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Intrinsic properties of permeability 

Les proprietes intrinseques de la permeabilite

B.G .C Iarke & C .-C .C hen -  University of Newcastle upon Tyne, UK

ABSTRACT: Apparatus has been developed so that the coefficient of permeability can be determined at low hydraulic gradients over a 

range pressures of between 25 kPa and 5400 kPa. The apparatus consists of a flexible wall permeameter, a flow pump, Newcastle type 

burette volume gauges, and low and high pressure systems. Tests on reconstituted till and kaolin have shown that the coefficient of 

permeability varies with void ratio and hence effective stress both during normal compression, and swelling and recompression. The normal 

compression data lie on the intrinsic compression line, whereas the swelling data lie within a band defined in terms of void ratio and an 

intrinsic swelling index. An intrinsic permeability index is defined such that a unique line may exist between that and void index for 

normally consolidated clays. Data for over consolidated soils fall within a narrow band when the intrinsic permeability index is expressed in 

terms of an intrinsic swelling index.

RESUME: L’appareil a ete con<?u de fa<?on a ce que le coefficient d’impermeabilite puisse etre determine a des gradients hydrauliques 

faibles dans une serie de pressions allant de 25kPa a 5400 kPa. L’appareil se compos d’un permeametre a paroi flexible, une pompe 

d’ecoulement, des jauges de volume a burette de type Newcastle et des dispostifs de basse et haute pression. Des tests cur till et kaolin 

reconstitues ont montre qu’au cours de la compression normale ainsi qu’au cours du gonflement et recompression le coefficient 

d’impermeabilite change dans le cas d’un taux nul et par consequent d’une contrainte effective. Les donnees de compression normale se 

situent sur la ligne de compression intrinseque tandis que les donnees de gonflement se trouvent dans une zone delimitee par un taux nui et 

un indice de gonflement intrinseque. Un indice de permeabilite intrinseque est defini, dans le cas d’argiles normalement consolidees, par 

l’existence eventuelle d’une ligne unique situee entre cet indice et un indice nul. Les donnees correspondant aux sols surconsolides se 

situent dans une zone etroite ou l’indice d’impermeabilite intrinseque se traduit par une indice de gonflement intrinseque.

1 INTRODUCTION

In recent years there have been significant developments of robust, 

consistent frameworks that help describe the behaviour of soil. 

These, together with improvements in instrumentation, have 

allowed ground investigation data to be interpreted to obtain 

strength and compressibility characteristics which are used to 

predict, with some confidence, ground movements using 

numerical techniques.

The fourth dimension, time expressed as permeability or 

hydraulic conductivity, has not received the same attention. Errors 

arise (e.g. Vaughan, 1994) because of the common assumption 

that permeability is constant. At shallow depths, in soils in which 

void ratio varies with depth, in normally consolidated soils, or 

when the applied load is significant this assumption is no longer 

reasonable.

The coefficient of permeability, k, can be determined directly 

from constant head triaxial tests. Specimens are consolidated to 

the mean in situ stress under a back pressure exceeding 100 kPa to 

ensure saturation. Hydraulic gradients in excess of 50 may be used 

to maintain sufficient measurable flow and reduce the time of 

testing. This, at best, leads to seepage induced swelling and, at 

worse, local hydraulic fracture. This implies that the permeability 

measured does not represent that at the in situ stress.

Laboratory measured permeability may not be representative of 

the in situ permeability not because of the stress level but because 

permeability will be a function of the in situ macro fabric. The use 

of intrinsic values of permeability measured in the laboratory 

under low hydraulic gradients in which the effects of fabric are 

removed together with a geological description of the fabric may 

provide a robust framework to enable realistic assessments of in 

situ permeability to be made.

2. PERMEABILITY TESTING EQUIPMENT

Direct laboratory measurements of permeability can be made using 

a variety of equipment (Daniel, 1994). These include rigid wall 

permeameters, allowing vertical or radial flow, and flexible wall 

permeameters, allowing vertical flow. Flow can be created by a 

constant hydraulic gradient or a hydraulic gradient can be created 

by a constant flow.

Typically, tests on clays last between two weeks and several 

months (Benson and Daniel, 1990) if low hydraulic gradients are 

used. It is possible to accelerate a constant pressure test by 

increasing the hydraulic gradient. This causes seepage induced 

swelling creating a significant variation in effective stress, and 

hence void ratio, across a specimen. This in turn would result in a 

variation in permeability across a specimen. Further, it is not 

possible to set low effective stresses because of the excessive, 

unrealistic hydraulic gradients.

The constant flow technique (Olsen et al, 1985), using an 

accurate flow pump and sensitive volume change gauges, permits 

permeability tests to be carried out at low hydraulic gradients, and 

over a range of effective stresses. The apparatus, Figure 1, 

described by Araruna et al (1995a) and modified for high 

pressures, was used to determine the permeability of specimens 

consolidated at pressures between 25 kPa and 5000 kPa. Low 

confining pressure (< 1600 kPa) permeability tests were 

conducted using standard acrylic triaxial cells; high pressure 

permeability tests were conducted using a stainless steel triaxial 

cell. Three types of pressure systems were used to provide cell 

pressures of up to 5 MPa. A regulated compressed air system was 

used for pressures up to 1 MPa, a standard oil/water interface was 

used to create pressures up to 1.7 MPa, and a oil/gas system was 

used for pressures exceeding 1.7 MPa (Clarke et al, 1996).
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Figure 1 The triaxial permeability equipment showing the key 

components

The back pressure, a low pressure, was created using precision 

regulators on a compressed air supply. A low pressure system 

ensured that volume changes of the specimens, indicated by the 

movement of pore fluid, would be measured at the same accuracy 

over the complete range of confining pressures.

Back pressure was applied through the base of a specimen 

during saturation, and drainage against a back pressure was 

permitted from both ends of a specimen during consolidation. The 

back pressure was applied through a volume change unit, the 

Newcastle burette system (Araruna et al, 1995b). The burette 

system has an advantage that the accuracy is the same for large or 

small changes in volume because tubes of different bores are used 

during different stages of a test. Further, it has no moving parts 

which reduces potential problems associated with system 

compliance, allows the system to be checked for leaks, permits 

measurements of seepage induced consolidation to be made and 

the outflow to be measured accurately.

The flow pump consists of a stainless steel syringe mounted in a 

standard variable-speed driver typical of those used in the medical 

profession. The pump has a synchronous motor and a linear gear 

box to give thirty accurate speeds ranging between 1.26 x 10'2 

mm/s and 6.30 x 10'7 mm/s. The flow rate is a function of the 

speed of the pump and the internal diameter of the syringe. An 8 

ml capacity syringe, capable of producing flow rates ranging from

4 ml/hr to 0.0002 ml/hr, is suitable for testing if k of less than 10'8 

m/s. A larger syringe extends the range to 10"* m/s.

3. TEST PROCEDURE

This test is based on the principle that a permeant is forced into 

the specimen at a controlled rate using a flow pump while a

differential pressure transducer monitors the gradient induced over 

the length of a specimen. The amount of water expelled from the

pore spaces of the specimen is measured by the outflow volume 

change unit. Inflow is controlled so the outflow data is redundant 

though it does allow the system to be checked for leaks.

The saturation and consolidation procedures, described in detail 

by Araruna et al (1995a), were similar to those prescribed in 

BS1377.1990 and ASTM D 5084-90. Both BS1377:1990 and 

ASTM D 5084-90 state that consolidation is deemed to be 

complete when the excess pore pressure is 5% of the maximum 

but for measurements of permeability at low hydraulic gradients it 

is necessary to ensure full dissipation of excess pore pressure. 

Typically for clays with k ranging between 10-8 and 10-12 m/sec 

and 100 mm long specimens, consolidation using single ended 

drainage takes place in 24 to 150 hrs.

An isotropically consolidated triaxial permeability test with 

several consolidation and permeation stages on a single specimen

took over two months to complete. Double drainage was used in 

these tests in order to reduce the time for a test. Single drainage 

would have quadrupled that time. Experimental evidence showed 

that it was possible to measure the end of consolidation using the 

more accurate volume gauges.

Water is forced into the specimen during permeation at a very 

low and constant rate by the flow pump. It is unnecessary to use 

pore fluid as the quantity of fluid displaced during a single stage of 

a test is less than 0.1% of the total volume of pore fluid, that is the 

measured permeability represents the movement of the pore fluid 

through the specimen. In these tests, up to thirteen increments of 

pressure were applied and thirteen permeability tests conducted on 

a specimen resulting in less than 0.5% of pore fluid being 

displaced. That is the measured permeability in a test is still that 

due to the flow of pore water through the soil.

The quantity of fluid forced into the specimen is fixed by the 

speed of the motor and the size of the syringe but the induced 

hydraulic gradient is a function of the permeability of the specimen 

as well as the flow rate. The motor speed and syringe capacity are 

varied between soils so that flow rates of between 10° ml/s and 

10-7 ml/s can be set thus allowing hydraulic gradients of less than 

ten to be created.

Figure 2 shows a typical set of results from a test on 

reconstituted till. It shows that the difference between outflow and 

seepage induced consolidation (measured directly by a volume 

gauge attached to the cell) is approximately equal to the inflow, 

and that steady state conditions are reached. The stage is finished 

when the measured head difference is reasonably constant. The 

fluctuation in head difference arises because of small variations in 

line pressure and flow rate, both of which are within acceptable 

limits (ASTM D 5084-90).

time hrs

Figure 2 A typical result of a flow pump test

An aim of these tests was to study the relationship between void 

ratio and permeability. A specimen was isotropically consolidated 

or allowed to swell in stages with a permeation test being 

conducted at each stage.

4. TEST RESULTS

Burland (1990) suggested that a study of the intrinsic properties 

of a reconstituted soil would provide a robust framework for the 

interpretation of site investigation data. Samples of lodgement tills 

and kaolin with the properties given in Table 1 were used. The 

tills, obtained from a major opencast site, are typically stiff to very 

stiff sandy clay with gravel, containing some boulders and lenses 

of sand and gravel, and laminated clay. The clay size fraction of 

the tills, which represents about 20 to 40% of the total mass of 

soil particles, is made up of kaolinite, illite and quartz, the latter 

being rock flour.

A fabric free slurry was made by increasing the water content 

until it was 150% of the liquid limit. A slurry of kaolin was made 

by adding water to kaolin powder. Water was added to the natural
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till after gravel had been removed. A slurry was one dimensionally 

consolidated under a predetermined pressure to form a sample 

from which specimens were taken for permeability testing. 

Preconsolidation pressures of 100 kPa, 350 kPa and 500 kPa were 

used. Thus, all specimens were overconsolidated at the start of a 

test series.

Table 1 Properties of the clays

kaolin lower till

brown

upper till 
mottled

PL 35 15 19 25

LL 61 28 39 56

PI 26 13 20 31

class C C C C

clay fraction (CF) 42 17 28 53

activity (AC) 0.62 0.76 0.71 0.57

The compression curves shown in Figure 3 represent different 

soil specimens, the specimens being preconsolidated one 

dimensionally to different pressures.
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Figure 3 The compression curves taken from the consolidation 

stages of the triaxial permeability tests

5. DISCUSSION

It is generally accepted that the permeability of clays is a function 

of void ratio, mineral type and content, and the properties of the 

pore fluid (e.g. Kozeny, 1927, Carman, 1939, Samarasinghe et al, 

1982, and Mesri et al, 1994). Many empirical formulae are based 

on simple relationships between k  and e (e.g. Mesri and Olson, 

1971). Figure 4 shows that k  increases as the void ratio increases 

for both normally and over- consolidated clays.

void ratio

Figure 4 The variation of the coefficient of permeability with void 

ratio

The relationship between clay type and particle size distribution 

is not as clearly defined. The upper tills, both brown and mottled, 

have a similar permeability over the same range of pressure, 

though the void ratios are different. Kaolin, which, in terms of

classification, falls between these two upper tills, is an order of 

magnitude more permeable. Kaolin slurry was prepared with tap 

water whereas the tills contained a significant proportion of 

natural pore fluid, a factor which may have had a significance.

Since void ratio, e, varies with effective stress, a \  and k  varies 

with e it is likely that k varies with a'. The shapes of the curves in 

Figure 5 are similar to compression and swelling curves. As the 

pressure increases k  reduces both for normally and over

consolidated soils. At low pressures the change becomes 

significant supporting Vaughan’s (1994) suggestion that the 

variation in k must be taken into account.

effective stress kPa

Figure 5 The variation of the coefficient of permeability with 

effective stress

6. INTRINSIC PROPERTIES

Burland (1990) suggested that a unique intrinsic compression line, 

ICL, given by Equation (1) exists for all reconstituted clays. This 

line is defined in terms of the intrinsic void index, /„, and the 

vertical effective stress used to compress a specimen one 

dimensionally.

I„ =2.45- 1.285x + 0.015x5 (1)

where x  is logl0(<j\) and U is defined Equation (2) in terms of the 

current void ratio, e, and the void ratios at 100 kPa, e*ioo, and 

1000 kPa, e*iooo.

100j e -  e*

V £ * — p * ̂ 100  ̂ 1000

(2)
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Figure 6 The intrinsic swelling band for isotropic swelling (after 

Clarke et al, 1996)

Clarke et al (1996) have suggested a similar definition can be 

used for an intrinsic swelling void index, /„, which is expressed in 

terms of the void ratios at effective vertical pressures at OCRs of
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2, e*pc/2, and 20, e*pc/2o, such that:

(3)

A plot of I„ against OCR, Figure 6, shows that the data from the 

isotropic swelling tests lie within a band. This band is centred on a 

line, Equation (4), of a similar form to the ICL but expressed in 

terms of x  which is equal to logio(OCR).

I = -0.242 + 0.738x + 0.196xJ -  0.028x3 (4)

The concept of normalised intrinsic properties can be extended 

to k Equation (5) gives intrinsic permeability indices, ke and ks, for 

normally and over- consolidated states respectively

k = lo8 00 ~ lo6(k *ioo) fo rN C clay

log(k *,„) - log(k *1000 )

log (k) -  log(k *pc/1) for QC clay

(5a)

(5b)

The data for the swelling stages do not lie on a unique line, 

Figure 8, but lie within a narrow band centred on a line given by 

Equation (7).

k. =0.013 + 1.2701

CONCLUSIONS

0.9801 J  + 0.8501 (7)

‘ log(k* )-log(k* )

Tests at low hydraulic gradients and over a range of effective 

stresses show that k varies with pressure both for normally and 

over- consolidated soils.

An intrinsic permeability index similar to the intrinsic void index 

is suggested to allow comparisons to be made between different 

soils.

These results suggest it may be possible to develop a unique line 

for all normally consolidated fabric free fine grained soils that 

relates permeability to void ratio.

The data for overconsolidated fabric free fine grained soils can 

also be expressed in terms of permeability and void indices which 

lie within a narrow band over a wide range of overconsolidation 

ratios.

where k*ioo is the coefficient of permeability at an effective stress 

of 100 kPa, k*iooo at an effective stress of 1000 kPa, and k*pcn 

and k*pcQo are the values of k  at effective vertical pressures at 

OCRs of 2 and 20.

Figure 7 shows the results of the permeation stages on the 

normally compressed specimens expressed in terms of ke and A 

best fit line to all the data is given by Equation (6). This is of a 

similar form to the ICL

0.016 + 0.836 1 -  0.126 I. + 0.014 I (6)
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Figure 7 The relationship between intrinsic permeability index and 

intrinsic void index for normally consolidated clay

1.0

0.8 
S n 
1  0j 
.jro. 

|  o.

= 0.1
8.
.2-0.
V)

1-0.
e
■ -0.

-0.

T.

•
AX

j

0  i  P s '5*
° upper brown till 

• lower till —
C 1

-0.4 -0.2 0.0 0.2 0.4 

intrinsic swelling void index

0.6 0.8
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intrinsic swelling index for overconsolidated clay
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