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Abstract

This paper investigates the stress transferring mechanism of a pressure tunnel strengthened with CFRP.
A simplified mechanical model of the internal water pressure transfer from the CFRP to the lining concrete is
established, and the key parameters that influence the internal water pressure transfer between the CFRP
and lining concrete are identified. A solid-spring-solid three-dimensional finite element model is established.
Using the numerical model, the influences of the above key parameters on the ratios of the internal water
pressure borne by the concrete and CFRP are investigated. Based on the above results, a reinforcement
scheme of the Yellow River Crossing Tunnel is studied and optimized as a case study. This reveals that the
elastic modulus and thickness of the CFRP are the two most important factors that affect the ratios of the
internal water pressure borne by the concrete and CFRP, and increasing the elastic modulus and thickness of
the CFRP can decrease the ratio of the internal water pressure borne by the concrete and improve the stress
state of the lining concrete.

Keywords
Pressure tunnel; CFRP, Stress transferring mechanism; Bearing ratio; Yellow River Crossing Tunnel; Finite

element analysis

Graphical Abstract

100

100
Concrete — .|
—
- b - ——
5 % 5 %0
£ +— ——— 2 = B
3 — — g \'\»\
g — i g \*\ —
2 — — < N~ —
g 80 — g 80 ~3
g — ] o1 layer of CFRP \
2 2
£ ] -
R s 5 70 2 layers of CFRP.
4 o3 layers of CFRP & o3 layers of CFRP \
~#-4 layers of CFRP ~#-4 layers of CFRP
60 - - 60
0.5 1 15 2 2.5 3 3.5 4 100 200 300 400 500 600
Thickness of adhesive (1,) / mm Elastic modulus of CFRP (E,) / GPa

Finite element model

100 100
=0 — B N
B et e B 3 ‘\ —
g 2
H \\Q \\ 560
Z 80 B
© \\ z —
B ERL
g o1 lnyar of CFRP e o layer of CFRP e
F, g —
- -2 layers of CFRP g o2 layers of CFRP T
2 o3 layers of CFRP T =20 3 layers of CFRP
-4 layers of CFRP -4 layers of CFRP b
T : ®
60 0
100 200 300 400 500 600 0 0.5 1 L5 2
Elastic modulus of CFRP (E,) / GPa Thickness of CFRP (z,)/ mm

Received September 16, 2021 In revised form September 22, 2021 Accepted September 22, 2021 Available online September 27, 2021.
https://doi.org/10.1590/1679-78256740

Latin American Journal of Solids and Structures. ISSN 1679-7825. Copyright © 2021. This is an Open Access article distributed under the terms of the Creative
BY Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Latin American Journal of Solids and Structures, 2021, 18(7), e405 1/18


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7221-5612
https://orcid.org/0000-0002-6532-8619
https://orcid.org/0000-0002-2533-2461

Stress Transferring Mechanism of a Pressure Tunnel Lining Strengthened with CFRP Gan Qin

1 INTRODUCTION

Currently, a large number of water conveyance tunnels in many countries have been in operation for decades.
However, due to the influences of many factors (construction errors, earthquakes, material property degradation, etc.),
different degrees of damage problems, such as lining cracks and falling chip off leakage, have been found in a
considerable number of water conveyance tunnels (Wang et al., 2001; Farhadian et al., 2017; Lai et al., 2017). These
problems will affect the stability of the tunnel structure and even seriously endanger the safety of the whole water
conveyance project. Therefore, research on the damage of water conveyance tunnels and the related treatment
measures have attracted much attention from scholars. Carbon fiber reinforced plastics (CFRPs) have the advantages of
a high strength-weight ratio, short installation period, minimal impact on the concrete structure and adaptability to
curved surfaces (Sun et al., 2017; Yang et al., 2019; Liu et al., 2020). Since CFRP reinforcement technology can effectively
limit the continuous expansion of concrete cracks and prevent the lining from being broken and spalling, it has gradually
become a common and effective way to strengthen the internal surface of a pressure tunnel lining (Wang and Lee, 2012;
Liu et al., 2014). Taking China as an example, as presented in Table 1, CFRP reinforcement technology has been well
applied in many projects, such as the Taohuajiang Reservoir, Qingshan Reservoir, and Dahuofang Reservoir (Li and Liu,
2007; Liet al., 2011; Yang and Gao, 2011).

Table 1 Some pressure tunnels strengthened with CFRP in China

Project Tunnel type Tunnel diameter (mm) Lining thickness (mm) CFRP reinforcement method
Taohuajiang Reservoir Pressure tunnel 1750 300 Stick CFRP on the internal surface
Qingshan Reservoir Pressure tunnel 3500 600~1000 Stick CFRP on the internal surface
Dahuofang Reservoir Pressure tunnel 6000 500 Stick CFRP on the internal surface
Fengxi Reservoir Pressure tunnel 1800 400 Stick CFRP on the internal surface

Many theoretical and experimental studies have been devoted to investigating the behavior of tunnel linings
strengthened with bonded CFRP. He et al. (2009) studied the influence of a cavity in the tunnel vault on the mechanical
characteristics of the tunnel lining and discussed the distribution of internal forces and failure forms of a tunnel lining
strengthened with CFRP. Yuan and Li (2010) conducted a series of tests to investigate the spalling resistance effect of a
tunnel lining strengthened with CFRP and pointed out that sticking CFRP on the internal surface of the lining can
effectively prevent the protective layer of the concrete from spalling. Xie et al. (2014) and Chen et al. (2015) investigated
the blast resistances of tunnel linings reinforced with CFRP, and the results revealed that CFRP can decrease the area of
the concrete in tension and keep more concrete in compression, which can effectively increase the bending rigidity and
improve the bearing capacity of the lining. Wang et al. (2018) investigated the dynamic response behaviors of tunnel
linings strengthened with CFRP subjected to blast loads and revealed that a CFRP reinforcement scheme can make a
significant contribution to decreasing the spalling and cracking of the lining concrete.

However, the above research mainly focuses on highway tunnels or railway tunnels. For a pressure tunnel lining
strengthened with CFRP, the CFRP not only bears the external water and soil pressure but also needs to resist the internal
water pressure, as shown in Figure 1. The bearing conditions of CFRPs for pressure tunnels are more complex, and the
abovementioned studies cannot provide adequate guidance for the design and construction of CFRP-reinforced water
conveyance tunnel structures.

Adhesive

Internal water
pressure

Lining concrete |

Adhesive
Lining concrete X * ke 1A
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Figure 1. Bearing condition of a tunnel lining strengthened with CFRP: (a) Highway tunnel or railway tunnel; (b) Pressure tunnel.
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To reveal the CFRP reinforcement effect for pressure water conveyance tunnels, experimental studies on linings
strengthened with CFRP subject to uniform internal pressure are conducted to analyze and compare the concrete
stresses and deformations before and after reinforcement (Zhang et al., 2005; Wang, 2004). The experimental results
indicate that CFRP can clearly prevent concrete cracks from extending further, and it can improve the ultimate bearing
capacity of the lining concrete. These studies are helpful to promote the further application of CFRP reinforcement
technology for pressure water conveyance tunnels. However, the mechanical characteristics of a CFRP-adhesive-
concrete composite structure have not been fully studied. The stress transferring mechanism of this multilayer composite
structure subject to the internal water pressure has not been wholly revealed, and the ratio of the internal water pressure
borne by each structure is unclear.

To obtain the mechanical characteristics of a CFRP-adhesive-concrete multilayer composite structure subject to the
internal water pressure, the processes of the internal water pressure transferred to the lining concrete through the CFRP
and adhesive are analyzed. An analytical model for the stress transfer of a CFRP-adhesive-concrete multilayer composite
structure is proposed, and the key parameters affecting the stress transfer of the internal water pressure are obtained.
In addition, a solid-spring-solid 3D finite element model is established for a pressure water conveyance tunnel
strengthened with CFRP. Based on the analytical and numerical results, the influences of the above key parameters on
the ratios of the internal water pressure borne by the concrete and CFRP are analyzed, and a parametric study is carried
out to increase the bearing efficiency of the CFRP and improve the stress state of the lining concrete. Finally, the above
studies are verified by a case study of the Yellow River Crossing Tunnel in China.

2 ANALYTICAL MODEL FOR THE STRESS TRANSFERRING MECHANISM

To analyze the stress transfer of a CFRP-adhesive-concrete multilayer composite structure subject to the internal water
pressure, a simplified mechanical model is proposed for a pressure tunnel lining strengthened with monolayer CFRP. As
presented in Figure 2, P is the internal water pressure borne by the CFRP, and P; is the stress transferred from the CFRP to
the adhesive layer. Since the stiffness of the adhesive is much smaller, it is assumed that P; does not change along the
direction of the adhesive layer thickness and is completely transferred to the lining concrete (Zhang and Teng, 2010a; Zhang
and Teng, 2010b). P, is the external pressure borne by the lining concrete. For the CFRP, E. is the elastic modulus, p. is
Poisson's ratio, and t. is the thickness. For the adhesive layer, E, is the elastic modulus, g is Poisson's ratio, and t, is the
thickness. For the lining concrete, r is the internal radius of the lining, and t is the thickness.

Lining concrete

Adhesive

CFRP KL,

c ta t

Figure 2. Simplified analytical model for the stress transferring mechanism

As shown in Figure 2, the radius of the CFRP internal arc surface can be expressed as
o=r—t.—t, (1)
The radius of the CFRP external arc surface can be expressed as

Re=r—t, (2)

Latin American Journal of Solids and Structures, 2021, 18(7), e405 3/18



Stress Transferring Mechanism of a Pressure Tunnel Lining Strengthened with CFRP Gan Qin

According to the Lame formula, the circumferential stress of the CFRP external surface can be calculated by

2(p_ 2_p p2
0y = ré(P P1)+Prc P1R¢ (3)

R2-1? R%-12

According to the physical equation of the plane stress problem, the circumferential strain of the CFRP external surface
can be obtained by

Py
g,

(4)

— 9o
eg—E—C+u

According to the geometric equation of the plane stress problem and in the absence of higher-order terms, the radial
displacement of the CFRP external surface can be expressed as

A= goR, (5)

Since the elastic modulus of the adhesive is much smaller than that of the concrete, the concrete can be considered a
rigid material, and the adhesive layer can be considered a flexible material. Therefore, the compression deformation of
the adhesive layer can be assumed to be equal to the radial displacement of the CFRP external surface, and the stress
transferred to the concrete through the adhesive layer can be expressed as

P, =P, =E,~ (6)

ata

Substituting Equations 4, 5 and 6 into Equation 3, the following equation can be obtained.

212P ré+R2 E4R
( zcz _Cz ;+MC <=1 (7)
(Rc_rc )Pl Re—1¢ taEc

Substituting Equations 1 and 2 into Equation 7, the following equation can be obtained.

( Z(T_tc_ta)z i _ (T_tc_ta)2+(r_ta)2 )Ea(r_ta) =1 (8)
(r—tg)?—(r—tc—tg)? Py (r—tg)?-(r—t—tx)2 ' ") tqE.

As seen from Equation 8, when the radius of the lining concrete (r) is determined, the stress transferred from the CFRP
to the concrete (P1) can only be influenced by E, u, t, Es and t,. Therefore, the above five key parameters can determine
the ratio of the stress transmitted to the concrete and then determine the stress states of the CFRP and lining concrete.

Since the above derivation process of the formulas is somewhat simplified, for example, the concrete and adhesive
layer is simplified as a linear elastic material, and the bonding slip between the adhesive layer and the lining concrete is
ignored, Equation 8 can only roughly reveal that the above five key parameters can affect the ratios of the internal water
pressure borne by the concrete and CFRP. However, there are many types of CFRP, such as low elastic modulus CFRP,
standard elastic modulus CFRP, and high elastic modulus CFRP, etc. In addition, there are various adhesive layers
commonly used in engineering, and the mechanical properties such as tensile strength, elastic modulus and elongation
of different adhesive layers are also different. Therefore, it is necessary to further study the effects of the variations of
the above parameters on the ratios of the internal water pressure borne by the concrete and CFRP. Since experimental
tests have high requirements for the equipment and costs, numerical simulations become efficient methods to further
study engineering cases, and the degrees of the actual influences of the above five parameters on the ratio of the stress
transferred to the concrete are emphatically discussed.
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3 THREE-DIMENSIONAL NUMERICAL SIMULATION
3.1 Experimental model

3.1.1 Specimen parameters

An experimental test is conducted for a pressure tunnel lining strengthened with CFRP (Wang, 2004). As presented
in Figure 3, the tunnel lining is made of C30 concrete. 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 lining
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.
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Figure 3. Specimen size and loading method: (a) Specimen size; (b) Loading method (Wang, 2004).

3.1.2 Test method

In the test, air pressure is used to simulate the influence of the internal water pressure. As shown in Figure 3, a latex
air bag is installed in the concrete specimen. Both ends of the specimen are closed with steel plates, and an inflation
nozzle is reserved at the top. An air compressor is used to fill the air bag in the circular tube with high-pressure air through
the pipeline. The latex air bag is close to the internal wall of the specimen to make the air pressure act on the pipe wall
evenly and vertically. The pressure in the latex bag is changed by the air compressor to simulate the effect of different
internal water pressure. As shown in Figure 4, several strain gauges are arranged on the CFRP and the internal and
external surfaces of the lining. The material parameters of the experimental model are listed in Table 2.

Strain gauge

Adhesive

Lining concrete
4

Figure 4. Strain gages distribution on the concrete and CFRP.
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Table 2. Material parameters of the experimental model

Materials Elastic modulus (GPa) Poisson's ratio Density (kg:m3) Thickness (mm)
C30 concrete 30 0.167 2400 30
Longitudinal rebar 210 0.3 7850 =
Spiral stirrup 210 0.3 7850 -
CFRP 235 0.28 - 0.1
Adhesive 2 0.35 - 2

3.2 Numerical model

3.2.1 Material models
1. (1) Concrete

A multilinear isotropic hardening behavior is adopted for the concrete. The stress-strain relationship of concrete in
tension is calculated using the following equations (GB 50010, 2010):

o= (1-d,)Ee (9)
1-p(1.2-02x%) x<1
t = _ Pt (10)
1 apr(x—1)17+x x>1
&
X = ; (11)
= Jor
pt = Eeer (12)

where € is the tensile strain of concrete under an arbitrary tensile stress; o is the tensile stress corresponding to any
concrete tensile strain; a; is the parameter value of the descending section of the concrete uniaxial tensile stress-strain
curve; fir is a representative value of concrete uniaxial tensile strength; €; . is the peak tensile strain of concrete
corresponding to a representative value of uniaxial tensile strength; d; is the damage evolution coefficient of concrete
under uniaxial tension; and E is the tangent modulus of concrete.

The stress-strain relationship of concrete in compression is calculated using the following equations (GB 50010, 2010):

_ fixp
fe= p—1+xP (13)
— &
x = o (14)
E
P = (15)

where f; is the compressive strain at any strain &; & is the strain corresponding to the ultimate compressive strength
(f.) of unconfined concrete; and E and Es. are the tangential and secant modulus, respectively.

2. (2) Rebars and CFRP

A bilinear kinematic hardening model with 1% strain hardening after yielding is adopted for the rebars. The adhesive
and CFRP are simplified as linear elastic materials.

3.2.2 3D continuum model

A detailed 3D continuum model of the experimental specimen is established using the 3D finite element analysis
software ANSYS to perform the experimental test (Figure 5). Eight-node 3D solid elements (SOLID 65) are used for the
concrete. Eight-node 3D solid elements (SOLID 45) are used for the adhesive. Four-node shell elements (SHELL 63) are used
for the CFRP. The bond slip behavior of the contact interface between the adhesive and concrete is simulated using spring
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elements (Combine 39). One node of the spring element is connected to a node of the adhesive element, and the other
node is connected to a node of the concrete element. As shown in Figure 6, the adhesive element and the concrete element
are connected by a radial spring element and two tangential spring elements to simulate the radial and tangential
interactions. The stiffness of each spring can be obtained from the slope of the force-displacement (F-D) curve, as follows.

dFy

T = 26, (16)

Fr = Pr X A; (17)
_ 4y

N = on (18)

where K7 is the stiffness of the tangential spring; Ky is the stiffness of the radial spring; A; is the area corresponding to
each spring; Pr is the tangential bond-slip constitutive model at the contact interface; and Py is the radial bond-slip
constitutive model at the contact interface.

Concrete

Finite element model

Figure 5. Finite element model.

Coupling of nodes 1, 2 and 3

Adhesive

4
Lining g a - radial spring (Kv)
concrete [%- b - tangential spring (Kr)

Figure 6. Interaction between the concrete and adhesive layer.
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A bilinear bond slip model has a simple expression, which can better model the basic characteristics of the bond slip
relationship between the adhesive layer and the concrete reinforcement interface and is the most commonly used model
to simulate the interface behavior between CFRP and concrete (Hugo et al., 2013; Obaidat et al., 2013). Therefore, a
bilinear bond slip model is selected as the tangential and radial bond slip constitutive relationship of the concrete
reinforcement interface, as shown in Equations 20 and 21:

Prmax

Grmox 0 < gr < Irmax
PT = Prmax (20)

Iru— (gTu - gT) Irmax = 9t = Iru
Tu~9Tmax

PNmax
—9n 0 < gn < Inmax
INmax

PN = PNmax (21)

INu— (gNu - gN) Inmax = 9N = Inu
Nu~Y9Nmax

where Prmax is the tangential peak stress of the interface; gris the tangential slip; grmax is the tangential slip corresponding
to the tangential peak stress; g, is the tangential limit slip; Pvmax is the radial peak stress of the interface; g is the radial
slip; gnmax is the slip corresponding to the radial peak stress; and gwy is the radial limit slip. The values of the six parameters
are obtained using the suggestions of Lorenzis and Zavarise (2009), as shown in Table 3.

Table 3 Interfacial bond slip parameters

P Nmax p Tmax GNmax GTmax gnu gru
2 MPa 4 MPa 0.01 mm 0.02 mm 0.1 mm 0.2 mm

3.3 Verification of the numerical model

Using the numerical simulation, the strain variations of the lining surface and CFRP with increasing internal pressure are
obtained. To verify the numerical model, the numerical results and the experimental results are compared in Figures 7 and 8.

60

-e-Experimental results

T I = e
-o-Numerical results ! ! ! !

s

Micro strain / 10

e T o

10 A

0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2
Internal water pressure / MPa

Figure 7. Circumferential micro-strain of the concrete surface.
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Figure 8. Circumferential micro-strain of the CFRP.

According to Figure 7, the circumferential micro-strains of the concrete surface from the numerical results are
consistent with those from the experimental results. With the effect of the internal water pressure, the differences
between the calculated concrete micro-strains and the experimental results are all within only 8.5%. According to Figure
8, the circumferential micro-strains of the CFRP from the numerical results are slightly smaller than those from the
experimental results. This may be because the adhesive is simplified as a linear elastic material in the numerical model.
In fact, the constitutive model of the adhesive is nonlinear, which may lead to a result where more stresses are
transferred from the adhesive layer to the CFRP. Overall, the numerical results are consistent with the experimental
results, the numerical model is verified, and the proposed numerical modeling method can be used to investigate the
behavior of a CFRP-adhesive-concrete multilayer composite structure subject to internal pressure.

3.4 Bearing ratio of the concrete and CFRP

When the lining concrete is not strengthened with CFRP, the internal water pressure is borne by only the lining
concrete. In this case, the ratio of the internal water pressure borne by the concrete is 100%, and the average stress
increment of the lining internal surface is defined as go. When the lining concrete is strengthened with CFRP, the internal
water pressure is borne by both the lining concrete and CFRP. In this case, the average stress increment of the lining
internal surface is defined as g1, and the ratio of the internal water pressure borne by the concrete can be defined as

5 =2 x100% (22)
0o

Using the numerical results when the lining is subject to an internal water pressure of 0.20 MPa, the stress states of
the concrete and CFRP are analyzed. As shown in Table 4, for the reinforcement scheme and the corresponding
parameters (E., U, to, E; and t;) adopted in the experimental test, the bearing ratio of the CFRP is much smaller than that
of the concrete. The average circumferential stress increment of the CFRP is only 8.21 MPa, which is much smaller than
the tensile strength of CFRP, and the tensile properties of CFRP have not been fully utilized. Therefore, to increase the
bearing ratio of the CFRP, make full use of the tensile property of the CFRP, and improve the stress state of the concrete,
these parameters should be studied and optimized.

Table 4. Bearing ratio of lining concrete and CFRP

Average circumferential Average circumferential

Reinforcement scheme stress increment of the stress increment of the Bearing ratio of the Bearing ratio of the
concrete CFRP
concrete CFRP
Not strengthened 1.11 MPa - 100.00% 0%
strengthened with 1.04 MPa 8.21 MPa 93.44% 6.56%

monolayer of CFRP

Latin American Journal of Solids and Structures, 2021, 18(7), e405 9/18



Stress Transferring Mechanism of a Pressure Tunnel Lining Strengthened with CFRP Gan Qin

4 PARAMETRIC STUDY

A parametric study is performed on the verified numerical model. According to Equation 8, the stress transferred
from the CFRP to the concrete can only be influenced by E., u., tc, Es and t,. According to some practical engineering
applications (Dai and Ueda, 2003; Lopez-Gonzalez, et al., 2012; Zhong et al., 2014; Qin, 2015; Wang et al., 2015), the
ranges of the five key parameters are listed in Table 5.

Table 5. Parameter values

Parameter Experiment scheme [12] Range [19723]
E./Gpa 2 0.01. 0.02. 0.05. 0.1. 0.2. 0.5. 2
to/mm 2 0.5. 1. 2. 4
E./Gpa 235 100. 150. 200. 250. 300. 600
t/mm 0.1 0.1. 0.15. 0.2, 0.5. 1. 2
Ue 0.28 0.1. 0.2, 0.3, 04

4.1 Influence of E,

As shown in Figure 9, the bearing ratio of the concrete is significantly influenced by the elastic modulus of the
adhesive (E;). With the gradual increase in E;, some internal water pressure borne by the CFRP are gradually transferred
to the lining concrete, which increases the bearing ratio of the concrete. For a lining strengthened with a monolayer of
CFRP, when E, is increased from 10 MPa to 200 MPa, the bearing ratio of the lining concrete is increased by 12.18%. For
a lining strengthened with 2 to 4 layers of CFRP, when Ej; is increased from 10 MPa to 200 MPa, the bearing ratio of the
lining concrete is increased by 28.48%, 42.43% and 52.13%, respectively. Therefore, using an adhesive with a smaller
elastic modulus is conducive to decreasing the bearing ratio of the lining concrete, and when the lining is strengthened
with multilayer CFRP, the decrease tends to be more evident. However, it seems that 200 MPa is an important threshold
for Eq. When E, is smaller than 200 MPa, the influence of E; on the bearing ratio of the lining concrete is clear. When E,
is larger than 200 MPa, the bearing ratio of the lining concrete tends to be a fixed value, and in this case, decreasing E,
contributes little to decreasing the bearing ratio of the lining concrete.

-o-1 layer of CFRP
-e-2 layers of CFRP

Bearing ratio of concrete / %

70 4 e
3 layers of CFRP : :
]
-o-4 layers of CFRP
60 T T T T
100 200 300 400 500 600

Elastic modulus of CFRP (£,) / GPa

Figure 9. Influence of E, on the bearing ratio of the lining concrete.

4.2 Influence of t,

As shown in Figure 10, for a lining strengthened with 1 to 4 layers of CFRP, when the thickness of the adhesive (t,)
is increased from 0.5 mm to 4 mm, the bearing ratio of the lining concrete is decreased by 2.16%, 4.42%, 6.80% and
9.25%, respectively. These decreases are all less than 10%, and t, has little influence on the bearing ratio of the lining
concrete. In fact, an excessively thick adhesive layer will lead to large shrinkage during solidification, resulting in the bond
between the CFRP and the lining concrete not being firm. Therefore, when the pressure tunnel lining is strengthened
with CFRP, it is not recommended to increase the thickness of the adhesive layer to decrease the ratio of the internal
water pressure borne by the lining concrete.
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Figure 10. Influence of t, on the bearing ratio of the lining concrete.

4.3 Influence of t.

As shown in Figure 11, the thickness of the CFRP (t;) has a significant influence on the bearing ratio of the lining
concrete. For a lining strengthened with 1 to 4 layers of CFRP, when t. is increased from 0.1 mm to 2 mm, the bearing
ratio of the lining concrete is decreased by 34.25%, 47.78%, 53.93% and 56.69%, respectively. Clearly, the thicker the
CFRP is, the larger the ratio of the internal water pressure borne by the CFRP, and the CFRP can be fully utilized to improve
the stress state of the lining concrete. However, some studies have revealed that with increasing CFRP thickness, the
peak value of the bond stress between the adhesive layer and the concrete tends to increase (He, 2007). Excessive bond
stress will lead to debonding failure of concrete strengthened with CFRP, which is unfavorable to the long-term safe
operation of this composite structure. Therefore, when a pressure tunnel lining is strengthened with thicker CFRP, some
anchorage measures should be performed to prevent a debonding failure of the composite structure.
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Figure 11. Influence of t. on the bearing ratio of the lining concrete.

4.4 Influence of E.

As shown in Figure 12, the bearing ratio of the lining concrete can be influenced by the elastic modulus of CFRP (E.)
to a certain extent. With increasing E., the bearing ratio of the lining concrete decreases, and the bearing ratio of CFRP
increases. For a lining strengthened with a monolayer of CFRP, when E. is increased from 100 GPa to 600 GPa, the bearing
ratio of the lining concrete is decreased by only 6.48%. Therefore, for a CFRP monolayer, increasing the elastic modulus
has little influence on improving the stress state of the lining concrete. For a lining strengthened with 2 to 4 layers of
CFRP, when E. is increased from 100 GPa to 600 GPa, the bearing ratio of the lining concrete is decreased by 11.95%,
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16.51% and 22.08%, respectively. Therefore, for multilayer CFRP, increasing the elastic modulus of CFRP can decrease
the bearing ratio of the lining concrete more clearly.
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Figure 12. Influence of E. on the bearing ratio of the lining concrete.

Normally, the elastic modulus of ordinary CFRP is approximately 220 GPa, the elastic modulus of high modulus CFRP
ranges from 345 GPa to 515 GPa, and the elastic modulus of ultrahigh modulus CFRP ranges from 515 GPa to 690 GPa.
Therefore, high modulus CFRP or ultrahigh modulus CFRP is recommended to strengthen the pressure tunnel lining.

Especially for linings strengthened with multilayer CFRP, using ultrahigh modulus CFRP can clearly decrease the ratio of
the internal water pressure borne by the lining concrete.

4.5 Influence of u.

As shown in Figure 13, for a lining strengthened with 1 to 4 layers of CFRP, when L. is increased from 0.1 to 0.4,
the bearing ratio of the lining concrete is decreased by only 0.36%, 0.81%, 1.08% and 1.39%, respectively. Therefore,
the Poisson's ratio of CFRP has little influence on the bearing ratios of the lining concrete and CFRP, and u. should not be
considered as a key parameter for a pressure tunnel lining strengthened with CFPR.
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Figure 13. Influence of u. on the bearing ratio of the lining concrete.
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5 CASE STUDY

5.1 Case study tunnel

The Yellow River Crossing Tunnel of the Middle Route Project for the South-to-North Water Division Project in China
is adopted as a case study. A prestressed composite lining composed of an outer segmental primary lining and an inner
prestressed secondary lining with circular anchor cables is proposed for the tunnel. For this composite lining, a
membrane is placed between the outer segmental lining and inner prestressed lining to cause the two linings to
withstand loads individually. However, during the water filling test before the operation of the tunnel, a large area of
leakage occurred in some tunnel sections. According to the comprehensive investigation, it was caused by the insufficient
thickness of the inner prestressed lining crown for which the design thickness was 0.45 m (Qin et al., 2018). As shown in
Figure 14, to eliminate the adverse effect of the insufficient thickness of the lining structure and ensure that the water
conveyance plan of the project was realized on schedule, some reinforcement schemes were formulated with different
degrees of insufficient thickness. These reinforcement schemes are listed in Table 6.

Figure 14. Insufficient thickness of the inner prestressed lining crown: (a) T=0.45 m; (b) T< 0.45 m.

Table 6. Design reinforcement schemes for the prestressed lining

Degree of the Actual thickness of the . .
. e . .. Design reinforcement scheme
insufficient thickness lining crown
S 7<0.22 m Backfill the cavity with concrete and stick steel plates on the lining internal surface
erious
0.22 m<7<0.28 m Backfill the cavity with concrete and stick 2 layers of CFRP on the lining internal surface
Medium 0.28 m<7<0.38 m Backfill the cavity with concrete and stick 1-2 layers of CFRP on the lining internal surface
Slight 7>0.38 m Backfill the cavity with concrete

According to Table 6, when the actual thickness of the lining crown (T) ranges from 0.22 m to 0.38 m, in addition to
backfilling the cavity with concrete, the lining internal surface is strengthened with 1-2 layers of CFRP. To investigate the
effect of the design reinforcement scheme, take the design reinforcement scheme (7 =0.28 m) as an example and compare
it with a comparative reinforcement scheme in which the cavity is backfilled with concrete and the lining is not strengthened
with any CFRP. Table 7 and Figure 15 present the material parameters in the design reinforcement scheme (7= 0.28 m).

Table 7. Material parameters of the design reinforcement scheme (7T=0.28 m)

L CFRP Adhesive layer

ayers

v Thickness Elastic modulus Wrap angle Thickness Elastic modulus Wrap angle
2 0.167 mm 240 GPa 100° 2 mm 2.5GPa 100°
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Backfilled concrete

Figure 15. Schematic diagram of the CFRP reinforcement scheme.

5.2 Numerical simulation

A three-dimensional finite element model is established for the Yellow River Crossing Tunnel. As shown in Figure 16,
Solid 45 elements are used for the soil and membrane, and the Drucker Prager Yield Criterion is used for the soil. Solid 65
elements are used for the concrete, and the William-Warnke five-parameter model is used to simulate the cracks in the
concrete. Link 8 elements are used for the prestressed anchor cables and the circumferential rebar of the inner prestressed
lining. The prestresses of the anchor cables are converted to temperature loads applied to the anchor cable elements. The
contact surface between the lining and the soil and the contact surface between the lining and the membrane are simulated
by contact elements (TARGE170 and CONTA174). These “face-to-face” elements can simulate cold interface conditions
transmitting only compression in the normal direction and shear in the tangential direction. The simulations of the CFRP
and adhesive layer are the same as the numerical methods for the above experimental test (Figure 6).

Inner lining
concrete

Membrane

Surrounding

Surrounding

The whole model contains
284520 elements.

Figure 16. Numerical model for the Yellow River Crossing Tunnel.
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5.3 Comparison of the reinforcement schemes

Since these reinforcement schemes are all performed for the inner prestressed lining, the numerical results focus on
the behavior of the prestressed lining, and the tensile stresses of the circumferential rebars and the concrete cracks are
particularly investigated. As shown in Figure 17, the rebar stresses of the comparative reinforcement scheme and design
reinforcement scheme are compared. It is clear that the rebar stresses decrease when the internal surface of the lining
crown is strengthened with 2 layers of CFRP. As shown in Figure 18, the concrete cracks of the two reinforcement schemes
are compared. As presented in Figure 18a, for the comparative reinforcement scheme, only backfilling the cavity with
concrete cannot significantly improve the stress state of the lining concrete. Since the backfilled concrete has no effect on
the prestress, it is almost completely cracked when the lining is subject to an internal water pressure of 0.51 MPa, and the
cracks completely penetrated along the direction of the lining thickness. However, for the design reinforcement scheme,
although the lining is strengthened with 2 layers of CFRP, the cracks of the lining concrete hardly decrease, and the cracks
still completely penetrate along the direction of the lining thickness. According to the results of the parametric study in
Section 4, the main reason for the above problems may be that the thickness (t.) and elastic modulus (E.) of CFRP for the
design reinforcement scheme are too small, which leads to the result of the ratio of the internal water pressure borne by
CFRP being small, and most of the internal water pressure is still transferred to the lining concrete.
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13.641

-53.023
|—35.106

-17.19

.727027
36.889 19.644
60.138 36.56
83.386

24.477

106.635 72.394

129.883 90.311

153.132 108.227

(2) (b)

Figure 17. Tensile stresses of the circumferential rebars (MPa): (a) Comparative scheme; (b) Design scheme.

@ Uncracked @ Uncracked

@ Cracked @ Cracked

(a) (b)

Figure 18. Concrete cracks: (a) Comparative scheme; (b) Design scheme.

According to the results of the parametric study in Section 4, the ratios of the internal water pressure borne by CFRP
and concrete can be significantly influenced by the thickness (t.) and elastic modulus (E.) of CFRP. The larger the thickness
of the CFRP is, the lower the internal water pressure borne by the concrete. In addition, the larger the elastic modulus
of CFRP is, the lower the internal water pressure borne by the concrete. Therefore, by increasing the thickness and elastic
modulus of CFRP, the concrete cracks can be decreased, crack penetration can be prevented, and an optimized scheme
is proposed in Table 8.

Latin American Journal of Solids and Structures, 2021, 18(7), e405 15/18



Stress Transferring Mechanism of a Pressure Tunnel Lining Strengthened with CFRP Gan Qin

Table 8. Material parameters of the optimized reinforcement scheme

CFRP adhesive
Scheme - - - -
Thickness Elastic modulus Wrap angle Thickness Elastic modulus Wrap angle
Design scheme 0.167 mm 240 GPa 100° 2 mm 2.5 GPa 100°
Optimized scheme 1mm 690 GPa 100° 2 mm 2.5 GPa 100°

The concrete cracks of the design scheme and optimized scheme are compared in Figure 19. For the optimized
scheme, since more internal water pressure is borne by CFRP, the concrete cracks are significantly less than the concrete
cracks of the design scheme, and the cracks do not penetrate along the direction of the lining thickness. Therefore, the
reinforcement effect of the optimized scheme is clearly better than that of the designed scheme. The results of this case
study further verify the conclusions of the above analytical and numerical results. However, it is worth noting that for
the optimized scheme, some concrete near the edges of CFRP is cracked. Therefore, with increasing t. and E., debonding
failure may appear at the edges of the CFRP, and some anchorage measures should be performed for these positions.

B Uncracked

B Uncracked
@ Cracked

B Cracked

(@) (b)

Figure 19. Concrete cracks: (a) Design scheme; (b) Optimized scheme.

6 CONCLUSIONS

An analytical model and a numerical model are proposed for a CFRP-adhesive-concrete multilayer composite
structure of a pressure tunnel strengthened with CFRP. Based on the parametric study of these models, a reinforcement
scheme of the Yellow River Crossing Tunnel is adopted as a case study, and the following conclusions can be drawn:

(1) The analytical model for the stress transmission mechanism reveals that the stress transmitted from the CFRP to

the concrete can only be influenced by five key reinforcement parameters (E, e, tc, Es and t;). The numerical results

further reveal that the ratio of the internal water pressure borne by the concrete is more significantly influenced by

E,, Ec and t. than by u. and t,. Therefore, in practical engineering applications, the above parameters should be

optimized to increase the bearing efficiency of the CFRP and improve the stress state of the lining concrete.

(2) When E, is smaller than 200 MPa, with a gradual increase in E;, more internal water pressure borne by the CFRP is

gradually transferred to the lining concrete, which increases the bearing ratio of the lining concrete. However, when E; is

larger than 200 MPa, E, has little influence on the bearing ratio of the lining concrete, and decreasing E, contributes little
to decreasing the bearing ratio of the lining concrete and improving the stress condition of the lining concretes.

(3) With increasing E, the bearing ratio of CFRP is increased, and the ratio of the internal water pressure borne by the

concrete is decreased. Especially for linings strengthened with multilayer CFRP, using ultrahigh modulus CFRP to decrease

the bearing ratio of the lining concrete is more effective than that for linings strengthened with monolayer CFRP.

(4) t. has a significant influence on the ratios of the internal water pressure borne by the concrete and CFRP. For a lining

strengthened with 1 to 4 layers of CFRP, when t.is increased from 0.1 mm to 2 mm, the bearing ratio of the lining concrete

is clearly decreased. Therefore, it is recommended to use a thicker CFRP to strengthen the pressure tunnel.

(5) The case study further confirms that increasing t. and E. is an effective and feasible method to decrease the

bearing efficiency of the concrete and improve the stress state of the concrete. However, it may lead to debonding

failure of concrete strengthened with CFRP, and some anchorage measures should be performed to prevent the
debonding failure of the composite structure.
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