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ARTICLE INFO ABSTRACT
Keywords: This paper presents a pioneering study that developed the first analytical model to analyse and design reinforced
RC box girder concrete (RC) box girders strengthened by prestressed CFRP plates. The proposed analytical model considered

prestressed CFRP plate
Strengthening

Shear lag effect
Analytical model

and addressed prestress loss, shear lag effect and failure modes under different design configurations at elastic,
elastoplastic and plastic stages. An experimental study was also conducted to validate the proposed analytical
model. The study was motivated by the increasing demand for the structural strengthening of aged and over-used
hollow RC box girders in transport and other infrastructure systems, as well as the lack of previous attempts to
incorporate prestressed CFRP plate strengthening for hollow RC beams. It is very common in many developing
countries, the traffic flow increased dramatically due to the economic growth. The original design under-
estimated the traffic loads. When demolition and re-building may not always be the best option, thus,
strengthening and enhanced maintenance have become promising alternatives. But the lack of existing analytical
models that can guide the engineers to analyse and design this type of structures effective, has become an urgent
need from the industry. In the experimental study, eight box girders with different types, cross-section sizes, and
prestress levels were prepared and tested. Two samples were preloaded to create damaged beams before
strengthening to simulate the aged or over-used members. The experimental results are in good agreement with
the analytical prediction. The proposed analytical framework provides a comprehensive yet practical method for
designing the prestressed CFRP strengthened RC box girders in bending and laid the foundation for further
studies on shear and torsion behaviours.

1. Introduction many other transportation applications. Some RC box girders were
constructed decades ago. Many of these decades-old RC box girder

RC box girder is one of the most common structural forms widely structures are still in use, but the traffic conditions have become much
used in many infrastructures such as bridges, highway viaducts and more demanding. Demolition and re-building may not always be the
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best option, thus, strengthening and enhanced maintenance have
become promising alternatives. The carbon fibre rod and plate
strengthening are the most popular strengthening technologies due to
their outstanding mechanical properties, corrosion resistance and the
benefit of achieving increased strength after being prestressed [1-13].
Strengthening RC structures with prestressed CFRP rods and plates has
become one of the engineers’ favourite options. However, most previous
studies have focused on RC beams with solid cross-sections. Due to
analysis and modelling complexities, no previous study has considered
hollow sections such as RC box girders. In this era where computer
modelling of structures is revolutionising the structural engineering
field, there is an industry-driven demand to develop an analytical model
to support the computer-aided analyse and design of the prestressed
CFRP rod or plate-strengthened RC box girder.

Several interesting research works related to solid cross-sections
have been conducted before. Wight et al. [14] and Bansal et al. [15]
reported their experimental studies on the performance of non-
prestressed and prestressed CFRP sheets in strengthening large-scale
prestressed concrete beams and RC girders. They found that the
anchorage of the CFRP sheets at both ends plays a crucial role in the
overall capacity of the structural members. Garden and Hollaway
[16,17] and Li et al. [18] also investigated how the prestress levels and
prestress loss influence the flexural capacity of the RC beams strength-
ened by the prestressed CFRP plates. Yang et al. [19] and Ahmed et al.
[20] evaluated the flexural performance of the CFRP strengthened
reinforced concrete members with different bonding and prestressing
methods. Xue et al. [21], Emdad and Al-Mahaidi [22] conducted both
experimental and theoretical analyses on RC beams strengthened with
prestressed CFRP plates. They proposed an analytical model for esti-
mating the prestress loss of CFRP plates, anti-cracking capacity, crack
width and deflection of the strengthened reinforced concrete beams.
Zhang [23] and Chi Han et al. [24] studied the flexural performance of
the prestressed CFRP plate strengthened T-shaped beams and suggested
that the high prestress level would lead to a higher ultimate capacity,
better crack resistance and slower crack propagation. Téaljsten [25],
Deng and Lee [26] studied the peeling and shear stress between the
glueing line using the numerical and experimental approaches. Woo
et al. [27] and Yang et al. [28] investigated the flexural behaviour of
prestressed CFRP plate strengthened RC beams and proposed the
analytical equations for calculating the flexural capacity after
strengthening. Chaallal et al. [29] studied and compared the perfor-
mance of the embedded through-section (ETS) CFRP rod and externally
bonded (EB) CFRP sheet. Peng et al. [30] designed a piece of pre-
tensioning equipment for CFRP plate and conducted an experimental
study on the flexural performance of rectangular RC beams strengthened
with externally bonded prestressed CFRP plates. The experimental re-
sults suggest that the prestressed CFRP plate could significantly improve
cracking resistance and yielding load and reduce the deformation at the
serviceability limit state.

Prestressed CFRP plate has demonstrated its great potential in
strengthening the new, aged or damaged RC structure. It has attracted
significant research attention in recent years. However, all these previ-
ous works studied mainly the structural members with solid cross-
sections such as rectangular or T-shaped RC beams. To the best of the
authors’ knowledge, i) no previous study has focused on structural
members with a hollow section that is strengthened by the prestressed
CFRP plates, such as RC box girders, which are widely used in many
bridges, highway viaducts and many other transportation applications;
Several current relevant standards: JTG/T J22-2008 [31], GB 50367-
2013 [32], CECS 146-2003 [33], ACI 440.2R-02 [34] all have no spec-
ification for the analysis and design of the RC box girders strengthened
by the prestressed CFRP plates. ii) no previous analytical model or study
that could enable engineers to adopt this technology by providing a
method for analysis and design of this type of structural members.
However, for structures with hollow sections, the demand for structural
maintenance and strengthening in case of ageing and deterioration is
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higher than the ones with solid cross-sections. Prestressed CFRP plate
strengthening does provide a competitive approach for this purpose.

In this paper, an analytical study that focuses on the design theory
and analysis principles for prestressed CFRP plate strengthened RC box
girders is presented. The types of CFRP plates include the normal CFRP
plate and the steel wired carbon fibre reinforced polymer (SWCFRP)
plate. For the sake of convenience, both types of plates will be referred to
as CFRP plate. The elastic—plastic behaviours were considered in these
analytical models, and two different failure modes of the specimens
were analysed to formulate the flexural capacity with the prestress losses
considered.

The analytical results from the proposed model were validated using
the experimental study conducted on RC box girders strengthened by
prestressed CFRP plates. A total of eight RC box girders were manu-
factured and tested, as shown in Table 1. Two of the eight samples were
preloaded to partially damaged/cracked status. The damage level was
measured using the strain of tensile reinforcement at 60% and 80% of
the yielding strain. The structural performances of these samples were
evaluated using a four-point bending test.

The analytical results agree with the experimental outcomes, proving
that the proposed analytical models are adequate for practical engi-
neering applications.

2. Experimental validation
2.1. Specimen design

Limited by the laboratory space constraints and the loafing capacity
of the test equipment, the following dimensions were used in the design
of the box girders: total length of 3.6 m, upper and lower flange width of
600 mm and 400 mm, respectively, and a total height of 380 mm, and
web thickness of 60 mm. The thickness of the upper and lower flanges
was 80 mm, and a thickness of 20 mm was used as the concrete cover for
the reinforcement. The concrete strength class of C40 (40 MPa) was used

Table 1
Designation and design parameters of specimen beams.

Serial Section Degree of damage Tension Carbon plate
number area (strain value of tensile control material
(mm?) reinforcement) stress

DBL / / / /

JGL1-3P 50 x 2 / 30% Common
carbon fibre
plate

JGL1-4P 50 x 2 / 40% Common
carbon fibre
plate

JGL2-4P 50 x 3 / 40% Common
carbon fibre
plate

JGL3-3P 50 x 3 / 30% Steel based
carbon fibre
plate

JGL3-4P 50 x 3 / 40% Steel based
carbon fibre
plate

SSL1A- 50 x 2 60% of the yield strain 30% Common

3p carbon fibre
plate

SSL1B- 50 x 2 80% of the yield strain 40% Common

4P carbon fibre
plate

Note: DBL represents the unreinforced contrast beam; JGL - CFRP strengthened
beam; SSL - CFRP strengthened beam with some degree of damage; 1 - common
CFRP board with a section area of 50 mm x 2 mm; 2 - ordinary CFRP board with
asection area of 50 mm x 3 mm; 3 - steel-based CFRP plate with a section area of
50 mm x 3 mm mixed with high-strength steel wire; 3P - the tensile stress is 30%
of that of ordinary carbon plates; 4P - the tensile stress is 40% of that of ordinary
carbon plates.
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in the design of the samples. Also, the number/diameter of the tension
and compression reinforcements are 4No. of ®6 (6 mm), 5 No. of ®10
(10 mm) HRB400 steel reinforcement, respectively. The number/
diameter of the longitudinal web reinforcement on both sides is 2 No. ®8
(8 mm) HRB400 steel reinforcement, respectively. The shear stirrup
within the pure bending section (1 m length) was ®10 (10 mm) at 200
mm centre-to-centre, while within the two shear-bending sections (1.2
m length each), the stirrup was ®10 (10 mm) at 100 mm centre-to-
centre. The details of the sample beam and the test setup are shown in
Fig. 1.

The CFRP plates were provided by Liuzhou OVM Machinery Co, Ltd
(OVM). Three types of CFRP plates were used in this study. For stan-
dard/ordinary CFRP plates, model OVM.CFP50-2 and OVM.CFP50-3
were used, while GJ.CFP50-3 model was used for SWCFRP plates.

Furthermore, Lica-131A/B carbon fibre composite impregnated ad-
hesive (fibre composite structural adhesive) was also used in this study.
The Lica-131A/B was manufactured by Nanjing Hitech Composite Ma-
terial Co., LTD. Table 1 shows the detailed specification of all the sam-
ples. Samples SSL1A-3P and SSL1B-4P were partially damaged by
preloading them until 60%, and 80% of their steel rebar yielding tensile
strength was obtained, respectively. The yield tensile strength was
measured by the tensile stresses in the tension reinforcement. In other
words, these two samples were loaded until 60%, and 80% of their re-
bars’ yielding strength was reached, respectively. The preloading was
done to create a pre-damaged (cracked) box beam before they were
strengthened by the CFRP plates. The mechanical properties of the
materials are listed in Table 2 and Table 3.

The pre-stressing and installation of CFRP plates were conducted
with the facilities in Liuzhou OVM Machinery Co., LTD, following the
procedure specified below:

(1) Mark the anchorage zone at the central line on the bottom of the
box girder.
(2) Locate the centre of the anchor bolts and drill the holes with the
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Table 2
Mechanical properties of materials used in this study.
Material Elasticity Tensile Compressive
modulus/GPa strength/MPa strength/MPa
Concrete C40 33.5 2.85 46.8
Reinforcement 8 200 465 /
10 200 468 /
D20 200 470 /
Ordinary carbon 50 x 2 >160 >2400 /
plate
50 x 3 >160 >2400 /
Steel wire carbon 50 x 3 >160 >1466 /
plate
Table 3
Basic parameters of adhesive used in this study.
Building Compressive Tensile bond Standard value of
structure strength/MPa strength with tensile shear
adhesive concrete/MPa strength/MPa
Lica-131A/B 92 4.2 27

With C50 concrete
bonding failure

(5) Two 5 mm x 3 mm resistance strain gauges are installed along the
longitudinal direction of the CFRP plate to monitor the stress of
the carbon fibre plate during the prestressing and test stages later.

(6) CFRP plates are prestressed in five stages from 0 to 20%, then
40%, 60%, 80% and 100% of the control tension stress, Geon. At
each stage, the tension force was held for 3 min. The tension

Table 4
Table of control tension loads for CFRP tension process.

Carbon plate level 0.2 0.4 0.6 0.8 1.0
proper size and depth according to the installation instruction of 50 x 2/ Ordinary carbon _ Load/ 144 288 432 56 72
the bolts. 0.3f, plate kN
(3) Install the anchor plates using chemical anchor bolts. 50 x 2/ Ordinary carbon  Load/ 19.2 384 576 768 96
(4) Check the surface to ensure no damage on the carbon plate, then 0.4f, plate kN
install the anchor at the tension and reaction ends. During 500X3f3/ olr‘imary carbon i;ad/ 21.6 432 648 864 108
- . -3fy plate
lnstallatlor'l, the contact surface of ‘the CFRP platet 'should be 50 x 3/ Steel wire Load/ 288 576 864 1152 144
cleaned with alcohol or other cleaning agents specified by the 0.4f, carbon plate kN
manufacturer before applying the adhesive.
P2 P2
5310 L 210@200C/C JL A r 210@100C/C
= P - Pa N —— . o E—E S e .4 /7oy =
S i et s ] o o 7 M A I A PO G e
g i it 1 ! | P it < 4 iy i i ] i Al Ll i o4t I o 8
pondl] | 1 o | _4 4 . 4 - It | |l S R
4 < b = a4 < gl Q
PO | o - —
| | A 4= =]~ = e i a2y ; 3
e 2 38 ~ N
!— CFRP plate 2400 A L —l 4020
100_|_ 500 | 700 1 1000 1 700 1 500 _| 100
T T T 3600 T T T
5010
& 7| &
208 &
210 B8
j 4020 o
[ oy El
100_(60] 115 ; 115 ‘6_0_‘ 100,
160 280 160

Fig. 1. Test beam loading diagram and reinforcement design.
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(prestressing) forces required for each stage are shown in Table 4,
and the schematic diagram of the tensioning device is shown in
Fig. 2a and b.

Brush the well-mixed adhesive on the surfaces of the concrete and
the CFRP plate. The adhesive layer should be evenly applied on
the concrete surface and 20-30 mm wider than the width of the
CFRP plate. The adhesive should be applied to form a thicker
layer in the middle and thinner at both edges. The adhesive layer
should be around 1.5-2.0 mm thick on average.

Engineering Structures 286 (2023) 116084

(8) After applying the adhesive on both sides, press the CFRP plate
gently onto the concrete and align it with the pre-set position. Use
the rubber roller to press the CFRP plate’s whole surface evenly.
The excessive adhesive will be squeezed out from the two sides of
the CFRP plate.

(9) The samples should be cured for 14 days in an isolated environ-
ment. Any vibration or movement could reduce the bonding
strength.

(a) Pre-stress device and setup

(b) Schematic illustration of the hydraulic prestress device and setup

Fig. 2. Details of pre-stress device and test setup.
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Fig. 2. (continued).

2.2. Test procedure

The sample was tested on MTS 50 T or 100 T hydraulic Servo System.
The loading was spread through a 1-metre-long steel beam that rested on
two rods with 15 mm thick spreading plates to ensure an even loading
distribution (Fig. 2¢). The pure bending and shear-bending zones are 1 m
and 1.2 m long, respectively.

Displacement transducers were located under the two spread loading
points, above the two supports and under the middle point of the beam.
A 70T load cell was installed and located at the central loading point. All
the strain gauges, load cells and displacement transducers were con-
nected to Yangzhou Jingmin JM-3813 Data Acquisition System (DAS).
The test procedure is specified below:

(1) All samples were preloaded to 10% of the estimated value of the
crack load and then returned to zero to check all the sensors and
DAS.

(2) The load was applied at 5kN incremental steps until the first crack
was observed. The loads were held for 10 min at each step to
allow for sample inspection.

(3) After the first crack and before the maximum crack width reached
0.5 mm, the loading was applied at 10kN each step, with a 10-
minute hold for each step.

(4) After the maximum crack width of 0.5 mm was reached, the load
was increased steadily until the rupture.

(5) The sample was slowly and steadily unloaded while observing
their behaviours during the unloading process.

3. Experimental results
3.1. Loss of prestress

Table 5 shows the average prestress loss of the prestressed CFRP
plate from the strain gauges. The prestressing stress control was
managed by a synchronised jacking system which has been proven in
practical engineering operations and provided reliable stress control
during the prestressing. The tensile strain was monitored daily after the
prestress tensioning was released. In the first 15 days, the strain of the
CFRP plate decreased significantly, but it remained constant beyond the
15 days, and the corresponding prestress loss was calculated accord-
ingly. A comparison between the analytical and the experimental
prestress loss is provided in the following section.

3.2. Estimation of prestress loss

The prestress loss was estimated based on the framework proposed in
the literature [35,36], together with the parameters obtained from the
experimental results in this study. Three key factors were considered:

(1) Prestress loss oy is caused by shrinkage of prestressing carbon
fibre plate and deformation of the tensioned end anchor. The anchoring
tool independently developed by Liuzhou OVM Machinery Co., LTD was
used as the anchoring device. Due to the gap between the anchoring tool
and the nut, shrinkage of the prestress CFRP plate and deformation of
the anchor will occur, and the prestress loss can be calculated as follows:

oy = gEf (@)
b
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Table 5

The comparison of experimental and analytical results of the total prestress loss of CFRP.

Engineering Structures 286 (2023) 116084

Specimen Tensioned Test microstrain Measured strain Measured value of total Analytical predictions of Measured value/
number microstrain (15d) /1 0° reduction prestress loss /MPa prestress loss /MPa Analytical value
/10 /10°®
JGL1-3P 5725 4340 1385 221.54 203.26 1.09
JGL1-4P 6164 4800 1364 218.21 208.01 1.05
JGL2-4P 7877 6426 1451 232.14 213.23 1.09
JGL3-3P 7418 6100 1318 210.87 199.69 1.06
JGL3-4P 7190 6005 1185 189.53 202.3 0.94
SSL1A-3P 5844 4383 1461 233.71 203.26 1.15
SSL1B-4P 6282 4851 1431 228.92 208.01 1.10

where a is the deformation value of the prestressed carbon fibre plate
inner shrinkage and tensioned end, anchor, according to Table 10.2.2 in
the Design of Concrete Structures code (GB50010-2010), a = 3 mm was
selected; I is the pasted length of the CFRP plate which is chosen as 2.55
m in this research, and E; is the modulus of elasticity of the CFRP plates.

(2) Prestress loss o}y, caused by stress relaxation of prestressed CFRP
plates, the specified formula is as follows:

(1 - Z)Uum
100 2

Op =

where:

¥ = 0.27566 0, /f, — 0.083

Here f, is the tensile strength of the CFRP plate; o, is the tension
control stress of the CFRP plate.

(3) Prestress loss o3, caused by elastic compression and orifice fric-
tion of prestressed CFRP plates, can be defined as:

E
n = Ef (3
AL @
03 = N1Ocon - T
B 1 f A
where:

E_ is the elastic modulus of concrete.

Ey is the Elastic modulus of the CFRP plate.

Ay is the cross-sectional area of the prestressed CFRP plate.

Ay is the section area of the whole specimen after conversion.

ocon is the prestress design value of the CFRP plate. In this paper, the
value is 2400 MPa.

e, is the distance between the beam section tension zone’s edge and
the transformed section’s gravity centre.

Iy is the inertia moment of the transformed section.

The effective prestress value of the CFRP plate 6y, can be calculated
from the above losses:

Ope = Ocon — 01 —0pp —0p3 ()

The experimental and analytical results of the prestress loss are in
good agreement, as summarised in Table 5.

4. Flexural capacity of the box girder
4.1. Influencing factors of flexural capacity

The failure mode of the control beam DBL (as shown in Fig. 3a) is a
typical bending failure. In this failure mode, the concrete in the
compression zone is crushed after the tensile reinforcement yield. The
CFRP strengthened samples, except one sample, JGL2-4P (Fig. 3d), and
all the other samples: fJGL1-3P and JGL1-4P (Fig. 3b and Fig. 3c, none
steel wired CFRP), JGL3-3P and JGL3-4P (Fig. 3e and Fig. 3f, steel wired
CFRP), and SSL1A-3P and SSL1B-4P (Fig. 3g and Fig. 3h, pre-cracked/

damaged beams strengthened by CFRP), all failed in pure bending.
Cracks appeared in the mid-span, and the prestressed CFRP plates broke
into strings and were pulled apart. In the test beam JGL2-4P (Fig. 3d),
the concrete failed by crushing in the compression zone.

Fig. 4 shows the load-deflection curve of each sample. The deflection
of all strengthened beams under the same load is smaller than that of the
control beam (DBL). In the early loading stages, each test beam deflec-
tion was similar. While the load was increased, the reinforcement in the
tensile zone yielded, and the deflection of beam DBL increased rapidly.
However, the deflection of the strengthened beams, supported by the
prestressed CFRP plate, increased relatively small. Fig. 5 shows the
load-strain curves of carbon plates for each specimen beam.

A comparison of members SSL1A-3P, JGL1-3P, SSL1B-4P and JGL1-
4P revealed that the deflection of beams strengthened after the damage
is less than the ones directly strengthened with the same carbon fibre
plate and other design configurations.

Table 6 summarises the amount of reinforcement, control prestress/
tension stress, crack load, yielding load, ultimate load and strain of the
carbon fibre plate before rapture for all samples. Compared with the
control beam, the cracking load, yield load, and ultimate load of the
strengthened beams significantly increased, ranging from 85.7% to
134.5%, 44.2% — 72.1% and 42.5% - 72.3%, respectively. Comparing
the test beams JGL1-3P and JGL1-4P (or JGL3-3P and JGL3-4P) with the
same amount of reinforcement, an increase in prestress level leads to an
increased crack load, yield load and ultimate load of JGL1-4P (or JGL3-
4P) by 10.9% (3.1%), 2.8% (2.3%) and 3.5% (2%), respectively.
Comparing JGL1-4P and JGL2-4P, which have the same degree of pre-
stressing, the crack load, yield load and ultimate load of JGL2-4P all
increased by 13.9%, 16.1% and 16.8%, respectively.

JGL2-4P and JGL3-4P are strengthened with SWCFRP. With the same
design configuration, the cracking load, yield load, and ultimate load
were 7.2%, 6.9%, and 6.4% lower, respectively, than that of CFRP
strengthened samples. The high-strength steel wires in the SWCFRP
plate fractured before the carbon fibres, causing the uneven stress re-
distribution within the CWCFRP plate and leading to an earlier failure.
However, considering the cost of the SWCFRP plates, it is still a cost-
efficient option in practical applications.

Comparing beam JGL1-3P, JGL1-4P and pre-cracked/damaged beam
SSL1A-3P and SSL1B-4P with a similar configuration, the yield load and
ultimate load of the normal beams are not significantly different from
those pre-cracked/damaged beams. The yield and ultimate load of the
pre-cracked and damaged beams are only 6.0%- 6.5% and 0.7% — 4.5%
smaller, respectively. The slightly larger variation in the ultimate load is
caused by the different levels of final strain when the CFRP plates fail.

The experimental results revealed that the flexural capacity of the RC
box girder was significantly increased after being strengthened by the
prestressed CFRP plate. Both the size of the CFRP cross-section and the
level of prestressing can increase the RC box girder’s flexural capacity,
but the CFRP cross-section’s size has a higher impact on the overall
flexural capacity. In a similar configuration, the normal and pre-cracked
beams have small differences in flexural capacity after being strength-
ened by the CFRP plate. It proves that this technology has good potential
in structural repair as well.
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(d) JGL2-4P

Fig. 3. Failure characteristics of the beam specimens.
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(e)JGL3-3P

i GLr3—4P

(h) SSL1B-4P

Fig. 3. (continued).

4.2. Calculation of flexural capacity

This section develops an analytical framework for estimating the
CFRP strengthen RC box girders’ flexural capacity. The proposed
analytical framework/model is based on the sequence of first component
(i.e., concrete, reinforcement and CFRP plate) failure to switch the mode
of analysis to accommodate different design parameters such as

dimensions of the cross-section, reinforcement ration, prestress level,
and prestress losses. The mode-switching is based on the strain distri-
bution within the cross-section that signalling the corresponding failure
mode. The proposed framework/model also considered the thin-walled
theory and two scenarios, with and without shear lag, and their asso-
ciated three failure modes are considered.
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Fig. 4. Load-deflection curves of specimen beams.
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Fig. 5. Load-strain curves of carbon plates for each specimen beam.

4.2.1. Flexural capacity without considering the shear lag effect

Fig. 6 shows the cross-section of the RC box beam and the strain and
stress distributions under bending but without considering the shear lag
effect. Three different failure modes are considered.

i) failure mode 1

When the steel bar yields, the concrete is not crushed, while the CFRP
plate reaches the ultimate tensile strain and breaks. Interpreting this
condition to strain status, we have, & < ecy, & > €y, & = €5, —€ = Epu,
assuming plane sections remain plane, have:

hO — X
& = h_ x. Efbu
'
;X —a,
E = €,
s h—x. “fbu
Xe
& = €
c h— X “fbu

In this case:
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Table 6
Summary of test results.

Engineering Structures 286 (2023) 116084

Number Amount of Tension Crack QAer Yielding load  a, Ultimate load  apax Carbon fibre plate  Type of failure mode
reinforcement /mm?> control stress load /kN /KN strain/10°®
/kN
DBL / / 60.0 1.00 251 1.00 318 1.00 / Concrete in compression
zone is crushed.
JGL1-3P 50 x 2 30%f, 111.4 1.86 362 1.44 453 1.42 7670 CFRP plate is pulled apart.
JGL1-4P 50 x 2 40%f, 123.5 2.06 372 1.48 469 1.47 8879 CFRP plate is pulled apart.
JGL2-4P 50 x 3 40%f,, 140.7 2.34 432 1.72 548 1.72 5689 Concrete in compression
zone is crushed.
JGL3-3P 50 x 3 30%f, 127.2 212 395 1.57 505 1.59 8333 CFRP plate is pulled apart.
JGL3-4P 50 x 3 40%f,, 131.2 219 404 1.61 515 1.62 7276 CFRP plate is pulled apart.
SSL1A- 50 x 2 30%f, / / 340 1.35 450 1.42 8893 CFRP plate is pulled apart.
3P
SSL1B- 50 x 2 40%f, / / 351 1.40 449 1.41 7199 CFRP plate is pulled apart.
4P

Note: acrv . gy Tespectively represent the ratio of cracking load, yield load and maximum bearing capacity of each beam after reinforcement to the corresponding

value of contrast beam DBL.

b
- - AS'
/ gcll af;. fIA/
o [ 7 7 T ] T & 1 gq—lu
‘ e Y Y
-8 =
Ag
| fA,
- A ' /] —
- — N As gf E' A
t B €745
W

Fig. 6. Flexural capacity calculation of box girder section without considering shear hysteresis effect.

Jfu =ty

Esu

Ju=ty

Eq — &

ﬁt _fv

Eq — &

e
Cs

—&

9

0, = s(h-Lhe) g il oy
The equation of equilibrium of the internal forces in a horizontal
direction is:

F, +E;£;A; = (Upg + e Er + eﬂ,“Ef)Af +0,A (10)

(a) When ¢, < &, by substituting Egs. (6), (7), (8) and (9) into the
equilibrium equation, Eq. (10), the expression can be simplified to the
form Ax? + Bx? + Cx. + D = 0. The approximate solution of the

equation, solved by the Newton iteration method x;,; = X jf( )

be obtained after 3-4 iterations to generate a more accurate solutlon,
wherein:

, can

booEpu(Emu + 3€0)

A=
33
! b u u y
B= E/sAs'eﬂlu - 608ﬂ7 f f ‘c’ﬂ”‘A +q
’ &9 Egy
co f /‘V , /
=2 éﬂm s(ho +h) —2hg — EA ep(a, + h)
D= fu f A 2 A
= — 5/}714 h()h + E A + h ESA:ajéffhuhq
= (o‘pe + SCeEf + é’fbuEf)Af + (ﬁ EJ‘C J:; ) s
¢y

(b) When ¢, > ¢ &; = &, the formula can be simplified to give Ax® +
Bx2 + Cx. + D = 0, then the solution of the equation is:

_ —B—/B*—4AC

o= 24
wherein:

_ boo(3ep, + €0)

a 3€pu

bo'ohgo
3epu

Ju=ty

Ey — Egy

Epuls — -E Aseﬂ,u

bGo&)hz

Sfu =Sy

Equ — 84

c—— — EAna,q

.

The ultimate flexural capacity is obtained by substituting x. the
conditions of (a) and (b) into the following equation:

EpuAshy + + hq

Efpu

—f

u— &

= (Gpe + e By + ey )Ar + (fy ﬁ

My = (0 + eccEy + ey Ay (h - *) + 0,A, (ho - %)
g:‘ __féy (e, — &) }AS (ho _ %)

an

(opg + € Ef + efbuEf)Af (h — —) {‘

ii) failure mode 2
When the steel bar yields and the CFRP plate has not reached the

10
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tensile strain limit yet, the concrete in the compression zone is crushed
and reaches its limit. Interpreting this condition to strain status, we have
£ > &y & < gy £ = £ the following equation can be obtained from the
plane section assumption:

hO — X

& = Eeu 12)
Xe
€ =", 3)
Xe
Xe
c = . cu 14
=7 xCe a4
When:
o, = ( R [ ) U At TP et 2 R as)
Esu — Sy Eu — Sy Eu — ey

The equation of equilibrium of the internal forces in a horizontal
direction is:

F+E€A =

sCst s

(pe + €ceEy + &Ef) Ap + 0,4, (16)

Substituting Eqs. (12), (13), (14) and (15) into the equilibrium
equation, Eq. (16), the expression can be simplified into the form Ax® +
Bx? + Cx, + D = 0, and the solution of the equation can be obtained:

. _—B- VB —4AC
c 2A
where:
A boo(3€q + €0)
3e
B = E;A;Scu j f‘ ScuA + (gcu - Sce)EfAf — O-pcAf - (f — —f“ _fy )AS
S uw— & Eq — &y
C=—EA¢,d — g fg EnAyho — £ EpAch

The ultimate flexural capacity is obtained by substituting x. the
following formula is:
X Xe
- 5) + o (ho=3)

e ja(n-3)

17

M, = (0pe + £ccy + £y ) Ay (h

= (0pe + ece By + emEr) Ay (h - *> { T e —

iii) failure mode 3

When the steel bar has not yet yielded, the carbon fibre plate has not
been peeled off or broken, and the concrete in the compression zone has
been crushed. Again, interpreting this condition into strain status, we
have, & < &, & < €py, & = €a, the following equation can be obtained
from the plane section assumption that:

h()—)C

& = Ecu (18)
¢ = 74, (19)
L X
& = u cu (20)
) x
When:
o, = E,e, (21)

The equation of equilibrium of the internal forces at the horizontal
direction is:

11
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AN

EeA +F. =

5T s

(Ope + €ceEy + €6 Ef) Ar + 0,4, (22)

By substituting Eqs. (18), (19), (20) and (21) into the equilibrium
equation, Eq. (22), the expression can be simplified into the form Ax® +
Bx? + Cx, + D = 0, and the solution of the equation is:

. _—B- VB -44AC
o 24
where:
b 3 cu
Ao 60(3€c + €0)

38(‘“
B= E;A;em +EeqAs + (€ — € ) EfA; — 0peAs

C= —EA¢n,d, —EéaAhy — eErArh

The ultimate flexural capacity is obtained by substituting x. into the
following formula is:
M, = (0 + ey + &rE)Ar (h =) + Ees, (ho =) 23)

In the above equation:

X.- Depth of concrete compression zone.

Xo- Depth of concrete compression zone(where the edge strain of the
concrete reached its ultimate compressive strain.

x- Depth of Equivalent Rectangular Stress Block (x = f;xo).

h- Depth of section.

ho- Depth between the action point of tensile reinforcement and the
surface of the flange plate.

o.- Stress of concrete.

e.- Strain of concrete.

00- Maximum compressive stress of concrete.

€0~ The strain value corresponds to the peak stress of concrete. The
value is 0.002.

e~ The ultimate compressive strain of concrete, the value is 0.0033.

.- Effective preloading strain of concrete.

A;- Area of tension reinforcement.

A~ Area of compression reinforcement.

o,- Stress of reinforcement.

&~ Strain value of reinforcement.

&y- Yield strain of reinforcement.

eq,- Ultimate tensile strain of rebar.

E,- Elasticity modulus of reinforcement.

£y~ Tensile strain of concrete surface (when CFRP plate reached its
ultimate tensile strain).

- Initial tensile strain of CFRP plate (when the tensile strain of

concrete is non-existent).

&- Tensile strain without considering the initial strain of the CFRP
plate.

£p-Actual tensile strain of CFRP plate.

&f- Ultimate tensile strain of CFRP plate.

ope- Effective prestress of CFRP plates after loss.

og-Stress of CFRP plate.

fy-Yield strength of rebar.

fu- Ultimate strength of rebar.

4.2.2. Flexural capacity with shear lag effect considered

When the shear lag effect is considered, the strain and stress distri-
bution under bending are shown in Fig. 7. The compression zone of the
box girder section, under the influence of the shear lag effect can be
divided into three regions. To simplify the calculation, these regions are
separated into flange component G and web component T, which con-
sists of T1 + T2 as shown in Fig. 6.

The normal strain of the flange plate due to bending can be assumed
to be the N-th order polynomial distribution along the length of the
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Fig. 7. Flexural capacity calculation of box girder section considering shear hysteresis effect.

beam [37,38], namely:

x\ N 1 1, XY
€ = Emin + (Emax — Emin) (Z) = Emax {E +(1-) b—N} (29)
where @ = €max/émin, @ constant value associated with material and
section configuration. Concentrated load is applied on the span of simply
L 1 . . L
supported beams: a = 1 + e ol wherein: I; is the inertia

moment of the box girder flange plate to the axis x; and I is the inertia

7nl?

moment of the box beam full section against the axis x; kI = EEEmE

_ s8I
= 87l

To consider the combining effect of the web and flange plates in
different stress states: i.e., elastic, elastoplastic, and plastic stages, the
following cases: Case a, Elastic range em. < & and Case b are
considered:

Case a:

n

If emax < €0, the beam is still in the elastic stage, the stress and strain
of the web and flange plates are shown in Fig. 8 and Fig. 9.
The resultant force, T, of the web, is:

Xe—If e 2
T:2/ fetw 1—(1——) dy
0 &9

2 3
eotmanXe (Xe — )" — en, (6 — 1)
3elx?

(25)

o, {
The moment, Mr, of the resultant web force to the neutral axis is:

X —If e 2
Mr = 2/ fetw |1 — (l — —) ydy
0 €9

3 4
8egEmaxXe (X — 1) — 38i1ax (e — 1)
12e3x?

(26)

=2f.t,, {

éq
By
R

}
T
.

e
L e
Ee 4, Ee.4,
gmax < 80 EO S gmax < gcu

Fig. 8. Stress strain diagram of the web.
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A)Y ' B4
& (0 o)

max max max max

Enin O in
) b2 b2 L b2
gmax < 80
Case a: Elastic stage
Ay A Y A
gmax e gmax fc‘ f f; f;: fc fc
by/2 b2 by/2 by/2 by/2 by/2
b/2 ) b2 R « b/2 . bn2 R b/2 b/2

Case b, i): Elastoplastic stage

&y = & <e&

max cu

Case b, ii) Plastic stage

Fig. 9. The stress strain diagram of the flange plate.

The net force, G, of the flange plate, is:

X, g 2
G:Z/ /f;. 1—(1—5) dxdy
xe—tr J O &

iy 2bemax (N +@)  bep, (a—1)
T Tas(N+ 1) el INF1

@7
N+2a—-1
N+1

}

The resultant moment, Mg, of the flange plate to the neutral axis is:

Xe g 2
MG:Z/ /ﬁ,[l—(l—i> ]ydxdy
xe—1 JO &
Case b:

N+2a—1
N+1

If &9 < €max < €cu, the beam may be in the elastic—plastic stage or the
plastic stage, and the stress and strain of the flange plate are shown in
Fig. 9.

(i) When €,y < €0, namely omin < fc, the beam is in the elastic—plastic
stage, where there are both elastic and plastic regions.

Assume that half of the elastic zone width is b;, then:

(28)
(@1
N+ 1

bemx(N + @) be?

max

ae(N+1) 246

= foty (2%, — Tf){

b
b, = kpm (29)
2
In the formula k; is the coefficient of the elastic region, 0<k;<1.
When x = b, that is x = kf%, &€ = €, ky can be obtained by
substituting into the formula that:
v X€0 — Emax
k= Y (30)
! ((Z - l)smax
It is important to understand the influence of a on k; and b;: for a
certain member, when the reinforcement, load and section size are fixed,
a is constant. However, a affects the determination of value ki,
sequentially affecting the determination of value b,. In the case of ¢y <

Emax <€ When e, is certain, if ky is greater than 0, it indicates the ex-
istence of an elastic zone; if k; is equal to 0, it means that there is no
elastic zone and the member is in the plastic stage while o = =,

€

The net force, T, of the web is:

X 2
T:2/ ﬁ,,zw{l—<1—ﬁ)
0 =)

Xc€0
= Zﬁ[w1f |:~x<‘ - tf - 3: :|
max

dy + 2ty (xc — 1y — xy)

(3D

X1 is the depth of the concrete compression zone where the compressive
stress of concrete does not reach its peak stress.
The resultant web moment, M7, to the neutral axis is:

x| e 2
M; = 2/ fetw |1 — (1 ——)
0 &

(=) - 252

¥y +ft (xe =t = x1) (xe — 1 +x1)

(32)
Generally,
x| = 680 Xe (33)

The net force, G, of the flange plate, is:

X, by e 2
ool [i]-(-2)
Jxe—1p Jo &o

ke a— DK 2
—of bemaks || +( )k 75%1?’29 1
2ag 2a7g;

b
dxdy +2f.t; (5~ bi)

2a— 1k (a—17k
N+1 2N+1

}

(34

N+l
Fbfa(1—k)
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The resultant moment, Mg, of the flange plate to the neutral axis is:

X, b, 2
c 't b
Mg = 2/ / fell—= (1 - i) dxdy + 2f.t (5 — br) (xc — 17)
xe—t; JO €o 2

} (35)

(ii) When &,,;,>€0, that is 6., =f, the beam is in a completely plastic
stage when ks = 0. Substitute k; = 0 into each formula above.
The net force, T, of the web, is:

X e 2
T:Z/ fety 1—(1—7)
0 &0

Xc€o
=2ty |Xe — t; — ——
fL‘M|:c 'f 35max

2bemu (N + )  be>

x|V 20 —1
ag(N +1)

N+1

(@—1)
N+

2.2
a‘g,

+bfetr (1 — k) (2x — 1)

dy + Zﬁ‘tw(xr - [f _xl)

(36)

The resultant moment, M7, of the web to the neutral axis is:

x| 2
My — 2/ fr |1 - (1 —5)
0 £

2.2
[

max

1
ydy + zfi-f»¢='(xc =t — xl)»i (Xc — 1t +x1)

37)
The net force, G, of the flange plate, is:

G =f.bty (38)

The resultant moment, Mg, of the flange plate to the neutral axis is:
Mg :f(btf(xf — tf)

Similar to the previous approach, three failure modes are considered:

i) failure mode 1

The steel has yielded, the concrete has not been crushed, and the
carbon fibre plate has reached its ultimate tensile strain and been pulled
apart.

According to the plane section assumption, there is:

(39

Xe

.= He"“ (40)

£ =2 ;l‘xcemax (41)

€ = )Lta;gmax (42)
Moreover,

Sl (e @

(a) When the strain of the concrete edge in the compression zone has
e.e

not reached the peak strain, that is e, < €o; €3> s
Fyi&r = & 05 = fu-

The net force, T, of the web, is:

r
Gs>f7y;es>£y;(75 =

3£Ogmuxxr(xc - tj)z - 82, (xr — [f)3
T = 2f.t,, Lo 44
. e 44)
The resultant moment, Mr, of the web to the neutral axis is:
SEOSmaxx[(x[ — tf)3 — 3¢? (XC — tf)4
My = 2ft, max 45
= 2f, [ 126522 (45)

The net force, G, of the flange plate, is:
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} (46)

The resultant moment, Mg, of the flange plate to the neutral axis is:

bemx(N + ) bex

agy(N+1)  2a%€

(@—1)°
N+ 1

N +2a—1
N+1

G= Zﬁ’_t‘{

bemx(N+a) bl [N+2a—1 (a—1)
Mg={—"—— > Lt (2x. — tr
¢ {aeo(N+l) 20262 | N+1 | (il 2
(47)
From the axial force equilibrium condition:
G+T+E¢EA, = EgpAr +fA, (48)

Combining Egs. (40), (41), (42), (44), (46) and (48), the height x. of
the compression zone, the strain ¢, of the reinforcement in the
compression zone, and the strain e, of the CFRP plate can be obtained.
The ultimate flexural bearing capacity can be reached by taking the
moment of neutral axis:

M, = My + Mg +f,A,(ho — x.) + ErenAr(h — x.) + Es&,AL (X, — ) (49)

(b) The strain of the concrete edge in the compression zone has

reached the peak strain, that is e,, > e > €0, £.2€.

o
7€y 6320-},; €s>8y, [

Jy & = pus 05 = fu-
The net force, T, of the web, is:

Xc€o

T =2f1, {xc -t — (50)

38max
The resultant moment, M MT, of the web to the neutral axis is:

2.2
_ Xe€o
6¢2

max

My =fit, {(xl. — 1)’ (51)

The net force, G, of the flange plate, is:

bemaxkf ((X— l)k/N hé'z kf

G=2f1 11 — P |y
/ety { ag { + N+1

a’el

2 2N +1

20a-DK (a—1)k
|}

+bf.t;(1 —ky)
(52)

The resultant moment, Mg, of the flange plate to the neutral axis is:

|

(a—1)
IN+1

bemn(N +a) be, |N+2a—1
agg(N+1)  2d%5| N+1

Mg :fc[f(zxz‘ - tf){

Fofety (1= k) (2xc — 1)
(53)

From the axial force equilibrium condition:

G+ T+EeA, = ErenAr +f,A, 54

Egs. (50), (52), (54) can be combined to obtain the height x. of the
compression zone, the strain ¢, of the reinforcement in the compression
zone and the strain g5, of the CFRP plate. The ultimate flexural capacity
can be obtained by taking the moment of the neutral axis:

M, = My + Mg +f,A,(ho — x.) + Erepds (h — x.) + Ege, Al (x. — d.) (55)

ii) failure mode 2

The steel bar has yielded, the CFRP plate has not reached the ulti-
mate tensile strain and been broken, and the concrete is crushed.

The strain of the concrete edge in the compression zone has reached
the strain limit, that is

RN,
Ec = €0 €,2€,0,20,6,26,05 = [1&r < Emu0p < fpu
According to the plane section assumption, there is:

h—x,
= Ecu
Xe

& (56)
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The net force, T, of the web, is:

Xc€o
T =2f.t,, | x. — tr — 57
f |:x ! 3“'J‘max:| ( )
The resultant moment, Mr, of the web to the neutral axis is:
2.2
2 X2E
My =ft, {(xc —4) - 6£?m] (58)
The net force, G, of the flange plate, is:
a—1)kY 2 20a—1DE  (a—1)kY
Gzzﬁ_tf bgmaxkf 1+( ) A _bgrgaxzkf 1 ( ) f ( ) f
k agy N+1 a‘e; N+1 2N+1
+bfctf(1 — kf)
(59)

The resultant moment, Mg, of the flange plate to the neutral axis is:

}

(a—1)’
2N +1

2bEma (N + @) be?

max |V 20— 1
agy(N +1)

N+1

MG :ﬁ:tf(zx(' - t/'){

a‘el
+0fetr (1 — ke) (2xc — 1)
(60)

From the axial force equilibrium condition:

G+T+fA, = oA +f,A, (61)

By combining Egs. (56), (57), (59) and (61), the height x, of the
compression zone and the strain & of the reinforcement in the
compression zone can be reached. The ultimate flexural bearing capacity

can be obtained by taking the moment of the neutral axis:
M, = My + Mg +f,As(ho = x0) + oA (h = x) +£,A,(x. — a,) (62)

iii) failure mode 3

The steel bars have not yielded, the CFRP plates have not been
stripped or broken, and the concrete in the compression zone is crushed.

The strain of the concrete edge in the compression zone has reached
the strain limit, that is

& = €€, 2€,0,20,€ < &0, = Ee6p < epu0p = Erep, = Ef (ef + 8,-)
According to the plane section assumption:

ho — x,

& Ecu (63)
h— x,.
& = e (64)
Xe

The net force, T, of the web, is:

T =2f1, [xc - ﬂ} (65)
38“13)(
The resultant moment, M7, of the web to the neutral axis is:
24,2

_ 2 XCSO

My =f1, {(xc — 1)~ 6 } (66)

The net force, G, of the flange plate, is:
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|

bemu(N +a)  bel,

agg(N+1) e

N+2a—1
N+1

(@1
N+

Mg = fetr(2x, — tf){

+hfay (1~ k) (e — )
(68)

From the axial force equilibrium condition:
G+T+f,A, = oA +1A, (69)

s

Egs. (63), (64), (65), (67) and (69) can be combined to obtain the
height x, of the compression zone, the strain ¢, of the reinforcement in
the compression zone and the strain &5, of the CFRP plate. The ultimate
flexural capacity, M,; can be obtained by taking the moment of the
neutral axis:

M, = My + Mg + E€ A, (hy — x.) + EeppAr(h — x) + A (xc —a,)  (70)

To verify the proposed analytical expression for the flexural capacity
of the two box girders, the theoretical calculation values were obtained
using the theoretical equations derived under the different failure modes
discussed previously. The theoretical values were then compared with
the experimental values, as shown in Table 6.

Table 7 shows that the difference between the experimental flexural
capacity and the theoretical one is only 3% for the concrete box beam
reinforced with prestressed CFRP plates, and the maximum difference is
only 4%. The results show that the theoretical values agree with the
experimental values.

5. Conclusion

This paper proposes an analytical model for analysing and designing
the RC concrete box girders strengthened by prestressed CFRP plates. A
complementary experimental study validated the performance of the
proposed analytical model. The analytical predictions of the ultimate loads
for RC concrete box girders with different design configurations agreed
well with the experimental results. Furthermore, it was found that the
proposed model is practical and applicable to different design configura-
tions and can handle different failure modes in practical applications.

The proposed method for estimating the partial prestress loss accu-
rately predicted the total press loss. Moreover, the estimations agreed
well with the total prestress loss measured by the strain gauges. Also, the
test results showed that most of the prestress losses occurred during the
adhesive curing stage (generally within the first 15 days after tension).

In addition to the prestress loss, the proposed analytical model also
considered the shear lag effect and failure modes under different design
configurations at elastic, elastoplastic and plastic stages. This study
executed a complete analytical work for analysing and designing complex
new or aged RC box girders strengthened by the prestressed CFRP plates.
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