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Experimental study on shear strength of unsaturated soil over a wide suction
range and its prediction

Abstract

In this paper, the experimental studies on the water retention and strength properties of unsaturated
weakly expansive soil in a wide suction range were carried out, and a strength model of unsaturated soil
over a wide suction range was proposed. The results show that in the wide suction range, the
stress—strain curve increases with the increase of suction. The strain hardening occurs in the low suction
range, while the strain softening appears in the high suction range. In the low suction range, the sample
presents shear contraction, while in the high suction range, the sample begins to show a shear dilation
trend at the axial strain of 2%. In addition, a soil-water retention curve model was proposed to distinguish
adsorbed water from capillary water, assuming that the strength increment caused by suction is mainly
determined by capillary water. The degree of saturation of capillary water was used to replace the
effective stress coefficient and then it was substituted into the Bishop’s unsaturated soil strength
formula. The proposed model was verified by test data of various soil types and compared with the
models in the literature. The results show that the proposed model can well describe the strength of
unsaturated soil in a wide suction range.
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Abstract: In this paper, the experimental studies on the water retention and strength properties of unsaturated weakly expansive soil in

a wide suction range were carried out, and a strength model of unsaturated soil over a wide suction range was proposed. The results show

that in the wide suction range, the stress—strain curve increases with the increase of suction. The strain hardening occurs in the low suction

range, while the strain softening appears in the high suction range. In the low suction range, the sample presents shear contraction, while

in the high suction range, the sample begins to show a shear dilation trend at the axial strain of 2%. In addition, a soil-water retention

curve model was proposed to distinguish adsorbed water from capillary water, assuming that the strength increment caused by suction

is mainly determined by capillary water. The degree of saturation of capillary water was used to replace the effective stress coefficient

and then it was substituted into the Bishop’s unsaturated soil strength formula. The proposed model was verified by test data of various

soil types and compared with the models in the literature. The results show that the proposed model can well describe the strength of

unsaturated soil in a wide suction range.

Keywords: unsaturated soil; shear strength; soil-water retention curve; effective stress coefficient; wide suction range

1 Introduction

In the regions with expansive soils, landslides frequently
occur on highway and canal slopes!!l. Shear strength is
a crucial parameter for assessing slope stability, particularly
in relation to the suction of shallow soil, which changes
continuously with seasonal wet-dry cycles. This change
in suction can influence the shear strength of the soil and
the stability of slopes accordingly. To evaluate the impact
of climatic conditions on the stability of unsaturated
expansive soil slopes, it is essential to quantitatively predict
the shear strength of unsaturated soil and its variation
with water content!?].

The key challenge in predicting the shear strength
of unsaturated soil lies in how to reasonably consider
the influence of suction or saturation on shear strength.
Various shear strength models have been proposed to
datel’). Given the successful application of the effective
stress principle in saturated soil, Bishop!*! extended the
effective stress concept to unsaturated soil and proposed
the shear strength equation for unsaturated soil as follows:

Tf=c’+[(o—ua)+z(ua—uw)]tan(p’ (D

where 7; represents the shear strength; ¢’ represents the
cohesion; y represents the effective stress coefficient; ¢’
represents the internal friction angle; u, represents the
pore air pressure; uy represents the pore water pressure;
and o represents the total stress. In general, assuming
that the cohesion and internal friction angle are fixed values,
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the accuracy of predicting the shear strength of unsaturated
soil can be improved by adjusting the effective stress
coefficient. Therefore, varying definitions and determination
methods of the unsaturated effective stress coefficient can
lead to different prediction results’® ®!. For the unsaturated
soil, when analyzing the stress in multiphase porous media,
it is essential to recognize that the air-water interface is
an independent phase. This confirms that the influencing
mechanisms of net normal stress and matric suction on
the mechanical properties of unsaturated soil are different.
Using two mutually independent stress variables, Fredlund
et al.”! derived a shear strength model for unsaturated
soil as follows:

7 =c' +(o—u, )tan @'+ (u, —u, )tang" 2

where @° represents the internal friction angle related
to the matric suction. When Eq. (2) is used, ¢° changes
with the matric suction, and it is difficult to accurately
determine this value. Therefore, Eq. (2) has not been well
applied in practice. In fact, the shear strength equations
proposed by Bishop!*! (Eq. (1)) and by Fredlund et al.’!
(Eq. (2)) are formally consistent and can be transformed

tan (ob

using y = -
tan ¢

Soil-water interaction is generally classified into
capillary and adsorptive effects, which have different
effects on the hydraulic properties of water. Bishop’s
unsaturated soil strength formula, Fredlund’s unsaturated
soil strength formula, and related extended formulae do
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not differentiate between capillary and adsorptive effects.
These models also tend to be more accurate in predicting
at low suction ranges but less ideal at high suction ranges.
Subsequently, many scholars have attempted to establish
unsaturated soil shear strength models that consider both
capillary and adsorptive effects’ . However, their predictive
effectiveness in a wide suction range remains less than
ideal.

In recent years, experimental research on the strength
of unsaturated soil has made significant progress due to
the emergence of advanced test instruments. For example,
Zhan et al.''% utilized a newly developed double-chamber
unsaturated soil triaxial apparatus to investigate the influence
of suction on the shear strength and shear dilation charac-
teristics of unsaturated expansive soil. Zheng et al.['!]
studied the strength and deformation characteristics of
unsaturated soil using a triaxial apparatus that is capable of
measuring the local deformation. Zhang et al.'? investigated
the stress-strain relationship and volumetric changes of
expansive soil in a wide suction range using a triaxial

apparatus and the vapor equilibrium method. Due to
limitations inherent in the test instruments themselves,
most triaxial tests on the unsaturated soil are constrained
to suctions below 500 kPal'?"%!, and there are relatively
few reports on triaxial tests in the high suction range!'*!.
Given the aforementioned issues, this study conducted
triaxial tests on unsaturated soil within a wide suction
range. We proposed an SWRC model that distinguishes
capillary water from adsorbed water. Based on this, a
strength formula suitable for a wide suction range of
unsaturated soil was proposed. The accuracy of the
proposed model was validated using experimental data.

2 Triaxial shear tests

2.1 Test materials and instruments

The weakly expansive soil sampled from the Nanyang
section of the South-to-North Water Diversion Central
Route Project was used in this study. The basic physical
properties are listed in Table 1.

Table 1 Geotechnical properties of Nanyang weakly expansive soil

. . PP P P . L. Maximum dry density Optimum water ~ Free swelling ratio
0, 0, 0,
Specific gravity Liquid limit /% Plastic limit /% Plasticity index ~ Shrinkage limit /% /g » e content /% %
2.74 38.8 17.2 21.6 10.5 1.69 18.2 53.8

For the water retention test, the specimens with initial
water content of 22% and dry density of 1.25 g /cm?® were
prepared, and then the specimens were saturated with
constant volume and fully balanced for future use. For
the measurement of soil-water retention curve (SWRC),
the pressure plate instrument and saturated salt solution
method were used to measure the water retention curves
in the low and high suction ranges, respectively.

For the triaxial test on the unsaturated soil, the triaxial
specimens with initial water content of 22% and dry density
of 1.25 g /cm® (38 mm in diameter and 76 mm in height)
were prepared and compacted in four layers according to
the method of controlling height. The unsaturated soil
triaxial apparatus produced by GDS Company from the
UK was used in the triaxial test, which is equipped with
a new type of two-chamber volume change measurement
system with bottle-shaped internal chamber. The basic
working principle is to obtain the volume change of the
specimen by measuring the change of water level (pressure
difference) in the internal pressure chamber.

2.1 Test method
2.2.1 Water retention test

The SWRC for a low suction range was measured
using the pressure plate instrument, which can control
the suction range of 0—1.5 MPa and the suction levels of
10, 20, 40, 80, 150, 300, 600, 900 and 1 300 kPa. After
each stage was stabilized under each suction level, the
mass and volume of the specimens were measured (the
volume was measured by vernier caliper), and then the

https://rocksoilmech.researchcommons.org/journal/vol44/iss12/1
DOI: 10.16285/j.rsm.2022.7005

next suction level was applied. For the high suction range,
the suction was controlled by the vapor equilibrium method,
and the specimen prepared with the core cutter method
was divided into eight cakes. Two cakes were placed on
the ceramic sieve of each moisturizing cylinder. One cake
was used to measure the water content, and the other was
used to measure the volume. The volume of the cake was
measured by Archimedes principle!'>. Eleven suction
levels were selected for high suction range, and the relevant
salt solutions and corresponding suctions can be found in
the study of Gao et al.l'. When the ambient temperature
was controlled at 20 °C for 40 d, the mass and volume of
the specimen were measured after the specimen reached
equilibrium.
2.2.2 Triaxial test

The suction can be classified into low and high categories.
For the triaxial tests in the low suction range (0.05, 0.20
and 0.40 MPa), suction equilibrium, consolidation, and
triaxial shear were performed in the pressure chamber
of the triaxial instrument. This type of test is considered as
a drained test with constant suction maintained throughout
the testing process. For the triaxial tests in the high suction
range, suction equilibrium was conducted outside the
triaxial pressure chamber. Consolidation and shear were
then performed in the pressure chamber. This type of test
is considered as an undrained test with constant water
content. For the specimens with suctions of 0.80 and
2.50 MPa, the corresponding gravimetric water contents
were obtained according to the SWRC. The mass of the
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test specimen was measured in real-time during dehumi-
dification until the target water content was reached.
Dehumidification was then stopped, and the specimens
were wrapped with plastic film and kept at a constant
temperature of 20 °C for 3 d. The volume and water
content of the specimens were measured before being
placed into the triaxial apparatus for consolidation. A
net confining pressure of 100 kPa was applied before
shearing. The prepared specimens with suctions of 3.29,
38.00 and 367.00 MPa underwent suction equilibrium
in a humidifying cylinder with the relevant salt solution
(see Fig. 1). Subsequently, they were consolidated and
sheared in a pressure chamber. The salt solution used for
the test is listed in Table 2. The axial shear rate for all
triaxial shear tests was approximately 0.001 92 mm /min
to fully dissipate the pore water pressure during the shear
process.

Fig.1 Equilibrium of suction for sample using vapor
equilibrium method

Table 2 Saturated salt solutions and corresponding suctions
(20 °C)

Saturated salt solution ~ Relative humidity /% Suction /MPa
LiBr 6.6 367.54
NaCl 75.5 38.00
K,S04 97.6 3.29

In the high suction range (suction s = 0.80, 2.50, 3.29,
38.00 and 367.00 MPa), the undrained (equal water content)
unsaturated soil triaxial test is considered as the equal-
suction unsaturated soil triaxial test. This treatment is
reasonable because the effect of void ratio on the water
retention properties is essentially negligible in the high
suction range. For the five tests with high suction, a rubber
membrane was sandwiched between the vitrified clay
plate in the pressure chamber of the triaxial apparatus
and the bottom surface of the specimen to disconnect the
drainage channel in order to achieve no drainage during
consolidation and triaxial shear processes. The triaxial
test paths for all suction ranges are detailed in Fig. 2 (where
q is the shear stress and o3, is the net confining pressure).
The initial pressure state was the same for all specimens,
and the suction at this point was measured to be appro-
ximately 0.17 MPa using WP4, and then suction equilibrium,

Published by Rock and Soil Mechanics, 2023

consolidation and shear were carried out in this state with
different stress paths.

q /kPa

Modeling

N
50 170200 400 800

Modeling

N
0.17 2.5

2 38.00 367.00
0 1

0 329
/ s /MPa

(b) High suction range

100550 e e se s
cr3n/kPa

Fig.2 Stress and suction paths for triaxial tests

3 Test results and analysis

Figure 3 shows the SWRC and void ratio change during
the drying process of Nanyang weakly expansive soil
with a dry density of 1.25 g /cm®. As shown in Fig. 3, the
SWRC follows a classical single-peak pattern. The low
dry density of the specimen results in a relatively low
air entry value (AEV). The trend of void ratio changing
with suction follows an inverted S-shape, which is consistent
with the typical SWRC. It is important to note that the
majority of shrinkage in the mud specimens during the
drying process occur before reaching the AEV. However,
in the case of compacted specimens, most of the shrinkage
occurs between the AEV and the residual value (RV).
The difference between the two soil specimens is mainly
due to the different pore structures. Additionally, the
compacted specimens have a specific structural nature,
which causes shrinkage within a relatively larger suction
range.

The triaxial test results are shown in Figs. 4 and 5.
It can be seen from Fig. 4 that for the specimens with
suctions of 0.05, 0.20, 0.40 and 0.80 MPa, the stress ¢
increases with the increase in axial strain & and there is
no inflection point and peak value in the whole process.
For the specimens with suctions of 2.50 and 3.29 MPa,
the stress increases with the increase in axial strain at the
initial stage, but when the axial strain reaches about 3%,
the stress increase rate slows down and finally tends to
be stable. Thus, there will be an inflection point in the
stress—strain curve throughout the process. For the specimens
with suctions of 38.00 and 367.00 MPa, the stress increases
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rapidly with the increase in axial strain at the initial stage,
but when the axial strain reaches 2%, the stress decreases
rapidly with the increase in axial strain and finally tends
to be stable. When it reaches the final stable state, the
deviatoric stresses (residual strength) of the specimens
with the above two suctions are consistent. In other words,
the stress—strain relationship of the specimens with suctions
of 0.05, 0.20, 0.40, 0.80, 2.50, and 3.29 MPa is of strain

hardening, and the specimen shows strain hardening and
then strain softening until the suction reaches 38.00 and
367.00 MPa. For the peak stress—strain curve, the peak
stress is taken as the shear strength of the specimen, and
for the non-peak specimen, the stress corresponding to
15% axial strain is taken as the shear strength. Within
the whole suction range, the strength of the specimen
increases as the suction increases.

1.5

1.0

Void ratio e

1 Il |

o\\° 35 r 100 -

z 0 s 80

5 25 g

S 20 £ 60

5] <

2 s 2

= <

£ 240

210 g

34 (9]

£ s 5 20

> [a)]

g 0 ] 0 L N
© 100 100 102 100 10° 105 106 100 100 102

Suction s /kPa

(a) Suction vs. gravimetric water content

Suction s /kPa

(b) Suction vs. degree of saturation

1 L J 00 1 1 1
100 10* 105 10° 10° 10" 102 10° 10* 105 10°
Suction s /kPa

(c) Suction vs. void ratio

Fig.3 Soil-water retention curves for Nanyang weakly expansive soil

Suction /MPa
2000 5 0.05
7 0.20
1600 F & 4 0.40
82 9 0.80
e +2.50
é 1200 2329
= # 38.00
o 800 @ 367.00
400
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0 3 6 9 12 15 18
&l 1%

Fig.4 Relationships between stress and axial strain

20 r Suction /MPa

2 0.05
v 0.20
4 0.40

o 0.80
+2.50
& ¢ 3.29
& # 38.00
@ 367.00

16 |

Fig.5 Volumetric strains in shear test

Figure 5 shows the relationship between volumetric strain
& and axial strain & during the shear test. It can be seen
from the figures that the specimens with suction of 0 to
3.29 MPa show a shear contraction during the shear process.
However, for the specimens with suctions of 38.00 and
367.00 MPa, although there is still a phenomenon of shear

https://rocksoilmech.researchcommons.org/journal/vol44/iss12/1
DOI: 10.16285/j.rsm.2022.7005

contraction during the shear process, the axial strain begins
to show a trend of shear dilation when the axial strain reaches
2%. It is worth noting that the shear contraction of the specimen
with suction of 0.05 MPa is smaller than that of the specimen
with suctions of 0.20, 0.40 and 0.80 MPa. The main reason
is that the initial dry density of the specimen is relatively small
and it is easy to produce compression under the confining
pressure. Moreover, compared with other specimens with
different suctions, the elastic modulus of the specimen with
suction of 0.05 MPa is relatively low, thus the dry density
of the specimen after consolidation equilibrium is relatively
large, and the shear deformation is relatively small in the
shear process. In conclusion, the shear contraction of the
specimen becomes lower when the suction increases from
0.20 MPa to 367.00 MPa.

Figure 6 shows the failure pictures of the specimens
after shear test. The specimen with suction of 0.80 MPa
has no obvious dislocation during the whole triaxial test.
This indicates that there is no sliding failure in the shear
process, which corresponds to the fact that the stress—strain
relationship has always been strain hardening. The specimen

(a) Suction of 0.80 MPa

(b) Suction 0of 2.50 MPa  (c) Suction of 367.00 MPa

Fig.6 Shear failure patterns of soil samples with
different suctions
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with suction of 2.50 MPa has a certain dislocation on the
surface and inside, but there is basically no obvious displacement
between the two separate parts. This indicates that the shear
plane has not been completely connected, which is consistent
with the phenomenon that the stress—strain curve remains
unchanged at the later stage of shear test. For the specimen
with suction of 367.00 MPa, the shear plane appears at the
end of shear test, and the specimen is completely cut into
two parts, which corresponds to the strain softening in the
stress—strain curvel'],

According to the above-mentioned phenomenon, it is
inferred that in the low suction range, the shear contraction
always occurs in the specimen, and there is no obvious relative
sliding. In the middle suction range, when the axial strain
is small, the shear contraction occurs, and there is no local
sliding trend. When the strain reaches a certain value, the
local part starts to dislocate, and then the shear dilation occurs.
In the high suction range, the shear contraction occurs when
the axial strain is small. When the strain reaches a certain
value, the inner part of the specimen begins to slip and will
continue to develop until the specimen is completely cut into
two parts. Therefore, the stress—strain relationship of the
specimen is inevitably related to its shear morphology!'l.

4 Shear strength models of unsaturated soil

4.1 Strength formula based on SWRC
According to Eq. (1), the strength formula gr of
unsaturated soil under triaxial stress can be expressed as

3 6cos g’
= ¢’ +M(o, + ys (3)
% 3—M[ 3—sing’ ( T )}

where s is the suction calculated by u,—uw; M =6sing-
(3 —sin q)’) , which is the slope of the failure line on the
mean stress versus deviatoric stress plane. When Eq. (3)
is used, assuming that the internal friction angle and
cohesion are fixed, the accuracy of the strength model
depends on the effective stress coefficient.

Accurately determining the effective stress coefficient
7 is crucial for accurate calculation in the application
of effective stress in unsaturated soil. Initially, the global
degree of saturation S; was used to express the effective
stress coefficient of unsaturated soill'”, which can be
described by the VG model!'¥], and the variation curve of
the effective stress coefficient with suction can be obtained
as follows:

z:Sr(s)={1+@"f } )

where b, nrand my are the fitting parameters, which can
be determined to be 43.6, 0.813 and 0.337 by using Eq. (4)
to fit the water retention data of the Nanyang weakly
expansive soil, as shown in Fig. 7(a). By substituting
Eq. (4) and the fitting parameters into Eq. (3), the relationship
between shear strength and suction is obtained, as shown

Published by Rock and Soil Mechanics, 2023

in Fig. 7(b). It can be found that the calculation results are
more accurate in the low suction range, while in the high
suction range, this method overestimates the contribution
of suction to the effective stress.

Vanapalli et al.l®! indicated that the contribution of
residual water content to soil strength can be ignored, and
the effective stress coefficient y can be corrected by the
effective degree of saturation S; (deducting residual
degree of saturation):

=S8 =5.(s)-5; (5

where S, is the residual degree of saturation, which can
be determined to be about 15% according to Fig. 3.

1.0 §#
g a Test data
08 b "\ —— Bishop’s model
.\‘\
\a
0.6 F e
" L"-
A A\‘
04 F 'Y
\\.
02 F a
“-""‘-.._
e
00 L L J
10° 10? 10* 10°
s /kPa
(a) SWRC
2000 [
4 Test data |
—— Calculated curve | a
1500 |
[ 'y
]
[=™
=< 1000 | !
S /
:;_- e
500 | /
o
_—4
R
0 L L J
10° 10? 104 106
s /kPa

(b) Relation curve between shear strength and suction

Fig.7 Bishop’s shear strength model

The relationship between the effective stress coefficient
and suction obtained by using Eq. (5) is shown in Fig. 8(a).
By substituting Eq. (5) and the parameters into Eq. (3), the
shear strength gr can be calculated, as shown in Fig. 8(b).
One can see that this method is in a good agreement with
the experimental data in the low suction range, while in
the high suction range, the calculated results are lower
than the experimental data.

Khalili and Khabbaz!®! used the power function of
matrix suction to express the effective stress coefficient:

P —-0.55
7= (—] (6)
Sa
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where s, is the AEV, which is determined to be about
30 kPa according to Fig. 3. The relationship between the
effective stress coefficient and suction obtained by using
Eq. (6) is shown in Fig. 9(a). The shear strength gr can
be calculated by substituting Eq. (6) and the parameters
into Eq. (3), and the result is shown in Fig. 9(b). It can be
seen that the calculated results of this method are improved
to a certain extent in the high suction range, but the accuracy
is still not satisfactory, and the evolution trend of the
prediction curve is inconsistent with the experimental
data.

1.0 g !
i 4  Test data
08 F— .'-‘ VG model
o —— Vanapalli’s model
-
06 F
i
A N
N
04 | \\‘-‘_
‘A
N ™
02 N, "*\gL
g S
0.0 I .“\"“x. S |
10° 10? 104 100
s /kPa
(a) SWRC
2000 r
a4 Test data
Calculated curve A
1500
rF Y
<
=™
A\f_ 1000 F N
S £ )
500 |
A |
_——A |
T
0 1 i J
10° 10% 10* 106
s /kPa

(b) Relation curve between shear strength and suction

Fig.8 Vanapalli’s shear strength model

If the degree of saturation is used to describe the
effective stress coefficient, it is necessary to select a suitable
SWRC model to describe the relationship between the
effective stress coefficient and suction. Soil-water interaction
can be classified into capillary and adsorptive effects. It
is found that the capillary and adsorptive effects on the
strength of unsaturated soil are different. Therefore, many
scholars have proposed to divide the pore water into
adsorbed water and capillary water to describe the hydro-
mechanical behaviors of unsaturated soil, such as Or
et al."], Konrad et al.?*and Lul"l.

The distribution and flow of pore water in the irregular
pores are the main factors that affect the hydraulic behaviors
of unsaturated soil. With the increase in suction, the water
in the irregular pores between soil particles will be discharged,
and the pores between particles will become unsaturated.

https://rocksoilmech.researchcommons.org/journal/vol44/iss12/1
DOI: 10.16285/j.rsm.2022.7005

At this time, the pore water between the soil particles
will form a large number of curved liquid surfaces, as
shown in Fig. 10(a). With the further increase in suction,
the capillary water in the form of curved liquid surface in
the irregular pores gradually decreases, while the adsorbed
water in the form of adsorbed water film gradually increases.
Finally, the pore water primarily exists as adsorbed water,
as shown in Fig. 10(b).
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Fig.9 Khalili and Khabbaz’s shear strength model
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Fig.10 Schematic diagrams of pore water changes with
increasing suction

Therefore, it is reasonable to classify pore water into
adsorbed water and capillary water to describe the soil-
water retention characteristics of unsaturated soil, and
the degree of saturation S; can be expressed as

S =8"+57 D
where S; is the degree of saturation for the adsorbed

water; and Sy is the degree of saturation for the capillary
water. According to the model proposed by Zhou et al.””,
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we have

_ge _ Cls)=aC(s)-A(s)

2N TG (s) A(s) )
g _ a; A(s)—a,C(s)- A(s) 9)

_ C(s)+a,A(s)—2a,C(s)- A(s)

S =8 +85° (10
PO 1= a,C(s)- A(s)
1 In(s/s )}
C(s erfc| ——~ (1D
-l 2
Ins
A(s)=1- 12
(5) Ins,

where s, 1S the suction corresponding to the mesopore;
sd 1s the suction corresponding to the drying state, and
sa=10° kPa; ¢ is the standard deviation of the pore radius
after logarithmic transformation; and o is the parameter
related to the degree of saturation for the adsorbed water.
The above formula is used to fit the soil-water test data
as shown in Fig. 11(a), in which the fitting parameters
sm, ¢ and arare 138.9, 0.529 3 and 0.696, respectively, and
the shear strength gr is obtained by substituting Eq. (8)
and the above parameters into Eq. (3). The calculated
results are shown in Fig. 11(b). It can be seen that this
model performs better in the low suction range, but the
calculated curve is obviously lower than the experimental
data in the high suction range.
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Fig.11 Zhou’s shear strength model
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Lul®! also proposed an SWRC model to distinguish
the capillary water from the adsorbed water:

s (s)= |:Ss -5 (S)J[H—(aﬂs)nm}

57 (5)= St 1[p( ﬂ
S

where Ss is the degree of saturation for the saturated soil,
which is 100%; S}« is the maximum degree of saturation
for the adsorbed water; s,,, 1s the maximum suction;
and om, na and my are the fitting parameters. Using the
above equations to fit the soil-water test data, and assuming
that the effective stress coefficient is equal to degree of
saturation for the capillary soil, the effective stress coefficient
is shown in Fig. 12(a). The fitting parameters S; .y » Smax,
o, n, and mq are equal to 0.095 92, 5.803 kPa, 71.32,
3.196 and 0.098 38, respectively. Eq. (13) is substituted
into Eq. (3) to calculate the shear strength gr, as shown
in Fig. 12(b). It appears that the model is applicable in
the low suction range, while in the high suction range,
the calculated curve is higher than the experimental data.

—My
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Fig.12 Lu’s shear strength model

Konrad and Lebeau®”! proposed an SWRC model to
distinguish between the capillary water and adsorbed water:

S, =85 +(1-8°)S! (15)

The degrees of saturation for the capillary water Sy
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and for the adsorbed water S; are written as three aforementioned methods using degree of saturation
1 < for the capillary water to express the effective stress
S¢ = ¢ (16) coefficient is relatively large, and the calculated results
{1 —(1—e " )a"‘ s>, are not satisfactory. On the basis of the above calculation,
considering the advantages and disadvantages of each
gt = §° {1 _ Ins :l a7 model, we try to improve the strength model using following
T Ins,, combinations.
4.2.1 Modified model 1
s, = Sé;yl/ 5 (18) Equations (13) and (17) are substituted into Eq. (7)

to describe the SWRC:

where sqry 1s the suction corresponding to the dry state ) In
of the soil specimen, which is equal to about 10° kPa; A’ S, (s) = [SS - s (s)][l + (afLs)"‘L ] " So11- il
and agx represent the parameters related to the shape and Ins,,

size of the pore size distribution; and S, represents the (19)
parameter related to the degree of saturation for the adsorbed
water in the saturation state. Equation (15) is used to fit
the soil-water test data, the fitting parameters A’, osx and g0 (S) _go [1 _Ins } (20)
Sy are equal to 0.752 7,0.373 7 and 0.752 7, respectively. ' ' Insy,

Assuming that the effective stress coefficient is equal to
the degree of saturation for the capillary water, the effective
stress coefficient is shown in Fig. 13(a). Eq. (16) is
substituted into Eq. (3) to determine the curve g, as shown
in Fig. 13(b). It is observed that the calculated curve is
much lower than the experimental data in the high suction

where

The above equation is used to fit the soil-water test
data, and the results are shown in Fig. 14(a). In the fitting
process, Ss is 100%, and the fitting parameters S; .
Smax, ML, o, na. and S are equal to 0.054 22, 1200 MPa,
0.738, 1, 0.356 1 and 0.663 1, respectively. It is worth
noting that the fitting result of this SWRC model is not

range. ; . :
satisfactory, and there is a certain gap between the calculated
10 ¢ results and the experimental data.
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4.2 Improvement of classical strength model

The difference of the shear strength calculated by the Fig.14 Modified model 1

https://rocksoilmech.researchcommons.org/journal/vol44/iss12/1
DOI: 10.16285/j.rsm.2022.7005
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The curve gr is obtained by substituting y = S; into
Eq. (3) and the result is shown in Fig. 14(b). It can be
seen that in the low suction range, the calculated results
are good. However, in the high suction stage, although
the calculated results are higher than those before model
improvement, the calculated curve is still higher than the
experimental data, and the trend predicted by the model
is inconsistent with the evolution law of the experimental
data.

4.2.2 Modified model 2

The degree of saturation for the capillary water is
expressed by Eq. (4), and the degree of saturation for the
adsorbed water is expressed by Eq. (17). Substituting
Egs. (4) and (17) into Eq. (7) results in the SWRC as
follows:

ne | T 1
R
b lnsdry

Equation (21) is used to fit the soil-water test data,
and the fitting parameters b, nr, mrand S; are equal to
44.93,0.364 2,0.764 7 and 0.012 95, respectively, as shown
in Fig. 15(a). y =S/ is substituted into Eq. (3) to obtain
the shear strength gy, as shown in Fig. 15(b). It is observed
that the calculated result is obviously higher than the
experimental data in the medium and high suction range.
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Fig. 15 Modified model 2

4.2.3 Proposed model
Through the analysis and comparison of the above
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models, it is found that the linear relationship between
the degree of saturation for the adsorbed water and the
logarithm of suction in the high suction range is more
reasonablel*?!. That is to say, Eq. (17) is more accurate
to predict the adsorbed water content. Meanwhile, the
VG model is improved to address the problem of high
degree of saturation for the capillary water in the high
suction range:

L
S (s)=|1 EH (22)
(s

where £ is a parameter related to the suction corresponding
to the residual water content; # is a parameter describing
the rate of soil dewatering; and m is a parameter related
to the residual water content. Substituting Egs. (17) and
(22) into Eq. (15), we have

o] (]

!
Sr{l— = } (23)

Insy,

Equation (23) is used to fit the soil-water test data,
and the fitting parameters &, n and m are equal to 6 314,
0.351 3 and 1.415, respectively, as shown in Fig. 16(a).
x =S8 is substituted into Eq. (3) to obtain the shear
strength curve ¢r, and the calculated result is shown in
Fig. 16(b). The results show that the calculated curve is
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Fig.16 Proposed shear strength model
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in a good agreement with the experimental data in a wide
suction range, and the variation trend of shear strength
with suction is consistent with the experimental data.
Figure 17 shows the shear strength curves predicted
by the proposed shear strength model and the classical
strength models in the literature and the experimental
data. It is observed that in the low suction range, the shear
strength obtained by all methods is in a good agreement
with the experimental data. However, the shear strengths
obtained by the Bishop’s method, Khalili and Khabbza’s
method and Lu’s method overestimate the contribution

of suction to the shear strength in the high suction range,

while the curves calculated by the Vanapalli’s method,
Zhou’s method and Konrad and Lebeau’s method are lower
than the experimental data in the high suction range.
Moreover, these methods are inconsistent with the evolution
of the experimental data in the high suction range. In a
wide suction range, the shear strength curve calculated
by the proposed method has a satisfactory agreement with
the experimental data, and its evolution law with suction
is also consistent.
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Fig.17 Comparisons between test data and predicted
results from different prediction models

In order to further verify the validity of the proposed
model, the shear strength data of Madrid sand with clay
particles’® and Botkin silty clay'® are used for calculation
and comparison. Figure 18 shows the calculated results

1.0 -4
A N a Test data
Ny i -- Proposed method
0.8 ™ S —— Effective stress coefficient
T ™
0.6 | \
A \\
04 L \\ ay
N *u
“ .,
02 \ N
8 Tk
. ==
0.0 : — ]
10° 10? 104 100
s /kPa
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of Madrid sand with clay particles, and it can be seen
that the fitted SWRC is in a good agreement with the
experimental data. Meanwhile, the proposed shear strength
model can well describe the shear strength behavior of
Madrid clay sand in a wide suction range. Figure 19(a)
shows the measured SWRC of Botkin silty clay and the
fitting curve, and it is also observed that the fitting results
are very good. Figure 19(b) shows the measured shear
strength and calculated results, and it is observed that the
calculated results by the model well coincide with the
experimental data of all models.
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Fig. 18 Test data and predicted results for Madrid clayey
sand (data from Escario!?*l)
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Fig.19 Test data and predicted results for Botkin silt clay (data from Vanapalli et al.?l)
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5 Conclusions

(1) The triaxial shear tests were carried out on the

Nanyang weakly expansive clay in a wide suction range.

In the low suction range, the specimen shows shear con-
traction, while in the high suction range, the specimen
begins to show shear dilation at 2% axial strain.

(2) In the wide suction range, the stress—strain curve
increases with the increase in suction. Strain hardening
occurs in the low suction range, while strain softening
appears in the high suction range. There is a close relationship
between the stress—strain type and the shear failure pattern
of the specimen.

(3) An SWRC model to distinguish the capillary water
from the adsorbed water is proposed, and the effective
stress coefficient is expressed by the degree of saturation
for the capillary water. On this basis, a shear strength
formula suitable for a wide suction range is proposed. The
accuracy of the proposed method is proved by comparing
it with the experimental data of different soils and the
strength models in the literature.
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