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In recent years, fiber-reinforced plastic (FRP) has been widely used in the reinforcement of concrete structure fields due to its
favorable properties such as high strength, low weight, easy handling and application, and immunity to corrosion, and the
reinforcing effects with FRP grids on tunnel linings should be quantitatively evaluated when the tunnels encounter an
earthquake. The aim of the present study is to estimate the reinforcing effects of fiber-reinforced plastic (FRP) grids embedded
in Polymer Cement Mortar (PCM) shotcrete (FRP-PCM method) on tunnel linings under the dynamic load. A series of
numerical simulations were performed to analyze the reinforcing effects of FRP-PCM method quantitatively, taking into
account the impacts of tunnel construction method and cavity location. The results showed that the failure region on lining
concrete is improved obviously when the type CII ground is encountered, regardless the influences of construction method and
cavity location. With the increment of ground class from CII to DII, the axial stress reduction rate Rσ increases from 13.18%
to 48.60% for tunnels constructed by the NATM, while for those tunnels constructed by the NATM, Rσ merely varies from
0.72% to 2.11%. Rσ decreases from 43.35% to 34.80% when a cavity exists on the shoulder of lining, while decreasing from
14.7% to 0.12% when a cavity exists on the crown of lining concrete. All those conclusions could provide valuable guidance for
the reinforcing of underground structures.

1. Introduction

Although the dynamic mechanical behavior of underground
structures, such as tunnels and underground caverns, is
assumed to be better than that of surface structures, some
existing tunnels still have been severely damaged by earth-
quakes in recent years [1–8]. Cracking, spalling, and water
leakage occurring during earthquakes would significantly
affect the safety of tunnel operation. The repair and rein-
forcement of existing underground concrete structures has
become an import part of civil engineering activities.

A series of methods have been adopted to effectively
improve the integrity of concrete structures in existing tun-
nels, the typical ones of which are grouting reinforcement

method, fiber reinforced shotcrete (FRS) method [9–13],
carbon fiber sheet (CFS) method [14–16], steel board
method [17], and fiber-reinforced plastic (FRP) method
[18, 19]. Due to the favorable properties such as high
strength, low weight, easy handling and application, and
immunity to corrosion, FRP as a strengthening material for
the reinforcement concrete (RC) structures has become
commonly used in engineering fields. In the reinforcement
of mountain tunnel, the FRP grids embedded in Polymer
Cement Mortar (FRP-PCM) shotcrete (FRP-PCM method)
are typically used. In the FRP-PCM method, the FRP grids
are firmly installed on an existing tunnel lining concrete
with concrete anchors (see Figure 1(a)). It is noted that the
FRP grids should not be damaged during the drilling or
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fastening the anchors. After the installation of FRP grids, the
Polymer Cement Mortar (PCM) is sprayed to the surface of
FRP grids as shown in Figure 1(b).

In recent years, extensive researches have been carried
out to investigate the reinforcing effects of FRP grids under
dynamic load. Sheikh and Yau [20] conducted an experi-
mental program in which 12 column specimens were tested
under constant axial load and cyclic lateral load to simulate
the earthquake loads and found that the strength, ductility,
and energy absorption capacity of columns can be improved
by utilizing FRP. Zou et al. [21] proposed an optimization
technique for the performance-based seismic FRP retrofit
design of reinforced concrete (RC) building frames, and
the effectiveness of this proposed procedure was discussed
and certified by a numerical example. Antoniades et al.
[22] conducted cyclic tests on seismically damaged rein-
forced concrete walls strengthened with FRP reinforcement,
and the test results showed that the strength of specimen
reinforced by FRP strips increases up to approximately
30% with respect to a conventional repair method. Lam
et al. [23] experimentally studied the behaviors of FRP-
confined concrete under cyclic compression test, and a num-
ber of significant conclusions were drawn, including the
existence of an envelope curve and the cumulative effect of
loading cycles. Zhou et al. [24] conducted the dynamic
three-point bending and axial crushing tests to investigate
the dynamic crushing characteristics of unidirectional
carbon fiber-reinforced plastic composites, and the results
showed that delamination plays a critical role in the dynamic
bending deformation. Jerome and Ross [25] numerically
simulated the dynamic response of concrete beams that rein-
forced with a carbon fiber plastic by using the drop-weight
impact test, and the numerical results revealed the local
displacement behavior of beams when suffering from strong
impulse loads.

Despite a large number of researches on the behavior of
RC structures reinforcing with FRP were performed, few
researches were conducted on the reinforcing effects of the
FRP-PCM method on tunnel lining under dynamic load.
In the present study, a series of numerical simulations were
performed based on the finite difference method (FDM) to
quantitatively analyze the reinforcing effects of the FRP-
PCM method under dynamic load, taking into account the
impacts of tunnel construction method and cavity location,

and those analytic results could provide valuable guidance
for the reinforcing of underground structures.

2. Numerical Modelling Setup

2.1. Numerical Modelling. The New Austrian Tunneling
Method (NATM) and the Fore-piling Method (FM) are
the two common methods that have been adopted in tunnel-
ling under shallow or unconsolidated ground (Kitamoto
et al., 2004). In the present study, four types of numerical
models as shown in Figure 2 are established by utilizing
the finite difference method (FDM), and the former two
models (see Figures 2(a) and 2(b)) are selected to investigate
the effects of construction methods on reinforcing effects of
the FRP-PCM method. Since cavities that exist between tun-
nel lining and surrounding rocks are generally encountered
for mountain tunnels constructing with the FM method, a
cavity is presumed to exist on the crown (see Figure 2(c))
or at the shoulder (see Figure 2(d)) of the numerical models
to investigate the impacts of cavity location on the reinforc-
ing effects. Those cavities cover an angle of 60° and with a
thickness of 30 cm. The thickness of shotcrete and secondary
lining in the NATM method are set to be 15 cm and 30 cm,
respectively, and the lining thickness in the FM method is
selected as 45 cm. The reinforcement region with the FRP-
PCM method covers an arc length of 180° on the upper wall
of tunnel as shown in Figure 3, and the back-filling is
conducted to the tunnels with cavities. The tunnel linings
are reproduced by the finite element mesh, while the rein-
forcing effects of the FRP-PCM method are investigated by
the liner element [26].

2.2. Boundary Conditions. In order to reduce the computa-
tional time and ensure the calculation accuracy, the horizon-
tal distance from the wall of tunnel to the boundary of the
main grid model is determined as 2D (D is the excavation
width of tunnel that is equal to 10m) based on the precom-
putation. The dynamic load input is applied at the bottom of
the model and normally represented by plane waves propa-
gating upward through the underlying rocks. The free-field
boundary conditions are selected during the seismic analysis
to minimize the wave reflections, and the lateral boundaries
of the main grid are coupled to the free-field grid boundary
by a series of viscous dashpots as shown in Figure 4 [26]. By

Installation of FRP grids

(a) Installation of FRP grids

Spray of polymer cement mortar

(b) Spray of Polymer Cement Mortar

Figure 1: Reinforcement procedure with the FRP-PCM method.
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means of which, plane waves propagating upward surf no
distortion at the boundary because the free field grid sup-
plies conditions that are identical to those in an infinite
model. Lateral dashpots would not do exercise if the main
grid in uniform with no surface structure, since the free field
grid performs the same as the main grid, while the dashpots
absorb energy in a manner to quiet boundaries if the main
grid motion differs from that of the free filed.

2.3. Mechanical Properties. Three types of ground classed as
CII, DI, and DII generally encountered in mountain tunnel

construction in Japan [27] are selected as the surrounding
rocks in the numerical analysis, and the mechanical behav-
iors of those are listed in Table 1. The urethane material is
utilized as the back-filling material due to its quick harden
and high strength, and the mechanical properties of back-
filling material and lining concrete are also summarized in
Table 1. The mechanical behaviors of the interface between
the FRP-PCM layer and the concrete layer are obtained
based on a series of direct shear tests in our previous study
[28], and those values are summarized in Table 2.

2.4. Input Motion. Compared with artificial seismic waves
and simple harmonic waves, real seismic wave taken from
similar sites is more representative to the real situation when
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Figure 2: Numerical modelling setup.
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a rock foundation is subjected to earthquake loads. In the
present study, the input motion is recorded at the observa-
tion site of Ojiya City during the M6.8 Chuetsu offshore
earthquake happened on July 16, 2007, in Niigata Prefecture,
Japan. The distributions of intensities and peak accelerations
during the earthquake are shown in Figure 5. Since rock
foundations and buildings are easier to damage when they
suffer from shear waves, compared with a compression
one, the horizontal component motion of ground (see
Figure 6) is adopted in the later numerical analysis. The
maximum acceleration is observed at about 27.8 s, with a
value about 330 Gal. Since the stability of underground
tunnel is mainly controlled by the maximum acceleration
during the earthquake, in order to reduce the computational
time, the input motion at the interval from 20.8 s to 30.8 s is
extracted and utilized in the latter numerical analysis.

3. Numerical Results

3.1. Reinforcing Effects for Tunnels Constructed with the
NATM. Figure 7 shows the distribution of plastic failure
region on lining concrete for tunnels constructed by the
NATM. For the unreinforced cases, the plastic failure region
first appears at the bottom corner and inner side of the
shoulder on lining concrete and gradually expands with
the increment of ground class (see Figures 7(a)–(c)). For
the type DII ground, the plastic failure region develops at
both the inner side and the outer side of lining concrete.
After reinforcing with FRP grids, the plastic failure zone
on the shoulder diminishes and only can be observed at
the bottom corner when the type CII ground is encountered
(Figure 7(d)). The plastic failure region at the inner side of
the left shoulder decreases greatly when the tunnels sur-
round by the type DI ground (Figure 7(e)).

Tunnel lining deformations are generally governed by
both the axial stress parallel to the tunnel wall and the

radial stress perpendicular to the tunnel wall. Since the axial
stress is approximately two orders of magnitude larger than
the radial one, only the variation of axial stress is analyzed
in the present study to illustrate the reinforcing effects with
the FRP-PCMmethod. The axial stress distribution on lining
concrete for tunnels constructed by the NATM is shown in
Figure 8. In those figures, the positive symbol denotes the
compression stress, while the negative symbol denotes the
tensile stress. Since the input motion is a horizontal shear sig-
nal, the maximum tension and compression stresses occur at
the left and right shoulder of tunnel lining, respectively. The
maximum tension stress can also be observed at the bottom
corner of lining concrete due to stress concentration. The
maximum tension stresses at the bottom corner or shoulder
of lining concrete are 2.77MPa, 4.73MPa, and 9.56MPa,
respectively, corresponding to the ground type of CII, DI,
and DII (Figures 8(a)–8(c)). After reinforcing with FRP grids,
those maximum tension stresses decrease to 2.75MPa,
4.63MPa, and 9.53MPa, respectively (Figures 8(d)–8(f)).

3.2. Reinforcing Effects for Tunnels Constructed with the FM.
Figure 9 shows the distribution of plastic failure region on
lining concrete for tunnels constructed by the FM. The plas-
tic failure region can be observed at the right inner side of
lining concrete as shown in Figure 9(a) for the type CII
ground. With the increment of ground class, the strength
of surrounding rock reduces, and the plastic failure regions
both occur at the left outer side and right inner side of lining
concrete (Figures 9(b) and 9(c)). After reinforcing with FRP
grids, almost no plastic failure region is observed when the
CII ground is encountered (Figure 9(d)), and the plastic fail-
ure region decreases obviously when the other two types of
ground are encountered (Figures 9(e) and 9(f)).

The axial stress distribution on lining concrete for tun-
nels constructed by the FM is depicted in Figure 10.
Under a horizontal shear load, the maximum tension

Table 1: Mechanical behaviors of ground, lining, and back-filling material.

Properties
Ground class

Lining Back-filling material
CI CII DI DII

γ (kN/m3) 23.5 22.6 21.6 20.6 24 9.8

E (MPa) 1960 980 490 147 24500 12

v 0.3 0.3 0.35 0.35 0.2 0.13

c (MPa) 1.96 0.98 0.49 0.196 6.99 0.5

φ (deg) 45 40 35 30 40 10

σt (MPa) 0.39 0.42 0.19 0.06 3 0.2

Table 2: Mechanical properties of FRP grids and PCM material.

Elastic modulus
(MPa)

Compressive strength
(MPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction
angle (°)

Cross-sectional area of
mesh (mm2)

FRP grid

CR4

1 × 105 — 1400
2.22 17.7

6.6

CR6 17.5

CR8 26.4

PCM 2:6 × 104 59.3 4.6 —
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and compression stress appear at both sides of the lining
shoulder. The maximum tension stress mainly occurs at
the left inner side of lining concrete, and the maximum
compression one almost can be observed at the right inner
of lining concrete. The maximum compression stresses are
2.2MPa, 8.28MPa, and 14.16MPa (Figures 10(a)–10(c)),
respectively, corresponding to the type CII, DI, and DII
ground. After reinforcing with FRP grid, those compress
values decrease to 1.91MPa, 4.81MPa, and 7.42MPa,
respectively (Figures 10(d)–10(f)).

3.3. Reinforcing Effects for Tunnels with a Cavity on the
Shoulder. The plastic failure region on lining concrete for
tunnels with a cavity on the shoulder is shown in
Figure 11. Due to the existence of cavity on the shoulder,
the flexural rigidity of lining concrete decreases, leading to
a larger plastic failure region that appears at the location of
cavity. As what mentioned before, the plastic failure region
can also be generated at the shoulder of lining concrete
due to the application of horizontal shear load. After
reinforcing with FRP grids, the plastic failure region on the
lining concrete disappears for the type CII ground
(Figure 11(d)), and those plastic failure regions decrease dra-
matically for the other two types of ground (Figures 11(e)
and 11(f)).

The axial stress on lining concrete for tunnels with a cav-
ity on the shoulder is plotted in Figure 12. The existence of
cavity on the shoulder decreases the bending resistance of
lining concrete, and the stress concentration is easy to occur
at the thin lining concrete, leading to a great value of axial
stress at those locations. The maximum values at the cavity
for those three types of ground are 4.90MPa, 8.10MPa,
and 10.06MPa (Figures 12(a)–12(c)), respectively, and those
values decrease to 2.77MPa, 4.33MPa, and 6.56MPa after
reinforcing with FRP grids (Figures 12(d)–12(f)).

3.4. Reinforcing Effects for Tunnels with a Cavity on the
Crown. The plastic failure region for tunnels with a cavity
on the crown is first observed at the top right shoulder of
the lining concrete (Figure 13(a)). With increasing the
ground class, the plastic failure region develops and mainly
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Figure 6: Input motion adopted in the numerical simulations.
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Figure 5: Distributions of intensities and peak accelerations recorded at the observation site of Ojiya City during the M6.8 Chuetsu offshore
earthquake happened on July 16, 2007, in Niigata Prefecture, Japan.
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Figure 7: Plastic failure region on lining concrete for tunnel constructed by NATM.

CII DI DII

Unreinforced cases 

(a) (b) (c)

Reinforced cases 

(d) (e) (f)

Note: “+”: tension stress; “–“: compression stress 

−2.7711e+006 to −2.5000e+006 −4.7313e+006 to −4.5000e+006 −9.5587e+006 to −9.0000e+006
−9.0000e+006 to −8.0000e+006
−8.0000e+006 to −7.0000e+006
−7.0000e+006 to −6.0000e+006
−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 1.0000e+006
1.0000e+006 to 1.0522e+006

−4.5000e+006 to −4.0000e+006
−4.0000e+006 to −3.5000e+006
−3.5000e+006 to −3.0000e+006
−3.0000e+006 to −2.5000e+006
−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
−1.5000e+006 to −1.0000e+006
−1.0000e+006 to −5.0000e+005
−5.0000e+005 to 0.0000e+000
0.0000e+000 to 5.0000e+005
5.0000e+005 to 9.3750e+005

−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
−1.5000e+006 to −1.0000e+006
−1.0000e+006 to −5.0000e+005
−5.0000e+005 to 0.0000e+000
0.0000e+000 to 2.0958e+005
Interval = 5.0e+005

−2.7516e+006 to −2.5000e+006
−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
−1.5000e+006 to −1.0000e+006
−1.0000e+006 to −5.0000e+005
−5.0000e+005 to 0.0000e+000
0.0000e+000 to 2.0133e+005
Interval = 5.0e+005

Interval = 5.0e+005

−4.6323e+006 to −4.5000e+006
−4.5000e+006 to −4.0000e+006
−4.0000e+006 to −3.5000e+006
−3.5000e+006 to −3.0000e+006
−3.0000e+006 to −2.5000e+006
−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
−1.5000e+006 to −1.0000e+006
−1.0000e+006 to −5.0000e+005
−5.0000e+005 to 0.0000e+000
0.0000e+000 to 5.0000e+005
5.0000e+005 to 7.3357e+005
Interval = 5.0e+005

Interval = 1.0e+006

−9.5288e+006 to −9.0000e+006
−9.0000e+006 to −8.0000e+006
−8.0000e+006 to −7.0000e+006
−7.0000e+006 to −6.0000e+006
−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 9.1492e+005
Interval = 1.0e+006

Figure 8: Axial stress distribution on lining concrete for tunnel constructed by NATM (unit: Pa).
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CII DI DII

Unreinforced
cases

(a) (b) (c)

Reinforced
cases

(d) (e) (f)
: Elastic region; 
: Plastic failure region; 

Figure 9: Plastic failure region on lining concrete for tunnel constructed by FM.

CII DI DII

(a) (b) (c)

(d) (e) (f)

−2.2045e+006 to −2.0000e+006 −8.2799e+006 to −8.0000e+006 −1.4162e+007 to −1.4000e+007
−1.4000e+007 to −1.2000e+007
−1.2000e+007 to −1.0000e+007
−1.0000e+007 to −8.0000e+006
−8.0000e+006 to −6.0000e+006
−6.0000e+006 to −4.0000e+006
−4.0000e+006 to −2.0000e+006
−2.0000e+006 to 0.0000e+000
0.0000e+000 to 9.3098e+005

−8.0000e+006 to −7.0000e+006
−7.0000e+006 to −6.0000e+006
−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 7.7820e+005

−2.0000e+006 to −1.7500e+006
−1.7500e+006 to −1.5000e+006
−1.5000e+006 to −1.2500e+006
−1.2500e+006 to −1.0000e+006
−1.0000e+006 to −7.5000e+006
−7.5000e+005 to −5.0000e+005
−5.0000e+005 to −2.5000e+005
−2.5000e+005 to 0.0000e+000
0.0000e+000 to 8.1100e+004
Interval = 2.5e+005

−1.9103e+006 to −1.8000e+006
−1.8000e+006 to −1.6000e+006
−1.6000e+006 to −1.4000e+006
−1.4000e+006 to −1.2000e+006
−1.2000e+006 to −1.0000e+006
−1.0000e+006 to −8.0000e+005
−8.0000e+005 to −6.0000e+005
−6.0000e+005 to −4.0000e+005
−4.0000e+005 to −2.0000e+005
−2.0000e+005 to 0.0000e+000
0.0000e+000 to 2.5294e+004 
Interval = 2.0e+005

Interval = 1.0e+006

−4.8137e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
−0.0000e+000 to 1.0000e+006
1.0000e+006 to 1.3403e+006
Interval = 1.0e+006

Interval = 2.0e+006

−7.0000e+006 to −6.0000e+006
−7.4184e+006 to −7.0000e+006

−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 1.0000e+006
1.0000e+006 to 1.3570e+006
Interval = 1.0e+006

Unreinforced cases 

Reinforced cases 

Note: “+”: tension stress; “–“: compression stress 

Figure 10: Axial stress distribution on lining concrete for tunnel constructed by FM (unit: Pa).
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CII DI DII

Unreinforced
cases

(a) (b) (c)

Reinforced 
cases

(d) (e) (f)

: Elastic region;
: Plastic failure region;

Figure 11: Plastic failure region on lining concrete for tunnel with a cavity on the shoulder.

CII DI DII

(a) (b) (c)

(d) (e) (f)

−8.0947e+006 to −8.0000e+006 −1.0058e+007 to −1.0000e+007
−1.0000e+007 to −8.0000e+006
−8.0000e+006 to −6.0000e+006
−6.0000e+006 to −4.0000e+006
−4.0000e+006 to −2.0000e+006
−2.0000e+006 to −0.0000e+000
0.0000e+000 to 4.9017e+005

−8.0000e+006 to −7.0000e+006
−7.0000e+006 to −6.0000e+006
−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 4.5373e+005
Interval = 1.0e+006

Interval = 2.0e+006

−6.5599e+006 to −6.0000e+006
−6.0000e+006 to −5.0000e+006
−5.0000e+006 to −4.0000e+006
−4.0000e+006 to −3.0000e+006
−3.0000e+006 to −2.0000e+006
−2.0000e+006 to −1.0000e+006
−1.0000e+006 to 0.0000e+000
0.0000e+000 to 7.9879e+005
Interval = 1.0e+006

−4.8941e+006 to −4.5000e+006
−4.5000e+006 to −4.0000e+006
−4.0000e+006 to −3.5000e+006
−3.5000e+006 to −3.0000e+006
−3.0000e+006 to −2.5000e+006
−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
−1.5000e+006 to −1.0000e+006
−1.0000e+006 to −5.0000e+005
−5.0000e+005 to 0.0000e+000
0.0000e+000 to 2.2264e+005
Interval = 5.0e+005

−2.7727e+006 to −2.5000e+006
−2.5000e+006 to −2.0000e+006
−2.0000e+006 to −1.5000e+006
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Figure 12: Axial stress distribution on lining concrete for tunnel with a cavity on the shoulder (unit: Pa).
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Figure 13: Plastic failure region on lining concrete for tunnel with a cavity on the crown.
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Figure 14: Axial stress distribution on lining concrete for tunnel with a cavity on the crown (unit: Pa).
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concentrates at the right inner and left inner sides of lining
concrete. The failure region vanishes after reinforcing with
FRP grids for the type CII ground (Figure 13(d)) and does
not dramatically decrease for the other two types of ground
(Figures 13(e) and 13(f)).

The axial stress distribution on the lining concrete for
tunnels with a cavity on the crown is shown in Figure 14.
The maximum values of compression stress on the right
shoulder of lining are 2.08MPa, 5.89MPa, and 8.35MPa,
respectively, corresponding to the three types of ground

(Figures 9(a)–9(c)). And those values decrease to 1.86MPa,
5.59MPa, and 8.34MPa, respectively (Figures 9(d)–9(f)).

4. Discussion

Figure 15 shows the relationship between the ground class
and the maximum axial stress on a lining concrete for the
reinforced and unreinforced cases. The maximum axial
stress on lining concrete increases with ground class, regard-
less of the tunnel construction method, existence of cavity,
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0
CII

2

4

6

8

10

DI
Ground class

A
xi

al
 st

re
ss

 o
n 

lin
in

g 
co

nc
re

te
 (M

Pa
)

DII

Unreinforced cases
Reinforced cases
Fitting curve of unreinforced cases
Fitting curve of reinforced cases

(d) Cavity on the crown

Figure 15: The variation of maximum axial stress on lining concrete.
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and reinforcing with FRP grids. However, for tunnels
constructed by the NATM, the fitting curves of axial stress
for the reinforced one and unreinforced one almost increase
nonlinearly, indicating that with decreasing in rock strength,
the axial stress on lining concrete increases dramatically
(Figure 15(a)). The two fitting curves also show that the axial
stress rarely decreases after reinforcing with FRP grids for
tunnel constructed by the NATM. The fitting lines of axial
stress for tunnel constructed by the FM increase linearly as
shown in Figure 15(b). The fitting curves for the reinforced
cases and unreinforced cases intersect at the ground class
of CII, indicating that the reinforcing effects are not obvious
when type CII ground is encountered. With the increment of
ground class, stress reduction shows more significant after
reinforcing with FRP grids, indicating that better reinforcing
effects could be obtained when a weaker surrounding rock is
encountered. Although the axial stress on a lining concrete
increases with increasing the ground class when a cavity
exists on the shoulder of tunnel lining, the slope of fitting
curve shows slightly decrement, indicating that the reinforc-
ing effects with FRP grids increase with the increment in
ground class (Figure 15(c)). While for those tunnels with a
cavity on the crown, the fitting curves almost intersect at
the point of the largest ground class (i.e., class DII ground)
as shown in Figure 15(d), which demonstrated that the rein-
forcing effects of the FRP-PCMmethod are not obvious for a
higher class of ground.

In order to investigate the reinforcing effects of the FRP-
PCM method quantitatively, an axial reduction rate Rσ
defined as follows is calculated:

Rσ =
σnr − σr
σnr

× 100%, ð1Þ

where σnr is the axial acting on the unreinforced lining
(MPa) and σr is the axial stress obtained in the reinforced
cases (MPa). Since the axial stress is the principle stress
parallel to the tunnel lining, the axial force reduction rate
represents the degree of reduction in axial stress after rein-
forcing with FRP grids.

Figure 16 shows the relationship between axial stress
reduction rate and ground class, taking into account the
construction method. Rσ increases with the increasing
ground class for tunnels constructed by the FM, revealing
that the performance of reinforcement is greater when a
higher type of ground is encountered. With the increment
of ground class from CII to DII, Rσ increases from 13.18%
to 48.60%. While for those tunnels constructed by the
NATM, Rσ merely varies from 0.72% to 2.11%, which dem-
onstrated that the performance of reinforcement is not
obvious.

Figure 17 shows the relationship between the axial stress
reduction rate and ground class, taking into account the
existence of cavity. Rσ decreases with increasing in ground
class, indicating that the performance of reinforcement is
weaker when a higher type of ground is encountered. With
the increase in ground class from CII to DII, Rσ decreases
from 43.35% to 34.80% when a cavity exists on the shoulder
of lining, while decreasing from 14.7% to 0.12% when a cav-
ity exists on the crown of lining concrete. The results also
demonstrate that the performance of reinforcement is
greater when a cavity exists on the shoulder.

5. Conclusions

In the present study, the reinforcing effects of the FRP-
PCM method under dynamic load have been investigated
based on the numerical analysis, taking into account the

0
CII

10

20

30

40

50

60

DI
Ground class

A
xi

al
 st

re
ss

 re
du

ct
io

n 
ra

te
 (%

)

DII

NATM
FM

Fitting curve of NATM
Fitting curve of FM

Figure 16: The axial stress reduction rate on lining concrete for
tunnels constructed by different methods.
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tunnel construction method and location of tunnel cavity.
In advancing this work, the following conclusions are
drawn:

(1) The plastic failure region on lining concrete is
improved obviously when the type CII ground is
encountered, regardless of the influences of con-
struction methods and cavity locations

(2) For tunnels constructed by the NATM, the axial
stress on lining concrete increases dramatically with
the increment of ground class, and this axial stress
merely changes after reinforcing with FRP grids.
While for those tunnels constructed by the FM, the
reinforcing effects improve with the increment of
ground class

(3) The axial stress on the lining concrete merely varies
after reinforcing with FRP grids for tunnels with a
cavity on the crown, and a good reinforcing perfor-
mance is observed for the cases with a cavity on
the shoulder, compared with the one with a cavity
on the crown

(4) Only the CR8 grids were taken into account during
the numerical simulations under seismic load. In
the future, various types of FRP grids, such as CR4
and CR6, should be discussed to investigate the rein-
forcing effects of the FRP-PCM method

(5) With the increment of ground class from CII to DII,
Rσ increases from 13.18% to 48.60% for tunnels con-
structed by the NATM, while for those tunnels con-
structed by the NATM, Rσ merely varies from 0.72%
to 2.11%. Rσ decreases from 43.35% to 34.80% when
a cavity exists on the shoulder of lining, while
decreasing from 14.7% to 0.12% when a cavity exists
on the crown of lining concrete
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