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Abstract 
The red clay in Chenzhou, Hunan province is mostly in unsaturated state. 
Simply applying the mechanical properties that derived from classic saturated 
soil mechanics often leads to slope failures in this region. In order to study 
the shear strength characteristic of unsaturated red clay in Chenzhou and to 
explore a shear strength equation that can be easily applied in engineering 
practice, a series of triaxial tests of saturated and unsaturated red clay samples 
were performed using the regular triaxial testing apparatus. The testing re-
sults show that the peak strength of red clay drops slightly before the mois-
ture content of 30% but decreases sharply after that. The friction angle of red 
clay under unsaturated state is basically equal to the effective friction angle 
under saturated state, while the cohesion of unsaturated red clay is far much 
bigger than that of saturated one, which indicates that the matric suction 
makes a great contribution to the cohesion. By fitting the testing results with 
appropriate curves, the relationships between total strength parameters totalc  
and totalϕ  with moisture content were obtained. The total totalc  increases 
logarithmically before the moisture content of 35% then decreases linearly, 
while totalϕ  decreases cubically with increasing moisture content. 
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1. Introduction 

Most soils encountered in the engineering practice are unsaturated soils. Due to 
the existence of gas phase, which usually refers to air, the pore water pressure in 
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unsaturated soils is smaller than pore air pressure. The difference between the 
two pressures is called matric suction. Matric suction plays a very important role 
in controlling the mechanical properties of unsaturated soils. Extensive engi-
neering practice and research results show that unsaturated soils and saturated 
soils have great differences in engineering properties, therefore, unsaturated soils 
cannot be simply treated as saturated ones. Because of the insufficient under-
standing of the properties of unsaturated soils, engineering accidents related 
with suction occur frequently during the implementation of projects, which 
brings about huge economic loss around the world [1]. Therefore, changes in 
soil properties caused by changes in moisture content or suction in soils should 
be considered by applying suitable theory for unsaturated soils. The difficulty of 
suction measurement makes the theory of unsaturated soil mechanics based on 
suction basically stay in the stage of laboratory research, and has not been widely 
used in engineering practice. 

In the Lingnan area of Chenzhou, China (Figure 1) unsaturated red clay is 
widely distributed throughout the natural landscape. Slopes in unsaturated red 
clay can maintain stability at a relative height and steep angle when there is no 
rainfall, while slopes even with very gentle angles tend to slide after rainfall. Due 
to the insufficient understanding of the mechanical behavior of unsaturated red 
clay, slopes comprised of it in Chenzhou often fail after rainfall even if it is rein-
forced, which causes a great loss to the local economy [2]. Therefore, it is of 
great theoretical and practical importance to conduct experimental research on 
the characteristics of unsaturated red clay in Chenzhou and to explore equations 
that can be easily applied in the analysis of engineering problems such as  

 

 
Figure 1. Geographical map of the research area (the red star). 
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slopes and foundation pits. 

2. Studies on the Shear Strength of Unsaturated Soils 

Since the 1950s, a large number of scholars have been devoted to the study of 
unsaturated soils, among which Bishop [3] [4], Fredlund [1] [5], Khalili [6] [7], 
Ning Lu [8] have made outstanding research outcomes. 

In 1959, Bishop proposed an effective stress equation for unsaturated soils 
based on experiments [3]. 

( ) ( )a a wu u uσ σ χ′ = − + −                     (1) 

where, σ ′  is the effective stress; au  is the pore air stress; wu  is the pore water 
pressure; χ  is the effective stress parameter of unsaturated soils that is related 
to the degree of saturation. χ  ranges from 0 - 1.0 (for perfectly dry soil, 

0χ = ; for saturated soil, 1χ = ). 
On this basis, and according to the Mohr-Coulomb theory, Bishop et al. 

(1960) put forward a shear strength equation for unsaturated soils [4]. 

( ) ( )tan tanf a a wc u u uτ σ ϕ χ ϕ′ ′ ′= + − + −              (2) 

where, ϕ′  is the effective friction angle of saturated soils; c′  is the effective 
cohesion. 

Research results showed that the effective stress parameter χ  is not only re-
lated to the degree of saturation, but also to soil types, soil structures, stress his-
tory, stress path, hydraulic hysteresis and many other factors. 

Fredlund and Morgenstern (1978) proposed a stress analysis procedure for 
unsaturated soils based on multiphase continuum mechanics which suggests to 
use two independent stress state variables ( )auσ −  and ( )a wu u−  to establish 
the effective stress equation [5]. 

( ) ( )tan tan b
f a a wc u u uτ σ ϕ ϕ′ ′= + − + −               (3) 

where, bϕ  is the friction angle of suction, the slope angle that shear strength 
increases with matric suction ( )a wu u− . 

At first proposal of this equation, Fredlund assumed that bϕ  is a constant 
value for a particular type of soil. However, the research results by Gan et al. 
(1988) showed that bϕ  is not constant even for the same soil sample [9]. It is a 
function of matric suction. When the soil sample closes to saturated state, the 
matric suction is very small and the value of tan bϕ  is close to the effective in-
ternal friction coefficient of saturated soil tanϕ′ ; when the soil saturation de-
creases and the matric suction increases, the value of tan bϕ  decreases gradually 
and nonlinearly. Therefore, the proper choosing of bϕ  in Fredlund’s shear 
strength equation is the key to the popularization and application of this theory. 

Ning Lu (2004) pointed out that the most relevant and practical parameter to the 
physical and mechanical behavior of unsaturated soils is neither the matrix suction 
nor the effective stress parameter χ , but the product of the two ( )a wu uχ −  [8]. 

Due to the difficulty in determining the parameters χ  and bϕ , neither Bi-
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shop’s equation nor Fredlund’s equation have been widely used in engineering 
practice. Therefore, many scholars have proposed a range of total shear strength 
equations for unsaturated soils that are convenient for engineering application 
[10]-[18]. Their expressions can be summarized in the following form. 

tanf total totalcτ σ ϕ= +                       (4) 

where, totalc  and totalϕ  are the total shear strength parameters which vary with 
moisture content of soil. The two parameters consider the contribution of matric 
suction and soil structure to the shear strength, and the exact expression varies 
with soil types. 

However, most of these studies ([10]-[18]) are based on direct shear test, the 
shear plane and the stress state of which have a huge difference from that of 
in-situ soils. By comparison, the shear strength obtained from triaxial tests are 
more reliable and more close to the theoretical values. On the other hand, unsa-
turated triaxial tests are usually both time and labor consuming and industry 
normally do not have the apparatus to conduct such testing. Therefore, regular 
triaxial tests were performed to study the relationship between the shear strength 
and moisture content of unsaturated red clay in Chenzhou, and then equations 
of total shear strength that are convenient for engineering application were pro-
posed in this paper. 

3. Testing Methods 
3.1. Sample Preparation and Testing Equipment 

The red clay studied in this paper was collected from a foundation pit in 
Chengzhou. The in-situ soil sample has a volumetric moisture content of 16% - 
20%, a dry density of 1.6 g/cm3, a specific gravity of 2.825 and a the void ratio of 
0.92. The testing samples were remolded and passed through a 1 mm sieve after 
drying and rolling and compacted under identical dry density as the natural soil. 
The soil samples in the consolidated drained tests were all compacted in several 
layers with a volumetric water content of 20%, and the water content after satu-
ration was 48%. The unconsolidated undrained soil samples were compacted 
under different moisture contents. All soil samples were 80 mm in height and 
39.1 mm in diameter (a slight difference may exists after the sample was made), 
the typical soil sample is shown in Figure 2. 

The testing apparatus mainly consists of the TSZ-3 strain-controlled triaxial 
tester (Figure 3) and the corresponding testing system produced by Nanjing Soil 
Instrument Factory and the BGH vacuum saturator (Figure 4). 

3.2. Test Plan and Procedures 

The triaxial shear tests in the study included two parts: the consolidated drained 
tests (CD) of saturated soil and the unconsolidated undrained tests (UU) of un-
saturated soil. The preparation of soil samples and the testing procedures of CD 
and UU tests were in accordance with the Standard GB/T 50123-2019 (Ministry 
of Housing and Urban-Rural Development of the People’s Republic of China,  
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Figure 2. Soil sample of triaxial test. 

 

 
Figure 3. TSZ-3 strain-controlled triaxial tester. 

 

 
Figure 4. BGH vacuum saturator. 

 
2019) [19]. All the testing data was collected by the computer-controlled data 
collector. 

3.2.1. Consolidated Drained Tests (CD) of Saturated Soil 
The soil samples compacted at 20% volumetric moisture content were saturated 
in the vacuum saturator for 10 hours, and then three soil samples were subjected 
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to consolidated drained tests under confining pressures of 100 kPa, 200 kPa, and 
300 kPa respectively. The shear rate applied in the tests was 0.015 mm/min, and 
the effective shear strength parameters c′  and ϕ′  of saturated red clay were 
obtained from the testing results. 

3.2.2. Unconsolidated Undrained Tests (UU) of Unsaturated Soil 
A total of 24 soil samples divided into 8 groups at moisture contents of 10%, 
15%, 20%, 25%, 30%, 35%, 40%, 45% were tested under unconsolidated un-
drained conditions and confining pressures of 100 kPa, 200 kPa, and 300 kPa. 
The shear rate for the UU tests was 0.4 mm/min, and the total shear strength 
parameters totalc  and totalϕ  of unsaturated red clay at different moisture con-
tents were obtained. 

3.3. Testing Results and Discussion 
3.3.1. Consolidated Drained Tests (CD) 
The stress-strain curves of saturated red clay samples under confining pressures of 
100, 200, and 300 kPa in the consolidated undrained test are shown in Figure 5. 

According to the stress-strain curves, the soil samples did not undergo shear 
failure when reaching the peak strength or 20% strain, presenting a form of plas-
tic bulging deformation as shown in Figure 6: the greater the confining pressure 
applied, the greater the peak strength was. 

Based on the confining pressure and peak strength, the failure envelope of 
Mohr’s stress circles was plotted for the three soil samples in Figure 7. From the 
envelope, the effective shear strength parameters of saturated red clay were ob-
tained: 19.06 kPac′ =  and 28.4ϕ′ = . 

3.3.2. Unconsolidated Undrained Tests (UU) 
The stress-strain curves of unsaturated red clay samples at different volumetric 
moisture contents under confining pressures of 100, 200, and 300 kPa in the 
unconsolidated undrained tests are shown in Figures 8-15. 

 

 

Figure 5. Stress-strain curves of saturated red clay under different confining pressures. 
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Figure 6. Soil samples of saturated red clay after consolidated drained test. 

 

 
Figure 7. Failure envelope of saturated red clay. 

 

 
Figure 8. Stress-strain curves of unsaturated red clay at moisture content of 10%. 

 
From these stress-strain curves, it can be observed that: 
1) The peak strength of soil samples decreases with the increase of moisture 

content and the decrease of confining pressure; the peak strength decrease slightly 
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when the moisture content is between 10% and 30%, but starts to decline signif-
icantly after exceeding 30%. 

2) The lower the moisture content and confining pressure are, the smaller 
strain it need to reach the peak strength and the shorter the peak strength is 
maintained; the higher the moisture content and confining pressure are, the  

 

 

Figure 9. Stress-strain curves of unsaturated red clay at moisture content of 15%. 
 

 

Figure 10. Stress-strain curves of unsaturated red clay at moisture content of 20%. 
 

 

Figure 11. Stress-strain curves of unsaturated red clay at moisture content of 25%. 
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Figure 12. Stress-strain curves of unsaturated red clay at moisture content of 30%. 
 

 
Figure 13. Stress-strain curves of unsaturated red clay at moisture content of 35%. 

 

 

Figure 14. Stress-strain curves of unsaturated red clay at moisture content of 40%. 
 

greater strain it need to reach the peak strength and the longer the peak strength 
is maintained. 

3) When the moisture contents of soil samples are ranging from 10% to 35%, 
shear failure occurs after reaching the peak strength as shown in Figure 16. After  
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Figure 15. Stress-strain curves of unsaturated red clay at moisture content of 45%. 
 

 
Figure 16. Shear failure of soil samples with moisture content below 35%. 

 

 
Figure 17. Bulging deformation of soil samples with moisture higher than 35%. 

 
reaching the moisture content of 35% (300 kPa confining pressure), a form of 
plastic bulging deformation (Figure 17) is observed instead of shear failure, 
which is similar to the saturated soil samples in CD tests. 

Based on the confining pressure and peak strength, the failure envelopes of 
Mohr’s stress circles were plotted for the unsaturated soil samples. The total 
shear strength parameters totalc  and totalϕ  of unsaturated red clay at different 
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moisture contents were obtained and shown in Table 1. 
By fitting the testing data of totalc  and totalϕ , the corresponding curves for the 

two parameters were obtained and shown in Figure 18 and Figure 19. 
 

Table 1. Shear strength of unsaturated red clay at different moisture contents. 

Volumetric moisture content θ (%) totalc  (kPa) totalϕ  (kPa) 

10 144.65 30 

15 181.94 29 

20 180.65 29.2 

25 200.25 24.7 

30 207.39 22.5 

35 210.63 14.5 

40 141.06 9.2 

45 82.12 7.4 

 

 
Figure 18. Relationship between total strength parameter totalc  and moisture content. 

 

 

Figure 19. Relationship between total strength parameter totalϕ  and moisture content. 
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Observations form Table 1, Figure 18 and Figure 19 show that: 
1) The total cohesion totalc  is between 82.12 kPa and 210.63 kPa when the 

moisture content is 10% to 45%, much larger than the effective cohesion (19.06 
kPa), which indicates that the matric suction makes a great contribution to the 
total cohesion. Besides, the total cohesion first increases and then decreases with 
increasing moisture content, which is consistent with the research results of 
Shengming Luo [15] and Gaofeng Chen [16]. To be specific, totalc  increases 
slowly before moisture content of 35%, while decreases rapidly after that point. 
The reason for this behavior can be explained as follows: the water in red clay is 
mainly bound water at a low moisture content, and the increasing bound water 
improves the cohesion of soil to a great extent; when the moisture content rises, 
the water in red clay becomes free water, the cohesion between soil particles is 
weakened, and the matric suction also decreases with increasing moisture con-
tent, so the total cohesion decreases. The varying trend of totalc  can be fitted by 
the function (4a) and (4b). 

( )50.89ln 33.36 0 35%totalc wθ= + ≤ ≤              (4a) 

( )12.85 658.6 35% 48%totalc wθ= − + ≤ ≤             (4b) 

2) The total strength parameter totalϕ  of unsaturated red clay remain stable 
(29˚ to 30˚) before the moisture content of 20%, closing to the effective friction 
angle ϕ′  (28.4˚), which indicates that in this range of moisture content, the gas 
in soil is in a connected state. Because the volumetric deformation is small in 
this stage, the air pressure does not increase significantly during the shearing 
process in this stage, therefore it has little effect on the value of totalϕ . On the 
other hand, totalϕ  decreases significantly after the moisture content of 20%, in-
dicating that the gas in the soil is in a partially-connected state after that point. 
The pore water begins to connect and pore water pressure is generated during 
the shearing process so that the total friction angle is substantially reduced. The 
varying trend of totalϕ  can be fitted by function (5). 

3 20.001 0.1 2.227 16.029totalϕ θ θ θ= − + +               (5) 

4. Conclusions 

In this paper, the shear strength characteristics of unsaturated red clay were in-
vestigated by performing regular triaxial tests on the saturated and unsaturated 
soils. By analyzing the testing results, following conclusions can be drawn. 

1) The peak shear strength of unsaturated red clay decreases with increasing 
volumetric moisture content, especially after moisture content of 30%. This ex-
plains why properly reinforced slopes in the red clay could fail after heavy rain-
fall. 

2) Due to the existence of matric suction, The total cohesion of unsaturated 
red clay is significantly larger than effective cohesion c′ . This explains why un-
saturated soil slopes can maintain stability at a relative steep angle. totalc  can be 
perfectly fitted by an increasing logarithmic function and a decreasing linear 
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function. 
3) The total friction angle totalϕ  decreases with the increasing moisture con-

tent. The stable value before moisture content of 20% means that the red clay is 
in an air connection state. In other words, it mainly reflects the characteristic of 
unsaturated soils. The varying trend can be fitted by a cubic polynomial func-
tion. 

4) By simply measuring or calculating the moisture content of soils in differ-
ent depth, the proposed shear strength equations can be easily applied in engi-
neering practice, which may help to reduce the possibility of engineering acci-
dents like slope failures in Chenzhou. 
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