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SYNOPSIS: Due to increased activity in the area of hazardous waste disposal, there has been a
large amount of interest in permeability testing of fine grained soils. There is a need for recog

nized standards in this area, since most of the permeability tests are more of a routine nature, 
rather than of a fundamental or research nature. This paper deals with laboratory testing of fine
grained soils (about 10-7 cm/sec and less), stressing the testing aspects most pertinent to hazar
dous waste disposal studies.

INTRODUCTION

Recently there has been much interest and legis
lation concerning hazardous waste disposal sites. 
Migration of the hazardous wastes away from the 
site into the soil and ground water must be 
eliminated or minimized. This requires a tight 
impermeable liner; either soil, or a combination 
of soil and a man made material. In either case, 
the soil must be relatively impermeable. For 
example, the federal government has recently 
passed a law, the Resource Conservation and 
Recovery Act (RCRA), which requires that the 
soil under a hazardous waste disposal site will 
have a permeability less than 10-7 cm/sec. As 
a result of RCRA and similar laws, there has 
been a large increase of interest and activity 
in permeability testing of fine-grained mater
ials. In general, this testing is of a routine 
nature rather than dealing with fundamental 
research, and the practical aspects of this rou
tine type of testing is addressed herein. Con
sidering the positive and negative aspects of 
standardization of test procedures, the authors 
feel there is a critical need for recognized 
standards for the determination of the perme
ability of fine-grained materials underlying 
waste disposal sites. At present, there is no 
recognized U.S.A. standard for determining the 
permeability of fine grained soils, although a 
number of federal and state agencies have their 
own recommended procedures.

For a number of years, the senior author has 
dealt with the development of standards dealing 
with geotechnical aspects of waste disposal, in 
conjunction with American Society for Testing 
and Materials (ASTM) activities. As a result, 
a large amount of information has been gathered 
on test results, equipment, and test procedures. 
Although it is only possible to present a small 
amount of typical data herein, the recommenda
tions and conclusions presented are a result of 
this broader base of information. Similarly, 
the references can be considered as starting 
points to locate additional references, and for 
the reader interested in doing a more thorough 
literature survey, the state-of-the-art paper 
by Olson and Daniel (1981) is recommended for

its extensive and up-to-date list of references. 
As noted, this paper deals with the more routine 
type of permeability testing and not basic re
search. Therefore, it is often necessary to 
compromise between practicality and perfection.

PERMEABILITY (HYDRAULIC CONDUCTIVITY)

There is considerable disagreement as to which 
term is to be preferred, permeability or hydrau
lic conductivity. Although there are positive 
points to be made for the use of either term, 
much of the confusion can be eliminated by pro
perly defining terms. In this paper the expres
sion used for the flow of water through soils is 
known as Darcy's law:

Q = kiA (1)

3
where 0 represents a flow rate (L /T), i is a 
dimensionless factor called the hydraulic grad
ient, A is the gross cross-sectional area of 
flow (L^), and k is a factor called the coeffi
cient of permeability (L/T), or Darcy's coeffi
cient of permeability, and herein referred to as 
permeability.

Permeability is the most variable engineering 
property of soils, with a range well over 10 bil
lion times (10-9 cm/sec to 1CP cm/sec)(Cedergren,
1977). This high degree of variability causes 
problems in the laboratory, and slight changes 
in technique or test equipment can cause orders 
of magnitude changes in permeability values 
(Mitchell, Hooper and Campanella, 1965). One is 
always dealing with orders of magnitude in per
meability problems, and it is unrealistic to ex
pect test results to agree within less than 
several hundred percent. This is quite different 
then when determining other common soil proper
ties, for example shear strength, where factors 
of several hundred percent are usually quite 
important.
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TEST APPARATUS

Permeability tests for waste disposal sites com
monly utilize three categories of equipment:
(1) triaxial devices with and without backpres
sure, (2) consolidation cells (oedometers) with 
and without backpressure and (3) rigid wall 
permeameters without backpressure. The use of 
backpressure to promote complete saturation in 
triaxial devices and consolidation cells is 
widely accepted (Black and Lee, 1973). Most so- 
called backpressure consolidometers allow con
solidation testing under backpressure, but not 
permeability testing, since the drain line dis
charges to atmosphere. Similarly, most tri
axial devices utilize backpressure for the mea
surement of pore pressure in consolidated un
drained shear tests, but are not equipped for 
permeability tests with backpressure. The mod
ifications necessary to do permeability tests 
under backpressure, in triaxial and backpres
sure consolidation devices, are relatively 
minor. Nevertheless, many permeability deter
minations have been done and are being done 
utilizing backpressure to promote complete 
saturation and then releasing or lowering the 
backpressure to conduct the permeability test. 
The authors see no way to quickly change this 
situation, and in any case, there is still a 
large amount of existing data that must be 
evaluated. Therefore, the practical question 
is whether or not permeability can be deter
mined satisfactorily after the release of back
pressure .

EFFECTS OF BACKPRESSURE

It has been shown that slight deviations from 

full saturation can significantly affect mea
sured permeability values (Mitchell, Hooper and 
Campanella, 1965). Therefore, in order to mea
sure the maximum or fully saturated permeabil
ity, backpressure should be used at all times.
If backpressure is utilized to achieve complete 
saturation and then released to perform the 
permeability test, air immediately begins to 
come out of solution, and the measured perme
ability will decrease. Deaired water will not 
prevent this, although the use of non-deaired 
water will accentuate the adverse effects. Fig.
1 shows the typical decrease of permeability 
with time. The soil was a silty clay under
lying a waste disposal site located in upstate 
New York state. The clay is of post glacial 
origin, with a natural water content of 25%, 
liquid limit of 30%, and a P.I. of 15. The per
meability was determined in a triaxial cell 
using backpressure, and then determined without 
backpressure, i.e., the backpressure was re
leased at time zero. When a gradient is applied 
across a soil specimen, the flow rate will be 
due to consolidation and seepage. The theore
tical analysis of this combined effect has been 
presented by Al-Dhahir and Tan (1968), and the 
actual time for steady-state seepage to occur 
can be readily determined. From a practical 
viewpoint, consolidation effects are usually 
negligible after about 15-30 minutes, and the 
flow rate will become essentially constant. 
Therefore, permeability values should be deter
mined from data obtained after about 30 minutes. 

It is possible to determine accurate flow rates 
within the first two hours for soils with per
meabilities as low as 10”® cm/sec, using small
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diameter measuring tubes (2-3 mm inside diame
ter) . Figure 1 shows a maximum or fully satur
ated permeability of 1.7 x 10-7 cm/sec, 1.3 x 
10-7 cm/sec after one hour (24% decrease) and 
1.1 x 10~7 cm/sec after two hours (35% decrease). 
Practically, these values are sufficiently pre
cise. Nevertheless, the curves always exhibit 
the same general shape as shown in Fig.l, and 
the actual curve can be determined for any given 
test. Extrapolations back to about 30 minutes 
yield the backpressure permeability values with
in 10-20%.

Permeability determinations were made on differ
ent specimens from the same sample of clay as 
used in Fig.l, using a triaxial device and a 
fixed wall permeameter, without application of 
backpressure. The samples were undisturbed and 
essentially saturated. In addition, vacuum was 
applied in an attempt to achieve full saturation. 
The gradients and effective stresses were essen- 
tually equal in both devices, and the average 
permeability values obtained were 3.0 x 10 - 8 cm/ 
sec in the triaxial device and fixed walled per
meameter, respectively. These values differ by 
about a factor of seven from the maximum, fully 
saturated permeability values. The ratio be
tween the fully saturated permeability (backpres
sure) and the values determined without the use 
of backpressure is dependent on the soil type. 
Nevertheless, backpressure is required to ach
ieve full saturation initially, if the perme
ability is to be determined with a high degree 
of confidence.

FIXED WALL PERMEAMETERS

A triaxial rubber membrane prevents excess side 
flow along the sides of the specimen (Mitchell, 
Hooper and Campanella, 1965). To prevent side 
flow in the fixed wall permeameter, the annular 
space between the specimen (7.5 cm diameter) and 
the wall (10 cm diameter) was filled with a sand- 
bentonite mixture which is essentially imperme
able (10-12 cm/sec or less). The close agree
ment between the two permeability values noted 
above indicates that side flow was prevented in 
the fixed wall permeameter. If undisturbed
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samples are tested in a fixed wall permeameter, 
the annular space must be filled with an imper
meable mixture. The authors have found that the 
use of a sand bentonite mixture consistently pre
vents side flow along the specimen. Erratic 
results have been obtained with the use of mix
tures that harden with time, such as Plaster of 
Paris or grout. Although the surfaces are rough, 
upon hardening the mixtures apparently act much 
like a rigid wall, and often flow occurs along 
the interface. When remolded specimens are com
pacted directly into a fixed wall permeameter, 
one expects the compaction pressure to seal the 
soil against the permeameter walls. Side flow 
along the walls can be prevented with careful 
test procedures (Mitchell, Hooper and Campanella, 
1965). However, in general one can not be cer
tain of satisfactory results. Also, it is not 
feasible to seal remolded samples with a bento
nite mixture or similar. The same problems with 
side flow can occur in consolidation cells, es
pecially at lower stresses, although in general 
the frequency of flow along the walls appears 
low. From a practical viewpoint, one can never 
be certain that flow along the walls has not 
occurred in a fixed wall permeameter. The re
commended way to obtain satisfactory permeabil
ity measurements is to perform a number of tests 
to check the consistency of the data. Erratic 
values will generally be evident. In addition, 
the authors recommend that at least a few tests 
be performed in a triaxial device, where one can 
be fairly confident that excess flow will not 

occur.

Apart from difficulties with test procedures, 
the use of fixed wall permeameters to determine 
soil permeabilities in hazardous waste disposal 
siting must be questioned. The usual justifi
cation for the use of fixed wall permeameters is 
that undisturbed samples are normally tested, 
and the sample is representative of in situ con
ditions. That is, there is no need for back
pressure, since the soil will never be complete
ly saturated in situ. The authors feel this is 
a nonconservative approach, since there are too 
many uncertainties in the design of a hazardous 
waste disposal site, and the engineer is working 
with imcomplete information. For example, the 

character and quantity of the waste and the 
leachate derived from the waste is usually poor
ly defined, the integrity of the disposal site 
soil cover can never be guaranteed, and the hy
drogeologic conditions can change as a result of 
the construction of the waste disposal site. Al
though these are design considerations beyond 
the scope of this paper, the authors feel that 
in general the maximum, fully saturated values 
of permeability should be determined and util
ized for the design of hazardous waste disposal 
sites.

GRADIENTS

It is virtually impossible to duplicate field 
hydraulic gradients in the laboratory. Test 
times become excessive and it becomes difficult 
to obtain accurate measurements of flows and 
heads at very low hydraulic gradients. Darcy's 
law indicates a linear relationship between flow 
rate and hydraulic gradient. A number of re
searchers have reported the existence of thres
hold gradients, that is, below some critical 
gradient flow does not occur. Other researchers

have attributed these threshold gradients and 
similar non-linearities to experimental errors 
(these references are cited by Olson and Daniel 

(1981)). The investigations noted above, deal 
with very low gradients (well below 1.0), and 
gradients of 5 and greater are normally used for 
the tests discussed in this paper. For practi
cal purposes Darcy's law can be considered valid 
over a wide range of gradients, as demonstrated 
by many researchers (Silva, Hetherman, and Cal- 
nan, 1981; Olson and Daniel, 1981). If exces
sively high gradients are used, piping or parti
cle migration can occur, adversely affecting 
permeability measurements. The maximum gradient 
that can safely be used will depend on the speci
fic soil type, however, problems rarely occur 
with gradients below about 20. Therefore, the 
recommended range of gradients is about 5-20, 
and gradients near the low end of the scale are 
preferred. If there is doubt as to the linearity 
of flow versus gradient, a number of different 
gradients should be utilized for verification.

VOID RATIO

The soils of interest in hazardous waste dis

posal studies are usually at shallow depths, 
resulting in low overburden pressures and effec
tive stresses. Often it is difficult to dupli
cate the in situ void ratio, or permeability 
testing at the in situ void ratio leads to ex
cessive test times. Therefore, extrapolation to 
the field void ratio is required, necessitating 
the determination of the permeability-effective 
stress relation. A thorough literature search 
and the authors' own test results indicate that 
the relation between permeability and the log 
of effective stress can be assumed to be linear. 
Slight deviations from linearity are of no prac
tical significance, providing the extrapolation 
is not extended beyond about a log cycle. This 
is generally quite feasible. Typical results 
are shown in Fig.2, an investigation carried 
out for the purpose of locating a hazardous
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Fig.2 Typical Void Ratio and Permeability 
vs. Effective Stress Plots
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waste disposal site in upstate New York to con
tain dredged sediments contaminated with PCB 
(Ziimnie and Tofflemire, 1977; Malcolm Pirnie, 
1980). The clay was tested in a backpressure 
consolidometer, but all permeability measure
ments were done at effective stresses above the 
existing overburden stress (po)• The permeabil
ity versus effective stress relation is quite 
linear, and the extrapolation back to po yields 
a permeability of about 3.0 x 10 - 8 cm/sec.

CONSOLIDATION THEORY

Permeability can be calculated from the results 

of conventional consolidation tests, utilizing 
Terzaghi's Theory (Olson and Daniel, 1981).
From numerous tests over a period of twenty 
years, Olson and Daniel (1981) report that the 
ratio of measured permeability to permeability 
determined from consolidation theory can vary 
from about 0.9 to 1000. This ratio is quite 
variable, and dependent on soil type. The values 
of permeability determined from consolidation 
theory are almost always less than the measured 
values, a nonconservative result relative to 
hazardous waste disposal sites. Therefore, the 
use of consolidation theory to determine perme

ability values is not recommended.

PERMEANT

The soil below a hazardous waste disposal site 
may be permeated with leachates containing many 
complex chemicals. Although these chemicals can 
radically affect the soil permeability (D'Appol- 
onia, 1980), usually there is little information 
available on the chemistry of the leachate at 
the time of site investigations. In some in
stances, the character of the waste and hence 
the leachate is known. Tests should then be 
done using various concentrations of leachate to 
determine the effect of permeability. When this 
approach is not feasible, the preferred permeant 
is a field ground water sample. If it is not 
feasible to use ground water, local tap water 
can be utilized. The use of distilled water is 
not recommended, as it can cause large changes 
in permeability (Olson and Daniel, 1981).

CONSTANT HEAD VERSUS FALLING HEAD TESTS

When testing coarse grained, highly permeable 
soils and when utilizing very low gradients for 
fine-grained soils, the differences between con
stant head and falling head permeability tests 
may be significant. However, the tests describ
ed herein are essentially all constant head tests. 
As noted previously, the recommended gradients 
are between 5-20. For typical size laboratory 
samples, and typical testing times, the measured 
volume of water flowing through the sample will 
be small. If a small diameter measuring tube is 
utilized to determine the flow rate, or head 
change, the difference in readings will be a 
few cm. Effectively, one is doing the same 
thing in both tests, except in one case read
ings are converted to a flow rate and in the 
other to changes in head. However, in the fall
ing head test, the change of head is small and 
thus the gradient changes very little. If the

average head in a falling head test is used to 
compute the gradient, and a constant head test is 
performed using this average gradient, identical 
results should be theoretically be obtained.

CONCLUSIONS

Some of the major conclusions applicable to per
meability testing for hazardous waste disposal 
siting studies are:
1. The maximum, fully saturated permeability 
value should be determined. It is necessary to 
utilize backpressure to properly saturate the 
specimen whether or not the actual permeability 
test utilizes backpressure.
2. Excess side flow along the sample can be an 
important source of error. The use of triaxial 
devices utilizing flexible membranes appears to 
be the best way to eliminate side flow.
3. The use of permeability values obtained in 
rigid wall permeameters is not recommended for 
hazardous waste disposal studies.
4. It is practically impossible to duplicate 

field gradients in the laboratory. In the range 
of gradients normally used (about 5-20), Darcy's 
law is valid.

5. A linear relation between permeability and 
the log of effective stress can be assumed for 
extrapolations to the low effective stresses 
characteristic of soils underlying waste dis
posal sites.

6. Consolidation theory should not be used to 
compute permeability values.
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