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SYNOPSIS: L abora to ry  falling-head and constan t-head  flow m easurem ents during IL o r  C R S oedom eter tests, as well as po re  w ater pressure 

m easurem ents during  CR S oedom eter test, provide reliab le  inform ation on perm eability o f natural soft clay deposits. T he sim pler falling-head m easurem ent 

during IL  oedo m ete r test, which does not requ ire  sophisticated  equipm ent for contro l and accurate m easurem ent o f po re  w ater pressure, may be preferred. 

How ever, reliable CR S oedom eter test is the m ost efficient in providing inform ation on com pressibility and perm eability o f soft clays. Effect of pore size 

and p o re  shape is included in term s o f activity and  clay size fraction  in an em pirical perm eability-void ratio  relationship for soft clays, that may be used to 

estim ate in situ k,,, from  e0 to  which C* is also re la ted . Soft clays o f  m arine  origin display insignificant perm eability  anisotropy, and k ^ /k ^  of lacustrine 

d ay s rarely  exceeds 5 and often  is less than  3.
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INTRODUCTION

Analysis of water flow in saturated soils is based on the Darcy flow 

equation (Darcy, 1856):

v, -  -  *, (»)

where in the macroscopic or apparent flow direction s : v, is discharge 

velocity, i, is hydraulic gradient, and k, is permeability. The form of the 

Darcy equation of motion of fluid has been repeatedly confirmed for 

water flow through soft clays (e.g., Tavenas et al., 1983a). Mathematical 

analyses of flow through porous media as well as experimental results on 

day  minerals (M esri and Olson, 1971), have demonstrated that 

permeability is mainly determined by the size of individual pores normal 

to s-direction, shape of pores along ̂ -direction, and total volume of pores 

per unit area normal to s-direction. Soil partide  size, often dictated by 

mineralogy and aggregation or dispersion, determines individual pore size, 

p artide  shape and arrangement determine pore shape, and partide  size, 

shape and arrangement together determine porosity. In stiff clays and 

shales, macropores produced by fissures and joints exert a major influence 

on permeability (M esri and Cepeda-Diaz, 1987).

Most soft day  deposits of marine and lacustrine origin are composed of 

a mixture of minerals that often include illite and chlorite as well as 

substantial amounts of quartz and feldspar, and some smectite, micas and 

carbonates. Furthermore, the fabric of soft clays is often flocculated or 

aggregated. It is therefore difficult to define pore size and shape for 

natural soft clays in terms of such param eters as specific surface and 

tortuosity factor that appear in the Kozeny-Carman permeability equation. 

However, total volume of voids is readily defined in terms of void ratio or 

porosity. Thus, information on permeability at any void ratio, that may be 

required for steady seepage or transient consolidation analyses in soft 

days, is evaluated directly by laboratory or in situ tests.

LABORATORY EVALUATION OF PERMEABILITY OF SOFT CLAYS

Most post-glacial soft clay deposits are sufGriently uniform to justify 

laboratory permeability tests using small day  specimens. These

measurements, which are generally obtained as a part of oedometer 

testing, provide information on permeability in vertical and horizontal 

directions at in situ void ratio, k™ and k^,, as well as on the decrease in 

permeability with a decrease in void ratio in terms of e - log k, and e - 

log k,, relations or values of Cj equal to Ae/A log k, and Ae/A log k .̂ 

Successful tim e-rate of settlement and pore water pressure analyses for 

full-scale construction projects on soft day deposits, using permeability 

data from laboratory tests, tend to confirm the reliability of these 

measurements (Mesri and Choi, 1985; Mesri and Lo, 1986,1989; Mesri et 

aL, 1988; Lo, 1991). This is quite fortunate because only certain special in 

situ perm eam eters (e.g., self-boring, non-clogging probes) and testing 

procedures, provide reliable information on kto; and no information on k„ 

and C , is readily obtained from the in situ measurements (Tavenas et al.,

1986). In fact, for soft days with k^/k^, -  1, excellent agreement has been 

found between laboratory and reliable in situ permeability test results 

(Mesri and Choi, 1987). For certain varved days, specimens larger than 

those used in standard oedometer tests may be required for determining 

k» (Chan and Kenney, 1973; Tavenas et al., 1983a; Leroueil et al., 1990), 

and in one case, seepage analysis of a full-scale soft clay ground was 

carried out to confirm laboratory kto measurements (Kenney and Chan, 

1973). Several alternatives are available for determining coefficient of 

permeability during laboratory oedometer tests. These include falling- 

head or constant-head permeability tests during incremental loading (IL) 

or constant rate of strain (CRS) oedometer tests, calculation of 

permeability using the pore water pressure measurements during the CRS 

test, and calculation of permeability using the Terzaghi time factor 

together with the coefficient of consolidation and end-of-primary (EOP) 

e  - o ' determined during the IL oedometer test.

SOFT CLAYS

The high quality 20 cm or 25 cm diam eter undisturbed soft clay samples 

used in this investigation were taken with the Laval or Sherbrook samplers 

(La Rochelle et al., 1981; Lefebvre and Poulin, 1979), except the Boston 

Blue clay, the 25 cm block samples of which were hand-carved from a deep 

excavation site in Boston (Ali, 1992). The permeability testing program 

induded nine post-glacial soft clays from Eastern Canada, one post-glacial 

soft day  from the Eastern Central coast of Sweden, and two days from the 

United States. The soft day samples are identified in Table 1.
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Tabic 1. Index Properties of Soft Clays

Clay W o

%
W L

%
W P

%

CF

%
< o

kPa ° p  K „

St. Hilaire 61-84 55 23 77 83 1.4-1.6
St. Esprit 73-92 75 27 76 37 3.0-3.3

St. Alban 1 58-64 43 21 40 33 2.1-3.4

La Grande 15b 55-59 62 26 53 42 2.8-3.0

La Grande 23a 55-58 64 26 52 83 1.8-2.0

Boston Blue 27-30 32-36 17 36-44 155 3.3
Vasby 1 94-122 121 40 67 28 1.2-1.3
Vasby 2 91-102 108 36 67 36 1.2-1.3

Atchafalaya 52-78 82 33 61 100 1.1-1.2

Batiscan 71-88 49 22 80 45-53 1.6-1.7

Broadback 2 42 28 19 46 55 2.2-2.4

Broadback 6 48 36 25 67 2.6-3.2

Berthierville 57-70 46 24 36 39 1.4-1.5

TESTING AND INTERPRETATION PROCEDURES

Permeability of the soft clays was determined using 6.35 cm diameter and 

1.91 cm high oedometer specimens. The clay specimen was trimmed using 

a wire saw directly into a highly polished stainless steel confining ring 

which was coated inside with a thin film of high-vacuum silicon grease. 

The specimen was separated from the top and bottom porous stones by a 

Tetko polyester screen (HD7-6). All tests were carried out in a 

temperature controlled environment at near 20° C.

The falling-head permeability measurements were carried out during the 

secondary compression stage of IL standard oedometer tests, without a 

back-pressure. The following equation was used to compute permeability 

at a particular void ratio:

2.3 a L

A '2 - ' , )

h. 

108 h2
(2)

where a (= 0.129 cm2) is the cross-sectional area of the standpipe, A is the 

area of the specimen, L is the height of specimen, h is total head, and t is 

elapsed time. In the falling-head permeability testing program, the 

hydraulic gradients were in the range of 3 to 114. In the total of over ISO 

falling-head permeability measurements, log h - t relations were linear 

during test durations that ranged from 1000 to 9000 minutes (Feng, 1991; 

Hayat, 1992; Ali, 1992).

Constant-head permeability tests were performed after relaxation at 

selected void ratios during CRS oedometer tests as well as during 

secondary compression stage of IL tests. Permeability was calculated 

from:

L Q2 - Q t

A hL
(3)

where hL is the constant head loss through the specimen and Q is the 

quantity of flow measured during elapsed time t. In over 90 constant-head 

permeability measurements, with values of hydraulic gradient in the range 

of 19 to 84, the Q - 1 relations were linear for test durations that reached 

up to 10,000 minutes (Feng, 1991; Hayat, 1992; Ali, 1992).

An imposed axial strain rate e, equal to 10 ep is recommended for 

obtaining reliable information on both e - log o ' and e - log k, or e - log 

It» from CRS oedometer test (Mesri and Feng, 1992). The EOP strain

rate, results in near-zero excess pore water pressure at the bottom of 

the specimen, in recompression as well as the compression range. The

e, = 10 ep leads to values of u^/o. in the range of 3 to 15%, allowing 

calculation of k, or k  ̂from the following equation:

1WL

2 u \

A L 
At

(4)

where yw is unit weight of water, u£ is the measured excess pore water 

pressure at the bottom of specimen, and AL/At is the imposed axial 

deformation rate. Equation 4 is based on the Darcy flow equation, 

assuming a parabolic distribution of excess pore water pressure between 

the drainage boundary at the top and the impervious boundary at the 

bottom of the specimen (Mesri and Feng, 1992). In a total of 20 CRS 

oedometer tests for which it was possible to compute e - log k using Eq. 4, 

for comparison, direct constant-head permeability tests were also carried 

out at several void ratios. The CRS oedometer tests, for which reliable 

measurement of pore water pressure is of paramount importance for both 

e - log o ' and e - log k evaluation, were carried out inside a special 

oedometer (Mesri and Feng, 1992).

Permeability can be computed by analyzing the deformation-time curve of 

an IL oedometer test using a theory of consolidation. The Terzaghi 

Theory of consolidation is commonly used and k, is computed from the 

definitions of the coefficient of consolidation and time factor, which 

lead to:

H1
k  -  0.2 y .  m  H - (5)

where n ,  = Aev/A o ' is the coefficient of compressibility which is 

obtained for the particular pressure increment from EOP ev - o ,̂ H is 

maximum drainage distance, and the Terzaghi time factor of 0.2 

corresponds to the elapsed time of t*, required to complete 50% primary 

consolidation. The Casagrande method (Casagrande and Fadum, 1940) 

was used to define t*, from the d - log t curve. The EOP compression 

defined by the Casagrande method is almost identical to that defined by 

excess pore water pressure measurements (Mesri and Feng, 1992).

TEST RESULTS

Typical constant-head and falling-head test results are shown in Figs. 1 

and 2. These as well as other measurements (Feng, 1991), confirm 

previous careful investigations of the validity of the form of the Darcy flow 

equation in soft clays (e.g., Tavenas et al., 1983a). In both the IL and CRS 

tests, during permeability measurements the (e, o ') point was below the 

EOP e - log o ' curve. Thus, seepage gradients associated with 

permeability tests and volume changes associated with secondary 

compression had an insignificant effect on the permeability 

measurements. Excellent agreement between constant-head and falling- 

head permeability tests is illustrated in Fig. 3 by the permeability 

measurements on 18 specimens of Berthierville clay. Figure 3 also shows 

the in situ permeability determined at the sample elevation by variable 

head in situ tests in PERMAC permeameter (Tavenas et al., 1986).

Excess pore water pressures measured at the bottom of the specimen, 
expressed in terms of u£/ov where ov is the total vertical stress, as well as 

the actual axial strain rates, during the CRS oedometer tests on Batiscan 

clay are shown in Fig. 4. Test BA-7 which was carried out with e, =* 

resulted in near-zero excess pore water pressures which could not be used 

to compute k, by Eq. 4. On the other hand, the u£ measurements, in the 

remaining 3 tests together with Eq. 4 resulted in the e - log k, relations 

that are in excellent agreement with the direct constant-head k, 

measurements in Fig. 5. The values of k, from the CRS e - log k, at void 

ratios where direct permeability tests were carried out are compared with 
the directly measured k, in Fig. 6. In general, the agreement is excellent 

which confirms a previous similar conclusion (Larsson, 1986).
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Previous attempts to compute It, or It» from Eq. 5 have not been generally 

very successful, and computed values of k, as small as 1/10 of the directly 

m easured values have been reported (Tavenas et al., 1983b). There are 

fundamental reasons that may lead to a discrepancy between the 

computed and actual permeability of a clay. These include changes in 

compressibility and permeability of day  during a pressure increment, as 

well as the resistance of clay structure to compression. These are not 

taken into account in the Terzaghi consolidation theory. However, these 

factors can be minimized by excluding recompression-compression effect 

during a pressure increment such as when the preconsolidation pressure 

o ' is spanned, and by avoiding very small or very large pressure increment

ratios. For example, a significant preconsolidation pressure effect 

develops when large secondary compression takes place under a pressure 

increment previous to the one with a small load increment ratio (Mesri,

1987). The values of It, were computed using Eq. 5 and d - log t curves for 

load-increment ratios within 1/2 to 1. Secondary compression under the 

previous pressure increment did not exceed 25% of the primary 

compression under the current increment from which tjo was obtained. 

The computed values of k^ shown in Fig. 7, are within 1/2 to 1 of the 

directly measured The largest discrepancy, for example for

Berthierville and St. Hilaire clays, is observed for the pressure increments 

spanning the preconsolidation pressure o '. Apparently, large increase in 

compressibility from the recompression to compression and the associated 

change in resistance of clay structure to compression, contribute to the 

significant difference between the k, computed using Eq. 5 and actual 

permeability.

PERMEABILITY OF SOFT CLAYS

The pore size and shape of each soft clay deposit lead to a particular 

relationship between permeability and void ratio, as is illustrated in Fig. 8. 

An attempt has been made to include pore size and shape effects in terms
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Measured kv , m/s 

Fig. 6. k, from CRS u£ compared to direct measurements

of clay size fraction, CF = % < 2\im  and activity, A, = Ij,/CF, in the 

relationship between permeability and void ratio. The resulting empirical 

relationship, which is shown on Fig. 9, may be used to estimate e - log 1c, 

for any soft clay with a particular set of CF and Ip, as was proposed by 

Tavenas et al. (1983b). The relationship on Fig. 9 is also used to obtain in 

situ permeability of soft clay deposits in terms of A, and e„/CF in Fig. 10. 

Permeability is a function of activity because latter indicates mineralogy 

which determines particle size and thus pore size. Permeability is directly 

related to eol but it is inversely related to CF, high values of which indicate 

small and tortuous pores. Data points in Fig. 10 show that proposed 

empirical relationship provides an adequate estimate of of soft clays in 

terms of A* and e„/CF. The values of in situ permeability of soft clays are 

near 1 x 10’’ m /s. In fact, the values of for a majority of soft clays fall 

within the narrow range of 5 x 10'10 m /s to 5 x 10'9 m /s for a number of 

reasons. As the clay mineral and organic content decrease, or as the soft 

clays become more and more silty, under natural sedimentation- 

consolidation conditions they come to equilibrium at smaller and smaller 

void ratios. Thus, the combination of large void ratios but small void sizes 

in the high plasticity clays, is balanced by the smaller void ratios but larger 

void sizes in the silty clays. Furthermore, the flocculated or aggregated

10- "

10“"  10-10 10-9 10-8 10-" 10-'° 10-9 10"8 

kv (measured), m/s

Fig. 7. k, from IL c, compared to direct measurements

fabric which is most common in soft days m inim m» the effect of mineral 

composition on the size, shape and total volume of pores.

CHANGE OF PERMEABILITY INDEX

It is quite unfortunate that in an e - log k relationship, the independent 

variable e is expressed in terms of the dependent variable k, thus resulting 

in the so-called ‘change of permeability index’, Ci = Ae/A log k. For a 

given change in void ratio, large values of Cj imply small changes in 

permeability whereas the small values of Cj correspond to large changes 

in k. For example, very small values of Cj correspond to fissured stiff days 

and shales for which the dosing of the fissures in the recompression range 

lead to a large decrease in permeability for small decreases in void ratio 

(Mesri and Cepeda-Diaz, 1987). The shape of e - log k according to 

permeability equations such as the Kozeny-Carman, as well as 

measurements on soft clays, is such that in general Cj gradually decreases 

with vertical compression. However, the initial portion from (eot k„, or 

1 ^ ) up to about 20% vertical strain can be represented by a constant value 

of Ci- These values of C* have been previously correlated to the 

compression index Cc = Ae/A log o'  just beyond the preconsolidation 

pressure, and typical values of C J C c in the range of 1/2 to 2 have been 

reported (Mesri and Rokhsar, 1974). Choi (1982) reported an increase in 

Cj from 0.2 to 10 with the plastidty index increasing from 10 to 1000%. 

For natural soft days, an empirical correlation for Cj exists with the in situ 

void ratio e„ (Tavenas et al., 1983b). This is illustrated in Fig. 11 together 

with the data from the present study. The direct correlation between Cj 

and e„ implies that for a given decrease in void ratio, clay compositions 

which have stabilized at small void ratios experience a larger decrease in 

permeability than those clays which have high in situ void ratios. An 

explanation for this behavior is that for typical foundation and 

embankment loads, the compression of the latter clays primarily involves 

particle rearrangement, whereas that of the former clays, includes in 

addition the breakdown of clay floes and aggregates. This explanation is 

also consistent with the decrease in Cj with vertical compression of soft 

clays. The empirical relationship C , = (0.5) e„ is applicable only to soft 

clays and silts (Mesri and Cepeda-Diaz, 1987).

PERMEABILITY ANISOTROPY IN SOFT CLAY DEPOSITS

A number of independent factors can lead to permeability anisotropy in 

soft day  deposits. One factor is inherent clay fabric anisotropy which is 

related to the possible predominant horizontal orientation of plate-shaped 

or elongated clay mineral particles. However, most soft clay deposits of 

marine origin consist of a more or less homogeneous mixture of day 

minerals which are flocculated or aggregated and space lattice minerals, 

leading to an overall random fabric. Thus, in soft days of marine origin, 

k fe /l^  rarely exceeds 1.5 and often is near 1.0 (Ladd, 1976; Leroueil et aL,

kv, m/s

Fig. 8. e  - log k, of soft clays
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Fig. 9. e - log k„ in terms of A,, and CF

CONCLUSIONS

Laboratory permeability measurements during oedometer test, as weO as 

permeability calculations from pore water pressure measurements during 

CRS oedom eter tests provide reliable information on permeability 

characteristics of soft clay deposits. The advantage of IL oedometer test 

together with falling-head permeability measurements during secondary 

compression, is that it does not require sophisticated equipment and 

controls. However, reliable CRS oedometer les t is most efficient in 

producing information on both the compressibility and permeability of soft 

days. Im portant effects of pore size and shape on the permeability-void 

ratio relationship of soft clays are induded in terms of activity A, and day 

size fraction CF. The resulting empirical equation provides good estimate 

of It*, in terms o f \ , CF and e„. However, C , of soft clays is practically 

independent of A , and CF and is directly related to e„. The values of 

k^/k*, for soft clay deposits of marine origin are generally near one. For 

lacustrine varved days, the values of k ^ /k ^  are often less than 3, and 

rarely exceed 5 and reach values as high as 10.

0 2 4 6 8

eo/CF

Fig. 10. k,,, - e0/C F  relationships for different A,.

1990). The second source of possible permeability anisotropy is the 

varved nature of lacustrine soft clay deposits (Chan and Kenney, 1973; 

Kenney and Chan, 1973; Kenney, 1963, 1976). However, even in varved 

clay deposits, rarely exceeds 5 and often it is less than 3. This has

been convincingly explained by Kenney (1963, 1976) in terms of the 

gradual as opposed to abrupt gradation and permeability variation in the 

vertical direction within the varves. LeroueU et al. (1990) report that for 

varved clays Cj of e - log k,, is larger than C, of e - log In other words, 

permeability anisotropy increases with vertical compression. The 

proposed reason is that compression which has a significant effect on 

permeability of the clay varve that controls does not have as much 

influence on permeability of the silt varve that mainly determines k,. 

Existing data on kto/k „  from the literature (e.g., Tavenas et al., 1983b; 

Leroueil et al., 1990) together with data from the present study including 

values back-calculated from a comparison of observed and computed 

settlements and pore water pressures under embankments on soft clays 

(Lo, 1991), are summarized in Fig. 12. The magnitudes of k^/k^, as large 

as 10 apparently correspond to very segregated varved clay deposits (Ladd 

and Wissa, 1970).

The third factor that may lead to k ^ /k ^  greater than one in soft clay 

deposits is stratification by thin, especially horizontally continuous, silt or 

sand layers and lenses. The continuous pervious layers, if are identified 

during subsurface investigations, can be treated as freely draining 

boundaries or as sublayers with high permeability. However, horizontally 

discontinuous inclusions of silt and sand which contribute to k*, especially 

when vertical drains are used, must be taken into account in terms of an 

overall increased value of k ^ /k ^ .

Void Ratio, e0 

Fig. 11. Cj - e„ of soft days

kvo, m/s

Fig. 12. k *  o f soft clays as compared to k*,
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The undisturbed samples of soft clays, except Boston Blue clay, were 

supplied by G. Lefebvre of Sherbrook University and S. Leroueil of Laval 

University. Block samples of Boston Blue clay were hand-carved from an 

excavation site with the assistance of Haley and Aldrich of Cambridge, 

Massachusetts. This research was carried out as a part of the United 

States National Science Foundation Grant MSS-8911899. These 

contributions are gratefully acknowledged.
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