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Abstract: In practical engineering, it is often necessary to constructed deep pits next to
tunnels. So it is crucial to evaluate surrounding tunnels deformation and stress to ensure
their safe operation. Pasternak soil model that considers soil nonlinear is adopted to solve
tunnel beam’s differential equation to obtain longitudinal tunnel deformation and stress.
The rationality of considering soil nonlinear methods was verified by contrasting measured
with calculated results. On this basis, a comparative study was conducted on the calculation
and analysis of various influencing factors based on engineering examples. It shows that the
longitudinal tunnel deformation reduces with increase of soil modulus, tunnel axis and pit
long side angle, tunnel stiffness reduction coefficient, tunnel axis and pit center horizontal
distance. When discrete length of tunnel is less than 5 m, calculated value of longitudinal
tunnel deformation changes little with discrete length. When pit depth increases, maximum
longitudinal tunnel deformation also increases gradually. When tunnel buried depth
gradually increases in the range of 1.5~3.9 times pit depth, maximum longitudinal tunnel
deformation reduction rate becomes small. Similar pro-jects construction methods can refer
to the results, and it have certain practical application value of engineering.

Keywords: pit excavation; existing tunnels; nonlinear model; difference algorithm;
Newton’s iterative method; longitudinal deformation

1. Introduction

Due to the extensive development and construction of domestic urban subways, there
have been many real estate developments along the line, resulting in a large number of
excavation and construction of foundation pits spanning underground subway tunnels.
With the gradual increase of construction near the subway, such as deep and large pit
excavation. During pit excavation, earth unloading, waterfall, vibration, loading and other
factors will make changes around the pit and changes in the stress field, thus causing
support structure deformation. This deformation will make changes of the original stress
field of the soil body, which in turn will have an impact on the deformation of the tunnel.
Since most of the tunnels in today’s cities are adopted the shield method, and the tunnel
structure is formed by assembling prefabricated tube pieces, the overall stiffness of the
shield tunnel is low and there are many seams, so engineering accidents are prone to
occur, such as deformation, tilting, bulging, settlement, cracking, misalignment, tension,
and leaking, etc. During pit excavation in Taipei City, the surrounding subway tunnel
experienced wall damage, resulting in significant economic losses [1]. There is a large-scale
construction of building foundation pits around Ningbo Metro Line 1, which has caused
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significant displacement near the excavation face in the left tunnel, resulting in cracks
and leakage in the left tunnel lining. Therefore, conducting study on stress, deformation,
and subway tunnels influencing factors during pits excavation has significant practical
engineering application value.

At present, scholars are conducting research on the pit excavation impact on surround-
ing tunnels at home and abroad [2-9]. The deformation of the tunnel can be effectively
reduced by reinforcing the soil layer [10-12]. Zhang et al. [13-20] adopted analytical method
to study the tunnels deformation caused by pit excavation, the tunnel is simplified as an
Euler-Bernoulli beam and Winkle model is adopted, and excavation sidewall influence is
ignored. Then tunnel additional stress under the combined action of pit bottom and side
wall load was calculated, and longitudinal tunnel deformation was solved. The calculated
results showed the measured values are consistent with the calculated values, but the
influence of the supporting structure was not considered in the study, resulting in incon-
sistency. Attewell et al. [21] simplified the soil to Winkle model, used elastic foundation
beams to simulate the tunnel, and the reasonableness of this method was calculated and
verified. Zhou et al. [22] calculated and analyzed the additional stress distribution on the
tunnel axis when the pit is irregularly shaped, and further calculated longitudinal tunnel
deformation and internal force. Sun et al. [23] calculated and analyzed the adjacent tunnels
longitudinal deformation caused by pit excavation when the pit is circular, and carried out
comparative analyses between the calculation and measured results of centrifugal machine
and rectangular excavation results are verified the method reasonableness and reliability.
Cheng, Xu et al. [24,25] proposed a calculation method that considers the existing tunnels
shear effect when the pit is excavated, and further develops the sensitivity study of its
influencing factors. Wei et al. [26,27] for the shield tunnel shear misalignment phenomenon
in practical engineering, proposed a longitudinal deformation calculation method, and
their method can also calculate the related shield tunnel misalighment amount, inter-ring
shear, inter-ring angle, etc. Zheng et al. [28] combined numerical simulation methods to
propose a simplified semi-empirical method to calculate the deformation, and combined
with the measured results of 14 projects, proposed relevant empirical method and verified
the formulas rationality. Zhang et al. [29] studied the variation law of tunnels longitudinal
deformation based on the results of centrifuge tests. According to the experimental results,
the tunnels deformation caused by asymmetric excavation will increase, and its excavation
impact will be more significant. Zheng et al. [30] explored the tunnel deformation law
produced by different support structures in foundation pits. Ding et al. [31] analyzed the
engineering measurement data and further proposed a method of linearly representing the
deformation at tunnel certain positions using the soil horizontal. Huang et al. [32] analyzed
the centrifuge tests results and found that the excavation pit displacement and the longitu-
dinal tunnel displacement exhibited an exponential decay. Jiang et al. [33], Wei et al. [34]
further studied the impact of excavation pit displacement by considering the “shading
effect” of the pit support structure. Zhang et al. [35] proposed a calculation method for the
impact of excavation on tunnel deformation based on the influence of precipitation during
foundation pit construction. The soil model used Pasternak foundation, and the tunnel was
simplified into an elastic beam. The method was validated with engineering measurement
data. Liu et al. [36] focused on the impact of large underground basements in the silty clay
area of Nanjing on surrounding subway tunnels. They spent four years on-site tracking
and monitoring the changes in parameters such as horizontal underground continuous
walls deflection, tunnel arches vertical deformation, arch lines horizontal displacement,
angle of expansion at pipe joints, misalignment, tunnel roof surfaces vertical deformation,
horizontal arch lines lateral deformation, diameter convergence evolution, analyzed their
variation patterns.
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The Winkle soil model is commonly used to simulation foundation. Individual springs
are not correlated with each other, so soil continuity cannot be considered, resulting in
a large deviation from the actual results of Winkle soil model. The Pasternak soil model
springs can be connected through shear layer. Thus, the Pasternak soil model can reflect
compressive and shear soil characteristics. Kerr soil model simulates soil by introducing a
third parameter. However, the parameters involved in the Kerr model has three, it is rarely
adopted for its complexity. Most of the existing research results use the Pasternak model
to study tunnel deformation, so the model is suitable for the dynamic loading process.
Based on the above analysis, the two-stage calculation method is currently widely used to
study the deformation. Firstly, using the Mindlin solution to calculate the tunnel additional
stress; Then, it is acted on the tunnel, which is simplified as a foundation beam. Finally,
the longitudinal tunnel deformation is solved using foundation beam theory. According to
the US Guidelines for Seismic Design of Oil and Gas Pipeline Systems, It should consider
soil nonlinear to calculate the pipe-lines longitudinal deformation and stress. In order to
apply the existing analytical solutions to carry out the research, this paper ignores the three
dimensional influence of the soil, without considering the influence of tunnel shear and
torsional deformation.

Therefore, this article considers soil nonlinear and simulates shield tunnel with Euler
Bernoulli beams. The differential equation is solved using the difference method. The calcu-
lation values are verified by actual engineering measurement results to analyze nonlinear
model rationality, and further research is carried out on the relevant influencing factors.

2. The Traditional Pasternak Foundation Model

The conventional Pasternak foundation model is shown in Figure 1 with its computa-
tional expression:
o%u(x)

() = ku(x) - G55

1)

Beam

Shear Layer Gc

FEiiiiii:

Nen—linear Foundation Springs &

Figure 1. The Pasternak soil model.

In the formula, g(x) is soil reaction force; u(x) is soil vertical displacement; k is founda-
tion bed coefficient. Aettwell [37] provides an empirical calculation method for calculating

E.D* Es
k= 1.3(EI> Do) (2)

k, see Equation (2):

Ixi

G¢ is soil shear layer stiffness. Tanahashi [38] provides an empirical formula for

calculating G.. See Equation (3):
_ Eshy
= 61 +0) ®)

where E; is the soil elasticity modulus, V is the Poisson’s ratio of the soil layer, and #; is the
depth of the elastic layer, it = 2.5D.
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In general, soil has nonlinear characteristics. Therefore, Liang [39] studied the soil
model in Figure 2. Soil reaction force is assumed to be related to its displacement. Other
nonlinear influencing factors are not considered. The expression is:

0%u(x)
dx?

4)

T

0.7g, -~ "‘;

5, e
Figure 2. Schematic diagram of soil reaction forces and displacements.

The specific parameters in Equation (4) are described in the literature [39,40].

3. Theory of Longitudinal Tunnel Deformation
3.1. Tunnel Additional Stresses
From Figures 3 and 4 shows that additional stresses generated by pit bottom and side

wall. zj is the buried depth, and soil any point is M(xo, yo, z9). Additional stresses can be
calculated by Mindlin solution [41,42].

o %

Ground z J

Elevation

B|®@) @ Tunnel

()

Figure 3. The relative positions of the pit and the tunnel. (a) Top view; (b) front view; (c) three-

dimensional diagrams.

Calculation assumption: (1) It is assumed that tunnel is an beam of Euler Bernoulli;
(2) It is assumed that the tunnel displacement is equal to soil; (3) It is assumed that pit
excavation load is uniformly applied to bottom; (4) Mindlin solution is used assuming that
there are no tunnels in soil; (5) Neglecting lateral friction resistance of pit support structure.
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Figure 4. Sketch diagram of the oblique intersection of the foundation pit and tunnel.

3.2. Tunnel Deformation Differential Equations

The foundation beam force analysis is seen in Figure 5, force analysis of beam element
is seen in Figure 6.

Foundation Foundation Reaction Force
p(x)D He
O__—————smeld—mmel-—]l)-——————- >
A 4 Unloading Effect g(x)D

Figure 5. Schematic of Pasternak foundation and foundation beam forces.
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Figure 6. Schematic diagram of micro segmented force on the foundation beam.

The foundation beam deformation differential equations are Equation (5):

d*u(x)
@ dx*

£ )y D 5

(EI) kl 8x2

The parameters in Equation (5) and specific formulas are given in the literature [39].

4. Solving Differential Equations for Tunnel Longitudinal Deformation
4.1. Finite Difference Format for Differential Equations

The seven-point Hermite interpolation method finite difference Format (6) was pro-
posed in the literature [43]:

MU;_3 + Aguj_p + Astj_1 + Agutj + Azttjpq + Aaldjpo + M3 = p; (6)

where A, is the coefficient to be determined, i = 1,2...... n. u; is the displacement at the
node i. Equations (7)—(10) are obtained after computational derivation:

d4u(x) _ —0.2595(111'_3 + ul-+3) + 2.557(141'_2 + Mi+2) - 7.8924(Lli_1 + Mi_H) + 11.1899u;

. @

d3u(x) . —0.43255<Mi_3 — ui+3) - 0.1031(111'_2 - ui+2) + 1.50385(1/[1'_1 — ui+1)
dx3 3

(®)
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du(x)  —0.1(ui_p — ujyp) + 14(ui_y — uipq) — 2.6u; )
dx2 12

d*q(x) _ —01(qi2 — qiy2) + 14(qi-1 — giv1) — 264 10)
dx? 12

4.2. Iterative Solution of Nonlinear Equations

Discretize the tunnel with a length of 1 and n+7 nodes, Six virtual nodes are assumed
to exist at the end of the tunnel, they are —3, —2, —1, n+1, n+2, n+3. Tunnel is discretized
in Figure 7, from which Equation (11) is derived.

11.18991;—7.8924 (1 1 +11j_1 ) +2.557 (1 p+1u;_p) —0.2595 (11 3411;_3)
4

(EI)Eq l +
. i )01 (st ) 2.6 (11)
u]é]D _ GCD1~4(“1+1+”1—1) 0'}2(”z+2+u1—2) 2.6u; — PzD

Figure 7. Discrete treatment of tunnel.

In general, the impact on tunnels is limited. Therefore, selecting a sufficiently long
tunnel and assuming bending moment, shear force, turning angle are equal to zero at both
tunnel ends, then:

MO _ —(El)e dziu _ _(EI)E (—2.6u0+1.4(u,1+2ul)—O.l(u_z-i-uz) -0

qdjzcz 2.61n+1.4( g )—0.1(tty_p+in12) (12)
—2.6un+1.4(1tq_1+uns1)—0.1(tn_o+1un
My = *(El)equg = 7(E1)eq( ! IZH 2 22 =0
_odu Uy
.
_au __ Up17Up-1 __
0= =" =0
QO — _(EI) ‘1371:,; — —(EI) (70.43255(u,37u3)70.1031(;,27u2)+1.50385(u_17u1))
eq dx eq I
_ _ _ _ _ 14
Q, = —(EI)W%‘ — (ED)u 0.43255 (11, _3—1143) 0.1031(141,;_2 ) 1503854yt 1) (14)

In Formulas (12)—(14), My, 6y, and Qg are the bending moment, rotation angle, and
shear force at the node i = 0, respectively; My, 6,;, and Q,, are the bending moment, rotation
angle, and shear force at the node i = n; u_3, u_yp, U_1, Un41, Un42, Uns3 are =3, =2, —1, n+1,
n+2, n+3 virtual node displacement.

Expression (15) can be obtained from the joint solution of Equations (12)—(14):

u_3 = 6.1972uy — 6.6739u + 0.4767uy + us
U_p = —26u9 + 28u1 — up

H-1=1h (15)
Upy1 = Upy—1

Upyp = —26Uy + 28Uy, 1 — Uy_2

Upss = 6.19721y — 6.673%,_1 + 04767115 + tiy_3

Expanding Equation (11) yields n + 1 algebraic equation with matrix expression:

H U + gD —GU=P (16)
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[ —56.9
—1.1454
2.557
—0.2595
He=

where H; is matrix of tunnel deformation; G is matrix of shear layer; W is vector of tunnel
deformation; P is load vector; Q = ‘,’(‘—3 + qg'
u u
The virtual node Expression (13) is brought into Equation (14) to obtain each vector

and matrix Expressions (17)—-(20):

575431 —0.1237 —0.519
6.4809 —7.6329 2.557 —0.2595
—8.1519 11.1899 —7.8924 2.557 —0.2595
2.557 —7.8924 11.1899 —7.8924 2.557 —0.2595
) . ) . . . (17)
—0.2595 2.557 —7.8924 11.1899 —7.8924 2.557 —0.2595
—0.2595 2.557 —7.8924 11.1899 —8.1519 2.557
—0.2595 2.557 —7.6329 64809 —1.1454
—0.519 —0.1237 57.5431 -56.9 | (n+1)x (n4+1)
[0 0 0 0 0 |
14 -27 14 -01
-01 14 -26 14 -01
G.D
6= L (18)
-01 14 -26 14 -01
—-01 14 =27 14
L 0 0 0 0 0 4 (n+1)x(n+1)
U = {uo,uy, - uj,Ujyq, - ,Mn,un+1}(Tn+1) (19)
T
P=Dx {pOI Pl/ e Pi/ Pi—l—l/ e /Pnfl/ Pi’l}(n+1) (20)
Such that: u
K(U) = HU + QD—GU—P (21)
Then, the K(u) Jacobi matrix is:
K'(U)=H;+Hs -G (22)
where -~ -
fo 0
fi
Ks = fi
fnfl
_0 f”_ (n+1)x (n+1)
u,D /s 1 u; .
;= =) = —D — ——D,(i=0,1,2...,n
fi=lgin) =g a2 +10)’ ( )
Then: .
u D = 0 _ (g u®)) " ku®) (23)

where k is the number of iterations; #® and #**1 is the tunnel longitudinal displacement
vector at the k and k + 1 iterations.
Then, Newton's iteration Formula (23) can be rewritten as (24) and Equation (25):

Au® = —F (u(k)) " F(u®) (24)
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Steps of nonlinear equations are as follows [44]:

(1) Tunnel additional stress vector P is obtained from the Mindlin solution;

(2) K(u) and K’(u) are obtained according to Equations (21) and (22);

(3) Determine the initial value #©® according to the actual situation and use Formula (24)
to compute VANTALLE

(4) According to Au®) and Equation (25), it can compute u**1;

(5)  According to u**1) and Equation (24) obtained Au®*V); if Au*+D < ¢ (¢is the calculation

(k+1)

accuracy, generally assumed to be & = 107°), then u is the final approximation result;

6) If Auk+D > ¢, Steps (4) and (5) are repeated until accuracy of solution is satisfied.

According to the analysis of the calculation process, it is generally possible to converge
to longitudinal tunnel dis-placement solution that meets accuracy of required calculation
after 10 iterations.

5. Engineering Case Study and Validation

The Nanjing Qingliangmen foundation pit project [45] involves the excavation of a
subway tunnel beneath the foundation pit during construction.

This case is a deep pit above tunnel, and there are already two operating metro
tunnels below the excavation pit. In order to make tunnel safe, the relevant units have
made a comprehensive monitoring of the tunnel deformation, and obtained rich practical
monitoring data, it is possible to compare calculated value with the measured. At the same
time, the relevant researchers also adopted finite element numerical simulation calculations
for this engineering case, and obtained the tunnel related deformation simulation data,
which also provided detailed data for the analysis and calculation of this paper.

The excavation plan size L x B =42 m x 28 m, pit depth d = 8.5 m, and foundation pit
support structure consist of three supports. There is a pit above tunnel, with a burial depth
zo = 16.6 m, The top of the tunnel and pit bottom distance is 5 m, and tunnel outer diameter
is 16.2 m. The axis lines of right and left rows of tunnels are 16.2 m apart. Table 1 are
tunnel parameters, and the tunnel equivalent bending stiffness (El)eq = 4.65 x 10° MN.m?
is obtained by the method of Shiba [46].

Table 1. Parameters of Tunnel.

Linear Inertia
Tunnel Tube . . Tube sh.eet Stiffness of Moment of
Outer . Ring Width  Elasticity =~ Number of
. Thickness Bolted the Tunnel
Diameter . Is/m Modulus Bolts n . .
Dim Diameter/m t/m E./MPa Joints Section
¢ ky/(MN/m) I./m*
6.2 0.35 1.5 3.25 x 10* 480 148 27.62

In this paper, It is mainly focused on the influence of Nonlinear of the soil, and
longitudinal tunnel stiffness is calculated mainly by Yukio Shina’s method. The influence
of other factors is not considered. The engineering soil parameters are shown in Table 2.

Structure of tunnel is located in powdery clay. The foundation reaction coefficient and
shear stiffness can be deter-mined from modulus of soil and soil Poisson’s ratio, so relevant
parameters are obtained in Table 2,the relevant parameters are y = 18.6 kN/m?, Es = 20.2
MPa, u = 0.33, 8y = 0.25 m, Ny = 5.35, Sy = 57 kPa.
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Table 2. Parameters of Soil.
. Soil
Soil Bulk .. . Angle of .
Layer . . : Elasticity Poisson’s Cohesion
Number Soil Layer Name Thicknesses/m /‘lfle\llght* , Modulus Ratio p . ‘Ilz_terna}(o) ¢/kPa
Y/ (kN-m—3) E,/MPa riction ¢
1 Miscellaneous Fillings 3.2 18.6 24.0 0.39
2 Plaip Fill 3.1 19.5 26.6 0.36 14.1 23.7
3 Soft Plas(tjllgow‘iery 2.9 19.5 314 0.36 16.1 21
4 Powdery Clay 11.6 18.6 20.2 0.33 15.2 13.7
5 Residual Soil 57 20.5 35.6 0.30 18.1 36.1
6 Moderately Weathered 26.5 235 5000 0.20 30.0 180.0

Mudstone Sandstone

Tunnel Longitudinal Displacement w/mm

o

o

The calculation displacement are seen in Figure 8. The nonlinear P-E in the figure rep-
resents foundation proposed in this paper using the nonlinear Pasternak model, and tunnel
using the Euler Bernoulli beam calculation method; The P-E method adopts the traditional
Pasternak foundation model, and the tunnel uses Euler Bernoulli beams. The measured
values and finite element calculated values in Figure 8 can be found in reference [45].

3k

—8— Non-line P-E
—o—P-E

O Measured Value
—A— Finite Element
Calculated Values

iy —=— Non-line P-E
—o— P-E
® Measured Value
—o— Finite Element
Calculated Values

A

O NA-A-p-B- A
0670G® “

Tunnel Longitudinal Displacement w/mm
T

-40 -2 horizd 20 . 140 60 80 -80 -60 -40 -20 0 20 40
Left Tunnel Horizontal Position y/m Right Tunnel Horizontal Position y/m

Figure 8. Contrast diagram of tunnel longitudinal displacement.

From Figure 8, the longitudinal tunnel displacement trend obtained by three cal-
culation methods is similar to values of measured, indicating that non-linear Pasternak
calculation method used in the foundation model has certain rationality. According to
the comparison of measured and calculated values, but there is a difference in the value,
mainly because when pit is constructed, the soil will appear plastic deformation, the
soil has nonlinear characteristics. In addition, ignoring existence of tunnels, soil param-
eters values, simplified Mindlin solutions will lead to anomalies between practical and
theoretical values.

The maximum longitudinal tunnel displacement was generated at tunnel position
directly below corresponding pit, and it is also the position with the highest additional stress
in the tunnel. The measured maximum longitudinal deformation value of the tunnel left
lane is 3.3 mm, and the measured maximum longitudinal deformation value of the tunnel
right lane is 2.4 mm. Maximum longitudinal left tunnel deformation theoretical value based
on soil nonlinearity is 3.5 mm, maximum of the right tunnel line is 2.8 mm. Maximum
longitudinal left tunnel deformation based on P-E is 3.1 mm, Maximum longitudinal right
tunnel deformation is 2.3 mm. Among three methods, maximum longitudinal tunnel
deformation obtained by the nonlinear P-E method more in line with actual value. Analysis
and method precision of this article and verification of other engineering cases can be found
in the literature [47].

6. Parameter Impact Analysis

There are many factors that affect tunnels deformation, such as position of pit and
tunnel, parameters of pit, parameters of tunnel, and soil parameters. This article adopts
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Pasternak soil model considering nonlinear to research influencing factors such as soil
modulus Es, the length In calculated by the difference method, tunnel and pit angle «, pit
depth d, tunnel and pit horizontal distance 1, burial depth of tunnel zp, and equivalent
tunnel stiffness (El)eq-

Explore the changing law of factors affecting the longitudinal tunnels deformation during
foundation pits excavation, in order to better guide engineering design and construction.

The pit sizeis L X B =40 m x 20 m, pit depth is d = 10 m. The pit is above tunnel, its
short side parallels to tunnel axis. The tunnel burial depth is zy = 17.1 m. The tunnel outer
diameter D = 6.2 m. The pit bottom and tunnel top distance is 4 m. Tunnel equivalent bending
stiffness (El)eq = 7.8 x 10* MN-m?2. Foundation soil is considered homogeneous soil.

Soil parameters are y = 0.35, v = 18.5 kN/m?3, E = 10 MPa, 8, = 0.26 m, Ny = 5.5,
Su =29 kPa. The pit and tunnel location can be seen in Figure 9.

L |

i
Foundalion Pil \ ! !- 1
i

]
Excavate Pit |

S |

i
—

Existing Tumnel °
‘

(@) (b)

Figure 9. Relative position of pit and tunnel. (a) Plan view; (b) sectional view.

6.1. Influence of Soil Elastic Modulus

According to Figure 10, the variation of w and Es can be seen. In Figure 11 s,y
at different Es can be seen, with the horizontal coordinate being ratio of zg to d, and
the vertical coordinate being the maximum longitudinal tunnel deformation #max. From
Figure 10, with foundation soil elastic modulus increases, longitudinal tunnels deformation
range gradually decreases, value of longitudinal deformation also gradually decreases,
indicating that influence on adjacent tunnels also decreases. From Figure 11, when soil E
increases to 30 MPa, maximum longitudinal tunnel deformation changes relatively little.
From Figures 10 and 11, when Es is 5 MPa, maximum longitudinal tunnel deformation
is 14.1 mm. When E; is 40 MPa, maximum longitudinal displacement is 1.9 mm, which
is 1/7 of the former. When excavating pit, increasing soil modulus can effectively reduce
longitudinal deformation.

—8— £-5MPa

=P E=10MPa
~& E~15MPa
~#- £-20MPa
== E=25MPa
—he= £=30MPa
~@- £=35MPa
~B— E~40MPa

Excavatio:l Area

20 40 60 80
Tunnel Horizontal Position y/m

Figure 10. Longitudinal tunnel deformation under different soil modulus.
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Vmax/ MM

w,
1

ement.

laximun Longitudinal Displace
1

4~ E=30MPa
= E£=35MPa
-8~ £~40MPa

N zo/d
Figure 11. Maximum longitudinal tunnel deformation under differentsoil modulus.

6.2. Effects of Differential Calculation Length

When using the difference method to compute deformation differential equation, it
needs to takes the value for discrete tunnel length, that is the difference calculation length
I. Therefore, difference calculation length /,; influence is analyzed.

Figure 12 shows the longitudinal tunnel deformation curves calculated using different
differential lengths In when the soil elastic modulus is 10 MPa and the calculated length of
the tunnel is 160 m, where n is the number of calculation nodes.

-

D

‘Tunme] Longitudinel Displacement w/mm
—

Tunnel Longitudinal Displacer

LI YTY Lad
L L L L L L

80 60 10 20 0 20 0 60 80 80 -60 10 20 0 20 10 60 80
Tunnel Horizontal Position yim

(d)

L L L L L L
060020 0 20 0 60 80 50 00 20 0 20 10 60 80

Tunnel Horizontal Position yim Tunnel Horizontal Position yim

(e) ()

Figure 12. Longitudinal deformation diagram of tunnel with different differential accuracy. (a) In = 0.5m,
n=321;(b)lh=1m,n=161;(c) [, =2m,n=81;(d) [, =5m,n=33;(e) [, =10m,n=17; (f) [, =20 m,
n=9.
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From Figure 12, it can be seen that when the differential calculation length is less
than 5 m, the calculated longitudinal tunnel deformation varies less with the differential
length In. When the difference calculation length is greater than 5 m, due to the selection
of too few calculation points, the difference quotient cannot be used as an approximation
of the derivative, resulting in a relatively large error in the difference calculation result.
When the pit impact range is large, it can reduce the computational load, improve the
calculation efficiency by appropriately increasing the length of the differential calculation,
while also ensuring the calculation accuracy. Therefore, in the actual calculation process,
the differential calculation length is generally taken as 1~5 m.

6.3. Influence of the Angle Between the Foundation Pit and the Tunnel

In practical engineering, pit side is diagonally crossed with tunnel axis, and there will
be a certain angle &, which represents angle between the pit side and tunnel axis.

When angle & changes, longitudinal tunnel deformation will also change accordingly.
In Figure 13, maximum longitudinal tunnel deformation umax varies when tunnel and pit
angle « changes. The horizontal axis is ratio of burial depth of tunnel z; to pit depth 4,
vertical axis is maximum longitudinal deformation of tunnel #max. The range of the angle
o is 71/2 to 7, and the tunnel burial depth variation range is 1.5 to 4 times pit depth. From
Figure 13, the larger the pit long side and tunnel axis angle «, the smaller longitudinal
deformation of tunnel when zg/d is fixed.

8] n
B o=n/2
@ =213
74 - A= o=37/4
- a=5n/6

Jm

ximum Longitudinal Displacement w,,

El

zo/d

Figure 13. Maximum longitudinal deformation of the tunnel at different angles with the foundation pit.

Keeping the angle « constant, when ratio of burial depth of tunnel zj to pit excavation
depth d increases, maximum longitudinal deformation of tunnel umax decreases, decrease
rate reduces accordingly. When the angle a=7/2 and burial depth of tunnel z; is from
1.5d to 4d, maximum longitudinal displacement of tunnel um.x decreases from 7.9 mm to
2.9 mm, which is 5 mm; When the angle a=m, t/max decreases from 4.1 mm to 2.1 mm, which
is 2 mm. From this, the larger long side of pit and tunnel axis angle «, the smaller impact
on tunnel.

6.4. Impact of Excavation Depth on the Foundation Pit

Figure 14 shows influence of different depths of pit on longitudinal deformation of
tunnel when burial depth of tunnel is zy = 17.1 m. with pit depth increasing, maximum
tunnel longitudinal deformation increases rapidly. When pit depth is 1~10 m, maximum
tunnel longitudinal deformation gradually increases, meanwhile increase rate gradually
enlarges; When pit depth is greater than 10 m~12 m, approximately 0.6 to 0.7 times
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burial depth of tunnel. maximum tunnel longitudinal deformation gradually increases,
but increase rate decreases. Analyzing reasons, as pit depth increases, tunnel top and
pit bottom distance becomes smaller, impact of excavation on adjacent tunnels becomes
greater, leading to a sharp increase in longitudinal tunnel deformation. Meanwhile, as
shown in Figure 14, the longitudinal tunnel deformation and uplift range is approximately
40 m, longitudinal tunnel deformation range changes less with pit depth increase. From
this, reducing pit depth and increasing distance pit bottom and tunnel top can effectively
reduce longitudinal tunnel deformation and ensure its safety. Generally, it is required that
pit depth should not be more than 0.6~0.7 times tunnel buried depth.

10 9

Tunnel Longitudinal Displacement w/mm

-80 -60 -40 -20 0 20 40 60 80

Tunnel Horizontal Position y/m

Figure 14. Longitudinal deformation of the tunnel under different excavation depths.

6.5. Influence of Tunnel and Pit Horizontal Distance

Figure 15 shows longitudinal tunnel deformation variation when pit center and tunnel
axis horizontal distance changes. In Figure 15, when burial depth of tunnel is z, as pit
center and tunnel axis horizontal distance decreases, longitudinal deformation of tunnel
increases, tunnel deformation length also increases. When horizontal distance is greater
than 40 m, which is pit length, pit excavation impact is very small, which can be completely
ignored. Therefore, when tunnel axis and pit center horizontal distance is less than pit
length, it is necessary to consider pit impact on tunnel.

Tunnel Longitudinal Displacement w,, /m

1
-80 -60 -40 -20 0 20 40 60 80

Tunnel Horizontal Position y/m

Figure 15. Longitudinal tunnel deformation with different pit and tunnel horizontal distance.

In Figure 16, maximum longitudinal deformation of tunnel at different pit and tunnel
horizontal distances. Horizontal axis represents ratio of burial depth of tunnel zj to the pit
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depth d, vertical axis represents #max. As can be seen from Figure 16. When pit and tunnel
horizontal distance is determined, umax decreases approximately linearly with the tunnel
depth zg. Meanwhile, as the horizontal distance increases, #max gradually decreases, and
the rate of decrease also reduces. When the horizontal distance is greater than 1.5 times pit
depth d, umax changes little with the variation of the burial depth zy. When the horizontal
distance is equal to twice pit depth d, tmax is 4 mm, which is half of 8 mm when /=0. From
this, increasing the horizontal distance can effectively reduce the pit impact; When the
horizontal distance remains constant, the greater tunnel burial depth, the less affecting on
adjacent tunnels are by pit.

~B- =0
0= 1=0.5d
A~ [=1.0d
- =1.5d
- -2d

Tunnel Maximum Longitudinal Displacement w,/mm

zyd

Figure 16. Maximum longitudinal tunnel deformation with different pit and tunnel horizontal distance.

6.6. Impact of Tunnel Burial Depth

From Figure 17, tunnel deformation changes when burial depth z is different, where
dy is tunnel arch top and pit bottom net distance. When dy = 1 m, maximum displacement
Umax is 8.2 mm. When dy = 40 m, the maximum longitudinal tunnel displacement is
Umax = 1.8 mm. From this, the greater tunnel burial depth, the greater tunnel top and pit
bottom distance, thus reducing pit impact. When tunnel is located below pit, i.e., dy = 0, 2o
is small, the tunnel will be greatly affected by pit excavation, produces large deformation.
Therefore, when tunnel is directly below pit excavating, it need to monitor longitudinal
tunnel deformation, monitor and evaluate the tunnel deformation in real time, and ensure
the healthy and safe operation of the subway.

Tunnel Longitudinal Displacement w/mm

-80 -60 -40 -20 0 20 40 60 80

Tunnel Horizontal Positiony/m

Figure 17. Longitudinal deformation with tunnel buried depth changing.
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Figure 18 shows the maximum deformation umax with zy changes. Horizontal axis
represents ratio of horizontal tunnel and pit distance [ to pit depth d, vertical axis represents
Umax- Umax gradually decreases as [ increases. Meanwhile, as zy gradually increases, the
Umax decrease rate reduces. When z( gradually increases, the tunnel and pit bottom distance
gradually increases, pit impact gradually decreases. According to the calculation results,
when zj is more than 3.9 times d, tmax is less than 1 mm, pit effect can be ignored.

0.0 0.5 1.0 1.5 2.0 2.5

Horizontal Distance Between Pit And Tunnel //Pit Excavation Depth d

Figure 18. Maximum longitudinal deformation with tunnel buried depth changing.

6.7. Influence of the Equivalent Bending Stiffness of Tunnel

Shiba et al. [39] given a calculating tunnel equivalent bending stiffness (EI) ¢q method.
However, shield tunnels are made up of concrete segments and bolted joints, and their
cross-sectional bending stiffness is not the same as that of concrete as a whole. At this
point, it needs to reduce tunnel bending stiffness. To reflect actual bending tunnel stiffness,
reduction coefficient B is used, that is (EI) eq = BEcIc, where El. is the longitudinal bending
stiffness of the cross-section of the concrete cast-in-place pipeline;  is the reduction coeffi-
cient of sectional bending stiffness, 0 < 8 < 1. Assuming the diameter of the shield tunnel
is 6.2 m, the thickness of the pipe segment is 0.35 m, the concrete of the pipe segment is
E. = 3.2 x 10* MPa, and the moment of section inertia is I. = 27.62 m3. The tunnel E.I.
is 8.98 x 10° MN-m?, and equivalent shield tunnel stiffness is (EI) ¢q = 7.8 x 10* MN-m?,
with 8 =0.087.

Figure 19 shows the longitudinal shield tunnel deformation when B changes. From
Figure 19, it can be seen that when g = 1, which means the tunnel is equivalent to a concrete
pipeline, the longitudinal tunnel bending stiffness does not need to be reduced. At this
time, the maximum tunnel bending stiffness is obtained, and the maximum longitudinal
tunnel displacement #max Obtained from this is 4.9 mm; When equivalent stiffness is taken
by the Shiba method, that is, = 0.087, the maximum longitudinal tunnel displacement
Umax is 7.3 mm; When the equivalent tunnel bending stiffness reduction coefficient is
B =0.01, umax is 8.9 mm. So when tunnel stiffness reduction coefficient decreases, longitu-
dinal tunnel deformation gradually increases, and the pit impact becomes greater.

Figure 20 is maximum longitudinal tunnel deformation changing with tunnel stiffness
reduction coefficient, horizontal axis is the ratio of zy to d, vertical axis iS #max. From
Figure 20, when the equivalent tunnel stiffness reduction coefficient is small, pit excavation
has an impact on the longitudinal deformation of shallow buried tunnels. Therefore, when
the tunnel is buried at a zy,It should increase the tunnel’s bending stiffness and reduce its
longitudinal deformation; When z is relatively large, pit bottom is far away from tunnel
top, and pit impact on tunnel structure is small, So it can complies with tunnel safety
standards requirements.
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Figure 19. Tunnel longitudinal deformation with equivalent stiffness changes.
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Figure 20. Maximum tunnel deformation with equivalent stiffness changes.

7. Conclusions

When computing pit impact on tunnels basis on soil nonlinearity, nonlinear Paster-
nak soil model was used. Additional load was obtained based on the Mindlin solution.
Deformation differential equation was solved using Newton iteration method to solve.
Calculation results were verified by actual measurement values. Furthermore, influence
factors such as soil modulus, tunnel discrete length, pit long side and tunnel axis angle, tun-
nel axis and pit center horizontal distance, tunnel burial depth, tunnel stiffness reduction
coefficient were further studied by combining engineering examples.

(1) Anonlinear Pasternak soil model were used. Additional load obtained from Mindlin’s
solution was adopted. Deformation differential equation was solved using Hermite
interpolation and Newton method.

(2) Based on actual pit engineering case, tunnel deformation was analyzed using Pasternak
soil model considering soil non-linear. Calculation results were compared and analyzed
with actual measurement data to expound rationality considering soil nonlinear.

(3) The influence of relevant factors was explored using nonlinear Pasternak soil model.
According to calculation results, longitudinal tunnel deformation decreases with
increase of soil modulus, tunnel axis and pit long side angle, tunnel stiffness reduction
coefficient, pit center and tunnel axis horizontal distance; When discrete length is less
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than 5 m, the calculated deformation varies less with discrete length; The maximum
longitudinal tunnel deformation increases with pit depth increasing, and decreases
with tunnel buried depth increasing.

Euler Bernoulli beam is used for calculation in this method, but tunnel shear deformation
influence is not considered, Calculation of tunnel longitudinal stiffness does not take into
account influence of lateral stiffness, so it should further study influencing factors in future
research to improve calculation method. In addition, there are more nonlinear influencing
factors of soil, and when using nonlinear Pasternak soil model, it is necessary to experimentally
obtain the corresponding nonlinear parameters of different soils, which is a large amount of
workload, and therefore will limit its ap-plication and popularization. In the future research,
it should to further consider parameters acquisition method or relationship with other related
parameters, so as to simplify the method of parameter value.
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