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Abstract: Soft soil has the characteristics of high compressibility, large void ratio, and strong structure.
Therefore, it is more likely to cause surface subsidence or even surface cracking and collapse when
laying oil and gas pipelines in soft soil areas through the pipe jacking method. In this study, test
soil was pressurized using a flexible loading bladder, and variable formation losses brought on by
pipe jacking were mimicked by varying the loading bladder’s water injection level. The surface
deformation brought on by pipe jacking construction is related to the four parameters of stratum
loss rate, overburden load, soil disturbance, soil tension fissures, and horizontal deformation. The
findings demonstrate that the surface deformation brought on by the excavation gradually reduces
and starts to stabilize after the thickness of the overlying soil layer on the pipe jacking surpasses
1.5 times the diameter of the pipe jacking. The constructed settling tank is broader the deeper the
jacking pipe is submerged. Further ground surface settling will be exacerbated by the weight above
the jacking pipe. The maximum ground surface deformation value will decrease with an increase in
the overlying load when the overlying load is high (0.018 MPa).

Keywords: pipe jacking; surface deformation; overburden load; ground loss ratio; lateral settling tank

1. Introduction

Pipe jacking construction is a commonly used non-excavation technology [1]. The use
of this non-excavation technology to build tunnels has the benefits of high cross-sectional
area utilization, shallow burial depth, no interruption of ground road traffic, and less
environmental pollution. Recently, pipe jacking construction technology has been widely
used in subway stations, urban underground space development, buried piping, and other
projects [2]. However, pipe jacking construction is a highly complex and uncertain process,
will result in some ground movement and subsidence [3–5], and will cause surface cracking
and ground deformation when the surface deformation of the crossing section exceeds a
certain threshold, leading to serious accidents like damage to nearby buildings and damage
to underground pipelines, affecting the safe operation and use of pipelines and surface
buildings [6] and causing serious property losses [7].

Many academics have investigated the potential ground deformation and associated
issues produced by pipe jacking construction in soft soil locations using techniques like
the mathematical analysis method and model experiment method, with monitoring data
and construction experience at the construction site. Peck’s empirical formula technique,
which is now the most used, uses the suggested normal distribution of the ground defor-
mation trough to obtain the empirical formula for surface deformation [8]. According to
engineering practice, Hong et al. [9] established a new mathematical model considering
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the radial offset of pipe jacking. Huang et al. [10] used the space matrix transformation
method to calculate the parameters of the specified position of a pipe jacking machine.
Shou et al. [11] comprehensively considered factors such as soil pressure static balance,
pipe surface friction, and the driving force behind the pipe string, and the jacking force
of curved pipe jacking was theoretically studied. Zhen et al. [12] used the finite strip
method (FSM) to analyze the main elastic buckling behavior of steel pipe jacking under
axial compression Pasternak foundation. Xiao et al. [13] evaluated the effectiveness of the
pipe jacking construction scheme by comparing it with the results of degradation analysis,
finite difference analysis, and model tests.

Among the studies related to model experiments, Nomoto et al. [14] studied the
compression of soil, lateral and longitudinal ground deformation, and earth pressure acting
on the pipe sheet during the advance of pipe jacking machines and made a miniature pipe
jacking machine. Jia et al. [15] conducted experimental research on the flexural performance
of CFST composite structures and proposed a new type of pipe roof structure known as steel
pipe sheet (STS) construction. Yang et al. [16] studied the jacking force of densely arranged
pipeline jacks through large-scale similar model tests and engineering measured data and
analyzed the jacking force in different positions during the model test. Dong et al. [17]
tested the stable bearing capacity of pipe jacking under three working conditions, and
verified the accuracy of finite element analysis through the test results. Senda et al. [18]
discussed the condition of the cavity at the end of deep pipe jacking construction through
numerical analysis. Han et al. [19] used numerical simulation to study the effect of pipe
jacking. They focused on the factors that mainly influenced the surface deformation of
the ground, including in situ stress release rate (or ground loss ratio), chamber pressure,
elastic modulus of the soil, buried depth, and diameter of the pipe. Ma et al. [20] studied
the distribution characteristics and variation patterns of ground settlement during pipe
jacking construction and conducted a series of numerical simulations to study the impact of
cover layer thickness. Wang et al. [21] used the three-dimensional discrete element method
(3DDEM) to conduct large-scale model tests and numerical simulations in parallel.

The previous research has discussed the ground deformation brought on by the pipe
jacking construction method in soft soil areas [22], but there are still some shortcomings,
such as not taking into account how soft soil peculiarities affect ground deformation
and the facts that existing model experimental studies rarely take the overlying load
into account and the research scope is primarily restricted to vertical deformation [23],
without describing and studying other issues brought on by pipe jacking (such as surface
cracks, etc.) [24]. It is shown that the surface deformation trough caused by a single tunnel
fits well with the Peck curve, where the maximum deformation Smax and the horizontal
distance i to the inflection point define the shape of the curve [25,26], and the soil volume
loss Vs and the tunnel volume loss Vt describe the magnitude of the ground motion
(Figure 1 shows the details of the defined parameters Smax, i, Vt, and Vs). Due to the law of
surface deformation caused by the pipe jacking construction method in soft soil areas [27],
this paper adopts model experiments to investigate the influence of factors on the ground
deformation during pipe jacking construction [28–31]. It also analyzes the size of ground
deformation for specific engineering calculations of pipe jacking in soft soil areas, as well
as the maximum ground deformation in soft soil areas and the overlying load [32,33].
The findings could offer some theoretical justification and support for a project’s safe
development [34].
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shear experiment and consolidation experiment (shown in Table 1), which yielded a 
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Figure 1. Surface deformation trough induced by a single tunnel.

2. Materials and Methods

The experimental soft soil sample was acquired from the Longtan Temple region
of Chenghua District, Chengdu, Sichuan Province (shown in Figure 2). The unified soil
classification technique determined that the experimental soil sample type was powder
clay after measuring the fundamental physical characteristics of the soft soil using a direct
shear experiment and consolidation experiment (shown in Table 1), which yielded a weight
of 1770 kg/m3 (see Figure 3).
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Table 1. Basic physical properties of soft soil sample.

Soil Type Water
Content (w%)

Density
kg/m3

Porosity
Ratio

Plastic Limit
(Wp%)

Cohesion
(kPa)

Angle of
Fiction (◦)

Silty clay 33.4 1770 0.957 20.0 17.0 9
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Figure 3. Particle size distribution map of experimental soil sample.

2.1. Instrumentation

The instrumentation used in the study includes pipe jacking model apparatus, a
flexible loading water bladder, pressurized jack, model experiment box, 3D laser scanner
(Trimble FX), and related measurement instruments, as shown in Figure 4.
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Figure 4. Overall layout of the test system.

2.2. Experiment Flume

The model experimental box is made of a 10 mm thick high-strength steel plate and
has front and back tempered glass window panels, bottom panels, side panels, and a
reaction frame. The width of the experimental box must be larger than the estimated
ground deformation trough width, and the width, thickness, and height of the internal soil
body are 1800 mm × 600 mm × 1000 mm (as shown in Figure 5). The overlying load will
be applied to the soil body and the measurement points will be layout on the soil surface
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during the experiment (shown in Figure 6). The box plate thickness is designed to meet the
corresponding stress and deformation requirements.
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2.3. Flexible Loading Bladder

The experimental flexible loading bladder (shown in Figure 7) has a lateral loading
bladder and a vertical flexible loading bladder. During the experiment, the lateral flexible
loading bladder is attached to the left inner wall of the model box, and the hole in the center
of the left wall of the model box allocated for the water injection conduit is opened. In this
experiment, the use of a jack, rigid loading plate, and flexible loading capsule for loading
can better adapt to the soil deformation and completely respond to the development of
surface deformation.
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2.4. Cylindrical Water Bladder

The cylindrical water bladder (shown in Figure 8) is an experimental device for
simulating formation loss triggered by pipe jacking construction, characterized by the fact
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that the said simulated pipe jacking consists of a cylindrical water bladder and a water
inlet with an outer diameter of 260 mm, a wall thickness of 3 mm, and a length of 600 mm.
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2.5. Counterweight Frame and Jack

During the experiment, by adjusting the hydraulic jack (shown in Figure 9), the soil
overburden load level can be adjusted to reflect the effect of different overburden loads in
the actual project, which means it is convenient to study the influence law of pipe jacking
burial depth and overburden load size on the ground deformation.
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2.6. Measuring Instruments

(i) Pressure measurement system

During soil pressurization, the magnitude of the pressure value on the soil surface
is recorded and stabilized at the pre-designed pressure value. Therefore, during the
pressurization process using the jack, the water pressure gauge outside the vertical loading
water bladder is positioned on the contact surface of the soil and the flexible loading
bladder and readings are taken. The range of the pressure gauge is 0~0.06 MPa, as shown
in Figure 8. In addition, while vertical loading, the lateral loading air bladder is inflated
and made up to one fifth of the vertical loading bladder to be used to simulate the lateral
stress of the soil in the actual stratum.

(ii) Volumetric measurement

In the experiment, the water-filled cylindrical water bladder is first immersed in the
experimental soil. During the experiment, the cylindrical water is released according to
varying loss rates of the soil. At this time, according to the parameters designed before the
experiment, the valve is opened and a measuring cylinder is used to measure the volume
of water released, and the valve is closed when the volume of water released reaches a
predetermined value.
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2.7. Experimental Methods
Soil Sample Preparation

The experimental soil samples are placed into the model box separately in layers after
basic treatment, and each layer is made up of 10 cm of soil and compacted to a weight of
1770 kg/m3. After the soil samples are laid, the lateral flexible loading bladders and vertical
loading bladders are installed, and the counterforce frame, jacks, and other equipment are
installed. After the installation, the soil is left to stand for about 24 h to allow it to settle
before the subsequent operation.

After the soil has settled moderately, the vertical loading water bladder, water inlet
valve, pressure gauge, etc. are assembled, and then one-way compaction and consolidation
are carried out. A vertical pressure of 9.8 kPa is applied to the experimental soil in the first
stage, and when the change curve of its main deformation is stabilized, the first stage of
compaction is considered to be completed, followed by the next stage of compaction. The
compaction stresses in the second and third stages are 19.6 kPa and 49 kPa, respectively,
and the compaction time in each stage is about 12 h.

When the soil is filled to a predetermined height, the water-filled cylindrical water
bladder is buried in the soil and the water inlet valve is closed. Under the condition that
the surface soil is not disturbed as much as possible, the vertical loading bladder is put in
place, water is injected and the water inlet valve is closed, the rigid loading plate is placed
on the vertical water bladder, the counter frame jack, etc. are installed, and the experiment
is started after the soil settles and stabilizes.

The outer diameter size of the top pipe in the actual project is 2.4 m, so the top pipe
selected in the experiment is 0.24 m in diameter. According to the geometric similarity ratio,
the burial depth of the top pipe in the experiment is 0.19 m, 0.24 m, 0.36 m, and 0.48 m,
and the overburden load of the top pipe is 0.01 MPa, 0.015 MPa, 0.018 MPa, and 0.020 MPa,
respectively. The resulting ground loss rate parameters are 2%, 4%, 6%, and 8%, and the
released water volume is 637 mL, 1272 mL, 1908 mL, and 2544 mL, respectively (shown in
Table 2).

Table 2. General information for the model test.

Group I II III IV

Burial depth
(m) 0.19 0.24 0.36 0.48

Cladding loads
(MPa) 0.01 0.015 0.018 0.020

Ground loss rate
(%) 2 4 6 8

Water volume
(mL) 637 1272 1908 2544

3. Experimental Results

Ground deformation was monitored using a scanner for various overburden loads,
C/D (depth to diameter ratios), and ground loss rates at each monitoring site in the model
experiment. Alternative Playwork was used to compile the measured experimental results,
which are summarized in Tables 3–6.

Table 3 displays the variation in surface deformation for different overlying loads
and different distances from the center of the pipe. As the load increases, the surface
deformation gradually increases. However, as the distance from the center of the pipe
increases, the surface deformation decreases. At a distance of 0 cm from the center of the
pipe and a load of 0.020 MPa, the maximum surface deformation is 22.14 mm, and at a
distance of 60 cm from the center of the pipe and a load of 0.01 MPa, the minimum surface
deformation is around 1.12 mm.
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Table 3. Summary table of surface deformation under different overlying loads.

Load
Distance from the Center of the Pipe

(cm)

0 10 20 30 40 50 60

0.01 MPa −15.12 −10.42 −5.16 −3.21 −2.11 −1.21 −1.12

0.015 MPa −18.52 −14.74 −9.54 −4.74 −3.24 −1.50 −1.24

0.018 MPa −21.62 −16.18 −10.51 −6.62 −4.57 −1.76 −1.27

0.020 MPa −22.14 −18.73 −13.19 −8.55 −5.53 −3.01 −1.51

In addition, the surface deformation due to different distances from the center of the
pipe and the ground loss rates were collected for a burial depth of 0.24 m, i.e., a C/D of
1. The relevant results are summarized in Table 4. As the ground loss rate increases, the
surface deformation also increases gradually. However, the surface deformation shows
a decreasing trend as the distance from the center of the pipe increases. The maximum
surface deformation is 19.52 mm at an 8% ground loss rate and 0 cm from the center of
the pipe, and similarly, at a 2% ground loss rate and 60 cm from the center of the pipe, the
surface deformation is 0 cm.

Table 4. Summary of surface deformation at different ground loss rates for C/D = 1.

Ground Loss Rate (%)

Distance from the Center of the Pipe
(cm)

0 10 20 30 40 50 60 70 80

2% −7.32 −5.80 −3.62 −2.40 −1.22 −0.84 0 0 0

4% −10.17 −9.14 −6.81 −4.84 −2.91 −1.53 −0.81 −0.24 −0.11

6% −15.53 −14.55 −11.28 −8.64 −5.26 −2.77 −1.15 −0.41 −0.27

8% −19.52 −17.72 −14.12 −11.61 −7.75 −3.20 −1.73 −0.83 −0.32

Similarly, the surface deformation for different distances from the center of the pipe
and ground loss rates for a pipe jacking depth of 0.36 m when the C/D is 1.5 can be seen in
Table 5. As the ground loss rate increases, the surface deformation also increases gradually.
However, the surface deformation shows a decreasing trend as the distance from the center
of the pipe increases. The maximum surface deformation is 12 mm at 8% ground loss and
0 cm from the center of the pipe, and similarly, it is 0 cm at 2% ground loss and 50 cm from
the center of the pipe.

Table 5. Summary of surface deformation at different ground loss rates for C/D = 1.5.

Ground Loss Rate (%)

Distance from the Center of the Pipe
(cm)

0 10 20 30 40 50 60

2% −5.51 −4.82 −3.17 −1.01 −0.54 0 0

4% −7.5 −6.5 −3.54 −1.20 −0.61 −0.08 0

6% −9.7 −7.5 −4.13 −1.58 −0.73 −0.11 0

8% −12 −9 −5.17 −3.10 −1.12 −0.23 0

From the data in Table 6, it is apparent that the surface deformation shows a decreasing
trend as the distance from the center of the pipe increases. For example, the maximum
surface deformation is 2.78 mm at 8% ground loss is and 0 cm from the center of the pipe.
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Table 6. Summary of surface deformation at different ground loss rates for C/D = 2.

Ground Loss Rate (%)

Distance from the Center of the Pipe
(cm)

0 10 20 30 40 50 60

2% −1.91 −1.75 −1.35 −0.73 −0.32 0 0

4% −2.23 −1.96 −1.45 −0.87 −0.44 −0.11 0

6% −2.47 −2.20 −1.64 −1.01 −0.52 −0.16 0

8% −2.78 −2.45 −1.93 −1.20 −0.74 −0.22 −0.12

4. Discussion
Ground Loss Ratio and Ground Deformation

According to the analysis of the lateral deformation of the ground surface caused by
the pipe jacking construction in soft ground [35,36], the soil layer of the crossing section is
disturbed and over-excavated due to the excavation of the pipe jacking [37], which changes
the original soft soil stress equilibrium state and makes the soil outside the pipe jacking
machine surge into the pipe diameter void and form the soil loss (ground loss). The ratio
between the volume of soil per unit length of soil into the pipe diameter gap volume ∆V
and the volume of pipe jacking V0 is called the soil loss ratio (VL%), which is the main
cause of ground deformation caused by pipe jacking construction and is an important
assessment basis for pipe jacking safety consideration [38]. The relationship between the
soil loss rate and ground deformation is further discussed in this section [39]. Based on the
surface deformation caused by the collected loss rate of different strata, the corresponding
fitted curves are drawn. Figure 10 shows the fitted curves of the surface deformation in the
experiment of the jacking model with different stratigraphic loss rates.

Figure 10 depicts the effect of the distance from the center of the top pipe and the
ground loss rate on the surface deformation for different depth to diameter ratios. As
can be seen from Figure 10, the surface displacement gradually decreases as the depth to
diameter ratio, i.e., the burial depth of the pipe, increases. This indicates that the high
shear strength of the deep soil body and the small effect of additional stresses can produce
smaller surface displacements. When the burial depth of the pipe jacking is 0.24 m, i.e.,
the depth to diameter ratio is 1.0, the maximum surface deformation value is obtained at
the center of the pipe jacking. When the ground loss rate is 8%, the surface deformation
is −19.52 mm. In the same experiment with three different pipe jacking depths of 0.24 m,
0.36 m, and 0.48 m, the maximum surface deformation value varies similarly with the
ground loss rate. The greater the ground loss rate, the greater the surface deformation.

In Figure 10, the fitted curves of surface deformation are drawn for three sets of exper-
imental data, the fitted curves are quadratically derived, and the horizontal coordinates
of the intersection of the second derivative function and the x-axis are the width of the
deformation tank. When the burial depth of the top pipe is 0.24 m, the coordinates of its
curve reverse bend points (POL) are (22.7, −3.63), (26.4, −5.64), (28.8, −8.83), and (31.4,
−10.59), respectively; when the burial depth of the top pipe is 0.36 m, the coordinates
of its curve reverse bend points are (21.6, −2.76), (18.7, −3.96), (17.9, −4.93), and (18.4,
−6.96), respectively; when the burial depth of the top pipe is 0.48 m, the coordinates of its
curve reverse bend points are (26.9, −0.935), (24.0, −1.216), (24.3, −1.36), and (26.1, −1.5),
respectively. In the three sets of coordinates, the difference between the bend points at
different ground loss rates is less in the horizontal direction but further apart in the vertical
direction at larger depth to diameter ratios, i.e., larger burial depths of the pipes. Therefore,
the experiments show that for an increase in the width factor of the lateral deformation
groove, the increase in the ground loss rate is less obvious.
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Figure 10. Fitting curves of the surface deformation under the experiment of the jacking model with
different ground loss rates. (a) C/D = 1; (b) C/D = 1.5; (c) C/D = 2.

As shown in Figure 11a–d, under the circumstance of a certain burial depth of the
pipeline, the larger the ground loss ratio is, the larger the maximum deformation value of
the surface is. The maximum deformation value caused by different ground loss rates varies
greatly for very shallow burial depth, and the effect of the ground loss rate becomes smaller
as the burial depth of the pipeline becomes larger. The mechanism of the effect of burial
depth on ground deformation in actual construction is the thinner the overburden layer,
the smaller the soil pressure, and the more sensitive the overburden is to the top pushing
force, frictional resistance, stress release, and other disturbances, so it is easy to produce
deformation. When the depth to diameter ratio (C/D) is 1, the deformation brought by
2% stratum loss is 7.32 mm and the deformation brought by 8% stratum loss is 19.52 mm,
which is 3.7 times 2%; when the depth to diameter ratio is 2, the deformation brought by
8% stratum loss is essentially the same as that of 2%, showing a trend of gradual decrease.

It was found that the deformation trough distribution pattern of lateral deformation
under different overlying loads can also be described using Peck’s normal chance regression
curve. Under the condition that the pipe is buried at a certain depth and ground loss rate,
the higher the overburden load, the higher the maximum deformation value of the ground
surface and the wider the deformation trough width at the same time. Figure 12 shows the
variation in ground deformation with increasing overburden load at 0 cm, 10 cm, 20 cm,
30 cm, 40 cm, 50 cm, and 60 cm from the center of the pipe jacking.



Buildings 2023, 13, 1628 11 of 15Buildings 2023, 13, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 11. The fitted curves of the surface deformation with different C/D and different overlying 
loads for ground loss ratio: (a) Vs. = 0.2, (b) Vs. = 0.4, (c) Vs. = 0.4, (d) Vs. = 0.8. 

It was found that the deformation trough distribution pattern of lateral deformation 
under different overlying loads can also be described using Peck’s normal chance regres-
sion curve. Under the condition that the pipe is buried at a certain depth and ground loss 
rate, the higher the overburden load, the higher the maximum deformation value of the 
ground surface and the wider the deformation trough width at the same time. Figure 12 
shows the variation in ground deformation with increasing overburden load at 0 cm, 10 
cm, 20 cm, 30 cm, 40 cm, 50 cm, and 60 cm from the center of the pipe jacking. 

 
Figure 12. Fitting curves of the surface deformation with the same C/D and different overlying 
loads. 

Distance from the center of pipe(cm) Distance from the center of pipe(cm) 

Distance from the center of pipe(cm) Distance from the center of pipe(cm) 

Distance from the center of pipe(cm) 

(a) (b) 

(c) (d) 

Figure 11. The fitted curves of the surface deformation with different C/D and different overlying
loads for ground loss ratio: (a) Vs. = 0.2, (b) Vs. = 0.4, (c) Vs. = 0.4, (d) Vs. = 0.8.
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Figure 12. Fitting curves of the surface deformation with the same C/D and different overlying loads.

When the overburden load is small, the trend of the maximum deformation value
with the overburden load is faster. When the overburden load is larger, the trend of the
maximum deformation value with the overburden load is relatively slow. This means that
the influence of overburdened load on ground deformation gradually decreases as the soft
soil consolidates and compacts. Therefore, in the actual project, it is necessary to avoid the
structures above the pipe jacking construction as much as possible to reduce the influence
of additional stresses on the surface deformation caused by the overlying load.

To facilitate the illustration of the influence of the ground loss, the depth to diameter
ratio C/D, and the distance from the center of the pipe, Figure 13 demonstrates the surface
deformation for different distances from the center of the pipe and ground loss. The results
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show that when the depth to diameter ratio (C/D) is constant, the greater the ground
loss, the smaller the distance from the pipe center, and the greater the surface deformation.
However, when the distance from the center of the pipe and the ground loss are constant,
the larger the depth to diameter ratio (C/D) and the smaller the surface deformation.
The size relationship of surface deformation is as follows: the depth to diameter ratio
(C/D) = 1 > (C/D) = 1.5 > (C/D) = 2.
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From Figure 14, an increasing trend in the value of Z/D can be observed with the
development of the 2i/D; the results indicated that 2i/D has a linear relationship with
the Z/D in the different model test. These experimental results also appeared in other
research experiments.
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The relationship between the ground maximum deformation value and C/D are
shown in Figure 15a. The results show that ground maximum deformation values have a
linear relationship with C/D. The confidence interval was introduced as an indicator to
evaluate the goodness of fit of the curves. Moreover, the fitting curve will change with the
different ground loss ratios (Vs = 2%, 4%, 6%, 8%). As seen in Figure 15b, the Smax/D value
was shown to linearly decrease with the value of C/D; it is also noted that the Smax/D
value shows the same trend with different ground loss ratios (Vs = 2%, 4%, 6%, 8%).
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5. Conclusions

This paper presented the results of physical model tests performed to study the pipe
jacking-induced surface deformation in soft soil. The following conclusions can be drawn
based on the results of the work:

(1) Surface deformation for different distances from the center of the pipe and ground
loss rates for a pipe jacking depth of 0.36 m when the C/D is 1.5. As the ground loss rate
increases, the surface deformation also increases gradually.

(2) The results indicated that 2i/D has a good linear relationship with the Z/D in the
different model test. The mathematical formula 2i/D = 0.45(Z/D) + 1.8 for predicting the
width parameters of the settlement trough is obtained.

(3) Ground maximum deformation values have a linear relationship with C/D, espe-
cially when ground losses are small.

(4) The load above the jacking pipe will aggravate the further deformation of the
ground surface. The maximum deformation value of the ground surface will slow down
with the increase in the overlying load.
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