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ABSTRACT 
Considering the effect of different construction procedures in protection engineering of cut slope of expansive soil and the frequently 
occurring disasters due to rainfall infiltration, the borehole shear test (BST) was employed to conduct the in-situ consolidated shear 
test by applying different normal stress levels, unloading to a certain stress after applying a higher normal stress (preloading), and the 
hole flooded before loading, so that the effect of distinct loading modes and flooding conditions on shear strength characteristics of 
Nanyang expansive soil can be analyzed. The obtained shear stress-displacement relationship of expansive soils from BST shows 
weak hardening, and the shear strength increases with the increment of preloading, which is mainly due to the increase of cohesion, 
while, the friction varies slightly. It reflects that the construction procedure and the support strength have a pronounced effect on the 
strength parameters and slope stability. The shear strength of expansive soil is also greatly influenced by the flooding with a 
maximum drop of 56.9%, which is mainly caused by the reduction of cohesion that falls by 18.1kPa. The inhibiting effect of the 
preloading on softening is obvious up to 300 kPa, while the effect is slight for the higher preloading. Therefore, the effect of rainfall 
infiltration on strength parameters of expansive soils should be considered as well as reasonable rational preloading level and 
construction procedure need to be selected in actual engineering design. 

RÉSUMÉ 
Compte tenu des différentes procédures de construction en matière d'ingénierie de protection de talus des sols expansif et des
désastres fréquents dus à l'infiltration des précipitations, le test de cisaillement par forage (BST) a été utilisé pour effectuer in situ le 
test de cisaillement consolidé en appliquant différentes contraintes normales; En élevant la contrainte jusqu'à une certaine valeur après 
application d'une contrainte normale plus élevée (précharge) et l'inondation du trou avant le chargement pour analyser l'effet de 
différents modes de chargement et des conditions d'inondation sur les caractéristiques de résistance au cisaillement du sol expansif de 
Nanyang. La relation  contrainte de cisaillement - déformation des sols expansifs de BST montre un faible durcissement et la 
résistance au cisaillement augmente avec l'augmentation de la précontrainte, principalement due à l'augmentation de la cohésion, 
tandis que le frottement varie légèrement. Il reflète que la procédure de construction et la résistance du support ont un effet prononcé 
sur les paramètres de résistance et la stabilité de la pente. La résistance au cisaillement du sol expansif est également fortement 
influencée par les inondations avec une chute maximale de 56,9%, principalement due à la réduction de la cohésion qui chute de 18,1 
kPa. L'effet inhibiteur de la précharge sur le ramollissement est évident jusqu'à 300 kPa, alors que l'effet est faible pour un 
préchargement plus élevé. Par conséquent, l'effet de l'infiltration des précipitations sur les paramètres de résistance des sols expansifs 
devrait être pris en compte, ainsi que le niveau de préchargement rationnel raisonnable et la procédure de construction doivent être 
sélectionnés dans la conception d'ingénierie pratique.

 
1 INTRODUCTION 

Expansive soils are widely distributed in more than 40 countries 
from six continents and are encountered in more than 20 prov-
inces and cities in China with an area of 100,000 km2. As a type 
of special soil, the expansive soil possesses three features, 
swelling and shrinkage, over-consolidation and multiple fissures. 
Their engineering behaviors are always closely related to the 
atmospheric variation, often leading to progressive failure of 
slope during the construction of infrastructures (e.g. road, rail-
way and canal) and significant additional costs (Tan and Kong 
2006;Huang 2007;Nelson 2015). Up to date, much research 
work has been undertaken and there have been many achieve-
ments on the strength properties, deformation properties, disas-
ter prevention and engineering protection of expansive soil 
slope and foundation (Kong and Chen 2012). However, the en-
gineering disaster duo to expansive soils frequently occurred, 
for example, in the Mid-route of South-to-North Water Transfer 
Project, there are 280 km out of total length 1432 km passing 
through the expansive soil, and more than 70 landslides oc-
curred just within Nanyang section (Lu 2014). Therefore, the 
fundamental behavior for expansive soil is not well understood, 
particularly, the effect of loading mode and flooding condition 

on the in-situ shear strength parameters of expansive soils 
should be paid further attention in engineering design. 

It is well known that the strength property of soils is associ-
ated with the stress history and the different construction pro-
cesses corresponded to different stress paths, the excavation and 
support sequences include the delayed support, prompt support 
and advance support in the actual construction process of cut 
slope protection and foundation pit engineering of expansive 
soils. However, almost all of the previous research on the 
strength parameters of different stress paths for expansive soils 
used for slope stability analysis were only conducted with the 
laboratory direct shear tests and triaxial tests, and the strength 
degradation of expansive soils due to rainfall infiltration was in-
spected by unsaturated soil mechanics tests. While, the in-situ 
large direct shear test is the main way to obtain the strength pa-
rameters of expansive soils in field by considering the flooding 
condition, which is inconvenient to carry out at different depths 
duo to the big sizes of instrument and complex operation and 
was restricted to the shallow surface soil layers only, and let 
alone the engineering properties of expansive soil in its natural 
state under different stress paths.  

The borehole shear test (BST) is able to determine the 
strength properties of almost any soil type by essentially per-
forming a direct shear test in-situ and has the advantage of 
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measuring the shear strength parameters of friction angle and 
cohesion directly without the need for laboratory testing or em-
pirical correlations. The soil disturbance is minimized since the 
soil being tested is not removed from the ground (Bechtum  
2012). For these reasons, the BST has been proved extremely 
useful for the investigation of landslides, which require the ac-
curate determination of the in-situ shear strength (Ashlock and 
Lu 2012). Based on the applicable potential of BST to conduct 
the influence of stress path and rainfall infiltration on the in-situ 
soil properties, the goal of this paper is to investigate and ana-
lyze the influence of loading mode, flooding condition and hy-
dro-mechanical coupling effect on the strength properties and 
strength parameters of expansive soils by a series of BSTs on a 
expansive soil slope at Nanyang Basin, Henan province, China, 
which may provide the reference for strength parameters selec-
tion and determination of expansive soil slope in practical 
engineering design. 

2 TEST SITE AND PROPERTIES OF THE TESTED SOIL 

The tests were conducted on an expansive soil slope with about 
6.0 m in height at the Nei-Deng expressway in Nanyang Basin, 
Henan province, China. The soil layers were identified accord-
ing to the core samples of in-situ geological drilling and probing 
from 0 to 8.0 m depths as shown in Fig.1. The turf with roots is 
0-1.0 m in depth; the expansive soils was found in 1.0-8.0 m in 
depths, in which the soil stratum from 1.0 to 2.0 m depths is in 
the hard-plastic state with yellow-brown color, while, the soil 
stratum from 2.0 to 8.0m depths with reddish-brown color are 
homogeneous and hard plastic-hard state. The BSTs were car-
ried out from 3.0 to 6.0 m, above the ground water table. 
 

 
Figure 1. Core samples of in-situ drilling layers in Nanyang. 

The pre-consolidation pressure of the expansive soils in hor-
izontal and vertical direction by Casagrande method are 120kPa 
and 160kPa respectively. The test results of basic physical 
property measurement and the X-ray diffraction analysis of the 
expansive soil are shown in Table 1~Table 3. From the results 
above, it can be seen that the samples have high liquid and plas-
tic limits, 44.8% of clay particle content and 62.0% of free 
swell ratio. The studied soils are mainly composed of montmo-
rillonite and chlorite with small amount of illite and kaolinte, 
whereas the non-clay minerals include quartz and feldspar. 
Moreover, the samples have a similar swelling to the medium 
swelling grade expansive soil. That is to say, the sample is a 
kind of typical expansive soil with medium swelling potential. 

 
Table 1: Physical property indexes of the expansive soil 

ω/% ρ/g·cm-3 Gs Sr% δef/% ωP/% IP/%

24.7 1.98 2.71 95.3 62.0 26.2 29.2

 
Table 2: Grain size distribution of the expansive soil 

Grain composition/% 

>0.05mm 0.05~0.005mm <5.0μm <2.0μm <1.0μm

5.5 49.7 44.8 31.4 27.0

Table 3: Mineral compositions of the expansive soil 

Quartz/
% 

Feldspar/
% 

Clay mineral /% 

Montmorillonite Chlorite Illite Kaolinte

40 8 16 18 8 10

3 TEST SCHEME AND  RESULTS 

In order to investigate and analyze the effect of distinct loading 
modes and flooding conditions on the shear strength character-
istics of Nanyang expansive soil, the BST was employed to 
conduct the in-situ consolidated shear test by applying different 
normal stress levels, unloading to a certain stress after applying 
a higher normal stress (called pr-preloading, preloading level 
more than pre-consolidation pressure to eliminate its affect), 
and flooding the hole before loading to simulate the actual con-
dition of delayed support (pr=0kPa), prompt support and support 
preloading level (pr=200kPa,300kPa and 400kPa), and soil sof-
tening subjected to rainfall infiltration, respectively. In this way, 
the total of 18 groups borehole shear tests were performed from 
depth of 3~6m, including 12 group of tests of non-flooding 
condition and 6 group of tests of flooding condition at different 
preloading level (pr=0~400kPa), the specific implement scheme 
of BST is given in Table 4. 
 
Table 4: Schemes of borehole shear test 

Construction 
procedure  

Preloading/ 
kPa 

Normal stress/ kPa 
Hydraulic con-

dition 

Delayed 
support 

0 
25, 50, 75, 100, 

150, 200, 300, 400 

Non-flooding 

flooding Prompt sup-
port 

200 25, 50, 100, 200 

300 38, 75, 150, 300 

400 50, 100, 200, 400 

 

 
         (a)                                                    (b) 

 
        (c)                                                     (d) 

Figure 2. Relationship between shear stress and displacement: (a) pre-
loading pr=0kPa; (b) preloading pr=200kPa; (c) preloading pr=300kPa; 
(d) preloading pr=400kPa. 
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The borehole shear tester (model No.A104.2) used in this 

study is made by the Handy Geotechnical Instruments, Inc., and 
is mainly composed of control box, shear probe and shear disc. 
The normal stress is supplied by the external gas source, with 
the maximum stress level of 500kP, and the shear stress can be 
up to 350kPa. During the entire test, the drilling bore in 75 mm 
diameter, the consolidation time was controlled to be 20min af-
ter the application of the normal stress before the application of 
the shearing stress, and the shear rate is selected as 0.05mm/s.  

Fig.2 is the typical relation curves between the shear stress 
and shear displacement of expansive soils in depth of 3.0~4.0m 
obtained from BST at different loading modes (pr=0,200,300 
and 400kPa) and moisture states (non-flooding and flooding). 
The Fb and Fa curves represent the test results of in-situ 
strength properties of expansive soils at different normal stress 
under the non-flooding and flooding condition respectively. 

4 RESULT ANALYSIS AND DISCUSSION 

4.1 The influence of loading mode on the in-situ strength 
property of expansive soils 

Fig.2 shows that the effect of preloading level on the curve 
shape of shear stress-shear displacement relationships is very 
slight and the curve exhibit the week hardening pattern, that is 
to say, the shear stress increases fast at beginning and tends to a 
certain value finally with displacement increasing generally. 
Fig.3 is the relationship between the shear strength and normal 
stress under different preloading according to the result of Fig.2, 
which shows that the failure envelopes are almost linear and the 
correlation coefficient is more than 0.98. It is easy to obtain the 
strength parameters of cohesion and friction angle and the re-
sults of tested soil in different depths are listed in Table 5. In the 
case of preloading pr=0kPa under the condition of non-flooding, 
the failure envelope has a significant breakpoint when the nor-
mal stress reaches to 100kPa, close to the pre-consolidation 
pressure of the expansive soils in horizontal direction 120kPa, it 
well reflects the strength characteristics of over-consolidated 
clays. 
 

 
    (a)                                                     (b) 

 
      (c)                                                      (d) 

Figure 3. Relationship between shear strength and normal stress under 
different preloading:(a) preloading pr=0kPa; (b) preloading pr=200kPa; 
(c) preloading pr=300kPa; (d) preloading pr=400kPa 

Based on the above results(see Fig.3 and Table 5), it is found 
that the shear strength of expansive soil increases with the 
increment of preloading level, which is mainly due to the 
increase of cohesion, when the preloading pr increases from 0 to 
400kPa and the cohesion increases in the range of 16.7~27.4kPa. 
While, the friction varies rarely with the preloading increase and 
show slightly reduction, especially in the case of preloading 
equal to 400kPa. The physical mechanism maybe that the 
strength parameters of expansive soil are influenced by the 
positive effect of compaction and the negative effect of 
structure damage under different preloading level. With the 
increase of preloading, the structural connection strength of 
expansive soil is enhanced duo to the compaction. The greater 
the preloading, the greater the structure damage. When the 
preloading reaches to a relatively high level, the friction is a 
somewhat lower. 

Generally, the effect of loading mode on the in-situ strength 
property of expansive soil reflects that the construction 
procedure and support strength have a pronounced effect on the 
strength parameters and slope stability.  

 
Table 5: Strength parameters of expansive soil in different depth 

Condition pr/ kPa 

Depth/ m 

3~4 4~5 5~6 3~4 4~5 5~6

c/kPa φ/° 

Before 

flooding 

0 22.2 22.5 15.6 10.3 10.9 12.3

200 25.6 24.3 31.6 10.0 13.2 11.7

300 32.0 31.8 34.8 9.7 11.3 10.6

400 38.7 40.6 43.0 9.4 10.3 8.9

After 

flooding 

0 8.1 4.4 8.5 9.5 10.9 12.4

200 14.4 / / 9.1 / / 

300 22.4 / / 9.2 / / 

400 23.6 / / 8.0 / / 

4.2 The influence of flooding on the in-situ strength property 
of expansive soils 

The effect of flooding condition on the curve shape of shear 
stress-shear displacement relationships is also very slight and 
show week hardening pattern (see Fig.2). However, the shear 
stress-displacement curves of the expansive soil after flooding 
are located at the lower right corner of the corresponding curves 
of  non-flooding under the same preloading and normal stress. 
This indicates that the strength and stiffness of expansive soil 
after flooding are lower than that of before flooding under the 
same stress path, and the ability to resist deformation of expan-
sive soil after flooding is obviously weakened. 

The shear strength of expansive soil is greatly influenced by 
flooding. Under the different preloading levels, the amplitude of 
reduction duo to flooding are quite different (see Fig.3). With 
the increase of preloading, the reduction amplitude of shear 
strength gradually decreases. The maximum drop is 56.9% of 
preloading equal to 0kPa, while the maximum drop is 
10.0%~40.0% of preloading in the range of 200~400kPa. It can 
be concluded that softening is pronounced after flooding for ex-
pansive soil, and preloading has an inhibiting effect on soften-
ing. 

The reduction of shear strength by flooding is also mainly 
caused by the decrease of cohesion that falls by 18.1kPa, while 
the friction angle reduces slightly (see Table 5). The reason is 
that the studied soils contain a deal of strong hydrophilic clay 
minerals, the swell deformation occurs and destroys the struc-
tural connection strength of expansive soil during the process of 
flooding, which weakens the initial cohesive force. On the other 
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hand, the initial saturation ratio is up to 95.3%, the lubricating 
action after saturation is not obvious, resulted in the slightly re-
duction of friction angle. All of the above is consistent with the 
laboratory investigation on the strength characteristics of expan-
sive soil considering the effect of hydrous state (Li 2008). 
Therefore, the rainy season should be avoided in the engineer-
ing construction on expansive soil , and the effect of rainfall fil-
tration and irrigation filtration on the shear strength of expan-
sive soil slope or foundation should be considered. 

 

 
(a) 

 
(b) 

Figure 4. Relationship between shear strength and preloading: (a) before 
flooding; (b) after flooding 

4.3 The loading mode-flooding coupling on the in-situ shear  
strength of expansive soils 

The relationship between the shear strength of expansive soil 
and preloading before flooding and after flooding are shown in 
Fig.4. It indicates that the changing trend of shear strength with 
the preloading increasing under the same normal stress is simi-
lar, the greater the preloading, the greater the shear strength, 
which can be explained through the change of void ratio with 
normal stress from loading and unloading process (see Fig.5.). 
When the preloading pr is equal to 0kPa, the state of soil is lo-
cated at the point A0 in loading section of the compression 
curve. When the preloading pr is in range of 200~400kPa, the 
state of soil is located at the point A1, A2, A3 in unloading sec-
tion respectively. It can be seen that the void ratio decreases as 
preloading increases under the same normal stress (void ratio of 
A1 >A2>A3). Meanwhile, with the increasing of normal stress 
(from A to B), the reduction amplitude of void ratio between 
different preloading during the process of preloading increases. 
As a result, the preloading leads to the decrease of macro pores 
of expansive soil, and the shear strength is enhanced. 

Furthermore, from the Fig.4, it can be found that the shapes 
of shear strength increasing with the preloading before and after 
flooding are different, the former slowly at first and then fast, 
the latter is opposite. Its mechanism is that the higher the pre-
loading, the greater the compaction, and the bigger the expan-
sion after flooding. When the two effects of compaction and ex-
pansion reaches to an approximate equilibrium state, the shear 

strength of expansive soil tends to be constant. It also indicates 
that the inhibiting effect of preloading on softening is limited, 
which is obvious up to 300kPa and slight for higher preloading 
(see Fig.4). Therefore, the reasonable rational preloading level 
should be selected in protection engineering of cut slope of ex-
pansive soil. 

 

  
Figure 5. Relationship between void ratio and normal stress during load-
ing-unloading-reloading process 

5 CONCLUSION 

1. The shear stress – shear displacement curves of Nanyang 
expansive soils from BST present weak hardening. Flooding 
had a significant effect on the shear strength with the maximum 
decrease of 56.9%, and it is mainly caused by the decrease of 
cohesion that falls by 18.1 kPa, while friction angle rarely 
varies. 
2. Shear strength increases as the preloading increases, which 
also mainly contributes to the enhanced cohesion, while friction 
angle decreases rarely.  
3. The inhibiting effect of preloading on softening is obvious up 
to 300 kPa, while the effect is slight at the higher preloading. 
The effect of rainfall infiltration on strength parameters should 
be considered and the reasonable rational preloading level need 
to be selected in actual engineering design of expansive soil.  
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