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A theoretical model is developed for describing the strength property of unsaturated soils.Themodel is able to predict conveniently
the strength changes of unsaturated soils undergoing repeated changes of water content. Suction stress is adopted in the newmodel
in order to get the sound form of effective stress for unsaturated soils. The shear strength of unsaturated soils is dependent on its
soil-moisture state based on the results of shear experiments. Hence, the parameters of this model are related tightly to hydraulic
properties of unsaturated soils and the strength parameters of saturated soils.The predictive curves by the newmodel are coincident
with experimental data that underwent single drying and drying/wetting cycle paths.Hence, hysteretic effect in the strength analysis
is necessary to be considered to predict the change of shear strength of unsaturated soils that underwent drying/wetting cycles. Once
the new model is used to predict the change of shear strength, lots of time could be saved due to avoiding heavy and complicated
strength tests of unsaturated soils. Especially, the model can be suitable to evaluate the shear strength change of unsaturated soils
and the stability of slopes experienced the drying/wetting cycles.

1. Introduction

The change of soil strength is very important to evaluate
the stability of slopes and road embankment. In this case,
the strength model of unsaturated soils is always concerned
in geotechnical engineering. Until now, many researchers
have shown that the shear strength of unsaturated soils
was tightly related to soil-moisture state [1–3]. The strength
of unsaturated soils will increase or decrease during the
intermittent precipitation and fluctuant water tables [4, 5].
Hence, a new model should be necessarily developed, in
which the change of soil strength can be reasonably predicted
under the repeated change of water content. The model will
be critical to analyze these problems that soil slopes become
destabilized during the intermittent rainfall process.

The theoretical model for shear strength of unsaturated
soils is generally developed based on the concept of effective
stress, which is similar to the equation of shear strength of
saturated soils.There are two types of description for effective
stress of unsaturated soils that are prevalent in the literature.
One type bases on the single stress variable [6] and the other

on the double stress variable [7]. The equations of shear
strength are given in Formulas (1) and (2), respectively, as
follows:

𝜏 = 𝑐

+ [𝜎 − 𝑝

𝑁
+ 𝜒 (𝑝

𝑁
− 𝑝
𝑊
)] tan𝜑, (1)

𝜏 = 𝑐

+ (𝜎 − 𝑝

𝑁
) tan𝜑 + (𝑝𝑁 − 𝑝𝑊) tan𝜙𝑏, (2)

where 𝜏 is the shear strength; 𝑐 is the cohesion at the
saturated state; 𝜎 is the normal total stress; 𝜑 is the effective
internal friction angle; and 𝑝𝑁 and 𝑝𝑊 are the pore air
pressure and pore water pressure, respectively. There are two
parameters 𝜒 and 𝜙𝑏 in Formulas (1) and (2)which cause the
difference of strength equations in form between saturated
soils and unsaturated soils. 𝜒(𝑝𝑁 − 𝑝𝑊) tan𝜑 and (𝑝𝑁 −
𝑝
𝑊
) tan𝜙𝑏 are the change of shear strength arising by the

change of matric suction (water content) in unsaturated soils.
On the one hand, 𝜒 in single stress variable framework will
change with the degree of saturation 𝑆

𝑟
. But the results of

some experiments show that the relationship is not unique
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between 𝜒 and 𝑆
𝑟
[1, 8]. 𝜒 is strongly depended on the soil

structure and soil-moisture state. On the other hand, the
definition of the two-state variable exists some confusion
in the scales from the view of continuum mechanics [9].
Normal stress loads on the skeleton of soils, but matric
suction stresses on the air-water interface. Unfortunately,
the two stress state variables are treated as stress variables
acting on the representative elementary volume for the soils
(REV). In Formula (2), the relationship of 𝜙𝑏 and matric
suction 𝑠

𝑐
(𝑠
𝑐
= 𝑝
𝑁
− 𝑝
𝑊) is nonlinear for the same soil

[10]. And the functional relation is different for each type
of soil between 𝜙𝑏 and 𝑠

𝑐
. Vanapalli et al. [10] proposed an

empirical relation for calculating 𝜙𝑏 based on experiments
of unsaturated soils. Khalili and Khabbaz [11] and Kayadelen
et al. [12] gave different strengthmodels based on the analysis
of effective stress, respectively. Other forms of strengthmodel
are also found in the literature [13–15].

Although the existing models of shear strength have
been used to analyze the geotechnical problems by many
researchers, some problems may come out in practical appli-
cation. Firstly, the parameters 𝜒 and 𝜙𝑏 in these formulas are
not easy to be directly determined through the experiments
of unsaturated soils. Secondly, the physical basis of these
formulas is not definite. Hence, it could be suitable for some
soils, but it is difficult to be adapted for other soils under
different soil-moisture conditions. Thirdly, matric suction is
one of the main variables in the expression of soil strength.
There are some difficulty questions in the measurement of
matric suction, which limit the development of experimental
technology in laboratory and field conditions, such as cav-
itation phenomenon [16]. The application of these models
is perhaps not reasonable to evaluate some problems in the
field. Last but not least, most of the equations were limited
to be used under only the drying process of unsaturated
soils. But the strength characteristics of unsaturated soils are
different which underwent the drying and wetting processes
due to the existent of hysteretic effect at varying water content
conditions [17].

Focusing on these problems of the existing shear strength
models, a new model will be developed to describe the
strength property of unsaturated soils. A conception of
suction stress is introduced in order to modify the formula
of effective stress of unsaturated soils. Based on the modified
formula of effective stress, the formula of shear strength can
be obtained using Mohr-Coulomb’s theory. Shear strength
envelope of unsaturated soils is unique on the plane with
modified effective stress and shear strength at differentmatric
suction or water content states. Then the soil-water retention
curve is used to replace empirical parameters 𝜒 and 𝜙𝑏.
Therefore, the strength of unsaturated soils can be predicted
by the measurement of water content, which is easy to be
determined both in the laboratory and field. In order to
explore the strength property of unsaturated soils that under-
went drying/wetting cycles, the hysteretic model (ISVH) [18]
is introduced.The new model is able to simulate the strength
evolution of unsaturated soils under repeated hydraulic paths.
Lastly the predictive results from the model are compared
with experimental data.
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Figure 1: Suction stress characteristic curve from Mohr-Coulomb
failure envelopes.

2. The Concept of Suction Stress and
Suction Strength

2.1.The Concept of Suction Stress. Based on the analysis of the
composites of microscopic forces in details, Lu and Likos [19]
defined suction stress which is the macroscopic expression
of different interactions in microscale (such as physical-
chemical force, van der Waals force, electrical double-layer
repulsion, and surface tension). The theoretical basis of the
suction stress has been discussed by Lu and Likos [19]. Here,
the method for obtaining suction stress is given from direct
shear test and triaxial shear test of unsaturated soils. Tradi-
tionally, the data of shear strength under different normal
stresses are plotted on the plane of normal effective stress
𝜎


𝑛
and shear strength 𝜏 or net mean effective stress 𝑝 and

deviatoric stress 𝑞, seen in Figure 1. 𝑐, 𝑐
1
, and 𝑐

2
are the

intercept that Mohr-Coulomb failure envelops (MC-FE)
and cut 𝜏-axis. 𝑐, 𝑐

1
, and 𝑐

2
are called effective cohesion

under saturated state and unsaturated state, respectively. 𝜑,
𝜑


1
, and 𝜑

2
are effective internal friction angle at different

saturated state. The cohesion is the bond force or attractive
effect among soil particles. The intercept on the 𝜏-axis gives
the frictional action among soil particles. It is puzzled that
the intercept can be called cohesion. Further, the intercept on
the 𝜏-axis cannot fully represent the bond strength among
the soil skeletons. Actually, the intersection is the attractive
effect that MC-FE is prolonged and cuts the 𝜎

𝑛
-axis, which

can be expressed by 𝜎
𝑆
, called suction stress by Lu and Likos

[19]. The formula of suction stress can be given from direct
shear test as follows:

𝜎
𝑆
=

−𝑐


tan𝜑
. (3)

The suction stress can be obtained by Formula (3) at different
water content state. The relationship of suction stress and
matric suction is called suction stress characteristic curve
(SSCC). It is to be noted that suction stress is not zero for
fine grain soils under saturated state, called 𝜎

𝑆0
. The original

SSCC needs to be modified by the suction stress 𝜎
𝑆0

to
go through the origin, which is consistent with soil-water
retention curve (SWRC), seen in Figure 1.
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(a) Shear strength envelops at drier than optimum water content
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(b) Shear strength envelops at wetter than optimum water content
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(c) Shear strength envelops at optimum water content

Figure 2: The curves of normal stress and shear strength at different initial water content state of soil (experimental data from Vanapalli
et al. [10]).

The suction stress can also be obtained from triaxial shear
tests according to Mohr-Coulomb criterion. The formula is
given as follows:

𝜎
𝑆
= −

𝜎


1
− 𝑝
𝑁

2 tan (𝜋/4 + 𝜑/2) tan𝜑

+

(𝜎


3
− 𝑝
𝑁
) tan (𝜋/4 + 𝜑/2)
2 tan𝜑

+

𝑐


tan𝜑
,

(4)

where 𝜎
1
and 𝜎

3
are the major and minor principle stress,

respectively.

The new effective stress can be defined based on suction
stress as follows:

𝜎

= (𝜎 − 𝑝

𝑁
) − 𝜎
𝑆
, (5)

where 𝜎 is the effective stress and 𝜎 is the total stress. In
order to verify the expression of effective stress is reasonable,
the experimental data of shear strength or deformation tests
of unsaturated soils could be used.

Sandy-clay till was used to do shear strength test at
three types of water content state by Vanapalli et al. [10].
Shear failure envelops go upward drift with matric suction
increasing, which is shown in Figure 2(a). Simultaneously,
Figures 2(a), 2(b), and 2(c) show that the shear strengths are
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(a) Modified shear strength envelops at drier than optimum water
content
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Figure 3: The curves of effective normal stress and shear strength at different initial water content state of soil (experimental data from
Vanapalli et al. [10]).

not the same, although the matric suction and normal stress
are completely identical. The unique difference is the initial
state of the soils. The shear strength is largest at wetter than
optimum water content state, and it is smallest at drier than
optimumwater content state. Obviously, the shear strength of
unsaturated soils 𝜏 is strongly depended on the state of water
content. We can obtain suction stresses from Formula (3) or
(4) using the tested data from Figures 2(a), 2(b), and 2(c).
Then the new effective stress is achieved. The strength failure
envelops are redrawn in the plane 𝜎 − 𝜏 in Figure 3.

It is interesting that these data points at failure state tend
to a line. The phenomenon is not coincidental. There are
manymeasured data from literatures that are not given due to

the limited space of this paper, which can be seen detailedly
in the literature [21, 22].That is to say, the critical state failure
envelop is unique under the new effective stress framework
of unsaturated soils. And the effective stress can be also
used for saturated soils, which is coincident with Terzaghi’s
effective theory. The new effective stress is the reasonable
one with suction stress. The problem of nonunique failure
envelops of unsaturated soils in traditional framework is
solved by the new effective stress framework.Themeaning of
effective stress with suction stress is clear in the framework of
continuum mechanics. And it is deduced that the properties
in deformation and strength of unsaturated soils could be
described in the unified way by themathematics Formula (5).
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2.2. Suction Strength of Unsaturated Soils. The shear strength
equation of unsaturated soils is obtained based on the
effective stress Formula (5):

𝜏
𝑓
= 𝑐

+ (𝜎 − 𝑝

𝑁
− 𝜎
𝑆
) tan𝜑, (6)

where 𝑐 and 𝜑 are the effective cohesion and the effective
internal friction angle at saturated state, respectively.

Suction stress ismacrorepresentation of interaction of soil
particles in microscale, which increases the attraction of soil
skeleton and shear strength. Compared with saturated soil,
there is a difference that the shear strength is related to water
content. The change of strength due to the fluctuate of water
content is defined as suction strength 𝑐

𝑆
:

𝑐
𝑆
= −𝜎
𝑆
tan𝜑. (7)

Based on these literatures [11–13], the suction strength can
be obtained from the shear strength tests. The apparent
cohesion 𝑐 is defined as

𝑐 = 𝑐

+ 𝑐
𝑆
. (8)

The shear strength equation can be modified as follows:

𝜏
𝑓
= 𝑐 + (𝜎 − 𝑝

𝑁
) tan𝜑. (9)

The equation is coincident with the one of saturated soils in
form. Therefore, the shear strength of unsaturated and satu-
rated soils can be both expressed by Formula (9).The formula
of shear strength is obtained in the unified framework of soils,
in which new empirical parameters are not introduced.

3. Shear Strength Model of Unsaturated Soils
Depending on Hydraulic State

The suction stress is related to water content of unsaturated
soils from the above analyses. The relationship is derived by
Lu et al. [21] based on the principles of thermodynamics:

𝜎
𝑆
= −𝑆
𝑒
(𝑝
𝑁


− 𝑝
𝑊
) , (10)

where 𝑝𝑊 is the water pressure and matric suction 𝑠
𝑐
is

defined as follows:

𝑠
𝑐
= 𝑝
𝑁


− 𝑝
𝑊
. (11)

𝑆
𝑒
is the effective degree of saturation:

𝑆
𝑒
=

(𝑆
𝑟
− 𝑆

irr
𝑟
)

(1 − 𝑆
irr
𝑟
)

, (12)

where 𝑆
𝑟
is the degree of saturation and 𝑆irr

𝑟
is the residual

degree of saturation.
Introducing Formulas (10), (11), and (12) to Formulas (7)

and (9), the suction strength and shear strength equations can
be given as follows:

𝑐
𝑆
= 𝑆
𝑒
𝑠
𝑐
tan𝜑, (13)

𝜏
𝑓
= 𝑐

+ 𝑆
𝑒
𝑠
𝑐
+ (𝜎 − 𝑝

𝑁
) tan𝜑. (14)

As seen from Formula (14), the shear strength of unsat-
urated soils is only related to the degree of saturation but
also related to matric suction. The relationship of the shear
strength and matric suction (the degree of saturation) can
be obtained by introducing the soil-water retention curve
(SWRC). The change of soil-water state is generally not
monotonic under intermittent precipitation and fluctuating
water tables. The capillary hysteresis (hydraulic hysteresis)
often exits during the increment and decrement of water
content in the seepage process of unsaturated soils. Capil-
lary hysteresis refers to the nonunique relationship between
the degree of saturation and matric suction and describes
the irreversible changes in the degree of saturation occur-
ring during the preceding sequence of drying and wetting
of a porous medium. The importance of hysteretic effect
(hydraulic hysteresis) in the unsaturated flow has been found
in the literatures [23]. Furthermore, hysteretic effect can
also significantly influence the shear strength and the shear
behaviour, as seen in works such as those performed by
Kwong [24] and Khoury and Miller [25]. Kwong [24] found
that the strengths of unsaturated soils getting wetter are lower
than those getting drier. Khoury and Miller [25] found that
shear strength following a drying/wetting process was higher
than that for the drying process alone at the similar matric
suction and net normal stress.These results give an important
conclusion that the water content and matric suction are of
equal importance to obtain the shear strength of unsaturated
soils. The two soil-water state parameters are affected by
the hydraulic hysteresis. The effect of hysteresis should be
considered in the analysis of the strength problems related to
unsaturated soils.

In order to conclude the hysteretic effect in the shear
strength problems, the hysteretic soil-water relationship
should be developed for constructing the shear strength
model of unsaturated soils. There are some methods which
may be used to consider hysteretic effect during the process
of the water content change history [26–28]. The main object
of this paper is to develop a new strength model to reproduce
the change of shear strength that underwent the effect of
capillary hysteresis in unsaturated soils. Recently, a capillary
hysteretic model with internal state variables (ISVH-model)
was developed by Wei and Dewoolkar [18]. The boundary
surface plasticity theory is used to model the hysteretic
behavior of the soil water retention curves. In this model, the
arbitrary water content variable path can be traced between
the main boundary curves. The equations of the model are
presented here for the integrality of this paper. Feng and
Fredlund [29] offered an equation which was used to well fit
the boundary curves of the soil water retention curves. The
main drying curve is

𝑆
𝑟𝐷
=

1 + 𝑆
irr
𝑟𝐷
(𝑠
𝑐
/𝑏
𝐷
)
𝑎
𝐷

1 + (𝑠
𝑐
/𝑏
𝐷
)
𝑎
𝐷

, (15a)

and the main wetting curve is

𝑆
𝑟𝑊
=

1 + 𝑆
irr
𝑟𝑊
(𝑠
𝑐
/𝑏
𝑊
)
𝑎
𝑊

1 + (𝑠
𝑐
/𝑏
𝑊
)
𝑎
𝑊

, (15b)
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Figure 4: The fitting tested curve of SWRC for the completely
decomposed granite soil (measured data from Hossain and Yin
[20]).

where 𝑆
𝑟𝐷

and 𝑆
𝑟𝑊

are the degrees of saturation of the drying
and wetting boundaries, respectively; 𝑆irr

𝑟𝐷
and 𝑆irr

𝑟𝑊
are the

residual degrees of saturation at the drying and wetting
conditions, respectively; 𝑏

𝐷
, 𝑎
𝐷
, 𝑏
𝑊
, and 𝑎

𝑊
are the four

material parameters.
The evolution equation of the degree of saturation that

underwent the drying and wetting cycles is described as
follows:

̇𝑆
𝑟
= −

̇𝑠
𝑐

𝐾
𝑝
(𝑆
𝑟
, 𝑠
𝑐
, 𝑛)

, (16)

where 𝑛 is the direction of the hydraulic path and its value
is −1 or 1. For the wetting path, 𝑛 = −1, and for the drying
path, 𝑛 = 1; 𝐾

𝑝
(𝑆
𝑟
, 𝑠
𝑐
, 𝑛) is given as follow:

𝐾
𝑝
(𝑆
𝑟
, 𝑠
𝑐
, 𝑛) = 𝐾

𝑝
(𝑆
𝑟
, 𝑛) +

𝑑




𝑠
𝑐
− 𝑠
𝑐
(𝑆
𝑟
, 𝑛)





𝑟 (𝑆
𝑊

𝑟
) −




𝑠
𝑐
− 𝑠
𝑐
(𝑆
𝑟
, 𝑛)





, (17)

where 𝑑 is a fit parameter, which is an additional param-
eter to describe all of the scanning curves in the hys-
teretic cycle; matric suction in the main drying and wetting
boundary curves is expressed by 𝑠

𝑐
= 𝜅
𝐷
(𝑆
𝑟
) and 𝑠

𝑐
=

𝜅
𝑊
(𝑆
𝑟
), respectively; 𝑟(𝑆

𝑟
) is the difference of the matric

suction between the main boundary curves when the soil
water state is at the degree of saturation 𝑆

𝑟
, 𝑟(𝑆
𝑟
) =

𝜅
𝐷
(𝑆
𝑟
) − 𝜅
𝑊
(𝑆
𝑟
); 𝐾
𝑝
and 𝑠
𝑐
(𝑆
𝑟
, 𝑛) are respectively the slope

and matric suction of the main drying and wetting boundary
curves as follows.
(1) Drying path (𝑛 = 1):

𝑠
𝑐
(𝑆
𝑟
, 1) = 𝜅

𝐷
(𝑆
𝑟
) , 𝐾

𝑝
(𝑆
𝑟
, 1) =

𝑑𝜅
𝐷
(𝑆
𝑟
)

𝑑𝑆
𝑟

. (18a)

(2)Wetting path (𝑛 = −1):

𝑠
𝑐
(𝑆
𝑟
, −1) = 𝜅

𝑊
(𝑆
𝑟
) , 𝐾

𝑝
(𝑆
𝑟
, −1) =

𝑑𝜅
𝑊
(𝑆
𝑟
)

𝑑𝑆
𝑊

𝑟

. (18b)

Introducing the hysteretic model (ISVH), suction strength
and shear strength are expressed as follows:

𝑐
𝑆
= 𝑠
𝑐
tan𝜑, 𝑠

𝑐
≤ 0, (19a)

𝑐
𝑆
= 𝑆
𝑒
( ̇𝑆
𝑟
) 𝑠
𝑐
tan𝜑, 𝑠

𝑐
> 0, (19b)

𝜏
𝑓
= 𝑐

+ (𝜎 − 𝑝

𝑁
) tan𝜑 + 𝑠

𝑐
tan𝜑, 𝑠

𝑐
≤ 0, (20a)

𝜏
𝑓
= 𝑐

+ (𝜎 − 𝑝

𝑁
) tan𝜑 + 𝑆

𝑒
( ̇𝑆
𝑟
) 𝑠
𝑐
tan𝜑, 𝑠

𝑐
> 0.

(20b)

If the current soil-water state (𝑠
𝑐
, 𝑆
𝑟
) and the increment of the

degree of saturation ̇𝑆
𝑟
are given, the change of shear strength

of unsaturated soils can be predicted by Formulas (20a) and
(20b) during any drying/wetting cycle, combined with the
shear strength of saturated soils (𝑐 and 𝜑).

4. Model Verification

The suction strength and shear strength of unsaturated soils
are predicted based onFormulas (18a), (18b), (20a), and (20b).
And the predictive curves are compared with experimental
strength data. The parameters of soil-water retention curves
from fitting the measured soil-water data are used to predict
the change of shear strength.

4.1. Strength Property under Single Drying Hydraulic Path.
The soil-water retention curve and direct shear strength
tests of unsaturated completely decomposed granite soil are
performed in the laboratory by Hossain and Yin [20]. The
measured soil-water retention curve is given in Figure 4. And
the shear strength parameters at saturated state are 𝑐 =
0.0 kPa and 𝜑 = 29.9∘. Formula (15a) is adopted to fit the
measured soil-water data for the drying process alone. The
fitting curve is also shown in Figure 4. And the parameters
of the soil-water retention curve are listed in Table 1. For-
mulas (19b) and (20b) are adopted to predict the suction
strength and shear strength of the soils, combining with the
shear strength parameters at saturated state. The predictive
curves are shown in Figure 5. The coincidence of suction
strength is well under low suction conditions. And a little
deviation comes out in high suction conditions (Figure 5(a)).
The prediction of shear strength of the soils is acceptable
at low effective stresses. However, the deviation between
measured data and the predictive curve is large at higher
effective stresses. The similar results are shown by Hossain
and Yin [20]. The distinct dilative behavior of unsaturated
compacted completely decomposed granite soil was observed
in the measurement by Hossain and Yin [20]. The apparent
cohesion intercept and angle of internal friction increase with
matric suction due to the effect of dilative behavior. It is to be
note that the effective stress is obtained based on Formula (5)
(Figure 5(b)).

The samemethod is also adopted to predict shear strength
ofDiyarbakir residual clays.The shear strength and soil-water
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Figure 5: Comparison of tested data with the predictive curve of suction strength and shear strength (measured data from Hossain and Yin
[20]).

Table 1: Parameters of SWRC of unsaturated soil and shear strength of saturated soil for predicting suction strength of unsaturated soils that
underwent single drying hydraulic path.

Soil types Parameters of SWRC Strength parameters
𝑛 𝑆

irr
𝑟

𝑎 𝑏 (kPa) 𝑐
 (kPa) 𝜑



Completely decomposed granite soil 0.36 0.120 0.2961 917.35 0 29.9
Diyarbakir residual clays 0.581 0.442 0.4679 488.74 14.82 21.9

1600

2000

1200

800

400

0
0.6 0.8 1.0

M
at

ric
 su

ct
io

n 
(k

Pa
)

Saturation (deg)

Measured data
The fitting curve

Figure 6: The fitting tested curve of SWRC for Diyarbakir residual
clays (measured data from Kayadelen et al. [12]).

retention tests are performed by Kayadelen et al. [12]. The
fitting soil-water retention curve is shown in Figure 6. And
the parameters of the soil-water retention curve are listed in
Table 1. The shear strength parameters of Diyarbakir residual

clays at saturated state are 𝑐 = 14.82 kPa and 𝜑 = 21.9∘.The
predictive curves of suction strength and shear strength of the
residual clays are shown in Figure 7.As seen fromFigures 7(a)
and 7(b), the suction strength and shear strength both well
match up to experimental data. The distribution of the shear
strength data at different matric suctions is approximately
linear again in Figure 7(b). The critical state failure is unique
under the new effective stress state based on suction stress. It
does not exist that the failure envelops are nonunique, based
on the new shear strength model.

4.2. Strength Property under Drying/Wetting Paths. The shear
strength is very important for predicting the slope stability
under the intermittent precipitation conditions, for example,
Gvirtzman et al. [30].The variation in strength of unsaturated
soils will be studied in the section under the repeating change
of water content conditions. However, the measured data of
shear strength that underwent drying/wetting process are
little seen in the literature. The main reasons are that the test
instruments are not well established and these experiments
are time-consuming in the laboratory.

Goh et al. [5] performed a series of unsaturated con-
solidation drained triaxial tests under drying and wetting,
in which compacted sand-kaolin specimens were adopted.
The soil-water retention curves are also measured by tem-
pecell and pressure plate in Goh et al. [5]. The 𝑐 and 𝜑 of
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Figure 7: Comparison of tested data with the predictive curve of suction strength and shear strength (measured data from Kayadelen et al.
[12]).

Table 2: Parameters of SWRC of unsaturated soil and shear strength of saturated soil for predicting suction strength of unsaturated soils that
underwent drying/wetting paths.

Soil types Parameters of SWRC Strength parameters
𝑛 𝑆

irr
𝑟𝐷

𝑎
𝐷
𝑏
𝐷
(kPa) 𝑆

irr
𝑟𝑊

𝑎
𝑊
𝑏
𝑊

(kPa) 𝑑 𝑐
 (kPa) 𝜑



Sand-kaolin mixture 0.470 0.055 0.566 1520.30 0.055 0.481 874.81 19620.0 8.5 26.9

the compacted saturated sand-kaolin mixture are 8.5 kPa
and 26.9∘, respectively. The soil-water retention data and the
fitting curves are given in the Figure 8. The main drying and
main wetting curve are fitted by Formulas (15a) and (15b),
respectively. The wetting scanning data are used to correct
the parameter 𝑑 in Formula (17). Then the parameter 𝑑 is
adopted to predict the drying scanning curve.Theparameters
for fitting SWRC are listed in Table 2.

The parameters of the main drying and wetting curves
and the parameter d are used to predict the change of
suction strength of the unsaturated sand-kaolin mixture that
underwent the drying/wetting cycle. The predictive results
are presented in Figure 9.The suction strength obtained from
the drying process was predicted by these parameters of the
main drying and drying scanning curves, respectively. The
coincidence is well compared with the measured data. At
the low suction state, the predictive curve is much nearer
the measured results using the parameters from the drying
scanning curve than those from the main drying curve.
However, the tendency of the predictive curves is the same at
the high suction state.That is, due to that the drying scanning
curve and the main drying curve are coincident at the high
suction condition, seen in Figure 8. The similar comparisons
were done between the measured suction strength from the
wetting process with the predictive curves. The predictive
tendency from the wetting process is different from the
one from the drying state. At the high suction state, the

predictive curve is much nearer the measured results using
the parameters from the wetting scanning curve than those
from the main wetting curve. However, the tendency of the
predictive curves is also the same at the low suction state.
That is, due to that the wetting scanning curve and the main
wetting curve are coincident at the high suction condition,
which can be also seen in Figure 8. The soil-water state is
not always along the main boundary curves due to hysteretic
effect. The soil-water state is perhaps along the scanning
drying or wetting curve at the shear strength tests. Hence,
the predictive results by the scanning curves are nearer to the
measured strength data than the ones by the main boundary
curves.

It noted to say that the correlation of suction strength
and soil-water state is evident, seen in Figure 9. Furthermore,
the difference of suction strength is increasing with the
increment of matric suction for the drying or wetting path.
And the suction strength along the drying path is larger than
the ones along the wetting path. That is to say, the shear
strength is closely related to the water content and matric
suction. Due to the existence of hysteretic effect, the water
content may be different at the same matric suction through
different drying/wetting paths. The shear strength will be
different, though the matric suction is the same. Hence, it
is indispensable that the research work should be carried
out on the change of shear strength of unsaturated soils that
underwent the repeating changes of water content.
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5. Conclusions

The theoretical strength model is developed based on the
concept of suction stress. The predictive curves of the model
are compared with experimental data. And its validity of the
strength model is verified. There are some conclusions as
follows.
(1) Suction stress is the macroscopic effect of many

different microscopic forces in unsaturated soils. Redun-
dant parameters need not to be introduced to describe

these microscopic forces, respectively. The effective stress
framework of unsaturated soils is improved. The failure
envelop of unsaturated soils is unique at different matric
suction and net normal stresses, based on the new effective
stress framework. The cohesion arisen by tension among soil
particles expresses its real concept. The relation of matric
suction and suction stress can be uniquely expressed by
the suction stress characteristic curve (SSCC), which is very
important for describing the stress state, similar with SWRC
for describing the soil-water state. The uncertainty of the
parameters of shear strength of soils can be avoided in the
effective stress frame.
(2) In the new strength model, the SWRC and SSCC

are combined to predict the change of shear strength of
unsaturated soils under repeated water content (matric suc-
tion) change. The SWRC is used to predict the change of
suction strength and shear strength of unsaturated soils. The
SWRC is widely adopted in geotechnical engineering and soil
physics.Theparameters of SWRCaremuch easier to obtain in
laboratory or field, compared with the shear strength tests of
unsaturated soils. Furthermore, the time can be saved largely
once the SWRC is used to predict the strength of unsaturated
soils, especially for fine gained soils.
(3) The predictive curves of suction strength and shear

strength of the soils both well match up to experimen-
tal data for the completely decomposed granite soil and
Diyarbakir residual clays that underwent single drying paths.
Furthermore, the coincidence is well compared with the
measured suction strength for the sand-kaolinmixture under
the repeated change ofwater content.Hence, the new strength
theory model with suction effective concept is validated for
predicting the change of shear strength of unsaturated soils
that underwent the fluctuation of water content. In the new
strengthmodel, only the parameters of SWRC of unsaturated
soils and shear strength of saturated soil were used to predict
the change of shear strength of unsaturated soils under the
arbitrary change of water content.
(4) Based on the measured strength data and predictive

curves, the shear strength is closely related to the water
content and matric suction. The shear strength can be
different at the same matric suction due to the existence
of hysteretic effect. Hence, hysteretic effect in the seepage
process should be considered to predict the change of shear
strength of unsaturated soils that underwent drying/wetting
cycles.
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