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1 INTRODUCTION 

During the last four decades, several researchers 
have focused to better understand the tensile 
strength of fine-grained compacted soils because of 
its importance in a wide range of applications (e.g., 
tensile cracks at the crest area of slopes, landfill co-
vers and liners, cores of earth dams, isolation pack-
age for deep nuclear waste repository, etc.) (e.g., 
Farrell et al. 1967; Krishnayya and Eisenstein 1974). 
However, tensile strength of soils is often neglected 
in conventional geotechnical engineering practice 
applications. Tensile strength of unsaturated soils is 
a key parameter for interpreting the associated ten-
sile failure phenomenon; which also influences the 
flow and shear strength behavior of unsaturated 
soils. There is a significant gap in understanding the 
tension-induced failure characteristics and its influ-
ence on the shear strength failure behavior of un-
saturated soils.  

The tensile strength of fine-grained compacted 
soils is investigated by many researchers through 
building up the relationship between tensile strength 
and water content (or, degree of saturation) or soil 
suction independently (e.g., Favaretti 1995; Tang 
and Graham 2000; Munkholm and Kay 2002; 
Nahlawi et al. 2004; Zeh and Witt 2005; Win 2006; 
Rodríguez et al. 2007; Wang et al. 2007; Laksh-
mikantha et al. 2008; Villar et al. 2009; Trabelsi et 
al. 2012). However, various properties or parame-
ters, which include the soil structure (e.g., Snyder 
and Miller 1985), void ratio (e.g., Abu-Hejleh 1993; 
Ibarra et al. 2005; Akin and Likos 2017) and confin-
ing stress (e.g., Zhang et al. 2010) have a considera-
ble influence on the tensile strength. 

2 PREDICTION MODELS 

Several equations have been proposed in the litera-
ture to predict the tensile strength of fine-grained 
compacted soils. These equations can be categorized 
into three groups (Group A, Group B, and Group C) 
based on the different approaches used to account 
for the influence of the water content and/or soil 
suction. 

2.1 Group A: Empirical models 

Several empirical models have been proposed based 
on regression analysis using extensive experimental 
data for some soils, which are summarized below. 

Zeh and Witt (2005) proposed Eq. (1), which was 
derived for a medium plasticity clay (Plessa clay, 
from Germany) for a wide range of degree of satura-
tion (i.e., Sr = 0.1~0.9) based on suction-controlled 
modified triaxial tests: 

            (1) 

where st = tensile strength, kPa; s = soil suction, 
kPa; a, b, c, d = soil parameters to be determined 
experimentally. 

Lutenegger and Rubin (2008) proposed Eq. (2), 
which was derived for four fine-grained soils in the 
water content range of wopt ±6%, based on double 
punch test: 

                   (2) 

where st,opt = st at optimum moisture content condi-
tion, kPa; w = water content; wopt = optimum mois-
ture content; z = soil parameter. 
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Trabelsi et al. (2012) proposed a linear expression 
(Eq. (3)) for predicting the variation of tensile 
strength with respect to soil suction for the suction 
range of 0 to 5 MPa, for a remolded highly plastic 
clay: 

                              (3)  

where k1, k2 = soil parameters to be determined ex-
perimentally. 

These empirical models are simple for use in en-
gineering practice applications. However, they are 
soil-specific, and cannot be used for predicting the 
tensile strength for other unsaturated soils with dif-
ferent properties (Venkataramana et al. (2009). 

2.2 Group B: Theoretical models based on the 
effective stress approach 

Tensile failure charateristics will not arise in 
unsaturated soils until bonding forces acting on the 
contacting points between adjacent particles on the 
failure plane are vanished (i.e. reduced to zero). This 
is equivalent to stating that the effective stress 
(carried on by the soil matrix in soil-water-air 
system subjected to external forces) is zero on the 
tensile failure plane at failure. Thus, the tensile 
strength can be obtained by equating the effective 
stress of unsaturated soils to zero (i.e., s' = 0). 
Several theoretical models in the literature that are 
based on this approach are summarized below.  

Based on Bishop’s effective stress principle 
(Bishop 1959): 

                         (4) 

where c = Bishop’s effective stress parameter and 
depends on the degree of saturation, Sr; s = total 
normal stress, kPa; ua = pore air pressure, kPa. 
Snyder and Miller (1985) proposed a novel formula 
(Eq. (5)) to estimate the tensile strength of 
unsaturated soils, by combining Haines-Fisher 
theory of intergranular bonding force (Fisher 1926) 
and Griffith’s theory (Griffith 1924) of fracture 
failure of cracked elastic solids, which was derived 
for a low plastic silt through pneumatic fracture 
technique: 

                   (5) 

where f(Sr) = a proportionality factor in the context 
of Griffith’s stress concentration theory of fracture 
which accounts for the shape and size of the “flaw”, 
and is unity in the case of uniformly packed particles 
(i.e., no flaws). In the present study, the comprehen-
sive coefficient, F(Sr) is approximated as 

                          (6) 

where k3, k4 = soil parameters to be determined ex-
perimentally. 

Another equation was based on Bishop’s 
generalized effective stress principle (Schrefler 
1984): 

                        (7) 

Péron (2008) proposed Eq. (8) to predict the 
variation of tensile strength with soil suction, which 
was derived for a low plastic silt using modified 
triaxial tests results:  

             (8) 

where s’t = effective tensile strength, kPa; s’t,sat = 
effective saturated tensile strength, kPa; k5, k6 = soil 
parameters to be determined experimentally. 
 

 
 
Figure 1. Conceptual illustration of tensile strength models 
proposed by (a) Lu et al. (2009); (b) Morris et al. (1992); (c) 
Lakshmikantha et al. (2012), and Varsei et al. (2016). 
 

Lu et al. (2010) extended the concept of “suction 
stress” (Lu and Likos 2006) for effective stress 
formulation for unsaturated soils as given below: 

       (9) 
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         (10) 

where s 
s = suction stress, kPa; Sr

e = normalized or 
effective degree of saturation; Sr,res = residual degree 
of saturation; avg, nvg = fitting parameters of van 
Genuchten’s SWCC model (van Genuchten 1980). 
Lu et al. (2009) proposed a theoretical formulation 
(Eq. (11)) to evaluate the uniaxial tensile strength of 
unsaturated sands by extending the nonlinear Mohr-
Coulomb failure criterion (Fig. 1a): 

               (11) 

where stu = uniaxial tensile strength of unsaturated 
sands, kPa; ft = friction angle (in °) corresponding 
to normal stresses in the negative values (i.e., tensile 
stress) range. 

Following Lu et al. (2009) model, Tang et al. 
(2014) proposed Eq. (12) by modifying Eq. (11) at 
the high range of degree of saturation (i.e., Sr ≥ Sr,c) 
to estimate the tensile strength of compacted clayey 
soils, which was derived for a low plastic clay 
(Nanjing clay, from China): 

 

(12) 

where str = residual tensile strength at fully 
saturated condition, kPa; Sr,c = critical degree of 
saturation at which the tensile strength reaches a 
maximum value. 
 

2.3 Group C: Theoretical models based on the 
apparent cohesion approach 

The shear strength behavior of unsaturated soils has 
been interpreted extending the Mohr-Coulomb 
failure criterion incorporating the influence of soil 
suction (e.g., Fredlund et al. 1978; Vanapalli et al. 
1996). Fine-grained soils such as silt and clay 
exhibit not only shear strength but also tensile 
strength. The tensile strength behavior is widely 
explained using the cohesion that arises between the 
soil particles (Fisher 1926; Lambe and Whitman 
1969). The cohesion may be of two kinds: (i) 
cohesion arising due to natural or artificial 
cementation between particles, and (ii) the apparent 
cohesion associated with soil suction. Therefore, the 
uniaxial tensile strength of unsaturated soils can also 
be investigated making use of the concept of 
“apparent cohesion” (capp) which is the intercept of 
Mohr-Coulomb failure envelope with the shear-
stress axis at a specific matric suction and zero net 

normal stress (Fredlund and Rahardjo 1993). Several 
models available in the literature, which are 
developed based on the apparent cohesion approach, 
are summarized below.  

Morris et al. (1992) suggested Eq. (13) for the 
variation of tensile failure of unsaturated soils with 
soil suction by multiplying the intercept on 
horizontal axis extending the Mohr-Coulomb failure 
envelop with an empirical reduction factor, aT (Fig. 
1b): 

    (13) 

where capp = apparent cohesion of unsaturated soils, 
kPa; c’, f’ = effective cohesion and angle of internal 
friction and in kPa and ° respectively at the saturated 
condition; fb = angle of shearing resistance with re-
spect to matric suction. 

Vanapalli et al. (1996) proposed a semi-empirical 
model for predicting the nonlinear shear strength 
behavior of unsaturated soils using the effective 
shear strength parameters and the soil-water charac-
teristic curve. This model is consistent with shear 
strength equation proposed in terms of independent 
stress state variables framework by Fredlund and 
Morgenstern (1976). The following expression can 
be obtained by comparison of the shear strength 
model proposed by and Vanapalli et al. (1996) mod-
el and Fredlund et al. (1978) equation: 

                     (14) 

where k = soil parameter related to plasticity index. 
Combining Eq. (13) and Eq. (14), the following 

equation can be derived as given below: 

          (15) 

Alonso et al. (2010) proposed another effective 
stress formulation as given below: 

                    (16) 

                              (17) 

where sij’, sij = effective, and total stress tensor, re-
spectively; dij = the Kronecker delta; a (a ≥ 1) = soil 
parameter related to soil microstructure. 

Lakshmikantha et al. (2012) proposed Eq. (18), 
which was derived for a low plastic silty clay by di-
rect tension tests (Fig. 1c): 

        (18) 

Following Lakshmikantha et al. (2012) equation, 
Varsei et al. (2016) proposed Eq. (19), which was 
derived for two clayey soils using the experimental 
results obtained from split plate method to predict 
the uniaxial tensile strength of unsaturated soils. 
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This related can be obtained from Mohr’s circle with 
zero major principal stress (Fig. 1c):  

   (19) 

3 COMPARISONS AND DISCUSSIONS 

Two equations from each of the three groups; Eq. 
(1) and Eq. (2) from Group A; Eq. (5) and Eq. (8) 
from Group B; Eq. (15) and Eq. (19) from Group C 
are chosen for providing comparison between the 
measured stu and the predicted stu. Two sets of 
experimental data, which are derived from two 
different specimen preparation procedures are 
selected. The specimen preparation proceduce will 
influence the strength (i.e., shear strength, and 
tensile strength) of unsaturated soils (e.g., Trabelsi 
et al. 2010) due to influence of soil structure. The 
soil properties, compaction characteristics, and 
experimental details of the two cohesive compacted 
soils used in the present study are summarized in 
Table 1. The measured SWCC for the two soils 
(symbols) and the predicted SWCC (lines) using the 
Fredlund and Xing (1994) equation are shown in 
Figure 2. 

             (20) 

where, afx, mfx, nfx = fitting parameters. 
  

 
 
Fig. 2. Experimental data and corresponding best-fit SWCC of 
the soils used in this study: (a) Nanjing clay; (b) Plessa clay. 
 
 
 
 
 
 
 
 
 

Table 1. Details of the soils used in this study. 

Index property 
Nanjing 

claya 
Plessa clayb 

Standard compaction tests   
Maximum dry density 
(Mg/m3) 

1.70 1.65 

Optimum moisture content 
(%) 16.5 21.0 

Specific gravity 2.73 2.68 

Atterberg limits   
Liquid limit (%) 20 44.9 
Plastic limit (%) 37 21.4 
Plasticity index 17 23.5 

Classification (USCS) 
Lean clay 

(CL) 
Lean clay 

(CL) 
Saturated shear strength pa-
rameters 

  

cohesion, c’ (kPa) 12.1c 16.8 
internal friction angle, f’ (°) 25c 25 

Measurement methods 
Nanjing 

claya 
Plessa clayb 

Soil preparation compacted 
compacted-

dried 

Tensile strength  
uniaxial ten-

sion 
uniaxial ten-

sion 
Notations: aSource: Tang et al. (2014); bSource: Zeh and Witt 
(2005); cEstimated values based on Tang et al. (2014). 
 

Fig. 3 and Fig. 4 show the comparisons between 
the measured st for Nanjing clay and Plessa clay and 
the predictions using Eq. (1) and (2) (Group A), Eq. 
(5) and (8) (Group B), and Eq. (15) and (19) (Group 
C), respectively.  

Eq. (2) proposed by Zeh and Witt (2005) is de-
rived from the Plessa clay compacted in the range of 
(wopt ±6%). The linear relationship is valid for the 
narrow water content range around the optimum wa-
ter content, rather than the entire range (Fig. 3a; Fig. 
4a). Eq. (1) can reproduce the trend of variation of 
tensile strength over the entire suction range, except 
for the extremely high range (i.e., s > 105 kPa) (Fig. 
3b; Fig. 4b). 

Eq. (8) can reproduce the variation tensile 
strength with suction near saturated condition (i.e., s 
< 103 kPa) and not for the suction range which is 
greater than the air-entry value (Fig. 3b; Fig. 4b). 
Eq. (5) reliably predicts the tensile strength for the 
medium range of saturation; however, it is not found 
suitable for either sides of saturation (i.e., extremely 
dry, and near saturated) (Fig. 3c; Fig. 4c).  

Eq. (15) is suitable for the medium range of satu-
ration, which is the same as Eq. (5) (Fig. 3c; Fig. 
4c). The predictions by Eq. (19) deviate the meas-
urements in low range of saturation, especially for 
Nanjing clay (Fig. 3c; Fig. 4c). This can be ex-
plained by the difference in the specimen prepara-
tion procedures: Eq. (19) is derived for the desic-
cated specimens compacted initially near optimum 
water content. And, this equation is based on the 
Alonso et al. (2010) effective stress formulation 
which is based on the double-structure concept of 
the soil pores. However, the specimens compacted at 
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low water contents will not necessarily present the 
double-pore structure. Due to this reason, Eq. (19) 
underestimates the tensile strength at low degree of 
saturation. 

4 CONCLUSIONS 

The available models in the literature for predicting 
the tensile strength are reviewed. The performance 
of two representative models from each of three 
groups are investigated and comparisons to meas-
urements for two compacted soils are provided. 
Strength and limitations of these six models are dis-
cussed as well. It can be concluded that specimen 
preparation procedure would have significant influ-
ence on the variation of tensile strength with soil 
suction or degree of saturation, due to the differ-
ences in soil structure. The tensile strength of com-
pacted soils should be studied further from the con-
stitutive modelling perspective (e.g., Kodikara 
2012), due to the hydro-mechanical coupling effect 
during the tensile failure which would be having 
similar characteristics as shear failure of earth struc-
tures. 
 

 
  
Fig. 3. Comparisons between the variations of the measured 
by Tang et al. (2014) and predicted by: (a) Eq. (2); (b) Eq. (1) 
and Eq. (8); (c) Eq. (5), Eq. (15), and Eq. (19).  
 



 
 
Fig. 4. Comparisons between the variations of the measured 
by Zeh and Witt (2005) and predicted by: (a) Eq. (2); (b) Eq. 
(1) and Eq. (8); (c) Eq. (5), Eq. (15), and Eq. (19). 
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