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Abstract

Naturally, soil moisture reduces during dry seasons when the soil is in drying state; while it increases during wet seasons when the
soil is in wetting state. Previous studies have shown that for an unsaturated soil sample, soil-water characteristic curves (SWCCs) do
not match in wetting and drying paths. The differences between wetting and drying paths are called the hydraulic hysteresis. The
hydraulic hysteresis plays an important role in mechanical properties of soil such as shear strength, volume change, and settlement.
The objective of this research is to study the effects of drying and wetting on the effective stress and compressibility of unsaturated
clayey fine-grained soils. To this end, saturated and unsaturated triaxial tests were performed on the soil samples under various
normal mean stresses, and matrix suctions in drying and wetting paths. It was found that soil samples bear higher levels of effective
stress in the drying path than the wetting path under a same level of suction. The attained values of effective stress parameter (y)
showed that the Bishop's effective stress parameter (y = Sr) is not properly applicable for the clayey soil. Moreover, the resulting
loading-collapse curve (LC) revealed that the effective pre-consolidation pressure in the drying and wetting stages changed even with

same degrees of matrix suction.
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1 Introduction

The environmental conditions of every region are deter-
mined by its weather. One of the most important factors
in environmental condition is the moisture (water con-
tent) of the soil. Any variation of the moisture condition in
a region affects its soil conditions. So, in its natural con-
dition, soil is neither fully saturated nor fully dry. In such
conditions, soil is normally referred to as semi-saturated
or the so called unsaturated. Those layers of soil exposed
to the Earth's surface are more influenced by atmospheric,
environmental, and physical factors, therefore their water
content changes more frequently. This mostly applies to
dry and semi-dry regions such as Iran. Such conditions
can cause severe irreversible damages to foundations,
buildings and structures build on such soils.

Conventional soil mechanics theory treats soil as either
fully saturated or completely dry. A large number of geo-
technical problems involve the presence of partially satu-
rated soil zones where voids between soil particles are

filled with a mixture of air and water. These zones are often
ignored in practice and the soil is assumed to be either fully
saturated or completely dry. Changes in soil suction that
are related to changes in water content significantly affect
the constitutive behavior of unsaturated soils. For that
reason, the effects of suction change on the hydro-me-
chanical behavior of soils such as shear strength and vol-
ume change behavior (swelling or collapse) are the main
concern when solving geotechnical engineering prob-
lems. Strength of a saturated cohesive soil is lower than
the strength of the same unsaturated soil depending on the
loading conditions [1].

Changes of the water content of unsaturated soils are
depicted on a diagram showing the relation between the soil
water content and suction in the pore fluid. This diagram
is known as the soil-water characteristic curve (SWCC).
There is considerable difference between the curves in the
drying (increased matrix suction) and wetting (decreased
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matrix suction) phases. The difference is caused by a phe-
nomenon called hydraulic hysteresis, which plays a sig-
nificant role in controlling soil properties such as shear
strength, volume variation, and settlement.

Currently there are two distinct theories for explain-
ing the mechanical behavior of unsaturated soils. The first
theory was developed on the effective stress principle by
Bishop [2] known as effective stress approach for unsatu-
rated soil. On the other hand, Fredlund et al. [3] suggested
that two independent variables namely matric suction and
net normal stress are essential to describe the behavior of
unsaturated soils.

Bishop was the first who developed theory of the
mechanical behavior of unsaturated soil (including its
shear strength and volume variation) based on the effec-
tive stress. In this theory, effective stress is expressed as
a function of externally applied stress and internal water
pressure (Eq. (1)):

p=p—u,+y(u,—u,), 0))

where, p’ denotes effective stress, p shows total stress, and

u_indicates pore air pressure. In addition, u ,u —u ,and y
a w a

stand for pore water pressure, matrix suction and effective
stress parameter, respectively. According to Bishop's stud-
ies, y depends on the degree of saturation (S7), it is equal
to 1 for saturated soils and is equal to zero for unsaturated
soils. However, later on researchers deeply discussed this
parameter and corrected its values. The main limitation of
the effective stress principle was that no unique relation-
ship existed between the degree of saturation (S7) and the
effective stress parameter (y) [3]. To overcome the above
mentioned limitation of the effective stress approach,
Khalili et al. [4] proposed the following relation for the
relationship between effective stress parameter (y) and
matrix suction ration in the transition from saturated to
unsaturated conditions. This relation can be applied to
both decreased suction (wetting) and increased suction
(drying) states:

1 for s<s,

_ ¥ )
x {i} for s>s, ’
Se

where s=u, —u,, is matric suction, s, is suction value at
the transition between saturated and unsaturated state and
y is considered as a material-independent constant and its
value for the best-fit curve is 0.55. For wetting processes,

s, is equal to the air expulsion value (s,), whereas for

drying processes, s, is equal to the air entry value (s, ).
On the other hand, Fredlund et al. 3] proposed that the con-
stitutive behavior of unsaturated soils should be described
using two independent stress variables, namely net nor-
mal stress (¢ — u,) and matric suction (u, — u ). Similarly,
Fredlund and Rahardjo [5] suggested using net stress and
matric suction to describe the mechanical behavior of
unsaturated soils as below:

t=c'+(o —u,)tang' +(u, - uw)tan(pb , 3

where 7 is shear strength, ¢’ is effective cohesion, ¢’ is
angle of internal friction related to the matric suction
(angle that indicates the increase of the effective cohesion
due to the matric suction) and ¢'is effective friction angle.

The stress state variables approach has been widely
advocated in the literature, but has found very little appli-
cation in practice [6].The approach requires extensive and
time consuming laboratory testing to determine the mate-
rial parameters, particularly for fine-grained materials,
in which the coefficient of permeability of the material is
very low. The equipment used for this purpose is usually
expensive and complex, and the level of expertise required
for the determination of ¢’ is often beyond that of many
geotechnical engineering laboratories.

The main advantage of the effective stress method is its
simplicity as well as the ease of determining its necessary
parameters through normal laboratory tests. Moreover,
defining the effective stress parameter (y) as a function
of suction, rather than degree of saturation, enables devel-
opment of elasto-plastic models with better predictive
capacity [3]. Based on the review, y is a significant and
effective parameter in mechanical behavior (e.g. effec-
tive stress, volume change, and shear strength) of unsatu-
rated soils. As pointed out by researchers, y is a parameter
strongly related to soil structure which can be different for
various soils. However, there is still no unique relationship
between y and Sr.

Many hydro-mechanical models for unsaturated soils
are developed based on Bishop’s theory of effective stress.
One of the characteristics of unsaturated soil in these
models is the curve for variations of effective pre-consol-
idation stress or flow limit versus matrix suction, which is
known as the loading-collapse curve. In 2002, Loret and
Khalili [7] stated that the shape of the LC curve and the rate
of reduction in effective stress control the collapse behav-
ior of soil at the time of moisture absorption. Although the
LC curve has been obtained for several hydraulic mod-
els, the effect of hydraulic hysteresis on this curve is not



understood completely. Kholghifard et al. [8, 9] found that
drying and wetting phenomena significantly affect col-
lapsibility behavior of residual granite soils.

The present research was mainly aimed at analyzing the
behavior of effective stress parameter (y) and LC curve of
the fine-grained soil in Yasuj (Iran) under drying and wet-
ting cycles using a modified triaxial apparatus. In order
to validate the results, a comparison was drawn between
the results of this study and those of previous studies by
Bishop [2] and Khalili et al. [4].

2 Materials and methods

2.1 Preparing soil samples

Soil samples were gathered from the surroundings of Yasuj
at depths of 1.5 to 2.5 m. Fig. 1 shows the grading curve
for the soil samples. Table 1 summarizes properties of the
soil samples. The basic properties of the samples obtained
from the two regions were almost similar. According to
the Unified Soil Classification System (USCS) the soil was
identified as CL-ML silty clay of low plasticity.
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Fig. 1 Particle size distribution of the soil samples

Table 1 Basic properties of the soil samples

Property Value
Liquid Limit (%) 22
Plastic Limit (%) 8
Plasticity Index (%) 14
Specific gravity 2.63
Gravel (%) 6
Sand (%) 34
Silt & Clay (%) 60
Optimum moisture content (%) 18.3
Maximum dry density (Mg/m?) 15.2
Natural dry density (Mg/m?) 22.6
Natural water content (%) 12.9
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In order to prepare the soil samples required for the
tests, adequate amount of soil was dried by a 10-day expo-
sure to air and then lumps were crushed using a plastic
hammer. The resulting soil passed through a 0.425 sieve.
Next, an adequate amount of soil was fully mixed with
22.6 % of water (natural moisture of the soil in the region).
Prior to compaction, wet soil samples were kept in a close
plastic container for 48 hours in order to balance their
moisture. According to the method proposed by ASTM
D-6836 [10], in order to obtain uniform homogenous sam-
ples, a specific amount of soil was pounded in the mould
with bulk density of 12.9 kN/m? (83 % relative compac-
tion) using the static compaction method in conditions
similar to natural conditions.

2.2 Modified unsaturated triaxial apparatus

Fig. 2 shows the schematic design and a view of different
parts of the modified Bishop-Wesley [11] apparatus. This
device was designed and built to perform tri-axial tests
on unsaturated soil samples with a controlled stress path.
It includes three main components: a double-layer cell,
a control and loading panel, and an information processing
system. The cell incorporated into this device has an inter-
nal and an external container designed to independently
measure the total volume variation and variation of pore
water content of soil samples during the test. The control
and loading panel is composed of volume variation dis-
plays, derange system, and load and pressure application
system. For application of vertical loads, cell pressure, pore
water pressure, three pressure control cylinders are used.

Fig. 2 Scheme of the modified Bishop-Wesley apparatus
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The pressure in each cylinder is controlled through a wind-
ing motor with very high precision. In order to measure
and control pore water and air pressure independently,
a ceramic disc with air entry pressure of 5 bar was used at
the pedestal beneath the sample. Later, using the axis trans-
lation technique [12], matrix suction was effectively applied
to the soil sample without cavitations. In this method, air
pressure (u,) and water pressure () are applied from the
top and bottom of the sample such that the difference is
considered to be equal to the degree of suction applied to
the sample (u, — u ). The net mean stress applied to the
sample in this system is expressed by (p — u, ). In general,
using this developed device it is possible to examine unsat-
urated soil under different values of matrix suction and net
mean stress. From the beginning of this test, it is possible
to track total volume variations and water volume varia-
tions in the sample and therefore monitor the soil density
variations behavior in wetting and drying processes.

2.3 Tests procedure
Prior to any test, the ceramic disc was saturated using
a method similar to the method proposed by Fredlund and
Rahardjo [5]. To this end, the cell was filled by de-aired
water and then the cell pressure was increased up to
600 kPa. At that time, the water compartment beneath
the ceramic was connected to atmosphere. The 600 kPa
difference between the pressure of the upper and lower
surfaces of the ceramic led to the outward flow of water.
After 10 hours, in order to drive out the air entrapped in
the ceramic, the drainage valve beneath the ceramic was
blocked for 2 hours. Therefore, the air inside the ceramic
disc was dissolved into water at a pressure of 600 kPa.
In order to ensure the saturation of the ceramic disc, this
process of de-airing and saturation was iterated 6 times.
For test application, each sample was covered with
two plastic membranes. In order to prevent spreading air
between the two plastic membranes, some silicon grease
was applied to their contact surfaces. Next, the sam-
ple on the ceramic disc was placed on the cell pedestal.
The plastic membranes were secured and sealed to the
pedestal using two washers. A porous stone and a loading
cap were also put on top of the sample. After installation
of the cell, a small axial load (5 kPa) was applied to the
sample to protect and keep it in its place. In order to drive
air out of the sample, 50 kPa of water pressure was exerted
on the sample through the base of the cell. However, the
pressure on top of the sample was kept at atmospheric
level to let the air flow out of the sample cap. At the time

of de-airing, a cell pressure of 75 kPa was applied to the
soil sample to prevent its failure. After 72 hours of de-air-
ing, the drainage valve above the sample was blocked for
24 hours to balance pore air pressure in the sample.

The soil-water characteristic curve (SWCC) for the
sample was obtained through an unsaturated triaxial test
under various levels of matrix suction as shown in Fig. 3.
The soil sample was kept under a constant level of suction
for at least 3 days until the rate of variation of water flow-
ing into/out of the sample remained unchanged. According
to the curve, the air entry value and air expulsion were
obtained 44 kPa (drying stage) and 22 kPa (wetting stage),
respectively.

Saturated (zero matrix suction) and unsaturated triax-
ial tests were conducted on soil samples in different stress
paths. In order to perform the saturated triaxial test, the sam-
ple was first saturated using back pressure until B reached a
value between 0.95 and 1. The time required for saturation
of soil samples was at least 3 days. Following the satura-
tion phase, the samples were consolidated under effective
stresses of 50, 100, 200 and 400 kPa. In order to complete
consolidation, the samples were kept under each of the
aforementioned consolidation stresses for at least 24 hours.

The unsaturated triaxial test was performed on the
soil samples in the drying and wetting phases. The first
phase of the unsaturated test was focused on the appli-
cation of matrix suction. First water pressure of 300 kPa
and air pressure of 300 kPa were applied from the top
and bottom of the sample, respectively. Afterwards, for
the unsaturated samples air pressure was kept unchanged
(at 300 kPa) while changes in matrix suction were made
by decreasing water pressure beneath the sample. For the
drying path, matrix suction was increased from zero (sat-
urated condition) to 300 kPa. For the wetting path, the
matrix suction was increased to 300 kPa at first and then
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W
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g. 3 Soil-water characteristic curve (SWCC) of the soil sample



the degree of suction was reduced to zero along the wetting
path. The requirement for the balance of the suction was
to achieve variations of inflow or outflow water volume
unchanged. The time required for balancing the matrix
suction applied to the samples was at least 3 to 4 days.
The required time depended on several factors such as
soil permeability, initial matrix suction, compaction con-
ditions, initial moisture content of soil the samples, and
thickness of the ceramic disc. The soil samples were con-
solidated by increasing the cell pressure in increments.
This process continued until the lateral effective stress
reached the desired net mean stress. For each incremental
loading, it is possible to let the resulting pore water pressure
dissipate for at least 2 days (until the variations of water
volume flowing out of the samples remains unchanged).

3 Result and discussion

3.1 Effect of drying and wetting on effective stress

In order to study the effect of drying and wetting on effec-
tive stress parameter, the results of unsaturated and satu-
rated triaxial tests were employed. Figs. 4 and 5 illustrate
the results of saturated triaxial tests. Fig. 4 also depicts
the deviator stress (¢') - strain curves for 50, 100 and 200
kPa lateral effective stresses. Fig. 5 shows the critical state
line (CSL) on the deviator stress (¢') - net mean stress (p")
plane. Coordinates of a point on the effective stress-devi-
ator stress plane was obtained using saturated triaxial test
results as well as the following relations. The gradient of
the critical state line (M) on the p' — ¢’ plane was calcu-
lated to be 0.82.

p'=0'1+20%/3, “4)

q'=0)-0%, )

a'=200 kPa

200

150 G::].UU kPa

100 - g'=50 kPa

Deviator Stress [(kPa)

i1} T T T T 1
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Strain %

Fig. 4 Stress-strain curves (saturated Triaxial)
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where, p' denotes net mean stress and o' denotes axial
effective stress. Moreover, ¢,'and g’ represent lateral (or
deviator) effective stress and deviator stress, respectively.

The stress-strain curves obtained from the results of
unsaturated triaxial tests for various matrix suction levels
in drying (increased suction) and wetting (decreased suc-
tion) paths are shown in Fig. 6. These diagrams demon-
strate the strain hardening phenomenon. In addition, at
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Fig. 6 Stress-strain curves: a) drying path and b) wetting path
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Table 2 Maximum effective stress in both drying and wetting paths

Maximum effective stress (kPa)
Suction (kPa)

Drying path Wetting path
50 166.5 153
150 239 179.5
300 291 290

the same matrix suction level, the stress-strain curve of
the dried sample always lies above the stress-strain curve
of the wetted sample. So, the effective stress is not equal
for drying and wetting states even with unchanged degree
of suction. This difference reflects the effect of hydrau-
lic hysteresis on the effective stress of unsaturated soil.
In this state, with the same suction, a higher level of effec-
tive stress is developed in the drying path than the wetting
path as shown in Table 2.

To gain the effect of drying and wetting on the effective
stress, the effective stress parameter (y) was calculated
for drying and wetting paths and then the results were
compared to those of other researchers. According to the
observations recorded by Uchaipichat [13], the y parame-
ter can be calculated by assuming that the gradient of the
critical state line (on the deviator stress-net mean stress
plane) is independent of matrix suction. Therefore, using
the expression of effective stress in Eq. (1), the y parameter
can be obtained as follows:

%—(P/‘_”f) ©)

xX= (ua_uw) 5

where, p f and ¢ E denote the net mean stress and effective
stress in the critical state, respectively. M also shows the
gradient of the critical state line.

Values of the y parameter for the drying and wetting
paths were obtained using Eq. (6) and the test results as
shown in Fig. 7. From the figure, y parameter in the two
drying and wetting paths is different at the same suction.
The value of this parameter in the drying path is higher
than the wetting path. This indicates that the effective
stress is affected by the hydraulic hysteresis phenomenon
through the y parameter. This phenomenon is due to the
fact that in the same water content, the soil sample in the
drying path has more suction than the wetting path, which
causes more effective stress in the drying path.

Moreover, using Eq. (2), which was proposed by Khalili
et al. [4], and Bishop’s [2] theory (y — Sr), the values of
the y parameter were calculated for the drying and wet-
ting paths. The resulting values were also compared to
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the laboratory results. The difference between laboratory
results and the results obtained by Eq. (2) for the y param-
eter was from 0.08 to 0.28 and 0.06 to 0.11 in the drying
and wetting paths, respectively. According to Fig. 8, the
laboratory results are properly similar to the results of the
study by Khalili et al. [4]. In other words, these results
confirm the theory developed by Khalili et al. [4] for the
soil. Evidently, the first Bishop's theory (¥ — Sr) is not
properly applicable to unsaturated soils.



3.2 Effect of drying and wetting on soil compressibility

Values of preconsolidation stress can be derived from
compressibility curves (Figs. 9 and 10). Values of precon-
solidation pressure were obtained from the failure point
of consolidation curves in the triaxial tests. The intersec-
tion of the elastic compression slope and the plastic com-
pression slope was defined as the preconsolidation stress.
This method was also employed by Lloret et al. [14].
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Fig. 9 Compression curves: a) drying path b) wetting path
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