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Abstract: Pipe jacking has been widely used in urban underground engineering construction in
recent years. Prediction of ground deformation caused by pipe jacking is particularly important for
the safety of construction. With regard to the densely arranged pipes used in the pipe roof structure
method, an analytical model of stratum disturbance caused by jacking of parallel rectangular pipes is
proposed on the basis of Mindlin’s displacement solution and the stochastic medium theory. The
influencing factors such as soil loss, additional thrust on the excavation face, friction between pipe
jacking machine and soil, friction between subsequent pipes and soil, and the grouting pressure were
comprehensively considered. Then, a 3D numerical simulation and a case study were conducted.
The results showed consistent agreement with the analytical solution, and the proposed method can
take into account the asymmetry of surface settlement curve induced by construction. A discussion
of the ground deformation law shows that the proposed approach can reasonably predict the ground
deformation and provide a reference for relevant pipe jacking construction.

Keywords: rectangular pipe jacking; analytical model; stratum settlement; stochastic medium theory;
numerical simulation

1. Introduction

Urban underground space is becoming increasingly crowded with the development
and expansion of cities, and the open-cut construction method has gradually been unable
to meet the needs of many urban underground engineering constructions. Pipe jacking is a
common trenchless construction method, which has been widely used in the construction
of sewers, pressurized pipelines, electricity lines, tunnels, etc. [1-3]. For the purpose
of coping with the complex construction environment, the pipe roof method is applied
to the construction of crossing roads, railways, bridges, buildings, and other adjacent
structures [4,5]. On the basis of the pipe jacking method and pipe roof method, the pipe
roof structure method came into being, which is also known as the new pipe roof method
or pipe roof preconstruction method [6-9].

The pipe roof structure method originated from the construction of the Antwerp
subway station in Belgium, Europe [10,11]. Since then, Korean engineers improved this
method through the application of several projects in South Korea [12,13]. When the
Xinleyizhi station of Shenyang Metro Line 2 was built, the pipe roof structure method was
used for the first time in China to build the main structure and the air conduit. Subsequently,
this construction method was applied to the construction of Taiyuan Railway Station’s
north—south tunnel project under Yingze Street in Taiyuan City, Shanxi province. Today,
the pipe roof structure method is also being adopted for the tunnel crossing project of the
Yifeng Gate in Nanjing. As shown in Figure 1, close-packed large-diameter pipes are driven
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into established positions in the pipe roof working shaft. Then, the permanent reinforced
concrete structure is formed in the pipes after the cutting of pipes and installation of steel
bars. The pipe jacking process during pipe roof structure construction is a key construction
step that needs to be investigated systematically.

Steel pipe Cutting pipes

i

Figure 1. Schematic of pipe roof structural method: (a) pipe jacking; (b) cutting and welding of pipes;
(c) pouring of concrete; (d) large-scale excavation.

Scholars have carried out extensive research on the pipe roof structure method through
in situ testing, laboratory testing, analytical calculation, and numerical simulation, and
some inspiring results have been proposed. On the basis of the construction of Xinleyizhi
station project and the soil arch theory, Yang et al. [14] deduced the relationship between the
bearing constraint force of the arch axis and the geometric parameters of the model. Com-
bined with the strength control condition of the vault and the arch footing, the equations
for calculating pipe spacing could be obtained. At the same time, the whole construction
process was monitored to ensure safety. It turned out that the maximum deformation
occurred during the jacking of the layer 1-7 pipe, and the traditional Peck method was
no longer applicable for this case. Hence, a modified Peck formula was proposed for
the prediction of surface settlement during pipe jacking, and the results were in good
agreement with the in situ monitoring data [10]. In order to study the mechanical response
of tunnel lining and the ground surface subsidence during the excavation with the pipe
roof structure method, Li et al. [15] conducted several field tests and numerical simulations
for the relevant projects. The simulation results were consistent with the monitoring data,
and the surface subsidence value was quite equal to the foundation. Compared with
other construction methods, the pipe roof structure method can effectively reduce the
ground surface subsidence, which is suitable for urban underground traffic construction
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projects. The tunnel crossing project of the Taiyuan Railway Station with the pipe roof
structure method used 20 steel pipes, and the distance between these pipes was less than
165-265 mm. On the basis of this project, Yang et al. [16] studied the jacking force of
densely arranged pipes using a large-scale similar model test combined with engineering
measured data. A pipe soil arching effect was formed during the construction of these
pipes, thus causing a reduction in the jacking force. The modified formula could be used
to predict the jacking force more accurately. Unlike the traditional pipes used in pipe roof
construction, pipes with flanges have recently been developed and applied in engineering.
In this construction method, the adjacent steel pipes are connected by flange plates, which
can effectively increase the stiffness and bearing capacity of the structure [8]. Considering
factors such as the pipe soil interaction, distribution of pipe soil friction, and supporting
pressure of excavation face, Jia et al. [17] studied the stratum deformation caused by pipe
jacking with flanges. According to Mindlin’s solution and the stochastic medium theory, a
formula for predicting the settlement caused by pipe jacking with flanges was proposed.
The effectiveness of the formula was demonstrated by comparing the ground subsidence
monitoring data with the theoretical calculation results.

It is obvious that the development of the ground surface settlement is of great sig-
nificance during the construction of the underground pipe roof structure, especially in
the process of pipe jacking construction. At present, the prediction methods of stratum
deformation caused by the construction of tunnels mainly include the empirical formula
method [18,19], theoretical analysis [20-22], numerical simulation [23], laboratory model
test [24], and in situ monitoring [8]. Among them, the Peck empirical formula [18] was the
first and most widely used method. However, it cannot take into account the influence
of shallow burying and shape of the tunnel cross-section. Then, the stochastic medium
method [25] was proposed, which can effectively make up for these deficiencies. The com-
plex variable method [26,27] can simplify the complex problems in the physical plane to
facilitate the solution of the problem; thus, it was introduced into the field of underground
engineering by scholars to predict the ground settlement [28,29]. In addition, there are the
virtual image technique [20], stress function analytical solution [21], and Mindlin’s solu-
tion [30], where Mindlin’s solution can consider the influence of the construction process
on stratum deformation, which makes it a suitable and fast prediction method. The pipe
roof structure method can effectively control the development of ground settlement in
urban underground engineering construction. However, until now, there has seldom been
research on the stratum deformation caused by this construction method.

In view of close-packed rectangular pipe jacking construction using the pipe roof
structure method, considering the soil loss, additional thrust at the excavation face, friction
force of the pipes and jacking machine, and grouting pressure, an analytical solution is
proposed to calculate the ground deformation induced by parallel jacked rectangular pipes
using Mindlin’s solution and the stochastic medium theory. A numerical simulation model
was established, and the simulation results were compared with the predictions using the
proposed method.

2. Calculation Model and Basic Assumptions
2.1. Basic Assumptions of Rectangular Pipe Jacking Construction

The main factors causing displacement and deformation of the surrounding stratum
during rectangular pipe jacking construction include additional thrust at the excavation face,
friction between pipe jacking machine and surrounding soil, friction between subsequent
pipe and surrounding soil, additional grouting pressure, and soil loss [1,17]. In the process
of analytical calculation, the model includes five basic assumptions [31,32]: (1) the stratum
is homogeneous elastic half-space, which has been consolidated under the undrained
condition; (2) the pipe jacking machine is along a straight line, regardless of the influence
of rectification and tilt of the jacking machine; (3) during the construction process, the pipe
jacking machine only changes position in space, without considering the time effect; (4) the
supporting force of the excavation face and the friction between the pipe jacking machine,
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pipe, and soil are uniformly distributed; (5) the factors affecting the stratum deformation
are relatively independent, without considering their interaction.

Due to the complexity of the construction process, the superposition method was
adopted to simplify the calculation. The stratum settlement caused by various factors
could be calculated separately and then superimposed. The friction of jacking machine
and subsequent pipes can be divided into four parts: top surface, bottom surface, left side,
and right side. The thrust at the tunnel face, frictions, and grouting pressure act on an
infinite body in half space, resulting in internal deformation, which can be calculated by
Mindlin’s solution.

2.2. Mindlin’s Solution

From Mindlin’s displacement solution of homogeneous elastic half-space [30,32], it
can be seen that, when a concentrated load along the x-axis acts at the point (¢, ¢, #) in the
semi-infinite space, the vertical displacement at (x, y, z) can be expressed by

zZ— (3—4u)(z—n)
g [ Eeemen

167tG(1 —u) | 6zy(z+7) n 4(1—p)(1—2u)
N5 N(N+z+7)

wx(, 8, ) = )

where G = E; (1 — 2u)/2 (1 + p) is the shear modulus of the soil, E; is the compression
modulus of the soil, and p is the Poisson’s ratio of the soil. M and N are the distance
between the action point of the concentrated load and its symmetry to the calculated
point respectively.

M= Wc— -0+ (- 1), @)
N= =02+ -0+ ()2 3

Similarly, the displacement caused by the concentrated unit load along the y-axis at
(%, y, z) can be expressed as

) R 1) G/ ) N
o) gt sy B
16tG(1 —u) | 6zy(z+n) n 4(1—p)(1-2p)
N N(N+z+7)

)

The displacement caused by the concentrated unit load along the z-axis at (x, y, z) can
be expressed as

3—dp | 8(1-p)’—(3—4p) | (z—1)
Mot N + 50

1
. 5
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2.3. Stochastic Medium Theory

For the calculation method of surface settlement caused by soil loss, the Peck formula
cannot consider the influence of the tunnel cross-section shape on settlement trough [18].
At present, it is suitable for tunnels with large buried depth, but not for ultra-shallow
buried tunnels. Therefore, this paper aimed to use stochastic medium theory to calculate
the ground settlement caused by soil loss.

The stochastic medium theory was proposed by Litwiniszyn [33] through a test in a
sandbox, and it was then applied by Liu [34] to predict the ground surface displacement
caused by tunnel construction and mining engineering. The stochastic medium theory
regards rock and soil as a stochastic medium and the stratum displacement caused by
underground engineering excavation as a stochastic process. Therefore, ground subsidence
can be regarded as the sum of deformation caused by the complete collapse of several units.
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As shown in Figure 2, the settlement of the upper soil (x, y, z) caused by the complete
collapse of a homogeneous infinitesimal excavation unit under undrained consolidation
condition can be written as follows [35]:

gl [ mtanpP o
YTy p{ TR N}dédéd% ©

where 7 is the distance between the excavation unit and the surface, and § is the main
influence angle of the upper stratum.

\J
4

Figure 2. Schematic of stochastic medium theory.

3. Vertical Displacement of Stratum Caused by Parallel Pipe Jacking Construction

Figure 3 shows a schematic diagram of the mechanical calculation. It is assumed that
the pipe jackings 01 and 02 of the left line have been completed, the construction of the
right line 03 is not completed, and the pipe jacking machine’s excavation face is located
in the x = 0 plane. Therefore, the stratum deformation caused by pipe jackings 01 and
02 only includes soil loss. For the stratum deformation caused by pipe jacking 03, we
should comprehensively consider the influence of the additional thrust at the excavation
face, friction between pipe jacking machine and soil, friction between subsequent pipe and
soil, drag reduction by thixotropic fluids, compensation grouting of subsequent pipe, and
soil loss.

0 X
v
B‘ Pipe jacking 01
4
B Pipe jacking 02

4y 7"t~
, il
B] Pipe jacking 03| | | > }
L) ,

Figure 3. Schematic of calculation model.
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3.1. Settlement Induced by Additional Horizontal Thrust at Excavation Face

According to previous research [1], the additional horizontal thrust at the excavation
face is generally controlled at +-20 kPa to ensure that the pipe jacking construction has little
impact on the surrounding strata and buildings.

As shown in Figure 4, the additional horizontal thrust per unit area of excavation face
during jacking construction of a pipe jacking machine is p1d{dy. By integrating Equation (1),
the vertical displacement w; caused by the additional horizontal thrust on the excavation
surface can be obtained as

wi = pi [[ wx(&,¢,m)dgdy, @)
D

where A and B are the width and height of the pipe jacking machine, respectively. H is the
axial depth of the pipe jacking machine, and p; is the additional horizontal thrust of the

excav at‘l()l 1 1ace.
/ X
[
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Figure 4. Areas of integration of additional horizontal thrust.

3.2. Settlement Induced by Friction of the Pipe Jacking Machine

The friction in pipe jacking construction is the normal stress multiplied by the friction
coefficient. For the convenience of calculation, the active earth pressure at the axis can be
taken as the normal stress.

(1) Top of pipe jacking machine

As shown in Figure 5, the friction per unit area on the top surface of the pipe jacking
machine during jacking is pp,d¢d(. The vertical displacement of the point (x, y, z) in the
soil is wy, under the action of friction on the top of the pipe jacking machine.

W2y = P2u JI Wy (é’/ - U)d(:dé, (8)
D

where L is the length of pipe jacking machine, and py,, is the friction between the top surface
of the pipe jacking machine and the soil.
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Figure 5. Areas of integration of jacking machine friction.

(2) Bottom of pipe jacking machine

The friction per unit area at the bottom surface (Figure 5) of the pipe jacking machine
during jacking is pp;d¢dC. The vertical displacement of the point (x, y, z) in the soil is wy;
under the action of friction at the bottom of the pipe jacking machine.

wya = paa || wx(&,¢,m)dEd, ©)
D

where py; is the friction between the bottom surface of the pipe jacking machine and
the soil.

(3) Left side of pipe jacking machine

The friction per unit area on the left side (Figure 5) of the pipe jacking machine during
jacking is p;d¢dl. The vertical displacement of the point (x, y, z) in the soil is wy; under the
action of friction on the left side of the pipe jacking machine.

Wy = lejj Wy ((:/ - W)d‘:dﬂ’ (10
D

where py; is the friction between the left side of the pipe jacking machine and the soil.

(4) Right side of pipe jacking machine

The friction per unit area on the right side (Figure 5) of the pipe jacking machine
during jacking is p,,d¢d(. The vertical displacement of the point (x, y, z) in the soil is wy,
under the action of friction on the right side of the pipe jacking machine.

wy, = par | wx (8,8, m)dEdn, (11)
D

where py, is the friction between the right side of pipe jacking machine and the soil.

3.3. Settlement Induced by Friction of the Pipe Jacking

During the pipe jacking construction, the pipe jacking machine is in close contact
with the soil, but there is a layer of thixotropic fluids between the subsequent pipe and the
surrounding soil [36,37]. Therefore, the drag reduction effect of slurry sleeve should be
considered in the subsequent pipes. In this paper, the friction between the pipe and soil is
0.5 times the friction between the pipe jacking machine and soil.

(1) Top of subsequent pipe jacking
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As shown in Figure 6, the friction per unit area on the top surface of the subsequent
pipe during jacking is p3,d¢d¢. Under the action of the friction on the top of the pipe, the
vertical displacement w3, of the point (x, y, z) in the soil can be calculated as

W3y = P3u ff Wy (61 C/ q)d@d@, (12)
D

where p3,, is the friction between the top surface of the pipe and the soil.

\

Friction of subsequent pipe ps3

A sl e~ e~ e~ e~ -
/jjjjjj
= o9 9 o 2 |
i e B I
Bl| » = 5 2 o o
e e e
S5 o o _
\ )
y z

Figure 6. Areas of integration of subsequent pipe friction.

(2) Bottom of subsequent pipe jacking

The friction per unit area at the bottom surface (Figure 6) of the subsequent pipe
during jacking is p33d¢d(. Under the action of the friction at the bottom of the pipe, the
vertical displacement w3, of the point (x, y, z) in the soil can be calculated as

wsa = paa || we(& &, )dgd, (13)
D

where p3; is the friction between the bottom surface of the pipe and the soil.

(3) Left side of subsequent pipe jacking

The friction per unit area on the left side (Figure 6) of the subsequent pipe during
jacking is p3;d¢dC. Under the action of the friction on the left side of the pipe, the vertical
displacement ws; of the point (x, y, z) in the soil can be calculated as

wy = pay [ we(&,¢,m)dzdn, (14)
D

where py is the friction between the left side of the pipe and the soil.

(4) Right side of subsequent pipe jacking

The friction per unit area on the right side (Figure 6) of the subsequent pipe during
jacking is p3,d¢d. Under the action of the friction on the right side of the pipe, the vertical
displacement w3, of the point (x, y, z) in the soil can be calculated as

ws = pa [ [ w(& ¢, m)dgdy, (15)
D

where p3, is the friction between the right side of the pipe and the soil.

3.4. Settlement Induced by Grouting Pressure

After the jacking construction, the thixotropic fluids should be replaced in time to
control stratum deformation. Usually, even for long-distance pipe jacking, the grouting
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pressure is controlled below 1 MPa because higher grouting pressure will cause greater
jacking force. In this paper, the synchronous grouting pressure is added at 20 kPa on the
basis of the water and earth pressure at the position of the pipe roof [3].

(1) Top of subsequent pipe jacking

As shown in Figure 7, the additional grouting pressure per unit area on the top surface
of the subsequent pipe during jacking is p4,d¢d{. Under the action of the additional
grouting pressure on the top surface of the pipe, the vertical displacement wy,, of the point
(%, y, z) in the soil can be calculated as

Wiy = Pau JI wz (gl ¢ U)dgdgr (16)
D

where py, is the additional grouting pressure between the top surface of the pipe and
the soil.

\/

Grouting pressure p,

AT A ‘r’Tl [~
i
S ,
0

y z
Figure 7. Areas of integration of additional grouting pressure.

(2) Bottom of subsequent pipe jacking

The additional grouting pressure per unit area at the bottom of the subsequent pipe
(Figure 7) during jacking is p4sd¢d¢. Under the action of the additional grouting pressure
on the bottom of the pipe, the vertical displacement wy; of the point (x, y, z) in the soil can
be calculated as

wWig = paa [[ w(&, ¢, n)dedg, (17)
D

where py, is the additional grouting pressure between the bottom of the pipe and the soil.
(3) Left side of subsequent pipe jacking
The additional grouting pressure per unit area on the left side (Figure 7) of the subse-
quent pipe during jacking is pyd¢d¢. Under the action of the additional grouting pressure
on the left side of the pipe, the vertical displacement wy; of the point (x, y, z) in the soil can
be calculated as

wyy = par [ [ wy (&8, m)dedn, (18)
D

where py is the additional grouting pressure between the left side of the pipe and the soil.
(4) Right side of subsequent pipe jacking
The additional grouting pressure per unit area on the right side (Figure 7) of the
subsequent pipe during jacking is ps4,d¢d{. Under the action of the additional grouting
pressure on the right side of the pipe, the vertical displacement wy, of the point (x, y, z) in
the soil can be calculated as

wyr = pay || wy(8,2,m)dGdn, (19)
D
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where py, is the additional grouting pressure between the right side of the pipe and the soil.

3.5. Settlement Induced by Soil Loss
3.5.1. Convergence Mode of the Excavation Face

In the process of pipe jacking construction, the surrounding soil will converge to the
position of the pipe due to disturbance. The traditional convergence model proposes that
the soil will converge uniformly to the center of the pipe. However, the weight of the pipe
is often larger than that of the soil. Therefore, the convergence model of the pipe falling on
the soil surface was adopted in this paper [31], as illustrated in Figure 8.

24 24
‘ Q'(’) Q-(/) / ZAB
w B w
A A
(a) (b)

Figure 8. Mode of soil convergence: (a) uniform convergence; (b) nonuniform convergence.

Let the convergence value of the cross section At = AA = AB and ignore the area of the
four corners; then, the following can be obtained:

4AAt + 4BAt = Sk, (20)
Sk

where « is the ground loss ratio, and S is the area of the cross-section.

According to the existing construction experience [3], the soil loss rate is usually 0.5-
2.5% for cohesive soil. With the improvement of construction technology, the ground loss
ratio can generally be effectively controlled at less than 1.8%.

3.5.2. The Main Influence Angle

Han and Li [38] proposed that the main influence angle 8 in the stochastic medium
theory has the same effect as the settlement trough width coefficient K in the Peck formula.
According to the correlation between these two parameters, the following can be reached:

20

tanf = . 22
P V2mi 22)
Taking i = Kz in the soil strata,
tanf = ! (23)
V27K’

where K is the settlement trough width coefficient, which can be described by a linear
equation with the internal friction angle of soil [39].

K=1-0.02¢. (24)
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The following formula can be obtained:

20
50— ¢

tan B = (25)

The above formula considers the influence of tunnel construction and soil conditions,
where B can be obtained and corrected through back analysis using the field monitoring
date of the engineering test section or the previously constructed pipe, so as to guide the
subsequent construction. According to the research of Wei et al. [40], this paper takes the
stratum influence angle B, = 0.85p for the subsequent pipe jacking construction considering
the influence of the constructed pipe on the stratum.

3.5.3. Ground Surface Settlement

It is assumed that the construction of pipes 01 and 02 has already been completed, and
the excavation face of the pipe jacking machine 03 is located in the plane of x = 0.

(1) Pipe jackings 01 and 02 completed in advance

The integral range is presented in Figure 8b. The integral interval for excavation
section () takes (—Q, Q) in the ¢ axis direction. The integral interval for excavation section
w takes (—Q, Q) in the ¢ axis direction. The vertical displacement ws; of the point (x, y, z) in
stratum caused by soil loss during jacking construction of the left line can be obtained as

51_/ H (tanﬁ) {—n(ta—nﬁ)z[(x—é)er(y—g)z]}dgdgdn_ 26)

w (2 (z—1)*

(2) Pipe jacking 03 for subsequent jacking construction

The integral interval for excavation section (2 takes (—Q, 0) in the ¢ axis direction. The
integral interval for excavation section w takes (—Q, 0) in the ¢ axis direction (Figure 9).
The vertical displacement ws, of the point (x, y, z) in stratum caused by soil loss during
jacking construction of the left line can be obtained as

wsy = / jfw tanﬁ {_Tita—nﬁ); [(x 4 (y— §)2} }dﬁd@dﬂ. 27)

7
Y

|

L —

30m

50 m

Jacking process

Figure 9. Numerical simulation model of pipe jacking.
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3.6. Calculation of Total Ground Settlement

The calculation formula of total vertical displacement w can be obtained by superposi-
tion of the vertical displacement caused by various factors in pipe jacking construction.

W= wy +wy + w3+ wy + ws. (28)

4. Verification of the Analytical Solution
4.1. Numerical Verification of the Analytical Solution

The finite difference software FLAC3D was used to simulate the jacking construction
of rectangular pipes. The stratum deformation caused by time effect was not considered
during the construction of pipe jacking. Moreover, the deformation and deformation rate
under initial gravity stress were not considered. In the actual construction process, each
pipe section is rigidly connected by welding; hence, the shell element can be used to
simulate the overall steel pipe jacking.

The selection of the numerical simulation model should fully consider the influence
range of the analytical solution. In this paper, the size of the numerical simulation model
was 50 m in width and 30 m in depth, and the longitudinal excavation length was 36 m. The
lateral distance between the pipe and the model boundary was greater than five times the
pipe width, which could eliminate the influence of the model boundary on the calculation
results. For the boundary of the numerical model, the upper face took z = —30 m as the free
boundary, and the bottom face was constrained in the z-direction at z = —30 m. The left
and right sides were constrained in the x-direction at the positions x = —27 m and x = 23 m.
The front and rear sides were constrained in the y-direction at the positions y = 0 m and
y=36m.

The isotropic elastic—plastic model was adopted for the soil, and the yield criterion was
the Mohr—Coulomb criterion. Assuming that the soil layers were evenly and horizontally
distributed. The thickness of the pipe wall was much smaller than the section size of
the pipe; thus, the steel pipe can be regarded as a thin-walled tube. In the comparative
calculation, the sizes of the pipe section were A =2 m and B = 2 m. The length of the pipe
jacking machine was s = 2 m. The distance between the axial of the pipe and the ground
was H = 5 m. The axial distance between the pipes was L = 3 m. The additional thrust,
friction, and grouting pressure were 20 kPa, 5 kPa, and 20 kPa, respectively. The calculation
model is presented in Figure 9.

Firstly, under the action of gravity, the initial stress field of the model was balanced,
and then the displacement was cleared to obtain the stress field of the unexcavated state
before construction. Secondly, the unbalanced force of the outer node of the excavation
unit was obtained by excavating the first unit and running a calculation. The unbalanced
force on these nodes was multiplied by a coefficient less than 1 and reversely applied to the
corresponding nodes. In this paper, the stress release rate was 15% to simulate the stress
release in the construction process. Then, a uniform load was applied on the excavation face
to simulate the additional horizontal thrust of the pipe jacking machine. The shell structure
unit was added to simulate the corresponding pipe, and then the calculation process was
started to balance the stress in the model. Lastly, 3.6 m was taken as the cycle of excavation
step, and excavation continued until the pipe jacking construction was complete.

(1) Comparison of transverse surface settlement

The working condition where the left pipes 01 and 02 were completed while the right
pipe was jacked for 18 m was taken as an example (i.e., the excavation face of jacking
machine 03 was located at the position of x = 0). The lateral settlement curves of the ground
surface obtained by analytical calculation and numerical simulation are shown in Figure 10.
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The analytical calculation results of the transverse surface settlement curve are con-
sistent with the overall trend of numerical simulation results. With the monitoring points
away from the axis of the pipe, the ground surface settlement gradually decreased and
tended to be stable, and the influence range was about five times the width of the pipe. The
maximum settlements of the analytical calculation and numerical simulation results were
7.93 mm and 7.26 mm, respectively, and the difference between the two was about 8.45%.
The position difference of the maximum settlement point was about 0.5 m.

(2) Comparison of longitudinal surface settlement

The working condition where the left pipes 01 and 02 were completed while the right
pipe was jacked for 18 m was taken as an example (i.e., the excavation face of jacking
machine 03 was located at the position of x = 0). The longitudinal settlement curve of the
ground surfaces obtained by analytical calculation and numerical simulation are shown in
Figure 11.
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Figure 11. Curves of longitudinal ground surface settlement.

The analytical calculation results of the longitudinal settlement curve are consistent
with the overall trend of numerical simulation results. The surface settlement value in-
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creased gradually with the construction of pipe jacking, and the deformation rate increased
rapidly when the tunnel faces were passed. Then, the deformation rate decreased, and
the settlement value tended to be stable after the excavation face passing away from the
monitoring point. The maximum settlement values of the analytical and numerical simula-
tion results were 8.21 mm and 8.24 mm, respectively, and the difference between them is
relatively small.

4.2. In Situ Monitoring Data Validation of the Analytical Solution

(1) Project overview

Zhongzhou Avenue is an important north-south expressway through the center of
Zhengzhou City. Two rectangular pipe jacking machines with different sizes were used in
the Zhongzhou Road undercrossing project to construct the left motorway and the right
pedestrian channel. The cross-sectional sizes of the tunnel on the left and right lines were
75m x 104 mand 4.2 m x 6.9 m, respectively. Detailed engineering information can
be found in previous work [41]. In this paper, the monitoring section D59 was selected
for analysis.

(2) Comparison of transverse ground surface settlement

The transverse settlement curves of the ground surface obtained by analytical calcula-
tion and the in situ monitoring data are shown in Figure 12.
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Figure 12. Curves of transverse ground surface settlement.

As shown in Figure 12, the trend of calculated and monitored ground settlement
was basically consistent. The maximum settlements of the analytical calculation and in
situ monitoring results were 37.35 mm and 33.49 mm, respectively. At the same time, it
can be found that the overall data of in situ monitoring were smaller than the values of
analytical calculation, which is because the grouting compensation method was used in
the construction to lift the stratum. Due to the different dimensions of the left and right
tunnels, the final surface settlement curve was asymmetric, and the settlement in the right
part was significantly lower than that on the left.

5. Analysis of Surface Subsidence Deformation Law
5.1. Transverse Surface Subsidence Deformation

The transverse settlement curve due to pipe jacking of pipes 01, 02, and 03 and the
total surface subsidence are presented in Figure 13:
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When the construction of pipes 01 and 02 was completed while pipe 03 was at the
position of x = 0, the maximum settlements were 4.21 mm, 3.50 mm, and 1.21 mm, respec-
tively. The maximum settlement was located at the position of each axis of the pipe. The
total maximum settlement was 7.93 mm, which was located between pipes 01 and 02. The
surface settlement trough caused by each pipe jacking construction was consistent, and the
deformation decreased gradually from the axis of the pipe to both sides. The subsequent
pipe had a lager influence range in the horizontal direction, while it caused a smaller value
of settlement.

5.2. Longitudinal Surface Subsidence Deformation

The longitudinal settlement curves due to pipe jacking of pipes 01, 02, and 03 and the
total surface subsidence are presented in Figure 14.
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Figure 14. Curves of longitudinal ground surface settlement.

After the completion of jacking pipes 01 and 02, the settlements caused by construction
above the axis of the pipe 03 tended to be stable, which were about 2.06 mm and 3.31 mm,
respectively. Specifically, when the horizontal distance from pipe 03 increased by 2.5 m,
the maximum settlement decreased by 37.8%. The maximum surface settlements caused
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by jacking of pipe 03 and the total settlement above the axis of pipe 03 were 2.87 mm and
8.21 mm, respectively, located far behind the excavation face. From the settlement curve of
pipe 03, it can be concluded that the changing rate of the settlement near the excavation
face was relatively rapid. The range of about 8 m (four times the pipe width) in front of the
excavation face was the influence area of surface subsidence, and the surface was almost
unaffected when it exceeded 8 m.

5.3. The Main Influence Angle

Under the condition that other parameters remain unchanged, the influence angles of
the stratum during subsequent pipe jacking construction were taken as s = 8, Bs = 0.98,
Bs =0.8B, Bs =0.78, Bs = 0.68, Bs = 0.58, and Bs = 0.48. The transverse surface settlement
curves and the variation of the maximum settlements with the influence angle are shown
in Figures 15 and 16:
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Figure 15. Curves of transverse surface settlement.
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As shown in Figure 15, with the influence angle decreasing from B to 0.48, the trans-
verse surface settlement curve became wide and shallow, and the maximum settlement
value gradually changed from 7.87 mm to 6.00 mm, a reduction by 23.76%. The maximum



Appl. Sci. 2022,12, 3298

17 of 20

settlement point gradually moved to the negative direction of the y-axis (the completion
area of pipe jacking construction), and the settlement value and influence range of the right
region of the transverse surface settlement curve increased significantly. It can be seen
from the variation curve of the maximum settlement value in Figure 16 that the maximum
surface settlement value increased with the increase in B;/p, and the two parameters
approximately showed a nonlinear positive correlation.

5.4. The Section Convergence Value

Under the condition that other parameters remain unchanged, the section convergence
values of the pipes in subsequent construction were taken as 0.002 mm, 0.004 mm, 0.006 mm,
0.008 mm, and 0.01 mm. The longitudinal surface settlement curves and the variation of
the maximum settlements with the convergence values are shown in Figures 17 and 18:
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As shown in Figure 17, the surface settlement curve caused by pipe jacking construc-
tion basically conformed with a normal distribution. The maximum settlement was located
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at the position of x = —3 m. With the increase in the distance from the monitoring point to
the two sides of the axis of the pipes, the settlement value gradually decreased and tended
to be stable. In the process of the convergence values changing from 10 mm to 2 mm,
the maximum value of the transverse surface settlement curve gradually changed from
15.50 mm to 2.88 mm, a decrease by 81.42%. It can be seen from the variation curve of the
maximum settlement values in Figure 18 that the maximum settlement value of the surface
increased with the increase in convergence values, and the two parameters approximately
showed a linear positive correlation.

6. Conclusions

This paper presented an analytical solution for predicting the ground deformation
caused by jacking construction of parallel rectangular pipes. On the basis of Mindlin’s
solution and the Stochastic medium theory, the main factors causing ground deformation
were considered, including soil loss, additional thrust, friction force, and grouting pressure.
A three-dimensional numerical simulation and case study were carried out to verify the
effectiveness of the analytical model. the ground deformation law and relevant parameters
were discussed. The following conclusions can be drawn:

(1) A comparison of the numerical simulation and engineering case study showed that
the proposed method can successfully predict ground surface settlement. In addition,
this method can also take into account the asymmetry of the settlement curve caused
by different construction sequences.

(2) The influence range of the longitudinal settlement curve was about 8 m (four times the
pipe jacking width). In the range of 5 m before and after excavation face, the settlement
changed dramatically, while pipe jacking construction could cause great disturbance
to the soil within this range. The maximum settlement value of the total transverse
surface settlement curve tended to be located between previous constructed pipes.
The influence range of the transverse surface settlement was about five times the
pipe width.

(8) Compared with the pre-construction pipe, the post-construction pipe of the parallel
pipe jacking had a larger influence range in the transverse direction, and the surface
settlement trough was wide and shallow. With the decrease in the stratum influence
angle of the post-construction pipe jacking, the position of the maximum settlement
value moved to the pre-construction pipe jacking area, and the settlement value
decreased gradually.

(4) The convergence value has a great influence on the surface settlement curve. By
controlling the soil loss during construction, the surface settlement can be effectively
controlled. Therefore, thixotropic fluids should be used to reduce the disturbance of
the stratum. At the same time, compensation grouting should be used to reduce the
soil loss.

In order to simplify the calculation process, several assumptions were made in the
model. For example, the rectification and tilt of the jacking machine were not considered.
In the actual pipe jacking construction process, the various factors affecting stratum defor-
mation are not independent, and there will be a dynamic coupling effect on the ground
deformation. These problems need to be further studied.
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Abbreviations

Es  Compression modulus of the soil
G Shear modulus of the soil

U Poisson’s ratio

7 Distance between the excavation unit and the surface

B Main influence angle of the upper stratum

Bs  Main influence angle of the upper stratum around subsequent pipe

p;  Additional horizontal thrust of the excavation face

pay  Friction between the top surface of the pipe jacking machine and the soil

p2q  Friction between the bottom surface of the pipe jacking machine and the soil
py  Friction between the left side of the pipe jacking machine and the soil

p2r  Friction between the right side of the pipe jacking machine and the soil

p3,  Friction between the top surface of the pipe and the soil

p3q  Friction between the bottom surface of the pipe and the soil

p3  Friction between the left side of the pipe and the soil

p3r  Friction between the right side of the pipe and the soil

pa,  Additional grouting pressure between the top surface of the pipe and the soil
psg  Additional grouting pressure between the bottom of the pipe and the soil
pay  Additional grouting pressure between the left side of the pipe and the soil
psr  Additional grouting pressure between the right side of the pipe and the soil
At Convergence value

K Ground loss ratio

S The area of the cross-section

K The settlement trough width coefficient

Q Angle of internal friction

w  Vertical displacement
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