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Abstract: An increasing number of engineering accidents have shown that the failure of a tunnel can propagate to a neighbour-
ing tunnel. However, due to the complex interaction between the failed tunnel structure and the soil medium, the mechanism by 
which the failure is propagated between two closely spaced tunnels remains unclear. In this study, the coupled Eulerian-
Lagrangian (CEL) modelling technique was adopted to investigate the influence of a failed tunnel (FT) on an adjacent tunnel, 
which was termed an “influenced tunnel” (IT). The safety of the IT was analysed in detail under different circumstances, such as 
different failure positions of the FT, different failure degrees of the FT, and different spatial relationships between the two tun-
nels. The simulation results indicated that the most adverse case may occur when the two tunnels are arranged as offsets and the 
IT is the upper tunnel. Under this circumstance, significant shear deformation may occur in IT because IT is located at the shear 
band of the FT. 
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1  Introduction 

 
With the rapid development of the economy and 

functional zoning of urban space, subway construc-
tion has become an important index for evaluating 
the level of urbanization worldwide. In China, sub-
way transportation has become a mainstay of urban 
public transport, especially in first-tier cities such as 
Beijing and Shanghai (Huang et al., 2020, 2021). 

However, increasingly devastating engineering 
accidents have occurred during subway construction. 
For example, the collapse of a tunnel in the Nanjing 
Metro Line 2 caused severe ground subsidence 
(Yang, 2011); the accident that occurred during the 
construction of Metro Line 2 in Foshan caused the 

deaths of 11 people and the direct economic loss of 
50 million CNY (Department of Emergency Man-
agement of Guangdong Province, 2019). These acci-
dents led to great financial losses and severe social 
impacts. 

Extensive pioneering works have been done to 
investigate the mechanism behind the failure of the 
tunnels. Seidenfuß (2006) collected more than 110 
cases of accidents in practical engineering and ana-
lyzed the failure mechanism of the tunnel face, as in 
tunnel collapse accidents in London and Munich. 
HSE (1996) summarized different sorts of face sta-
bilities of the tunnel, including the collapse on the 
surface and collapse under the ground. Chambon and 
Corté (1994) conducted centrifuge model tests to 
study the stability of the tunnel face in sand. Atkin-
son and Potts (1977) conducted centrifuge model 
tests to study the face stability of the circle tunnel 
section and analyze the influence of the linings.  
Numerical models were also widely adopted to study 
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the stability of tunnels. Zheng et al. (2018) used the 
Eulerian finite model for stability analysis of circular 
tunnels in undrained clay. Yamamoto et al. (2011) 
focused on the stability of a square tunnel in  
cohesive-frictional soils subjected to surcharge load-
ing. As for study of progressive failure of the tun-
nels, Yin et al. (2020) analyzed the progressive face 
failure of a shield tunnel in sand using the coupled 
discrete element method and the finite difference 
method. Cui (2017) performed small-scale model 
tests to study the trigger mechanism of progressive 
failure in shield tunnels. Zheng et al. (2020) adopted 
numerical simulations to investigate the propagation 
mechanism of the domino-like failure in shield tun-
nels. Basically, these studies mainly focused on the 
failure of a single tunnel. 

Nowadays, with the utilization of the under-
ground space, the distance between tunnels is be-
coming smaller, especially in built-up regions and, in 
such circumstances, the failure of a tunnel may pose 
a threat to the safety of a neighbouring tunnel. For 
example, in the accident on Shanghai Metro Line 9, 
20 rings of segments failed in the up-line tunnel, 
which led to the excessive deformation of segments 
in the neighbouring down-line tunnel (Lu et al., 
2007). Similarly, in Shanghai Metro Line 4 (Fang et 
al., 2009), the right line tunnel failed during the ex-
cavation of the connecting passage (Fig. 1a), which 
gave rise to the collapse of the left line tunnel 
(Fig. 1b). In general, compared to the failure of a 
single tunnel, the cascading failure of a multi-tunnel 
system will be more catastrophic. The studies on the 
interaction between two crossing tunnels were most-
ly under the circumstances of normal operating con-
ditions (Zhang, 2016; Jin YF et al., 2019). However, 
little research has been conducted on how the failure 
of one tunnel can affect a neighbouring one, and the 
mechanism by which the failure is propagated be-
tween closely spaced tunnels remains unclear. 

In this study, we describe numerical simulations 
carried out to study the influence of a failed tunnel 
(FT) on an adjacent tunnel, referred to as an “influ-
enced tunnel” (IT). To simulate the complex interac-
tion between the failed tunnel structure and the soil 
medium, a coupled Eulerian-Lagrangian (CEL) 
modelling approach was adopted. The safety of the 
IT was analyzed in detail under different circum-
stances, including different failure positions of the 

FT, different failure degrees of the FT, and different 
spatial relationships between the two tunnels. Based 
on the simulation results, some suggestions are pro-
vided for preventing the cascading failure of two 
closely spaced tunnels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2  Numerical model 

2.1  Implementation of CEL modelling 

The classical finite element (FE) methods are 
mostly based on a Lagrangian formulation and are 
not suitable for solving geotechnical problems with 
large deformation due to excessive distortion of the 
FE-mesh. Hence, many numerical approaches have 
been implemented to overcome these problems, such 
as smoothed particle hydrodynamics (SPH), arbitrary 
Lagrangian-Eulerian (ALE), and CEL (Arrazola and 
Özel, 2010; Jin YF et al., 2018a; Yin et al., 2018; Jin 
Z et al., 2019). In this study, the CEL method was 
implemented due to a stable calculating result and a 
higher computational efficiency in massive grid 
computation (Qi et al., 2018). 

In general, there are two ways to describe the 
movement of continuum bodies: the Lagrangian de-
scription and the Eulerian description. In the simula-
tion using Lagrangian formulation, the movement of 
the continuum is described as a function of material 
coordinates and time. The nodes of Lagrangian ele-
ments move together with the material. In the Euleri-
an analysis, the movement of the continuum is de-
scribed as a function of the spatial coordinate and 
time. In the Eulerian analysis, the Eulerian reference 
mesh is needed to trace the motion of material and 

Fig. 1  Accidents on Shanghai Metro Line 4  
(a) Failure of segments in right line tunnel; (b) Failure of 
segments in left line tunnel 
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the material can move freely through the Eulerian 
mesh. 

The CEL method combined the advantages of 
both the Eulerian and Lagrangian analyses. In the 
numerical simulation using the CEL method, the 
flow of Eulerian material is tracked by computing 
the Eulerian volume fraction (EVF) of the mesh. 
Each Eulerian element was designated a percentage, 
which represents the portion of that element filled 
with a material. Specifically, if the element is full of 
material, EVF=1; if there is no material in the ele-
ment, EVF=0. The contact between Eulerian materi-
als and Lagrangian materials was implemented by 
the “general contact” algorithm, which was based on 
the penalty contact method (Qiu et al., 2011; Qiu and 
Grabe, 2012). With this method, small penetration of 
Eulerian material into Lagrangian elements was al-
lowed. The contact force would increase linearly 
with the penetration distance. 

Several benchmark calculations revealed that 
the CEL approach worked well in solving geotech-
nical problems with large deformations (Huo et al., 
2016; Wu et al., 2017; Dai et al., 2018; Jin YF et al., 
2018b; He et al., 2019). In this study, a series of 
“2D” models are described using the CEL method in 
ABAQUSTM commercial software (Version 2016) to 
study the influence of the failure of a tunnel on an 
adjacent tunnel. 

Fig. 2 shows an example of the 2D model, in 
which two parallel tunnels were considered. In the 
CEL method, only 3D modelling was permitted. 
Therefore, the analysis of only one element length in 
the out-of-plane direction was performed. In this 
model, local failure was set in the FT. The process of 
local failure was modelled by removing the corre-
sponding failed segment in the FT. Soil was mod-
elled as Eulerian material, and 3D linear brick hexa-
hedron elements with reduced integration (EC3D8R) 
were used. The tunnel consisted of several segments 
that were modelled by Lagrangian elements. The 
joints between segments were simulated by tensile 
springs, shear springs, and bending springs (the 
properties of segments and joints will be discussed 
later). Zero velocity constraint conditions were ap-
plied normal to the bottom and the vertical bounda-
ries in the Eulerian domain to avoid soil flowing out 
of the model. 

The simulation process can be divided into two 
steps: 

Step 1: activate the initial boundaries. In this 
step, all the segments and joints functioned well, and 
both tunnels were in normal working condition. The 
EVF of the Eulerian elements inside the tunnel was 
set to 0 because there was no soil leaking into the 
tunnel in this step. A void layer whose EVF was 0 
was set at the top of the model to prevent the soil 
from flowing out of the model, which may cause the 
loss of material (Fig. 2). The entire model was 
placed in a gravitational field of 1g, where g is the 
gravitational acceleration. A coefficient of lateral 
earth pressure K0=0.46 based on Jack’s equation (K0 
=1−sinφcʹ, in which φcʹ was the effect friction angle, 
taken as 33°) was adopted in the model. The initial 
stress condition of the Eulerian element was adopted 
in equilibrium with gravity. 

Step 2: deactivate the two joints that were con-
nected with the failed segment to trigger local failure 
in the FT (the deactivation operation was achieved 
by changing field variables in ABAQUS). Then, the 
soil began to leak into the tunnel from the local fail-
ure position. The EVF of the Eulerian elements in-
side the FT varied between 0 and 1, and the soil 
stress near the IT may change, giving rise to varia-
tions in the internal forces of the joints in the IT. 
This step simulated the process from the moment 
when local failure occurred in the FT to the moment 
when the internal forces of the joints in the IT finally 
became stable. 

 
 
 
 
 
 
 
 
 
 
 

2.2  Simulation of soil behaviour 

For simplicity, the tunnels were assumed to be 
built in dry sand. The hypoplastic model was imple-
mented to model the behaviour of soil considering its 
good fitness in modelling the nonlinear behaviour of 
granular soils (Ng et al., 2015). In this model, the 
version including the intergranular strain concept of 
Niemunis and Herle was used (Niemunis and Herle, 

Fig. 2  Schematic of the 2D CEL model 
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1997). This model contains eight basic parameters 
(φcʹ: critical state friction angle; hs: granulate hard-
ness; n: hardness exponent; ed0: minimum void ratio 
at zero pressure; ec0: critical state void ratio at zero 
pressure; ei0: maximum void ratio at zero pressure; α 
and β: parameters governing the dilation angle and 
shear stiffness of soil) that describe the general char-
acteristics of soil (e.g. dilatancy, contractions, differ-
ent stiffnesses of loading and unloading, as well as 
the dependency of the stiffness on the pressure and 
void ration) and five additional parameters (mR: pa-
rameter controlling initial shear modulus upon 180° 
strain path reversal and in initial loading; mT: param-
eter controlling the initial shear modulus upon 90° 
strain path reversal; R: size of the elastic range; βr 
and χ: parameters controlling the rate of degradation 
of the stiffness with strain) to describe the small-
strain and strain-dependency behaviour of soil. A 
typical parameter of the Hochstetten sand which was 
adopted for the simulation is shown in Table 1 
(Herle and Gudehus, 1999). 

 
 
 
 
 
 
 
 
 
 
 

2.3  Simulation of tunnel structure 

A schematic diagram of the tunnel is shown in 
Fig. 3. As shown in the figure, different joints and 
segments were named for the convenience of subse-
quent explanations. Each tunnel consisted of six 
segments (five standard blocks and one key block). 
The central angle of each standard block is 67.5°, 
and the central angle of each key block is 22.5°. The 
external diameter of each tunnel was 6.2 m, while 
the internal diameter of each tunnel was 5.5 m. The 
segments were assumed to be made of C50 rein-
forced concrete. 

Two bolts with a nominal diameter of 30 mm 
and an ultimate bearing capacity of 800 MPa were 
used to connect the segments. The distance between 
the location of the bolts and the internal surface of 

the tunnels was set as 0.14 m. According to previous 
studies (Zeng and He, 2004; Li et al., 2015), the 
bearing capacity of a joint varies when it is in differ-
ent bending directions (sagging moment and hogging 
moment). When the joint is in the state of sagging 
moment, the internal surface of the tunnel opens; 
when the joint is in the state of hogging moment, the 
external surface of the tunnel opens. A diagram of 
the two bending directions and the corresponding 
formulas of the envelope curve are shown in Fig. 3 
(Cui, 2017). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
According to previous studies, joints are the 

weakest part in shield tunnels, while segments can be 
in a relatively safe state when failure occurs (Geng et 
al., 2020; Zhang et al., 2020). Fully understanding 
this fact, only the failure behaviour of the joints was 
simulated, and the failure of the segments was ne-
glected in this study (the computed bending mo-
ments in the segments are provided in Appendix A 
and indicate that the segments were indeed safe). 
The segments were modelled as elastic Lagrangian 
bodies that had an elasticity modulus of 34 500 MPa. 

The tensile springs, shear springs, and bending 
springs of the joints were simulated with an elastic 
model when the internal force of the joint is within 
the ultimate bearing capacity. The parameters are 
shown in Table 2 (Liu et al., 2016). The ultimate 

Table 1  Hypoplastic constitutive parameters of 
Hochstetten sand 

Parameter Value Parameter Value Parameter Value

γ (t/m3) 1.5 ec0 0.95 mT 2 

φcʹ (°) 33 ei0 1.05 R 0.0001

hs (MPa) 1500 α 0.25 βr 0.5 

n 0.28 β 1 χ 6 

ed0 0.55 mR 5 dr 0.84

γ: unit weight of soil; dr: relative density 
Fig. 3  Schematic diagram of the tunnel 

M: bending moment (kN); N: axial force (kN/m) 
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bearing capacity of the bending springs was related 
to the axial forces of the joint. When the axial force 
and bending direction of the joint were determined, 
the ultimate bearing capacity could be calculated 
with the formula shown in Fig. 3. 

In this study, the behaviour of the joints was de-
fined as follows. First, for the joints in the FT, under 
circumstance 1, if the internal force in any one of the 
three springs of the joint developed beyond its ulti-
mate bearing capacity, the joint could not bear any 
bending moment; under circumstance 2, no matter 
how the internal force in the three springs of the joint 
developed, the joint could always undertake the cor-
responding force. Second, for the joints in the IT, the 
behaviour of the joints was the same as that of the 
joints in the FT under circumstances 2, which means 
all the joints in the IT could work properly. 

 
 
 
 
 
 
 
 
 
 

3  Model validation 
 
Liu and Huang (2015) conducted a full-scale 

test to study the collapse capacity of straight joint 
segment tunnels. In the present study, this experi-
ment was reproduced to verify the modelling meth-
od of the joints, which was discussed above. 

As shown in Fig. 4, in the present model, the 
ring consisted of one key block, two adjoining 
blocks, two standard blocks, and one bottom block. 
The external radius of the ring was 6.2 m, and the 
internal radius was 5.5 m. The width of the ring was 
1.2 m. The segments were constructed with C55 
concrete, and the reinforcing steel bar had a stage of 
HRB 335. The longitudinal joint was connected by 
two bolts with a diameter of 30 mm and the strength 
of extension of the bolts was 800 MPa. Around the 
tunnel, 24 hydraulic jacks were adopted to simulate 
the load. The loading process was divided into two 
steps: first, the load around the tunnel was applied 
gradually from zero to the normal operation load; 

second, the vertical pressure was maintained while 
the lateral pressure was decreased until the ultimate 
state of the tunnel was reached. 

A comparison of numerical simulation and ex-
periment is shown in Fig. 5. Fig. 5a shows the verti-
cal compressed deformation development of the 
failed tunnel. The trends of the elastic stage, plastic 
development stage, and plastic stage were well simu-
lated, and the ultimate load in the numerical calcula-
tion was close to that in the experiment. Fig. 5b 
shows the development of the joint stretching value 
at 8° of the ring, and the calculation result agreed  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Parameters of springs 

Type Direction Rigidity 
Ultimate bear-
ing capacity

Tensile spring Axial 477 529 kN/m2 754 kN/m 

Shear spring Tangential 182 896 kN/m2 377 kN/m 

Bending spring Sagging 9167 kN/rad  

Hogging 5416 kN/rad  

Fig. 4  Sketch of the tunnel 
(a) Sketch of the tunnel in the experiment; (b) Sketch of the 
tunnel in the numerical calculation 

Fig. 5  Comparison of the numerical simulation and 
experiment 
(a) Vertical compressed deformation of tunnel; (b) Joint 
stretching value at 8° of tunnel 
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well with the experiment. In general, the modelling 
method of the joints was deemed reasonable. 

 
 

4  Analysis of the results 
 
Two circumstances were considered here. Cir-

cumstance 1 only considered local failure (LF). In 
this circumstance, local failure occurred, and soil 
leaked into the FT from the failure position. All the 
joints functioned well during the failure process. Cir-
cumstance 2 considered progressive failure (PF). In 
this circumstance, not only would soil leak into the 
failed tunnel but also joints might fail during the 
failure process (the internal forces in the joints left 
the M-N envelope). The failure of the joints would 
probably induce the collapse of the tunnel. A sche-
matic diagram of the two circumstances is shown in 
Fig. 6 (in the schematic diagram, local failure oc-
curred at Stan-1-1). In practical engineering, LF cor-
responded to the situation in which effective 
measures were taken in time to prevent the collapse 
of the FT after local failure occurred. PF correspond-
ed to the situation in which it was too late to take 
measures to protect the structure of the tunnel, and 
progressive failure occurred after local failure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1  Sequence of joints that went into an unsafe 
state in the IT 

According to the current design method of 
joints in shield tunnels, connecting bolts with identi-
cal strength levels and concrete with identical 

strength grades were used in the same tunnel. This 
design meant that all the circumferential joints had 
identical envelope lines of axial force and bending 
moments regardless of whether the joints were at the 
top or bottom of the tunnel. This design principle 
was effective and convenient when tunnels were 
constructed and served in a normal way. However, if 
one tunnel failed, whether the joints in the other tun-
nel could bear the corresponding changing load and 
remain safe was unclear. To illustrate this problem, 
the internal force development of the joints in the IT 
is shown in Fig. 7 when the failure position was 
Stan-1-1 and the circumstance of PF occurred in the 
FT. In Fig. 7, the internal forces of different joints in 
the IT are marked with different symbols. For in-
stance, CB-2-1 is marked with a square, and CB-2-2 
is marked with a circle. The same symbols are con-
nected with straight lines to show the internal force 
change of the joints. When the internal forces of the 
joints developed within the envelope, solid lines are 
used to connect the figures. When the internal forces 
left the envelope, the connecting lines are shown as 
dashed lines. An unsafe state was defined as a state 
in which the internal force of a joint in an IT left the 
envelope, and a joint in an unsafe state was named 
an unsafe joint. For instance, the unsafe joints were 
CB-2-2, CB-2-3, and CB-2-6 (which are marked 
with circles) in Fig. 7. 

As shown in Fig. 7, different joints in the IT 
showed different working states. For example, some 
of the joints went into an unsafe state (CB-2-2, CB-
2-3, and CB-2-6), while other joints remained safe. 
In addition, there were also differences between the 
internal force developments of these unsafe joints. 
First, the unsafe joints went into an unsafe state at 
different moments. For example, joint CB-2-2 was 
the first to go into an unsafe state in the IT, followed 
by CB-2-3 and CB-2-6. Second, joints such as CB-2-
6 went into an unsafe state to a small degree, while 
other joints such as CB-2-3 went into an unsafe state 
to a large degree. 

Fig. 7 only shows the internal force develop-
ment of the joints in the IT when the spatial relation-
ship of the two tunnels was parallel. However, the 
two tunnels can also be arranged as offsets or over-
laps. To exhibit practical engineering in a compre-
hensive way, different spatial relationships of the 
two closely spaced tunnels were simulated (Table 3). 

Fig. 6  Two circumstances considered after local failure 
occurred in the FT 
(a) Circumstance 1: only considering local failure; (b) Cir-
cumstance 2: considering progressive failure 
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Because parallel tunnels can be taken as symmetrical 
structures, only the case in which the left tunnel 
failed was simulated. For the offset and overlap tun-
nels, the situation in which the upper tunnel failed 
(such as Offset-1 and Overlap-1) and the situation in 
which the lower tunnel failed (such as Offset-2 and 
Overlap-2) were considered, respectively. In general, 
there were five different cases. In each case, the bur-
ial depth of the upper tunnel was 1D, and the dis-
tance between the centers of the two tunnels was 2D 
(D is the tunnel diameter). 

In addition, the failure position may not only be 
at Stan-1-1, as local failure may also occur at any 
position in the FT. Hence, different failure positions 
in the FT were also simulated. Fig. 8 shows the pos-
sible failure modes of the FT when local failure oc-
curred at different positions (Key-1, Stan-1-1, Stan-
1-2, Stan-1-3, Stan-1-4, and Stan-1-5). Different lo-
cal failure positions are marked with different num-
bers (1), (2), (3), (4), (5), and (6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 shows the sequence of joints that went in-
to an unsafe state in the IT in the Parallel case. The 
working states of each joint in the IT are shown with 
12 blocks that corresponded to different failure 
modes of the FT (six for LF and six for PF). Blocks 
with no numbers represent the joints that remained 
safe in the corresponding failure modes, while blocks 
with numbers represent the joints that were in an 
unsafe state. The numbers indicate the sequence of 
joints that went into an unsafe state. For example, for 
the 12 blocks that indicated the working states of 
joint CB-2-6, the block located in the first column of 
the first line indicated that joint CB-2-6 remained safe 
when the failure position was Key-1 if the FT was in 
circumstance 1. The block located in the second col-
umn of the second line is marked with number (3). 
This mark indicates that joint CB-2-6 was the third 
joint to go into an unsafe state when the failure posi-
tion was Stan-1-1 if the FT was in circumstance 2. 

As illustrated in Fig. 8, in LF, the internal force 
development of all joints in the IT was within the M-
N envelope. In PF, joint CB-2-3, which was located 
at the invert of the IT, and joint CB-2-2, which was 
located at the springline of the IT, were the first two 
joints to go into an unsafe state. This result means 
that the joints located at the invert and springline of 
the tunnel should be given more attention in the Par-
allel case. 

The working states of the joints in the IT were 
compared when local failure occurred at the same 
position of the FT in the two circumstances. It is 
found that joints CB-2-2, CB-2-3, and CB-2-6 can 
always remain safe in LF, while these joints may go 
into an unsafe state in PF when some positions fail in 
the FT. This result illustrates that different circum-
stances may influence the working states of the 
joints, especially those located at the invert and 
springline of IT in the Parallel case. 

When the two tunnels were arranged as offsets, 
all the joints in IT can stay safe in the case Offset-1, 
while some joints may go into an unsafe state in the 
case Offset-2. Fig. 9 shows the sequence of joints 
that went into an unsafe state in the IT for Offset-2. 
In LF, joint CB-1-3, which was located at the toe of 
the IT, and joint CB-1-4, which was located at the 
invert of the IT, were the first two joints to go into an 
unsafe state; in PF, the first two joints that went into 
an unsafe state were similar to those in LF. This  

Table 3  Introduction of different cases 

Case FT IT 
Buried 
depth 

Central 
distance

Parallel Left Right 1D 2D 

Offset-1 Upper Lower 

Offset-2 Lower Upper 

Overlap-1 Upper Lower 

Overlap-2 Lower Upper 

Fig. 7  Internal force development of the joints in the IT 
when Stan-1-1 failed in FT  
Sequence of joints that went into an unsafe state: CB-2-2→
CB-2-3→CB-2-6 
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result means that the invert and the toe of the IT 
should be emphasized in the case of Offset-2. 

When the two tunnels were arranged as over-
laps, all the joints in IT can stay safe in the case 
Overlap-1, while some joints may go into an unsafe 
state in the case Overlap-2. Fig. 10 shows the se-
quence of joints that went into an unsafe state in the 
IT in the case of Overlap-2. In LF, joint CB-1-4, 
which is located at the invert of the IT, and joint CB-
1-5, which is located at the springline of the IT, were 
the first two joints to go into an unsafe state. In PF, 
the first two joints that went into an unsafe state were 
similar to those in LF. This result revealed that the 
invert and the springline of the IT should be given 
more attention. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From Figs. 8–10, conclusions can be drawn 

when comparing the working states of the joints in 
the IT under different circumstances. First, the se-
quences of the first two joints that went into an un-
safe state in the IT were similar in different circum-

stances in each case. For example, for Overlap-2, the 
first two joints in the IT that went into an unsafe 
state were CB-1-4 and CB-1-5 regardless of whether 
the FT was in LF or PF. Second, different circum-
stances may influence the number of unsafe joints in 
each case. The number of unsafe joints of the IT may 
be larger in PF than in LF in each case. For example, 
in the Parallel case, all the joints remain safe in LF, 
while some joints (CB-2-2, CB-2-3, and CB-2-6) can 
be unsafe when local failure occurs at some positions 
in the FT in PF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2  Degree to which joints went into an unsafe 
state in the IT 

The above study showed the working states of 
the joints in the IT. It also revealed that different 
unsafe joints went into an unsafe state at different 
moments in each case. However, as mentioned 
above, the difference between unsafe joints in each 
case was not only the sequence of joints that went 
into an unsafe state but also the degree to which dif-
ferent unsafe joints left the envelope. Many scholars 

Fig. 8  Sequence of joints that went into an unsafe state 
in the Parallel case 
(1)–(6) show six positions where local failure may occur.
LF: only considering local failure; PF: considering progres-
sive failure 

Fig. 9  Sequence of joints that went into an unsafe state 
in the case of Offset-2 
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(Bi et al., 2014; Li et al., 2015; Liu and Huang, 
2015) have reached the conclusion that flexural fail-
ure is the primary reason why joints lose function in 
shield tunnels. On that basis, the safety factor of 
joints can be evaluated by the flexural strength and 
the bending moments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A schematic diagram of the safety factor of 

joints in the IT is shown in Fig. 11. The curve OAB 
represents the internal force development of a joint 
in the IT. Point A was a discretional point in the 
curve OB, and a straight line through point A was 
drawn perpendicular to the X axis. The intersection 
of the straight line and the envelope line was point P, 
and the intersection of the straight line and the X axis 
was point Q. The line segment AQ (M1) represented 
the current bending moment of the joint, while the 
line segment PQ (M2) represented the flexural 
strength of the joint. The specific values of M2 and 
M1 were defined as Ka. The value of Ka changed as 
point A varied along the curve OB, and the minimum 
value of Ka (which is also called K in Fig. 11) was 

defined as the safety factor of the joint. The range of 
values of K was 0 to positive infinity. The larger K 
is, the safer the joint can be. If K was between 0 and 
1, the value of the flexural strength of the joint was 
smaller than that of the bending moment, and the 
joint was unsafe. If K was larger than 1, the flexural 
strength of the joint was sufficiently strong to resist 
the bearing moment. 

Fig. 12 shows the safety factor of the joints in 
the IT in the case of Parallel. In LF, the smallest 
safety factor was 1.33, and joint CB-2-2, which was 
located at the springline of the IT, and joint CB-2-3, 
which was located at the invert of IT, were the two 
joints with the smallest safety factors in most cases. 
In PF, joint CB-2-3, which was located at the invert 
of the IT, was the joint with the smallest safety fac-
tor, and the smallest safety factor was 0.54. In practi-
cal engineering, the invert and springline of the IT 
should be enhanced in the design stage. 

Comparing the safety factors of the joints in the 
IT under different circumstances shows that the safe-
ty factors of the joints in LF were larger than those in 
PF. This result indicated that the timely prevention 
of progressive failure of the FT can obviously in-
crease the safety factor of the joints in the IT in the 
Parallel case. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the two tunnels were arranged as offsets, 

in the case Offset-1, the joints in IT had sufficient 
redundancy of security (the safety factors ranged 
from 1.23 to 10.20). While in the case Offset-2, 
some joints in IT may go into the unsafe state. The 
safety factors of the joints in the IT for Offset-2 are 
shown in Fig. 13. In LF, joint CB-1-4, which was 
located at the invert of the IT, had the smallest safety 

Fig. 11  Diagram of the safety factor of the joints in ITs 
Safety factor K is the minimum of Ka (Ka=M2/M1) 

Fig. 10  Sequence of joints that went into an unsafe state 
in the case of Overlap-2 
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factors in most cases, and the safety factors of CB-1-
4 ranged from 0.25 to 0.81 when local failure oc-
curred at different positions in the FT. In addition, 
joint CB-1-2, which was located at the springline of 
the IT, and joint CB-1-3, which was located at the 
toe of the IT, should also be given more attention. 
The safety factors of those two joints were approxi-
mately 0.5. In PF, joint CB-1-4 had the smallest 
safety factors in most cases, ranging from 0.22 to 
0.32. The safety factors of joints CB-1-2 and CB-1-3 
were smaller in PF than in LF. This result revealed 
that the joints located at the springline, toe, and in-
vert of the IT may leave the envelope to a large de-
gree, and these joints should be taken seriously in the 
case of Offset-2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the two tunnels were arranged as over-

laps, in the case Overlap-1, the joints in IT had suffi-
cient redundancy of security (the safety factors 
ranged from 1.01 to 20.83). In the case Overlap-2, 
some joints in IT may go into the unsafe state. 
Fig. 14 shows the safety factors of the joints in the IT 
for Overlap-2. In LF, joint CB-1-5, which was locat-
ed at the springline of the IT, and joint CB-1-3, 
which was located at the toe of the IT, were the two 

joints that had the smallest safety factors in most 
cases, and the smallest safety factor was 0.35. 
Meanwhile, the safety factors of joint CB-1-4 were 
smaller than 1 in most cases. In PF, joint CB-1-5 and 
joint CB-1-3 were the two joints that had the small-
est safety factors in most cases, and the smallest 
safety factor was 0.28. In practical engineering, the 
joints located at the springline, toe, and invert of the 
IT should be enhanced. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The above study discussed the safety factors of 

the joints in the IT for cases of Parallel, Offset-1, 
Offset-2, Overlap-1, and Overlap-2. Herein, statisti-
cal analysis was carried out on 72 safety factors of 
the joints in the IT in each case. The probability for 
joints going into an unsafe state and the minimum 
safety factor were summarized in each case. 

Fig. 15a shows the probability for joints going 
into an unsafe state in each case. Assume that the 
local failure occurred at each position in the FT with 
equal probability and that the circumstances also oc-
curred with equal probability. The number of unsafe 
joints can statistically represent the probability that 
joints went into an unsafe state in the IT in each case. 
As shown in the figure, the maximum probability for 

Fig. 13  Computing the safety factors of the joints in the 
IT in the case of Offset-2  

Fig. 12  Computing the safety factors of the joints in the 
IT in the Parallel case  
(1)–(6) show six positions where local failure may occur.
LF: only considering local failure; PF: considering progres-
sive failure 
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the joints in the IT to go into an unsafe state was 
0.722 in the case of Offset-2. For Overlap-2, the 
joints in the IT also had a high probability of 0.583 
to enter an unsafe state, although this probability was 
lower than that for Offset-2; for Parallel, the proba-
bility was 0.153, which was lower than that of the 
two above mentioned cases. For Offset-1 or Overlap-
1, the probability that joints went into an unsafe state 
in the IT was nearly 0. These results can be de-
scribed as follows: for offset and overlapping tun-
nels, the probability of the joints entering an unsafe 
state in the IT when the lower tunnel failed (case 
Offset-2 and case Overlap-2) was higher than that for 
the joints entering an unsafe state in the IT when the 
upper tunnel failed (Offset-1 and Overlap-1); the 
corresponding probability in the case of Parallel was 
intermediate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15b shows the minimum safety factor, 

which was defined as the smallest safety factor 
among 72 safety factors of the joints in the IT in 
each case. It describes the largest degree that a joint 
leaves the envelope in the IT in each case. For  
Offset-2, the minimum safety factor was 0.22, which 

was the smallest among the different cases. This re-
sult means that the joint may leave the envelope to a 
large degree in this case. For Overlap-2, the mini-
mum safety factor of the joints in the IT was 0.28, 
which was slightly higher than that of Offset-2. For 
Parallel, the minimum safety factor was 0.54. For 
Offset-1 and Overlap-1, the minimum safety factors 
were larger than 1. These results can be described as 
follows: for Offset-2, the joints in the IT should be 
enhanced substantially to ensure their safety. For 
Overlap-2, the minimum safety factor of the joints 
was slightly larger than that of Offset-2, and the ma-
terial of the connecting bolts and concrete of the 
joints should be enhanced in the IT. In the case of 
Parallel, the minimum safety factor was twice as 
large as that of Offset-2, while the minimum safety 
factor remained less than 1. Hence, the enhancement 
of the joints in the IT should occur in the design 
stage. For Offset-1 and Overlap-1, the joints in the 
IT can always remain safe even if no enhancement is 
adopted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 14  Computing the safety factors of the joints in the 
IT in the case of Overlap-2  

Fig. 15  Statistical analysis of the joints in the ITs in dif-
ferent cases 
(a) Probabilities of joints that went into unsafe state in ITs in 
different cases; (b) Minimum safety factors of joints in ITs 
in different cases 
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Generally, from the perspective of the probabil-
ity that the joints went into an unsafe state and the 
minimum safety factor, the safety factor of the joints 
in the IT can be evaluated among the different cases. 
For Offset-1 and Overlap-1, regardless of the posi-
tion in which the FT failed and the circumstances, all 
joints in the IT were safe. This result demonstrated 
that a failure of the upper tunnel would have a slight 
influence on the joints of the lower tunnel. In the 
other three cases where some joints went into an un-
safe state in the IT, the safety factor of the joints in 
the IT was the smallest for Offset-2, followed by 
Overlap-2. In Parallel, the safety factor of the joints 
in the IT was higher than those in the two cases men-
tioned. The above results can be explained as fol-
lows: as shown in Fig. 16, the shear strain was used 
to illustrate the development of the plastic zone. In 
the Parallel case, lateral unloading occurred near the 
IT, and horizontal extension occurred in the IT. For 
Overlap-2, the entire IT was located in the vertical  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

unloading region, and vertical extension occurred in 
the IT. For Offset-2, the IT was located at the shear 
band of the FT where the soil had a large defor-
mation gradient. Shear deformation occurred in the 
IT, and the joints were in the most adverse working 
state. 

 
 

5  Conclusions 
 
This paper introduced the CEL modelling tech-

nique and built a series of 2D models to study the 
failure propagation between two closely spaced tun-
nels. The following conclusions can be drawn based 
on the results of this study: 

1. The sequence in which the joints in the IT 
went into an unsafe state mainly depended on the 
spatial relationships of the two tunnels, while differ-
ent failure positions and different failure degrees in 
the FT may have a slight effect. In practical  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 16  Shear bands and the deformation of IT for cases of Parallel (a), Overlap-2 (b), and Offset-2 (c) 
The deformation of the IT has been magnified by 10 times 
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engineering, if a spatial relationship is confirmed, the 
internal forces in the joints that first went into an 
unsafe state can be monitored to provide an early 
warning.  

2. In overlapping and offsetting cases, the influ-
ence of the failure of the upper tunnel on the lower 
tunnel (Offset-1 and Overlap-1) was less than that of 
the lower tunnel on the upper tunnel (Offset-2 and 
Overlap-2). As a result, the joints in the upper tunnel 
should be enhanced. 

3. In general, the joints in the IT were in a more 
dangerous situation when progressive failure oc-
curred in the FT rather than only local failure. As a 
result, protecting the structure of the FT in a timely 
manner may have a positive effect on the safety of 
the joints in the IT. 

4. Comparing the three cases in which the joints 
in the IT may go into an unsafe state (Parallel,  
Offset-2, and Overlap-2) shows that the safety factor 
of the joints in the IT was the smallest for Offset-2. 
The IT was located at the shear band of the FT where 
the soil had a large deformation gradient in the case 
of Offset-2. Shear deformation occurred in the IT, 
and the joints were in the most adverse working 
state. In practical engineering, the spatial relationship 
of offset tunnels is not recommended, and the joints 
in the upper tunnel should be enhanced. 
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Appendix A  Axial forces and bending mo-
ments of the segments in the IT 
 

The axial forces and bending moments of the 
segments in the IT were extracted and are presented 
in Fig. A1. As clearly shown, all the internal forces 

in the segments were within the M-N envelope, indi-
cating that the segments were safe in all cases. 
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Fig. A1  Axial forces and bending moments of the seg-
ments in the IT 


