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Cracks and other diseases may occur in the long-term operation of highway tunnels and reduce the structural load-carrying
capacity. Strengthening using carbon fiber reinforced polymer (CFRP) sheets and other materials could extend the service time
of the tunnels. However, the process of strengthening tunnels is remarkably different from the process of strengthening
aboveground structures because of the secondary load. In order to understand the development of stress and deformation of
strengthened tunnels under secondary load, a 1 : 10 scaled model was tested to simulate the tunnel strengthened with CFRP
under different damage states. The test results show that CFRP strengthening improved the stiffness of the structure and
inhibited the propagation of the existing cracks. The peeling of the CFRP sheets made the strengthened structure quickly lose its
load-carrying capacity, causing the instability of the structure. The failure loads of the structures strengthened at different
damage states were essentially the same, with an average value of 184% of the original failure load. Nevertheless, the early
strengthening helped control the structural deformation. The test results also demonstrate that the bonding strength between
the CFRP and the lining is essential for strengthening effectiveness. This study provides a theoretical basis for similar
engineering reinforcement designs.

1. Introduction

Lining cracking is one of the most common structural prob-
lems for highway tunnels. In particular, the developing
cracks caused by external loads not only reduce the effective
cross-sectional area of reinforced concrete members and
lower the structural load-carrying capacity but also offer a
pathway for groundwater to invade the tunnel, causing steel
corrosion and material deterioration as well as aggravating
the structural deformation and crack propagation [1–4].
Timely strengthening is needed in order to prevent cracks

from forming during development, regain the load-carrying
capacity, and extend the service time of the tunnels.

The carbon fiber reinforced polymer (CFRP) sheet has
been widely used to strengthen tunnels due to its many
advantages, such as high tensile strength, good deformation
adaptability, a small footprint, and construction convenience
[3, 5]. A number of research studies have been conducted in
order to establish the computational models and elucidate
the load-carrying mechanisms of CFRP-strengthened struc-
tures. Luo [6] proposed a theoretical calculation method spe-
cifically intended for the CFRP-strengthening of highway
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tunnel lining structures. Li et al. [7] numerically simulated
the characteristics of the load-carrying compatibility between
CFRP and subway tunnel linings. Jia and Nie [8] carried out
bending tests and a finite element analysis of simply sup-
ported reinforced concrete beams in order to study the effec-
tiveness of different CFRP wrapping options for repairing the
lining segments that were experiencing freeze-thaw damage.
Li et al. [9] carried out model tests on the damaged shield seg-
ment structures strengthened by CFRP grids and obtained
the failure modes of a bonding surface created using different
bonding techniques. Sahranavard and Aghanoori [10] con-
ducted in situ monitoring of the CFRP-strengthened dam-
aged lining of the Haji-Abad tunnel in Iran and concluded
that CFRP strengthening met the load-carrying requirements
under the design-level loads.

The process of strengthening tunnels is remarkably dif-
ferent from the process of strengthening aboveground struc-
tures. This is because tunnel structures are buried in the
ground, and they are difficult to unload during the strength-
ening process. The disturbance and deterioration of the sur-
rounding rock during the strengthening and operation of the
structure lead to an increase in the tunnel's external load,
which is referred to as the secondary load problem faced by
strengthened structures. Thus far, research dealing with the
deformation and damage of strengthened structures under
secondary load has been scarce. Jia and Nie [8] considered
the effects of a secondary load using a simply supported beam
model, but they ignored the constraint of the surrounding
rock and the overall force compatibility of the structure.
Because the field data collected from real-world projects
can only reflect the strengthening effectiveness under a
design-level load, the damage processes of strengthened
structures under an increasing load, as well as the effective-
ness of the strengthening conducted at different original
damage levels, are still not clearly known. Therefore, model
tests should also be carried out to enable further
investigation.

Field survey data for structural damages and disasters
show severe cracks in linings surrounded by weak, fragmen-
tary rock. Under this geological condition, the external load
acting on the lining is mainly the loose load of the arch,
and it is affected by factors such as the rainfall and the sur-
rounding rock deterioration. Additionally, the loose zone of
the arch tends to expand due to long-term operation, thereby
increasing the load level, inducing new cracks or widening
existing ones, causing water leakage and other problems
[1], and hence posing a huge threat to operational safety
[11, 12]. To resolve this problem, this study tested a 1 : 10
scale physical similitude model, which represents a highway
tunnel constructed in the grade VI soft fragmentary sur-
rounding rock. The deformation and failure processes of
CFRP-strengthened reinforced concrete linings with differ-
ent original damage states under a loose load were investi-
gated. The failure modes and the failure loads of
strengthened structures were analyzed, and the effectiveness
of CFRP strengthening at different original damage states
and the factors affecting this effectiveness were examined.
Reliable test data are provided for the CFRP-strengthening
design of damaged linings. Different from the similar tests,

both the secondary load conditions of the strengthened
structure and the constraint of the surrounding rock were
considered in this study, which made the results closer to
the actual engineering project. In addition, this paper com-
pares the effect of different strengthening timing for the first
time, and the design suggestions were given in the
conclusion.

2. Similitude Model Test Protocol

2.1. Test Device Design. For large-size structures, the cost and
difficulty of making test pieces in real size are high. Reduced-
scale model test thus become a commonly used method in
civil engineering experiments [13–15], especially in geotech-
nical [16–18] and underground engineering [19]. The
authors developed a circumferential loading device that
included a tunnel model, a jack loading system, a strain-
displacement measurement system, a spring system that sim-
ulated the resistance of the surrounding rock, and a reaction
frame, as shown in Figure 1:

The tunnel model was a reinforced concrete lining with
an inverted arch. Only the secondary lining structure was
considered. The jack loading system consisted of 11 indepen-
dently controllable jacks. The measurement range of each
single jack was 30N to 5000N, which was distributed by a
load plate as a uniform load of 0.48 kPa to 80.9 kPa. The elas-
tic resistance of the surrounding rock was simulated through
the spring, the reaction frame, and the passively loaded jacks.
The measurement system consisted of dial indicators, strain
gauges, automatic acquisition instruments, and digital cam-
eras that were used to observe the structural deformation,
crack, and strain development in real time.

The test focused on the analysis of the deformation and
failure processes of the CFRP-strengthened liners under an
external load, while the self-weight was ignored. To facilitate
the test operation, the device was placed horizontally, as
shown in Figure 1(a).

2.2. Tunnel Prototype and Model Design

2.2.1. Tunnel Prototype. The prototype tunnel has a cross sec-
tion that is 1186 cm wide, 962.8 cm tall, and 300 cm long axi-
ally. The secondary lining is made of reinforced concrete with
a thickness of 50 cm and standard compressive strength of
30MPa, and the steel rebar is with yield strength of
335MPa. The reinforcement ratio is 0.62%. The elastic resis-
tance coefficient k of the surrounding rock is between
0MPa/m and 60MPa/m.

2.2.2. Similitude Ratios. Taking into account the test purpose,
laboratory conditions, and the ease of operation, it was deter-
mined that the geometric similitude ratio of the prototype to
the model, CL, was 10, the elastic modulus similitude ratio CE
and the stress similitude ratio Cσ, which were both measured
in accordance with the indoor scaled test, were 10 and 20,
respectively. The similitude law and the dimensional analysis
method were used to determine the similitude ratios for other
key physical quantities, as shown in Table 1.
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2.2.3. Similitude Model Development. Based on the geometric
similitude ratio, the tunnel model had a lining thickness of
5 cm, a width of 118.6 cm, a height of 96.28 cm, and an axial
direction of 30 cm, as shown in Figure 2(a).

Themodel usedmixed mortar materials with wire mesh to
simulate the reinforced concrete. The mixed mortar was made
of cement, yellow sand, lime paste, and water in a specific mass
proportion of 1 : 7.75 : 0.60 : 1.76. The uniaxial compression
test of the cubic specimen made in the above mortar ratio
shows that the elastic modulus of the model material is
1.57GPa and it has a similitude ratio of approximately 20,
and the compressive strength is 3.1MPa and it has a similitude
ratio of 10, generally meeting the requirements.

The steel wire mesh material was the same as the pro-
totype steel rebar. The amount of reinforcement was
determined according to the similitude of the bending
stiffness of the lining section, and the similitude ratio of
the reinforcement ratio is 10. The cross section of the
model with reinforcement is shown in Figure 2(b). The
reinforcement ratio is 0.069%, essentially meeting the
similitude ratio requirement.

The elastic resistance of the surrounding rock is a feature
that distinguishes tunnels from above-ground structures.
According to Winker’s local deformation theory [20], the
elastic resistance is proportional to the structural deforma-
tion. Springs and hydraulic jacks were used to simulate the
elastic resistance of the surrounding rock, and they were
selected based on the device size and indoor testing. Specifi-
cally, three springs were connected in parallel, each with a
stiffness of 33N/mm, in order to simulate the arch and side-
walls. The inverted arch was simulated using a single spring
with a stiffness of 100N/mm. The elastic resistance coeffi-
cient of the model was 1.58MPa/m, and the elastic resistance
coefficient of the prototype was 3.16MPa/m, which is catego-
rized as grade VI surrounding rock.

The focus of the CFRP strengthening simulation is the
similitude in tensile strength. Based on indoor testing, it
was determined that the aluminum foil fiberglass sheet was
used to simulate the CFRP sheet. The tensile strength of the
CFRP was 3400MPa to 5000MPa, and the tensile strength
of aluminum foil fiberglass was 405MPa, meeting the
requirement of similitude ratios.

Table 1: Similitude ratios of physical quantities.

Physical quantity Unit Similar relationship Similar constant C

Length L m CL = Lprototype/Lmod el 10

Stress σ N/m2 Cσ = σprototype/σmod el 10

Elastic modulus E N/m2 CE = Eprototype/Emod el 20

Displacement δ m Cδ = δprototype/δmod el = CσCL/CE 5

Plane force s N/m2 Cs = sprototype/smod el = Cσ 10

Strain ε “1” Cε = εprototype/εmod el = Cσ/CE 0.5

Poisson ratio μ “1” — 1

Volume force ρ N/m3 Cρ = ρprototype/ρmod el = Cσ/CL 1

Force N N CN = Nprototype/Nmod el
� �

CσC
2
L 1000

Bending moment M N∙m CM =Mprototype/Mmod el = CσC
3
L 10000

Elastic resistance coefficient k N/m3 Ck = kprototype/kmod el = Cσ/Cδ 2

Lining model 

Active loading
Reaction frame

Inverted arch springs
k=100 N/mm

Loading plates

Jack
Arch springs
k=3⨯33 N/mm

Jack
Piston rod
Spring
Loading plate 1

2
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9
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20°

(a) Schematic diagram of test devices (b) Horizontally positioned model and equipment

Figure 1: Test devices.
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2.3. Analysis Conditions. Four different analysis conditions
were considered in the tests. Condition 1 was the failure test
of the unstrengthened original lining structure. This test was
repeated three times to compare the strengthening effectiveness.
Conditions 2, 3, and 4 were the tests of the strengthened lining
structures using the CFRP sheets of the same parameters at dif-
ferent prestrengthening damage states of the liners. The ratios
of the arch load at the time of strengthening to the failure load
in condition 1 Pr/Pu0 were 0%, 50%, and 90%, respectively.

2.4. Secondary Load Simulation and Measurement
Arrangement. Jacks 5, 6, and 7 within the 60° range of the
vault, as shown in Figure 1(a), were controlled, and a mono-
tonic static loadingmethodwas used to simulate the loose load
at the vault. A force diagram of the structure is schematically
shown in Figure 3(a). To simulate the secondary load on the
structure, threaded steel rods were added next to the jacks dur-
ing the strengthening and curing stages to maintain the load.
After strengthening, the steel rods were removed and the load-
ing continued. An external load of 0.97kPa was applied at
each increment, and the next incremental load was applied
30 minutes after the stabilization of the last incremental load.

A dial indicator and a strain gauge were placed between
every two resistance springs on the surface of the tunnel
model to measure the displacement and strain of the tunnel.
The arrangement of the dial indicators and strain gauges is
shown in Figures 3(b)–3(c).

3. Test Results and Discussion

3.1. Deformation and Failure Characteristics of the Original
Lining Structure. Unless noted otherwise, the load, displace-
ment, and strain data are for the scaled model. For the sake
of convenience, several physical quantities are defined and
listed in Table 2.

The data from the three parallel tests under condition 1
are summarized by plotting the vault settlement relative to
the springing line and sidewall convergence curves in
Figure 4. It can be seen that the three sets of test data are con-
sistent, demonstrating the reliability of the test results.

Figure 4 shows that under the loose load, the overall stiff-
ness of the original lining structure degraded nonlinearly as
the load increased. The deformation and failure processes
can be divided into three stages:

(I) Elastic Crack-Free Stage. In this stage, the stress level
was low, and thus, the deformation and strain were
linearly related. The deformation stiffness associ-
ated with the vault settlement KI was 7.01 kPa/mm.
As the external load reached 6.8 kPa, the inner side
of the vault started to crack

(II) Operational with Cracks Stage. As the load contin-
ued to increase, cracks appeared successively in var-
ious parts of the lining, with more cracks in the vault
and hance, and the major crack was in the vault. The
deformation increased rapidly, and the deformation
stiffness of the vault further decreased to a KII value
of 1.55 kPa/mm. As the external load reached
18.6 kPa, the steel rebars at the major crack position
fractured under tension

(III) Accelerated Instability Stage. After the steel rebars at
the major crack position fractured, the arch was
unstable and the vault settlement increased
abruptly. Then, the rebar on the outer side of the
hance fractured and the structure became unstable.
The failure load Pu0 value was 18.9 kPa

The failure pattern and fracture distribution of the
original lining are sketched in Figure 5, where the solid
lines represent the cracks and dashed lines indicate con-
crete crushing.

The strain distribution over the inner surface of the lin-
ing at different load levels is shown in Figure 6(a), where
the inward and outward curves denote tension and com-
pression, respectively. The strain distribution is consistent
with the loads applied to the structure. Specifically, the
inner and outer sides of the vault and the inverted arch
were subjected to tension and compression, respectively,
and the inner and outer sides of the left and right arches
as well as the sidewalls were subjected to compression

R843

R593

R140R1550

50

1186

962.8

C30 RC

(a) Size of intersecting surface of the tunnel lining model
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(b) Reinforcement design of the lining model

Figure 2: Model design (unit: mm).
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and tension, respectively. Additionally, the strain of the
arch was relatively large. The data of strain gauges 16 and
18 of the vault were analyzed. As shown in Figure 6(b),
prior to the vault cracking, the strain and load of the vault
arch were roughly linearly related. After the load reached
6.80 kPa, cracks occurred at the strain gauge locations. As
stage II was entered, the strain increased nonlinearly and
sharply, and the increase rate was 5 to 10 times that of
stage I. In stage III, the arch experienced severe cracking
and damage, and the protective layer peeled off, causing
the strain gauge to relax and the strain value to drop. Over-
all, the strain development and distribution were consistent
with structural deformation and failure observations.

The experimental data were converted, through simili-
tude ratios, to the responses of the prototype tunnel struc-
ture, so that the vault settlement, sidewall convergence, and
crack intensity (i.e., crack lengths per unit area within the
45° center angle of the tunnel vault, as shown in
Figure 3(a)) under different load levels could be studied,
thereby offering useful information for evaluating the safety
of damaged liners, as shown in Table 3.

3.2. Deformation and Failure Characteristics of CFRP-
Strengthened Structures. CFRP strengthening was carried
out in the tests when the arch loads were 0%, 49%, and 87%
of the original failure load of the structure, and the
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(a) Schematic diagram of structural loading
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Figure 3: Secondary load simulation and measurement arrangement.
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Figure 4: Results of parallel tests.

Table 2: Definitions of several physical quantities used in the paper.

Symbol Definition Unit

Pr Strengthening load kPa

Pc Cracking load kPa

Pu0 Failure load of an unstrengthened lining kPa

Pu Failure load of a strengthened lining kPa

K I Stiffness of an unstrengthened lining at stage I before cracking, as shown in Figure 7 kPa/mm

K II Stiffness of an unstrengthened lining at stage II after cracking, as shown in Figure 7 kPa/mm

kI Stiffness of a strengthened lining at the compatible deformation stage, as shown in Figure 8 kPa/mm

kII Stiffness of a strengthened lining at the rapid deformation stage, as shown in Figure 8 kPa/mm

u Vault settlement during failure mm

s Sidewall convergence during failure mm

Steel bar
fracture in 
the vault

Cracks in
the hance

(a) Damage photo

Outside

Inside

Cracks

Crushing

(b) Sketch of fracture distribution

Figure 5: Damage form of the lining under condition 1.
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corresponding loads were 0 kPa, 9.2 kPa, and 16.5 kPa, respec-
tively. The structural phenomena prior to strengthening under
conditions 3 and 4 were consistent with the one under condi-
tion 1, and the load-displacement curves chiefly coincide, as
shown in Figure 7, suggesting the reliability of the test data.

Figure 8 shows the variations of the vault settlement and
the sidewall convergence before and after the structural
strengthening under different conditions. It can be seen that
under the secondary load, the deformation and failure pro-
cesses of the strengthened structure under the three condi-
tions are generally the same and can be divided into 3
stages, namely the coordinated deformation stage, the rapid
deformation stage, and the accelerated instability stage.

(I) Compatible Deformation Stage. Because the tensile
strength of the CFRP sheets and the shear stiffness of
the bonding surface were sufficiently large, the overall
stiffness of the structure was enhanced significantly.
Taking condition 3 as an example, the deformation
stiffness kI of the vault settlement before cracking
was 1.55kPa/mm, which recovered to 4.21kPa/mm
after strengthening, representing an increase of
172%. As the external load increased, the CFRP was
compatible with the lining in resisting the load, and

the deformation increased linearly and slowly, effec-
tively suppressing the expansion of existing cracks,
with new cracks occurring mainly in the hance

(II) Rapid Deformation Stage. As the load continued to
increase, the shear stress over the bonding surface
increased rapidly, weakening the deformation com-
patibility between the tunnel and CFRP sheets. The
deformation stiffness associated with the vault set-
tlement and the sidewall convergence was rapidly
reduced, but they were still higher than the values
prior to strengthening. Under condition 3, the
deformation stiffness of the vault settlement at this
stage was attenuated to a kII value of 1.63 kPa/mm,
which was slightly higher than the 1.55 kPa/mm
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P=14.6 kPa

P=18.9 kPa
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Tunnel lining
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(a) Strain distribution of the inner surface in the lining
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Figure 6: Strain data of the unstrengthened condition (με = 10‐6).

Table 3: The relationship between load, fracture density, vault
settlement, and sidewall convergence.

External load
level/failure
load

Crack
density
m/m2

Vault settlement
of the

prototype/cm

Sidewall
convergence of the

prototype/cm

0% 0 0 0

50% 0.585 1.33 0.88

70% 1.39 2.38 2.98

90% 1.6 3.89 4.77

100% 1.6 7.20 7.19
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Figure 7: Curves of load-vault settlement with different conditions
before strengthening.
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value of the original structure. At this stage, a num-
ber of new cracks appeared at the vault. Due to the
presence of the CFRP sheets, the tensile stress over
the concrete surface was adjusted continuously,
thereby uniformly distributing new cracks, with a
density much higher than that observed under con-
dition 1. As this occurred, the existing cracks prop-
agated along the thickness direction

(III) Accelerated Instability Stage. Because the shear
stress over the bonding surface cannot be trans-
ferred effectively, the deformations of the CFRP
sheets and the lining are no longer compatible,
causing them to peel off. The lining resists most of
the load, the vault settlement increases sharply,
and the vault and the hances on both sides fracture
successively, demonstrating that the peeling of the
CFRP is the key factor that determines the failure
of strengthening. The failure mode of the strength-
ened structure is generally the same as that of the
original structure, but the steel rebars on the inner
side of the vault do not completely fracture, proving
that CFRP sheets resist part of the load

Figure 9 shows the distribution of cracks in the lining
after the test under condition 3, as well as the sequences of
crack development near 30° in the left hance, 130° in the right
hance, and 90° in the vault. In the figure, solid lines denote
cracks and the numbers next to cracks represent the load
magnitudes (kPa). It can be seen that cracks in the hance
occurred mainly at the compatible deformation stage, while
those in the vault occurred mainly at the rapid deformation
and failure stages.

The relationship between the strain of the CFRP sheets at
the vault and the external load is shown in Figure 10. The data
for conditions 3 and 4 were measured by strain gauges rear-
ranged after strengthening, so the point associated with zero

strain corresponds to the strengthening load. Taking condi-
tion 3 as an example, after strengthening, the variation trend
of the tensile strain of strain gauge #16 was basically consistent
with the deformation and damage processes. That is, at the ini-
tial stage after strengthening, the original cracks were no lon-
ger widened, new cracks mainly appeared in the hance, and
the strain slowly increased. After the load reached 22.8kPa,
the structure entered the second stage, when the strain of the
arch increased faster and new cracks appeared continuously.
In the process of increasing the load up to 34.0kPa, the strain
of the vault increased to 4013μɛ (the ultimate tensile strain of
the CFRP is about 20000μɛ), which exceeds the shear strength
of the bonding surface between the CFRP sheets and the con-
crete. The peeling of CFRP sheets from the lining caused the
lining to mainly resist the tensile stress on the inner side of
the vault, leading to the rapid failure of the vault.

The test data show that the failure load of the structure
after strengthening increases significantly. Using condition
3 as an example, the failure load Pu is 179% of that for the
strengthened structure.

3.3. Comparison of the Strengthening Effectiveness under
Different Damage States. Table 4 summarizes the relevant
data for the tests under each condition in this study.

Irrespective of the strengthening at different damage
states, the failure of the strengthened structure was always
caused by the peeling of CFRP sheets from the lining. After
peeling, the vault and hances on both sides fractured succes-
sively, causing the structure to fail. Based on the test results, a
timely CFRP strengthening prior to vault failure can signifi-
cantly improve the failure load, which is essentially the same
for the strengthening at different damage states. Specifically,
the failure loads of conditions 2, 3, and 4 are 35.4 kPa,
34.0 kPa, and 35.0 kPa, respectively, with the largest differ-
ence being only 1.4 kPa. Considering the range of the test
error, the failure load after strengthening is on average 84%
higher than that of the original structure.
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It should be noted that the stiffness, deformation, and
cracking load of a structure are very different when strength-
ened at different damage states. The earlier the strengthening
is conducted, the greater the stiffness of the strengthened
structure is, and the more effectively the deformation is con-
trolled. Compared with the stiffness KII prior to cracking,
the stiffness kI of compatible deformation stage I after
strengthening increases by 501%, 171%, and 126% for condi-

tions 2, 3, and 4, respectively. At rapid deformation stage II
after strengthening, compared with the stiffness K II prior to
cracking, the stiffness kII increases by 76%, 5%, and 18% for
conditions 2, 3, and 4, respectively. At the time of failure, the
vault settlement under condition 2, where the strengthening
was conducted earlier, reached 12.58mm, which is only 74%
and 70% of the vault settlement for conditions 3 and 4. Thanks
to the earlier strengthening under condition 2, the cracking
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Figure 9: Fracture distribution of the lining under condition 3.
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load of the arch increased from 6.8 kPa to 10.7 kPa, which is
57% higher than that of the original structure.

Therefore, although the timing of the strengthening has
an insignificant effect on the load-carrying capacity, early
strengthening is preferred whenever possible in order to
ensure the tunnel clearance height.

4. Conclusions

In this paper, a 1 : 10 scaled model was tested in order to
study the failure characteristics of reinforced concrete lining,
as part of the highway tunnels constructed in grade VI sur-
rounding rock strengthened using CFRP sheets at different
damage states and subjected to a secondary load. Based on
the test data of the scaled model, the deformation and failure
processes of the strengthened structures were obtained. The
test data were converted using the similitude ratios of the
prototype tunnel structure. The characteristics of the rein-
forced concrete lining structures in the grade VI surrounding
rocks and the CFRP-strengthened structures under loads are
summarized as follows.

(1) Under the loose load, the deformation and failure
processes of the original reinforced concrete lining
structure can be divided into three stages, namely
the elastic and crack-free stage, the operational but
cracking stage, and the accelerated instability stage.
The failure is after the successive fracture of the vault
and the hances on both side of the arch, with the vault
as the controlling section

(2) Under the secondary load, the deformation and failure
processes of the CFRP-strengthened structures are
divided into three stages, which are the compatible
deformation stage, the rapid deformation stage, and
the accelerated instability stage. The failure of the hances
is affected by the vault, which is the key structural sec-
tion, and thus, the strengthening design should be based
on the ultimate load-carrying capacity of the vault

(3) The improvement of the failure load after CFRP
strengthening at different damage states is essentially
the same. However, the earlier strengthening contrib-
utes to a better control of structural deformation.
Therefore, if the arch clearance is limited, strengthen-
ing should be carried out as soon as possible

(4) Once the CFRP sheets peel off, the structural frag-
ments fall off quickly and the tunnel collapses. There-
fore, the effectiveness of CFRP bonding should be
guaranteed in real-world engineering projects. In
addition, the peeling of the CFRP sheets can be used
as a criterion for evaluating the failure of the
strengthened structures

Data Availability

All data, model, and code generated or used during the study
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