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)e mechanical properties of soft soil are crucial for the design and construction of underground space excavation; however, the
current design and numerical analysis of underground spaces consider the loading mechanical parameters, ignoring the influence
of the unloading stress path resulting in frequent construction accidents in practice. Here, soft soil in Shenzhen, China, is taken as
the research subject, and a series of consolidated-undrained unloading tests are performed. First, K0 consolidation is conducted.
)en, unloading tests are performed with different unloading ratios to simulate different unloading stress paths. )e test results
show that the soft soil deformation characteristics are closely related to the stress path and unloading ratio. Under different
unloading ratios, soft soil will undergo compression deformation or rebound deformation. Under unloading conditions, the
deviator stress-strain curve satisfies a hyperbolic function and can be normalized with the average consolidation confining
pressure. With the increase in the unloading ratio, the initial tangent modulus first decreases and then increases, the cohesion
decreases, and the internal friction angle does not change significantly. )e loading mechanical parameters are not suitable for
numerical calculation in unloading engineering. In this paper, more unloading paths are considered, such as UU1.0 and UU0.5.
)e results of the study provide a theoretical basis for the calculation of the numerical analysis of the soil body at different depths
in rich soft soil pits.

1. Introduction

As a region-specific soil with high water content, high
compressibility, and low strength, soft soil is widely distrib-
uted in the coastal areas of Northern Europe, North America,
and China [1, 2]. Currently, with rapid urban development,
large-scale underground spaces, such as underground train
stations and shopping malls, have been constructed in these
aforementioned areas. During the development of such un-
derground spaces, many problems, such as soil deformation
and instability, arise due to unloading excavation [3]. During
this process, the unloading mechanical properties of soft soil
are quite different from those under loading conditions [4].
For a long time, the soil strength and deformation parameters
used in the numerical analyses of underground excavations in

soft soil areas have been obtained through axial loading tests
(conventional triaxial compression tests), neglecting the in-
fluence of the unloading stress paths on the soil strength and
deformation parameters [5].)is will inevitably lead to a large
difference between the theoretical calculation results and the
actual engineering results of the stress and deformation [6].
Typically, the mechanical properties of soft soil are related to
the unloading/loading stress paths [7]. Studies on mechanical
properties under different unloading stress paths have en-
gineering application value in the stress and deformation
analysis of unloading excavation projects. )ey can signifi-
cantly deepen the unloading theory research of soft soil.

From the aspect of the stress path, the mechanical
properties of soft soil can be divided into loading mechanical
properties and unloading mechanical properties. During
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early research, axial loading strength and deformation pa-
rameters were widely obtained and used in the numerical
analysis of unloading engineering, resulting in large errors in
theoretical calculation results and engineering accidents [8].
Currently, theoretical research shows that, in addition to the
initial consolidation pressure, the mechanical properties of
soft soil are closely related to the stress path [9, 10];
therefore, in the study of the unloading excavation process in
soft soil areas, it has become a research consensus for
scholars to consider the influence of the unloading stress
path on the mechanical properties of the soft soil. A few
unloading tests of soft soil carried out by several scholars
pointed out that the stress paths can significantly affect the
strength parameters of soft soil, and the unloading modulus
of soft soil is much larger than the corresponding com-
pression modulus obtained in triaxial tests [11]. In addition,
the unloading strength of soft soil under lateral unloading
conditions is lower than that obtained in conventional
triaxial tests [12]. In terms of engineering applications, Zhou
and Chen [13] pointed out that the calculation results ob-
tained by replacing the unloading modulus with the loading
modules are relatively dangerous. Concurrently, lateral
unloading will lead to soil dilatation and lower the effective
stress of the soil [14, 15].

Currently, the majority of studies still focus on the
mechanical properties of soft soil under a lateral unloading
stress path [16]. Zhang et al. [17] studied the influence of the
stress path on the mechanical properties of soft soil under
different unloading ratios (R� 1.5, 2.0, 4.0), pointing out
that, under different unloading stress paths, the stress-strain
curves of soil are obviously different, and the samples may
undergo compression failure or rebound failure, which
indicates that the failure mode of soil is sensitive to the stress
path [18].

According to the analyses mentioned above, the stress
processed in the soil mass is not a simple loading path, and
different unloading stress paths are also involved and are
even more complicated during the excavation of under-
ground space in soft soil areas. However, the influence of the
unloading stress path on changes in the mechanical prop-
erties of soft soils has not been systematically studied in
detail. A series of triaxial tests were conducted with different
unloading stress paths on the soft soil (Shenzhen, China)
that has been selected in this study. )e mechanical prop-
erties of the soft soil obtained through this experiment
would benefit the numerical analysis and practical engi-
neering design of the pit.

2. Materials and Methods

2.1. Stress Path and Unloading Ratio. Unloading paths that
exist during the underground excavation in soft soil areas
can be generally divided into three types, as shown in
Figure 1. Stress path a shows a stress state in which the lateral
unloading of soil in the active area and the overlying
pressure basically remain unchanged during the excavation
of the underground space; that is, the axial stress σ1 remains
unchanged while the lateral stress σ3 decreases. Stress path b
shows a stress state in which the axial stress and the lateral

stress in the shallow area below the excavation surface both
decrease; that is, the axial stress σ1 and the lateral stress σ3
decrease. Stress path c shows a stress state in which the axial
stress decreases and the lateral stress remains unchanged in
the deeper area below the excavation surface; that is, the axial
stress σ1 decreases while the lateral stress σ3 remains
unchanged.

To thoroughly study the influence of the three afore-
mentioned unloading stress paths on the mechanical prop-
erties of soft soil, in this paper, UU-R and LU-R are used to
describe the specific stress paths: UU refers to vertical
unloading and horizontal unloading, LU refers to vertical
loading and horizontal unloading, andR�Δσ1/Δσ3 is the ratio
of vertical stress variation Δσ1 to horizontal stress variation
Δσ3. For example, UU0.5 means unloading in both vertical
and horizontal directions at the same time, with an unloading
ratio of R�Δσ1/Δσ3� 0.5. )us, UU0.0 represents stress path
a; UU∞ represents stress path c; and LU∞ represents the
stress path of conventional triaxial loading tests, used as the
control group for all unloading stress paths UUR. According
to situations that may be encountered in practical engineering,
6 different unloading ratios (R� 0.0, 0.5, 1.0, 2.0, 4.0, and∞, as
shown in Figure 2) are applied to systematically study the
unloading mechanical properties of soft soil.

2.2. Test Equipment and Soil. In the tests, a TSZ-2S fully
automatic triaxial test apparatus (Figure 3) is used to carry
out triaxial unloading tests and loading tests. )is apparatus
consists of a confining pressure system, a back pressure
system, an axial loading system, and a measuring system.
)e measuring ranges of the axial pressure sensor, pressure
chamber, and displacement sensor are 1 kN, 2MPa, and
50mm, respectively. )e size of the standard soil sample is
80.0mm in height and 39.1mm in diameter.

)e test soils are collected from a large foundation pit in
Shenzhen, China; those soils are grayish-black, with a small
number of shells and a fishy smell. )e basic physical
properties of the soil samples obtained via laboratory tests
are shown in Table 1.

2.3. Testing Process

2.3.1. Saturation. Due to the low strength of the soft soil
sample, it is easy to disturb the soil mass if the soil sample is
loaded after vacuum saturation. )erefore, conventional
vacuum saturation is eliminated, but after the sample is loaded,
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Figure 1: Distribution of stress paths.
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back pressure saturation is carried out through the back
pressure system of the triaxial test apparatus. During the back
pressure saturation, the confining pressure is 20 kPa higher
than the back pressure. )e test shows that after maintaining
the confining pressure at 110 kPa and the back pressure at
90 kPa for 24 hours, Skempton’s coefficientB of the soil sample
reaches 0.95, indicating that the soil sample is saturated.

2.3.2. Consolidation. To simulate the self-weight stress state
of the soil, a K0 consolidation test is required before the
unloading test. By using the K0 consolidation control

module (K0 � 0.53) of the TSZ-2S fully automatic triaxial test
apparatus, the confining pressure is applied according to the
test scheme shown in Table 2, with the axial pressure applied
synchronously and automatically. )e K0 consolidation is
deemed to be completed when the excess pore water
pressure generated during consolidation dissipates to 0 kPa.

2.3.3. Setting of the Stress Path. According to the unloading
ratio R�Δσ1/Δσ3 in Table 2, stress paths are set in the TSZ-
2S fully automatic triaxial test apparatus. During the
unloading process, the confining pressure (σ3) of the soil
sample decreases with an unloading rate of 10 kPa/h [17];
meanwhile, the axial pressure (σ1) simultaneously decreases
according to the unloading ratio R to simulate the unloading
mechanical behavior of the soil. Furthermore, the stress path
LU∞ corresponds to a conventional triaxial loading test,
and the axial pressure (σ1) increases with a rate of 10 kPa/h.

2.3.4. Unloading Testing. Before unloading testing, the
upper and lower drain valves of the triaxial apparatus are
closed; then, the unloading test is carried out along a certain
stress path UUR and LU∞ (Figure 2). After the deformation
per hour is less than 0.01mm, the unloading deformation
reaches a stable state. When unloading to a certain pressure
level, if the strain rate increases sharply and the deformation
cannot reach a stable state, the unloading test ends in failure.
)e confining pressure, axial pressure, axial deformation,
and excess pore water pressure measurements of the soil
sample were recorded automatically until the axial strain
reaches 15%.

3. Results and Discussion

3.1. Deviator Stress-Strain Curve. To analyse the law of soil
deformation with different unloading stress paths, the re-
lationship curve between the deviator stress and axial strain
is drawn, as shown in Figure 4. According to the figure, the
deviator stress-strain curve of soft soil is essentially hy-
perbolic function under both loading and unloading con-
ditions. With changes in the stress path and unloading ratio,
the deformation of the sample can be divided into com-
pressive deformation and rebound deformation. Unloading
stress paths (UU0.0, UU0.5) and loading stress path (LU∞)
correspond to compressive deformation, as shown in
Figure 4(a) (since the corresponding deviator stress of stress
path UU1.0 remains unchanged, it is not possible to plot the
corresponding deviator stress-strain curve). Taking the
consolidation confining pressure of 100 kPa as an example,
the failure stress at the unloading stress path (UU0.0, UU0.5)
test is lower than that at the conventional triaxial loading
stress path (LU∞) test, which indicates that under
unloading conditions, the deviator stress is more likely to
cause excessive shear deformation in the soil. In addition, in
the conventional triaxial loading test, the deviator stress
keeps increasing as the strain increase, and the deviator
stress-strain curve exhibits stronger strain hardening
compared with that under unloading conditions.

Figure 3: TSZ-2S fully automatic triaxial test apparatus.

Table 1: Basic physical properties of the soft soil.

ρ [g/cm3] w [%] Gs wL [%] wp [%] Ip c [kPa] Φ [°]

1.81 39.4 2.72 41.6 25.3 16.3 19.2 28.3

UU0.0

q = (s1 – s3)/2

p = (s1 + s3)/2

K0

UU1.0
UU0.5

UU2.0

LU∞

UU4.0

Kf

UU∞

Figure 2: Stress paths and unloading ratios.
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Along the unloading stress path, as the unloading ratio R
increases from 0.0 to 0.5, the failure stress of the soft soil
gradually decreases. )e tendency of result is consistent with
the finding by Liu and Hou [11], but the failure stress values
are quite different. When the confining pressure reaches
100 kPa, the failure stress of the stress path UU0.0 is ap-
proximately 105 kPa in the finding by Liu andHou [11], while
the failure stress in this study is approximately 174 kPa. Such
inconsistencies could be due to the different initial consoli-
dation conditions and the different regional mechanical
properties of the soft soils in Shenzhen and Shanghai.

)e unloading stress paths UU2.0, UU4.0, and UU∞
correspond to rebound deformation. As shown in
Figure 4(b), the rebound deformation of soft soil increases
with decreasing unloading ratio.)e axial stress σ1 in the test
can be unloaded to a value only equal to the lateral stress σ3,
that is, the minimum value of the deviator stress σ1–σ3 is 0.
Compared with stress paths UU4.0 and UU∞, the corre-
sponding confining pressure of stress path UU2.0 is lower;
thus, the rebound deformation is larger.)erefore, to reduce
the rebound deformation of soil in unloading engineering,

such as foundation pit excavation, control measures should
be taken to avoid the reduction in soil confining pressure.

)e deviator stress and axial strain relationship curves
are drawn for different consolidation confining pressures in
Figure 5. )e deviator stress-strain curve exhibits strain
hardening. With the increase in consolidation confining
pressure, the initial slope of the deviator stress-strain curve
becomes steeper, indicating that the initial tangent modulus
gradually increases. Further analysis of the strain curve in
Figure 5(a) shows that when the deviator stress accounts for
70% to 84% of the failure stress, the corresponding strain is
only 0.8% to 1.0%; that is, in the early unloading stage,
considerable unloading does not cause a large axial strain of
the soil mass, and a deformation lag arises. When 1.0% to
1.5% strain occurs, the strain of the soft soil can be gradually
increased until unloading failure occurs under a small
unloading load. )is phenomenon indicates that the
unloading failure of soft soil occurs suddenly during the
unloading excavation of underground engineering. Espe-
cially after reaching 1.0% strain deformation, continuous
unloading can lead to unloading failure of the soft soil.

Table 2: Test plan of unloading/loading stress path.

Stress path Confining pressure of
consolidation σ3c [kPa]

Axial pressure of
consolidation σ1c [kPa]

Unloading ratio R

UU0.0 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 � 0.0, σ3 decreases, while σ1 remains unchanged
UU0.5 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 � 0.5, σ3 and σ1 decrease
UU1.0 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 �1.0, σ3 and σ1 decrease
UU2.0 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 � 2.0, σ3 and σ1 decrease
UU4.0 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 � 4.0, σ3 and σ1 decrease
UU∞ 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 �∞, σ3 remains unchanged, while σ1 decreases
LU∞ 100, 200, 300 189, 377, 566 R�Δσ1/Δσ3 �∞, σ3 remains unchanged, while σ1 increases
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Figure 4: Deviator stress and axial strain (100 kPa). (a) Deviator stress and compressive strain. (b) Deviator stress and rebound strain.
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Figure 5(b) shows the deviator stress-strain curve of the
UU4.0 stress path. )e soft soil under this stress path shows
rebound deformation. )e deviator stress (σ1–σ3) could not
be unloaded to less than 0 kPa due to the limitation of the
test instrument so there is no failure occurring in the soil
sample.

3.2. Hyperbolic Fitting of Deviator Stress-Strain Relationship.
According to the above analysis, the deviator stress-strain
curves of various stress paths of the studied soft soil are
basically hyperbolic curves. Kondner [19] proposed that the
following hyperbolic function can be used to represent the
consolidated-undrained deviator stress-strain relationship
of soft soil:

ε
σ1 − σ3

� a + bε. (1)

In equation (1), a is the intercept of the straight line and b
is the slope. By deduction, the initial tangent slope of the
deviator stress-strain curve is 1/a, which is defined as the
initial tangent modulus E0; the slope is b� 1/(σ1–σ3)ult, and
(σ1–σ3)ult is the soil ultimate strength. In the K0 consoli-
dation test, to eliminate the influence of the initial deviator
stress (σ1c–σ3c), equation (1) can be revised as follows:

ε
σ1 − σ3(  − σ1c − σ3c( 

� a + bε, (2)

where σ1c and σ3c are the initial axial pressure and confining
pressure during K0 consolidation.

In the case of stress path UU0.0 and UU2.0, deviator
stress-strain curves are drawn according to equation (2), as
shown in Figure 6. Under different stress paths and different
consolidation pressures, all the curves show a strong linear
relationship, indicating that the test results can be well fitted
with a hyperbolic curve through equation (2).

According to equation (2), the initial tangent modulus E0
can be obtained by processing the test results of various
stress paths. Due to space limitations in this paper, only E0
for a consolidation confining pressure of 100 kPa is listed, as
shown in Table 3.

Table 3 shows that the initial tangent modulus E0 first
decreases and then increases with the increase in unloading
ratio R. In general, the initial tangent modulus at the loading
stress path LU∞ is significantly lower than that at the
unloading stress path (UUR). In particular, at the stress path
UU∞, the soil sample undergoes unloading rebound de-
formation only, and its initial tangent modulus is 18.8 times
that of stress path LU∞.

In this study, the variation pattern of the initial tangent
modulus with unloading ratio is approximately the same as
the conclusion obtained by Zheng [20]. In their study, the
initial tangent modulus of UU0.0, UU2.0, UU4.0, and UU∞
unloading stress paths increases with the increase of the
unloading ratio, which is consistent with the conclusion of
this paper. However, this paper also investigated the UU0.5
unloading stress path, and it can be seen from Figure 4(a)
that, under the same bias stress, the deformation of soft soil
under the UU0.5 unloading stress path is slightly larger than
that under the UU0.0 unloading stress path, so the initial
tangent modulus under the UU0.5 unloading stress path is
lower than that under the UU0.0 stress path. In addition, the
failure ratio Rf and unloading ratio R are not strongly
correlated, but the failure ratio Rf generally exceeds 0.90.

3.3. Normalization of the Deviator Stress-Strain Relationship.
According to the deviator stress-strain curve in Figure 5,
given the same type of stress path, the shapes of stress-strain
curves under different consolidation pressures are basically
similar, which indicates the possibility of normalization of
the deviator stress-strain curves of soil samples. By
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Figure 5: Deviator stress and axial strain under different consolidation confining pressures. (a) Stress path UU0.5. (b) Stress path UU4.0.
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normalizing the average consolidation confining pressure
σm, equation (2) can be revised as follows:

εσm
σ1 − σ3(  − σ1c − σ3c( 

� a + bε, (3)

where σm is the average consolidation pressure and a and b

are the intercept and slope of the normalized straight line,
respectively.

According to equation (3), a normalized hyperbolic
function representing the deviator stress-strain curve is
drawn in Figure 7. For the same type of stress path, the
deviator stress-strain curve of the soft soil shows a nor-
malized characteristic. Overall, the normalized degree and
regularity are good, but there is still a certain degree of
dispersion, which may be caused by the inhomogeneity of
the soil and the errors generated during the test operations.

3.4. Unloading Strength Parameters. According to
Figure 4(a), for different unloading stress paths, the defor-
mation parameters and failure stress of soft soil are different,
which inevitably leads to the strength parameters of soft soil.
In engineering practice, the unloading strength parameter of
soft soil is very important for the stability calculation of

underground spaces; therefore, the strength envelope of the
soil sample is shown in Figure 8 (the strength parameter of a
soil sample with rebounded deformation is not considered).

According to the figure, for the unloading stress paths of
UU0.0, UU0.5, and UU1.0, the unloading ratio R has little
influence on the internal friction angle under total stress, but
with the increase in unloading ratio, the cohesion decreases
from 36.9 kPa to 12.2 kPa, as shown in Figures 8(a)–8(c).)e
cohesion decreases with the increase of the unloading ratio.
However, in the stress paths of UU2.0 and UU4.0, since the
deviator stress (σ1–σ3) cannot reach below 0 kPa and the soil
has not yet reached the destruction conditions, the strength
envelope cannot be plotted and the strength parameters
under the stress paths UU2.0 and UU4.0 cannot be sum-
marized. In the control test of the unloading experiments,
the cohesion of the conventional triaxial loading stress path
LU∞ is 50.6 kPa, which is much higher than that of an
unloading stress path and consistent with the finding by
Zhou and Chen [21]. Because the axial compression of soil in
the loading test is greater than its lateral expansion in the
unloading test, the soil particles become increasingly denser,
which results in increased cohesion.

Zhang [17] completed unloading drainage tests with
unloading ratios R of 0.0, 1.0, and 1.5, the study pointed out

0 2 4 6 8 10 12 14 16
ε (%)

0.0

0.5

1.0

1.5

2.0

100kPa
200kPa
300kPa

(ε
 ×

 1
0–1

) /
((
σ 1

 –
 σ

3)
 –

 (σ
1c

 –
 σ

3c
))

(k
Pa

–1
)

(a)

0.0

1.0

2.0

3.0

4.0

100kPa
200kPa
300kPa

–0.6 –0.5 –0.4 –0.3 –0.2 –0.1 0.0–0.7
ε (%)

(ε
 ×

 1
0–3

) /
((
σ 1

 –
 σ

3)
 –

 (σ
1c

 –
 σ

3c
))

(k
Pa

–1
)

(b)

Figure 6: Hyperbolic functions of the deviator stress-strain relationships. (a) Stress path UU0.0. (b) Stress path UU2.0.

Table 3: Initial tangent modulus of soft soil under different stress paths (100 kPa).

Stress path a [MPa−1] Initial tangent modulus E0 [MPa] b [kPa−1] Ultimate strength (σ1-σ3)ult [kPa] Rf
a

UU0.0 0.0791 12.64 0.0119 83.82 0.99
UU0.5 0.0932 10.73 0.0214 46.66 0.98
UU1.0 0.0144 69.49 0.0100 100.00 0.99
UU2.0 0.0080 125.00 0.0102 98.04 0.92
UU4.0 0.0057 175.44 0.0105 95.24 0.87
UU∞ 0.0053 188.68 0.0072 138.89 0.94
LU∞ 0.0997 10.03 0.0077 129.87 0.97
aR� (σ1–σ3)/(σ1–σ3)ult is the failure ratio.
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that the effective stress strength parameters measured by
different stress paths did not differ significantly (c� 2.6–4.1;
φ� 36.5–38.1°), and their findings basically satisfied the
principle of effective stress. However, in this paper, the soft
soil strength index parameters under the total stress strength
are obtained by the consolidated-undrained unloading test,
the study shows that the cohesion of soft soil gradually
decreases with increasing unloading ratio R, and the internal
friction angle changes only slightly, which is different
from the results of Zhang [17]. )e reason for this is that the
excess pore water pressure generated during the

consolidated-undrained unloading test plays a lubricating
role on the soft soil, the soft soil under the stress path of this
paper undergoes obvious shear expansion damage, and its
lateral expansion is greater than the axial compression,
which eventually leads to a reduction in cohesion.

3.5. Excess Pore Water Pressure. In this paper, since the
unloading test and the conventional triaxial loading test are
undrained tests, excess pore water pressure will be generated
during these tests. )e change in excess pore water pressure
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Figure 7: Normalization of deviator stress-strain. (a) Stress path UU0.0. (b) Stress path UU2.0.
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Advances in Civil Engineering 7



is very important for the analysis of volume change during
soft soil failure. )e changes in excess pore water pressure
corresponding to compressive deformation and rebound
deformation are shown in Figure 9. Under the conditions of
loading and unloading, the overall development of excess
pore water pressure is clearly different. At the loading stress
path LU∞, the excess pore water pressure increases because
the axial compression of the soil is greater than its lateral
expansion, resulting in sample volume reduction. )is
conclusion is consistent with Xiong et al. [22], but they only
focus on unloading stress paths LU∞ and UU1.0. )e
unloading stress paths UU0.0, UU0.5, and UU1.0 were also
evaluated in this study. )e lateral expansion of the soil is
greater than its axial compression so that the volume of the
soil sample increases, which results in the overall decrease in
excess pore water pressure.

For the unloading stress paths UU2.0, UU4.0, and
UU∞, soil rebound deformation is generated. )e volume
of the soil sample gradually increases, resulting in excess
pore water pressure, as shown in Figure 9(b). )e absolute
value of excess pore water pressure increases with increasing
rebound deformation but remains less than the absolute
value of excess pore water pressure for the stress paths
UU0.0, UU0.5, and UU1.0, which is caused by the different
failure modes of the soft soil due to the different unloading
stress paths.

)e deviator stress-strain curves under all unloading
conditions show strain hardening. Under the same stress
path, the deviator stress-strain curve of soft soil has nor-
malized characteristics. When the soft soil is in com-
pressive deformation, both the cohesion and the absolute
value of the excess pore pressure increase with the
unloading ratio. However, due to the limitation of the
testing device, the soil sample did not have any unloading

strength parameters available in UU 2.0 and UU4.0 stress
path. In the future study, the author will modify the in-
strument to apply negative deviator stress (σ1–σ3) on soil
samples and investigate the unloading strength parameter
of testing soil.

4. Conclusion

By using a TSZ fully automatic triaxial test apparatus, a series
of undrained triaxial unloading tests on soft soil from
Shenzhen, China, were carried out with different unloading
stress paths, and systematic studies on the unloading me-
chanical properties of soft soil were performed. In this paper,
more stress paths (UU1.0, UU0.5, etc.) are discussed to
obtain parameters such as unloading strength of soft soil
under different stress paths; the results found that the
unloading strength and initial tangent modulus under
UU0.5 stress path are the lowest, and the parameters ob-
tained under UU0.5 stress path are safer to be used in the
calculation of numerical analysis of the foundation pit. )e
following conclusions were drawn:

(1) )e deformation characteristics of the soft soil are
closely related to the stress path, unloading ratio, and
consolidation confining pressure. Under unloading
conditions, the magnitude of the unloading ratio has
an important influence on the shape of the stress-
strain curve, initial tangent modulus, and failure
stress of the soft soil. For different unloading stress
paths, the sample may undergo compressive defor-
mation or rebound deformation.

(2) For the unloading stress path, the deviator stress-
strain curve of the soft soil shows strain hardening
and can be fitted through hyperbolic functions.
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Figure 9: Strain and excess pore water pressure. (a) Compressive strain and excess pore water pressure. (b) Rebound strain and excess pore
water pressure.
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Normalization can be carried out with the average
consolidation confining pressure.

(3) )e strength parameters under unloading conditions
are obviously different from those under loading
conditions. In the stress paths of UU0.0, UU0.5, and
UU1.0, the effect of the unloading ratio on the in-
ternal friction angle is insignificant, but the cohesion
decreases with the increase of the unloading ratio.
)e stress parameters under unloading conditions
should be adopted to calculate unloading rebound in
underground spaces.
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