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Abstract: Pasting carbon fiber reinforced polymer (CFRP) has become an effective method to reinforce
the circular tunnel. For this reinforcement method, the mechanical performance of the curved substrate
is important to keep the coordinated deformation of CFRP and the lining concrete. To investigate the
effect of interface curvature on the stresses of the reinforced interface, an analytical model is proposed
for the curved reinforced interface with the consideration of the interface bond–slip relationship.
Additionally, a 3D numerical model is established to further investigate the effects of some important
parameters (CFRP’s layer, length, elastic modulus, thickness and the adhesive’s elastic modulus,
thickness) on the reinforced interface stresses. The results reveal that the stress state of the curved
reinforced interface is more complex than that of the plane reinforced interface. With decreasing the
radius of the curved reinforced interface, the interface radial stresses are increased significantly, while
the circumferential stresses hardly change. For the adhesive, decreasing the elastic modulus and
thickness of the adhesive layer can significantly improve the stress state of the reinforced interface. For
the CFRP, decreasing the thickness, elastic modulus and layer number of CFRP is conducive to full
utilization of materials and long-term combined work of the concrete and CFRP.

Keywords: tunnel reinforcement; CFRP; curved interface; interface stress; finite element model

1. Introduction

Circular tunnels are usually buried deep in a complex environment. After a period of
operation, quality defects such as lining cracks and water leakage are prone to appear. The
existence of the above defects will inevitably deteriorate the stress of the lining structure
and lead to unfavorable conditions, such as stress concentration and excessive deformation,
which will have a negative impact on the safety of the whole tunnel project in some
serious cases [1]. At the same time, with the rapid development of urban construction, the
external conditions of the tunnels are also constantly changing, including the construction
of upper roads, high-speed railways, high-rise buildings, upper ponds, and various new
infrastructures. These changes in the external conditions have a potential impact on the
tunnel, which may make the lining structures treacherous [2]. Once the external conditions
are changed and cannot meet the requirements for the tunnel safety and stability, it is
necessary to adopt some corresponding reinforcement schemes for the lining structures.

The technology of carbon fiber reinforced polymer (CFRP) reinforcement in concrete
structures was first studied by the Swiss Federal Laboratories for Materials, which used
the method of applying CFRP in the reinforcement of the Ibach bridge and achieved good
reinforcement results [3]. Subsequently, this CFRP reinforcement technology was widely
applied in various structural reinforcements because of the good mechanical properties
of CFRP and high construction efficiencies, such as compressive or seismic reinforcement
of concrete columns [4–6] and the reinforcement of various beam and slab structures [7].
The successful application of CFRP reinforcement technology in the field of civil building
reinforcement has also inspired engineers and technicians to continuously explore the

Buildings 2022, 12, 2042. https://doi.org/10.3390/buildings12112042 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings12112042
https://doi.org/10.3390/buildings12112042
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-6532-8619
https://orcid.org/0000-0001-9404-1484
https://orcid.org/0000-0001-9875-3171
https://doi.org/10.3390/buildings12112042
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings12112042?type=check_update&version=2


Buildings 2022, 12, 2042 2 of 16

possibility and effectiveness of CFRP reinforcement technology in the field of hydraulic
tunnel lining. Since CFRP is characterized by high strength, stable performance, corrosion
resistance and light weight [8,9], it can effectively control the continual expansion of lining
cracks and prevent the lining from falling off and spalling, which was well applied in the
circular hydraulic tunnels of Taohua River Reservoir, Qingshan Reservoir and Dahuofang
Reservoir [10]. When the concrete is reinforced with CFRP, the CFRP contributes to the
structural strength, mainly by bearing the stress transferred from the reinforced interface.
Therefore, many researchers focus on the mechanical properties of the interface between
CFRP and concrete by experimental and analytical methods. For the experimental methods,
some single shear tests [11–13] and double shear tests [14] were performed to obtain the
stress–slip relationship of the reinforced interface. Additionally, in-plane shear tests are
also important methods to obtain the bond–slip constitutive models of the reinforced
interface, and based on these tests, the Neubauer and Rostasy model [15], Monti model [16],
Nakaba model [17] and Savioa model [18] are proposed. For analytical methods, the elastic
mechanic method is a common method to calculate the interface stress between CFRP
and concrete, such as the stage analytical method [19,20], considering the deformation
compatibility method [21–24]. The above analytical methods are mainly based on two
assumptions: the reinforcement materials are linear elastic and the interfacial stresses are
constants along the direction of the adhesive thickness. Once the above two assumptions are
not considered, the interfacial stresses are difficult to solve or to express explicitly [25,26].

In addition, the existing research mainly focuses on concrete beams reinforced with
CFRP to improve their bending or shear resistance, the main contents are related to the
shear behavior and peel failure of the reinforced interface. For these structures, the re-
inforced interfaces are mostly planes, and the bond stresses of the interface are mainly
shear stresses [27]. However, for the circular tunnel reinforced with CFRP, the reinforced
interfaces are mostly a concave curved surface, such as the reinforced concrete (RC) arch in
Figure 1. Due to the existence of the interface curvature, this reinforced structure will be
more prone to peel failure [28]. Therefore, the above research cannot be directly used to
analyze the mechanical properties of the curved interface for circular tunnels reinforced
with CFRP.
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Figure 1. Reinforced interface: (a) plane surface; (b) concave curved surface.

Therefore, to investigate the reinforced interface stress of the circular tunnel reinforced
with CFRP, an analytical model is proposed for the interaction between CFRP, adhesive
and the lining concrete, and the analytical expression of the interface stress is derived
with the consideration of the bond–slip at the reinforced interface. According to the
analytical model, the influence of the curvature on the interface peel failure is analyzed,
and the key parameters affecting the stresses of the curved reinforced interface are obtained.
Subsequently, a detailed three-dimensional numerical model, which is verified by the
experimental results, is established for a circular tunnel reinforced with CFRP. Based on
the numerical model, the influence of the key parameters on the stresses of the curved
reinforced interface is further analyzed.
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2. Analytical Study on the Stresses of the Curved Reinforced Interface
2.1. Analytical Model

As shown in Figure 2, an analytical model is proposed for the curved reinforced
interface of a circular tunnel reinforced with CFRP. The thickness of CFRP is tc, the elastic
modulus of CFRP is Ec, and the pasted length of CFRP is L, the thickness of the adhesive
layer is ta, the elastic modulus of the adhesive layer is Ea, the radius of the curved interface
is r. A force (F) is applied to the CFRP along the tangential direction. The stress condition
of an infinitesimal section is presented in Figure 2b.
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Figure 2. Analytical model: (a) curved reinforced interface dimensions; (b) infinitesimal section.

To simplify the calculation, the CFRP and adhesive can be simplified as a layer of
reinforcement material [29], and the equivalent thickness is:

t = tc + ta (1)

The equivalent elastic modulus of the reinforcement material can be calculated by:

E =
EcEa

Ec + Ea
(2)

The circumferential stress of the reinforcement material is σθ , the distance from the
calculated point to the free end is s, and the radial and tangential stresses of the reinforced
interface are PN and PT, respectively. As shown in Figure 2b, the equilibrium equations of
the infinitesimal section can be expressed as:

PT × ds = t × dσθ (3)

PN × r × dσθ = (σθ + dσθ + σθ)× t × sin
dσθ

2
(4)

According to Hook’s law, the stress–strain relationship of the reinforcement material
can be obtained by:

σθ = Eεθ (5)

Substitute Equation (5) into Equations (3) and (4), we obtain:

PT = Et
dεθ

ds
(6)

PN =
Et
r

εθ (7)
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The relative tangential slip (gT) and radial slip (gN) at the interface between the
adhesive and concrete can be defined by the following equations.

gT = uθ − uθ,s (8)

gN = ur − ur,s (9)

where uθ is the tangential displacement of the adhesive at the interface between the adhesive
and the concrete, uθ ,s is the tangential displacement of the concrete at the interface between
the adhesive and the concrete; ur is the radial displacement of the adhesive at the interface
between the adhesive and the concrete, ur,s is the radial displacement of the concrete at the
interface between the adhesive and the concrete. Since the deformation of the concrete is
much smaller than that of the adhesive the values of uθ ,s and ur,s are much smaller than
those of uθ and ur, and they can be neglected in the analytical model [30].

The relationship between the interface stress and the interface slip can be obtained by:

PT = kT gT (10)

PN = kN gN (11)

where kT is the tangential stiffness of the interface, and kN is the radial stiffness of the
interface. According to Equations (6) to (11), we obtain:

kTuθ = Et
dεθ

ds
(12)

kNur =
Et
r

εθ (13)

The geometric equation in the polar coordinate is:

εθ =
duθ

ds
+

ur

r
(14)

Substituting Equation (14) into Equations (12) and (13), we obtain:

kTuθ = Et

(
d2uθ

ds2 +
1
r

dur

ds

)
(15)

kNur =
Et
r

(
duθ

ds
+

ur

r

)
(16)

According to Equation (16),

ur =
Etr

kNr2 − Et
duθ

ds
(17)

Substituting Equation (17) into Equation (15), we obtain:

d2uθ

ds2 − kT
Et

(
1 − Et

kNr2

)
uθ = 0 (18)

We define a variable by:

λ2 =
kT
Et

(
1 − Et

kNr2

)
(19)

Substituting Equation (19) into Equation (18), we obtain:

d2uθ

ds2 − λ2uθ = 0 (20)
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According to Equations (20) and (17), uθ and ur can be expressed as:

uθ = A1sin h(λs) + A2cos h(λs) (21)

ur =
Etr

kNr2 − Et
(A1cos h(λs) + A2sin h(λs)) (22)

where A1 and A2 are the constants to be determined by the boundary conditions. Substitut-
ing Equations (21) and (22) into Equation (14), εθ can be calculated by:

εθ =
kNr2

kNr2 − Et
λ(A1cos h(λs) + A2sin h(λs)) (23)

As the analytical model shows in Figure 2a, the boundary conditions are:

εθ(0) = 0 (24)

εθ(L) =
F
Et

(25)

According to Equations (23) to (25), the constants can be obtained:

A1 = 0 (26)

A2 =
Fλ

kTsin h(λL)
(27)

Substituting Equations (26) and (27) into Equations (21) and (22), uθ and ur can be
calculated by:

uθ =
Fλ

kTsin h(λL)
cos h(λs) (28)

ur =
Fλ

kNrsin h(λL)
sin h(λs) (29)

According to Equations (10), (11), (28) and (29), the interface radial stress (PT(s)) and the
interface circumferential stress (PN(s)) can be obtained by Equations (30) and (31), separately.

PT(s) =
Fλ

sin h(λL)
cos h(λs) (30)

PN(s) =
F

rsin h(λL)
sin h(λs) (31)

2.2. Effect of the Curvature on Interface Stresses

Based on Equations (30) and (31), the effects of the interface curvature on the reinforced
interface stresses are investigated. The involved parameters and load in the analytical model
are presented in Table 1, and the calculated interface stresses are presented in Figure 3.

Table 1. Parameters and load.

Parameter Ea ta Ec tc L F

Value 2 GPa 1 mm 250 GPa 0.111 mm 150 mm 50 N/m

Figure 3a presents that the interface curvature has little influence on the interface
circumferential stresses. However, according to Figure 3b, the interface radial stresses are
significantly influenced by the interface curvature. Obviously, with decreasing the interface
curvature radius, the interface radial stresses tend to be increased, which is unfavorable for
protecting the reinforced interface from peel failure.
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For the concrete beams or columns reinforced with CFRP, the reinforced interface is
mostly flat and mainly in a pure shear state (State A), as shown in Figure 4. For the circular
tunnel reinforced with CFRP on the internal surface, the reinforced interface is a curved
surface. The analytical results show that the existence of interface curvature causes not only
circumferential stresses (State A) but also radial stresses (State B) to exist on the curved
reinforced interface. Therefore, the interface stress state (State C) of the curved reinforced
interface is more complex than that of the plane interface.
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2.3. Effect of the Stress State on Peel Failure

When the principal stress of the concrete cover exceeds the tensile strength of the
concrete, the reinforced interface exhibits peel failure. Therefore, the peel stress can be
expressed as:

σb =
PN
2

+

√(
PN
2

)2
+ P2

T (32)

For the interface radial stress, the positive value represents the curved reinforced
interface between the adhesive and lining concrete, which is in tension, and the negative
value represents the curved reinforced interface between the adhesive and lining concrete,
which is in compression. For the interface circumferential stress, the positive value and
negative value represent two opposite shear directions. For a circular tunnel reinforced
with CFRP, the stress states of the concrete cover can be divided into two cases. (1) The
interface of the concrete cover is in radial compression and circumferential shear. According
to Equation (32), in this case, whether the peeling failure occurs is mainly determined by
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the circumferential shear stress PT, and the existence of radial compressive stress PN is
beneficial to prevent the interface from experiencing peel failure. (2) The interface of the
concrete cover is in radial tension and circumferential shear. According to Equation (32),
this case is the most unfavorable condition, and the existence of the radial tensile stress will
further increase the reinforced interface stresses, which will lead to earlier peel failure of
the structure.

To decrease the radial tensile stresses of the reinforced interface that have a negative
effect on this composite structure, some material parameters and construction schemes
should be optimized. According to Equations (30) and (31), the interface stresses are mainly
affected by several parameters such as the CFRP’s length (L), layer (n), thickness (tc), elastic
modulus (Ec), and the adhesive’s thickness (ta), elastic modulus (Ea). For the CFRP, it is
generally divided into high-strength CFRP and high-elastic CFRP, for which the thicknesses
and the elastic moduli are quite different. In addition, since the types of the adhesive are
diverse, the elastic moduli are quite different. Additionally, the thickness of the adhesive
layer can also be affected by the brushing operation and circumstances. Therefore, it is
necessary to further investigate the effects of L, n, tc, Ec, ta and Ea on the stress state of the
curved reinforced interface, on the basis of a practical example.

Since the factors that affect the performance of the tunnel reinforced with CFRP are
complex and diverse, the analytical model is mainly used for qualitative analysis, that is,
to find out the main factors. However, the analytical model is somewhat simplified. For
example, the bonding slip between the adhesive layer and the liner concrete is ignored.
Therefore, based on the analytical results, detailed experimental or numerical studies
should be conducted for quantitative analysis to reveal the influence of these factors on the
performance of the tunnel reinforced with CFRP.

3. Experimental Study on a Tunnel Reinforced with CFRP

The effect of a CFRP reinforcement scheme for a circular tunnel with vertical loads is
preliminarily investigated by comparing the experimental results of the specimen reinforced
with CFRP and the specimen without any reinforcement scheme [31]. The dimensions of
the specimen are presented in Figure 5, the internal diameter is 300 mm, the thickness
is 30 mm, and the longitudinal length is 1000 mm. Six rebars with a diameter of 4 mm
are erected in the longitudinal direction for the concrete, and the rebars are arranged at
an interval of 60◦ along the circumferential direction. In addition, spiral stirrups with a
diameter of 3 mm are used in the circumferential direction, and the spacing of the spiral
stirrups is 74 mm.

Buildings 2022, 12, 2042 8 of 17 
 

 
Figure 5. Specimen dimensions: (a) concrete; (b) rebars (mm). 

The loading condition of the experimental test is shown in Figure 6. The involved 
materials are presented in Table 2. To investigate the stresses and strains of the concrete 
and CFRP, as shown in Figure 6b, several strain gauges are arranged on the internal sur-
faces of the concrete and CFRP. 

Table 2. Materials. 

Material Elastic Modulus (GPa) Poisson’s Ratio Density (kg/m3) 
C30 concrete 30 0.167 2400 

Longitudinal rebar 210 0.3 7850 
Circumferential rebar 210 0.3 7850 

Rubber cushion 7.8 0.48 1200 
CFRP 235 0.28 — 

Adhesive layer 2.5 0.35 — 

1000

300 360

1000

330 360

Circumferential rebar Longitudinal rebar

(a)

(b)

Figure 5. Specimen dimensions: (a) concrete; (b) rebars (mm).



Buildings 2022, 12, 2042 8 of 16

The loading condition of the experimental test is shown in Figure 6. The involved
materials are presented in Table 2. To investigate the stresses and strains of the concrete and
CFRP, as shown in Figure 6b, several strain gauges are arranged on the internal surfaces of
the concrete and CFRP.
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Table 2. Materials.

Material Elastic Modulus (GPa) Poisson’s Ratio Density (kg/m3)

C30 concrete 30 0.167 2400
Longitudinal rebar 210 0.3 7850

Circumferential rebar 210 0.3 7850
Rubber cushion 7.8 0.48 1200

CFRP 235 0.28 —
Adhesive layer 2.5 0.35 —

4. Numerical Simulation and Validation
4.1. Numerical Model

The experimental test is reproduced by the numerical software ANSYS, and the 3D
finite element model is presented in Figure 7. The concrete and the adhesive are simulated
by Solid 65 elements and Solid 45 elements separately; the CFRP is simulated by Shell
63 elements, and the rebar is simulated by Link 8 elements. The multilinear isotropic
hardening material model is used for the concrete, the bilinear kinematic hardening material
model is used for the steel, and the linear elastic model is used for the CFRP and adhesive.
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Figure 7. Numerical model.

The performance parameters of the adhesive layer are shown in Table 3. The spring
elements (Combine 39) are used to simulate the bonding and slipping behavior of the
contact interface between the adhesive layer and the concrete lining [32,33]. One end
of the spring is connected to the node of the adhesive element, and the other end is
connected to the node of the concrete element. The stiffness of each spring is the first-order
inverse of the force-displacement relationship curve, which can be calculated as shown in
Equations (33)–(36) [10,30].

Kst =
dFT
dgT

(33)

FT = PT × Ai (34)

Ksn =
dFN
dgN

(35)

FN = PN × Ai (36)

where Kst is the stiffness of the tangential spring; Ksn is the stiffness of the radial spring; Ai
is the force area represented by each spring at the interface.

Table 3. Performance parameters of the adhesive layer.

Performance Items
Performance Requirements

Grade A Adhesive Grade B Adhesive

Adhesive layer
performance

Tensile strength (MPa) ≥40 ≥30
Modulus of elasticity under tension (MPa) ≥2500 ≥1500

Elongation rate (%) ≥1.5
Flexural strength (MPa) ≥50 ≥40

Compressive strength (MPa) ≥70

Bonding capacity Positive tensile bond strength with concrete
(MPa) ≥2.5
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Full constraints are applied to the bottom of the model, normal constraints are applied
to the front and rear of the model, and the upper part of the model is free. The whole
model contains 57,000 Solid 65 elements, 1758 Link 8 elements, 3000 Solid 45 elements and
18,360 Combin 39 elements. The main loads considered in the calculation include the top
vertical load and the gravity. The sequence of the load application and calculation process
is as follows. (1) Establish the finite element model; (2) “Kill“ the adhesive elements and
CFRP elements, apply the gravity and calculate; (3) Perform restart analysis, “alive” the
adhesive elements and CFRP elements, apply the top vertical load and calculate.

4.2. Validation

As presented in Table 4, with the vertical load of 20 kN, the circumferential micro-
strains of the concrete and CFRP at 90◦ are obtained by the numerical simulation and
compared with the experimental results. For the concrete micro-strain, the average differ-
ence between the numerical results and experimental results is within 10%. For the CFRP
micro-strain, since the adhesive layer and CFRP are simplified as linear elastic materials,
the differences between the numerical results and experimental results are relatively large,
and the average difference is about 17%. Since the numerical results generally agree well
with the experimental results, the 3D numerical model is verified, and then we can use this
verified 3D numerical model to perform the following extended parameter analysis.

Table 4. Comparison between the experimental results and analytical results.

Force
(kN)

Concrete Strain CFRP Strain

Experimental
Results (10−6)

Numerical
Results (10−6) Differences Experimental

Results (10−6)
Numerical

Results (10−6) Differences

5 −22.20 −23.02 3.7% −23.39 −23.37 −0.1%
10 −45.14 −42.96 −4.8% −53.12 −46.76 −12.0%
15 −68.08 −62.02 −8.9% −82.86 −70.15 −15.3%
20 −91.03 −82.84 −9.0% −112.59 −93.54 −16.9%

5. Parametric Study

According to the analytical study in Section 2, the interface stresses are mainly affected
by L, n, tc, Ec, ta and Ea. Based on the numerical model, the affecting degrees of these
parameters on the interface stresses are further investigated. According to some engineering
practices [9,34,35], the ranges of these parameters are listed in Table 5.

Table 5. Parameter values.

Parameter Reference Value Discussion Value

L 180◦ 30◦, 60◦, 90◦, 120◦

Ea 2 GPa 0.24, 2, 11.2
ta 2 mm 1, 2, 4
Ec 235 GPa 100, 300, 500
tc 0.1 mm 0.1, 0.15, 0.2
n 1 1, 2, 3, 4

5.1. Effect of L

The effects of the CFRP length (L), which is determined by the pasted angle, on
the interface stresses are investigated. The distributions of the concrete tensile area with
different pasted angles of 30◦, 60◦, 90◦ and 120◦ are presented in Figure 8. The gray areas
represent when the concrete is compressed, and the other color areas represent when the
concrete is tensioned. For the angles of 30, 60◦ and 90◦, the CFRP cannot cover all the
concrete tensile areas. According to Figure 9a, the radial tensile stress concentration appears
at the edges of the reinforced areas in these three cases. However, for the angle of 120◦,
all the concrete tensile areas can be completely covered by CFRP, and the interface at the
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edges of the reinforced areas is radial compressed. The maximum radial tensile stress is
0.014 MPa, which is much smaller than those in the three previous cases. For the full-pasted
case (180◦), the interface radial tensile stresses mainly appear at the crown and bottom, and
the maximum radial tensile stress is 0.013 MPa. It indicates that when the pasted angle
is larger than 120◦, the maximum radial tensile stress cannot be effectively decreased by
extending the pasted length of CFRP.
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Figure 8. Concrete tensile areas and pasted angles.
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Figure 9. Effect of L on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

According to Figure 9b, for the angles of 30, 60◦ and 90◦, the maximum circumferential
stresses all appear near the edges of the reinforced areas. Since these positions are radial ten-
sioned in Figure 9a, the interface peel failure is most likely to occur there. For the angles of
120◦, with the further extension of the CFRP pasted length, the distribution of the interface
circumferential stress was effectively improved, and the maximum circumferential stress
was significantly decreased. For the full pasted case (180◦), the curve of the circumferential
stress distribution was further smoothed, and the maximum circumferential stress was
close to that in the case of 120◦.

In total, for a circular tunnel partially reinforced with CFRP, the interface peel failure
is most likely to occur near the edges of the reinforced areas. However, the interface radial
stresses and circumferential stresses can be effectively decreased by extending the pasted
length of CFRP to a certain extent. Therefore, to prevent the peeling failure, the pasted
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length of CFRP should be large enough to at least cover all the concrete tensile areas. In
this studied case, to save CFRP materials, the pasted angle of 120 is more appropriate.

5.2. Effect of n

The effects of the CFRP layer (n) on the interface stresses are investigated. According
to Figure 10, the interface stresses are significantly affected by n. With the increase in
n from 1 to 3, the maximum radial tensile stress increases by 187%, and the maximum
circumferential stress increases by 93%. In addition, pasting multiple layers of CFRP is not
conducive to the full immersion of adhesive in CFRP. Therefore, for the partially pasted
CFRP reinforcement scheme, decreasing the CFRP layers as much as possible is suggested
when it can meet the condition of structural safety.
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Figure 10. Effect of n on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

5.3. Effect of tc

The effects of the CFRP thickness (tc) on the interface stresses are investigated. Accord-
ing to Figure 11, the interface radial stresses and circumferential stresses are significantly
affected by ta. With the increase in tc from 0.1 mm to 0.2 mm, the maximum radial tensile
stress increases by 58%, and the maximum circumferential stress increases by 37%. There-
fore, for the partially pasted CFRP reinforcement scheme, decreasing the CFRP thickness
can improve the stress state of the interface.
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Figure 11. Effect of tc on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.
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5.4. Effect of Ec

The effects of the CFRP elastic modulus (Ec) on the interface stresses are investigated.
According to Figure 12, the interface radial stresses and circumferential stresses are sig-
nificantly affected by Ec. With the increase in Ec from 100 GPa to 500 GPa, the maximum
radial tensile stress increases by approximately 150%, and the maximum circumferential
stress increases by approximately 131%. Normally, the elastic modulus of the high strength
CFRP is approximately 235 GPa, and the elastic modulus of the high modulus CFRP ranges
from 345 GPa to 690 GPa. Although the high modulus CFRP has the advantages of good
bearing performance and preventing crack propagation, it is detrimental to the long-term
combined work of the lining concrete and CFRP.
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Figure 12. Effect of Ec on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

5.5. Effect of ta

The effects of the adhesive layer thickness (ta) on the interface stresses are investigated.
According to Figure 13, the interface radial stresses are significantly affected by ta. With
the increase in ta from 1 mm to 4 mm, the radial stresses near the central and marginal
position of the interface are obviously increased, and the maximum radial tensile stress
increases by 39%. However, according to Figure 13b, ta has a negligible effect on the
interface circumferential stresses. With increasing ta, the maximum circumferential stress
increases by only 18%. Therefore, for the partially pasted CFRP reinforcement scheme,
decreasing the adhesive layer thickness is suggested to decrease the interface radial tensile
stress and prevent peel failure.
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Figure 13. Effect of ta on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.
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5.6. Effect of Ea

The effects of the adhesive elastic modulus (Ea) on the interface stresses are investi-
gated. According to Figure 14, the interface radial stresses and circumferential stresses are
significantly affected by Ea. When Ea is 0.24 GPa, the distributions of the interface radial
stresses and circumferential stresses are relatively uniform. However, with increasing Ea,
the interface stress concentration tends to be obvious. With the increase in Ea from 0.24 GPa
to 11.2 GPa, the maximum radial tensile stress increases by 80%, and the maximum circum-
ferential stress increases by 136%. Therefore, for the partially pasted CFRP reinforcement
scheme, decreasing the adhesive elastic modulus has the advantage of preventing interface
stress concentration.
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Figure 14. Effect of Ea on the reinforced interface stresses: (a) radial stress; (b) circumferential stress.

6. Conclusions

An analytical model is proposed for the curved reinforced interface with the consider-
ation of the interface bond–slip relationship, and a 3D numerical model is established to
further investigate the effects of some important parameters. According to the analytical
and numerical results, the following conclusions were obtained.

(1) The analytical results reveal that the interface curvature has a significant effect on the
interface radial stresses. With decreasing the radius of the curvature, the interface
radial stresses increase significantly.

(2) The numerical results reveal that the reinforced curved interface stresses are mainly
affected by the CFRP’s length, layer, thickness, elastic modulus, and the adhesive’s
thickness, elastic modulus. In engineering practice, these reinforcement parameters
should be optimized to decrease the interface stresses and prevent premature peel
failure of the structure.

(3) For the adhesive, decreasing the elastic modulus and thickness of the adhesive layer
can significantly improve the stress state of the reinforced interface. For the CFRP, on
the premise of meeting the structural bearing requirements, the pasted length of CFRP
should be large enough to at least cover all the concrete tensile areas, and the CFRP
with smaller thickness, smaller elastic modulus and fewer layers is conducive to the
full utilization of materials and long-term combined work of the concrete and CFRP.

As the results of this study, the factors that affect the performance of the tunnel
reinforced with CFRP are complex and diverse. This paper preliminarily reveals the
influence law of the involved parameters. Multitudinous calculations and orthogonal test
analysis should be conducted to further investigate the influence degrees and thresholds of
these parameters under various conditions.
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