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In recent years, ﬁber-reinforced polymer (FRP) composites have been widely used as a new type of high-performance material in
concrete structures. FRP composites have the advantages of high strength, light weight, and corrosion resistance. Based on existing
studies in the literature, this paper reviews the development and applications of FRP materials for the strengthening and rehabilitation of bridge structures. The types and properties of FRP composites are summarized, and the applications and development of FRP sheets, FRP bars, FRP grids, and prestressed FRP tendons for bridge structures are discussed. Diﬀerent types of
FRP composites result in diﬀerent failure characteristics and bearing capacities. Moreover, this paper covers the FRP
strengthening methods and the response properties of the ﬂexural performance, bonding performance, and ductility. Signiﬁcant
conclusions regarding the strengthening/repair of bridge structures with FRP composites are presented. The review details the
current state of knowledge and research on strengthening bridge structures with FRP composites and is helpful for better
understanding and establishing design criteria.

1. Introduction
In recent years, the degradation of concrete structures and
steel structures has become increasingly severe [1–4], not
only aﬀecting the normal use and life of the structures but
also introducing signiﬁcant safety hazards. The performance
degradation of bridge structures is directly aﬀected by
overload, corrosion, fatigue, and other adverse factors.
Traditional concrete bridges and steel bridges quickly crack,
peel, and collapse under harsh conditions, resulting in
considerable economic losses. Figure 1 shows the damage to
traditional asphalt pavement on a steel deck. The critical
environmental and traﬃc conditions can aﬀect the service
life of traditional bridge decks. Typically, in such cases of
damage to bridge decks, reinforcement materials such as
FRP grids or steel grids are used to constrain the cracks and
improve the stiﬀness of the bridge decks [5, 6]. With the
increasing demand for daily traﬃc, there are stricter requirements for the bridge erection speed, long-term reliability, overload resistance, and fatigue resistance.

Considering the safety and durability of the bridge and
applying the necessary strengthening can improve the
bearing capacity and stiﬀness of the bridge and extend its
service life.
In general, steel bars are corrosion resistant owing to the
alkaline concrete protective layer (pH > 12); however, for
bridges exposed to harsh conditions, the pH of the concrete
decreases at a rate of 10% per year [8], and the steel bars
corrode easily because of the acidiﬁcation of the concrete.
The corrosion of the steel bars in bridge decks is particularly
severe, owing to the thinness of the protective layer and the
permeation of deicing salt on the surface of the steel bars.
Reinforced concrete bridge decks have been damaged to
diﬀerent degrees after using for years. There were approximately 600,000 bridges in service in the United States in the
early 1990s, among which approximately 100,000 suﬀered
serious corrosion problems involving steel bars, resulting in
losses of $70 billion (USD) per year [9]. Therefore, it is of
great practical signiﬁcance and research value to develop
methods for reinforcing the damaged bridges and analyze
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Figure 1: The damage of traditional asphalt pavement on a steel deck [7].

the mechanism and failure modes of the reinforced structures to improve the durability and sustainability of the
existing bridge structures.
With the application and development of the traditional
reinforcement technology, new building materials are produced, and new strengthening methods are developed. Using
the ﬁber-reinforced polymer (FRP) to strengthen the concrete
structures is an ideal method at present. The FRP is a new type
of high-performance material that is composed of a ﬁber
material and a matrix material mixed in a certain proportion
and compounded via a certain process. The ﬁbers are the main
stress materials in the FRP and can be divided into long ﬁbers
and short ﬁbers. Long ﬁbers are mainly used in FRPs for
engineering structures. The ﬁber plays the roles of stiﬀening
and strengthening, and the resin plays the role of bonding the
ﬁber. It can provide reinforcement via the shear force between
the FRP sheets and the concrete. Recently, FRP has been
widely used as a strengthening material in civil and construction engineering structures and repair engineering owing
to its high strength, light weight, corrosion resistance, and
fatigue resistance [10–13]. With the rapid development of FRP
processing and molding technology, industrial forming
processes such as pull-extrusion, winding, resin transfer
molding, and vacuum import can produce large standardized
FRP components with stable performance, providing the
basic conditions for the wide application of FRP bridges.
Currently, the FRPs commonly used in engineering structures
are the carbon ﬁber-reinforced polymer (CFRP), glass ﬁberreinforced polymer (GFRP), basalt ﬁber-reinforced polymer
(BFRP), and aramid ﬁber-reinforced polymer (AFRP)
[14–17]. In structural engineering, the main product forms of
FRP include laminates (sheets and plates), bars, cables, and
grids [18–24]. The most common methods for strengthening
using FRPs are externally bonded (EB) and near-surface
mounted (NSM) reinforcements [25–28].
Some researchers investigated the shear and ﬂexural
performance of reinforced concrete beams strengthened
with FRP materials, and they obtained some remarkable
reinforced eﬀect. Hawileh et al. [29] studied the eﬀect of

externally bonded CFRP sheets on the shear strength of
shear-deﬁcient reinforced concrete beams as attached to the
beam’s soﬃt. They indicated that the shear strength of
reinforced concrete beams increased 10–70% comparing
with the control specimens. They also found that the ﬂexural
longitudinal reinforcement ratio played a signiﬁcant role on
the shear strength of reinforced beams. The eﬀects of the
ratio of longitudinal reinforcement and angle of application
of CFRP sheets on the shear capacity of reinforced concrete
beams with externally bonded CFRP sheets were investigated by Thamrin and Zaidir [30]. They showed that the
angle of application of CFRP sheets (45° and 90°) had almost
no eﬀect on the shear capacity of reinforced beams and
diﬀerent ratios of longitudinal reinforcement resulted in
diﬀerent failure modes. Three-sided or completely wrapped
application of CFRP sheets may be necessary to prevent
premature debonding failure for beams with higher values of
the longitudinal reinforcement ratio. They also studied the
shear strength of reinforced concrete beams with NSM bars
[31]. The results demonstrated that the strengthened method
can increase the shear capacity of reinforced beams signiﬁcantly. In the meanwhile, Saqan et al. [32] indicated that
both the strengthening methods of bonded CFRP sheets and
NSM bars delayed the yielding of the internal steel reinforcement and resulted in an increase in the ﬂexural strength
and a decrease in stiﬀness degradation of the reinforced
concrete frames. Hawileh et al. [33] studied the contribution
of CFRP laminates on the shear strength of reinforced
beams. The results demonstrated that the external ﬂexural
CFRP laminates can improve the shear strength of reinforced members as the vertical sides of reinforced members
are not accessible. Moreover, using U-wrapped and completely wrapped CFRP sheets were two common wrapping
conﬁgurations to improve the shear capacity of exsiting
reinforced concrete structures [34]. Some concrete beams
cannot strengthen with FRP laminates due to the narrow
soﬃt. To overcome this obstacle, Salama et al. [35] investigated the feasibility of strengthening reinforced concrete
beams in ﬂexure by side-bonded CFRP sheets. They
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indicated that the strengthened method of side-bonded
CFRP sheets can not only improve the ﬂexural strength but
also increase the shear strength of the reinforced members.
In addition, strengthening with FRP bars or using FRP
sheets can increase the ﬂexural performance of reinforced
concrete members [36–38].
With the increasing application of FRP strengthening
materials, FRP materials have played a signiﬁcant role in the
modern construction industry. Although the use of FRP for
strengthening concrete structures has made signiﬁcant
progress, few reviews of the strengthening of bridge structures have been published. Therefore, it was necessary to
conduct a broad overview of the literature and the existing
state of development regarding the application of FRP
materials for strengthening bridge structures. This review
focuses on the types of FRP materials, strengthening technologies, and performance indicators (bearing capacity,
bonding, and ductility factor) from the viewpoint of FRPreinforced bridge structures. This review is believed to be
useful for researchers and engineers, as it provides a deep
understanding of the strengthening of bridge structures
using FRP materials.

2. Strengthening Materials
FRP materials consist of two basic materials: ﬁber materials
and matrix materials. The ﬁber materials mainly include
carbon ﬁber, glass ﬁber, basalt ﬁber, and aramid ﬁber, and
the matrix materials consist largely of resins. These two
materials are mixed at a certain proportion, followed by a
complex process, resulting in the formation of a new type of
high-performance material: an FRP. Recently, FRPs have
been widely used in civil engineering, particularly for
structural reinforcement, owing to its light weight, high
strength, and corrosion resistance [39–44].
2.1. Types of FRPs
2.1.1. CFRP. The CFRP is one of the earliest ﬁber composite
materials used for bridge reinforcement and is widely used in
ﬁber-reinforced composites because of its high tensile
strength and elastic modulus. The main structural forms of
CFRP are sheets, bars (strips and rods), and grids. The
performance of CFRP bars in the transverse direction is
inferior to that in the longitudinal direction, which results in
premature failure in tensile tests [45]. The parameters of the
CFRP bars are presented in Table 1. Pultruded CFRP strips
are fabricated with unidirectional carbon ﬁbers embedded in
a vinylester resin matrix [42]. Information regarding CFRP
strips and laminates is presented in Table 2. The CFRP grid is
a new FRP conﬁguration that has been used in the punching
shear resistance of concrete slabs [46] and to reinforce steel
deck plates for enhancing the stiﬀness [7]. Meisamit et al.
[47] reinforced concrete slabs with CFRP grids and presented a theoretical method for predicting the loading capacity of the reinforced slabs by considering the real rupture
mode. In [48], diﬀerences were observed between CFRP
grids and steel reinforcements as strengthening materials for
concrete slabs because of the linear elasticity of the CFRP
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grids. In comparison with the steel reinforcements, the
elastic modulus, fatigue strength, and creep resistance of the
CFRP were higher, and its expansion coeﬃcient in the direction was lower [41, 49, 50]. A comparison of the mechanical properties and comprehensive performance indices
indicated that the CFRP is more promising and advantageous than the steel reinforcements. CFRP has a high
strength and elastic modulus and good corrosion resistance.
However, carbon ﬁbers are expensive owing to the lack of
key technologies for raw silk production [51]. Additionally,
components strengthened with CFRP are prone to brittle
failure, particularly at high temperatures, and the tensile
strength of the carbon ﬁbers decreases signiﬁcantly [52]. The
elastic modulus and tensile strength of CFRP at 250°C were
reduced by about 28% and 42%, respectively, as compared to
room temperature [53]. Moreover, CFRP exhibits electrical
conductivity; thus, it cannot be used in applications requiring insulation [54, 55].
2.1.2. GFRP. GFRP was widely applied in civil engineering
owing to its smooth surface, excellent permeability resistance, corrosion resistance (to acid, alkali, seawater, and
fresh water), and high cost-eﬀective performance [58].
GFRP is a composite engineering material with the reinforced material of glass ﬁber and the polymer matrix of
synthetic resin. Owing to its low cost and good corrosion
resistance, GFRP is often used as a replacement for steel to
repair damaged concrete structures [59, 60]. Researchers
have proven that steel is an isotropic material, and it is very
prone to electrochemical corrosion and yield; in contrast,
GFRP is an anisotropic material with excellent tension
performance [61–64]. Glass ﬁber is formed by melting glass
and drawing, and it is inexpensive. Moreover, compared
with using steel, the use of GFRP for strengthening concrete
bridges at the characterization level of the cradle-to-grave
scenario can reduce global warming, photochemical oxidant
creation, acidiﬁcation, and eutrophication by 25%, 15%, 5%,
and 50%, respectively [65]. However, the elastic modulus of
GFRP is low, the creep is large, and the durability is poor.
Additionally, GFRP is highly sensitive to alkaline environmental conditions [51]. The properties of GFRP are presented in Table 3.
2.1.3. BFRP. Basalt ﬁber is an inorganic ﬁber material
derived from the raw material of the glassy basalt mine
formed by volcanic eruption, which is stretched by a
spinneret after being crushed and fused at a high temperature (1400°C) [67, 68]. The color of basalt ﬁber is dark
brown, similar to carbon ﬁber. Basalt ﬁber has high
strength, good modulus, excellent stability, high temperature resistance, and chemical resistance; additionally,
it is easily fabricated, nontoxic, nonhazardous, ecofriendly, and inexpensive [69–74]. Basalt ﬁber is six times
less expensive than carbon ﬁber because of the availability
of the raw materials and the simple manufacturing process
[71]. BFRP shows stable mechanical properties under a
high-temperature environment. In experimental strength
tests of basalt ﬁbers, carbon ﬁbers, and glass ﬁbers at 100,
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Table 1: Physical properties of CFRP bars [45].

Types
CFRP
bars

Nominal diameter
(mm)
6
10
13

Guaranteed tensile strength Max. tensile load
(MPa)
(kN)
2241
71
2172
154
2068
262

Nominal area
(mm2)
31.67
71.26
126.7

Modulus of elasticity Ultimate
(GPa)
strain (%)
124
1.81
124
1.73
124
1.67

Table 2: Physical properties of CFRP strips and laminates.
Types
CFRP sheet
[56]
CFRP strips
[42]
CFRP plate
[57]

Width
(mm)

Length
(mm)

Thickness
(mm)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Ultimate
strain (%)

Decomposition
temperature (°C)

—

—

0.12

4100

231

1.7

—

10

—

1.4

2850

168

1.6

380

20

90–180

2

4100

256

—

—

Table 3: Properties of GFRP.
Types
GFRP bars [66]
GFRP bars [16]
GFRP plate with a transverse surface
mat [17]
GFRP plate without a transverse
surface mat [17]

Nominal diameter
(mm)
8
10
12
12
16

Thickness
(mm)
—
—
—
—
—

Width
(mm)
—
—
—
—
—

Tensile strength
(MPa)
1175 ± 16
1241 ± 67
1166 ± 60
1113
1102

Tensile modulus
(GPa)
49 ± 3
53 ± 3
53 ± 5
62.3
61.2

Fracture
strain (%)
2.5 ± 0.4
2.3 ± 0.3
2.4 ± 0.2
1.8
1.8

—

4

50

516

33

1.60

—

4

50

722

51

1.42

200, 400, 600, and 1200°C, the strengths of all three ﬁbers
decreased above 200°C; however, while the strengths of
the carbon ﬁber and glass ﬁber decreased signiﬁcantly, the
strength retention rate of the basalt ﬁber was >90% at
600°C [75]. Moreover, as the temperature increased from
100 to 250°C, the tensile strength of the basalt ﬁber increased by 30%, but that of the glass ﬁber decreased by
23%. In 70°C hot water, the strength of the basalt ﬁber was
maintained for 1200 h, but the glass ﬁber lost strength
after <200 h [76]. Although the tensile strength and elastic
modulus of basalt ﬁber are lower than those of carbon
ﬁber, basalt ﬁber has advantages with regard to the
ductility, cost, corrosion resistance, and high-temperature
resistance. Sim et al. [75] examined the four-point loading
failure of 10 basalt ﬁber-reinforced concrete beams. Their
experiments revealed that the yielding strength and ultimate strength increased by 15% and 0% with one layer of
basalt ﬁber sheet, 26% and 27% with two layers, and 16%
and 29% with three layers, respectively.
Basalt ﬁber can be used as reinforcement to produce
various forms of basalt composite materials. Compared with
other ﬁber materials, basalt ﬁber has many advantages and
special properties.

(1) Basalt ﬁber is manufactured using natural rock as a
raw material and is a pure natural inorganic material
with excellent mechanical properties, ideal durability, and good adaptability to various environments.
(2) With rich raw materials, basalt ﬁber has a low cost.
BFRP is expected to approach the level of GFRP at
the various properties in future, which can break
through the price bottleneck in FRP application.
(3) Basalt ﬁber is particularly suitable for seismic
structures with a high ultimate strain and good
ductility.
(4) Basalt ﬁber has a good fatigue resistance, strong
adhesion with resin, and excellent compatibility with
metal, plastic, and carbon ﬁber.
However, basalt ﬁber also has shortcomings, such as
poor shear performance, brittleness, and a low elastic
modulus.
2.1.4. AFRP. AFRP is a high-strength aromatic polyamide
synthetic organic ﬁber with light weight, high strength, and
good corrosion and heat resistance [77–79]. AFRP sheets are
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made of aramid ﬁbers arranged in one or two directions, and
they are light, soft, durable, insulating, and corrosion resistant. Compared with GFRP, AFRP has higher strength,
higher elastic modulus, better heat resistance, and lower
density [80]. The tensile strength of AFRP is nearly ﬁve and
two times higher than that of steel and GFRP, respectively
[81]. Additionally, compared with CFRP, AFRP is easier to
fabricate, has a higher alkaline resistance, and is less expensive [82]. However, AFRP has limited applicability to
civil engineering and building construction owing to its low
compressive strength and high tensile strength [80].
2.1.5. Hybrid Fiber-Reinforced Polymer (HFRP). Hybrid ﬁber is a composite material with more than two types of
ﬁbers reinforcing the same matrix, which can improve the
comprehensive mechanical properties of the single ﬁber
material, increase the ﬁber utilization rate, and reduce the
cost [67]. Polyoleﬁn ﬁber is the most popular synthetic ﬁber
used for strengthening concrete members and is fabricated
with organic polymers polymerized by oleﬁns via chain
growth [83]. There are advantages of suppressing the development of shrinkage cracks, preventing the formation of
internal cracks, increasing the ductility, and reducing the
segregation, balling, and bleeding of concrete [84]. Hybrid
composites with carbon ﬁber and polyethylene ﬁber were
investigated by Park and Jang [41]. They used the open leaky
mold method to fabricate the hybrid ﬁber and found that the
position of the reinforcing ﬁber signiﬁcantly aﬀected the
mechanical properties of the hybrid ﬁber. The HFRP
exhibited the highest ﬂexural strength with the carbon ﬁber
at the outermost layer, owing to the maximum magnitudes
of the compressive and tensile stress at the outermost layer.
The hybrid ﬁber sheet was fabricated vertically with glass and
aramid ﬁbers, and the glass ﬁber was the main stress-bearing
ﬁber. Eswari [85] proved that the strength, crack propagation, and ductility of HFRP were better than those of the
single ﬁbers. The hybrid ﬁber exhibited excellent performance and reduced the costs [86].
2.2. Products of FRP
2.2.1. FRP Sheets. FRP sheets are the most widely used form
in the building reinforcement. They are fabricated with
long, continuous ﬁbers and are typically used for the reinforcement of structural members, aﬃxed to the surface of
the concrete members after being impregnated with resin.
FRP sheets generally only bear unidirectional stretching.
The width of FRP sheets can be 20, 30, 50, or even 100 cm;
the length is between 50 and 100 m, which is suﬃcient to
avoid lapping. The surrounding environments of FRP
sheets determine their properties. The eﬀects of fresh water,
seawater, a negative temperature (−15.5°C), and freezethaw cycling on the ﬂexural performance were examined,
and the degree of degradation decreased in the following
order: negative temperature (−15.5°C) > freeze-thaw
cycling > fresh water > seawater [87]. Moreover, Gharachorlou and Ramezanianpour [88] reported that a larger
number of FRP layers resulted in better durability, as the
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reinforced concrete members with FRP sheets were exposed to the saline solution. In the saline solution, the
degradation of the properties mainly depended on the
humidity; meanwhile, the salt crystals increased the degree
of degradation owing to the crack expansion [89]. The
mechanical performance of GFRP sheets decreased as the
temperature increased from 35 to 65°C in a NaCl solution
[90]. FRP sheets are commonly applied for strengthening
beams, slabs, and columns. They are easily bonded with the
surfaces of concrete structures, which can increase the
ﬂexural strength and shear strength of the concrete
members.
2.2.2. FRP Bars. FRP bars are fabricated via a unidirectional
pultrusion molding process, via the mixing of unidirectional
long ﬁbers and resin. The surface of the FRP bar can be
treated as a ribbed bar to enhance the bonding capacity, in
contrast to that of a round bar [91]. The FRP cable is a wirelike FRP product formed via unidirectional weaving of
continuous long ﬁbers followed by solidiﬁcation with a small
amount of resin or without resin. FRP bars and cables can
replace steel bars and prestressed bars in reinforced concrete
structures and can also be used in long-span cable support
structures, tensioned structures, and suspended cable
structures.
CFRP bars are composed of carbon ﬁbers and a resin
matrix; thus, carbon ﬁbers play an important role in
strengthening, and resin is mainly used to bond the ﬁbers.
The volume content of CFRP bars is between 60% and
65%, and as the ﬁber content increases, the strength increases, but extrusion molding becomes more diﬃcult.
The cross sections of CFRP bars are generally round, and
the shapes of the surface mainly include smooth, nicked,
and wrapping. Diﬀerent surface treatment methods result
in diﬀerent bonding performances between the CFRP bars
and concrete. The diameter of most CFRP bars is
5–12 mm, and the mechanical properties of FRP bars and
prestressing steel are presented in Table 4. Examples of the
GFRP and BFRP bars are presented in Figure 2.
Compared with steel strands, CFRP bars generally have
the following characteristics [93–95]:
(1) The longitudinal tensile strength and compressive
strength of CFRP bars are higher, but the transverse
strengths are lower. CFRP bars are typically brittle
and exhibit obvious anisotropy, and there is no
obvious yield stage before the tensile strength is
reached. Additionally, the ultimate strain is small.
(2) The low elastic modulus of CFRP bars results in
excessive deﬂection and wide cracks of concrete
structures with CFRP bars, which can be avoided by
applying prestress.
(3) The density of CFRP bars is only approximately 1/4
of that of the steel strands, which is beneﬁcial for
reducing the weight of the structure and convenient for installation.
(4) The coeﬃcient of thermal expansion of CFRP bars is
signiﬁcantly diﬀerent from that of concrete.
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Table 4: The mechanical properties of FRP bars and prestressing steel [92].

Fiber volume ratio
Density (g/cm3)
Longitudinal tensile strength (GPa)
Transverse tensile strength (MPa)
Longitudinal E-modulus (GPa)
Transverse E-modulus (GPa)
In-plane shear strength (MPa)
In-plane shear modulus (GPa)
Major Poisson’s ratio
Minor Poisson’s ratio
Bond strength (MPa)
Maximum longitudinal strain (%)
Maximum transverse strain (%)
Longitudinal compressive strength (MPa)
Transverse compressive strength (MPa)
Longitudinal thermal expansion coeﬃcient (×10−6·1/°C)
Transverse thermal expansion coeﬃcient (×10−6·1/°C)

AFRP
0.65
1.28
1.25–1.4
30
65–70
5.5
4.9
2.2
0.34–0.6
0.02
10–13
2.0–3.7
—
335
158
−2
60

CFRP
0.65
1.53
2.25–2.55
57
142–150
5.7
71
7.2
0.27
0.02
4–20
1.3–1.5
0.6
1440
228
−0.9
−27

(a)

GFRP
0.55
2.1
1.08
39
39
8.6
89
3.8
0.28
0.06
—
2.8
0.5
620
128
7
21

Prestressing steel
—
7.85
1.86
1860
210
210
—
72.1
0.3
03
6.6–7.1
4.0
4.0
1860
1860
11.7
11.7

(b)

Figure 2: FRP bars [93]: (a) GFRP bars; (b) BFRP bars.

Additionally, the axial coeﬃcient of thermal expansion is small, which is beneﬁcial for adaptation to
the climate.
(5) CFRP bars can be used in corrosive environments for
a long time because of their excellent corrosion
resistance; moreover, they can reduce the maintenance cost.
(6) Compared with steel, CFRP bars can reduce the
eﬀects of electromagnetic ﬁelds on instruments

inside the structure owing to their excellent antimagnetic performance.
(7) The fatigue resistance of CFRP bars is better than that
of steel, and CFRP bars can satisfy the fatigue requirements of building structures.
2.2.3. FRP Grids. FRP grids (Figure 3) can be formed by
weaving long ﬁber bundles perpendicular to each other at
certain intervals and then solidiﬁed with resin. For the long
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surface of the concrete) was ﬁrst proposed [97]. Recently,
with the development of the strengthening technique, the
near-surface mounted (NSM) FRP method was proposed,
which involves bonding the FRP bars/strips/rods in the
precutting grooves on the surface of the concrete cover. In
comparison with the EB FRP technique, NSM FRP exhibits a
higher strengthening eﬃciency and better protection against
environmental agents, vandalism, impact loads, and exposure to high temperatures [98, 99]. The details of the reinforcement methods for concrete bridges are presented in
the following sections.

Figure 3: Overview of FRP grids [48].

continuous ﬁber, carbon ﬁber, glass ﬁber, basalt ﬁber, and
aramid ﬁber are often used. FRP grids can replace the steel
mesh, and an FRP cage can replace the steel cage.
According to the products on the market, FRP grids are
categorized as follows:
(1) According to their shape, they can be classiﬁed as
single reinforced composite-type or whole-type. In
the former case, FRP bars form a grid via cross lap
joints. In the latter case, the ﬁbers are directly solidiﬁed as ﬁber bundles, and the resin is laid into a
mesh.
(2) According to the types of reinforced ﬁbers, FRP grids
are divided into BFRP grids, CFRP grids, GFRP
grids, and AFRP grids.
(3) According to the mesh shape, they can be classiﬁed
into bidirectional square grids and tridirectional
equilateral triangle grids.
(4) According to the stress direction, there are isotropic
strengths and diﬀerent strengths in diﬀerent directions (i.e., the ﬁber contents in two or three directions are diﬀerent).
(5) According to their appearance, FRP grids are classiﬁed as embossed type or smooth type.
The main control parameters of FRP grids include the
mesh size (50 × 50 mm2, 100 × 100 mm2, 150 × 150 mm2,
50 × 100 mm2, and 100 × 150 mm2), mesh width (0.5, 1, 1.5,
and 2 m), and mesh thickness (0.5, 1, 1.5, 2, 3, 4, and 5 mm).
The mechanical properties of FRP materials are presented in
Table 5.

3. FRP Strengthening Methods for
Bridge Structures
Concrete bridges, which include reinforced concrete bridges
and prestressed concrete bridges, are widely used worldwide.
At present, most of these bridges are subject to multiple
types of damage; thus, the design grade of the original
bridges does not satisfy the current requirements, and reinforcement is needed. Among the FRP strengthening
methods, the EB FRP technique (bonding CFRP to the

3.1. Externally Bounded Steel Plate. The reinforced method
of the externally bounded steel plate involves attaching a
steel plate to the tensile part of the member with a special
building structure adhesive; thus, the steel plate and the
original member are combined, forming a single structure.
They bear the load together, increasing the bearing capacity
of the members. This method has the advantage of a short
construction period; moreover, it consumes little space,
hardly alters the shapes of the members, and signiﬁcantly
improves the bearing capacities of the members and the
performance in the normal use stage. However, it also has
disadvantages; for example, it can increase the weight of the
structure, and the steel plate can corrode easily.
In the past, the common reinforcement method for
bridge decks has involved applying EB steel plates or reinforcement at the bottom of the bridge decks. The EB steel
plate reinforcement technology was ﬁrst used in South
Africa and France [100]. Subsequently, studies on such
reinforcement methods were performed, revealing that the
concrete structure strengthened with steel plates was prone
to debonding failure because of the stress concentration at
the ends of the reinforced steel plates [101, 102]. In 1988,
Jones et al. [103] improved the anchorage measures for the
end of the steel plate to prevent debonding failure. Moreover, another reinforcement method was proposed: thickening the section of the decks for reinforcement; however,
this method resulted in a large construction area; additionally, it is diﬃcult to reinforce the bridge decks. Steel is
used in these two reinforcement methods, which is not only
heavy but also has poor corrosion resistance. Therefore,
there are still obvious defects and low sustainability in
practical application [104].
3.2. Externally Bonded FRP Sheets. At the beginning of the
application of FRP in reinforcement, the common reinforcement method is to bond the FRP sheets or other
laminates on the tensile area of the concrete beam, providing
a passive reinforcement. Although this strengthening
method can improve the ﬂexural bearing capacity of concrete beams and reduce the development of deﬂection and
cracks, there is a strong stress hysteresis reaction, which
results in a poor reinforcement eﬀect. This is because the
performance of the reinforcement members mainly depends
on the original number of reinforcements in the concrete
beams; thus, the high tensile strength of the FRP sheets is not
fully exploited [56, 105, 106]. Moreover, the most eﬀective
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Table 5: Mechanical properties of materials [96].

Material
Yield stress (MPa)
Tensile steel bar
467
Compressive steel bar
467
Stirrup
453
CFRP grid
—
BFRP grid
—

Yield strain (%) Ultimate strength (MPa)
0.242
628
0.242
628
0.227
467
—
1400
—
1760

way to strengthen the concrete columns with FRP sheets or
other laminates is to conﬁrm the shear strength of concrete
members according to the deformation constraint of the
structure. However, the reinforcement eﬀect depends on the
shape of the concrete. Researchers [107–109] reported that
the shear strength and deformation capacity of rectangular
concrete columns can be improved via bonding with FRP
sheets, but there was the upper limit of the compressive
capacity. If the rectangular column is treated with a certain
radian, the compressive bearing capacity can be signiﬁcantly
improved. Bonding FRP materials has the fatal problem that
the strength cannot be fully used, and there is a stress
hysteresis reaction. The key to solving this problem is applying prestress to FRP materials. The reinforcement of
prestressed FRP sheets can eﬀectively solve the problem of
enhancing the time eﬃciency, which not only reduces the
existing load eﬀect of the reinforcement members but also
reduces the existing deformation and the widths of cracks in
the reinforcement members. After the reinforcement, the
prestressed FRP materials and the concrete members are
subjected to the force simultaneously, which can prevent
deformation, the development of existing cracks, and the
generation of new cracks. However, anchors that have excellent performance, are practically applicable, and fully
exploit the tensile strength of the FRP sheets are necessary to
achieve reliable prestressed FRP reinforcement.
However, the signiﬁcant disadvantage of reinforced
members with FRP laminates is the debonding failure between the FRP and the concrete, which can suppress the
strengthening eﬀect for EB FRP laminates [110, 111].
The bonding interface between FRP materials and
concrete members is the weak links in the stress process, and
the failure modes are brittle failure and debonding failure.
Thus, the debonding failure can be divided into four types
[112–114]: (1) the stress concentration at the end of the bond
interface, resulting in debonding; (2) the shear cracks in the
reinforced members, resulting in debonding; (3) the ﬂexural
cracks that extend to the reinforced members, resulting in
debonding; and (4) the layer debonding along the original
reinforcement of the reinforced members.
Furthermore, in the strengthening method called
“grooving,” the EB reinforcement is applied on/in grooves to
prevent debonding failure and enhance the ultimate bearing
capacity [56]. Reinforced concrete members prepared using
diﬀerent strengthening methods are shown in Figure 4. For
strengthening with one layer of an FRP sheet, the eﬀects of
the failure loads and displacements on the EB reinforcement
on grooves were similar to those on the EB reinforcement in
grooves. For strengthening with two or three layers of FRP

Rupture strain (%) Elastic modulus (GPa)
—
193
—
193
—
200
1.40
100
2.20
80

sheets, the technique of EB reinforcement in grooves led to
higher failure loads and displacements than EB reinforcement on grooves.
3.3. Strengthening with FRP Grids. FRP grids have longitudinal and transverse ﬁber bars, and both have a certain
strength and stiﬀness. Fiber bars in both the longitudinal and
transverse directions are subjected to tensile forces, which
can act as constraints in both directions. The strengthening
method for the FRP grid involves ﬁxing the FRP grid on the
concrete surface with anchors and then applying a sealing
treatment. FRP grids can be used to strengthen the structures
in special environments and exhibit good application
prospects. FRP grids are always used together with polymer
mortar [20, 96]. First, FRP grids are ﬁxed by a mechanical
anchorage; then, a layer of polymer mortar is added outside
as a protection layer, which can improve the uniformity of
the force transmission, as well as the debonding failure
resistance, durability, and ﬁre resistance. The installation
procedures for the cast-in-place method are presented in
Figure 5.
The strengthening technology for FRP grids has the
following characteristics [20, 96, 115–117]:
(1) FRP grids are light and thin. They are signiﬁcantly
lighter than steel bars, and the section of the FRP grid
is thinner than that of the steel bar. Moreover, the
FRP grid is easy to transport and apply without
heavy-lifting equipment.
(2) The materials of the FRP grids are composed of highstrength ﬁber and resin with good corrosion resistance; therefore, the FRP grid has excellent durability
in cold areas and coastal areas.
(3) The continuous reinforcing ﬁbers are distributed in
two directions. The bond-slip resistance is good, and
debonding failure between the reinforcing material
and the concrete does not easily occur, owing to the
mechanical anchoring and the polymer mortar.
When FRP grid is used in the bending reinforcement, it can not only improve the bearing capacity
but also enhance the stiﬀness and cracking resistance
of the reinforced member.
(4) With the protection of polymer mortar, the FRP grid
improves the impact resistance, ﬁre resistance, and
durability. Therefore, FRP grids can be used to replace steel bars in some new buildings with special
requirements for anticorrosion, antimagnetic, antiseismic, and antiexplosion materials.
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(a)

(b)

(c)

Figure 4: Specimens strengthened with (a) conventional surface preparation method, (b) externally bonded reinforcement on grooves
technique, and (c) externally bonded reinforcement in grooves technique [56].

(a)

(b)

Figure 5: Installation procedures for the cast-in-place method [96].

Additionally, in comparison with the reinforcement
method of FRP sheets, FRP grids can improve the stiﬀness of
the members and be less prone to debonding failure; thus,
they are more suitable for reinforcement in harsh environments. Because FRP sheets are soft and their adhesion
relies on the resin, there are limitations in reinforcing the
concrete structures. When the interface roughness of the
reinforced structure is inadequate, the properties are signiﬁcantly degraded. Furthermore, FRP sheets cannot be
applied in humid environments or underwater. Therefore,
the overall strengthening eﬀect of FRP grids is better than
that of FRP sheets.
The Niiborigawa Bridge in Japan had long suﬀered
erosion due to salt and is a representative example of the
removal of the deteriorating concrete and the use of CFRP
grids and polymer mortar for strengthening [118]. During
the eight-year natural aging process, the CFRP grids in the
concrete beam maintained excellent properties, including
the strength, stiﬀness, and corrosion resistance. Zhang et al.
[48] performed static and cyclic loading tests of three oneway concrete slabs strengthened by CFRP grids and steel
bars. They found that the reinforcement ratio signiﬁcantly

aﬀected the ﬂexural stiﬀness because the stiﬀness of the
concrete slab strengthened by CFRP grids decreased signiﬁcantly after the crack initiation in comparison with that
of the concrete slab strengthened by steel bars. Brunton et al.
[119] studied the punching shear capacity of a full-scale
concrete bridge deck strengthened by pultruded FRP grids
and found that the Jacobson equation could predict the
punching shear capacity of concrete decks with or without
edge restraint. EB grids are eﬀective for enhancing the
bearing capacities and deformation capacities of concrete
members. Moreover, the eﬀects of the number of FRP grid
layers, type of FRP grids (CFRP, GFRP, or BFRP), type of
bonding agent (inorganic material or epoxy resin), and
compressive stress level on the mechanical performance of
reinforced members are major parameters [120]. Under
suﬃcient anchoring, the ﬂexural capacities and deformabilities of members strengthened by FRP grids increased by
factors of >4 and >1.3, respectively. Strengthening concrete
bridge decks with FRP grids solves the problems of fatigue
and corrosion; additionally, the ultimate load is higher than
that in the case of strengthening with steel grids [121–123].
Moreover, ﬁber-reinforced concrete can solve the problem
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of brittle failure of concrete plates reinforced with FRP grids.
Yang et al. [96] investigated the eﬀects of the ratio of the
shear span to the eﬀective depth, matrix type, FRP grid type,
and installation method on the shear capacity of the
strengthened beam. They found that the reinforcement with
FRP grids enhanced the shear capacity of the reinforced
beam, particularly with the application of the prefabrication
method. Additionally, they reported that, in comparison
with CFRP grids and the cast-in-place method, the beams
strengthened with BFRP grids in the prefabrication method
were more suitable for the reinforced beam.
3.4. Strengthening with Prestressing FRP Bars. In the external
prestressed structure, the prestressed bars are arranged
outside the section, and the prestress is applied to the
structure only by the anchorage area and steering block.
The system comprises an externally prestressed pipe, paste
(anticorrosive grease or cement), an anchorage system,
and a steering block [124–127]. External prestressing
reinforcement technology can improve the internal force
and deformation of the control section and enhance the
bearing capacity, cracking resistance, and deformation
resistance of the bridge because the internal force generated by prestressing on the structure oﬀsets parts of the
internal force generated by the loads.
The external prestressing technique is particularly
suitable for the reinforcement of the concrete bridge in the
following situations:
(1) The bearing capacity of the structures decreases
owing to the corrosion of steel.
(2) The load grade of the bridge must be improved.
(3) The cracking of the beam and the fatigue stress of the
reinforcement should be controlled in a reasonable
range.
The external prestress on the strengthening of the
bridge can result in the distribution of the stress, which
can enhance the performance of the structure under
normal service loads. Additionally, it is suitable for
strengthening various bridges because the arrangement of
the external prestressed tendons is ﬂexible. The external
prestressing technique has broad application prospects in
bridge reinforcement. The external prestressing method is
one of the important aspects of the posttensioned prestressing system and has the following advantages for
reinforcement.
(1) It is convenient to check, repair, and replace the
external prestressed tendons
(2) The arrangement of the prestressed tendons is
simple, which simpliﬁes the operation of the posttensioning method
(3) The prestressing tendons have no contact with the
concrete member except at the anchorage area and
steering block, which reduces the friction loss
(4) It can improve the ﬂexural and shear bearing
capacity

(5) The stress generated by the load is distributed uniformly along the length direction with small variation range, which is beneﬁcial to the bearing capacity
and fatigue load
The ﬁrst prestressed concrete bridge using CFRP bars in
the world was built in Japan in 1993. Japan was a pioneering
country in the use of prestressed FRP bars. CFRP bars were
used as suspension cables to build concrete bridges in
Switzerland, Denmark, the United Kingdom, and Canada
[128–130]. The external prestressing technology of CFRP
bars can be applied to new bridge structures, reinforcement, and maintenance operations of bridges owing to the
excellent corrosion resistance. Horvatits and Kollegger
[131] successfully strengthened a highway concrete bridge
with a new external prestressed CFRP system. Nordin and
Täljsten [132] strengthened and rehabilitated existing
concrete structures with CFRP tendons. Their objective was
to evaluate the bearing capacity and service life of existing
railway bridges when the existing load capacity increased
by 25% and the train speed increased to 350 km/h. However, the desired eﬀect was not achieved, owing to the
anchorage. Matta et al. [133] controlled the vertical deﬂection of a bridge with a reinforcement of external
posttensioned CFRP tendons (the CFRP bar with a diameter of 12.7 mm was arranged under the beam). Macdougall et al. [134] successfully replaced corroded
posttensioned unbonded prestressed steel tendons with
CFRP tendons via the posttensioned method in a parking
garage in Toronto. El-Hacha and Elbadry [24] investigated
the eﬀects of the span-to-depth ratio, partial prestressing
ratio, and reinforcing index on 12 concrete beams with
strengthening external prestressed CFRP tendons. They
reported that the ﬂexural capacity of the strengthened beam
was 70% higher than that of the unreinforced beam.
Moreover, they obtained the formula for the stress increment of the CFRP tendons according to the
deformation.
At present, the anchorage methods for external prestressing tendons mainly include broadening the cross
section of the beam end, adding a concrete tooth plate, and
steel plate anchorage. The former two methods are mostly
applied to newly built structures, and the latter method is the
most common technique for external prestressed reinforcement owing to its advantages of light weight and
convenient construction.
3.5. Near-Surface Mounted FRP. NSM FRP is an improved
version of the traditional EB FRP method [37]. NSM FRP
reinforcement involves placing FRP bars or laminates into
precut grooves on the surface of the concrete members with
the corresponding binder. The procedure of NSM FRP reinforcement is as follows: (1) forming the grooves; (2)
cleaning the grooves; (3) half-ﬁlling the grooves with the
ﬁlling material, followed by insertion of the FRP bars; and
(4) ﬁlling the groove with the ﬁlling material to the surface
level, as shown in Figure 6.
In comparison with the traditional EB FRP method, the
NSM FRP method can signiﬁcantly improve the eﬃciency
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(1)

(2)

(3)

(4)

Figure 6: The procedure of NSM FRP [37].

and utilization ratio [135, 136]; additionally, it has signiﬁcant
advantages for the practical applications of strengthening
bridge structures:
(1) NSM FRP enhances the bonding performance between the FRP materials and concrete and is less
prone than EB FRP to debonding failure
(2) NSM FRP increases the bonding area between the
FRP materials and concrete, improving the punching
shearing capacity of the bridge structure [137, 138]
(3) Improving the bonding performance between the
FRP and concrete can increase the utilization rate of
FRP materials and the ductility of the bridge
structure
(4) FRP bars can be easily anchored on the adjacent
components [137]
In 1949, Asplund [139] strengthened a bridge by forming
grooves on the surface of the members; however, bonding
failure easily occurred owing to the use of cement paste as
the binder and steel bars as the reinforcement materials,
which hindered the further development of this technology.
With the development of new binders and the application of
FRP materials in the construction, the NSM FRP technique
has attracted the attention of researchers. Casadei et al. [140]
repaired a damaged concrete bridge with several soﬃt slab
longitudinal cracks using EB FRP laminates and NSM FRP

bars, as shown in Figures 7 and 8. Static load tests and ﬁniteelement analysis revealed that both reinforcement techniques were eﬀective for strengthening the concrete bridge.
Alkhrdaji et al. [141] performed the same reinforcement tests
on a decommissioned and to-be-demolished bridge. They
reported that both EB FRP sheets and NSM FRP rods reduced the deﬂections and increased the ultimate load capacity; even the latter had a higher capacity and better
bonding performance. Moreover, the diﬀerent reinforcement methods led to diﬀerent failure modes. When the
bridge deck was strengthened with EB FRP sheets, the failure
mode was the rupture and peeling of FRP sheets; when the
bridge deck was reinforced with NSM FRP rods, the rupture
of FRP rods was the main failure mode.
The bonding performance between the FRP and concrete
signiﬁcantly aﬀects the strengthening eﬀect of NSM FRP
bars. Many researchers [135, 136, 142, 143] have investigated
the bonding performance between FRP and concrete via
diﬀerent test methods (mainly the direct pull-out method
and the bending beam method). Among the various test
methods, the direct pull-out method has a direct force
transmission path and is easy to operate owing to the small
volume of the specimens, but the requirement of the
specimen molding is very strict because slightly eccentric
loading signiﬁcantly aﬀects the results. The bending beam
method can solve the problem of vertical adjustment of the
loading, but the specimen volume is large, the force
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(a)

(b)

Figure 7: Martin Spring Bridge (a) and its soﬃt slab longitudinal crack (b) [140].

(a)

(b)

Figure 8: Externally bonded FRP laminates (a) and NSM FRP bars (b) [140].

transmission is complex, and displacement control loading
cannot be used. Additionally, many factors aﬀect the
bonding performance between the FRP and concrete, including the concrete strength, the depth and spacing of the
grooves on the surface of the concrete members, the bond
length of the FRP, the types of binders, and the environmental conditions.
In addition to the bonding performance, the ﬂexural and
shear properties of concrete structures reinforced with NSM
FRP bars have been investigated by many researchers
worldwide [21, 144–149]. NSM FRP can signiﬁcantly improve the ﬂexural performance of reinforced concrete
members, and the failure modes of ﬂexural reinforcement
mainly include concrete failure in the compression zone,
FRP fracture, debonding failure between the concrete and
the end of the FRP, and debonding failure caused by the
main crack at the midspan. Zhang and Teng [150] developed
a bond-slip relationship model that accurately simulated the

debonding failure between the concrete and the end of the
FRP; the model was veriﬁed using experimental results.
Michael et al. [151] conducted an experimental program
on a unidirectional concrete slab for the deck analysis model.
They found that the eﬀect of the resin binder on the enhancement of the bearing capacity was stronger than that of
cement as a binder, and steel bars as embedded reinforcement was better for constraint member cracking than FRP
bars. Similar studies were performed by Hosseini et al. [152],
who applied diﬀerent prestress levels to NSM CFRP laminates in reinforced concrete slabs. The experimental results
indicated that the bearing capacity at the serviceability and
ultimate limit states increased signiﬁcantly as the prestress
increased. The eﬀects of the FRP type, cross-sectional shape,
surface treatment method, and prestress level on the ﬂexural
performance of bridge decks strengthened with NSM FRP in
the negative-bending moment regions were investigated
[153]. The results indicated that the NSM FRP method was
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beneﬁcial for increasing the yield strength and ultimate
strength of the reinforced concrete slab. Martin et al. [143]
reported that compressive membrane action can enhance
the bearing capacity of concrete slabs strengthened with
NSM FRP. Therefore, it is necessary to consider the eﬀects of
the panel boundary support conditions on the ﬂexural
performance of bridge decks strengthened with NSM FRP.
Regarding the theoretical model analysis of the strength of
concrete bridge decks strengthened with NSM FRP, calculation methods for the ﬂexural and shear capacity should be
established considering the compressive membrane action
[153].

4. Properties of the Reinforced Members
4.1. Flexural Performance. Bridge elements may be continuously subjected to bending action; thus, the ﬂexural
strength of the structural members must be enhanced.
Diﬀerent reinforcement methods can result in diﬀerent
degrees of enhancement of the ﬂexural performance of the
strengthened members. The common reinforced methods
are EB FRP laminates, externally prestressed FRP tendons,
and NSM FRP bars [23, 27, 148, 154–159].
Compared with unreinforced members, the loading
capacity of the concrete beams strengthened with FRP CFRP
sheets was higher, but the ductility was lower [112], and the
main failure mode was peeling failure of the concrete cover
near the FRP sheets. Choobbor et al. [155] applied CFRP/
BFRP composite sheets to nine reinforced concrete beams
and investigated the ﬂexural performance of the beams. They
found that the ultimate capacity of the reinforced members
increased by 66%–75% compared with that of the unreinforced beam. Moreover, they established a precise ﬁniteelement model for predicting the ultimate load-carrying
capacity and the deﬂections (the deviation was <12%).
Additionally, researchers have studied new FRP reinforcement materials and found that the bearing capacity of
members strengthened with the new FRP (natural FRP) was
enhanced by 41% (larger than the enhancement for
strengthening with CFRP) [160]. The strengthening eﬀect of
FRP plates on the reinforcement of concrete structures is
better than that of FRP sheets owing to the large crosssectional areas, the high stiﬀness, and the convenience of the
construction [11]. The eﬀect of the thickness of FRP plates on
the ﬂexural performance of a concrete beam strengthened
with the FRP plates was investigated [161]. Compared with
an unreinforced beam, thicker FRP plates resulted in a
higher ultimate load; the largest increment was 112.2%.
Although the tensile strength and elastic modulus of FRP
plates are lower than those of steel plates, the increase in the
ultimate lateral load-carrying capacity of the members with
EB FRP plates is approximately equal to that for members
with EB steel plates.
Together with the results of the reinforcement experiment, the researchers provided a calculation method for the
cracking moment, crack width, and deﬂection of reinforced
members with prestressed CFRP plates [11]. The crack
moment and ultimate moment increased by 121% and 103%,
respectively, for reinforced slabs strengthened with external
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prestressed FRP tendons [162]. In the external prestressing
system, the anchoring technology was the key for
strengthening the one-way concrete slab with externally
prestressed tendons. An innovative, reliable, and eﬃcient
anchoring technology ensured the prestressing level and
recovered the long-term prestressing losses. To enhance the
bonding performance between the FRP materials and the
concrete, the NSM FRP method was introduced. Compared
with other types of FRP, CFRP was considered to be the most
suitable for the NSM FRP strengthening technique owing to
its high stiﬀness and strength. The dosage of FRP materials,
the steel reinforcement ratio, and the failure modes are the
key parameters for the eﬀectiveness of the strengthening
[163, 164]. Moreover, because the ratio of the perimeter to
the cross-sectional area was higher for FRP strips than for
FRP round bars, the bond eﬃciency of the NSM FRP strips
was better than that of the NSM FRP round bars for the
strengthening of concrete members via the NSM FRP
technique [163]. Many researchers have investigated the
ﬂexural performance of the concrete structures (beams or
slabs) strengthened with NSM FRP materials (laminates,
bars, and strips) [26, 146–148, 165]. They found that the
NSM FRP technique can enhance the load-carrying capacity
of the strengthened members and maintain a corresponding
level of moment redistribution. However, the NSM CFRP
strip method enhanced the ﬂexural stiﬀness of the
strengthened concrete beam after the cracking stage instead
of at the stage of elasticity [148].
4.2. Bonding Performance. Concrete members reinforced
with FRP sheets or plates are attracting increasing attention
from engineers and researchers for construction applications
owing to their excellent advantages, e.g., their corrosion resistance and light weight. There are numerous bond-strength
models for EB FRP sheet applications [113, 114, 166–171].
Bonding is the key for the stress transfer between the FRP
materials and the concrete substrate [172]. Many design
criteria limit the strain of the FRP sheets to prevent midspan
debonding failure, and the interaction of the concrete protective layer, FRP sheets, and steel bars results in midspan
debonding failure [173]. The eﬀects of the concrete strength,
the quality of the concrete surface, the thickness of the glue
line, and the characteristics of FRP sheets (types, stiﬀness,
bond length, width, and bond layers) on the bond strength of
concrete members strengthened with FRP materials have
been investigated [174–177]. Although the FRP sheets covered
the entire tension area of the reinforced member, they did not
prevent debonding failure [112].
With the advancement of FRP applications, researchers
[178, 179] have developed techniques for preventing
debonding failure using steel bolting and bonded FRP
U-shaped channels or jackets at the end of the beam or at
intermediate locations. However, the bolting method can
damage the FRP materials during the fabrication process
[172]. One of the main weaknesses of the EB FRP laminate
method is the premature debonding of the FRP materials,
which results in the low utilization of the materials [38].
Researchers demonstrated that the method of EB

14

Advances in Materials Science and Engineering

reinforcement on grooves can successfully postpone the
debonding in applications of ﬂat slabs. Ceci et al. [180]
studied the debonding failure mechanism of a concrete
beam strengthened with FRP sheets and predicted the
debonding failure mode.
The ultimate bond strength was determined using the
model of Chen and Teng, as follows:
��
PC and T � 0.427βp β1 fc bf Le ,

βp �

����������

2 − bf /bc
1 + bf /bc

,
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⎪
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L < Le ,

e

where fc represents the compressive strength of the concrete,
bf represents the width of the FRP sheets, Le represents the
eﬀective bond length, bc represents the width of the reinforced structure, Ef represents the elastic modulus of the FRP
sheets, and tf represents the thickness of the FRP sheets.
To adopt the method of EB reinforcement on grooves, a
coeﬃcient considering the eﬀect of grooving was added to
the model of Chen and Teng, as follows:
PEBROG � βg PC and T ,
βg � f−0.33
Ef tf 
c

− 0.88

Additionally, the stress-strain relationship is linear; thus,
the ductility of concrete members reinforced with FRP is
lower than that of the members without reinforcement. To
qualitatively describe and measure the reduction of the
ductility after reinforcement, three diﬀerent ductility
coeﬃcients are used for analyzing the ductility performance of reinforced concrete bridge decks after reinforcement on the basis of the failure modes and loaddeﬂection curves. The displacement coeﬃcient is the ratio
of the ultimate deformation to the yield deformation,
which is based on the load-deﬂection relationship [181], as
indicated by

2
8.1 − 0.006hg + 0.1hg + 0.04bg ,

(2)
where hg represents the height of the grooves and bg represents the width of the grooves.
4.3. Ductility. The ductility is a necessary factor for
evaluating the ability of the members to withstand plastic
deformation before ultimate failure. The evaluation
method for the ductility involves calculating the ductility
coeﬃcient, which can be represented by diﬀerent physical
quantities, and its concept and calculation method are not
unique. The traditional ductility coeﬃcients include the
displacement ductility coeﬃcient, angular ductility coeﬃcient, curvature ductility coeﬃcient, and energy ductility coeﬃcient.
At present, the limit state design method requires us to
not only ensure the bearing capacity of the structure but
also give the structure ductility. On one hand, a structure
with good ductility can absorb a large amount of power
before failing. On the other hand, there are obvious deformation signs before the damage, which can prevent
sudden damage caused by an overload. The FRP material
plays its role after the yielding of steel bar, and its ultimate
tensile strain is smaller than that of the steel bar.

Δu
,
Δy

(3)

where λΔ is the displacement coeﬃcient, Δu represents the
deﬂection of the midspan of the beam corresponding to the
ultimate load, and Δy represents the deﬂection corresponding to the yield load. Reinforced beams strengthened
with NSM FRP bars exhibited lower ductility than the
unreinforced members. The displacement coeﬃcients of the
reinforced beams were reduced by 31.3%–66.7% [37].
The energy ductility coeﬃcient is calculated using the
amount of deformation energy absorbed, according to the
load-deﬂection curve or load-curvature curve. The energy
ductility coeﬃcient is given as follows:
λw �

Wu
,
Wy

(4)

where λw is the energy ductility coeﬃcient. Wu and Wy
represent the deformation energy values of the members
corresponding to the ultimate load and yield load, respectively, and they are determined by calculating the area
enclosed by the measured load-deﬂection or load-curvature
curve and the X-axis.
The energy ductility coeﬃcient describes the ability of
the member to absorb energy after yielding, and the
displacement ductility coeﬃcient is calculated based on
the deﬂection value of a single point. With the advancement of research, scholars have realized the limitation of the traditional ductility coeﬃcient and proposed
a comprehensive ductility coeﬃcient considering the
bearing capacity and deformation [182]. The comprehensive ductility coeﬃcient is determined as follows:
J � S J DJ �

Mu ∅ u
,
Mc ∅c

(5)

where J is the comprehensive ductility coeﬃcient,
SJ � (Mu /Mc ) is the bearing capacity factor, DJ � (∅u /∅c )
is the deformation coeﬃcient, Mu represents the ultimate
bending moment, ∅u represents the ultimate curvature, and
Mc and ∅c represent the bending moment and curvature
when the compressive strain of the concrete at the bottom
of the beam is 0.001, respectively. The comprehensive
ductility coeﬃcient, which depends on the bearing capacity factor and deformation coeﬃcient, is more comprehensive in the safety reserve of structures or
components.
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5. Conclusions
Although FRP materials cannot replace traditional steel and
concrete materials over large areas, they are expected to
become necessary complements to the traditional structural
materials. The use of FRP materials enables challenging
engineering problems to be easily solved, presents new
development opportunities in civil engineering, and yields
signiﬁcant economic beneﬁts. The objectives of this study
were to enhance researchers’ understanding of the
strengthening methods for bridge structures and to improve
the reinforcement techniques for civil engineering and
building construction.
This paper discussed the development and application of
FRP materials and the strengthening techniques for bridge
structures. Bridge structures bear traﬃc loads directly. The load
distribution is highly irregular, and the failure law is more
complex than those for other structures. For strengthening,
compared with traditional steel, FRP materials exhibit better
application prospects in the ﬁeld of reinforcement, owing to
their light weight, high strength, and corrosion resistance. EB
FRP laminates are widely used for strengthening; however,
NSM FRP bars have more signiﬁcant advantages and have been
the subject of numerous studies. Moreover, research on the
bonding problem of reinforcement technology has been
conducted for many years. The application of anchorage
measures improves the cooperative working performance
between the FRP materials and concrete, which alleviates this
problem to a certain extent.
The bridge decks and beams are usually considered as
strips to study the bending performance; however, in
practice, the bridge deck is restrained by the supporting
beam and produces compressive membrane action. It is
necessary to consider the eﬀects of boundary support
conditions on the ﬂexural reinforcement performance of the
bridge deck. A calculation formula for the bearing capacity
of the bridge deck after strengthening, considering the eﬀect
of the compressive membrane action, should be established.
Moreover, the bridge deck usually bears a local area load/tire
load; thus, it is necessary to analyze the mechanical performance and failure mechanism of the reinforced bridge
deck under the local loads.
The bridge decks and beams are important components
of bridge structures. Reasonable and eﬀective strengthening
methods have been proposed for repairing damaged bridges
and improving the bearing capacity of existing bridges,
which can extend the service life of old bridge structures for
traﬃc and transportation and yield signiﬁcant economic
beneﬁts.
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Canada, August 1996.

21

