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Abstract: Deep excavations clearly impact adjacent existing properties and threaten their operational
safety. Predicting the deformation of existing infrastructure induced by nearby underground con-
struction is the main concern of urban underground development. This paper presents an analytical
calculation method for predicting underground pipe gallery deformations induced by adjacent deep
excavations. First, the authors assume the existing pipe gallery to be nonexistent in the soil and
propose a solution to calculate the excavation-induced vertical movements of the soil at the position
of the existing pipe gallery. Thereafter, the authors simplify the existing pipe gallery as an elastic
beam on a Winkler foundation to calculate its deformation. Finally, the method is verified by the
good agreement found between the calculated result and the field measurement of the construction
of the Shanghai Hongqiao CBD project. The proposed analytical method of this work can provide
accurate evaluation results for similar engineering projects.

Keywords: deep excavation; pipe galleries; deformation; elastic foundation; analytical solution

1. Introduction

With the development of urbanization, more and more high-rise buildings and un-
derground structures are being constructed in cities. This process inevitably requires a
large number of underground constructions. At the same time, deep excavations near
existing infrastructures are unavoidable because of the limited available space in urban
areas [1–7]. The presence of adjacent urban underground pipe galleries has become a
necessary consideration for the construction of a deep foundation pit. The excavation of a
pit can lead to displacements of its surrounding strata, potentially impacting the function-
ality of the nearby urban underground pipe gallery and disrupting its normal operations.
Understanding the interaction mechanism between the displacement of the surrounding
strata of a foundation pit and the nearby underground pipe gallery, as well as analyzing the
deformation behavior of the pipe gallery during the construction of its adjacent foundation
pit, is a pressing challenge and requirement in current research [8–10].

In recent years, emphasis has been placed on the study of responses of existing prop-
erties to deep excavations. Several commonly used techniques to investigate deformation
behaviors and the corresponding environmental effects of braced excavations are FEM
analyses based on numerical tools [11–16], empirical/semiempirical methods based on
field measurements [17–22]; or a published database [23–26], analytical solutions [27–32],
and model tests [33,34]. In addition, machine learning (ML), artificial intelligence (AI),
and artificial neural network (ANN) algorithms are becoming increasingly accurate and

Buildings 2024, 14, 1103. https://doi.org/10.3390/buildings14041103 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14041103
https://doi.org/10.3390/buildings14041103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings14041103
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14041103?type=check_update&version=1


Buildings 2024, 14, 1103 2 of 18

reliable in predicting elastic fields of soil around retaining walls under various scenarios of
wall movements [35–41]. Of these methods, numerical methods are most widely used to
investigate the interaction between new excavations and existing properties because they
can consider most of the factors in practice. For example, Huang et al. [42] presented a finite
element parametric study to investigate tunnel behavior caused by nearby deep excavation
in Shanghai. This study researched the effects of several factors (e.g., the relative position
of the tunnel to the foundation pit, the diameter of the tunnel, the dimension of the pit, and
several tunnel protection measures) that may affect the tunnel response. Yang et al. [15]
analyzed the influence of a top-down excavation on an adjacent elevated road as well as
a simultaneously constructed foundation pit based on a verified 3D FE model, in which
the responses both of ground and underground properties to the top-down excavation
were studied. These previous studies prove the effectiveness of FE methods. However, the
establishment of a numerical model always includes many hypothetical parameters that
need to be defined, and very limited constitutive models are available for different soils,
making numerical simulations inconvenient [32]. Another effective technique to study the
influences of deep excavations is laboratory tests [33,34]. For example, Choudhury et al. [17]
performed a series of centrifuge models to investigate pile responses to deep excavations in
sands with various relative densities, and valuable results were obtained. Laboratory tests
have many advantages, e.g., the variables are controllable, and the results are relatively
reliable. Nevertheless, equipment for these tests is so prohibitive and laboratories are so
limited that only very few projects can have access to model tests.

Analytical solutions can provide quick and relatively accurate predictions if the calcula-
tion conditions are appropriately simplified [30,43–46]. In addition, analytical methods are
clear and simple, making them available to most researchers and engineers. Moreover, once
an analytical solution is developed and verified, it can effectively predict the performance
of similar projects. At present, a widely applied analytical method is the two-step method.
The method calculates the displacement of the greenfield soil or the vertical load induced by
the excavation at the desired position and then applies the obtained displacement or load
to the target property to determine its responses. The effectiveness of the method has been
verified by various researchers. A typical example is as follows: based on the traditional
two-step method, Zhang et al. (2016) [43] developed and verified a new analytical method
for predicting tunnel responses caused by upside excavation. In addition, this verified
method also considered the role of dewatering in the interaction between the excavation
and the tunnel.

Previous studies mostly focused on the deformation of nearby buildings, underground
pipelines, and tunnels caused by deep excavations. However, studies on the excavation-
induced deformation of comprehensive pipe galleries are missing. In fact, pipe galleries are
extremely vulnerable to the movements of the surrounding soil. In addition, resembling
blood vessels in the human body, pipe galleries play crucial roles in urban functions.
Therefore, it is necessary to make clear the potential impact of an underground project
on its adjacent underground pipe galleries before construction to ensure the normal life
of urban residents. Once the interaction mechanism between excavation-induced ground
movements and the displacements of underground pipe galleries is understood, proper
construction measures can be proposed. This work, based on the traditional two-stage
method, develops a new method to calculate the displacements of pipe galleries caused
by adjacent deep excavations. The establishment of the new method can be described
as follows: (1) based on the control equation of the elastic plane strain problem, the
displacement distribution of the soil outside the wall is calculated using the separation of
variables method; (2) the developed two-dimensional solution is then extended to obtain a
spatial distribution expression of the displacement of the soil behind the diaphragm wall;
(3) the deformation of the pipe galleries under certain soil displacements is calculated using
a simplified interaction model between the pipe gallery and soil. Finally, the method is
checked by comparing the calculated results to the field measurements of a typical deep
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excavation project in Shanghai. Based on this verified method, several influencing factors
are further analyzed to provide valuable references for practical engineering.

2. Basic Solution to Elastic Plane Strain Problems

The theoretical analysis method in this article has four assumptions: (1) soil is assumed
to be elastic without considering the pore water pressure; (2) deep excavation problems are
generally simplified as plane strain problems; (3) soil is saturated; and (4) pipe galleries are
assumed as Winkler subgrade moduli.

2.1. Mechanical Model for Elastic Plane Strain Problems

When the body forces are not considered, the equilibrium equation for elastic plane
strain problems can be described as

∂σx
∂x + ∂τzx

∂z = 0
∂σz
∂z + ∂τxz

∂x = 0

}
(1)

where σx and σz are the normal stresses along the x and z directions, respectively, and
τzx and τxz are the shear stresses along the x and z directions, in which, according to the
Shearing Stress Theorem, τzx = τxz.

The geometric equation for elastic plane strain problems is

εx = ∂u
∂x

εz =
∂w
∂z

γxz =
∂u
∂z + ∂w

∂x

 (2)

where u and w are the displacements along the x and z directions, respectively; εx and εz
are the normal strains along the x and z directions, respectively; and γxz is the shear strain
in the x-z direction.

The physical equation with Lame constants is

σx = (λ + 2G)εx + λεz
σz = (λ + 2G)εz + λεx

τxz = Gγxz

 (3)

where λ = Eν
(1+ν)(1−2ν)

, G = E
2(1+ν)

.
Substituting Equations (2) and (3) into Equation (1) yields the basic equation for plane

strain problems as
(λ + 2G) ∂2u

∂x2 + G ∂2u
∂z2 + (λ + G) ∂2w

∂x∂z = 0
(λ + 2G) ∂2w

∂z2 + G ∂2w
∂x2 + (λ + G) ∂2u

∂x∂z = 0

}
(4)

2.2. Method of Separation of Variables for Plane Strain Problems

According to Equation (2), the volume strain, θ, and rigid body rotation angle, ω, can
be expressed as

θ = ∂u
∂x + ∂w

∂z
ω = 1

2

(
∂w
∂x − ∂u

∂z

) } (5)

Using Equations (4) and (5), we have

∇2θ = 0 (6)

∇2ω = 0 (7)

where ∇2 = ∂2

∂x2 +
∂2

∂z2 .
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According to the boundary conditions of the model, the strain of the soil at infinity
is zero, and we have θ|x=+∞ = 0. Using the method of separation of variables to solve
Equation (6), its general solution can be obtained as

u =
∫ 1

α
[K1 cos(αz) + K2 sin(αz)](A + αx)e−αxdα (8)

Similarly, we can obtain the general solution of Equation (7) as

w =
∫ 1

α
[−K2 cos(αz) + K1 sin(αz)]

(
A − λ + 3G

λ + G
+ αx

)
e−αxdα (9)

Noting that τxz = G
(

∂u
∂z + ∂w

∂x

)
, τxz|z=0 = 0; thus, K2 = 0. Therefore, we can rewrite

Equations (8) and (9) as

u =
∫ 1

α K1 cos(αz)(A + αx)e−αxdα

w =
∫ 1

α K1 sin(αz)
(

A − λ+3G
λ+G + αx

)
e−αxdα

}
(10)

Letting K3 = K1 A, we can obtain

u =
∫ 1

α cos(αz)(K3 + K1αx)e−αxdα

w =
∫ 1

α sin(αz)
(

K3 − K1
λ+3G
λ+G + K1αx

)
e−αxdα

}
(11)

Assuming that the back of the diaphragm wall is smooth, i.e., τxz|x=0 = 0, we have

K3 =
λ + 2G
λ + G

K1 (12)

3. Analytical Solution of Excavation-Induced Ground Movement
3.1. The Translation Mode of the Wall Movement

When the retaining wall develops inward translation movement, as shown in Figure 1,
the corresponding boundary condition of the model is 0 ≤ z ≤ H, u(0, z) = −d. According
to Equation (11), we have

u =
∫ 1

α
K3 cos(αz)dα = −d (13)

Figure 1. Inward translation of the retaining wall.
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Using a Fourier transform on variable d, we can obtain

−d = −2d
π

∫ sin(Hα)

α
cos(αz)dα (14)

Comparing Equation (13) with Equation (14), it is easy to find that

K3 = −2d
π

sin(Hα) (15)

Substituting Equations (12) and (15) into Equation (11), the following is obtained:

u = − 2d
π

∫ ∞
0

1
α cos(αz)

(
1 + λ+G

λ+2G xα
)

sin(Hα)e−αxdα

w = − 2d
π

∫ ∞
0

1
α sin(αz)

(
1 + λ+G

λ+2G xα − λ+3G
λ+G

)
sin(Hα)e−αxdα

 (16)

Thus, we can obtain the vertical movement and the normal stress at the ground
surface as

w|z=0 = 0 (17)

σz|z=0 =
dH
(

H2 − x2)
βπ(H2 + x2)

2 (18)

where

β =
1 − µ2

E
(19)

In other words, the ground surface settlement is zero, and there is a stress with a
magnitude represented by Equation (18) distributed on the ground surface. Therefore,
the wall-translation-induced settlement is equivalent to the displacement caused by the
following load being applied to the ground surface:

F(x) = −
dH
(

H2 − x2)
βπ(H2 + x2)

2 (20)

Assuming that the settlement is zero when x = xre f , according to the Boussinesq–
Flamant solution, the ground surface settlement caused by F is

w =
2βF

π
ln

s
ρ

(21)

in which F is the concentrated load, s is the distance between where we want to obtain the
settlement and the reference point xre f , and ρ is the distance between where we want to
obtain the settlement and the concentrated load F. The three variables can be represented by

ρ = |ξ − x|
s =

∣∣∣ξ − xre f

∣∣∣
F(ξ) = − dH(H2−ξ2)

βπ(ξ2+H2)
2

 (22)

Combining Equations (20)–(22), we have

w = −2dH
π2

∫ +∞

−∞

(
ξ2 − H2)

(ξ2 + H2)
2 ln

∣∣∣∣∣ ξ − x
ξ − xre f

∣∣∣∣∣dξ (23)

The wall’s inward translation can be obtained as

w =
2dH2

π2

(
1

x2 + H2 − 1
x2

ref + H2

)
(24)
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3.2. The Rotating Mode of the Wall Movement

When the retaining wall rotates around the corner at the bottom of the pit, as shown in
Figure 2, the boundary condition of the model is 0 ≤ z ≤ H, u(0, z) = z

H d − d. According
to Equation (11), it can be obtained that

u =
∫ ∞

0

1
α

K3 cos(αz)dα =
z
H

d − d (25)

Figure 2. Retaining wall’s rotation around its toe.

Performing a Fourier transform on u(0, z) = z
H d − d, we obtain

z
H

d − d =
2d

πH

∫ ∞

0

cos(Hα)− 1
α2 cos(αz)dα (26)

Comparing Equation (25) with Equation (26), we can obtain

K3 =
2d

πH
cos(Hα)− 1

α
(27)

Similar to the derivation of Equations (17) and (18), the boundary conditions at the
ground surface of this model are

w|z=0 = 0 (28)

σz|z=0 = −dH
βπ

1
x2 + H2 − 1

4
d

πHβ

x4

(x2 + H2)
2 (29)

In other words, the ground settlement caused by wall rotation is equivalent to the
displacement caused by the following load acting on the ground surface:

F(x) =
dH
βπ

1
x2 + H2 +

1
4

d
πHβ

x4

(x2 + H2)
2 (30)

Substituting Equation (30) into Equation (21), we obtain

w =
2d
π2

∫ +∞

−∞

(
H

ξ2 + H2 +
1

2H
ln

ξ2

ξ2 + H2

)
ln

∣∣∣∣∣ ξ − x
ξ − xre f

∣∣∣∣∣dξ (31)



Buildings 2024, 14, 1103 7 of 18

3.3. The Triangle Mode of the Wall Movement

When the retaining wall develops triangle-type movement, the boundary conditions
of the model are shown in Figure 3. Assuming that the inward movement of the retaining
wall at a depth of H/2 is −d, the movement can be regarded as the difference between two
rotation-type movements, as described in Figure 3, which can be represented by

w = w1 − w2 (32)

where w1 and w2 are the movements of the retaining wall with depths of H and H/2,
and lateral movements of −2d at the ground surface, when they develop rotation-type
movements. The solution of the ground settlement behind the retaining wall caused by the
wall’s triangle-type displacement is

w =
4d

π2H

∫ +∞

−∞

1
2

ln

(
ξ2 + H2

4

)2

ξ2(ξ2 + H2)
− 2H2

4ξ2 + H2 +
H2

ξ2 + H2

 · ln

∣∣∣∣∣ ξ − x
ξ − xre f

∣∣∣∣∣dξ (33)

Figure 3. The triangle-pattern movement of the retaining wall.

3.4. The Parabolic Mode of the Wall Movement

The retaining wall may also develop parabolic-pattern movement, as shown in Figure 4.
In such a scenario, the model’s boundary condition is 0 ≤ z ≤ H, u(0, z) = 4d

H2 z(z − H).
According to Equation (11), we have

u =
∫ ∞

0

1
α

K3 cos(αz)dα =
4d
H2 z(z − H) (34)

Figure 4. The parabolic mode of the wall movement.
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Performing a Fourier transform on u(0, z) = 4d
H2 z(z − H), we obtain

4d
H2 z(z − H) =

1
π

∫ ∞

0

8d(1 + cos(αH))

α2H
− 16d sin(αH)

α3H2 cos(αz)dα (35)

Comparing Equation (34) with Equation (35), we obtain

K3 =
8d

πH2

[
H(1 + cos(αH))

α
− 2 sin(αH)

α2

]
(36)

Similar to the derivation of Equation (17), and Equation (18), the boundary conditions
at the ground surface of this model are

w|z=0 = 0 (37)

σz|z=0 =
4dE

βπH2

(
H
2

ln
(

x2

x2 + H2

)
+ 3H +

Hx2

x2 + H2 − 4xarctan
(

H
x

))
(38)

In such conditions, the ground settlement caused by wall movement is equivalent to
the displacement caused by the following load acting on the ground surface:

F(x) = − 4dE
βπH2

(
H
2

ln
(

x2

x2 + H2

)
+ 3H +

Hx2

x2 + H2 − 4xarctan
(

H
x

))
(39)

Using Equations (21) and (39), it can be obtained that when the retaining wall develops
parabolic-type movement, the ground settlement behind the wall is

w = − 8d
π2 H2

∫ +∞
−∞

(
H
2 ln

(
ξ2

ξ2+H2

)
+ 3H + Hξ2

ξ2+H2 − 4ξarctan
(

H
ξ

))
ln
∣∣∣ ξ−x

ξ−xref

∣∣∣dξ (40)

3.5. Distribution Patterns of Ground Surface Settlement under Different Wall Movement Types

In order to analyze the distribution patterns of ground surface settlement under vari-
ous wall movement types, a hypothetic model with a wall depth of H = 10 m is developed.
Taking xre f = 10H and d = 0.5%H, the normalized ground settlements of different wall
movement cases are drawn in Figure 5. According to the figure, two settlement patterns
(i.e., arc shoulder distribution and trough distribution) are generally observed. The ground
surface settlements caused by the translation and rotation types of wall movement are
arch shoulder types, characterized by the maximum settlements appearing immediately
behind the wall, and the settlements gradually decrease to zero with increasing distance
to the retaining wall. In the triangular and parabolic types of wall movement models, the
grounds behind the wall develop trough settlements. Typical characteristics of trough
settlements are that the maximum settlements occur at a certain distance behind the wall,
and the settlements gradually decrease to zero with increasing distance to the wall. Accord-
ing to previous studies [14,18,21,23,47], ground settlements caused by triangle-type wall
movements and parabolic-type wall movements are in accordance with realistic responses
of the ground to deep excavations.
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Figure 5. Normalized ground settlements behind the wall under different wall movement types.

4. The Excavation-Induced Settlement of the Pipe Gallery behind the Retaining Wall
4.1. Method Description

Existing theoretical predictions of excavation-induced performance have generally
been limited to simplified two-dimensional models (i.e., plane-strain, half-sections) that are
assumed to generate worst-case scenarios for wall deflections and ground deformations.
However, it is readily apparent that the distribution and magnitude of excavation-induced
deformations around the perimeter of the site have strong spatial effects. Accordingly, it is
also necessary to consider the spatial characteristics of excavation-induced displacements
when studying the responses of surrounding pipelines, subway tunnels, pipe galleries, and
other facilities to excavation projects.

For rectangular excavations, as shown in Figure 6, ground movements behind the
retaining wall can generally expressed as

w(x, y) = wmax f (x)g(y) (41)

where f (x) is the distribution function of ground settlements along the direction perpendic-
ular to the side of the pit, and g(y) is the distribution function of ground settlements along
the direction parallel to the retaining wall.

Figure 6. Spatial distribution of the excavation-induced settlement.

The analytical formula of wmaxf (x) can be derived from the theoretical solution in
previous sections of this paper. In terms of the distribution function of ground settlements
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along the direction parallel to the retaining wall, g(y), it is affected by various factors and
so, unfortunately, has no accurate theoretical solution. Therefore, the calculations in this
section adopt empirical expressions obtained from field measurements.

Zhang et al. (2012) [48] summarized the collected data in Shanghai and obtained a
distribution function of ground settlements along the direction parallel to the retaining
structures as

g(y) = e−π(
y
A )

2
, A =

L
2

[
0.069 ln

(
He

L

)
+ 1.03

]
(42)

in which A is the influence radius of the displacement, and L and H are the longitudinal
length and the excavation depth of the pit, respectively.

An alternative expression was developed by Finno and Calvello (2005) [49]. Based
on experimental studies on excavation projects in Chicago, they proposed that the surface
settlement distribution along the direction parallel to the retaining wall can be corrected
using a correction function erfc(y):

w(y) = wmaxg(y) = wmax

(
1 − 1

2
erfc

(
2.8{y + L[0.015 + 0.035 ln(He/L)]}

0.5L − L[0.015 + 0.035 ln(He/L)]

))
(43)

The correction function erfc(y) in Equation (43) is expressed as

erfc(y) =
∫ y

0
e−u2

du (44)

where y is the projection length of the distance between the desired point to the corner of
the pit on the y-axis, and y < L/2.

After obtaining the spatial distribution of ground movements using the solution
presented in previous sections of this paper, the interaction between the soil and the pipe
galleries can be analyzed using the two-stage method. Thereafter, excavation-induced
displacements of the pipe galleries can be calculated.

The first step of the two-stage method is to deduce the ground settlement, d, at the
position of the pipe gallery, in which the stiffness of the gallery should first be neglected.
In this step, the current work involves two formulas to deduce the soil movement (i.e.,
Equations (42) and (43)). Therefore, both formulas are used, and their results are compared
later in this paper.

In the second step, the obtained settlement at the position of the pipe gallery is then
treated as an additional displacement exerted on the pipe gallery, while the pipe gallery is
modeled as an elastic foundation beam. Then, the mechanical responses of the pipe gallery
under the addition displacement can be calculated using the Winkler foundation model,
which can be expressed as

Et It
∂4w
∂y4 + kDw = kDd (45)

where the parameter k can be obtained using the Vesic formula [50]:

k = 0.65 12

√
EsD4

Et It

Es

(1 − ν2
s )D

(46)

where EtIt is the bending stiffness of the pipe gallery; Es and νs are Young’s modulus
and Poisson’s ratio of the soil foundation, respectively; and D is the outer diameter of the
gallery.

The boundary condition of Equation (45) is that the excavation-induced additional
displacement of the gallery is zero at an infinite distance from the middle of the pit. The
differential equation given by Equation (45) can be solved using the difference method to
obtain the pipe gallery’s deformation under a given addition displacement of the soil at the
corresponding position.
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4.2. Verification of the Method by Field Measurements

The Hongqiao CBD project is located in downtown Shanghai. This study focuses
on the response of the energy pipe gallery on the south side of the pit to the excavation.
The excavation has a depth of 18.4 m and is supported by an 800 mm thick and 36 m
deep diaphragm wall. As described in Figure 7, the pipe gallery, buried 8–10 m below
the ground surface, is located on the south side of the pit, with a distance of 3.6 m from
the retaining wall. During the excavation process of the foundation pit, the settlements
of the pipe gallery were extensively monitored. In the calculations, the soil is assumed to
be homogeneous and exhibit elastic characteristics with Young’s modulus of Es = 10 MPa.
The material of the pipe gallery is C30 concrete with Young’s modulus of Et = 30 GPa. The
inertia moment of the pipe gallery can be obtained as It = 17 m4.

Figure 7. The plane view and instrumentation of the project.

Figure 8 presents the monitored deflections of the diaphragm wall in the middle of the
pit boundary. Based on the displacement mode proposed in Section 3, the wall deflection
can be fitted using a triangular-type displacement. In this perspective, the ground surface
behind the retaining wall performs a settlement pattern as shown in Figure 9. Clearly,
the ground surface presents a spoon-shape settlement. Specifically, as the distance from
the diaphragm wall increases, the settlement first increases rapidly and then gradually
decreases. In addition, soil at an infinite distance from the pit is barely influenced by the
excavation.
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Figure 8. Wall deflection.

Figure 9. Ground surface settlement behind the wall.

Using the method proposed in this paper, combined with the two distribution formulas
given by Zhang et al. (2012) [48] and Finno and Calvello (2005) [49], the authors deduce the
ground settlement at the position of the pipe gallery and denote the results as the Z-result
and F-result, respectively.

The two results are presented and compared in Figure 10. The Z-result suggests that
the soil at the pipe gallery develops the most settlement at the middle point of the pit. With
increasing distance from the middle, the ground settlement decreases rapidly. According
to the F-result, on the other hand, the maximum ground settlement is maintained within
a certain range near the middle of the pit, in which the size of the range is determined
by Equation (42). Obviously, the F-result is more in accordance with realistic engineering
performance.



Buildings 2024, 14, 1103 13 of 18

Figure 10. Ground settlements at the position of the pipe gallery.

Figure 11 compares the calculated pipe gallery deformations (i.e., Z-result and F-result)
with the field data to verify the ability of the method proposed in this paper in predicting
the responses of pipe galleries to excavations. The figure shows that the deformation
patterns of the pipe gallery obtained using the two methods are basically consistent, with
the maximum deformation occurring in the middle and then decreasing gradually towards
the corners of the pit. On the other hand, the F-result undergoes a larger deformation
than the Z-result because the maximum ground settlement of the F-result is maintained
within a certain range near the middle of the pit. The comparison shows that the F-result
is more reliable. This indicates that the solution proposed in this article combined with
Finno’s (Finno and Calvello 2005) [49] empirical formula, i.e., Equation (43), can provide
ideal predictions for excavation-induced deformations of pipe galleries.

Figure 11. Pipe gallery deformations.

5. Parametric Studies on Excavation-Induced Pipe Gallery Settlements

The analyses in Section 4 proved the capability of the proposed method to reproduce
the displacement of pipe galleries adjacent to deep excavations. Based on this verified
solution, two additional parametric studies are carried out in this section to explore the
impacts of two key factors, i.e., the distance of the pipe gallery to the pit and the stiffness
of the pipe gallery. Because the combination of the proposed solution of this article and
Finno’s (Finno and Calvello 2005) [49] empirical formula is more reliable, it is applied to
carry out the parametric studies in this section.

5.1. Distance to The Pit

When considering the effects of the distance of the pipe gallery to the excavation, four
values are compared. These distances are 0.5, 1, 1.5, and 2 times the excavation depth, while
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other parameters are assumed to be the same as the model in Section 4. Figures 12 and 13
present the ground settlement at the position of the pipe gallery and the deformation of the
pipe gallery, respectively.

Figure 12. Ground settlements at the position of the pipe gallery.

Figure 13. Pipe gallery deformations.

Figure 12 shows that the results of 0.5H and 1.0H are very close to each other, which is
because, for the current case, the ground settlement reaches its maximum within a range of
0.5–1.0 times the excavation depth. At the same time, according to Figure 12, the result of
1.5H is much smaller than those of 0.5H and 1.0H (i.e., the settlement of the 1.5H scenario
is 15.4 mm, decreasing by 15.8% compared with the 1.0H scenario), and the result of 2.0H
is smallest among the calculated scenarios (i.e., the settlement of the 2.0H scenario is 10.2
mm, decreasing by 33.8% compared with the 1.0H scenario and 44.3% compared with
the 2.0H scenario). The result indicates that the ground settlement gradually decreases
with increasing distance to the wall after its maximum, which is in accordance with the
summarized spoon-shape settlement pattern of the ground settlement behind retaining
structures in engineering practice. In fact, the excavation-induced ground settlement will
finally reach a negligible value when the distance to the diaphragm is sufficiently large.

The calculated pipe gallery deformations of different scenarios are presented and
analyzed in Figure 13. In accordance with the distribution of the ground settlement,
the deformation of the pipe gallery also shows an increasing-then-decreasing trend with
increasing distance from the pit. The maximum pipe gallery deformation of the 1.5H
scenario is 15.9 mm, decreasing by 15.8% from the 1.0H scenario (i.e., 18.9 mm), and the
maximum gallery deformation of the 2.0H scenario is 10.5 mm, decreasing by 34.0% from
the 1.5H scenario and 44.4% from the 1.0H scenario. Therefore, it is recommended to control
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the designed foundation pit to twice its excavation depth away from nearby pipe galleries.
Otherwise, reinforcement measures should be taken for the surrounding soil.

5.2. The Stiffness of the Pipe Gallery

Keeping other parameters the same as the case in Section 4.2, the authors further
calculate the pipe galley deformations under changing gallery stiffness. Four cases with
different gallery stiffness are analyzed, in which Young’s moduli of the gallery are 750, 1500,
3000, and 6000 times the soil modulus, denoted as Et/Es = 750, Et/Es = 1500, Et/Es = 3000,
and Et/Es = 6000, respectively. The pipe gallery deformations of the four cases, as well as
the calculated ground settlement at the position of the gallery, are presented in Figure 14.

Figure 14. The influence of pipe gallery stiffness.

Clearly, the calculated pipe gallery deformations of all four cases share the same
deformation pattern. In terms of the influence of the gallery stiffness, it can be seen that
the maximum gallery deformation (occurs near the middle of the pit), from a magnitude
close to the soil settlement, decreases with increasing gallery stiffness. On the contrary, the
gallery near the corners of the pit tends to develop larger displacement when its stiffness
increases. It can be seen that properly increasing the stiffness of the pipe gallery can be
beneficial for resisting deformation caused by displacements of surrounding soil layers.

6. Conclusions

This work first proposes a new solution to determine the displacement distribution
of the ground behind the retaining wall using the control equation of the elastic plane
strain problem combined with the method of separation of variables. Then, the deduced
2D solution is extended to 3D problems to obtain the spatial distribution expression of the
ground settlement. Afterward, the authors, by simplifying the soil–pipe gallery interaction
to the Winkler foundation–Beam model, calculate the excavation-induced pipe gallery
displacement using the two-stage method. After being verified by a realistic case in
Shanghai, the proposed solution is applied to explore the potential influence of various
factors on the excavation-induced displacement of pipe galleries. The following results are
drawn:

1. During the extension from 2D to 3D of the proposed solution in this work, two
experimental formulas of the ground settlement distribution along the longitudinal
direction of retaining structures (i.e., Zhang’s formula and Finno’s formula) are used
and evaluated. The comparison with field data shows that the proposed solution
of this work combined with Finno’s formula provides more desirable results, while
Zhang’s formula tends to provide overconservative pipe gallery deformation.

2. The ground settlement behind the retaining structure follows a spoon-shape pattern,
i.e., the settlement first increases with the increase in distance from the pit until
its maximum value; then, the settlement gradually decreases to a negligible value.
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The deformation distribution of the pipe gallery is closely in accordance with the
distribution of ground settlement at the corresponding location.

3. From a magnitude close to the ground settlement at the corresponding position, the
maximum deformation of the pipe gallery decreases with increasing stiffness.
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