NOTE G T h e  plasticity index and liquid limit arc dctmnined on I h c  
minus No. 40 (425 pm) sew matcriaL 

limit is less than 50. See area identified as CL on Fig. 3. 

' 

11.1.1 classify the soil as a lean duy, CL, if the liquic; 

1 1.1.2 Classify the soil as afot day, CH, if the liquid limi 
r 

4, 
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ROUP SYMBOL GROUP NAME 

<30% Mus No. 200-<15% #ut No. 200 c Organic clay 
X und 2% gravd- Organic chy  with und 
X und <% grad-  OIganic c h i  with pave1 
<15% pawl-kndv organic eLv 

<IS% und - G r ~ l l ~  organic CIJV - >15% und -GravaIIv organic chy  with und 

. 
1 5 2 q p l u s  No. 200 

x und 2% *‘..I P I 3  and plot1 on 
or above ”A”- line 

<15% plui No. 2oQ 
1529% plui No. 200.--% und 2% gravd-Organic silt with und 

% und 2% gravrl 

c Organic silt 

-% und <X gravel-Organic silt wim g r a d  
+<15% pravrl-Sindy organic tilt 

Om plut No. 200 

215% g r a v r l h S a n d y  organic silt with gravel 
<15% und -Gravelly organic silt K 215% und-Grarelly.organic silt with und 

b l o w  “A“- I IM 23- plui No. 200 

-35% plur No. 200 
1529% plus No. 200 

x und 2% pravrl 

% und <x g r a d  

*Organic clay 
X und 2% gravd-Organic clay with und 
X und <% gravel- Organic d a y  with pr~rrl 
<lS% waval- Sandv organic day 
>15% g~arrl-kndv organic d a y  with grmrd 
-35% und- Grarrllv organic d a y  
>IS% und- Grarrlly organic day  with und 

~ 

- <30% plus No. 200 

T 
I -  

< 230% plur No. 200 

<15% plui NO. 200 Organic silt 
X und 2% grad- Organic lilt with und 
X und <% praval- Organic silt with graral 
<15% grarrl- Sandv organic tilt 
215% prarrl- k n d y  organic iilt with grirrl 
<IS% und- Gravelly orplnic tilt 
215% und- Grarrlly o r p n i c  silt with und 

K T 1529% plus No. 200 
OH 00% plut No. 200 

X und 2% grard 
230% plut No. 200 

FIG. l b  Flow Chart for Classifying Organic Fine-Gmined Soil (50 % or Mom Passes No. 200 Sieve) 

J 
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L IQUID L I M I T  (LL) 
flG. 3 Plasticity Chart 

is 50 or greater. See area identified as CH on Fig. 3. 
NOTE 7-10 cays where the liquid limit exceeds I IO or the plasticity 

index c x d  60. the plasticity chan may be expanded by maintaining 
the fame d e  on both axes and extending the 'A" Line at the indicated 
slop. -.,i 

1 1.1.3 Classify the soil as a silty clay, CL-ML, if the 
position of the plasticity index versus liquid limit plot falls 
on or above the 'A" line and the plasticity index is in the 
range of 4 to 7. See area identified as CL-ML on Fig. 3. 

11.2 The soil is an inorganic Silt if the position of the 
plasticity index versus liquid limit plot, Fig. 3, falls below the 
'A" line or the plasticity index is less than 4, and presence of 
organic matter does not influence the liquid limit as deter- 
mined in 11.3.2. 

1 1.2.1 Classify the soil as a silt, ML, if the liquid limit is 
less than 50. See area identified as ML on Fig. 3. 

11.2.2 Classify the soil as an elastic sill, MH, if the liquid 
limit is 50 or  greater. See area identified as MH on Rg. 3. 

11.3 The soil is an organic silt or clay if organic matter is 
present in sufficient amounts to influence the liquid limit as 
determined in .I 1.3.2. 

11.3.1 If the soil has a dark color and an organic odor 
when moist and warm, a second liquid limit test shall be 
performed on a test specimen which has been oven dried at 
110 f 5'C to a constant weight, typically over night. 

11.3.2 The soil is an organic silt or organic clay if the 
liquid limit after oven drying is less than 75 9% of the liquid 
limit of the original specimen determined before oven drying 
(see Procedure B of Practice D 22 17). 

11.3.3 Classify the soil as an organic silt' or organic clay, 
OL, if the liquid limit (not oven dried) is less than 50 %. 

3 

Classify the soil as an organic silt, OL, if the plasticity index 
is less than 4, or the position of the plasticity index v e m  
liquid limit plot falls below the "A" line. Classify the soil as 
an organic clay, OL, if the plasticity index is 4 or greater and 
the position of the plasticity index versus liquid limit plot 
falls on or above the 'A" line. See area identified as OL (or 
C'L-ML) on Fig. 3. 

11.3.4 Clarslfy the soil as an organic clay or organic silt, 
OH, if the liquid limit (not oven dried) is 50 or greater. 
Classify the soil as an organic silt, OH, if the position of the 
plasticity index versus liquid limit plot falls below the 'A" 
line. Classify the soil as an organic clay, OH, if the position 
of the plasticity index versus liquid-limit plot falls on or 
above the 'A" line. See area identified as OH on Fig. 3. 

11.4 If less than 30% but 15% or more of the test 
specimen is retained on the No. 200 (75ym) sieve, the words 
'with sand" or 'with gravel" (whichever is predominant) 
shall be added to the group name. For example, lean clay 
with sand, CL, silt with gravel, ML. If the percent of sand is 
equal to the percent of gravel, use 'with sand." 

11.5 If 30 95 or more of the test specimen is retained on 
the No. 200 (75ym) sieve, the words 'sandy" or 'gravelly" 
shall be added to the group name. Add the word 'sandy" if 
30 % or more of the test specimen is retained on the No. 200 
(75-pm) sieve and the coarse-grained portion is predomi- 
nantly sand. Add the word 'gravelly" if 30 % or more of the 
test specimen is retained on the No. 200 (75-pm) sieve and 
the coarse-grained portion is predominantly gravel. For 
example, sandy lean clay, a, gravelly fat clay, CH; sandy 
silt, ML. If the percent of sand is equal to the percent of 
gravel, use 'sandy." 
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S I E V E  A N A L Y S I S  

1 I S C R E E N - I N  1 S I E V E  N O .  

GI * ' ' I " ' ' [ '  ' ' 
50 IO 5 1.0 0.5 0.10 

PARTICLE S I Z E  I N  M I L L I M E T R E S  

I ,  I ,  I I 1 I l t u  

0.075 

FIG. 4 Cumulative Particle-Size Plot 

12. Procedure for Classification of Coarse-Crained Soils 
(more than 50 % retained on the No. 200 (75ym) sieve) 

12.1 Class the soil as gravel if more than 50 9% of the 
coarse h a i o n  [plus No. 200 (75-pm) sieve] is retained on 
the No. 4 (4.75-mm) sieve. 

12.2 Class the soil as sand if 50 %I or more of the coarse 
hction [plus No. 200 (75ym) sieve] passes the No. 4 
(4.75-mm) sieve. 

12.3 If 12 9% or less of the test specimen passes the No. 
200 (75-pm) sieve, plot the cumulative particle-size distribu- 
tion, Fig. 4, and compute the coefficient of uniformity, CU, 
and coefficient of gurvature, Cc, as given in Eqs 1 and 2. 

cu = D60/DIO (1) 
= @ d / ( D , o  X Dtjo) (2) 

where: 
D,, D, and Dm = the particle-size diameters c o r n  
sponding to 10, 30, and 60 96, respectively, @ng on the 
cumulative particle-size distriiution curve, Fs 4. 

NOTE 8-It may k necessary to extrapolate the w e  to obtain the 
D,, diameter. 

12.3.1 If'less than 5 % of the test specimen passes the No. 
200 (75ym) sieve, classify the soil as a well-graded gravef, 
GW, or well-graded sand, SW, if Cu is greater than 4.0 for 
-vel or greater than 6.0 for sand, and Cc is at least 1.0 but 
not more than 3.0. 

12.3.2 If' less than 5 % of the test specimen passes the No. 
200 (75ym) sieve, c m  the soil as pooriy graded grad, 
GP, or poorly graded s& SP, if either the Cu or the Cc 
criteria for wcfl-graded soils are not satisfied 

12.4 If more than 12 W of the test specimen passes thc 
NO. 200 (75ym) sieve, the soil shall be considered a 

- 

coarse-grained soil with fines. The fines are determined to be 
either clayey or silty based on the plasticity index versus 
liquid limit plot on Fig. 3. (See 9.8.2.1 if insufficient material 
available for testing). (See NOTE 6) 

12.4.1 Classify the soil as a clayey gravel, GC, or clayey 
sand, SC, if the fines are clayey, that is, the position of the 
plasticity index versus liquid limit plot, Fig. 3, falls on or 
above the "A" line and the plasticity index is greater than 7. 

12.4.2 Classif!y the soil as a silty gravel, GM, or silty sand, 
SM, if the fines are silty, that is, the ,wsition of the plasticity 
index versus liquid limit plot, Fig. 3, falls below the 'A" line 
or the plasticity index is less than 4. 

12.4.3 If the fines plot as a silty clay, CL-ML, classify the 
soil as a silty, clayey gravel, GC-GM, if it is a gravel or a silty, 
clayey sand, SC-SM, if it is a sand. 

12.5 I f S t o  12%ofthetest@menpaaestheNo.200 
(75ym) sieve, give the soil a dual classification using two 

12.5.1 The fim group symbol shall correspond to that for 
a gravel or sand having less than 5 % fines (GW, GP, SW, 
SP), and the second symbol shall correspond to a gravel or 
sand having more than 12 % fines (GC, GM, SC, SM). 

12.5.2 The group name shall correspond to the hm group 
symbol plus "with clay" or "with silt" to indicate the 
plasticity characteristics of- the fines. For example,-well- 
graded gravel with clay, GW-GC; poorly graded sand with 
silt, SP-SM (See 9.8.2.1 if insufficient material available for 
testing). 

Nm 9-if the ha plot as a d r y  day, C L a  the second group 
symbol should be athcr GC of SC. For example, a poorly graded sand 
witb 10 96 hna ,  aliquid Limit of SO. and a plasticity index of 6 would k 
dassifcd as a poorly graded sand with silty day, SPSC 

group symbols. 
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12.6 If the specimen is predominantly sand or gravel but 
contains I5 % or more of the other coarse-grained constit- 
uent, the words 'with gravel" or 'with sand" shall be added 
to the group name. For example, poorly graded gravel with 
sand, clayey sand with gravel. 

12.7 If the field sample contained any cobbles or boulden 
or both, the words 'with cobbles," or 'with cobbles and 
boulders" shall be added to the group name. For example, 
silty gravel with cobbles, GM. 

13. Report 
13.1 The report should include the group name, group 

symbol, and the results of the laboratory tests. The particle- 
size distribution shall be given in terms of percent of gravel, 
sand, and fines. The plot of the cumulative particle-sue 
distribution curve shall be reported if used in classifying the 
soil. Report appropriate descriptive information according to 

the procedures in Practice D2488. A local or commercial 
name or geologic interpretation for the material may be 
added at the end of the descriptive information if identifjed 
as such. The test procedures used shall be referenced. 

NOTE IO-&xarnple: Clayey Gravel wirh Sand ond Cobbles (W- 
46 % fine to coary. hard, subrounded gravel; 30 % fine to coa~y. hard, 
subrounded sand; 24 7% clayey finer LL = 38. PI = 19; weak d o n  
with HQ; original field sample had 4 7% hard, subrounded cobble 
maximum dimension I SO mm. 

In-Place Conditions-firm, homogeneous. dry, brown. 
Geologic Interpmation-alluvial fan. 
NOTE 1 I-er exampla of soil descriptions are given in Appendix 

XI. 

14. Keywords 
14.1 Atterberg limits; classification; clay; gradation; 

grave1;'laboratory classification; organic soils; sand; silt; soil 
classification; soil tests 

APPENDIXES 

(Nonmandatory Information) 

XI.  EXAMPLES OF DESCRIFIIONS USING SOIL CLASSIFICATION 

X 1.1 The following examples show how the information 
required in 13.1 can be reported. The appropriate descriptive 
information from Practice D 2488 is included for illustrative 
purposes. The additional descriptive terms that would ac- 
company the soil classification should be based on the 
idiended use of the classification and the individual circum- 

- X I .  I. 1 Well-Graded Gravel with Sand (G et3-73 % fine 
to.coane, hard, subangular gravel; 23 % fine to coarse, hard, 
subangular sand; 4 95 fines; Cc = 2.7, Cu = 12.4. 

XI.1.2 Silty Sand with Gravel (SM)-61 % predomi- 
nantly fine sand; 23 !% silty fines, LL = 33, PI = 6; 16 ?G fine, 
hard, subrounded gravel; no reaction with HCI; (field sample 
smaller than recommended). In-Place Condilionr-Firm, 
stratified and contains lenses of silt 1 to 2 in. thick, moist, 

S&Ces. 

brown to gray; in-place density = 106 Ib/ft3 and in-place 
moisture = 9 %. 

X1.1.3 Organic Clay (OL)-loO 96 fines, LL (not dried) 
= 32, LL (oven dried) = 21, PI (not dried) = IO; wet, dark 
brown, organic odor, weak reaction with HCI. 

X 1.1.4 Silty Sand with Organic Fines (SM)-74 95 tine to 
coarse, hard, subangular reddish sand; 26 95 organic and silty 
dark-brown fines, LL (not dried) = 37, LL (oven dried) = 26, 
PI (not dried) = 6, wet, weak reaction with HCI. 

X 1. I .5 Poorly Graded Gravel with Sill. Sand, Cobbles and 
Boulders (GP-GM)-78 95 fine to m, hard, subrounded 
to subangular gravel; 16 95 fine to coarse, hard, subrounded 
to subangular sand; 6 95 silty (estimated) fines; moist, brown; 
no reaction with H a ;  original field sample had 7 % hard, 
subrounded cobbles and 2 95 hard, subrounded boulden 
with a maximum dimension of 18 in. 

X2. USING SOIL CLASSIFICATION AS A DESCRIPTIVE SYSTEM FOR SHALE, CLAYSTONE, SHELLS, 
SLAG, CRUSHED ROCK, ETC. 

X2. I The group names and symbols used in this standard 
may be used as a descriptive system applied to materials that 
exkt in situ as shale, claystone, sandstone, siltstone, 
mudstone, etc., but convert to soils after field or laboratory 
processing (crushing, slaking, etc.). 

X2.2 Materials such as,shells, crushed rock, slag, etc., 
should be identified as such. However, the procedures used 
in this standard for describing the particle size and plasticity 
characteristics may be used in the description of the material. 
If desired, a classification in accordance with this standard 
may be assigned to aid in describing the material. 

X2.3 If a classification is used, the group symbol(s) and 
group names should be placed in quotation marks or noted 
with some type of distinguishing symbol. See examples. 

X2.4 Examples of how soil clasrifications could be incor- 
porated into a description system for materials that are not 
naturally occurring soils are as follows: 

X2.4.1 Shale Chunk-Reuieved as 2 to 4-in. pieces of 
shale from power auger hole, dry, brown, no reaction with 
HQ. AAer laboratory processing by slaking in water for 24 h, 
material classifled as 'Sandy Lean Clay (CL)"-61 R clayey 
fines, LL = 37, PI = 16; 33 9% !be to medium sand; 6 96 
gravel-size pieces of shale. 

X2.4.2 Crushed Sandstone-Product of commercial 

SM)"-91% fine to medium sand; 9 96 silty (estimated) 
fines; dry, reddish-brown, strong d o n  with HQ. 

X2.4.3 Broken S h e l l s 4 2  95 gravel-size broken shells, 

dcrushing operation; 'P00rly Graded Sand with Silt (SP- 
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31 5 sand and sand-size shell pieces; 7 7% fines; would be 
classified as "Poorly Graded Gravel with Sand (GP)". 

from Pit NO. 7; "Poorly Graded Gravel (GP)"-89 5% fine, 

hard, angular gravel-size particles; 1 1 7% coarse. hard. angular 
sand-sue particles, dry, tan; no reaction with HCI; Cc = 2.4, 

X2.4.4 Crushed Rock-Processed gravel and cobbles Cu = 0.9. 
I 

X3. PREPARATION AND TESTING FOR CLASSIFICATION PURPOSES BY THE WET METHOD 

X3.1 This appendix describes the steps in preparing a soil 
ample for testing for purposes of soil classification using a 
wet-preparation procedure. 

X3.2 Samples prepared in accordance with this procedure 
should contain as much of their natural water content as 
possible and every effort should be made during obtaining, 
preparing, and transportating the samples to maintain the 
natural moisture. 

X3.3 The procedures to be followed in this standard 
assume that the field sample contains fines, sand, gravel, and 
plus 3-in. (75-mm) particles and the cumulative particle-size 
distribution plus the liquid limit and plasticity index values 
are required (see 9.8). Some of the following steps may be 
omitted when they are not applicable to the soil being tested. 

X3.4 If the soil contains plus No. 200 (75-pm) particles 
that would degrade during dry sieving, use a test procedure 
for determining the particle-size characteristics that prevents 
this degradation. 

X3.5 Since this classification system is limited to the 
portion of a sample passing the 3-in. (75-mm) sieve, the plus 
3-in. (75-mm) material shall be removed prior to the 
determination of the particle-size characteristics and the 
liquid limit and plasticity index. 

X3.6 The portion of the field sample finer than the 34x1. 
(75-mm) sieve shall be obtained as follows: 

X3.6.1 Separate the field sample into two fractions on a 
3-in. (75-mm) sieve, being careful to maintain the natural 
water content in the minus 3-in. (75-mm) fraction. Any 
particles adhering to the plus 3-in. (75-mm) particles shall be 
brushed or wiped off and placed in the fi-action passing the 
3-in. (75-mm) sieve. 

X3.6.2 Determine the air+ or ovendry weight of the 
fraction retained on the 3-in. (75-mm) sieve. Determine the 
total (wet) weight of the fraction passing the 3-in. (75-mm) 
sieve. 

X3.6.3 Thoroughly mix the fraction passing the 341.1. 
(75-mm) sieve. Determine the water content, in accordance 
With Test Method D 2216, of a representative specimen with 
a minimum dry weight as required in 7.2. Save the water- 
content specimen for determination of the particle-size 
analysis in accordance with X3.8. 

X3.6.4 Compute the dry weight of the Fraction passing the 
3-in. (75-mm) sieve based on the water content and total 
(wet) weight. Compute the total dry weight of the sample and 
calculate the percentage of material retained on the Xi. 
(75-mm) sieve. 

X3.7 Determine the liquid limit and plasticity index as 
follows: 

X3.7.1 If the soil disaggregates readily, mix on a clean, 

hard surface and select a representative sample by quartering 
in accordance with Practice C 702. 

X3.7.1.1 If the soil contains coarse-grained p k c l e s  
coated with and bound together by tough clayey material, 
take extreme care in obtaining a representative portion of the 
No. 40 (425ym) fraction. Typically, a larger portion than 
normal has to be selected, such as the minimum weights 
required in 7.2. 

X3.7.1.2 To obtain a representative specimen of a basi- 
cally cohesive soil, it may be advantageous to pass the soil 
through a 3/4-in. (19-mm) sieve or other convenient size so 
the material can be more easily mixed and then quartered or 
split to obtain the representative specimen. 

X3.7.2 Process the representative specimen in accordance 
with Procedure B of Practice D 22 17. 

X3.7.3 Perform the liquid-limit test in accordance'with 
Test Method D 4318, except the soil shall not be air dried 
prior to the test. 

X3.7.4 Perform the plastic-limit test in accordance with 
Test Method D 4318, except the soil shall not be air dried 
prior to the test, and calculate the plasticity index. 

X3.8 Determine the particle-size distribution as follows: 
X3.8.1 If the water content of the fraction passing the 

3-in. (75-mm) sieve was required (X3.6.3), use the water- 
content specimen for determining the particle-size distribu- 
tion. Otherwise, select a representative specimen in accor- 
dance with Practice C 702 with a minimum dry weight as 
required in 7.2. 

X3.8.2 If the cumulative particle-size distribution in- 
cluding a hydrometer analysis is required, determine the 
particle-size distribution in accordance with Test Method 
D 422. See 9.7 for the set of required sieves. 

X3.8.3 If the cumulative particle-size distribution without 
a hydrometer analysis is required, determine the particle-size 
distribution in accordance with Method C 136. See 9.7 for 
the set of required sieves. The specimen should be soaked 
until all clayey aggregations have softened and then washed 
in accordance with Test Method C 117 prior to performing 
the particle-size distribution. 

X3.8.4 If the cumulative particle-size distriiution is not 
required, determine the percent fines, percent sand, and 
percent gravel in the specimen in accordance with Test 
Method C 1 17, being sure to soak the specimen long enough 
to soften all clayey aggregations, followed by Method C 136 
using a nest of sieves which shall include a No. 4 (4.75-mm) 
sieve and a No. 200 (75-pm) sieve. 

X3.8.5 Calculate the percent fines, percent sand, and 
percent gravel in the minus 3-in. (7S-mm) fraction for 
classification purposes. 

.%. . ....... ,. .../ . 1x40 



X4. AIR-DRIED METHOD OF PREPARATION OF SOILS FOR TESTING FOR CLASSIFICATION PURPOSES 

X4.1 This appendix describes the steps in preparing a soil 
sample for testing for purposes of soil classification when 
airdrying the soil before testing is specified or desired or 
when the natural moisture content is near that of an airdned 
state. 

X4.2 If the soil contains organic matter or mineral 
colloids that are irreversibly affected by air drying, the 
wet-preparation method as described in Appendix X3 should 
be used. 

X4.3 Since this classification system' is limited to the 
portion of a sample passing the 3-in. (75-mm) sieve, the plus 
3411. (75-mm) material shall be removed prior to the 
determination of the particle-size characteristics and the 
Liquid limit and plasticity index. 

X4.4 The portion of the field sample finer than the 341. 
(75-mm) sieve shall be obtained as follows: 

X4.4.1 Air dry and weigh the field sample. 
X4.4.2 Separate the field sample into two fractions on a 

X4.4.3 Weigh the two fractions and compute the per- 
+ntage of the plus 3-in. (75-mm) material in the field 
I sample. 

3-in. (75-mm) sieve. 

X4.5 Determine the particle-size distribution and liquid 
limit and plasticity index as follows (see 9.8 for when these 
tests are required): r 

X4.5.1 Thoroughly mix the fraction passing the 341.1. 
(75-mm) sieve. 

X4.5.2 If the cumulative particle-size distribution in- 
cluding a hydrometer analysis is required, determine the 
particle-size distribution in accordance with Test Method 
D 422. See 9.7 for the set of sieves that is required. 

X4.5.3 If the cumulative particle-size distribution without 
a hydrometer analysis is required, determine the particle-size 
distribution in accordance with Test Method D 1140 fol- 
lowed by Method C 136. See 9.7 for the set of sieves that k 
required. 

X4.5.4 If the cumulative particle-size distribution is not 
required, determine the percent fines, percent sand, and 
percent gravel in the specimen in accordance with Test 
Method D 1 140 followed by Method C 136 using a nest of 
sieves which shall include a No. 4 (4.75-mm) sieve and a No. 
200 (75-pm) sieve. 

X4.5.5 If required, determine the liquid limit and the 
plasticity index of the test specimen in accordance with Test 
Method D 43 18. 

I 

I X5. RATIONALE < 

X5.1 Significant revisions were made to the standard 
':,which appeared as D 2487 - 83 from the previous version of 
.:D 2487 - 69 (1975). The changes are documented in the 
.:literature.s Unified Soil Classification System. 

X5.2 The 1992 edition differs from the previous edition 
in that the title was changed to better indicate the'use of the 
standard and identifying it as the ASTM verSion of the .t 

.- ... I - 
' Howard. A.K.. 'The Revised ASTM Standard on h e  Unified Soil Classlfica- 

non Sptem." Cromhnical T a n g  Journal. GTJODJ Vol 7. No. 4. k r n b c r  
1984. 

/ 

. ... 
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Designation: D 2488 - 90 

Standard Practice for 
Description and Identification of Soils (Visual-Manual 
Procedure)' J 

I ' This MndaxJ is issued under the fued designation D 2488; the numkr imrnediawly foU&ng the designation iOdicXC3 &e year of 
original adoption or. in the cay of revidon. the year of last revision. A number in WCnthesa indicates the ycar of laa rtapprod A 
s u p c k p t  @on ( e )  indicates an editorial change since the last revidon 01 mpprOd 

This standard has been approvd for use by agencies of the Deponmpru Of Defme.  Consult the DoD Inder ?f Specijicarionr and 
Standards for the speci/ic year of issue which hac been adopted by the DPponmrm of Ddmse. 

1. Scope / 

1.1 This practice covers procedures for the description of soils for engineering purposes. Investigation2 
1.2 mS practice also describes a for identifying 

soils, at the option of the user, based on the classification 
system described in Test Method D 2487. n e  identification 
is based on Gsual examination and manual tests. It must be 

D 1587 Practice. for Thin-Walled Tube Sampling of Soils2 
D2113 Practice for Diamond Core Drilling for Site 

D 2487 Test Method for Classification of Soils for Engi- 

D4083 Practice for Description of Frozen Soils (visual- 
neering Purposes2 

Manual Procedure)2 I: 
, 

clearly stated in reporting an identification that it is based on 
visual-manual procedures. 

1.2.1 When precise classification of soils for engineering 
purposes is required, the procedures prescribed in Test 
Method D 2487 shall be used. 

1.2.2 In this practice, the identification portion assigning 
a group symbol and name is limited to soil particles smaller 

1.2.3 The identification portion of this practice is limited 
\than 3 in. (75 mm). 

to naturally occumng soils (disturbed and undisturbed). 
NOTE 1-This practice may k used 

to such materials as shale, claystone, 
Appendix X2). 

as a dzscriptive system applied 
shells, crushed rock. etc. (See 

1.3 The descriptive information in this practice may be 
used with other soil classification systems or for materials 
other than naturally occumng soils. 

1.4 This standard does not purport to address all of the 
safety problems, if any, associated with its use. It is the 
responsibility of the user ojthis standard to establish appro 
priate safety and health practices and determine the applica- 
bility of regulatory limitations prior to use. For specific 
precautionary statements see Section 8. 

1.5 The values stated in inch-pound units are to be 
regarded as the staqhrd. 

2. Referenced Documents 

2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 1452 Practice for Soil Investigation and Sampling by 

D 1586 Method for Penetration Test and Split-Barrel 

Fluids2 . 

Augei brings2 Y 

Sampling of Soils2 

I This pnctia is under the jurisdiction of ASIN Committee D l 8  on Soil rad 
Rock and is the direct responsibility of Sukommincc D18.07 on Identifkttion 
md ClPPification of Soils 

Current cdition apprud Junc 29. 1990. P u b W  AugW 1990. W Y  
published as D 2488 - 66 T. Laa previous edition D 2488 - 84". , 

Annual Book OjASThf srondordr. Vol04.08. 

3. Terminology 
3.1 Definitions: 
3.1.1 Except as listed below, all definitions are in accor- 

NOTE 2-For particles retained on a Yi. (75-mm) US staadard 

Cobbles-particles of rock that will pass a 12-in. (300-mm) spare 

Boulders-particla of rock that will not pass a 1241. (300-mm) 

dance with Terminology D 653. 

sieve, the following definitions arc suggested: 

opening and be retained on a l i n .  (75-mm) sieve, and 

square opening 

3.1.1.2 clay-soil passing a No. 200 (75-pm) sieve 
can be made to exhibit plasticity (putty-like propemes) 
within a range of water contents, and that exhibits consider- 
able suength when airdry. For classification, a clay is a 
fine-grained soil, or the fine-grained portion of a soil, with a 
plasticity index equal to or greater than 4,,and the plot of 
plasticity index Venus liquid limit falls on or above the 'A" 
line (see Fig. 3 of Test Method D 2487). 

3.1.1.3 gravel-particles of rock that will pass a Sin. 
(75-inm) sieve and be retained on a No. 4 (4.75-mm) sieve 
with the following subdivisions: 

coarse-passes a 3-in. (75-mm) sieve and is retained on a 
%-in. (1 9-mm) sieve. 

f inepasses  a 3h-in. (19-mm) sieve and is retained on a 
No. 4 (4.75-mm) sieve. 

3.1.1.4 organic clay-a clay with suflicient organic con- 
tent to influence.the soil properties For classification, an 
organic clay is a soil that would be cla+!ied as a clay, except 
that its liquid limit value after oven drying is less than 75 % 
of its liquid limit value before oven drying. 

3.1. I .5 organic silt-a silt with sufEcient organic content 
to iduence the soil properties. For classification, an organic 
silt is a soil that would be classified as a silt except that its 
liquid Limit value after oven drying is less than 75 % of its 
liquid limit value before, oven 

3.1.1.6 peat-a soil composed primarily of vegetable h e  
i n  various stages of decomposition usually with an o r  '- 
odor, a dark brown to black color, a spongy consistency, 
texture ranging From fibrous to amorphous. 

3.1.1.7 sand-particles of rock that will pass a No. 4 

~ ~ 

i 
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?UP SYMBOL GROUP NAME 

* Lean clay <1S% pka No. 200 
% aand 2% gravel - Loan CIJV wlth aand 
% und <%grad  - Lean clay wlth g i r d  
<1S% gravrl - Sandy Iran clay 
215% gravel - Sandy lean clay with gravel 
<15% und - Gravelly Iran day 

T 
T 

T 15-253 pku No. 200 

< % und <% gravel 

<#)% plua No 200 

% und 2% of grrrrl - 215% und '* Gravelly lean clay wrth und 

230YpluaNo 200 

I 

(15% plua No. 200 

% und 2% of gravel 

- Silt 
% und 2% prrrel -Silt with und 
% sand <% gravrl -Silt with gravd 
<15% gravel- Sandy ult 
215% grawl- Sandy a i l t  wrth g r a d  
<1S% und - Gravelly ath 

- 
T 

T 15-25% plua No 200 - 215% und - Gravelly ult wrth und 
ML<<x%pluaNo - >30% plua No. 200 < xund <%gfarel 

<15% plus No. 200 *Fat clay r 15-25% plua No. 200 

% und 2% of g r a d  

% und 2% caval -Fat clay with und 

<I53 gravrl - Sandy fat  clay 
> IS% gravel - Sandy fat cl.v wtth g r a d  
<15% und - Gtavrlly fat clay 

-% Und <%gravel - Fat clay with grard 

CH < <30% plua No. 200 

- >Urn plua No. 200 S 
% aand <% grrrrl -- 215% und - Grrvrlly fat clay with u d  

< 
<1S% pka No. 200 ElJStlC S l h  

% aand 2% gravel - Elastic n d t  wnh und 
% und <% grrvrl - Elastic ai11 wrth grrrd 

215% gravel - Sandy rlastic uh wnh gravel 
<15% und- Grarrlly e l a a l ~  aih - >15% und - Grarrlly rlaatic ult wrth und 

<'IS% pf8Wl- Sandy e W l C  uh 
- - - F 1525% plua No. 200 

- >30% plua No. 200 < ;: :::::':I"' MH<-%NuaNo 200 

"OTE-PerCenteges are based on esbmebng BmoMts of m. sand. and gra* to the mest 5 x 
RG. 18 FIow ch8rl tor Identifying Inorganic Fmei-Grained Soil (50 X or mor8 finer) 

(4.75-mmj &eve and be retained on a No. 200 (75-pm) sieve 
with the following subdivisions 

course-pasxs a No, 4 (4.75-mm) sieve and is retained on 
a No. 10 (2.00-mm) sieve. 

medium-passes a No. 10 (2.00-mm) sieve and is retained 
on a No. 40 (425-pm) sieve. 
fine-passes a No. 40 (425-pm) sieve and is retained on a 

No. 200 (75-pm) sieve. 
3.1.1.8 sill-soil passing a No. 200 (75-pm) sieve that is 

nonplastic or very slightly plastic and that'exhibits little or no 
strength when air dry. For classifcation, a silt u a fine- 
gxained soil, or the fine-grained portion of a soil, with a 
plasticity index less than 4, or the plot of plasticity index 
versus liquid limit falls below the "A- Line (see Fig. 3 of Test 
Method D 2487). 

. 
GROUP SYMBOL 

4. Summary of Practice 
4.1 Using visual examination and simple manual tests, 

this practice gives standa@zed criteria and procedures for 
describing and identifying soils. 

4.2 The soil can be given an identification by assigning a 
group symbol(s) and name. The flow charts, Figs. la and 1,b 

be used to assign the appropriate group symbol(s) and name. 
If the soil has properties which do not distinctly place it into 
a specific group, borderline symbols may be use4 see 
Appendix X3. 

for fine-grained soils, and Fig. 2, for coarse-grained soils, can J 

NOTE 3-11 is suggested that a distinction be made between dud 
symbols and borderline s)mbolr. 

Dual Symbol-A dual symbol is two symbols separated by a hyphen, 
for example, GPGM, SWSC, CL-ML uscd to indicate that the soil has 
b a n  identified as having the propenia of a classification in accordance 
with Tesl Method D2487 where wo rymbols arc rrquirrd Two 
symbols an r c q d  when the soil has bctwecn 5 and 12% fiaaor 

GROUP NAME 
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GROUP SYMBOL ' GROUPNAME 
. _  

<15% und - W a l l q r d d  g r a d  
-GW-215% Und - . W a l l g r d d  p ian1 with und 

f S %  f ' n l ~ ~ W * l l g l d d  

/ <15% urd - Poorly g r d d  grant *GPT 215% l a d  - Poor(* V d d  g l a d  Wl lh  und 
\Poorly p r d d  

NoTE--PerWtaw~ based gn ~ t t m h n g  amounts Of hnes. oand. and gravel to the neereSt 5 f .  

FIG. 2 flow Chart for Identifying Coarse-Grained Soil8 ( less  than 50 X finer) 

when the liquid limit and plasticity index values plot in the CLML area 
of the plasticity chart. characteristics. 

Borderline Symbol-A borderline symbol is two symbols separated 
by a W.'for example, CL/CH, GM/SM, CL/ML. A borderline symbol 

Appendix X3). 

rrsulU for typical soils of each type with their visual and man ' 

5.6 When describing and identifjmg soil samples from a 

every sample. Soils which appear to be similar can be 

&Odd k U& to indicate that the =oil has been identified having 
P ~ O P C ~ ~ J  that do not distinaly place the sod bto a Sptcific DUP (a 

given test pit, or goup of boring or pi&, it is not 
neceSSary to follow all of the procedures in this practice for 

5. SignScance and Use 
5.1 The descriptive information required in this practice 

can be used to describe a soil to aid in the evaluation of its 
significant properties for engineering use. 

5.2 The descriptive inforhation required in this practice 
should be used to supplement the classification of a soil as 
determined by Test Method D 2487. 

5.3 This practice may be used in identifying soils using the 
classification group symbols and names as prescribed in Test 
Method D 2487. Since the names and symbols used in this 
practice to identify the hils are the same as those! used in 
Test Method D 2487, it shall be clearly stated in reports and 
all other appropriate documents, that the classification 
symbol and,name are based on visual-manual procedures. 

5.4 'Ihis'phctice is to be used not only for identification 
of soils in the field, but also in the office, laboratory, or 
wherever soil samples are inspected and described. 

5.5 This practice has particular value in grouping similar 
soil samples so that only a minimum number of laboratory 
tests need be run for positive soil classification. 

NUTE &The ability to dcscrii and identify soils comctly is learned 
more readily under the guidance of experienced personnel but it m a y  
also k acq- systematically by comparing numerical laboratory test 

000688 Ix-94 

grouped together, one sample- completely described and 
identified with the others referred to'as similar based on 
performing only a few of the descriptive and identification 
procedures described in this practice. 

5.7 This practice may be used in combination with 
Practice D 4083 when working with frozen soils. 

6. Apparatus 
6.1 Required Apparatus: 
6.1.1 Pocket Knife or Small Spatula. 
6.2 Us&/ Auxiliary Apparatus: 
6.2.1' Small Test Tube and Stopper (or jar with a lid). 

6 6.2.2 Small Hand h. 

7 .  Reagents 
7.1 Purify of Wafer-Unless otherwise indicated, refer- 

ences to water shall be understood to mean water from a city 
water supply or natural source, including non-potable water. 
d7.2 Hydrochloric Acid-A small bottle of dilute hyd- 

chloric acid, HCl, one part HCl(l0 N) to three parts wi 
(This reagent is optional for use with this practice). Sa 
Section 8. 

1 
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(c) subrouaded (d) Subangular 

FIG. 3 Typical Angularity of Bulky Grains 

8. Safety Piecautions 
8.1 When preparing the dilute HCI solution of one part 

concentrated hydrochloric acid (10 N) to three parts of 
distilled water, slowly add acid into water following necesary - +y precautions. Handle with caution and store safely. If 

‘on comes into contact with the skin, rinse thoroughly 
. ..A water.,. 

8.2 Caution--Do not add water to acid. 
+ 

.L 

9. Sampling 
9.1 The sample shall be considered to be representative of 

the stratum from which it was obtained by an appropriate, 
accepted, or standard procedure. 

Nm 5-hferably. the sampling proadurc should be identified as 
having b a n  conducted in accordance with Practices D 1452, D 1587, OT 
D2113.orMethodD1586. 

9.2 The sample shall be carefully identified as to origin. 
NOTE &Remarks as to the origin may take the form of a boring 

number and sample number in conjunction with a job number, a 
geologic -turn. a pedologic horizon or a location description with 
respect to a permanent monument, a grid system or a station number 
and offset with rrspect to a stated centerline and a depth or elevation. 

9.3 For accurate description and identification, the min- 
imum amount of the specimen to be examined shall be in 

TABLE 1 Criteria for Describing Angularity of Coane-Grained 
Partides (see Fia. 31 . 

,- 

accordance with the following schedule: 
Maximum Panicle Size. Minimum Specimen Si. 

Sieve Opening Dry Weight 

100 g (0.3 Ib) 
200 g (0.5 Ib) 
1.0 kg (2.1 Ib) 
8.0 kg (IS Ib) 
60.0 kg (I 32 Ib) 

4 75 mm (No 4) 
9 5 mm (% in ) 
19 0 rnm (% in ) 
38 I rnm (llh in) 
75.0 mm (3 in ) 

NOTE 7-If random d a t e d  particles arc encountered that are 
significantly larger than the parucla in the sod matnx. the rod rnatnx 
can be accurately described and identlfied in accordance wth the 
prccecdmg schedule. 

9.4 If the field sample or specimen being examined is 
smaller than the minimum recommended amount, the 
report shall include an appropriate remark. 

10. Descriptive Information for Soils 
10.1 Angularity-Describe the angularity of the sand 

(coarse sizes only), gravel, cobbles, and boulders, as angular, 
subangular, subrounded, or rounded in accordance with the 
criteria in Table 1 and Fig. 3. A range of angularity may be 
stated, such as: subrounded to rounded 

10.2 Shape-Describe the shape of the gravel, cobbles, 
and boulders as flat, elongated, or flat and elongated if they 
meet the criteria in Table 2 and fig. 4. Ohenvise, do not 
mention the shape. Indicate the fraction of the particles that 
have the shape, such as: one-third of the gravel @des are 
flat. 

10.3 Color--Descnbe the color. Color u an important 
property in identifying organic soils, and within a given 

I 

\ 

\ 
TABLE 2 Criteria (01 Describing Particle Shape (see F s  4) 

The parbcce shepe aml be described as tolorn where lengm. m6m. wd 

-. 
Rat pBlbdeswimwdmfthdmsS>3 - 
Raemdekllpted 

h&JleSS f8kf t0- ntermedrate. wd dmewars Of 8 m. 

pBlbdesmkngm/wam>3 
pBlbdesmeetcntenafatBJmllat andelongated 

/ 

2 

. . . . . .  
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PARTICLE SHAPE 

W =WIDTH 
T =THICKNESS 
L =LENGTH 

J 

L 

FLAT: W / T > 3  
ELONGATED: L /  W > 3  
FLAT AND ELONGATED: 
- meets both c r i t e r i a  

FIG. 4 Criteria for Particle Shape , 

TABLE 3 Criteria for Describing Moisture Condition 

Absence dmasture. dusty. dry tome touch 
Damp but no wblr, water 
V i  free water. wsualty scil IS bebw water table 

-phon ciltena 
f 

Dry 
Mast 
Wet 

locality it may also be useful in identifying materials of 
similar geologic origin. If the sample contains layers or 
patches of v-ng colors, th is  shall be noted and all 
representative colors shall be described. The color shall be 
described for moist samples. If the color represents a dry 
condition, this shall be stated in the report. 

10.4 Odor--Describe the odor if organic or unusual. Soils 
containing a significant amount of organic material usually 
have a distinctive odor of decaying vegetation. This is 
especially apparent in fresh samples, but if the samples are 
dried, the odor may often be revived by heating a moistened 
sample. If the odor is unusual (petroleum product, chemical, 
and the like), it shall be d e s c r i i  

10.5 Moisture Condition--Describe the moisture condi- 
tion as dry, moist, or wet, in accordance with the criteria in 
Table 3. 

10.6 HCI Re&ion--Describe the reaction with HCI as 
none, weak, or strong, in accordance with the critera in 
Table 4. Since calcium GU-~OME is a common cementing 
agent, a report of its presence on the basis of the reaction 
with dilute hydrochloric acid is important. 

- 

TABLE 4 Criteria for D e s c n i  the Reaction Wnh HCl 
' Descnotm cntana 

TABLE 5 Criteria for Describing Consistency 

very son Thrnnb will peneVate sd more Wen 1 n. (25 mm) 
sott mrsnb mtl penetrate scd atcut 1 n. (25 mm) 
Fflll mumb mtl mdent soil abaR -14 n. (6 mm) 
Hard Thrsnbmllnottndent sal krt-tyrndentedwlthmmbnaa 

m w i  mll not indent SUI Verv hard 

Descnp- Cmma 

~ 

10.7 ConsistencpFor intact fine-grained soil, describe 
@e consistency as very soft, soft, fkm, hard, or very hard, in 
accordance with the criteria in Table 5. This observation is 
inappropriate for soils with signifcant amounts of gravel. 

10.8 Cementation-DeScribe the cementation of intact 
coarse-gmined soils as weak moderate, or strong, in accord- 
ance with the criteria in Table 6. 

10.9 Structure-Describe the structure of intact soils in 
accordance with the criteria in Table 7. 

10.10 Range of Panicle Sizes-For gravel and sand com- 
ponents, describe the range of particle sizes within each 
component as defined in 3.1.2 and 3.1.6. For example, about 
20 '% fine to coarse gravel, about 40 % fine to coarse sand. 

10.1 1 lUaximum Panicle Size-Describe the maximum 
oarticle size found in the sample in accordance with the following information: /- 

10.11.1 Sand Size-If the maximum particle size is a, 
sand size, describe as fine, medium, or coarse as defind in 
3.1.6. For example: maximum particle size, medium sand. 

10.1 1.2 Gravel Size-If the maximum particle size is a 
gravel size, describe the maximum particle size as the 
smallest sieve opening that the particle will pass. For 
example, maximum particle site, lV2 in. (will pass a 1 %-in. 
square opening but not a V4-in. square opening). 

10.1 1.3 Cobble or Boulder Size-If the maximum particle 
size is a cobble or boulder size, describe the maximum 
dimension of the largest particle. For example: maximum 
dimension, 18 in. (450 mm). 

10.12 Hardness-Describe the hardness of coarse sand 
and larger padcles as hard, or state what happens when the 
particles are hit by a hammer, for example, gravel-size i 
particles hcture with considerable hammer blow, some 
gravel-size particles crumble with hammer blow. 'Hard" 
means particles do not crack €racture, or crumble under a 
hammer blow. 

10.13 Additional comments shall be noted, such as the 
presence of roots or root holes, dimculty in drilling or 
augering hole, caving of trench or hole, or the presence of 
mica. 
- 10.14 A local or comrnercijd name or a geologic bterpre- 

I 
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. TABLE 7 Criteria lor Describing Structure 
. J ta ip tDn  meria 

~nemalurg hyws of varying mat& a c d o ~  wm bps at 

Anemawlg layen d va lyvg  malenal or cdor m me 
leas1 6 mm Uuk. note vuckness 

layers less t h a n 6 m m W .  note ttudvless 
Breakt akng dehnrte pranes of fracture mth tme 

reYstana to fractwng 
Fracture planes appear potshed OT glossy. sometnnes 

StMted 
CoheYve soil that can be broken down into small angular 

lumps w h ~ 3  ress i  further breakdown 
lnclusm of mall pockets of dnterent sals. such as mall 

k m e s  of sand scattered through a mass of p y .  note 
lhdmess 

c 

~ c o l o r a n d a p p e a r a n c e t h r w g h o u l  

tation of the soil, or both, may be added if identified as such. 
10.15 A classification or identification of the soil in 

accordance with other classification systems may be added if 
identified as such. 

11. Identification of Peat 
11.1 A sample composed primarily of vegetable tissue in 

various stages of decomposition that has a fibrous to 
amorphous texture, usually a dark brown to black color, and 
an organic odor, shall be designated as a highly organic soil 
and shall be identified as peat, PT, and not subjected to the 
identification procedures described hereafter. 

%heparation for Identification 
1.1 The soil identification portion of this practice is 

based on the portion of the soil sample that will pass a 3-in. 
(75-mm) sieve. The larger than 3-in. (75-mm) particles must 
be removed; manually, for a loose sample, or mentally, for 
an intact sample before classifying the soil. 

12.2 Estimate and note the percentage of cobbles and the 
percentage of boulders. Performed visually, these estimates 
will be on the basis of volume percentage. 
NOTE 8-Sina the percentages of the particle-size dinribution in 

Test Method D 2487 an by dry weight, and the estimates of percentages 
for gravel, sand, and f i n s  in this practice are by dry weight, it is 
mmmended that the report nate that the percentages of cobbles and 
bodden by volume. 

12.3 Of the fraction of the soil smaller than 3 in. (75 mm), 
estimate and note the percentage, by dry weight, of the 
gravel, sand, and fines (see Appendix X4 for suggested 
procedurw). 
NOTE 9-Sin'ce the panicle-size components appear visually on the 

basis of volume, considerable experience is rcquind to Cstimatc the 
Percentages on the basis of dry weight. Fmuent comparisons with 
laboratory particle-dte analyses should be made. 

12.3.1 The percentages shall be estimated to the closest 
5 X. The percentages of gravel, sand, and fines must add up 
to 100%. 

12.3.2 If one of the components is present but not in 
sufficient quantity to be considered 5 96 of the smaller than 

*a. (75-mm) portion, indicate its presence by the term 
ce, for example, trace of fines. A trace is not to be 

considered in the total of 100 9% for the components 

. 
4 

13. Prelimhuy Ideotificatioo 

fines. Follow the procedures for identifying fine-grained soils 
of Section 14. 

13.2 The soil is coarse grained if it contains less than 50 % 
fines. Follow the procedures for identifying coarse-grained 
soils of Section 15. 

14. Procedure for Identifling Fine-Grained Soils 
14.1 Select a representative sample of the material for 

examination. Remove particles larger than the No. 40 sieve 
(medium sand and larger) until a specimen equivalent to 
about a handful of material is available. Use this- specimen 
for performing the dry strength, dilatancy, and toughness 
tests. 

14.2 Dry Strength: 
14.2.1 From the specimen, select enough material to mold 

into a ball about 1 in. (25 mm) in diameter. Mold the 
material until it has the consistency of putty, adding water if 
necessary. 

14.2.2 From the molded material, make at least three test 
specimens. A test specimen shall be a ball of material about 
Vz .in. (1 2 mm) in diameter. Allow the test specimens to dry 
in air, or sun, or by artificial means, as long as the 

14.2.3 If the test specimen contains natural dry lumps, 
those that are about '/z in. ( I  2 mm) in diameter may be used 
in place of the molded balls. 

NOTE ]&The process of molding and drying usually produces 
higher strengths than are found in natural dry lumps of soil. 

14.2.4 Test the strength of the dry balls or lumps by 
crushing between the fingers. Note the strength as none, low, 
medium, high, or very high in accorance with the criteria in 
Table 8. If natural dry lumps are used, do not use the results 
of any of the lumps that are found to contah particles of 
coarse sand. 

14.2.5 The presence of high-strength water-soluble ce- 
menting materials, such 9 calcium carbonate, may cause 
exceptionally high dry strengths. The presence of calcium 
carbonate can usually be detected from the intensity of the 
reaction with dilute hydrochloric acid (see 10.6). 

14.3 Dilatancy: 
14.3.1 From the specimen, select enough material to mold 

into a ball'about V2 in. (12 mm) in diameter. Mold the 
material, adding water if necessary, until it has a soft, but not 
sticky, consistency. 

14.3.2 Smooth the soil ball in the palm of one hand with 
the blade of a knife or small spatula. Shake horizontally, 
striking the side of the hand vigorously against the other 
hand several times. Note the reaction of water appearing on 

temperature does not exceed 60°C. W 

. 

TABLE 8 Criteria for Describing Dry Strength 
criteria 

Nam T h e d r y s p e c i m e n ~ i r t o ~ w i m m e r e p r e s t u e  
dhandlng 

prassus 

-wpessure  

specimenWabreakhtopkesbetm#nmunbanda~ 
sufam 

Low T h e d y ~ 4 h t o p o w d a r w i m S o m e t n g e r  

- M e Q u n  pe.ByspecinenbreakshtopieCesa&wim 

ThecryspecinencaMcn bebrokenwimtngerpesare. w 

vervm T h e d y s p e c i n e n a w D t b e ~ b e t w e e n m e m u n b ~ ~  
hardsutacs 13.1 The soil isjne grdned if it contains 50 % or more 

ooo&gs * L .  
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TABLE 10 Criteria for Describing Toughness 

Desarpm cfltene 

Low Wht pressure s requued to rdl the thread near the 
ptastc bmrt The ttvead and the lump are weak and Son 

Medrum Medwnpressureoreqwedtord l the threadto~the  
Wbc hmR The thread and the lump have me&m sbffnps 

W$ the 
dastr Iitnrl The thread and the lump have very hgh 
S M n f S s  

-abbe pressure IS requred to r d  the thread to 

the surface of the soil. Squeeze the sample by closing the 
hand or pinching the soil between the fingers, and note the 
reaction as none, slow, or rapid in accordance with the 
criteria in Table 9. The reaction is the speed with which 
water appears while shaking, and disappears while squeezing. 

14.4 Toughness: 
14.4.1 Following the completion of the dilatancy test, the 

test specimen is shaped into an elongated pat and rolled by 
hand on a smooth surface or between the palms into a thread 
about l/s in. (3 mm) in diameter. (If the sample is too wet to 
roll easily, it should be spread into a thin layer and allowed 
to loy some water by evaporation.) Fold the sample threads 
and -moll repeatedly until the thread crumbles at a diameter 
of about Ve in. The thread will crumble at a diameter of '/a 
in. when the soil is near the plastic limit. Note the pressure 
required to roll the thread near the plastic limit. Also, note 
the strength of the thread. After the thread crumbles, the 
pieces should be lumped together and kneaded until the 
lump crumbles. Note the toughness of the material during 
kneading. 

14.4.2 Describe the toughness of the thread and lump as 
low, medium, or high in accordance with the criteria in 
Table 10. 

14.5 Plasticity-On the basis of observations made during 
the toughness test, describe the plasticity of the material in 
accordance with the criteria given in Table 1 1. 

14.6 Decide whether the soil is an inorganic or an organic 
fine-grained soil (see 14.8). If' inorganic, follow the steps 
given in 14.7. 

14.7 Identification of Inorganic Fine-Grained Soils: 

14.7.1 Identify the soil as a lean chy, if the soil has 
medium to high dry strength, no or slow dilatancy, and 
medium toughness and plasticity (see Table 12). 

14.7.2 Identify the soil as a fat clay, CH, if the soil I& 
high to very high dry strength, no dilatancy, and high 
toughness and plasticity (see Table 12). 

14.7.3 Identify the soil as a silt, ML, if the soil has no to 
low dry strength, slow to rapid dilatancy, and low toughness 
and plasticity, or is nonplastic (see Table 12). 

14.7.4 Idenufy the soil as an elastic silt, MH, if the soil has 
low to medium dry strength, no to slow dilatancy, and low to 
medium toughness and plasticity (see Table 12).' 
NOTE Il-These properties are similar to those for a lean d a y .  

However, the silt will dry quickly on the hand and have a smooth. 
feel when dry. Some soils that would classify as MH in accordana wi& 
the criteria in Test Method D 2487 arc M y  dimcult to *gush 
from lean clays, CL. It may be naxssary to perform laboratory t- 
for proper identification. 

I 

14.8 Identificarion of Organic Fine-Grained SoiLr: 
14.8.1 Identify the soil as an organic soil, OL/OH, if the 

soil contains enough organic particles to influence the soil 
properties. Organic soils usually have a dark brown to black 
color and may have an organic odor. Often, organic soils will 
change color, for example, black to brown, when exposed to 
the air. Some organic soils will lighten in color sigdificantly 
when air dried. Organic soils normally will not have a high 
toughness or plasticity. The thread for the toughness test will 
be spongy. 
NOTE 12-111 some cases, through practia and experience. it may bc 

possible to further identify the organic soils as organic dts or organic 
clays, OL or OH. Correlations betwan the dilatancy, dry Ncngrh 
toughness tcsu, and laboratory tests can be made to idenhfy organic soil% 
in a m i n  deposits of similar materials of known geologic origin. 

14.9 If' the soil is estimated to have 15 to 25 % sand or 
gravel, or both, the words "with sand" or 'with gravel" 
(whichever is more predominant) shall be added to the group 
name. For example: 'lean clay with sand, CL" or 'silt with 
gravel, hU" (see Figs. la and lb). If the percentage of sand is 
equal to the percentage of gravel, use 'with sand" 

14.10 If'the soil is estimated to have 30 % or more sand or 
gravel, or both, the words 'sandy" or 'gravelly" shall be 
added to the group name. Add the word 'sandy" if t h m  
appears to be more sand than gravel. Add the word 
'gravelly" if there appears to be more gravel than sand. For 
example: 'sandy lean clay, CL", 'gravelly fat clay, CH", or 
'sandy silt, MI." (see Fig. la and lb). If the percentage of 
sand is equal to the percent of gravel, use 'sandy." 

15. Procedure for Identifying Coarse-Grained Sii (Con- 

15.1 The soil is a gravel if the percentage of gravel is 
tains less than 50 % fines) 

estimated to be more than the percentage of sand. 

IX-98 
' .,. i 



D2488 

'he soil is a sand if the percentage of gravel is 
:stii..-.d to be equal to or less than the percentage of sand. 

15.3 The soil is a clean gravel or clean sand if the 

TABLE .13 Checklist for Description of Soils 
1. Groupname 

~ 23: ~ ~ m ; ~ ~ o r b c u l d e r s . o r b m ( b y ~ )  scentage of fines is estimated to be 5 96 or less. 
15.3.1-Identify the soil as a well-graded gravel, GW, or as 

3 well-graded sand, SW, if it has a wide range of particle sizes 
and substantial amounts of the intermediate particle sizes. 

15.3.2 Identify the soil as a poorly graded gravel, GP, or as 
a poorly graded sand, SP. if it consists predominantly of one 
size (uniformly graded), or it has a wide range of sizes with 
some intermediate sizes obviously missing (gap or skip 
graded). 

15.4 The soil is either a gravel wilhfmes or a sand wilh 
fines if the percentage of fines is estimated to be 15 % or 
more. 

15.4.1 Identify the soil as a clayey gravel, GC, or a clayey 
sand. SC, if the fines are clayey as determined by the 
procedures in Section 14. 

15.4.2 Identify the soil as a silty gravel, GM, or a silty 
sand, SM, if the fines are silty as determined by the 
procedures in Section 14. 
15.5 If the soil is estimated to contain 10 96 fines, give the 

soil a dual identification using two group symbols. 
15.5.1 The first group symbol shall correspond to a clean 

gravel or sand (GW, GP, SW, SP) and the second symbol 
shall correspond to a gravel or sand with fines (GC, GM, SC, 
SM). ' 5:2 The group name shall correspond to the first group 
5 plus the words 'with clay" or "with silt" to indicate 
U. .asticity .characteristics of the fines. For example: 
'weli-graded gravel with clay, GW-GC" or 'poorly graded 
sand with silt, SP-SM" (see Fig. 2). 

15.6 If the specimen is predominantly sand or gravel but 
contains an e&mated 15 36 or more of the other coarse- 
grained constituent, the words 'with gravel" or 'with sand" 
S h a l l  be added to the group name. For example: 'poorly 
graded gravel with sand, GP" or 'clayey sand with gravel, 
SC" (see Fig 2). 

15.7 If the field sample contains any cobbles or boulders, 
or both, the words 'with cobbles" or 'with cobbles and 
boulders" shall be added to the group name. For example: 
-silty gravel with cobbles, GM." 

16. Report 
16.1 The repon shall include the information as to origin, 

and the items indicated in Table 13. 
N a  I3-Exarnple: Clayey Gravel wirh Sand and Cobbles, GC- 

Abut 50 % fine to mane, subrounded to subangular grave4 about 30 56 
fine to cease, subrounded sand; about 20% fina with medium 
Plasticity, high dry strength. no dilatancy, medium toughness; weak 

4. Percent of gravel. sand. or bes. or all three (by dry weigtrt) 
5. Partidesizerange: 

6. Partide angularity: angular. subangular. subtounbed. rounded 
7. Partide shape: ( i  appropriate) Rat. eloogated. fiat and elongated 
8. ~aximum parucle size or dimension 
9. Hardness of Coarse sand and brger 

Gravel-fine. c o ~ e  
sand--fine. medium. coarse 

10. mucity of fines: nonplastic. bw. medium. rugh 
11 .  D q  strength: none. low. medium. high, very h@ 
12. Dilatancy: none. skw. rapd 
13. Toughness: bw.  medium. hgh 

15. odoc (mention onty if organic or unusual) 
16. Moisture: by. moist. vat 
17. ~eaction with Ha: none, weak. strong 
For intad sampreS: 
18. Conslrtency (hnegrained soils q): very soft. soft. m. hard. very hard 
19. StNchrre: stratihed. laminated. fissured. slickensided. Iwed. homo- 

9K=Jus 
20. Cementation: weak. roderate. strong 
21. Localname 
22. Gedogr:interpretation 
23. Additional comments: pesence of roots or root holes. presence of W, 

gypwm, etc.. surface coatings on coarregraned parllcles. caving a 
sloughmg of auger hob or trench sides. diffiarlty in augwvlg or excavatmg. 
etc. 

14. cdor @l W S t  ConbjtiOn) 

reaction with Ha, original field sample had about 5 % (by volume) 
subrounded cobbles maximum dimension, 150 mrn. 

In-Piaa Conditions-Fm, homogeneous, dry, brown 
Geologic Interpretation-AuuviaI fan 
NOTE 14-0ther examples of soil descriptions and identification arc 

NOTE 15-If dedred the percentages of gravel, sand. and f i n s  may 

Trace-Particles are present but estimated to be less than 5 X 
Few-5 to 10 % 
Liitl+ 15 to 25 W 
Some-30 to 45 % 
Mosrly-50 to 100 % 
16.2 If, in the soil dcscription, the soil is identified using a 

classification group symbol and name as described in Test 
Method D 2487, it must be distinctly and clearly stated in log 
forms, summary tables, reports, and the like, that the symbol 
and name are based on visual-manual procedures. 
17. Precision and Bias 

therefore, a precision and bias statement is not applicable. 

18. Keywords 

soil classification; soil description; visual classification 

given in Appendixes X 1 and XZ. 

be stated in terms indicating a range of percentages as follows: 

17.1 'This practice provides qualitative information only, 

18.1 classification; clay; gravel; organic soils; sand; silt; 
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(# Designation: D 2937 - 83 (Reapproved 1990) 

Standard Test Method for 
Density of Soil in Place by the Drive-Cylinder Method‘ 

This standard is issued under the fixed designation D 2937: the nurnkr irnmcdiatcly follouing the designation indicates the ycar of 
original adoption or. in the case of revision. the year of last revision. A number in parentheses indicates the year of Ian reapproval. A 
superscript epsilon ( e )  indicates an editorial change since the last revision or reapproval. 

This rest method has been approved Jor use by agencies oJrhe Depanmenr oJ Defense. Consulr the DoD Index of Specijications and 
Srandards Jor rhe specific year o/issue which has been adopted b.v rhe Deparrment of DeJme. 

1. Scope 
1.1 This test method covers the determination of in-place 

density of soil by the drive-cylinder method. The test method 
involves obtaining a relatively undisturbed soil sample by 
driving a thin-walled cylinder and the subsequent activities 
for the determination of in-place density. Two procedures 
are described for this test, one for testing at the surface, and 
one for testing at greater depths. 

1.2 This test method is not appropriate for sampling 
organic soils, very hard soils which cannot be easily pene- 
trated, soils of low plasticity which wdl not be readily 
retained in the cylinder, or soils which contain appreciable 
amounts of coarse or granular material. 

1.3 This test method is limited to the procedures neces- 
sary for obtaining specimens suitable for determining the 
in-place density and water content of certain soils. The 
procedures and precautions necessary for obtaining undis- 
turbed samples suitable for laboratory testing or otherwise 
determining engineering properties is beyond the scope of 
this test method. 
NOTE I-The general principles of this test method have been 

successfully used to obtain samples of some field compacted fine-grained 
soils having a maximum particle size of 4.75-mm for purposes other 
than density determinations such as the testing for engineering proper- 
ha. 

1.4 Values may be stated in inch-pound, gram-centimetre, 
or other units, provided the appropriate conversion factors 
are used to maintain consistency of units throughout the 

1.5 This standard does not purpori to address the safety 
problems associated with its use. It is the responsibility of the 
user of this standard to establish appropriate safety and 
health practices and determine the applicability of regulatory 
limitations prior to use. 

2. Referenced Documents 

2.1 ASTM Standards: 
D653 Terminology Relating to Soil, Rock, and Contained 

Fluids2 
D 698 Test Methods for Moisture-Density Relations of 
Soils and Soil-Aggregate Mixtures Using 5.5-lb (2.49-kg) 

. .~ Rammer ~ and 12-iu,(305-mm) Drop2 . 

. determinations and calculations. 

’ This test method is under the juridiction of ASTM Cornmince D 1 8  on Soil 
and Rock and is the ,d im responsibility of Su+xnminec D18.08 on Spccial and 
CooQrudon Control Ti& 

cmat edition approved Nov. 28. 1983. Published January~ 1984. Originally 

’ A n n 4  Book ofASTM Standards. Vol04.08. 
p~Misbcd s D 2937 - 71. Lan p ~ v i o ~  edition D 2937 - 71 (1976). 

D 1557 Test Methods for Moisture-Density Relations of 
Soils and Soil-Aggregate Mixtures Using 10-lb (4.54-kg) 
Rammer and 18411. (457-mm) Drop’ 

D 22 16 Method for Laboratory Determination of Water 
(Moisture) Content of Soil, Rock and Soil-Aggregate 
Mixtures’ 

3. Significance and Use 
3.1 This test method can be used to determine the 

in-place density of natural, inorganic, fine-grained soils. 
3.2 This test method may also be used to determine the 

in-place density of compacted soils used in construction of 
structural fill, highway embankments, or earth dams. 

3.3 This test method is not recommended for use in 
organic, noncohesive, or friable soils. This test method is not 
applicable to soft, highly plastic, or saturated or other soils 
which are easily deformed, or which may not be retained in 
the drive cylinder. The use in fine-grained soils containing’ . 
appreciable coarse material may not yield meaningful result 
and may damage the drivecylinder equipment. 

4. Apparatus 
4.1 Drive Cylinders. with diameters of approximately 2 to 

5 %  in. (50 to 140 mm) or larger. Typical details of two types 
of drive cylinders with outside diameters of 3.0 in. (76.2 mm) 
are shown in Figs. 1 and 2. Drive cylinders of other 
diameters will require proportional changes in the drive- 
cylicder tube and drive-head dimensions. The volume of the 
cylinders with the dimensions shown in Figs. 1 and 2 is 
approximately 0.01 ft3 (283 cm3). The apparatus shown in 
Fig. 1 is of a design suitable for use at or near the surface. 
The threaded apparatus shown in Fig. 2 is of a design for use 
at greater depths. 

4.1.1 The number of cylinders required depends on the 
number of samples to be taken and the anticipated rapidity 
by which the cylinders can be returned to service after 
weighing, cleaning, etc. A minimum of Six cylinders is 
recommended. 

4. I .2 The cylinders shown in Figs. 1 and 2 meet the wall 
thickness and area-ratio requirements as set forth by 
Hvonleg for drive samplers, this is 10 to IS%, as defined by 
the following 

where: 
A ,  = [(D,‘ - D,’)/D,2] x 100 (1) - 

A, = area ratio, %, 

’ Hvonkv, M. J, Surface Explontion and Sampling of Soils for Enginming 
Purposcr” Engineering Foundation. 345 E. 47th St, New York, NY 10017. 
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De = maximum external diameter of the drive sampler, 

Di = minimum internal diameter of the drive sampler at 

Cylinders of other diameters should conform to these re- 
quirements. 

4.1.3 When the in-place density is to be used as a basis for 
acceptance of compacted fill, the cylinders shall be as large as 
practical to minimize the affects of errors and shall in no case 
be smaller than 0.025 fi3 (710 cm'). This will require 
cylinders larger than those shown in figs. 1 and 2. 
. 4.2 Drive Head-The typical details of the drive heads 
and appurtenances are shown in Figs. 1 and 2. The drive 
head for use at or near the surface has a sliding weight for 
driving the cylinder. The cylinder to be used at greater depths 
is driven with a hammer or other means. For sampling below 
shallow depths, extensions may be added to the drive rod as 
required to reach the layer to be sampled. 

4.3 Straightedge, steel, approximately % by I'/i by 12 in. 
with one edge sharpened at approximately a 45' angle for 
trimming the ends of the sample flush with the cylinder. 

4.4 Auger-An Iwan or Similar type auger for digging 
below shallow depths. 

4.5 Shovel-Any one of several types of shovels or spades 
is satisfactory in shallow sampling for digging the cylinden 

and 

the cutting edge. 
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out after they have been driven into the soil. 
4.6 Balances-A balance or scale of at least 1-kg capacity 

accurate to 1 .0-g and a balance of 500-g capacity accurate to 
0.1 -g &e required for the cylinders shown in Figs. I and 2. 
Larger cylinders will require a balance of 20-kg capacity 
accurate to 0.1 %. 

4.7 Drying Equipmenr-Equipment and oven to comply 
with Method D 22 16. Other drying equipment may be used 
for rapid evaluation of moisture content if specified (see 7.2). 

4.8 Miscellaneous Equipment-Brushes, sledgehammers, 
plastic bags, metal cans with lids, or other suitable containers 
for retaining the drive cytinder and sample until determina- 
tion of mass and drying, spoons, inside/outside vernier 
caliper, or the equivalent accurate to 0.01 in. (0.0025 mm) 
for calibration, gloves, and safety glasses. 

5. Calibration 
5.1 Before testing begins and periodically thereafter, or 

when damage is suspected, check the cutting edge of the 
drive cylinders (dulled or damaged cylinders may be 
resharpened and reswaged or dixarded). 

5.1.1 Before testing and periodically thereafter, determine 
the mass and volume of each cylinder. Determine and record 
the mass accurately to the nearest 1 g Determine the volume 
of each cylinder by measuring the height and the swagedend 
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Metric EqUN8ki l tS  bf Fgs 1 and 2 

NoTE-AH tolefafa?s am md Machne to fit as required 
n m m m n mm n m 

73 81875 v32 0 794 % 19 050 1 e/’ 6 39 688 2 90625 
0 0625 15875 0 812 20 625 1 Ya 41 275 2 97125 75 46975 .~ ~ ~. - _  - 
1/16 1.588 0.824 20.930 1% 44.450 3 76.200 
H 3.175 0.825 20.955 2 50.800 3’132 76.994 
Wl6 4.762 ‘/e 22.225 2% 57.150 3% 82.550 

2”ha 68.262 6% 168.175 
7 1 T7.800 

’k 6.350 1 .050 26.670 
% 9.525 1% 28.575 2% 69.850 

H 12.700 1VI6 33.338 2’h 73.025 36 914.400 
H 15.875 1% 38.100 2.900 73.660 48 1219.200 

0.2 5.080 1 25.400 2% 63.500 3% 83.344 

711 6 11.112 1% 31 .750 2’Ym 70.638 8% 222.250 

FIG. 2 Typical Design for a Soil Sampler for Use Below Surface 

diameter at four equally spaced points to 0.01 in. (0.254 
mm) and average the respective dimensions. Calculate and 
record the volume to the nearest 0.01 in3 (0.16 mm3). 

5.2 Permanently identlfy each cylinder by a number or 
symbol traceable to the calibration data. It may be desirable 
in some cases to show the mass and volume on the cylinder 
along with the identification. 

6.  Sampling 
6.1 Sampling at or Near the Suface: 
6.1.1 Brush all loose particles From the surface. For 

near-surface sampling (not more than 36 in. (1 m) in depth), 
sample through a hole bored with an auger or dug by a 
shovel from which loosened material has been removed. 
Obtain a fairly level surface before any cylinder is driven. 
Depending on the soil texture and moisture, the surface may 
n .  

be prepared utilizing a bulldozer blade or other heavy 
equipment blades provided the sample area and vicinity are 
not deformed, compressed, torn, or otherwise disturbed. 

6.1.2 Assemble the cylinder and drive head with the 
sharpened edge on the surface to be sampled. Drive the 
cylinder by raising the drop hammer and allowing it to fall. 
Hold the drive rod in a steady and vertical position, keeping 
the drive head in contact with the cylinder. Continue driving 
until the top of the cylinder is approximately Y 2 - h  ( 1 3  mm) 
below the original surface. Overdriving may result in de- 
forming or compressing the sample and may provide e m -  
neous results. Care should be taken to prevent overdri- 
particularly when sampling below the surface. If overdn 
occurs or is suspected, the sample should be discarded ana 
the soil resampled. Remove the drive head and dig the 
cylinder from the ground with a shovel, digging the soil from 
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around the sides of the cylinder and undercutting several 
inches below the bottom of the cylinder before lifting the 
cylinder out. When sampling near, but below, the surface, 

the same procedure, but more soil will necessarily have 
to be dug from around the sides of the cylinder to properly 
undercut the cylinder. 

6.1.3 After the cylinder has been removed from the 
ground, trim any excess soil from the sides of the cylinder. 
Using the straightedge, trim the ends of the sample flush and 
plane with the ends of the cylinder. A satisfactory sample is 
composed of relatively undisturbed soil representative of the 
soil in place and shall not contain rocks, roots, or other 
foreign material. If the cylinder is not full or is not 
representative, discard the sample and take another sample. 
If the cylinder is deformed or otherwise damaged while 
driving it into or removing it from the ground, discard the 
sample and repair or replace the cylinder. Immediately 
determine the mass of the sample and determine the water 
content or place the drive cylinder and sample in a container 
which will prevent soil or water loss until mass and water 
determinations can be made. 

6.2 Sampling Below the Surface: 
6.2.1 Drill a hole with an auger to the elevation of the 

layer to be sampled. Clean the bottom of the hole of 
auger-loosened material as well as possible with a cleaning 
auger or other suitable tool leaving the bottom of the hole 
fairly level. 

6.2.2 Assemble the cylinder to the drive head (and exten- 
sions if needed) and lower the cylinder into the hole, placing 
it firmly on the layer to be sampled. Drive the cylinder into 
the soil by blows of a hammer on the top of the drive rod. 

~ Continue driving until the top of the cylinder is approxi- 
mately 1 in. (25 mm) below the surface being sampled. Care 
must be taken not to overdrive since there is only approxi- 

.,: mately a 24x1. (50-mm) clearance in the drive head. Break . 
the sample from the ground by moving the rod of the 
sampler back and forth. Remove the assembly from the hole 

' and carefully remove the cylinder from the drive head. In 
cases where the sample breaks from the ground slightly 
above the cutting edge, the sample may be forced back 
through the cylinder by carefully pressing the top of the 
sample against a flat surface. Trim any excess soil from the 
cylinder using the straightedge until the sample is flush and 
plane with the ends of the cylinder. If the cylinder is 
deformed or damaged, or if the sample is broken, disturbed, 
or gouged by rocks during driving, discard the sample. 
Immediately determine the mass of a satisfactory sample and 
determine the water content or place the drive cylinder and 
sampler in a container which will prevent soil or moisture 
loss until mas and mater content determinations can be 
made. 

i 
7. Procedure 

7.1 Determine the m a s  of the drive cylinder and soil 
sample to the nearest 1 g and record., 

7.2 Remove the soil from the cylinder. Obtain a represen- 
tative specimen for water content determination, or use the 
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entire sample. Specimens for determining water content are 
to be as large as practical but in no case smaller than 100 g 
and selected in such a way so as to represent all the material 
from the cylinder. Determine the water content of the soil in 
accordance with Method D 2216. Rapid methods of water 
content determination may be used when specified. Rapid 
methods are generally less accurate than Method D 22 16 and 
should only be'used when their accuracy is considered 
sufficient for the testing purpose. 

8. Calculation 
8. I The in-place dry density of the soil is expressed as the 

mass of the dry soil divided by the volume of soil, and is 
usually reported in pounds per cubic foot or kilograms per 
cubic metre. 

8.2 Calculate the dry mass of the drivecylinder sample, 
M3, in grams, as follows: 

(2) 
where: 
M, = mass of the cylinder and wet soil sample, g, 
M2 = m a s  of the cylinder, g, and 
w 

8.3 Calculate the dry density, ps of the drivecylinder 
sample in Ib/ft3 as follows: 

(3) 
where: 
V = volume of the drive cylinder, in3 (to the nearest 0.01 

NOTE 2-It may be desired to express the in-plaa density as a 
percentage of some other dennty, for example, the laboratory maximum 
density, determined in accordance with Test Methods D698. This 

Irelation can be determined by dividing the in-plaa density by the 
maximum density and multiplying by 100. 

9. Report 

M3 = [(Mi - M2)/(100 + w)]  X 100 

= water content, %, dry mass basis. 

Pd = (Md v) (3.8 10) 

in') 

9.1 Report the following information: 
9.1.1 Location, 
9.1.2 Depth below ground surface or elevation of surface, 

9.1.3 Dry density, 
9.1.4 Water content, 
9.1.5 Dimensions and volume of the sampler, 
9.1.6 Visual description of the soil sample, and 
9.1.7 Comments on soil sample disturbance. 

10. Precision and Bias 
10.1 The precision and bias of this test method for 

measuring the density of soils in place by the drivecylinder 
method has not been determined. No available methods 
provide absolute values for the density of the soil in-place 
against which this test method can be compared. The 
variability of the soil and the destructive nature of the test 
method do not allow for the repetitive duplication of test 
results required to obtain a meaningful statistical evaluation. 
Precision is a function of the care exercised in performing the 
steps of the test method given, with attention to systematic 
repetition of the procedure and equipment maintenance. 

or both, 
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flq Designation: D 3441 - 86 

Standard .Test Method for 
Deep, Quasi-Static, Cone and Friction-Cone Penetration / Tests 
of Soil' 

i 

This nandard is kucd under the futd designation D 3441;'the number immediately following the designation indicata the ycU Of 
original adoption or, in the cx.c of revidon. the year of last rebidon. A number io pareohm indicata the year of last RapproVal. A 

This standard has been approved /or uu by agencies of the &panmew OJ Ddeme. Consult the DoD lndu of SpPcilcariom and 
Standardsfor the spec$c year oJissue whhichhhas been adoprd by the Depanmotr oJDtfeme. 

superVript epsilon ( e )  indicara an editorial change sin= the las revision or reapproval. + 

1. scope 
1.1 This test method covers the determination of end 

bearing and side friction, the components of penetration 
resistance whjch are developed during the steady slow 
penetration of a pointed rod into soil. This method is 
sometimes referred to as the 'Dutch Cone test," or "Cone 
Penetration Test" and is often abbreviated as the "CPT." 

1.2 This test method includes the use of both cone and 
frictioncone penetrometers, of both the mechanical and 
electric types. It does not include data interpretation. It also 
includes the penetrometer aspects of piezocone soundings, 
but does not include the details of piezometer construction, 
location, measurement, or data interpretation. 

VOTE I-The European Standard for the CPT uses a tip of right 
idr id  shape as shown in Fig. 3. as their reference test against which 

.er CPTs may be compand. 

1.3 Mechanical penetrometers of the type described in 
this method operate incrementally, using a telescoping 
penetrometer tip, resulting in no movement of the push rods 
during the measurement of the resistance components. 
Design constraints for mechanical penetrometen preclude a 1 
complete separation of the end-bearing and side-friction 
components. Electric penetrometen are advanced continu- 
ously and permit separate measurement of both compo- 
nents. Differences in shape and method of advance between 
cone penetrometer tips may result in significant differences 
in one or both resistance components. 

1.4 This standard may involve hazardous materials, oper- 
ations, and equipment. This standard does not purpon to 
address all of the safety problems associaed with its use. If is 
the responsibility of the user of this standard to establish 
appropriate sakty and health practices and determine the 
applicability of regulatory limitations prior to use. 

2. Defiiitions 
2.1 cone-the cone-shaped point of the penetrometer tip, 

upon which the end-bearing resistance develops. 
2.2 cone penetrometer-an instrument in the form of a 

Cylindrical rod with a conical point designed for penetrating 
Soil and soft rock and for measuring the end-bearing 
'omponent of penetration resistance. 

3 
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2.3 cone resistance or end-bearing resistance. q,-the 
resistance to penetration developed by the cone, equal to the 

projected area. 
2.4 cone sounding-the entire series of penetration tests 

performed at one location when using a cone penetrometer. 
2.5 electric penetrometer-a penetrometer that uses elec- 

tric-force transducers built into a nontelescoping penetrom- 
eter tip for measuring, within the tip, the component(s) of 
penetration resistance. 

2.6 friction-cone penetrometer-a cone penetrometer With 
the additional capability of measuring the local side friction 
component of penetration resistance. 

2.7 friction-cone sounding-the entire series of peneua- 
tion tests performed at one location when using a friction- 
cone penetrometer. 

2.8 friction ratio, Rl-the ratio of friction resistance to 
cone resistance, fJq0 expressed in percent. 

2.9 fiction resistance, f,-the resistance to penetration 
developed by the friction sleeve, equal to the vertical force 
applied to the sleeve divided by its surface area. This 
resistance consists of the sum of friction and adhesion. 

2.10 fiiction sleeve-a section of the penetrometer tip 
upon which the local side-friction resistance develops. 

2.11 inner rods-rods that slide inside the push rods to 
extend the tip of a mechanical penetrometer. 

2.12 mechanical penetrometer-a penetrometer that uses 
a set of inner rods to operate a telescoping penetrometer tip 
and to transmit the component(s) of penetration resistance 
to the surface for measurement. 

2.13 penetrometer tip-the end section of the penetrom- 
eter, which comprises the active elements that sense the soil 
resistance, the cone, and in the case of the friction-cone 
penetrometer, the friction sleeve. 

2.13.1 Discussion--?be addition of a piezometer to the 
electric penetrometer tip permits the measurement of pore 
water pressure during and after stopping tip penetration. A 
penetrometer including a piezometer is known as a piezo- 
cone penetrometer, or just pietocone. 

2.14 piezocone sounding-the entire series of penetration 
tests performed at one location when using a piezocone 
penetrometer. 

2.15 p u h  rods--the thick-walled tubes, or other suitable 
rods, used for advancing the penetrometer tip to the required 
test depth. 

3. Significance and Use 

vertical force applied to the cone divided by its horizontally 
r 

- 
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! propenies of soil intended to help with the design and 
construction of earthworks and the foundations for struc- 
tures. 

3.2 This test method'tests the soil in place and does not 
obtain soil samples. The interpretation of the results from 
this method requires knowledge of the types of soil pene- 

. trated. Engineers usually obtain this soil information from 
xparallel borings and soil sampling methods, but prior infor- 
mation or experience may preclude the need for borings. 

3.3 Engineers often correlate the results of tests by this test 
method with laboratory or other types of field tests, or 
directly with performance. The accuracy of such correlations 
will vary with the type of soil involved. Engineers usually rely 
on local experience to judge this accuracy. 

3.4 Most engineers with offshore experience have also 
found this test method suitable for offshore use. 

- 

4. Apparatus 
4.1 General: 
4.1.1 Cone-The cone shall have a 60' (-CY) point angle 

and a base diameter of 1.406 .+ 0.016 in. (35.7 f 0.4 mm), 
resulting in a projected area of 1.55 in.* (10 cm2). The point 
of the cone shall have a radius less than 

NOTE 2-Cone  tips with larger end afeas may be used to inrreav 
measurement sensitivity in weak soils. Experience with elearid tips 
with end area betwen 0.78 in.' (5 cm') and 3.10 in? (20 cm') has 
shown that they produce data similar to the 1.55 in.' (10 cm') standard 
provided they maintain the same tip geomeuy. Cone tip Sizes in this 
range may be used for special circumstances provided the cone tip and 
friction slceve (if any) area is noted 

4.'1.2 Friction Sleeve, having the same outside diameter 
+0.024 to -O.,ooO in. (+0.5 to -0.0 mm) as the base 
diameter of the cone (see 4.1.1). No other part of the 
penetrometer tip shall project outside the sleeve diameter. 
Tbe surface area of the sleeve shall be 23.2 in? (150 cm') 
2 2  %. 

4.1.3 Steel-The cone and friction sleeve shall be made 
from steel of a type and hardness suitable to resist wear due 
to abrasion by soil. The friction sleeve shall have and 

in. (3 mm). 

maintain with-use a roughness of 20 pin. (0.5 pm) AA, 
+50 X. 

4.1.4 Push Rods-Made of suitable steel, these rods must 
have a section adequate to sustain, without buckling, the 
thrust required to advance the penetrometer tip. They must 
have an outside diameter not greater than the diameter of the 
base of the cone for a length of at least 1.3 ft (0.4 m) above 
the base, or, in the case of the frictioncone penetrometer, at 
least 1.0 ft (0.3 m) above the top of the friction sleeve. Each 
push rod must have the same constant inside diameter. They 
must screw or attach together,to bear against each other and 
form a rigid-jointed string of rods with a continuous, straight 
axis. I 

4.1.5 Inner Rodr-Mechanical penetrometers require a 
separate set of steel, or other metal alloy, inner rods within 
the steel push rods The inner rods must have a constant 
outside diameter with a roughness, excluding waviness, less 
than 10 pin. (0.25 pm) AA. They must have the Same length 
as the push r e  (gO.004 in. or M. 1 mm) and a cross section 
adeuate  to transmit the cone re+ktance without buckling or 
other damage. Clearance between inner rods and push rods 

\ 
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shall be between 0.020 and 0.040 in. (0.5 and 1 .O mm). 
6.8.1. :.,e 

4.1.6 Measurement Accuracy-Maint&n the thru  
suring instrumentation to obtain thrust measurements 
within 25 % of the correct values. 

NOTE 3-Special. and preferably redundanL instrumentation may 
required in the ollihore environment to assure this accuracy and &e 
proper operation of all the remote systems involved. 

'! 
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4.2 Mechanical Penetrometers: 
4.2.1 The sliding mechanism necessaxy in a mechanical 

penetrometer tip must allow a downward movement of &e 
cone in relation to the push rods of at least 1.2 in. (30.5 mm). 

NOTE 4-At c c 6 n  combinations of depth and tip mistancds). the 
elastic compression of the inner rods may exceed the dowward stroke 
that the thrust machine can apply to the inner rods relative to the push 
rods. In this cay, the tip will not extend and the thrust r a d n g s  will 
elastidy to the end of the machine stroke and then jump abrupdy 
when the thrust machine makes contact with the push rodr 

4.2.2 Mechanical penetrometer tip design shall include 
protection against soil entering the sliding mechanism and 
affecting the resistance component@) (see 4.2.3 and Note 5). 

4.2.3 Cone Penetromeler-Figure 1 shows the desi& and 
action of one mechanical cone penetrometer tip. A.mantle of 
reduced diameter is attached above the cone to minimize 
possible soil contamination of the sliding mechanism. 

NOTE 5-An unknown amount of side friction may develop along 
this mantle and be included in the cone rcsistana. 

4.2.4 Friction-Cone Penetrometer- figure 2 show--"'-e 
design and action of one telescoping mechanical fi . 
cone penetrometer tip. The lower part of the tip, incIucL-, a 
mantle to which the cone attaches, advances !irst until the 
flange engages the friction sleeve and then both advance. 

NOTE &The shoulder at the lower end of the friaion slave 
encounters end-bearing resistance. In sands as much as two thirds of the 
slave nsistana may consist of bearing on this shoulder. l b o e  this 
effect in soft to medium clays. 

35.7 r m m l  

COLLAPSED EXTENDED 

FiQ. 1 Exnmple of a Mechanical Cam Penetrometer Ttp (Dutch 
Mantle Cum) 
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penetrometers shall permit continuous advance and re- 
cording over each push rod-length interval. 

4.3.2 Friction-Cone Penetromerer-The bottom of the 
friction sleeve shall not be more than 0.4 in. (10 mm) above 
the base of the cone. The same requirements as 4.3.1 apply. 
Figure 4 shows one design for an electric frictioncone 

4.3.3 Orher Penetrometers-Electric penetrometers may 
include other transducer measurements as well as, or instead 
of, the friction sleeve measurement. Common ones are 
inclinometers to assist with the alignment control of the tip 
(see 6.3) and piezometers to provide additional data on soil 
stratigraphy and behavior. 

4.4 Thrust Machrne-This machine shall provide a con- 
tinuous stroke, preferably over a distance greater than one 
push rod length. The machine must advance the penetrom- 
eter tip at a constant rate while the magnitude of the thrust 
required fluctuates (see 5.1.2). 

NOTE 1--Deep penetration soundings usually require a hut capa- 
bility of at least 5 tons (4s k37. Most modern machoa  usc hydraulic 
pistons with IO to 20-ton (90 to 180-kNl 

4.5 Reaction Equipment-The proper performance of the 
static-thrust machine requires a stable, static reaction. 

NOTE &The type of reaction provided may affea the penetrometer 

’: 

~ penetrometer tip. / d 

I 

capablty. 

1 rcslstance(s) m w u d  parucularly in the surface or near-surface layers 
COLLAPSED EXTENDED 

, 2 Example of a Mechanical Friction-Cone Penetrometer l i p  5. h C e d W e  

(Begemann Friction-Cone) 5.1 General: 
- 5.1.1 Set up the thrust machine for a thrust direction as 

4.2.5. Measuring Equipment-Measure the penetration Deaf vertical as practical. 
resistancds) at the surface by a suitable device such as a 5.1.2 Raze of Penewation--Maintain a rate of depth 
hydraulic or electric load cell or proving ring. penetration of 2 to 4 ft/min (10 to 20 mm/s) 225 9% when 

4.3 Ekctric Penetrometers: obtaining resistance data. Other rates of penetration may be 
4.3.1 cone Penelrometer-Figure 3 shows one design for used between tests. 

’an ek t r iccone  penetrometer tip. The cone resistance is NoTE 9--7he of ( lo  mm/s) provida time the 

cone. An electric cable or other suitable system Vansmits the mechanical frictionsone penetrometer. T h e  rate of 4 R/mh (20 mm/s) 
~nsdUCer  signals to a data recording system. Elecuiccone is suitable for the YngJe resistaoce reading required when using the 

measured by of a force transducer attached to *e opentor 10 rad properly the resistance valua when using the 

FIG. 3 aectrkcOne Penetrometer l ip  
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1 con& pant (10- 
2 Loadce4 
3 Stramgages 
4 Fnt30-1 sleeve (150 
5 Adjustmenrnng 
6 Waterptoof bustwg 
7 cable 
8 CoMeawnwthrods 

FIG. 4 Electric FrictionCone Penelrometer l ip  - 
mechanical cone penetrometer and provides for the eficient operation 
of electric penetrometers. The European standard requires 4 fl/min (20 
mm/s). 
NOTE IO-Rata of penetration either slower or faster than the 

standard rate may be used for special arcurnstanas, such as pore 
pressure measurements This is permissible provided the rate actually 
used and the reason for the deviation is noted on the test record. 
NOTE I I-Pore prcsrura generated ahead of and around the pene- 

trating cone or friction cone penetrometer tip can haw an impomant 
e l k t  on the q, and& valua measured. Piemcone tips with sirndla- 
neous pore pressure measurement capability have proven uvful to help 

’ evaluate such effms and to provide additional data about the 
stratigraphy and cngmeering properties of the soils penetrated. 

5.2 Mechanical PeneJrometers: 
5.2.1 Cone PeneJromeJer-(1) Advance penetrometer tip 

to the required test depth by applying sufficient thrust on the 
push rods; and (2) Apply suficient thrust on the inner rods 
to extend the penetrometer tip (see Fig 1). Obtain the cone 
resistance at a specific point (see 5.2,.3) during the downward 
movement of the inner rods relative to the stationary push 
rods. Repeat step (I). Apply suficient thrust on the push 
pds to collapse the extended tip and advance it to a new test 
depth. By continually repeating this two-step cycle, obtain 
cone resistance data at increments of depth. This increment 
shall not ordinarily exceed 8 in. (203 mm). 

5.2.2 Friction-Cone PeneJromeJer-use this penetrom- 
eter as described in 5.2.1 but obtain two resistances during 
the step (2) extension of the tip (see figs. 2 and 5). Fint 
obtain the cone I.esistance during the initial phase of the 
extension. When the lower part of the tip engages and pulls 
down the friction sleeve, obtain a second measurement of the 
total resistance of the cone plus the sleeve. Subtraction gives 
the sleeve resistance. ~ 

NOTE 12-Becausc of s d  layering, the cone resistance may change 
during the additional downuard movement of the tip required to obtain 
the friction measurement 

NOTE 13-The scd friction along the decve puts an additional 
overburden load on tbe soil above the cone and ~y incrrav a n t  
rrsinancc above that m d  during the initial phase of the tip 
extension by an unknown but probably mall amount. Ignore this 
CffCSL ~ 

5.2.3 Recording Dam-To obtain reprMucible cone-* 
t -sistadce test data or m n e  and 6iction-resistanCe test data 

~ 

L- 

~ 
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t when using a frictioncone tip, record only those thrust 
readings that occur at a welldefined point during the 
downward movement of the top of the inner rods in relation 
to the top of the push rods. Because of the elastic compres- 
sion of inner rods (see Note 4), this point o r d i n 9 y  should 
be at not less than 1.0 in. (25 mm) apparent relative 
movement of the inner rods. When using the frictioncone 
penetrometer, this point shall be just before the cone engages 
the friction sleeve. 

NIXE 14-Figurr 5 shows one example of how the thrust ir r -  

hydraulic load cell cao vary during the extension of the frictionco. 
Note the jump in gage pressure when the ?ne engages the slave. 

5.2.3.1 Obtain the cone plus friction-resistance reading as 
soon as possible aRer the jump so as to minimize the emor 
described in fig. 5 .  Unless using continuous recording as in 
Fig. 5 ,  the operator should not record a cone plus friction 

‘resistance if he suspects the cone resistance is changing 
abruptly or erratically. 

5.3 Electric Penetrometers: 
5.3.1 If using continuous electric cable, prethread it 

through the push rods. 
5.3.2 Record the initial reading(s) with the penetrometer 

tip hanging freely in air or in water, out of direct sunlight, 
and after an initial, short penetration, test hole so that the tip 
temperature is at soil temperature. 

5.3.3 Record the cone resistance, or cone resistance and 
friction resistance, continuously with depth or note them at 
intervals of depth not exceeding 8 in. (203 mm). 

5.3.4 At tbe end of a sounding, obtain a final set of 
readings as in 5.3.2 and check them against the initial set. 
Discard the sounding, and repair or replace the tip if this 
check is not satisfactory for the accuracy desired for the 
resistance component(s). 

6. SpecGTechaiques and Precautions 
6.1 Reduction of Friction Along Push R d - T h e  p u n x ~ e  

of this friction reduction is to increase the penetrr - 
depth capability, and not to reduce any differences b . 
resistance components determined by mechanical and elec- 
tric tips as noted in 1.3. To accomplish the ~ c t i o n  reduc- 
tion, intmdua a special rod witb an enlarged diameter or 

4 / 
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TEADY STATE WlER SEEM 
PXjAGED ( I N  THIS WE STIU 
A P ( 3 w  INCrzEAS IN C O N  E- 
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SLEEVE AN) M- I M R T I f f i  STATIC TO 
STEADY STATE B E F E  M ) V I f f i  FRICTION 
WED ( I N  THIS CASE A SLOW- 
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xid projections, called a 'friction reducer," into the string 
Jf push rods or between the push rods and the tip. Another 
allowable ,method to reduce friction is to use push rods with 
a diametei less than that of the tip. In accordance with 4.1.4, 
any such-projections or changes in diameter must bWn no 
closer than 1 .O ft (0.3 m) from the base of the cone or the top 
of the fridon sleeve when using cones with the standard 
4.1.1 diameter. For other cones (see Note 2) use no closer 
than 8' diameters. 

N m  I S-Non-mechanical techniques to reduce fridon, such as the 
of drilling mud above the tip, are also allowable. 

6.2 Prevention of Rod Bending Above Sufare-Use a 
tubular rod guide, at the base of the thrust machine, of 
sufficient length to prevent significant bending of the-push 
rods between the,machine and the ground surface. 

NoTE I&special situations, such as when working through mtet. 
ariu Q u i r t  a special F e r n  of casing suppon to restrid adequately the 
buCLling of the push rods. 

' 6.3 Drift of Tip-For penetration depths exceeding about 
40 h (12 m), the tip will probably driA away from a vertical 
&€Dment. Occasionally, serious driRing occurs, even at less 

Reduce drifting by using push rods that are initially 
%%ht and by making sure that the initial cone penemtion 
lato Soil does not involve unwanted, initial lateral thrust. 
P a n g  through or alongside an obstruction such as boul- 
dets, soil concretions, thin rock layers, or inclined dense 

may deflect the tip and induce drifting. Note any 
'n&Cations of encountering such obstructions yid be alert 
for.Possible subsequent improper tip operation as a sign of 
- 0 ~ s  drifting, < 

NOTE 1 7 - E l d c  pencuometcr tips may also incorporate an incli- 
nometer to monitor drift and provide a warning when it becomes 

6.4 Wear of Tip-Penetration into abrasive soils eventu- 
ally wears down or scours the penetrometer tip. Discard tips, 
or parts thereof, whose wear changes their geometry or 
surface roughness they no longer meet the requirements of 
4.1. Permit minor scratches. 

6.5 Distance Between Cone and Fricrion Sleeve-The 
friction resistance of the sleeve applies to the soil at some 
distance above the soil in which the cone resistance was 
obtained at the same time. When comparing these resis- 
tances for the soil at a specified depth, for example when 
computing friction ratios or when plotting these data on - 
graphs, take proper account of the vertical distance between 
the base of the cone and the midheight of the Friction sleeve. 

6.6 Intemplions-The engineer may have to interrupt 
the normal advance of a static penetration test for purposes 
such as removing the penetrometer and drilling through 
layers or obstructions too strong to penetrate statically. If the 
penetrometer is designed to be driven dynamically without 
damage to its subsequent static performance (those illus- 
trated herein in Figs. I to 4 are not so designed), the engineer 
may drive past such layers or obstructions. Delays of over 10 
min due to personnel or equipment problems shall be 
considered an interruption. Continuing the static penetration 
test after an interruption is permitted provided this addi- 
tional testing remains in conformance with this standard. 
Obtain further resistance component data only after the tip 
passes through the engineer's estimate of the disturbed zone 
resulting from the nature and depth of the interruption. As 
an alternative, readings may be continued without tirst 

exceSs1vc. 
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making the additional tip penetration and the disturbed zone 
evaluated from these data. Then disregard data within the 
disturbed zone. 

NOTE I(l-In~crmption of the piczocone sounding afkr a push 
&lows the engineer 10 examine the dissipation of positive of negative 
eXccss pore water pressurr. 

6.7 Below or Aa'jacent 10 Boring-A cone or friction- 
cone sounding shall not be performed any closer than 25 
boring diameters from an existing, unbackfdled, uncased 
boring hole. When performed at the bottom of a boring the 
engneer should estimate the depth below the boring of the 
disturbed zone and disregard penetration test data in this 
zone. The depth may vary from one to five diameters. Where 
the engineer does not have sufficient experience with this 
variable a depth of at least three boring diameters should be 
Used. I 

6.8 Mechanical Penerrornet ers: 
6.8. I Inner Rod Friction-Soil particles and corrosion 

can increase the friction between inner rods and push rods, 
possibly resulting in significant errors in the measurement of 
the resistance component(s). Clean and lubricate the inner 
rods. 1 

6.8.2 Weight of Inner Rods-For improved accuracy at 
low values of cone resistance, correct the thrust data to 
include the accumulated weight of the inner rods from the 
tip to the topmost rod. 

6.8.3 Jamming-Soil panicles between sliding surfaces or 
bending of the tip may jam the mechanism during the many 
extensions and collapses of the telescoping mechanical tip. 
s top the sounding as soon as uncorrectable jamming occurs. 

6.9 Electric Penetrometers: 
6.9.1 Water Seal-Provide adequate waterproofing for 

the electric transducer. Make periodic checks to assure that 
no water has passed the seals. 

7. Report 
7.1 Graph of Cone Resistance, qc-Every report of a cone 

or frictioncone sounding shall include a graph of the 
variation of cone resistance (in units of ions or kPa) with 
depth (in feet or metres). Successive cone-resistance test 
values from the mechanical cone and frictionane pene- 
trometers, usually determined at equal increments of  depth 
and plotted at the depth corresponding to the depth of the 
measurement, may be connected with straight lines as an 

, 

approximation for a continuous .graph. 
7.2 Fricfion-Cone Penefromefer: 
7.2.1 Graph oJFricrion Resistance. L-In addition to the 

graph of cone resistance (7.1) the report may include an 
adjacent or sui>erposed graph of friction resistance or friction 
ratio, or both, with depth. Use the same depth scale as in 7. I 
(see 6.5). 

7.2.2 Graph ojFriction Ratio, RrIf the report includes 
soil descriptions estimated from the frictiontone penetrom. 
eter data, include a graph of the variation of friction ratio 
with depth. Place this graph adjacent to the graph for cone 
resistance, using the same depth scale (see 6.5). 

7.3 Piezocone Penetrometer-In addition to the 7.1 and 
7.2 report requirements. a pietocone sounding shall include 
a parallel graph, to the same depth scale, of measured pore 
water pressure during the penetration versus depth. Excess 
pore water pressure versus time plots may also be con- 
structed at those depths where the piezocone sounding is 
interrupted (see Note 1). 

7.4 General-The operator shall record his name, the 
name and location of the job, date of sounding sounding 
number, location coordinates, and soil and water surface 
elevations (if available). The report shall also include a note 
as to the type of penetrometer tip used, the type of thrust 
machine, tip and thrust calibration infomation, or both, any 
zerodrift noted, the method used to provide the reaction 
force, if a friction reducer was used, the method of tip 
advancement, the method of recording, the condition of the 
rods and tip after withdrawal, and any special difficulties or 
other observations concerning the performance of the equj 
ment. 

1.5 Deviafionsfiom Standard--The report shall state that 
the test procedures were in accordance with this Test Method 
D 3441. Describe completely any deviations trom this test 
method. i 

8. Precision and Bias \ 
8.1 Because of the many variables involved and the lack 

of a superior standard, engineers have no direct data to 
determine the bias of this method. Judging from its observed 
reproducibility in approximately uniform soil deposits, plus 
the qc and measurement effects of special equipment and 
operator care, persons familiar with this method estimate its 
precision as follows: / L  

8.1.1 Mechanical Tips-Standard deviation of 10 Sb in q, 

8.1.2 Electric Tips-Standard deviation of 5 X in qc and 
and 20 Om in/, 

10 7% in f, 
NOTE 20-Theu data may not match similar data from mechanical 

tips (sa 1.3). 
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(# Designation: D 4318 - 84 ' 

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

This nandard is issued under the fixed designation D 4318; h e  number immediately folloaing tbe designation indicates the year of 
original adoption or. in the cau of revision. the year of lasl revision. A number in parcntbevs indicates the ytar of lasl reappmd. A 
superscript epsilon ( e )  indicates an editorial change sin= tbc last rebision or reapproval. 

This standard has been approved for use by agencies of the Departmenf o/ Defense. Consult the DoD Index of Spffijicarions and 
Standards for the spffijic year'of irsue which has been adopled by [he Depanmenr of D d m e .  

1. scope 
1.1 This test method covers the determination of the 

liquid limit, plastic limit, and the plasticity index of soils as 
defined in Section 3. 

1.1.1 Two procedures for preparing test specimens and 
'two procedures for performing the liquid limit are provided 

A Multipoint test using a wet preparation procedure, 
described in Sections 10.1, 1 1, and 12. 

B Multipoint test using a dry preparation procedure, 
described in Sections 10.2, 11, and 12. 

C One-point test using a wet preparation procedure, 
sdescribed in Sections 13, 14, and 15. 

D One-point test using a dry preparation procedure, 
described in Sections 13, 14, and 15. 

The procedure to be used shall be specified by the requesting 
authority. If no procedure is specified, Procedure A shall be 
Used. 

as follows: 

.- 

N q  I --Prior to the adoption of this test method, a curved grooving 
tool was specified as pan of the apparatus for performing the liquid limit 
test The curved tool is not considered to be as accurate as the flat tool 
described in 6.2 since it does not control the depth of the soil in the 
liquid limit cup. However, there are some data which indicate that 
typically the liquid limit is slightly increased when the flat tool is used 
instead of the curved tool. ~ 

1.1.2 The plastic limit test procedure is described in 
Sections 16, 17, and 18. The plastic limit test is performed on 
material prepared for the liquid limit test. In effect, there are 
two procedures for preparing test specimens for the plastic 
limit test. 

1.1.3 The procedure for calculating the plasticity index is 
given in Section 19. 

1.2 The liquid limit and plastic limit of soils (along Wit6 
the shrinkage limit) are often collectively referred to as the 
Atterberg limits in recognition of their formation by Swedish 
soil scientist, A. Atterberg These limits distinguish the 
boundaries of the several consistency states of plastic soils. 

1.3 As used in this test method, soil is any natural 
aggregation of mineral or organic materials, mixtures of such 

' 
1 ~ b i r  test m d d  is u d a  thejuridiciion of- Committee 1 ~ 1 8  on soil 

aad Rock and b the diner raponsiity of Subcommittee D18.03 on Texture. 
Plhuicity. and Density alammm= . .  ofSoit* 

Current edition approval Oa. 26.1984. Published Dcmnber 1984. Originally - 
publiasd u D4318 - 83. W prrvioW edition D4318 -83". 

materials, or artificial mixtures of aggregates and natural 
mineral and organic particles. 

1.4 The multipoint liquid limit procedure is somewhat 
more time consuming than the one-point procedure when 
both are performed by experienced operators. However, the 
one-point procedure requires the operator to judge when the 
test specimen is approximately at its liquid limit. In cases 
where this is not done reliably, the multipoint procedure is as 
fast as the one-point procedure and provides additional 
precision due to the information obtained from additional 
trials. It is particularly recommended that the multipoint 
procedure be used by inexperienced operators. 

1.5 The correlations on which the calculations of the 
one-point procedure are based may not be valid for certain 
soils, such as organic soils or soils from a marine environ- 
ment. The liquid limit of these soils should therefore be 
determined by the multipoint procedure (Procedure A). 

1.6 The liquid and plastic limits of many soils that have 
been allowed to dry before testing may be considerably 
different from values obtained on undried samples. If the 
liquid and plastic limits of soils are used to correlate or 
estimate the engineering behavior of soils in their natural 
moist state, samples should not be permitted to dry before 
testing unless data on dried samples are specifically desired. 

1.7 The composition and concentration of soluble salts in 
a soil affect the values of the liquid and plastic limits as well 
as the water content values of soils (see Method D 2216). 
Special consideration should therefore be given to soils fiom 
a marine environment or other sources where high soluble 
salt concentrations may be present. The degree to which the 
salts present in these soils are diluted or concentrated must 
be given consideration if meaningful results are to be 
obtained. 

1.8 Since the tests described herein are performed only on 
that portion of a soil which passes the 425ym (No. 40) sieve, 
the relative contribution of this portion of the soil to the 
properties of the sample as a whole must be considered when 
using these tests to evaluate the properties of a soil. 

1.9 The values stated in acceptable metric units are to be 
regarded as the standard. The values given in parentheses are 
for information only. 

1.10 This standard may involve hazardous materials, 
operations, and equipment. This standard does not purport to 
address all of the safety problems associated with its use. It is 
the responsibility of whoever uses this standard to consult and 
establish appropriate saJ2ty and health practices and detm- 
mine the applicability of regulatory limitations prior to use. 

- 
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2. Referenced Documents 

2.1 ASTM Standards: 
C 702 Methods for Reducing Field Samples of Aggregate 

to Testing Size2 
D 75  Practice for Sampling Aggregates4 
D420 Practice for Investigating and Sampling Soil and 

Rock for Engineering Purposes4 
D 653 Terminology Relating to Soil, Rock, and Contained 

Fluids4 
D 124 1 Specification for Materials for Soil-Aggregate 

Subbase, Base, and Surface Courses4 
D2216 Method for Laboratory Determination of Water 

(Moisture) Content of Soil, Rock, and Soil-Aggregate 
Mixtures4 

D 2240 Test Method for Rubber Property-Durometer 
Hardness' 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes4 

D 2488 Practice for Description and Identification of Soils 
(Visual-Manual Pr~cedure)~  

D3282 Practice for Classification of Soils and Soil-Ag- 
gregate Mixtures for Highway Construction Purposes4 

E 1 1  Specification for Wire-Cloth Sieves for Testing 

E 3 19 Methods of Testing Single-Arm Balances' 
E 898 Method of Testing Tophading,  Direct-Reading 

PurpOSeS' 1 

Laboratory Scales and Balances' \ 

1 3. Definitions 
3.1 Atterberg limits-originally, Seven "limits of consist- 

ency" of fine-grained soils were defined by Albert Atterberg. 
In current engineering usage, the term usually refers only to 
the liquid limit, p l q i c  limit, and in some references, the 
shrinkage limit. 

3.2 consistencpthe relative ease with which a soil can be 
deformed. 

3.3 liquid limit (LL)-the water content, in percent, of a 
soil at the arbitrarily defined boundary between the liquid 
and plastic states. This water content is defined as the water 
content at which a pat of soil placed in a standard cup and 
cut by a groove of standard dimensions will flow together at 
the base of the groove for a distance of 13 mm (l/2 in:) when 
subjected to 25 shocks from the cup being dropped 10 mm in 
a standard liquid limit apparatus operated at a rate of 2 
shocks per second. 

NOTE 2-The undrained shear strength of soil at the liquid Limit is 
considered to be 2 f 0.2 kpa (0.28 psi). 

3.4 plastic limit (PL)-the water content, in percent, of a 
soil at the boundary between the plastic and brittle states. 
The water content at this boundary is the water content at 
which a soil can no longer be deformed by rolling into 3.2 
mm ('/E in.) in diameter threads without crumbling. 

3.5 plastic soil-a soil which has a range of water content 
over which it exhibits plasticity and which will retain its 
shape on drying. 

. 

2 Annual Book of ASTM Siana'ardr. VolW.02. 
Annual Book of ASTM Slandar&. Vok 04.02.04.03. and 04.08. 
Annual Book of A S M  ~ ~ & ,  Vol04.08. 
Annual Book ofASTM Slanakrds, Vol09.01. 
Annual Bodr of ASTM Slanakrds, Vol 14.02. 

3.6 plasticity index (PI)-the range of water content over 
which a soil behaves plastically. Numerically, it is 
difference between the liquid limit and the plastic limit. 

3.7 liquidity index-the ratio, expressed as a percentage, 
of ( 1 )  the natural water content of a soil minus its plastjc 
limit, to (2) its plasticity index. 

3.8 activity number (A)-the ratio of (I) the plasticity 
index of a soil to (2) the percent by weight of particles habing 
an equivalent diameter smaller than 0.002 mm. - 
4. Summary of Method 

4.1 The sample is processed to remove any material 
retained on a 425ym (No. 40) sieve. The liquid limit is 
determined by performing trials in which a portion of the 
sample is spread in a brass cup, divided in two by a groobing 
tool, and then allowed to flow together from the shocks 
caused by repeatedly dropping the cup in a standard me- 
chanical device. The multipoint liquid limit, Procedures A 
and B, requires three or more trials over a range of witer 
contents to be performed and the data from the trials plotted 
or calculated to make a relationship from which the liquid 
limit is determined. The one-point liquid limit, Procedures C 
and D, uses the data from two trials at one water content 
multiplied by a correction factor to determine the liquid 
limit. 

4.2 The plastic limit is determined by alternately pressing 
together and rolling into a 3.2 mm (% in.) diameter thread a 
small portion of plastic soil until its water content is reduced 
to a point at which the thread crumbles and is no longer ahk 
to be pressed together and rerolled. The water content o 
soil at this stage is reported as the plastic limit. 

between the liquid limit and the plastic limit. 

5. Significance and Use 
5.1 This test method is used as an integral part of several 

engineering classification systems to characterize the fine- 
grained fractions of soils (see Test Method D2487 and 
Practice D 3282) and to specify the fine-grained fraction of 
construction materials (see Specification D 124 1). The liquid 
limit, plastic limit, and plasticity index of soils are also used 
extensively, either individually or together with other soil 
properties to correlate with engineering behavior such as 
compressibility, permeability, compactibility, shrink-well, 
and shear strength. ' 

5.2 The liquid and plastic limits of a soil can be used with 
the natural water content of the soil to express its relative 
consistency or liquidity index and can be used with the 
percentage finer than 2 y m  size to determine its activity 
number. 

5.3 The one-point liquid limit procedure is frequently 
used for routine classification purposes. When greater preci- 
sion is required, as when used for the acceptance of a 
material or for correlation with other test data, -the 
multipoint procedure should be used. 

5.4 These methods are sometimes used to evaluate the 
weathering characteristics of clay-shale materials. ' 
subjected to repeated wetting and drying cycles, the 
limits of these materials tend to increase. The amount of 
increase is considered to be a measure of a shale's suscepti- 
bility to weathering. 

' 

4.3 The plasticity index is calculated as the difference 
1 

\ 
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5.5 The liquid limit of a soil containing substantia 

. amounts of organic matter decreases dramatically when the 
soil is ovendried before testing. Comparison of the liquid 
limit of a sample before and after oven-drylng can therefore 
be used as a qualitative measure of organic matter content of 
a soil. 
\ 

6.  Apparatus 
6.1 Liquid Limit Device-A mechanical device consisting 

of a brass cup suspended from a carriage designed to control 
its drop onto a hard rubber base. A drawing showing the 
essential features of the device and the critical dimensions is 
given in Fig. 1. The design of the device may vary provided 
that the essential functions are preserved. The device may be 
operated either by a hand crank or by an electric motor. 

6.1.1 Base-The base shall be hard rubber having a D 
Durometer hardness of 80 to 90, and a resilience such that 
an 8-mm (%-in.) diameter polished steel ball, when dropped 

rebound of at least 80 % but no more than 90 %. The tests 
shall be conducted on the finished base with feet attached. 

6.1.2 Feel-The base shall be supported by rubber feet 
designed to provide isolation of the base from the work 
surface and having an A Durometer hardness no greater than 
60 as casu red  on the finished feet attached to the base. 

6.1.3 Cup-The cup shall be brass and have a weight, 
including cup knger, of 185 to 215 g. 

6.1.4 Cam-The cam shall raise the cup smoothly and 
continuously to its -'mum height, oyer,a distance of at 

\ from a height of 25 cm (9.84 in.) will have an average 

D 4310 
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least 80" of cam rotation. The preferred cam motion is a 
uniformly accelerated lift curve. The design of the cam and 
follower combination shall be such that there is no u p w d '  
or downward velocity of the cup when the cam follower 
leaves the cam. 

NOTE 3-The cam and follower design in Fig. I is for uniformty 
accelerated (parabolic) motion after contact and assures that the cup has 
no velocity at drop off. Other cam designs also provide this feature and 
may be used. However, if the cam-follower Lift pattern is not known, 
zero velocity at drop off can be assured by carefully filing or machining 
the cam and follower so that the cup height remains anstant over the 
last 20 to 45' of cam rotation. 

6.1.5 Carriage-The cup carriage shall be constructed in 
a way that allows convenient but secure adjustment of the 
height of drop of the cup to 10 mm (0.394 in.). The cup 
hanger shall be attached to the carriage by means of a pin 
which allows removal of the cup and cup hanger for cleaning 
and inspection. 

6.1.6 Optional Motor Drive-As an alternative to the 
hand crank shown in Fig. I ,  the device may be equipped with 
a motor to turn the cam. Such a motor must turn the cam at 
2 It 0.1 revolutions per second and must be isolated from the 
rest-of the device by rubber mounts or in some other way 
that prevents vibration from the motor being transmitted to 
the rest of the apparatus. It must be equipped with an 
ON-OFF switch and a means of conveniently positioning the 
cam for height of drop adjustments. The results obtained 
using a motor-driven device must not differ from those 
obtained using a manually operated device. 

1 
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DIMENSIONS 
c 

ESSENTIAL. DIMENSIONS 
a 

' B A C K  AT LEAST I5 MY FROM T I P  

I N O T E :  D I M N S I O N  A SHOULD B E  1.9-2.0 AND DIMENSION D 
SHOULD BE 8.0-8.1 -WHEN NEW TO ALLOW FOR 

ADEQUATE SERVICE L I F E  

FIG. 2 Grooving Tool (Optional-Height-of-Drop Gage Attached) 

6.2 Flat Grooving Too1-A grooving tool having dimen- 
sions shown in Fig. 2. The tool shall be made of plastic or 
noncorroding metal. The design of the tool may vary as long 
as the essential dimensions are maintained. The tool may, 
but need not, incorporate the gage for adjusting the height of 
drop of the liquid limit device. 

6.3 Gage-A metal gage block for adjusting the height of 
' drop of the cup, having the dimensions shown in Fig. 3. The 

design of the tool may vary provided the, gage will rest, 
securely on the base without being suxeptible to rocking, 
and the edge which contacts,the cup during adjustment is 
straight, at least 10 mm (H in.) wide, and without bevel or 
radius. 

, 

DIMENSIONS IN MILLIMETRES . 

FIQ 9 kwgMotDropQf#a 

/ 

SECTION 

6.4 Containers-Small corrosion-resistant containers with 
snug-fitting lids for water content specimens. Aluminum or 
stainless steel cans 2.5 cm (1 in.) high by 5 cm (2 in.) in 
diameter are appropriate. 

6.5 Balance-A balance readable to at least 0.01 g and 
having an accuracy of 0.03 g within three standard devia- 
tions within the range of use. Within any 15-g range, a 
difference between readings shall be accurate within 0.01 g 
(Notes 4 and 5). 

NOTE A C u  Metbods E 898 and E 3 19 for an explanation of terms 
relating to balance pdormana. 
NOTE 5-For frequent use, a toploading type balance 4th aut* 

matic load indication, readable to 0.01 g, and having an index of 
precision (standard deviation) of 0.003 or bma is most suitable for this 
method. However, nonautomatic indicating equal-arm analytical bal- 
ances and some small equal arm top pan balances having readabilities 
and sensitivities of 0.002 g or better provide the required accuracy when 
used with a weight set of ASTM Class 4 (National Bureau of Standards 
Clas P) or Mer. Ordinary c o m m d  and dassroom type balances 
suchas beam balances arc not suitable for this method. 

6.6 Sforage Container-A container in which to store the 
prepared soil specimen that will not Contaminate thr *- 

imen in any way, and which prevents moisture A L 

porcelain, glass, or plastic aish about 11.4 cm (4% in.! in 
diameter and a plastic bag large enough to enclose the dish 
and be folded over is adequate; 

- 
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POINT WHERE 
CUP CONTACTS BASE 

HEIGHT GAUGE 

MASKING TAPE APPLIED A S  AID 
IN ADJUSTMENT OPER*TION 

FIG. 4 Calibration for Height of Drop 

6.7 Ground Glass Plate-A ground glass plate at least 30 
cm (12 in.) square by 1 cm ( 3 h  in.) thick for mixing soil and 
rolling plastic limit threads. 

6.8 Spatulu-A spatula or pill knife having a blade about 
2 cm (Vi in.) wide by about 10 cm (4 in.) long. In addition, a 
spatula having a blade about 2.5 cm (1 in.) wide and 15 cm 
(6 in.) long has been found useful for initial mixing of 

6.9 Sieve-A 20.3 cm (8 in.) diameter, 425ym (No. 40) 
sieve conforming to the requirements of Specification E 11  
and having a rim at least 5 cm (2 in.) above the mesh. A 
2-mm (No. IO) sieve meeting the same requirements may 
also be needed. 

6.10 Wash Bottle, or similar container for adding con- 
trolled amounts of water to soil and washing fines from 
coarse particles. 

6.1 1 .Drying Oven-A thermostatically controlled oven, 
preferably of the forceddraft type, capable of continuously 
maintaining a temperature of 110 +: 5'C throughout the 
drying,chamber. The oven shall be equipped with a ther- 
mometer of suitable range and accuracy for monitoring oven 
temperature. 

6.12 Washing Pan-A round, flat-bottomed pan at least 
7.6 cm (3 in.) deep, slightly larger at the bottom than a 
20.3-cm (841.) diameter sieve. 

6.13 Rod (optional)-A metal or plastic rod or tube 3.2 
mm (H in.) in diameter and about 10 cm (4 in.) long for 
judging the size of plastic iimit threads. 

.-. samples. 

,.- 

i 

t 

7. Materials 
7.1 - A supply of 'distilled or demineralized water. ~. _ _  

8. Sampling 
8.1 Samples may be taken from any location that satisfies 

testing needs. However, Methods C 702, Practice D 75, and 
Recommended Practice D 420 should be used as guides for 
selecting and preserving samples from various types of 
sampling operations. Samples which will be prepared using 
the wet preparation procedure, 10.1, must be kept at their 
natural water content prior to preparation. 

8.2 Where sampling operations have preserved the natural 
: stratification of a sample, the various strata must be kept 
' separated and tests performed on the particular stratum of 

interest with as little contamination as possible from other 
strata. Where a mixture of materials will be used in construc- 

. ( 

tion, combine the various components in such proportions 
that the resultant sample represents the actual construction 

8.3 Where data from this test method are to be used for 
correlation with other laboratory or field test data, use the 
Same material as used for these tests where possible. 

8.4 Obtain a representative portion from the total sample 
sufficient to provide 150 to 200 g of material passing the 
425ym (No. 40) sieve. Free flowing samples may be reduced 
by the methods of quartering or splitting. Cohesive samples 
shall be mixed thoroughly in a pan with a spatula, or scoop 
and a representative portion scooped from the total mass by 
making one or more sweeps with a scoop through the mixed 
mass. 

case. 

9. Calibration of Apparatus 
9.1 Inspection of Wear: 
9.1.1 Liquid Limit Device-Determine that the liquid 

limit device is clean and in good working order. The 
following specific points should be checked: 

9.1.1.1 Wear of Base-The spot on the base where the 
cup makes contact should be worn no greater than 10 mm 
(W in.) in diameter. If the wear spot is greater than this, the 
base can be machined to remove the worn spot provided the 
resurfacing does not make the base thinner than specified in 
6.1 and the other dimensional relationships are maintained. 

9.1.1.2 Wear ofcup-The cup must be replaced when the 
grooving tool has worn a depression in the cup 0.1 mm 
(0.004 in.) deep or when the edge of the cup has been 
reduced to half its original thickness. Verify that the cup is 
firmly attached to the cup hanger. 

9.1.1.3 Wear of Cup Hunger-Verify that the cup hanger 
pivot does not bind and is not worn to an extent that allows 
more than 3-mm (%-in.) side-teside movement of the lowest 
point on the rim. 

9.1.1.4 Wear of Cam-The cam shall not be worn to an 
extent that the cup drops before the cup hanger (cam 
follower) loses contact with the cam. 

9.1.2 Grooving Tools-Inspect grooving tools for wear on 
a frequent and regular basis. The rapidity of wear depends on 
the material from which the tool is made and the types of 
soils being tested. Sandy soils cause rapid wear of jgwving 
tools; therefore, when testing these materials, tools should be 
inspected more frequently than for other soils. Any tool with 
a tip width greatm than 2.1 mm must not be used The depth 
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of the tip of the grooving tool must be 7.9 to 8.1 mm. 
N m  &The width of the tip of grooving took IS conveniently 

checked using a pocket-sized measuring magnifier equipped with a 
rndlimetre d e .  Magnifies of this type are available from most 
laboratory supply companies. The depth of the tip of grooving tools can 
be checked using the depth measuring feature of vernier calipers. 

9.2 Adjustmen2 of Height of Drop-Adjust the height of 
drop of the cup so that the point on the cup that comes in 
contact with the base rises to a height of 10 f 0.2 mm. See 
Fig. 4 for proper location of the gage relative to the cup 
during adjustment. 
NOTE 7-A convenient procedure for adjusting the height of drop is 

as follows: plaa a p i e  of masking tape across the outside bottom of the 
cup parallel with the axk of the cup hanger pivot. The edge of the tape 
away from the cup hanger should bisect the spot on the cup that contacts 
the base. For new cups, placing a piece of carbon paper on the base and 
allowing the cup to drop several times will mark the contact spot. Attach 
the cup to the device and turn the crank until the cup is raised to its 
maaimum height. Slide the height gage under the cup from the front, 
and observe whether the gage contacts the cup or the tape. See Fig. 4. If 
the tape and cup are both contacted, the height of drop is approximately 
correct. If not, adjust the cup until simultaneous contact is made. Check 
adjustment by turning the crank at 2 revolutions per second while 
holding the gage in position against the tape and cup. If a ringing or 
clicking sound is heard without the cup rising from the gage, the 
adjustment is correct If no ringing is heard or if the cup rises from the 
gage, readjust the height of drop. If the cup rocks on the gage during this 
checking operation, the cam follower pivot is excessively worn and the 
worn pans should be replaad. Always remove tape after completion of 
adjustment operation. 

MULTIPOINT LIQUID LIMIT-PROCEDURES A AND B 

10. Preparation of Test Specimens 
10.1 Wet Preparation-Except where the dry method of 

specimen preparation is specified (10.2), prepare specimens 
for test as described in the following sections. 

10.1.1 Samples Passing fhe 425-pm (No. 40) Sieve- 
When by visual and manual procedures it is determined that 
the sample has little or no material retained on a 425ym 
(No. 40) sieve, prepare a specimen of 150 to 200 g by mixing 
thoroughly with distilled or demineralized water on the glass 
plate using the spatula. If desired, soak soil in a storage dish 
with small amount of water to soften the soil before the start 
of mixing. Adjust the water content of the soil to bring it to a 
consistency that would require 25 to 35 blows of the liquid 
limit device to close the groove (Note 8). If, during mixing, a 
small percentage of material is encountered that would be 
retained on a 425ym (No. 40) sieve, remove these particles 
by hand, if possible. If it is impractical to remove the coarser 
material by hand, remove small percentages (less than about 
15 %) of coarser material by working the specimen through a 
425ym (No. 40) sieve using a piece of rubber sheeting, 
rubber stopper, or other convenient device provided the 
operation does not distort the sieve or degrade material that 
would be retained if the washing method described in 10.1.2 
were used. If larger percentages of coarse material are 
encountered during mixing, or it is considered impractical to 
remove' the coarser material by the methods just described, 
wash the sample as described in 10.1.2. When the coarse 
particles found during mixing are concretions, shells, or 
other fragile particles, do not crush these particles to make 
them pass a 425ym (No. 40) sieve, but-iemove by hand or 
by washing. Place the mixed soil in the storage dish, cover to 

prevent loss of moisture, and allow to stand for at least 16 h 
(overnight). After the standing period and immed; 
before starting the test, thoroughly remix the soil. 
NOTE 8-The time taken to adequately mix a soil will vary greatly, 

depending on the plasticity and initial water content. Initial mixlng 
times of more than 30 min may be needed for stiff, fat clays. 

10.1.2 Samples Containing Material Retained on a 425- 
pm (No. 40) Sieve: 

IO. I .2.1 Select a sufficient quantity of soil at natural water 
content to provide 150 to 200 g of material passing the 
425ym (No. 40) sieve. Place in a pan or dish and add 
sufficient water to cover the soil. Allow to soak until all 
lumps have softened and the fines no longer adhere to the 
surfaces of the coarse particles (Note 9). 
NOTE 9-In some cases, the cations of salts present in tap water will 

exchange with the natural cations in the soil and significantly alter the 
test results should tap water be used in the soaking and washing 
operations. Unless it is known that such cations are not present in the 
tap water, distilled or demineralized water should be used. As a general 
rule. water containing more than 100 mp/L of dissolved solids should 
not be used for washing operations. 

10.1.2.2 When the sample contains a large percentage of 
material retained on the 425ym (No. 40) sieve, perform the 
following washing operation in increments, washing no more 
than 0.5 kg (1 lb) of material at one time. Place the 425-pm 
(No. 40) sieve in the bottom of the clean pan. Pour the soil 
water mixture onto the sieve. If gravel or coarse sand 
particles are present, rinse as many of these as possible with 
small quantities of water from a wash bottle, and d i r - 4 .  
Alternatively, pour the soil water mixture over a 2-mrr 
10) sieve nested atop the 425ym (No. 40) sieve, rim. 
fine material through and remove the 2-mm (No. 10) sieve. 
After washing and removing as much of the coarser material 
as possible, add sufficient water to the pan to bring the level 
to about 13 mm (l/2 in.) above the surface of the 425ym (No. 
40) sieve. Agitate the slurry by stirring with the fingers while 
raising and lowering the sieve in the pan and swirling the 
suspension so that fine material is washed from the coarser 
particles. Disaggregate fine soil lumps that have not slaked by 
gently rubbing them over the sieve with the fingertips. 
Complete the washing operation by raising the sieve above 
the water surface and rinsing the material retained with a 
small amount of clean water. Dixard material retained on 
the 425-pm (No. 40) sieve. 

10.1.2.3 Reduce the water content of the material passing 
the 425ym (No. 40) sieve until it approaches the liquid 
limit. Reduction of water content may be accomplished by 
one or a combination of the following methods: (a )  exposing 
the air currents at ordinary room temperature, (6) exposing 
to wann air currents from a source such as an electric hair 
dryer, (c) filtering in a Biichner funnel or using filter candles, 
(d) decanting clear water from surface of suspension, or (e) 
draining in a colander or plaster of park dish lined with high 

- retentiviry, high wet-strength filter paper.' If a plaster of paris 
dish is used, take care that the dish never becomes sufli- 
ciently saturated that it fails to actively absorb water into its 
surface. Thoroughly dry dishes between uses. During e 
ration and cooling, stir the sample often enough to p. 
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overdrying of the fringes and soil pinnacles on the surface of 
the mixture. For soil samples containing soluble salts, use a 
method of water reduction such as a or b that will not 
eliminate the soluble salts from the test specimen. 

10.1.2.4 Thoroughly mix the material passing the 425ym 
(No. 40) sieve on the glass plate using the spatula. Adjust the 
water content of the mixture, if necessary, by adding small 
increments of distilled or demineralized water or by allowing 
the mixture to dry at room temperature while mixing on the 
glass plate. The soil should be at a water content that will 
result in closure of the groove in 25 to 35 blows. Return the 
mixed soil to the mixing dish, cover to prevent loss of 
moisture, and allow to stand for at least 16 h. After the 
standing period, and immediately before starting the test, 
remix the soil thoroughly. 

10.2 Dry Preparation: 
10.2.1 Select sufficient soil to provide 150 to 200 g of 

material passing the 425-pm (No. 40) sieve after processing. 
Dry the sample at room temperature or in an oven at a 
temperature not exceeding 60°C until the soil clods will 
pulverize readily. Disaggregation is expedited if the sample is 
not allowed to completely dry. However, the soil should have 
a dry appearance when pulverized. Pulverize the sample in a 
mortar with a rubber tipped pestle or in some other way that 
does not cause breakdown of individual grains. When the 
coarse particles found during pulverization are concretions, 
shells, or other fragile particles, do not crush these particles 
to make them pass a 425ym (No. 40) sieve, but remove by 

10.2.2 Separate the sample on a 425ym (No. 40) sieve, 
/ shaking the sieve by hand to assure thorough separation of 

the finer fraction. Return the material retained on the 
425-ji@ (No. 40) sieve to the pulverizing apparatus and 
repeat-!he pulverizing and sieving operations as many times 
as necessary to assure that all finer material has been 

~ .. - hand or other suitable means, such as washing. 
: 

disaggregated and material retained on the 425-pm (No. 40) 
sieve consists only of individual sand or gravel grains. 

10.2.3 Place material remaining on the 425-pm (No. 40) 
sieve a e r  the final pulverizing operations in a dish and soak 
in a small amount of water. Stir the soil water mixture and 
pour over the 425-pm (No. 40) sieve, catching the water and 
any suspended fines in the washing pan. Pour this suspension 
into a dish containing the dry soil previously sieved through 
the 425ym (No. 40) sieve. Discard material retained on the 
425-pm (No. 40) sieve. 

10.2.4 Adjust the water content as necessary by drying as 
described in 10.1.2.3 or by mixing on the glass plate, using 
the spatula while adding increments of distilled or 
demineralized water, until the soil is at a water content that 
will result in  closure of the groove in 25 to 35 blows. 

10.2.5 Put soil in the storage dish, cover to prevent loss of 
moisture and allow to stand for at least 16 h. After the 
standing period, and immediately before starting the test, 
thoroughly remix the soil (Note 8). 

11. Procedure 
1 1.1 Place a portion of the prepared soil in the cup of the 

liquid Limit device at the point where the cup rests on the 
base, squeeze it down, and spread it into the cup to a depth 
of about 10 mm at its deepest point, tapering to form an 
approximately horizontal surface. Take care to eliminate air 
bubbles from the soil pat but form the pat with as few strokes 
as possible. Heap the unused soil on the glass plate and cover 
with the inverted storage dish or a wet towel. 

11.2 Form a groove in the soil pat by drawing the tool, 
beveled edge forward, through the soil on a line joining the 
highest point to the lowest point on the rim of the cup. When 
cutting the groove, hold the grooving tool against the surface 
of the cup and draw in an arc, maintaining the tool 
perpendicular to the surface of the cup throughout its 

.~ . 
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FIG. 6 Soil Pat After Groove Ha8 Closed 

movement. See Fig. 5.  In soils where a groove cannot be 
made in one stroke without tearing the soil, cut the grckve 
with several strokes of the grooving tool. Alternatively, cut 
the groove to slightly less than required dimensions with a 
spatula and use the grooving tool to bring the groove to final 
dimensions. Exercise extreme care to prevent sliding the soil 
pat relative to the surface of the cup. 

11.3 Vedy that no crumbs of soil are present on the base 
or the underside of the cup. Lift and drop the cup by turning 
the crank at a rate of 1.9 to 2.1 drops per second until the 
two halves of the soil pat come in contact at the bottom of 
the groove along a distance of 13 mm (1/z in.). See Fig. 6. 

NOTE IO-Usc the end of the grooving tool. Fig. 2, or a scale to venfy 
that the groove bas closed 13 mm ('h in.). 

11.4 Verify that an air bubble has not caused premature 
closing of the groove by observing that both sides of the 
groove have flowed together with approximately the same 
shape. If a bubble has caused premature closing of the 
groove, reform the soil in the cup, adding a small amount of 
soil to make up for that lost in the grooving operation and 
repeat 1 1.1 to I 1.3. If the soil slides on the surface of the cup, 
repeat 1 1.1 through 1 1.3 at a higher water content. If, after 
several trials at successively higher water contents, the soil 
pat continues to slide in the cup or if the number of blows 
required to close the groove is always less than 25, record 
that the liquid limit could not be determined, and report the 
soil as nonplastic without performing the plastic limit test. 

1 1.5 Record the number of drops, N, required to close the 
groove. Remove a slice of soil approximately the width of the 
spatula, extending from edge to edge of the soil cake at right 
angles to the groove and including that portion of the groove 
in which the soil flowed together, place in a weighed 
container, and cover. 

11.6 Return the soil remaining in the cup to the glass 
.I. plate. Wash and dry the cup and grooving tool and reattach 

i .  . 

the cup to the camage in preparation for the next trial. 
11.7 Remix the entire soil specimen on the glass plate 

adding distilled water to increase the water content of the soil 
and decrease the number of blows required to cloy--the 
groove. Repeat 1 1.1 through 1 1.6 for at least two add ' ' 

trials producing successively lower numbers of blows tL - 
the groove. One of the trials shall be for a closure requinng 
25 to 35 blows, one for closure between 20 and 30 blows, and 
one uial for a closure requiring I5 to 25 blows. 

11.8 Determine the water content, W ,  of the soil spec- 
imen from each trial in accordance with Method D 2216. 
Make all weighings on the same balance. Initial weighlngs 
should be performed immediately after completion of the 
test. If the test is to be interrupted for more than about 15 
min, the specimens already obtained should be weighed at 
the time of the interruption. 

12. Calculations 
12.1 Plot the relationship between the water content, W,,., 

and the corresponding number of drops, N, of the cup on a 
semilogarithmic graph with the water content as ordinates on 
the arithmetical scale, and the number of drops as abscissas 
on the logarithmic scale. Draw the best straight line through 
the three or more plotted points. 

12.2 Take the water content corresponding to the inter- 
section of the line with the 25-drop abscissa as the liquid 
limit of the soil. Computational methods may be substituted 
for the graphical method for fitting a straight line to the data 
and determining the liquid limit. 

ONE-POINT LIQUID LIMIT-PROCEDURES C AND D 

13. Preparation of Test Specimens 
Ae- 

scribed in Section 10, except that at mixing, adjust the water 
content to a consistency requiring 20 to 30 drops of the 

13.1 Prepare the specimen in the same manner 
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TABLE 1 Factom for Obtaining Uquid Limit from Water Content 
and Number of Drops Causing Closure of Groove. 

N K '  

20 0.974 
21 0.979 
22 0.985 
23 0.990 
24 0.995 
25 1 .Ooo 
26 1.005 
27 1.009 
28 1.014 
29 1.01 8 
30 1.022 

(Numberof Drops) (Feaoc for Liquid rn) 

liquid limit cup to close the groove. 

14. Procedure 
14.1 Proceed as described in 1 1.1 through 1 1.5 except that 

the number of blows required to close the groove shall be 20 
to 30. If less than 20 or more than 30 blows are required, 
adjust the water content of the soil and repeat the procedure. 

14.2 Immediately after removing a water content spec- 
imen as described in 11.5, reform the soil in the cup, adding 
a small amount of soil to make up for that lost in the 
grooving and water content sampling operations. Repeat 
1 1.2 through 11.5, and, if the second closing of the groove 
requires the same number of drops or no more than two 
drops difference, secure another water content specimen. 
Otherwise, remix the entire specimen and repeat. 
NOTE 11-Excessive drying or inadequate mixing will cause the 

.iumber of blow to vary. 

14.3 Dktermine water contents of specimens as described 
in 11.8.--' 

15. Calculations 

specimen using one of the following equations: 

:. 

*. 

i 

15.1 Determine the liquid limit for each water content 

N 0.121 
L L -  wN(Z) or 

LL. = K(WJ 

where: 
N = the number of blows causing closure of the groove at 

- water content, 
~ W, = water content, and 

The liquid limit is the average of \the two trial liquid limit 

15.2 If the difference between the two trial liquid limit 

K 

values. 

values is greater than one percentage point, repeat the test. 

PLASIlC LIMIT 

= a factor given in Table 1. 

16. Preparation of Test Specimen 
16.1 Select a 20-g portion of soil from the material 

prepared for the liquid limit test, either after the second 
mixing before the test, or from the soil remaining after 
bmpletion of the test. Reduce the water content of the soil 
to a consistency at which it can be rolled without sticking to 
the hands by spreading and mixing continuously on the glass 
plate. The drying process may be accelerated by exposing the 

soil to the air current from an electric fan, or by blotting with 
paper that dcks not add any fiber to the soil, such as hard 
surface paper toweling or high wet-strength filter paper. 

17. Procedure 
17.1 From the 20-g mass, select a portion of 1.5 to 2.0 g. 

Form the test specimen into an ellipsoidal mass. RoU this 
m a s  between the palm or fingers and the ground-glass plate 
with just sufficient pressure to roll the m a s  into a thread of 
uniform diameter throughout its length (Note 12). The 
thread shall be further deformed on each stroke so that its 
diameter is continuously reduced and its length extended 
until the diameter reaches 3.2 f 0.5 mm (0.125 f .020 in.), 
taking no more than 2 min (Note 13). The amount of hand 
or finger pressure required will vary greatly, according to the 
soil. Fragle soils of low plasticity are best rolled under the 
outer edge of the palm or at the base of the thumb. 

NOTE 12-A normal rate of rolling for most soils should bc 80 to 90 
strokes per minute, counting a stroke as one complete motion of the 
hand fomard and back to the starting position. This rate of rolling may 
have to be decreased for very fragile soils. 

NOTE 13-A 3.2-mm (%-in.) diameter rod or tubt is useful for 
frequent comparison with the soil thread to ascertain when the thread 
has reached the proper diameter, especially for inexperienced operaton. 

17.1.1 When the diameter of the thread becomes 3.2 mm, 
break the thread into several pieces. Squeeze the pieces 
together, knead between the thumb and fvst finger of each 
hand, reform into an ellipsoidal mass, and reroll. Continue 
this alternate rolling to a thread 3.2 mm in diameter, 
gathering together, kneading and rerolling, until the thread 
crumbles under the pressure required for rolling and the soil 
can no longer be rolled into a 3.2-mm diameter thread (See 
Fig. 7). It has no significance if the thread breaks into threads 
of shorter length. Roll each of these shorter threads to 3.2 
mm in diameter. The only requirement for continuing the 
test is that they are able to be reformed into an ellipsoidal 
m a s  and rolled out again. The operator shall at no time 
attempt to produce failure at exactly 3.2 mm diameter by 
allowing the thread to reach 3.2 mm, then reducing the rate 
of rolling or the hand pressure, or both, while continuing the 
rolling without further deformation until the thread falls 
apart. It is permissible, however, to reduce the total amount 
of deformation for feebly plastic soils by making the initial 
diameter of the ellipsoidal mass nearer to the required 
3.2-mm final diameter. If crumbling occurs when the thread 
has a diameter greater than 3.2 mm, this shall be considered 
a satisfactory end point, provided the soil has been previ- 
ously rolled into a thread 3.2 mm in diameter. Crumbling of 
the thread will manifest itself differently with the various 
types of soil. Some soils fall apart in numerous small 
aggfegations of particles, othen may form an outside tubular 
layer that starts splitting at both e$s .  The splitting 
progresses toward the middle, and finally, the thread falls 
apart in many small platy particles. Fat clay soils require 
much pressure to deform the thread, particularly as they 
approach the plastic limit. With these soils, the thread breaks 
into a series of barrel-shaped segments about 3.2 to 9.5 mm 
(% to H in.) in length. 

17.2 Gather the portions of the crumbled thread together 
and place in a weighed container. Immediately cover the 
container. i 
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FIG. 7 Lean Clay Soil at the Plastic Limit 

17.3 Select ancJulcA 1.5 to 2.0 g portion of wildfrom the 
original 20-g specimen agd repeat the operations described 
in 17.1 and 17.2 until the container has at least 6 g of soil. 

17.4 Repeat 17.1 through 17.3 to make another container 
holding at least 6 g of soil. Determine the water content, in 
percent, of the soil contained in the containers in accordance 
with Method D 2216. Make all weighing on the same 
balance. 
NOTE 14-The intent of performing two plastic limit trials is to 

verify the consistency of the test results. It is acceptable practia to 
perform only one plastic limit trial when the consistency in the test 
results can be confirmed by other means. 

I 

18. Calculations 
18.1 Compute the average of the two water contents. If 

the difference between the two water contents is greater than 
two percentage points, repeat the test. The plastic limit is the 
average of the two water contents. 

PLASTICITY INDEX 

19. Calculations 
19. I &culate the plasticity index as follows: 

PI = LL - PL 
where: 
LL = the liquid limit, 
PL = the plastic limit. 

Both LL and PL are whole numbers. If either the liquid 
limit or plastic limit could not be determined, or if the plastic 
limit is equal to or greater than the liquid limit, report the 
soil as nonplastic, NP. 

20. Report 
.20.1 Report the following information: 

20.1.1 Sample identifying information, 
20.1.2 Any special specimen selection process used, such 

as removal of sand lenses from undisturbed sample, 
20.1.3 Report sample as airdried if the sample was 4r- 

dried before or during preparation, 
20.1.4 Liquid limit, plastic limit, and plasticity in. J 

the nearest whole number and omitting the percent designa- 
tion. If the liquid limit or plastic limit tests could not be 
performed, or if the plastic limit is equal to or greater than 
the liquid limit, repon the soil as nonplastic, NP, 

20.1.5 An estimate of the percentage of sample retained 
on the 425ym (No. 40) sieve, and 

20.1.6 Procedure by which liquid limit was performed, if 
it differs from the multipoint method. 

I 

', 

21. Precision and Bias 
I 

I 

21.1 No interlaboratory testing program has as yet been 
conducted using this test method to determine multilab 
oratory precision. 

2 1.2 The within laboratory precision of the results of tests 
performed by different operators at one laboratory on two 
soils using Procedure A for the liquid limit is shown in Table 
2. 

TABLE 2 Wrthin Laboratoy Precirion for Liquid Limit 
Standard i 

Deviabon. s Average Value. 'R 
~~ . -  

soil A. 
PL 21.9 1.07 
LL 27.9 1.07 

soil a. 
FL 20.1 121 
LL 32.6 0.98 
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Standard Guide for 
Pore-Liquid Sampling from the Vadose Zone' L 

This standud is irtucd undcr the fmd designation D 46% the number immediately following the designatio0 indicates tbc ~ a r  d 
Oh@@ ado*on or. io Ihe case of revision. tk yeu of last d o n .  A Dumber in parrothcscs indicates the yar of kn mpprod. A 
wupencripr epsilon (0 indicara an edilorid change sncx  tbc Lst ~virioo or reapprod. 

1. scope 
1.1  This guide discussw equipment and procedures used 

for sampling pore-liquid from the vadose zone (unsaturated 
zone). The guide is limited to in-situ techniques and does not 
include soil core collection and extraction methods for 
obtaining samples. 

1.2 The term "pore-liquid" is applicable to any liquid 
from aqueous pore-liquid to oil. However, all of the samplers 
described in this guide were designed, and are used to sample 
aqueous pore-liquids only. The abilities of these samplers to 
collect other pore-liquids may be quite different than those 
described. 

1.3 Some of the samplers described in this guide are not 
currently commercially available. These samplers are pre- 
sented because they may have been available in the past, and 
may be-encountered at sites with established vadose zone 
monitoring programs. In addition, some of these designs are 
particularly suited to specific situations. If needed, these 
samplers could be fabricated. 

1.4 The values stated in SI units are to be regarded'as the 
standard. 

1.5 This standard does not purport to' address all of the 
safety problems, if any, associaed mith its use. I t  is the 
responsibility ofthe user of this standard to establish appre 
priate sofay and health practices and determine the applica- 
bility of regulatory limitations prior IO use. 

2. Referenced Documents 
2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

. 

i 

Fluids2 

3. Terminology 
3.1 Definitions: 
3.1.1 Where reasonable, prgcise terms and names have 

been used within this guide. However, certain terms and 
names with varying definitions are ubiquitous within the 
literature and industry of vadose zone monitoring. For 
purposes of recognition, these terms and names have been 
included in the guide with their most common usage. In 
these instances, the common definitions have been included 
in Appendix X 1. Examples of such terms are soil, lysimeter, 
vacuum and pore-liquid tension. 

- 

3.2 Descriptions of Terms Swcific to This Standard: - 

this guide. More comprehensive compilations, that were 
used as sources for Appendix X 1, are (in decreasing order of 
their usage): 

3.2.1.1 Terminology D 653, 
3.2.1.2 Compilaion of ASTM Terminology,' 
3.2.1.3 Glossary of Soil Science Terms, Soil Science 

3.2.1.4 Webster's New Collegiate Dictionary.' 
Society of America' and, 

4. Summary of Guide 
4.1 Pores in the vadose zone can be saturated or unsatur- 

ated. Some samplers are designed to extract liquids from 
unsaturated pores; others are designed to obtain samples 
from saturated pores (for example, perched ground water) or 
saturated macropores (for example, fissures, cracks, and 
burrows). This guide addresses these categories. The sampler 
types d i x d  are: 

4.1.1 Suction samplers (unsaturated sampling), (see Sec- 
tion 7), 

4.1.2 Free drainage samplers (saturated sampling), (set 
Section 8), 

4.1.3 Perched ground water samplers (saturated sam- 
pling), (see Section 9), and 

4. I .4 Experimental absorption smpled- ( u k t u r a h  
sampling), (see Section 10). 

4.2 Most samplers designed for sampling liquid from 
unsaturated pores may also be used to sample from saturated 
pores. This is useful in areas where the water table fluctuates, 
so that both saturated and unsaturated conditions occur at 
different times. However, samplers designed for sampling 
from saturated pores cannot be used in unsaturated condi- 
tions. This is because the liquid in unsaturated pores is held 
at less than atmospheric pressures (see Richard's oufJoW 
principle, in Appendix Xl). 

4.3 The discussion of each sampler is divided into specific 
topics that include!: 

4.3.1 Operating principles, 
4.3.2 Description, 
4.3.3 Installation, 
4.3.4 Operation, and 
4.3.5 Limitations. 

5. Signifkmce a d  Use 
5.1 Sampling from the vadose zone may be an impoWt - .- 

3.2.1 Appendix x-1 is a am$&& ofbow terms used in component of some ground Water monitoring SUatga It 
can provide information regarding contaminant tmospofi 
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include cellulose-acetate hollow-fiber samplen, membrane 
filter samplen, and vacuum plate samplers They an gener- 
ally limited to depths less than about 7.5 m. 

6.1.9 Installation m&ments of the samplers, 
. 6.1.10 Operational requirements of the samplers, 

r; 1.1 1 Commercial availability, and 

these criteria arc dkussed inLthis guide. 7.2 Opmaring'PrinCiples: 
7.2.1 General: - 7.2.1.1 Suction lysimetcn consist of a hollow, porous 

.~boldhaDltmbaria-~d~tocbrtinddcrraa,atbtead #ctionattachedtoasamplevcsselorabodytube.Samples 
an obtained by applying suction to the sampler and WE dthis&rbdud 
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/- 
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lecting pore-liquid in the body tube. Samples are retrieved by 
a variety of methods. 

7.2.1.2 Unsaturated portions of the vadose zone consist of 
interconnecting soil particles, interconnecting air spaces, and 
interconnecting liquid films. Liquid films in the soil provide 
hydraulic contact between the saturated porous section of 
the sampler and the soil (see Fig. I). When suction greater 
than the soil pore-liquid tension is applied to the sampler, a 
pressure potential gradient towards the sampler is created. If 
the meniscuses of the liquid in the porous segment are able 
to withstand the applied suction (depending on the max- 
imum pore sizes and hydrophobicity/hydrophilicity), liquid 
moves into the sampler. The abilify of the menixuses to 
withstand a suction decreases with increasing &re sue and 
also with increasing hydrophobicity of the porous segment 
(see 7.6). If the maximum pore sizes are too large and 
hydrophobicity too great, the menixuses are not able to 
withstand the applied suction. As a result, they break down, 
hydraulic contact is lost, and only air enters the sampler. As 
described in 7.6, ceramic porous segments are hydrophilic 
and the maximum pore sites are small enough to allow 
menixuses to withstand the entire range of sa,mpling suc- 
tions. h n t l y  available polytetrafluoroethylene (FTFE) 
porous segments are hydrophobic, the maximum pore sizes 
are larger, and only awery limited range of sampling suction 
can be applied before menixuses break down and sampling 
ends (see 7.6.1.3). Therefore,. samplers made with F7FE 
porous segments may be used only for sampling soils with 
low Pre-liquid tensions (12, 17). 

7.2.1.3 The ability of a sampler to withstand applied 
Suctions can be directly measured by its bubbling pressure. 
The bubbling pressure is measured by saturating the porous 
segmenS immersing it in water, and pressurizing the inside 
of the porous segment ,with air. The pressure at which air 
starts bubbling through the porous segment into the sur- 
rounding water is the bubbling pressure. The magnitude of 
the bubbling pressure is equal to the magnitude of the 
maximum suction that can be applied to the rampler before 
air entry occurs (air entry value). Because the bubbling 

SATURATED 
POROUS 

pressure is a direct measure of how a sampler will perform, it 
is more useful than measurement of port s i  distributioru 

7.2.1.4 As soil pore-liquid tensions increase (low pore 
liquid contents). pressure gradients towards the sampkr 
decrease. Also, the soil hydraulic conductivity decrease 
exponentially. These result in lower flow rates into thc 
sampler. At pore-liquid tensions a,bove about 60 (for coarse 
grained soils) to 80 cbar (for fine grained soils), the flow rate 
are effectively zero and samples cannot be collected. 

7.2.2 Suction Lysimeters: 
7.2.2.1 Vacuum lysimeters directly transfer samples to the 

surface via a suction line. Because tbe maximum suction lift 
of water is about 7.5 m, these samplers cannot be operatcd 
below this depth. In reality, suction lifts of 6 m should be 
considered a practical maximum depth. 

7.2.2.2 Samples may be retrieved using the same tech. 
nique as for vacuum lysimeters or, for deeper applications, 
the sample is retrieved by pressurizing the sampler with one 
line; this pushes the sample up to the surface in a second line. 

7.2.2.3 Hi& pressure-vacuum lysimeters operate in the 
same manner as pressure-vacuum lysimeters. However, tbcy 
include an inbuilt check transfer vessel or a chamba 
between the sampler and the surface. This prevents sample 
loss through the porous section during pressurization, and 
prevents possible cup damage due to overpressurization. 

7.2.2.4 Suction lysimeters with low bubbling pressures 
available in each of the three previous designs. The odY 
difference between these samplers and the three preVioUr 
designs is that these porous SeCtions are made with 
The low bubbling pressure (and h e n a  large pore Site o f  

hydrophobicity, or both) of PTFE constrains these sampla 
to soils that are nearly saturated (see 7.2.1.2 and 7.6.1.3). 

7.2.3 Filter Tip Samplers-Samples are collected from 1 
filter tip sampler by lowering an evacuated sample vial do- 
an a m  tube to a permanently emplaced porous tip. Tbt 
vial is connected to the porous tip and sample flows throush 
the porous section and into the vial. Once full, the vial 1 
retrieved. 

7.2.4 Experimental Suction Samplers-Experimental Sue 
tion samplers generally operate on the same principle 
vacuum lysimeters with different combinations of pomu 
materials to enhance hydraulic amtact. The samplers 
generally 6ragile and dimcult to install. As with vacua  
lysimeters, they are generally limited to depths of less 
about 7.5 m. 

7.3 DescriplioK 
7.3. I Vacuum Lysimeters: 
7.3.1.1 Vacuum lysimeters generally consist of a pornur 

cup mounted on the end of a tube, similar to a tendom? 
The cup is attached to the tube with adhesides (18') or wdb 
-vn shaped flush threading sealed with an '0- rip& A 
stopper is insened into the upper end of the body tube ad 
fastened in tbe Same manner as tbe porous cup or, in the @ 
of rubber stoppers, inserted tightly (12). To rccover tam@ d a suction line is inserted through tbe stopper to the basc 
the sampler. n e  suction line extends to the surfac~ 
connects to a sample bottle ami suction some in 6 
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', 'v tubes up to 1.8 m long have been reported (15) (see 

~ 1 . 2  Harris and Hansea (19) described a vacuum 
lysimeter with a 6 mm by 65 mm ceramic porous cup 
designed for intensive sampling in small areas. 

7.3.1.3 A variety of materials have been used for the 
i>orous segment including nylon mesh (20). fritted glass (21), 
sintered glass (22), Alundum (manufacturer name), stainless 
steel (237), and ceramics ( I  .2 to 3.0 pm max pore size) (la7). 
The sampler body tube has been made with PVC, ABS, 
acrylic, stainless steel (24) and FTFE (la7, 257). Ceramic 
porous segments are attached with epoxy adhesives or with 
flush threading. The stopper is typically made of rubber (121, 
neoprene, or PTFE. The outlet lines are commonly PTFE, 
rubber, polyethylene, polypropylene, vinyl, nylon, and his- 
torically, copper. Fittings and valves are available in brass or 
stainless steel. 

7.3.2 Pressure- Vacuum Lysimeters: 
7.3.2.1 These samplers were developed by Parizek and 

Lane (26) for sampling deep moving pollutants in the vadose 
zone. The porous segment is usually a porous cup at the 
bottom of a body tube. The porous cup is attached with 
I epoxy adhesives (la7) or with 'V" shaped flush threading 

23 sealed with aq'O" ring (2S) .  Two lines are f o r d  through a 
twehole stopper sealed into the upper end of the body tube. 

. The discharge tine extends to the base of the sampler and the 
* pressure-vacuum line terminates a short distance below the 
-, stopper. At the surface, the discharge line connects to a 

). 

i 
c 
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sample bottle and the pressure-vacuum line connects to a 
pressure-vacuum pump. Designs are available that do not 
.use a stopper but rather an '0" ring sealed, flush threaded 
top plug (29).  Tubing lines to the surface are attached to the 
top plug with threaded tubing fittings of appropriate mate- 
rials. Body tubes are commonly available with 2.2 and 4.8 
cm diameters and in a variety of lengths (see fig. 3). The 
sampler and its components have been made out of the same 
materials used for vacuum lysimeters. 

7.3.2.2 These samplers can retrieve samples from depths 
below 7.5 m because pressure is used for retrieval. However, 
during pressuhhon some of the sample is forced back out 
of the cup. At depths over about 15 m, the volume of sample 
lost in this fashion may be sigmficant. In addition, at depths 
over about 15 m, pressures required to bring the sample to 
the surface may be high enough to damage the cup or to 
reduce its hydraulic contact with the soil (27, 28). Rapid 
pressurization causes similar problems. Morrison and Tsai 
(29) developed a tube lysimeter with the porous section 
located midway up $e body tube instead of at the bottom 
(see Fig. 4). This design mitigates the problem of sample 
being forced back through the cup. However, it does not 
prevent problems with porous segment damage due to 
overpressurization or rapid pressurization. The sleeve 
lysimeter (that is no longer available) was a mdica t ion  to 
this design for use with a monitoring well (1) (see fig. 5). 
Another modification is the casing lysimeter that consists of 
several tube lysimeters threaded into one unit (see Fig. 6). 
This arrangement allows precise spacing between units (SO). 

7.3.2.3 Nightingale et al (31) described a design that 
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Streblow (32) reported a sampler with the porous cup upon 
the top of a chamber. This design was used wit' o 
diameters ranging h m  7.6 to 12.7 cm (see Fig 8). i 
designs also allow p d t i o n  for sample retrieval what 
sigplficant liquid loss. However, because the porous cups are 

- allows incoming samples to flow into a portion of the 
sampkr not in antact with the basal, porous aramic cup 
(see Fig 7). The ceramic cup is wedged into the body tube 
without adhesives or threading The sampler was used to 
sample the vadosc zone, the capillary fringe, and the 
fluctuating water table in a recharge area. Knighton and 
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open to the rest of the samplers, possible damage due to 
overpressurization or rapid pressurization is still a problem. 

7.3.3 High Pressure- Vacuum Lysimeters (Lysimeters 
Wirh a Transfer Vessel)-High pressure-vacuum lysimeters 
overcome the problems of fluid loss and overpressurization 
through the use of an attached chamber or a connected 
transfer vessel {see Fig. 9). The porous segment is usually a 
porous cup at the bottom of the body tube. The cup is 
attached with epoxy adhesives (187) or with 'V shaped flush 
threading sealed with an '0" ring (2S7). In the attached 
chamber design, the body tube is separated into two cham- 
bers connected by a one-way check valve. A pressure- 
vacuum line and a discharge line enter through a two-hole 
plug at the cop of the body tube. The pressure-vacuum line 
terminates below the plug. The discharge line extends to the 
bottom of the upper chamber. The transfer vessel design is 
similar. However, the vessel and body tube are integral 
components joined by a common double threaded, '0" ring 
sealed plug containing a check valve. Body tube diameters 
range from 2.7 to 8.9 cm outside diameter. Total sampler 
lengths commonly range from 15.2 to 182.9 cm. A threaded 
top plug allows attachment of casing to the lysimeter. This 
facilitates accurate placement and provides long-term proteo 
tion for the tubing lines. The samplers and their components 
have been ma& out of the same materials as vacuum 
lysimeters. 
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able in each of the three categories described in 7.3.1, 7.3.2, 
and 7.3.3. The only difference between this group of sam- 
plers and the previous three samplers is that PTFE is used for 
the porous sections of this group of samplers (257). The 
porous FTFE is attached with 'V" shaped flush threading 
sealed with an '0" ring. 

7.3.5 F i l m  Tip Samplers: 
7.3.5.1 Filter tip samplers consist of two components: a 

permanently installed filter tip, and a retrievable glass sample 
vial. The filter tip includes a pointed end to help with 
installation, a porous section, a nozzle, and a septum. The tip 

'-is threaded onto extension pipes that extend to the surface. 
The sample vial includes a second septum. When in use, the 
vial is seated in an adaptor that includes a disposable 
hypodermic needle to penetrate both the septa, dowing 
sample to flow from the porous segment into the vial (see 
Fig. 10). Extension pipes vary from 2.5 to 5.1 cm inside 
diameter. Vial volumes range from 35 to 500 mL (32'). 

7.3.5.2 The body of the filter tip is made of thermoplastic, 
stainless steel, or brass. The attached porous d o n  is 
available in high density polyethylene, sintered cenmic, or 
sintered stainless steel. The septum is made of natural 
rubber, nitrile rubber, or fluororubber (327). 

7.3.6 Experimental Suction Samplers: 
7.3.6.1 Cellulose-acetate, hollow-fiber samplers were de- 

scribed by Jackson et al (33) and Wilson (3). A sampler 
consists of a bundle of these flexible, hollow fiben (Q.8 pm 
max pore size) pinched shut at one end and attached to i? 

suction line at the other e n d  t h e  suction line leads to thc 
surface and attaches to a sample bottle and source of suctior 
in the same manner as a vacuum lysimeter (see Fa 1 1). Tht 
fibers. that are analogous to the porous sections of vacuun 

7.3.4 Sucrion Lysimerers wirh Low Bubbling Pressures 
(Samplers Wirh PTFE Porous SecrionrJ-Designs arc avail- 

lysimeters, have ou&& diameters of up to 250 pm (33: 
Levin and Jackson (34) descrihd similar fiben made born 
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noncellulosic polymer solution (max pore size 4 . 8  pm). 
Those fibers have dense inner layers surrounded by open 
celled, spongy layers with diameters ranging from 50 to 250 
Clm. 

7.3.6.2 Membrane filter samplers were described by 
Morrison (l), Everett and Wilson (6). U.S. EPA (12) and 
Stevenson (35). A sampler consists of a membrane filter of 
polycarbonate, cellulose aatate (Q.8 pm rnax pore Sirc), 
cellulose nitrate or PTFE (2 to 5 pm max pore size); 
mounted in a "'swinnex" type filter holder (35,36,37'). The 
filter rrsts on a glass fiber prefilter. The prefilter rests on a 
glass fiber "'wick" that in turn sits on a glass fiber collector. 
The collector is in contact with the soil and extends the 
sampling area of the small diameter filter (see Fig. 12 and 
7.5.1.0. A suction line leads h m  the filter holder to the 
surface. At the surfax, the suction line is attachd to a 
sample bottle and suction soura in a manner similar to 
vacuum lysimetcrr 

7.3.6.3 A vacuum plate samplcf consists of a flat porous 
disk fined with a nonporous backing attached to a suction 

I I  

I I  

I I  
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tine that leads to the surface (see Fs 13). Plates are available 
in diameters ranging fiom 4.3 to 25.4 cm and custom designs 
are easily arranged (1, 187). Plates are available in alundum, 
porous stainless steel (23'), ceramic (1.2 to 3.0 pm rnax pore 
site) or fritted glass (4 to 5.5 pm max pore s i x )  (38', 6,39, 
40, 41, 42, 43, 44). The nonpermeable backing can be a 
fiberglass resin, glass, plastic, or butyl rubber. 

1.3.1 Commenls: 
7.3.7.1 When some ceramic cups are glued to the inner 

wall of the body tube in a suction lysimeter, an inner lip is 
formed (45). As the discharge line is pushed through the 
stopper at the top of the sampler, it m a y  catch on this lip and 
the operator m a y  conclude that the line has reached the 
bottom of the ceramic cup (see Fs 14). As a result, an 
mL ermr can occu in sampling rate determinations Thi 
mL of fluid accumulates in the cup, is not removed d m ,  
sampling, and wil l  cause class contamination between sam- 
pling events. Soilmoisturc (18') suggcstcd that the Line can be 
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kept from catching by cutting its tip at an angle. In all-= 
suction lysimeters, the discharge line is a *d FTF€ tube 
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extending to the bottom of the cup. This results in a zero 
accumulation of fluid. Older samplers with PTFE porous 
segments and PVC body tubes have a discharge line that 
does not extend all the way to the bottom. This problem has 
been corrected in newer FTFE and PVC samples (257). This 
results in a 34 mL accumulation of fluid (12). Filter tip 
samplers develop an 8 mL accumulation of fluid. Haldorsen 
et al. (46) suggested collecting and discarding an initial 
sample to purge this accumulated fluid. 

7.3.7.2 Because samples are often handled roughl) 
during installation, durability and ruggedness are important. 
It has been shown that FTFE has a higher impact strength 
than ceramics which need to be installed with care (2S7). It 
has also been found that PTFE threads and ceramic threads 
(when used) are susceptible to leakage, and must be securely 
sealed with pipe threading tape (45). TFE-fluorocarbon 
(FTFE) tape is not recommended in square threaded joints 
since the tape is designed for tapered 'V" threaded compres- 
sion joints. 

7.3.7.3 As described above, porous d o n s  can be made 
born various materials. These materials have physical and 
chemical limitations that must be considered when designing 
a monitoring program. Physical Limitations are dexn'bed in 
7.6.1. Chemical limitations are d e s c r i i  in 7.6.2. 

' 

7.4 Installation Methads: 
7.4.1 Pre-Installation. 
7.4.1.1 As demonstrated by Neary and Tomassini (47), 

new samplers may be contaminated with dust during manu- 
facturing. In order to reduce chemical interferences &om 
substances on the porous Sectionf U.S. EPA (12) m m -  
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mended preparation of ceramic units prior to installation 
following procedures originally developed by Wolff (48). 
modified by Wood (49) and recommended by Neary and 
Tomassini (47). The process involves passing hydrochloric 
acid ( H a )  (for example, SA9 through the porous wtions. 
This is followed by flushing with distilled water until the 
specific conductance of the outflowing water is within 2 c/o of 
the inflowing water. Debyle et al (50) found (in agreement 
with 49 and 51) that flushing with HCl strips cations off of 
the ceramic. This results in an initial adsorption of cations 
from pore-liquid onto the ceramic surface. This continues 
until the cation exchange capacity (CEC) of the ceramic has 
beem satisfied. The effect is not reduced by disulled water 
flushing after the acid flushing. Therefore, they suggested 
that the sampler also be nushed, prior to installation, with a 
solution similar in composition to the expected soil solution. 
Alternately, the fint sample after installation could be 
discarded (see 7.5.2.1). Boncher et al (52) attributed in- 
cn?ased adsorption of PO, to the acid leaching process. 
Therefore, they recommended a thorough flushing with a 
PO, solution of approximately the same concentration as 
that found in the soil solution, rather than the acid leaching 
procedure, when sampling for PO,. Peten and Healy (53) 
used H,SO, rather than Ha. 

7.4. I .2 Hydrochloric acid may corrode valves within PVC 
and ceramic high pressure-vacuum lysimeters. Therefore, the 
porous segment flushing for these designs should be per- 
formed prior to attachment if possible. The maximum 
suction which can be applied is one atmosphere, therefore 
the flushing process will be slow if suction is used to draw 
HCI through the porous segment. The flushing can be 
performed more rapidly if the porous segment is tilled with 
H a  and pressurized to force the acid out of the porous 
segment since more than one atmosphere of pressure can be 
applied. This procedure can only be used if the cups are not 
attached. Care must be taken to prevent overpressurization 
that might damage the porous section. 

7.4.1.3 Coming Laboratories (38’) recommended 
washing fritted glass with hot HCI followed by a distilled 
water rinse. Cleaning procedures for Alundum have not been 
reported, although an acid and water rinse procedure similar 
to that for ceramic would appear to be appropriate (1). 
Timco (25’) described cleaning procedures for FIFE. The 
method includes passing 0.5 L of distilled water through the 
material. An I.P.A. bath followed by another in hydrogen 
peroxide or rinsing with HCI followed by a distilled water 
rinse. 

7.4.1.4 The use of HCI to wash/flush porous segments of 
lysimeters, that are to be used in sanitary landfills, may cause 
water quality interpretation problems. Sanitary landfills are 
notorious generators of methane gas. Reaction of methane 
With fire chloride ion may result in the generation of di- and 
trichloromethane (also known as methylene chloride and 
chloroform). Because of the small liquid volumes in 
lysimeters and the sensitivity of EPA methods (including 
601). false positives for one or both of these constituents may 

7.4.1.5 Stevenson (35) recommended treating cellulose- 
acetate hollow-fiben with silver nitrate and sodium chloride 
to prevent biofilm growths Morrison.(I) suggested rinsing 
membrane filters with distilled water. 

occut. 

I 7.4.1.6 The porous Section and fittings of individu 
samplers may have defects that could cause air entry diu’ - 9  

sampling. Therefore, prior to taking samplers to the 
each unit should be checked for its bubbling pre, -, 
pressure tested and vacuum tested for leaks. Procedures for 
these tests are given in U.S. EPA (12) and Timco (253. 
Washen or ’0“ rings are used to seal the plugs at the tops of I 
body tubes. However, the accesses for pressure-vacuum and . 
discharge Lines passing through these plugs are not sealed. 
These accesses may leak, and should also be sealed. In &e 
past, lubricants have been used when cutting threads into 
body tubes, porous segments and fittings. In addition. 
lubricants have been used in various ptessure-vacuum 
pumps. The user should contact the manufacturer to deter- 
mine if these lubricants are st i l l  d. If present, these 
lubricants should be removed. 

7.4.1.7 After cleaning and testing, samplers should be 
bagged to prevent contamination during transport to the 
field. Compatibility of bag material and analytical panme- 
ten should be considered. Upon arrival at the installation 
location, and immediately prior to installation, the porous 
section should be placed in distilled water for about 30 min 
to ensure saturation of the porous section (1). Timco (2S7) 
indicated that applying a suction of about 50 cbar to a 
submerged PTFE sampler for about an hour would ensure 
saturation. Finally, immediately prior to installation, the 
sampler and associated lines should be assembled and 
inspected for defects (for example, crimped lines). 

7.4.2 Suction Lysimerer and Filter Tip Sampler Installa- 
t ion: 

7.4.2.1 Suction lysimeter installation procedures 
been described by U.S. EPA (12). Soilmoisture (IS’), TL-.I 
(25’), Linden (54). and Rhoades and Oster (55). Filter tip 
sampler installation procedures were described by 
Tomensson and Petsonk (32). 

7.4.2.2 The goals of innallation are to ensure good 
hydraulic contact between the porous segment and the 
surrounding soil, and to minimize leakage of liquid along the 
outside of the sampler. U.S. EPA (12) recommended a silica 
flour/bentonite clay method to achieve these goals for 
suction lysimeters. A silica flour layer (installed as a slurry, 
see 7.4.2.6) placed around the porous segment increases 
hydraulic contact with the surrounding soil. Screened native 
backfill is placed above the silica flour, and a bentonite plug 
above the body tube prevents liquid leakage down the 
installation hole and along the body tube (see Fw. 15 and 
16). Klute (Sa) indicated that a m n e d  native soil slurry 
could be used in place of silica flour for shallow installations. 

7.4.2.3 Samplers may be installed in the sidewall of an 
excavation or, for deeper applications, in a borehole prefer- 
ably advanced with a hollow stem auger (12). U.S. EPA (1 2) 
suggested that suction lysimeters should be installed at an 
angle of 30 to 45. from vertical whenever possible. This 
ensures that an undisturbed column of soil is d n e d  above 
the porous cup. Accordingly, pore liquid samples kill refkt  
flow through pore sequences that have not bcen disturbed by 
sampler installation. This angular placement also i m p r  
the sampler‘s ability to collect macropore flow. ’ 
installed in the sidewall of a trench, the angled emplaai. . 
is simple (#e FI~. 15). However, when installed in a 
borehole, angular emplacement entails anglad ddling. 
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Where soils permit, filter tip samplers can be installed by 
pushing the filter tip into the ground by applying a static load 
to the extention pipe (32). 
‘7.4.2.4 When suction lysimeters are installed in a 

borehole advanced by a drill rig, the hole is usually advanced 
15 to 20 cm below the desired location of the porous section. 
Morrison and Szeaody (So) found that the radius of 
sampling influence is maximized if the borehole diameter is 
only,slightly larger than that of the sampler and if silica flour 
pack is used. U.S. EPA (1 2) recornmended that the hole have 
a diameter at least 5 cm larger than the sampler. Timco (25’) 
recommended that the hole have a diameter at least 8 cm 
greater than that of the sampler to facilitate installation of 
the silica flour. 

7.4.2.5 Suction lysimeters are preferably lowered into 
place attached to risen. These protect the lines and ensure 
exact placement at the desired depth. Centralizers are often 
used to center the sampler in the hole. Suction lysimeters 
float in thesilica flour that is installed as a slurry. Therefore, 
the samplers should be installed full of distilled water or held 
in place by rigid risen. 

7.4.2.6 The silica flour slurry (for example 200 to 75 pm 
mesh opening, silica to distilled water ratio of 0.45 kg to 150 
mL) is usually installed using the tremie method (side 
discharge). Alternately, B r a  et al (57) described a method 
for freezing the silica slurry around the sampler prior to 
placement. The sampler and frozen pack are then lowered to 
the sampling location in the borehole. They cited advantages 
of this technique as including ensurance of proper sampler 
placement in the flour pack and elimination of pack contam- 
ination by soils which slough down the borehole. U.S. EPA 
(12) recommended filling the borehole to about 30 cm above 
the suction lysimeter body with the silica. In addition, it was 
recommended that the powdered bentonite plug placed on 

. . . I  
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FIQ. 18 PreuureVrcuum Lydmeter I n s b l b h  In Borehok 

top of the silica be about 15 cm thick. The bentonite is also 
sometimes installed as a slurry, being allowed to hydrate 
before emplacement. Mixing the bentonite with fine sand at 
a I to 9 ratio, respectively, reduces the potential for shrinking , 
and welling inherent with pure bentonite (1). The excavated 
soil should be backfilled above the bentonite in the order in 
which it was withdrawn. An effort to compact the soil to its 
original bulk density should be made. When more than one 
suction lysimeter is installed in one borehole, these proce- 
dures are repeated at the various desired sampling depths (set 
Fig. 17). Care must be taken with these installations to 
ensure that lines from lower samplers do not interfere with 
the hydraulic contact of shallower samplers. Designs arc 
available to avert these problems (25’). 

7.4.2.7 U.S. EPA (12) recommended removal of the water 
within the sampler and silica slurry aftef installation. Litaor 
(58) recommended installation of samplers a year before 
sampling is to begin, in order to allow them to equilibrate 
with the surrounding soil. The lines at the surface should be 
labeled, clamped and housed in locked containers such as 
valve boxes or casing (1). Methods for cutting and splicing 
tubing may be found in Timco (25’). ’Ihe user should be 
careful when using clamps and tubing provided by differrot 
manufacturen, inappropriate clamps may damage tubing 
Clamps must be reStricted to pcmancntly flexible tubing 
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othenvise stopcocks should be used. 
7.4.3 Experimenral Sucrion Sampler Insrallal ion: 
7.4.3.1 Cellulose-acetate hollow-fiber sampler installation 

procedures were described by Everett et al (9). Membrane 
filter sampler installation procedures were described by 
Stevenson (39, Everett et al(9), and Momson (1). Vacuum 
plate sampler installation procedures were described by 
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area of sampling as they cover a larger area than the h- 
holder alone. Second. two or three smaller glass fiber 
discs that fit within the filter holder arc placed oi 
'collectors." Third, the filter holder fitted with a glm fiber 
prefilter and the membrane filter is placed on top of 
'wick" disks. The sudon line leads to the surface. Emy, 
the hole is backfilled (I,%. 

7.4.3.4 Vacuum plate lysimeters are normally i n w e d  on 
the ceiling of a cavity cut into the side of a trench. In or& to 
obtain the necessary contact between the porous plate apd 
the soil, pneumatic bladders, inner tubes, or similar de-+ 
are placed beneath the sampler and are used to fom it 
against the cavity ceiling (1). The cavity ceiling is not a 
smooth surface. Therefore, a layer of silica flour betwen the 
plate and the soil is sometimes used to enhance hydraulic 
contact. 

7.4.4 Maintenance: 
7.4.4.1 The major causes of sampler failure are line 

damage and leaks (caused by freezing, installation, rodents, 
etc.), connection leaks, and clogging of the porous materid. 
Freeze damage to the lines can be minimized if the lines 
emptied of sample prior to applying a vacuum. Care needs 5 
be taken that the tubing line closure devices are freeze proof. f 

7.4.4.2 The possibility of line and connection leaks f 
minimized by rigorously sealing and pressure'testing 
connections and lines before installation. A common precau- 5 
tion to assist in repairing surface damage to lines is to no= I 
excess line below the' surface (within the riser pipe when I 
used) when backfilling the borehole. In the event of se;~-i f 
lines, an excavation to this buried length allows restor 

when not in use to prevent foreign objects or insects from 
entering them. The lines should be protected from weather, 
sunlight exposure, and vandalism with a locked housing The 
u x  of riser pipe around the sampler Lines prevents punctures 
by backfill' materials and prevents rodents from damaging 
the lines 

7.4.4.3 When shallow samplers are used, the ground 
surface above the sampler should be maintained in a fairly 
representative state. Large line housings and excessive traffic 
around the sampler (causing compaction of the soil) will 
reduce the amount of infiltration in that area. This will affect 
the representativeness of the pore-liquid samples. Methods to 
avoid these effects include angled installations, and remote 

of an operational system (1). Lines should be clamped 1 . . 

Everett et al(9) and Morrison (1). 
7.4.3.2 Cellulose-acetate hollow-fiber samplers have been . 

used almost exclusively in laboratory studies (34). Because 
the samplers operate on the same principles as vacuum 
lysimeters, the goals and concerns of installation are similar. 
Gad hydraulic contact between the hollowdber and the soil 
is critical. However, the fibers are too thin and Fragile to be 
pushed into place. Therefore, the fibers must be placed in a 
predriUed hole (vertical or horizontal). Silkworth and Grigal 
(59) installed these samplers within a length of perforated, 
protective PVC tubing filled with soil slurry. 

7.4.3.3 Membrane 6lter samplers arc placed in a hole dug 
to the top of the selected sampling depth. Fust, sheets of the 
glass fiber 'collectors" arc placed at the bottom of the hole. 
These develop the necessary hydraulic contact between the 
sampler and the soil. In addition, the 'collectors" extend the 

operation of sampler lines. / 
7.4.4.4 Porous sections may clog as a hnction of soil 

composition, type of porous section material, biotilm 
growth, suction application, and pore-liquid content (1, 17, 
20,50). However, porous section clogging appears to be less 
severe than once thought (12, 17). 9ils and the 200 mesh 
silica flour filter out fine materials before they reach the 
porous section (60,61,62). Clogging can be further reduced 
by periodically 6lIing the sampler With distilled water and 
allowing it to drain out of the sampler. Debyle et al (50) 
suggested removing shallow samplers on a seasonal basis for 
flushing with HCI and distilled water. This process T 
samplers to their original operational and chemical sti 
'clogged" lysimeter may be cleaned out by ,e 
lysimeter with pure water and applying a $itssure of 5 psi for 
30 min. However, reinstallation at the same location and 
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does not guaranta resumption of sampling from the 

is retrieved during a sampling 
. n e  fint check should be a continuity test of the 
d connections. This test can be done by applying a 

o the V/P line and detecting air 
e open sample line. This could be due to 

failure or high pore-liquid tensions. Because of this, 
dent to install a tensiometer near the sampler at a 

tensiometer that measures pore-liquid 
operator to determine if failure to obtain 

bgh pore-liquid tensions or due to 
e tensiometer can also be used to gage 
ng on local pore-liquid flow regimes. 
should be determined as an initial 
meter installation. 

s not available to meashe pore- 
meter can be tested to help determine 

over a sample. The sampler is tested 
80 cbar, and monitoring the decay 

re 18 depicts the various types of 
arction decay that mightbe found ih a suction lysimeter with 
a 200 cbar bubbling pressure ceramic section. An almost 
ipstantaneous decay of suction is associated with lysimeter 
kakage. A suction decay over a period of minutes is 
lssociated with pore-liquid tensions greater than 200 cbar. 
Under these conditions, the porous section is desaturated 
md air enters the sampler. A suction decay over a period of 
bun reflects normal sample collection. This suggests that 
failure to retrieve a sample is related to damage of the sample 
retrieval system (for example, discharge line damage). When 
d o n  does not decay, or does so over a period of days,. the 
psw:vacuum line may be clogged or pore-liquid tensions 
may betgreater than 60 cbar (but less than 200 cbar) causing 
tiquid inflow rates that art too low for sample collection. 

1.4.4.1 Morrison and Szecsody (63) described devices that 
a d d  & used as tensiometers and then convetted to ptesr 
lure-vacuum lysimeters. However, they found that gases 
entering the devices prevented accurate measurement of 

PORE-LIOUID TENSION 60 cbar - 2 bar I + 

NORMAL SAMPLE RECOVERY \ 

mpk of pore IIquId tension = 20 cbar) 
PORE-LIOUID TENSION 0 cb - 60 cbar 

4696 

pore-liquid tensions. Baier et al (6d) d&bed methods for 
converting tensiometen to pressure-vacuum lysimeters. It 
would also appear reasonable to convefi suction lysimeters 
to tensiometers. However, Taylor and Ashcroft (65) found 
that the volume of water drawn from a converted lysimeter 
into the surrounding roil would signXcantly affest natural 
pore-liquid tensions. In addition, they found that the larger 
porous section of a lysimeter would cause more diffusion of 
dissolved air into the device, and that the time constant for 
measurement would be significantly increased over that of a 
tensiometer. Filter tip samplers can be convened to 
tensiometen with pressure transducers (32). 

7.4.4.8 Operational lifetimes of suction samplers are de- 
pendent on installation, subsurface conditions, maintenance, 
and sampling frequency. Some samplen have been reported 
to be operational for as long as 25 y e a n  (64). 

7.4.5 Comments: 
7.4.5. I Vacuum lysimeters and experimental samplers use 

suction to retrieve samples. Therefore, the maximum sam- 
pling depth is limited by the maximum suction lift of water 
(about 7.5 m) (12). In pradtice, these samplers are generally 
used to about 2 m below the surface (12). They are primarily 
used to monitor near-surface movement of pollutants such 
as those from land disposal facilities and those from iniga- 
tion return flow. 

7.4.5.2 Pressure-vacuum lysimeters are generally not used 
at depths below about 15 m. At greater depths, sample loss 
and overpressuritation problems are considered significant 
enough to warrant the w of high pressure-vacuum 
lysimeters that do not have these limitations. High pressure- 
vacuum lysimeters are not preferred at  the shallower depths 
because they are more expensive. In addition, high pressure- 
vacuum units have more moving parts than pressure- 
vacuum units, and as a result, the possibility of failure for the 
former is higher. 

7.4.5.3 As discussed in 7.6, two problems with suction 
samplers are that they may not sample from macropores 
(under unsaturated conditions; unless the macropores are 
directly intercepted) and that their results cannot be used in 
quantitative m a s  balance studies. Hornby%t al (66) de- 
scribed an installation that could be used to surmount these 
problems. A barrel-sized casing (for example, 57 cm outside 
diameter by 85.7 cm high) is placed in a support device and 
gently pushed into the soil with a backhoe. As the casing is 
pushed, soil is excavated around it to help with insertion. 
The process results in an encased monolith of undisturbed, 
soil. The monolith is then rotated and lifted, pressufe- 
vacuum lysimeters are placed in its base, and the bottom is 
sealed. Subsequently the assembly is placed back into the 
ground at the monitoring site (see Fg. 19). All fluid draining 
through the monolith is collected by the samplers. Inasmuch 
as the boundaries of the system are sealed, the flux of liquid 
rthrough the system requires maintaining a v d c a l  hydraulic 
gmhent by applying continual suction to the samplers. 

7.5 Operqion: 
7.5.1 Merhuds: 
7.5.1.1 Vacuum L y s i m e r s A p l i n g  methods are de- 

scribed by the U.S. EPA (12). by Soilmoisture (18') and by 
Timco (25'). To collect a sample, suction is applied to the 
sampler, and the suction line is clamped shut. Atter sample 
has collected in the body tube, it is retrieved through a 
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discharge line extending to the base of the porous cup. In 
shallow installations, with the body tube extending above the 
soil surface, the discharge line is sometimes inserted and 
removed as needed. For deeper installations. the discharge 
Line is permanently installed. At the surface, the line is 
connected to a \sample collection flask. Suction is applied to 
the flask, and liquid% pulled from the sampler, up the 
discharge line, and into the collection flask Cole (42) 
constructed an array of samplers that werk attached to a 
vacuum tank connected to an electric power source. This 
system allowed remote operation at a constant suction. 
Wengel and GdTen (67) described methods by which 
samplen can be connected to a central control board and 
operated remotely. Brown et al (68) employed a solar panel 
to power a similar setup. Chow (44) described a sampler that 
shuts off automatically when the desired sample volume has 
been collected. 

7.5.1.2 Pressure Vucuum Lyscmeters-Sampling methods 
are described in U.S. EPA (12), by Soilmoktw (18’) and by 
Thco (25’). To sample, suction is applied to the system via 
the pressure-vacuum line. The discharge line to the sample 
bottle is clamped shut during this time. When sufficient time 
has been allowed for the unit to fill with pore-liquid, suction 
is released and the clamp on the discharge line is opened. 
Gas pressure (for example, air or nitrogen; s8c 7.6.2) is then 
applied through the pressure-vacuum line. This forces the 
sample through the dixharge line and into the collection 
fIask at the surface (12). A variety of systems have been 
developed by which the pressure, suction, and sample 
volume can be controlled remotely or manually (44,49,67, 
69). 

7.5.1.3 High Pressure- Vacuum Lysimeters (Lysimeters 

a e n  suction is applied to the system. it extends 
mrous section through an open. one-way check valve a ~ 

mttom of the uansfer vessel or chamber. A Second 
:heck valve in the discharge Line is closed during this timt. 
As soil solution enters the sampler it is pulled by the suction (1 
into the transfer vase1 or chamber through a !ne attac& to ;i, 
the open valve at its base. The sample. is brought < 
surface by releasing the suction and applying pressure (for %: example. air or nitrogen) through the pressure-vacuum line. L.. 
ms shuts the one-way valve to the porous segment and % 
opens the one-way valve in the discharge line. The sample is ;! 
then pushed to the surface (12). -A variety of systems have 
been developed to control pressure, suction and sample i; 
volume remotely or manually (44,49,67,69). 

7.5.1.4 Suction Lvsimetms With L o w  Bubbling Plesswes = 
(Samplers CVilh PTFE Porous Sections)--Sampling metho& . 

for this group of samplers are a bit different than thov for : 
the three designs described in 7.5.1.1, 7.5.1.2, and 7.5.1.3. ‘ 

This system is designed to allow the soil pore water exmc. 
tion process to occur separately from the movement of the 
coUected pore water to the transfer vessel. The only differ- 
ence is that maximum sampling suctions for these units are 
much lower (see 7.6.1.3). 

7.5.1.5 Filter Tip Samplers-Sampling ‘methods may be 
found in Torstensson and Petsonk (32). Samples are col- 
lected by first evacuating the sample vial. The vial is then 
insetted in the sampling adaptor that contains a two way ’ 
hypodermic needle. The adaptor is then lowered dewy*'-. 
extension pipe. When the adaptor c o n I i m  with the D : 
of the filter tip, the needle penetrates the septa in the viar . . - ’ 
in the filter tip. Sample then flows through the porous 
segment and into the sample vial due to the negative prtssurt 
in the vial. As sample is collected, the negative pressurt in 
the vial falls towards that of the pore-liquid tension. When 
these negative pressures are equal, sampling ends and the 
ymple vial is retrieved. The standard sample volume is 
about 35 mL. However, by connecting Several vials in series, 
sample volumes of up to 5 0 0  mL can be obtained. 

7.5.1.6 Experimental Suction Samplers-Cellulose-acetate 
hollow-fiber samplers, membrane filter samplers, and 
vacuum plate samplers are operated using the same general 
technique as for vacuum lysimeters Jackson et al .(33) 
sampled from soil columns using cellulose-a’cetate hollow- 
fiber samplers subjected to a constant suction of 81 cbar. At 
this suction, they were able to. extract samples for chemical 
analyses ?om d ty  loams with moisture contents ranging 
kom 20 to 50 96. Silkwortb and Gngal(59) compared the 
performance of these samplers to suction lysimeters. They 
found that cellulose-acetate hollow-fiber samplers fail more 
often than suction lysimeters. In membrane filter sampler% 
the ‘collectors” provide hydraulic contact ,between the soil 
and the samplers Liquid is drawn by capillarity into the 
 collectors." When suction-is-applied, liquid flows through ~. 

the !‘wickn the prefilter, and finally the membrane filter. The 
prefilter reduces clogging of the membrane filter by fine coil 

materials (9). Stevenson (35) recommended using a s 
of between 50 and 60 cbar when sampling with mem. !- 
filter samplers A variety of constant suction methods-for 
sampling with vacuum plates are described by Morrison (1). 
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lysimeters which have porous sections with smaller surface 
mas- 

7.5.2 Comments: 
7.5.2.1 Nagpal (70) recommended several consecutive 

cxuactions of liquids during a sampling event and use of 
only the last one for chemical analyses. The purpose of this is 
to flush out cross contaminants From previous sampling 
periods, and to ensure that any porous segment/soil solution 
interiidons have reached equilibrium. Debyle et al(50) also 
suggested discarding the first one or two sample volumes 
when sampling dilute solutions with newly flushed (HCL 
method) and installed samplers. The purpose of this is to 
allow cation exchange between the porous segment and the 
pore-liquid (caused by the HCL flushing) to equilibrate. 

7.5.2.2 Factors which affea the volume and source of a 
pore-liquid sample include the amount of suction applied, 
the schedule of suction application, the pore-liquid content, 
the distribution of pore-liquid, the soil grain size distribution, 
the soil structure, the porous section design, and the porous 
seaion age. 

7.5.2.3 Samples collected with lower suctions (about 10 
cbar or less) tend to come from liquids migrating through 
soil macropores (1). Samples collected with higher suctions 
(greater than about 10 cbar) also include fluids held at higher 
tensions in micropores. The sampler may disrupt normal 
flow patterns due to the applied suctions. The effects may 
extend several meters from the sampler although the area 
nearest the sampler is most disturbed (71, 72, 73). This 
d$urbance causes samples to be averages of the affected 
f l ~ w  area rather than point samples (1). Warrick and 
Amoozegar-Fard (72) developed an approximate analytical 
equation which can be used to estimate the maximum radius 
of influence OQ the flow regime by a suction sampler. 
Narasimhan aad Driess (74) developed a nimerical tech- 
nique to simulate the effects of suction samplers on the 
pore-liquid regime. 

7.5.2.4 Sampling with falling suction produces samples 
with compositions that are "averages" of the liquids held at 
the range of tensions applied. Because suctions and therefore 
inflow rates decrease with time, t h e  "averages" arc 
weighted toward those portions of the samples obtained in 
early times. Samples collected over prolonged periods (due to 
slow inflow rates) an "averages" of the liquids fluxing past 
the sampling region during those times. 

7.5.2.5 During wet periods, samplers affect a small 
volume of soil and pull liquids €tom a sequence of pores that 
may include macropores During dry periods samplers dTect 
a larger volume of so& draw from micropores becausc the 
maCropores have been drained, and collect less liquid (75, 
76). The net result of this is that sampled soil solutions arc 
'averaged" over dinerent volumes and derived from dif- 
facnt pores as a function of the soil moisture content and 
distribution. 

7.52.6 Soil texturts and pore-liquid tensions control tbe 
mount of liquid that can be removed by a sampler and its 
radius of influence. The slope on the pore-liquid release 

for a sand is greater than that for a clay at low 
Oort-liquid tensions (see Fw 20). Tkis indicates that there 
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will be a larger quantity of pore-liquid released from a sand 
than from a clay for an equal change of pore-liquid tension 
at these low tensions. At higher tensions, the slope of a clay 
pore-liquid release c w e  is greater than that for a sand (see 
Fig 20). This indicates that more pore-liquid will be released 
from a clay than from a sand for an equal change in 
pore-liquid tension at the higher tensions. A consequence of 
this is that suction samplers may not obtain samples from 
coarse grained soils at higher pore-liquid tensions. Monison 
and Szecsody (30) found $at (under the conditions of their 
study) radii of intluence for suction lysimeters ranged from 
10 cm in c a s e  soils up to 92 cm in fine gmined soils. 

7.5.2.7 Hansen and Harris (20), demonstrated that intake 
rates may vary substantially due to variability in the emmic 
sections bom one manufacturer's batch to another. As 
discussed in 7.4, the intake rate of a sampler is also a 
function of the degree of clogging. As discussed in 7.6, the 
range of pore-liquid tensions over which a sampler can 
operate is a direa function of the maximum pore site of the 
porous section and the surrounding silica flour pack. Finally, I 

Morrison and Szecsody (30) found that the radius of 
influence of a sampler increases with the diameter of the 
porous Section. 

7.5.2.8 Because of these factors the following recammen- 
dations have been made for sampling with suction 
lysimeters. Hansen and Harris (19), suggewd using uniform 
initial suctions, short sampling intervals, and uniform sam- 
pling times for Merent sampling events and locations to 
in- the uniformity of samples. Dtbyle et al(50) also 
recommended sampling with uniform suctions that do not 

. J  v *  - ' .  . , .  
IX-135 ' ,  



'! 
significantly exceed the tension at which the percolating soil 
solution is being held. U.S. EPA (12) suggested sampling 
after infiltrauon events such as rain storms, spring melts, or 
irrigations as these periods of high pore-liquid content arc 
accompanied by higher pore-liquid flow rates and contami- 
nant transport. For sampling these events, it is useful to 
install samplen at interfaces between coarse and fine mate- 
rials to take advantage of any liquid perching which might 
occur. Silkworth and Grigal (59) recommended using sam- 
plers with large diameter ceramic porous sections (as o g  
posed to small diameter ceramic samplers, or hollow cellu- 
lose fiber samplers) since they showed less of a tendency to 
alter the pore-liquid, they had lower failure rates, and they 
collected larger sample volumes. These recommendations 
were reinforced by van der Ploeg and Beese (73) who 
concluded that samplers with large cross sectional area 
porous sections used with low extraction rates (suctions 
approaching those of the pore-liquid tensions) reduce the 
effects of sampling on compositions of samples. Finally, U.S. 
EPA (12) recommended that porous section material types 
be carefully chosen based on pore-liquid tensions expected in 
the sampling area. Operational ranges of various porous 
section types are discussed in 7.6 and are presented in Table 
1. 

7.6 Limitaiions: 
7.6.1 Physical Limiiationr: 
7.6.1.1 The most severe constraint on the operation of 

suction samplers involves soil around the porous d o n s  
becoming so dry (and pore-liquid tensions so high) that 
samples cannot be collected. The limiting factors in these 
conditions mill be the porous segment or the soil hydraulic 
properties. For porous segments with bubbling pressures less 
than 60 cbar (for example, FIFE), the porous segment will 
be the limiting factor because the high suctions required to 
move liquids into the samplers will cause meniscuses in the 
porous segments to break down and air to enter. Soil 
hydraulic properties will be the limiting factors for porous 
segments with bubbling pressures greater than 60 cbar (for 
example, ceramics) because unsaturated hydraulic conduc- 
tivity of the soil and pressures gradients across the porous 
segments will be so low (due to high pore-liquid tensions) 
that flow into the samplers will be negligible. 

7.6.1.2 The maximum suction that the saturated porous 
section of a sampler can withstand before air enters is a 
function of the pore configuration and size, and its 
hydrophilicity/hydrophobicity (see Appendix X 1 and (65)). 
The following variation of the capillary rise equation (8,12, 
18,77) combines these facton: 

-2b cosa 
r 

Pb = - 
where: 
Pb = bubbling pressure (gage), units - F L T 2 ,  
b = surface tension between pore-liquid and air, units - 
QC = contact angle between the liquid and the material of 

r = maximum pore radius of the pore segment, units - 
This aqiiation show that the bubbling pressure decreases 
with hcrtaSing contact angle and with in& maximum 

m', 
the porous segment, D, and 

L\ 

r 

pore radius. n e  maximum sampling suction that a 
applied is 100 cbar (1  atmosphere). For a hydropbi- 

! 
material (that has an acute contact angle) the maximum p 
size that will allow the application of 100 cbar of suction 
2.8 pm. For a hydrophobic material (that has an o b  
contact angle) a smaller pore size will be required (65). & 
maximum pore sizes of prtxntly available ceramics (that 
hydrophilic) used for suction lysimeters and filter tip sarp 
plers vary from 1.2 to 3 pm (as measured by the bubbling 
pressures) (187, 45, 78'). The maximum pore sizes of 
cellulose-acetate hollow-fibers and membrane filters 
from Iw than 2.8 pm and 0.4 to 5.0 pm respedvely (1,35, 
36). These pore sizes result in maximum sampling s u c t i o ~  
near 100 cbar. Therefore, these materials will not allow air to 
enter during sampling, and the limiting factors will k 
soil hydraulic properties. The combination of soil limiting 
effects result in negligible sampling rates when pornliquid 
tensions are above 60 cbar (for coarse grained soils) to 80 
cbar (for finer grained soils) (45). At tensions above these 
levels, inflow rates are too low to allow sampling. 

7.6.1.3 The maximum pore sizes of presently available 
porous FTFE segments for suction lysimeters range from 
about 15 to 30 pm (calculated from bubbling pressures) 
(2S7). These pore sizes allow maximum sampling suctions of 
about IO to 21 cbar (25). The hydrophobicity of I'TFE will 
further reduce the magnitude of the maximum sampling 
suction. Applied suctions of greater than IO to 21 cbar (or 
less) will cause air to enter, and sampling to cease. Because a 
suction greater than IO to 2 1 cbar cannot be applied to these 
samplers, pore-liquids held at tensions grater than IO to 
cbar cannot be sampled with these devices. Because of L 

will be'the limiting factor when it is d for tnc 
porous segment. A consequence of the small suction range 
available to P1TE(porous d o n s  is that only very moist 
soils approaching saturation may be sampled (17). 

7.6.1.4 The silica flour pack, that has smaller pon,sizts 
than PTFE, can act as an extension of the porousCsegmeq 
and may extend the range of suctions that can be applied to 
the sampler. Everett and McMillion (45) found that the pack 
extended the suction range of earlier, larger pore size PTFE 
(70 to 90 pm) from less than 4 to 7 cbar. Timco (U7) 
suggested that the operational range of the presently avail- 
able FTFE samplers (I 5 to 30 pm) can be extended from IO 
to 21 cbar to between 61 to 71 cbar when 'properly" 
installed within a silica flour pack (this has not been verified 
in peer reviewed literature). For this to be true, the silica 
flour pack must be able to remain saturated over the range of 
applied suctions. However, the results of Everett and 
McMillion (45) suggest that the bubbling pressure of the 
silica flour pack is only 7 cbar. Trainor (27) found that even 
if these samplers are 'properly" installed, air may still enter if 
applied suctions exceed pore-liquid tensions by more than 
30%. Pore-liquid tensions are not always known, and 
technicians may not carefully control applied suctions. In 
addition, p d t i o n  of pressurevacuum lysimcten for 
sample retrieval appean to damage the silica flour pack(27, 
28). Thus, dependency on the silica flour pack to provide 
needed suction range is an extremely limited option. Ba 
of this, suction lysimeters with PTFE porous sections 
limited to pear saturated sampling and bave betn c l a d i d  
separately (set F s  20). 
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7.6.1.5 Samples can be colleaed (using ceramk porous 

gctions) from clays with high pore-liquid tensions ( a p  
proaching 60 to 80 cbar). However, because liquid inflow 
rates are low at b&er tensions, the amount of time required 
to collect suficient sample volumes may exceed the max- 
imum allowable holding time for many chemical analyses. 
Law (76) pointed out that when soils have liquid contents 
that allow little or no sample collection (hgh pore-liquid 
tensions), there is little or no liquid movement in the soil. 
Consequently, there will be little or no contaminant migra- 
tion. If samples of pore-liquids held at tensions above 60 to 
80 cbar are desired, soil core sampling with subsequent 
laboratory liquid extraction may be used (76). However, Law 
(76), and Brown (79) concluded that results from the two 
sampling methods are not comparable. Liquid from roil core 
samples will include constituents that are held at tensions 
greater than 60 to 80 cbar and that would not be picked up 
by suction samplers. Because of ths and because samples 
removed from soil cores may include some of tbe constitu- 
ents from the soil itself (for example, cations preferentially 
adsorbed in electrical double layers) or sorbed organics, Law 
(76) concluded that soil cores are more conservative estima- 
tors of cation contaminant presence in soil. Brown (79) 
concluded that organic contaminant concentrations derived 
from soil cores and pore-liquid samplers are not comparable 
because of preferential sorption of some compounds. Amter 
(80) developed an alternative to extraction of samples from 
soil cores. The method involves injecting a chemically blank 
fluid through an existing lysimeter. After a time, the fluid 
(now containing dilute pore-liquid) is recovered through the 
sampler and analyzed. The results, although qualitative, were 
shown to correlate welt with known relative pore-liquid 
constituent concentrations. 

7.6.1.6 Suction samplers may not intercept macropores 
because of the s m d  size of their porous s e c t i o ~  -use of 
this, they may miss the majority of flow at high moisture 
contents in structured soils (81). The ability to intercept this 
flow can be enbanced by installing the samplers in large 
diameter silica flour packs. However, this involves drilling 
larger holes. Because suction samplen only sample when 
suction is applied, they may mis infiltration events unless a 
constant suction is applied. Therefore, under conditions of 
high moisture! content in structured soils, free drainage 
samplen are recommended (see Section 8) (81). Pore-liquid 
composition changes with time. Because suction samplers 
sample over an extended period (especially in drier soils), the 
resulting sample should be considered an average of the total 
flu past the sampler during the sampling interval. 

7.6.1.7 A major factor limiting the operation of shallow 
suction samplers in cold climates is that poreliquid may 
freeze near the porous segments. In addition, liquid may 
freeze within porous segments and lines, preventing sample 
retrieval and perhaps fracturing the sampler during ice 
expansion. Becaw of this, lines should be emptied before 
the onset of cold weather. Additionally. some soils tend to 
heave during freezing and thawing. Consequently, the sam- 
plers may be displaced in the soil profile, redting in a break 
of hydraulic contact (12). 

7.6.2 Chemical Lirnitasionr: 
7.6.2.1 The inherent hiterogeneities of unsaturated pore- 

liquid movement and chemistry limit the degree to which 

6 6 4 1  
samples collected with suction samplers can be considered 
representative. This is besaux the small cross sectional a ~ s  
of suction samplers may not adequately integrate for spatial 
variability in liquid movement rates and chemistry (51,82, 
83). Biggar and Nielsen (84) suggested that results of analyses 
from suction lysimeter samples are good for qualitative. 
comparisons, but that they cannot be used for quantitative 
analysis unless the variabihties of the parameters involved 
are established. Law (76) came to similar conclusions, stating 
that results from suction lysimeter sampling could not be 
used for quantitative mas balance studies. 

7.6.2.2 Well structured sods have two distinct flow regions 
including macroppres (for example, cracks, burrows and 
root uaces) and micropores Under saturated conditions, 
liquids move more rapidly through macropores than through 
micropom. Because of h s ,  the movement of liquid-borne 
pollutants into the finer pores may be limited. Consequently, 
pore-liquids in macropores may have different che&es 
than those in micropores (85). This is enhanced by the fact 
that oxygen content in macropores can change in a matter of 
hours during an infitration event, whereas micropom may 
remain suboljric regardless of flow conditions (75). In addi- 
tion, micropores are less susceptible to leaching than 
macropores (1, 86, 87, 88). Because of these &fferences, 
sample chemistry can vary widely from location to location 
and from time to time depending on the amount of liquid 
drawn from these two,flow systems. 

7.6.2.3 Suction samplers may sect poreliquid chemistry 
as it is being sampled. The major sampler related factors that 
can affect the sample chemistry are the porous segment 
material and sample storage time. The degree of chemical 
interartion may also be affected by the amount of porous 
section clogging (1). Clogging slows the rate of flow through 
the porous section so that contact time and chances for 
chemical interaction are increased (50). In addition, the 
types of adhesives used IO attach porous segments (for 
example, epoxy) may alter the pore-liquid chemistry. 

7.6.2.4 Interactions between porous materials and liquid 
can include sorption, desorption, cation exchange, precipita- 
tion (for example, femc precipitation), and xreening (20). 
These interactions can also occur with all other parts of the 
samplers that the samples contact. However, the much 
higher surface area of pores within porous segments makes 
them the most Critical element chemically. Table 2 presents 
the results of'a literature review for porous wction/pore- 
liquid interactions. An attempt has been made to document 
the peninent features of the listed studies. However, the 
reader should refer to the original papen to determine if 
experimental techniques arc applicable to the situation of 
interejt Tbe absence of entries for a constituent relative to a 
material does not infer absence of interactions. Although 
studies for membrane filter interactions have been per- 
formed, the results have not been included in Table 2. This is 
because membrane filters are made 6om a variety of 
materials that have Mering chemical characteristics (36). 

7.6.2.5 Suarez (89) showed that the p H  of a sample may 
be affected by 0.28 to 0.44 pH Units due to CO, degassing 
during sampling. He d u d  this error by reducing the 
gas-liquid ratio in the sampler, and by flushing several 
sampler volumes of soil solution through the sampler before 
collecting a iampk. Alternately, Suarcz (89) developed a 
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model by which p H  values could be comcted He noted that 
multichambcr samplers had minimal p H  errors and that pH 

comCtions due to C O z  degasing were not nectssary.,Pctcrs 
and Htaly (53) found that there was no significant ch&ge in 
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pH due to CQ, degassing during long sampling times, 
although they fecogniztd that pH changes could occur when 
the solution is originally more acidic than that which they 
tested. Ransom and Smeck (90) and Andenon (75) sug- 
gested purging the sampler with N2 to preserve the subsur- 
face redox states when sampling for redox dependent ions. 
Fdter tip samples do not usc a purging gas, therefore, 
pore-liquid redox states are preserved h the samples. 

7.6.2.6 Nightingale et al (31) indicated that normal s u e  
tion sampling techniques are not suitable for sampling 
volatile organic compounds due to potential loss. Wood et al 
(91) devised a body tube COMCC~C~ to a purging chamber 
that is in turn connected to a trap packed with resin. 
Compounds that volatilize during sampling are captured in 
the trap. Pettyjohn et al(92) demibed a suitable system for 
sampling highly volatile organics. However, the reported 
system was limited to a maximum sampling depth of 6 m 
and a small sample volume (5 to 10 mL). Torstensson and 
PasOnk (32) descn&d methods that can be used to collect 
samples with filter tip samples that rcsult in no head space 
in the sample vial and consequently no loss of volatile 
compounds. 

7.6.2.7 A newly f o d n g  consensus is that the eff- Of 

suction samplers (when properly pre-treated) on sample 
chemistry of nondilute solutions are generally less si@- 
cant than the inherent uncertainties of sampling discussed in 
7.6.2.1 and 7.6.2.2 (17,53,93). 

7.6.3 Microbial Limirafions-Viruses or bacteria are 
sometimes monitored in afeas where there are livestock lots, 
leach fields. septic tanks, or sewage sludge spreading plots. 
However, it has been found that although porous ceramics 
will allow viruses to pass, they will screen out bacteria (for 
example, eschcrichia coli and fecal coliform) (12,26,94,95). 

8. Free Drainage Samplers 
8.1 Frec drainage samplers are classified differently b) 

various authors, depending on the installation methods 
Many ftee drainage samplen are installed in the side walls of 
trenches and are referred to as trench lysimettrr However. 
frec drainage samplers m also installad in the walls 0' 
vertical caissons The principle behind each of the samplep 
is esstntiaUy the same. However, the materials and c o m c  
tion ma. The general types of frrt drainage sampler. 
include: 

8.1.1 Pan fysimerm, 
8.13 Glass block lysimeters, - I '  

. . .  . .  
. . .  
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8.1.3 Trough lysimeters, 
8.1.4 Vacuum trough lysimeters, 
8.1.5 Caisson lysimeters. 
8.1.6 Wicking soil pore-liquid samplers, and 
8.1.7 Sand filled funnel samplers. 
8.2 Operating Principles: 
8.2.1 A free drainage sampler consists of some sort of 

collection chamber that is placed at depth in the soil. 
Pore-liquid in excess of field capacity is free to drain through 
soil (usually through macropores) under the influence of 
gravity. This gravity drainage creates a slightly positive 
pressure at the mil-sampler interface causing fluid to drip 
into the sampler. Hence, these samplers collect liquid from 
those portions of the vadose zone that are intermittently 
saturated due to events such as rainfall, flooding, or irriga- 
tion. Some free drainage samplers apply a small suction in 
order to break the initial surface tension at the soil-sampler 
interface. Samples are retrieved either by accessing the 
samplen at depth or by drawing samples to the surface 
through a suction line. 

8.2.2 As described in 4.2, suction samplers can also be 
used to sample free drainage flow. However, the small area of 
those samplers compared to the spacing of macropores limits 
their usefulness for this application. As described in 7.4.5.3, 
Hornby et al (66) developed an installation that includes 
pressure-vacuum lysimeters within an encased monolith. 
This enhances collection of macropore flow with these 
samplers. 

8.3 Description: 
8.3.1 Pan Lysimeters: 
8.3.1.1 A pan I).simeter generally consists of a galvanized, 

metal pan of varying dimensions. A copper tube is soldered 
to a raised edge of the pan. Plastic or vinyl tubing connects 
the cupper tube to a collection v m l .  Any liquid that 
accumulates on the pan drains through the tubing into the 
vessel (see Fig. 21) (26). 

8.3.2 G l a s  Blmk Lysimeters-hbee and Brown (81) 
developed f ree  drainage samplers made from hollow glass 
bricks. These glass bricks, that are produced for ornamental 
masonry work, have dimensions of 30 by 30 by 10 cm and 
have a capacity of 5.5 L. To build a sampler, nine holes, 0.47 
cm in diameter, are drilled along the perimeter of one of the 
square surfaces of a brick. Nylon tubing is inserted into one 
of the holes to allow for sample removal. The collecting 
surface is fitted with a fiberglaw sheet to improve contact 
With the soil. Pore-liquid colleaion is enhanced by a raised 
lip along the edge of the surface (see Fig 22). 

8.3.3 Trough Lysimeters: 
8.3.3.1 Trough lysimeters, also known as Ebermayer 

lysimeters, rely on a trough or pail to cdlect pornliquid. In 
order for the edges of the sampler to maintain a tirm contact 
with the soil, a fiberglass screen is suspended inside the 
trough. The screen is lined with glass wool and covered with 
soil until the soil is even with the top of the trough (W). 

8.3.3.2 Monism (1) reported a trough lysimeter in which 
two parallel metal rods are inside the trough, in contact with 
the bottom side of the screen, and bent toward the colledoa 
tube. Liquid that en- the trough migrates along these rods 
towards the collection tube in response to capillary forces 
(scc Fg. 23). A modification of this design consists of a metal 
trough with a length of perforated PVC pipe mounted inside. 

SIDE VIEW 

COPPER 
TUBING n 

GALVANIZED 
16 GAGE 
METAL PAN. 

PIAN VIEW 
FIG. 21 Example of a Pan Lysimeter 

The trough is filled with graded gravel so that coarse material 
is immediately adjacent to the PVC pipe and fine sand is at 
the edges and the top of the trough. The pipe is capped at one 
end while the other end is connected to a sample container 
via a drainage tube (I). 

8.3.4 Vacuum Trough Lysimeters-Montgomery' et al 
(97) desxibed a vacuum trough lysimeter consisting of a 
metal trough quipped with two independent strings of 
ceramic pipe, each 13 mm in diameter. 'Ihe design, other- 
wise similar to trough lysimeters. allowed extractio~ 

- 
samples under applied suctions of up to SO cbar.' 
ceramic pipes act as a vacuum systcm, and samples &- 

extracted through a suction tine. 
8.3.5 Caissm Lysimelers-A caisson lysimeter consists of 
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collector pipes, radiating from a vertical chamber (1). A 
design used by Schmidt and Clements (98) consists of a 
nearly horizontal, half-screened PVC casing (see Fig. 24). 
Schneider et al(99) designed a similar system consisting of: a 
15.2 cm diameter stainless steel tube extending diagonally 
upward through the caisson wall into the native soil; a 
screened plate assembly within the tube to retain the soil; a 
purging system that can be used to redevelop the sampler 
when it becomes clogged; and an airtight cap that prevents 
exchange between the air in the caisson and the soil air. 

8.3.6 Wicking Soil Pore-Liquid Samplers-Hornby et al 
(66) described a wicking sampler, alleged to combine the 
attributes of free drainage samplers and pressure-vacuum 

d. lysimem. The sampler collects both free drainage liquid 
* x  :$ and liquid held at tensions to about 4 cbar. A hanging 

I 'Hurculon" fibrous column acts as a wick to exert a tension 
,-= on the soil pores in contact with a geotextile fiber which 

serves as a plate covering a 30.5 by 30.5 by 1.3 cm pan. The 
* 

terminus of the fibrous column is sealed into the cap of a 
tubular sample collector. The collection tube also contains 
an inlet pressure-vacuum Line and a sample collection tube. 
Materials for the sample collector depend on the constituents 

WATER 
CORRUGATED I STEEL PIPE 

I 
SAMPLE 

COLLECTOR 
PIPE . 

being sampled. Glass and PTFE were recommended mate- 
rials when sampling for O ~ C S  (see Fe 25) (66). 

8.3.7 Sand Filled Funnel Sarnplms-K W. Brown and 
Associates (100) discussed a sand-filled funnel for collecting 
freely draining liquid. The funnel is filled with clean sand 
and inserted into the sidewall of a trench. The funnel is 
connected through tubing to a collection bottle. Application 
of suction to a separate collection tube pulls the sample to 
 land surface (see Fig. 26). 

8.3.8 Comments-The dimensions of the free drainage 
samplers discussed are purposely left vague. Ekcause the 
samplers collect fluid flowing primarily through macropom, 
the dimendons are often dictated on a site-by-site basis by 
the configurations and spacings of the macropores. 

8.4 Installation Methodr: 
8.4.1 InsIallation: 
8.4.1.1 Free drainage samplers are commonly installed 

into the side walls of trenches or caissons. The trenches can 
be dug either by hand or with backhoes. But they should be 
stabilized with timbers and siding if deeper than 1.5 m, in 
order to allow safe a c e s  (26) (see Occupational Healtp and 
Safety Administration Regulations). All wood used in the 
construction of permanent trenches should be treated with 
preservatives to protect it agahst degmdation due to semi- 
saturated conditions. This may pose a problem when moni- 
toring for organics. Any spaces between the bare trench side 
walls and the siding are filled with soil and peagravel to allow 
for free drainage. The excavations should be covered to 
provide positive surface drainage away from the area. Some 
free drainage samplers require only temporary excavations 
for installation. After the samplers have been installed, the 
excavations are backfilled with native soil. 

8.4.1.2 Caissons for housing fhx drainage samplers are 
constructed with cormgated culverts or concrete drainage 
pipes. Schneider and Oaksford (101) installed Caissons by 
excavating soil From wi&in a concrete pipe using a crane 
operated shovel and manual labor. Each concrete pipe 
section, weighlng 222.5 kN (25 tons), was set in place with a 
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crane. As excavation inside the pipe progressed, the pipe U 

advanced downward under its own weight. 
8.4.1.3 Pan Lysimerers-A pan lysimeter can often be 

pushed or driven directly into the side wall of a trench. 
However, if the soil is resistant, an opening for the sampler 
can be created by hammering a sheet metal blade into the 
soil profile with a sledge hammer. The pan is placed in the 
side wall so that it slopes gently toward the trench. Any voids 
above or below the pan are filled with soil (26). The end of 
the copper tubing is allowed to project through the trench 
Siding and is connected to plastic tubing and a sample bottle 
(set Fig. 27). 

8.4.1.4 GIars Block Lysimeters-A glass block lysimeter is 
ktalled in a cavity that is excavated in the side of a trench. 
Barbee and Brown (81) used a wooden model of the sampler 
in order to achieve the correct cavity size during excavation. 
They used a small knife to score the ceiling of the cavity in 
order to expose any pores that may have been smeated shut 
during excavation. Care should be taken to keep the ceiling 
of the cavity smooth and level x) that liquids will not run off 
the upper surface of the glass block. Jordan (96) found that 
the edges of the sampler had to be in contact with the sooil for 
the entire perimeter of the sampler in order to prevent liquid 
from running out througb any spaces between the soil and 
the sampler. Level blocks are important so that the majority 
of the collected sample can be retrieved. However, the inside 
dass surface is uneven and has 'low spou" where residual 
sample collects between sampling cycles. The glaw block is 
pushed to the end of the cavity and wedges are used to hold 
its collecting surface firmly against the ceiling of the tunnel. 
Both the cavity and trench are partially backfilled. B a r k  
and Brown (81) recommend pressing a sheet of aluminum 
foil against the wall of the trench, extending below the top of 
the brick, before final backfilling in order to minimize any 
lateral migration of liquid from the disturbed portion of the 
soil profile to the undisturbed portion (see F& 28). It should 
be noted that aluminum foil is often coated with oil. 

8.4.1.5 Trough Lysimeters-Trough lysimeters are in- 

2772777- 
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stalled in the same manner as glass block lysimeters (see. .r 

28). 
8.4.1.6 Vacuum Trough Lysimeters-The vacuum trough 

lysimeter described by Montgomery et al(97) is housed in I 
box-like strum, with four walls and a floor, but no c d b g  
The floor of the structure and the lower portions of the walls 
are made of steel. The upper portions of the v d l s  arc 
composed of fiberglass coated plywood. A slotted, plastic 
drain pipe is set 20 mm above the floor of the structure and 
is surrounded by gravel. The soil profile surrounding the 
trough lysimeter is reconstructed incrementally in an at- 
tempt to tecreate natural conditions. The structure is 6lId 
with soil in increments of 0.5 m or less. After each increment 
is added, liquid is piped slowly into the structure through the 
drain pipe and allowed to drain back out for 24 h before the 
next increment is added. This working of the soil particles by 
liquid is believed to produce bulk densities that are f a y  
representative of the undisturbed conditions However, soil 
macropom are not reproduced 

8.4.1.7 Cuisson Lysimeters--Lateral collectors or free 
drainage samplers are installed in cavities augend by hand or 
by powerdriven equipment through holes in the &son 
walls (see Fig 24). 

- 8.4.1.8 W&ng Soil-PoreLiquid Samplers-These units 
are installed by the trench and cavity method similar to that 
for glass block lysimeters (66). A backhoe excavates 
trench to the desired depth. A cavity is then dug into thc 
of the trench to the dimensions of the sampler. The roc 
the cavity is sometimes scarified (depending on the soil type) 
to remove smearing caused during excavation. The sampler 0tJQB:ao 
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is then forced tightly into place to ensure good contact with 
the, roof of the cavity. The cavity is large enough to 
accommodate the sampler, the hanging Gck and the collec- 
tion-tube. The pressure-vacuum line and the sample collec- 
tion line are extended to the surface. During backfilling of 
the tunnel and trench, the bulk density of the fill should be 
equal to or grater than the native soil. 

8.4.1.9 Sand Filled Funnel Samplers-The installation 
procedure for these samplers is similar to that used for glass 
block lysimeters (see Fig. 26). 

8.4.2 Maintenance: 
8.4.2.1 Where samplers are acceSSed through permanent 

trenches and caissons, the sampling station must be p r e  
teaed against flooding due to exceSrive infiltration. Paritek 
and Lane (26) drilled a noor drain about 27 m through 
underlying soil into the unsaturated bedrock. This allowed 
drainage of excess liquid from the floor of the sampling 
trench, and also decreased the chances of contamhation of 
soil surrounding the structure. Alternately, a sump pump can 
be used i fa  drain is not feasible. Parizek and Lane (26) also 
found that stratified soils intensified lateral flow of pore- 
liquid, thus aggravating any flooding problem They con- 
cluded that flooding may be a problem in bumid areas where 
more than about 5 cm of liquid per week is applid to the 
land surfaa. 

8.4.2.2 The ground surface above the sampler should be 
maintained in a fairly representative state. Large housings 
and exasive t d i c  around the sampler (causing compac- 
tion of the soil) will reduce the amount of infiltration in that 
area. This will affect the representativeness of the pore-liquid 
samples. 

8.4.3 Commenu--A sigdkant advantage of samplm 
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installed in d e  sidewalls of trenches is that in sufficiently 
cohesive soils, installation produces no disturbance in tbe 
overlying dil. In cohesionless, sandy soils, stable cavities 
may not be possible. As a result, backfilling of the fallen 
material may be required. This disturbs the soil profile and 
macropores are not preserved (97). 

8.5 Operaion: 
8.5.1 Methods: 
8.5. I .  1 Since pore-liquid flows into free drainage samplers 

under the influence of gravity, sampling is a relatively simple 
procedure. Liquid accumulates in the collection device and 
then drains through tubing into a sample bottle. The sample 
can be retrieved either through access to the sampling trench 
or by pulling it to the surface by a suction pump. The 
wicking pore-liquid sampler allows the application of a slight 
suction (4 cbar) to improve sampling However, this design 
also has a tendency to clog. 

8.5.1.2 Jordan (96) found that surface tension develops in 
trough lysimeters at the soil-air interface and prevents some 
of the liquid From entering the collector. Cole (41) a d d r d  
this problem by inserting an aluminum oxide disc between 
the soil and the collection surface, and then applying suction 
to break the surface tension and draw liquid out of the soil. 
The problem with this approach is that it requires the soil 
adjacent to the aluminum oxide disc to be fiee ofcroots 
cracks, and channels (96). The two parallel rods included in 
the trough lysimeter design overcome this problem. If one 
end of the metal rod touches the fiberglass screen, then the 
surface film of liquid surrounds the rod and the liquid moves 
down the rod toward the sample container. Two rods, barely 
touching, facilitate this migration by allowing the liquid to 
move in response to the capillary forces between them (W). 

8.5.2 Comments-Under near saturated conditions with 
macropore flow, free drainage samplen tend to collect larger 
and more consistent samples than suction samplers. Since 
free drainage samplers are continuous samplen, they need to 
be emptied after each infitration event in order to ensure 
sample integrity, to prejent sample container overflows, and 
to prevent cross contamination between hydrologic events 
(1 2). 

8.6 Advantages and Limitations: 
8.6.1 Physical Advantages and Limilations-A major ad- ~ 

vantage of free drainage samplers is that they are essentially 
passive, thus they do not alter pon-liquid flow paths. The 
major disadvantage of free drainage samplers is that samples 
can only be obtained when soil moistwe conditions are in 
exc&of field capacity. Such saturated conditions usually 
require constant application of surface liquid, as in the cax 
of agricultural irrigation or at land treatment sites. Under 
drier conditions, free drainage samplers fail to yield any 
liquid and suction samplers are required 

8.6.2 Chemical Advantages and Limitmioras: 
8.6.2.1 There are both advantages and disadvantages to 

using frw drainage samplers to collect pore-liquid for cbem- 
ical analysis. A major advantage is that the samplers do not 
distort ~ t u T a l  flow patterns as do suction samplers Becausc 
samples are collected over known areas, quantitative mass 
balance estimates are possible. Becausc the samplers are 
continuous collecton, infiltration events can be sampled 
without having to go to the field. The major limitation of fhe 
drahgc samplers is that they cannot sample pore-liquids 
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held at tensions greater than the field capacity. As with all 
samplers, analytical parameten/sampler material -ampati-  
bilitics should be considered. As an example, samples 
collected from pan lpimeten should not be analyzed for 
copper or zinc, particularly if the pH of the collected fluid is 
below seven. 

8.6.2.2 Free drainage samplen tend to collect pore-liquids 
that drain rapidly through macropores. Since,the residence 
time of this liquid is less than that of liquid moving under 
tension, the major ion chemistry appears more dilute than 
the fluid sampled from unsaturated pores with suction 
samplers. In some cases, this decrease in residence time in 
combination with other factors can result in an actual change 
in the chemical signature rather than just an overall dilution. 
This is because insufficient time may be available for 
reactions to occur with soil components that act as chemical 
sources or sinks (102). However, free drainage samplers have 
large cross-sectional areas and they are cumulative collectors. 
As ,a result, they collect samples which average soil heteroge- 
neities and therefore give a more Fpresentative picture than 
suction samplen of chemical movement through wet soil, 
particularly through well-structured soils (81). In addition, 
the samplers use suction only to retrieve samples. As a result 
there is less potential for loss of volatile compounds than 
with suction samplers (12). 

8.6.3 Microbial Advanfages and Limitations-Since free 
drainage samplers do not have the minute openings that 
porous ceramic suction samplers have, they do not screen 
out colloidal-sized particles and soil bacteria. Consequently, 
they yield more representative values for suspended solids or 
BOD measurements (26). 

, 

> 

9. Perched Ground Water Samplers 
9.1 Perched water occurs where varying permeability 

layers in the vadose zone retard downward movement of 
liquid. Over time, liquid collects above lower permeability 
layers and moisture contents rise until the soil becomes 
saturated with liquid (9,103). Once soil becomes saturated, 
wells and *other devices normally installed below the water 
table can be used to collect samples. Separate guides are 
available for ground water sampling, therefore, the topics are 
covered briefly, with reference to appropriate documents. 

9.2 Sampling perched liquid is attractive because the 
perching layer collects liquid ova a large area. 'This integra- 
tion allows -samples to be more representative of areal 
conditions than suction samples (103). This also allows the 
sampler to potentially detect contaminants that may not be 
moving downward immediately adjacent to the sampler. In 
addition, larger sample volumes can be collected than those 
that can be obtained by suction samplers. EveFett et al (6) 
and Everett et al(9) discussed the incorporation of perched 
ground water sampling into monitoring programs. There are 
a variety of systems that can be used. These include the 

' 
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9.2.1 Point samplers, 
9.2.2 Wells, 
9.2.3 Cascading water samplers, and 
9.2.4 Drainage samplers. 
9.3 Operating Principles: 
9.3.1 Poiru Samplers-Point samplers art open ended 

pipes or tubes, such as piezometers or wells with &on 

screened intervals, installed for the p u m  of collectq 
samples from a discrete location in saturated ma-' 
Samples are collected by bringing liquid that flows freely iL 
the device to the surface by one of a variety of methock 

9.3.2 Wells-A monitoring well is similar to a pobt 
sampler except the screened interval is longer. Therefon, 
samples are averaged over the screened length (104). Sampla 
are collected by bringing liquid that flows freely into the well 
to the surface by one of a variety of methods. 

9.3.3 Cascading Wafer Samplers-Cascading water 0 ~ -  
curs when a well is screened across a perched layer and the 
underlying water table or when water leaks through casing 
joints at the perched layer. Because the water table is lower 
than the perched layer, water flows into the well in the 
portion open to the perched layer, and cascades downward to 
the water table. This situation is common in some areas 
where the practice has been to install water wells with large 
screened intervals (105). Samples are collected by capturing 
liquid flowing into the well from the perched layer before it 
cascades down to the water table. 

9.3.4 Drainage Samplers-Shallow perched systems may 
spread contamination, cause problems with structures, or 
interfere with agriculture. Therefore, drainage systems are 
sometimes installed. These systems usually funnel liquid via 
gravity flow to a ditch or sump from which it is pumped o u t  
This outflow can be sampled. Typical drainage system 
include tile lipes or manifold collectors. Depending on the 
design of the system, it may be possible to sample outflows 
that drain different areas. 

9.4 Description: 
9.4.1 Point Samulers: 
9.4.1.1 Point samplers can be installed in separate 

boreholes or clustered together in one borehole at different 
depths. Fig. 29 presents different configurations that have 
been used. Piezometers, that are oflen used as point sam- 
plers, are similar to wells, in that they consist of a small 
diameter casing open at one end or connected to a short 
screened interval (106). Reeve (107), Patton and Smith (10s) 
and Morrison (1) discussed different designs. 

9.4.1.2 Point samplers can be made from a variety of 
materials including steel, PVC, FTFE, ABS. fiberglass, and 
additional materials for joints, seals and other components 
(106, 107). 
' 9.4.2 Wells: 

t 
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. 9.4.2.1 Monitoring wells (as depth averaged samplers) are 
nortnally installed with one well in each borehole. C o m p  
neats of a well generally include a bottom plug, a length of 
m e n ,  a lengtb of blank casing, a cap, and a protective 
cover. Different monitoring well designs are presented in 
Figs. 30, 31, and 32. Authon who described methods for 
designing and installing monitoring wells include U.S. EPA 
(I@), Driscoll (IIO), Gas ( I l l ) ,  Keely (112). Minning 
(113), Richter and Collentine (114), Eggs (11% EgS and 
Hatheway (Ila), W e t  al(117). Momson (I), Everett et al 
(9), Campbell and Lehr (118). Hackett (119, 120) summa- 
rized methods for designing and installing monitoring wells 
with hollow stem augers. Screened hollow stem augen can 
also be used as temporary wells for sampling (Taylor and 
sefafini, (121)). 

9.4.2.2 Monitoring wells can be made from a variety of 
materials including steel, PVC, FTFE, ABS, fiberglass, and 
additional materials for join& seals, and other components. 
Details are provided by Barcelona et al (122), U.S. EPA 
(109). Morrison (1) and many of the references listed above. 
' 9.4.3 Cascading Water Samplers: 

9.4.3.1 Cascading water is most often seen in production 
wells in areas with extensive ground water pumpage. Sam- 
plers simply conskt of a bucket or bailer lowered to a point 
below the inflow of cascading water. Wilson and Schmidt 
(103) described methods for developing cascading water 
samplers (see Fig. 33). 

9.4.3.2 Cascading wells differ from other wells only by the 
way in which water flows into them. Otherwis, the materials 
used for these wells are identical to those USBd for other types 
of.wells. Bailers or buckets used to collect samples are a b  
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9.4.4 Drainage Samplers: 
9.4.4.1 DraiDagc systems consist of conduitS hsdkd 

within the perched zone at Nmcient slopes for Water to flow 
to a central ditch or drain. The conduits can be tile drains, 
half perforated pipes, synthetic sheeting, or. even laym of 
gravel and sand schilfgaardt d (123). contains numetous 
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9.6 Operaion- 
9.6. I Point Samplers-Point samplers usually have & - 

,- 

FIQ. 33 ConcephMnxed cmr section of wen showing 
Cascading Water trOm Perched Zone 

papers on the design and construction of drainage systems. 
Donnan and Schwab (124) described sampling from agricul- 
tural drainage systems. Gilliam et al (125), Gambrell et al 
(126), Eccles and Gruenbej-g (127) and Gilliam et al (128) 
described sampling from tile drains. Gilliam et al(125) and 
Jacobs and Gilliam (1 29) described sampling from drainage 
ditches. Wilson and Small (130) described a lateral drain 
sampler ~nstalled beneath a new sanitary landfill. A perfo- 
rated pipe collected liquid that was funneled to a sump via a 
drain line. In most of these systems, a thin layer of high 
permeability sand or gravel is installed around the drain to 
promote flow into the collector, and to sieve out fine 
materials. 

9.4.4.2 Because drainage systems often req& large 
quantities of materials, less exotic, cheaper materials such as 
baked clay tiles and PVC are often used. 

9.4.5 Commerus--As with all samplers, potential chem- 
ical interaction between the sampler material and the con- 
stituents of interest should be considered. Because these 
samplers are usually installed for other purposes, incompat- 
ibility of materials with monitoring objectives is often a 
problem. Everett et al(9). Dunlap (131), and U.S. EPA (109) 
discussed this topic. 

9.5 Imiallation Methods: 
9.5.1 Poim Samplers-Reeve (107), Patton and Smith 

(lo@, and Morrison (1) discuwd procedures for installing 
and maintaining point samplers. 

9.5.2 Wells-Most of the references lined in 9.4.2.1 
describe methods for installing monitoring wells. 

9.5.3 Cascading Wafer Samplers-Wilson and Schmidt 
(103) discussed methods for installing y d i n g  water sam- 
plers. / 

9.5.4 Drainage Samplers-Schilf&arde ed. (123) contains 
articles that discussed installation of agricultural drainage 
systcmr Associated hazards and costs often prohibit the 
installation of these systems at existing land6lls. As a result, 
inclusion of thee systems, as leachate collectors, in new 
landtills is more common. Everett et al (9) discussed 
methods for installing drainage sampling systems at haz- 
ardous waste sits 

eten that are too small to allow the w of subm& 
pumps. AS a result. suction methods are usually required (1) 
Sampling techniques are described in Pickens et al (1Mj 
Reeve (107), Patton and Smith (108) and Morrison (I). 

9.6.2 IIells-Samples may be retrieved from wells in the 
same manner as from piezometers. However, because w e k  
are designed for sampling or pumpage. diameters are usually 
large enough to accommodate most pumps. Samples a n  be 
brought to the surface by a variety of systems including 
bailers, suction pumps (for example, peristaltic pumps), 
lift pumps, piston pumps. submersible pumps and swabbing 
Each of these methods have advantages and disadvantage 
relating to considerations such as depth to water, req& 
sample volume. ympling speed, alteration of the sample 
chemistq, equipment requirements, manpower require- 
ments, and cost. These considerations were discussed by 
Everett et al(9), Fenn et al(132). Gibb et al(133), US. EPA 
(109). Dunlap et al(131). Driscoll(llO), and Anderson (75). 
Sampling methods were described in most of the references 
of 9.4.2.1. As described in 9.3.2, samples from wells are 
averaged over the screened interval. However, samples from 
discrete depths along the scfeened interval can also be 
obtained using packer-pump setups such as those described 
by Fenn et al (132). 

9.6:3 Cascading Waier Samplers: 
9.6.3.1 Wilson and Schmidt (103) described techniques 

for samDling from cascading wells. A bailer or bucket is - -  
decontaminated and then lowered to a position in the wpY- 
below the cascading water but above the water table. Wb 
the sampler is full, it is pulled back to the surface. Alter 
nately, as shown in Fig. 33, the chemistry of the water table 
immediately around a well that has been shut down will be 
dominated by the cascading water. Therefore, a sample can 
also be collected from the water table during the initial stages 
of pumping. 

9.6.3.1 Cascading wells are usually production wells in 
which drawdown has lowered the water table sufficiently to 
cause cascading. Because of this, there is usually a pump 
installed in the well that will prevent access'for sampling. 
However, the pumps are periodically removed for mainte- 
nance. Therefore, it should be possible to coordinate sam- 
pling ~ i t h  pump maintenance personnel. 

9.6.4 Drainage Samplers-Samples may be collested 
where tile lines or drainage pipes discharge to ditches or 
sumps (125,126,127,128,129,130). Willardson et al(134) 
described a 'flow-path ground water sampler" that allows 
collection of water following different flowpaths dong a tile 
drainage system. 

9.7 Limitaiions: 
9.7.1 Perched water systems can be difficult to find and 

delineate. Surface and borehole geophysical methods (for 
example, neutron logging) and video logging of existing wells 
are often used. Also, perched systems tend to be ephemeral. 
Therefore, suctions samplers an sometimes required as 
backups. 

9.7.2 Poinf Samplers-The major problem with pc 
sampling systems is that their diameters are often too smL 
to allow adequate development after instaJlation or to allow 
sampling by any method other than suction. Because the 
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maximum suction lift of water is about 7.5 m, this is the 
maximum sampling depth for many of the small diameters 
systems. Systems such as thox depicted in Fig. 29 require 
tight contact with the surrounding material to prevent side 
leakage of liquid. Depending on the material. this tight 
antact  may not be achievable (9). 

9.7.3 Wells-Wells provide samples that are averaged 
Over the screened interval. As a result, when contaminants 
are detected, packer-pump arrangements must tx used if 
zonation of the contaminants is to be delineated. When 
separate phases of water-immiscible fluid (for example, oil) 
are found floating in the well, it is &!Ticult to obtain samples 
of the underlying water without contamination from the 
overlying fluid. As with all sarnplen, care should be taken to 
ensure that materials used to construct a well are compatible 
with the chemical analyses to be performed. 

9.7.4 Cascading Water Sarnplers-Caxading water may 
enter a well from several distinct perched systems (103). As a 
result, the sample may be a mixture of water from Several 
depths. Cascading water is most often sampled from pre- 
existing wells used for other purposes. As a result, materials 
used in the well construction may alter those chemical 
constituents of interest. Wells used for irrigation and water 
supply often have lubricant oils from the pump floating in 
them. With fluctuating water levels, these oils become 
smeared along the wing ,  and may even move out into the 
surrounding soils. Therefore, traces of these oils may appear 
in samples. 

9.7.5 Drainage Samplers-Because of the limitations of 
excavation equipment, drainage samplers are limited, to 
shallow depths. Jn addition, the syskms are difficult to install 
infrocky or steep terrains In areas that experience freeze- 
thaw cycles, they may be damaged by soil heaving (9). 
b n a g e  systems are often susceptible to clogging over time 
as-fine particles and chemically precipitated material accu- 
mulate on the drain openings. Collected samples may or may 
not be representative of average conditions, depending on 
the distribution of soil types and contaminants in the drained 
area If the area of contaminationris small compared to the 
drained area, dilution may prevent the detection of contam- 
inhts.  In addition, pollutants that are heavier than water 
may move below the drain if it is not located at the bottom 
of the perched zone. As with all samplers, there is the 
possibility of chemical interaction between the sampling 
system and the chemical coastituents of interest. In the case 
of drainage sampling systems, this effect is amplified as 
contaminants may have to travel considerable distances 
through drains before being sampled. In addition, normally 
non-aerated solutions may be aerated and chemically altered 
as they travel through drains. 

10. Experimental Absorption Samplers 
IO. I Operating Principles-Absorbent samplers depend 

on the ability of the material to absorb pore-liquid (1). 
SampleS arc collected by placing the sampler in contact with 
soil. Liquid is allowed to absorb into the sampler material 
over time. The sampler is then removed, aod the sample 
liquid is extracted for analysts. 

10.2 Desmption- 
102.1 Two designs have ban described. The fint design 

includes a ctllulosc-nylon sponge (0.5 by 4.8 by 30 cm) 

seated in a galvanized im trough. The trough is pressed 
against a soil surface with a series of lever hinges (135). 

10.2.2 The second absorbent sampler design consists of 
tapered ceramic rods that are driven into soil (136). The rods 
are made from ungbed ceramic similar to that used as the 
porous segments of suction samplers. 

10.3 Insrallarion: 
IO. 3.1 Pre-Insrallation: 
10.3.1.1 Sponge samplers are prepared by soaking them 

for 24 h in a 1 to 5 5% NaOH solution containing a washing 
powder, Tadros and McGarity (135). Sponges are then 
pressed dry using rollers. stored in a moisture tight container, 
and taken to the field. 

10.3.1.2 Ceramic rod samplers are weighed, boiled in 
distilled water, oven dried, and stored in a desiccator. The 
rods are weighed again and then taken to the field. 

10.3.2 Insfallat ion: 
10.3.2.1 A sponge is placed in the sampling trough. The 

trough is then placed in a horizontal cavity cut into the side 
of a trench. The trough is then pressed against the cavity 
ceiling with the lever hnges. 

10.3.2.2 A ceramic rod sampler is installed by simply 
driving it into the soil. 

10.3.3 Mainrenance: f 

10.3.3.1 The only field maintenance required for sponge 
samplers k. the preservation of the sampling trench if future 
sampling is desired at that location.‘ 

10.3.3.2 There is no field maintenance for ceramic rod 
samplers as they are completely removed to retrieve the 
samples. 

10.3.4 Comments-Theoretically, there is no maximum 
installation depth for sponge samplers. However, because 
access trenches are required for operation, installations are 
restricted to shallow depths dictated by excavation equip 
ment and safety considerations. Given the NaOH treatment 
(without rinsing) of the sponge, measurements of pH, 
conductivity, TDS, metals and major cations and anions 
might be affected by the residual NaOH. Depending on the 
composition of the “washing powder”, phosphate, BOD, and 
MBAS might also be affeaed. 

10.3.4.1 Ceramic rod samplers will have maximum instal- 
lation depths if pushed or driven from the surface. This 
maximum depth will generally decrease with increasing soil 
grain size. However, deeper installations can be achieved by 
drilling to the top of the interval to be sampled, lowering a 
rod down the hole and pushing or driving the rod into the 
sampling interval (136). 

10.4 Operation: 
10.4.1 Methods: ,- 

10.4.1. I Sponge samplers are p d  against the soil until 
a sufficient volume of liquid for planned analyses has been 
absorbed. The sampler is then removed and the sponge is 
placed in a moisture proof container. The sample is extracted 
from the sponge with rollers 

10.4.1.2 Ceramic rod samplers are pushed or driven into 
the soil and left in place for a period of time. The rods are 
then withdrawn, and weighed. The rods an leached by 
boiling in a known volume of distilled water.’This solution is 
then analyzed. The concentrations of constituents in the 
original pore-liquid are estimated by using the ratio of the 
volume of absofbed water to the volume of the S i n g  water. 

\ 
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10.4.2 Commenls-The amount of liquid that can bc 
sampled is depedent on time, soil type, moisture content 
absorbency of the sampler m a t e d  volume of the absorbent 
material. a ~ d  surface area of the absorbent material in 
contact wth the soil. Generally, sponge samplers function 
only at higher moisture antents approaching saturation (I). 
Shimshi (136) 4 ceramic rod samplers to sample fiom a 
sandy loam with moisture contents varying from 7 to 20 Z. I 

10.5 Limitations: 
10.5.1 Physically, absorbent methods are limited to soils 

approaching saturation. Sampling requires removal of the 
absorbent material. Because of this, repeat sampling at the 
same location is difficult. Although the sampler may be 
placed back at its original location, identical hydraulic 
contact with the soil cannot be guaranteed. 

10.5.2 Chemically, as with other samplers, there are 
problems with absorption, desorption, precipitation, cation 

exchange. and sctecw of various po*huid mmponenb 
as a function Of the sampler m a ~ a - d ~ .  Tadros M-ty (135) discussid these concerns in relation to sponge a. 
plea Shimshi (136) provided a discussion of &e 
limitations of sampling for nitrate with d c  rod  am- 
p l e ~ .  S*fidy* he found *at at lower r ~ o h r e  conkats, 
samp'd solutions -e 1 s  rep-nutive due '0 Q W ~  
transfer and chromatographic separation. However, he q. 
gated that these effects could be reduced by increasing the 
length of the rod insertion period. Clearly, boiling will affect 

for ownia, BOD, COD, m3, and some other 
swes of nitrogen, among 

1 
11. KeWords 

11.1 pore fluids, ptessure vacuum lysimeters; soil m o b  
ture; soil water, suction lysimeters; unsaturated; vadose zone 
sampling 

- 
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APPENDIX 

(Nonmandatory Information) 

XI.  DESCFUPTIONS OF TERMS SPECIFIC TO THIS STANDARD 

\ 

\ 

X 1.1 air entry value-the applied suction at which water 
menisci of the porous segment of a suction sampler break 
down, and air enters. 

X 1.2 bubbling pressure-the applied air pressure at which 
water menisci of the porous segment of a suction sampler 
break down, and air exits. 

X1.3 cuscading water--perched ground water that enters 
a 'weU casing via cracks or uncovered perforations, trickling, 
or pouring down the inside of the casing. 

X I .4 cation exchange capacity (CEC)-the total capacity 
of a porous system to adsorb cations from a solution. 

X1.5 hydraulic gradient-the change in total hydraulic 
bead of water per unit distance of flow. 

X 1.6 hydrophobicity-the property that defines a material 
as being water repellent. Water exhibits an obtuse contact 
angle with hydrqhobic mate& 

X 1.7 hydrophdicdy-the prop* that dehes a material 
as attracting water. Water exhibits an acute contact angle 
with hydrophilic materials. 

X1.8 lysimeter-a device to measure the quantity or xate 
5 of water movement through a block of so& usually undis- 

turbed or in-situ; or to collect such percolated water for 
analyses 

X 1.9 m a c r o p o r e - i n t e r t e  cavities that serve as the 
principal avenues for the infiltration and drainage of water 
and for aeration. 

Xl.10 matric potential-the energy required to extract 
water from a soil against the capillary and adsorptive forces 
of the soil matrix. 

X 1.1 1 marric suction-for isothermal soil systems, matric 
suction is the pressure difference across a membrane sepa- 
rating soil solution, in-placq Erom the same bulk (* 
soil-water pressure). 

X 1.12 microport-inwaggrqate capillaries respo&ble 

/ 

\ 

. 

- . -  

> for the retention of water and solutes. 

/ 

1 

X 1.13 percolation-the movement of water through the 
vadose zone, in contrast to infiltration at the land surface 
and recharge across a water table. 

X1.14 pore-liquid-Liquid that occupies an open space -'- 
between solid soil particles. Within this guide, pore-liquid i. 
limited to aqueous pore-liquid; that includes water and its - 
solutes. 

X 1.15 pore-liquid tension-= matric-suction or soil- 
water pressure. 

Xl.16 pressure head-the head of water at a point in a 
porous system; negative for unsaturated systems, positive for 
saturated systems. Quantitatively, it is the water pressure 
divided by the specific weight of water. 

X 1.17 Richard's acrflow principle-the principle that 
states that pore-liquid will not generally flow into an air-filled 
cavity (at atmospheric pressure) in unsaturated soil. 

X 1. I8 soil- warer pressure-the pressure on the water in a 
soil-water system, as measured by a piezometer for a 
saturated soil, or by a tensiometer for an unsaturated &il. 

X1.19 tensiometer-a device for measuring soil-water 
matric potential (or tension or suction) of water in soil 
in-situ; a porous, permeable ceramic cup connected thr,ough 
a water filled tube to a pressure measuring device. 

X1.20 total soil-water potential-the sum of the energy- . 
related components of a soil-water system; for example, the 
sum of the gravitational, matric and osmotic potentials. 

X 1.2 1 tremie method-the method whereby materials are 
emplaced in the bottom of a borehole witb a small diameter 
pipe; 

X1.22 vacuwn--a- dcgcc of rarefaction below atmo- 

X1.23 Yodose zone-the hydrogeological region ex 
tending from the soil surface to the top of the principle water 
table; commonly r e f d  to as'the "unsaturat6d zone" or 
"zone of aeration". Thest alternate names are inadequate as 

1 
.J 

_ _  - -  

. spheric pressure: negative pressure. 

r: ,o 
> . .. 
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do not take into a m u n t  locally saturated regions above 
UIC Principle water table (for example, perched water zones). 

X 1.24 wafer content-the amount of water stored within 

a porous matrix, expressed as either a volume (volume pcr 
unit volume) or a m a s  (mas per unit man) of a given solid. 
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dq Designation: D 4700 - 91 

Standard Guide for 
Soil Sampling from the Vadose Zone' 

1. scope 
1.1 This guide addresses procedures that may be used for 

obtaining soil samples from the vadose zone (unsaturated 
zone). Samples can be collected for a variety-of reasons 
including the following: 

1.1.1 Stratigraphic description, . .  . 
1.1.2 Hydraulic conductivity testing, 

- .l. 1.3 Moisture content measurement, 
1.1.4 Moisture release curve construction, 
1.1.5 Geotechnical, testing, 
1.1.6 Soil gas analyses, 
1.1.7 Microorganism extraction, or 

. 1.1.8 Pore liquid and soils chemical analyses. 
4.2 This guide focuses on methods that provide soil 

samples for chemical analyses of the soil or contained liquids 
or contaminants. However, comments on how methods may 
.be modified for other objectives are included. . 

I3 This guide does not describe sampling methdds for 
Sed deposits and rocks (for example, sandstone, shale, 

M, granite). 
1.4 In general, it is prudent to perform all field work with 

at least two people present. This in- safety and 
facilitates efficient data collection. - 

-1.5 The values stated in inch-pound units arc to be 
regarded as the standard. The SI units given in parentheses 
9 for information only. , 

1.6 ' This standard does not-purporI to address all of the 
sa!& problems, if any, associated with its use. I t  is the 
rtTsponsibility of the mer ofthis standard to establish appre 
P&e safety and health practices and 'determine. the applica- 
bihty . .  of regulatory limitations prior to we .  .' 
Y g::.:::? . 
.:&a'!. .: 
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D 1586 Method for Penetration Test and Split-Barrel 

D 1587 Method for Thin-Walled Tube Sampling of Soils2 
D 2488 Practice for Description and Identification of Soils 

D2607 Classification of Pats, Mosses, Humus, and Re- 

D 3550 Method for Ring-Lined Barrel Sampling of So&? 
D4083 Practice for Dexription of Frozen Soils (Visual- 

D4220 Practice for Preserving and Transporting Soil 

Sampling of soils2 

(Visual-Manual Procedure)2 

lated Products2 

Manual P r d u r e ) t  

Samples' 
3. Terminology 

3.1 Dgfinitions: 
3.1.1 Except where noted, all terms and symbols in this 

guide are in accordance with the following publications. In 
order of consideration they are!: 

3.1.1.1 Terminology D653. 
3.1.1.2 Compilation of ASTM Standard Termin~logy,~ 

and 
3.1.1.3 Webster's New Collegiate D i a i o ~ r y . ~  
3.12 For definitions and clasifications of soil related 

terms used, refer to Practice D2488 and Terminology 
D 653. Additional terms that require clarification are defined 
in 3.2. 

3.2 Descriptionr of Terms Specific to This Standard: 
3.2.1 cascading water-perched ground water that enters 

a well casing via cracks or uncovered perforations, trickling, 
or pouring down the inside of the casing 

3.2.2 sludge-a water charged sedimentary deposit. 
3.2.2.1 Discussion-The water-formed sedimentary de- 

posit may include all suspended solids carried by the water 
and trace elements that were in solution in the water. Sludge 
usually does not cohere sufficiently to retain its physical 
shape when mechanical means are used to remove it from 
the surface on which it deposits, but it may be baked in place 
and be adherent. 
4. S r m w y  of Guide 

4.1 Sampling vadose zone soil involves inserting into the 
ground a device that retains and recovers a sample. Devices 
and systems for vadose zone sampling are divided into two 
general groups, namely the following samplm used in 
conjunction with hand operated devices; and samplers used 
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flG. 1 Criteria for Selecting Soli Sampling Equipment 

in conjunction with multipurpose or auger drill rigs. This 
guide discusses these groups and their associated practices. 

4.2 The discussion of each device is organized into three 
sections, describing the device, describing sampling methods, 
and limitations and advantages of its use. 

4.3 This guide identifies and describes a number of 
sampling methods and samplen. It is advisable to consult 
available site-specific geological and hydrological data to 
asdst in determining the sampling method and sampler best 
suited for a specific project. It is also advisable to contact a 
local firm providing the services required as not all sampling 
and drilling methods described in this guide are available 
nationwide. 

5. SigniTmce and Use 
5.1 Chemical analyses of liquids, solids, and gases from 

the vadose zone can provide information on the presence, 
posible source, migration route, and physicalchemical be- 
havior of contaminants. Remedial or mitigating measures 
cap be formulated based on this information. This guide 
describes devices and procedures that can be used to obtain 
vadose zone soil samples. 

5.2 Soil sampling is useful for the reasons pmnted  in 
Section 1. However, it should be recognized that the general 
method is destructive, and that resampling at an exact 
location is not possible. Therefore, if a long term monitoring 
program is being designed, other methods for obtaining 
samples should be considered. 

6. Oiteria for Selecting Soil Samplers 
6.1 Important criteria to consider when selecting devices 

for vadose zone soil sampling include the following 
6.1.1 Type of sample: An encased core sample, an 

uncased core sample, a depth-specific representative sample, 
or a sample according to requirements of the analyses, 

6.1.2 Sample size requirements, 
6.1.3 Suitability for sampling various soil types, 
6.1.4 Maximum sampling depth, 

6.1.5 Suitability for sampling so5 under various m o h  

6.1.6 Ability to minimize cross contamination, 
6.1.7 Accessibility to the sampling site, and 
6.1.8 Personnel requirements. 
6.2 The sampling devices described in this guide ha\t 

been evaluated for these criteria The results are summarked 
infig. 1. 

conditions, 

7. SampIing with Hand Operated Devices 

agricultural purposes, include: 

7.1.3 Tube-type samplers, 
7.1.4 Hand held power augers, and 
7.1.5 Trench sampling with shovels in conjunction with 

machine excavations. 
7.2 The advantages of using hand opexated devices over 

drill rigs arc the ease of equipment transport to locations 
with poor vehicle access, and the lower costs of setup and 
decontamination. However, a major disadvantage is that 
these devices are limited to shallower depths than drill rig% 

7.3 ScrewType Augers: 
7.3.1 Description-The xrew or ship auger is essentially a 

small diameter (for example, 1.5 in. (3.81 cm)) wood auger 
from which the cutting side flanges and tip have been 
removed (lp (see Fig. Yo)). According to the Soil Survey 
SM(l) ,  the spiral part of the auger should be about 7 in. (1 8 
cm) long, with the distances between flights about the same 
as the diameter (for example, 1.5 in.) of the augei. This 
facilitates measuring the depth of penetration of the tooL 
Variations on this design include the closed spiral auger and 
the Jamaica open spiral auger (2) (see Fs 2(b) and l(c)). The 

7.1 These devices, that have mostly been developed for 

_- 7.1.1 Screw-type augers, .- . 
7.1.2 Barrel augers, i 



(e) Shlp AuWr 

D4700 

(b) Closed Auwr 

fla. 2 ScrswType Augen 

auger is welded onto a length of solid or tubular rod. The 
upper end of this rod is threaded, to accept a handle or 
extension rods. many extensions are used as are required 
to reach the target sampling depth. The rod and the 
extensions are marked in even increments (for example, in 
&in. (15.2Qcm) increments) above the base of the auger to 
aid in determining drilling depth. A wooden or metal handle 
cits into a tec-type coupling, -wed into the uppermost 
ntcnsion rod. 
1.3.2 Sampling Method-For drilling, the auger is rotated 

m a n d y l  The opemtor may have to apply downward 
pressure to start and embed the auger; afterwards, the auger 
screws itself into the soil. The auger is advanced to its full 
length, and then pulled up and removed Soil From the 
deepest interval penetrated by the auger is retained on the 
auger fight& A sample can be collected fiom the fights using 
a spatula A foot pump operated hydraulic system has been 
developed to advance augers up to 4.5 in. (1 1.43 cm) in 
diameter. This larger diameter d o w s  insertion of other 
mpl ing  devices into the drill hole, once the auger is 
moved, if desired (3).6 

Samplers arc disnubed and are not truly core samples. 
'Ibereforc, the samples are'not suitable for tests requiring 
undisturbed samples, such as hydraulic conductivity tests. In 
addition, soil structures are disrupted and small scale 
~ h l o g i c  featUtes cannot be examined Nevertheless, screw- 

73 .3  Comments-hple Obtained with Xrrew-type 

- .  
2 .  . .  

.. 

(c) Jarnrlu O P "  
Splnl Auger 
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type samplers are still suitable for use' in collecting samples 
for the purpose of detecting contaminants. However, it is 
dimcult to avoid transporting shallow soils downward wh& 
reentering a drill hole. When representative samples are 
desired from a discrete interval, the borehole must be made , 
large enough to insert a sampler and extend it to the bottom 
of the borehole without touching the sides of the borehole. It 
is suggested that a larger diameter auger be used to advana 
and clear the borehole, then a smaller diameter auger 
sampler be used to obtain the sample. Screw-type augen 
work better in wet, cohesive soils than in dry, loose soils. 
Sampling in very dry (for example, powdery) soils may not 
be possible with these augers as soils will not be retained on 
the auger flights. Also, if the soil contains gravel or rock 
fragments larger than about one tenth of the hole diameter, 
drilling may not be possible (4). 

7.4 Barrel Augers: ,, 
7.4.1 Description-The barrel auger consists of a bit With 

cutting edges welded to a short tube or barrel within which 
the soil sample is retained, welded in turn to shanks The 
shanks are welded to a threaded rod at the other end 
Extension rods are attached as required to reach the target 
sampling depth. Extensions are marked in increments above 
the base of the tool. The uppermost extension rod contains a 
tee-type coupling for a handle. The auger is available in 
carbon steel and stainless steel with hardened steel cutting 

7.4.2 Sampling Mdh&The auger is rotated to advance 
the barrel into the ground The operator may have to apply 
downward pressure to keep the auger advancing When the 
barrel is filled, the unit is withdrawn from the soil cavity and 
a sample may be collected fiom the barreL 

edges (596). 
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7.4.3 Commenrs-Barrel augers generally provide larger 
samples than screw-type augers, The augers can penetrate 
shallow clays, silts, and fine grained sands (7): The augersfdo 
not work well in gravelly soils, caliche, or semi-lithified 
deposits. Samples obtained with barrel augers are disturbed 
and are not core samples. Therefore, the samples are not 
suitable for tests requiring undisturbed samples, such as 
hydraulic conductivity tests. Nevertheless, the samplers are 
still suitable for use in collecting samples for the purpose of 
detecting contaminants. Because the sample is retained 
inside the barrel, there is less of a chance of mixing it with 
soil from a shallower interval during insertion or withdrawal 
of the sampler. The following are five common barrel augers: 

7.4.3.1 Post-hole augers (also called Iwan-type augers), 
7.4.3.2 Dutch-type augers, 
7.4.3.3 Regular or general purpose barrel augers, 
7.4.3.4 Sand augers, and 
7.4.3.5 Mud augers. 
7.4.4 Posz-Hole Augers-The most readily available 

barrel auger is the post-hole auger (also called the Iwan-type 
auger) (8). As shown in Fig. 3, the barrel consists of twew 
cylindrical leaves rather than a complete cylinder and is 
slightly tapered toward the cutting bit The taper and the 
cupped bit help to retain soils within the barrel. The barrel is 
available with a 3 to 12-in. (7.62 to 30.48cm) diameter. 
There are two types of drilling systems, one has a single rod 
and handle, and the other has two handles. In stable, 
cohesive soils, the auger can be advanced up to 25 A (7.62 m) 

7.4.5 Durch-Type Augers-The Dutch-type auger (com- 
mercially developed by Eijkelkamp) is a smaller variation of 
the post-hole auger design. As shown in Fig. 4, the pointed 
bit is continuous with two, narrow pawylindrical barrel 
segments, welded onto the shanks. The barrel generally has a 
3 in. (7.62 cm) outside diameter. This tool is ,best suited for 
sampling wet, clayey soils. 

' (8). 

7.4.6 Regular or General Purpose Barrel Augers-A vp. 
sion of the barrel auger commonly used by soil scientists 
county agricultural agents is depicted in Fig. S(a) and (b). 
shown, the barrel is a complete cylinder. As with 
post-hole auger, the cutting blades are cupped so that sol 
loosened and forced into the barrel as the unit is rotated 
pushed into the ground. Each filling of the barrel corn 
sponds to a depth of penemtion of 3 to 5 in. (7.62 to 12.70 
cm) (1). The most popular barrel diameter is 3.5 in. (8.89 
cm), but sizes ranging from 1.5 to 7 in. (3.8 I to 17.78 cm) 
available (6): Plastic, Stainless steel, PTFE (polytetrs 
fluoroethylene) or aluminum liners can also be used (q.6 
Extension rods are available in 4 A (1.22 m) lengths. ne 
rods can be made from standard black pipe, from lightw-t 
, conduit or from seamless steel tubing. The extensions ha- 
evenly spaced marks to facilitate determining sample depth 
The regular barrel auger is suitable for use in loam type sok 

7.4.7 Sand Augers-For dry, sandy soils it may be n- 
sary to use a variation of the regular barrel auger that 
includes a specially-formed bit to retain the sample in the 
barrel (see Fig. 5(c)). Sand augers with 2, 3, or 4-in. (5.08, 
7.62, or 10.16cm) diameters are available (5)P 

7.4.8 Mud Augers-Another variation on the regufar 
barrel auger design is available for sampling wet, clayey soils. 
As shown in Fig 5(d), the barrel is designed with open 'sib 
to facilitate extraction of samples. The bits are the same as 
those used on the regular barrel auger (6): Mud augers with 
2,3, or 4-in. (5.08,7.62, or 10.16-cm) diameters are available 
(51.6 

7.5 TubeTyp4 Samp!ffs: 
.7.5.1 ~ube-type samplers generally have proporti id- 

smaller diameters and greater body lengths than those 
barrel augers. 

7.5.2 For sampling, these units are perched into the soil 
causing the \tube to fill with material from the interval 
penetrated. The assembly is then pulled to the surfaoe and a 
sample can be collected from the tube. Since the device is not 
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rotated, a nearly undisturbed sample can be obtained. 
Commercial units are available with foot leva attachments, 
a hydraulic apparatus, or drophammers to aid in driving the 
sampler into the ground (5)6. Vibratory heads have also been 
dcvelopcd to advance tube-type samplers (9)P 

7.53 ~ h e s e  .units are not as suitabk for samp- in 
compacted, gravelly soils as are the barrel augm. They art 
n t f e r r e d  if an undisturbed sample is requiffd Commonly 

7.5.3.1 Soil s a m p m  tubes (also d e d  Lord samplers), 
75.31  Vcihmeya tubes (also called King tubes), 
7.5.3.3 Thin-walled tub samplers ( a h  d e d  Shelby 

U d  varieties of the tube type samplers include: 

tub), 

I 

7.5.3.4 Ring-lined barrel ~amplm, and 
7.5.3.5 Piston samplers. 
7.5.4 Soil Sampling Tubes: 
7.5.4.1 Description--As depicted in Fs 6, the soil sam- 

pling tube consisa of a hardened cutth&tip, a cut-away 
barrel, and an uppermost threaded segment. The cut-away 
barrel allows t e x t q l  examination and easy removal of soil 
samples Generally, the tube is constructed hrn high 
strength alloy steel (lo)? The samplen are available with 6, 
12, 15, 18, and 24-in. (15.24,30.48, 38.10,45.72,60.9dcm) 
lengths (5.6). The tubes are available With 1.13 or 0.88-in. 
(2.87 or 2.22-cm) outside diameter. Two modified versions 
of the tip are available, for samphg in wet or dry soils. The 
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sampling tube is attached to extension iods to attain the 
target sampling depth. A cross-handle is attached to the 
uppermost rod. Extension rods are made of lightweight, 
durable metal. They are available in a variety of lengths 
depending on the manufacturer. Markings on the extensions 
and the< sampler facilitate determining sample depths. 

7.5.4.2 Sampling Method-The sampler is pushed into 
the ground by leaning on the unit's handle. Once the sampler 
has reached the bottom of the sampling interval, it is Misted 
to break soil continuity at the tip. Depending on the type of 
cutting edge, the tube sampler may obtain samples varying in 
diameter fiom 0.69 to 0.75 in. (1.75 to 1.91 cm). 

7.5.4.3 Comments-The soil sampling tube works best in 
so9 clayey, cohesive soils. If the soil contains cobbles or rock 
frasments larger than about one-half the cutting tip diam- 
eter, satisfactory sampling may not be possible. If the soil is 
cohesionless, it will not be retained in the tube. With time, 
the cutting tip will be damaged and worn dull. Most units are 
designed so that this part can be replaced. 

7.5.5 Veihmeyer Tubes: 
7.5.5.1 Desmption-The Veihmeyer tube is a long, com- 

plete cylinder. As shown in Fig. 6, this unit consists of a 
bevelled tip, that is threaded into the lower end of the tube, 
and a drive head threaded onto the upper end of the tube. 
The sampler is constructed of hardened steel. The tube is 
generally marked in even increments (for example, 1 fi or 
0.30 m). These samplers are available in 4 to 16-A (1.22 to 
4.88-m) lengths with a 0.75-in. (1.91cm) inside diameter. 

7.5.5.2 Sampling Method-The lower guide rod of the 
drop hammer is slipped into the upper tube, through the 

drive head (sec Fig 7). The hammer is used to pound pe 
sampler into the ground. The sampler is then retrieved by 
pulling or jerking up on the hammer to force the sampler out 
of the soil cavity. Samples are extruded by forcing a rod 
through the tube. 

7.5.5.3 Comments-hior to sampling, the inside of the 
tube is sometimes coated with a lubricant to fad 
extrusion. However, the types of analyses to be performe 
the samples should be considered to determine if tllc 
presence of lubricant will cause interference. Becay the 
Veihmeyer sampler is a solid-walled tube and is fitted with a 
drop hammer, it can generally be used in more resistant soils 
than the soil sampling tube. 

7.5.6 l7iin- Walled Tube Samplers: 
7.5.6.1 Desniprion-Thin-walled tube (Shelby Tube) 

samplen are readily available with 2, 3, and 5-in. (5.08,7.62, 
and 12.7oCm) outside diameters and are commonly 30 in. 
(76.20 cm) long The 3 by 30.h. (7.62 by 76.2O-m) outside 
diameter long sampler is most common. The advancing end 
of the sampler is rolled inwardly and has a cutting edge witb 
a smaller diameter than the tube inside diameter. The cutting 
edge inside diameter nduction, defined as a 'Clearaaa 
ratio," is usually in the range of 0.0050 to 0.0150 or 050 to 
1.50 96 (Refer to Practice D 1587). The sampler tubc is 
usually connected with set screws to a sampler head that in 
turn is threaded to connect kith extension rods. Plastic and 
PTFE sealing ops for use after sampling are readily available 
for the 2, 3, and 5-in. (5.08, 7.62, and 12.7oCm) diameter 
tubes (refer to Practice D 4220). Shelby tubes are commonly 
available in carbon steel but can be manufactured f b m  otha 
metal (see Fig. 8). .. - .. 
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FIG 7 VelhmeyrrTube 

7.5.6.2 Sampling M e t h d - n e  Shelby tube is pushed 
hto soil by hand, with a jack-like system or with a hydraulic 
piston. The sample recovered is often less than the distance 
Pushed, that is, the recovery ratio is less than 1.0. The 
recovery ratio is less than 1.0 because of soil compaction 
‘wing sampling, and because friction betwm soil and the 

tcr tube walls becomes greater than the shear strength of 
ae soil in front of the tube. Consequently, soil in front of the 

, 
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FIQ. 8 Thin-Walled Tube Samplw 

advancing end of the tube is displaced laterally rather than 
entering the tube (11). In general, shorter tubes provide 
less-disturbed samples than longer tubes Samples are ex- 
truded h m  the Shelby tube with a hydraulic ram. As with 
all sampling &vices, the most disturbed portion of the 
sample in contact with the tube is corpidered u n n p  
resentative. W h n  et al. (12) developed a paring &via to 
remove this outer layer of the core during extrusion. 
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7.5.6.3 Commenrs-Shelby tubes are bekt used $I clays, 
silts, and fine-grained sands. Ifthe soils are cohesionless, they 
may not be retained in the tube. ff h to very hard soils are 
encountered, driving (hammering) the sampler may be 
required. However, this should be avoided as the tube may 
buckle under the drive stress. 

. 

7.5.7 Ring-Lined Barrel Samplers: 
7.5.7.1 Description-As described in Practice D 3550, the 

ring-lined barrel sampler consists of a one piece barrel or two 
split barrel halves, a drive shoe, rings, and a sampler head 
(see Fig. 9). The rings, that are usually brass, fit snugly inside 
the barrel and are designed to be directly inserted into 
geotechnical testing apparatuses when removed from the 
barrel. Most samplers are designed to hold at least two rings. 
The barrel is commonly 3.5 in. (8.89 cm) inside diameter 
and 3.94 to 5.91 in. (10 to 15 cm) long (5): With these 
lengths, the barrel can be fitted with a variety of liners 
ranging in length from 1 to 2.36 in. (2.54 to 6 cm). 

7.5.7.2 Sampling Method-The ring-lined barrel sampler 
can be driven or pushed into soil. Once retrieved, the 
sampler is disassembled, and the sample-faed rings arc 
removed. The rings are usually removed as one unit and 
placed into a capped container. Alternately, the individual 
soil-filled rings can be capped with plastic or PTFE and then 
sealed with wax or adhesive tape (refer to Practice D 4220). 

7.5.7.3 Comments-Because barrel samplers are more 
rigid than thin-wded tubes, they can be driven into hard 
soils and soils containing sands and gravels that might 

damage thin-walled tubes. The sampler provides samples i 
rings which can be handled without further diurbana 0 
the soil. Because of this, these devices are most often 
when geotechnical or chemical analyses are to be perfc- - - : 

7.5.8 Piston Samplers: 
7.5.8.1 Descriprion-LoAly satura’k (for example, h 

perched ground water), or cohesionless soils, and very soft 
soils or sludges may not be retained in most samplers, evm 
when fitted with retainer baskets or Ilap valves. pinon 
samplen can be used in these situations. The sampler 
consists of a sampling tube, extension pipe attached to the 
tube, an internal piston, and rods connected to the pinon 
and running through the extension pipe (see fig. IO). These 
samplen are oAen built, as needed, out of common PVC (for 
use in sludge) or steel ’pipe fittings. The sampling tube 
commonly has a 0.75 to 3411. (1.91 to 7.62cm) insid. 
diameter and is 8 in. to 9 A (20.32 cm to 2.74 m) long (13). 
A variation designed for sampling peat has a cone shaped 
piston (8). 

7.5.8.2 Sampling Method-The sampler can be pushed 
into the ground with the handle or driven into the ground 
with a drop hammer (13). As the tube is advanced, the piston 
is held stationary or pulled upward with the attached rods. 
Once the tube has been advanced through the sampling 
interval, it is rotated to break suction that might  ha^ 
developed between the soil and the outside wall,of the tube. 
The sampler is then pulled to the surface keeping the piston 
rod tixed with respect to the extension pipe. The sample is 
retained bemuse of suction that develops between the piston 
and the sample. Upon retrieval, the sample is extruded by 
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RG. 10 Hand Operated Piston Sampler 

'ng the piston to f o r e  the-sample out of the tube. Sharma 
~d De Dalta (14) described a cylindrical sampler for use in 
puddled soils that would flow back out of most samplers. 
The design includes a basal shutter that retains the sample 
while the sampler is withdrawn tidm the soil. 

7.5.8.3 Comments-Becaw the sampler depends on de- 
velopment of suction between the sample and the piston, it 
may not work in unsaturated, coarse-grained sands and 
gravels. This is due to the higb air permeability of such 
material that prevents the creation of high suction. 

. 7.6.1 Description-A very simple, commercially available 
auger consists of a solid flight auger attached to and driven 
by a small aircooled engine (see Fig 11). Two handles on 
the head assembly allow two operators to guide the auger 

7.6 Hand Held Power Augers: 

. .  _ .  
- -  ... 

/- 

into the soil. Throttle and clutch controls are integrated into 
grips on the handles. Augers are available With diameters 
ranging from 2 to 16 in. (5.08 to 40.64 cm). The auger 
sections are commonly 3 A (0.91 m) long 

7.6.2 Sampling Method-& the auger rotates into soil, 
cuttings advance up the flights and are discharged at the 
surface. Soil samples can be collected from the surface 
discharge, or from the auger flights after pulling the auger out 
of the ground. Alternatively, samples can be collected with 
other samplers (for example, a thin-walled tube) after auger 
removal. 

7.6.3 Comments-& discussed in 7.3, if samples are 
collected from surface discharge or bom the flights, they are 
dimrbed and are not suitable for some uses. In addition, if 
samples are collected from surface discharge, it is dimcult to 



c determine the depth from which the soil came and uncon- 
trolled mixing of soil from different depth intervals can 
OCCUT. The auger operates well in most soils. However, if the 
soil is cohesionless, it 'may not be retained on the flights and 
sampling in that fashion may not be possible. If the soil 
contains cobbles or boulders, drilling may not be possible. If 
the auger 'hangs up" on an obstruction, the machine will 
start to rotate at the surface. Otherwise, the operator should 
not attempt to stop rotation of the machine by grabbing the 
handles. An alternate design that transfers the torque to a 
separate engine prevents this problem (15).6 As previously 
stated,,it is prudent to perform the field work with at least 
two people present. 

\ 

7.7 Trench Sampling: 
7.7.1 Description-Soils may be sampled from a trench or 

pit excavated for that purpose. Excavation is usually per- 
formed by a backhoe, and samples are collected with knives, 
trowels, or shovels. Occasionally, samples are collected from 
the sides or the bottom of the trench or pit with hand augers 
or tube-type samplers. 

7.7.2 Sampling Method-Excavation is performed under 
the guidance of the sampling technician. Sampling is per- 
formed only after the backhoe has moved away from the 
trench or pit. When the trench or pit is in unstable material 
or is more than a few feet deep, the sampling technician 
should only enter the trench or pit after it has been shored up 
or the sidewalls have been cut back to within the'angle of 

' repose (see Occupational Safety and Health Administration 
regulations). Otherwise, samples are more commonly col- 
lected 'at the surface from the bucket of the backhoe as 
excavation occurs. 

7.7.3 Commbts-The maximum sampling depth for the 
trench or pit method is dictated by the reach of the backhoe, 
the soil type and the moisture content of the soil. Maximum 
depths of up to 20 A (6.10 m) can be obtained in moist clays. 
Maximum depths of less than 10 ft (3.05 m) are common in 
dry sands. Samples collected from the backhoe bucket 
should be taken from the center of the material to prevent 
collecting soil contaminated by the bucket surface, and to 
prevent inclusion of materials that may have fallen from 
above the desired sampling interval. However, when this is 
done, it is difficult to accurately estimate the depth from 
which the sample was obtained. Trenches are useful for 
obtaining lithologic information since cross Sections of the 
vadose zone can be studied and photographed. Trench or pit 
sampling is often used in areas with difiicult access since 
backhoes am designed to travel on rough terrain. However, 
because the process involves excavating a much larger hole 
than drilling methods, chances of encountering underground 
utilities are increased, and proper backfilling and compac- 
tion of the trench is oAen very difficult. 

. 
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8. Multipurpbse and Auger Drill Rigs 
8.1 Vadose zone samplers used in conjunction With drill 

rigs are identical to those used to sample below the war- 
table. However, commonly used drill 'rigs such as cable 
and rotary units are not recommended as they gener. 
require the introduction of drilling fluids to the soils to be 
sampled. Air rotary drilling is also undesirable for obtaining 
samples for pore liquid or gas extraction. In most caseg 
hollow-stem augers with some type of cylindrical sampler 
provide the greatest level of assurance that soil sampled 
within the vadose zone was not carried downward by the 
drilling or sampling process. For some situations, such as 
sampling firm to very hard ground, using multipurpose 
auger-core-rotary drill rigs will be necessary. For some 
geologic circumstances the use of solid stem augen will 
provide an adequate drilling method. 

8.2 Multipurpose Auger-Core-Rotary Drill Rigs: 
8.2.1 Multipurpose augercore-rotary drill rigs are gener- 

ally equipped with rotary power and vertical feed control to 
advance both hollow-stem augers and continuous tlight 
(solid stem) augers to depths greater than 100 ft (30.48 m). 
These same drills have secondary capability for rotary and 
core drilling. The larger of these drills are typically mounted 
on 20 OOO to 30 OOO-lb (9070 to 13605-kg) GVW trucks. The 
same multipurpose drill rigs are available on both rubber- 
tired and track-driven all-temin carriers. The smaller of the 
multipurpose drills are typically mounted on trailers or 
one-ton, 4 by 4 trucks. 

8.2.2 When equipped with augers, the sampling process is 
identical to that for auger drill rigs. When multipurpose 
augercore-rotary drill rigs or auger drill rigs are used, t h e .  
speed of driUing and sampling is much greater than tf 
hand operated equipment. Therefore it is useful to hav, 
larger crew to efficiently handle, log, identify, and preserve 
the samples. 

8.3 Auger Drill Rigs-Auger drill rip are similar to 
multipurpose augercore-rotary d$.l rigs. They are manufac- 
tured specifically for efficient auger drilling but do not have 
the pumps and hoists that are required for efficient core or 
rotary drilling. The rigs can be e q u i p 9  with either solid 
stem or hollow stem augers. There are relatively few auger 
drills available in comparison to multipurpose augercore- 
rotary drills. 
9. Auger Drilling and Sampling 

9.1 Solid Stem Auger Drilling and Sampling: 
9.1.1 Descripfion-The tools used for solid-stem auger 

drilling include: auger sections, the drive cap, and the cutter 
head (see Fig 12). Auger sections are typically 5 ft (132 m) 
long and are interchangeable for assembly in an articulated 
but continuously flighted column. Augers are available in 
diameters up to 24 in. (60.96 cm). The cutter head is 
attached to the lowermost or leading flight of the auger 
column. It is about 0.5 in. (1.25 cm) mer in diameter than 
the flights. Head types include fish tail or drag bits for use in 
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FIG. 12 W i d  Stem Auger Sampling 

nhesionless materials, and clay or stinger bits for use in 
nore consolidated material (16). 

9.1.2 Sampling Method-& the auger column is rotated 
soil, cuttings are retained on the flights. The augers are 

then removed from the hole and samples are taken fiom the 
ntained soil. Samples obtained with solid stem augers are 
h b e d  and are not core samples. Therefore, the samples 
arc not suitable for analyses requiring undisturbed samples, 
such as hydraulic conductivity tests. 'Ibis sampling method 
can provide an adequately clean borehole in some clayey and 
dty soils. However, when using the method in caving or 
squeezing ground, the quality and the origin of the recovered 
samples-are questionable because soils from different inter- 
vals mai have mixed. Therefore, when representative sam- 
ples from discrete depths are desired, the borehole should be 
made large enough to insert a smaller diameter auger or 
another sampler (for example, a thin-walled tube) to the 
bottom of the borehole, without touching the sides of the 
borehole (see Fig. 1 I), to collect a discrete sample from the 
interval ahead. 

9.1.3 Comments-Typical drilling depths with solid stem 
augers range from 50 to 120 ft (15.24 to 36.58 m). The 
grtater drilling depths are attained in firm, silty and clayey 
mils. However, the depth to which the hole will remain open 
for sampling once the auger column has been removed is 
usually less than the maximum drilling depth. If cascading 
Water or cohesionless soils are encountered, it can be 
Cxpected that the hole will cave at that depth. The sample 
?WI measurement, as taken from its location on an auger, 

not precise. This is because soil may move up the flights in 
an uneven fashion as the auger column is advanced As with 
hollow-stem augers, solid stem augers are often painted by 
*e driller or manufacturer. It is prudent to remove this paint 
before drilling The majority of the paint can be removed by 
m g  through sandy soils or by sand blasting As with all 
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sampling devices, decontamination (for example, steam 
cleaning) should be performed between holes when chemical 
analyses are to be performed on the samples. This is 
especially important with the solid stem auger as it doubles 
as the drilling and sampling tool. 

9.2 Bucket Auger Drilling and Sampling: 
9.2.1 Description-The bucket auger is a large diameter 

cylindrical bucket with auger-type cutting blades on the 
bottom. The bucket can have a diameter ranging from 12 in. 
(30.48 cm) up to 6 ft (1.83 m) with lengths varying from 24 
to 48 in. (60.96 to 121.92 cm) (17). The bottom is hinged to 
allow cuttings to be emptied out (see fig 13). 

9.22 Sampling Mahod-The bucket is rotated to depth 
in the vadose zone until the bucket is full. Therefore, 
depending on the bucket length, sampling intervals can range 
from 24 to 48 in. (60.96 to 12 1.92 cm). Sampling consists of 
extracting small diameter core samples from the interior of 
the bucket after lowering the Full bucket to the ground (see 
Section 7). This approach minimites problems with 
undiscrete mixing of discrete portions to be sampled. 

9.2.3 Comments-The bucket auger is best suited for 
sampling from relatively stable clays as the caving problems 
discussed in 9.1.3 are amplified by the larger hole diameter. 
Boulders can impede drilling and may have to be individu- 
ally removed from the hole before sampling can continue 
(15)6. Generally, boulders up to one-third or one-fourth the 
bucket diameter can be picked up by the bucket- Common 
sampling depths are less than 50 ft ( 15.24 m) but holes up to 
250 ft (76.20 m) deep have been drilled (16,17). 

9.3 Hollow Stem Auger Drilling and Sampling: 
9.3.1 D e s m p t i o n 4 t e r  components of the hollow stem 

auger system include: hollow auger Sections, the hollow 
auger head, and the drive cap. Inner componenti include: 
the pilot assembly, the center rod - a l u m s  and the rod-to-cap 
adaptor (see Fs 14). The auger head contains replaceable 
carbide teeth that pulverize the formation during fYight 
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column rotation. ’The cutting diameter is somewhat gmter 
than the fhghhg diameter because of the protruding teeth. 
Auger sections are typically 5 ft (1.52 m) long and arc 
interchangeable for assembly in an articulated but continu- 
ously flighted column. Drilling progresses in 5 ft (1.52 m) or 
shorter increments and sampling can be accomplished at any 

depth within that increment. Upon advanccment of a 5 fi 
(1.52 m) increment, another 5 ft (1.52 m) d o n  Of 
hollow-stem auger and center rod is added. Hollow-stcm 
augers are readily available With 2.25, 2.75, 3.25, 3.75,4.2.5, 
6.25, and 8.25-in. (5.72, 6.99, 8.26, 9.53, 10.80, 15.88, ad 
2 0 . 9 h )  inside diameters. 
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.3.2 Sampling Mefhod-The auger column and pilot 
assembly are advanced to the top of the desired sampling 
interval. Sampling is accomplished by removing the pilot 
assembly and center rod, if they are used, and inserting the 
sampler through the hollow stem of the auger column (see 
Fig. 15). The sampler may be lowered to the sampling depth 
by attaching it to center rods or by using a wireline assembly 
(12). When the sampler is attached to center rods, a sample is 
collected by pushing or driving the sampler into undisturbed 
soil with the rig hydraulic system or with a drop hammer. 
When a wireline is used., the sampler is locked into place 
ahead of the lower-most auger and advanced into the 
sampling interval by rotating the auger column ( 1 0 6  
Hollow stem augers with a 6.25-in. (15.88cm) inside diam- 
eter allow the use of 5-in. (12.7oCm) outside diameter 
Shelby tubes and 4.5-in. (1  1.434311) outside diameter split 
barrel samplers (see 9.4). 

9.3.3 Comments-The purpose of the center head (pilot) 
assembly is to prevent soils from entering the auger column 
as it is advanced (19). DriscoU (17) suggests that the assembly 
may be omitted when drilling through hard, silty and clayey 
soils as these materials will usually form a 2 to 4 in. (5.08 to 
10.16 cm) long plug at the auger opening. However, Hackett 
(19) recommends that the pilot assembly be used when 
detailed samples are required When perched water is en- 
counterad, 'heaving sands" that move up into the auger 

''umn upon pilot assembly removal during sampling, may 
i concern. Various one-way plugs that allow sampling 

. -L that prevent sand from moving into the auger column, 
are described in Hackett (19). The important capability of 
being able to obtain samples that do not contain mixed 
material from shallow sources in the hole is enhanced by 
k g  the hollow-stem auger method. However, because the 
Sections are hollow, decontamination of the auger interiors 
between holes to prevent cross contamination is difficult. 
High pressure steam cleaners are u s d y  necessary to remove 
caked-on soils and contaminants. Hollow stem augers may 
advance rapidly through unconsolidated materials. 

- 

9.4 Sampling Devices: 

9.4.1 Sampling devices used in conjunction with hollow 
stem augers and occasionally in holes advanced by solid stem 
augers include: 

9.4.1.1 %-walled tube samplers (also called Shelby 
tubes), 

9.4.1.2 Split-barrel drive samplers (also called Split 
spoons), 

9.4.1.3 Ring-lined barrel samplers, 
9.4.1.4 Continuous sample tube systems, and 
9.4.1.5 Piston samples 
9.4.2 These samplers are either pushed or driven in 

sequence with an increment of drilling or advanced simulta- 
neously with the advance of a hollow stem auger column. 

9.4.3 Thin- Walled Tube Samplers: 
9.4.3.1 Description-The thin-walled tube sampler con- 

sists of a tube connected to a head with xrews. The head is 
threaded to connect with standard drill rods. The head 
contains a ball check valve. Thin-walled tube (Shelby tube) 
samplers are readily available with 2, 3, and 5-in. (5.08,7.62, 
and 12.70cm) outside diameter and are commonly 30 in. 
(76.20 cm) long. The 3 by 30 in. (7.62 by 76.20 cm) outside 
diameter long sampler is most common. The advancing end 
of the sampler is constructed with an inward lip, machined 
to a cutting edge, that has a smaller diameter than the tube 
inside diameter. The cutting edge inside diameter reduction, 
defined as a 'clearance ratio," is usually in the range of 
0.0050 to 0.0150 or 0.50 to 1.50 56 (refer to Practice 
D 1587). PTFE or plastic sealing caps and other sealing 
devices for use after sampling are readily available for the 2, 
3, and Sin. (5.08, 7.62 and 12.7oCm) diameter tubes (refer 
to Practice D 4220). Shelby tubes are commonly available in 
carbon steel but can be manufactured from other metal (see 
Fs 8). 

9.4.3.2 Sampling Merhodr-When a Shelby tube 'is 
pushed into soil, the length of the sample recovered is often 
less than the distance pushed, that is, the recovery ratio is less 
than 1.0 (see 7.5.6.2). In addition, a portion of the sample 
frequently remains in the borehole after retrieval of the 
sampler. This is due to suction that develops at the sampler- 
soil interface. This suction may be broken by twisting the 
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sampler prior to retrieval or by advancing the auger column 
below the base of the sampler before retrieval (20). Samples 
are extruded from the Shelby tube with a hydraulic ram. As 
with all sampling devices, the portion of the sample in 
contact with the tube is considered disturbed and 
unrepresentative. Wilson et al. (12) developed a paring 
device to remove this outer layer of the core during extru- 
sion. 

9.4.3.3 Comments-The ball check valve was originally 
intended to provide a vent for drilling fluids when pushing 
the tube into soil, and also to prevent the column of fluid 
within the drill stem from forcing the sample out of the tube 
during retrieval. Since drilling fluids are not used when 
sampling in the vadose zone, these considerations are not 
important. However, the valve does provide a vent for air 
displaced as the sampler is pushed into soil. Shelby tubes are 
best used in clays, silts, and fine grained sands. They can be 
pushed with the hydraulic system of most drill rigs in h e  
grained sands that are loose to moderately consolidated or in 
clays and silts that are soft to firm. If the soils are 
cohesionless, they may not be retained in the tube. If 
consolidated or hard soils are encountered, driving the 
sampler may be required. However, some tubes may buckle 
under the drive stress. A spring-loaded barrel has been 
developed to protect the Shelby tube from buckling when 
sampling these soils (21).6 

9.4.4 Split-Barrel Drive Samplers: . 

9.4.4.1 Description-The split-barrel drive sampler 
sists of two split-barrel halves, a drive shoe, and a w - 1 ~  

head containing a ball check valve, all of which are th 
together (see fig 15). The most common size has a 
(5.08-m) outside diameter and a 1.5-in. (3.81cm) 
diameter split barrel with a 1.375-in. (3.49cm) inside 
diameter drive shoe. This sampler is used extensively in 
geotechnical exploration (Refer to Method D 1586). When 
fitted with a 16 gage liner for en& cores, the sampler 
a 1.375-in. ( 3 . 4 9 4 ~ ~ )  inside diameter throughout. A 3-b. 
(7.62cm) outside diameter by 2.5-in. (6.35-m) inside 
eter split-barrel sampler with a 2.375-in. (6.03-m) insid: 
diameter drive shoe is also available (22): Other split-bamtl 
samplers in the size range of 2.5-in. (6.35cm) to 4.5-in. 
(1 1.43cm) outside diameter are manufactured but are Im 
common. A plastic or metal retainer basket, or a flap valve is 
often fitted into the drive shoe to prevent samples from 
falling out during retrieval. 

9.4.4.2 Sampling Mahod-As described in Method 
D 1586 the sampler is threaded onto drilling rods and is 
lowered to the bottom of the boring The sampler is then 
driven into the soil with blows from a drop hammer attached 
to the drill rig The hammer usually weighs 140 lb and is 
operated by the driller. The sampler is extracted from the soil 
in a manner that will ensure maximum sample recovery. A 

E-166 

..- 
.. . 

. .  

... ;, 



\ @ D4700 

)le is obtained by disassembling the drive shoe and head, 
. splitting the barrel to expose the core of soil. Material 

disturbed by contact with the barrel can be scraped away, or 
a less disturbed interior portion collected with a spatula 

9.4.4.3 Commenrs-Split barrel drive samplers can be 
used in all soil types ifthe larger grain sizes can enter through 
the opening of the drive shoe. Because the sampler can be 
fitted with a retainer basket, it is typicallylused in place of 
thin-walled tubes when cohesionless soils are to be sampled. 

9.4.5 Ring-Lined Barrel Samplers: 
9.4.5.1 Description--As described in Practice D 3550, the 

ring-lined barrel sampler consists of a one piece barrel or two 
split-barrel halves, a drive shoe, rings, a waste barrel and a 
sampler head containing a ball check valve (see Fig. 17). The 
rings fit snugly inside the barrel and are designed to be 
M y  inserted into geotechnical testing apparatus when 
removed from the barrel. Most samplers are designed to hold 
at least six rings. The waste barrel provides a space above the 
rings into which disturbed soil, originally at the bottom of 
the hole, can move. The samplers are commonly available 
with 2, 3, and 4-in. (5.08, 7.62, and 10. I-) outside 
diameter. 

9.4.5.2 Sampling Method-The ring-lined barrel sampler 
can be driven or pushed into soil. It is important to insert the 
sampler deep enough to allow all disturbed soil to move 
through the rings and into the waste barrel. Once retrieved, 
*' sampler is disassembled, and the sample filled rings are 

dly removed. The rings are usually removed as one unit 
placed into a capped container. Alternately, the indi- 

vidual soil filled rings can be capped with plastic or FTFE 
and even sealed with wax or adhesive tape (refer to Practice 
D 4220). 

9.4.5.3 Cornments-Beause ring-lined barrel samplers 
are more ngid than thin-walled tubes, they can be driven into 
soils containing sands and gravels that might damage thin- 
walled tuba. The sampler provides samples in rings that can 
be handled without further disturbance of-the soil. Bemuse 
of this, these devias are most often used when geotechnical 
or chemical analyses are to be performed. 

9.4.6 Continuous Sample Tube S y s t m  
9.4.6.1 Desmpttion-Continuous sample tube systems 

that fit within a hollow-stem auger column are readily 
available in North America 'Ihe barrel is typically 5 A (1.52 
m) long, and fits within the lead auger of the hollow auger 

1 

column. The sampler is prevented from rotating as the auger 
column is turned (20). For many conditions the sampler 
provides continuo- 5-fk (1 32-m) samples (see Fig. 18). The 
assembly can be split- or solid-barrel and can be used with or 
without liners of various metallic and nonmetallic materials 
(20). Two clear, plastic, 30 in. (76.20 cm) long linen are 
often used. The sampler may also be fitted with a plastic or 
metal retainer basket, or a falp valve to prevent cohesionless 
soils from falling out of the sampler during retrieval (20). 

9.4.6.2 Sampling Method-The sampler is locked in place 
inside the auger column with its open end protruding a shon 
distance beyond the end of the column. While advancing the 
column, soil enters the non-rotating sampling barrel. After a 
5-ft (1.52-m) advance, the sampler is withdrawn, and the 
liner (if used) is removed and capped. 

9.4.6.3 Comments-The continuous sample tube system 
replaces the pilot head assembly in the hollow-stem auger 
column. Because of this, sampling speed is greatly increased 
since the pilot assembly does not have to be removed before 
taking a sample. The continuous sample tube system is best 
used in clays, silts, and in fine grained sands. It can be used 
to sample soils that are much more consolidated or harder 
than can be sampled with Shelby tubes. 

9.4.7 Piston Samplers: 
9.4.7.1 Description-Locally saturated (for example, 

perched ground water), or cohesionless soils, and very soft 
soils or sludges may not be retained in most samplers, even 
when they have been fitted with retainer baskets or flap 
valves. Piston samplers are often used under these condi- 
tions. The sampler consists of a sampling tube, an internal 
piston, and a drive head. The piston fits snugly inside the 
tube. The piston is attached to a rod assembly or a cable that 
leads to the surface. T u b  made of steel are available in 5.5 
and 30-in. (13.97 and 76.2oCm) and 5-A (1.5-m) lengths 
with 0.75, 2, 3, 4, and 5-in. (1.91, 5.08, 7.62, 10.16, and 
12.7oCm) inside diameter (22, 23). When equipped with a 
hardened steel drive shoe, the tube can be fitted with a liner 
made of aluminum clear PVC, or another material (see Fig. 
19) (24). A version of the sampler designed for peat sampling 
has a cone shaped piston (8). 

9.4.7.2 Sampling Method-Prior to sampling, the piston 
is placed at the base (advancing end) of the tube. The 
sampler is then attached to drill rods and lowered down the 
borehole or hollow-stem auger column to the bottom of the 
hole (top of the sampling interval). The sampler is then 
pushed or driven into the sampling interval. As the tube 
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moves downward, the piston remains stationary and in 
contact with the top of the soil sample. When the sampler is 
withdrawn, soil is retained because of suction that develops 
between the piston and the soil core within the sampler. This 
suction is stronger than the suction at the bottom of the 
sampler that would tend to extract soil from the sampler. 
Even so, it is often wful to twist the sampler with the drill 
rods prior to retrieval, to break suction at the bottom end 

and ensure that the sample will not be pulled out of thc 
sampler. , 

9.4.7.3 Commenfs-Average recovery ratios greater tbap 
0.9 can be,attained with this sampling tool (24, 25). 
However, because the sampler depends on developmat Of 
suction between the sample and the piston., it may no* '. 

in unsaturated, coarse grained sands and gravels. This 
to the high air permeability of such material that prevents ,& 
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.mation of suction with the sampler. Samples collected with 
piston samplers are relatively undisturbed. Zapico et al. (24) . 

described techniques for extracting fluid samples directly 
from linen, and for converting linen into permeameten. 

J 
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(m Designation: D 4767 - 80" 

Standard Test Method for 
Consolidated-Undrained Triaxial Compression Test on 
Cohesive Soils' 
This'standard is issued under the fixed designation D 4767: the number immtdiatdy following lhc designation indicates the year of  
original adoption or. in the casc of revision. the year of  Ian revision. A numbcr in parcnthevs indicates the year of  lan  approval. A 
supncript epsilon ( e )  indicata an editorial change since the last retision or reapprod. 

'I NOT~--Secrion 13 was added editorially January 1991. 

1. Scope 
1 . 1  This test method coven the determination of strength 

and stress-strain relationships for a cylindrical specimen of 
either an undisturbed or remolded saturated cohesive soil 
when it is isotropically consolidated and sheared undrained 
in compression at a constant rate of axial deformation (strain 
controlled). 

1.2 The test method provides for the calculation of total 
and effective stresses on, and axial compression of the test 
specimen by measurement of axial load, axial deformation, 
and pore-water pressure. 

1.3 The test provides data useful in determining strength 
and deformation properties of cohesive soils such as M o b  
strength envelopes and Young's modulus. Generally, three 
specimens are tested at different effective consolidation 
stresses to define a strength envelope. 

1.4 The determination of strength envelopes and the 
development of relationships 'to aid in interpreting and 
evaluating test results are left to the engineer or office 
requesting the test. 

1.5 The values stated in either SI or non-SI units shall be 
regarded separately as standard. The values in each system 
may not be exact equivalents, therefore, each system must be 
used independently of the other, without combining values 
in any way. 

This standard may involve hazardous materials, 
operations, and equipmertl. This standard does not purpon to 
address all of the safety problems msociated with its use. It is 
the responsibility of the user of this standard to establish 
appropriate safety and health practices and determine the 
applicability of regulcuory limitations prior to use. 

2. Referenced Documents I 

2.1 ASTM Standards: 
D 422 Method for Particle-Size Analysis of Soil.? 
D 653 Terminology Relating to Soil, Rock, and Contained 

D 854 Test Method for Specific Gravity of So&? 
D 1587 Practice for Thin-Walled Tube Sampling of Soil$ 
D2166 Test Method for Unconfined Compressive 

1.6 

Fluids2 

Strength of Cohesive Soil2 

' Thir M metbod b under Ik jurisdiction of ASTM Committee D18 on Soil 
aad Rock and is UK dirrcl rrsponsibility of Subcommittec D18.05 on Structural 
Ropcnies of soii  

Cumt edition approved M y  3, 1988. Publisbd July 1988. 
'Annual Book q.4STM .Qandaor&. VolOo.08. 

D2216 Method for Laboratory Determination of Water 
Content of Soil, Rock, and %&Aggregate Mixtures2 

D 2435 Test Method for One-Dimensional Consolidation 
 ropert ties of Soils2 

D2487 Test Method for Classification of Soils for Engi- 
neering Purposes2 

D2850 Test Method for Unconsolidated, Undrained 
Compressive Strength of Cohesive Soils in Triaxial 
Compression' 

D4220 Practices for Pr&rving and Transporting Soil 
Samples2 

D 43 18 Test Method for Liquid Limit, Plastic Limit, and 
Plasticity Index of Soils2 

3. Terminology 
3.1 Definitions-The definitions of terms used in tb 

method shall be in accordance with Terminology D 65 
3.2 Description of Terms Specific lo this Standard: 
3.2.1 back pressure-a pressure applied to the specimen 

pore-water to caw air in the pore space to pass into solution 
in the pore-water, that is, to saturate the specimen. 

3.2.2 eflective consolidation stress-the difference be- 
tween the cell pressure and the pore-water pressure prior to 
shearing the specimen. 

3.2.3 failure-the stress condition at failure for a test 
specimen. Failure is often taken to,correspond to the 
maximum principal stress difference (maximum deviator 
stress) attained or the principal stress difference (deviator 
stress) at 15 5% axial strain, whichever is obtained first during 
the performance of a test. Depending on soil behavior and 
field application, other suitable failure criteria may be 
defined, such as maximum effective stress obliquity, u ' , / d 3 ,  
or the principal stress difference (deviator stress) at a selected 
axial strain other than I5 9%. 

l 

4. Significance and Use I 

4.1 The shear strength of a saturated soil in triaxial 
compression depends on the stresses applied, time of consol- 
idation, strain rate, and the stress history experienced by the 
soil. 

4.2 The strength in this test is measured under undrained 
conditions and is applicable to field conditions where - ' '7  

that have been fully consolidated under one set of !ares 
subjected to a change in stress without time for fu.. . 
consolidation to take place (undrained condition), and the 
field stress conditions are similar to those in the test. 
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NOTE 1-11 the strength is required for the case where the soil is not 
consolidated during testing prior to shear, refer to Test Method D 2850 
Jr Test Method D 2166. 

4.3 Using ,the pore-water pressure measured during the 
test, the she& strength determined from this test can be 
expressed in terms of effective stress. This shear strength may 
be applied to field conditions where full drainage can occur 
(drained conditions) or where pore pressures induced by 
loading can be estimated, and the field stress conditions are 
similar to those in the test. 

4.4 The shear strength determined from the test expressed 
in terms of total stresses (undrained conditions) or effective 
stresses (drained conditions) is commonly used in embank- 
ment stability analyses, earth pressure calculations, and 
foundation design. 

5. Apparatus 
. 5.1 A schematic diagram of a triaxial compression appa- 
ratus suitable for the performance of consolidated-undrained 
tests is shown in Fig. 1. The requirements for equipment 
needed to perform satisfactory tests are given in the following 
sections. 

9 4  5.2 Axial h a d i n g  Device-The axial compression device 
may be a screw jack driven by an eiectric motor through a 

:;xg+:. geared transmission, a hydraulic or pneumatic loading de- 
-..* .. ,.: -. 
2' <T.? pacity and control to provide the rate of axial strain (loading) 
I . :-=. .=d..:.' . . described in 8.4.2. The rate of advance of the loading device 
A t  - should not deviate by more than 21 9% from the selected 
\ . .  . !.value. Vibration due to the operation of the loading device 
+. ' shall be sufficiently small to not cause dimensional changes 

-.?;+t: 

l.+" . .t.;.*, A- 

. ~ ~ ~ b ;  
?<I.. 

. _  

vice, or any other compression device with sufficient ca- 
1 . 1 -  - 

F :'!:?: .a . in.the specimen or to produce changes in pore-water pressure 
when the drainage valves are closed. 
NOTE 2-A loading device may be judged to produce sufficiently 

small vibrations if there are no visible ripples in a gle of water placed 
on the loading platform when the device is operating. 

5.3 Axial Load-Measuring Device-The axial load-mea- 
suring device may be a load ring, electronic load cell, 
hydraulic. load cell, or any other load-merisuring device 
capable of the accuracy prescribed in this paragraph and may 
be a part of the axial loading device. The axial load- 

-.,' .. t*. 
. .. . . . . 
...,*. 
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measuring device shall be capable of measuring the axial 
load to an accuracy of within fl 9% of the axial load at 
failure. If the load-measuring device is located inside the 
triaxial compression chamber, it shall be insensitive to 
horizontal forces and to the magnitude of the chamber 
pressure. 

5.4 Triaxial Compression Chamber-The triaxial cham- 
ber must be able to withstand a chamber pressure equal to 
the sum of the effective consolidation stress and the back 
pressure. It shall consist of a top plate and a baseplate 
separated by a cylinder. The cylinder may be constructed of 
any material capable of withstanding the applied pressures. It 
is desirable to use a transparent material or have a cylinder 
provided with viewing ports so the behavior of the specimen 
may be observed. The top plate shall have a vent valve such 
that air can be forced out of the chamber as it is fffled. The 
baseplate shall have an inlet through which the pressure 
liquid is supplied to the chamber, and inlets leading to the 
specimen base and provide for connection to the cap to allow 
saturation and drainage of the specimen when required. 

5.5 Axial Load Piston-The piston passing through the 
top of the chamber and its seal must be designed so the 
variation in axial load due to friction does not exceed 0.1 76 

'of the axial load at failure and so there is negligible lateral 
bending of the piston during loading. 

NOTE 3-The use of two linear hall bushings to guide the pston is 
recommended to minimize hidon and maintain alignment. 

NOTE 4-A minimum @on diameter of '16 the specimen diameter 
has been used successfully in many laboratories to minimize lateral 
bending. /, 

5.6 Pressure- and Vacuum-Control Devices-The cham- 
ber pressure and back pressure control devices shall be capa- 
ble of applying and controlling pressures to within 20.25 psi 
(2 kPa) for effective consolidation pressures less than 28 psi 
(200 kPa) and to within fl 9% for effective consolidation 
pressures greater than 28 psi (200 kPa). The vacuum control 
device shall be capable of applying and controlling partial 
vacuums to within M . 2 5  psi (2 kPa). The devices may 
consist of self-compensating mercury pots, pneumatic pres- 
sure regulators, combination pneumatic p r e s s u ~ ~  and vac- 
uum regulators, or any other device capable of applying and 
controlling pressures or partial vacuums to the required tol- 
erances. 

5.7 Pressure- and Vacuum-Measurement Devices--The 
chamber pressure, back pressure, and vacuum measuring 
devices shall be capable of measuring pressures or partial 
vacuums to the tolerances given in 5.6. They may consist of 
Bourdon gages, pressure manometers, electronic pressure 
transducers, or any other device capable of measuring 
pressures, or partial vacuums to the stated tolerances. If 
separate devices are used to measure the chamber pressure 
and back pressure, the devices must be calibrated simulta- 
neously and against the same pressure source. Since the 
chamber and back pressure are the pressures taken at the 
midheight of the specimen, it may be necessary to adjust the 
calibration of the devices to reflect the hydraulic head of 
fluids in the chamber and back pressure control systems (Fig. 
1 ). 

5.8 Pore- Water Pressure Measurement Devic+-The spec- 
imen pore-water pressure shall also be measured to the 
tolerances given in 5.6. During undrained shear, the pore- 

' 



a 

\ 
C 

water pressure shall be measured in such a manner that as 
little water as possible is allowed to go into or out of the 
specimen.‘To achieve this requirement, a very stiff electronic 
pressure transducer or null-indicating device must be used.. 
With an electronic pressure transducer the pore-water pres- 
sure is read directly. With a null-indicating device a pressure 
control is continuously adjusted to maintain a constant level 
of the water/rnercury interface in the capillary bore of the 
device. The pressure required to prevent movement of the 
water is equal to the pore-water pressure. Both measuring 
devices shall have a rigidity of all the assembled parts of the 
pore-water pressure measurement system relative to the total 
volume of the specimen, satisfying the following require- 
ment: 

e 2.2 x IO-’ in?/lb (3.2 x m*/lrN) (I) Au 

where: 
AV = change in volume of the pore-water measurement 

, system due to a pore pressure change, in.’ (mm’), 
V = the total volume of the specimen, in.’ (mm’), and 
Au = the change in pore pressure, psi (Wa). 

NOTE 5-To meet the rigidity requirement, tubing between the 
specimen and the measuring device should be short and thick walled 
with small bores. Thermoplastic, copper, and stainless steel tubing have 
been used successfuUy in many laboratories. 

5.9 Volume Change Measurement Device-The volume 
of water entering or leaving the specimen shall be measured 
with an accuracy of within 20.05 96 of the total volume of 
the specimen. The volume measuring device is usually a 
burette but may be any other device meeting the accuracy 
requirement. The device must be able to withstand the 
maximum chamber pressure. 

5.10 Deformation IndicatoT-The vertical deformation of 
the specimen is usually determined from the travel of the 
piston acting on the top of the specimen. The piston travel 
shall be measured with an accuracy of at least k0.02 96 of the 
initial specimen height. The deformation indicator shall have 
a travel range of at least 20 95 of the initial height of the 
specimen and may be a dial indicator, linear variable 
differential transformer (LVDT), extensiometer, or other 
measuring device meeting the requirements for accuracy and 
range. 

5.1 1 Specimen Cap and Base-The specimen cap and 
base shall be designed to provide drainage from both ends of 
the specimen. They shall be constructed of a rigid, 
noncorrosive, impermeable material, and each shall, except 
for the drainage provision, have a circular plane surface of 
contact with the porous discs and a circular cros section. 
The weight of the specimen cap and top porous disc shall be 
less than 0.5 9% of the applied axial load at failure or less than 
0.1 Ib (50 g). The diameter of the cap and base shall be equal 
to the initial diameter of the specimen. The specimen base 
shall be connected to the triaxial compression chamber to 
prevent lateral motion or tilting, and the specimen cap shall 
be designed such that eccentricity of the piston-to-cap 
contact relative to the vertical axis of the specimen does not 
exceed 0.05 in. (1.3 mm). The end of the piston and 
specimen cap contact area shall be designed so that tilting of 
the specimen cap during the test is minimal. The cylindrical 
surface of the specimen base and cap that contacts the 

I 

’ 

1 

membrane to form a seal shall be smooth and free of 
scra t c hes. 

the specimen cap and base by rigid porous disc, a 
diameter equal to that of the specimen. The,coeffcient of 
permeability of the discs shall be approximately equal to that 
of fine sand (4 X lo-’ in./s ( 1  x cm/s)). The discs shall 
be regularly checked to determine whether they have become 
clogged. 

NOTE 6-Filter-paper discs of a diameter equal to that of the 
specimen may be placed between the porous discs and specmen to 
avoid clowng of the porous discs when accurate moduli values are not 
required. 

5.13 Filter-Paper Strips and Discs-Filter-paper strips are 
used by many laboratories to decrease the time required for 
testing. If filter strips and discs are used, they shall be of a 
type that does not dissolve in water. The coefficient of 
permeability of the filter paper shall not be less than 4 x lod 
in./s ( I  x lo-’ cm/s) for a normal pressure of 80 psi (550 
Wa). To avoid hoop tension, filter Strips should cover no 
more than 50 ’3% of the specimen periphery. Filter-strip cages 
similar to that shown in Fig. 2 have been successfully used by 
many laboratories. An equation for correcting the principal 
stress difference (deviator stress) for the effect of the strength 
of vertical filter strips is given in 10.6. 

NOTE 7-Whatman’s No. 54 Filter Paper has been found to meet the 
permeability and durability requirements. 

5.14 Rubber Membrane-The rubber membrane used to 
encase the specimen shall provide reliable protection against 
leakage. To check a membrane for leakage, the me; i e  
shall be placed around a cylindrical form, sealed at bi, Is 
with rubber O-rings, subjected to a small air pressure V U  the 
inside, and immersed in water. If air bubbles appear from 
any point on the membrane it shall be rejected. To offer 
minimum restraint to the specimen, the unstretched mem- 
brane diameter shall be between 90 and 9 5  % of that of the 
specimen. The membrane thickness shall not exceed 1 5% of 
the diameter of the specimen. The membrane shall be sealed 

5.12 Porous Discs-The specimen shall be separat. 1 

I 
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to the specimen cap and base with rubber O-rings for which 
the unstressed inside diameter is between 75 and 85 % of the 

~ diameter of the cap and base, or by other means that will 
wide a positive seal. An equation for correcting the 
incipal stress difference (deviator stress) for the effect of the 

stiffness of the membrane is given in 10.7. 
5.15 Vahes-Changes in volume due to opening and 

closing valves may result in inaccurate volume change and 
pore-water pressure measurements. For this reason, valves in 
the specimen drainage system, shall be of the type that 
produce minimum volume changes due to their operation. A 
valve may be assumed to produce minimum volume change 
if opening or closing the valve in a closed, saturated 
pore-water pressure system does not induce a pressure 
change of greater than k O . 1  psi (0.7 P a ) .  All valvk must be 
capable of withstanding applied pressures uithout leakage. 
NOTE 8-Ball valves have been found to provide minimum volume- 

change charaaeristia; however, any other type of valve having suitable 
volumechange characteristics may be used. 

5. I6 Specimen-Size Measurement Devices--Devices used 
to determine the height and diameter of the specimen shall 
measure the respective dimensions to within kO.1  % of the 
total dimension and shall be constructed such that their use 
Will not disturb the specimen. 
NOTE 9-Ciiumferential measuring tapes are recommended over 

:.+:calipers for measuring the diameter. 

5.17 Recorders-Specimen behavior may be recorded , 

'7.  

I .  

I 

I . '  
I 

'\.$$* :' 
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electronic recorders are used, it shall be neceSSary to calibrate 
?%%- *k. measuring devices through the recorder using known 

18 Sample Extruder-The sample extruder shall be 
rie$., capable of extruding the soil core from the sampling tube at 

i4'3;r: a m i f o m  rate in' the same direction oftravel as the sample 
?:5*-.entered the tube and with minimum disturbance of the 

sample. If the soil core is not extruded vertically, care should 
:*'?be taken to avoid bending stresses on the core due to gravity. 

'+Conditions at the time of sample removal may dictate the 
' ' direction of removal, but the principal concern is to mini- 

mize the degree of disturbance. 
5.19 Timer-A timing device indicating the elapsed 

testing time to the nearest 1 s shall be used to obtain 
consolidation data (8.3.3). 

5.20 Weighing Device-The specimen weighing device 
shall determine the mass of the specimen to an accuracy of 
within f i .05  ?& of the total m a s  of the specimen. 

5.2 I Water Deaeration Device--The amount of dissolved 
gas (air) in the water used to saturate the specimen may be 
decreased by boiling, by heating and spraying into a vacuum, 
or by any other method that will satisfy-the requirement for 
saturating the specirnen.within the limits imposed by the 
available maximum back pressure and time to perform the 
test. 

5.22 Testing Environment-The consolidation and shear 
portion of the test shall be performed in an environment 
where temperature fluctuations are less than i7.2'F (f4'C) 
and there is no direct contact with sunlight. 

'.3 Miscellaneous Apparafus-Specimen trimming and 
ig tools including a wire saw, steel straightedge, miter 

k, and vertical trimming lathe, apparatus for preparing 

. , - ,  manually or by electronic digital or analog recorders. If 

-L<.':% '.lt standards. 
I !  

. ., 

compacted specimens, membrane and O-ring expander, 
water content cans, and data sheets shall be provided as 
required. 

6. Test Specimen Preparation 
6.1 Specimen Size-Specimens shall be cylindrical and 

have a minimum diameter of 1.3 in. (3.3 cm). The height- 
to-diameter ratio shall be between 2 and 2.5. The largest 
particle size shall be smaller than '/6 the Specimen diameter. 
If, after completion of a test, it is found based on visual 
observation that oversize particles are present, indicate this 
information in the report of test data ( 1  1.1.22). 
NOTE IO-If oversize panicles are found in the specimen after 

testing, a particle-size analysis may be performed in accordance with 
Method D422 to confirm the wsual observation and the results 
pronded with the test report (I I .  I .4). 

6.2 Undisturbed Specimens-Prepare undisturbed speci- 
mens from large undisturbed samples or fiom samples 
secured in accordance with Practice D 1587 or other accept- 
able undisturbed tube sampling procedures and preserved 
and transported in accordance with the practices for Group 
C samples in Practices D 4220. Specimens obtained by tube 
sampling may be tested without trimming except for cutting' 
the end surfaces plane and perpendicular to the longitudinal 
axis of the specimen, provided soil characteristics are such 
that no significant disturbance results fiom sampling. 
Handle specimens carefully to minimize disturbance, 
changes in cross section, or change in water content. If 
Compression or any type of noticeable disturbance would be 
caused by the extrusion device, split the sample tube 
lengthwise or cut the tube in suitable sections to facilitate 
amoval of the specimen with minimum disturbance. Pre- 
pare trimmed specimens, in an environment such as a 
controlled high-humidity room where soil water content 
change is minimized. Where removal of pebbles or mum- 
bling resulting from trimming causes voids on the surface of 
the specimen, carefully fill the voids with remolded soil 
obtained from the trimmings. Where the sample condition 
permits a vertical trimming lathe that will accommodate the 
total sample may be used as an aid in preparing the specimen 
to the required diameter. After obtaining the desired dam: 
eter, place the specimen in a miter box and cut the specimen 
to the final length with a wire saw or other suitable device. 
Trim the surfaces with the steel straightedge. Perform one or 
more water content determinations on material trimmed 
from the specimen in accordance with Method D 2216. 
Determine the m a s  and dimensions of the specimen using 
the devices described in 5.16 and 5.20. A minimum of three 
height measurements ( 120' apart) and at least three diameter 
measurements at the quarter points of the height shall be 
made to determine the average height and diameter of the 
specimen. 

6.3 Compacted Specimens-Compacted specimens may 
be prepared by compacting material in at least six layers 
using a pressing or kneading action into a split mold of 
circular cross section having dimensions meeting the require- 
ments enumerated in 6.1. Material required for the specimen 
shall be batched by thoroughly d n g  soil with sufficient 
water to produce the desired water content. After batching, 
store the material in a covered container for at le'ast 16 h 
prior to 'compaction. Specimens may be compacted to the 
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desired density by either. ( I )  kneading or tamping each layer 
until the accumulative m a s  of the SO! placed in the mold is 
compacted to a known volume; or (2) by adjusting the 
number of layers, the number of tamps per layer, and the 
force per tamp. The top of each layer shall be scarified prior 
to the addition of material for the next layer. The tamper 
used to compact the material shall have diameter equal to or 
less than 1/2 the diameter of the mold. After a specimen is 
formed, with the ends perpendicular to the longitudinal axis, 
remove the mold and determine the mass and dimensions of 
the specimen using the devices described in 5.16 and 5.20. 
Perform one or more water content determinations on excess 
material used to prepare the specimen in accordance with 
Method D 2216. 
NOTE 11-I t  is common for the unit weight of the specimen after 

removal from the mold to be less than the value based on the volume of 
the mold. This occm as a result of the specimen welling after removal 
of the lateral confinement due to @e mold. 

7. Mounting Specimen 
7.1 Preparations-Before mounting the specimen in the 

triaxial chamber, make the following preparations: 
7.1.1 If deemed necessary, check the rubber membrane 

for leaks (see 5.14). 
7.1.2 Place the membrane on the membrane expander or, 

if it is to be rolled onto the specimen, roll the membrane on 
the cap or base. 

7.1.3 Check that the porous discs and specimen-drainage 
tubes are not obstructed by passing air or water through the 
appropriate lines. 

7.1.4 Attach the pressurecontrol and volume-measure- 
ment system, and a pore-pressure m'murement device to the 
chamber base. 

7.2 Depending on whether the saturation portion of the 
test will be initiated with either a wet or dry drainage system, 
mount the specimen using the appropriate method, as 
follows in either 7.2.1 or 7.2.2: r 

NOTE 12-It is recommended that the dry mounting method be used 
for specimens of soils that wel l  appreciably when in contact with water. 
If the wet mounting method is used for such soils, it will be nece~~ary to 
obtain the specimen dimensions aRer the specimen has been mounted. 
In such cases. it will be necasilly to determine the double thickness of 
the membrane, the double thickness of the wet filter paper Strips (if 
used), and the combined height of the cap, base, and porous discs 
(including the thickness of filter discs if they are used) so that the 
appropriate values may be subtracted from the measurements 

7.2.1 Wet Mounting Method: 
7.2.1.1 Fd the specimen drainage lines and the pore- 

water pressure measurement device with deaired water. 
7.2.1.2 Saturate the porous discs by boiling them in water 

for at least 10 min and allow to cool to room temperature. 
7.2.1.3 Plaw a saturated porous disc on the specimen base 

and after wiping away all free water on the disc, place the 
specimen on the disc. Next., place another porous disc and 
the specimen cap on top of the specimen. Check that the 
specimen cap, *men, and porous discs are centered on 
the specimen base. 

NOTE 13-If hlter-papa discs ='to be placed between the porous 
discs and spbcimen. they &odd be dipped in water prior to placement. 

7.2.1.4 If &&-paper strips or a filter-paper cage (Fik 2) 
are to be used. saturate the paper with water prior to placing 

- .  

it on the specimen. To avoid hoop tension, do not cover 
more than 50 9% of the specimen periphery with ver. -1  
strips of filter paper. 

7.2.1.5 Proceed With Section 7.3. 
7.2.2 Dry Mounting Method: 
7.2.2.1 Dry the specimen drainage system. This may be 

accomplished by allowing dry air to flow through the system 
prior to mounting the specimen. 

7.2.2.2 Dry the porous discs in the oven overnight prior to 
mounting the specimen and place in a desiccator while 
allowing the discs to cool to room temperature. 

7.2.2.3 Place a dry porous disc on the specimen base and 
place the specimen on the disc. Next, place a dry porous disc 
and the specimen cap on the specimen. Check that the 
specimen cap, porous discs, and specimen are centered on 
the specimen-base. 
NOTE 14-If desired, dry filter-paper dirs may be placed betaren 

the porous discs and specimen. 
7.2.2.4 If fdter-paper strips or a filter-paper &ge (Fig. 2) 

are.to be used, the cage or strips may be held in place by 
small pieces of tape at the top and bottom. 

7.3 Place the rubber membrane around the specimen and 
seal it at the cap and base with two rubber O-rings or other 
positive seal at each end. A thin coating of silicon grease on 
the vertical surfaces of the cap and base will aid in sealing the 
membrane. If fdter-paper strips or a filter-paper cage are 
used, do not apply grease to surfaces in contact with the 
filter-paper. 

7.4 Attach the top drainage line and check the alignment 
of the specimen and the_specimen cap. If the dry mor'- * 
method has been used, apply a partial vacuum of a s  
mately 5 psi-(35 kPa) (not to exceed the consolidation has) 
to the specimen through the top drainage line prior to 
checking the alignment. If there is any eccentricity, release 
the partial vacuum, realign the specimen and cap, and then 
reapply the partial vacuum. If the wet mounting method has 
been used, the alignment of the specimen and the specimen 
cap may be checked and adjusted without the use of a partial 
vacu um . 
8. Procedure 

8.1 Prior to Saturation-After assembling the triaxial 
chamber, perform the following operations: 

8.1.1 Bring the axial load piston into contact with the 
specimen cap several times to permit proper seating and 
alignment of the piston with the cap. During t h i s  procedure, 
take care not to apply an axial load to the specimen 
exceeding 0.5 '3% of the estimated axial load at failure. When 
the piston is brought into contact, record the reading of the 
deformation indicator. 

8.1.2 Fill the chamber with the chamber liquid, being 
careful to avoid trapping air or leaving an air space in the 
chamber. 

8.2 Sutwaion-The objective of the saturationlphase of 
the test is to f3.I all voids in the e m e n  with water without 
undesirable prestressing of the specimen or allowing the 
specimen to swell. Saturation is usually aaxmplkb- ' 'y 
applying back pressure to the specimen pore water 1 e 
air into solution after either: (I) applying vacuum - d e  
specimen and dry drainage system (lines, porous dixs, 
pore-presswe device, tilter-strips or cage, and discs) and 
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allowing deaired water to saturate the system while main- 
.raining the vacuum; or (2) saturating the drainage system by 

oiling the porous discs in water and allowing water to flow 
lhrough the system prior to mounting the specimen. It 
should be noted that time is required to place air into 
solution. Accordingly, removing as much air as possible 
prior to applying back pressure will decrease the amount of 
air that will have to be placed into solution and will also 
decrease the back pressure required for saturation. In addi- 
tion, air remaining in the specimen and drainage system just 
prior to applying back pressure wdl go into solution much 
more readily if deaired water is used for saturation. The use 
of deaired water will also decrease the time and back pressure 
required for saturation. Many procedures have been devel- 
oped to accomplish saturation. The following are suggested 
procedures: 

8.2.1 Starting with Initially Dry Drainage System-In- 
crease the partial vacuum acting on top of the specimen to 
the maximum available vacuum. If the effective consolida- 
tion stress under which the strength is to be determined is 
less than the maximum partial vacuum, apply a lower partial 
vacuum to the chamber. The difference between the partial 
vacuum applied to the specimen and the chamber should 
never exceed the effective consolidation stress for the test and 
should not be less than 5 psi (35 kPa) to allow for flow 
through the sample. After approximately 2 h, allow deaired 

'water to percolate from the bottom to the top of the 
specimen under a differential vacuum of less than 3 psi (20 
kPa) (Note 15). 
. 8.2.1.1 There should always be a positive eff'ective stress 
. '!f at least 2 psi (1 3 kPa) at the bottom of the specimen 
; Juring this part of the procedure. When water appears in the 
0 burette connected to the top of the specimen, close the valve 

to the bottom of the specimen and fill the burette with 
deaired water. Next, reduce the vacuum acting on top of the 
specimen through the burette to atmospheric pressure while 
simultaneously increasing the chamber pressure by an equal 
amount. During this process, the difference between the pore 
pressure measured at the bottom of the specimen and the 
chamber pressure should not be allowed to exceed the 
desired effective consolidation pressure. When the pore 
pressure at  the bottom of the specimen stabilizes, proceed 
with back pressuring of the specimen pore-water as described 
in 8.2.3. To check for equalization, close the drainage valves 
to the specimen and measure the pore pressure change over a 
I-min interval. If the change is less than 1 95 of the chamber 
pressure, the pore pressure may be assumed to be stabilized. 

NOTE IS-For saturated c l a n  percolation may not be acmsary and 
water can be added simultaneously at both top and bottom. 

8.2.2 Starting with Initially Saiurrued Drainage System- 
After filling the burette connected to the top of the specimen 
with deaired water, apply a chamber pressure of 5 psi (35 
kPa) or less and open the specimen drainage valves. When 
the pore pressure at the bottom of the specimen stabilizes, 
according to the method described in 8.2.1, or when the 
burette reading stabilizes, back pressuring of the specimen 
wrpwater  may be initiated. 
': 8.2.3 Applying Back Pressur+Simultaneously increase 

A e  chamber and back pressure in steps with specimen 
drainage valves opened so that desired water from the 
burette connected to the top and bottom of the specimen 

may flow into the specimen. To avoid undesirable pre- 
stressing of the specimen while applying back pressure, the 
pressures must be applied incrementally with adequate time 
between increments to permit equalkition of pore-water 
pressure throughout the specimen. The sue of each incre- 
ment might be 5 psi (35 kPa), 10 psi (70 kPa), or even 20 psi 
(140 kPa), depending on the compressibility of the soil 
specimen, the magnitude of the desired effective consolida- 
tion stress, and the degree of saturation of the specimen just 
prior to the addition of the increment. The difference 
between the chamber pressure and the back pressure during 
back pressuring should not exceed 5 psi (35 kPa) unless it is 
deemed necessary to control swelling of the specimen during 
the procedure. The difference between the chamber and back 
pressure must also remain within 2 5  % when the pressures 
are raised and within 22 95 when the pressures are constant. 
To check for equalization after application of a back pressure 
increment or after the fill value of back pressure has been 
applied, close the specimen drainage valves and measure the 
change in pore-pressure over a 1-min interval. If the change 
in pore pressure is less than 1 76 of the difference between the 
chamber pressure and the back pressure, another back 
pressure increment may be added or a measurement may be 
taken of the pore pressure parameter B (see 8.2.4) to 
determine if saturation is completed. Specimens shall be 
considered to be saturated if the value of B is equal to or 
greater than 0.95, or if B remains unchanged with addition of 
back pressure increments. 

NOTE 16-Although the pore pressure parameter B is used to 
measure the degree of saturation, the B-value is also a function of soil 
stiffness. If the degree of saturation of the sample is 100 W, the &value 
measurement will increase with decreasing soil stifFncss Therefore, 
when testing soft soil sample& a B-value of 95 96 may indicate a degree 
of saturation less than 100 56. 
NOTE 17-The back pressure required to saturate a compacted 

specimen may be higher for the wet mounting method than for the d q  
mounting method and may be as high as 200 psi ( I400 kPa). 
NOTE 18-Many laboratories use difierential prrssure regulators and 

transducers to achieve the requirements for s m d  differences betwan 
chamber and back p r m .  

8.2.4 Measurement of the Pore Pressure Parameter B- 
Determine the value of the pore pressure parameter B in 
accordance with 8.2.4.1 through 8.2.4.4. The pore pressure 
parameter B is defined by the following equation: 

B = Au/Aa, (2) 
where: 
Au = the change in the specimen pore pressure that occus 

as a result of a change in the chamber pressure when 
the specimen drainage valves are closed, and 

Au3 = the change in the chamber pressure. 
8.2.4.1 Close the specimen drainage valves and increase 

the chamber pressure IO psi (70 kPa). 
8.2.4.2 AAer approximately 2 min, determine and record 

the maximum value of the induced pore pressure. For many 
specimens., the pore pressure may decrease after the imme- 
diate response and then increase slightly with time. If this 
occurs, values of Au should be plotted with time and the 
asymptotic pore pressure used as the change in pore pressure. 
A large increase in Au With time or values of Au greater than 
Au3 indicate a leak of chamber fluid into the specimen. 
Decreasing values of Au With time may indicate a leak in that 
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part of the pore pressure measurement system located 
outside of the chamber. 

8.2.4.3 Calculate the B-value using Eq 2. 
8.2.4.4 Reapply the same effective consolidation stress as 

existed prior to the B-value by reducing the chamber 
pressure by 10 psi (70 kPa) or by alternatively, increasing the 
back pressure by 10 psi (70 P a ) .  If B is continuing to 
increase with increasing back pressure, continue with back 
pressure saturation. If B is equal to or greater than 0.95 or if 
a plot of B versus back pressure indicates no further increase 
in B with increasing back pressure, initiate consolidation. 

8.3 Consolidution-The objective of the consolidation 
phase of the test is to allow the specimen to reach equilib- 
rium in a drained state under the effective consolidation 
stress for which a strength determination is required. During 
consolidation, data is obtained for use in determining when 
consolidation is complete and for computing a rate of strain 
to be used for the shear portion of the test. The consolidation 
procedure is as follows: 

8.3.1 When the saturation phase of the test is completed, 
bring the axial load piston into contact with the specimen 
cap and record the reading on the deformation indicator. 
During this procedure, take care not to apply an axial load to 
the specimen exceeding 0.5 '3% of the estimated axial load at 
failure. After recording the reading, raise the piston a small 
distance above the specimen cap and lock the piston in place. 

8.3.2 With the specimen drainage valves dosed, hold the 
maximum back pressure constant and increase the chamber 
pressure until the difference between the chamber pressure 
and the back pressure equals the desired effective consolida- 
tion pressure. 
NOTE 19-In terrain circumstances, consolidation in stages may be 

desirable. especially when radd drainage is uscd. 
8.3.3 Obtain an initial burette reading and then open 

appropriate drainage valves so that the specimen may drain 
from both ends into the burette. At increasing intervals of 
elapsed time (0.1,0.2,0.5, 1,2,4,8, 15, and 30 min and at 1, 
2, 4, and 8 h, etc.) observe and record the burette readings 
and after the 15-min reading record the accompanying 
deformation indicator readings obtained by carefully cou- 
pling the piston with the specimen cap. If burette and 
deformation indicator readings are to be plotted against the 
square root of time, the time intervals at which readings are 
taken may be adjusted to those that have easily obtained 
square roots, for example, 0.09, 0.25, 0.49, 1, 4, 9 min, etc. 
Depending on soil type, time intervals may be changed to 
convenient time intervals which allow for adequate defini- 
tion of volume change versus time. 

NOTE 20-In cases where significant amounts of fines may be 
washed from the specimen because of high initial hydraulic gradients, it 
is permissible to gcidually increase the chamber pressure to the total 
desired pressure over a period of up to 10 min with the drainage valves 
open. If this is done, mrding of data should begin immediately after 
the total pressure is rrached. 

8.3.4 Plot the burette and deformation indicator readings 
versus either the logarithm or square root of elapsed time. 
Allow consolidation to continue for at least one log cycle of 
time or one overnight period after 100 96 primary consolida- 
tion has been achieved as determined in accordance with one 
of the procedures outlined in Test Method D2435. A 
marked deviation between the slopes of the burette and 

deformation indicator curves toward the end of consolida- 
tion based on deformation indicator readings i d '  - 
leakage of h i d  from the chamber into the specimen a 
test should be terminated. 

8.3.5 Determine the time for 50 '3% primary consolidation. 
ts0, in accordance with one of the procedures outlined in 
Test Method D 2435. 

8.4 Shear-During shear, the chamber pressure shall be 
kept constant while advancing the axial load piston down- 
ward against the specimen cap using controlled axial strain 
as the loadmg criterion. Specimen drainage is not permitted 
during shear. 

8.4.1 Prior to Axial huding-Before initiating shear. 
perform the following steps: 

8.4.1.1 By opening or closing the appropriate valver 
isolate the specimen so that during shear the specimen 
pore-water pressure will be measured by the pore-pressure 
measurement device and no drainage will occur. 

8.4.1.2 Place the chamber in position in the axial loading 
device. Be careful to align the axial loading device, the axial 
load-measuring device, and the triaxial chamber to prevenr 
the application of a lateral force to the piston during shear. 

8.4.1.3 Bring the axial load piston into contact with the 
specimen cap to permit proper seating and realignment of 
the piston with the cap. Remember that during this proce- 
dure, care should be taken not to apply an axial load to the 
specimen exceeding 0.5 96 of the estimated axial load at 
failure. If the axial load-measuring device is located outside 
of the triaxial chamber, the chamber pressure will produce 
an upward force on the piston that will react against 9 1 
loading device. In this case, start shear with the; 1 

slightly above the specimen cap, and before the piston comes 
into contact with the specimen cap, either ( 1 )  measure and 
record the initial piston friction and upward thrust of the 
piston produced by the chamber pressure and later cor rm 
the measured axial load, or (2) adjust the axial load- 
measuring device to compensate for the friction and thrua 
The variation in the axial load-measuring device reading 
should not exceed 0.1 96 of the estimated failure load when 
the piston is moving downward prior to contacting the 
specimen cap. If the axial Ioad-measuring device is located 
inside the chamber, it will not be necessary to correct or  
compensate for the uplift force acting on the axial loading 
device or for piston friction. However, if an internal load- 
measuring device of signficant flexibility is used in comb& 
nation with an external deformation indicator, correction of 
the deformation readings may be necessary. In both cases. 
record the initial reading on the pore-water pressure mea- 
surement device immediately prior to when the piston 
contacts the specimen cap and the reading on the d e f o m -  
tion indicator when the piston contacts the specimen cap. 

8.4.2 Axial Loading-Apply axial load to the specimen 
using a rate of axial strain that will produce approximare 
equalization of pore pressures throughout the specimen at 
failure. Assuming failure will occur after 4 Z, a suitable rare 
of strain may be obtained by dividing 4 96 by ten times the 
value of 2% (obtained in 8.3.5). This rate of  st^' ill 
provide for determination of accurate effective stress. n 
the range necessary to define effective strength envelob=. lf, 
however, it is estimated that failure will occur at a strain 
value lower than 4 W, it will be neceSSary to obtain a suitable 
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--. -+n rate by dividing the estimated failure strain by ten 
’ es the value of f5,,. At a minimum, record load, deforma- 

..an, and pore-water pressure values at increments of 0.1 % 
to 1 % strain and, thereafter, at every 1 %. Take sufficient 
readings to define the stress-strain curve; hence, more 
frequent readings may be required in the early stages of the 
test and as failure is approached. Continue the loading to 
15 7% strain, except loading may be stopped when the 
principal stress difference (deviator stress) has dropped 20 95 
or when 5 % additional axial strain occurs after a peak in 
principal stress difference (deviator stress). 
NOTE 2 I -The ux of a manually adjusted null-indicating device will 

require nearly continuous attention to ensum the criterion for undrained 
shear. 

dsn, D4767 

9. Removing Specimen 
9.1 When shear is completed, perform the following steps: 
9.1.1 Remove the axial load and reduce the chamber and 

back pressures to zero. 
9.1.2 With the specimen drainage valves remaining 

closed, quickly remove the specimen from the apparatus so 
that the specimen will not have time to absorb water from 
the porous discs. 

9.1.3 Remove the rubber membrane (and the fdter-paper 
strips or cage from the specimen if they were used) and 
determine the water content of the total specimen in 
accordance with the procedure outlined in Method D 2216. 

. (Free water remaining on the specimen after removal of the 
‘nembrane should be blotted away before obtaining the 
rater content.) In cases where there is insufficient material 

-- from trimmings for index property tests, that is, where 
. specimens have the same diameter as the sampling tube, the 

specimen should be weighed prior to removing material for 
index property tests and a representative portion of the 
specimen used to determine its final water content. Prior to 
placing the specimen (or portion thereof) in the oven to dry, 
sketch a picture or take a photograph of the specimen 
showing the mode of failure (shear plane, bulging, etc.). 

10. Calculations 
10.1 Initial Specimen Propenies-Using the dry mass of 

the total specimen, calculate and record on the appropriate 
data sheet the initial water content, volume of solids, initial 
void ratio, initial degree of saturation, and initial dry unit 
weigbt. Calculate the specimen volume from values mea- 
sured in 6.2 or 6.3. Calculate the volume of solids by dividing 
the dry mass of the specimen by the specific gravity of the 
solids (Note 22) and dividing by the density of water. 
Calculate the void ratio by dividing the volume of voids by 
the volume of solids where the volume of voids is assumed to 
be the difference between the specimen volume and the 
volume of the solids. Calculate dry density by dividing the 
dry mass of the specimen by the specimen volume. 

NOTE 22-The spccitic gravity of solids can k determined in 
accordance with Test Method D 854 or it may be assumed based On 
previous test results. 

10.2 Sp4cimen Propenies After Consolidation-Calculate 
the specimen height and area after consolidation as follows: 

10.2.1 Height of specimen after consolidation, H, is 
determined From the following equation: 

I 
, 

H ,  H ,  - AH, (3) 
where: 
H, 
aH, = change in height of specimen at end of consolida- 

10.2.2 The cross-sectional area of the specimen after 
consolidation, A, shall be computed using one of the 
following methods (assuming consistent units are used). The 
choice of the method to be used depends on whether shear 
data are to be computed as the test is performed (in which 
case Method A would be used) or on which of the two 
methods in the opinion of a qualified person yield specimen 
conditions considered to be most representative of those 
after consolidation. 

= initial height of specimen, in. (mm), and 

tion, in. (mm). 

10.2.2.1 Method A: 
A ,  = ( V ,  - AVSa - AV,) f H ,  (4) 

where: 
V, = initial volume of specimen, in.’ (mm’), 
AVc = change in volume of specimen during consolida- 

tion as indicated by burette readings, in.3 (mm’), 
and 

AV, = change in volume of specimen during saturation, 
in.’ (mm3), as follows: 

A V ,  = 3V0 MSfH, 
where: 
hH, = change in height of the specimen during saturation, 

in. (mm). 
10.2.2.2 Mehod B: 

A,  = C V d +  Vs) /H,  ( 5 )  
where: 
V,,, = final volume of water (based on final water content), 

V, = volume of solids, in.’ (mm’), as foUows: 

where: 
H; = specimen dry mass, Ib (kg), 
G, = specific gravity of solids, and 
pv = density of water, lbfin.’ (kg/mm3). 

10.2.3 Using the calculated dimensions of the specimen 
after consolidation, and assuming that the water content 
after consolidation is the same as the final water content, 
calculate the consolidated void ratio and degree of satura- 
tion. 
NOTE 2 3 4 f  the specimen absorbs watm from the porous disa 

during the time it is being removed from the apparatus, the calculated 
degree of saturation based on the final water content sill exceed 100 X. 

NUTE 24-111 this test method, the equations are witten such that 
compression and consolidation are cons ided  positive. 

10.3 Shear Data: 
10.3.1 Calculate the axial strain, t,, for a given applied 

axial load as follows: 
e ,  = hH/Hc (6) 

where: 
AH = change in height of specimen dun‘sglnading as’ read 

from deformation indicator, in. (mm), and 
H, = height of specimen after consolidation, in. (mm). 

10.3.2 Calculate the cross-sectional area, A, for a given 
applied axial load as follows: 

i n 3  (mm3), and 

V ,  = w , / ( G A  
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A = AC/( I - cI)  (7) 
where: 
A,  =average cross-sectional area of the specimen after 

e l  = axial strain for the given axial load. 
consolidation, in.’ (mm’), and 

NOTE 25-The cross-sectional area computed in this manner is bawd 
on the assumption that the specimen deforms as a right circular cylinder 
during shear. In cases where there is localized bulging, it may be possible 
to determine more accurate values for the area based on specimen 
dimension measurements obtained after shear. 

10.3.3 Calculate the principal stress difference (deviator 
stress), uI - u3, for a given applied axial load as follows: 

uI - u3 = P/A (8) 

where: 
P = given applied axial load (corrected for uplift and piston 

friction if required as obtained in 8.4.1.3), lb (kN), and 
A = corresponding cross-sectional area, in.2 (mm2). 

10.3.4 Calculate the effective minor principal stress, u ’ ~  
for a given applied axial load as follows: 

(9) 
where: 
03 = effective consolidation stress, psi (Wa), and 
Au = induced pore-water pressure at the given axial load 

(total pore-water pressure minus the total back pres- 
sure), psi (Wa). 

10.4 Principal Stress Diflerence (Deviator Slress) and 
Induced Pore- Water Pressure versus Sirain Curves-Prepare 
graphs showing relationships between principal stress m e r -  
ence (deviator stress) and induced pore-water pressure with 
axial strain, plotting deviator stress and induced pore-water 
pressure as ordinates and axial strain as abscissa. Select the 
principal stress difference (deviator stress) and axial strain at 
failure in accordance with a definition in 3.2.3. 

10.5 p’ - q Diagram-Prepare a graph showing the 
relationship between p ‘ ,  ( u ‘ ,  + d 3 ) / 2  and q, (uI - u3)/2, 
plotting q as ordinate and p’ as abscissa using the same d e .  
The value of p’ for a given axial load may be computed as 
follows: 

P’ = ((01 - U 3 )  + 20’3)/Z (10) 
where: 
uI - u3 = principal stress difference (deviator stress), psi 

0’3 = effective minor principal stress, psi (Wa). 
10.6 Correction for Filter-Paper Strips-For vertical filter- 

paper strips which extend over the total length of the 
specimen, apply a filter-paper strip correction to the com- 
puted values of the principal stress difference (deviator 
stress), if the error in principal stress difference (deviator 
stress) due to the strength of the filter-paper strips exceeds 
5 %. 

10.6.1 For values of axial strain above -2 %, use the 
following equation to compute the correaion: 

(1 1) 
where: 
A(o, - 6,) = correction to be subtracted from the measured 

principal stress difference (deviator stress), psi 
(Pa), 

u ‘ ~  = u3 - AU 

(kPa), and 

Mu1 - 03) = K,jPh/A, 

= load carried by filter-paper st+ per tinit 
length of perimeter covered by f&er-- 
Ibf/in. (kN/mm), 

= perimeter covered by filter-paper, in. (mm), 
and 

= cross-sectional area of specimen after c o r ~ l i -  
dation, in.’ (mm’). 

10.6.2 For values of axial strain of 2 % or less, use the 
following equation to compute the correction: 

(12) 
where: 
e l  =axial strain (decimal form) and other terms are the 

NOTE 26-For filter-paper generally used in tnaual t a n g ,  Ke IS 

KIP 

PfP 

Ar 

A(01 - 03) = 50tiK,#’’p/Ac 

same as those defined in 10.6.1. 

approxmately 1 . 1  Ib/in. (0.19 k!!/m). 

10.7 Correction for Rubber Membrane-Use the fol- 
lowing equation to correct the principal stress difference 
(deviator stress) for the effect of the rubber membrane if the 
error in principal stress difference (deviator stress) due to the 
strength of the membrane exceeds 5 %: 

Nu1 - 03) = (4Ernfrnt,)/Dc (13) 
where: 
A(u, - a,) = the correction to be subtracted from the mea- 

sured principal stress difference (denator 

D, = SF 4 A J r  = diameter of specimen after consoli- 
dation, in. (mm), 

E m  = Young’s modulus for the membrane mq- * 

1, 
C 1  

10.7.1 The Young’s modulus of the membrane material 
may be determined by hanging a 0.5-in. ( 1  5-mm) circumfer- 
ential strip of membrane using a thin rod, placing another 
rod through the bottom of the hanging membrane, and 
measuring the force per unit strain obtained by stretching the 
membrane. The modulus value may be computed using the 
following equation: 

where: 
E,,, = Young’s modulus of the membrane material, psi 

F = force applied to stretch the membrane, Ibf (kN), 
L = unstretched length of the membrane, in. (mm), 
AL = change in length of the membrane due to application 

A,,, = area of the membrane = 2 I,,, W,, in.’ (m’ = 

where: 
1, = thickness of the membrane, and 
W, = width of circumferential strip (4.5 in. or 15 mm)- 

NOTE 27-A typical value of E, for latex membranes is 200 psl 
(1400 kPa). 
NOTE 28-The effect of the membrane on the lateral stress is 1- ‘‘y 

assumed to be negligible. 
NOTE 29-The corrections for filter-paper strips and m e m h  c 

based on simplified assumptions concerning their behavior during shear. 
Their actual behavior is complex and there is not a c ~ l l y n s u s  on more 
exact ComcliOIls. 

psi ( W d ,  
= thickness of the membrane, in. (mm), ancr 
= axial strain (decimal form). 

E,,, = ( F / A , , , ) / ( W L )  (14) 

W a ) ,  

of the force, F, in. (mm), and 

mm2/l OOO OOO) 
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10.8 Detennine the major and minor principal stresses at 
failure based on total stresses, a,,and u3,respectively, and on 
effeaive stresses, u',,and ~'~,reSpectively, as follows: 
u;, = effective consolidation stress, psi (Wa), 

= (0 ,  - u3) at failure + u~~ psi (kPa), 
3 f  = u3f- A U ~  psi (kPa);'and 

u ' , ~  = (u ,  - u3) at failure + psi (Wa), where Au is the 

10.9 Mohr Stress Circles-Constmct Mohr stress circles 
at failure based on total and effective stresses on an arith- 
metic plot with shear stress as ordinate and normal stress as 
abscissa using the same d e s .  As shown in Fig. 3, the circle 
based on total stresses is drawn with a radius of one-half the 
principal stress difference (deviator stress) at failure with its 
center at a value equal to one-half the sum of the major and 
minor total principal stresses. The Mohr stress circle based 
on effective stresses is drawn in a similar manner except that 
its center is at a value equal to one-half the sum of the major 
and minor effective principal stresses. 

induced pore-water pressure at failure. 

+C 
I TOTAL OR EFFECTIVE STRESS, U OR U' 

I 

A = TOTAL OR EFFECTIVE MINOR PRINCIPAL STRESS (Q  or a;) 
B = AVERAGE OF TOTAL oR EFFECTIVE PRINCIPAL STRESSES 
c = TOTAL OR EFFECTIVE MAJOR PRINCIPAL STRESS UJ or $1 
D = RADIUS o f   HE ~ H R ' s  CIRCLE; HU THE PRIHCI~AL 

9 R E S S  DIFFERENCE 

FlQ. 3 CGnrtnntkn of Mohr Stma Cirde 

11. Report 
1 1.1 The repon shall include the following 

6 6 4 1  
1 1.1.1 Identification data and visual description of spec- 

imen, including soil classification and whether the specimen 
is undisturbed, compacted, or otherwise prepared. 

11.1.2 Values of plastic limit and liquid limit, if deter- 
mined in accordance with Test Method D 4318. 

1 1.1.3 Value of specific gravity of solids and notation if 
the value was determined in accordance with Test Method 
D 854 or assumed. 

1 1.1.4 Particle-size analysis, if determined in accordance 
with Method D 422. 

1 1.1.5 Initial specimen dry unit weight, void ratio, water 
content, and percent saturation. 

1 1.1.6 Initial height and diameter of specimen. 
11.1.7 Method followed for specimen saturation (that is, 

1 I .  1.8 Total back pressure. 
11.1.9 The pore pressure parameter B at the end of 

1 1.1.10 Effective consolidation stress. 
11.1.1 1 Time to 50 '3% primary consolidation. 
1 1.1.12 Specimen dry unit weight, void ratio, water a n -  

tent, and degree of saturation after consolidation. 
1 1.1.13 Specimen cross-sectional area after consolidation 

and method used for determination. 
1 1.1.14 Failure criterion d. 
11.1.15 The value of the principal stress difference (de- 

viator stress) at failure and the'values of the effective minor 
and major principal stresses at failure. 

11.1.16 Axial strain at failure, percent 
1 1.1.17 Rate of strain, percent/min. 
1 1.1.18 Principal stress difference (deviator stress) and 

induced pore-water pressure versus axial strain curves as 
demibed in 10.4. 

11.1.19 The p' - q diagram for the test results. 
11.1.20 Mohr stress circles based on total and effective 

1 1.1.2 1 Failure sketch or photograph of the specimen. 
11.1.22 Remarks and notations regarding any unusual 

conditions or other information necessary to properly inter- 
pret the results obtained, including any departures from the 
procedure outlined. 

I 

dry or wet method). 

saturation. I 

stresses. 

12. Precision and Bias 
12.1 The variability of soil and resultant inability to 

determine a true reference value prevent development of a 
meaningful statement of bias. Data are being evaluated to 
determine the precision of this test method. In addition, the 
subcommittee is seeking pertinent data from users of this test 
method. 

13. Keywords 
13.1 Back pressure situation; cohesive soils; consolidated- 

undrained-triaxial compression test; consolidated undrained 
triaxial compressive strength; effective consolidation stress; 
shear strength; strength envelope. 
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Designation: D 5084 - 90 

Standard Test Method for 

Materials Using a Flexible Wall Permearneter' 
- Measurement of Hydraulic Conductivity of Saturated Porous 

Thls standard is issued under the fixed dmgnauon D 5084. the number imrnadrateh follouW the daignauon indicates the ycar of 
on@na) adoption or. io the cay of rcnsion. rhe ycar of Ian rcvmon A numbcr in parcnrhevs io&cata the )ear Or Ian mppro \d  A 
suprscnpt epulon ( a )  in&cata an ahtonal change s ina  the lan rcvmon or reapprod 

1. scope 
1.1 This test method covers laboratory measurement of 

the hydraulic conductivity (also referred to as coefficient of 
permeability) of water-saturated porous materials with a 
flexible wall permeameter. 

1.2 This test method may be utilized With undisturbed Or 
compacted specimens that have a hydraulic conductivity less 
than or equal to 1 x 

1.3 The hydraulic conductivity of materials with hy- 
draulic conductivities greater than 1 X lo-' m/s may be 
determined by Test Method D 2434. 

1.4 The values stated in SI units are to be regarded as the 
standard, unless other units are specifically given. By tradi- 
tion in U.S. practice, hydraulic-conductivity is reported in 
entimetres per second, although the common SI units for 
hydraulic conductivity are metres per second. 

1.5 This standard does not purpon to address the safety 
problems associated with its we. It  is the responsibility of the 
user of this standard to establish appropriate safety and 
health practices and determine the applicability of regulafory 
limitorions prior to we .  

m/s (1  x lo-' cm/s). 

2. Referenced Documents 

2.1 ASTM Standards: 
D 653 Terminology Relating to Soil, Rock, and Contained 

Fluids2 
D698 Test Methods for Moisture-Density Relations of 

Soils and Soil-Aggregate Mixtures Using 5.5-lb (2.49-kg) 
Rammer and 12-in. (305-mm) Drop' 

D 1557 Test Methods for Moisture-Density Relations of 
So5 and Soil-Aggregate Mixtures Using 10-lb (4.54-kg) 
Rammer and 18-in. (457-mm) Drop2 

D 1587 Practice of Thin-Walled Tube Sampling of Soils2 
D2113 Practice for Diamond Core Drilling for Site 

Investigation2 
D2216 Method for Laboratory Determination of Water 

(Moisture) Content in Soil, Rock, and Soil-Aggregate 
Mixtures2 

D2434 Test Method for Permeability of Granular Soils 
(Constant Heady 

D4220 Practices for Preserving and Transporting Soil 
samples2 

'Thistrst mahod is uxkthc jurisdictionofAslM Committa D16 on sail 
and Rodr and is tbe dirut roponsbility of Subcomminec Dl8.W 00 Hydrologk 
RDpariaofkilandRoda 

Cumnt edition ppprovcd June 29.1990. PuMisbed oaokr 1990. 
' h v d  Bodr q f N M  Stand&& Vol04.08. 

\ 

D 4753 Specification for Evaluating, Selecting and Speci- 
Fylng Balances and Scales for Use in Soil and Rock 
Testing 

D 4767 Test Method for Consolidated-Undrahed Triaxial 
Compression' , 

E 145 Specification for Gravity-Convection and Forced- 
Ventilation ovens3 

3. Terminology 
3.1 Definitions: 
3.1.1 hydraulic conductivity, k-the rate of discharge of 

water under laminar flow conditions through a unit cross- 
sectional area of a porous medium under a unit hydraulic 
gradient and standard temperature conditions (20'C). 

DlscljssioN-~e tern cO@cimr of permeability is often used 
instead of hydraulic conductivity, but hydraulic conductiviry is used 
exclusively in this tcst rnahcd. A more complete discusion of the 
terminology associated with ~arcy's iaw is given in the titerarun.' 

3.1.2 pore volume o/flon-the cumulative quantity of flow 
into a test specimen divided by the volume of voids in the 
specimen. 

3.1.3 For definitions of other terms used in this test method, 
see Teiminology D 653. 

4. Significance and Use 
4.1 This test method applies to onedimensional, laminar 

flow of water within porous materials such as soil and rock. 
4.2 The hydraulic conductivity of porous materials gener- 

ally decreases With an increasing amount of air in the pores 
of the material. This test method applies to water-saturated 
porous materials containing virtually no air. 

4.3 This test method applies to permeation of porous 
materials with water. Permeation with other liquids, such as 
chemical ' wastes, can be accomplished using procedures 
similar to those described in this test method. However, this 
test method is only intended to be used when water is the 
permeant liquid. 

4.4 It is assumed that-Darcy's law is valid and that the 
hydraulic conductivity is essentially unaffected by hydraulic 
gradient. The validity of Darcy's law may be evaluated by 
measuring the hydraulic conductivity of the specimen at 
three hydraulic gradients if all measured values are similar 
(within about 25 %), then Darcy's law may be taken as valid. 
However, when the hydraulic gradient acting on a test 
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specimen is changed, the state of stress will also change, and, 
if the specimen is compressible, the volume of the specimen 
will change. Thus, some change in hydraulic conductivity 
may occur when the hydraulic gradient is altered, even in 
cases where Darcy's law is valid. 

4.5 This test method provides a means for determining 
hydraulic conductivity at a controlled level of effective stress. 
Hydraulic conductivity varies with varying void ratio, which 
in turn changes when the effective stress changes. If the void 
ratio is changed, the hydraulic conductivity of the test 
specimen Will likely change. To determine the relationship 
between hydraulic conductivity and void ratio, the hydraulic 
conductivity test would have to be repeated at different 
eff'ective stresses. 

4.6 The correlation between results obtained with this test 
method and the hydraulic conductivities of in-place field 
ma!erials has not been fully investigated. Experience has 
sometimes shown that flow patterns in small test specimens 
do not necessarily follow the same patterns on large field 
scales and that hydraulic conductivities measured on small 
test specimens are not necessarily the same as larger-scale 
values. Therefore, the results should be applied to field 
situations with caution and by qualitied personnel. 

5. Apparatus, 
5.1 Hydraulic System-Constant head (Method A), 

falling head (Methods B and C), or constant rate of flow 
(Method D) systems may be utilized provided they meet the 
ajteria outlined as follows: 

5.1.1 Constanr Head--The system must be capable of 
maintaining constant hydraulic pressures to within 2 5  % 
and shall include means to measure the hydraulic pressures 
to within the prescribed tolerance. In addition, the head loss 
across the test specimen must be held constant to within 
25 % and shall be measured with the same accuracy or better. 
Pressures shall be measured by a pressure gage, electronic 
pressure transducer, or any other device of suitable accuracy. 

5.1.2 Falling Head-The system shall allow for measure- 
ment of the applied head loss, thus hydraulic gradient, to 
within 5 % or better at any time. In addition, the ratio of 
initial head loss divided by final head loss over an interval of 
time shall be measured such that this computed ratio is 
accurate to within +.5 5%. The head loss shall be measured 
with a pressure gage, electronic pressure transducer, engi- 
neer's scale, graduated pipette, or any other device of suitable 
accuracy. Falling head tests may be performed with either a 
constant tailwater elevation (Method B) or a rising tailwater 
elevation (Method C). 

5.1.3 Consrm Rote of Flow-The system must be ca- 
pable of maintaining a constant rate of flow through the 
specimen to within 5 % or better. Flow measurement shall 
be by calibrated syringe, graduated pipette, or other device of 
suitable accuracy. The head loss across the specimen shall be 
measured to an accuracy of 5 % or better using an electronic 
pressure transducer or other device of suitable accuracy. 
More informition on testing with a constant rate of flow is 
given in the literature.' 

' Ohs H. W., M a  R K. and Nichols, R W., 'Flow Pump Applications in 
T h i a I  T d n g "  SympaciUm oh Advanced Tricuiol Testing cfsoil and Rok 
ASTM STP 977. ASTM. 1988, w. 68-81. 

. 5.1.4 Sysrem De-airing-The hydraulic system shall be 
designed to facilitate rapid and complete removal of free air 
bubbles from flow lines. 

5.1.5 Back Pressure System-The hydraulic system-shall 
have the capability to apply back pressure to the specimen to 
facilitate saturation. The system shall be capable of main- 
taining the applied back pressure throughout the duration of 
hydraulic conductivity measurements. The back pressure 
system shall be capable of applying, controlling, and mea- 
suring the back pressure to 5 or better of the applied 
pressure. The back pressure may be provided by a com- 
pressed gas supply, a deadweight acting on a piston, or any 
other method capable of applying and controlling the back 
pressure to the tolerance prescribed in this paragraph. 

NOTE 1-Application of gas pressure directly to a fluid will dissolve 
gas in the fluid. A vanety of techniques are available to minimize 
dissolution of gas in the back pressure fluid, including separation of gas 
and liquid phases with a bladder and frequent replacement of the liquid 
mth de-aired water. 

5.2 Flow Measurement System-Both inflow and outflow 
volumes shall be measured unless the lack of leakage, 
continuity of flow, and cessation of consolidation or swelling 
can be verified by other means. Flow volumes shall be 
measured by a graduated accumulator, graduated pipette, 
vertical standpipe in conjunction with an electronic pressure 
transducer, or other volume-measuring device of suitable 
accuracy. 

5.2.1 Flow Accuracy-Required accuracy for the quantity 
of flow measured over an interval of time is 5 R or better. 

5.2.2 De-airing and Compliance of the System-The flow- L .  

measurement system shall contain a minimum of dead space . 
and be capable of complete and rapid de-airing.ICompliance 
of the system in response to changes in pressure shall be 
minimized by using a s t S  flow measurement system. Rigid 
tubing, such as metallic or rigid thermoplastic tubing, shall 
be used. 

5.2.3 Heud Losses-Head losses in the\ tubes, valves, 
porous end pieces, and filter paper may lead to error. To 
guard against such errors, the permeameter shall be assem- 
bled with no specimen inside and then the hydraulic system 
filled. If a constant or falling head test is to be used, the 
hydraulic pressures or heads that will be used in testing a 
specimen shall be applied, and the rate of flow measured 
with an accuracy of 5 5% or better. This rate of flow shall be at 
least ten times greater than the rate of flow that is measured 
when a specimen is placed inside the permeameter and the 
same hydraulic pressures or heads are applied. If a constant 
rate of flow test is to be used, the rate of flow to be used in 
testing a specimen shall be supplied to the permeameter and 
the head loss measured. The head loss without a specimen 
shall be less than 0.1 times the head loss when a specimen is 
present. 

5.3 Penneametm Cell Pressure System-The system for 
pressurizing the permeameter cell shall be capable of a p  
plying and controlling the cell pressure-to within 5 % of-the 
applied pressure. However, the effective stress on the test 
specimen (which is the difference between the cell pressure 
and the pore water pressure) shall be maintained to th 
desired value with an accuracy of 10 !% or better. The device 
for pressurizing the cell may consist of a reservoir connected 
to the permeameter cell and partidly filled with de-aired 
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water, with the upper part of the reservoir connected to a 
compressed gas supply or other source of pressure (see Note 
2). The gas pressure shall be controlled by a pressure 
regulator and measured by a pressure gage, electronic pres- 
sure transducer, or any other device capable of measuring to 
the prescribed tolerance. A hydraulic system pressurized by 
deadweight acting on a piston or any other pressure device 
capable of applying and controlling the permeameter cell 
pressure to the tolerance prescribed in this paragraph may be 
U s e d .  

NOTE 2-De-aired water is commonly used for the cell fluid to 
minimize potential for diffusion of air through the membrane into the 
specimen. Other fluids, such as oils, which have low gas solubilities are 
also acceptable, provided they do not react with components of the 
permeameter. Also. use of a long (approximately 5 to 7 m) tube 
connecting the pressurized cell liquid to the cell helps to delay the 
appearance of air in the cell fluid and to reduce the flux of dissolved air 
into the cell. 

5.4 Permeameter Cell-An apparatus shall be provided in 
which the specimen and porous end pieces, enclosed by a 
membrane sealed to the cap and base, are subjected to 
controlled fluid pressures. A schematic diagram of a typical 
cell is shown in Fig. 1. 

5.4.1 The pemeameter cell may allow for observation of 
changes in height of the specimen, either by observation 
through the cell wall using a cathetometer or other instru- 
ment, or by 'monitoring of either a loading piston or an 
extensometer extending through the top plate of the cell 
bearing on the top cap and attached to a dial indicator or 
other measuring device. The piston or extensometer should 
pass through a bushing and seal incorporated into the top 
plate and shall be loaded with sufficient force to compensate 
for the cell pressure acting over the cross-sectional area of the 
piston where it passes through the seal. If deformations are 
measured, the deformation indicator shall be a dial indicator 
or cathetometer graduated to 0.3 mm (0.01 in.) or better and 
having an adequate travel range. Any other measuring device 
meeting these requirements is acceptable. 

5.4.2 In order to facilitate gas removal, and thus satura- 
tion of the hydraulic system, four drainage linek leading to 
the specimen, two each to the base and top cap, are 
recommended. The drainage lines shall be controlled by 
no-volumechange valves, such as ball valves, and shall be 
designed to minimize dead space in the lines. 
, 5.5 Top Cap and Base-An impermeable, rigid top cap 
and base shall be used to support the specimen and provide 
for transmission of permeant liquid to and from the spec- 
imen. The diameter or width of the top cap and ba+e shall be 
equal to the diameter or width of the specimen &5 %. The 
base shall prevent leakage, lateral motion, or tilting, and the 
top cap shall be designed to receive the piston or extensom- 
eter, if used, such that the piston-to-top cap contact area is 
concentric with the cap. The surface of the base and top cap 
that contacts the membrane to form a seal shall be smooth 
and free of scratches. 

5.6 Flexible Membranes-The flexible membrane used to 
encase the specimen shall provide reliable protection against 
leakage. The membrane shall be carefully inspected prior to 
use and if any flaws or pinholes are evident, the membrane 
shallbediscarded . To minimize restrain to the specimen, the 
diameter or width of the unstretched membrane shall be 
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between 90 and 95 % of that of the specimen. The mem- 
brane shall be sealed to the specimen base and cap with 
rubber O-rings for. which the unstressed, inside diameter or 
width is less than 90 ?% of the diameter or width of the base 
and cap, or by any other method that will produce an 
adequate seal. 

NOTE 3-Membranes may be tested for flaws by placing them 
around a form sealed at both ends With rubber O-rings, subjecting them 
to a small air pressure on the inside, and then dipping them into mater. 
If air bubbles come up from any point on the membrane. or if any 
visible flaws are observed, the membrane shall be discarded. 

5.7 Porous End Pieces-The porous end pieces shall be of 
silicon carbide, aluminum oxide, or other material that is not 
attacked by the specimen or permeant liquid. The end pieces 
shall have plane and smooth surfaces and be free of cracks, 
chips, and nonunifonnities. They shall be checked regularly 
to ensure that they are not clogged. 

5.7.1 The porous end pieces shall be the same diameter or 
width ( 2 5  %) as the specimen, and the thicbess shall be 
sufficient to prevent breaking. 

5.7.2 The hydraulic conductivity of the porous end pieces 
shall be significantly greater than that of the specimen to be 
tested. The requirements outlined in 5.2.3,ensure this. 

5.8 Filter Paper-If neceSSary to prevent intrusion of 
material into the pores of the porous end pieces, one or more 
sheets of Nter paper shall be placed between the top and 
bottom porous end pieces and the specimen. The paper shall 
have a negligibly small hydraulic impedance. The require- 
ments outlined in 5.2.3 ensure that the impedance is small. 

5.9- Equipmm for Compacting a Specimm-Equipment 
(including compactor and mold) suitable for the method of 
compaction specified by the requester shall be used. 
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5.10 Sample Exrruder-When the material being tested is 
a soil core, the soil core shall usually be removed from the 
sampler with an extruder. The sample extruder shall be 
capable of extruding the soil core from the sampling tube in 
the same direction of travel in which the sample entered the 
tube and with minimum disturbance of the sample. If the 
soil core$ not extruded vertically, care should be taken to 
avoid bending stresses on the core due to gravity. Conditions 
at the time of sample extrusion may dictate the direction of 
removal, but the principal concern is to keep the degree of 
disturbance minimal. 

5.1 1 Trimming Equipment-Specific equipment for trim- 
ming the specimen to the desired dimensions will vary 
depending on quality and characteristics of the sample; 
however, the following items listed may be used: lathe, wire 
saw with a wire about 0.3 mm (0.01 in.) in diameter, 
spatulas, knives, steel rasp for very hard clay specimens, 
cradle or split,mold for trimming specimen ends, and steel 
straight edge for final trimming of specimen ends. 

5.12 Devices for Measuring the Dimensions of fhe Speci- 
men-Devices used to measure the dimensions of the 
specimen shall be capable of measuring to the nearest 0.3 
mm (0.01 in.) or better and shall be constructed such that 
their use will not disturb the specimen. 

5.13 Balances-The balance shall be suitable for deter- 
mining the mass of the specimen and shall be selected as 
discussed in Specification D4753. The mass of specimens 
less than 100 g shall be determined to the nearest 0.01 g. The 
mass of specimens 100 g or larger shall be determined to the 
nearest 0.1 g. The mass of specimens >lo00 g shall be 
determined to the nearest 1.0 g. 

5.14 Equipment for Mounting the Specimen-Equipment 
for mounting the specimen in the permeameter cell shall 
include a membrane stretcher or cylinder, and ring for 
expanding and placing O-rings on the base and top cap to 
seal the membrane. 

5.15 Vacuum Pump-To assist with de-airing of 
permeameter system and saturation of specimens. 

5.16 Tempeiature Maintaining Device-The temperature 
of the permeameter, test specimen, and,reservou of perme- 
ant liquid shall not vary more than +3'C (k5.7"F). Nor- 
mally, this is accomplished by performing the test in a room 
with a relatively constant temperature. If such a room is not 
available, the apparatus shall be placed in a water bath, 
insulated chamber, or other device that maintains a temper- 
ature within the tolerance specified in 5.16. The temperature 
shall be periodically measured and recorded. 

5.17 Water Content Containers-The containers shall be 

5.18 Dving Oven--The oven shall be in accordance with 
~ in accordance with Method D 22 16. 

Specification E 145. 

6. Reagents 
6.1 Penneant Water: c. 

6.1.1 The permeant water is the liquid used to permeate 
the test specimen and is also the liquid used in backpressur- 
ing the specimen. 

6.1.2 The type of permeant water should be specified by 
the requestor. If no specification is made, tap water shall be 
used for the permeant liquid. The type of water utilized shall 
be indicated in the report. ! 

J 

I 
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NOTE 4--Cbemical interactions between a prmcant liquid and the 
porous material may lead to variations in hydraulic wnductivity. Dis- 
tilled water can significantly lower the hydraulic conductibity of claye! 
soils (see the literature).' For this reason. distilled uater is not u~udly  
recommended as a permeant liquid. A prmeant liquid uud by some is 
0.005 N CaSO,. which can be obtained for example. by dissolving 6.8 g 
of nonhydrated, reagent-grade CaSO, in 10 L of de-aired, distilled water. 
This ( 3 0 ,  solution is thought to neither increase nor decrease 
significantly the hydraulic conductivity of clayey soils. In areas with 
extremely brackish tap water. the CaSO, solution is recommended. 

6.1.3 Deaired Wafer-To aid in removing as much air 
from the test specimen as possible, deaired water shall be 
used. The water is usually deaired by boiling, by spraying a 
fine-mist of water into an evacuated vessel attached to a 
vacuum source, or by forceful. agitation of water in a 
container attached to a vacuum source. If boiling is used, 
care shall be taken not to evaporate an excessive amount of 
water, which Can lead to a larger salt concentration in the 
permeant water than desired. To prevent dissolution of air 
back into the water, deaired water shall not be exposed to air 
for prolonged periods. 

7. Test Specimens 
7.1 Size-Specimens shall have a minimum diameter of 

25 mm (l.O,in.) and a minimum height of 25 mm. The 
height and diameter of the specimen shall be measured to the 
nearest 0.3 rnm (0.01 in.) or better. The length and diameter 

specimen may be .uneven, but indentations must not be so 
deep that the length or diameter vary by more .than 25 %. 
The diameter and height of the specimen shall each be alp 
least 6 times greater than the largest particle size within tht 
specimen. If, after comple(tion of a test, it is found based on 
visual observation that oversized particles are present, that 
information shall be indicated on the report. 
NOTE 5-Most hydraulic conductivity tests are performed on c y h -  

drical test specimens. It is possible to utilize Special equipment for 
testing prismatic test specimens. in which case reference to "diameter" 
in 7.1 applies to the leas width of the prismatic test specimen. 

7.2 Undisturbed Specimens-Undisturbed test specimens 
shall be prepared from a representative portion of undis- 
turbed samples sekured in accordance with Practice D 1587 
or Practice D 2 1 13, and preserved and transported in accord- 
ance with requirements for Group C materials in Practice 
D 4220. Specimens obtained by tube sampling or coring may 
be tested without trimming except for cutting the end 
surfaces plane and perpendicular to the longitudinal axis of 
the specimen, provided soil characteristics are such that no 
sigmficant disturbance results from ,sampling. Where the 
sampling operation has caused disturbance of the soil, the 
disturbed material shall be trimmed. Where removal of 
pebbles or crumbling resulting from trimming causes voids 
on the surface of the specimen that cause the length or 
diameter to vary by more than 2 5  %, the voids shall be hlled 
with remolded material obtained from the trimmings. The 

-ends of the test e m e n  shall be cut and-not troweled 
(troweling can seal off cracks, slickensides, or other e- 
ondary features that might conduct water flow). Specimeq. 
shall be trimmed, whenever possible, in . .  an environmei . 
where changes * moisture content are - A con- 
trolled high-humidity room is usually used for this purpose. 
The mass and dimensions of the test specimen shall be 

. 

shall vary by no more than k 5  %. The surface of the test ? 

\ 

~ 

. 
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determined to the tolerances given in 5.12 and 5.13. The test 
specimen shall be mounted immediately in the permeam- 
eter. The water content of the trimmings shall be determined 
in accordance with Method D 2216. 

7.3 LaboratoryCompacted Specimens-The material to 
be tested shall be prepared and compacted inside a mold in a 
manner specified by the requestor. If the specimen is placed 
and compacted in layers, the surface of each previously- 
compacted layer shall be lightly scarified (roughened) with a 
fork, ice pick, or other suitatile object, unless the requester 
specifically states that scarification is not to be performed. 
Test Methods D 698 and D 1557 describe two methods of 
compaction, but any other method specified by the requestor 
may be used as long as the method is described in the repon. 
Large clods of material should not be broken down prior to 
compaction unless it is known that they will be broken in 
field construction, as well, or the requestor specifically 
requests that the clod size be reduced. Neither hard clods nor 
individual particles of the material shall exceed '16 of either 
the height or diameter of the specimen. M e r  compaction, 
the test specimen shall be removed from the mold, the en& 
scarified, and the dimensions and weight determined within 
the tolerances given in 5.12 and 5.13. After the dimensions 
and mass are determined, the test specimen shall be imme- 
diately mounted in the permeameter. The water content of 
the trimmings shall be determined in accordance with 
Method D 22 16. 

7.4 Other Preparation Methods-Other methods of prep- 
aration of a test specimen are permitted if specifically 
requested. The method of specimen preparation shall be 
identified in the report. 

7.5, AAer the height, diameter, mass, and water content of 
the t k t  specimen have been determined, the dry unit weight 
shall'be calculated. Also, the initial degree of saturation shall 
be estimated (this information may be used later in the 
backpressure stage). 

8. Procedure 
8.1 Specimen Setup: 
8.1.1 Cut two filter paper sheets to approximately the 

same shape as the cross section of the test specimen. Soak the 
two porous end pieces and filter paper sheets, if used, in a 
container of permeant water. 

8.1.2 Place' the membrane on the membrane expander. 
Apply a thin coat of silicon high-vacuum grease to the sides 
of the end caps. Place one porous end piece on the base and 
place one tilter paper sheet, if used, on the porous end piece, 
followed by the test specimen. Place the second filter paper 
sheet, if&, on top of the specimen followed by the second 
porous end piece and the top cap. Place the membrane 
around the specimen, and using the membrane expander or 
other suitable O-ring expander, place one or more O-rings to 
seal the membrane to the base and one or more additional 
O-rings to seal the membrane to the top cap. 

8.1.3 Attach flow tubing to the top cap, if not already 
attakhed, assemble the permeameter cell, and fill it with 
de-aired water or other cell fluid. Attach the cell pressure 
reservoir to the permeameter cell line and the hydraulic 
system to the influent and effluent lines. Fd the cell pressure 
reservoir with deaired warn, or other suitable Squid, and the 
hydraulic system With deaired . permeant water. Apply a small 
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confining pressure of 7 to 35 kPa (1 to 5 psi) to the cell and 
apply a pressure less than the confining pressure to both the 
influent and effluent systems, and flush permeant water 
through the flow system. After all visible air has been 
removed from the flow lines, close the control valves. At no 
time during saturation of the system and specimen or 
hydraulic conductivity measurements shall the maximum 
applied effective stress be allowed to exceed that to which the 
specimen is to be consolidated. 

8.2 Specimen Soaking (Optional)-To aid in saturation, 
specimens may be soaked under partial vacuum applied to 
the top of the specimen. Atmospheric pressure shall be 
applied to the specimen base through the influent lines, and 
the magnitude of the vacuum set to generate a hydraulic 
gradient across the sample less than that which will be used 
during hydraulic conductivity measurements. 

NOTE &Soaking under vacuum is applicable when there are 
continuous air voids in the specimen. Soaking under vacuum is only 
recommended for test specimens with initial d m  of yturation below 
70%. The specimen may well when expovd to water, the ellktive 
stress will tend to counteract the swelling However, for materials that 
tend to swell, unless the applied effective  as is greater than or equal to 
the well pressure, the specimen will well. 

8.3 Backpressure Saturation-To saturate the specimen, 
backpressuring is usually necessary. figure 2 .provides guid- 
ance on back pressure required to attain saturation. 
NOTE 7-Figure 2 assumes that the water used for back pressure is 

deaired and that the only soura for air to dissolve into the water is air 
from the test specimen. If air pressure is used to control the back 
pressurr, Prrssunzed ' air will dissolve into the water, thus reducing the 
capacity of the water used for back preyurr to dissolve air located in the 
pores of the ten specimen. The problem is minimized by using a long 
(>5 m) tube that is impmeable to air between the air-water interface 
and test specimen, by Separating the back-pmsurc water from the air b) 
a material or fluid that is relatively impermeable to air, by periodicall! 
replacing the back-pressure water with dca$cd water, or by other means 
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8.3.1 Open the flow line valves and flush out of the system 
any free air bubbles using the procedure outlined in 8.1.3. If 
an electronic pressure transducer or other measuring device 
is to be used during the test to measure pore pressures or 
applied hydraulic gradient, it should be bled of any trapped 
air. Take and record an initial reading of specimen height, if 
being monitored. 

8.3.2 Adjust the applied confining pressure to the value to 
be used’during saturation of the sample. Apply backpressure 
by simultaneously increasing the cell pressure and the 
influent and emuent pressures in increments. The maximum 
value of an increment in backpressure shall be sufficiently 
low so that no point in the specimen is exposed to an 
effective stress in excess of that to which the specimen will be’ 
subsequently consolidated. At no time shall a head be 
applied so that the effective confining stress is e 7  kPa (1 psi) 
because of the danger of separation of the membrane from 
the test specimen. Maintain each increment of pressure for a 
period of a few minutes to a few hours, depending upon the 
ch.aracteristics of the specimen. To p i s t  in removal of 
trapped air, a small hydraulic gradient may be applied across 
(the specimen to induce flow. 

8.3.3 Saturation shall be verified with one of the three 
following techniques: 

8.3.3.1 Saturation may be verified by measuring the B 
coefficient as described in Test Method D 4767 (see Note 8). 
The test specimen shall be considered to be adequately 
saturated if ( I )  the B value is 20.95, or (2) for relatively 
incompressible materials, for example, rock, if the B value 
remains unchanged with application of larger values of back 
pressure. The B value may be measured prior to or after 
completion of the consolidation phase (see 8.4). Accurate 
B-value determination can only be made if no gradient is 
acting on the specimen and all pore pressure induced by 
consolidation has dissipated. 
NOTE 8-The B coefficient is defined for this type of test as the 

change in pore water pressure in the porous material divided by the 
change in confining pm’ure. Compressible materials that are fully 
saturated with water will have a B value of 1.0. Relatively incompress- 
ible, saturated materials have B values which are somewhat less than 1 .O. 

8.3.3.2 Saturation of the test specimen may be c o n f h e d  
at the co,mpletion of the test by calculation of the fin? degree 
of saturation. The final degree of saturation shall be 100 f 
5 A. However, measurement of the B coefficient as described 
in 8.3.3.1 or use of some other technique (8.3.3.3) is strongly 
recommended because it,is much better to c o n , h  satura- 
tion prior to permeation than to wait until after.the test to 
determine if the test was valid. 

8.3.3.3 Other means for verifying saturation, such as 
measurement of the volume change of the specimen when 
the pore water pressure has been changed, can be used for 
verifying saturation provided data are available for similar 
materials to establish that the procedure used confirms 
saturation as requirg in 8.3.3.1 or 8.3.3.2. 

8.4 Consolidarion-The @.men shall be consoli&td.to 
the effective stress specified by the requestor. Consolidation 
may be accomplished in stages, if desired. 
NOTE 9-The M specimen may k consolidated prior to application 

of backpressure. Also, the backprcsurc and consolidation phases may 
be completed concumntly if backprcssurrs are applied sufficiently 
dowly to minimize potential for owiconsolidation of the specimen. 

I 

8.4.1 Record the specimen height, if being monitored, 
prior to application of consolidation pressure and penodi- 
cally during consolidation. 

8.4.2 Increase the cell pressure to the level necessary to 
develop the desired effective stress, and begin consolidation: 
Drainage may be allowed from the base or top of the 
specimen, or simultaneously from both ends. 

8.4.3 (Optional) Record outflow volumes to c o n f m  that 
primary consolidation has been completed prior to initiation 
of the hydraulic conductivity tkt .  Alternatively, measure- 

-ments of the change in height of the test specimen can be 
used to confirm completion of consolidation. 
NOTE IO-The procedure in 8.4.3 is optional because the require- 

ments of 8.5 ensure that the test specimen is adequately consolidated 
during permeation b e a u %  if it  is not, inflow and outflow volumes will I 

1 
differ significantly. However, for accurate B-value determination, corn- 
pletion of consolidation should be confumed (see 8.3.3.1). .It is 
recommended that outllow volumes or height changes be recorded.as a 

i 
I 
1 -  

means for verifymg the completion of consolidation prior to initialila- 
tion of permeation. Also, meaiurements in the.change in height of the 
t a t  specimen, coupled with knowledge of the initial height. provide a 
means for checking the final height of the specimen. I I 

8.5 Permeation: 
8.5.1 Hydraulic Gradient-When possible, the hydraulic 

gradient used for hydraulic conductivity measurements 
should be similar to that expected to occur in the field. In 

conditions. However, the use of small hydraulic gradients 
can lead to very long testing times for.materials having low 
hydraulic conductivity (less than about 1 x lod cm/s). 
Somewhat larger hydraulic gradients are usually ,used in the .; 
laboratory to accelerate testing, but excessive gradients must! 
-be avoided because high seepage pressures may consolidate 
the material, material may be washed from the specimen, or 
fine particles m a y b  washed downstream and plug the 
emuent.end of the test specimen. These effects could increase 
or decrease hydraulic conductivity. If no gradient is spc5cified 
by the requestor, the following guidelines may be followed: 

I 

I general, hydraulic gradients from e1 to 5 cover most field 1 
! 

I 

Hydraulic Conductivity. Recommended Maximum 
C m l S  Hydraulic Gradient 

I x 10-3 to I x IO4 
I x.104 10 I x lo-’ 
I x 10-5 to I x 10- 
1 x 104 to I x 10-7 
less than 1 x lo-’ 

2 
5 

10 
20 

’ 3 0  
’ NOTE 1 I--Seepage pressures associated with large hydraulic gradi- 

ents can consolidate soft. compmsible specimens and reduce their 
hydraulic conductivity. It may k necessary to use smaller hydraulic 
gradients (< 10) for such specimens. 

8.5.2 Initialization-Initiate permeation of the specimen 
by increasing the influent pressure (see 8.3.2). The emuent 
pressure shall not be decreased because air bubbles that were 
dissolved by the specimen water during backpressuring may 
come out of solution if the pressure is decreased. The back 
pressure shall be maintained throughout the permeation 
phase. 

record the required head loss across the test specimen to the 
tolerances stated in 5.1.1 and 5.2.3. The head loss across the 
specimen shall be kept constant i5 5%. Measure and record 
periodically the quantity of inflow as well as the quantity of 
outflow. Also. measure and mrd any changes in height of 
the test specimen, if being monitored (see Note 11). Con- 

. 

8.5.3 Constant  head Test (Method A)-Measure and - 
-~ 
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tinue permeation until at least four values of hydraulic 
conductivity are obtained over an interval of time in which: 
( 1 )  the ratio of outflow to inflow rate is between 0.75 and 
1.25, and (2) the hydraulic conductivity is steady. The 
hydraulic conducti\ity shall be considered steady if four or 
more consecutive hydraulic conductivity determinations fall 
within 225 9% of the mean value for k z 1 x lo-'' m/s or 
within 250 9% for k < 1 x lo-'' m/s, and a plot of the 
hydraulic conductivity versus time shows no significant 
upward or downward trend. 

8.5.4 Falling-Head Tests (Methods B and C)-Measure 
and record the required head loss across the test specimen to 
the tolerances stated in 5.1.2. For falling-head tests, at no 
time shall the applied head loss across the specimen be less 
than 75 % of the initial (maximum) head loss during each 
individual hydraulic conductivity determination (see Note 
12). Periodically measure and record any changes in the 
height of the specimen, if being monitored. Continue perme- 
ation until at least four values of hydraulic conductivity are 
obtained over an interval of time in which: ( 1 )  the ratio of 
outflow to inflow rate is between 0.75 and 1.25, and (2) the 
hydraulic conductivity is steady (see 8.5.3). 

NOTE 12-When the water pressure in a test specimen changes and 
the applied total stress is constant, the effective stres in the test 
specimen changes, which can cause volume changes that can invalidate 
the test results. The requirement that the head loss not decrease very 
much is intended to keep the effective stress from changing too much. 
For extremely so& compmible  test specimens, even more restrictive 
criteria might be needed. Also, when the initial and final head losses 
across the test specimen do not differ by much, great accuracy is needed 
to comply with the requirement of 5.1.2 that the ratio of initial to final 
head loss be determined with an accuracy of 2 5  % or better. When the 
initialsand final head loss over an interval of time do not differ very 
much;.it may be possible to comply with the requirements for a constant 
head test (8.5.3) in which the head loss must not differ by more than 
I t 5  W and to treat the test as a constant head test. 

8.5.4.1 Test with Constant Tailwater Level (Method B)- 
If the water pressure at the downstream (tailwater) end of the 
test specimen is kept constant, periodically measure and 
record either the quantity of inflow or the level of water in 
the influent standpipe; measure and record the quantity of 
outflow from the test specimen. 

8.5.4.2 Test with Increasing Tailwater Level (Method 
C)-If the water pressure at the downstream end of the test 
specimen rises during an interval of time, periodically mea- 
sure and record either the quantity or inflow and outflow or 
the changes in water levels in the influent and emuent 
standpipes. 

8.5.5 Constant Rate o/ Flow Tests (Method D)-Initiate 
permeation of the specimen by imposing a constant flow 
rate. Choose the flow rate so the hydraulic gradient does not 
exceed the value specrfied, or if none is specified, the value 
recommended in 8.5.1. Periodically measure the rate of 
inflow, the rate of outflow, and head loss across the test 
specimen to the tolerances given in 5.1.3. Also, measure and 
record any changes in specimen height, if being monitored. 
Continue permeation until at least four values of hydraulic 
conductivity are obtained ovex an interval of time in which 
( 1 )  the ratio of idlow to outflow rates is between 0.75 and 
1.25, and (2) hydraulic conductivity is steady (see 8.5.3). 

8.6 Final Dimensions of the Specimen-After completion 
of permeation, reduce the applied confining, influent, and 

emuent pressures in a manner that does not generate 
significant volume change of the test specimen. Then care- 
fully disassemble the permeater cell and remove the spec- 
imen. Measure and record the final height, diameter, and 
total mass of the specimen. Then determine the final water 
content of the specimen by the procedure of Method D 2216. 
Dimensions and mass of the test specimen shall be measured 
to the tolerances specified in 5.13 and 7.1. 

NOTE 13-The specimen may swell after removal of back presure as 
a result of air coming out of solution. A correction may be made for this 
effect, provided that changes in the length of the specimen are 
monitored during the test. The strain caused by dismantling the cell is 
computed from the length of the specimen before and after dismantling 
the cell. The same strain is assumed to have occurred in the diameter. 
The corrected diameter and adual length before the back ptusure was . 
removed are used to compute the volume of the test specimen prior to 
dismantling the cell. The volume prior to dismantling the cell is used to 
determine the final dry density and degree of saturation. 

9. Calculation 
9.1 Constant Head and Constant Rate of Flow Tests 

(Methods A and D)-Calculate the hydraulic conductivity, k, 
as follows: 

k = QL/Alh ( 1 )  

where: 
k = hydraulic conductivity, m/s, 
Q = quantity of flow, taken as the average of inflow and 

L = length of specimen along path of flow, m, 
A = cross-sectional area of specimen, m2, 
t = interval of time, s, over which the flow Q occurs, and 
h = difference in hydraulic head across the specimen, m of 

9.2 Falling-Head Tests: 
9.2.1 Constant Tailwater Pressure (Method B)-Calculate 

outflow, m3, 

water. 

the hydraulic conductivity, k, as follows: 

where: 
a =cross-sectional area of the reservoir containing the 

L = length of the specimen, m, 
A = cross-sectional area of the specimen, m2, 
t = elapsed time between determination of hl and h2, s, 
hl = head loss across the specimen at time t l ,  m, and 
h2 = head loss across the specimen at time t2, m. 

9.2.2 Increasing Tailwater Pressure (Method C)-Calcu- 
late the hydraulic conductivity, k, as follows: 

influent liquid, m2, 

(3) 

where: 
4, = cross-sectional area of the reservoir containing the 

aOut = cross-sectional area of the reservoir containing the 

L = length of the specimen, m, 
A = cross-sectional area of the specimen, m2, 
1 = elapsed time between determination of hl and h2, s, 
hl = head loss across the specimen at time 1, m, and 
h2 = head loss across the specimen at time r2, m. 

influent liquid, m2, 

eflluent liquid, m2, 
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NOTE 14-For the case in which u-, = e, = 0. the equation for 
calculating k for a falling head test with a rising tailwater level is 

(4) 

9.3 Correct the hydraulic conductivity to that for 20'C 
(6877, kZ0, by multiplying k by the ratio of the viscosity of 
water at test temperature to the viscosity of water at 20'C 
(6873 RT, from Table I ,  as follows: 

k20 = R& ( 5 )  

10. Report 
10.1 Report the following information: 
10.1.1 Sample identifylng information, 
10. I .2 Any special selection and preparation process, such 

as removal of stones or other materials, or indication of their 
presence, if undisturbed specimen, 

10.1.3 Descriptive information on method of compac- 
tion, 

10.1.4 Initial dimensions of the specimen, 
10.1.5 Initial water content and dry unit weight of the 

10.1.6 Type of permeant liquid used, 
10.1.7 Magnitude of total back pressure, 
10. I .8 Maximum and minimum effective consolidation 

NOTE IS-The maximum effective stress exists at the emuent end of 
the test specimen and the minimum stress at the influent end. 

10.1.9 Height of specimen after completion of consolida- 
tion, if monitored, 

10.1.10 Range of hydraulic gradient used, 
10.1.1 1 Final length, diameter, water content, dry unit 

weight, and degree of saturation of the test specimen, 
10.1.12 Average hydraulic conductivity for the last four 

determinations of hydraulic conductivity (obtained as de- 
scribed in 8.5.3 to 8.5.5), reported with two sigruficant 
figures, for example, 7.1 x IO-'' m/s, and reported in units 
of m/s (plus additional units, if requested or customary), 

10.1.13 Graph or table of hydraulic conductivity versus 

specimen, 

stress, 

TABLE 1 Conection Factor R, for Viscosity of Water at Variwr 
TemperaturesA 

Temperature. "C . Rr T w a t u e .  'C R ,  
0 1.783 25 0.889 
1 1.723 26 0.869 
2 1.664 27 0.850 
3 1.611 28 0.832 
4 1.560 29 0.814 
5 1.511 30 0.797 
6 1.465 31 0.780 
7 1.421 32 0.764 

. 8  1.379 33 0.749 
9 1.339 34 0.733 

10 1.301 35 0.719 
11 1.265 36 0.705 
12 1.230 37 0.692 
13 1.197 38 0.678 
14 1.165 39 0.665 
15 1.135 40 0.653 

, 16 1.106 41 0.641 
17 1 .on 42 0.629 
18 1 .os1 43 0.618 
19 1.025 44 0.607 
20 1 .Ooo 45 0.598 
21 0.976 46 0.585 
22 0.953 47 0.575 
23 0.931 48 0.565 
24 0.910 49 0.556 

R, 0 (-0.02452 T + 1.495) where T is the Celsius. 

time or pore volumes of flow is recommended. 

11. Precision and Bias 
1 1 . 1  Precision-Data are being evaluated to determine 

the precision of this test method. In addition, Subcornmitt? 
D18.04 on Hydrologic Properties of Soil and Rocks, h 
seeking pertinent data from users of this test method. 

11.2 Bias-There is no accepted reference value for this 
test method, therefore, bias cannot be determined. 

12. Keywords 

draulic conductivity; liner, permeameter 
12.1 coefficient of permeability; hydraulic barriers; hy- 

The American Society fof Testing and Materkrk takes no pasitifm rsspeaing the validity of any petent rights ~ s ~ e r ? e d  in connection 
with any item mentioned in this standard. U s e n  d this standard are expressly advised that determination of the validity d any sod, 
petent rights. and the risk of infringement d such rights, are entirely their own respomibilily. 

This standard is subject to revision at any time by the mpmsiWe technical commmee and must Be reviewed every five yeers and 
it not revised. either reepFwoved or withdrawn. Your comments are inviled &her for revision d this standard o f  f o f  a d d i t M  standerds 
and should be eddressed to ASTM Headquatien. Ycur comments will receive careful mideration at a meeIing d the respcmsibk, 
technical comminae, which y o u  m e y  anend. H ycu tee/ thet your cunmmnts have nol received a fair hearing you sharM m e  your 
views known to the ASTM Cwnmittee on Standards. 7976 Race St., Philedelphia. PA 79103. 
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. . ,. #)j Designation: D 5299 - 92 

Standard Guide for 
Decommissioning of Ground Water Wells, Vadose Zone 
Monitoring Devices, Boreholes, and Other Devices for 
Environmental Activities' 

Ttus standard IS i u u d  under the bed dagnatron D 5299, l e  number immediately foUowng che dcslgnatlon indtcater h e  year d 
onpnal adopuon or. in the case of rcnuon. the !car of last fcvlSlOn A number in parcnthescs indtcata che year of last rcapprovaL A 
supervnpt epsilon (0 in&ata an &tonal change unrx the last rewon or rcapprod. 

1. Scope 
1 . 1  This guide coven procedures that are spec i f idy  

related to permanent decommissioning (closure) of the 
following as applied to environmental activities. It is in- 
tended for use where solid or hazardous materials or wastes 
are found, or where conditions occur requiring the need for 
decommissioning. The following devices are considered in 
this guide: 

I .  1.1 A borehole used for geoenvironmentd purposeS (See 
Note l), 

1.1.2 Monitoring wells, 
1.1.3 Observation wells, 
1.1.4 Injection wells (see Note 2). 
1.1.5 Piezometers, 
1.1.6 Wells used for the extraction of contaminated 

ground water, the removal of floating or submerged mate- 
rials other than water such as gasoline or tetrachloroethylene, 
or other devices used for the extraction of soil gas, 

1.1,.7 A borehole used to construct a monitoring well, and 
1.1.8 Any other vadose zone monitoring device. 
1.2 Temporary decommissioning of the above is not 

NOTE I-This guide may used to decommission boreholes where 
no contamination is obsemed at a site (see Practice D 420 for details); 
however, the primary use ofthe guide is to decommission boreholes and 
wells where solid or hazardous waste have becn identified. Methods 
identikd in this guide can also used in other situations such as the 
dtcornmisbziing of water supply wells and boreholes where water 
contaminated with aonhazardous pollutants (such as nitrates or sulfates) 
am present. Thk guide &odd be consulted in the event that a routinC 
geotechnical investigation indicates the prc~~ncx  of contamination at a 
site. 

NOTE 2-The term 'W" is usxi in rhis guide to denote monitoring 
w e k  p i a o m e t m  or other devias constructed in a manner similar to a 
well. Some of the devices listed such as injection and extraction 
can k decommissioned using this guide for information. but arc not 
W f i c a l l y  covered in the text. 

NOTE 3-Details on the decommissioning of multiple-xrtened wells 
an not provided in this guide due to the many methods used to 
construct thesc types of wlls and the numerous types of commerrially 
available multiple-xreened well systems. However, in some instanas 
the methods presented in this guide may k used with few ChanKCS. An 
example of how this guide may be uscd is the complete removal of the 
mult iple-mend wells by overdrilling 

1.3 Most monitoring wells and piezometers are intended 

~ 

. covered in this guide. 

primarily for water quality sampling, water level observatio 
or soil gas sampling, or combination thereof, to determi1 
quality. Many wells are relatively small in diameter (<4-i 
(10.1 cm) inside diameter) and are used to monitor f, 
hazardous chemicals in ground water. Decommissioning 
monitoring wells is neceSSary to: 

1.3.1 Eliminate the possibility that the well is used fi 
purposes other than intended, 

1.3.2 Prevent migration of contaminants into an aquif 
or between aquifers, 

1.3.3 Prevent migration of contaminants in the vadoc 
zone, 

1.3.4 Reduce the potential for vertical or horizont 
migration of fluids in the well or adjacent to the well, and 

1.3.5 Remove the well from active use when the well is t 
longer capable of rehabilitation, or has failed structurally; r 
longer required for monitoring; no longer capable of pr. 
viding representative samples or is providing unreliab 
samples; or required to be decommissioned; or to me 
regulatory requirements. 

NOTE &The determination of whether a well is providing 
representative water quality sample is not defined in this guic 
Examples of when a representative water quality sample may not 
collated include the biological or chemical c l u n g  of well XIUIU 
drop in water level to k l o w  the base of the well m e n ,  or ample  
silting of a tail pip. These conditions may indicate that a well is II 
functioning propcrly. 

1.4 This guide is intended to provide information fc 
effective permanent closure of wells so that the physic. 
structure of the well does not provide a means of hydraul 
communication between aquifers or react chemically in 
detrimental way with the environment. 

1.5 The intent of this guide is to provide procedures tb; 
when followed result in a reasonable level of confidence 1 

the integrity of the decommissioning activity. However, 
may not be possible to verify the integrity of the decomrni. 
sioning procedure. At this time, methods are not available I 
substantially determine the integrity of the decommissionic 
activity. 

1.6 The values stated in inch-pound units are to t 
regarded as the standard The SI units given in parenthesc 
are for information only. 

1.7 This standard does not purport to d r e s s  all of tt 
safdy problems. i/ any, associated with its use. It is tt 
responsibility ofthe mer of this standard to establish appn 
priate safety and health practices and demmine the applici 
bility of regulatory limitations prior 10 use. 
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NoTE %If nate and local regulations are io effm where the 
decommissioning is Io m f ,  h e  regulations take precedena over this 
guide. 

2. Referenced Documents 
2.1 ASTM Standards: 
C 150 Specification for Ponland Cement2 
C 618 Specification for Fly Ash and Raw or Calcined 

Pozzolan for Use as a Mineral Admixture in Portland 
Concrete Cement2 

D420 Practice for Investigating and Sampling Soil and 
Rock for Engineering Purposes3 

D4380 Test Method for Density of Bentonitic Slurries3 
D5088 Practice or the Decontamination of Field Equip 

D5092 Practice for Design and Installation of Ground 
ment Used at Non-Radioactive Waste Sites3 

Water Monitoring WeUs in Aquifers' 

3. Terminology 
3.1 Descriptions of Terms Specific to This Standard: 
3.1.1 abandonment-see decommissioning. 
3.1.2 attapirlgite clay-a chain-lattice clay mineral. The 

term also applies to a group of clay minerals that are 
lightweight, tough, matted, and fibrous. 

3.1.3 borehole television log-a borehole or well video 
record produced by lowering a television camera into the 
borehole or well. This record is useful in visually observing 
downhole conditions such as collapsed casing or a blocked 
screen. 

3.1.4 blowout-a sudden or violent uncontrolled escape 
of fluids or gas, or both, from a borehole. 

3.1.5 caliper log-a geophysical borehole log that shows 
to scale the variations with depth in the mean diameter of a 
cased or uncased borehole. 

3.1.6 cement, API. Class A-a cement intended for use 
from the surface to a depth of 6000 A (I828 m). This cement 
is similar to ASTM Type I cement. 

3.1.7 cement, API, Class B-a cement intended for use 
from the surface to a depth of 6000 A (1828 m) when 
conditions require moderate- to high-sulfate resistance. This 
cement is similar to ASTM Type I1 cement. 

3.1.8 cement, API. Class C-this cement is intended for 
use from the surface to a depth of 6000 A ( 1  828 m) when 
conditions require high early strength. This cement is similar 
to ASTM Type III cement. Also available as a high sulfate 
resistant type. 

3.1.9 cement, API, Class G-this cement is intended for 
use from the surface to a depth of 8000 ft (2438 m). It can be 
used with accelerators or retarders to cover a wide range of 
well depths and temperatures. No additions other than 
calcium sulfate or water, or both, can be interground or 
blended with the clinker during manufacture of the cement. 
Also available as several sulfate-resistant types. 

3.1.10 cement, API. Class H-this cement is intended for 
use from the surface to a depth of 8000 A (2438 m). It can be 
used with accelerators or marders to cover a wide range of 
well depths and temperatures. No additions other than 
calcium sulfate or water, or both, can be interground or 

blended with the clinker during manufacture of the cement 
Also available as a sulfate-resistant type. 

3. I .  1 1 cement, API, Class /--this cement is intended f 
use from depths of 12 OOo to 16 OOo fi (3658 to 4877 L 
under conditions of extremely high temperatures and p r e ~  
sures. It can be used with accelerators and retarders to cover 
a range of well depths and temperatures. No additions of 
retarders other than calcium sulfate, or water, or both, can be 
interground or blended with the clinker during manufacture 
of the cement. 

3.1.12 cement bond (sonic) log-a borehole geophysical 
log that can be used to determine the effectiveness of a 
cement seal of the annular space of a well. 

3.1.13 channeling-the process of forming a vertical 
cavity resulting from a faulty cement job in the annular 
space. 

3.1.14 curing accelerator-a material added to cement to 
decrease the time for curing. Examples are sodium chloride, 
calcium sulfate (gypsum), and aluminum powder. 

3.1.15 curing retarder-a material added to cement to 
increase the time for curing. Sodium chloride in high 
concentrations is an example. 

3.1.16 decommissioning (closure)-the engineered closure 
of a well, borehole, or other subsurface monitoring device 
sealed with plugging materials. Decommissioning also in- 
cludes the planning and documenting of all  associated 
activities. A synonym is abandonment. 

3.1.17 decontamination-the process of removing unde- 
sirable physical or chemical constituents, or both, from 
equipment to reduce the potential for crosscontamination. 

3.1.18 fallback-shrinkage, settlement, or loss of pluggii 
material placed in a borehole or well. 

3.1.19 fire clay-a silicious clay rich in hydrous alu- 
minum silicates. 

3.1.20 /low log-a borehole geophysical log used to record 
vertical movement of ground water and movement of water 
into or out of a well or borehole and between formations 
within a well. 

3. I .2 1 geophysical borehole log-a log obtained by low- 
ering an instrument into a borehole and continuously 
recording a physical property of native or backfill material 
and contained fluids. Examples include resistivity, induction, 
caliper, sonic, and natural gamma logs. 

3. 1 .22 grout-material consisting of bentonite, cement, or 
a cement-bentonite mixture. 

3.1.23 grouf pipe-a pipe or tube that is used to transport 
cement, bentonite, or other plugging materials from the 
ground surface to a specified depth in a well or borehole. The 
material may be allowed to flow freely or it may be injected 
under pressure. The term tremie pipe is m u e n t l y  used 
interchangeably. 

3.1.24 hydraulic communication-the migration of fluids 
from one zone to another, with reference to this guide; 
especially along a casing, grout plug, or through backfill 
materials 

3.1.25 multiple-screened wells--two or more monitoring 
wells situated in the same borehole. These devices can be 
either individual casing strings and screen set at a specif 
depth, a well with screens in more than one zone, or ca 
consist of devices with screens with tubing or other collecting 
devices attached that can collect a discrete sample. 
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3.1.26 native material-in place geologic (or soil) mate- 

3.1.27 overdrilling-the process of drilling out a well 

waste, and ground water precludes the use of a s 
decommissioning practice. The procedures discused in 
guide are intended to aid the geologist or enginee 
selecting the tasks required to plan, choose materials for. 

rials encountered at a site. . 

casinn and any material placed in the annular space. 

. .  

I 

3.1:28 pe&ation-a hot or hole made in well casing to 
allow for communication of fluids between the well and the 
annular space. 

3.1.29 permanent plugging-a seal that has a hydraulic 
conductivity that is equivalent or less than the hydraulic 
conductivity of the geologic formation. This term is often 
used with u n w e d  boreholes. 

3.1.30 plow layer-the depth typically reached by a plow 
or other commonly used earth turning device used in 
agriculture. This depth is commonly one to two feet (.3 m to 
.61 m) below land surface. 

3.1.3 1 plugging material-a material that has a hydraulic 
conductivity equal to or less than that of the geologic 
formation(s) to be sealed. Typical materials include portland 
cement and bentonite. 

3.1.32 pre-conditioning-an activity conducted prior to 
placing plugging material into a borehole in order to stabilize 
the hole. . 

3.1.33 temporary decommissioning-the engineered clo- 
sure of a well intended to be returned to service at some later 
date (generally no more than six months). Temporafy 
plugging should not damage the structural integrity of the 
well. Plugging materials consist of sand, bentonite, or other 
easily removed materials. 

4. Summary of Guide 
4.1 Information is provided on the significance of p rop  

erly decommissioning boreholes and wells at sites containing 
or formerly containing solid or hazardous waste or haz- 
ardous materials or their byproducts, or that may be affected 
by-solid or hazardous waste materials or their byproducts in 
the.future. This guide may be used in situations where water 
quality in one aquifer may be detrimental to another aquifer 
either above or below the aquifer. The primary purpose of 
decommissioning activities is to permanently decommission 
the borehole or monitoring device so that the natural 
migration of ground water or soil vapor is not significantly 
influenced. Decommissioned boreholes and wells should 
have no adverse influence on the local environment than the 
original geologic setting. 

4.2 It is important to have a good undemanding of the 
geology, hydrugeology. well construction, historic and hture 
land use, chemicals encountered, and the regulatory environ- 
ment for successfuI decommissioning to .occur. 

4.3 ,Various materials suitable for decommissioning 
borehole' and wells are discussed, including their positive 
and negative attributes for decommissioning. A generalized 
procedure is provided that discusses the process from plan- 
ning through implementation and documentation. Examples 
of typical practices are provided in the appendix. 

5. Significance and Use 
5.1, Decommissioning of boreholes and monitoring w e 4  

and other devices requires that the specific characteristics of 
each site be considered The wide variety of geological 
biological and physical conditions, construction practices, 
and chemical composition of the surrounding soil, rock, 

carry out an effective permanent decommissioning 01 
tion. Each individual situation should be evaluated 5 
rately and the appropriate technology applied to bwt I 
site conditions. Considerations for selection of approp 
procedures are presented in this guide, but other cons: 
ations based on site specific conditions should also be tr 
into account. 

NO? 6-Idcally. decommissioning should be consided a 
integral parr of the d a i m  of the monitoring well. Planning at this 
stage can make the decommissioning activity easier to accomplish 
Practice D 5092 for details on monitoring well c o m a i o n  

5.2 This guide is intended to provide technical infor 
tion and is not intended to supplant statutes or regulati 
Approval of the appropriate regulatory authorities shoulc 
an important consideration during the decommissior 
process. f 

6. Materials 
6.1 The materials used for construction of a monitor 

well or other monitoring device to be decommissionec 
part determines how it is decommissioned. Various mater 
are available for use in plugging boreholes and monitor 
wells. This section provides information on these maten: 

6.2 Casing and Screen Maferials: 
6.2.1 Various materials are used for well casing L 

screen. The most common materials used are: PVC, Pn 
fiberglass, &n steel, stainless steel, and aluminum. T! 
cally, the same material is used for casing and screen iI 
well, however, in some instances different materials ma) 
used in a well to achieve a particular purpose such 
corrosion protection, reduction of material costs, or i 
proving the integrity of ground water or soil vapor sampl 
This guide does not specifically address the use of more tt 
one type of casing or screen material used in a well, howe\ 
the same decommissioning methods can Frequently be LE 
when more than one material is used (for example, PVC a 
PTFE, or stainless steel and carbon steel) in a well. 

6.2.2 In selecting a well decommissioning method, PF 
PTFE, and fiberglass wells can be decommissioned us1 
Similar methods as all three types of materials tend to be IC 
in tensile strength and easy to drill out or perfom 
Appendix X1 provides a dixussion on various procedur 
that can be used for the decommissioning of PVC wells ar 
by reference FTFE and fiberglass wells. 

6.2.3 Wells constructed of carbon steel, stainless steel, ar 
heavy walled aluminum can be decommissioned Usi: 
similar methods as these materials tend to have a high 
tensile strength that allows for the casing to be remow. 
Appendix X1 provides a discussion on various procedw. 
that can be used for the decommissioning of steel wells at  
by reference stainless steel and aluminum wells. 

6.3 Plugghg Morerials: 
6.3.1 Plugging materials should be carefully chosen fC 

well closure to be permanent. Basic material charade*: 
are listed as follows: 

6.3.1.1 Plugging materials should not react with amtam 
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nants or adversely react with ground water or geologic 
materials. 

6.3.1.2 Plugging materials used in decommissioning wells, 
borings, etc. should have hydraulic conductivity (saturated 
condition) that is comparable to or lower than that of the 
lowest hydraulic conductivity of the geologic material being 
wed. 

6.3.1.3 Plugging materials myst have sufficient structural 
strength to withstand pressures expected from native condi- 
tions. 

6.3.1.4 Plugging materials must maintain sealing capabil- 
ities and not degrade due to chemical interaction, corrosion, 
dehydration, or other physical oi chemical processes. Mate- 
rials should maintain their design characteristics for the 
length of time contamination is present at the site. 

6.3.1.5 Plugging materials should not be readily suscep 
tible to cracking or shrinkage, or both. 

6.3.1.6 Plugging materials must be capable of being 
placed at the position in the well or borehole in which they 
are needed and must have properties that reduce their 
unintended movement vertically and horizontally. 

6.3.1.7 Plugging materials must be capable of forming a 
tight bond and seal with well w i n g  and the formation. 

6.3.18 Plugging materials must have properties that elim- 
inate leaching or erosion of the material, under the condi- 
tions the material will be subjected. These include vertical or 
horizontal movement, or both, or contact with ground water 
or other existing conditions. 

NOTE 7-The grain size of plugging matenal used in decorumis- 
sioning operations conducted in anas where thick vadose zones occur 
should be COarYr than materials used in areas where thin vadose zones 
or shallow saturated conditions occur. This is necessary as water is not 
transported effectively in coarse-grained materials under negative pore 
prcs~urc~. Coarx-graiaed materials should not be used where saturated 
conditions arc likely to exist during the period of time that hazardous 
materials can be expected to occur at the site. It is important to 
determine the Lithology and grain size dimibutim of materials adjaant 
to the borehole or well prior to selection of plugging materials. 
NOTE &-If coam-grained materials arc used to deoommission the 

borehole or well. a layer of fine-grained material (such as cement or 
bentonite. or both) I or 2 ft (.3 or .61 m) thick should be placed at 10 ft 
(3 m) intervals in the borehole in h e  saturated zone. This layer should 
extend 2 to 3 ft (.6 1 to .9 1 m) above the highest expected level saturation 

expecled based on historical information on the water table for 
unconfined aquifers. A similar thickness of these materials should be 
uud for confined aquifers A similar S-ft/(l.S-m) seal of a low- 
Permeability material should be p l a d  near'the ground surface to 
reduce the potential for c n m a  of fluids at the ground surface. 

6.4 Commonly Used MaterialsCubsections 6.2 and 6.3 
introduced the general criteria that must be evaluated during 
the process of selecting the appropriate procedure and 
material for plugging a specific well. Because well c o n m c -  
tion and local geological conditions are site spec&, a wide 
variety of materials and procedures may be used to complete 
the closure. 

6.4.1 Section 6.4 presents a review of the plugging mate- 
rials most commonly used to decommission monitoring 
wells. Table 1 summarizes these materials and lists the most 
important considerations (positive and negative) for their 
use. A detailed discussion of each material is presented in the 

6.4.2 Portland Cement-Portland cement may be used in 
any of its various forms to meet'placement, strength, and 

u 

following subsections. 

durability criteria listed in 6.1. The amount of shrirhg? o 
settling of neat cement is dependent on the amount of =ate 
used. Higher water to cement ratios tend to in- 
shrinkage (1): .- 

6.5 Specfication C 150: 
6.5.1 Tjpe I-Type 1 cement, a general-purpose m 2 ~ i i d  

is the most commonly used cement. This material has i 
tendency to develop a relatively high heat of hydration nher 
used in confined situations and has relatively low-sulfate 
resistance. 

6.5.2 Tjpe 11-Somewhat slower strength development 
than Type I; however, Type II cement has moderate beat of 
hydration and moderate sulfate resistance. 

6.5.3 Type 111-Type I11 cement is used when high earl! 
strength is desired. This material is not commonly used in 
decommissioning activities because of its ability to quickl) 
set. Care must be used in working with th is  material. 

6.5.4 Tjpe IV-Type IV cement is used where a loa heat 
of hydration is desired. It is not commonly used in decom- 
missioning activities. 

6.5.5 Type V-Type V cement has high resistance to 
sulfate, and brine solutions. This material has ultimate 
strength development somewhat less than either Types I or 
11. 

6.5.6 Type K cement is expansive and can be used to 
compensate for shrinkage. This cement is essentially Type I 
or more commonly Type I1 Portland Cement with additives 
to produce expansion. It can be of use in plugging situations 
where water-tightness is important. Type K cement contains 
calcium sulfoaluminate. When mixed with water, the hydra- 
tion causes an expansion ranging from approximately 0 * - 
0.20 95 (2). i 

6.6 API Cemerus (3): 
6.6.1 Class A-Class A cement cornponds closely to 

ASW Type 1. This cement is intended to be used from the 
surface to a depth of 6000 ft (1828 m). 

6.6.2 Clas  B-Class B cement corresponds cksely to 
ASTM Type n. It is intended for use from the surface to a 
depth of 6OOO ft (1828 m) and is also available as a 
high-sulfate resistant variety. 

6.6.3 Class C-Class C cement corresponds closely to 
ASTM Type III. It is intended for use from the surface to a 
depth of 6000 ft ( 1828 m). It is also available as a high-sulfate 
resistant variety. 

6.6.4 Class G-Class G cement is intended for use from 
the surface to a depth of 8000 ft (2438 m) and can be used 
with accelerators or retarders to cover a wide range of depths 
and temperatures. The cement is also available as a high- 
sulfate resistant variety. I 

6.6.5 Class H-Class H cement is intended for use from 
the surface to a depth of 8000 ft (2438 m). It can be used 
with a wide variety of accelerators and retarders to cover a 
wide range of depths and temperatures. It is available only as 
a moderate-sulfate resistant type. 

6.6.6 Class J - m  cement is intended for use from a 
depth of 12000 to 16000 ft (3658 to 4877 m) where 



4tjlP D 5299 

TABLE 1 Properties of Common Plugging Materialr 
oe=-mal poytne Attnlmes Negatrve A- 

L 

M w t ~ o s e d t y p e o f  
-t !or plussins 

Similar to Type I. kR with a 
roderate heat of hydralon. 

Forms a gcui sed whenusedwimbentonite in 3 
to 5 f cooantration. cunmody avadable and 
can be punhased prerrdxed owsite. 

Moderate heat of hydration. Mor2eate resistance 
. to sutrate. 

Type II 

Type 111 May prove vseM in situations where high earty 
strength is needed. such as tmrehde walls vlat 
have a tendency to cdtapse. 

of hydration is reqrwd 

hydration. 

May prove useM in situations where a low heat 

Hgh resistance to sutfate a$ brine. Low heat of 

Type IV 

Type V 

Cow heat of hydration. 

Similar to Type I. with high 
resistance to sulfate and 
brine. 

Expansivecement. . K Basally Type I or Type I I  Pcdard Cement WTUI 
additrons ( t r d a u r n  sutfo alurrnnate fa 
example) to provde for exparmar Expansrn 
LS generally n the range horn 005 to 020 f 
Good resistance to d a t e  attack 

Can be used to adepth of 6000 R (1828 m). 
Forms agood seal when used bentonite 
n 3 t o 5 % m t r a m  Cunmmfyavaaabk, 
and can be purchased pemued on-stte. 

Can be used to depth of 6OOo n (1828 m). 
Moderate heat of hvdram Moderate 

API 10 
CtastA Similar to ASTM Type 1.  hem^ hydrabonmay be a ~~~AXII  n wcca~ed 

wells Can s t m k  and crack; low-sulfate res~~tance. 
shaw not be used m the pesenar of sbDng aads u n 
bwpHenwonnents. 

\ 

sanewhat Jower strength d e v m  men Type I; 
exDengvB. Can shnnk and crack. Can b e m t o u s ~  .. . 

Y - t -  . 
3. 

Class B Similar to ASTM Type II. 

resistance to sulfati Ava~lable as a hgh-wifate shadd nul be used 8) the presence d S b m g  aods Q n 

Can setveryqwkly beforedemmmrsyoMlq 6 canpeted 
shadd not be used in the presenm of strmg mds Q n 
bw~envlronnentsCanshnnkendaack 

lowpHenvsonmentsCanshnnkandaadr 

reslsmt vanety low# environments 
Can be used toa  depth of 6OW h (1828 m) 

Can be used toa  depth of BOOOft (2438 m) 
Ava~lable as a sulfateeastant vanety 

shadd not be used mthe p r e s e ~ ~ d s t r o n g  & a n  

aasSC Similar to ASTM Type 111. 

U s e M i n a w i d e m o f  
temperatures and depths 
throughtheuseof 
acdefatom or retarders. 

UseMinawidersnged 
depmsandtampemtufes 
throuQhtheuseof 
nccekatm Q retarden. 

lntendedtausehanadepth 
12000to16000tt(3658 

Additim of sitidars materials 
to ASTM Type v Q MI 

to 4877 m). 

Class A cament. 
Vmyl ester resins. 

Can be used to a depth of 8OOO h (2438 m). 
Ava~labta cmly as a roderate sulfate type. 

Shaw Mt be used m the presence d stmq &a n 
low~enworunents .canm and-. 

Epoxy QKnents 

Bentonite 
wts 

chips 
1 

Raw nnned man- 'em 
ma tonn of ChJllks '14 to v4 
h. (64 to 1.91 m) in size. 

Raw nined mar- 
aushedandsearedtoane 
to 2Omash we. 
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:xtremely high temperatures and pressures can,be expected 
10 occur. 
6.6.7 Ofher Cemenrr-Other cements have been devel-, 

oped that may have applicability in decommissioning activ- 
1116. These include the following: 
6.6.7.1 Ultralight cements with a slurry density that can 

be as low as 6 Ib/gal (7 19 cm Kg/L). This material can be 
made by foaming the cement with nitrogen or through the 
lddition of hollow glass microspheres between 60 and 3 15 
pm in diameter. The latter forms a slurry of between 9 and 
I!. Ib/gal (1078 and 1438 Kg/L). Ultralight cements and 
microspheres have been' reported (4) for cement 
unconsolidated sands and for plugging cavernous formations 
m d  lost circulation zones. Reference (5) provided similar 
information on microspheres. Microspheres can also be used 
in high-pressure applications when it may be desirable to 
limit density increases. Another advantage is the,low water/ 
cement ratio due to the low water absorbency and low 

!I, deyi ty  (5). 
1 6.6.7.2 Pozzolanic-Portland Cements-These cements 
j consist of silicious materials that develop into a cement in 
. the presence of lime and water. Both natural materials of 
' \-olcanic origin such as perlites (volcanic ashes), heat-treated 
: Jays, shales, tuffs, opaline cherts, diatomaceous earth and 

Jnificial materials consisting of byproducts from glass facto- 
ries. furnace slag, and fly &h have been used (2, 4 6 ) .  The 
large variety of materials that can be used as a source for 

: Pozzolans may result in variable results. . 
' 6.6.7.3 Pozzolans act to extend cement and decrease 
i density. The specific gravity of fly ash ranges from 2.3 to 2.7 

'depending upon the source) while portland cement is 3.1 to 
3.2 (2). These materials can also provide improved resistance 
10 corrosive fluids. Table 2 provides a comparison of Sulfate 
raistance between A S T M  Type V cement with and without 
Pozzolans. t 

6.6.7.4 The improved resistance to ,corrosive mateiials is 

2 Comparison of ASTM Type V Cement With end without 
Pozzolan MaterialsA 

. W" 

,. 020 to 2.00 1500to10ooo 

r r'l 

accomplish,ed in part as many pozzolans contain zeolites 
which have the ability for ion exchange between the corro- 
sive material and the alkaline component in the cement (7). 
Secondly, the use of pozzolans also decreases cement perme- 
ability over time. 'This occurs as a result of the increased 
percentage in hydrated cement containing materials resulting 
from the release of calcium hydroxide and the silica com-r 
bining with lime from the cemenr to form a stable material 
(8). 
6.6.7.5 Pozzolans are added to portland Cement by adding 

74 Ib (33.6 Kg) (as fly ash) per sack of cement. If perlites are 
used, 2 to 6 9% of bentonite by wight is needed to keep the 
perlite from floating (9). 
6.6.8 Gypsum cements can be ued for high early strength 

development and their ability to set rapidly. These cements 
expand approximately 0.3 %. 'This cement may have use i 
plugging highly permeable formations. Care should be takei 
in using gypsum cements due to the solubility of gypsum. 
6.6.9 Epoxy Resin CemPnrs-Epoxy (vinyl ester resins) 

cements may have applicability in decommissioning wells 
and boreholes where corrosive mar& may be present (5). 

'accelerator, and inen €iller. Resin biscosity is reduced by the 
addition of a nonreactive liquid diluent that also'conuols 
exothermic heat during polymerization. An inen solid filler 
such as very fine silica or barite is added to further reduce 
reaction heat and in- strength (10). 
6.6.9.2 There are several advantages of using'epoxy ce- 

ments. Reference (11) reports that a stronger bond occurred 
between the casing and the formation. Cole also reported 
resistance to various chemicals (see Table 3). The cement is 
highly resistant to high concentrations of hydrochloric and 
sulfuric acid, but is not Nitable for use in environments 
where acetic acid, chlorinated hydrocarbus, or toluene are 
present 

, 

6.6.9.1 Epoxy cement consists of an epoxy base, hardener, / 

TABLE 3 Llst of Chemicals Reported Not to Atfect Epoxy 
Cement A 

C h e r r d a r l r  Coocentration. X 

A Sea Ref (11). 
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6.6.9.3 This cement is expensive and requires remoLal of 

water (that reduces settling time) through the use of gelled 
and weighted d i e l  oil to precondition the hole. The use of 
this material may in- contamination at the site, if diesel 
oil (hydrocarbons) are a concern at the site. 

6.6.10 Cement Additives-A number of materials can be 
added to cement to modify properties to meet a specific 
need. Cement additives can be used to extend, accelerate, 
retard, increase density, control fluid losses, control circula- 
tion losses, or reduce friction (4). Several of these materials 
have more than one use; for example, sodium chloride can 
be used to accelerate or retard cement. The most common 
cement additives are discussed in the following subsections. 
figure I lists these additives and presents the relative impact ' 
of their use on selected performance criteria 

6.7 Extenders: 
6.7.1 Bentonite is the most commonly used material in 

modifying cement properties. It can be added to most ASTM 
and API cements. In decommissioning activities, the per- 
centage of bentonite added k generally no more than 4 %. It 
has the following effects when added to cement (4): 

6.7.1.1 Lowers the hydraulic conductivity of the cement; 
6.7.1.2 Increases slurry viscosity; 
6.7.1.3 Reduces fluid loss to the formation; 
6.7.1.4 Provides for a longer pumpability at normal 

6.7.1.5 Reduces compressive strength; and 
6.7.1.6 Lowers resistance to chemical attack. 
6.7.2 Bentonite increases shrinkage as it ties up large 

volumes of water that would normally be in the cement. A 

pressures as a result of delaying strength development; 

.I 

second common extender are pozzolans which have ahead 
been addressed in 6.6.7.2. 
. 6.8 Accelerarors: 

6.8.1 Accelerators hasten the settling of cement and aI 
useful when voids occur, or when cement plugs are to b 
used in the fint pour. Two common materials arc used 
calcium chloride and sodium chloride. 

6.8.2 Calcium chloride is available as a powder or flake 
Flakes are the most commonly used form, as it is easy tc 
store and can absorb some moisture without becoming 
lumpy (2). Two to four % of calcium chloride by weight k 
used to achieve maximum acceleration. The use of dciun; 
chloride should be considered when a rapid set, a decrease in 
viscosity, and early strength are desired. 

6.8.3 Sodium chloride can be added between 1.5 to 5 % 
by weight of cement to reduce setting time. Maximum 
acceleration occurs at a concentration of 2 to 2.5 % except 
when higher water ratios are used (2). 

6.9 Retarders: 
6.9.1 Sodium chloride can be used to retard the settling of 

cement as well as accelerate the setting of cement. F h n  to 
seventeen !& salt (14 to 16 lb (6.35 to 7.26 Kg) of salt per 
sack) by weight is added to retard cement (2). 

6.9.2 Other chemicals (cellulose, lignosulfates) have been 
used as retarders, but are not yppropnate for decommis- 
sioning activities without additional information on their 
compatibility with waste and their effect on water quality. 
Reference (12) indicates that sugarderived retarders such as 
cellulose lignosulfates are destructive to cement strength and 
should not be used where strength is important. Organic 

WATm 
uta- 

.. 
U U O u I *  

W A T m  
L O U  

x e 1  I .  e 1 1  . 

e I . .  I 
I 

IX-195 



I 

@,tarden should not be used for decomrnisGoning activities. 
6.10 Density Improvers-The density of cement can be 

,rnproved to increase hydrostatic pressure. Sand can be used 
increase density without affecting the cement chemically 

Jthough additional water is required. Barite has been used  
but may interact with waste and should not bexused. 

6.1 1 Fluid Loss Controllers: 
6. I 1 . 1  Various organic materials such as cellulose can be 

used to produce a constant water to solids ratio that may 
have applicability when a grout is placed under pressure and 
water loss can occur. However, these materials may not be 
Suitable for decommissioning activities, as they may con- 
tribute to contamination. 

6.1 1.2 These organic materials (fibrous materials, cello- 
phane flakes) act to block the movement of the grout into the 
formation. It is not desirable to use these materials in 
decommissioning activities due to their. organic content that 
may adversely affect water quality and also may not result in 
a good plug. 

6.12 Friction Reducers (Dispersan is): 
6.12.1 These materials reduce friction to improve flow 

and can be effective when the water cement ratio is reduced. 
Redudon of the water cement ratio is a method to decrease 
cement friction. (It is possible to reduce the amount of water 
added by using a dispersant (5). These materials (sodium 
chloride, polymers, and calcium lignosulfonate) also help to 
reduce the energy required to pump the grout. Polymers and 
calcium lignosulfonate may not be appropriate materials for 
decommissioning activity as they may affect water quality. 

6. I3 Bentonite-Bentonite is predominantly composed of 
the clay mineral sodium montmorillonite. It has the ability 
to absorb large quantities of water and swell to many times 
its original she when hydrated, and the material remains 
flexible. Bentonite clay may be used in any of its various 
forms to meet placement, strength, and sealing criteria listed 
in 6.3. The amount of shrinkage or settling of a bentonite 
seal is dependent on the percent solids of bentonite, c o m p  
sition of surrounding formation and its soil moisture. Higher 
water to bentonite ratios increase the likelihood of dehydra- 
tion. 

6.13.1 The permeability of bentonite is very low; hy- 
draulic conductivities of 1 x lod cm/s or less can be 
achieved. However, bentonite may desiccate in the presence 
of high concentrations of some organic chemicals, strong 

or bases, saline ground water, or when allowed to dry, 
thereby increasing its hydraulic conductivity. Bentonite is 
commercially available in the following forms 

6.13.1.1 Pellers-Pellets are made fiom granular pow- 
dered bentonite that has been compressed into tablets, 
commonly I/. to 3/4 in. (.64 cm to 1.91 cm ) in diameter. 
Pellets have a low-moisture content, high density, and 
Uniform size. Pellets should be composed of additive-&, 
highwelling granular sodium bentonite. Properly placed in 
a well or borehole, pellets hydrate and expand mating a low 
permeability (1 x IO4 cm/s) plug. Pellets can be used in the 
saturated zone provided the length of the water column is 
short. The rate of pour into the hole should not be more than 
50 Ib (22.7 Kg) of bentonite in 5 min (1). 

6.13.1.2 Pr~ormed Donuts-Chmmercial preformed d e  
nuts consist of compressed bentonite and may have use in 
decommissioning activities. 

6.13.2 Chips-Raw mined sodium montmorillonite in 
the.form of chunks that are 114 to 3/4 in. (6.4 to 1.91 cm) i m  

diameter. Their angular shape can make it difficult to pl 
chips to the desired depth in a smalldiameter well 
borehole without bridging. 

6.13.2. I Fine-grained material resulting fiom the mechan- 
ical breakdown during shipping may cause a problem in the 
placement of chips due to clumping. Fines should be 
screened through a %in. (6.4-mm) mesh screen before use. 

6.13.2.2 The lower atlinity for water that chips have allow 
them to fall through a water column without rapid hydra- 
tion. 

6.13.2.3 Chips have applicability in largediameter 
boreholes and when carehlly dropped into the hole to 
reduce bridging 

6.13.3 Granular-Raw-mined sodium montmorillonite 
without a n y  additives that has been crushed and seared to an 
8 to 20-mesh size. This material can be placed at depth in dry 
holes but hydrates quickly when placed into water. It often 
sticks to wet borehole walls and bridges when placed through 
water. Granular material is best suited for use in the 
unsaturated zone with enough water added to provide 
adequate hydration. 

6.13.3.1 Fines can clump when in contact With water (1). 
Fines result from mechanical breakdown of the material 
during shipping. Granular bentonite should be poured slowly 
to reduce the potential for bridging. In some situations, a 
pour rate not exceeding 50 lb (227 Kg) in 5 min has been 
used successllly (1). 

6.13.4 Powdered-Untreated, seared, and ~ O U D - '  
bentonite that passes through a 200-mesh screen. It 
designed to  be used in drilling fluids (muds) and as a t  
additive to other plugging materials such as cement. 
Bentonite powder slurry can become an effective grout 
material when combined with density-increasing additives 
and swelling inhibitors. Powdered bentonite should not be 
placed in dry form through water as it can bridge and stick to , 
the borehole walls. 

6.13.5 High Solids Cluy Grout-This material is a blend 
of powdered polymer-free bentonite clays mixed with fresh 
water that forms a slurry with a minimum 20 96 solids by 
weight and a density of 9.4 lb/gal ( 1 1 26m3 Kg/L). The slurry 
sets to a low-permeable plastic grout that generates no heat of 
hydration and does not shrink during curing in the presence 
of moisture. High solids clay grouts are commonly used for 
borehole plugging. 

6.14 Other Mareriols: 
6.14.1 A number of other materials have been used for 

plugging 
6.14.1.1 Attapulgite clay (may have applicability when 

used with a salt cement grout)J 
6.14.1.2 Fm clay 
6.14.1.3 Commercial packing materials 
6.14.1.4 Packers 
6.14.2 These materials are either inappropriate for use in 

decommim'oning wells or boreholes where hazardous waste 
are encountered, or are not well studied for decommis- 
sioning wells in hazardous waste situations.*Therefor, the 

9 Sump Fnd P m o d  Communication. 1990. 

IX-196 



D 5299 

ire not discussed in this guide. 
6.14.3 Other materials have been used in the past for 

plugging wells and boreholes. Such materials as wooden or 
lead plugs should not be used because wood plugs may d a y  
and lead is a potentially hazardous material. Mechanical 
packers composed of steel, plastic, or other materials can be 
used to assist in plugging. 

7. Procedure 
7.1 The primary purpose of most boreholes and moni- 

toring wells is to monitor chemical compounds in the soil 
and ground water; however, there are other uses for subsur- 
face monitoring including the measurement of temperature, 
soil gas sampling, or measurement of geophysical parame- 
ten. Use significant care in planning and implementing the 
decommissioning activity. It is important to obtain any 
required approvals from regulatop agencies, land o m e n ,  
responsible parties, and other parties involved with the site. 
The following subsections present a recommended list of 
tasks in order that the decommissioning activity is success 
fully completed. Several of the steps outlined below do not 
pertain to boreholes and may pe omitted. 

7.2 Planning: 
7.2.1 Records Revim.--Carefdy review all available 

records and information relating to use of the monitoring 
well, borehole, etc. This re\iew may include the following 
information: 

7.2.1.1 Review applicable Federal, state, and local regula- 
tions relating to decommissioning activities. This may in- 
clude contacting the applicable state or local agency having 
jurisdiction over drilling activities and preparation of the 
necessary documentation to drill (start card), 

7.2.1.2. Collection of drillers' logs, geophysical logs, well 
construc$on, or geologic logs, including stratigraphy, struc- 
tural geology, subsurface information, construction mate- 
rials, s@x!ned interval, depth, hydraulic-gradients (if water 
levels are available from other wells for its determination), 
legal location, date of installation, and photographs of the 
well, 

7.2.1.3 Review of analytical chemical &ita for soil and 
ground water over the life of the well, and variations in water 
levels over time, 

7.2.1.4 Review of records of the repairs, modifications, or 
other changes made to the well during the lifetime of the 
well, 

7.2.1.5 Evaluation of historic, current, and planned land 
use, 

7.2.1.6 Inteniews with local worken and collection of 
other pertinent data such as discussing site conditions with 
local drillers, and 

7.2.1.7 While -not directly part of the decommissioning 
activity, proper disposal of displaced fluids and other mate- 
rials (such as pulled or  drilled out casing and cement seals) 
should be considered Some of these materials may be 
classified as a hazardous waste under Federal, state, or local 
regulations. Conduct a review of these regulations and 
appropriate analytical documentation prior to classifying a 
material as a hazardous a=. 

., N m  9-This information may be summarized in a work plan. A 
work plan would also induck a description of the site geology and 
hydrogeology and ths ckammkioning method to be used. 

(. -- ' 

.. ~~ 

7.2.2 Verijicarion of Field 
of field practices and reporting require that the well b;: 
inspected to venfy the actual field situation prior to d m m -  
missioning the well. The following list of procedures is 
recommended so that the actual condition of the well is 
known. Some of the borehole geophysical logs may not be 
applicable or may not be available for small diameter (2 in. 
(5.08 cm) or less) holes or wells. 

7.2.2.1 Inspection of well head installation for integrity, 
7.2.2.2 Current depth measurement of the casing and 

well. (The original depth of the borehole may be different 
than the well.), 

7.2.2.3 Water Quality Sampling and Analysis-A final 
water quality sample taken from the well may be required for 
regulatory purposes; 

7.2.2.4 Downhole Inspections-Including caliper logs to 
measure inside diameter, television logs to determine in-weu 
conditions such as casing breaks, screen size, etc.; gamma 
logs to verify geologic information, if not already available; 
cement bond logs (sonic) to determine if the casing is firmly 
attached to grout (presently available for holes 21/2 in. (6.35 
cm ) or larger in diameter); flow logs (flow meter or spinners) 
to determine if vertical flow occurs within the casing; and 
hydraulic integrity test to determine if the well casing is , 
intact. 

NOTE 1- should be taken in running any of the took in a 
well with a collapsed or broken caung, or in boreholes that may collapse 
on the tool. Tools with aaive radioactive souras should not be used 
under these circumnaocu. Conduct downhole iaspeaions only aAtr 
obstructions arc removed from the well casing or borehole. 

7.2.2.5 Contact local owner, resident operator/observer to 
verify operations at the site. 

7.2.2.6 Verification of field data is an ongoing respqnsi- 
bility. Use verified information to modify plans in order that 
the decommissioning activity is correctly conducted. Con- 
tinue this activity during the field phase and change specifi- 
cations as needed. 

7.2.3 Review of Decommissioning Options--Atter the 
records have been thoroughly reviewed and verified in the 
field, select an appropriate decommissioning procedure. 
Evaluate each (possible option to determine the most appro- 
priate method for the selection. The following list of evalua- 
tion criteria is recommended: 

7.2.3.1 The potential for fluid movement from one 
aquifer into another by means of the borehole or well should 
be eliminated. 

7.2.3.2 Materials to be used in plugging must be compat- 
ible with well casing and screen (if left in place), and With 
subsurface formation and ground water, etc. over the period 
of time hazardous materials are found at these sites 

7.2.3.3 Future land use (as is known at the time of 
decommissioning) should be compatible with d e c o d  

7.2.3.4 Closure options should be compatible with appli- 
cable federal, state, and local requirements. 

7.3 Implemenmion: 
7.3. I Field Procedure: 
7.3.1.1 satisfactory completion of decommissioning is the 

primary purpose of this guide. All work performed on the 
borehole or well should be completed by compaentlY 
trained drillen, equipped with appropriate too4 under the 

sioning plans. 
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direction of a geological or engineering professional who is 
qualified to cerufy that the decommissioning is completed 
according to the planned procedures and is consistent with 
applicable regulations. 

7.3.1.2 Approve any modifications to the proposed work 
plan and record in wnting by the on-site geologist or 
engineer (or their representatives) prior to implementation. 

7.3.1.3 The geologist or engineer should be on-site during 
the field activities to venfy that the activities are completed 
as planned. Decommissioning operations can be successfully 
accomplished by careful planning and documentation (see 
7.5). Maintain documentation of decommissioning activities 
for the post-closure period or period required by regulations 
(if specified). W e  regulations may require documentation 
for a period of 30 years, it is advisable to continue this 
activity for a period lasting as long as hazardous materials 
occur at the site. 

7.3.1.4 Remove casing from the ground by either pulling 
or overdrilling (see 7.3.7). Depending upon construction, it 
may be necessary to leave the casing in place and produce 
suitable perforations in the screen and blank casing to allow 
for the plugging material to penetrate the annular space and 
formation (see 7.3.7). If grout in the annular space can be 
verified to be in good condition, the well can be decommis- 
sioned by cutting the blank casing and filling the screened 
interval with grout. Verifylug the integrity of grout may be 
difficult to impossible. If a filter pack is present, it may be 
necessary to remove the filter pack after perforating the 
casing by washing or overdrilling Several of the methods 
identified in this subsection are briefly discussed in the 
Appendix XI. 

7.3.l.5 If well construction conditions are not adequately 
known and the well site contains hazardous materials, it may 
not be appropriate to remove the casing and screen, as this 
may increase the mobility of hazardous materials. 

7.3.1.6 The borehole or well, or both, may require pre- 
conditioning for decommissioning to be successful. Pre- 
conQitioning can reduce the potential for sloughing of the 
borehole wall if for example, a sodium montmorillonite clay 
occurs naturally in the formation and cement is used as the 
plugging material. The calcium contained in Portland ce- 
ment exchanges with the sodium cation in bentonite clay 
decreasing the water contained in the clay and inducing 
sloughing. This problem can be significant in sediments or 
rocks that are under considerable pressure, causing a loss in 
part of the hole, thereby not completely plugging the 
borehole and possibly causing loss of all downhole equip 
ment. These conditions are usually known by local drilling 
and well servicing contractors who should be contacted prior 
to the start of field operations 

7.3.1.7 Preconditioning consists of removing mud from 
borehole walls (when mud is used for drilling the borehole), 
or sqbilizing a borehole prior to placement of the plugging 
material. If a drilling mud has been used to drill a borehole, 
preconditioning can involve the circulation of a highquality, 
low-solids drilling fluid to remove gelled mud-from the 
borehole and borehole walls prior to plugging. For the above 
situation, a highquality bentonite or drilling fluid can be 
used. If a drilling mud is u d  as the plugging material, 
Prepare fresh mud. The mud used in drilling contains 
cuttings and may also not have suitable properties (13). The 

selection and use of material(s) should meet the muire 
ments specified in Section 6. 

7.3.2 Volume of Plugging Marerial Required: 
7.3.2.1 The geologist or engineer should d c u l .  

volume of plugging material required for the borehole. . 
after &st taking into consideration applicable loss of mate 
rial to the formation. voids intersecting the borehole, change 
in borehole diameter, washout zones, and swelling 0: 
shrinkage of material. An approximation of the volume o 
material that may be required can frequently be provided b! 
contacting local drillers or professionals. 

7.3.2.2- Loss of plugging material into the formation ma! 
occur rapidly (within minutes) or after Several hours or days 
The volume of plugging material required to be on-site 
should be at a minimum. enough to fill one borehole 
volume, however, it is advisable to have available a min- 
imum of 25 to 50 % in excess of the calculated borehole 
volume (1,2). Additional plugging material should be readil) 
available to site personnel under short notice, especially if it 
is common to lose plugging material into the formation or 
the material is required for clearing a hole (see 7.3.8.2). 

7.3.2.3 A caliper log is helpful in boreholes or overdrilled 
holes to define hole diameter. If this information is not 
available, use an estimate of borehole diameter from the 
available well construction specifications. Calculate the 
volume of the borehole using the following: 

where: 
v = volume, 
L = length of borehole or well to be plugged, and 
r = radius of hole. 

foot (metre) such as Ref (3) can also be used. These manuds 
are available through major deep well cementing xMce 
companies. Assume in the calculations or table used that the 
derived volume is the minimum required for actual condi- 
tions due to possible loss of plugging material into the 
formation. Verify grout emplaced through estimating the 
volume of material leaving the hole for holes tilled with mud 
or water. For all boreholes, measure the volume of material 
emplaced and check for the appearance of the material at the 
top of the interval grouted or land's surface, whichever is 
applicable. 

7.3.2.5 Location of the grout at depth can be difficult 
because the top of the grout may not be able to be 
distinguished from water or other fluids in the borehole. One 
field procedure that has been applied to measure the level of 
the grout is to use a wooden sounding block with a weight 
attached to the block. The weight should be slightly denser 
than the grout. 

NOTE I 1--locatio0 of the depth of plugsing material io a borehole 
or well does not confirm that the plug has performed its intruded 
purpose. Plugging materials may not have adhend to the walls of the 
borehole or mll or may have ken bypased from the target zone. 
Thenfore, placement of plugging materials is highly dependent upon 
proper prepaxation of the hole. ) 

7.3.2.6 In areas where coarse mat& are encountered 
or considerable fracturing or solution openings occur, two nr 

three times the calculated volume of material ma 
required to fill the hole. In extreme case5 such as in 5. 
karst terrains where large conduits may exist, it may be 

v = r $ L  

7.3.2.4 Manuals listing the volume of a hole per 
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difficult to plug a well or borehole. In' these situations, 
packers can be used to isolate critical intervals for filling with 
plugged materials above or below the kantic formations. 
Packers may also be used to isolate critidintervals within a 
well or borehole throughout the entire depth. 

7.3.3 Quality of Water Used for Grout-Grout must be 
carefully mixed using water of a known chemical quality. 
The quality of the water must be compatible with the 
grouting material and not introduce contamination into the 
subsurface. For cement, water used should be free of silt, 
organic matter, alkali compounds, and have a total solids 
content of 500 mg/L or less (14). The grout should be 
weighed using a mud balance. 

NOTE 12-Thicker grout mixtures amy have greater effectiveness in 
plugging highly permeable materials or materials with large voids. but 
may be very difficult to pump through a grout pipe. Las viscous 
mixtures an easy to pump, but may be too mobile, have grcater 
shrinkage. and take longer to set if additives to compensate t h e  
problems are not added. 

7.3.4 Mfxing of Cement and Bentonite On-Site-Both 
cement and bentonite can be mixed on site. Cement can also 
be purchased from a contractor and delivered premixed on 
site, provided the water used is of known and acceptable 
quality. 

7.3.5 Use ofcuring Accelerators-Curing accelerators can 
be used to hasten the initial set time for cement From 6 to 8 
h to perhaps 2 or 3 h, provided the accelerator (typically 
calcium chloride, sodium chloride, aluminum powder, or 
gypsum) does not degrade the cement or react with the 
environment. The use of these materials may also require 
approval by regulatory authorities. 

7.3.6 Decommissioning of Boreholes: 
7.3,a.l To achieve an effective seal, the borehole should 

be free 'of debris and foreign matter that may restrict the 
adhdion of the plugging materials to the borehole wall. Clear 
boreholes of excessive mud filtercake, or gelled mud (if used) 
and any bridges d t i n g  fiom the removal of temporary 
casing, or when noncohesive materials (such as sand and 
gravel) are encountered that can lead to a collapsed borehole 
during dtkommissioning activities. 

7.3.6.2 One method commonly used for effective removal 
of these materials is to advance a small grout pipe to the 
bottom of the borehole by use of water or a highquality 
bentonite slurry and flush the hole. Flushing is continued 
until the blockage is removed, or noncohesive formations are 
stabilized. Use at least two borehole volume of materials. If 
the flushing fluid returning to the surface contains poten- 
tially hazardous materials, it may be neceSSary to place this 
material into containers for proper disposal. 

7.3.6.3 As soon as the borehole is prepared, pump plug- 
ging material slowly through a grout pipe to displace the 
flushing fluid. Inject grout starring from the bottom of the 
hole, forcing other fluids upward. Complete grouting slowly 
to prevent channeling of the grout around any undesirable 
material remaining in the hole. Complete this operation in 
one continuous operation. Rak the grout pipe when 
pumping pressure increases significantly, or when undiluted 
grout reaches the surface. Regularly sample and evaluate 
overflowing grout for weight, presence of foreign material, or 
other changes. When the overflowing grout is similar to that 

being pumped down the hole, the plugging is considc 
complete. 

7.3.6.4 Grout pipes should be the largest diameter th: 
practical for field operations to reduce the required pumr 
pres3ure. Cut the lower end of the pipe at an angle to al 
for the side discharge of the grout. Side discharge reduces 
potential for erosion of the borehole wall. Typically, hea 
walled PVC (Schedule 40 or greater) or thin-walled steel F 
is used for grouting purposes. Use caution while grout 
deeper holes in order that downhole pressure does not ex0 
the mpture strength of the grout pipe. 

7.3.6.5 Grouting of shallow auger holes or other borehc 
where grout pumping equipment is not readily available IT 
be accomplished by placing grout through a side discha 
grout pipe that has a funnel attached to the top. As i 
grouting progresses, slowly raise the pipe. Take care w t  
using this procedure, as the low placement pressure may r 
completely fill or flush undesirable materials from t 
borehole. This procedure is only recommended when t 
entire borehole depth is 10 to 15 ft (3 to 4.6 m) or less. 

7.3.6.6 Small diameter (4 - in .  (5.08 cm-mm)) holes a 
difficult to plug. A small diameter (314-in. (1.9 an-mu 
grout pipe can be used, however, high-pumping pressur 
may be required or less viscous plugging materials may 1 
necessary. 
NOTE 13-11 is important to avoid hydrofracturing or blowout 

shallow bola in unconsolidated materials when pmsurc grouting. 
g e n d  rule to avoid bydrofraaunng is to &ct pumping prryurc 
about 0.6 1b/h2 (0.42 Kg/cm2) of hydraulic pressure for each fo 
(metre) of overburden. In some instances, the pressure used m w  t 
r e d u d  funher. 

7.3.6.7 A conservative method (15) of calculating mar 
imum pressure is as follows: 

where: 
Pm = pressure of fluid injected at wellhead, Ib/in2 

Sg =density (specific gravity) of the plugging materia 

d = depth measured for the surface to the opening of t h r  

Hydrofracturing typically occurs during start-up or restart of 
grouting 

7.3.6.8 Inject grout at the bottom of the hole, displacing 
grout, loose formation materials, and borehole fluids up 
ward Slowly pump grout to avoid channeling. Do this in one 
continuous operation. Raise the grout pipe when grout an 
no longer be easily forced from the pipe into the hole or 
when undiluted grout reaches the top of the hole and flows 
out. Sample and weigh this material. The weight of the grout 
returning to the surface should be the same as the grout 
pumped into the hole. 

7.3.7 Control of Elevated Formation Pressurs-Oa3- 
sionally, a borehole or well may penetrate a formation that is 
under c o d n e d  conditions (artesian head), or fiom whicb a 
gas is being released, under pressure. (Gas bubbling upward 
through the grout may result in open channels, or in- 
the permeability of the grout.) When this condition IJ 
encountered sealing of the borehole requires that the grout 
pressure be maintained greater than the formation pressUn 
until initial gout  set occu~s. The "shut-in-pressure" of 

Pm = (0.733 - 0.433 Sg)d 

WCm2), 

(grout) (unitless), and 

grout pipe (metres) feet. 
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formation can usually be determined by use of pressure gages 
artached to a casing that has been pushed or driven into the 
confining unit. This casing must be tightly sealed to prevent 
leakage around its annulus. (Separate packers or casing 
grout, or both, may be required to prevent leakage around 
the casing.) 

7.3.7.1 Several procedures may be used to balance the 
formation pressure until the initial set of the grout has 
occurred. (See Fig. 2.) The procedure most often used to 
contain the pressure is to use a sufficient column of grout. If 
additional head pressure is required, increase the unit weight 
of the grout by the addition of sand, densifjmg additives 
(barite, or hematite) or decreasing the water cement ratio. 
Another alternative commonly used is to pump the grout 
through a check valve into the casing until the top of grout 
reaches the desired elevation. Maintain pressure above the 
grout by use of compressed air, or by use of a simple 
standpipe filled with water. If the standpipe procedure is 
used, pump grout through a tremie pipe extending through 
the water to prevent dilution. 

7.3.7.2 After the initial grout set has occurred (minimum 
24 h), the sustaining pressure (above atmospheric pressure) 
may be released. However, record the air pressure (or fluid 
level) in the air filled casing above the grout frequently for 
several days to verify that no leakage is occumng. If gas (of 
any variety) is present in the formation, analyze a sample of 
the air from the w i n g  above the grout. Care should be taken 
under these conditions, as explosive or hazardous conditions 
may be present. Methane, the most commonly produced gas, 
is odorless, colorless, toxic, and extremely flammable. Safety 
precautions are advised. 

required heigh? 
Mter filled to 

W 

Stand Pip0 To Contain 
Excess Formation Prerruro 

7.3.7.3 Only after testing results confirm that the sea 
effective, is it advisable to complete the permanent closure 
removal of the near (or above) surface casing. 

7.3.7.4 Measure any fallback or settlement of the m( 
surface (whether by gravity or under pressure) tha' 
after grout emplacement to the nearest foot and 
Correct any fallback with native or imported materials 
grade, or to a specified depth below grade, such as below. 
plow layer. The depth is based on existing and proposed la 
use and regulatory requirements. 

7.3.8 Decommissioning of Wells and Orher Moniror 
Devices: 

7.3.8.1 This discussion has applicability in decomn 
sioning ground water monitoring and injection wells and z 
gas monitoring wells, neutron probe access tubes, lysimr 
and tensiometer and installations, and similar devices. .L 

pendix X 1 should be consulted for additional informatio: 
7.3.8.2 It is desirable to remove all existing well constr 

tion materials such as screen, casing, filter pack, seal, 2 
grout from the hole to reduce the potential for the format: 
of a vertical conduit to occur at the contact between casl 
and annular seal; reduce the potential of these mater. 
interfering with the decommissioning operation; decrease : 
potential of a reaction between the materials used; or 
minimize the reaction with the native materials or groc 
water. In situations where well materials are removed 2 
borehole collapse occurs, redd the borehole following - 
guidance provided in 7.3.6. 

7.3.8.3 Steel casing may be removed using jacks to i- 
w i n g  from the hole followed by lifting the casing out 
using a drill rig, backhoe, cranes, etc. of sufficient capacit: 

) Pressure Coqe 

Cos Producing or 
A r t e m  Famation 

Cornproscod Air To Contain 
Excocr Formation Pressuro 

FIG. 2 Two Procedures mat Can Be Used to Overcome Elevated Formation Rbsrum 
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the annular space has been cemented over a long distance, 
this method may not be readily used unless a poor contact 
occurs between the casing and borehole. Small lengths of 

. cement (typically less than 10 A (3 m)) can be removed along 
*with the casing if the drill rig has sufficient lifting capacity. 
When the casing cannot be removed, perforate the casing 
and screen using a suitable tool. This is neceSSary as 
encrustation or corrosion of the screen can block or com- 
pletely close openings. A wide variety of commercial equip 
ment is available for perforating casings and screens. Due to 
the diversity of application, consult an experienced con- 
tractor prior to selection of the technique. A minimum of 
four rows of perforations several inches (millimetres) long 
and a minimum of five perforations per linear foot (metre) of 
casing or screen is recommended. 
7.3.8.4 Remove steel casing by overdrilling (overreamingj 

the casing. Overreaming can be done using an overreaming 
tool (see Fig. 3). Select a pilot bit that is nearly the same size 
as the inside diameter of the casing. The reaming bit should 
be slightly larger than the borehole diameter to remove all 
well construction materials and a small amount of native 
material. As drilling proceeds, the casing, grout, bentonite 
seal, filter pack, and other well materials are destroyed and 
returned to the surface. In situations when the grout in the 
annular space can be verified to be in good condition, it may 
be very difficult to remove casing and grout and grout can be 
left in place by pressure grouting the screened interval and 
casing. Verifying the integrity of the grout can be difficult. 
7.3.8.5 PVC and other low tensile strength materials 

- -  

u. - '  

!-* . 
P g. 

I .  

A 

f 

generally m n o t  be removed by pullingil they have beep 
properly cemented into place. Overdrilling is necessar). to 
remove these casing and xreen materials 
7.3.8.6 A hollow stem auger equipped with Outward 

facing carbide cutting teeth with a diameter 2 to 4 in. (50.8 to 
10 I6 cm ) larger than the casing may be used for overdrilling 
Place the lead auger over the casing and rotate downward 
(see Fig. 4). The casing guides the cutting head and remains 
inside the auger. When the full diameter and length of the 
well has been penetrated, the casing and screen can be 
retrieved from the center of the auger. It is important to use 
outward facing cutting teeth in order that the cutting tool 
does not sever the casing and drift off center. An alternative 
is to install a steel guide pipe inside the well casing SO that the 
augers can be centered? Firmly attach this temporary 
working pipe to the inside of the casing by use of a packer, or 
other type of expansion or frictian device. When the auger 
reaches full depth and the well materials have been removed, 
pump plugging materials through the hollow stem as the 
augers are withdrawn. 

Nm 14--Local regulations may allow leaving the PVC cadng ur 
placc. if a good annular seal exis& or just removing blank CaSing d the 
integrity of the annular seal can be documented It is generally dimcult 
to document a good annular seal (tight fik no fractures or channels) 
wthout the usc of a ament bond log or similar method. A ament bond 
log cannot k run in small diameter w e b  Ocss than 2.5 in. (6.35 cm) in 
diameter) because a small diameter tool is not currently available. A h ,  
this method is not reliable for PVC casing% 

7.3.8.7 Mer removal of the casing, decommissioning can 
be completed in accordance with 7.3.6. 

I 

flG. 3 Over Drilling by Mud Rotay Protedum FlG 4 Over OrlUing by Hollow Stem Auger Procedure 
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SOA IJ-Wells with a maximum depth of 10 to I5 ft (3 to 4.6 m) 
a n  bc rcrnoved by ovcrdrilling, or when poaible by pulling the k o g  

of the ground. The open bole is then filled With grout or other 
Iultablc plugging materials. A tamping rod can bc uscd to lamp the 
material into plaa. 

7.4 Decontamination of Downhole Equipment: 
7.4.1 If hazardous waste or other contaminants occur at 

the site. decontaminate all tools placed into the borehole or 
well prior to entry (see Practice D 5088). Follow state and 
local regulations, if applicable. A hot water pressure wash or 
steam cleaning are examples of two typical decontamination 
methods. Other methods such as the use of solvents followed 
by rinsing with clean tap water and allowing equipment to 
air dry may also be acceptable. Also contain water and other 
materials used for decontamination for chemical analysis to 
determine proper disposal methods. 

7.4.2 Do not flush grout pipes out with water while in or 
above the hole. Conduct all cleaning operations aboveground 
and manage appropriately as a hazardous or nonhazardous 
situation depending upon chemical analytical data on the 
site. 

7.5 Documentation: 
7.5.1 Inspection Records-The primary purpose of 

records of field work is to provide that appropriate measures 
have been taken so that the borehole or monitoring well is 
permanently decommissioned in a manner that minimizeS it 
from being a conduit for fluid, water, or vapor migration. 
Properly decommissioned boreholes and well5 should have 
no adverse influence on the local environment than the 
original geological setting. 

7.5.2 Narrative Report-Maintain the narrative report of 
activities as a permanent record of the decommissioning 
activities and include the full set of field activities including 

7.5.2.1 Decommissioning date, 
7.5.2.2 Personnel (with listing of company representation, 

7.5.2.3 Source of decommissioning method, 
7.5.2.4 Step-by-step procedures used in the field, 
7.5.2.5 Record of all measurements made, depths encoun- 

including phone number and address); 

tered, types and volume of fluids pumped and photograpt 
before and after, and 

7.5.2.6 All other pertinent information that is require 
based on site conditions or regulatory requirement* - - 
problems encountered should also be documented in ' 

8. Report 
8.1 At the completion of field work, present a form 

report to document the entire procedure used in the decon 
missioning process for the borehole or well. Addition 
information or requirements may be specified in governmer 
regulations and should also be included in this report. R e p  
in detail the following items as a minimum: 

8.1.1 Background Information: 
8. I .  1.1 Location of the borehole/well, 
8.1.1.2 Purpose of the borehole/well, 
8.1.1.3 History of the borehole/well, 
8.1.1.4 Chemical parameters and concentrations prese: 

during the active Life of the well and at the time of pluggin 
and 

8.1.1.5 Information collected prior to the inspectic 
recurd 

8.1.2 Testing Prior to Decommissioning: 
8.1.2.1 Site characterization (if applicable), 
8.1.2.2 Physical testing (depth, structural condition, etc. 
8.1.2.3 Chemical testing results (last chemical analysis fc 

8.1.2.4 Geophysical logging results (if any). 
8.1.3 Decommissioning Design Procedure: 
8.1.3.1 Rationale for selection of method used, and 
8.1.3.2 Presentation of a decommissioning plan. 
8.1.4 Field Implemenlorion: 
8. I .4.1 Description of activities, 
8.1.4.2 Variance from plan, and 
8.1.4.3 Result of testing and measurements. 
8.1.5 Confinnation-Statement of regulatory complianc. 

9. I abandonment; decommissioning ground water mor 

record), and 

9. Keywords 

itoring wells; hazardous waste; plugging 

APPENDIX 

(Nonmandatoiy Information) 

X1. EXAMPLES OF SUCCESSFUL MONITORING WELL DECOMMISSIONING PRACTICES 
XI.1 This appendix coven a general discussion of field 

Procedures that have been used to decommission monitoring 
wells. These procedures are presented to provide technical 
guidance to assist in the development of decommissioning 
wells or boreholes. Local regulations may not allow imple- 
mentation of some procedures. Two subsets of procedures 
are outlined, one for rigid steel casing and the second for 
lower tensile strength casing materials (plastic). 

X 1.2 Steel Casing: 
X1.2.1 Condition-Properly grouted steel &g and 

screen, dimcult to pull casing: 
X 1.2.1.1 Suggestion-Pressure pump plugging materials 

into well to above aquifer, place 3-ft (.91-mm) plug of plastic 

material (bentonite plug) above rigid plug then complet 
with rigid plugging material to surface. Place a PVC o 
neoprene plug or packer, located at the base of the rigic 
(cement) material to reduce the mmingling of fluids due ti 
different specific gravities. Complete decommissioning a 
surface according to local regulations. 

X 1.2.1.2 Alternative-Perforate steel casing and screen tc 
allow plugging material to come into contact with t h t  

annular space and formation. 
X 1.2.1.3 Advuntuge-If (when) casing material corrodes 

the continually plastic bentonite plug will con+ tc 
provide a suitable sealing zone. 

IX-202 
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, X1.2.2 Condition-Steel well materials, that are remov- 

able: 
X1.2.2.1 Suggeslion-W screen and casing, then redrill 

borehole to origkial depth using slightly larger diameter drill 
bit than the borehole. Complete closure by pressure sealing 
the borehole by'grout pipe from bottom to top. 

X 1.2.2.2 Advaniage--Casing and annular materials are 
completely removed and replaced with sealing material of 
equal or lower permeability (saturated zone) than the native 
geologic materials. 

X 1.2.3 Condition-Shallow screened well completed into 
permeable sand or gravel aquifer: 

X1.2.3.1 Suggestion-Pull the casing and screen (grout 
also, if possible) then redrill the borehole to original depth. 
Completion should be by pressure sealing to the surface. 

X 1.2.3.2 Advantage-The possibility of hydraulic con- 
nections with the surface is greatly reduced. 

X 1.2.4 Condition-Steel casing and screen set into highly 
permeable formation (such as fractured limestone) that 
results in lost fluid circulation during drilling or decommis- 
sioning procedures: 

X 1.2.4.1 Suggestion--Fill highly permeable section with 
quick setting Cement grout (addition of calcium chloride), or 
coarse gravel to base of casing, or hang "cement basket" at 
base of casing. Complete decommissioning with plugging 
materials pumped into place, including at least one section of 
permanent plastic seal. 

X1.2.4.2 Advantage-Extremely permeable or highly cav- 
ernous materials may not be able to be filled sufficiently to 
allow closure similar to other cases. In such situations, 
prevention of vextical migration of fluids to or from that 
zone is the primary purpose of decommissioning. 

X1.3 LowTensile Strength Materials (that is, PVC. ABS, 
PTFE): 

X1.3.1 Condition-Properly constructed well that has a 
sealed a h u l u s  from the surface to the top of screen: 

X 1.3.1.1 Suggestions-Pressure grout in place after perf& 
rating the entire casing so that the screen and gravel pack are 
filled with grout; or over-ream the well using a drill bit 
diameter that is a minimum or slightly larger than the 

diameter of the annular space. 
X I  .3.2 Codifion-Annulus is not permanently seala 

and casing/screen cannot be pulled: 
X1.3.2.1 Suggestion-Overdrill casing, screqn and ate 

pack with a hollow stemmed auger or other suitable drillin; 
method. Remove casing from bottom to top as augers an 
removed. 

X1.3.2.2 Advantoge-Complete well structure is re 
moved. Grouting materials provide no avenue of fluid or gar! 
migration after decommissioning. 

X1.3.3 Condition-Annulus seal questionable; casing 
screen cannot be pulled: 

X 1.3.3.1 Suggestion-Use rotary tools equipped with 
pilot bit. Large portion of bit must be equal to or larger than 
diameter of original borehole. Drill out casing, annular 
material, to depth of well. Pressure seal after tools are, 
remokd. 

X 1.3.3.2 Advuntage-Complete well structure is re- 
moved. Grouting materials do not provide pathuays for fluid 
or gasmigration after decommissioning. L 

X 1.3.4 Condition-Annulus seal questionable, casing and 
Screen may be pulled from fm clay soils: 3 

X1.3.4.1 Suggestion-Use pulling rig quipped with 
down hole casing latch tool. Anchor tool at bottom of well 
and lift casing and screen. Pressure grout open hole from 
bottom to top. (This method may have applicability for 
shallow wells.) 

X1.3.4.2 Advantage-This method is often possible in 
firm clay soils. Requires less expensive equipment than other 
procedures. 

X 1.3.5 Condition-Vadose zone monitoring devices such 
as lysimeters, tensiometers, neutron access holes, and similar 
devices installed vertically: 

X1.3.5.1 Suggestion-Drill out the device and backfill as 
suggested in 7.3.8.5 and 7.3.8.6. (See also Note 15 in the 
text.) 

X1.3.5.2 Advantage-The device and materials used to 
construct the device are removed reducing the potential for 
fluid movement from the surface to underlying materials and 
ground water. 
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