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Abstract

The tensile strength of unsaturated soils is a fundamental property in various geotechnical designs. Reliable estimation of
the tensile strength of unsaturated soils, in particular fine-grained soils, is required in both theoretical research and
engineering practice. Although several tensile strength models have been proposed in the literature, an overestimation may
occur over a wide suction range, when applying them in the modelling of tensile strength of fine-grained soils. In this
paper, the tensile strength of an unsaturated lean clay has been measured over a wide range of void ratio and water content
by employing the Brazilian tensile strength test. A critical degree of saturation can be observed for specimens with
different void ratios, at which the soil tensile strength reaches the peak. In addition, a predictive tensile strength model
considering the effect of initial void ratio has been subsequently proposed for both coarse-grained and fine-grained
unsaturated soils based on the interaction mechanisms between the adsorptive and capillary soil water. Finally, the
proposed model has been demonstrated to be capable of modelling the tensile strength characteristic curve of various soil

types ranging from clean sands to silty and clayey soils.

Keywords Initial void ratio - Soil water characteristic curve - Tensile strength - Unsaturated soil

1 Introduction

The tensile strength of soils plays an important role in the
initiation of cracks in soils during drying process. Most
engineering problems involving structure cracks, in par-
ticular the top area of many slopes and highway pave-
ments, are associated with tensile strength of soils [4]. The

< Wenjie Cui
wcui21 @buaa.edu.cn

>< De’an Sun
sundean @shu.edu.cn

School of Civil and Environmental Engineering, Ningbo
University, 818 Fenghua Road, Ningbo 315211, China

School of Transportation Science and Engineering, Beihang
University, 37 Xueyuan Road, Haidian District,
Beijing 100191, China

Department of Civil Engineering, Shanghai University, 99
Shangda Road, Shanghai 200444, China

Laboratory of Geomechanics and Geotechnical Engineering,
Guilin University of Technology, 12 Jian Gan Road,
Guilin 541004, China

existence of tensile cracks can significantly affect the
hydro-mechanical properties of soils, such as stiffness,
cohesion, soil water retention behaviour, and permeability
[40, 41], especially for the fine-grained soils, which is
susceptible to environmental changes, such as soil mois-
ture, temperature, and relative humidity [22]. Therefore,
tensile strength and tensile strength testing of soils have
received increasing attention in recent decades.

The tensile strength of unsaturated soils can be mea-
sured by either a direct or an indirect approach in the
laboratory testing. For the direct approach, the tensile
strength is usually determined by uniaxial tensile tests. Lu
et al. [33] investigated the tensile strength of sands over a
full range of degree of saturation by a simple uniaxial
tensile test. Tang et al. [39] developed a simple direct
tensile apparatus to determine the tensile strength of
compacted clayey soils over a wide range of water con-
tents. Cai et al. [8] designed a wedge-shaped specimen
mould to measure the tensile strength of unsaturated fine
sands. Direct methods always require relatively complex
specimen geometries to ensure the location of the failure
plane, such as “8”-shaped specimens [38] and wedge-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-023-01800-z&amp;domain=pdf
https://doi.org/10.1007/s11440-023-01800-z

3610

Acta Geotechnica (2023) 18:3609-3622

shaped specimens [8, 42]. The major drawback of the
direct methods is that relative sliding between rigid fixtures
and specimens may result in the destruction of the speci-
men ends and hence cause inaccurate results [26].

The indirect methods include the Brazilian tensile
strength test [2, 5, 7], unconfined penetration test [22, 27],
and bending test [34], in which the tensile stress is indi-
rectly determined by dividing the applied force over the
cross-sectional area of the failure surface. Among the
above indirect testing methods, the Brazilian tensile
strength (BTS) test is the most frequently used one, due to
its advantages in the relatively simple testing procedure,
and the specimen and testing equipment which is the same
as that for the compression tests [11]. In addition, the
tensile strength of the failure surface in the BTS test is
uniform, which ensures the accuracy of the measured
results.

In order to account for the effect of matric suction on the
tensile strength of unsaturated soils, a number of models
have been proposed in recent decades. Kim and Sture [23]
proposed a model for describing the tensile strength of
unsaturated sands in funicular and capillary regions. Lu
et al. [31] presented a tensile strength model that is capable
of predicting the tensile strength of unsaturated sands. Yin
and Vanapalli [45] established a semi-empirical model for
predicting the tensile strength of unsaturated cohesionless
soils. Zhai et al. [46] estimated the tensile strength of
unsaturated sandy soils by adopting the concept of pore-
size distribution. The above tensile strength models were
developed based on the regression analyses of experi-
mental data from either direct or indirect tests for coarse-
grained soils. An overestimation may occur, when applying
them in the modelling of tensile strength of fine-grained
soils, especially in the medium and high suction ranges. To
overcome this problem, Varsei et al. [43] suggested that the
effective stress coefficient y in the shear strength criteria
should be replaced by (Sr)k, where k is a fitting parameter
and k > 1. Salimi et al. [37] proposed a general tensile
strength model based on the concept of capillary and suc-
tion stress. However, general tensile strength models that
can reasonably predict the tensile strength of various types
of unsaturated soils are limited in the literature. Moreover,
the effect of the initial void ratio on the tensile strength of
unsaturated soils is notable over a wide suction range in the
experimental tests, especially for fine-grained soils [18].
Therefore, it is necessary to investigate the tensile strength
of unsaturated soils with different initial void ratios over a
wide suction range.

The main objective of this study is to investigate the
tensile strength behaviour of various soil types with dif-
ferent initial void ratios and water contents. Firstly, a series
of experimental tests were performed over a wide water
content range and a comprehensive analysis of the features
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of the tensile strength behaviour was carried out. Subse-
quently, a model was proposed based on the modified soil
water characteristic curve (SWCC) equation to describe the
tensile strength of various soil types with different initial
void ratios. Finally, the proposed model was verified by
comparing against experimental data obtained in this study
and that reported in the literature.

2 Material

The soil specimen used in this study is composed of an
approximately 13% clay fraction and an approximately
84% silt fraction. It has a liquid limit of 28.7%, a plastic
limit of 18.9, a maximum dry density of 1.81 Mg/m> and a
specific gravity of 2.70. The measured physical and
mechanical properties are shown in Table 1. According to
the unified soil classification system [1], the soil is classi-
fied as lean clay (CL).

3 Testing methods

All specimens used in this study were prepared by static
compaction in a constant volume compaction mould with
an inside diameter of 61.8 mm and a height of 20 mm. To
prepare these compacted specimens, the soil sample was
first air-dried and crushed. The completely dry soil powder
was then passed through a 2-mm standard sieve before
being mixed with distilled water to achieve the required
water content. The mixtures were sealed and stored for
24 h. Finally, the specimens were completed after com-
paction in a mould with a constant volume.

The BTS test has been employed to measure the tensile
strength with different initial states. Figure 1 shows the
displacement-controlled triaxial instrument for measuring

Table 1 Physical and mechanical property indexes of test soil

Soil properties Value
Specific gravity 2.70
Liquid limit (%) 28.7
Plastic limit (%) 18.9
Plastic index 9.71
Optimum water content (%) 15.71
Maximum dry density (Mg/m?) 1.81
Silt content (%) 84
Clay content (%) 13
Unified soil classification system CL
Cohesion (kPa) 5
Effective internal friction angle (°) 25
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Fig. 1 Apparatus for Brazilian tensile strength test

the tensile strength of unsaturated specimens, which is
equipped with a load sensor and a displacement sensor. As
shown in Fig. 1, the compacted specimen was placed
radially between two rigid loading blocks. A loading rate
of 0.1 mm/min was selected for the BTS test. The tensile
strength of the specimen can be determined as follows:

2P
el 1
% T dt (1)

where o is the tensile strength, kPa; P is the axial load, kN;
d is the diameter, m; and ¢ is the thickness of the specimen,
m.

To investigate the effect of the initial void ratio and
water content on the tensile strength behaviour, the com-
pacted specimens with different initial void ratios and
water contents were prepared, as listed in Table 2.

4 Test results and discussions

Figure 2 illustrates the evolution of measured tensile
strength characteristic curves (TSCC) with water content
(w) and degree of saturation (S,) at initial void ratios of
approximately 0.80, 0.69, and 0.59, respectively. All
curves exhibit similar features with a clearly observed peak
tensile strength, indicating that the tensile strength depends
significantly on w or S, at a given void ratio. When the
specimen was in the relatively dry status, the tensile
strength increased with increasing water content or degree
of saturation. For specimens with different void ratios, a
peak value of the tensile strength was observed at the same
critical degree of saturation, S., of approximately 26%.
Further wetting the specimen leads to the decreasing in the
tensile strength. However, the decreasing rate becomes
more gradual when the water content is higher than the
optimum water content, wp,, indicating that the tensile

Table 2 Initial states of all specimens

Test Initial water Initial void  Initial degree of
no. content (%) ratio saturation (%)
1 4.1 0.59 18.76
2 4.1 0.69 16.04
3 59 0.59 27.00
4 5.9 0.69 23.09
5 5.9 0.80 19.91
6 8.2 0.59 37.53
7 8.2 0.69 32.09
8 8.2 0.80 27.68
9 9.8 0.59 44.85
10 9.8 0.69 38.35
11 9.8 0.80 33.08
12 11.8 0.59 54.00
13 11.8 0.69 46.17
14 11.8 0.80 39.83
15 14.0 0.59 64.07
16 14.0 0.69 54.78
17 14.0 0.80 47.25
18 15.9 0.59 72.76
19 15.9 0.69 62.22
20 15.9 0.80 53.66
21 18.2 0.59 83.29
22 18.2 0.69 71.22
23 18.2 0.80 61.43

strength is not sensitive to the variation in the water content
when the water content is sufficiently high. In addition,
decreasing the initial void ratio leads to a rise in the tensile
strength at a given water content.

Within a low degree of saturation range (S, < S.), most
of the water is trapped in intra-aggregate pores. The
compacted specimens at this stage are located in the region
of intra-aggregate governing suction [36, 10, 39]. Although
the soil suction is high, it contributes less to the tensile
strength, that is, the contribution of suction to the tensile
strength will decrease with decreasing degree of saturation
(S; < So), as shown in Fig. 2b. When the degree of satu-
ration is higher than the critical value (S, > S.), a
decreasing trend in tensile strength is observed. An
increasing number of water-bridges disappear at the con-
tact points of the inter-aggregate with increasing the degree
of saturation. The contribution of suction to the tensile
strength will decrease with increasing the degree of satu-
ration (S, > S.).
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Fig. 2 Measured variation in tensile strength at different initial void ratios with a water content and b degree of saturation

5 Modified SWCC model for adsorption
and capillarity

As demonstrated by the experimental results shown above,
the tensile strength of unsaturated soils depends on the
associated water content and initial void ratio. To ade-
quately simulate this behaviour, a modified SWCC model
is required which is not only able to account for the effect
of void ratio on the water retention evolution, but also
capable of producing accurate prediction over a wide
suction range. Therefore, a modified SWCC model is
developed in this section.

In recent years, it has been acknowledged that two types
of pore water exist in unsaturated soils: capillary water and
adsorbed water [3, 23, 28, 49]. As a result, the water
content of unsaturated soils can be written as

w=w, +w (2)

where w is the total water content, %; w, is the adsorption
water content, %; and w, is the capillarity water content, %.

To account for the adsorption water content, Revil and
Lu [35] proposed a function associated with the relative
humidity-based Kelvin’s law [12] which can be expressed
as

SO 1/M
a — Wam - § 3
P [CXP ( prT> :| ®)

where w,,, is the maximum adsorption water content, %,
and M is the adsorption strength, s is the suction, kPa, w, is
the molecular mass of water vapour assumed as a constant
of 18.016 g/mol, R is the universal gas constant (i.e.
8.314 J/mol K), p,, is the density of water, Mg/m, and T is
the absolute temperature, K.

In addition, the quantity of pRT/w, is a constant of
137,000 kPa at room temperature (25 °C) in Eq. (3). This
indicates that the suction reaches its maximum suction
value at zero water content is 137000 kPa. However,
experimental data have shown that the suction of a soil

@ Springer

reaches its maximum suction value at zero water content,
which can be much higher than 137,000 kPa [13, 30, 36].
To simulate the high suction value closed to zero water
content, a correction factor C(s) proposed by Fredlund and
Xing (1994) is given by
In(1 4+ s/s;)

Clo) =1 In(1 + s /s¢) 4)
where s, is the residual suction, kPa. s, is the maximum
suction, kPa. Lu and Khorshidi [30] reported that the
maximum suction varies from 475 to 1180 MPa and
depends on the soil mineralogy. It indicated that the highest
total suction in the SWCC models should not set the upper
bound to a fixed value.

Substituting Eq. (4) into Eq. (3), the adsorption water
content equation can be expressed as

o = wnCls) exp (- 25 )| " 5)

pwRT

Incorporating the adsorption degree of saturation S,,,
which is equal to w,Gy/e, (G is specific gravity, and e, is
the void ratio), into Eq. (5) can be further expressed as
follows:

Su = "% () exp ()| " (©)

e, pwRT

The change of the adsorption degree of saturation is
mainly dependent on soil types (i.e. mineralogical com-
position) [30, 36]. In the high suction range, the variation
of the adsorption degree of saturation with suction is
highlighted, but e, does not change significantly with
increasing suction. That indicated that the e, had negligible
influence on the adsorption degree of saturation at a given
initial state. In addition, the value of e, is difficult to be
determined over a wide suction range. For simplicity, it is
assumed that e is proportional to the e, (eq = fe,, f is a
material parameter which is larger than 1). Substituting
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e = Pe, into Eq. (6), the adsorption degree of saturation _ 1 { { (f) ”} }*’"
can be further derived as S = She S = (1= Sr) Cels) I e + a
e /M w s 1/ (12)
Wam Uy Sy + —mC S)|ex — v
Sra = e C(s) [exp (_ prTﬂ (7) eo (s) { p< prT)}
Equivalently, Eq. (7) can be rewritten as Equation (12) i.nvolves seven physical parameters in
L total, where three, i.e. a, n, and m, account for the effect of
s — @C(s) exp| — Sy 8) capillary water, while two, i.e. w,, and M, are employed to
" e WwRT model the effect of adsorption water. The remaining two

where wy, is a material parameter expressed as wp,
= fw.mG,. The parameter w,,, can be determined by fitting
the experimental data of SWCCs.

Following the theory proposed by Khlosi et al. [20], the
capillary water content (i.e. capillary water characteristic
curve) can be expressed as

we = (ws — wy)f (5) 9)

where wy is the saturated water content, %, and f{s) is the
capillary component function. Replacing f(s) by the for-
mulation proposed by Fredlund and Xing [13], Eq. (9) can
be further expressed as

we = (m, = wi)Cels){nfe + (2] b (10)

where a, m and n are the fitting parameters, e is the natural
number, e = 2.71828. C.(s) is a correction factor for cap-
illary water, expressed as C(s) =1 — In(1 + s/s.)/
In(1 + Sc/sy), in which s¢, is the upper bound of capillary
suction(kPa). When C.(s) equals to C(s), the upper bound
of the capillary suction becomes the maximum suction and
Eq. (10) may overestimate capillary water content in some
soils. To overcome this shortcoming, it is assumed that the
upper bound of capillary suction is equal to the residual
suction, i.e. C.(s) = 1 — In(1 + s/s.)/In(2).

Similarly, the capillary degree of saturation S,. can be
given as:

See = (1= 5u)Ce(s) {Ine + (2)”% (11)

By combining Egs. (8) and (11), a SWCC model
accounting for both adsorption and capillarity water can be
written as

Table 3 Properties of four different types of soils

parameters s, and s,,, represent the residual suction and the
maximum suction, respectively.

The initial void ratio is a key factor affecting the
hydraulic properties of unsaturated soils. Many studies
[14-16] suggested that the shifting of the SWCC due to the
void ratio can be modelled by introducing a term of (o)’
into the suction s, where b is a fitting parameter. Following
a similar approach, Eq. (12) can be further expressed as

S(s, e0)=(1 — Sra)Cc(S){ln {6 + (?)} }'”

] "

€0

(13a)

As absorbed water does not exist in coarse-grained soils,
especially for sandy soils [18], the adsorption degree of
saturation can be assumed to be zero for coarse-grained
soils and the upper bound of capillary suction is equal to
the residual suction, i.e. C(s) = C.(s). Therefore, the void
ratio-dependent equation for coarse-grained soils with
different initial void ratios can be simplified as

Se(s, €0) = Sic(s, eo) = C(s){ln [e + (?)] } (13b)

The proposed SWCC model (Eq. 13) was validated
against existing experimental results of four different types
of soils, namely silty sand, clayey silty sand, silty clay, and
expansive soil [25, 36, 19, 48]. The basic physical prop-
erties and initial void ratio of four selected soils are listed
in Table 3. Figure 3 shows the comparison between the
measured SWCCs of four selected soils with different void
ratios and the corresponding predictions by the proposed
model with the parameters listed in Table 4. The good
agreement between the experimental and predicted results

Soil type Specific gravity Liquid limit (%) Plastic limit (%) Initial void ratio USCS
Silty sand 2.65 N.G N.G 0.56 0.51 0.48 0.45 SM
Clayey silty sand 2.65 25 14.5 0.36 0.47 0.61 0.77 0.96 SC-CL
Silty clay 2.73 355 16.8 0.514 0.474 0.444 CL
Expansive Soil 2.74 38.8 17.2 1.19 1.03 0.83 CL

N.G. not given, USCS Unified Soil Classification System

@ Springer
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Fig. 3 Comparison of measured and predicted SWCCs of a silty sand, b clayey silty sand, ¢ silty clay, and d expansive soil

Table 4 Parameters of proposed SWCC model for different types of
soils with different void ratios

Soil type b Wam M a m n Sy Sm
(%) (MPa) (MPa)
Silty sand 7.2 3.7 1.0 0.1 155 135 5 1000
Clayey silty 4.8 2.5 80 26 215 052 60 1000
sand
Silty clay 20 25 7.5 980 4.10 0.85 10 1000
Expansive 33 9.0 6.0 150 1.85 0.75 45 800

soil

demonstrates that the proposed SWCC model is capable of
simulating the SWCCs of various types of soil as well as
the influence of the void ratio on the SWCC.

6 Tensile strength characteristic curve
(TSCC) model for adsorption
and capillarity

In the past decades, a number of theoretical and empirical
models have been developed to predict the tensile strength
of soils [21, 31, 43, 44, 46]. In most models, the tensile
strength is usually obtained based on Mohr—Coulomb’s
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O-tia c 0

2sing’
t= . ¢ro-ﬁa
1+sing

Fig. 4 Mohr—Coulomb’s criterion for uniaxial tensile strength (mod-
ified by Lu et al. 2009)

criterion, as shown in Fig. 4. The equation for the uniaxial
tensile strength is given as

ai/2 ot

L )
SN = =02~ Qom— o)

where ¢’ is the effective internal friction angle; and gy, is
the isotropic tensile strength.

The relationship between the isotropic tensile strength
and uniaxial tensile strength can be obtained by rearranging
Eq. (14) as

(14)
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. k
in
s For coarse-grained soils, k = 1 and S,, = 0, as there is
/ . . . .
o = 2tan ¢'tan T ﬂ . (16) barely any adsqrbed water in coarse-grained soils, while for
4 2 fine-grained soils, k > 1 and S;, # 0. Based on Egs. (13),

The suction stress can be conceptualized as the isotropic
tensile strength [31], given as

Oja=0" (17)

where ¢° is suction stress. The suction stress can be
decomposed into two water content-dependent compo-
nents: adsorptive suction stress, ¢}, and capillary suction
stress, g3, given as

o*=0,+0; (18)

In the residual regime, the suction stress may diminish
to zero for coarse-grained soil but could reach several
hundred kPa for fine-grained soil due to van der Waals
stress approaches a constant value [29, 32]. To account for
the adsorption suction stress of fine-grained soil in the
residual regime, Zhang and Lu [47] proposed an adsorption
suction stress which can be expressed as

5 = fa(5:) 0y (19)

where afjry is the suction stress at the over dry state, which
is a soil property combining the effects of contact area and
mineral properties on suction stress and independent of
water content or matric suction. f,(S;) is dimensionless
scaling function, which reflects distribution of physico-
chemical forces in terms of probability. By combining
Eq. (13b), fi(S;, eo) can be given as

Si(s, €0) — SE”‘"“‘O))} (20)

Swan(s. e)

flSere0) = 5 [1 - erf(ﬂ

where f is a dimensionless parameter reflecting the
strength of adsorptive suction stress and depends on soil
types and soil fabrics, expansive clays have wider transi-
tion zones and much lower [ values than nonexpansive
clays. S'™" is the degree of saturation at which adsorption
water regime transitions to capillary water regime. Zhang
and Lu [47] suggested the ratio of S\™" to S** follows 1.55
closely. S3* is the maximum adsorption saturation.

In many strength criteria for unsaturated soil, the degree
of saturation or effective degree of saturation has been
adopted as the effective stress coefficient. However, this
may lead to a significant overestimation of the tensile
strength of unsaturated soil in the capillary regime, espe-
cially for fine-grained soils. Varsei et al. [43] suggested
that the effective stress coefficient in the shear strength
criteria should be replaced by (S,)*. By considering the
effect of the void ratio on the tensile strength, the capillary
suction stress can be written as

(18), (19) and (21), the uniaxial tensile strength can be
given as

/

T
oy = 2tan ¢'tan (Z — %) $8:(s, ep)

for coarse - grained soil

or = 2tan ¢’ tan <g — %) [ (S, €O)thy + 5[Sic (s, eo)]k]

for fine - grained soil

(22a)

(22b)

The tensile strength of different types of soils with dif-
ferent void ratios can be predicted using Eqgs. (13a), (13b)
and (22). The parameters of Eqs. (13a) and (13b) can be
determined by fitting the two arbitrary SWCC. For fine-
grained soils, the material parameter k and f can be cali-
brated by the measured tensile strength of the specimen
with an arbitrary void ratio. For coarse-grained soils, the
material parameter k is adopted as a constant of 1.

7 Model verification
7.1 Fine-grained soils

In the experimental study shown earlier, the drying SWCCs
of test soil, i.e. lean clay, were measured at initial moulding
void ratios of approximately 0.80, 0.69 and 0.59 using the
filter paper method and vapour equilibrium method, as
shown in Fig. 5. AWCC and CWCC represent the
adsorption water characteristic curve and capillary water
characteristic curve, respectively. SWCCs of test soil with
different void ratios can be well simulated using Eq. (13a)
with the parameters listed in Table 5.

Figure 6 shows the measured and predicted tensile
strength of test soil with three void ratios (e, = 0.80, 0.69
and 0.59). The material parameter k in Eq. (22b) was set as
2.5, based on the calibration against the measured tensile
strength of the specimen with an initial void ratio of 0.59.
Then, the calibrated proposed model (i.e. Equation (13)
and Eq. (22b)) was used to model the tensile strength
curves at the other two void ratios, yielding a good
agreement.

Experimental data of two residual clays, one from the
Bukit Timah Granite (BTG) and the other from the Jurong
Formation (JF) [7], have also been employed for model
validation. The initial void ratios of compacted BTG
residual clay specimens were 0.445, 0.486, 0.529, and
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Fig. 5 Comparison of measured and predicted SWCCs of test soil at different initial void ratios with a e5 = 0.59, b ¢5 = 0.69 and ¢ ¢, = 0.80

Table 5 Parameters of proposed model for fine-grained soils with different void ratios

Soil name b

Wam (%) M a m n s; (MPa) Sm (MPa) p
Test soil 3.20 5.8 0.19 65 2.58 0.65 8 1000 3
BTG residual clay 1.60 52 0.20 2800 2.95 1.10 10 600 2
JF residual clay 0.88 5.1 0.45 2350 6.80 1.29 12 300 2

0.565, while the initial void ratios of the compacted JF
residual clay specimens were 0.473, 0.549, and 0.594. The
plastic limit of the BTG residual clay and JF residual clay
was 31% and 24%, respectively. The effective internal
friction angles of the BTG residual clay and JF residual
clay under fully saturated conditions were 28 and 30°,
respectively. The tensile strength of soil was determined by
Brazilian tensile strength tests.

Figures 7 and 8 show the measured and fitted SWCCs of
BTG residual clay and JF residual clay with different initial
void ratios. The adopted model parameters for BTG
residual clay and JF residual clay are listed in Table 5. A
good agreement can be observed at different void ratios.

Figures 9 and 10 show the measured and predicted
tensile strength of BTG residual clay and JF residual clay
with different initial void ratios (i.e. eg = 0.445, 0.486,
0.529 and 0.565 for BTG residual clay, and ey = 0.473,

@ Springer

0.549, and 0.594 for JF residual clay). The material
parameter k for the BTG and JF residual clays was set as
2.3, which were calibrated based on the measured tensile
strength of specimens with initial void ratio of 0.445 (see
Fig. 9a) and 0.473 (see Fig. 10a). The calibrated model
was subsequently used to simulate the tensile strength
curves at other void ratios. The good agreement between
the measured data and model predictions demonstrates that
the proposed model is capable of accurately capturing the
tensile strength behaviour of two clays with different initial
void ratios.

7.2 Coarse-grained soils
Figure 11 shows comparison between the measured and

predicted SWCC and TSCC for Esperance sand with initial
porosities of 0.4 and 0.45 (i.e. initial void ratios of 0.67 and
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Fig. 11 Comparisons of the measured and predicted soil water retention curve, tensile strength characteristic curve for Esperance sand with
aey=0.67 and b ¢y = 0.82 (data from Lu et al. [31])

Table 6 Parameters of proposed model for coarse-grained soils Esperance sand are listed in Table 6, and an effective
- internal friction angle of 50° was used, yielding a good
Soil name b s; (kPa) a M n
agreement.
Esperance sand 0.50 25 1.16 1.25 4.56 Figure 12 shows model validation against measured
Owatta sand 0 100 3.20 2.50 240  data of two sand types (i.e. Ottawa sand and Perth sand).
Perth silty sand 0 200 3.52 2.30 2.15  The complete test results for Ottawa sand and Perth sand

were reported in Lu et al. [33] and Kim and Sture [23],
respectively. The model parameters are presented in
Table 6. The effective internal friction angles for Ottawa
sand and Perth sand are 48° and 55°, respectively. An
excellent agreement can be observed between the measured
and predicted results of tensile strength for both sands.

0.82). The tensile strength of the Esperance sand at two
constant porosity values was measured using a modified
direct shear apparatus. The adopted model parameters for
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Fig. 12 Comparisons of the measured and predicted soil water retention curve, tensile strength characteristic curve for a Ottawa sand and b Perth

silty sand
8 Conclusions

To investigate the behaviour of tensile strength of unsatu-
rated soils, a series of tensile strength tests were firstly
performed on compacted lean clays with different void
ratios. Based on the observed phenomenon, a predictive
model accounting for the tensile strength with different
initial void ratios was developed based on the interaction
mechanism between capillary water and adsorbed water.
The conclusions can be summarized as follows:

1. The experimental results indicate that the tensile
strength depends significantly on the initial water
content at a given void ratio. The tensile strength of
specimens with different void ratios first increased and
then decreased with increasing water content, and a
peak value of the tensile strength was observed at the
critical water content.

2. A modified SWCC model accounting for the effect of
initial void ratio was developed based on the interac-
tion mechanism between capillary water and adsorbed
water, which is shown to be able to accurately capture
the soil water behaviour with different void ratios over
a wide suction range.

3. Tensile strength model considering the effect of initial
void ratio was established for both coarse-grained and
fine-grained unsaturated soils. The proposed tensile
strength models were verified by comparing against
experimental results obtained in this study and those
reported in the literature, showing an excellent
agreement.
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