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Strength of an unsaturated kaolinite clay under suction pressures
La résistance d'argile de kaolinite non saturée sous les pressions de succion 

L.F. Vesga & L.E. Vallejo  
Department of Civil and Environmental Engineering  

University of  Pittsburgh, Pittsburgh, USA 

ABSTRACT 
Unsaturated kaolinite clay specimens were subjected to constant moisture unconfined compression tests and Brazilian indirect tension 
tests.  The levels of applied suction were obtained by drying the samples in a temperature and relative humidity controlled environ-
ment. The results show that there is an inverse linear relationship between the moisture content and the unconfined compression
strength for high moisture contents when the soil is at or close to saturation (saturated and funicular states). The strength remained
almost constant for intermediate values of water content (complete pendular state). A direct linear relationship between the strength 
and the moisture content was observed for the low water content tests (incomplete pendular state); the lower the moisture content the 
lower the unconfined strength. Using the results of the unconfined compression and tensile strength tests a failure envelope was ob-
tained from which the internal friction angle of the clay was calculated. 

RÉSUMÉ 
Les spécimens non saturés d'argile de kaolinite ont été soumis, à taux d’humidité constant, à un test de compression sans confinement 
et au test « brésilien » de tension indirect. Les niveaux de succion appliquée ont été obtenus en séchant les échantillons dans un envi-
ronnement où la température et le taux d’humidité étaient contrôlés. Les résultats montrent qu'il y a une relation linéaire inverse entre 
la teneur en eau et la force de compression non confinée pour les teneur en eaux élevées quand le sol est à ou proche de la saturation
(états saturés et funiculaires). La résistance est restée presque constante pour les valeurs intermédiaires de teneur en eau (état pendu-
laire complet). Une relation linéaire directe entre la résistance et la teneur en eau a été observée pour les essais avec faible teneur en 
eau (l'état pendulaire incomplet); plus le taux d’humidité est faible, plus la force non confinée est faible. En utilisant les résultats des
essais de compression non confinée et de résistance de tension, on obtient une « failure envelope » à partir de laquelle l'angle de frot-
tement interne de l'argile a été calculé. 

1 INTRODUCTION 

The evaluation of the shear strength of unsaturated soils is an 
important area of research in geotechnical engineering. In this 
study, unconfined compression tests and Brazilian indirect ten-
sion tests were done over kaolinite clay samples in order to 
study the shear strength of the material under unsaturated condi-
tions. Prismatic and cylindrical specimens were prepared for the 
compression and indirect tension tests respectively.  

2 LIQUID DISTRIBUTION IN THE PORES 

German (1989) identify three forms of liquid distribution in the 
pores between packed particles. There are saturated, funicular 
and pendular states. Those states are shown in the Figure 1 (a, b 
and c). All the voids are filled with the liquid in the saturated 
state (Figure 1a). The strength of the sample is controlled by the 
meniscus depressions at the sample’s surface. Air bubbles are 
present in the voids in the funicular state and the liquid phase is 
continuous (Figure 1b). There is not continuity in the water 
phase in the pendular state (Figure 1c); a ring of liquid exist at 
the point contacts between neighboring particles but the rings 
do not touch one another (German, 1989). 

He et al (2001) mention that using the scanning force micros-
copy (SFM) they found that the capillary neck between particles 
can disappear if the relative humidity (RH) is low enough to 
produce this effect. As a result of this, there is  a  incomplete 
pendular state (some contacts without a water meniscus) as 
shown in Figure 1(d). 

3 INTERPARTICLE ATTRACTIVE FORCES AND 
EFFECTIVE STRESS 

In a saturated state the inter-particle attractive forces are due to 
the negative pore water pressure (uw) in the pores and the Ter-
zaghi’s effective stress principle applies (Terzaghi and Peck, 
1948)

Figure 1. Stages of water distribution into a group of particles. a) Satu-
rated state. b) Funicular state; air bubbles penetrate into the soil c) 
Complete pendular state; all contacts with meniscus. d) Incomplete 
pendular state; some contacts without meniscus. 

      (a)                                       (b) 

      (c)                 (d) 
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wu−= σσ '                                      (1) 

The inter-particle attractive force increases as the negative 
pore water pressure increases. 

For unsaturated soil there is still an effective stress, but it is 
not simply related to the above mentioned parameters. Cho and 
Santamarina (2001) analyzed theoretically the inter-particle 
forces between spheres  and between disk particles.  Shimada et 
al (2000) analyzed inter-particle attractive forces at a single 
contact point, as well as in assembly of packed equal-sized 
spheres and in assembly of randomly packed non equal-sized 
spheres. 

For two spherical smooth particles of the same radius R, the 
equivalent effective stress σ’eq due to capillarity can be defined 
as the capillary force between particles (F) divided by the effec-
tive area (4R2) occupied by a particle (Cho and Santamarina, 
2001).

The capillary force (F) that the meniscus in a pendular state  
produces on the particle include the pressure of the water acting 
on the cross sectional area of the meniscus (i.e. matric suction, s
= ua - uw) and the surface tension (Ts) acting along the perimeter 
(2πr2) of the capillary neck shown in Figure 2 (Cho and San-
tamarina, 2001). 

The equivalent effective stress becomes 

                       (2) 

The problem with the above equation is that F depends not 
only on the surface water tension (Ts) but also on geometric 
conditions from each particle in the soil (radius, R) and from 
each meniscus (r1 and r2).  From the theoretical analyses of 
Shimada et al (2000) for an assembly of randomly packed non 
equal-sized spheres resulted the relationships between the suc-
tion to the equivalent effective stress shown in Figure 3. As can 
be seen from this graph, for high suction pressures (low water 
contents) the equivalent effective stress tends to be constant. 

Cho and Santamarina (2001) deducted theoretical expressions 
when two disks interact phase to phase with a water layer in be-
tween. The results show a equivalent effective stress increasing 
as the water content is reduced. Kaolinite clay particles are 
plate-shaped that would be represented in good way using this 
kind of approximation. 

As it was mentioned before, the capillary neck between parti-
cles can disappear if the RH is low enough to produce this effect 
(He et al (2001). This condition will generate a reduction in the 
equivalent effective stress and in the strength of the soil and the 
force between particles will be dominated by the van der Waals 
interactions if there is not capillary action. The Figure 4 shows 
the relationship found by He et al (2001). Three zones can be 

identified from these results; the pull-off increases in the zone I 
when the RH is reduced but it remains almost constant in the 
zone II; in the zone III the pull-off force drops drastically with a 
reduction in the RH because the capillary neck in the contacts 
disappears as the dryer environment condition is applied; in the 
zone IV the van der Waals forces dominate. 

4 UNIAXIAL AND BRAZILIAN INDIRECT TENSION 
TESTS 

Prismatic kaolinite specimens were prepared for the uniaxial 
compression tests while cylindrical specimens of the same ma-
terial were used for the Brazilian indirect tension tests. The 
prismatic shape was adopted as a part of another research. The 
liquid and plastic limits of the kaolinite are 58 and 28 respec-
tively and the specific gravity is 2.59. The sample preparation 
was done with the following process: 
a)  Mixing the dry powdered kaolinite with distilled water to 

moisture content of 40% and until a smooth and uniform 
paste was obtained. 

b)  Casting the paste into molds (prismatic of 7.5 cm x 7.5 cm x 
2.5 cm or cylindrical 6.35 cm in diameter and 2 cm thick). 

c)  Applying a vertical pressure of 30 kPa for consolidation dur-
ing 24 hours in a closed environment with 75% of relative 
humidity (RH).

Figure 2.  Pore water between two equal-sized spheres.

Meniscus

r2
r1

R

Figure 4. Relationship between the pull-off force (PF) between  two 
nanoparticles with a capillary neck and the relative humidity (RH)
(Adapted from He et al, 2001). 
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Figure 3. Relationship between equivalent effective stress (σ’eq ) and 
matric suction pressure (s) for equal-sized (A and B) and non equal-
sized spheres (C). (Adapted from Shimada et al, 2000).
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d) Extracting the specimens and subjecting them to a drying 
process into an environment with a RH ~30%. 

e)  After each specimen reached the desired moisture content 
(between 2% and 34%) it was stored into a plastic membrane 
during a 24 hour period in order to obtain homogeneous 
moisture content through the sample. 

The Brazilian test is an indirect type test that is used to de-
termine the tensile strength of rocks (ASTM D3967-95a). This 
test uses a cylindrical sample of diameter D and length L that is 
diametrically compressed by two point loads (P). The tensile 
strength, σt, of the cylindrical sample is obtained from 
σt=2P/πLD. The result of one test on a sample of kaolinite clay 
is shown in Figure 5. 

The results obtained from the constant water content uniaxial 
compression tests and Brazilian indirect tension tests are shown 
in Figure 6. The upper line represents the variation of the uniax-
ial compression strength with the water content and the lower 
one the variation of the tensile strength. 

Three zones can be identified from the laboratory results. 
Zone I represents the increment of the soil strength as the water 
content is reduced from 32% to 26% and corresponds to the 
saturated and funicular states described in the Figure 1; in this 
zone the water phase is continuous and the soil strength is due 
to the matric suction (s= ua – uw) acting in the pores; for the 
saturated case the suction s= – uw.

In the Zone II the strength reaches a maximum value and re-
mains almost constant for water contents between 26% and 12% 
and corresponds to the complete pendular state where the ma-
jority of the contacts have a capillary neck and the water phase 
is not continuous as it is described in Figure 1. As was shown 
theoretically by Cho and Santamarina (2001) and by Shimada 
(2000) the inter-particle force in the complete pendular state de-
pends on the combined effect of the suction s acting in the me-
niscus and the surface tension (Ts) acting on the perimeter of 
the meniscus. This effects generates a constant inter-granular 
force that translates to a constant strength. 

The Zone III represents the reduction in the soil’s strength 
because the contacts loose the capillary neck as the relative hu-
midity (RH) is reduced in the void’s air vapor phase as it was 
found by He et al (2001). In this zone the water distribution 
around voids is incomplete pendular (Figure 1d). Beyond this 
zone through the dry side the strength is dominated by the van 
der Waals forces between particles but the effect of the reduc-
tion of the water content through that is not of particular inter-
est. 

The tensile strength determined by the Brazilian indirect ten-
sion tests represents the equivalent effective stress acting in the 
samples (σ’eq=σ t =-ueq). As there is not confinement, the total 
stress is zero and the equivalent effective stress is equal to the 
equivalent pore pressure (-ueq). 

The equivalent effective stress is the equivalent confinement 
applied to the samples during the uniaxial compression tests and 
would be the minor principal equivalent effective stress ap-
plied ( σ’3eq=σ t). The values of uniaxial strength presented in 
Figure 6 become the deviator stresses (σu=σ’1eq - σ’3eq) and 
the equivalent mayor principal stress can be deducted as a func-
tion of the tensile strength (σ’1eq =σu + σ t); this interpretation 
permits to obtain the q-p plot at failure (Figure 7) using the fol-
lowing equations 

The data points shown in Figure 7 where derived from the 
values of the uniaxial compression strength (σu) presented in 
Figure 6 and the correspondent tensile strength (σt) at the same 
water content obtained using the tensile strengths f1, f2 and f3

Figure 5. Kaolinite clay specimen after a Brazilian indirect tension test 
(Clear areas are produced by the light reflection from the membrane). 
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Figure 7. Diagram q-p derived from the uniaxial compression and the 
Brazilian indirect tension tests. 

Figure 6. Laboratory results from unconfined compression tests 
and Brazilian indirect tension tests. The functions f1, f2 and f3 rep-
resent the tensile strength as a function of the moisture content. 
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shown in the same figure. The equivalent angle of internal fric-
tion (φeq) can be established from the value of α using the rela-
tionship tan(α)=sin(φ); φeq results 32º . 

Using the procedure described above permits to obtain 
equivalent strength parameters without measuring the matric 
suction which as it is well known it is very difficult to obtain 
not only in the lab but especially in the field. 

5 CONCLUSIONS 

The behavior of a unsaturated kaolinite clay was studied 
through uniaxial compression tests and Brazilian indirect ten-
sion tests performed on clay specimens at different water con-
tents obtained by subjecting the clay to a controlled drying 
process. The strength of the unsaturated samples varied with 
their water content.  Using the results from the uniaxial and ten-
sile strength tests an equivalent internal friction angle of the 
kaolinite was determined. 
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