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Abstract：In most studies of tunnel boring machine(TBM)tunnelling, the groundwater pressure was not consid-
ered, or was simplified and exerted on the boundary of lining structure. Meanwhile, the leakage, which mainly oc-
curs in the segment joints, was often ignored in the relevant studies of TBM tunnelling. Additionally, the geological 
models in these studies were simplified to different extents, and mostly were simplified as homogenous bodies. 
Considering the deficiencies above, a 3D refined model of the surrounding rock of a tunnel is firstly established 
using NURBS-TIN-BReP hybrid data structure in this paper. Then the seepage field of the surrounding rock con-
sidering the leakage in the segment joints is simulated. Finally, the stability of TBM water diversion tunnel is stud-
ied coupled with the seepage simulation, to analyze the stress-strain conditions, the axial force and the bending 
moment of tunnel segment considering the leakage in the segment joints. The results illustrate that the maximum 
radial displacement, the minimum principal stress, the maximum principal stress and the axial force of segment 
lining considering the seepage effect are all larger than those disregarding the seepage effect. 
Keywords：segment lining; seepage-stress coupling; 3D geological model; TBM water diversion tunnel 

 
Today, almost all rock mass conditions can be bored 

by modern tunnel boring machines(TBMs)with the tun-
nel diameter varying from less than 3 m to more than 15 
m. The TBMs are among the most technically sophisti-
cated excavation machines in tunnelling industry[1]. The 
wide application leads to the deep research on the TBM 
construction technology, and many achievements have 
been made in construction simulation, structural stability 
analysis and groundwater pressure calculation. However, 
in many relevant studies the groundwater pressure was 
not considered, or was simplified and exerted on the 
boundary of lining structure[2-4], which is inconsistent 
with engineering practices and unsafe[5]. The simulation 
results are more reasonable if the groundwater pressure is 
exerted as body force, and the seepage-stress coupling 
calculation can achieve more reliable expression for tun-
nel stability. The applications of seepage-stress coupling 
analysis in tunnel engineering are increasingly wide 

spread[6-10], and many achievements have been made. 
However, most researches were concentrated on solving 
the settlement and deformation problem. Only a few 
studies took the groundwater pressure as body force by 
coupling the seepage field in the stability analysis model 
to study the groundwater effect. Meanwhile, the tunnel 
linings in the above studies were treated as impervious 
materials or homogeneous porous materials due to the 
limitation of simulation method. Wongsaroj et al[11] 
found there were great differences between the measured 
pore pressure and numerical simulation results when the 
shield tunnel lining was treated as uniform permeability. 
Shin[12] pointed out that the leakage of shield tunnel oc-
curs mainly in partial locations such as segment joints 
and bolt holes. Therefore, the numerical simulation re-
sults will reflect engineering practices better if the leak-
age of shield tunnel is considered to occur in partial loca-
tions. But the relative studies are still rare at present, and  
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mainly focus on the settlement resulting from partial 
leakage[13,14]. 

In summary, the deep-lying TBM water diversion 
tunnel bears large groundwater pressure and tends to leak 
in segment joints, but the studies simulating the leakage 
in segment joints and exerting the groundwater pressure 
as body force are lack at present. Moreover, the geologi-
cal models of tunnel engineering are simplified to differ-
ent extents, and are mostly treated as homogeneous 
body[2,13,15]. In this paper, a 3D refined geological model 
of the surrounding rock of a tunnel is established using 
NURBS-TIN-BReP hybrid data structure[16], and the 
seepage field considering the leakage in the segment 
joints of the surrounding rock is simulated based on the 
geological model. Then, the 3D finite element analysis of 
TBM water diversion tunnel was carried out coupling the 
seepage field, obtaining the stress-strain conditions, axial 
force distributions and bending moment distributions of 
tunnel lining segment considering the leakage in segment 
joints. 

1 3D geological model 

According to the object-oriented classification tech-
nique and NURBS-TIN-BRep hybrid data structure, a 
geological model of the surrounding rock of a tunnel is 
established in Visual Geo system integrated with multi-
source data. The modeling process can be summarized as 
follows. First of all, based on the object-oriented classifi-
cation, the modeled objects are categorized according to 
geometric shapes and attribute characteristics, and the 
classified geometric models of geological objects and 
engineering objects are built using NURBS-TIN-BRep 
hybrid data structure. Then, a 3D integrated model is es-
tablished by Boolean between 3D geological and engi-
neering objects. Finally, a series of reliability analyses 
are carried out to ensure the validity and objectivity of 
the 3D model. Different geological structures are ren-
dered by different colors and textures according to the 
perturbation function algorithm and the geological draft-
ing standard with actual lithological characteristics and 
photographs. The 3D refined geological model estab-
lished above provides an accurate geometric model for 
seepage analysis and structural analysis. In the meantime, 
the model has the advantages of small data quantity and 
high efficiency. The 3D refined geological model of the 
surrounding rock is shown in Fig. 1. 

 

Fig. 1 3D refined geological model of surrounding rock 

2 Mathematical model 

2.1 Seepage analysis model 
The control equations in the seepage analysis consist 

of the continuity equation and Navier-Stokes equations. 
The momentum conservation and the viscosity of fluid 
are taken into consideration in the Navier-Stokes equa-
tions. 

(1) Continuity equation 
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where t is the time; ui is the velocity component; xi is the 
coordinate component; and ρ is the density. 

(2) Navier-Stokes equations 
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where U is the velocity vector; u, v, w represent U com-
ponents in x, y, z directions, respectively;   is the kine-
matic viscosity; and p is the pressure on a fluid micro unit. 
2.2 Structural analysis model 

The proper elastoplastic constitutive model and 
Mohr-Coulomb yield criterion are used for rock and soil 
mass. This yield criterion can illustrate different behav-
iors in tension and compression of geomaterials, and the 
physical and mechanical parameters are easy to derive 
through the conventional tests. Moreover, this yield crite-
rion has a better comparability and is widely used in 
simulating the elastoplastic properties of rock and soil 
mass. Mathematically, the Mohr-Coulomb yield function 
can be written as 
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where σ1 and σ3 are the maximum and minimum principal 
stress at yield, respectively; c is the cohesion; and φ is the 
internal friction angle. When fs＝0, it represents the limit 
equilibrium state of material. 
2.3 Coupling of seepage and stress 
2.3.1 Seepage body force 

As described in seepage mechanics theory, the 
seepage body force is proportional to the hydraulic gradi-
ent. Therefore, the seepage body force in the coordinate 
directions can be expressed as follows: 
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where γw is the weight of water; fx, fy, fz are the compo-
nents of the seepage body force in x, y, z directions, re-
spectively; Jx, Jy, Jz are the components of hydraulic gra-
dient in x, y, z directions, respectively. 
2.3.2 Coupling analysis model 

The two-step calculation model proposed by Gam-
bolati and Allan[17] is used in this paper, in which the 
seepage-stress coupling model is composed of seepage 
analysis model and structural analysis model. The seep-
age field distributions of the surrounding rock are simu-
lated by the seepage model with the common CFD soft-
ware STAR-CCM＋, while the structural analysis is car-
ried out by the structural model with the software 
ABAQUS. The meshes used in these two types of soft-
ware are different. The scripts are developed by the soft-
ware VisualGeo to solve the data transfer problem be-
tween two non-matching meshes[18]. Coupled with the 
seepage analysis results, the non-uniform distribution of 
the seepage field is considered in the structural analysis. 
With the analyses mentioned above, the stress-strain con-
ditions influenced by seepage are comprehensively calcu-
lated. 

3 Engineering example 

A deep-lying water diversion tunnel, with the 
maximum tunnel axis depth being about 1 028 m and the 
average tunnel axis depth near 500 m, is located in rock 
mass rich in groundwater, where the groundwater level is 
about 100—300 m. The location of the water diversion 
tunnel is shown in Fig. 2. A TBM with a diameter of  
5.95 m was used for excavating in this project. The con-
crete segment used in this tunnel has an inner diameter of 
4.96 m, thickness of 0.28 m and width of 1.6 m. The gap 
between the segment lining and the surrounding rock is 
38 cm at the top arc, and 5 cm at the bottom arc, and will 
be backfilled by backfilling concrete after fixing seg-
ments. The surrounding rock includes 5 strata: granitic 
gneiss, sandstone, quartz sandstone, argillaceous silt-
stone, and gneiss. The concrete segment and backfilling 
concrete are treated as linear elastic materials, while the 
surrounding rock meets Mohr-Coulomb yield criterion. 
The mechanical parameters of rock were obtained from 
the geological investigation report of the project[19], as 
listed in Tab. 1, in which the permeability coefficient k 
represents the seepage in the joints of the rock mass. 

 

Fig. 2 Water diversion tunnel location  

Tab. 1 Mechanical parameters of rocks and structures 
Item ρ /(kg·m-3) E/Pa μ k /(m·s-1) φ /(º) c/MPa 

Granitic gneiss 2 580 3.50×109 0.26 7.50×10-8 35 1.6 

Sandstone 2 500 2.60×109 0.33 4.00×10-8 30 0.8 

Quartz sandstone 2 550 3.00×109 0.30 6.00×10-8 32 1.2 

Argillaceous siltstone 2 480 2.10×109 0.35 3.50×10-8 25 0.4 

Gneiss 2 630 4.00×109 0.28 8.00×10-8 40 1.8 

Backfilling concrete 2 450 1.70×1010 0.20 1.00×10-9   

Concrete segment 2 500 3.60×1010 0.17    
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3.1 Basic hypothesis 
(1) The uncertainty of the leakage in segment 

joints leads to the impossibility of accurately determining 
the leakage location and quantity. Therefore, the leakage 
of joints is assumed as uniform. 

(2) Different strata are simplified as isotropic con- 
tinuum material, respectively, and the permeability coef-
ficient is regarded as constant, having no relationship 
with stress condition. 

(3) The steady seepage field after the completion 
of lining construction is applied to the numerical simula-
tion, and the seepage during tunnel construction period is 
disregarded. 

(4) The segments are tied during simulation since 
the segments are connected by bolts and will not slide 
relatively. 
3.2 Seepage analysis of surrounding rock 

The 3D analysis model of the seepage field is estab-
lished according to the geo-engineering model of the sur-
rounding rock. The size of the seepage analysis model is 
about 320 m ×200 m ×200 m(length×width×height). 
The tunnel axis is located about 150 m away from the top 
of the model, 100 m away from the sides, and 50 m away 
from the bottom. In order to realize the simulation of the 
leakage in segment joints, the TBM segments and seg-
ment joints are simplified as faces during modeling, and 
modeled separately. The segments are regarded as 
impervious boundary, while the joints are treated as the 
outlet of the seepage field, and the type of the outlet is 
the pressure outlet, with the value equal to 0. The element 
size is about 4 m for the surrounding rock, 0.1 m for 
backfilling concrete, 5 mm refined for the segment joints. 
The polyhedral mesh model of the seepage analysis is 
shown in Fig. 3. 

 

Fig. 3 Polyhedral mesh model of seepage analysis 

  In the boundary conditions, the upper boundary is 
the place where the groundwater level is located and the 
pore pressure is kept constant to be 0 Pa. The lateral 
boundaries of the model are fixed head boundary, where 
the pore pressure varies linearly with depth and equals 

ρg(－y)Pa. The front-back boundaries of the model are 
symmetric boundary, and the underside boundary is im-
permeable boundary. 

The hydraulic gradient J＝Δp / l, where l is the seep-
age path and Δp is the corresponding pressure difference. 
Jx, Jy, Jz are the components of the hydraulic gradient in 
x, y, z directions separately, and their values can be ex-
tracted from the seepage analysis result. Due to the space 
limitations, the detailed analysis of the distribution laws 
of the hydraulic gradient is presented in only one section 
of this paper, as shown in Fig. 4. The calculation results 
show that the range of the hydraulic gradient is from 
0.000,1 to 0.029 0 for the granitic gneiss stratum, 0.008,6 
to 0.059,2 for the sandstone stratum, and 0.031,3 to 
0.174,6 for the quartz sandstone stratum. Moreover, the 
hydraulic gradient within these three strata increases with 
the depth. The hydraulic gradient of the gneiss stratum 
varies from 0.001,2 to 0.114, with the maximum hydrau-
lic gradient at the lateral location, and the minimum at 
the middle region. The argillaceous siltstone stratum, 
where the tunnel is located, has the maximum hydraulic 
gradient of 143.0 near the segment joints, i.e., the outlet 
of the seepage field. 
3.3 Structural analysis coupling seepage field 

The range affected by tunnel excavation is about 3 
times of the tunnel diameter[20]. Therefore, it is suitable 
for selecting the geological model of the seepage analysis 
as the geological model of the structural analysis in this 
paper, according to the general mechanics principle and 
the feasibility of finite element analysis. The size of the 
geological model is about 320 m × 200 m × 200 m 
(length×width×height). The 3D finite element analysis 
model is established on the basis of the geological model, 
as shown in Fig. 5. 
  The method of the coupling seepage analysis can be 
summarized as follows. Firstly, the hydraulic gradient 
components Jx, Jy, Jz of all the nodes in the seepage 
analysis model are extracted from the seepage calculation 
results. Meanwhile, the centroid coordinates of all the 
rock mass elements are extracted from the structural 
analysis model. Secondly, the scripts are developed by 
the software VisualGeo to solve the data transfer problem 
between two non-matching meshes, i.e., the model of the  
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(a),Granitic gneiss 

 
(b) Sandstone 

 

(c) Quartz sandstone 

 

(d) Argillaceous siltstone 

 
(e) Gneiss 

Fig. 4 Distributions of dimensionless hydraulic gradient 

seepage simulation and that of the structural analysis 
simulation. The hydraulic gradient components Jx, Jy, Jz 
in the three directions of all the rock mass elements in the  

 
Fig. 5 3D finite element analysis model 

structural analysis model are obtained at this step. Then, 
the seepage body forces in the three directions of all the 
rock mass elements are derived by using Eq.(4), and 
coupled into 3D finite element analysis to realize cou-
pling seepage field in the structural analysis model. 

The 3D finite element analysis simulation includes 
the following steps: firstly, the initial stress state is 
adopted to reach the equilibrium. At this step, it is as-
sumed that this stress varies linearly with the depth and is 
isotropic, equal to γH. This assumption is reasonable 
since the coefficient of the horizontal stress for the deep-

lying rock approaches 1, indicating a uniform lithostatic 
stress condition. Secondly, the elastic modulus of excava-
tion rock is reduced to simulate the stress release, and 
30%, is chosen as the release coefficient by referring 
to the relevant study[21]. Then, the excavation of the entire 
tunnel is conducted by removing the excavation rock 
elements in the tunnel geometry. Subsequently, the back-
filling concrete elements and concrete segment elements 
are activated to simulate the completion of the lining 
construction. At this step, the segment stress-strain condi-
tion and the distributions of the axial force as well as the 
bending moment under the condition of disregarding the 
groundwater pressure can be obtained. Finally, the seep-
age field is coupled into the structural analysis to simu-
late the segment stress-strain condition and the distribu-
tions of the axial force as well as the bending moment 
considering the leakage in the segment joints. 
3.3.1 Segment deformation 

The nephograms of the segment radical displace-
ment under the conditions of disregarding the groundwa-
ter pressure and coupling the seepage field are shown in 
Fig. 6, respectively. According to the calculation results, 
the distributions of the segment radial displacement un-
der these two conditions are different. The maximum 
radial displacement under the condition of disregarding 
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the groundwater pressure and the condition of coupling 
the seepage field is 1.932 mm and 3.108 mm respec-
tively, which occurs at the bottom segment and top seg-
ment respectively. The positive values in Fig. 6 represent 
the deformation deviating from the circular center, while 
the negative values represent the deformation pointing to 
the circular center. It can be known from Fig. 6 that the 
deformation of the side segment deviates from the circu-
lar center, and is relatively small, but it is relatively large 

and toward the circular center for the top and bottom 
segments. When comparing the radial displacement dis-
tributions under these two conditions, it is easy to find 
out that the groundwater pressure changes the distribu-
tions of the radial displacement, changing the maximum 
deformation location from the bottom to the top, and in-
creasing the maximum radial displacement from 1.932 
mm to 3.108 mm, which will lead to the increase of risk 
and decrease of security. 

  
(a) Disregarding groundwater pressure                                                 (b) Coupling seepage field 

Fig. 6 Nephogram of radial displacement

3.3.2 Segment stress distribution 
The distributions of the minimum principal stress σ3 

and the maximum principal stress σ1 under the two condi-
tions are shown in Fig. 7. The calculation results show 
that the stress distributions under the two conditions are 
basically similar, the minimum principal stress σ3 is dis-
tributed inside the side segment, as shown in Fig. 
7(a)and Fig. 7(c), and the maximum principal stress σ1 
is distributed in the partial area outside the bottom seg-
ment, as shown in Fig. 7(b)and Fig. 7(d). Under the 
condition of disregarding the groundwater pressure, the 
range of the principal stress varies from－17.64 MPa to 
1.12 MPa. As for the condition of coupling the seepage 
field, the corresponding range is from－21.31 MPa to  
1.35 MPa. The axial compressive and tensile strength 
limitations of the lining segment concrete are 23.1 MPa 
and 1.89 MPa, respectively. The principal stress is within 
the allowable range, therefore, the stability of tunnel lin-
ing segment meets the requirement. The minimum prin-
cipal stress and the maximum principal stress under the 
condition of coupling the seepage field are larger com-
pared with the condition of disregarding the groundwater 
pressure. It is obvious that the groundwater pressure 
makes the maximum and minimum principal stress in-
crease by 20.80%, and 20.54%,, respectively, which may 
cause the instability of the tunnel. Thus it is of great im-
portance to take the groundwater pressure into considera-
tion during the tunnel design and construction. 

The leakage occurring in the segment joints is taken  

into consideration in this paper, obtaining the seepage 
field of the surrounding rock, which is closer to engineer-
ing practices. Due to the small permeability coefficients 
of the surrounding rock and backfilling concrete, only 
small partial areas of the seepage field in the surrounding 
rock near the segment joints are affected, as shown in 
Fig. 4(d). Meanwhile, the concrete stiffness of the lining 
segments is relatively large. Therefore, there are no larger 
stress and deformation near the segment joints for the 
lining segments, as shown in Fig. 6 and Fig. 7. 
3.3.3 Axial force and bending moment 

A stress path was set along the segment thickness in 
each angle of the segment, and the stress distributions 
were extracted along the stress path. Then the distribu-
tions of the axial force and bending moment were ob-
tained by integration along the stress path. The axial 
force distributions of the segment are shown in Fig. 8. In 
this figure, θ＝0° and θ＝180° indicate the top and the 
bottom of the segment, respectively. The positive value 
represents the compressive force while the negative value 
means the tensile force. It can be seen from Fig. 8 that the 
segment is compressed in every angle of the circle under 
the two conditions, and the axial forces under the condi-
tion of coupling the seepage field are larger than the cor-
responding values under the condition of disregarding the 
groundwater pressure in every angle. The maximum axial 
forces under the two conditions are all located at θ＝90°. 
The value under the condition of disregarding the 
groundwater pressure is 4 413 kN, while the correspond-
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ing value is 5 449 kN under the condition of coupling the 
seepage field, meaning that the maximum axial force  

increased by 23.5%, under the effect of the groundwater 
pressure. 
 

(a)σ3 when disregarding groundwater pressure (b)σ1 when disregarding groundwater pressure 

(c)σ3 when coupling seepage field (d)σ1 when coupling seepage field 

Fig. 7 Nephogram of the maximum and minimum principal stress

 

Fig. 8 Axial force distributions of segment 

  The bending moment distributions of the segment 
are shown in Fig. 9. The bending moment results from 
the non-uniform distributions of the stress along the seg-
ment thickness. It can be deduced from Fig. 9 that the 
non-uniformity of the stress distributions along the seg-
ment thickness at the side segment under the two condi-
tions are almost the same because of the same bending 
moment distributions. But they are different for the top 
and bottom segments, and the non-uniform degree under 
the condition of disregarding the groundwater pressure is 
more obvious because of the larger bending moment. The 
maximum bending moment under the condition of disre-
garding the groundwater pressure is 99.23 kN·m, and the 
value under the other condition is 82.68 kN·m. The ex-

treme values of bending moment distributions are located 
near the areas where θ = 0°, 90°, 180°. Thus, it is recom-
mended to take some reinforcement measures in these 
areas in the actual design and construction to ensure the 
safe operation of the tunnel. 

 

Fig. 9 Bending moment distributions of segment 

4 Conclusions 

(1) A 3D refined geological model has been estab-
lished using NURBS-TIN-BReP hybrid data structure, 
providing a geological model reflecting real geological 
conditions for the numerical simulation. 

(2) The models of the segments and joints have 
been established separately based on the 3D refined geo-
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logical model, in which the segments are impervious 
boundary, while the joints are the outlet of the seepage 
field, and the seepage field of the surrounding rock is 
simulated considering the leakage occurring in the seg-
ment joints. 

(3) The scripts are developed by the software 
VisualGeo to solve the data transfer problem between the 
seepage field and stress field, and the groundwater pres-
sure considering the leakage in the segment joints is cou-
pled with the structural analysis model as body force. 
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