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Abstract: Bridge deck slabs reinforced by carbon fibre reinforced polymer (CFRP) are subjected to a number of problems related to
cohesion, such as slippage, disengaging, and debonding. In order to address such problems, we conducted indoor shear, stretching,
and debonding tests, analysed the change rule of cohesion in these three different environments, and determined the optimum
construction technique for improving the cohesion of CFRP. We found that to obtain acceptable shear strength, manufactured sand
should be spread on the surface of the impregnating resin adhesive. Soaking, freeze thawing, and wheel grinding processes affected
the tensile strength of the interface, which was related linearly to the shear strength of the interface. Following wheel grinding on an
asphalt surface at high temperatures, the test value for the bearing-debonding capacity on a test slab was unchanged, and the
effectiveness of the CFRP was still apparent. The influence of high-temperature wheel grinding can be ignored. This study can serve
as a reference for the design of reinforced bridge deck slabs.
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1. INTRODUCTION

In recent years, the appearance of vertical cracks has been observed in many bridges worldwide, which has affected
the normal operation of a number of bridges. In particular, the effects of extreme weather have resulted in the
appearance of vertical cracks in the bridge deck slabs of the Bangabandhu Bridge in Bangladesh [1]. The number,
length, and width of these cracks appear to increase over time, with the Tonghui River Bridge, Jiujiang Yangtze River
Bridge, Li River Second Bridge, and Guanghua Bridge in China all suffering from worsening vertical cracks in their
bridge deck slabs. In recent years, several vertical cracks have also appeared on the Baishizhou Yangtze River
Approach Bridge (Fig. 1) and the Liming High Level Bridge in Fujian Province (Fig. 2). The bridge deck slabs of these
bridges therefore require urgent reinforcement and reparation.

Currently, the use of carbon fibre reinforced polymer (CFRP) is preferred for the reinforcement of bridge deck slabs
as it is a fast, low cost method, which imparts minimal damage to the beams. However, a number of issues caused by
different kinds of cohesion must be taken into account when reinforcing deck slabs with CFRP. These issues are
summarised in Fig. (3). Firstly, slippage between the deck pavement and CFRP sheets can occur, caused by the braking
force of vehicles (Fig. 3a). In addition, disengagement between the deck pavement and the CFRP sheets can take place
due to vibration from the vehicles (Fig. 3a). Finally, debonding between the deck concrete and the CFRP sheets can
occur due to wheel grinding at high temperatures on the asphalt surface during construction. It is therefore necessary to
investigate these issues and evaluate the cohesion properties of CFRP.
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Fig. (1). Vertical cracks on the Baishizhou Yangtze River Approach-Bridge

Fig. (2). Vertical cracks on the liming high level bridge in Fujian province.

A number of experimental and theoretical investigations have been conducted on concrete slabs reinforced by CFRP
in recent years. In particular, studies have focused on bearing capacities [2, 3], mechanical calculations [4, 5],
anchorage methods [6], and durability properties [7], among others [8, 9]. However, few studies have investigated the
use of CFRP bonded on the top surface of bridge deck slabs.

We herein report the use of sheared specimens, stretched specimens, and steel concrete in indoor simulation
experiments for the measurement of shear strength and stretching strength of the interface between the bridge deck
pavement and bridge deck slabs reinforced with CFRP. In addition, we plan to analyse the rules of influence of
surrounding environments on bearing, shear, and stretching, and determine the optimum construction technique for
improving these capacities of the interface. We also aim to conduct high-temperature indoor simulation destruction
experiments on steel concrete slabs reinforced with CFRP, and investigate the related theoretical analysis, debonding
properties of CFRP, and the effect of high-temperature wheel grinding on CFRP. Finally, we will discuss measures to
control debonding diseases of CFRP.
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Fig. (3). Damage of CFRP on bridge deck slabs.

2. MATERIALS AND METHODS

2.1. Indoor Shear Tests

Fig. (4) shows the configuration of the shear test, which consists of a self-made shearing-fixture, force-measuring
sensor, and data logger. To simulate loads from vehicles, a vertical load was introduced to simulate braking force, a
horizontal load was introduced using a spring to simulate force from vehicle wheels, and subsequently, the largest shear
force was measured.

(a) Experimental shear test apparatus. (b) Break-in shear tests.

Fig. (4). Shear test set-up.

Fig. (5) demonstrates the size of the specimens. The bottom section is composed of C30 cement concrete, the
middle section is a waterproof bonding interface (5% SBS modified asphalt), and the top section is AC-16I modified
asphalt concrete.

In these experiments, cement concrete was used to simulate the bridge slab, whereas asphalt concrete was used to
simulate the bridge pavement. The designed test method involved the preparation of three cement concrete specimens
with different surface properties according to the data shown in Table 1.

Table 1. Preparation of cement concrete specimens.

Number Condition Method of preparation
1 Original interface’ Stoving, clearing out laitance and ash.
2 CFRP-interface’ CFRP sheet stuck to original interface with base gel and main gel in a 1:0.35 ratio, followed by solidifying under

standard conditions

3 CFRP-+sand interface’ After sticking the CFRP sheet to the original interface, sand was spread on the main gel before solidification,
compacted, loose sand removed with an air compressor, and finally, solidification was carried out according to
standard conditions.

“Specimen prepared as for a bridge slab. "A CFRP sheet was stuck to the original interface. ‘AECR resin adhesive was painted onto the CFRP sheet
and manufactured sand was spread on the surface (diameter = 2.36-4.75 mm).
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Fig. (5). Size of shear specimen (measurements in centimetres).

According to China’s concrete code, standard C30 concrete’s compressive strength and tensile strength are 20.1 and
2.01 MPa, respectively, and its elasticity modulus is 3.0 x 10* MPa. The CFRP materials used were CFRP sheets made
in Taiwan (thickness = 1.4 mm). According to the CFRP mechanical performance specifications, a tensile strength of
2300 MPa and a tensile elasticity modulus of 235 GPa were recorded, along with a compressive strength of >70 MPa. A
special CFRP bonding glue (Beijing) was used. According to the mechanical performance specifications of the bonding
glue, a tensile strength of 25 MPa, a tensile elasticity modulus of 2500 MPa, and a compressive strength of >70 MPa
were recorded.

The shear strength of the interface, 1, can be calculated according to Equation (1):

r=F/S )

(a) Experimental apparatus. (b) Break-in tensile strength experiment.

Fig. (6). Tensile strength experimental set-up.

where F is the maximum value of the shear force and S is the interface shear area. The wheel load for the test was
set at 0.7 MPa.
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2.2. Indoor Tensile Strength Experiments

Specimen preparation was as described for the shear tests. Sand was spread on the sample over 8 h, and 1.3 kg/m’
modified asphalt was used. The specimens were carried using a self-made clamp, as shown in Fig. (6). Tensile strength
experiments were then conducted and the tensile strength was calculated according to Equation (2):

N

s 2

where f; is the tensile strength, N is the maximum tension value, and S is the tensile area of the interface.
2.3. Indoor Debonding Experiments

2.3.1. Simulation of Specimen Construction

Before asphalt concrete was spread, the specimens were buried in an appropriate location, and the CFRP reinforced
specimens were subjected to wheel grinding at high temperatures, as shown in Fig. (7). When the temperature had
dropped back to ambient temperature, the specimens were removed. These experiments involved subjecting two
different specimens to wheel grinding at high temperatures, simulating the temperatures used in construction (130-
150 °C). The debonding experiments described here are therefore of representative value.

(a) Spreading process. (b) Wheel grinding process.

(c) Removal of specimens.

Fig. (7). Construction site.
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2.3.2. Designed Reinforcement and Loading Method

According to the vehicle loading effect, the CFRP sheet should be horizontally bonded onto bridge slabs in negative
bending regions. Only in this way can vertical cracks be restricted, and the destruction of bridge pavements delayed.
According to the standard T-beam size, the specimen section measures 1.6 x 0.4 x 0.1 m’ (length x width x height). The
purpose of this experiment is to simulate CFRP-reinforcement onto T-beams in negative bending regions, and the
results are applicable for the reinforcement of box-beam bridge slabs.
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Fig. (8). Cross-section of the CFRP-reinforcement (measurements are in millimetres).

Two CFRP strips (thickness = 1.4 mm, width = 100 mm) were used in the reinforcement experiments along with
C30 concrete. With pouring onto the test slab, nine cubic specimens (150 mm % 150 mm X 150 mm) were prepared and
conserved for 28 d. The average measured compressive strength of the specimens was 36.8 MPa, which was 6.8 MPa
higher than that of C30 concrete. Hence, the test slab meets the test requirement. HRB335 twisted steel with a diameter
of 10 mm was used in the tensile regions. As shown in Fig. (8), the reinforcement simulation involved the inclusion of a
horizontal CFRP sheet.
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Fig. (9). Reinforcement design and anchor method (measurements are in millimetres).
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As shown in Fig. (9), the reinforcement design and anchor method are as follows: 1) Anchoring with a CFRP sheet
on both ends of the specimen slab (JM-1); 2) Anchoring with a CFRP sheet on one end and bolt on the other end
(JM-2); 3) Anchoring with a CFRP sheet on both ends of the specimen slab, followed by grinding at high temperatures
(TM-1); 4) Anchoring with a CFRP sheet on one end and bolt on the other end, followed by grinding at high
temperatures (TM-2); and 5) A concrete slab without reinforcement (JM-0).

Single point loading on the midspan of a simply supported slab was performed in this experiment, as shown in
Fig. (10). During loading, the side of the slab bonded with CFRP was placed facing downward. The distance between
the supports was 1400 mm. In addition, a piece of I-shaped steel (width = 160 mm) and a rubber blanket (thickness = 5
mm) were placed under the loading point. Before loading, a preload was first conducted, followed by formal loading.
The values were taken when the value became stable.

Fig. (10). Loading installation.

2.3.3. Theoretical Analysis of the Bearing-Debonding Capacity

It was expected that bending members reinforced by CFRP sheets may suffer from debonding destruction caused by
bending cracks in the middle segment. The destruction mechanism involves formation of a bending crack in the
concrete, resulting in a release of concrete tensile stress in the cracking interface.

This stress was transmitted to the CFRP sheets, leading to an increase in stress in the interface between the CFRP
sheets and the concrete close to the cracks. With an increase in load, the tensile stress of the CFRP sheets and the stress
in the interface between the CFRP sheets and the concrete close to the cracks also increased.

When stress at the interface reached its maximum value, debonding occurred in the cracks, eventually running
through the whole specimen. Only a thin layer of concrete remained on the debonded CFRP sheet following this
process. Vertical steel surrenders were employed, followed by CFRP sheet debonding from the middle segment to the
end of the specimen.

3. RESULTS AND DISCUSSION
3.1. Indoor Shear Tests

3.1.1. Influence of Temperature on Interface Shear Strength

The influence of temperature on shear strength of the interface was measured at —40 °C, 25 °C, 40 °C, and 60 °C.
Sand (3.0 kg/m”) was then spread on the main gel over 6 h. Modified asphalt (1.0 kg/m®) was used in each of the three
specimens. The results of these tests are shown in Fig. (11).

As can be seen in Fig. (11), at low temperatures, the shear strength on the CFRP-interface performs better than the
original interface, whereas at ambient and high temperatures, the shear strength of the CFRP-interface is comparable to
that of the original interface. Finally, it was found that the shear strength of the CFRP+sand interface was higher than
that of the other interfaces except at the highest temperatures.
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Fig. (11). Plot of shear strength against temperature for the three interfaces.

3.1.2. Determination of Optimal Modified Asphalt Quantity

The influence of modified asphalt quantity on the shear strength of the CFRP+sand interface was then investigated
at —40 °C, 25 °C, 40 °C, and 60 °C, and the results given in Fig. (12). The quantities of modified asphalt used were
0.8 kg/m’, 1.0 kg/m’, 1.3 kg/m’, 1.5 kg/m’. All other variables were kept constant.
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Fig. (12). Shear strength of interfaces with varying modified asphalt quantities.

As shown in Fig. (12), the bonding stress of the interface decreases with an increase in temperature, where equal
amounts of modified asphalt were used. In addition, it was observed that varying the amount of modified asphalt had
little influence on the shear strength of the interface at the same temperature. As recorded in the construction technical
specifications, the amount of modified asphalt should be no lower than 1.0 Kg/m’. Using the specifications and data
from the tests at high temperature, we determined the amount of modified asphalt to be 1.3 Kg/m”.

3.1.3. Determination of Optimal Sand Spreading Time

As the standard temperature used for bridge pavement construction is 15 °C, we selected this temperature for our
tests. All other variables were kept constant. Sand was spread on the gel over 4 h, 6 h, 8 h, and 10 h, and the optimum
spreading time was determined as shown in Fig. (13).
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Fig. (13). Shear strength of interfaces with different spreading times.

From Fig. (13) it can be seen that at a temperature of —40 °C, sand spreading over 8 h results in the highest shear,
with 8 h also being the optimal spreading time at 40 °C. However, at 60 °C, the shear strength obtained from sand
spreading over 8 h was slightly lower than spreading over 6 h. We could therefore conclude that 8 h was the optimal
spreading time for this process at our desired temperatures.

3.2. Indoor Tensile Strength Experiments

3.2.1. Influence of Temperature on the Tensile Strength of the Interface

The influence of temperature on tensile strength of the interfaces at 0 °C, 20 °C, and 60 °C was investigated, and the
results are shown in Fig. (14).
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Fig. (14). Variation in tensile strength with temperature.

From Fig. (14), it can be seen that the variation in cohesion of the three interfaces is particularly large at 0 °C, but
less apparent at 20 °C and negligible at 60 °C. This result allows us to conclude that the tensile cohesion of AECR resin
and modified asphalt drop significantly with an increase in temperature.

3.2.2. Influence of Soaking, Freeze Thawing, and Wheel Grinding on Interface Tensile Strength

The tensile strengths of the interfaces were then measured following soaking, freeze thawing, and wheel grinding.
The specimens were split into two groups. Group 1 was subjected to tensile strength experiments directly, while Group
2 was exposed to standard soaking, freeze thawing, and wheel grinding before testing. A test temperature of 0 °C was
used throughout. The results from these experiments can be seen in Fig. (15).
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Fig. (15). Variation in tensile strength upon soaking, freeze thawing, and wheel grinding at 0 °C.

Fig. (15) shows that soaking, freeze thawing, and wheel grinding have an obvious detrimental effect on tensile
strength. It was found that soaking has the largest influence on the tensile strength of the CFRP+sand interface, while
all three treatments had comparable effects on the CFRP interface. Overall, it was found that the CFRP+sand interface
resulted in an optimal tensile strength compared to the other interfaces studied.

3.2.3. Relationship between Tensile Strength and Shear Strength

Specimens were prepared using 1.3 kg/m” modified asphalt, and a sand spreading time of 8 h. Test temperatures of
0 °C, 20 °C, and 60 °C were used to conduct shear tests on the three interfaces and to analyse the relationship between
tensile strength and shear strength. The results for these experiments are shown in Fig. (16).
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Fig. (16). Relationship between tensile strength and shear strength.

The results were analysed according to the linear regression method (Equations 3-5), and the related coefficients
were calculated to be 0.976, 0.997, 0.993.

Original interface: £,=0.144t-0.00060; A3
CFRP-interface: £,=0.119t+0.0004; @)
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CFRP+sand interface: £,=0.1337-0.016; Q)

Results from these experiments show that all three interfaces exhibit good linear relationships, confirming that the
shear and tensile properties are related to one another. At the same temperature, the shear strength was larger than
tensile strength in the same interface, with the former being 6-9 times larger than the latter. Furthermore, with an
increase in temperature, the decreasing range of shear strength was larger than that of tensile strength. This was most
obvious in the CFRP+sand interface, but less obvious in the CFRP interface and the original interface. Fig. (17) shows
the interface comparisons following the shear tests and tensile experiments. It can be seen that the shear specimens
displayed greater destruction, whereas the tensile specimens remained largely intact.

3.3. Indoor Debonding Experiments

3.3.1. Debonding Stress Caused by Bending Cracks

Chen An Teng [10] reported the combination of breakage mechanics with experimental results, and proposed a

calculated value of the debonding stress of CFRP o, as shown in Equation (6):

(6)

Fig. (17). Interface comparisons in shear tests and tensile experiments (left = shear, right = tension).
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where the width ratio coefficient /3 can be calculated according to Equation (7):

By = (7
where the bond length coefficient S, can be calculated according to Equation (8):
1 1>1,
/BL = Sln(ll) (8)
21,7 1<l

and where the effective bond length |, can be calculated according to Equation (9):

/ E oot
l, = CFR\/P?CFRP ©)

In addition, Yang Yong Xin ef al. [11]proposed an alternative equation to Equation (6):

At f efnl2 | g~ Pui2
o4i. =0.9-E fat - 10
dbic CFRP G, P2 _ g P2 (10)

where [, is calculated in cm, B can be calculated according to Equation (11):

= Ga 1 _ ACFRP
ﬂ - \/tatCFRP (ECFRP EcAte ) (11)

and where can be calculated according to Equation (12), where =1.96 MPa:

L 1.5A,f,
i 0-313\/E’Zobars + uCFRPbP (12)

3.3.2. Bearing-Debonding Capacity

Using Equations (6) and (10), the ultimate stress of debonding CFRP o, can be determined along with the
equivalent compressive strength of CFRP f_,, which is the smaller value between the ultimate compressive strength

Jerp and debonding destruction ultimate stress o, , as shown in Equation (13):
fCFRP,r = min(fCFRP’ O—dbic) 13)

where the debonding stress of CFRP can be determined according to Equation (14):

f
Ecrrp = ECFRP’r 14)

CFRP

Given the debonding strain of CFRP in the cracks, &cere , the debonding bending moment can be determined by a
planar cross-section assumption and the equivalent stress figure, as shown in Fig. (18).
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Ignoring the thickness of the CFRP layer and the gel, the debonding bending moment M, can be calculated
according to Equations (15) and (16):

X
Mu = fcd ch(ho - E) + fCFRP,rACFRPas aas)

fabx = fCFRP,rACFRP +0 A 16)

3.3.3. Analysis of the Debonding Experiment

All five specimens appear to show evidence of plastic destruction. After breakage, loading on JM-0 increases, the
cracks develop rapidly, and the neutral axis rises continuously. Beyond a certain point, the compressive bearing strength
of concrete in the pressing regions is exhausted, the concrete is pressed into fragments, and the slab is destroyed.
However, the tensile stress of the vertical steel keeps the yield strength high.

€c fL-d

ZZH:E!

=
3 94,
— A
G|
SCFRP fCFRP,rACF

Fig. (18). Planar cross-section assumption.

After breakage, the cracks on JM-1 develop slowly, and the number and density of cracks were found to be greater
than those of TM-0, with the neutral axis rising slowly. It was also found that debonding appeared in the end anchored
by two CFRP-stripes separated by 50 mm. At that time, the steel was surrounded, the CFRP had debonded, the
compressive bearing strength of concrete in the pressing regions was exhausted, and the slab was destroyed. Breakage
of JM-2 was similar to that of JM-1, with debonding occurring at the end anchored by the bolt. As TM-1 was exposed
to wheel grinding at high temperatures, its crack loading dropped slightly, and its ultimate loading remained unchanged.
The process and features of breakage were found to be similar to those of JM-1. Debonding appeared at the end
anchored by two CFRP-stripes separated by 50 mm, and the degree of debonding was relatively large. As for TM-1,
TM-2 was also exposed to wheel grinding at high temperatures; hence, its crack loading and ultimate loading also
dropped. It could therefore be assumed that the process and features of breakage were similar to those of JM-2, with
debonding appearing at the end anchored by the bolt. Upon debonding of the CFRP, it is pulled to the point of breaking
and the concrete slab is destroyed. Regional breakages can be seen in Figs. (19-22).

1~ 1 ¥ e

Fig. (19). JM-1 CFRP debonding breakage.
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Fig. (20). JM-2 CFRP debonding breakage.

Fig. (22). TM-2 CFRP debonding breakage.

Table 2 shows experimental and theoretical values of the bearing-debonding capacities. It was found that the
theoretical values calculated using methods 1 and 2 (from the equations previously described) are comparable. The two
theoretical values of the bearing-debonding capacities were then compared with the experimental values. We found that
the theoretical values were higher than that of the unreinforced slab by approximately 12%, whereas the experimental
values obtained from different reinforced methods were higher than the theoretical values by 20-30%, and higher than
that of the unreinforced slab by 35-45%. It therefore appears that a certain amount of safety storage exists. Finally,
following wheel grinding at high temperatures, the experimental value of the bearing-debonding capacity was found to
vary only slightly; hence, the influence of wheel grinding at high temperatures could be ignored. We can therefore
conclude that the CFRP anchor and the bolt anchor have an equivalent effect.

Table 2. Experimental and theoretical values of bearing-debonding capacities.

Bearing-debonding capacity*
Type Number . Theoretical value/KN-m) Ratio between experimental and
Experimental value (KN-m) . o
Method 1 [10]{Method 2 [11]{Average theoretical value (%)
Wheel grinding IM-1 19.3 15.4 144 14.9 129
IM-2 19.0 15.4 14.4 14.9 127
Wheel grinding at high T™-1 19.2 15.4 14.4 14.9 128
temperature T™-2 18.3 15.4 14.4 14.9 123

* The ultimate bearing-debonding capacity of JIM-0 is 13.3 KN.m

CONCLUSION

We performed indoor shear, tensile, and debonding tests for improving the cohesion of carbon fibre reinforced
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polymer (CFRP) in bridge deck slabs. We also analysed the change rule of cohesion in three different environments,
and determined the optimum construction technique for improving the cohesion of CFRP. From the results obtained in
our study, the following conclusions could be drawn:

1.

To obtain acceptable shear strength, manufactured sand should be spread on the surface of the impregnating
resin adhesive.

Soaking, freeze thawing, and wheel grinding processes were found to have an influence on the tensile strength
of the interface, which was linearly related to the shear strength of the interface. The tensile strength of the
interface between CFRP and the bridge pavement can therefore be optimised to meet the necessary requirements
for an application.

Following wheel grinding on an asphalt surface at high temperatures, the test value for the bearing-debonding
capacity on a test slab was unchanged, and the effectiveness of CFRP was still apparent. The influence of high-
temperature wheel grinding can therefore be ignored. The CFRP anchor and the bolt anchor had an equivalent
effect.

Through the reinforcement of bridge deck slabs, using sand spreading, modified asphalt, and CFRP anchoring,
according to the experimental parameters reported herein, problems such as slippage, disengaging, and
debonding are less likely to occur.

We therefore expect that the results from our study can serve as a reference for the design of reinforced bridge deck

slabs.

NOTATIONS USED IN FIGURES AND EQUATIONS
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= Section area of CFRP

= Section area of tensile steel

= Distance from section central point of tensile steel to bottom brick of concrete
= Area of concrete in effective tensile regions

= Width of concrete structure

= Width of CFRP

= Elasticity modulus of concrete

= Elasticity modulus of CFRP

= Compressive strength of the concrete cylinder

= Axial compressive strength of concrete

= Equivalent tensile strength of CFRP

= Tensile strength of concrete

= Shear modulus of interface gel

= Section height

= Effective section height

= CFRP bond length

= Effective CFRP bond length

= Average distance between cracks

= Thickness of interface gel

= Thickness of CFRP

= Average bonding strength between CFRP and concrete
= Height of equivalent compressive region of concrete
= Height of actual compressive region of concrete

= Coefficient

= Bond length coefficient

= Width ratio coefficient

= Compressive strain of concrete
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Ecrre = Tensile strain of CFRP

€, = Tensile strain of tensile steel
o, = Stress of tensile steel

z Opars = Total perimeter of tensile steel
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