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To reveal the influence of water content on the strength characteristics and brittle-plastic failure process of Xiashu loess, the direct
shear test and unconfined compressive strength test of Xiashu loess with different water content were carried out, and the
influence of water content on its strength characteristics and brittle-plastic failure transformation characteristics was studied.
Eight kinds of Xiashu loess with different moisture contents were designed, and a direct shear test and uniaxial compression test
were carried out, respectively. The results show that with the increase in water content, the shear strength and unconfined
compressive strength of Xiashu loess decrease continuously. The influence of water content on cohesion in the shear strength
index is greater than that of the internal friction angle. The relationship curve between cohesion and internal friction angle and
water content shows obvious segmentation. When approaching the optimal water content, the downward trend is slowed down.
When the water content is constant, the shear strength of the sample will also increase with the increase of normal stress. When the
water content is 12% to 15%, the failure mode of Xiashu loess is a brittle failure, and the unconfined compressive strength
decreases by 43.23%. When the water content is 15% to 16%, the failure mode of Xiashu loess is a transitional failure, and the
unconfined compressive strength decreases by 60.38%. When the water content is greater than 16%, Xiashu loess shows plastic
failure, and the unconfined compressive strength decreases slightly.

1. Introduction

The Xiashu loess, also known as the silty clay of the Xiashu
Formation, is gray-yellow or brown-yellow. The primary
minerals are mainly quartz and feldspar, and the clay
minerals are mainly illite. There are many theories about its
genesis [1-4] and formation [5, 6], but the eolian theory has
gradually dominated and been accepted by most researchers.
Xiashu loess has significant water sensitivity [7-9] and weak
expansion [10]. It expands with water and shrinks with water
loss. These water properties lead to the change of strength
and failure mode under rainfall conditions, which greatly
increases the difficulty of slope stability evaluation. In ad-
dition, Xiashu loess is widely distributed in the middle and
lower reaches of the Yangtze River in China, especially in
Nanjing and Zhenjiang of Jiangsu [11, 12]. In the engi-
neering construction of these areas, the evaluation of the

strength and failure characteristics of the Xiashu loess slope
is unavoidable. It is necessary to understand the physical and
mechanical properties of Xiashu loess and its strength and
failure characteristics under different water contents rea-
sonably and comprehensively. It has important theoretical
and practical engineering significance for building safety and
slope stability evaluation in the Xiashu loess area [13-15].
Scholars have carried out a lot of detailed analysis and
research on the physical and mechanical properties of
Xiashu loess through regression analysis [16], on-site
acoustic detection technology [17], laboratory tests
[18-21], and numerical tests [22-24]. Han et al. [25] carried
out experimental research on the physical properties, water
physical properties, and mechanical properties of Nanjing
Xiashu loess under different water contents and discussed
the main water sensitivity characteristics of Xiashu loess. Shi
et al. [26] studied the influence of water content on the shear
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strength of Xiashu loess under different shear modes. The
results show that the influence of water content is different in
different shear modes. In the fast shear test, the water
content has a great influence on the shear strength of Xiashu
loess. Gu et al. [27] carried out the no-load expansion test of
Xiashu loess-bentonite under different initial water content
(10%~20%) conditions and found that the initial water
content is an important factor affecting the expansion of
Xiashu loess-bentonite mixed soil. The higher the initial
water content, the smaller the expansion of the sample. Han
et al. [28] measured the deformation characteristics and
water-holding characteristics of Xiashu loess under different
net confining pressures by using the modified GDS un-
saturated soil triaxial apparatus and systematically studied
the soil-water-mechanical properties of Xiashu loess in
Nanjing under dehumidification. It was found that the
deformation characteristics of Xiashu loess were affected by
net confining pressure and matrix suction. Liu et al. [29]
carried out an experimental study on the evolution law of
shear strength of Xiashu loess under rainfall infiltration
through the data of water content change and analyzed the
stability change law of Xiashu loess slope after rainfall in-
filtration based on the finite element strength reduction
method. Xiashu loess has poor water permeability and be-
longs to a low permeability medium. Hu [30], Li [31], and
Sun and Zhao [32] discussed the possibility of using Xiashu
loess as an antiseepage cushion in landfill systems by testing
and improving it.

From previous studies, it can be found that water content
has a great influence on the strength and deformation
properties of Xiashu loess. There are relatively many studies
on the shear strength of Xiashu loess under different water
content, but there are few studies on the comprehensive
analysis of the strength and deformation failure character-
istics of Xiashu loess, especially the brittle-plastic failure of
Xiashu loess under a certain water content. In this study, the
basic physical properties of Xiashu loess are measured by
indoor geotechnical tests. On this basis, direct shear tests and
unconfined compressive strength tests are carried out on
Xiashu loess samples with different water contents. The
strength and failure characteristics of Xiashu loess under
different water contents are comprehensively analyzed. The
brittle failure and the transformation characteristics of the
brittle-plastic failure of Xiashu loess are analyzed emphat-
ically, which provides an important reference for the re-
lationship  between water sensitivity and failure
characteristics of Xiashu loess.

2. Materials and Tests

2.1. Basic Characteristics of Test Soil. Xiashu loess was col-
lected from the slope near Huwu Expressway in Jurong City,
Zhenjiang City, Jiangsu Province. The soil samples were
grayish-yellow-yellowish brown. The basic physical prop-
erties of the soil will directly affect the engineering properties
of the soil. We did a series of geotechnical tests, such as
particle analysis tests, specific gravity tests, boundary water
content tests, compaction tests, free expansion rate tests, and
permeability tests. According to the test data and referring to
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TABLE 1: Particle size distribution table.

Grain size (mm) Percentage composition (%)

<0.002 1.14
0.002~0.005 72.45
0.005~0.075 6.55
>0.075 19.86

the relevant specifications [33, 34], we can judge that the
Xiashu loess used in the test is weakly expansive silty clay.
The basic physical properties of the test soil samples are
shown in Tables 1 and 2.

2.2. Sample Preparation. The soil sample was dried, crushed
with a wooden hammer, and passed through a 2 mm sieve.
According to different water content requirements, enough
soil sample was placed in a nonabsorbent tray, and the
required water was evenly sprayed on the surface of the soil
sample with a sprayer. After mixing evenly, it was sealed into
a glass tank and wetted for 24 hours to make the soil and
water mix evenly. According to the plastic limit and optimal
moisture content of Xiashu loess, the moisture content is set
to 12%, 13%, 14%, 15%, 16%, 17%, 18%, and 19%. The
specimen used in the shear strength test was 61.8 mm in
diameter and 20 mm in height. The diameter of the specimen
used in the unconfined compressive strength test is 39.1 mm
and the height is 80 mm. The preparation of the sample
adopts the self-developed hydraulic soil sample preparation
instrument, and the required unsaturated soil sample is
poured into the mold. After the static pressure is pressed to
the required height, it is pushed out with a sample pusher.
The Xiashu loess is silty clay, which needs to be added three
times. Add the next layer of soil after layered compaction.

2.3. Shear and Compression Tests. To study the influence of
different water content on the shear strength of Xiashu loess,
six groups of remolded samples with different water content
were prepared. The Xiashu loess is fine-grained soil with
poor permeability. The Z]-type strain-controlled quadruple
direct shear apparatus shown in Figure 1(a) is used to de-
termine the shear strength index by the direct fast shear test.
Normal stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa
were applied to four specimens in each group, and the shear
rate was set to 0.08 mm/min. When the shear stress reading
reaches the peak or there is a significant retreat, the test ends;
if there is no obvious peak, the test will be stopped when the
shear deformation is 6 mm.

There are often free surfaces in practical projects such as
slopes and roadbeds. The rock and soil bodies in this part
have no lateral constraints and may collapse and slide, and
there are certain safety hazards. Therefore, the unconfined
compressive strength is used to characterize the ability of
rock and soil to resist compression failure under this con-
dition. The YYW-2strain-controlled unconfined pressure
gauge used in the test is shown in Figure 1(b). A thin layer of
vaseline was applied to the surface of the prepared sample
and placed on the lower-pressure plate. The lower-pressure
plate was raised by shaking the wheel until the sample was in
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TaBLE 2: Basic physical properties parameters of Xiashu loess.
S o Free Optimum
0, 0,
Gs Liquid limit (%) Plastic limit (%) swelling ratio (%) moisture content (%)
2.73 30.01 15.47 48.85 16.14

Ficure 1: (a) Strain-controlled direct shear apparatus and
(b) YYW-2 unconfined pressure gauge.

contact with the upper-pressure plate, and the reading of the
dial indicator was zeroed. Start the instrument to control the
rising speed of the lower-pressure plate at 1%~3% axial
strain per minute. When the axial strain is less than 3%, the
axial stress and axial strain are measured for every 0.5%
increase in axial strain. When the axial strain reaches 3%, the
axial stress and axial strain are measured once for every 1%
increase in axial strain. If the axial stress reaches the peak,
then 3%~5% axial strain can terminate the test; if there is no
obvious peak, the test should be carried out to 20% axial
strain.

3. Results and Analysis of Laboratory Test

According to the test results, the water sensitivity charac-
teristics of Xiashu loess are analyzed from three aspects:
strength, mechanical parameters, and brittle-plastic failure
characteristics. The relationship between water sensitivity
and brittle-plastic failure characteristics of Xiashu loess was
studied.

3.1. Influence of Moisture Content on Strength of Xiashu Loess

3.1.1. Influence of Water Content on Shear Strength of Xiashu
Loess. According to the data obtained from the test, the
relationship curve between shear stress and shear dis-
placement of Xiashu loess samples with different water
content under different normal stresses is drawn, as shown
in Figure 2. When the water content is 12%~14%, under the
condition of normal stress of 100 kPa, the shear stress of the
sample reaches the peak value. With the increase of shear
displacement, the shear stress will show a more obvious
decreasing trend and then gradually tends to be stable,
showing “softening” shear failure. However, due to the
remolded sample, the original structure of the soil was

destroyed, the strength changed, and only the friction and
cementation between the particles remained, so the peak
value of the shear displacement and shear stress curve was
not obvious. When the normal stress or water content in-
creases, the shear displacement and shear stress curves do
not peak, but gradually tend to be stable after reaching
a certain degree, showing “hardening” shear failure.

The relationship between shear strength and normal
stress of samples with different water content is shown in
Figure 3. When the normal stress is constant, the shear
strength of the sample decreases with the increase in water
content. When the normal stress is 100kPa, the shear
strength decreases by 80.3%. When the normal stress is
400 kPa, the shear strength decreases by 66.6%. This shows
that with the increase of normal stress, the influence of water
content on shear strength is gradually weakened. When the
moisture content is constant, the effective stress between soil
particles will increase with the increase of normal stress, so
the shear strength of the sample will also increase. When the
water content is 12%, the normal stress increases from
100kPa to 400kPa and the shear strength increases by
49.7%. When the water content is 19%, the increase is 155%.
This shows that with the increase in water content, normal
stress has a significant effect on the improvement of shear
strength. The change of shear strength in the range of lower
water content is greater than that of higher water content.
When the water content is 14%~16% and 18%~19%, the
shear strength curve is denser, indicating that the change is
relatively small.

3.1.2. Effect of Water Content on Unconfined Compressive
Strength of Xiashu Loess. The relationship curve between
axial stress and axial strain under different water content
conditions is drawn, as shown in Figure 4. From the dia-
gram, the stress-strain curve trend of the experimental group
and the control group is the same, and the difference in the
unconfined compressive strength obtained is small, in-
dicating that the test results are accurate and reliable.

When the axial stress is applied at the beginning, the
stress-strain curve is slightly concave, indicating that the
sample is in the compaction stage. At this time, the stress
applied to the sample is small, but it is enough to make the
distance between the blocks in the soil gradually narrow and
the contact area increase. At the same time, part of the gas in
the pores is discharged outward under extrusion, and the
relative proportion of the solid phase in the soil is further
increased.

After the compaction stage, the sample begins to enter
the elastic deformation stage, and the axial stress-axial strain
is linearly related. The slope of the straight line at this stage is
the elastic modulus of the soil. The analysis shows that the
slope of the straight line gradually decreases with the
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FIGURE 2: Shear stress-shear displacement curve of Xiashu loess

increase in water content. The elastic modulus decreases
with the increase in water content. This shows that the ability
of the sample to resist elastic deformation is gradually
weakening. When the water content is close to 16%, the
deceleration of the linear slope begins to decrease, and the
decrease of the elastic modulus becomes smaller. Then, the
specimen enters the yield stage, the axial stress-axial strain
curve bulges outward, and the growth rate of axial stress
gradually decreases. Through the analysis of the deformation
and failure process of the comprehensive sample, the sample
began to bulge at this stage, and there were tiny cracks.

Shear displacement (mm)

—m— Normal stress=100 kPa —a— Normal stress=300 kPa

—e— Normal stress=200 kPa

(h)

—¥— Normal stress=400 kPa

under different water content. (a-h) Water content 12~19%.

After that, the axial stress-axial strain curves of samples
with different moisture contents began to show different
trends. After the peak value of the sample curve with water
content less than 16%, the axial stress decreases sharply with
the increase of the axial strain, showing the strain softening
characteristics. In this moisture content range, the axial
strain corresponding to the peak value gradually increases,
and the decrease of axial stress after the peak value is rel-
atively moderate. When the water content of the sample is
12%, the axial strain corresponding to the peak is about
4.50%, and when the water content is 15%, the
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FIGURE 3: Shear strength-normal stress relationship curve of
Xiashu loess under different water content.

corresponding axial strain increases to 14.50%, which is
more than twice the former. After reaching the peak value,
the axial stress did not suddenly decrease to the residual
strength but decreased along the oblique line. With the
increase in water content, the decline process became more
and more moderate. The increase in water content also
makes the stress concentration in the soil gradually in-
significant, and the duration of the sample from the de-
velopment of cracks to shear failure gradually increases.

Figure 5 is the relationship curve between unconfined
compressive strength and the water content of Xiashu loess.
It can be seen from the diagram that under the condition of
a certain dry density, the unconfined compressive strength
will decrease with the increase in water content. When the
water content increases from 12% to 19%, the unconfined
compressive strength decreases from 418.21kPa to
46.53kPa, with a decrease of 88.87%. When the moisture
content increased from 12% to 16%, the unconfined com-
pressive strength decreased by 324.15kPa, a decrease of
77.51%. When the water content increased from 16% to 19%,
the unconfined compressive strength decreased by
47.53kPa, with a decrease of 50.53%, indicating that the
decrease rate of unconfined compressive strength gradually
decreased.

In the case of low water content, clay minerals in the soil
adsorb water molecules, making them firmly attached to the
surface of the soil particles to form a strong-bound water
film. Strongly bound water has a greater viscosity than
ordinary water, and its properties are similar to solid. When
water molecules adsorb with clay minerals and
microcrystalline-free iron oxide to form a stable aggregate
structure, the intermolecular attraction increases, and the
cementation of clay minerals itself can inhibit the extrusion
to a certain extent. Therefore, it has a strong antideformation
ability and relatively high unconfined compressive strength.
When the water content increases, the weakly bound water

film becomes thicker and water is filled between the pores.
This increases the distance between the aggregates and re-
duces the attraction between the molecules. When the pore
water pressure is generated, it will offset part of the com-
paction. The cement between the particles began to dissolve,
the cementation became weak, and the unconfined com-
pressive strength began to decrease. When the water content
increases to a certain extent, the dissolution rate of the
cement decreases, and the attenuation of the unconfined
compressive strength gradually tends to be gentle.

3.2. Relationship between Moisture Content and Shear
Strength Parameters of Xiashu Loess. The shear strength
parameters of Xiashu loess are composed of cohesion and
internal friction angle. Figure 6 shows the relationship be-
tween cohesion, internal friction angle, and water content.
When the moisture content is in the range of 12%~19%, with
the increase of moisture content, the cohesion decreases
from 120.55kPa to 15.33 kPa, a decrease of 87.29%. When
the moisture content is in the range of 12%~14% and 17%~
18%, the average decrease of cohesion is 20.17% and 48.08%,
respectively. However, when the moisture content was 15%~
16%, the decrease was only 8.12%, and the relationship curve
showed a gentle trend.

The cohesive force is mainly formed by the cementation
between soil particles and the attraction of electric mole-
cules. When the water content is low, a thin strong-bound
water film is formed on the surface of soil particles, which is
beneficial to the bonding between particles. The content of
quartz in the Xiashu loess of the Ningzhen area is about 70%,
and the content of hydromica and feldspar is less. The oxides
contained are mainly amorphous iron (FeO) and free alu-
mina (Al,O3), both of which have flocculation cementation.
When they are attached to the surface of clay minerals in
Xiashu loess, they can enhance the adsorption force and
reduce the dispersion of clay particles and adhesion between
particles. In addition, the iron and aluminum oxides
themselves are positively charged and can adsorb anions to
change the thickness of the electric double layer. When the
water content increases, the cementing material dissolves,
the cohesive force between the particles decreases, and the
free water between the pores increases. The lubrication of the
water film will reduce the friction between the particles and
the cohesion of the soil begins to decrease.

The relationship curve between cohesion and water
content of Xiashu loess shows obvious segmentation, and
the inflection point water content is 14%, 16%, and 19%,
respectively. For unsaturated cohesive soil, when the water
content is less than the plastic limit, it is generally believed
that there is only strong-bound water between pores, which
can produce a strong bonding force between particles. When
the water content increases and is less than the plastic limit,
the weak-bound water begins to appear, the connection of
the strong-bound water begins to weaken, and the cohesion
will decrease. The plastic limit of Xiashu loess used in the test
is 15.47%. When the moisture content begins to approach
this value, the increase of the thickness of the weak-bound
water film is small, so the decrease of cohesion is slow.
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FIGURE 4: Axial stress-strain curves of specimens with different water contents. (a-h) Water content 12~19%.

The internal friction angle decreases with the increase of
moisture content, and the relationship curve also shows
obvious segmentation, but it is not the same as the change
process of cohesion. The moisture content of the first in-
flection point is 15%, which is different from the first in-
flection point of the relationship curve between cohesion
and moisture content, but it is also close to the plastic limit of
Xiashu loess. The water content of the second inflection
point is 17%. In the range of water content studied, the third
inflection point does not appear. It can be concluded that the
inflection point water content of the relationship curve

between the internal friction angle and water content of
Xiashu loess is greater than the inflection point water
content of the relationship curve between cohesion and
water content.

The Xiashu loess is weak expansive soil. When the water
content increases, the soil will experience a slight expansion,
increasing the contact area between the particles and an
increase in the friction force, which offsets a part of the
impact caused by the decrease in the connection force of the
strong-bound water. Therefore, the reduction of the friction
angle within this range is relatively gentle. The expansion
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capacity of Xiashu Loess is limited. When the water content
increases again, the connecting force of strong-bound water
decreases significantly, the lubrication effect of pore water
becomes stronger, and the friction angle decreases greatly.

From the analysis of the mineral composition, with the
increase of water content, the cohesion of illite will continue
to decrease, while the internal friction angle is slightly af-
fected. The relationship between cohesion and moisture
content of montmorillonite is similar to that of illite, but the
internal friction angle will be stable within a certain range of
moisture content. When the growth of moisture content
exceeds this range, the internal friction angle gradually
decreases. The relationship between cohesion and internal
friction angle of kaolinite and water content is relatively
simple, and the overall trend is downward. The clay minerals
in Xiashu loess are mainly illite (a content of 43%~92%),
followed by montmorillonite, kaolinite content is small, so
the influence of illite on shear strength is relatively large. It is
also because the cohesive force and internal friction angle of

clay minerals are different in sensitivity to water, which
makes the cohesive force and internal friction angle of
Xiashu loess vary with water content.

3.3. Relationship between Moisture Content and Brittle-Plastic
Failure of Xiashu Loess. The stress-strain curve of Xiashu
loess has three different shapes as shown in Figure 4. The first
is the peak curve. The stress after the peak decreases rapidly
to the residual strength, but the strain increases rapidly until
failure occurs. The other is when the stress increases to
a certain limit, value will no longer increase, but the strain
value continues to increase until the damage. The third is
between the two. The uniaxial failure mode of Xiashu loess
with different water content is shown in Figure 7.

Corresponding to the three different shapes of the curve,
Xiashu loess appeared in the following three forms of
damage, such as in Figure 8. The first is a brittle failure.
When the moisture content is 12%-14%, the soil sample
undergoes a very small elastic deformation, and almost no
yield process occurs. The deformation of the soil sample
failure process is very small, the failure surface is flat and
smooth and is splitting type, and the intersection angle with
the bottom surface is approximately 45°, belonging to brittle
failure. The damaged soil sample lost continuity, and the soil
blocks on both sides could not contact stably at the fracture
surface.

The second is a transitional failure. When the water
content is 15%, the failure mode is the coexistence of brittle
failure and plastic failure. When the soil sample is destroyed,
it still has a flat failure surface. The failure surface is still
relatively smooth, but there are small scratches. The soil
sample has a lateral expansion at both ends and small cracks.
The crack direction is almost perpendicular to the direction
of the failure surface. The soil sample after destruction lost
continuity.

The third is a plastic failure. When the moisture content
is greater than 16%, the outward bulging and small vertical
cracks visible to the naked eye begin to appear in the middle
of the sample, and the degree of bulging and the number of
cracks, openings, and penetration continue to increase.
There is no overall failure of the specimen, but dislocation
along the failure surface, which is a plastic failure. After the
destruction of the sample, development has many cracks,
part of the through conical staggered ups and downs and
even smaller soil outward ups and downs.

The types of deformation and failure characteristics of
specimens are closely related to water content and have
different deformation and failure effects. When the water
content is relatively low, the soil suddenly produces large
cracks, and there is no obvious sign before the failure, which
is sudden and brittle failure occurs. This may also be an
important reason for the frequent collapse or kiln collapse
disasters in the Xiashu loess area. When the water content is
high, small cracks begin to appear on the surface of the
sample, and then the cracks continue to expand and finally
penetrate the cross section of the sample. The sample finally
reaches failure and plastic failure occurs, showing the
characteristics of progressive failure. This may also be an
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FiGUre 7: The uniaxial failure mode of Xiashu loess with different water content.
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FiGgure 8: Three failure modes of Xiashu loess.

important reason for the progressive failure of the Xiashu
loess slope under rainfall infiltration.

4. Conclusion

To study the strength and failure characteristics of Xiashu
loess under different water contents, the direct shear test and
unconfined compressive strength test of Xiashu loess
samples under different water contents were carried out. The
effects of water content on shear strength, unconfined
compressive strength, shear strength parameters, and elas-
toplastic failure characteristics of Xiashu loess were com-
prehensively analyzed. The following conclusions are drawn:

(1) Through the direct shear test, it is found that with the
increase of moisture content, the shear strength of
Xiashu loess decreases, the low normal stress de-
creases by 80.3%, and the high normal stress de-
creases by 66.6%.

(2) Compared with the internal friction angle, the co-
hesion is more affected by the water content. When
the water content increases from 12% to 19%, the
cohesion decreases by 87.3%, and the internal fric-
tion angle decreases by 40%. The water sensitivity of
the internal friction angle is stronger than that of
cohesion. The relationship curves of cohesion,

internal friction angle, and water content show
obvious segmentation. When the two are near the
optimal water content, the decline rate decreases
sharply and the curve is gentle. When the water
content is greater than 18%, the change of cohesion
with water content is relatively small, while the
change of internal friction angle is still significant.

(3) In the unconfined compressive strength test, the
unconfined compressive strength of Xiashu loess
decreases with the increase of initial water content.
When the water content increases from 12% to 19%,
the unconfined compressive strength decreases by
89%.

(4) The failure process of Xiashu loess samples with
different water content is quite different. When the
moisture content is less than 15%, the sample is
a brittle failure; when the moisture content is greater
than or equal to 16%, the sample is a plastic failure.
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