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ABSTRACT: The Gongbei tunnel is the connection of Hong Kong-Zhu Hai-Macao Bridge to Zhuhai 
mainland which has a large cross-section area of 345 m2. Under the support of pre-supporting system 
built with Freeze-Sealing Pipe-Roof (FSPR) method, tunnel is excavated with bench cut method. In this 
paper, numerical analysis of the tunneling process using the ABAQUS software is presented. General 
trend of the ground movement has been investigated from the numerical results. By comparison of the 
three models, i.e., green field, tunneling under the existence of raft foundation and tunneling under the 
existence of pile foundations, it can be concluded that the existence of the raft foundation and the pile 
foundation has relative little effect on the internal force of the tunnel lining. On the contrary, tunneling 
process has significant effect on raft foundation and pile foundation due to the ground movement induced 
by the tunneling. In the end of this paper, monitoring settlement has been analyzed and compared with 
the numerical simulation results.

The ground movement induced by tunneling 
nowadays is the most crucial issue that engineers 
have to solve, since large ground displacement may 
cause severe damage of nearby structures. How-
ever, current analytics of tunneling induced ground 
movement is largely based on small sectional tun-
nels excavated by either NATM or TBMs. (Peck, 
1969, Pichler et al., 2004, Lee et al., 2006)

There are studies about mutual influence between 
the surface structure and tunneling process (Katebi, 
2015, Wang et al., 2011). Ground movement caused 
by excavation of tunnels has been studied using 
monitoring analysis and numerical simulation as 
well as model tests. (Dias, 2013, Shahin et al., 2016)

The excavation and support procedure has a 
strong impact on the performance of  a tunnel. 
(Bernat and Cambou, 1998, Do et  al., 2014, 
Kasper and Meschke, 2006) The poor mechani-
cal properties of  the ground of  Gonbei tunnel 
required usage of  the Freeze-Sealing Pipe-Roof 
(FSPR) method for pre-supporting and Bench 
cut method for tunneling. However there are few 
studies on the environment influence caused by 
such a novel excavation method for large tunnels.

The goal of this article is to present a preliminary 
numerical analysis of ground movement caused by 
the large sectional pipe arch aided tunneling of Gong-

1 INTRODUCTION

Large-sectional tunnels have been in demand in many 
large cities in the world especially in China due to the 
increasing traffic pressure caused by urbanization. 
The Gongbei tunnel, as the connection of Hong-
Kong-Zhuhai-Macao Bridge to Zhu Hai mainland, 
is a typical large tunnel with a cross-section area of 
345 m2 and a height of tunnel section equal to an 
8-floors tall building, as shown in Figure 1.

Figure 1. Layout of Gonbei tunnel section.
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bei tunnel. A 3D numerical analysis is conducted 
employing ABAQUS software to simulate the exca-
vation procedure. The deformational responses of 
soils around the tunnel were captured and analyzed 
step by step. Structural responses of tunnel linings 
and adjacent foundation structures were reported in 
this paper. As a case study, the geometry of the tun-
nel, property of the soil, and the excavation process 
are extracted from one of the construction schemes 
of the ongoing construction Gongbei tunnel.

2 NUMERICAL MODELING

The 3D model of the tunnel was built using 
ABAQUS. The soil of the model is considered 
as homogeneous continuum. Characteristics of 

the pipe curtain, lining and temporary support is 
based on one of the construction schemes.

The finite element mesh has a width of 200 m (9 
times the tunnel width), a length of 150 m (7 times 
the tunnel width) and a depth of 42.4 m (2 times 
the tunnel height).

The tunnel, surrounding soil and foundations 
were discretized by 8-node first order reduced inte-
gration continuum elements (C3D8R). The pipes 
embedded in the surrounding soil were modeled as 
2-node linear beam elements (B31). The temporary 
supports were simulated as 4-node reduced inte-
gration shell elements (S4R).

Details of the model components and the spe-
cific tunneling progress are given as follows.

2.1 Modeling of the ground

The soil stratification consists of three type of soft 
clay, with thicknesses of 19  m, 6.4  m and 17  m 
respectively. Parameters of the soil are described in 
detail in Table 1. According to the design document 
of the Gongbei tunnel, the soil at the tunnel face is 
strengthened using horizontal grouting. The main 
purpose of face grouting reinforcement is to pre-
vent the leakage and keep the water stable from the 
engineering practice point of view. Furthermore, 
considering the bending stiffness of lining and 
pipe roof is very large, the grouting soil may takes 
limited role in resisting deformation. So we only 
increase the cohesion of sandy soil and the friction 
angle of clay.

2.2 Modeling of the supporting system

Table  2 lists the parameters set adopted for this 
study, which are representative of  the support-
ing system during the construction of  Gongbei 
tunnel.

Figure 2. 3D numerical model of Gongbei tunnel.

Table 1. Geotechnical properties of the ground.

Material Element type Material parameter

Soil 1 Solid ρ = 1.8 g/cm2, 
E = 15 MPa,  
ϕ = 5°, c = 10 kPa

Soil 1 (grouted) Solid ρ = 1.8 g/cm2, 
E = 15 MPa,  
ϕ = 35°, c = 10 kPa

Soil 2 Solid ρ = 2.0 g/cm2, 
E = 30 MPa,  
ϕ = 27°, c = 0.1 kPa

Soil 2 (grouted) Solid ρ = 2.0 g/cm2, 
E = 30MPa, ϕ = 27°, 
c = 10kPa

Soil 3 Solid ρ = 1.8 g/cm2, 
E = 20 MPa, ϕ = 20°, 
c = 17 kPa
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2.2.1 Pipe roof
As mentioned before, the pipe roof are simplified 
as beam elements. The methodology to define the 
constants is based on the principle of equivalent 
section bending stiffness.

2.2.2 Lining and temporary support
The real primary lining is made of 22 b type steels 
with spacing of 40  cm and 30  cm thick C25  jet 
concrete. In the analysis, primary and secondary 
lining were simplified as elastic solid elements with 
equivalent bending stiffness. Temporary support 
was simulated as shell element of 59 cm thick.

2.3 Modeling of the surroundings

2.3.1 Raft foundation
On the basis of the green-field model, model called 
M1 was built with raft-style foundation. The raft 
foundation was discretized by C3D8R elements 
and embedded into the soil element. The length, 
width and thickness of the raft foundation are 
37.80 m, 15.00 m and 1.40 m respectively. The rela-
tive position between raft foundation and tunnel is 
shown in Figure 2. And there is a vertical load of 
20 kPa on the upper surface of the raft foundation.

2.3.2 Pile foundation
The pile foundation is very close to the pipe roof 
with a minimum distance of 50 cm. On the basis 
of the green-field model, model M2 was built with 
pile foundation. The pile foundation was taken as 
C3D8R elements. The length, width and thickness 
of the pile cap were 4.08 m, 4.08 m and 2.4 m respec-
tively. The tubes-sinking poured piles were simpli-
fied as prism with a size of 23  ×  0.48  ×  0.48  m. 
There was a vertical load of 120 kPa on the pile 
cap. The Young’s moduli of the pile-cap and the 
piles are 31.5 GPa and 33.0 GPa respectively.

2.4 Modeling of tunneling

Bench cut method is used for tunneling of the large 
section tunnel. Excavation sequence of the tunnel is 
shown in Figure 2. In the process of tunneling sim-
ulation, the length of each bench along the tunnel 

axis was 10 meters. When the soil of the bench was 
excavated, supporting system including the primary 
lining and the temporary support was constructed 
at the same time. Due to the fact that primary lining 
was always constructed earlier than the secondary 
lining, there was a distance of 5 meters between the 
excavation face and the second lining. The whole 
process was divided into 26 construction steps.

3 RESULTS OF NUMERICAL ANALYSIS

Utilizing the 3-dimensional FEM models by 
ABAQUS software, displacement of the soil in 
normal model was investigated. By comparison of 
three models (normal model, M1, M2), the effects 
of the raft-style foundation and the pile founda-
tion on the tunnel internal force were evaluated.

3.1 Ground movement in Green-field condition

Figure  3 represents the vertical displacement of 
the soil in several significant construction steps. As 
illustrated, unloading of the soil leads to upward 
displacement of 9.237 cm at the bottom of the bot-
tom. Excavation disturbance causes a settlement 
of 34 mm in front of the heading face.

The obtained evolution of vertical displacement 
of the soil is given in Figure 4. Note that tunneling 
leads to uplift of the surroundings. However, soil at 
both sides of the tunnel has a tendency of down-
ward displacement. The settlement is caused by hor-
izontal disturbance of the soil from the tunneling.

In Figure 5, it should be noted that soil below 
the tunnel reflects a tendency of moving toward the 
center line of the tunnel. Whereas soil above the 
tunnel has an opposite moving direction.

3.2 Internal force of the tunnel in Green-field 
condition

With the excavation of the tunnel, stress redistri-
bution occurs in the tunnel lining. Figure  6 and 
Figure 7 represent the axial force and moment of 

Table 2. Material parameter of the supporting system.

Material Element type Material parameter

Pipe roof Beam ρ = 2.756 g/cm2, 
E = 38.7 MPa

Initial lining Solid ρ = 2.5 g/cm2, 
E = 38.33 MPa

Second lining Solid ρ = 2.5g/cm2, 
E = 39.83 MPa

Temporary support Shell ρ = 2.5 g/cm2, 
E = 20 MPa

Figure  3. Vertical displacement of the soil along the 
tunnel axis.
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the lining for several significant steps. Both axial 
force and moment of the lining increase with the 
tunneling. After the lining get enclosed, the inter-
nal forces turn to stable. Both of the largest axial 
force (2074 kN) and the maximum largest moment 
(780 kN⋅m) are at the invert of the tunnel.

3.3 Influence of two style foundations on the 
tunnel internal force

Axial forces of the lining in three models are shown 
in Figure 8. As illustrated, the existence of the pile 
foundation has little effect on the distribution of 

Figure 4. Vertical displacement of the soil in the cross 
section of the tunnel.

Figure  5. Horizontal displacement of the soil in the 
cross section of the tunnel.

Figure  6. Axial force of the lining in significant con-
struction step 12.

Figure 7. Moment of the lining in significant construc-
tion step 12.

lining axial force. However the occurance of raft 
foundation increases the axial force, especially in 
the position of arch crown.
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Despite the fact that the existence of the raft 
foundation and the pile foundation have limited 
impact on the moment of the tunnel lining, moment 
distribution of the three models have some differ-
ence. The existence of the raft foundation increases 
the moment of arch crown from 790.4  kN⋅m to 
846.2 kN⋅m. Whereas in model M2, the presense of 
the pile foundation increase the moment of the side 
walls from 1340 kN⋅m to 1434 kN⋅m.

3.4 Influence of the tunneling on the internal 
force of the foundations

Differential settlement caused by the excavation of 
the large section tunnel leads to moment increment 
on the raft foundation. In Figure 10, the observed 
maximum increment in moment, raising from 

Figure 8. Comparison of the axial force in construction 
step 20.

Figure 9. Comparison of the moment in construction 
step 20.

Figure 10. Moment of the pile before and after tunneling.

Figure 11. Moment of the pile before and after tunneling.

38.9 kN⋅m to 350.1 kN⋅m, occurs between the center 
of the tunnel and the center of the raft foundation.

Differential horizontal movement of the soil 
along the pile axis has significant effect on the 
moment of the pile. As illustrated in Figure  11, 
moment of the lower half  rises to 400 kN⋅m which 
is 5 times the moment before tunneling.

4 ACTUAL SETTLEMENT FOR  
COMPARISON

According to the above calculation, a more con-
servative excavation scheme has been adopted. The 
tunnel was excavated with more pilot holes for the 
sake of stablility. Excavation of east and west side 
started in Jnue 17th, 2016 and August 28th, 2016 
respectively.

Figure 12 is the ground settlement (positive for 
settlement and negative for uplift) along tunnel 
axis from the time when excavation of east side 
started. The excavating face position of pilot hole I 
is also listed in Figure 12.
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Artificial ground freezing construction was con-
ducted before tunnel excavation. The frost heave 
effect caused an overall uplift trend of the ground, 
with a maximum of 240.5 mm. However, the uplift 
rate decreases with tunneling. Firstly, the stress 
release effect caused by tunneling decrease the 
uplift of  ground and, secondary the temperature 
rise induced by air circulation alleviate the frost 
heave of the freezing soil. The tunnel of  west side 
is excavated ten weeks later than tunnel of  the east 
side. To investigate ground settlement in the tun-
neling process, the uplift before excavation should 
be subtracted. The average accumulated uplift of 
west from the 10th week to the 22th week is about 
100 mm, little larger than that of  east side.

In the 22nd week, the maximum uplift of east 
side tunnel is 77 mm, similar to the numerical result 
of 68.76 mm in construction step 16 which can be 
seen in Figure 5(c). But the maximum uplift appears 
at the section 77 m away from the edge of east shaft, 
whereas the section of maximum uplift by numerical 
analysis appears at the edge of east shaft. Further-
more, it can be seen in Figure 12 that both ends of 
the tunnel has a relative smaller vertical displace-
ment. According to such results, it can be noted that 
the working shafts of both side restricted the uplift 
of the surrounding soil in practical tunneling.

5 CONCLUSION

This paper discusses the mutual effect between the 
tunnel under construction and two styles founda-
tion in a perspective of ground movement. The cal-
culation provided some reference to the designing 
and construction of actual engineering. The main 
results of this study are as follows:

1. Based on the observations from numeri-cal 
analysis, general trend of the ground movement 
has been acquired.

2. Comparing the three models, it can be con-
cluded that the existence of raft foundation and 
pile foundation has relative little effect on the 
internal force of the tunnel lining.

3. The severe effect caused by tunneling procedure 
is reasonably attributed to the ground move-
ment induced by the tunneling. Internal force 
of raft foundation and pile foundation are sen-
sitive to the settlement of the ground.

4. According to the actual settlement, there is a 
trend of uplift of the ground due to the frost 
heave induced by freezing reinforcement. Com-
paring the actual data and numerical simulation, 
it can be found that working shaft can reason-
ably restrict the uplift of the surroundings.
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