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Abstract
A running tunnel in Chongqing, China was constructed in a soil-rock mixture (SRM) by the open-cut method. During the
construction period, severe cracks occurred on the tunnel lining floor, which will significantly affect the tunnel’s long-term
stability. In this study, the numerical investigation was performed to study the development trend of damage zones in the tunnel
lining, identifying the causes of damage and further evaluating the effects of suggested reinforcement measures. Firstly, numer-
ical modeling experiments were conducted to obtain the physical and mechanical parameters of SRM. Then, three 3-dimensional
(3D) numerical simulation models were established. The settlement, tensile stress, and distribution of damage zones on the tunnel
floor were highlighted. Results indicated that the maximum deformation occurs on the roof of the tunnel lining, and the minimum
displacement is in the middle part of the tunnel floor. The maximum compressive stress is within the ultimate compressive
strength. However, the tensile strength significantly exceeded the ultimate tensile strength, resulting in cracks in the tunnel lining.
If no reinforcement measures are taken, about 66% of the tunnel floor will be tensioned to damage, significantly reducing the
bearing capacity and long-term stability of tunnel lining. The stiffness difference between SRM and the bored piles is the reason
for damage zones in tunnel lining. It is suggested that grouting reinforcement and steel fiber reinforced concrete should be taken
on the tunnel floor to improve damage resistance. Finally, it is verified that the suggested reinforcement measures can effectively
control uneven settlement and damage zones in the tunnel floor.

Keywords Damage zone . Soil-rock mixture . Uneven settlement . Stress distribution . Reinforcement measures . Numeric
simulation

Introduction

Soil-rock mixture (SRM) is a complicated material widely
encountered in geotechnical engineering projects (Xu et al.
2007). The physical and mechanical properties of SRM are
quite different from soil or rock. Some researchers have de-
voted themselves to investigating the physical and mechanical
properties of SRM by laboratory and in-situ experiments
(Vallejo and Mawby 2000; Li et al. 2004; Xu et al. 2008;
Xu et al. 2011). However, the laboratory and in-situ tests have
the disadvantage of only representing the local region’s me-
chanical characteristics, which may significantly affect the
accuracy of calculation results. With the rapid development
of the finite element method (FEM), the mechanical properties
and failure characteristics of SRM have been investigated by
some scholars through numeric modeling experiments (Yue
et al. 2003; Xu et al. 2008; Fakhimi 2009). For instance, Sun
(2014) carried out numeric experiments to obtain the shear
strength parameters of SRM through Finite Difference
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Software Flac3D. Results show that the mechanical parame-
ters of SRM obtained through Flac3D are almost identical to
the direct in-situ test results. It has been widely accepted that
FEM is effective in obtaining mechanical parameters of SRM.

Chongqing is a city in the southwestern part of China that is
famous as a mountain city. Over the past several decades,
many small mountains were blasted to construct buildings in
Chongqing. The rock and soil produced by the blasting were
mixed and randomly abandoned in gullies. Nowadays, with
the rapid development of Chongqing, subways were con-
structed to solve traffic jams. However, the transportation sys-
tem’s space was limited; therefore, many subways were de-
signed to be built in SRM. For example, the running tunnel
between the Jiangbeicheng andWulidian subway stations was
constructed in SRM at the beginning of 2008. During the
construction period, severe longitudinal cracks occurred on
the floor of the tunnel lining. Based on engineering experi-
ences, the tunnel lining cracks will decrease the effective bear-
ing area, further reducing the tunnel’s long-term stability.
Besides, groundwater can penetrate the tunnel through cracks
and then influences traffic safety.

Some scholars have devoted themselves to studying the
causes of tunnel lining damage, cracking mechanisms, and rea-
sonable reinforcement measures (Richards 1998; Lee et al. 2013;
Wang et al. 2014). For instance, Wang (2010) presented the
possible causes of lining anomalies by systematically studying
the spatial distributions, textures, and appearances of cracks on a
tunnel lining surface. Xiao (2014) conducted a 3D numeric
modeling to simulate tunnel construction and analyze the crack-
ing mechanism in the secondary lining. Some scholars have
adopted several reinforcement measures (Mashimo et al. 2006;
Chiaia et al. 2009) to repair the damage zones in the tunnel lining
and ensure the long-term stability of the tunnel. The steel fiber-
reinforced concrete has been validated to be an effective way to
control damage development. Mashimo (2006) studied fiber-
reinforced concrete’s effect on preventing cracks in tunnel lining
by comparing plain concrete and steel fiber-reinforced concrete.
Chiaia (2009) examined the effect of steel fiber in reinforced
concrete on improving tensile strength and controlling crack
width in tunnel linings. The proposed approach has been suc-
cessfully applied to the design of tunnel linings in Italy.

The literature review results showed that most of the stud-
ies were focused on the physical and mechanical properties of
SRM, cracking mechanisms of tunnel lining, and reasonable
reinforcement measures. However, little attention has been
paid to identifying the causes of damage zones in a tunnel
constructed in SRM and evaluating the effectiveness of corre-
sponding reinforcement measures. In this paper, the numerical
simulation was conducted to investigate the settlement, tensile
stress, and distribution of damage zones on the tunnel floor.
Besides, the causes of the cracks in the tunnel floor were
identified. Then, the effects of the two reinforcement measures
were verified. Finally, some suggestions were forwarded for

similar engineering projects in the future. The theme of this
work is to offer a theoretical basis for the construction and
disease control of similar projects.

Materials and methods

The running tunnel between the Jiangbeicheng and Wulidian
subway stations is a part of metro line 6 in Chongqing, China.
It was constructed at the beginning of 2008. The buried depth
of the running tunnel is approximately 15 m. The total length
is about 320 m. According to the design document, this tunnel
was constructed in SRM by the open-cut method. The geo-
logical profile of the tunnel site area is shown in Fig. 1. It

should be noted that Qml
4 represents SRM, and that J2s-Ss

represents sandstone. The landscape in the tunnel site was
originally a valley and was later backfilled by SRM. The ele-
vation of the surface varies from 216m to 223m. In the central
part of the engineering site, the surface is not flat, with the
slope angle ranging from 5 to 15°.

Manual bored piles were designed to decrease settlement in
the tunnel floor to ensure the tunnel’s stability (Fig. 1). The
boring piles’ designed diameter is 1.5 m, with the center to
center spacing of 5 m. The bottom of bored piles was embed-
ded in moderately weathered sandstone. In engineering prac-
tice, the tunnel’s construction steps are as follows: SRM in the
tunnel site was excavated to the designed elevation. Then,
bored piles were constructed. Tunnel lining was cast in situ
after the bored piles were completed. After the curing period
of concrete, the tunnel was covered through backfilling SRM
above the tunnel. The thickness of the backfill above the tun-
nel lining varies from 7 m to 14.8 m.

Generally, tunnel lining cracks are divided into three types:
longitudinal, circumferential, and oblique. When the cracks of
the tunnel structure are parallel or substantially parallel to the
axial direction of the tunnel, they are called longitudinal
cracks. This kind of crack is the most harmful type of crack
because it destroys the integrity of the lining section. In
double-track tunnels, longitudinal cracks are mainly produced
in the arch waist and shoulders, while in single-track tunnels,
the longitudinal cracks are mainly produced in the floors and
sidewalls. When the geological conditions are biased, the

J2s-Ss 

J2s-Ss

J2s-Ss

J2s-SsBored piles 

14.8m

Floor of tunnel lining

Roof of tunnel lining

30m

Terrain 

The original terrain surface

Fig. 1 Geological profile in tunnel site
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tunnel produces uneven settlement, the tunnel is under-
excavated during construction, or the top of the middle wall
is not entirely backfilled, longitudinal cracks in the tunnel
lining are likely to occur. According to the construction re-
cords, many longitudinal cracks occurred on the tunnel lining
floor when backfilling to 9 m above the tunnel (Fig. 2). The
depth and width of the cracks were detected through geolog-
ical radar. As a result, the cracks’ width varies from 0.2 to 0.3
mm, and the depth ranges from 1.4 to 3.5 cm. Besides, the
distribution of the cracks is mainly along the middle line of the
tunnel floor, as depicted in Fig. 2(b).

Reinforcement measures

Generally, damage zones in the tunnel lining were commonly
dealt with in two ways. On the one hand, the sleeve grouting
method and bolt anchoragemethod can be adopted to decrease
the stiffness difference between SRM and bored piles, further
decreasing uneven settlement and improving stress distribu-
tion. On the other hand, tunnel lining’s damage resistance can
be improved by replacing concrete with steel fiber-reinforced
concrete. Another reinforcement measure, such as adding a
new reinforced concrete arch in the existing tunnel lining,
constructing a support beam in the bottom of the tunnel lining,
can also be taken to deal with damage zones in tunnel lining.
Nevertheless, the above two methods were not feasible since
the tunnel clearance limit should be guaranteed, and the tunnel
lining has been covered when damage cracks were found. It is
suggested that the sleeve grouting method and the steel fiber-
reinforced concrete method can be taken in engineering prac-
tice. These two adopted reinforcement measures are described
in detail in the following part.

Steel fiber-reinforced concrete method

It has been validated that steel fiber-reinforced concrete can
significantly increase the tensile strength and damage resis-
tance (Mashimo et al. 2006; Chiaia et al. 2009). In this meth-
od, the damaged concrete in the tunnel lining was excavated
and replaced by steel fiber-reinforced concrete. The thickness
of the fiber-reinforced concrete was approximately 0.4 m. The
concrete on the tunnel floor’s surface was cut anomalously to
improve the fresh and old concrete’s adhesive properties. The
tensile strength of steel fiber-reinforced concrete can be cal-
culated using Eqs. (1) and (2) that are stipulated by the
Technical specification for fiber reinforced concrete
structures (Dalian University of Technology, 2004).

f ftk ¼ f tk 1þ αtλ f
� � ð1Þ

λ f ¼ ρ f l f =d f ð2Þ

where: fftk is the characteristic value of the tensile strength of
the fiber-reinforced concrete, with the unit of MPa; ftk is the
characteristic value of the tensile strength of the C40 concrete,
with the unit of MPa; λf is the characteristic value of the fiber
content; ρf is the volume fraction of the steel fiber; lf is the
length of the steel fiber, with the unit of mm; df is the equiv-
alent diameter of the steel fiber, with the unit of mm; αt is the
influence coefficient of the steel fiber on the tensile strength of
the fiber-reinforced concrete.

Sleeve grouting method

Generally, cement grouting bonds the soil and the rock in
SRM. Thus, the elastic modulus and shear strength increase
significantly, resulting in the decrease of uneven settlement
and tensile stress on the tunnel floor. In engineering practice,
cement grouting is injected into the pores in the SRM through
grouting holes drilled in the tunnel floor.

Physical and mechanical parameters of SRM

Through field investigation, the distribution of SRM in the
tunnel site was depicted in Fig. 3. It can be found that rocks
are angular and are distributed randomly. The size of the rocks
varies from 0.2 to 0.5 m. It is widely accepted that

(a)

(b)

Damage cracks

in tunnel floor

Fig. 2 Damage cracks in the floor of tunnel lining. (a) Pictures of the
project. (b) Diagram of the longitudinal cracks in the tunnel floor

Tunnel lining

SRM

Fig. 3 Investigational area of SRM in tunnel site
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geotechnical materials’ mechanical properties play a crucial
role in the failure characteristics of geotechnical engineering.
The physical and mechanical properties of the SRM in the
tunnel site should be obtained first to identify the causes of
tunnel lining cracking. In engineering practice, cracks were
found when backfilling to 9 m above the tunnel, which means
that there is no enough testing site to conduct an in-situ direct
shear test. Besides, the size of rocks in the tunnel site is too
large to conduct laboratory tests. In this paper, the numeric
modeling experiments were adopted to obtain physical and
mechanical parameters of SRM.

The particle size distribution of SRM was determined
through the sieving method stipulated by Test Methods of
Soils for Highway Engineering (Research Institute of
Highway Ministry of Transport, 2007). The sieving method
results show that the rock content of the soil-rock mixture is
60%.When establishing the numeric model, if the particle size
is less than 2 cm, it will be ignored. If the particle size is more
than 50 cm, it will be evenly distributed to other particle
groups according to the equivalent substitution method. The
original statistical percentage content of each particle group
and the percentage content after distribution according to the
above principles are shown in Table 1.

It is assumed that the particle size distribution in each par-
ticle group obeys uniform distribution. According to the pro-
portion of each particle group in the total gravel area and the
selected gravel particle size, the number of gravel with each
particle size shall be allocated to conform to the original per-
centage content of the gravel particle group in Table 1 as far as
possible.

Two numeric models that can truly reflect the spatial dis-
tribution of SRM were established by using the Rand com-
mand in MATLAB and imported into finite element software.
Figure 4 noted that the rectangle represents rock, and the other
part represents soil. The numeric model size was selected as 3
m (six times the maximum size of rocks) to reduce the effect
of boundary conditions on numeric results. Soil and rocks in
numeric models belong to two different groups. The physical
and mechanical parameters of soil and rock were introduced
into corresponding groups. According to the geological sur-
vey report, the physical and mechanical parameters of soil and
rock in the tunnel site are listed in Table 2.

Numeric modeling experiments were conducted under
three different confining pressures 0, 0.5, and 1.0 MPa. The
confining pressure was applied on the horizontal surface of the
numeric model. The displacement load method was used to
apply vertical load on the top of the numerical model with 1e-
6m/step. Rigid constraints are applied to the bottom of the
numerical model. The stress and strain of the characteristic
points in the numerical model are recorded during the loading
process.

The effectiveness of the numeric modeling experiment was
validated by comparing computational results to the physical
and mechanical parameters in the geological survey report.
Based on the numerical simulation results of homogeneous
rock mass, the friction angle of the rock is 35.84°, the cohe-
sion is 1225.2 KPa, the elastic modulus is 1965 MPa, and the
Poisson’s ratio is 0.327. Comparing the mechanical parame-
ters of the rock in Table 2, it can be seen that the error is
relatively minor.

Table 1 The percentages of the original and after allocation of gravel fraction

Particle size(cm) Less than 2 2–10 10–18 18–26 26–34 34–42 42–
50

More than 50

Percentage content 9% 17% 21% 15% 10% 11% 8% 9%

Percentage content after treatment — 18.5% 22.5% 16.5% 11.5% 12.5% 9.5% —

Fig. 4 Numeric models of SRM.
(a) Model I, (b) Model II
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To further validate the effectiveness of numerical simula-
tion, the trend of the stress-strain curve obtained from numer-
ical simulation and laboratory tests was compared. Zhao and
Liu (2019) carried out a medium triaxial experiment for SRM
and obtained the stress-strain curve of SRM with different
rock content (0, 10, 30, 50, and 70%). The test device and
results are depicted in Fig. 5; the stress-strain curve can be
divided into three stages: (1) linearly stage: at this stage, the
stress increases approximate linearly with the strain; (2) strain
hardening stage: at this stage, the stress increases continuously
with strain, but the increased range is small. (3) Steady stage:
at this stage, the stress increases little with strain and tends to
be stable. Compared with the stress-strain curve of SRM ac-
quired from the numerical simulation (Fig. 6), we can see that
the curve also can be divided into three stages (i.e., linearly
stage, strain hardening stage, and steady stage). The evolution
trend of the stress-strain curve in Fig. 5 (laboratory test) and
Fig. 6 (numerical simulation) is the same. Combined with the
fact that there is a minor error in the mechanical parameters of
rock between the test data(geological survey report) and the
numerical simulation. We can deduce that it is practical to
apply this method to obtain the mechanical parameters of the
SRM.

Figure 6 shows curves of axial stress versus the axial strain
of the two models. The ultimate compressive strength in-
creases with the increase of confining pressure. The ultimate
compressive strength of SRM was much larger than that of
soil, which means that rocks in SRM can significantly

improve the mechanical strength of the soil. Fig. 7 shows
the failure mode of soil and SRM samples, respectively.
Note that the green color represents zones that were in a plastic
state. X type shear failure occurred in the soil sample, while
the failure mode of SRM was quite different. In the SRM
sample, most of the soil elements yielded, but only a few rock
elements yielded. Plastic zones in soil elements bypass rock
elements and are finally connected. The failure model of SRM
was similar to the laboratory results of Wang’s study (Wang
et al. 2014).

The Mohr-Coulomb yield criterion was used to calculate
the mechanical parameters of SRM. The mean value of these
two models was selected as the comprehensive mechanical
parameters of SRM. The internal angle friction is 32.75°,
and the cohesion is 171.67 kPa. The elastic modulus of
SRM is calculated according to the stress-strain curves when
the confining pressure is 0 MPa. The elastic modulus can be
calculated to be 203 MPa.

In engineering practice, the grouting holes’ depth varies
from 4 to 5 m, with an interval of 1.5 m. The physical and
mechanical parameters of SRM before and after grouting
are listed in Table 3. It is worth noting that the mechanical
parameters of SRM before grouting were obtained from the
numerical simulation results in the “Physical and mechan-
ical parameters of SRM” section. After grouting, the me-
chanical parameters of SRM are obtained by statistics of
relevant literature data (Wang 2009; Zhang 2010; Cui
2012).

Table 2 Physical and mechanical
parameters of soil and rock Type Density/

(kg/m3)
Elastic
modulus/MPa

Cohesion/
kPa

Internal friction
angle/(°)

Poisson’s
ratio

Tensile
strength/kPa

Soil 2000 20 40.0 28 0.42 9.0

Rock 2570 1965 1029 40 0.32 575

Fig. 5 Test device and results of the triaxial experiment for SRM (Zhao and Liu 2019). (a) Medium triaxial test system. (b) Stress-strain curve of SRM
with a 50% rock content
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Development trends and causes of damage zones

After the curing period of concrete, SRM was backfilled to
cover the tunnel. Damage zones in tunnel lining were found
when backfilling to 9 m. The loading pressure acting on the
tunnel lining should be accurately calculated to identify the
development trends and causes of damage zones in the tunnel
lining. The Code for Design of Road Tunnel (China
Merchants Chongqing Communications Technology
Research & Design Institute CO., LTD. 2010) introduces
two calculation methods: the load-structure method and the
layer-structure method, to calculate the loading pressure ap-
plied to the tunnel lining. The load-structure method has the
disadvantages that it ignores the self-bearing capacity of
SRM, which will magnify the loading pressure acting on tun-
nel lining than actual. In this study, the layer-structure method
was selected to calculate the deformation and stress distribu-
tion in the tunnel lining. A comprehensive 3D numeric model
was established by Midas-GTS, which is widely used in geo-
technical engineering. It was selected to conduct numeric sim-
ulation since it can competently deal with the discontinuous

deformation problem and solve the slip problem between
SRM and tunnel lining.

Numeric modeling

Severe damage occurred in the center 30 m of the tunnel
shown in Fig. 1. This part is selected to establish the 3D
numeric model (Fig. 8). The dimensions of the built model
are 50 × 30 × 54.8 m3, with a buried of 14.8 m. The backfill
above the tunnel lining was divided into two parts according
to construction progress. The height of the lower part is 9 m,
and the height of the upper part is 5.8 m. Rock masses, tunnel
lining, grouting reinforcement, fiber-reinforced concrete, and
bored piles were meshed using the tetrahedron element. In
total, it was composed of about 130,235 elements and
22,625 grid points. The boundary conditions are set as fol-
lows: nodes at all sides of the model were fixed in the hori-
zontal direction on the x-z and y-z planes (i.e., x = −25, x = 25,
y = 0, and y = 30). Nodes at the base of the model (z = 0) were
fixed in the vertical (z) direction, and nodes on the top of
numerical models are free. In order to simulate the slip

Fig. 6 The curve of axial stress versus axial strain. (a) Model I, (b) Model II

Fig. 7 Failure model of soil and
SRM sample. (a) Soil, (b) SRM
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between SRM and tunnel lining, the interface element was
established in the interface between tunnel lining and SRM.
The friction coefficient was selected to be 0.5 based on engi-
neering experiences.

In engineering practice, the construction steps can be
roughly divided into three construction steps. Firstly, after
casting the tunnel lining, the initial stress field was generated;
meanwhile, the calculated displacement was reset to be 0.
Then, backfill was backfilled to 9 m above the tunnel lining.
Finally, backfill was backfilled to 14.8 m above the tunnel.
The numeric simulation’s construction steps are consistent
with that in engineering practice to investigate the causes of
damage zones in the tunnel lining and evaluate the reinforce-
ment measures’ effect. Based on the three working conditions
listed in Table 4, three numerical models were established.
The deformation and stress distribution in tunnel lining was
highlighted.

Physical and mechanical parameters used in the
numeric simulation

The physical and mechanical parameters of materials in the
numeric simulation are listed in Table 5. Concrete obeys the
elastic model. The physical and mechanical parameters of it
are selected based on existing experimental results. SRM and
sandstone both obey the Mohr-Coulomb yield criterion, and
the ideal elastic-plastic constitutive model is adopted in the
mechanical model of SRM and sandstone. The physical and
mechanical parameters of sandstone are selected according to

the geological survey report. The physical and mechanical
parameters of SRM were determined by numerical modeling
experiments in the “Materials and methods” section.

In engineering practice, the primary purpose of grouting is
to improve the mechanical parameters of SRM. Therefore, the
grouting reinforcement was simulated by changing the
grouting reinforcement area’s physical and mechanical pa-
rameters below the tunnel lining. Fiber-reinforced steel con-
crete is simulated by adding elements on the surface of the
tunnel floor.

Results and analysis

Development trend of damage zones

The distribution of settlement, stress, and damage zones of
model 1 in construction steps 2 and 3 was compared to inves-
tigate the development trend of damage zones in tunnel lining
with the height of backfill. Fig. 9 shows the vertical displace-
ment of the tunnel lining when backfilling to 9 and 14.8 m.
The tendency of these two deformation contours was similar.
The maximum deformation occurs on the roof of the tunnel
lining. The minimum displacement is in the middle part of the
tunnel floor. The maximum displacement increased from 10.7
to 16.4 mmwhen backfilling to 14.8 m compared to 9 m. Due
to the supporting effect of bored piles, the minimum displace-
ment occurred in the central part of the tunnel floor.

Table 3 Mechanical Parameters
of SRM before and after grouting SRM Density/(kg/

m3)
Elastic modulus/
(MPa)

Cohesion/
(kPa)

Internal friction
angle/(°)

Poisson’s
ratio

Before
grouting

24.38 203.00 171.67 32.75 0.369

After
grouting

25.36 263.90 231.75 39.30 0.351

Increment 4% 30% 35% 20% −5%

(a) (b)

5.8m

z
y

x

9m

21m

19m

50m 30m

Tunnel

Backfill

5m
Piles

Tunnel lining 

Sleeve Grouting 

Fig. 8 3D numeric models. (a)
The isometric view. (b) Tunnel
lining, grouting reinforcement,
and piles
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Figure 10 shows the distribution of stress and damage
zones in the tunnel lining when backfilling to 9 and 14.8 m.
Noted that the positive value represents tensile stress, and the
negative value represents compressive stress. Stress in the
tunnel floor varied from −6.02 to 6.57 MPa when backfilling
to 9 m. It can be found that the characteristic tensile strength
and compressive strength of C30 concrete are 2.01 and 20.1
MPa, respectively. Themaximum compressive stress is within
the ultimate compressive strength. However, the tensile
strength significantly exceeded the ultimate tensile strength,
resulting in cracks in the tunnel lining. The area in which the
corresponding tensile stress exceeds the ultimate tensile
strength of concrete is defined as the damage zone. Damage
zones mainly distribute in the middle part of the tunnel floor.
The damage zones’ width and thickness are 2.6 and 0.5 m,
respectively, when backfilling to 9 m. The maximum depth of
damage zones occurred in the center of the tunnel floor and
gradually decreased. The width of the tunnel floor is 6.0 m.
About 43.3% of the tunnel floor will be damaged. The loca-
tion of the damage zones is consistent with that in the engi-
neering practice, which validates numeric simulation’s effec-
tiveness and the correctness of the selected mechanical
parameters.

Tunnel lining damage was found when backfilling to 9 m.
At this time, there is still 5.8 m of backfill left to the design
elevation. It is suggested that if tensile stress and damaged
zones do not increase significantly when backfilling to 14.8
m, damage zones could be dealt with using a grouting agent
without taking other reinforcement measures. Nevertheless, if
the damage zones increase significantly, special reinforcement
measures should be taken to control the development of the
damage zones in the tunnel lining. Fig. 10(b) shows the

development of stress and damage zones distribution when
backfilling to 14.8 m. The tensile stress and damage zones
both significantly increase compared to that when backfilling
to 9 m. The maximum compressive strength is still within the
ultimate compressive strength of concrete, while the maxi-
mum tensile strength increased to 9.81 MPa. The width and
thickness of the damage zones increased to 4.0 and 0.55 m,
respectively. About 66.6% of the tunnel floor will be ten-
sioned to damage.

It can be inferred from the above results that if no control
measures were taken when backfilling to 9 m, tensile strength
and damage zones would significantly increase, resulting in a
severe reduction of the serviceability long-term stability of the
tunnel. It is suggested that backfilling can be continued after
taking reasonable reinforcement measures to control the de-
velopment of damage zones in tunnel lining.

Causes of damage zones in tunnel lining

Settlement along the line B-B' (Fig. 10) of models 1 and 2 was
extracted to study the settlement distribution in tunnel floor.
The results are shown in Fig. 11(a). The deformation of the
tunnel floor increases with the height of the backfill above the
tunnel lining. Due to bored piles, the settlement of model 1 is
much smaller than model 2. However, the settlement of model
1 was not identical. The settlement on the edges of the tunnel
floor is larger than the central part. The maximum uneven
settlement on the tunnel floor is 1.24 mm when backfilling
to 9 m and increased to 2.03 mm when backfilling to 14.8 m.
Settlement in model 2 is much larger than model 1, but it
distributes entirely without the uneven settlement.

Table 4 Working conditions
Working
conditions

Types of foundation Reinforcement measures

Model 1 Upon SRM and is supported by bored
piles

Without reinforcement measures

Model 2 Directly upon SRM Without reinforcement measures

Model 3 Upon SRM and is supported by bored
piles

Sleeve grouting and fiber reinforced
concrete

Table 5 Physical and mechanical
parameters used in numeric
simulations

Materials Density/
(kg/m3)

Elastic modulus/
(MPa)

Cohesion
/(kPa)

Internal friction
angle /(°)

Tensile strength
/(MPa)

C30 concrete 2500 31.3 2.01

SRM before
grouting

24.38 0.203 171.67 32.75

SRM after
grouting

25.36 0.264 231.75 39.30

Sandstone 2730 4.73 1858 40.5 0.43
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Tensile stress along line B-B' (Fig. 10) was extracted to
compare the stress characteristics of models 1 and 2.
Variation of tensile stress along line B-B' is depicted in Fig.
11(b). It can be seen that the tensile stress in model 1 is not
uniform. Tensile stress on the tunnel floor constructed above
bored piles is much larger than that above SRM. Tensile stress
in model 1 ranges from 5 to 7 MPa when backfilling to 9 m. It
increases from 8 to 11 MPa when backfilling to 14.8 m.

However, the maximum tensile stress in model 2 is much less
than in model 1. Tensile stress distributes uniformly on the
tunnel floor. Themaximum tensile stress inmodel 2 is approx-
imately 2 MPa, which is within the concrete’s ultimate tensile
strength.

To sum up, the settlement of model 1 is smaller than model
2 at the expense of significant uneven settlement. Tensile
stress in model 2 is within the ultimate tensile strength of

Fig. 9 Vertical displacements of
the tunnel lining. (a) Backfilling
to 9 m. (b) Backfilling to 14.8 m

Fig. 10 Distribution of stress and
damage zones in tunnel lining. (a)
Backfilling to 9 m. (b) Backfilling
to 14.8 m
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concrete, but the settlement is large, leading to uneven settle-
ment along the longitudinal direction. In model 1, the defor-
mation pattern of the tunnel floor is similar to a cantilever,
which makes tensile stress in tunnel model 1 distribute un-
evenly and dramatically exceeds the ultimate tensile strength
of concrete. It can be inferred that uneven settlement is the
immediate cause of damage zones, but the primary cause is the
significant stiffness difference between bored piles and SRM.

Figure 12 shows the settlement of models 1 and 3 along
line B-B'. Settlements in models 1 and 3 are identical when
backfilling to 9 m. The maximum settlement was 9.05 mm
and the maximum uneven settlement of was 1.24 mm, since
reinforcement measures were taken when backfilling to 9 m.
Settlement in models 1 and 3 both increased with the height of
backfill. When backfilling to 14.8 m, the maximum settlement
and uneven settlement of model 1 increased to 13.72 and 2.03
mm. The maximum settlement and uneven settlement values
of model 3 increased to 11.23 1.40 mm, respectively. The

settlement and uneven settlement of model 3 are less than
model 1, which means that uneven settlement can be well
controlled.

Figure 13 shows the distribution of damage zones and ten-
sile stress on the tunnel floor. The width and thickness of the
damage zones are 2.4 and 0.6 m, respectively. About 40% of
the tunnel floor will be tensioned to damage in model 3. The
damage zones in model 3 are less than model 1. The tensile
stress distribution in model 1 and 3 is similar when backfilling
to 14.8 m. However, the tensile stress in model 3 is much less
than model 1, which means the suggested reinforcement mea-
sures are effective in improving stress distribution on the tun-
nel floor. The maximum tensile stress on the fiber-reinforced
concrete’s surface is 2.89 MPa, which is within the ultimate
tensile strength of fiber-reinforced concrete. The steel fiber-
reinforced concrete method was necessary to ensure that ten-
sile stress in the tunnel floor falls within the ultimate tensile
stress of concrete. Based on the development of settlement

Fig. 11 Numeric results comparison of model 1 and model 2. (a) Settlement along line B-B' (b) Tensile stress along line B-B'

Fig. 12 Settlement along line B-
B' in model 1 and 3
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and tensile stress in the tunnel floor, it can be summed that
these two suggested reinforcement measures are effective in
improving stress distribution and damage resistance of tunnel
lining.

Discussion

The mechanisms of suggested reinforcement
measures

In the view of designers, bored piles were designed to im-
prove the bearing capacity of SRM and further decrease
tunnel settlement. Unfortunately, severe longitudinal
cracks appeared in the tunnel floor when backfilling to 9

m above the tunnel. Three comprehensive 3D numeric
models were established. The results were analyzed and
compared to investigate the development and causes of
damage zones in the tunnel lining. Settlement and tensile
stress distribution on the tunnel floor were highlighted.
Through comparing the results of construction steps 2 and
3 in model 1, approximately 66% of the tunnel floor will be
damaged if no reinforcement measures were taken.
Reinforcement measures must be adopted to prevent the
significant development of damage zones on the tunnel
floor. Causes of tunnel lining damage were investigated
by comparing the results of models 1 and 2. Results show
that the settlement of model 1 is not uniform but is much
lower than that of model 2. However, the tensile stress in
model 1 is not uniform but is much larger than in model 2.

Fig. 13 Distribution of damage
zones and tensile stress in model 3
when backfilling to 14.8 m. (a)
Damage zones, (b) Tensile stress
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Due to bored piles, settlement above bored piles is much
less, but tensile stress is much larger than model 2 without
bored piles. In engineering practice, the tunnel floor’s defor-
mation and stress pattern are similar to that of a cantilever
(Fig. 14). The gravity of the SRM above the tunnel lining is
firstly transferred to the tunnel floor and then to the founda-
tion. Bored piles support the middle part of the tunnel floor,
and SRM supports the other tunnel parts. Generally, the elastic
modulus and stiffness of bored piles are much larger than
SRM. The subgrade reaction provided by the SRM is much
lower than the bored piles, which will result in uneven settle-
ment. Based on structural mechanics theory, the bored piles
can be considered rigid fixing support compared to SRM. The
maximum bending moment occurred on the tunnel floor
above bored piles. The upper part of the tunnel floor will be
tensioned, and the lower part will be compressed, which will
result in the appearance of damage zones in the tunnel lining.
The mechanical characteristic of model 2, the bored piles were
removed, the subgrade reaction distributes uniformly in the
tunnel floor. The tunnel lining will deform entirely. When
SRMbelow the tunnel liningwas reinforced through grouting,
the subgrade reaction provided by SRM will have a more
significant increase than without taking reinforcement mea-
sures. As a result, the bending moment in the tunnel floor will
bemuch lower than without reinforcement measures (Fig. 14).
The grouting method can well control the development of
damage zones on the tunnel floor.

The innovation and shorting coming of research

In this paper, the causes of damage zones in a tunnel con-
structed in SRM were identified, and the effectiveness of
corresponding reinforcement measures was evaluated. The
suggested reinforcement measures, including sleeve
grouting and fiber-reinforced concrete, can effectively con-
trol the development of the settlement, uneven settlement,
tensile stress, and the damage zones. These two reinforce-
ment measures can be taken in future similar engineering
situations. The research results can provide a theoretical
basis for the construction and reinforcement of tunnels lo-
cated in the SRM foundation.

However, it is a complex problem to study the stability of
the tunnel structure on the SRM foundation, and the crack of
the tunnel lining is also the difficulty of the quality control of
the tunnel engineering. There are several deficiencies in this
study. Firstly, due to the limitation of time and site conditions,
the mechanical test of the SRM fill foundation cannot be car-
ried out, and the related mechanical test can be carried out in
later research. Secondly, the influence of the SRM founda-
tion’s consolidation on the stability of the tunnel structure
has not been considered. Thus, the consolidation of the
SRM foundation should be taken into consideration in a fur-
ther study.

Conclusion

This paper focuses on identifying the causes of damage
zones in the tunnel lining when constructing in SRM. The
physical and mechanical parameters of SRM were firstly
obtained by conducting numerical modeling experiments.
Three comprehensive numeric models were established
based on three working conditions. The settlement and
stress distribution in the tunnel were highlighted to identify
the development trends and causes of damage zones and
evaluate the effect of suggested controlling the develop-
ment of damage zones.

If no reinforcement measures are taken, about 66% of the
tunnel floor will be tensioned to damage, significantly reduc-
ing the bearing capacity and long-term stability of tunnel lin-
ing. To avoid severe damage to the tunnel, only if reinforce-
ment measures are taken to control the development of dam-
age zones backfilling can be continued.

The significant stiffness difference between SRM and the
bored piles is the reason for damage zones in tunnel lining.
The deformation pattern of the tunnel floor is similar to a
cantilever. The maximum bending moment occurred in the
center part of the tunnel floor.

When the tunnel is constructed in SRM, it is suggested that
grouting reinforcement or support beams at the bottom of the
tunnel lining should be combined with bored piles to improve
the bearing capacity of foundations. Besides, steel fiber-
reinforced concrete is suggested to be cast on the tunnel floor
to improve damage resistance.
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