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ARTICLE INFO ABSTRACT

Keywords: The paper presents a well-rounded experimental study on the flexural performance of Reinforced Concrete (RC)
Prestressed Carbon Fibre Reinforced Polymer box girders strengthened with prestressed carbon fibre reinforced polymer (CFRP) plates. The motivation behind
CFRP pla;e heni the study was twofold: the rising need for structural reinforcement of existing aged and heavily utilised hollow
]Sg;g;(r;rstrengt ening RC box girders, and the absence of prior attempts to integrate prestressed CFRP plate strengthening for those

hollow girders. Previous experimental studies are scarce and fewer studies are focused on the combined prestress
and thin-wall effects, such as prestress-related stress condensation and shear lag. However, experimental results
are important in directing further analytical studies for hollow sections with more complex behaviours than solid
sections since there is a need to predict the behaviour of the prestress-strengthened hollow RC structures for
routine design. This pivotal experimental study aims to quantify the structural interactions initiated by prestress
in hollow sections and evaluate the impact of age while promoting further analytical initiatives. In this study,
two types of CFRP plates, ordinary CFRP and steel-wire-CFRP (SW-CFRP), were used on different specimen
beams with varying prestressing levels, sizes of the CFRP plates, and pre-damaged states representing aged and
over-used members. Their performance indexes, including cracking load, yield load, ultimate load, structural
stiffness, ductility, and crack resistance, were tested and summarised in this paper. The CFRP plates of the eight
specimen beams were prestressed to different levels (non-prestressed, and 30% and 40% of the CFRP plate’s
ultimate strength). The test results suggest that the crack load increased by 86% and 134%, when the specimens
were enhanced with the combinations of 30% prestress level for the same CFRP cross-section, and 40% prestress
level with a thicker CFRP plate, respectively. The flexural capacity also increased by 42% and 72%, and flexural
stiffness increased by 3% and 63%, respectively. The experimental results proved that the proposed prestressed
CFRP plate technology effectively strengthens the new or aged RC box girders, but the ductility is sacrificed.
These first-hand test results provide an excellent target dataset for further development in the analysis and design
of prestressed CFRP plate-strengthened RC box girders.

Reinforced concrete
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1. Introduction

The application of Reinforced Concrete (RC) box beams, a common
structural form being adopted in transportation and other infrastructure
systems, can be traced back to a century ago. Many RC box girder
structures built several decades ago are still servicing the clients, but
traffic loads have become much more demanding. When demolition and
re-building may not always be the best option, the alternative approach
is always to strengthen and enhance the maintenance of these structures.
Among the numerous strengthening methods, carbon fibre rod or plate
strengthening has become one of the most popular options due to its
outstanding mechanical properties, corrosion resistance, and the benefit
of achieving increased strength after being prestressed [1-9]. Pre-
stressed carbon fibre reinforced polymer (CFRP) rods and plates have
become one of the engineer’s favourite options for strengthening RC
structures. However, most previous studies focus on RC beams with a
solid cross-section with no previous studies on the hollow sections, such
as RC box girders, due to their large member size for spanning long
distances and the complexity of test setup (detailed in Section 2).

Wu et al. [10] and Diab et al. [11] conducted experiments to
investigate the short and long-term behaviour of the anchorage zones of
externally bonded prestressed FRP sheets. The results suggested that
through pretension of FRP sheets, significant enhancement can be ach-
ieved in the flexural strength, stiffness and crack resistance of
strengthened structures. The results also suggested that the creep of
adhesive layer leads to loss of the prestress load at high shear stress
zones, which also initiates and propagates debonding along the FRP-
concrete interface if there is no special anchor. Peng et al. [12] and
Tehrani et al. [13] studied the behaviour of RC beams strengthened with
externally bonded non-prestressed and prestressed CFRP flexure and
prestressed CFRP plates via the externally bonded reinforcement on
grooves (EBROG) method. Their experimental results show that the
monotonic and fatigue performance of a reinforced concrete beam was
significantly enhanced by strengthening with prestressed CFRP plates
compared as opposed to strengthening with non-prestressed CFRP plate,
and the EBROG technique, in the absence of any end anchorage, was
well capable of transferring the prestressing stresses to the beam. Deng
et al. [14-17], Zhu et al. [18,19], and Li et al. [20-22] reported on
prestressed CFRP plates subjected to sustained loading, continuous
wetting conditions, and wetting/drying cycles. Yang et al. [23] and
Ehsan [24] studied the flexural performance of RC members strength-
ened by CFRP plates and employed different bonding and prestressing
methods. Through experimental and theoretical analysis, Xue et al. [25]
and Emdad and Al-Mahaidi [26] proposed the calculation methods for
prestress loss of CFRP plates, the ccrack resistance capacity of concrete
beams strengthened with prestressed CFRP plates. Li et al. [27] and
Chang et al. [28] conducted comparative and parametrical studies on RC
T-girders and beams strengthened by externally prestressed CFRP plates.
Results from destructive tests and refined finite element model analysis
indicated the actual ultimate flexural load capacity of the unstrength-
ened member was 1.58 times the original design load capacity. Zhe-
lyazov and Thorhallsson [29] developed a numerical model based on the
customized constitutive relationships and failure criteria defined for all
the constituencies of the adhesive joint, to simulate the FRP-concrete
interface degradation. The proposed model was validated by a bench-
mark example, a ‘angled-peeling test’. Cornetti et al [30] review and
compare several analytical models describing the single-lap shear test,
which is the most common test to determine the bonding behaviour
between a strengthening FRP plates and the concrete substrate. Several
conclusions were drawn: 1) the fracture energy is the one that has the
strongest influence on the mechanical response of the single-lap shear
test; 2) to catch the increment of the debonding load due to increasing
bond length, at least two-parameter interface models are needed. Jin
et al. [31] studied the size effect of CFRP-wrapped square concrete
columns was investigated using both experimental and numerical ap-
proaches. The tested square columns exhibit obvious size effect on
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Table 1
The mechanical properties of steel reinforcements.
Steel Yield Ultimate Modulus of Elongation
bars strength strength elasticity
8 465 MPa 616 MPa 2 x 10° MPa 26%
®10 468 MPa 618 MPa 2 x 10° MPa 34%
D20 470 MPa 610 MPa 2 x 10° MPa 28%
Table 2

Mechanical properties of concrete (MPa).

Concrete type ~ Modulus of elasticity =~ Compressive strength ~ Tensile strength

C40 3.35 x 10* 46.8 2.85

nominal compressive strength and the displacement ductility coefficient
decreases significantly as the structural size increases. Heydarinouri
etal. [32] developed a new retrofitting system to reduce the out-of-plane
deformation of the connections using prestressed CFRP rods. The pro-
posed system was found to be capable of reducing the stresses at the
angle connections by more than 40%. A few studies [33-35] focused on
using CFRP rods (prestressed or non-prestressed) to replace steel rein-
forcement or prestressing tendons for reinforced box beams. Although
CFRP rods encased in the concrete as normal reinforcements or tendons
is not classed as a strengthening method, it is a creative application of
CFRP rods in box beams.

Prestressed CFRP plate has great potential in RC structure strength-
ening and has attracted much research attention in recent years. How-
ever, most previous studies focused on structural members with solid
cross-sections, such as rectangular RC beams or RC T beams. It can be
seen that 1) no studies have focused on the prestressed CFRP plate
strengthening of structural members with a hollow section, such as RC
box girders; and 2) there are no experimental studies that can demon-
strate the effectiveness and validate the strengthening method for this
type of girder with a more complex cross-section. For hollow RC box
structures, the demand for structural maintenance and strengthening in
the case of aging and deterioration are higher than with other types of
structures. Prestressed CFRP plate strengthening does provide a
competitive approach for this purpose. Addressing these gaps will also
pave the way for developing an analytical method for analysing and
designing these structural members to guide engineers to adopt this
technology.

An experimental study was conducted to develop prestressed CFRP
strengthening methods for RC box girders. Two types of CFRP plates
were used: ordinary CFRP and steel-wire-CFRP (SW-CFRP). A total of
eight RC box girders were manufactured and tested. Full detailed are
listed in Table 1 of the companion paper [9]. Two of the eight samples
were pre-loaded to partially damaged/cracked status, gauged by the
strain of tensile reinforcement; 60% and 80% of the yield strain for
SSL1A-3P and SSL1B-4P, respectively. The level of pre-load is controlled
by the strain reading from the strain gauges attached to the tensile
reinforcement. The specimen with the tensile reinforcement “pre-
strained” to 60% yield strain would be approaching the elastic—plastic
transition. Meanwhile, the specimen would be approaching the ultimate
state in practical design when its tensile reinforcement reaches 80%
yield strain. The structural performances of these samples were evalu-
ated using the four-point bending test. The specimen beams’ perfor-
mance indexes were tested and summarised in this paper, including
cracking load, yield load, ultimate load, structural stiffness, ductility,
and crack resistance (Table 2 and Table 3).
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Table 3
CFRP specifications and material properties.
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Type Specification(mm x mm) Tensile strength Ultimate breaking force Modulus of elasticity Elongation %
OVM.CFP50-2 50 x 2 >2400 MPa >240kN >160GPa >1.6
OVM.CFP50-3 50 x 3 >2400 MPa >360kN >160GPa >1.6
GJ.CFP50-3 50 x 3 >1466 MPa >270kN >160GPa >4.0

Prestress level: 30% Prestress level: 40% CFRP plate
(4 specimens) (3 specimens) prestressing
L\,—{/’I
Non-prestressed Normal CFRP plate

L Steel-wire-CFRP plate

(5 specimens) Type of CFRP plate

—

d D q

Pre-damaged
conditions

4 4
(2 specimens)

(Specimen DBL) (2 specimens)
No pre-damage No pr
(2 specimens) (3 specimens)
I Four-point bending test to failure

Comparison of failure modes, crack resistance, ultimate loads, flexural stiffness, and ductility ‘

Fig. 1. Flowchart of the proposed experimental study.

[ T W

Fig. 2. Strain gauges attached on the bottom tensile reinforcements.

2. Experiment design and test procedure
2.1. Test design and sample preparation

A total of eight specimens of RC box girder were designed and
fabricated for the experiment. The flowchart of the proposed experi-
mental study is shown in Fig. 1. The specification of the specimen beams
is shown in Fig. 1 of the companion paper [9]. In this study, four-point
bending test method is employed to investigate the flexural behaviours
of the box girders strengthened by CFRP plates. The beams tested in the
four-point bending test possess a pure bending segment in which the
flexural capacity, deflection, and crack propagation were investigated
and measured. Although some of the design details below have been
presented in the companion paper [9], for sake of completeness of this
paper, a complete design specification are detailed below. The total
length of each specimen is 3600 mm, and the loading span is 3400 mm.
The concrete grade is C40, and the tensile and compression re-
inforcements are 4920 and 5®10 HRB400 steel rebar, respectively. The
longitudinal reinforcement of web components on both sides of the
girders is 208 HRB400 steel reinforcement. Shear stirrups of ®10@200
c¢/c are provided within the middle portion (1 m long between two
loading points) to prevent the members from suffering shear failure
during the four-point bending tests. The remaining portions (each 1.2 m
long between a loading point and the nearest support) are provided with

stirrups of ®10@100 c/c. The steel grade of the stirrups is also HRB400.
The reinforcement details and test setup are specified in Fig. 1 of the
companion paper [9]. Strain gauges were attached to the bottom tensile
reinforcements at mid-span and loading-point locations (Fig. 2) before
being assembled to form the completed reinforcement cages (Fig. 3).
The reinforcement cages were then placed into the formwork for con-
crete casting (Fig. 4). The size and dimensions were chosen with
consideration for the maximum capacity of both testing and
manufacturing facilities.

The CFRP plates and tailor-made clamps were provided by Liuzhou
OVM Machinery Co, Ltd (OVM). Three types of CFRP plates were used,
namely models OVM.CFP50-2, OVM.CFP50-3 and GJ.CFP50-3, the most
commonly used products manufactured by Liuzhou OVM Machinery
CO. Ltd. The adhesive used in this study was Lica-131A/B carbon fibre
composite impregnated adhesive (fibre composite structural adhesive)
and was manufactured by Nanjing Hitech Composite Material Co., LTD.
The cross-section areas, tensile control stress, and the materials that
CFRP plates are made of were among the key considerations of the
design in this experimental study. The parameters of the test design for
this study are shown in Table 1 of companion paper [9], and the sche-
matic diagram of the CFRP plate prestressing device is shown in Fig. 5.
The material properties of the steel rebar, concrete, and CFRP are shown
in Table 1 to Table 4. Fig. 6 shows the CFRP plate before loading and
after failure in a loading test. The CFRP plates all exhibited a unique
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Fig. 3. Completed reinforcement cages with strain gauges attached.

Fig. 4. Formwork for box girder concrete casting.

gradual filamentary failure presented with an explosive effect, as shown
in Fig. 6. A similar phenomenon was observed at the final stage of the
rupture tests for the CFRP-strengthened beams.

Three types of specimens were designed and fabricated to simulate
the three common practical scenarios determined from existing engi-
neering applications:

(1) Non-strengthened control beams (series DBL) to simulate the
normal RC box girder beams.

(2) Box beams strengthened with different types of CFRP plates and
under varying levels of prestress (series JGLx-xx) to simulate and
validate the proposed prestressed CFRP plate strengthening
methods on RC box girder beams.

(3) Pre-loaded (partially damaged) box beams strengthened with
CFRP plate with different levels of prestress (series SSLxx-xx) to
simulate the application of the proposed prestressed CFRP plate

strengthening methods on the aged, over-used RC box girder
beams.

The DBL (control) beam was utilised as a benchmark for evaluating
the effectiveness of the other beams’ strengthening methods. The JGL
beams are RC box girders with prestressed normal and SW-CFRP plates.
SSL beams were included in the test group to investigate the impact of
utilising prestressed normal CFRP plates on partially damaged (cracked)
beams. The CFRP plates were prestressed and installed following the
step-by-step procedures specified by the manufacturer. The bending test
followed the standard four-point flexural test with two evenly spaced
point loads applied from the reaction ends.

The prestressing and installation of CFRP plates were carried out
with the facilities in Liuzhou OVM Machinery Co., LTD. The detailed
procedure was presented in Section 2.1 of the companion paper [9].

2.2. Test procedure and loading scheme

Specimens with less than 50-ton ultimate load capacity were tested
on an MTS 50T hydraulic Servo System. The specimens were loaded
through a spreader beam which evenly distributed two point-loads 1 m
apart onto the middle section of the specimen beams. After being
strengthened by a CFRP plate, some specimens would have an ultimate
load capacity near or exceeding the 50-ton and thus be tested on an MTS
100T hydraulic Servo System instead. The tests using MTS hydraulic
Servo Systems are shown in Fig. 7.

The test followed a hierarchical loading scheme. The detailed
loading procedure was presented in Section 2.2 of the companion paper
[9].

3. Test results and analysis

The test results and failure characteristics are shown in Table 5. P, is
the load value when the first crack was observed, P, is the load value
when the longitudinal tensile reinforcement yielded, and Pp,.x repre-
sents the ultimate load. a., @y, and am,, respectively represent the ratio
of the above cracking, yielding and ultimate load of the strengthened
beam to the corresponding value of the control beam (DBL). A, and A,
are the mid-span deflection of the corresponding reinforcement under
yield and ultimate load, respectively. Py, 400, P1/300, P1/200 are the loads
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(2) Prestress device and setup
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(b) Details and exploded view of the prestress device and setup

Fig. 5. Schematic diagram of the prestressed CFRP plate device.

(1) The failure mode of control beam DBL is typical flexural/bending

Table 4

Structural adhesive product specification.
Structural Compressive Tensile bonding Steel to steel shear
adhesive strength (MPa) strength (MPa) strength (MPa)
Lica-131A/B 92 4.2 27

failure, i.e., the concrete in the compression zone is crushed after
the tensile reinforcements yield. The beam began to yield when
the tensile reinforcement strain reached 2365 pe, and then the
deformation continued to increase. When the beam was loaded to
318 kN, the compressive concrete was crushed, and the specimen
failed.

(2) The flexural capacity of beams JGL1-3P and JGL1-4P are signif-

when the mid-span deflection reached L /400, L /300, and L /200, where
L is the span of the specimen beam. ay,400, a1/300, @1/200 are the ratios of
these loads to the corresponding value of the control beam (DBL). Mid-
span deflection at L /400, L /300, and L /200 are also the empirical
figures of flexural deformation at elastic, elastic-plastic, and maximum
allowable deflection at the serviceability limit state.

icantly improved compared with that of non-strengthened beams,
and the crack spacing and width were also less than that of the
control beam. When the strain of the tensile reinforcement
reached 2350 pe, it began to yield. Meanwhile, cracks appeared in
the concrete, and a continuous sound was emitted from the CFRP
plate. The CFRP plate was broken when the ultimate load was
reached.

3.1. Load-deflection curves and failure characteristics (3) The flexural capacity of beam JGL2-4P noticeably improved

The failure modes of each beam were shown in Fig. 3 of the com-
panion paper [9] with the following observations summarised in this

paper:

compared with the beams JGL1-3P and JGL1-4P, as well as its
resistance to cracking. When the strain of the tensile reinforce-
ment reached 2358 g, the concrete began to yield and sizzle. The
specimen failed when loaded to 548 kN, with the concrete in the
compression zone peeled and crushed.
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(a) Before loading
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(b) After failure

Fig. 6. Uniaxial loading tests for CFRP plates.

.ﬁi’.ﬂi! e RN
§ gsgus

Fig. 7. Four-point bending test setup.

(4) The beams JGL3-3P and JGL3-4P are strengthened by a CFRP

plate blended with high-strength steel wire (SW-CFRP plate). The
CFRP plates were prestressed before being attached to the box
beams. Their flexural capacity was slightly lower than beam
JGL2-4P, and the crack resistance was similarly low. When the
strain reached 2353 e, the tensile reinforcement began to yield,
and the concrete cracked. The CFRP plate emitted a sizzling
sound as the load continuously increased until the high-strength
steel wire in the SW-CFRP plate snapped, resulting in continuous
miniature shock vibrations. The CFRP plate fractured in fila-
mentary failure when the ultimate load was reached.

(5) The beams SSL1A-3P and SSL1B-4P were loaded until the strain

of the tensile reinforcement reached 60% and 80% of its yield
strain, respectively, to create a pre-damage status and then they
were unloaded completely before being strengthened with pre-
stressed CFRP plates. Compared with the non-strengthened con-
trol beam, the crack propagation rates in SSL1A-3P and SSL1B-4P
were reduced. Under the same load, crack spacing and width
were significantly reduced. When the ultimate load was reached,

the CFRP plates, again, fractured in filamentary failure. This
result proves that the prestressed CFRP plate strengthening
method is effective for aged and over-used box girder beams. It
can improve the ultimate flexural capacity, enhance the crack
resistance and, ultimately, extend the duration of service.

The load-deflection curves of the midspan section of the eight test
beams were presented in Fig. 4 of the companion paper [9] as a refence
for analytical study. The observations of the experimental result are
summarised below.

The load-deflection curve of the beams can be divided into three
stages: elastic, elastic—plastic, and failure.

(1) The elastic stage ranges from the beginning of loading to the stage
when the first crack in the concrete is observed. In this stage, the
concrete has not cracked yet. Therefore, the steel bars, concrete,
and CFRP plate act jointly to withstand the tensile stress in the
tensile zone, and all materials are assumed to be in the elastic
stage.

(2) The elastic—plastic stage starts from the first crack in the concrete
to the yielding of the reinforcement in the tensile zone. During
this stage, the cracks redistribute the aggregated tensile force in
the tension zone from the concrete to the steel bar and CFRP
plate. The strain increases faster than in the first stage until the
steel bars in the tension zone yield. The overall flexural stiffness
of the test beam starts to decrease. However, the recorded
load-strain curve for tensile reinforcement and CFRP plate, as
shown in Fig. 10 and discussed later, shows no sign of weakening.

(3) The failure stage starts right after the tensile reinforcement yield
and lasts until the final failure of the member. After the tensile
reinforcements yield, the overall flexural stiffness of the test
beam continues to decrease. In this stage, the slope of the
load-strain curve of the CFRP plates and tensile reinforcement
suggests an apparent weakening compared to the second stage.
The CFRP plate essentially sustains the longitudinal tensile force.
As the load continues to increase, the strain of the CFRP plate
continues to increase until it reaches the ultimate capacity.
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Table 5
Measurements and test results.
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Specimen No. DPer(kN) Aer py(kN) ay Pmax (kKN) Omax Failure mode

DBL 60.02 1.00 251 1.00 318 1.00 Tensile steel yielded; compression zone concrete crushed
JGL1-3P 111.35 1.86 362 1.44 453 1.42 Tensile steel yielded; CFRP plate broke

JGL1-4P 123.45 2.06 372 1.48 469 1.47 Tensile steel yielded; CFRP plate broke

JGL2-4P 140.65 2.34 432 1.72 548 1.72 Tensile steel yielded; compression zone concrete crushed
JGL3-3P 127.22 2.12 395 1.57 505 1.59 Tensile steel yielded; CFRP plate broke

JGL3-4P 131.22 2.19 404 1.61 515 1.62 Tensile steel yielded; CFRP plate broke

SSL1A-3P / / 340 1.35 450 1.42 Tensile steel yielded; CFRP plate broke

SSL1B-4P / / 351 1.40 449 1.41 Tensile steel yielded; CFRP plate broke

Specimen No. Pr/200(kN) a1/200 Pr/300(kN) aL/300 Pr/a00(kN) aL/400 Ay(mm) Ay(mm) Ay/Ay

DBL 240 1.00 162.6 1.00 124.5 1.00 17.92 mm 111.00 6.19

JGL1-3P 251.4 1.05 167 1.03 128.5 1.03 24.78 mm 60.56 2.44

JGL1-4P 255.9 1.07 177.9 1.09 131 1.05 23.47 45.00 1.92

JGL2-4P 373.3 1.56 259.2 1.59 203.3 1.63 21.32 41.65 1.95

JGL3-3P 287.5 1.20 201.7 1.24 158 1.27 28.10 57.98 2.06

JGL3-4P 295.5 1.23 208.6 1.28 166 1.33 27.56 55.01 2.00

SSL1A-3P 264.8 1.10 182.9 1.12 128.7 1.03 23.53 58.56 2.49

SSL1B-4P 307.2 1.28 209.3 1.29 152.9 1.23 20.43 42.23 2.07

3.2. Loading stages and measurements

3.2.1. Cracking load

In a previous study, Shang et al. [36] suggested that the non-
prestressed CFRP strengthening method does not increase the cracking
load. However, with the prestressed CFRP plate, the cracking load was
increased significantly in this study. Compared to the cracking load of
the DBL control beam, the cracking loads of JGL1-3P, JGL1-4P, and
JGL2-4P (strengthened by ordinary prestressed CFRP plates) are 111.35
kN, 123.45 kN, and 140.65 kN respectively, i.e., 86%, 105% and 134%
higher than DBL (60.02kN). The cracking loads of JGL3-3P and JGL3-4P
(strengthened by prestressed SW-CFRP) are 127.22 kN and 131.22 kN,
respectively, 112% and 119% higher than the control beam. It is evi-
denced that the prestressing effect has applied an extra restraint on the
tension zone of the concrete through the CFRP plates (ordinary or steel
wire enhanced), which resulted in a significant increase in cracking
load. This prestress-induced bottom tension in the CFRP plate also
created a “pre-camber” equivalent scenario by bowing the specimen
beam upwards and applying the pre-compression stresses in the concrete
tension zone to counteract the cracking load applied. This observation
has proven the advantage of using the prestressed CFRP strengthening
methods. It can reduce the cracks and crack propagation in the box
girder beams and thus increase or extend the duration of service.

3.2.2. Yield load and maximum flexural capacity

The yield load and the ultimate flexural capacity of each test beam
are given in Table 5. The yield load of the control beam is 251 kN, while
JGL1-3P, JGL1-4P, and JGL2-4P are 362 kN, 372 kN, and 432 kN,
increased by 44%, 48%, and 72%, respectively, compared to DBL. The
yield loads of JGL3-3P and JGL3-4P are 395 kN and 404 kN, respec-
tively, 57% and 61% higher than DBL. Under the same level of prestress,
the yield load of the test beam increases with higher amounts of rein-
forcement. With the same level of reinforcement, the yield load of the
test beam increases slightly with a greater level of prestressing, i.e., the
“prestress effect” on member yield load is lower than that caused by the
amount of reinforcement. The ultimate flexural capacity of DBL is 318
kN, while the maximum flexural capacities of JGL1-3P, JGL1-4P, and
JGL2-4P are 453 kN, 469 kN, and 548 kN, respectively; an increase of
42%, 47% and 72% against the DBL benchmark. The ultimate flexural
capacities of JGL3-3P and JGL3-4P are 505 kN and 515 kN, respectively,
i.e., 59% and 62% higher than the control beam. In conclusion, while
both methods can enhance the ultimate flexural capacity of the spec-
imen beam, increasing the reinforcement area proves to be more effec-
tive than increasing the prestressing level.

Comparing JGL2-4P and JGL3-4P, the test beams’ yield load and

ultimate flexural capacity strengthened with ordinary CFRP plates is
higher than when strengthened with steel-based SW-CFRP plates. The
main reason is that the high-strength steel wires weaved in the CFRP
board snapped earlier than the carbon fibre, resulting in non-uniform
stress distribution and early fracture.

The yield loads of SSL1A-3P and SSL1B-4P were 340 kN and 351 kN,
respectively, increasing 26% and 29% compared with DBL. However,
when comparing members SSL1A-3P, JGL1-3P, SSL1B-4P, and JGL1-4P,
the strain of the reinforcement in the tensile zone increases with the
degree of pre-damage before strengthening, thus leading to an early
yielding of the tensile reinforcement and a reduced yield load. The ul-
timate flexural capacities of SSL1A-3P and SSL1B-4P are 450 kN and 449
kN, respectively, 42% higher than that of DBL. The higher the pre-
damage level applied (specimen SSL1B-4P in this case), the earlier the
CFRP plate failed. The ultimate flexural capacity is also smaller than
specimen beams without pre-damage (JGL1-3P and JGL1-4P).

3.3. Section stiffness

As shown in Table 5, the Py 490 of DBL is 124.5 KN, while JGL1-3P,
JGL1-4P, and JGL2-4P are 128.5 kN, 131 kN, and 203.3 kN, respec-
tively, which are 3.2%, 5.2%, 63.3% higher than DBL. The Py /399 of DBL
is 162.6 kN, while JGL1-3P, JGL1-4P, and JGL2-4P are 167 kN, 177.9
kN, and 259.2 kN, respectively, i.e., 2.7%, 9.4%, 59.4% higher than
DBL. The initial stiffness of JGL1-3P and JGL1-4P is slightly higher than
DBL, while the initial stiffness of JGL2-4P is significantly higher. This
result is due to the larger CFRP plate cross-section and higher prestress
level. The Pp 400 of JGL3-3P and JGL3-4P are 158 kN and 166 kN,
respectively, which are 26.9% and 33.3% higher than DBL, and the P,
300 of JGL3-3P and JGL3-4P are 201.7 kN and 208.6 kN, respectively,
which are 24% and 28.3% higher than DBL. Thus it is clear that their
initial stiffness was significantly increased. A similar situation is
observed for Py /200, as shown in Table 5.

Therefore, the test results suggest that increasing the CFRP plate’s
cross-section improves the specimen beam’s stiffness. Increasing the
level of prestressing had a similar effect but was less obvious. The main
reasons why increasing the CFRP cross-section area or prestressing the
CFRP plate can improve the stiffness are as follows:

(1) The prestressing effect formed a local arch with the CFRP plate
and adjacent concrete. The arch effect reduced the crack propa-
gation and increased the section’s moment of inertia, thus
increasing the overall equivalent flexural stiffness and decreased
deflection.
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Fig. 8. Loads vs crack widths plot for beams with different configurations.

(2) The additional CFRP plate attached is equivalent to increasing the
reinforcement area in the tensile zone, which improves the stiff-
ness of the beam. It is noted that the ordinary CFRP plate
enhanced flexural stiffness more than the SW-CFRP plate did
because the elastic modulus of the steel wires is smaller than the
carbon fibre. Hence, the SW-CFRP plate provided less equivalent
reinforcement area than a CFRP plate of the same size.

3.4. Failure modes

Fig. 8 summarises the load-crack curves of each test beam (the crack
width was measured on the main crack width). The crack propagation
can generally be divided into three stages: (1) The first stage is from the
first crack to forming a stable crack pattern with almost no further new
cracks appearing. At this stage, the rate of increase of the main crack
width is relatively steady and gentle. (2) The second stage is mainly
dominated by the further development of the existing cracks. The crack
propagation rate is faster than the first stage but not significantly. (3) At
the final stage, the crack width increases rapidly until the final rupture
failure of the specimen beam. More detailed observation is summarised
below.

When the load applied was increased to 100 kN, the average crack
width of DBL was 0.21 mm, while no crack was observed for JGL1-3P,
JGL1-4P, JGL2-4P, JGL3-3P, and JGL3-4P at this level of loading.
When the load increased to 200 kN, the crack widths of DBL, JGL1-3P,
JGL1-4P, JGL2-4P, JGL3-3P, and JGL3-4P were 0.33 mm, 0.13 mm,
0.09 mm, 0.09 mm, 0.18 mm, and 0.13 mm, respectively. When the load
reached 300 kN, DBL had already failed, and the crack widths of JGL1-
3P, JGL1-4P, JGL2-4P, JGL3-3P, and JGL3-4P were 0.25 mm, 0.17 mm,
0.13 mm, 0.33 mm, and 0.25 mm, respectively. Prestressed CFRP
strengthening methods can effectively improve the crack resistance of
the RC box girder beam. Moreover, increasing the prestressing level will
result in higher crack resistance after strengthening, and the ordinary
CFRP performs better in crack prevention than the SW-CFRP.

The crack patterns were recorded and are illustrated in Fig. 9, and
the distributions of the cracks reveal that:

(1) Comparing JGL1-3P, JGL1-4P, JGL3-3P, and JGL3-4P with
different levels of prestressing, the main crack widths decrease
significantly with increasing levels of prestressing. The crack

propagation rate also becomes slower and steadier with a higher
prestressing level.

(2) While comparing JGL1-4P and JGL2-4P, JGL2-4P (with a thicker
CFRP plate attached) achieved a better crack resistance evi-
denced by a slower crack propagation and less dense crack
pattern.

(3) Comparing the crack patterns of JGL2-4P and JGL3-4P again
proves the CFRP plate performs better than the SW-CFRP plate in
enhancing the crack resistance of the box girder beams.

(4) By comparing SSL1A-3P, SSL1B-4P, and DBL, their crack patterns
proved the outstanding performance of the prestressed CFRP
plate strengthening methods, even for RC box girder beams with
pre-damaged conditions.

This experimental result also confirmed the potential of this method
for structural strengthening and retrofitting for aged and over-used RC
box girder structures.

3.5. Load-strain curves

The load-strain curves of the main tensile reinforcement, the con-
crete surface at the top middle of the specimen beam, and the CFRP
plates of each test beam are shown in Fig. 10. A noticeable difference
among all the curves is that the strain of the concrete compression zone,
represented by the measurement at the top-middle surface of the DBL
beam, increases the most rapidly, followed by JGL3-3P and JGL3-4P
(strengthened with SW-CFRP plate); JGL1-3P, JGL1-4P, and JGL2-4P
(strengthened by ordinary CFRP plate) are among the slowest. The
prestressed CFRP plates can reduce the strain increase rate through the
coupled composite and prestressing effect between the CFRP plate and
concrete box girder. Compared to the SW-CFRP plates, the ordinary
CFRP plates are more effective in slowing down the crack propagation
and preventing the cracks from pushing up to reduce the concrete’s
compression zone, resulting in low compressive stress.

Fig. 10 also reveals that for beams JGL1-3P, JGL1-4P, JGL2-4P,
JGL3-3P, and JGL3-4P, the strains of the CFRP plates were very small
and made almost no contribution towards the flexural capacity before
the cracking load. When the tensile reinforcement reached its yielding
point, the resultant tensile force in the tensile zone was mainly borne by
the steel reinforcement and the CFRP plate. The strains of the CFRP
plates for the beams listed above were around 3293pe, 3231pe, 2869y,
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Fig. 9. Crack distribution of the test beams.

2527pe, and 3321pe, respectively, consuming only 21.9%, 21.5%,
19.1%, 27.6%, and 36.2% of the ultimate strain. After the tensile rein-
forcement yielded, the CFRP plate played an even more important role
by taking on a greater share of the force in the tensile zone. When the
tensile reinforcement reached the ultimate state, the tensile strains of
the CFRP plates were 7670ue, 8879ue, 5689ue, 8333pe, and 7276y,
respectively, and utilised around 81.1%, 99.2%, 77.9%, 98.4%, and
97.2% of the CFRP plates’ ultimate strains, respectively, after adding on
the prestressed strain. The final failure mode of JGL2-4P is concrete
crushing in the compression zone, while the final failure modes of JGL1-
3P, JGL1-4P, JGL3-3P, and JGL3-4P are all tensile failure of CFRP plates.

SSL1A-3P and SSL1B-4P were loaded until the strain of the tensile
reinforcement reached 60% and 80% of the yield strain, respectively,
and then were fully unloaded before being strengthened with

prestressed CFRP plates. As shown in Fig. 10 (g) and (h), the tensile
reinforcement yielded at 340 kN and 351 kN load, respectively, while
the strain of the CFRP plates was 3215pe and 3190ye, utilising 21.4%
and 21.3% of the ultimate strain. Comparing pre-damaged specimens (i.
e., SSL1A-3P and SSL1B-4P) with the corresponding non-damaged
specimens (i.e., JGL1-3P and JGL1-4P), there is only a very small dif-
ference in strain at this stage but a significant drop in yield loads. This
result indicates that the pre-formed damage affects the stress level of the
tensile reinforcement in the tensile zone but will not affect the stress
level in the CFRP plates. Comparing the yield levels of non-damaged
specimens with their corresponding pre-damaged ones, the tensile
reinforcement of the pre-damaged beams yielded earlier. At the ultimate
limit state, the compressive strain of concrete reaches —1862ue and
—2175pe and the tensile strain of the CFRP plate reaches 8893pe and
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Fig. 10. Load-strain relationship measurements of steel bar, concrete and CFRP plate of specimen beams.

7199pe, with 89.3% and 88% of ultimate strain utilised after adding on
the prestressed strain.

3.6. Ductility

The stress—strain relationship of CFRP materials is a typical full-
range linear elastic relationship with a brittle failure at the end, and it
has no plastic deformation. Therefore, attaching a CFRP plate would
adversely affect the ductility of the strengthened concrete box girder
beams. The ductility index is often used to describe the ductility of
structures, which is the ratio of the ultimate deflection and the yield
deflection of the component or structure. The higher the ductility index,
the better the structure’s ductility. The yield deflection, A,, is defined as
the corresponding deflection of tensile steel yield in the box girder,
while the limit deflection, A,, is defined as the deflection corresponding
to the ultimate load of the final failure. In this study, the limit deflection

10

is marked by either concrete crushing in the compression zone or the
prestressed CFRP plate snapping. As shown in Table 5, the ductility
index of the control beam, DBL, is 6.19. The ductility indexes of JGL1-
3P, JGL1-4P, and JGL2-4P are 2.44, 1.92, and 1.95, respectively,
while the ductility indexes of JGL3-3P and JGL3-4P are 2.06 and 2.00,
respectively. The following conclusions can be drawn from the test
results:

(1) Compared with the non-strengthened control beam, the ductility
of prestressed CFRP-reinforced beams is greatly reduced.

(2) With the same prestressing level, the ductility decreases as the
total cross-sectional area of the CFRP plates increases. While with
the same size of CFRP plates, the ductility decreases as the level of
prestressing increases.
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Fig. 10. (continued).

(3) Comparing the results of beams JGL2-4P and JGL3-4P, the SW-
CFRP plate offered better ductility to the strengthened box
girders than the ordinary CFRP plate.

4. Conclusions

This experimental study demonstrated the advantages and short-
comings of using the prestressed CFRP plate technology to strengthen
new or aged RC box girders. The following conclusions were drawn
within the limited scope of this study.

The prestressed CFRP plate strengthening methods can effectively
enhance the flexural capacity, crack resistance, and structural stiffness
of new or aged (simulated by the pre-damaged specimen beams) RC box
girder beams, with the cost of sacrificing the ductility of the girder. The
ultimate flexural capacity was significantly increased when strength-
ening the pre-damaged specimen beams but less so than the strength-
ened normal specimen beams.

11

The CFRP plate’s cross-sectional area and the prestressing level are
the key elements influencing several key performance indexes, such as
cracking load, yield load, ultimate load, structural stiffness, and crack
resistance. Increasing the cross-sectional area of the CFRP plate and the
prestressing level can improve the above performance, but increasing
the prestressing level is more cost-effective.

The performance of the SW-CFRP plate is slightly lower than the
ordinary CFRP plate: around 10% smaller in yield load and ultimate
load. However, the SW-CFRP plate costs much less than the ordinary
CFRP plate. Thus, it is a good alternative material for box girder
strengthening.

The test results reveal that around 80%-100% of the CFRP capacity
and a maximum of 90% of the SW-CFRP capacity were utilised in the
rupture tests. Considering that the CFRP and SW-CFRP plates both failed
or were close to failure at the point of rupture, the optimum composite
combination selected, i.e., 30% to 40% of the CFRP and SW-CFRP plates’
ultimate strength, for the prestress level in this study are adequate.
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Fig. 10. (continued).

The test results indicate that the prestressed specimens, JGL1-3P and
JGL2-4P, which have 30% and 40% equivalent CFRP plate ultimate
strength prestress levels, and 50x2 mm and 50x3 mm CFRP cross-
section, respectively, show an 86% and 134% increase in crack load
when compared to the non-prestressed specimen (DBL). The flexural
capacity also increased by 42% and 72%, and flexural stiffness increased
by 3% and 63%, respectively.
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