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ABSTRACT: With the development of rail transit in China more and more shield tunnels have to be constructed
under or nearby high-speed railway lines in metropolis. As a result two principal problems arise: (1) since
requirements of the running safety of high-speed trains and criteria of the riding comfort of passengers are
quite strict, it is difficult to construct shield tunnels beneath high-speed railway lines, and (2) the influence
of the load of railway lines on the tunnel construction should be considered. Consequently, treatments of the
railway foundation are usually implemented during the tunnel construction to protect the high-speed railway
line. In order to determine whether the treatments are actually necessary, numerical simulations based on two
real construction cases are taken to evaluate the interactive influence. In site experiments have been employed
to validate the calculation. According to the calculation and experiment results recommendations are given in
different situations.
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INTRODUCTION

The sustained growths of the urban population and the
economy in China have led to the fast development of
the high-speed railway and urban rail transit. In order to
reduce the land cost and the construction time most of
the new constructed high-speed railway lines in China
were established on viaducts. Since the densities of the
population and the buildings in metropolis, most of
the urban rail transit lines were constructed under the
ground to save space. As a result more and more metro
lines were constructed beneath viaducts of high-speed
railway lines.
Zhai et al. (2010) indicated that when the train
speed is greater than 250 km/h the vibration induced by
wheel-rail irregularities, railway deflection and uneven
foundation settlement may cause significant damage
to the track and the train. This is a great threat to
the running safety of the train and the riding comfort
of passengers. The excavation of a metro tunnel will
inevitably cause disturbance to the surrounding soil
and cause considerable settlement of ground, especially in soft soil area. If the deformation is larger
than the critical value, it would endanger the running safety of the high-speed train. Consequently,
necessary treatments should be taken to control
the settlement. Furthermore, the long-term dynamic
interaction between these two kinds of traffic lines
may also induce large deformation or damage to the
structures of them.
Several studies focused on this issue have been
taken to investigate the characteristic of the track

settlement and construction measures. However, most
of them were related to ordinary existed railway lines.
Lv & Zhou (2007) and Huo et al. (2011) investigated
the characteristics and control technologies of the
deformation of the existed railway tracks influenced by
the construction of the metro tunnel beneath them. Zhu
et al. (2011) investigated the influence of a twin tunnel
construction on the existed pile foundation of a viaduct
by the three-dimensional centrifuge model tests. A
similar case study has been taken by Gong et al. (2011).
Besides, construction technologies of the shield tunnel
crossing under Shanghai-Hangzhou high-speed railway were discussed by Yang et al. (2013). Studies on
the topic were also carried out by the authors’ team
in the following aspects: Lv & Zhou (2007) has discussed the critical value of the track settlement caused
by the construction of the shield tunnel across the railway in soft soil area; two foundation reinforcement
schemes of piles and piles-plank are also compared
based on the construction of a metro tunnel shielding
beneath Shanghai-Nanjing intercity railway in Suzhou
(Huo et al. 2011) as well as Ningbo rail transit line 1
crosses a new constructed railway line (Huang et al.
2012). Altogether, current studies mainly focused on
the influence of the tunnel construction on the response
of the existed railway lines with the operation speed
lower than 200 km/h. Since the structure of the high
speed railway line (with a speed higher than 200 km/h)
is quite different from the traditional one the existed
studies can hardly meet the increasing needs.
Also many studies were focused on the influence
of tunneling on adjacent piles, which can be classified
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broadly into three categories, namely, analytical methods, finite-element methods, and laboratory tests.
Analytical methods usually take a two-stage approach,
where firstly calculate the free-field soil movements
based on the closed-form analytical solutions, and then
impose estimated soil movements on the pile, to calculate the response of adjacent pile (Loganathan et al.
2001; Xu and Poulos 2001; Kitiyodom et al. 2005).
Finite element methods have been used widely for tunneling analysis (Mroueh et al. 2002; Yang et al. 2009),
and the results showed this method could provide a
satisfactory prediction of piles’ response during tunneling. Also some studies use laboratory test, such as
centrifuge model, to investigate the effects of tunneling
to the adjacent piles (Morton et al. 1979; Loganathan
et al. 2000). As for the existed railway, not only the
response of pile foundations need to be predicted during tunneling, but also the deformation of rail and
stress in track structure are more concerned with the
speed improvements.
In this paper, two cases with shield tunneling
under high-speed railway bridges are investigated.
Some calculation and analysis have been taken to
evaluate the influence to the pier deformation, track
irregularity and vehicle running safety and passenger
comfort induced by tunnel construction. In order to
validate the calculation, in site experiments have been
implemented. According to the calculation and experiment results recommendations are given in different
situations.

2
2.1

CONTROL CRITERIA OF DEFORMATION
AND SAFETY

Table 1.

Rotation angle limits of the beam flange.

Location
Between
bridge and
abutment
Between
two adjacent
beams

Table 2.

rotation angle limits
rad

Remark

θ ≤ 1.5‰
θ ≤ 1.0‰

L ≤ 0.55 m
0.55 m < L ≤ 0.75 m

θ1 + θ2 ≤ 3.0‰
θ1 + θ2 ≤ 2.0‰

L ≤ 0.55 m
0.55 m < L ≤ 0.75 m

Static track irregularity tolerance.
Gauge

Vertical

Lateral

Cross level

Twist

Class

mm

mm

mm

mm

mm/3 m

I
II
III
IV

+1, −1
+4, −2
+5, −3
+6, −4

2
4
7
8

2
4
5
6

2
4
6
7

2
3
5
6

(Class I), scheduled maintenance (Class II), temporary
maintenance (Class III) and 200 km/h limiting
maintenance (Class IV) respectively. The static track
irregularity tolerances of each maintenance class are
shown in Table 2.

Deformation control of the pier foundation

In China the simple supported beam and the threespan continuous beam supported on piers are two most
typical types in elevated high-speed railway with slab
tracks and pile foundations. Compared to the traditional railway, requirements of this kind of railway are
stricter. The limit of post-construction uniform settlement is 20 mm, and the differential settlement of piers
is 5 mm.The rotation angle of the beam flange is shown
in Figure 1. The critical values of that are listed in
Table 1.
Since the continuous beam is a statically indeterminate structure, the influence of the differential
settlement between the piers on the additional stress
of the beam should also be considered. Meanwhile,
the railway has been operated for some time, and the
accumulated deformation of the pier foundation has
existed. Consequently, the limits of uniform and differential settlement are chosen as 5 mm and 2 mm in
these two case studies.

2.2

Figure 1. Schematic diagram of rotation angle.

Geometry irregularity of the track

Four maintenance classes are used in China, the
maintenance of the acceptance for the construction

2.3 Control of the running safety and the riding
comfort
Derailment factor and wheel unloading rate are always
chosen to evaluate the running safety of the train. In
the dynamic analysis of the Chinese passenger dedicated line and the raising speed railway, the derailment
factor is limited to 0.8, and the wheel unloading rate
should not be more than 0.6. The criteria of the riding
comfort of passengers are the vertical and horizontal accelerations of the vehicle. The critical values are
1.3 m/s2 and 0.10 m/s2 respectively.
3 ANALYSIS METHODS
The calculation is composed of four steps. The first
step is the calculation of the bridge substructure deformation caused by the construction of the tunnel. The
substructure includes the bearing platform, the pile
foundation, the surrounding soil and the shield tunnel.
The second step is the calculation of the deformation
and the additional stress of the upper structure induced
by the substructure deformation. The upper structure
is composed of piers and the beam. The third step
is the prediction of the rail deflection caused by the
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foundation settlement calculated in the previous two
steps. The fourth step is the evaluation of the running
safety of the train and the riding comfort of passengers influenced by the rail deflections. It means that
the foundation deformation caused by shield tunneling
is calculated firstly. Then the bridge and track irregularity induced by foundation deformation is predicted.
Finally, the influence of the irregularity on the vehicle safety and the riding comfort of passengers are
evaluated.
Figure 2. The displacement field after tunnel construction.

3.1 The foundation deformation caused by shield
tunneling
The substructure and shield tunnel were modelled by
finite element. In this model the loads of upper structure were considered and acted on the bearing platform
in order to make the calculation of foundation deformation more accurate. The shield tunnel machine is
modelled by a shell element, the tunnel lining is simulated by volume elements. The Hardening Soil Model
was chosen as material constitutive model.
The construction process of a shield tunnel was
divided into several excavation steps, each of them
with a length of a tunnel ring (1.2 m long in metro
shield tunnel). In each excavation the soil in front of
the tunnel is excavated firstly. Secondly, a support
pressure is applied on the tunnel face. Thirdly, the
back-fill grouting process at the back of the tunnel
is modelled and a new lining ring was installed.
The surrounding displacements caused by tunnel
excavation can be calculated in two ways. One is surface contraction induced by ground loss and the other
one is the stress release coefficient method. According
to the previous research, the stress release coefficient
can be calculated depended on the soil characteristic.
The stress release coefficient can be calculated from

where σr0 = radial stress before excavation; σθ =
hoop stress surrounding excavation; and ϕ = internal
friction.
Figure 2 shows the displacement of the pile foundation and surrounding soil induced by the tunnel
construction. The tunnel shape is horizontal oval and
the pile deviated from the tunnel.
3.2 Viaduct deformation analysis
Suppose that the bearing platform and the pier are rigid
bodies, the settlement of the bearing platform transfers
to the top of the pier. The vertical deformation of the
beam was the same as that of the top of the pier without
considering the deformation adjusting. The horizontal
deformation of the beam was evaluated according to
the support type. Figure 3 shows the typical schematic
diagram of the support used in continuous bridges of
the high-speed railway line. If the support is movable, smaller horizontal deformation of the pier will be

Figure 3. Support type of a continuous beam.

Figure 4. Longitudinal force computation model (take the
railway on simply supported beam bridge for example).

released and was not transferred to the beam. However,
if the support is fixed, the deformation is transferred
to the beam and additional deformation and stress are
induced in the beam. This could be calculated by the
calculation software.

3.3 The track irregularity and stress analysis
CRTS-II (China Rail Transit Slab type-II) is one of the
major types of the slab track system in China. It consists of the slab, the cement emulsified asphalt (CA)
mortar cushion, the concrete supporting layer and the
sliding layer. According to the slab track structure and
the force transmission characteristics, the longitudinal force calculation models of rail, plate, bridge are
established as shown in Figure 4. The rail, track slab,
base plate and the main structure were simulated by
beam elements. Fasteners, the CA mortar layer, the
sliding layer are simulated by vertical and horizontal spring elements. The vertical springs’ stiffness is
related to components’ elasticity coefficient, and the
lateral spring stiffness depends on the positive pressure
and friction factors within small displacement range.
The elasticity coefficient of CA mortar layer varies
from 5,000 MPa to 10,000 MPa. Dynamic stiffness of
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Table 3. The soil main mechanical parameters.

Cohesion
Ccq

Figure 5. The plane position of the underneath passing
section.

Friction
angle
φcq

Modulus of
compressibility
E1-2

Bearing
capacity
q

Soil
name

kPa

◦

MPa

kPa

Fill
SC
SW

10
56.8
40

10
16.1
18

6.9
8.28
13.5

150
310
450

*SC: silty clay;
SW: strongly weathered argillaceous siltstone;

fastener are 50 kN/mm in vertical and 16 kN/m in lateral, and the lateral stiffness are 167 kN/mm for CA
mortar layer and 10 kN/mm for sliding layer as the
unit length is 1 m.
3.4 The safety and comfort analysis
The vehicle-track model is established by FE
method to evaluate the running safety of the vehicle
at different velocities considering additional deformation induced by tunneling.
4

CASE STUDY

Two cases are studied in this paper. They have some
properties in common, i.e. the design and operating
speed of the railway line in case 1 are almost the same
as that in case 2, which are more than 250 km/h. In both
cases the railway tracks (CRTS-II) are constructed on
continuous bridges. The external and internal diameters of the tunnel are 6.2 m and 5.5 m respectively.
The lining segments are staggered assembled and the
thickness of which is 0.35 m. The width of the ring is
1.2 m. However, the buried depth of tunnels in these
two cases are different as well as the pile foundation
characteristics.
4.1

Case 1

In this case the shield tunnels are constructed beneath
a viaduct of Beijing-Shanghai high-speed railway in
Nanjing. The viaduct is a prestressed concrete continuous girder bridge with pile group foundations. The
length of the pile is 29 m and the bearing stratum of
piles is the weathering argillaceous siltstone. There are
two tunnels with 30 m distance between each other
underneath passing between three pile foundations
(see Fig. 5). The buried depth of them is 30 m. The
composite EPB shield with panel cutter (composite
earth pressure balance shield machine) is employed in
this project. The excavation diameter of that is 6.47 m
and opening rate of the cutter is 32%.
Figure 5 shows the plane positions of the viaduct
and the underneath passing shield tunnel. The minimum distance between the tunnel and the pile is
6.40 m. In this section the tunnels are constructed in

Figure 6. Geologic sections of the underneath passing
section.

the weathering argillaceous siltstone and the overlying
soil is plain filling and silty clay (see Fig. 6). The soil
main mechanical parameters are showed in Table 3.
The Standard compression strength of moderately
weathered argillaceous siltstone is 11.34 MPa.
Calculation results show that the deformations and
additional forces of piles caused by shield tunneling
are limited. The deformation of each pier and the rotation angle induced by the differential settlements and
the additional force of continuous beam can meet the
design requirements. The track geometry irregularity
induced by the tunnel construction has small influence on the running safety of the train and the ride
comfort of passengers. The largest settlement of the
piers during the tunneling is 0.52 mm and the maximum horizontal displacement of the piers is 0.27 mm
and the maximum rotation angle is 4.33′′ . The maximum additional force of continuous beam is about
0.47% of original total force. The longitudinal additional force in track slab is about 10% of original total
force.
Refer to the calculation results, additional protection treatments in this project are not necessary. The
influence of the construction of the tunnels on the
normal operation of the railway line is limited.
Before the construction of the tunnels an excavation test has been taken. The monitoring results show
that the influence of the excavation on the surrounding
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Figure 7. The plane position of the underneath passing
section.

Figure 8. Geologic sections of the underneath passing
section.

structure and the ground surface settlement is small.
For the real tunnel construction without additional
treatments, the largest settlement of piers is 0.61 mm,
the maximum horizontal displacement is 0.6 mm and
maximum rotation angle is 10.7′′ .

Table 4. The soil main mechanical parameters.

Soil
name

Cohesion
Ccq
kPa

4.2

2-1
3-1
3-2
3-5
3-8
7-1

6
4
1
1
0
31

Case 2

In this case two shield tunnels are constructed beneath
an existed viaduct of Shanghai-Hangzhou high-speed
railway in Hangzhou. This viaduct is a three-span
continuous beam bridge with a length of 145.5 m.
The effective span is 40 m, 64 m, and 40 m respectively. All piles of this viaduct are friction piles, whose
length are from 68.5 m to 70 m. Both tunnels are constructed underneath the mid-span. The buried depth
of the tunnels in this location is 11.7 m, and the distance between them is 15 m. EPB shield (earth pressure
balance shield) with spoke wheel is employed in this
project. The length and the outside diameter of that
are 9 m and 6.34 m respectively. The opening rate
of cutter is more than 50%.
The plane positions of the underneath passing shield
tunnel and the railway viaduct are shown in Figure 7.
The minimum distance between the tunnel and pile is
5.19 m. In this section the tunnels are constructed in the
silt sand and the sandy silt soil stratum (see Figure 8).
The soil main mechanical parameters are showed in
Table 4.
The calculation results show that the construction
of the tunnel will directly influence the negative skin
friction of the pile. As a result the bearing capacity of
the pile is reduced. In order to protect the pile foundations of the bridge, a treatment of installing isolation
piles between the tunnel and the bridge foundation has
been taken (see Fig. 9 and Fig. 10). One row of bored
piles and two rows of jet grouting piles on both sides of
tunnels are installed, which are 1 m away from tunnels.
The diameter of the bored pile is 0.8 m. The distance
between one to another is 0.9 m and length of that
is 17 m. The vertical installation range of that is from
1 m below the ground to 3 m below the bottom of the

Friction
angle
φcq
◦

27
30.5
32
31
32.5
15.5

Modulus of
compressibility
E1-2
MPa

Bearing
capacity
q
kPa

7.9
14.38
13.08
12.22
12.69
6.57

90
110
130
110
140
200

Figure 9. Sections for foundation reinforcement.

tunnel. The diameter of the jet grouting pile is 0.6 m
and the occlusion is 0.2 m. The vertical installation
range of that is from the ground surface to 1 m below
the bottom of the tunnel with a length of 16 m. After
that a top beam on each row of bored piles is installed.
Using the method proposed in this paper the calculation results show that the displacement of the pier
will decrease after the installation of the isolation piles.
The maximum pier settlement is 0.29 mm and the
maximum horizontal displacement is 0.34 mm. Field
experiments also show that isolated pile has played
an important role in protecting the bridge pile foundations. With the treatment of the isolation piles the
maximum deformation of high-speed railway bridges
induced by the tunnel construction is 2 mm.
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Figure 10. Plane layout of foundation reinforcement.

5

CONCLUSIONS

The foundation preprocessing treatment should be
decided according to pile and soil characteristics. If
bearing stratum of piles is hard enough, then the treatment is not needed. But if the skin friction is the main
part of the bearing capacity, then the treatment should
be analyzed.
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