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Abstract: The study of the distribution form and calculation method of the earth pressure on the
back wall of a pilot tunnel under a jacking reaction is very important to ensure the safety and smooth
construction of the pipe jacking. Based on a metro station in Shenyang, this paper firstly investigates
the effects of the changes in the jacking reaction parameters, such as the loading intensity, loading
position, and loading area on the earth pressure and the displacement of the back wall in a pilot
tunnel through numerical simulation, and then proposes a formula for calculating the soil reaction on
the back wall and verifies it by comparison with the FEA (finite element method) results. The results
show that the earth pressure distribution pattern of the back wall is similar to the normal distribution
curve under the action of the jacking reaction. The horizontal displacement and earth pressure
of the back wall will gradually increase with the increase in the jacking reaction. The horizontal
displacement of the back wall is greatest when the load is applied to the middle wall, followed by
the top wall and the bottom wall. The maximum horizontal displacement is reduced by approxi-
mately 24.25% when the loading position changes from the middle to the bottom. As the loading
area increases, the maximum horizontal displacement of the back wall decreases, in the order of
11.8% and 14.45% relative to the previous level. The earth pressure of the back wall also decreases, in
the order of 17.92% and 22.76% relative to the previous level. The equations presented are applicable
to the calculation of the soil reaction in the limit state.

Keywords: jacking reaction; back wall of pilot tunnel; earth pressure; numerical modeling;
theoretical calculation

1. Introduction

In recent years, more and more metro stations have been built in China, and the pipe
roofing method is an effective way of constructing metro stations, significantly reducing the
ground settlement caused by excavation [1–3]. The method consists of jacking in steel pipes
to form a pipe-roofing structure and then excavating under the support of the pipe-roofing
structure. At present, many metro stations have adopted the pipe-roofing method, such as Xinle
Site station of Shenyang Metro Line 2 [4], Dongbeidamalu station of Shenyang Metro Line 10,
and Olympic Sports Centre Station on Line 9 [5–7]. Pipe jacking is one of the key stages of the
pipe-roofing method [8–10] and is mainly divided into longitudinal pipe roof, which is jacked
longitudinally along the station, and transverse pipe roof, which is jacked transversely along
the station, according to the jacking direction. Compared to longitudinal pipe roof, transverse
pipe roof is increasingly used because of its small pipe-jacking length and the ease of precision
control [11]. Transverse pipe roof needs to set a reaction frame in the pilot tunnel, and the
back wall of the pilot tunnel bears the jacking reaction. If the strength and stability of the back
wall are insufficient, it will lead to engineering problems. Therefore, an in-depth study of the
distribution pattern and calculation method of the earth pressure at the back wall under the
reaction of pipe jacking is very important to ensure the safety and smooth construction.
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As for the stress and deformation of the back wall under the reaction of pipe jacking,
some scholars studied the relationship between the earth pressure and jacking force in the
process of pipe jacking [12,13]. Sun et al. [14,15] studied the influence of the thickness of
the reaction wall, the elastic modulus of the soil, and the position of the reaction on the
soil deformation. Gong et al. [16] considered the friction resistance of the bottom and side
walls of the caisson and calculated the soil reaction based on the relationship between the
displacement and earth pressure. Yan et al. [17] obtained the effect on the stability of the
back wall when jacking the pipe in two directions simultaneously based on 3D numerical
simulations. Chen et al. [18] and Wei et al. [19] proposed the formula for calculating the
maximum soil reaction that can be borne by the soil behind the back wall of a rectangular
working shaft constructed by the SMW method. Zhao et al. [20], Huang et al. [21], and
Yang et al. [22] studied the stress and deformation of tunnels caused by excavation. In the
above literature, the jacking reaction mainly acts on rectangular or circular working shafts,
while the cross-sectional shape of the pilot tunnel is generally a horseshoe shape, and the
distribution state and calculation method of the earth pressure under different shapes are
different. Therefore, an in-depth study of the earth pressure caused by the jacking reaction
in the pilot tunnel is needed.

In view of this, based on a metro station in Shenyang, this paper firstly investigates
the distribution of the earth pressure on the back wall of the pilot tunnel under the action
of the jacking reaction through numerical simulation, then analyzes the influence of the
variation of parameters such as the loading intensity, loading position, and loading area on
the earth pressure, and, finally, proposes a calculation method of the soil reaction on the
back wall under the jacking reaction in the pilot tunnel of the sandy soil stratum.

2. Engineering Background

This paper relies on a subway station project in Shenyang, and the section of the station
is shown in Figure 1. The section size of the station is 26.5 × 15.7 m, the length is 47.5 m,
and the roof is covered with soil of 4.2~5.6 m. The transverse pipe roof combined with
PBA is adopted for construction, and the soil layers from top to bottom are, respectively,
miscellaneous fill, medium coarse sand, gravel sand, and medium coarse sand. The pilot
tunnel is shown in Figure 2, with a size of 5 × 5.2 m. The steel pipes are jacked into the pilot
tunnel in sections. The total length of the steel pipes is 21 m, the diameter is 402 mm, and
the thickness is 16 mm. In total, 108 pipes are jacked. Precipitation treatment was carried
out prior to construction and the construction process was not affected by groundwater.
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3. Numerical Simulation
3.1. Finite Element Model

In this section, Midas GTS NX is used to establish a three-dimensional model to study
the distribution state of the earth pressure on the back wall of the pilot tunnel under the
effect of the jacking reaction and the influence of the different parameters of the jacking
reaction on the earth pressure. The calculation model is shown in Figure 3. The model is
60 m long, 36 m wide, and 40 m high, with vertical and horizontal constraints applied to
the bottom boundary of the model, a free surface at the top of the model, and horizontal
constraints on the rest of the boundary. The model size meets the boundary conditions [23].
In order to better simulate the initial stress state, the excavation process of the pilot tunnel
is simulated in the numerical model, and then the surface load is applied inside the pilot
tunnel to simulate the pipe-jacking reaction. The depth of the pilot tunnel is 4 m, and a
block is set on the inner wall, through which the load acts on the pilot tunnel. The size
of the block is 36 m × 3 m × 0.5 m. The stiffness of the block is large enough to have an
elastic modulus of 1000 GPa. A uniform load of 20 kPa was added at the top of the model
to simulate the traffic load.
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Modified Mohr–Coulomb elastoplastic constitutive is adopted for the soil; com-
pared with the Mohr–Coulomb constitutive, the modified Mohr–Coulomb constitutive
has three more parameters, which are the tangent modulus (Eref

oed), secant modulus (Eref
50 ),

and unloading and reloading modulus (Eref
ur ). According to construction experience, the

relationship between these three parameters and the compression modulus (ES) meets
Eref

ur = 3Eref
oed = 3Eref

50 = 3ES for typical sandy strata in Shenyang. Elastic constitutive is
adopted for the initial support of the pilot tunnel, and solid elements are used to simulate
both the soil and initial support. Before the excavation of the pilot tunnel, it is necessary to
set up the advanced small pipe to form a reinforcement zone, which is simulated by solid
units. The physical and mechanical parameters of the model are shown in Table 1.
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Table 1. Physical and mechanical parameters of the model.

Name Thickness H/m Friction Angle
ϕ/◦

Cohesion
c/kPa

Poisson’s Ratio
µ

Deformation
Modulus

E/MPa

Weight
γ/kN·m−3

Miscellaneous fill 2.4 30 5 0.28 14.2 18.0
Medium coarse sand 10 35 2 0.28 15.5 19.3

Gravel sand 2.8 35.9 2 0.29 26.9 19.5
Medium coarse sand 14.3 35.9 2 0.28 26.9 19.4
Reinforcement zone 2.5 38 40 0.35 25 21.0

Initial support 0.3 - - 0.3 31,500 25.0

3.2. Loading Area of Jacking Reaction and Monitoring Section Layout

To eliminate the boundary effects, the load was applied in the middle of the pilot tunnel
axially (Y = 18 m) with a loading area of 2 m × 2 m. Under normal pipe-jacking conditions,
the measured jacking force on site is approximately 1000 kN to 2000 kN. Considering that
the jacking force will increase significantly when unknown obstacles are encountered in
the jacking process, the maximum jacking force is set to 4000 kN in this section of the
simulation, with eight loading stages of 500 kN each. Figure 4 shows the layout of the
monitoring sections. Two monitoring sections are laid out, where section V1 is monitored
from Z = 0 m to Z = 18 m. Section H1 is monitored from Y = 0 m to Y = 36 m.
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Figure 4. Monitoring section diagram.

3.3. Distribution of Earth Pressure on the Back Wall of Pilot Tunnel

Figure 5 shows the variation of the earth pressure in sections V1 and H1 during the
loading process. As the load is applied step by step, the earth pressure at section V1 exhibits
significant local variations. The earth pressure increases significantly in the loading area,
decreases slightly in the area from the top of the straight wall to the vault and at the bottom
of the straight wall, and remains constant in the other areas. Under the action of the load,
the main influence area of the earth pressure is the straight wall part. After loading, the
earth pressure shows a large distribution in the middle part and small distribution in
other parts, with a distribution pattern between “U” and “V” shapes, similar to the normal
distribution curve. The earth pressure is between the static earth pressure and the passive
earth pressure, indicating that the soil has not reached the passive limit state and is in a
stable condition under this load condition. As the load is applied step by step, the earth
pressure at section H1 shows the feature of local drastic changes. The earth pressure in the
loading area increases significantly and remains basically unchanged in other areas. Along
the axial direction of the tunnel, the main influence area of the load on the earth pressure of
section H1 is about 5 m, about 2.5 times of the load width. The position of the maximum
earth pressure coincides with the load center. The distribution form of the earth pressure is
large in the middle and small on both sides, approximately in the shape of a “V”. After
loading, the earth pressure in the main impact area of section H1 is between the static earth
pressure and the passive earth pressure.
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4. Effect of Jacking Reaction Parameters on the Back Wall
4.1. Loading Intensity

Changes in the loading intensity will change the distribution of the earth pressure
in the back wall of the pilot tunnel. In this section, the jacking reaction is increased from
2000 kN to 10,000 kN to study the influence of the pipe-jacking reaction on the back wall.
The variation of the earth pressure at section V1 and section H1 is shown in Figure 6.
When the jacking reaction is less than 8000 kN, the earth pressure of section V1 and section
H1 are between the static earth pressure and passive earth pressure, and the back wall is
stable. When the jacking reaction reaches 8000 kN, the reaction center (the intersection of
section V1 and section H1) first reaches the passive state, and the soil reaches the critical
state. Then, with the increase in the jacking reaction, the area reaching the passive state
gradually increases, which indicates that the back wall is unstable.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 16 
 

 

kN to 10,000 kN to study the influence of the pipe-jacking reaction on the back wall. The 
variation of the earth pressure at section V1 and section H1 is shown in Figure 6. When 
the jacking reaction is less than 8000 kN, the earth pressure of section V1 and section H1 
are between the static earth pressure and passive earth pressure, and the back wall is sta-
ble. When the jacking reaction reaches 8000 kN, the reaction center (the intersection of 
section V1 and section H1) first reaches the passive state, and the soil reaches the critical 
state. Then, with the increase in the jacking reaction, the area reaching the passive state 
gradually increases, which indicates that the back wall is unstable. 

18
16
14
12
10

8
6
4
2
0
1400 1200 1000 800 600 400 200 0

Earth pressure (kPa)

D
ep

th
 (m

)

 2000kN
 4000kN
 6000kN
 8000kN
 10,000kN
 Static earth pressure
 Passive earth pressure

 (a)

 0

5

10

15

20

25

30

35

800 700 600 500 400 300 200 100 0
Earth pressure (kPa)

A
xi

al
 d

ist
an

ce
 a

lo
ng

 th
e 

tu
nn

el
 (m

)

 2000kN
 4000kN
 6000kN
 8000kN
 10,000kN
 Static earth pressure
 Passive earth pressure

 (b)

 
Figure 6. Variation of earth pressure: (a) Section V1; (b) Section H1. 

Figures 7 and 8 show the displacement and earth pressure change curves of the reac-
tion center, respectively. The displacement of the reaction center increases with the in-
crease in the load, and the growth rate increases gradually. When the jacking reaction 
approaches 8000 kN, the soil at the reaction center has reached the passive limit state, at 
which point the jacking reaction continues to increase and the horizontal displacement 
increases sharply. The earth pressure at the reaction center increases as the load increases, 
with the slope of the curve increasing slightly at first and then decreasing significantly. 
The inflection point of the curve occurs after the earth pressure reaches the passive earth 
pressure. The rate of the increase in the earth pressure first becomes slightly faster because 
the lateral pressure coefficient increases as the soil is compacted, and then slows down 
significantly because the soil enters a state of passive limit failure after the earth pressure 
at the reaction center reaches the passive earth pressure. When the jacking reaction is 8000 
kN, the earth pressure at this point reaches a passive state, but with the increase in the 
load, the earth pressure can continue to increase, which means that only one point reaches 
a passive state at this time. The entire soil behind the back wall has not yet been damaged; 
only when the load continues to increase can the entire soil reach a passive state. 

  

Figure 6. Variation of earth pressure: (a) Section V1; (b) Section H1.

Figures 7 and 8 show the displacement and earth pressure change curves of the
reaction center, respectively. The displacement of the reaction center increases with the
increase in the load, and the growth rate increases gradually. When the jacking reaction
approaches 8000 kN, the soil at the reaction center has reached the passive limit state, at
which point the jacking reaction continues to increase and the horizontal displacement
increases sharply. The earth pressure at the reaction center increases as the load increases,
with the slope of the curve increasing slightly at first and then decreasing significantly.
The inflection point of the curve occurs after the earth pressure reaches the passive earth
pressure. The rate of the increase in the earth pressure first becomes slightly faster because
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the lateral pressure coefficient increases as the soil is compacted, and then slows down
significantly because the soil enters a state of passive limit failure after the earth pressure at
the reaction center reaches the passive earth pressure. When the jacking reaction is 8000 kN,
the earth pressure at this point reaches a passive state, but with the increase in the load,
the earth pressure can continue to increase, which means that only one point reaches a
passive state at this time. The entire soil behind the back wall has not yet been damaged;
only when the load continues to increase can the entire soil reach a passive state.
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4.2. Loading Position

Under the action of the jacking reaction, the force and deformation of the back wall
show obvious local changes, and the center of the load action is the most significant place
affected by the local effect. Therefore, three sets of numerical models are established in
this section to study the influence of the loading position on the back wall. The jacking
reaction is set at 1000 kN, and the loading area is 2 m × 2 m. The action position is shown
in Figure 9.
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Figure 9. Schematic diagram of loading position: (a) Loading at top wall; (b) Loading at middle wall;
(c) Loading at bottom wall.
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Figure 10 shows the horizontal displacement change curves of section V1 under
different loading positions. When the load acts at different positions, the displacement
curve pattern of the back wall is basically the same, i.e., the displacement of the center of
the load action is the largest and gradually decreases to both sides. However, the maximum
horizontal displacement and the disturbance to the surrounding soil have obvious changes
with the change in the loading position. In terms of the maximum horizontal displacement,
the load acts on the top wall with a maximum horizontal displacement of 17.71 mm, on the
middle wall with a maximum horizontal displacement of 18.27 mm, and on the bottom wall
with a maximum horizontal displacement of 13.84 mm. It can be seen that the maximum
horizontal displacement is greatest when the load is applied to the middle wall, followed
by the top wall, and then, the bottom wall. In particular, when the loading position is
changed from the middle to the bottom, the maximum horizontal displacement is reduced
by approximately 24.25%. This is because, when the load acts on the top wall, the earth
pressure at the center of the load action is minimal and, therefore, the back wall deformation
is not significant. When the load acts on the middle wall, if the back wall is simplified to a
simply supported beam along the vertical direction, the load acting in the middle produces
the largest bending moment and the largest disturbance, so the maximum horizontal
displacement is the largest. When the load acts on the bottom wall, the earth pressure at
the center of the load action is higher and the deformation constraint on the structure is
large, so the maximum horizontal displacement is minimal. As for the disturbance of the
jacking reaction on the soil around the pilot tunnel, the upper soil (depth 0–4 m) and the
lower soil (depth 9.2–18 m) showed different influence laws when the load acted on different
positions. For the upper soil, the disturbance is the largest when the load is applied to the
top wall, followed by the middle wall, and then, the bottom wall. For the lower soil, the
law is just the opposite, i.e., the bottom wall is the largest, the middle wall is the second,
and the top wall is the smallest.
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Figure 11 shows the variation curve of the earth pressure in section V1. When the load
is applied at different positions, the earth pressure curve at the back wall has essentially the
same pattern, i.e., the earth pressure is greatest at the center of the load action and decreases
gradually to the sides. However, the maximum earth pressure varies significantly with the
position of the load action. In terms of the maximum earth pressure, the load acts on the top
wall with a maximum earth pressure of 232 kPa, on the middle wall with a maximum earth
pressure of 268 kPa, and on the bottom wall with a maximum earth pressure of 183.5 kPa.
It can be seen that the maximum earth pressure is greatest when the load is applied in
the middle wall, followed by the top wall and then, the bottom wall. In particular, the
maximum earth pressure decreases by approximately 31.53% when the position of the load
changes from the middle to the bottom part. It is worth noting that the variation law of
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the earth pressure is closely related to the variation pattern of the horizontal displacement
of the back wall. This is because, under the current load, the back wall is between the
static state and the passive state, where the greater the soil displacement, the greater the
corresponding earth pressure, which will provide useful hints for subsequent calculations
of the soil reaction.
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4.3. Loading Area

In order to investigate the influence law of the loading area on the soil mass, the
loading area was set as 1 m × 1 m, 2 m × 2 m, and 3 m × 3 m in this section. The jacking
reaction is set at 4000 kN. The reaction center position is the same under the three working
conditions, and the loading area is shown in Figure 12.
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Figure 12. Schematic diagram of load range: (a) Loading area (1 m × 1 m); (b) Loading area (2 m × 2 m);
(c) Loading area (3 m × 3 m).

Figure 13 shows the horizontal displacement change curve of section V1 under differ-
ent loading areas. When the loading area is different, the displacement curve of the back
wall is basically the same. When the loading area changes, the horizontal displacement of
the straight wall of the back wall changes obviously, but the horizontal displacement above
the top and below the bottom of the straight wall basically remains unchanged. It shows
that, under the condition that the jacking reaction is applied to the middle of the back wall
and the jacking reaction remains unchanged, the influence of the change in the loading
range on the horizontal displacement of the back wall is mainly reflected in the range of the
straight wall. In terms of the maximum horizontal displacement, the maximum horizontal
displacement is 20.72 mm for a loading area of 1 m × 1 m, 18.27 mm for a loading area of
2 m × 2 m, and 15.63 mm for a loading area of 3 m × 3 m. It can be seen that, as the loading
area increases, the maximum horizontal displacement of the back wall decreases, in the
order of 11.8% and 14.45% relative to the previous level.



Sustainability 2023, 15, 1033 9 of 14Sustainability 2023, 15, x FOR PEER REVIEW 10 of 16 
 

 

18
16
14
12
10
8
6
4
2
0
25 20 15 10 5 0

Lateral displacement (mm)

D
ep

th
 (m

)

 Loading area (1 m × 1 m)
 Loading area (2 m × 2 m)
 Loading area (3 m × 3 m)

 
Figure 13. Lateral displacement at section V1. 

Figure 14 shows the variation curves of the earth pressure at section V1 under differ-
ent loading areas. When the loading area changes, the variation law of the earth pressure 
is basically the same as that of the horizontal displacement mentioned above. That is, the 
earth pressure of the straight wall of the back wall changes obviously, but the earth pres-
sure above the top and below the bottom of the straight wall basically remains unchanged. 
It shows that, under the condition that the jacking reaction is applied to the middle of the 
back wall and the jacking reaction remains unchanged, the influence of the change in the 
loading range on the earth pressure of the back wall is mainly reflected in the range of the 
straight wall. In terms of the maximum earth pressure, the maximum earth pressure is 
326.5 kPa for a loading area of 1 m  × 1 m , 268 kPa for a loading area of 2 m  × 2 m , 
and 207 kPa for a loading area of 3 m  × 3 m . It can be seen that, as the loading area 
increases, the earth pressure of the back wall decreases, in the order of 17.92% and 22.76% 
relative to the previous level. 

16

14

12

10

8

6

4

2

0

1000 800 600 400 200 0
Earth pressure (kPa)

D
ep

th
 (m

)

 Loading area (1 m × 1 m)
 Loading area (2 m × 2 m)
 Loading area (3 m × 3 m)
 Static earth pressure
 Passive earth pressure

 
Figure 14. Variation of earth pressure at section V1 under different loading areas. 

5. Calculation of Soil Reaction on the Back Wall 
5.1. Relationship between Earth Pressure and Displacement in Limit State 

According to the above analysis, the main reason for the failure of the pilot tunnel is 
that the earth pressure of the reaction center exceeds the passive earth pressure. Therefore, 
the limit state of the failure of the pilot tunnel is that the earth pressure of the reaction 
center reaches the passive earth pressure. The loading position and loading area have 
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Figure 14 shows the variation curves of the earth pressure at section V1 under different
loading areas. When the loading area changes, the variation law of the earth pressure is
basically the same as that of the horizontal displacement mentioned above. That is, the
earth pressure of the straight wall of the back wall changes obviously, but the earth pressure
above the top and below the bottom of the straight wall basically remains unchanged. It
shows that, under the condition that the jacking reaction is applied to the middle of the
back wall and the jacking reaction remains unchanged, the influence of the change in the
loading range on the earth pressure of the back wall is mainly reflected in the range of the
straight wall. In terms of the maximum earth pressure, the maximum earth pressure is
326.5 kPa for a loading area of 1 m × 1 m, 268 kPa for a loading area of 2 m × 2 m, and
207 kPa for a loading area of 3 m × 3 m. It can be seen that, as the loading area increases,
the earth pressure of the back wall decreases, in the order of 17.92% and 22.76% relative to
the previous level.
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5. Calculation of Soil Reaction on the Back Wall
5.1. Relationship between Earth Pressure and Displacement in Limit State

According to the above analysis, the main reason for the failure of the pilot tunnel is
that the earth pressure of the reaction center exceeds the passive earth pressure. Therefore,
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the limit state of the failure of the pilot tunnel is that the earth pressure of the reaction
center reaches the passive earth pressure. The loading position and loading area have some
influence on the magnitude and distribution of the earth pressure on the back wall, but the
distribution pattern is generally similar. This paper takes the jacking reaction applied to the
middle wall and the loading area is 2 m × 2 m as an example to carry out the analysis and
research. Under the action of the jacking reaction, the back wall will be displaced, causing
the whole soil to expand and stretch or be compressed in the horizontal direction, which
will relax or increase the stress of the soil in the horizontal direction. This section analyzes
the earth pressure and displacement of the back wall in the limit state and investigates the
relationship between them to provide a basis for calculating the soil reaction later on.

Xu et al. [24] defined the increase in soil horizontal stress caused by soil displacement
as extrusion stress and used the sine function to simulate the relationship between extrusion
stress and displacement. The extrusion stress versus displacement of the reaction center
under the working conditions of this paper is plotted according to the method proposed by Xu,
as shown in Figure 15. The sine function was used to fit the data and the fitting effect was
good, so the sine function was used to represent the relationship between the extrusion
stress and displacement in the subsequent analysis of this paper.
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The passive earth pressure formula is shown in Equation (1), where ep, e0, and es represent
the passive earth pressure, static earth pressure, and compressive stress (kPa), respectively.

ep = e0 + es (1)

When the soil is in the passive limit state, the maximum extrusion stress is shown in
Equation (2), where epcr represents the passive ultimate earth pressure (kPa).

esmax = epcr − e0 (2)

To consider the relationship between the displacement and extrusion stress, kpw is
introduced as a function of the displacement, as shown in Equation (3).

es = kpwesmax (3)
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A sine function is used to describe the relationship between the extrusion stress and
displacement, see Equation (4), where Wpcr and W represent the ultimate displacement of
the passive soil and soil displacement (mm), respectively.

kpw = sin
(

πW
2Wpcr

)
(4)

Equations (2)–(4) are substituted into Equation (1) to obtain the calculation formula of
the passive earth pressure considering the displacement, as shown in Equation (5).

e = e0 + sin
(

πW
2Wpcr

)(
epcr − e0

)
(5)

5.2. Calculation of Soil Reaction

Under the action of the jacking reaction, the earth pressure of the back wall shows a
spatially curved form. If the function relation of the earth pressure surface of the back wall
is found and integrated, the soil reaction of the back wall can be obtained. Therefore, as
long as the displacement function is found and substituted into Equation (5), the calculation
formula of the soil reaction can be obtained. Figure 16 shows the horizontal displacement
curves of section V1 and section H1 in the limit state. Corresponding to the earth pressure
variation law of the back wall, the horizontal displacement also shows the spatial charac-
teristics of the prominent local displacement. The displacement curve is smoother than
the earth pressure curve due to the stiffness of the back wall. The main influence area of
the jacking reaction in the vertical direction is the whole back wall, including the straight
wall and the arch. It is about five times the load width in the horizontal direction. In the
main influence area, the distribution pattern of the displacement curve in the horizontal
and vertical directions is similar to the normal distribution curve.
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Figure 16. Variation of displacement: (a) Section V1; (b) Section H1. 

Based on the previous conclusions, the equation for calculating the soil displacement 
at the reaction center in the vertical direction is given in Equation (6), where z represents 
the soil depth (m) and downward is positive, Wz represents the soil displacement at the 
depth z (m), Wmax represents the horizontal displacement at the depth h (m) when the soil 
reaches the passive limit state, m indicates the distance of the inflection point of the hori-
zontal displacement curve in the vertical direction from the peak of the horizontal dis-
placement of the soil, which can be taken as 1.5 to 1.8 times the burial depth of the pilot 
tunnel, λ1 represents the displacement influence coefficient, and the value is 0.3 in this 
paper. 
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Based on the previous conclusions, the equation for calculating the soil displacement
at the reaction center in the vertical direction is given in Equation (6), where z represents
the soil depth (m) and downward is positive, Wz represents the soil displacement at the
depth z (m), Wmax represents the horizontal displacement at the depth h (m) when the
soil reaches the passive limit state, m indicates the distance of the inflection point of the
horizontal displacement curve in the vertical direction from the peak of the horizontal
displacement of the soil, which can be taken as 1.5 to 1.8 times the burial depth of the
pilot tunnel, λ1 represents the displacement influence coefficient, and the value is 0.3 in
this paper.

Wz = (1 − λ1)Wmaxe−
(z−h)2

2m2 + λ1Wmax (6)
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The equation for calculating the soil displacement at the reaction center in the horizon-
tal direction is given in Equation (7), where y (m) is the horizontal distance from the reaction
center, Wy indicates the soil displacement at a horizontal distance of y (m) from the reaction
center, n (m) represents the distance between the inflection point of the soil displacement
curve in the horizontal direction and the peak of the soil horizontal displacement, which
can be 1.0~1.2 times the width of the loading area, λ2 represents the displacement influence
coefficient, and the value is 0.3 in this paper.

Wy = (1 − λ2)Wmaxe−
y2

2n2 + λ2Wmax (7)

By substituting Equations (6) and (7) into Equation (5), the calculation formula of the
vertical and horizontal soil reaction can be obtained, as shown in Equations (8) and (9),
where σz (kPa) represents the soil reaction value at the depth z (m), σy indicates the soil
reaction at a horizontal distance of y (m) from the reaction center, σz0 (kPa) represents the
static earth pressure at the depth z (m), σz(pcr) (kPa) represents the passive earth pressure
at the depth z (m), σ0 (kPa) represents the static earth pressure at the depth h (m), and
σpcr (kPa) represents the passive earth pressure at the depth h (m).

σz = σz0 + sin

(
πWz

2Wz(pcr)

)(
σz(pcr) − σz0

)
(8)

σy = σ0 + sin
(

πWy

2Wpcr

)(
σpcr − σ0

)
(9)

The total soil reaction of the back wall in the pilot tunnel can be obtained by the double
integration of Equations (8) and (9), as shown in Equation (10), where H is the distance
of the bottom of the pilot tunnel from the surface, h1 is the distance of the top of the pilot
tunnel from the surface, and L is the longitudinal length of the pilot tunnel.

R =
∫ H

h1

σzdz
∫ L/2

−L/2
σydy (10)

5.3. Compared with FEA Results

In order to verify the accuracy of the calculation formula of the soil reaction, a com-
parative analysis is made with the FEA results. Figure 17 shows the distribution curve
of the earth pressure on the reaction center line in the horizontal and vertical direction
of the back wall. Table 2 shows the maximum difference between the theoretical and
simulated values of the earth pressure. It can be seen that the calculated results using the
formula in this paper have a good agreement with the FEA results. The formula proposed
in this paper only needs to give the displacement value and can be used to calculate the
corresponding earth pressure with the help of the relationship between the displacement
and earth pressure. It can not only be used to calculate the earth pressure in the ultimate
state, but also can be used to calculate the earth pressure in various non-ultimate states,
such as some conditions where the displacement control is strict, and the back wall of the
pilot tunnel is not allowed to reach the ultimate state.

Table 2. The maximum difference between the theoretical and simulated values of earth pressure.

Name Vertical Direction Horizontal Direction

Theoretical values 63.92 72.51
Simulated values 76.60 81.76

Relative errors 16.54% 11.31%
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6. Conclusions

In this paper, based on a metro station in Shenyang, the earth pressure distribution
and displacement change in the back wall of the pilot tunnel under the action of the jacking
reaction are studied by numerical simulation, and the calculation method of the soil reaction
on the back wall is proposed. The conclusion is as follows.

(1) Under the action of the jacking reaction, the earth pressure at section V1 shows a large
distribution in the middle part and small distribution in other parts, with a distribution
pattern between “U” and “V” shapes, similar to the normal distribution curve.

(2) With the increase in the load, the horizontal displacement and earth pressure of the
back wall increases, and the rate of the horizontal displacement increases with the
increase in the load. The maximum horizontal displacement of the back wall is greatest
when the load is applied to the middle wall, followed by the top wall and then, the
bottom wall. In particular, when the loading position is changed from the middle to the
bottom, the maximum horizontal displacement is reduced by approximately 24.25%.

(3) As the loading area increases, the maximum horizontal displacement of the back wall
decreases, in the order of 11.8% and 14.45% relative to the previous level. The earth
pressure of the back wall also decreases, in the order of 17.92% and 22.76% relative to
the previous level.

(4) Based on the function relation between the earth pressure and horizontal displacement,
a calculation method of the soil reaction considering the displacement is presented.
The accuracy of the formula is verified by comparing it with the FEA results.
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