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A B S T R A C T   

The paper discussed the effects of pore water pressure and unloading ratio on the mechanical properties of soft 
soils. The Shenzhen marine sedimentary soft soils were selected in this study. The results revealed that the excess 
pore water pressures had significant weakening effects on the unloading strength of soft soils. Comparing with 
the unloading strength without excess pore water pressure, the reduction rate of unloading strengths at excess 
pore water pressure ranging from 20 to 60 kPa were found to be 3.4%–21.4% and 1.3%–19.2% for unloading 
ratio 0.0 and 0.5 respectively. Meanwhile, the excess pore water pressures had greater impact to cohesion than to 
internal friction angle. The unloading failure modes of soft soils are sudden and concealed, and the lower 
confining pressures and higher excess pore water pressures can make the unloading failure more destructive. 
Moreover, the initial unloading modulus is linearly proportional to the confining pressure but linearly inversely 
proportional to the excess pore water pressure.   

1. Introduction 

Marine sedimentary soft soils are widely distributed in coastal areas 
with low strength, high compressibility, high sensitivity and significant 
rheological engineering characteristics, which bring many technical 
problems to the excavation and deformation controls of soft soils foun-
dation pit engineering. The excavation of marine sedimentary soft soils 
is a typical unloading project (Cai et al., 2018; Huang et al., 2019). The 
design calculation and numerical analysis of the soil strength parameters 
for those soft soils were normally obtained by axial loading tests. 
However, the effects of lateral unloading stress paths were ignored. 
Meanwhile, a high level of groundwater usually existed in the coastal 
areas, and the excess pore water pressure will be generated due to the 
construction vibration load of large construction equipment (Li, 2012). 
The excess pore water pressures can reduce the effective stress of soft 
soil particles and weaken the structure of soil particles, which can 
aggravate the unloading damage of soft soils. Therefore, studies on the 
effects of unloading stress paths and excess pore water pressures on 

unloading mechanical properties of soft soils are indispensable. 
Previous studies were mainly focused on the strength and deforma-

tion characteristics of soft soils under the loading stress path, and those 
strength parameters were widely used in the design of unloading exca-
vation and numerical simulation of soft soils. Zhang et al. (2015) used 
the soil parameters under loading conditions as the input of modified 
cambridge model to analyze the mechanical properties of the viaduct 
piers under unloading conditions. Ni et al. (2018) conducted a plane 
strain loading and unloading comparison tests in silty clay and used 
those strength parameters for the deformation calculation of the un-
derground continuous wall. Above studies concluded that the numerical 
simulation results calculated from soil parameters under loading con-
dition were generally smaller than actual ones. 

Some researches on the unloading mechanical properties of soft soils 
have been reported. The stress-strain relationships of soft soils were 
demonstrated to be affected by the stress paths (Zeng et al., 1988; Liu 
and Hou, 1997). The triaxial undrained tests of soft soils in the Pearl 
River Delta were studied by Zhou and Chen (2009). They reported that 
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the creep effects of soil samples under lateral unloading condition was 
significantly higher than that under axial loading condition. Zheng et al. 
(2008) conducted the unloading tests at different unloading ratios and 
stress paths in Tianjin silty clay. Their results indicated that the 
unloading ratios directly determined the magnitude and deformation of 
soil strain. Zhou (2013) conducted conventional triaxial shear tests and 
unloading direct shear tests in Guangzhou soft soils. The test results 
showed that the strength and initial unloading modulus of soils at 
unloading path were less than that at loading path respectively. Lim and 
Ou (2017) reported that under the undrained conditions, the unloading 
mechanical parameters of soft soils can accurately calculate the exca-
vation deformations of the foundation pit. The above studies indicated 
that the mechanical parameters of soft soils at unloading path will better 
reflect the actual conditions. However, most of them used direct shear 
tests which failed to reflect the three-dimensional stress state of the soil 
samples. The triaxial test of soft soils at unloading path is still sparse. The 
unloading mechanical parameters of soft soils obtained from triaxial 
tests can be used for engineering design calculations and numerical 
simulation analysis of soft soil foundation pits. 

In addition to being affected by the lateral unloading stress path, the 
unloading strength of soft soils is also strongly influenced by the excess 
pore water pressure (Cui et al., 2017). Zhang et al. (2004) monitored the 
pore water pressure at the envelope structure on the Runyang bridge and 
pointed out that the vibration of the external load will generate excess 
pore water pressure. Li et al. (2011) studied the variations of pore water 
pressure at clay subgrade during dynamic vibration of construction and 
indicated that the dissipation time of excess pore water pressure is 
20–40 h. Wei et al. (2012) studied the distribution law of excess pore 
water pressure in soft soils caused by shield construction. Results 
showed that the excess pore water pressures are between 21.2 and 
56.12 kPa. Wang and Sun (2004) studied the distribution law of excess 
pore water pressure caused by piling construction and reported that 
excess pore water pressures are about 43–67 kPa. The above studies 
have concluded that the excess pore water pressure existed in practical 
engineering. However, the effects of excess pore water pressure on the 
unloading mechanical properties of soft soils were never reported with 
one exception that Yan et al. (2016) studied the triaxial tensile test of 
soft soils. The excess pore water pressure may change the unloading 
mechanical parameters which are directly used for the engineering 
design calculation. Therefore, studies on the effect the excess pore water 
pressure on the unloading mechanical properties of soft soils are 
necessary. 

The objective of this study was to investigate the effects of excess 
pore water pressure and unloading ratio on the unloading mechanical 
properties of soft soils. The data are important to providing theoretical 
guidance for the excavation of soft soils and can further lay the foun-
dation for the numerical simulation analysis of soft soils unloading 
creep. 

2. Materials and methods 

2.1. Soft soils 

The soils used in this study are from a foundation pit in Shenzhen, 
China. The sampling depth is 13.5 m. The physical properties of the 
soils, including density (ρ), moisture content ( ), specific gravity (Gs), 
liquid limit (WL), plastic limit (WP), undrain cohesion (c), and frictional 
angle (ϕ), were measured and results are given in Table 1. The physical 
properties of soft soils were determined by ASTM standards methods 
including ASTM Standard D4318, ASTM D854. Meanwhile, the used soil 

is classified as lean clay (CL) based on USCS classification system. The 
oven-dried soil samples were passed through a US No.18 sieve (1 mm 
openings). The soil was then mixed with water to achieve 25% moisture 
content. The soil samples were compacted into a mold with a height of 
80.0 mm and diameter of 39.1 mm through a standard compaction 
protocol. 

The sieve analysis method was used to determining the particle 
composition of the selected soils, and the particle size distribution curve 
was shown in Fig. 1. It is clearly seen that the soft soils are mainly 
composed of fine particles, wherein the fine particle contents (particle 
size less than 0.075 mm) are 96.1%, and the clay contents (particle size 
less than 0.005 mm) are 64.1%. 

2.2. Unloading ratios and unloading stress paths 

The stress paths experienced by the soil unit in each part of the soft 
soil foundation pit are complicated. For the convenience of this exper-
iment, VHR is used to represent different unloading stress paths, where 
VH represents vertical and horizontal unloading, and unloading ratio R 
represents the ratio of absolute value of vertical stress unloading (|Δσ1|) 
to absolute value of horizontal stress unloading (|Δσ3|), which is 
R ¼ |Δσ1|/|Δσ3|. 

Under the K0 consolidation condition, the unloading compression 
failure occurs in the soil when the unloading ratio (R) is less or equal to 
1; the unloading elongation failure happens when R is higher than 1 

Table 1 
Physical properties of soft soils.  

ρ (g/cm3) w (%) Gs wL (%) wP (%) Ip c(kPa) ϕ (�) 

1.82 39.6 2.73 41.5 25.2 16.3 19.9 28  

Fig. 1. Particle size distribution curve of soft soils.  

Fig. 2. Schematic diagram of excavation under soft soils.  
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(Zheng et al., 2008). This study mainly focused on the unloading 
compression failure of the selected soils, therefore, unloading ratios of 
0.0, 0.5, and 1.0 were selected in this experiment. Moreover, VH0.0 
corresponds to the unloading stress path experienced by point A (Fig. 2), 
that is, the vertical stress is constant, and the horizontal stress is grad-
ually reduced. VH0.5 and VH1.0 correspond to the stress paths experi-
enced by points B and C, respectively, that is, the ratio of vertical 
unloading and horizontal unloading are 0.5 and 1.0, respectively. 

2.3. Experimental procedures 

2.3.1. Saturation 
The pore water pressure valve (upper drain valve) and back pressure 

valve (lower drain valve) of the triaxial instrument were closed firstly, 
and then the confining pressure (20 kPa) was applied to soil samples. 
The pore water pressure on the pore pressure sensor was read when the 
value was stable. After that, the back-pressure valve was opened to apply 
back pressure to the soil samples, and the confining pressure was applied 
in stages. After the pore water pressures were stabilized, the next level of 
confining pressure and back pressure were applied. The increment of 
each confining pressure and back pressure is 30 kPa. When the confining 
pressure is 110 kPa and the back pressure is 90 kPa, the Skempton’s B- 
value calculated from each pore water pressure increment is 0.95, which 
indicates that soil samples are saturated. The desired saturation degree 
achieved after 24 h, and the used soft soils are disturbed soils with a 25% 
moisture content. 

2.3.2. Consolidation 
The three different consolidation confining pressures σ3c (100, 200, 

and 300 kPa) were applied in this study. The corresponding axial pres-
sures σ1c (189, 377, and 566 kPa) were respectively applied to restore 
the sample as undisturbed state. After that, the upper drain valve of the 
triaxial instrument was opened to perform K0 (k0 ¼ 1 � sin ϕ

0

¼ 0:53) 
drainage consolidation on the soil samples. 

2.3.3. Excess pore water pressure 
The excess pore water pressure (u0) refers to the excess pore water 

pressure applied by the triaxial instrument back pressure system after 
consolidation and before the unloading tests. The excess pore water 
pressures were found to be 17–64 kPa in the constructions of soft soils in 
Shenzhen, China (Wei et al., 2012). Therefore, four different excess pore 
water pressures (u0 ¼ 0, 20, 40 and 60 kPa) were applied in this exper-
iment to study the unloading mechanical properties of soft soils, as 
shown in Fig. 3. 

2.3.4. Unloading strength tests 
Soil samples were unloaded by horizontal and vertical stresses along 

the VH0.0, VH0.5 and VH1.0 stress paths. The detailed unloading stress 
path tests were summarized in Table 2. For VH0.0 unloading path, σ1 
remain same during the unloading test while σ3 is reducing with 
0.02 kPa/min unloading rate. In VH0.5 unloading path, σ1 and σ3 
decrease with 0.01 kPa/min and 0.02 kPa/min unloading rate, respec-
tively. For VH1.0 unloading path, σ1 and σ3 both decrease with a rate of 
0.02 kPa/min. 

2.3.5. Data collection 
The axial pressures, confining pressures, axial deformations and pore 

water pressures were recorded until the axial strains reached 15%. 

3. Results and discussion 

3.1. Deviatoric stress-strain curves 

Fig. 4 shows the relationships between deviatoric stress and axial 
strain at different confining pressures (200 and 300 kPa) and unloading 
ratios (0.0 and 0.5). In general, the stress-strain curves of the soil sam-
ples under unloading conditions have no essential difference compared 
with that under axial loading condition reported by Wang et al., (2013). 
When the confining pressure increases, the initial slopes of the devia-
toric stress-strain curves become steeper, indicating an increase of initial 
unloading modulus. Meanwhile, the stress-strain curve exhibit strain 
hardening. This is in agreement with the results reported by Zheng et al. 
(2008). However, Liu and Hou (1997) found that the stress-strain curve 
of soft soils exhibit stain softening, which is opposite to the results in this 
study. This could be due to that the consolidation drainage test was 
conducted in their experiment. From Fig. 4(a) and (c), it can be seen that 
unloading ratios will affect the unloading strength of soft soils – the 

Fig. 3. Applications of excess pore water pressures.  

Table 2 
The detailed parameters of unloading tests.  

Unloading 
stress path 

Confining 
pressure σ3 (kPa) 

Axial pressure 
σ1 (kPa) 

Excess pore water 
pressure u0 (kPa) 

VH0.0 100 189 0,20,40,60 
200 377 0,20,40,60 
300 566 0,20,40,60 

VH0.5 100 189 0,20,40,60 
200 377 0,20,40,60 
300 566 0,20,40,60 

VH1.0 100 189 0,20,40,60 
200 377 0,20,40,60 
300 566 0,20,40,60  
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Fig. 4. Deviatoric stress-strain curves at different confining pressures (200 and 300 kPa) and unloading ratios (R ¼ 0.0, and 0.5).  

Fig. 5. The unloading strengths of soft soils at different confining pressures and excess pore water pressures.  
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higher unloading ratios, the lower unloading strengths. When the strain 
is around 1%, the corresponding deviatoric stress accounts for 70% 
~83% of the unloading strength, which indicated that the axial strain is 
small in early stage unloading process. When the strain is 2%~3%, the 
strain of soft soils suddenly becomes larger and gradually increases until 
soil samples damage. The above phenomenon indicates that the 
unloading failure mode of soft soils is sudden and concealed, and the 
greater excess pore water pressure will cause unloading failure to be 
more sudden. Therefore, in the construction process of soft soil foun-
dation pits, the deformation of the foundation pits should be closely 
monitored to prevent the unloading failure from happening suddenly, 
and the methods of reducing the groundwater level or diverting the 

groundwater should be used to avoid the excess pore water pressure 
caused by the construction vibration. 

3.2. Unloading strengths 

The deviatoric stress-strain curves in Fig. 4 generally do not have 
peaks. The deviatoric stresses keep increasing as the strains increase, 
indicating a strain hardening. Therefore, it is not easy to affirm the 
damage points. Liu and Hou (1997) pointed out that the deviatoric 
stress-strain curves can be expressed in double logarithmic coordinates, 
and the deviatoric stress-strain is in a straight-line segment with two 
distinct turning points. This study chooses the last turning point as the 
breaking point of the unloading strength. The unloading strengths of soft 
soils at different confining pressures and excess pore water pressures 
were shown in Fig. 5. It can be found that the unloading strength of soft 
soils decreases with increase of excess pore water pressure, indicating 
that the excess pore water pressure has a significant weakening effect on 
the unloading strength of soft soils. Comparing with the unloading 
strength without excess pore water pressure, the reduction rate of 
unloading strengths at excess pore water pressure ranging from 20 to 
60 kPa were found to be 3.4%–21.4% and 1.3%–19.2% for VH0.0 and 
VH0.5 respectively. 

The highest slope is found in the VH0.0 stress path and 100 kPa 
confining pressure. It is clearly seen that the slope decreases with the 

Table 3 
Strength parameters at different unloading stress paths.  

Excess pore water pressure 
(kPa) 

VH0.0 VH0.5 VH1.0 

c 
(kPa) 

ϕ (�) c 
(kPa) 

ϕ (�) c 
(kPa) 

ϕ (�) 

0 33.6 33.2 28.9 34.2 14.8 35.1 
20 21.4 33.0 20.5 33.6 12.8 34.2 
40 11.6 31.5 9.9 33.1 9.2 33.6 
60 4.0 30.8 2.9 32.3 2.5 32.5  

Fig. 6. Total stress intensity envelopes at different unloading stress paths.  
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increase of confining pressure and unloading ratio. This indicates that 
the unloading strength of soft soils at low confining pressure and 
unloading ratio decreases faster than that at higher confining pressure 
and unloading ratio. 

3.3. Unloading strength parameters 

The strength envelopes at different unloading stress path are shown 
in Fig. 6, and the corresponding unloading strength parameters are 
summarized in Table 3. It can be seen from Fig. 6 that under the same 
unloading stress paths, the envelopes of the total stress intensity at 
different excess pore water pressures are almost parallel, indicating that 
the internal friction angle remains constant, but the cohesion decreases 
as the excess pore water pressure increases. The studies by Zhuang et al. 
(2007) and Sun et al. (2013) on tests of silty clay also reported the 
similar results. Moreover, under the same excess pore water pressure, 

the cohesion of soft soils decreases with the increase of unloading ratios, 
but the friction angle increases slightly with the increase of unloading 
ratios (Table 3). This result is slightly different from the finding by 
Zhang et al. (2017). This could be due to that they applied consolidation 
drainage tests on soft soils. 

3.4. Confining pressure-strain curves 

The stress-strain characteristics focused on the VH0.0 and VH0.5 
unloading stress paths. Since the VH1.0 stress path indicates that the 
vertical stress and horizontal stress are simultaneously unloaded, and 
the deviatoric stress always remains unchanged. Therefore, the devia-
toric stress-strain curve cannot be drawn at VH1.0 stress path. The 
unloading characteristics of soft soils at VH1.0 stress path are analyzed 
by confining pressure-strain curves, as shown in Fig. 7. Under the same 
confining pressure, the axial strains generated by soils increase with the 
increase of excess pore water pressures, indicating that the excess pore 
water pressures have a significant weakening effect on the unloading 

Fig. 9. Schematic diagram of the stress path at compression and exten-
sion zones. 

Table 4 
The initial modulus and ultimate strength of soft soils.  

Stress 
path 

σ3 

(kPa) 
u0 

(kPa) 
b 
(MPa� 1) 

E0 

(MPa) 
a 
(kPa� 1) 

(σ1- 
σ3)ult

a 

(kPa) 

Rf 
b 

VH0.0 100 0 0.079 12.642 0.012 84.034 0.99 
20 0.092 10.846 0.015 68.966 0.97 
40 0.146 6.845 0.017 60.606 0.98 
60 0.256 3.914 0.022 44.843 0.94 

200 0 0.024 42.553 0.008 123.457 0.97 
20 0.025 40.161 0.009 113.636 0.99 
40 0.031 32.258 0.010 104.167 0.99 
60 0.039 25.575 0.010 99.010 1.00 

300 0 0.014 71.429 0.006 169.492 0.99 
20 0.015 67.568 0.006 158.730 1.00 
40 0.019 53.476 0.007 149.254 0.98 
60 0.022 46.296 0.008 120.482 1.00 

VH0.5 100 0 0.093 10.730 0.021 46.729 0.98 
20 0.127 7.868 0.023 42.918 0.98 
40 0.261 3.834 0.032 31.153 0.98 
60 0.413 2.421 0.046 21.930 0.95 

200 0 0.038 26.178 0.014 72.464 0.99 
20 0.040 24.876 0.016 62.500 0.99 
40 0.050 20.000 0.017 58.824 0.99 
60 0.061 16.447 0.019 51.546 0.98 

300 0 0.022 45.455 0.010 101.010 0.99 
20 0.023 43.668 0.011 93.458 0.99 
40 0.029 34.364 0.011 87.719 0.99 
60 0.033 30.120 0.013 74.627 0.89  

a ðσ1 � σ3Þult ¼ 1=a; ultimate strength of soft soils. 
b Rf ¼ ðσ1 � σ3Þ=ðσ1 � σ3Þult 

Fig. 7. Confining pressure-strain curves at VH1.0 stress path at different confining pressures.  

Fig. 8. Soil sample compression failure.  
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Fig. 11. Relationship between initial unloading modulus and excess pore water pressure.  

Fig. 10. Normalization of stress-strain curves (confining pressure 300 kPa).  

Fig. 12. Relationships between initial unloading modulus and consolidation confining pressure.  
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strength of soft soils. Meanwhile, given the same excess pore water 
pressure, the deviatoric stresses at the unloading failure of soft soils 
increase with the increase of confining pressures. Therefore, increasing 
confining pressure of soft soils will contribute to delaying the unloading 
failure of soft soils. 

The soil samples at VH1.0 stress path are subject to compression 
failure, as shown in Fig. 8. In the initial stage of unloading, the soil 
samples have a certain rebound displacement in the axial direction. With 
further process of unloading, the molar stress circles are closer to the 
damage envelope and the deformations of soil samples increase sharply 
until the shear fails. Zheng et al. (2008) conducted unloading tests at 
different unloading ratios (R ¼ 0, 1, 2, 4 and ∞) in Tianjin marine 
sedimentary silty clay. They reported that the unloading ratio (R ¼ 1) is 
the critical point between compression and extension failure of soil 
samples, as shown in Fig. 9. This is slightly different with our results. 
This could be due to that they applied isotropic consolidation on soil 
samples. 

3.5. Analysis of initial unloading modulus 

The initial unloading modulus (E0) is an important parameter for 
numerical analysis of soft soil foundation pits. It is calculated by 
normalization of stress-strain curves of soft soils. The tangential 
modulus-strain relationship can be further obtained from the Equation 
(1) (Kondner, 1963): 

ε
ðσ1 � σ3Þ

¼ aεþ b (1) 

There is a linear relationship between ε=ðσ1 � σ3Þ and strain (ε). The 
intercept and slope of this straight line are a and b, respectively. It can be 
deduced that the soil ultimate strength is 1/a, and the initial unloading 
modulus is 1/b. To eliminate influences of initial solidification stress 
difference ðσ1c � σ3cÞ on normalization results during K0 solidification, 
ðσ1 � σ3Þ is subtracted by ðσ1c � σ3cÞ here. Therefore, Eq. (1) can be 
rewritten as: 

ε
ðσ1 � σ3Þ � Þσ1c � σ3cÞ

¼ aεþ b (2) 

In the case of VH0.0 and VH0.5 stress paths, the normalized stress- 
strain curves at 300 kPa confining pressure are drawn according to Eq. 
(2), as shown in Fig. 10. It is found that all curves at different excess pore 
water pressures show good linear relations. This proves that Eq. (2) can 
normalize test results well. All parameters including, a, b, initial 
modulus, and soil ultimate strength, are obtained through the normal-
ized stress-strain curve, and are summarized in Table 4. 

It can be seen from Table 4 that at same unloading stress paths and 
confining pressures, the initial unloading modulus of soft soils decreases 
with the increase of excess pore water pressures. Given the same 
confining pressures and excess pore water pressures, the initial 
unloading modulus of soil samples at VH0.5 stress path is lower than 
that at VH0.0 stress path. This is consistent with the results in the 
unloading strengths. Meanwhile, it is found from Fig. 11 that the initial 
unloading modulus reduces slightly while the excess pore water pressure 
ranges from 0 to 20 kPa, but it decreases sharply as excess pore water 
pressure is between 20 and 40 kPa. This result suggests that the 
unloading failure of soil samples will happen when the excess pore water 
pressure ranges from 20 to 40 kPa. The certain value of excess pore 
water pressure needs to be further studied. 

The initial unloading modulus of soil samples presents a linear 

growth with the increase of confining pressures, as shown in Fig. 12. 
Xiong et al. (2013) found the similar conclusion as excess pore water 
pressure is 0 kPa. The initial unloading modulus of soil samples at VH0.0 
and VH0.5 stress path are 12.62 MPa and 10.75 MPa, respectively. This 
is similar with what Xiong et al. (2013) reported that the corresponding 
unloading modulus is 15 MPa while the confining pressure is 100 kPa. 

4. Conclusions 

A series of undrained triaxial unloading tests on marine sedimentary 
soft soils at different unloading ratios and excess pore water pressures 
were studied. The excess pore water pressure had significant weakening 
effects on the unloading strength parameters of soft soils, suggesting that 
considering excess pore water pressure in practical engineering is 
needed. Meanwhile, comparing with the unloading strength without 
excess pore water pressure, the reduction rate of unloading strengths at 
excess pore water pressure ranging from 20 to 60 kPa were found to be 
3.4%–21.4% and 1.3%–19.2% for VH0.0 and VH0.5 respectively. 
Moreover, the excess pore water pressures had greater weakening de-
gree to cohesion than to internal friction angle. The confining pressure 
showed a positive effect on the initial unloading modulus of soft soils, 
and the initial unloading modulus of soil samples at VH0.5 stress path 
was lower than that at VH0.0 stress path. These reported unloading 
strength parameters and unloading modulus in this study can be used for 
engineering design calculations and numerical simulation analysis of 
soft soil foundation pits. 
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