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A 3D dynamic �nite element model is developed to study the response of the existing tunnels’ concrete structure under the
in�uence of di�erent train speeds and undercrossing with �xed shield excavation. �e intersection area of Metro Line 3 in
Guangzhou and the intercity railway between Foshan and Dongguan is used as the case study. A programming idea simulating
oblique moving-axle loads in the numerical model by using function expressions to constrain activity area is proposed. �e
Hilber–Hughes–Taylor time-integration scheme is used to calculate the dynamic response parameters of the double-channel
rectangular cross section tunnels. Considering �xed excavation steps in the process of shield crossing, acceleration and de-
formation of the existing tunnels were analyzed under the moving-axle loads of trains at di�erent speeds. From the perspective of
the vibration and deformation of existing tunnels, shield excavation and moving speed have their own emphasis on the dynamic
in�uence of the existing tunnel. In addition, the calculation results of the numerical simulation are in good agreement with the
data obtained from some �eld tests, which further veri�es the reliability of the calculation method of the numerical model. �e
results of this research can guide the arrangements for reinforcement measures for existing tunnels in the later stage.

1. Introduction

As important transportation hubs, cities are facing the
problem of increasingly tight construction space as the
transportation infrastructure continues to improve. With
the growing economic and cultural exchange between
central cities and neighboring satellite cities, the construc-
tion of intercity railways has become a general trend.
However, it is not uncommon for new intercity railways to
pass through existing underground tunnels in central cities.
�e existing tunnels may be seriously a�ected by the en-
vironmental disturbance caused by the construction of the
new tunnel.�erefore, ensuring the safety and normal use of
existing tunnels during the construction of such adjacent
tunneling projects is a major challenge [1]. �e

undercrossing tunneling [2–5] can change the balanced
stress �eld and cause settlement [6], resulting in additional
loads and bending moments on the existing structure, which
may adversely a�ect its ordinary operation. Lai et al. [7] used
monitoring data and �nite di�erence method (FDM) to
study the settlement characteristics of a new shield tunnel
passing through an existing tunnel and found that the
settlement and torsional deformation of the existing tunnel
were the largest at the intersection zone. Chen et al. [8]
studied the deformation and stress characteristics of a short-
distance EPB shield undercrossing twin tunnels and found
that the induced circumferential stress of existing tunnels
changed dramatically during the shield crossing. Zhou et al.
[9] regarded the existing tunnel as an equivalent rock for-
mation based on the equivalent strati�cation method and
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established a theoretical model for predicting the defor-
mations caused by the construction of a new tunnel
undercrossing an existing tunnel based on the Peck formula.

On the other hand, numerical analysis of vibration
problems such as wave propagation, structural vibration
isolation, and ground vibrations has been widely used in the
past few decades [10–15]. Bian et al. [16] conducted full-scale
model tests simulating the effects of the moving load of train
at multiple speeds and compared the results with the actual
field measurements. 'ey showed that the proposed model
test could accurately reproduce the dynamic characteristics
of the track structure and the foundation soil under the
moving load of the train. Shan et al. [17] used a three-di-
mensional (3D) finite element analysis (FEA) method to
simulate shield tunneling activity near a culvert-embank-
ment transition zone and evaluated the impact of shield
tunneling on the safety of passing trains by calculating the
differential settlement of the transition zone. Nejati et al. [18]
simulated ground vibrations caused by train’s dynamic load
and showed that the most important factors affecting the
vibration level of train are axle weight, spacing of axles, and
train’s speed. During the construction of a new tunnel, in
order to ensure the safe operation of the existing high-speed
trains, it is necessary to strengthen the new tunnel. 'e
increased rigidity of the reinforced tunnel lining inevitably
intensifies the dynamic response of the tunnel lining to the
load of the high-speed train [19–21]. 'e coupled finite
element method-boundary element method (FEM-BEM)
(where the tunnel structure system is simulated by the finite
element method and the soil around the tunnel is simulated
by the boundary element method) is widely used in the study
of tunnel structure vibration. Jones et al. [22] used FEN-
BEM to analyze the influence of tunnel lining on vibration
propagation. Using a combination of centrifuge test and
numerical simulation, Yang et al. [23] verified that ac-
ceptable tunnel characteristics can be obtained when the soil
around the tunnel is considered as a homogeneous soil.
Huang et al. [24] used two-dimensional and three-dimen-
sional models to numerically simulate the vibration of the
train during operation. 'eir results showed that the ac-
celeration and displacement values obtained by the two-
dimensional analysis were much larger than those of the
three-dimensional analysis.

A review of the literature shows that there has been a
considerable amount of research on the influence of train
load on the dynamic response of tunnel structure. However,
there has been limited research on the influence of the
moving-axle load of the train on the dynamic response of the
existing tunnel in combination with the construction dis-
turbance of the newly built tunnel. As the spatial distribution
of the surrounding soil layer changes, the impact of the
moving-axle load of the train on the dynamic response of the
existing tunnel structure is bound to vary, and this directly
influences the real-time adjustment of construction mea-
sures for new tunnels nearby. Although there have been
some experiments that directly applied the train’s dynamic
load on tunnel tracks and railroad tracks [25], these loads
have been applied in the form of cyclic compression on fixed
positions of the track in the model. However, this is

inconsistent with the reality; as the train moves, it applies
dynamic moving-axle load on the track at a particular speed.
'erefore, in order to more realistically reflect the response
characteristics of tunnel concrete structure to moving trains,
it is necessary to apply the load of the train on the track as a
dynamic moving-axle load at a certain speed. Also, a large
number of research works have been limited to existing
tunnels under large intersection angles. Research on shield
tunnel passing through the existing tunnel at short distance
under small intersection angle is very rare. 'is paper puts
forward a special case, aiming at providing some reference
for such problems.

2. Basic Theory

2.1. Dynamic Solution. 'e nonlinear dynamic response of
the structure after the impact of the train is generally solved
using the Hilber–Hughes–Taylor (HHT) time-integration
method [26], derived from the previous Newmark time-
integration method. 'e implicit HHT format has higher
accuracy for any time step ∆t. Using the weighted average of
the static forces at t and t+∆t, the equilibrium d’Alambert
force, displacement, velocity, and acceleration at time t+∆t
can be obtained, respectively, by equations (1)–(4):

M €u{ }t+Δt +(1 + n) [C] _u{ } +[K] u{ } − P{ }t

− η [C] _u{ } +[K] u{ } − P{ }t+Δt � 0,

(1)

u{ }t+Δt � u{ }t + Δt _u{ }t + Δt2
1
2

− c  €u{ }t + c €u{ }t+Δt , (2)

_u{ }t+Δt � _u{ }t + Δt (1 − δ) _u{ }t + δ €u{ }t+Δt , (3)

€u{ }t+Δt �
1

cΔt2
u{ }t+Δt − u{ }t  −

1
cΔt

_u{ }t −
1
2c

− 1  €u{ }t,

(4)

where [M] is the mass matrix, [C] is the damping matrix, [K]
is the stiffness matrix, €u{ }t is the acceleration vector, _u{ }t is
the velocity vector, u{ }t is the displacement vector, [P] is the
load vector, and η is the weighting factor. c and δ are de-
termined according to η, and the value of η is between 1/3
and 0. When η is equal to 0, the HHT scheme will be
simplified to the average acceleration algorithm, the cor-
responding c and δ are 0.25 and 0.5, respectively.

Taking a train with six carriages and each carriage has
two pairs of wheels at the front and rear as an example, it
establishes the nonlinear dynamic motion equations of the
train and the structure, respectively. 'en combine two
equations to obtain the final dynamic equation of the train-
structure interaction system, since the equations of motion
of the system are the basis for solving the structural de-
flection expression. Model of 2-axle carriages moving with
the same speed over the multi-span continuous beam
structure is shown in Figure 1. Motion of the ith carriage is
expressed by (5) as follows:

Mvi
€Yi + Cvi

_Yi + KviYi � Pvi(i � 1, 2, 3, 4, 5, 6), (5)
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where Yi � yvi(t), θvi(t), y1i(t), y2i(t) 
T is the response

vector of the ith carriage, Mvi, Cvi, and Kvi are the mass,
damping, and stiffness matrices of the ith carriage, re-
spectively (see ). Besides, Pvi is the combination of the train-
structure interaction force vector and vehicle static load
vector expressed by equations 6–(8) as follows:

Pvi � −

0

0

Pfi(t)

Pri(t)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

+

0

0

m1i + h2imvi

hi

 g

m2i + h1imvi

hi

 g

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (6)

Pfi(t) � Kt1i y1i(t) − w Sfi(t), t  − r Sfi(t)  

+ Ct1i _y1i(t) − _w Sfi(t), t   +
m1i + h2imvi

hi

 g,
(7)

Pri(t) � Kt2i y2i(t) − w Sri(t), t(  − r Sri(t)( ( 

+ Ct2i _y2i(t) − _w Sri(t), t( (  +
m2i + h1imvi

hi

 g,
(8)

where r(S(t)) is the road surface roughness at the location of
the corresponding trains’ axles. w(S(t), t) and _w(S(t), t) are
the vertical deflection of the train and its time derivative at
the location of the corresponding vehicle axles, respectively.

'e damping ratio of every vibration mode of structure
is assumed to be equivalent. 'erefore, the equation of
motion of the structure is given by equation (9) as follows:

Mstr
€U + Cstr

_U + KstrU � H · Pin, (9)

whereU is the structure nodal response vector.Mstr, Cstr, and
Kstr are the assembled mass, damping, and stiffness matrices
of the structure. H is the global load transformation matrix.
In the case of a train system with 2-axle carriages, the
transformation matrix H is given in equations (10) and (11):

H �

0 . . . 0 . . . 0 . . . H1 . . . 0

0 . . . 0 . . . Hi . . . 0 . . . 0

⋮ . . . ⋮ . . . ⋮ . . . ⋮ . . . ⋮

0 . . . H6 . . . 0 . . . 0 . . . 0

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (10)

Hi �
0 . . . Hfi(x, t)

Hri(x, t) . . . 0
 . (11)

Pin is the interaction force vector containing all inter-
action forces from every axle. Likewise, in the case of a train
system with 2-axle carriages, the interaction force vector Pin
can be written by (12) as follows:

Pin � Pf1(t)Pr1(t)Pf2(t)Pr2(t)Pf3(t)Pr3(t)Pf4

t)Pr4(t)Pf5(t)Pr5(t)Pf6(t)Pr6(t) .
(12)

Combining equations (5) and (9), the train-structure
interaction formulation can be obtained, and the equation of
motion of train-structure system is given as follows:

Mstr 0 0 0

0 Mv1 0 0

0 0 ⋱ 0

0 0 0 Mv6

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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€U

€Y1

⋮

€Y6
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+

Cstr + H · Ctt · H
T

− H · Ct1 . . . − H · Ct6

− Ct1 · H
T

Cv1 + Ct1 . . . 0

. . . . . . ⋱ ⋮

− Ct6 · H
T 0 . . . Cv6 + Ct6
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_U

_Y1

⋮

_Y2

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
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+

Kstr + H · Ktt · H
T

− H · Kt1 · v(t) ·
zH

zx
· Ct1 . . . − H · Kt6 · v(t) ·

zH

zx
· Ct6

− Kt1 · H
T

Kv1 + Kt1 . . . 0

. . . . . . ⋱ ⋮

− Kt6 · H
T 0 . . . Kv6 + Kt6

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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U

Y1

⋮

Y2

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

�

− H · Ktt · r + H · Ms

− Kt1 · r

⋮

− Kt6 · r

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(13)

'e structure is considered as an n-span continuous Euler
Bernoulli beammodel. Figure 2 presents a finite beam element
used in the structure discretization with corresponding nodal

degrees of freedom and nodal forces. 'e shape function of jth
element used to transform external acting loads into the nodal
load vector can be written by (14) as follows:

Shock and Vibration 3



Hj(x, t) �

1 − 3
xi(t) − (j − 1)l

l
 

2

+ 2
xi(t) − (j − 1)l

l
 

3

xi(t) − (j − 1)l
xi(t) − (j − 1)l

l
 

2

3
xi(t) − (j − 1)l

l
 

2

− 2
xi(t) − (j − 1)l

l
 

3

xi(t) − (j − 1)l
xi(t) − (j − 1)l

l
 

2
⎛⎝ ⎞⎠−

xi(t) − (j − 1)l( ( 
2

l

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(14)

To find the time response of the structure from equation
(13), a step-by-step solution can be obtained using the New-
mark direct integration method.'e deflection of the structure
at position x and time t can then be expressed as 1516:

w(x, t) � H(x)U(t), (15)

H(x) � 0 . . . H(x)
T
j · · · 0 , (16)

whereU (t) is the structure nodal response vector at time t,H
(x) with (j − 1)l≤ x (t)≤ jl. H (x) is a 1×NN vector with zero
entries except at the degrees-of-freedom corresponding to
the nodal displacements of the jth beam element on which
the position x is located [27].

2.2. Equation of Motion of Group of Forces Running on Track
Deck. With a span length L, constant stiffness EI, constant
mass per unit length ρ, and viscous damping ratio C, it
considers the time-varying point force f (x, t) moving from
left to right at a speed v(x, t) on a simply supported track
deck. 'e track deck is modeled as an Euler beam [28], and
the differential equation on the deflection of the beam can be
expressed by (17) proposed by Yu and Chan [29] and Chan
and Ashebo [30]:

ρ
z
2
v(x, t)

zt
2 + C

zv(x, t)

zt
+ EI

zv
4
(x, t)

zx
4 � f(x, t). (17)

With the nth mode shape function of the beam expressed
as Φn (x)� sin (nπx/L), the solution of equation (18) is
obtained as follows:

v(x, t) � 
∞

n

Φn(x)qn(t), (18)

where n is the number of mode, qn (t), (n� 1, 2, . . ., ) are
the nth modal displacements. After substituting equations
(18) into (17), integrating the resultant equation with respect
to x between 0 and L, and then using the boundary con-
ditions and the properties of the Dirac delta function, the
equation of motion in terms of themodal displacement qn (t)
is given by equations (19) and (20) as follows:

Ks25,Ct25

Kt25,Ct25
mv5,yv5

Ks15,Cs15

Kt15,Ct15

Iv5,θ v5
y25 y15

m25 m15

h5
h25 h15

mv6,yv6

Ks16,Cs16

Kt16,Ct16

Ks26,Ct26

Kt26,Ct26

Iv6, θ v6
y26 y16

m26
m1
6

h6
h26 h16

Ks21,Ct21

Kt21,Ct21
mv1,yv1

Ks11,Cs11

Kt11,Ct11

Iv1,θ v1
y21 y11

m21 m1
1

h1
h21 h11

mv2,yv2

Ks12,Cs12

Kt12,Ct12

Ks22,Ct22

Kt22,Ct22

Iv2,θ v2
y22 y12

m22
m1
2

h2
h22 h12

l1 l2 l3 l4 l5
ln-4

ln-3 ln-2 ln-1 ln

Sr6(t)
Sf6(t)

Sr5(t)
Sf5(t)

Sr2(t)
Sf2(t)

Sr1(t)
Sf1(t)

L

v(t) v(t) v(t) v(t)

Figure 1: Train-structure system of n-span continuous beam.

u1 (t)

u2 (t) node
u3 (t)
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u(x,t)

η
l

A, E, I, ρ
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Node i

Fi+1 (t)
Mi+1 (t)Node 

i+1

Pi (t)

l

A, E, I, ρ

xi (t)-( j-1) l

Figure 2: Equivalent nodal loads for the jth element loaded by the
train-structure interaction force.
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d
2
qn(t)

dt
2 + 2ξnωn

dqn(t)

dt
+ ω2

nqn

�
1

M


N1

k�1
Φn xk(t)( f(x, t); (n � 1, 2, . . .∞),

(19)

ωn �
n
2π2

L
2

�����������
EI

ρ
; ξn �

C

2ρωn



, (20)

where ωn, ξn are the nth modal frequency, the modal
damping ratio, respectively, and Mn is defined as follows:

Mn � 
L

0
ρAΦ2n(x)dx. (21)

Considering the group of moving forces, f (x, t) in
equation (17) is given by Cebon [31]:

f(x, t) � 

Nl

k�1
δ x − xk(t)( pk(t), (22)

where xk (t) is the position of the kth force, and δ (t) is the
Dirac delta function.

'e response of the system expressed by equation (18)
can be solved in the time domain by the convolution integral
defined as follows :

qn(t) �
1

M


t

0
hn(t − τ)p(τ)dτ, (23)

where hn (t − τ) is the impulse response function and it can
be given as follows :

hn(t) �
1
ωn
′

 e
− ξnωnΔt(i− j) sin ωn

′t( ; t≥ 0, (24)

ωn
′ � ωn

�����

1 − ξ2n


. (25)

After substituting equations (24) and (25) into (18) for
the generalized coordinate qn (t), then the dynamic de-
flection of the beam at point x and time t can be found as
follows:

v(x, t) � 

∞

n

Φn(x)

Mn


t

0

1
ωn
′

 e
− ξnωn(t− τ) sin ωn

′(t − τ) 

Nl

k�1
pk(t)Φn xk(τ)( dτ. (26)

It should be noted that the acceleration of the system can
be derived from deflection. 'erefore, the acceleration at
point x and time t can be obtained as follows:

a(x, t) �
z
2
v(x, t)

zt
2 , (27)

after substituting equations (26) into (27), the owned cor-
responding equation can be written in discrete terms as
follows:

a(i) �
1

M


∞

n�1
Φn(x) Φn(cΔti)p(i) + 

i

j�0

€h(i − j)Φn(cΔtj)p(j)⎡⎢⎢⎣ ⎤⎥⎥⎦.

(28)

3. Main Components of the System

3.1. Case Study. 'e Changlong section of the Fosh-
an–Dongguan Intercity Railway starts at Guangzhou
South Railway Station and ends at Wanghong Station in
Dongguan City. 'ere are 7 stations including Guangzhou
South, Changlong, and Panyu Avenue North, with a total
length of 36.681 kilometers. 'is paper takes the
Changlong section of the Foshan-Dongguan Intercity
Railway under the existing Metro Line 3 tunnel in
Guangzhou at the standardized mileage YDK8 + 350∼420.
'e Changlong section of the Foshan-Dongguan Inter-
city Railway (marked in red in Figure 3) passes under
the Metro Line 3 tunnel (marked in green in Figure 3),
which forms an intersection area with a small angle of 30°.

A typical soil profile in the middle of the intersection area
is shown in Figure 4.

3.2. Detailed Introduction of the Numerical Model. 'e
Foshan–Dongguan Intercity Railway Tunnel and Metro
Line 3 of Guangzhou in the intersection area are selected
as the domain of interest in the numerical model, built in
ABAQUS. 'e Foshan–Dongguan Intercity Railway
Tunnel is a shield tunnel and Metro Line 3 is an existing
tunnel in the intersection area. 'e entire domain of the
numerical model is discretized into 263553 elements.
Except for the existing tunnel for which the element type
C3D4 is used, the element type of all other components is
C3D8. 'e whole three-dimensional model shown in
Figure 5 is 112m long, 120m wide in the cross-sectional
direction of the shield tunnel, and 52.3m deep. 'e newly
built shield tunnel has a buried depth of 24.9 m and is
divided into two lines on the left and right. According to
the sequence of construction, the left-line shield machine
first will pass through the existing tunnel (as shown in
Figure 5), and after the left-line shield machine completed
the excavation process for a total of 70 rings, the right-line
shield machine will cross through the soil layers below the
existing tunnel with a buried depth of 8m. 'e angle
between the existing tunnel and the shield tunnel is 30°,
hence the length of the existing tunnel in the numerical
model is about 129.3 m. 'e existing tunnel with specific
geometric dimensions shown in Figure 5 is composed of a
single-layer double-span structure and single-layer single-
span structures. 'e numerical model simulates static
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excavation before applying dynamic loads. Before the ex-
cavation of the soil layer, the existing tunnel and the whole
soil layers are involved in the stress cancellation to eliminate
the original settlement caused by gravity. In the design part
of the numerical model, the methods interpreted as sup-
pressing soil elements at the excavation site and activating
the lining elements and grouting elements are used to
simulate the shield excavation process. 'e equivalent layer
elements used to replace the slurry and over-excavated voids
are activated to simulate the construction process of
grouting and exerting segments during the shield excava-
tion. During the entire crossing process, the left-line shield
machine first traverses the single-layer double-span section
of the existing tunnel, and then traverses the single-layer
single-span section, while the right-line shield machine
always passes through the single-layer single-span sections
of the existing tunnel in sequence. 'e two shield machines
on the left and the right need to go through 70 rings to
complete the penetration of the entire three-dimensional
soil layers. A number of special cases (marked in Figure 5),
interpreted as shield machines reaching different positions
(including the left line reaching to the 15th ring, the left line
to the 30th ring, the left line to the 44th ring, the right line to
the 38th ring, the right line to the 52th ring, and the right line
to the 67th ring), are selected as the working condition for

comparative study. Finally, when the shield machine ad-
vances to the set excavation position, moving-axle loads
with different speeds are applied to run on the rails of the
existing tunnel to simulate dynamic loading. Reflection and
refraction will occur when the dynamic load propagates to
the boundary position due to the limited size of the nu-
merical model, which will cause certain errors in the cal-
culation results. Moreover, this model simulates the semi-
infinite field of the overall model by setting up the artificial
boundary [32], which better solves the reflection and re-
fraction problems of the dynamic load propagating to the
boundary. 'e artificial boundary, which is shown in Fig-
ure 5, is specifically set at the periphery and bottom
boundary of the 3D numerical model.

'e damping matrix of the system adopts Rayleigh
damping [33], and the specific expressions are shown as

[C] � α[M] + β[K], (29)

α �
2ωiωj

ωi + ωj

ξ,

β �
2

ωi + ωj

ξ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(30)

where α and β are the Rayleigh damping coefficients, ωi and
ωj are generally the first twomodes of the system, and ξ is the
damping ratio of the soil. 'e three-dimensional viscoelastic
artificial boundary is processed by an equivalent spring-
damper system [32], and the corresponding tangential and
normal spring stiffness and damping coefficients are taken
according to the following formulas shown as:

KBT � αT

G

R
, CBT � ρcs, (31)

KBN � αN

G

R
, CBN � ρcp, (32)

where KBN and KBT are the spring normal and tangential
stiffness, respectively; CBN and CBT are the damping coef-
ficients of the damper in the normal and tangential direc-
tions, respectively; R is the distance from the wave source to
the artificial boundary point; cs and cp are, respectively, S and
P velocities of wave; G is the medium shear modulus; ρ is the
mass density of the medium; αT and αN are the correction
coefficients of the tangential and normal viscoelastic arti-
ficial boundary.

3.3.MaterialCharacteristics. Based on the borehole data, the
actual site is simplified to horizontal layered soil layers to
achieve more effective grid division. 'e soil in the nu-
merical model is divided into three layers including silty
clay, plastic silty clay, and fully weathered granite. 'e
Mohr–Coulomb constitutive model with damping is used to
simulate the stress-strain relationship of the soil under
dynamic loading. 'e mechanical parameters of soil are
given in Table 1. 'e EPB-TBM shield with the ignored
conicity [34] has a cylindrical shape [35]. Specific parameters
for the shield body are listed in Table 2. In the construction

Changlong
Tourist Resort

Metro Line 3
Intercity railway betweenFoshan and Dongguan

N

intersection area

Figure 3: Plan view of project site.
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±0.00 m
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granite
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Silty clay
-9.00 m

-52.30 m

Existing tunnel (Metro
Line 3 Tunnel)

New tunnel
(Foshan-

Dongguan
Intercity
Railway)

Figure 4: Typical soil profile in the middle of intersection area.
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of the shield tunnel of the Foshan–Dongguan Intercity
Railway, the over-excavated space generated by the shield
machine is filled with grout, and the numerical model uses
an equivalent circular concrete layer with the inner radius of
4.25m to fill the gap. Considering that the hardening of the
concrete grout is accompanied by the process of shield
tunneling, the elastic modulus of the concrete layer is set to
0.58MPa, 6.8MPa, and 23MPa in three stages. In the first
stage, the initial setting stage of the grout is around the latest
laid three pipe rings, and the initial elastic modulus is
0.58MPa. In the second stage, the solidification of the grout
occurs in the intermediate stage at the latest laid 4th to 6th
pipe rings, and the equivalent elastic modulus is 6.8MPa.
'e equivalent elastic modulus of the filling grout at the
other completed pipe rings is set to 23MPa. 'e specific
material parameters of the three types of grout following a
sequence are given in Table 3. Similarly, the parameters of
the segmental lining with inner radius of 3.85m are included
in the newly built shield tunnel, and the parameters of the
existing tunnel are summarized in Table 3. Before applying
the moving-axle load of the train, the three-dimensional soil
layers need to be excavated in a static state. According to the
buried depth of the shield tunnel and the setting specifi-
cations of the excavation parameters in the construction
plan, the thrust of the excavation face and the grouting
pressure of the shield tunneling are set to 0.17MPa and
0.5MPa, respectively.

4. Introduction of Moving-Axle Loads

To analyze the effects of the load imposed by train on the
tunnel structure, this paper considers the use of vertical
excitation force to simulate the moving-axle loads [36].

'e moving-axle load of the train is simulated by the ar-
tificial excitation force function proposed based on the
theoretical research and test data of the British Railway
Technology Center. 'e part of the wheel/rail force below
5Hz is mainly produced by the relative motion of the car
body to the suspension part. 'e intermediate frequency
component of 30∼60Hz reflects the rebound effect of the
wheel relative to the rail, and the high-frequency component
of 200∼400Hz is produced by the movement of the rail by
the resistance of the wheel-rail contact surface. 'e artificial
excitation force function used to simulate the vertical load of
the train is composed of the static load of the train wheels
and the dynamic load formed by a series of sine functions,
which are shown as:

F(t) � P0 + P1 sin ω1t(  + P2 sin ω2t(  + P3 sin ω3t( , (33)

Pi � M0αiω
2
i ωi �

2πv

Li

(i � 1, 2, 3) , (34)

where P0 is the static load of a single wheel, and the weight of
the running train in this model determines the value of P0 as
84.75 kN; P1, P2, and P3, respectively, represent the typical
values of the vibration load defined by the additional dy-
namic load acting on the line and the wear of the rail surface
according to the driving comfort; ωi is the circular frequency
of the irregular vibration wavelength corresponding to the
train speed v; M0 is the mass under spring of the train, the
mass under spring of each train in this model is 1770 kg; αi is
typical vector height; Li is typical wavelength; the values of α1
and L1 corresponding to P1 are 3.5mm and 10m; the values
of α2 and L2 corresponding to P2 are 0.4mm and 2m, and
the values of α3 and L3 corresponding to P3 are 0.08mm and
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Figure 5: 3D finite element numerical model: (a) location relationship between the left-line shield tunnel and metro line 3 tunnel; (b)
labeling of specific detailed construction steps for shield tunneling through intersection area.
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0.5m.'e different dynamic responses of the existing tunnel in
the intersection area will be triggered by the train in the existing
tunnel passing through the intersection area at different speeds
of 50 km/h, 75 km/h, 100 km/h, and 125 km/h. Corresponding
to these four speeds, the times required for the train to
completely pass through the entire model domain are 19.16 s,
12.78 s, 9.58 s, and 7.66 s, respectively. A method, shown in the
form of a flowchart in Figure 6, is adopted to compile the
moving-axle load of the train into a set of procedures, which
can be readily implemented in ABAQUS.

Furthermore, to illustrate the action area and action
form of the moving-axle load of the two trains, A and B,
running on the rails in the existing tunnel, Figure 7 shows
the details of the load of the first carriage of each train. Based
on the premise of the implicit integration calculation
method and that the time step should not be exceeding 1/100
of the maximum natural period, the step size of the total
integration time is set to 0.01 seconds.

5. Observation Points on Existing Tunnel

'e dynamic response of the existing tunnel structure with
trains running opposite to each other in it is the core of the
numerical calculation task. Relevant research results [37]
show that the only center position of each cross section on
the track bed is the most typical representative of the dy-
namic response of the structure under the external load. In
addition, for the on-site measurement scheme of existing
tunnels, the only center position of each cross section on the
track bed is also selected as the installation position of the
measuring instrument. Figure 8 shows the detailed position
information of each observation point on the center of the
existing tunnel. It is seen that the single-layer double-span
section and the single-layer single-span section of the
existing tunnel are connected to each other in Figure 8. 'e
1st observation point of each cross section constitutes the set
of observation points on the left track bed of the existing

tunnel, while the 6th observation point of each cross section
constitutes the set of observation points on the right track bed
of the existing tunnel. Each line has 49 cross sections in total,
and the 1st and the 6th observation points of each section are
located in the middle of the concrete slab under the two-track
beds.'e observation points located in the intersection area on
the existing tunnel are marked in red in Figure 8.

6. Emphasis of Research Content

Based on the difference in the process of excavation in the
intersection area and the difference in the speed of the train
running in the existing tunnel, extracting and analyzing the
characteristics of peak acceleration and peak displacement
on each observation point along the running direction of the
train is the focus of the investigation of the dynamic dis-
turbance to the existing tunnel. Although the newly built
shield tunnel under the existing tunnel crosses the inter-
section area in the order of construction, the actual time
required for the shield machine excavating a ring is much
longer than the time for the train passing through the whole
length of the existing tunnel. As a result, there is a significant
difference in the dynamic disturbance to the concrete
structure of the existing tunnel caused by the moving train.

7. Results and Discussion

7.1. Peak Acceleration along the Track Bed of the Existing
Tunnel. According to the construction sequence of the
newly built tunnel, the right-line shield machine passes
through the intersection area after the left-line shield ma-
chine has run through the overall model. Figure 9 shows the
distribution of peak acceleration along the bottom floor of
the existing tunnel when the left-line shield machine reached
the 15th ring, the 30th ring, and the 44th ring in sequence.
Figure 10 shows the distribution of peak acceleration along
the bottom floor of the existing tunnel when the right-line

Table 1: Mechanical parameters of soil layers in the numerical model.

Type of soil layer Density (kg/m3) Elastic modulus (MPa) Poisson ratio Friction angle (o) Cohesion (kPa)
Silty clay 1820 10.33 0.33 7 12
Plastic silty clay 1850 15.32 0.31 17.03 19.4
Fully weathered granite 1960 21.97 0.29 21.3 18.17

Table 2: Geometry and material parameters of shield machine.

Diameter of the cylinder shape (m) Length (m) 'ickness (m) Density (kg/m3) Elastic modulus (GPa) Poisson ratio
8.8 11.2 0.2 3000 2080 0.2

Table 3: Material parameters of various types of concrete.

Location Length (m) 'ickness (m) Density (kg/m3) Elastic modulus (MPa) Poisson ratio
Grouting layer (1) 1.6 0.15 2068 0.58 0.31
Grouting layer (2) 1.6 0.15 2163 6.8 0.27
Grouting layer (3) 1.6 0.15 2260 23 0.21
Segmental lining 1.6 0.4 2350 33600 0.23
Existing tunnel — 0.7 2500 30240 0.2
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shield machine successively arrived at the 38th, 52th, and 67th

rings. It is seen that when the speed of train increases from
50 km/h to 125 km/h, the peak acceleration of the

observation points along the left and right bottom floors of
the existing tunnel also increases. When the left-line shield
machine advances to the 15th ring, which is about to enter
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Train B

Driving direction
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X

Z
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a13a14
Y

l1

60°

rail

l2

rail

Train A

Driving direction

moving-axle load

moving-axle load
1.435 m

1.435 m

Figure 7: Schematic diagram of the constrained area of the first carriage with moving-axle loads on rails.

Step 1

Using function expressions to define the
distribution boundary of the moving-axle
load along the left and right sides of the rails:
l3=x-y/1.7320508;l4=x-y/1.7320508-
1.65815;l1=x-y/1.7320508-
9.976613;l2=x-y/1.7320508-11.634763.

Take the first row load of the first car in the train
numbered A as an example, using function expressions
to define the distribution boundary of the moving-axle
load along the train's traveling direction:
a11=y+0.577350269*x-1.154700538*s1;a12=a11-
2.886751346;a13=a11-18.12879845;a14=a11-
21.0155498.

Step 3

Take the action area of the moving-axle load of the first car in the train numbered A as an example, the effective
range of the train's moving-axle load is constrained by simultaneously making the distribution boundary of these

physical quantities named l1,l2,a11,a12,a13 and a14 meet the relevant range of values:
-0.057≤l1≤0.057;-0.057≤l2≤0.057;-0.08660255≤a11≤0.08660255;-0.08660255≤a12≤0.08660

255;-0.08660255≤a14≤0.08660255;-0.08660255≤a14≤0.08660255.

Step 4

Step 2

For example, physical quantities named a11 and b11
mean the boundary of the constrained area of the
moving-axle load in the first car of reverse trains
along the train's forward direction, and physical
quantities named l1,l2, l3 and l4 mean the boundary
of the constrained area of the moving-axle load on
the rails along the left and right sides of the rails.

Defining of the meaning of
physical quantities including

In the case of a train speed of 50 km/h as an example, defining the relationship
between the speed and displacement of two trains traveling in opposite
directions, as well as the relationship between moving-axle load and time:

v=13.89;s1=v*1.7320508*time(2);s2=129.3264603-
s1;P=(84750+2948.22*sin(21.82*time(2))+8423.5*sin(109.08*time(2))+

26955.19*sin(436.3*time(2)))/0.015.

x,y,a11,a12,a13,a14,a21,a22,a23,a24,…
,b11,b12,b13,b14,b21,b22,b23,b24,…

,l1,l2,l3,l4,v,s1,s2,P.

Figure 6: 'e main steps of using formula translation to edit the subroutine of the train’s moving-axle load.
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the intersection area, the peak acceleration of the ob-
servation points along the bottom floor of the existing
tunnel shows an overall decreasing trend. But the peak
acceleration along the right bottom floor of the existing
tunnel (the sixth observation point of each section) is
generally higher than along the left side (the first ob-
servation point of each section). Next, when the left-line
shield machine advances to the 30th ring which has passed
through the single-layer double-span section on the right
of the existing tunnel, as the trains move in the existing
tunnel at the same speed, it is seen that the maximum peak
acceleration along the right floor of the existing tunnel
(the sixth observation point of each section) appears
within the intersection area (the 18th section of the
existing tunnel itself ). Also, the peak acceleration along
the right floor of the existing tunnel (the sixth observation
point of each section) is still generally higher than along
the left side (the first observation point of each section).
As the left-line shield machine reaches the 44th ring with
the continuous excavation, the peak acceleration along the
left floor of the existing tunnel is in turn higher than that
along the right floor. Considering the changes in train’s
speeds (50 km/h, 75 km/h, 100 km/h, and 125 km/h), the
corresponding maximum values of peak accelerations of
the left floor of the existing tunnel appear on the 23rd
section (0.04m/s2), the 23rd section (0.053m/s2), the 22nd
section (0.081m/s2), and the 22nd section (0.102m/s2),
respectively. At the same time, the maximum values of
peak acceleration of the right floor on the existing tunnel
corresponding to these four speeds appear on the 25th
section (0.026m/s2), the 23rd section (0.035m/s2), the
25th section (0.053m/s2), and the 25th section (0.071m/
s2), respectively.

Considering the changes in the specific position of the
maximum peak acceleration on the existing structure under

different working conditions, it can be concluded that the
change in vibration of the existing structure under the action
of the train’s moving-axle load is clearly affected by the
disturbance of the undercrossing new shield tunnel. It
should be noted that the 25th cross section is the interface
between the single-layer double-span section and the single-
layer single-span section of the existing tunnel. 'e existing
structure here has solidified due to the geometric properties
of the cross-sections, hence the 25th cross section is the most
vulnerable part of the entire existing structure.'erefore, the
closer the position on the structure is to the interface, the
higher the degree of vibration caused by the dynamic load.
As the right-line shield machine starts to enter the inter-
section area, the characteristic is that the position appearing
the maximum value of peak acceleration along the left and
right sides of the existing tunnel continuously moves to the
right direction unanimously in Figures 9 and 10, which is
consistent with the right-shifting of the position on the cross
section appearing the maximum value of peak acceleration
during the whole process of the left-line shield machine
passing through the intersection area. Moreover, compared
with the case where the maximum value of the peak ac-
celeration curve along the left-side structure on the existing
tunnel continuously shifts to the right, the maximum value
of the curve along the right-side on the existing tunnel
moves faster with no transformation throughout the entire
process of the shield machine traversing the intersection
area.'is shows that the various parts along the right-side of
the existing tunnel which are passed through first by the
shield machine are more sensitive to the change in the
dynamic response to the train’s moving-axle load. 'e
characteristics obtained from the above analysis fully indi-
cate that the speed of subway trains running in both the left
and right directions in the existing tunnel, should be ad-
justed flexibly according to the specific conditions of the
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Figure 9: Peak acceleration of observation points on the existing tunnel: (a) shield excavation reaches the 15th ring on the left; (b) shield
excavation reaches the 30th ring on the left; and (c) shield excavation reaches the 44th ring on the left.
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Figure 10: Peak acceleration of observation points on existing tunnel: (a) shield excavation reaches the 38th ring on the right; (b) shield
excavation reaches the 52th ring on the right; and (c) shield excavation reaches the 67th ring on the right.

12 Shock and Vibration



0 5 10 15 20 25 30 35 40 45 50
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2
 P

ea
k 

di
sp

la
ce

m
en

t (
×1

0-2
 m

m
)

The first observation point of each section

Field test:
125 km/h
100 km/h

75 km/h
50 km/h
125 km/h

Numerical simulation:

Observation points
in intersection area

 P
ea

k 
di

sp
la

ce
m

en
t (

×1
0-2

m
m

)

Field test:
125 km/h
100 km/h

75 km/h
50 km/h

Numerical simulation:

0 5 10 15 20 25 30 35 40 45 50
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

The sixth observation point of each section

Observation points
in intersection area

125 km/h
(a1) (a2)

(a)

 P
ea

k 
di

sp
la

ce
m

en
t (

×1
0-2

 m
m

)

125 km/h
100 km/h

75 km/h
50 km/h

Numerical simulation:

Observation points
in intersection area

0 5 10 15 20 25 30 35 40 45 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

The first observation point of each section

Field test: 125 km/h

 P
ea

k 
di

sp
la

ce
m

en
t (

×1
0-2

 m
m

)

Observation points
in intersection area

0 5 10 15 20 25 30 35 40 45 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

The sixth observation point of each section

125 km/h
100 km/h

75 km/h
50 km/h

Numerical simulation:

Field test: 125 km/h

(b1) (b2)

(b)

Figure 11: Continued.
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Figure 11: Peak displacement of observation points on existing tunnel: (a) shield excavation reaches the 15th ring on the left; (b) shield
excavation reaches the 30th ring on the left; (c) shield excavation reaches the 52th ring on the left.
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undercrossing construction. 'is can minimize the differ-
ence in the dynamic response of the left and right slabs of the
existing tunnel to the train’s moving-axle load.

7.2. Peak Displacement along the Track Bed of the Existing
Tunnel. 'e vibrational displacement of the track beds on
the concrete structure of the existing tunnel under the action
of train’s moving-axle load is directly related to the stability
of the running train. Figures 11 and 12, respectively,
summarize the values of peak displacements of the 1st and 6th

observation points on each cross section on the existing
tunnel when the left-line and right-line shield machines
reach typical locations in the intersection area. In order to
accurately observe the peak displacements of the observation
points on the existing tunnel track beds located in the in-
tersection area, the corresponding observation points are
enlarged in the figures and the values of the individual points
are selectively labeled. Based on the results, the difference in
the values of peak displacements of the observation points
on the track beds is very small with the trains running at four
different speeds. 'is is because the moving-axle load
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Figure 12: Peak displacement of observation points on existing tunnel: (a) shield excavation reaches the 38th ring on the right; (b) shield
excavation reaches the 52th ring on the right; (c) shield excavation reaches the 67th ring on the right.
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applied by the moving subway train does not cause sig-
nificant deformation on the concrete structures with a
certain embedded depth and high level of rigidity. With the
excavation of the shield machine, the position of the ob-
servation point on specific cross section where themaximum
value of peak displacement is located continues to move to
the right in Figures 11 and 12, the maximum value of peak
displacement along the track beds of the existing tunnel
increases constantly with the continuous excavation of the
shield machine. In addition, after the right-line shield
machine completes the crossing of the intersection area, the
maximum value of peak displacement along the track beds of
the entire length of the existing tunnel reaches a new level. It
can be observed that when the left-line shield machine
reaches the 15th and the right-line machine latterly arrives at
the later 38th rings, the peak displacement along the right
side of the existing tunnel is generally higher than that on the
left side with the soil layer in intersection area under the left
side of the existing tunnel never being excavated. Similarly,
when the left-line shield machine reaches the 44th ring and
the right-line shield machine reaches the 67th ring later, the
trend of distribution of the peak displacement reverses; the
peak displacement along the left side of the existing tunnel
becomes higher than the right side. In other words, which
side of the existing tunnel has a higher peak displacement is
determined by which side is traversed first by the new shield
tunnel. 'e maximum values of the peak displacement
along the left and right track beds of the existing tunnel

are shown in Figure 13. Corresponding to the speed in-
cluding 50 km/h, 75 km/h, 100 km/h, and 125 km/h, the
left-line shield machine advancing to the 44th ring
compared with it advancing to the 15th ring makes the
maximum value of peak displacement of the left track bed
on the existing tunnel increased, respectively, by 29.2%,
31.6%, 32.7%, and 34.1%, as well as makes the corre-
sponding maximum value of the right track bed on the
existing tunnel increased by − 3.6%, − 2.91%, − 3.77%, and
− 3.67%, respectively. Subsequently, corresponding to the
speed of the train in turn similarly, the right-line shield
machine advancing to the 67th ring compared with it
advancing to the 38th ring makes the maximum value of
peak displacement of the left track bed on the existing
tunnel increased respectively by 283.5%, 278.3%, 270.6%,
and 262.4%, and makes the corresponding maximum
value of the right track bed on the existing tunnel in-
creased by 207.6%, 203.5%, 197.5%, and 191.3%, respec-
tively. From the perspective of the increase in the
maximum displacement, whether the shield machine on
the left-line or the right-line crosses the intersection area,
the increase in maximum displacement along the left track
bed of the existing tunnel is higher than that of the right
side and the maximum value also increases with in-
creasing the train’s speed. Lastly, it should be emphasized
that the intersection area, including the existing tunnel
and the shield tunnel, is truly formed after the left side of
the existing tunnel completely traverses in the later
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Figure 13: 'e maximum value of the peak displacement of the observation points on the track beds of the existing tunnel.
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period. 'is is why a more significant increment in the
maximum value of the peak displacement occurred along
the left side of the existing tunnel. 'erefore, the sequence
of the shield machine crossing the left and right sides of
the existing tunnel has a significant impact on the de-
formation of the existing tunnel.

8. Conclusions

'is paper presented a three-dimensional dynamic finite ele-
ment model to study the dynamic response of existing tunnels
under the influence of different train speeds and undercrossing
with fixed shield excavation. 'e model has been applied to a
real case study involving the intersection area of Metro Line 3
in Guangzhou and the intercity railway between Foshan and
Dongguan in China. By running the edited program into the
three-dimensional finite element calculation model, the effect
of running moving-axle loads at different speeds on the rails of
the existing tunnel is realized. It has calculated and analyzed the
peak acceleration and peak displacement of the existing tunnel.
'e curves of the dynamic values of the existing tunnel are
compared from different analytical perspectives, and the dif-
ference in the dynamic characteristic of the existing tunnel
under different working conditions is studied. 'e following
conclusions are drawn from the results:

(1) 'e speed of the train significantly affects the peak
acceleration of the existing tunnel. As the speed of
the train increases, the overall response accelera-
tion of the existing tunnel also increases. However,
the peak displacement of the existing tunnel is
generally insensitive to the influence of the mov-
ing-axle load imposed by train under different
speeds. With the continuous excavation of new
shield tunnels, the locations where the maximum
values of peak acceleration and peak displacement

of the existing tunnels occur show a tendency to
continuously moving along the longitudinal di-
rection of the concrete structure itself. 'e value of
peak acceleration of the existing tunnel as a whole
reaches the highest level when the newly built
shield tunnel reaches the vicinity of the cross
section in the middle of the existing tunnel.
However, the overall peak displacement of the
existing tunnels continues to increase with the
continuous advancement of the newly built shield
tunnels on the left and right lines.

(2) 'e rising amplitude of the peak displacement on the
left and right sides of the existing tunnel caused by
the crossing process of the left-line shield is obvi-
ously lower than that caused by the right-line shield.
Besides the impact of shield tunneling on the peak
displacement of the existing tunnel is manifested
more in the subsequent construction process of the
shield tunnel on the right line. By the way, which side
of the existing tunnel has a more significant dynamic
response depends on the specific position reached by
the undercrossing shield.

(3) In the next phase of this research work, the effects of
change in the excavation intervals of the left and right
shields will be investigated. 'e research work will
focus on the difference in the dynamic response of
existing tunnels to the moving-axle loads at established
speeds when the left and right shields pass through the
intersection area at different intervals.
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