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Abstract: Urban subway tunnels are located in a very complex operating environment, and the sur-
rounding construction disturbances can lead to the deformation of existing tunnels or even produce
tunnel disease issues. The disturbance of adjacent tunnels by pit excavation is an important geotech-
nical issue among scholars. In our study, the two-stage method is used to derive the deformation
of the existing tunnel caused by the use of sloping excavation in the foundation pit. Subsequently,
the correctness of the theoretical calculation formulae and the results are verified by constructing
numerical calculation models. The effects of different slope footings 6, different slope widths b and
different excavation depths H on the deformation of the existing tunnel are analyzed. The results
show that: the excavation of the foundation pit can effectively reduce the tunnel deformation by
using the sloping excavation method. The soil directly above the tunnel is the main factor causing
the deformation of that tunnel. When the foundation pit spans a single-lane existing tunnel, the
sloping excavation method of excavating soil on both sides and reserving the middle core soil can be
used. When the foundation pit spans a double-lane existing tunnel, the sloping excavation method of
excavating the middle soil and reserving core soil on both sides can be adopted. The error between
the theoretical calculation results and the numerical simulation results is small, which verifies the
correctness of the theoretical calculation results. The load distribution width of the soil after sloping
excavation can be taken as the median line width. The deformation of the existing tunnel is influenced,
to a greater extent, by changes in the one-time excavation depth H and slope width b, and to a lesser
extent, by changes in the slope angle 6.

Keywords: existing tunnel; slope excavation; deformation analysis; slope release angle

1. Introduction

Urban subway projects are generally laid along the main roads of cities, and the
construction environment around the lines is extremely complex. The subway project is
generally buried at a shallow depth and in a soft stratum, which is easily disturbed by
the surrounding construction. The excavation of the foundation pit will change the stress
state of the surrounding soil, which is mainly based on the additional stress generated by
the unloading of the original soil within the excavation of the foundation pit [1-3]. The
additional stresses generated by the unloading will cause the adjacent existing tunnel to
deform by bulging, settling, bending and twisting. In severe cases, the tunnel structure will
be damaged, cracked, misaligned and joint leakage, affecting the normal operation of the
existing tunnel. Theoretical calculation methods, numerical simulation methods, indoor
test methods and field measurement methods have been used to study the disturbance of
existing tunnels by pit excavation. Liang et al. [4] proposed a simplified analysis method to
predict the impact of foundation excavation projects on the deformation of adjacent tunnels
and analyzed the relevant impact of deformation on existing tunnels without considering
the construction factors. Liu et al. [5] used Timoshenko beams to simulate the shield tunnel
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and considered the shearing effect of the surrounding soil on the tunnel. A Vlazov basis
model was introduced to simulate the tunnel—soil interaction, and finally the parametric
analysis was performed. The results reveal that the relative distance between the existing
tunnel and the excavated pit, the soil strength and the tunnel burial depth all have a
considerable influence on the existing tunnel deformation. Zhang et al. [6] constructed a
three-dimensional model for the numerical calculation of the existing tunnel adjacent to the
foundation excavation and studied the effect of foundation excavation on the stress—strain
of the adjacent tunnel. The results indicate that the underground diaphragm wall can
effectively reduce the tunnel deformation. The excavation of the foundation pit will result
in compression on the upper surface and tension on the lower surface of the adjacent tunnel,
and the stress redistribution is extremely complex. Shi et al. [7] considered the shield tunnel
joint discontinuity and the interaction between pipe joints and constructed a refined 3D
model of the existing shield tunnel. The stress and deformation of the existing tunnel
during the excavation of the foundation pit were studied. Liu et al. [8] presented the case
of a foundation excavation project and analyzed the construction excavation sequence and
reinforcement measures on the disturbance of the existing tunnel deformation situation. In
their studies, the results reveal that the bulge of the existing tunnels increases nonlinearly
with the increase in the excavation width of each tunnel when the excavation volume
is small. Li et al. [9] presented a case study of a deep foundation excavation project
in soft soils in Shanghai, with a subway and railroad tracks adjacent to the excavation
area of the foundation pit. The effects of the excavation sequence and reinforcement
measures on the control of the subway tunnel and the railroad track are discussed in detail.
Zhao et al. [10] used the MIDAS/GTS software to establish a finite element model to
evaluate the effect of excavation in different sections of the pit on the tunnel deformation.
Sun et al. [11] developed a numerical model to analyze the tunnel deformation caused
by the excavation of the circular pit. Nejjar et al. [12] introduced a deep foundation pit
excavation project, which provides a complete description of the deep excavation behavior
through a complete monitoring system. Mitew-Czajewska [13] introduced the disturbance
of a deep foundation pit excavation to the surrounding buildings and existing subway
tunnels; Soomro et al. [14] used a three-dimensional numerical calculation software to
analyze the response of the excavation sequence of the foundation pit to the surrounding
brick masonry wall during excavation. A large number of scholars have carried out
studies on the disturbance caused by the excavation of the foundation pit to the adjacent
tunnel. Among them, the theoretical analysis method has been widely used to predict
the disturbance caused by foundation excavation to the neighboring structures with high
prediction efficiency, high applicability and reliable accuracy [15-17].

Sloping excavation is an excavation method that can effectively reduce the magnitude
of one-time excavation unloading load of the foundation pit and maintain the stability of
the surrounding environment of the foundation pit. In the existing foundation excavation
project, the block excavation method is often used. After the excavation of the soil, load
backpressure is often applied in order to reduce the disturbance of the subterranean tunnel
under the foundation pit in a one-time excavation. This results in a complicated and
uneconomical construction process. Compared with the commonly used block excavation
method, the sloping excavation can reduce the disturbance of the excavation to the un-
derlying tunnel by using the unexcavated slope as the backpressure load after excavation.
However, in the available research, only the overall block excavation is usually considered,
and there is a gap in the research on the use of a sloping excavation method for foundation
pits. With the increasing number of urban foundation pit projects, it is important to propose
corresponding analytical prediction models and the formulae to clarify the disturbance
effect on existing tunnels by using the sloping excavation method for foundation pits.

Our study is based on the background of the channel across the river over Changsha
Metro Line 1 at XiangYa Road, Changsha, Hunan Province, China. The two-stage method
is used to derive the theoretical calculation formulae for the deformation of existing tunnels
triggered by the foundation pit sloping excavation (method of excavating the middle soil
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and reserving core soil on both sides, method of excavating on both sides soil and reserving
the middle core soil). The numerical calculation model is constructed in order to verify the
correctness of the theoretical calculation formula and results. Finally, the effects of different
slope footings, different slope widths and different excavation depths on the deformation of
existing tunnels are analyzed. Finally, our paper aims to formulate a theoretical foundation
for the analysis of the disturbance of the excavation.

2. Engineering Background

The starting point of the channel project across the river of the Xiangya Road in
Changsha, Hunan Province, China, is located about 280 m west of the junction of Tongzipo
Road and Yuehua Road, and the end point is located at the intersection of Xiangya Road and
Furong Middle Road. Figure 1 shows the overall direction and distribution of the project.
The pit studied in this paper crosses Changsha Metro Line 1 (already in operation) at the
intersection of Huangxing North Road, Xiangya Road, and connects with Wenchangge
Station of Metro Line 6. The surrounding environment is almost simple and far from the
existing buildings.

Legend:
No. 1 subway line
~——— No. 6 subway line
No. 4 subway line

——  Crossing Passage

i o i Study area

Figure 1. The overall direction and distribution of the project.

The foundation pit is approximately 7.6 m deep, 21.3 m wide and 41.3 m long. The
enclosure structure adopts the support form of an underground diaphragm wall with
internal support, and the thickness of the underground diaphragm wall is 1.0 m. The
construction is carried out by the open excavation method. The average distance between
the base plate of the upper span structure of the channel across the river and the vault of the
shield tunnel of Line 1 is 2.7 m, and the minimum distance is only 2.6 m. The base is located
in the powder clay layer, and the existing tunnel is located in the medium weathered slate
stratum, which is approximately orthogonal to the long axis of the foundation pit. The
outer diameter D of the tube sheet of the existing tunnel is 6.0 m and the thickness is 0.3 m.
The reinforced concrete tube sheet of C30 strength is used. One ring consists of a capping
block, two adjacent blocks, two standard blocks and one bottom block, with 10 longitudinal
connection bolts. The relationship between the excavation area and the existing tunnel
location is shown in Figure 2.
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Figure 2. Relationship between foundation pit and existing tunnel location.

According to the surface exposure and the disclosure of preliminary drilling survey,
the stratum within the pit area is mainly composed of quaternary artificially deposited soil,
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lacustrine material, river alluvium and residual powder clay. The underlying bedrock is
the Middle Yuangujie Slate Group and Lengjiaxi Group Slate. Table 1 shows the proposed
values of geotechnical material parameters. The formation parameters in Table 1 are
determined according to the geological survey report and laboratory experiments.

Table 1. Measured values of mechanical parameters of engineering geotechnical materials.

. Natural . Friction Shear Poisson’s .
Soil Layer Heavy Cohesion Angle Modulus Ratio Thickness

(KN-Zn*3) ¢ (kPa) ¢ (°) G (MPa) 2 m
Miscellaneous fill 18.5 10 10 6.48 0.28 2.0
Powdery clay 19.5 18 14 50.00 0.25 2.1
Powdery clay 20.0 24 16 56.25 0.25 3.7
Powdery clay 19.5 20 15 62.00 0.24 3.2

Mesothermal slate 26.0 400 40 597.80 0.22 -

During the survey, no groundwater was encountered in the borehole of this pit node
site. The foundation excavation stratum is mainly powder clay, and its permeability coeffi-
cient is only 0.001 m/d, so the permeability is very low. Therefore, there is less precipitation
in this foundation excavation project, and the influence of foundation precipitation is
negligible in theoretical calculation and numerical simulation.

3. The Foundations of Theory Calculation

The excavated soil will cause additional stresses in the surrounding soil, which will
eventually cause deformation in the surrounding soil and existing structures. Therefore,
when studying the effect of foundation excavation on existing tunnels, the magnitude and
distribution of the unloading loads caused by foundation excavation should be determined
first. Then, the additional stresses in the existing tunnel caused by the unloading loads
are determined, and the deformation of the tunnel is finally determined by combining the
displacement coupling equation.

A two-stage approach is commonly used for the theoretical calculation of the defor-
mation of the adjacent tunnel caused by the foundation excavation [18,19]. The first stage
uses conventional mechanical methods to determine the additional stresses in the existing
tunnel caused by the excavation of the pit. The Mindlin solution or the elastodynamic
method is generally used. In the second stage, the additional stress distribution is applied
to the existing tunnel based on the magnitude of the additional stresses determined in
the first stage. Based on some theoretical models such as the elastic foundation beam,
the existing tunnel is considered as a continuous beam buried in the soil. Combining the
deformation coupling conditions between the soil and the tunnel, the deformation of the
existing tunnel caused by the foundation excavation is finally calculated.

3.1. Calculation of Additional Stress

Mindlin [20] derived a formula to calculate the additional stress at any point caused by
a unit vertical load or horizontal load at a point in a semi-infinite space based on theories
such as elastic mechanics. Figure 3 shows the computational model of Mindlin’s solution,
where the coordinates of the unit load point are (x,y,z) and the coordinates of any point
are (Xo,Y0,20)-

The point (xp,,z0) under the action of the horizontal load P}, to cause another point
of vertical deformation w; calculation formula:

_ Pa(x—x0) [z—20 . (3—4p)(z—z0) 6zz0(z +20) n 4(1—pu)(1—2p)
YT 16nG(A—p) | R? Ry3 R Ry(Ra 4z + 20)

@

The point (xg,10,2z0) under the action of the vertical load P, to cause another point of
vertical deformation w, calculation formula:



Appl. Sci. 2023, 13, 948 5 0f 20

P, 34y (z- 20)* L 80— 1) — (3—4p) LBt 20)* — 22z L 6z0(z+ 20)*

T 16nG(1—u)| Ry R Ry R,3 R,5 @

w2

where G is the shear modulus of the soil; y is Poisson’s ratio of soil mass. Ry = [(x — x0)% +
Y — y0)* + (z — 20012, Ry = [(x — x0)* + (y — yo)* + (z + 20)*]"/2.

v

y
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i p

(x,,2) o
(X0.Y0:20)
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z

!

Figure 3. Simplified presentation of the Mindlin calculation.

3.2. Model of Foundation Sloping

According to the previous analysis process, the magnitude and distribution width of
the unloading load after the sloping excavation of the foundation pit must be determined
first. There are usually two forms of sloping excavation: excavating the middle soil and
reserving the core soil on both sides or excavating on both sides and reserving core soil the
middle, as shown in Figure 4. In this figure, H is the excavation depth of the pit, (m); L is
the excavation width of the pit, (m); 8 is the angle of the foot of the slope of the sloping
excavation, (°); b is the excavation width of the sloping excavation body, (m); b; is the width
of the bottom of the pit of the sloping excavation body, by = b + Hcotf), b, = b — Hcotf), (m).
The numbers 1, 2 represent the order of excavation.

H
I
(a) Excavate the middle soil and reserve core soil on both (b) Excavate soil on both sides and reserve the middle core
sides soil

Figure 4. Load calculation schematic diagram of the proposed sloping excavation.
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Underground diaphragm walls

The vertical unloading loads of the two sloping excavation methods can be calculated
from the density and volume of the excavated soil. The action position is still assumed to be
at the bottom of the foundation pit. However, there is no research on the range and width
of unloading load after sloping excavation. For the method of excavating the middle soil
and reserving the core soil on both sides, the soil in the middle of the pit is excavated first.
In this paper, the width of the unexcavated soil body’s load distribution is the top edge
of the trapezoid, the bottom edge of the trapezoid and the middle line of the trapezoid,
respectively. The corresponding unloading distribution widths are [,; =L — 2b, l;p =L — 2b
— 2Hcot0, I;3 = L — 2b — Hcotf. For Figure 4a, the unloading load magnitude for the three
load distribution width cases are formulated as follows:

_ YHwa(2L — 4b — 2H cot 6)

_ yHu(2L — 4b — 2H cot 0) W
902 = "5(L = 2b — 2H cot9)
Hwa(2L — 4b — 2H cot 6
_ 7Ha( ) 5)

943 = "3(L —2b — 2H cot0/2)

where 7 is the soil weight, (N/ m?) and « is the residual stress coefficient.

For the three load distribution cases using the method of excavating soil on both sides
and reserving the middle core soil in Figure 4b, the proposed unloading load distribution
widths are ly1 = b, Iyp = by, I3 = (b + bp) /2. The size of the unloading load is determined

as follows:
_ YHa(2b — Hcot )

Ip1 b (6)
_ YHa(2b — Hcot )

o2 = 2(b— Hcot?9) @
Hua(2b — H cot6

_ yHa( ) ®)

b3 = 2(b— Hcot6/2)

For the method of excavating the middle soil and reserving the core soil on both sides,
Figure 5 shows the calculation diagram of the lateral unloading load.

Excavation of the airside @

Legend:

- Underground diaphragm walls
- Unexcavated soil

V777 side wall unloading range

Figure 5. Lateral unloading load calculation diagram.

For the excavation method of reserving core soil on both sides, the unloading effect on
the sides is basically very small because the enclosure structure is applied on both sides and
there are retained soil bodies on both sides. Therefore, our study assumes that there is no
consideration of unloading effects on sides 2 and 3. After the excavation of the middle soil,
the free face will be formed at sides 4 and 5. Considering the restraint of the deformation
of the underground diaphragm wall by the sloping soil on both sides, the width of the
unloading surface is assumed as [ = (L — 2b — 2Hcotf) in this study for sides 4 and 5. The
unloading load magnitude of the lateral sides is calculated as

Ous5 = YHKpa )
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where 7 is the unloading discount factor considering the role of the support structure, which
generally takes the value of 0.1-0.3. When considering the most adverse effect, it takes a
value of 0.5.

For the method of excavating soil on both sides and reserving the middle core soil,
Figure 6 shows the calculation diagram of lateral unloading load.

Underground diaphragm walls
2 Legend:

Underground diaphragm walls

Unexcavated soil

ny

777) Side wall unloading range

Underlying strata

Figure 6. Lateral unloading load calculation diagram.

When the soil on both sides is excavated, four free faces are exposed. The unloading
load calculation method for sides 2 and 3 is the same as the previous section. For the
unloading load calculation of side 4, the unloading load distribution width is assumed as
I = (b — Hcotf) considering the deformation restraint effect of the unexcavated soil in the
middle on the underground diaphragm wall. The magnitude of the unloading load on the
side is calculated by the formula:

02345 = YHKoa (10)

3.3. Excavate the Middle Soil and Reserve Core Soil on Both Sides

The unloading load magnitude and distribution range analyzed above can be substi-
tuted into Mindlin’s solution. In the method of excavation that excavates the middle soil
and reserves the core soil on both sides, the additional load stress caused by the unloading
of the foundation is calculated as follows:

— — — — 2 — — — —

o = —87'((1Zy)fil—B/2 Jss _a Zlilézo z) 4 3(x x}%(zo z7) 2#)[3(20R§) 4p(zo+2)] |
3(3—4V)(X0—X)2(20—Z);{EZ(ZOH)[20(1—214)—2VZ]+ a1
30x(xg—x)%20(z0+2) 4(1—p)(1-2p) (xg—x)2 (xp—x)

2 RZ Ly +n Rz(R2+Zo+Z) (1 B Rz(R(;-i-Zo-‘rZ) o 0R2 >}dJCdy
p— p— — — 3 — —
= gt e e R
3(374;4)20(z0+z);§32(z0+z)(52072) + 30220g£+z)3 }dxdy

where g is taken as 441, Ga2, Ga3, las1 =L — 2b, l;p =L — 2b — 2Hcotf, l;3 = L — 2b — Hcot®,
respectively, and the other symbols are taken as before.

For pit sides 4 and 5, the additional positive stresses in the existing tunnel caused by
the unloading load are calculated as follows:

_7HK0uz y+B/2 fo f 1 (1-2p) (xogx)z B (1—2]4)(35—4]1) 4 3(3—4],1)(x0—x)2+

Ox3 Rs R5 RZ Rg (13)
4(1—14)(1—214) _ (x0=x)*(3Re+20+2) - 520(2042)
R¢(Re+z0+2)" (3 RZ(Rg+z0+2) > [Z + (1 —2p)(z0 +2z) + —} }dzdy
—HK B/2) (1-2 3(z0-2)% | (1-2 3(3-4 2
oy = THHKEED/D) i 1 {_ )y eyl y (o2 | S0 fata)

(14)
1% [z +(1—2u)(z0+2) + —2—520(?+Z)2] }dzdy
6 6
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3.4. Excavate on Both Sides Soil and Reserve the Middle Core Soil

Because the unloading load is symmetrically distributed on both sides in the method
of excavating soil on both sides and reserving the middle core soil, the integration process
can simplify the load to twice the original load. Its basement unloading triggered additional
load stress calculation formula, which is:

2
R flL/Z ng _(1*2F‘1%;§2072)_’_3(7(077‘1%(2072) _ (1*214)[3(20;2?*4%20%)]+
3(3—4p) (x0—x)% (% —z)—6z(z +2)[zo(1—2p) —2pz]
0 0 R2 0 0 + (15)

30x(x, —x)zz (zo+2) 4(1—p)(1-2p) (xg—x)? (xp—x)
: Y B Rz(R2+Zo+Z) <1 o Rz(RZ+Zo+Z) N ORz >}dxdy

—2q L/2 B/2 (1—-2p)(zg—2) + 3(20—2)3 . (172‘14)(2072)_’_
= Br(i-m 1 —-B/2 R R R}

3(3—4p)z O(ZOJFZ);;Z(ZOH)(&WZ) + 30220%)“)3 }dxdy

071

(16)

where q is taken as gp1, qp2, 93, Ip1 = b, lp2 = ba, I3 = (b + by) /2, respectively. For the pit sides
2 and 3, the magnitude of the additional stress induced by its unloading load is calculated

by the formula:
—yHKoaz( x+L/2 B/2 [ (1 —2;4 3(xo+L/2)%  (1—2u)(5—4u) 3(3—4u)(xo+L/2)*
U= / / + —~ - +
87(1— B/2 R3 R} R;
(17)
2
41—-pu)(1 2;43 5 (x0+ L2/2) (3R4 +z0+2) ) % 24 (1—2p)(z0+2) + 520(202+ z) dzdy
Ry4(Ry + 20+ 2) Ri(Ry+20 +2) R} Ry
—yHKaz(x+L/2) B/2 (1-2 3(z0-2)% | (1-2 3(3—4p)(z0+2)°
—— 8721(112(96 fo B2 ng) + (23%22) + ¢ Rzﬂ) 4+ 3 }%Zo 2)? .
2
% [z +(1—2pu)(z0+2) + 7520(;0{2) ] }dzdy

For pit sides 4 and 5, the magnitude of the additional stress induced by the unloading
load is calculated as, which is:

2 2
023 77Hé<72?z(y+3/2 HL/2fl 1R§y (x(l]%x) . (172;1;%574;4) +3(374;41){(2x07x) + (19)
4(1—p)(1-2p) . (xo—x) (BRe+z0+2) \ _ 62 . 520(20-',-2)2
Re(Re 20 12)° (3 RZ(Ro-+20+2) > R [“ (=2 (20 +2) + =2 ”my

_ —yHKgaz( x+L/2 B/2 (1-2p) | 3(z—2)® , (1— 21) 3(3—4p) (z9+2)>
Opn = 872 1— H fo B/2{_ R3V + ?{5 + A + VRS 0 -
3 4 4 (20)

& [z +(1=2u)(20+2) + 520(752*2)2] }dzd}/
4 4

3.5. Calculation of Existing Tunnel Deformation

The additional stress caused by the excavation of the foundation pit will definitely
cause the surrounding soil and the existing subway tunnel line to deform at the same
time. In this case, the tunnel will interact with the surrounding soil. The Winkler and
Euler models ignore the shear effect of the tunnel and the soil, which is different from the
actual situation, and the Pasternak model takes into account the shear strength of the soil
and has fewer variables in the relationship equation [21-23]. Therefore, it is often used in
the calculation of tunnel deformation caused by unloading, and the Pasternak foundation
beam model is also used in this study. The calculation model of the coupling between the
existing tunnel and the soil is shown in Figure 7.
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Pasternak two-parameter foundation

______________________________________________________________

inklier's Elastic foundation beam

=

| l Shear layer I l |
Existing tunnel Euler-Bernoulh bea.m Emstmg tunnel
| | | Shear layer | I

Winklier's Elastic foundation beam

Pasternak two-parameter foundation

Figure 7. Pasternak foundation beam model.

The Pasternak two-parameter foundation consists of Winklier’s elastic foundation
beam and the soil shear layer, and the deflection differential equation of Pasternak two—
parameter foundation can be expressed as follows [24,25]:

?wg(z)  Eld*wg(z
q(z) = kwg — G¢ 8;2( ) + d8§4( ) (21)
where g(z) is the additional load on the existing tunnel; and d and EI are the width and
bending stiffness of the existing pipeline, respectively. The accuracy of the EI will affect the
accuracy of the calculation results. However, the value of the tunnel EI is still not clear at
this stage. In our study, the discount factor method is used to calculate the tunnel flexural
stiffness EI based on the calculation method of tunnel flexural stiffness EI; k is the stiffness

of Winklier’s elastic foundation beam [26], and Gc is the stiffness of the shear layer, which

is calculated as follows [27,28]:
1.3E; 12/ Eid?
k= i/ 22
d(1—u?) EI (22)

E¢hy
6(14p)
where E; and p are the elastic modulus and Poisson’s ratio of the soil, respectively,
E; =1.3~5.0 E;; E; is the compression modulus of the soil; /; is the thickness of the shear
layer related to the soil characteristics, and #; is typically considered to be 2.5 times equal
to the pipe diameter.

Equation (21) is a high-order differential equation, and is difficult to analyze using
conventional calculation methods. The finite difference method is one of the most important
tools for solving high-order differential equations. The continuous tunnel is discretized
into 2N + 5 elements, and each element length is equals to t. This includes 2N + 1 elements
within the calculation range and two virtual elements on each side of the calculation range.
The displacement magnitude of each element is determined by the boundary conditions
and the coordination of the displacements between the elements. Figure 8 shows the
discretized existing tunnel.

Ge = (23)
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Calculation range B

e o

Shear layer G,

I
. Shield tunnel

Figure 8. Discrete model of the tunnel.

According to the finite difference equation, the high-order differential equation can be
transformed into:

Fwn(z) _ 6w (z)—4(wn 1 (2)+wn 1 (2)+(wn2(2) Wy -2(2))

ay4 t4
Poy() _ wna()-2uy(D) oy () (24)
ayZ tZ

The locations (point 0 and point N) on the boundary of the calculation range B are
considered to be unaffected by the excavation of the shield tunnel. The bending moment
M and the shear force Q at the corresponding points are equal to 0. Accordingly, we fit
the following:

Mo = My = —EI
Qo= Qn = —E1*82) — gt — g

Pwy(z) _ Pwon(z)
i) — _prfenlE — g

(25)

Combining the boundary conditions and the finite difference equation, the displacement
expressions for the four virtual nodes outside the calculation range B can be obtained as:

w_1 = 4wy — 4wy + wy

Ww_p = Zw_1 — Wo

WyN41 = 2WoN — WaN-1

WoNy2 = dwon — dworN_1 + WaN_2

(26)

Based on Equations (24) and (26), iterative operations can determine the displacement
relationship of all elements after discretization. Substituting it into Equation (21), then 2N +
1 sets of equations can be obtained, and the corresponding sets of equations are transformed
into matrix vectors as follows:

[9(2)] on41)an+1) = {[k] en+1)en+1) — [Clant)en+) K] (2N+l)(2N+1)}[wG(Z)](2N+1)(2N+1) (27)

where [g(z)]on+1 is the additional load matrix acting on the discrete element; [k]on41 is the
soil bed coefficient matrix; [Glon41 is the shear layer stiffness matrix; [K]on41 is the tunnel
stiffness matrix; and [wg(z)]on+1 is the deformation matrix of the discrete element.

1 0
K=k | (28)

0 L ont1) < 2n+1)
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5 i
1 -2 1
G
Gl =3 ’ (29)
1 -2 1
L 2 -2 (2N+1)x (2N+1)
(6 -8 2 1
-4 7 -4 1
1 -4 6 -4 1
EI
[K] = e (30)

L 1 @N+1)x(2N+1)

Equations (28)-(30) and the calculated parameters are substituted in Equation (27) to
obtain the deformation considering the coupling between the existing tunnel and the soil.

4. Validation of the Numerical Simulation
4.1. Calculation and Element Parameters

In order to verify the correctness of the theoretical formulation by comparison, a model
of the pit excavation was constructed using the finite difference software FLAC3D. The
excavation area of the foundation pit is 41.3 x 22.0 x 7.6 m. The distance between the
existing metro line and the foundation is 3.0 m. The support structure is in the form of
an underground diaphragm wall with internal bracing, with a wall thickness of 1.0 m
and an embedded depth of 10.0 m. The support structure has a high stiffness. The tube
sheet of the existing tunnel has an external diameter D of 6.0 m and a thickness of 0.3 m.
A reinforced concrete tube sheet of C40 strength was used. According to the available
research, the unloading index of the pit sidewall is taken as a = 0.2, assuming that the
soil is homogeneous in the calculation model, and the soil parameters are the weighted
average of the parameters of different soil layers within the excavation area of the pit. The
Mohr—Coulomb elastoplastic model was selected as the constitutive relation of soil, and
soil parameters of each layer were determined according to the engineering investigation
report. The linear elastic model was adopted for the diaphragm wall and existing tunnel
segment [29,30]. Table 2 shows the values of each theoretical calculation parameter and
numerical simulation material.

Table 2. Values of the theoretical calculation parameters.

H L B [ 0% @ I
18.5 o
7.6m 41.3m 22.0m 0.9 KN/m?3 15 1.0
EI D Gy 2 E; a Ui
28.7 GPa 6.0m 3.92 MPa 0.25 11.3 MPa 0.2 0.319

4.2. Modeling and Calculation Steps

Aiming to reduce the influence of the numerical model boundary conditions on the
calculation results, the model size should be at least three times the size of the pit [31].
Therefore, the model size of this study is 164 x 100 x 40 m. The model is fully meshed
with a hexahedral mesh, with 112,205 mesh elements and 99,958 nodes. The boundary
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conditions of the model are to constrain the normal displacement of the front, rear, left and
right and the bottom surface. The constructed numerical model is shown in Figure 9.

z

bx>=15m

H=7.6m

b>=15m
L=41.3m

(a) Numerical calculation model for excavating the middle soil and reserving core soil on both sides.

z

b=15m

b=15m

H=7.6m

L=413m

(b) Numerical model for excavating soil on both sides and reserving core soil the middle.

Zone Z Disolacement
8.6454x10°
8.5000 x 10-3
8.0000 x 103
7.5000 %10

4.5017'x103

Unit: m

Figure 9. Our proposed numerical calculation model.

4.3. Results Analysis of Numerical Simulation

The excavation of the pit will mainly lead to vertical deformation at the top of the
tunnel vault and horizontal deformation at the arch waist. Due to page limitations, the
results are analyzed only for vertical deformation at the vault and horizontal deformation
at the arch waist.

4.3.1. Excavate the Middle Soil and Reserve Core Soil on Both Sides

Figure 10 shows a cloud diagram of the vertical deformation of the tunnel caused by
the method of excavating the middle soil and reserving core soil on both sides and the
vertical deformation curve at the vault.
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Figure 10. Vertical deformation of the tunnel.
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In Figure 10, the first step excavated the soil directly above the existing tunnel, resulting
in the significant vertical deformation of the tunnel, with a maximum deformation of
8.6 mm, located at the central position of the pit. The vertical deformation only slightly
increased with the subsequent excavation of the left and right sides of the tunnel. The final
deformation was 11.3 mm, a difference of only 2.7 mm from the first step, which means
that it is the soil above the tunnel that affects the deformation of the existing tunnel, while
the surrounding soil has less influence on it. The maximum vertical deformation of the
existing tunnel was 15.1 mm when the block excavation method was used. The maximum
vertical deformation of the existing tunnel was reduced by 25% with the sloping method
compared to the block excavation method.

In Figure 11, the method of excavating the middle soil and reserving the core soil on
both sides does not lead to a shift in the maximum position of the horizontal deformation
of the arch waist. After the excavation of the middle soil, the horizontal deformation at
the arch waist reaches its maximum value, with a maximum horizontal deformation of
3.07 mm. After the excavation of the soil on both sides, the horizontal deformation of the
arch waist changes to a lesser extent.

Excavation area

: = Excavation of intermediate soil left arch waist
#— Excavation of intermediate soil right arch waist
Zone X Displacement A~ Excavation of lefiside soil lefi arch waist
Zone X Displacement Zone X Displacement 3.0368x 10 ¥ Excavation of lefiside soil right arch waist
3.0698/x 10 2.8187x103 3.0000x (-3 @ Excavation of rightside soil left arch
3.0000/x 103 g gggg" 10 2.5000% (-3 < Excavation of rightside soil right arch waist
2.5000/x 10 x103 2.0000x (-3
& 1.5000 x 03
2.0000Ix 10 : 1.5000% |3
1.5000x 10 5o 1.0000x 10
1.0000/x 103 0.0000x 103 5.0000% |3
5.0000/x 10~ N 50000105 }| 0.0000x 03
i 0.0000/x (-2 -1.0000, 13 ~50000Xm;
-5.00001x 1 -3 -1.5000, 103 1.0000
-1.0000x 13 -2.0000 105 1.5000, |0
-1.5000Ix | (-3 -2.5000, |3 2.0000, ()3
-2.00001x 103 -3.0000 193 -2.5000% |3
-2.50001x 103 -35000, 193 -3.0000, ;1.5
-3.00001x 13 -3.5846, 19 3.3199, |0
-3.2173Ix 102
1
; 50 -40 -30 20 -10 0 10 20 30 40 50
Unit: m Unit: m Unit: m

(a) Excavation of (b) Excavation of (c) Excavation of
the left soil

the middle soil

Longitudinal distance /m

. . (d) Horizontal deformation curve of the vault
the right soil

Figure 11. Graphical presentation of the horizontal deformation of the tunnel.

4.3.2. Excavating Soil on Both Sides and Reserving the Middle Core Soil

Figure 12 shows the vertical deformation cloud diagram and the vault bulge curve
for the excavation method of excavating soil on both sides and reserving the middle core
soil. The maximum vertical deformation of the vault is located on the right side of the
existing tunnel, with a maximum deformation of 0.96 mm. After the excavation of the
left side, the maximum position is shifted slightly away from the central position of the
tunnel, with a maximum deformation of 1.5 mm. The excavation of the left and right sides
of the soil has a minimal impact on the deformation of the existing tunnel. After excavating
the middle core soil, the maximum deformation of the existing tunnel is reached, with a
maximum deformation of 8.8 mm, located at the central position of the tunnel. After the
excavation of the middle core soil, the tunnel deformation increased by 486% compared
to the previous two excavation steps. This proves that the soil located directly above the
existing tunnel is the main factor causing vertical deformation in the existing tunnel. The
maximum vertical deformation was reduced by 44% compared to the block excavation
method. The maximum vertical differential settlement value for the existing tunnel within
the pit excavation is 0.035% and the differential settlement rate within the pit excavation is
reduced by 63%. This indicates that the use of excavating soil on both sides and reserving
core soil in the middle is effective for reducing the impact of unloading of the foundation
excavation on the existing tunnel.
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Figure 12. Graphical presentation of the vertical deformation of the tunnel.

Figure 13 shows the horizontal deformation cloud and the horizontal deformation
curve at the arch waist caused by the method of excavating soil on both sides and reserving
the middle core soil.
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Figure 13. Graphical presentation of the horizontal deformation of the tunnel.

In Figure 13, the excavation of the right side of the soil shows an overall rightward
deformation of the existing tunnel. After excavating the left side of the soil, the horizontal
deformation of the arch waist on the left and right side shows a symmetrical distribu-
tion. The deformation values at this stage were small, with a maximum deformation of
0.1 mm. After the excavation of the middle soil, the horizontal deformation of the existing
tunnel increases enormously, with a maximum deformation of 2.5 mm. The horizontal
deformation of the arch waist on the left and right sides is symmetrically distributed. The
soil directly above the tunnel is still the main factor determining the horizontal deformation
of the tunnel, in consistency with the factors influencing the vertical deformation of the
tunnel. This shows that reserving the core soil above the existing tunnel can significantly
reduce the impact of the excavation on the tunnel. The method of excavating soil on both
sides and reserving the middle core soil reduces the horizontal deformation of the existing
tunnel by 50% compared to the block excavation method.

The comparison between the above two excavation methods shows that when the
existing tunnel is a single-line tunnel, the excavation disturbance of the existing tunnel line
caused by using the method excavating on both sides and reserving core soil the middle is
less than that caused by the method of excavating the middle soil and reserving core soil
on both sides. Therefore, when the pit excavation is close to the existing tunnel line, the
soil can be first excavated away from the tunnel.



Appl. Sci. 2023, 13, 948 15 of 20

4.4. Comparative Analysis of Calculation Results
4.4.1. Excavate the Middle Soil and Reserve Core Soil on Both Sides

In the theoretical calculations, the method of excavating the middle soil and reserving
core soil on both sides only considers the effect of excavating the middle soil, and the effect
of subsequent excavation on both sides of the soil is not considered. By substituting the
calculation parameters in Table 2 into Equations (1)-(4), the vertical loads on the substrate
for the three unloading load distribution widths are 10,919 kPa, 15,044 kPa and 10,760 kPa,
for excavating the middle soil and reserving core soil on both sides. The widths of the
distribution of the substrate unloading effects are 36.0 m, 26.1 m and 31.0 m, respectively.
The horizontal unloading load on the sidewall is 2084 kPa and the sidewall unloading load
is distributed over a width of 26.1 m. By substituting the above calculation parameters into
Equations (10)—(13), the vertical additional stress at the top of the existing tunnel vault and
the horizontal additional stress at the arch waist caused by the excavation of the middle soil
are calculated. Based on the two-stage method in Chapter 2, calculations were carried out to
obtain the vertical deformation of the existing tunnel vault and the horizontal deformation
of the arch waist caused by the excavation of the middle soil for the method of excavating
the middle soil and reserving the core soil on both sides as shown in Figure 14.
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Figure 14. Comparison of the theoretical calculations (when excavating the middle soil and reserving
the core soil on both sides).

In Figure 14, the calculation results have the fewest errors with the numerical simu-
lation results when the unloading strength of the substrate is 917 kPa and the unloading
width is 31.0 m. This shows that the results are most accurate when the unloading width
is calculated by taking the length of the central line of the slope trapezoid for the sloping
excavation method, which uses the method of excavating the middle soil and reserving
core soil on both sides. Taking the unloading width as the short side of the trapezoid of the
sloping excavation will result in a very high level of error in the calculation results. The
main reason for this is that taking the short side of the trapezoid for the unloading width
will result in a significant increase in load strength. The results of the theoretical calcula-
tions are consistent with the results obtained from the numerical simulations. The use of a
sloping excavation method can significantly reduce the deformation of the existing tunnel.

4.4.2. Excavate on Both Sides Soil and Reserve the Middle Core Soil

In the theoretical calculations, the method of excavating soil on both sides and reserv-
ing the middle core soil only considers the effect of excavating the soil on both sides and
does not consider the effect of the subsequent excavation of the soil in the middle. The
vertical load magnitudes for the three unloading load distribution widths are 23,063 kPa,
8719 kPa and 12,654 kPa, respectively. The distributional width of the unloading action
is 3.0 m, 7.9 m and 5.5 m, respectively. The horizontal unloading load on the sidewall is
2084 kPa and the width of the load distribution for the unloading of the sidewall is 3.0 m.
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Vault deformation/mm

The calculations were carried out to obtain the vertical deformation of the vault of the
existing tunnel and the horizontal deformation of the arch waist caused by the excavation
of the soil on both sides of the method of excavating soil on both sides and reserving the
middle core soil, as shown in Figure 15.
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Figure 15. Comparison of the theoretical calculations (the method of excavating soil on both sides
and reserving the middle core soil).

In Figure 15, the theoretical results are very close to the results of the numerical
simulations. Unlike the results of the calculation for the method of excavating the middle
soil and reserving the core soil on both sides, for the method of excavating soil on both
sides and reserving the middle core soil, the minimum error with the numerical simulation
results is the way in which the unloading action is at 3.0 m width and the unloading load
strength is 10,919 kPa with its three load distribution cases. This means that the calculated
load distribution width is chosen to be the trapezoidal short side of the slope. However, the
calculation results based on the trapezoidal central line of the slope are also less inaccurate
than the numerical simulation results. Therefore, it is also possible to calculate the load
distribution width as the length of the trapezoidal central line of the slope. After the
excavation of the soil on both sides, the removal of the soil has a very low impact on
the existing tunnel. It also proves that when excavating large volumes of soil close to an
existing tunnel, the soil can be excavated away from the existing tunnel side first. The
excavation provides a working surface for reinforcement or counter-pressure measures,
thus ultimately ensuring the safety and stability of the subsequent construction.

By comparing the numerical simulations with the theoretical solution, the unloading
width is most reasonably taken to be the length of the slope central line when adopting
sloping excavation. The smaller excavation area and the lower unloaded load levels in the
one-time excavation reduce the deformation of the tunnel. According to the above analysis,
the results of the formulae derived in our study are less inaccurate than the results of the
numerical simulations. This proves the applicability of the formulae derived in this study.

5. Parametric Analysis

On the basis of the previous study, the effect of each design factor on the disturbance of
existing tunnels was studied. The main factors related to the sloping excavation are the foot
of slope 0, the depth of excavation H and the width of the slope b. In this study, the above
three main factors are analyzed separately, using the method of excavating the middle
soil and reserving the core soil on both sides as the research solution. Due to the page
limitations, this section analyses the effect of the different factors on tunnel deformation
only in comparison to existing tunnel vertical bulge deformation.
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5.1. Different Footings of the Slope

The values of 6 for different footings of the slope and the relative strength and distri-
bution of the unloading loads are shown in Table 3.

Table 3. Unloading loads and distribution range for different footings of slope 6.

Footings of Slope 6 60° 57° 54° 51°
Unloading Load (kPa) 10,868 10,760 10,642 10,513
Distribution Range (m) 31.6 31.0 30.4 29.8

The deformation of the existing tunnel vault decreases with the foot of the slope in
Figure 16. As the foot of the slope slows down, the width of the unloaded load decreases for
the same excavation depth and slope width, but the load strength also decreases. However,
the effect of the load strength on the deformation of the tunnel structure is clearly greater
than the effect on the load distribution. This leads to a situation where the deformation of
the tunnel structure decreases with the degree of slope at the foot of the slope. Practically,
the foot of the slope can be reduced to meet the needs of the safety of the slope and the
construction work surface.
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Figure 16. Calculated results for the different footings of the slope 6.

5.2. Different Slope Widths

The values of the different slope widths b and the relative strength and distribution of
the unloading loads are shown in Table 4.

Table 4. Various slope widths b, loads and range of effects.

Slope Width b 5m 4m 3m 2m
Unloading Load (kPa) 9918 10,351 10,760 11,148
Range of Effects (m) 29.5 31.5 33.5 35.5

In view of the different slope widths b, Figure 17 shows the deformation of the vault.
As the slope width b decreases, the extent of the vault deformation increases. An increase
in the slope width will lead to a decrease in the unloading load and the width of the load
distribution, which consequently reduces the deformation of the existing tunnel vault.
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Figure 17. Calculation results for the different slope widths b.

5.3. Excavation Depths
The values of the different excavation depths H and the relative unloading load
strengths and distribution ranges are shown in Table 5.

Table 5. Unloading loads and ranges of effects for different excavation depths H.

Excavation Depth H 8.6m 7.6m 6.6m 5.6m
Unloading Load (kPa) 12,028 10,760 9456 8116
Range of Effects (m) 33.2 33.5 33.8 342

The vault deformation for the different excavation depths H is shown in Figure 18.
Changes in the excavation depth have a significant impact on the deformation of the existing
tunnel vault. As the excavation depth decreases, the vertical deformation of the existing
tunnel becomes smaller and smaller. The reduction in the excavation depth significantly
decreases the loads, which in turn reduces the disturbance to the existing tunnel and
protects the existing tunnel. This is in accordance with the pattern of the effect of the depth
on tunnel deformation during the construction of the block excavation. Practically, large
excavation depths at one time should be limited to avoid damage to existing tunnels caused
by excessive unloading.
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m L

-40 -20 0 20 40

Longitudinal distance /m
Figure 18. Calculated results for the different excavation depths H.
6. Conclusions

(1) Compared with the block excavation method with the same excavation depth, the
sloping excavation method reduces the unloading strength of the excavation and decreases
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the deformation of the existing tunnel during the excavation. The maximum vertical
deformation of the tunnel was reduced by 25% and 43%, respectively, by the method of
excavating the middle soil and reserving core soil on both sides, the method of excavation
soil on both sides and reserving the middle core soil.

(2) During the pit excavation, the main deformation of the existing tunnel was caused
by the soil directly above the tunnel, while the soil around the tunnel had less influence
on it. In the case of the foundation pit spanning a single-line existing tunnel, the sloping
excavation method for excavating soil on both sides and reserving the middle core soil
can be used. For the foundation pit spanning a double-lane tunnel, the sloping excavation
method of excavating the middle soil and reserving the core soil on both sides can be used.

(3) Theoretical calculation results have a small error with the numerical simulation
results, verifying the correctness of the theoretical calculation results. For the foundation
pit project using sloping excavation, the width of the load distribution of the soil after
excavation can be taken as the width of the median line. This approach produces the lowest
calculation error.

(4) With the sloping excavation method, the deformation of the existing tunnel is
significantly affected by the changes in the one-time excavation depth H and the slope
width b, but less by changes in the slope angle 0. In practice, it is possible to reduce the
depth of the one-time excavation and increase the width of the slope in order to minimize
the disturbance to the existing tunnel, while ensuring the stability of the slope and the need
for a working surface.
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