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Articulated design is considered an eﬀective anti-fault measure to prevent damage to tunnel lining caused by
fault movement. A new type of plastic concrete was developed for the Xianglu mountain tunnel of the water
diversion project in Yunnan Province. The eﬀectiveness of this concrete was veriﬁed by laboratory tests and
numerical simulations. The mechanical characteristics of this new type of ﬁbre plastic concrete were identiﬁed
through mechanical testing. The optimal ﬁbre volume fraction (around 0.2%) was obtained and could increase
the compressive strength, splitting tensile strength, ductility and toughness without causing a signiﬁcant decrease in the elastic modulus. The internal forces and plastic strain of the lining under the action of strike-slip
faulting were analysed by using the ﬁnite element method. The role of ﬁbre plastic concrete as a ﬂexible joint
material to accommodate bending and shear deformation was studied. The results showed that the plastic strain
was mostly concentrated in the ﬂexible joints, where the ﬁbre plastic concrete with favourable ductility and
toughness properties absorbed the deformation, protecting the rigid segments from complete destruction. The
ﬁbre plastic concrete maintained its considerable integrity and strength and would not suddenly droop when
subjected to bending-shear and tensile-compressive loads due to the cementation between the PVA ﬁbre and the
matrix. The characteristics mentioned above would facilitate maintenance of the tunnel after an earthquake and
can provide a reference for the engineering of other anti-faulting designs.

1. Introduction
Permanent ground displacement due to fault rupture would generate axial, shear and bending loads, which may lead to stretch damage,
torsion failure, bending-shear failure of tunnels or buried pipelines
(Süleyman, 2003; Mete and Turgay, 2013; Baziar. et al., 2016).
Therefore, route selection for highway tunnels, railway tunnels and
water tunnels should avoid faults as much as possible. However, during
the construction process, especially in southwest China, tunnels inevitably cross through active fault zones. Therefore, the reduction in
lining damage due to fault rupture and dislocation has become a critical
problem to overcome. Articulated design of tunnel lining was thereby
introduced in tunnel construction in recent years. The articulated design essentially divides the tunnel lining into several segments and
joints, which could increase the longitudinal degree of freedom of the

lining. The damage caused by faulting is concentrated in the ﬂexible
joints or limited to a part of the segments, consequently reducing the
damage to the whole lining (Mirko et al., 2011). Numerous related
studies including model tests and numerical analysis have been carried
out to investigate the parameters, materials and superiority of lining
with ﬂexible joints (Liu et al., 2015). The stress, strain and damage
characteristics in tunnel lining under fault movement were studied
through model tests. The results suggested that the failure was mostly
concentrated in the ﬂexible joints (Liu et al., 2015; Majid et al., 2016;
Huang et al., 2010). In later publications, Gu et al. numerically analysed the distribution characteristics of the stress and strain in lining
with diﬀerent segment lengths due to the movement of a reverse fault
by using the FE method, and they then obtained a reasonable segment
length for the Qipanshi tunnel (Gu et al., 2015). Vasileios. et al. conducted experimental and numerical investigations and proposed that
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the introduction of ﬂexible joints is an alternative protection measure to
reduce the development of strains due to fault oﬀsets. Flexible joints are
evaluated as an innovative mitigating measure against the damage due
to active faulting across pipelines (Vasileios. et al., 2017; Vasileios
et al., 2016). According to shear eﬀect of tunnel lining, Li et al. studied
the inﬂuence of the segments on the stress and strain in a tunnel that
crossed a faulted area by using numerical simulation, demonstrating
that the shorter segment plays a better role in resisting failure due to
fault rupture (Li et al., 2014; Li, 2009). For the Koohrang-III water
transmission tunnel and the Bolu highway tunnel in Turkey, Shahidi
and Russo et al. proposed a numerical method of using a ﬂexible design
to resist damage due to fault rupture (Shahidi and Vafaeian, 2005;
Russo et al., 2002).
The work described above has emphasized the applicability of
ﬂexible lining in a fault zone. However, less work has been conducted
on the materials of ﬂexible joints. Research presented in this paper
focuses on the mechanical properties and engineering applicability of
ﬁbre plastic concrete. The combination of plastic concrete and ﬁbres
will provide favourable ductility, toughness (Plagué and Charron, 2017;
Zhao et al., 2016; Juarez and Fajardo, 2015; Amin et al., 2013). Researchers have explored the mechanical properties of ﬁbre plastic
concrete through mechanical and permeability tests to study the stress
and strain characteristics of plastic concrete (Hu, 2012; Wang, 2010;
Gao et al., 2009; Gao and Song, 2016). From many test results, Li and
Bagheri et al. created an eﬀect law of the inﬂuence factors, such as
water-binder ratio, age, additive, clay and bentonite contents, on the
compressive strength and shear strength of plastic concrete (Li and
Zhang, 2006; Bagheri et al., 2008). Sina et al. obtained the results
through tests that the compressive strength and elastic modulus of the
plastic concrete increased with the proportion of cement (Sina et al.,
2016; Ahmad and Ali, 2005). Yang and Song et al. comprehensively
investigated the inﬂuences of the ﬁbre type, ﬁbre length and volume
fraction on the compressive, ﬂexural and anti-splitting performance of
plastic concrete by considering the theory of composite material mechanics and conducting indoor experiments (Yang, 2012; Song et al.,
2013). Yan studied the optimal volume fraction of Dura ﬁbre in plastic
concrete and achieved a higher strength and lower elastic modulus than
those in common plastic concrete (Yan, 2009).
This paper focuses on a new type of material with high deformation
capacity and ductility. And the inﬂuence of the PVA ﬁbre volume
fraction on its mechanical properties. The optimum ﬁbre volume fraction was identiﬁed. Furthermore, a numerical model was established to
determine the advantage of the new material in reducing the plastic
strain and internal forces of the tunnel lining within a fault-crossing
area. Compared with common ﬂexible materials, the ﬁbre plastic concrete has a greater toughness and ductility that can better absorb the
deformation. Finally, relevant conclusions, which could be used as a
reference for a wider application of ﬁbre plastic concrete in tunnel
constructions, are drawn simultaneously.

Fig. 1. PVA ﬁbre.

plastic concrete, the deformation of plastic concrete is not a linear
process. Considering the inﬂuence of the various ingredients of plastic
concrete on the properties of the matrix, an orthogonal experiment is
preferred and adopted to create plastic concrete that meets the engineering requirements. In addition, diﬀerent volume contents of
polyvinyl alcohol ﬁbres were added to the matrix to adjust and optimize
the compressive and splitting tensile properties. Six principal factors,
including the contents of the cement, water, bentonite, clay, sand, and
gravel, were selected for the orthogonal experiment scheme; with 6
factors and 5 levels, a total of 25 combinations were tested. The inﬂuencing factors and levels of the orthogonal experiment are shown in
Table 2. The ratio of water to binder refers to the quality of water to the
quality of all cementing materials. The cementing materials include the
cement, the bentonite, the clay and the sand.
In actual engineering conditions, the strength of the connecting
material is relatively small, and the approximate ranges for the physical
mechanical parameters of the plastic concrete are as follows: 2 ∼ 5 MPa
for the uniaxial compressive strength, 0.2 ∼ 1.0 MPa for the splitting
tensile strength and 200 ∼ 1000 MPa for the elastic modulus. A comprehensive comparison and selection of the schemes is performed to
choose a combination that meets all these requirements. The compressive strength, splitting tensile strength, elastic modulus and tension-compression ratio of the 28-d-old specimens are used as assessment indicators. Finally, the optimal mix proportion is determined and
then used to investigate the stress-strain curve and failure characteristics of the plastic concrete with diﬀerent ﬁbre volume fractions under
uniaxial compression and splitting tensile tests. The mix proportions of
the optimal mix are shown in Table 3. The ratio of water to binder
refers to the quality of water to the quality of all cementing materials.
The cementing materials include the cement, the bentonite, the clay
and the sand.

2. Specimen preparation

2.3. Fibre plastic concrete specimen

2.1. Polyvinyl alcohol ﬁbre

The specimens of the plastic concrete are prepared according to the
following steps. First, the cement can be used as a dispersion material
for the ﬁbres to evenly disperse. Gravel and sand are mixed and stirred
in a concrete mixer for 30 s; then the bentonite and clay are added and
stirred for another 30 s. Finally, the cement and ﬁbre mixture and water
are added and stirred together for 2 min to ensure uniform mixing.
Next, a slump test is performed to measure the workability of the
mixture (as shown in Fig. 2), and then the cube specimens are made (as
shown in Fig. 3). The same procedure is repeated to produce specimens
with diﬀerent volume fractions of ﬁbre. The preserved specimens are
numbered from S0 to S4, corresponding to the ﬁbre volume fractions,
which vary from 0% to 0.4% (as shown in Fig. 4). There are six specimens of each ﬁbre volume fraction, three of the specimens are used
for the uniaxial compression testing, and the other three are used for

Polyvinyl alcohol ﬁbre (PVA ﬁbre, as shown in Fig. 1) is superior to
other ﬁbres such as polypropylene ﬁbre or polyester ﬁbre in engineering applications because of its higher strength, lower elastic
modulus, lower fracture elongation, and, especially, more eﬀective
cohesion with cement. The physical and mechanical performance indicators of PVA ﬁbre are shown in Table 1. In this paper, we mainly
study the eﬀect of the volume fraction of the ﬁbre on the mechanical
and deformation properties of the plastic concrete.
2.2. Orthogonal experiment
Due to the mutual inﬂuence and mutual restraint of the materials in
201
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Table 1
PVA ﬁbre performance metrics.
Tensile strength (MPa)

Dry fracture elongation (%)

Elastic modulus (GPa)

Softening point in water (°C)

Density(g·cm−3)

Alkali resistance (%)

Length(mm)

1400 ∼ 1600

17 ± 3.0

35 ∼ 39

114

1.3

98 ∼ 100

12

cracks extend and cause vertical cracks on the specimen surface after a
certain amount of growth. Then, the rate of increase in the stress gradually slows until the peak value is reached. However, the peak stresses
of the specimens with diﬀerent ﬁbre volume fractions are very different. Due to the internal cracks, the integrity of the specimen is destroyed, and the stress decreases with the increase in the strain. The rate
of decrease in the stress and the ﬁnal residual strength are greatly inﬂuenced by the ﬁbre volume fraction. The main reason for this result is
that the ﬁbre inside creates a bonding eﬀect and thus improves the
tensile strength. Meanwhile, the toughness of the ﬁbre impeded the
development of the cracks, not only retarding the failure process but
also allowing the specimens to maintain a certain integrity after failure.
Fig. 9 illustrated the change rule for the ﬁbre volume fraction with
the uniaxial compressive strength of the plastic concrete. The uniaxial
compressive strength gradually increases with the increase of the ﬁbre
volume fraction when the content of the other ingredients of the plastic
concrete remain constant. Specially, the uniaxial compressive strength
of the ﬁbre plastic concrete is 0.242 MPa when the ﬁbre volume fraction is 0.1%, less than that of the plain plastic concrete. This phenomenon may be scatter of the tests. The reason of the scatter can be
attributed to the non-uniform distribution of ﬁbres in the mixture.
When the ﬁbre volume fraction increases from 0.1% to 0.2%, the uniaxial compressive strength increases by 0.613 MPa, an increase of
24.37%. The uniaxial compressive strength increases very slowly when
the ﬁbre volume fraction exceeds 0.2%. The inﬂuence of ﬁbre to plastic
concrete manifested in three aspects. First, the bonding force between
ﬁbre and the matrix. Second, the ﬁlling eﬀect of ﬁbres. Third, the water
absorption of ﬁbres. The larger the volume fraction of the ﬁbres leads to
larger water absorption. Therefore, the water-binder ratio of the matrix
decreases with the increase of the ﬁbre volume fraction and the uniaxial
compressive strength increases. However, when the ﬁbre volume fraction increases to a certain extent, the ﬁlling eﬀect of ﬁbres begins to
play a major role. Contrary to the water absorption, the increase of
ﬁlling eﬀect will result in the decrease of uniaxial compressive strength.
The synthetical eﬀect results in a slow increase in uniaxial compressive
strength. It can be concluded that it is not possible to improve the
compressive strength by simply increasing the ﬁbre volume fraction.

the splitting tensile testing.
The slump tests illustrate that the slump of the mixture gradually
decreases with the increase in the ﬁbre volume fraction. The main
reason for this result is the nature of the ﬁbre and its distribution in the
mixture. The frictional resistance and shear resistance are magniﬁed
due to the random distribution of the PVA ﬁbre, while the mobility of
the mixture is reduced. In addition, the surface and interior of the PVA
ﬁbre also absorb a certain amount of water, possibly resulting in a
decrease in the free water in the mixture. The slump decreases drastically for both of these reasons. Fig. 5 shows the change in the slump
with respect to the ﬁbre volume fraction; the curve illustrates that the
slump decreases more rapidly when the ﬁbre volume fraction is less
than 0.2%, while the slump decreases more slowly when the ﬁbre volume fraction is greater than 0.2%.
3. Tests and results discussion
3.1. Uniaxial compression test and results
According to the code “Test code for hydraulic plastic concrete DL/T
5303-2013” in China, uniaxial compressive tests and splitting tensile
tests are carried out with a loading rate of 0.05 kN/s. Before the tests,
the specimens are maintained in a standard curing room (the temperature is 20°and the humidity is 97.5%) for 28 d. Fig. 6 illustrates the
uniaxial compression failure mode of common plastic concrete. It can
be seen that, after failure, the middle of the specimens generates a
serious spall that causes the coarse aggregate to be exposed. Due to the
steel plates of the testing apparatus, the specimens do not spall much at
both ends. Thus, the compressive failure of the plain plastic concrete
exhibits an inverted cone with poor integrity. From Fig. 7, which shows
the compression failure of the ﬁbre plastic concrete, it could be seen
that vertical cracks initially appear on the surface in a random distribution, which produces slight exfoliation. Then, the vertical cracks
increase continuously until the specimen fails, and some ﬁbres are
pulled out. However, the specimen retains a high integrity during the
entire experiment, mainly because the PVA ﬁbre limits the lateral deformation of the specimen by absorbing energy during the process of
pull out. In addition, the good toughness of the ﬁbre impedes the crack
propagation, inhibiting the formation of larger or penetrating cracks.
Therefore, the PVA ﬁbre has a signiﬁcant eﬀect on reducing failure and
impeding crack propagation.
Fig. 8 shows the typical stress-strain curves of the plastic concrete
with ﬁbre volume fractions varying from 0 to 0.4% during uniaxial
compression testing. At the initiation of loading, all the specimens, with
diﬀerent ﬁbre volume fractions, were in a state of compaction and the
stress-strain curves basically coincide. As the tests continued, the stressstrain curves began to slightly diverge. An inﬂection point in the stressstrain curves occurs, after which the stress increases rapidly with small
changes in the strain. As the stress continues to increase, the internal

3.2. Splitting tensile test and results
The splitting tensile test was carried out with a loading rate of
0.05 kN/s, and the splitting tensile strength is calculated according to
the following equation:

fts =

2P
P
≈ 0.637
πA
A

(1)

where fts is the splitting tensile strength, MPa; P is the average failure
load of the three specimens, N; and A is the area of the split surface, m2.
Figs. 10 and 11 show the splitting failure mode of the common and

Table 2
Material factors and levels of the orthogonal experiment.
Level

Ratio of water to binder

Water (kg)

Cement (kg)

Bentonite (kg)

Clay (kg)

Gravel (kg)

Sand (kg)

1
2
3
4
5

0.78
0.81
0.87
0.91
1.14

250
270
280
290
310

80
90
100
110
120

80
85
90
95
100

80
85
90
100
110

750
770
790
800
810

750
770
790
800
810
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Table 3
The optimal mix proportions of the plastic concrete.
Ratio of water to binder
0.91

The amount of each ingredient (kg·m−3)
Water
Cement
Bentonite
290
110
100

Fibre volume fraction (%)
Clay
110

Gravel
750

Sand
750

0/0.1/0.2/0.3/0.4

cracks gradually developed until they become throughgoing cracks,
which separate the specimen into two parts. Similarly, the development
of the vertical cracks in the ﬁbre plastic concrete are observed to be
similar to those in the common plastic concrete, except that the time at
which the penetrating crack occurred is longer, and the width of the
vertical cracks are narrower. The toughness of the ﬁbre eﬀectively
impedes the development of cracks. Therefore, the specimen still has a
good integrity after failure. Therefore, the splitting tensile strength and
ductility are greatly improved.
Fig. 12 shows the ﬁtted curve of the inﬂuence of the ﬁbre volume
fraction on the splitting tensile strength of the plastic concrete. As seen
from the ﬁtted curve, the splitting tensile strength of the plastic concrete generally increases with the increase of PVA ﬁbre volume fraction.
The volume fraction of 0.2% can be considered a demarcation point.
The splitting tensile strength increases rapidly when the volume fraction is less than 0.2%, and the increase rate slows gradually after this
point. Therefore, the critical value of the ﬁbre volume fraction can be
considered to be 0.2%. When the volume fraction increases from 0.1%
to 0.2%, the splitting tensile strength increases to 0.11 MPa (an increase
of 24.37%), while as the volume fraction continues to increase to 0.3%,
the splitting tensile strength increases more slowly (an increase of
4.93%).

Fig. 2. Slump test of the mixture.

3.3. Ratio of ratio of tension-compression
The ratio of tension-compression is an important parameter to indicate the brittleness of the plastic concrete of the same mix ratio.
Research has shown that the ratio of tension-compression of normal
plastic concrete is 0.108–0.165. And the lower the strength of the
plastic concrete is, the greater this ratio and the smaller the brittleness.
Fig. 13 shows the relationship between the cube splitting tensile
strength and compressive strength of the ﬁbre plastic concrete. It can be
seen from the ﬁgure that the splitting tensile strength of the ﬁbre plastic
concrete increases with the increase in compressive strength. The linear
correlation between these two parameters is shown in Eq. (2). The results show that the ratio of tension-compression of the ﬁbre plastic
concrete is equal to 0.238, which is much greater than that of the
normal plastic concrete. This greater ratio means that the ﬁbre plastic
concrete has a smaller brittleness and larger plastic deformation capacity, greatly beneﬁcial to the ﬂexibility of connection materials.

Fig. 3. Form of plastic concrete block.

fts = 0.238fcu

(2)
2

Correlation coeﬃcient: R = 0.984where fts is the splitting tensile
strength, MPa; fcu is the uniaxial compressive strength, MPa.
3.4. Elastic modulus and toughness index
Fig. 14 shows the ﬁtted curve of the elastic modulus with the ﬁbre
volume fraction. It can be seen from Fig. 14 that the value of the elastic
modulus is relatively discrete and generally decreases with an increase
in the ﬁbre volume fraction. The elastic modulus at the ﬁbre volume
fraction of 0.2% is greater than the elastic modulus at higher ﬁbre
volume fractions. This may be due to the fact that the ﬁbre can absorb
some water when preparing the sample, and the workability becomes
lower as the ﬁbre volume increases. As a result, the elastic modulus
decreases.
Toughness refers to the ability of a material to absorb energy during
plastic deformation and fracture and resist fracture and crack propagation. The better the toughness of the material, the less likely it is that

Fig. 4. Fibre plastic concrete block.

ﬁbre plastic concretes, respectively. The failure mode of the plain
plastic concrete is similar to that of common concrete. Initially, vertical
cracks can be seen on the vertical surfaces of the specimen, and these
203
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Fig. 5. Slump curve of the mixture for a range of ﬁbre volume fractions.

Fig. 8. Uniaxial compression curves of the ﬁbre plastic concrete.

Fig. 9. The variation in the uniaxial compressive strength with respect to the
ﬁbre volume fraction.

Fig. 6. Compression failure mode of common plastic concrete.

Fig. 10. Splitting tensile failure mode of the common plastic concrete.

compressive stress-strain curve and the X axis. Fig. 15 shows the variation in the toughness index with the increase in the ﬁbre volume
fraction. The toughness index of the plastic concrete linearly increased
with the increase in the ﬁbre volume fraction. It can be concluded that
the ﬁbre has a signiﬁcant eﬀect on improving the toughness of the
plastic concrete matrix.

Fig. 7. Compression failure mode of ﬁbre plastic concrete.

brittle fracture will occur under rapid loading. In order to indicate the
toughness index, we adopt the area surrounded by the uniaxial
204
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Fig. 14. The variation in the elastic modulus with respect to the ﬁbre volume
fraction.

Fig. 11. Splitting tensile failure mode of the ﬁbre plastic concrete.

Fig. 15. The variation in the toughness index with respect to the ﬁbre volume
fraction.

compressive strength, splitting tensile strength, elastic modulus and
toughness index, the optimal ﬁbre volume fraction lays around 0.2%.
Furthermore, the ﬁbres can be evenly dispersed in the matrix.
Compared with common plastic concrete, adding a reasonable content
of ﬁbre in the plastic concrete matrix will not reduce the basic strength
properties but will signiﬁcantly improve the splitting tensile strength
and toughness index. However, it is important to note that the larger
ﬁbre volume fraction which exceeds 0.2% will decrease the elastic
modulus and, most importantly, aﬀect the ﬁbre dispersion in the matrix. The appropriate strength and elastic modulus help connection
materials absorb the deformation energy during fault movement. In
addition, the plastic concrete has a favourable waterproof performance,
which is conducive to tunnel waterprooﬁng and maintaining the performance of the ﬁbre plastic concrete.

Fig. 12. The variation in the splitting tensile strength with respect to ﬁbre
volume fraction.

4. Engineering applicability
4.1. Overview
Fig. 13. The ratio of tension-compression.

A typical water large-diameter transmission tunnel crossing a fault
zone is considered for a case study. The Xianglu mountain tunnel of the
water transmission project in Yunnan Province crossed several large
Holocene active faults and complicated geology. The southern fault,
named Longfan-Qiaohou, became the most dangerous area; the main
fault zone, in poorly cemented tectonite, is 70 m wide and highly active.
The angle between the axis of the tunnel and the fault is approximately
75°. According to the Institute of Geology, China Earthquake
Administration, the strike-slip rate of the fault is 1.0 ∼ 3.3 mm/a

The uniaxial compressive strength, splitting tensile strength, elastic
modulus and toughness index of plastic concrete with diﬀerent ﬁbre
volume fractions were obtained experimentally. The relationship between the strength parameters and the ﬁbre volume fraction as well as
the relationship between the deformation parameters and the ﬁbre
volume fraction were investigated. Considering the uniaxial

205
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Fig. 17. Model of the ﬂexible lining design for the second lining.

research results, the maximum bending moment in the lining when
faulting occurs will be produced in the section adjacent to the fault
rupture surface. It would be appropriate for the ﬂexible joints to be set
in the fault zone with equal spacing. For safety reasons, there is also a
ﬂexible joint on either side of the fault zone. The sketch of the ﬂexible
lining design is exhibited in Fig. 17.
The permanent deformation in the surrounding rock due to fault
movement is the main reason cause of tunnel failure. Therefore, permanent ground deformation can be applied in a quasi-static manner
and the structural response of the tunnel can be calculated under the
action of the fault movement. Therefore, the nodes on the boundary of
the fault footwall are considered ﬁxed, while the corresponding nodes
on the hanging wall are subjected to the imposed displacement caused
by the fault movement. A ﬁne mesh was employed for the central part
of the tunnel, where the maximum stresses and strains are expected. On
the other hand, a coarser mesh was chosen for the parts of the tunnel far
from the fault location. Similarly, the ﬁnite element mesh for the rock is
more reﬁned in the region near the fault and coarser in the region away
from the fault. The imposed displacements caused by the fault movement (22 cm) evolved at an adequately slow rate; thus, any dynamic
phenomena would be ignored.

Fig. 16. Sketch of the three-dimensional numerical model.

(average value of 2.2 mm/a). Thus, the accumulative strike-slip displacement within the 100-year service life of the tunnel is 22 cm. This
paper mainly emphases the fracturing of the tunnel structure due to the
accumulative displacement generated by creeping slip and analyses the
plastic zone and the distribution of the internal forces along the tunnel
axis under the action of the displacement within a century. Then, the
parameters of the ﬂexible lining, such as the length of the segment and
the stiﬀness of the ﬂexible joints, are ascertained. Therefore, the damage would mainly concentrate along the ﬂexible joints and would not
damage the entire structure. The physical mechanical parameters of the
ﬁbre plastic concrete used in the ﬂexible joints are determined by the
above mechanical tests.
4.2. Numerical model and parameters

4.3. Response of the tunnel lining

The stratum-structure method was used in a three-dimensional numerical model (as shown in Fig. 16). The length of the model tunnel is
320 m, and a sensitivity analysis was performed to deﬁne a suﬃcient
length within which the surrounding rock does not react to the tunnel.
The diameter of the tunnel cross section is 8.4 m, and the thickness of
the preliminary support is 15 cm, while the thickness of the second
lining is 50 cm. The nonlinearity of the material is considered, and the
Drucker-Prager law is adopted. The width of the active fault zone is
70 m and includes lightly weathered granite at both ends. The inclination of the fault is 75°. The corresponding properties of the materials involved in the numerical calculation are listed in Table 4.
To verify the superiority of the ﬁbre plastic concrete used to improve the anti-faulting performance, two numerical simulation models
were established and are described as follows:
Case I: Continuous lining;
Case II: Flexible joints in the lining of ﬁbre plastic concrete in the
fault zone.
The primary consideration in adopting the ﬂexible joints as a mitigation measure is to determine the optimal number and locations of
the joints. The optimal spacing and number of joints can maximize the
eﬃciency in terms of preventing failure and minimizing costs. The locations of the ﬂexible joints are initially determined based on the
bending moment distribution caused by the fault movement.
Speciﬁcally, the primary candidate locations for the joints are the sections of the lining with a maximum bending moment. According to the

4.3.1. Deformation of the tunnel lining
The deformation of the tunnel lining within the fault zone is illustrated in Fig. 18. Fig. 18(b) indicates the deformation of articulated
tunnel with respect to fault dislocation. It can be seen that the ﬁbre
plastic concrete produces large deformation when the fault dislocates.
Due to the favourable tensile strength and toughness, brittle failure was
not occurred to the ﬁbre plastic concrete with respect to tension or
compression load. Moreover, because of the articulated design with
ﬁbre plastic concrete, the range of deformation and failure of lining
were signiﬁcantly reduced, which can eﬀectively protect tunnel lining.
4.3.2. Plastic strain distribution in the lining
The plastic strain distribution in the lining within the fault zone is
illustrated in Fig. 19. It can be seen that the plastic strain was mainly
concentrated near the fault rupture surface. The width of this plastic
area along the tunnel axis near the fault rupture surface in case I is
approximately 20 m (10 m on each side), while the distribution width of
the plastic strain was less in case II. In addition, the plastic strain was
mainly concentrated along the ﬂexible joints, while the segments adjacent to the ﬂexible joints exhibited less plastic strain. The diﬀerences
in the results between case I and case II were mainly attributed to the
strength, ductility and toughness of ﬁbre plastic concrete after failure. It
can be understood from the mechanical tests mentioned earlier that the

Table 4
Physical and mechanical parameters of the model materials.
Materials

Elastic modulus (GPa)

Poisson's ratio

Cohesion (MPa)

Friction angle (°)

Dilatancy angle (°)

Density (kg·m−3)

Rock at both ends
Fault zone
Primary support
Second lining
Fibre plastic concrete

8.0
1.0
28.0
31.0
0.6

0.3
0.32
0.2
0.2
0.35

0.7
0.2
1.19
1.43
0.15

39.0
29.0
50.0
52.0
25.0

39.0
29.0
50.0
52.0
25.0

2400
2200
2500
2500
2100
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(a) Deformation of the tunnel lining in the model

(b) Deformation of the articulated tunnel
Fig. 18. Sketch of deformation of the tunnel lining with respect to fault dislocation.

Fig. 20. Distribution curves of the internal forces along the lining axis.

Fig. 19. Equivalent plastic strain contours of the lining.

implementation of the ﬂexible joints leads to a signiﬁcant decrease in
the axial force (Fig. 20a), bending moment (Fig. 20b) and shear force
(Fig. 20c). The axial force, bending moment and shear force distributions changed abruptly at the ﬂexible joints because the ﬂexible joints
were damaged before the adjacent segments of the lining. Most of the
bending-shear deformation and tensile deformation are concentrated in
the ﬂexible joints made of the ﬁbre plastic concrete. Therefore, the
stress in the adjacent segments is less than that of the ﬂexible joints. The
smaller internal force and the dispersed distribution of the lining segments can prevent sudden destruction due to stress concentration.
It can be seen from the numerical results that the ﬁbre plastic
concrete, acting as a connection material, can signiﬁcantly reduce the
area of the plastic zone and the axial force, bending moment and shear
force of the longitudinal lining of the tunnel. Thus, the engineering
applicability of the ﬁbre plastic concrete as a new type of connection

ﬁbre plastic concrete would not lose workability and would maintain a
certain strength and suﬃcient ductility under compressive and tensile
loads. Therefore, when used as a ﬂexible joint material, a ﬁbre plastic
concrete with appropriate physical and mechanical properties could not
only prevent the ﬂexible joints from extensive damage but also eﬀectively protect the lining segments.

4.3.3. Internal force distribution along the longitudinal lining
Fig. 20(a)–(c) illustrate the distribution of the axial force, bending
moment and shear force along the tunnel axis, respectively, within a
longitudinal zone of 160 m around the fault (80 m on each side). It can
be seen from the ﬁgures that the range of the quickly changing axial
force, bending moment and shear force are mainly concentrated in the
lining constructed in the fault zone. It is observed that the
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material was veriﬁed in the articulated design of a tunnel lining
crossing a fault zone.

References
5. Conclusions
Amin, N., Bijan, S., Kirk, V., 2013. Eﬀect of polyvinyl alcohol (PVA) ﬁbre on dynamic and
material properties of ﬁbre reinforced concrete. Constr. Build. Mater. 49, 374–383.
Ahmad, M., Ali, A., 2005. Experimental study of the mechanical behavior of plastic
concrete in triaxial compression. Cem. Concr. Res. 35 (2), 412–419.
Bagheri, A.R., Alibabaie, M., Babaie, M., 2008. Reduction in the permeability of plastic
concrete for cut-oﬀ walls through utilization of silica fume. Constr. Build. Mater. 22
(6), 1247–1252.
Gu, B.S., Wu, J.X., Song, L., et al., 2015. Research on impact of lining segment length on
eﬀect of tunnel dislocation resistance. Road Machin. Constr. Mech. 3, 66–70 (in
Chinese).
Gao, D.Y., Wang, S.W., Song, S.Q., et al., 2009. Experimental study on axial compressive
strain-stress relationship of plastic concrete. J. Hydraul. Eng. 40 (01), 82–87 (in
Chinese).
Gao, D.Y., Song, S.Q., 2016. Performance and failure criteria for plastic concrete under
biaxial compressive stress. J. Hydraul. Eng. 47 (01), 10–17 (in Chinese).
Huang, Q.B., Peng, J.B., Men, Y.M., et al., 2010. Model test study of sectional metro
tunnel with ﬂexible joints adapting large deformation of ground ﬁssures. Chinese J.
Rock Mech. Eng. 29 (8), 1546–1554 (in Chinese).
Hu., L.M., 2012. Stress-strain relation model and failure criterion of plastic concrete
under compression[D]. Zhengzhou University.
Juarez, C.A., Fajardo, G., 2015. Comparative study between natural and PVA ﬁbres to
reduce plastic shrinkage cracking in cement-based composite. Constr. Build. Mater.
91, 164–170.
Li, X.F., Dai, Z.P., Gu, X.Y., et al., 2014. Inﬂuence of deformation joint spacing on internal
force of tunnel under active fault movement. Tunnel Construction 34 (3), 237–242
(in Chinese).
Li, P., 2009. Research on highway tunnel design resisting fault movement of active fault
zone[D]. Chongqing Jiaotong University.
Li, Q.F., Zhang, P., 2006. Experimental research on strength of plastic concrete. Concrete
5, 75–79 (in Chinese).
Liu, X.Z., Liu, J.D., Li, X.F., et al., 2015a. Experimental research on eﬀect of anti-dislocation of highway tunnel lining with hinge joints in thrust fault. Chinese J. Rock
Mech. Eng. 34 (10), 2083–2090 (in Chinese).
Mete, K., Turgay, O., 2013. Inﬂuence of the fault zone in shallow tunnelling: a case study
of Izmir Metro Tunnel. Tunn. Undergr. Space Technol. 33, 34–45.
Baziar, M.H., Nabizadeh, A., Mehrabi, R., et al., 2016. Evaluation of underground tunnel
response to reverse fault rupture using numerical approach. Soil Dyn. Earthquake
Eng. 83, 1–17.
Mirko, C., Laura, S., Carlo, G.L., et al., 2011. Seismic analysis of deep tunnels in near fault
conditions: a case study in Southern Italy. Bull Earthq. Eng. 9, 975–995.
Majid, K., Tohid, A., Abbas, G., 2016. Experimental modeling of segmental shallow
tunnels in alluvial aﬀected by normal faults. Tunn. Undergr. Space Technol. 51,
108–119.
Russo M., Germani G., Amberg W. Design and construction of large tunnel through active
faults-a recent application. Lombardi Engineering Limited. October 2002.
Sina, K., Soheil, G., Leili, T., 2016. To Investigation of plastic concrete bentonite changes
on it's physical properties. Procedia Eng. 145, 1080–1087.
Song, S.Q., Gao, D.Y., Yang, L., 2013. Eﬀects of ﬁbre types on the basic performance of
plastic concrete. J. North China Inst. Water Conserv. Hydroelectric Power 34 (01),
20–23 (in Chinese).
Süleyman, D., 2003. Tunnelling in fault zones, Tuzla tunnel, Turkey. Tunn. Undergr.
Space Technol. 18, 453–465.
Shahidi, A.R., Vafaeian, M., 2005. Analysis of longitudinal proﬁle of the tunnels in the
active faulted zone and designing the ﬂexible lining (for Koohrang-III tunnel). Tunn.
Undergr. Space Technol. 20 (3), 213–221.
Plagué, T., D, C., Charron, J.P., 2017. Inﬂuence of ﬁbre type and ﬁbre orientation on
cracking and permeability of reinforced concrete under tensile loading. Cem.
Concrete Res. 94, 59–70.
Vasileios, E.M., Xenofon, A.L., Konstantinos, K.B., et al., 2017. Experimental investigation
of pipes with ﬂexible joints under fault rupture. J. Constr. Steel Res. 128, 633–648.
Vasileios, E.M., Georgios, P.K., Charis, J.G., et al., 2016. Numerical evaluation of the
eﬀectiveness of ﬂexible joints in buried pipelines subjected to strike-slip fault rupture.
Soil Dyn. Earthquake Eng. 90, 395–410.
Wang, S.W., 2010. Properties of Plastic concrete under uniaxial and triaxial compressive
stress[D]. Zhengzhou University.
Liu, X.Z., Li, X.F., Sang, Y.L., et al., 2015b. Experimental study on normal fault rupture
propagation in loose strata and its impact on mountain tunnels. Tunn. Undergr. Space
Technol. 49, 417–425.
Yang, L., 2012. Experimental research on the basic properties of high performance plastic
concrete[D]. Zhengzhou University.
Yan, R.F., 2009. The Mix Proportion Research on Duraﬁber Plastic Concrete[D]. Inner
Mongolia. Agricultural University.
Zhao, Q.X., Yu, J.C., Geng, G.Q., et al., 2016. Eﬀect of ﬁbre types on creep behavior of
concrete. Constr. Build. Mater. 105, 416–422.

In this paper, the strength and deformation properties and the engineering applicability of a new type of connecting material-ﬁbre
plastic concrete were studied by physical experiments and numerical
simulation. The main conclusions are as follows:
(1) The uniaxial compressive strength of the ﬁbre-plastic concrete initially decreases with an increase in the ﬁbre volume fraction when
the ﬁbre volume fraction is less than 0.2% and then slightly increases with the increase in the ﬁbre volume fraction when the ﬁbre
volume fraction is greater than 0.2%. Generally, the inﬂuence of the
ﬁbre volume fraction on the uniaxial compressive strength is not
signiﬁcant.
(2) The splitting tensile strength rapidly increased as the ﬁbre volume
fraction increased from 0.1% to 0.2%, and the rate of increase decreased with the ﬁbre volume fraction greater than 0.2%. The ratio
of the splitting tensile strength to the compressive strength in the
ﬁbre plastic concrete is greater than that of the common plastic
concrete. This greater ratio means that the ﬁbre plastic concrete has
a small brittleness and large plastic deformation capacity and is a
favourable connection material for tunnel lining, to absorb deformation due to faulting.
(3) The correlation between the elastic modulus and the ﬁbre volume
fraction is not signiﬁcant. The general trend is as follows: as the
ﬁbre volume fraction increases, the elastic modulus decreases. The
toughness index increases sharply with the increase in the ﬁbre
volume fraction, indicating that the deformation performance is
improved; the greater the ﬁbre volume fraction is, the more apparent the improvement. However, the greater the ﬁbre volume
fraction is, the more diﬃcult it is for the ﬁbre to disperse in the
matrix. Therefore, a reasonable ﬁbre volume fraction should be
selected according to both the strength and deformation performance and the dispersion. Within the scope of this test, the optimal
ﬁbre volume fraction is around 0.2%.
(4) The relationships between the ﬁbre volume fraction and uniaxial
compressive strength, splitting tensile strength, toughness index of
the plastic concrete are studied. The ﬁbre volume fraction around
0.2% is considered optimal for the mechanical and deformation
performance as well as the dispersion of the ﬁbre in the matrix.
(5) For the Xianglu mountain tunnel of the water transmission project
in Yunnan Province, a three-dimensional numerical model was established, and the results of the simulations showed that the plastic
strain zone was greatly reduced and concentrated in the ﬂexible
joints made of the ﬁbre plastic concrete. In addition, the internal
forces of the axial force, bending moment and shear force of the
tunnel lining within the active fault zone signiﬁcantly decreased.
The reduction of the longitudinal internal force and concentration
of the plastic strain would protect the integrity of the lining and
prevent destruction. These results provide a reference for the antifaulting design of tunnels and other underground engineering
constructions in fault zones.
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