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ABSTRACT
Steel plates have become among the most popular means for strengthening or repairing of concrete structures,
especially in strengthening flexural members. Considerable research has been conducted to investigate the static
behavior of reinforced concrete (RC) beams strengthened with externally bonded steel plates. However,
comparative studies on the bonding efficiency of this strengthening technique are still limited. In this paper, 8
specimens with five specimens strengthened with externally bonded steel plates were prepared and
corresponding quasi-static tests were carried out to investigate their flexural behavior. Failure mode, cracking
resistance and yielding and ultimate resistances of RC T-section beams strengthened by steel plates were
reported. The influences of U-wrap spacing, flexural reinforcing ratio and strength of concrete on flexural
behavior of the strengthened beams were analyzed and discussed. U-wraps made of steel plates and cohesive
materials can work synergistically, which can effectively prevent debonding failure of steel plates. All test
specimens failed in flexural bending. The influences on the structural behavior of RC T-section beams were
compared and analyzed. Analytical models were also developed to predict cracking resistance, yielding and
ultimate resistances of RC T-section beams strengthened by steel plates that failed in flexural bending. The
accuracy of the developed analytical models was validated through comparing the predictions by these models
with those reported by test data for the 8 specimens.
KEYWORDS: Reinforced concrete beams, T-section beams, Strengthening techniques, Steel plates,
Flexural behavior.

result in fatigue failures. Many bridges are significantly
deficient in their load-carrying capacities. Thus,
extending the service life of bridges through
strengthening attracts the interest of both owners and
researchers. It is necessary to strengthen bridges using
appropriate materials and techniques (Hui Peng et al.,
2016). Upgrading and strengthening of existing
structures are among the major challenges that modern
civil engineering is currently facing (Esfahani et al.,
2007).
T-section beams with the advantages of easy
construction and saving costs have been extensively

INTRODUCTION
As important components of ground transportation
infrastructure, bridges serve under harsh conditions and
are consequently damaged by severe environments and
repeated loading by vehicles. Because of population and
economic growth, traffic flow has substantially
increased in the past few decades and vehicle loads have
often exceeded the design loads of bridges, which could
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the concrete-to-plate interface debonding, which can
lead to premature failure of structures, hence
considerably reducing the effectiveness of the method.
Anchorage systems for externally-bonded plates are,
therefore, an important mechanism to overcome the
interfacial debonding problem. Various anchorage
systems have been proposed, such as end anchorage,
fiber anchorage and mechanical fastening, to delay
debonding. Although these bond systems can more or
less improve the interfacial bond characteristics, they
cannot change the suddenness of failure of externallybonded system, be it a debonding failure, which is
catastrophic and highly dangerous (Xu and Wu, 2015).
Many studies have been conducted to fully
understand the structural behavior of reinforced
concrete beams strengthened by externally bonded steel
plates (Arslan et al., 2008; Aykak et al., 2013).
However, comparative studies on the bonding efficiency
of this strengthening technique are still limited. Thus, it
is of interest to carry out comparative studies on
different strengthening materials, which will offer useful
information for engineering application purposes.
This paper reported an 8-beam test program with
steel plates. 8 T-section beams in total were prepared
and tested under two-point loading till failure. Flexural
performance of the T-section beams with steel plates
was reported. Influences of different parameters, e.g.
strength of concrete material, reinforcing steel ratio,
thickness of strengthening materials and spacing of
strengthening U-wraps, were discussed and analyzed.
Based on test results and comparisons, strengthening
efficiencies were compared and analyzed. Finally, based
on the experimental studies, comparisons and
discussions, recommendations on the selection of steel
plates on T-section beams were offered.

used in highway bridges in China, e.g., highway bridges
crossing the yellow river, Shui-Men bridge and YongDing river bridge. During the service life of bridges with
T-section beams, the carbonization of the surface of
reinforced concrete (RC) structures and cracks in RC
structures would lead to the penetration of moisture,
which accelerates the corrosion of steel reinforcements.
This in turn leads to reduction in the load carrying
capacities of T-section beams, which would shorten the
service life of the bridge or even cause a collapse
disaster. Previous studies also showed that strengthening
of these T-section beams is economically and
environmentally preferable compared with rebuilding
(Arslan et al., 2008). Thus, strengthening of T-section
beams has become the main concern to improve the
structural performance of T-section beams in these
bridges.
A number of research studies have been reported on
experimental investigation of flexural behavior of
FRP-, fiber- and steel-plated reinforced concrete beams
(Smith and Teng, 2002; Rahman et al., 2015; Nie and
Zhao, 2008). Focus has been placed on flexural capacity,
stiffness, cracking development, interface bonding and
debonding failure (Rongxiong et al., 2017).
Plating methods have been widely adopted for
strengthening of RC beams due to economic and
aesthetic reasons (Khan et al., 2017). External bonding
of fiber-reinforced polymer (FRP) or steel plates has
become one of the most popular methods for
strengthening or repairing of concrete structures
(Oehlers et al., 1998).
Steel plates are relatively cheap and readily
available, have uniform material properties, high
ductility and high fatigue strength, can be secured easily
whilst the structure is in use, do not significantly change
the overall dimensions of the structure and can be
secured without causing any damage to the structure.
The technique of strengthening using steel plates has
been successfully applied to strengthen reinforced
concrete structures, such as buildings and bridges, in
various parts of the world (Rakate and Dundu, 2018). A
key issue affecting safe application of this technique is

Test Program
Test Specimens
8 T-section beams in total were prepared in this test
program.
All
T-section
beams
measure
90mm×290mm×2100mm in web-width, depth and
length, respectively. The thickness and width of the
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reinforcement details in the prepared reinforced
concrete T-section beams. The steel plates were firstly
installed on the bottom surface of the T-section beams.
After that, U-wraps made of steel plates were attached
to the T-section beams by epoxy type of cohesive
material. Fig. 1(b) shows the layout of U-wraps along
the length of the beam. Fig. 1(c) shows the size of the
cross-section of these T-section beams. The key
parameters studied were: strength of the concrete,
reinforcing ratio, thickness of steel plate strengthening
material and spacing of the U-wrap. Table 1 lists the
details of these 8 specimens.

flange of the T-section beam are 60mm and 400mm,
respectively. The steel plates were attached to the
bottom of the T-section beam by JGJ-16 type of
constructional cohesive material. Thus, three specimens;
namely, B1~B3, were not strengthened, while P1~P5
were the five specimens strengthened by steel plates in
this test program. Ø12mm HRB335 type of hot rolled
steel bars was used as compressive reinforcement.
Ø12mm and Ø14mm HRB335 type of hot rolled steel
bars was used as tensile reinforcement, representing
flexural reinforcing ratios of 0.95% and 1.29%,
respectively. Shear reinforcement adopted Ø8mm
HPB235 type of hot rolled steel. Fig. 1(a) shows the

Table 1. Details and test results of the T-section beams retrofitted with CFRP plates
Item
B1
B2
B3
C1
C2
C3
C4
C5
Mean
Cov.

Conc. ρfl Bonding
umax
S
uy
grade (%) material (mm) (mm) (mm)
C20
C40
C20
C20
C40
C20
C20
C20

0.95
0.95
1.29
0.95
0.95
1.29
0.95
0.95

3mm
3mm
3mm
5mm
3mm

100
100
100
100
150

6.6
7.1
8.0
7.0
7.0
7.0
6.6
7.0

49.2
60.0
44.2
60.1
55.8
59.8
59.4
59.3

Pcr,T Py,T Pu,T Failure Pcr Pcr,T/Pcr Py Py,T/Py Pu Pu,T/Pu
(kN) (kN) (kN) mode (kN) ratio (kN) Ratio (kN) Ratio
8.7
9.3
7.5
9.1
11.9
10.1
11.4
7.0

29.9
29.5
46.2
67.2
71.7
81.4
95.7
56.4

44.9
45.4
61.4
77.4
85.6
94.8
112.5
94.2

FB
FB
FB
FB
FB
FB
FB
FB

7.7
10.7
7.9
8.6
11.8
8.8
9.3
8.6

1.13
0.87
0.95
1.05
1.00
1.14
1.23
0.81
1.02
0.14

24.7
26.5
34.6
51.1
53.0
59.1
71.2
51.1

1.21
1.11
1.33
1.32
1.35
1.38
1.34
1.10
1.26
0.09

37.7
38.0
52.7
69.0
71.0
81.0
99.7
69.0

1.19
1.20
1.17
11.2
1.21
1.17
1.13
1.37
1.19
0.06

FB denotes flexural bending failure; S denotes spacing of the U-wrap; Cov. denotes coefficient of variation.

Material Properties
The materials involved in this test program include
C20 and C40 normal weight concrete, Ø8 mm HPB235
shear reinforcement, Ø12mm and Ø14mm flexural
reinforcement and JGJ-16 type of cohesive material.
3mm and 5mm thick steel plates were used for
retrofitting. All beams were cast at the same time. The
compressive strength values of the two grades of
concrete C20 and C40 are 21.3 MPa and 42.7 MPa,
respectively, as determined by testing cubic samples at
the age of 28 days. Table 2 lists the mechanical
properties of the materials involved in this test program
that were obtained from standard tests. All of the steel
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plates were bonded to the beams using JGJ-16 type of
cohesive material. Table 3 lists the mechanical
properties of cohesive material.
Test Setup
Fig. 2 shows the test setup of the 8 specimens. All
the T-section beams were simply supported with a span
of 1800 mm. Displacement type of loading was applied
to the beam at 1/3 and 2/3 of the span of the beam. Linear
varying displacement transducers (LVDTs) were
installed at the mid-span to record the central deflections
of the T-section beams at different loading levels. A load
cell was used to measure the reaction forces acting on

Jordan Journal of Civil Engineering, Volume 12, No. 3, 2018

the beams. In order to measure the strain distribution
along the cross-section of the T-section beam, five linear
strain gauges were installed on the concrete surface with
equal spacing along the depth of the cross-section at
mid-span. Five linear strain gauges were also installed

on the main flexural reinforcement with equal spacing
to record the strains developed in the reinforcements
during the testing process. Three linear strain gauges
were attached to the strengthening steel plates at the
bottom of the T-section beams.

(a) Layout of reinforcement in the T-beam

(b) Layout of steel plate or steel plate type of U-wrap

(c) A-A section for T-beam
Figure (1): Details of the T-section beams in the test program
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Figure (2): Test setup and measurements of two-point loading on T-section beams
Table 2. Details of materials involved in the test program
Type
Ø8 HPB235
Ø12 HRB335
Ø14 HRB335
3mm SP
5mm SP

Es
(GPa)
200
200
200
200
200

fy
(MPa)
308
365
388
327
335

δu
(%)
30.5
28.5
27.5
20.0
36.0

Fu
(MPa)
538
550
605
410
450

Table 3. Details of cohesive materials
Type

fy
(MPa)

EF
(GPa)

τc
(MPa)

JGJ-16

35

4.1

3.5

Test Results of Reinforced
Strengthened by Steel Plates

Concrete

Beams

General Behavior
Fig. 3 shows the load versus central deflection
curves of the RC T-beams retrofitted by steel plates. Fig.
4(a) compares the load versus strain at mid-span in
reinforcement curves of the RC T-beams retrofitted by
steel plates with those of beams without retrofitting
measures; i.e., B1~B3. Fig. 4(b) compares the load
versus strain at mid-span in the steel plates for the five
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retrofitted beams. These five specimens retrofitted with
steel plates exhibited similar ductile behaviors. There
are also three stages in the loading process till failure;
i.e., initial uncrack stage corresponding to curve from
start to Pcr, elastic working stage from Pcr to Py and
strength hardening stage from Py to final failure. The
first stage starts from the loading and ends at the point
when the first crack developed from the bottom fiber to
the top fiber of the cross-section of the beam due to
flexural bending, as shown in Fig. 5. After that, in the
second; i.e., elastic working second stage, the load

Jordan Journal of Civil Engineering, Volume 12, No. 3, 2018

carrying capacity of RC T-beams retrofitted by steel
plates increased linearly with the increase of central
deflection. At the end of this stage, non-linear behavior
of the T-beams was exhibited due to the yielding of
flexural reinforcement and retrofitting steel plates, as
shown in Fig. 4(a) and Fig. 4 (b), respectively.
Meanwhile, strains in the flexural reinforcement and
steel plates also increased linearly with the applied
deflection (see Fig. 4). Moreover, more cracks in the
middle region of the T-beam were observed, as shown

in Fig. 5, that developed form the bottom to the top fiber
of the cross-section. After the yielding of flexural
reinforcement and steel plates, the load carrying
capacity of the RC T-beams continued increasing with a
much slower increasing rate compared with that at the
second stage due to strength hardening of the flexural
reinforcement and bottom retrofitted steel plates.
Finally, the RC T-beams achieved their ultimate flexural
bending resistance.

(a) P-δ curves for B1, P1, P4-5

(b) P-δ curves for B2-3, P2-3

Figure (3): Load-central deflection curves of RC T-section beams retrofitted by steel plates

(a) Strain in steel reinforcement at mid-span (b) Strain in steel plate at mid-span
Figure (4): Load-strain curves of RC T-section beams retrofitted by steel plates
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(a) B1

(b) B2

(c) B3

(d) P1

(e) P2

(f) P3

(g) P4
(h) P5
Figure (5): Craks developed in the RC T-section beams retrofitted by steel plates
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retrofitting steel plate ts, flexural reinforcing steel ratio
 fl , spacing of the steel plate U wrap S and strength of
concrete fc on the resistances of the RC T-beam,
including Pcr, Py and Pu. As the thickness of the
retrofitting steel plate increases from 0 to 3mm and
5mm, Pcr values were increased by 5% and 31%,
respectively; Py (or Pu ) values were increased by 125%
(or 72%) and 159% (or 151%), respectively. These
increments implied the effective bonding of the
retrofitting steel plate that worked together with the RC
T-beam from the initial working stage till final failure.
The stiffness of the RC T-beams was also significantly
improved. This successful retrofitting by the steel plates
also permitted ductile flexural failure of the RC Tbeams. This is because the successful retrofitting by
steel plates increases the equivalent reinforcing ratio and
effective depth of the beam, which increases the
resistance value of the RC T-beam as well as the elastic
stiffness (see Fig. 3).

Resistances and Failure Modes
The resistances of the T-beams retrofitted by steel
plates, including Pcr, Py and Pu, can be easily determined
from the P-δ curves and are listed in Table 1. Based on
these P-δ curves, load-strain curves in the flexural
reinforcements and figures showing the cracks that
developed in the RC T-beams, flexural failure occurred
to the beams P1~P5 that were retrofitted by steel plates.
This flexural failure mode for P1~P5 can be supported
by: 1) flexural reinforcements and retrofitting steel
plates all yielded once the beams achieved their ultimate
resistances; 2) there is a strength hardening plateau in
the P-δ curves; 3) vertical flexural cracks developed
from the bottom to the flange of the T-beams; 4)
crushing failure occurred to the concrete in the flanges
of RC beams, as shown in Fig. 5.
Effect of Different Parameters
Fig. 6 shows the influences of the thickness of the

Figure (6): Influences of different parameters on resistance of RC T-beams retrofitted by steel plates
As the flexural reinforcing ratio increases by 36%
from 0.95% to 1.29%, cracking resistance Pcr, yield
resistance Py and ultimate resistance Pu were increased
by 11%, 21% and 22%, respectively.
Increasing the spacing of the steel plate U-wrap from
100 mm to 150 mm decreases the cracking resistance Pcr
and yielding resistance Py by 23% and 16%,

respectively. This is because decreasing the spacing of
the U-wrap decreases the transverse shear resistance that
reduced the load carrying capacity of the beam.
However, the ultimate resistance Pu was increased by
22% as the spacing of the steel plate U-wrap increases
from 100 mm to 150 mm. This might be caused by the
load redistribution during the yielding of the steel
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reinforcement and retrofitting flexural steel plates,
which allows the T-beam to continue taking more loads.
Increasing the strength of concrete slightly
influences the resistances of the beam retrofitted by the
steel plate. As the concrete strength of the T-beam fc
increases from 20 MPa to 40MPa, Pcr , Py and Pu were
increased by 31%, 7%, and 11%, respectively. Higher
strength concrete leads to larger tensile strength of the
concrete as well as the loading carrying capacity of the
T-beam.
Discussion and Comparisons on Structural Behavior
of RC T-section Beams Strengthened with Steel
Plates
From the reported test results, it can be observed that
steel plates could improve the flexural resistance of RC
T-section beams. The efficiency of strengthening
materials on the ultimate resistance of RC T-section
beams was evaluated by the generalized improved
resistance of the beams as follows:
P
(1)
Pu  u
PyT
PT  f yr Ar

(2)

resistance of the T-section beam; PT denotes tensile
resistance of the strengthening materials; f yr and Ar
denote yield strength and cross-sectional area of the
strengthening sheet, respectively.
In Eqn. (1), higher P u values denote improved
resistance of the beam by the unit strength of the
strengthening sheets. Fig. 7 shows the P u values for the
strengthened specimens. This might be caused by the
premature failure of the bonding glue that connects the
steel plates to the T-section beams. It can be also
observed from Fig. 4 that all the steel plate materials did
not achieve their yield strain at the final failure stage of
the specimen.
Fig. 8 shows the central deflection umax of the tested
8 specimens at the ultimate resistance Pu . Central
deflection values were averagely increased by 20% from
50mm to 60mm compared with un-strengthened Tsection beams. However, the ductility of the T-section
beams strengthened by steel plates was reduced due to
the premature failure of the bonding materials. The
average central deflection of beams strengthened by
steel plates was about 20 mm that was only 40% of that
for un-strengthened beams. Thus, their overall
performances maybe evaluated and considered for the
strengthening of RC T-section beams.

where PyT and Pu denote yielding and ultimate

Figure (7): Pu values for the strengthened specimens

- 510 -

Jordan Journal of Civil Engineering, Volume 12, No. 3, 2018

Figure (8): Central deflections umax of the tested 8 specimens at the ultimate resistance
N cs  Asc Es cs

Ultimate Load Carrying Capacity of Strengthened
T-section Beams
Resistance of T-section Beam Corresponding to
Crack Initiation Pcr
Bending resistance of the RC T-section beams
corresponding to the tensile crack initiation of crosssection could be obtained through solving the position
of the neutral axis, x, as shown in Fig. 9. Before carrying
out the analysis, several assumptions were made: 1)
plane section remains plane; 2) ultimate tensile stress of
the concrete was achieved at the bottom fiber of the
cross-section; 3) strengthening materials worked
perfectly with the T-section beam and no bonding
failure occurred.
By the resultant forces acting on the section equal
zero, x can be solved as follows:
N cc  N sc  N st  N ct  N R

 x  ht 
( x  ht ) 2 
b
 B f ht 
0.5Ec c 1 
N cc  
x 
x



0
.
5
E

B
h
c
c
f
t


x  ht

for

x  ht

(6)

N st  Ast Es  ct

(7)

N R  bt R E R R

(8)

hx
hx
hx
hx
  cs
 c

h  0.5t R  x
h  x  at
x  ac
x
(9)
where  ct ,  R ,  ts ,  cs and  c denote the strain in
the bottom fiber of T-section beam, strengthening plate,
tensile reinforcement, compressive reinforcement and
top fiber of T-section beam, respectively (see Fig. 9); b
and Bf denote width of web and flange of the T-section
beam, respectively; ht, h0 and h denote depth of flange,
effective depth and overall depth of the cross-section,
respectively.
Substituting the fracture strain  ct   t 0 into Eqns.
(3)~(9), the neutral axis position, x, could be found.
With the solved x, bending resistance of the crosssection could be determined through taking the moment
to the neutral axis as follows:

 ct   R

(3)

for

(5)

0.5 Ec ct b(h  x)


 (h  x) 2
N ct  
 h  x 
B f  1  t
0.5 Ec ct  t


h  x  

 hx


(4)
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Figure (9): Strain and stress distribution on cross-section of the T-beam before cracking of concrete
M cR  M cc  M sc  M st  M ct  M R
 3 x 2  3xh1  ht2
Ec c B f ht for

M cc   2 3 x
 2 x Ec  c B f
for
 3

(10)

x  ht

(11)

M sc  E s  cs Asc ( x  ac )

(12)

M st  Es ct Ast ( h0  x)

(13)

x  ht

2
2
 3 (h  x) b t
M ct  

h  ht  2 x 
h  2ht  3x

(h  ht ) c Ec B f
( h  x ) 
2
(
h
x
)
3
(
h
h
2
x
)



t



M R  E R R AR (h  x  t R / 2)

(15)

where  t denotes ultimate tensile strength of the
concrete; Asc , Ast and AR denote the area of
compressive reinforcement, tensile reinforcement and
strengthening materials attached to the T-section beam.
With the developed equations, the bending resistance of
the cross-section can be determined. Thus, the resistance
of the T-section beam corresponding to the crack
initiation can be determined as follows:
2M cr
(16)
Pcr 
La

where La denotes the shear span of the beam.

Yielding Resistance and Ultimate Resistance of
Strengthened T-section Beam
Several assumptions were made to predict the
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for

x  ht

for

x  ht

(14)

yielding resistance and ultimate resistance of the Tsection beam strengthened by steel plates: 1) plane
section remains plane; 2) plastic stress fully developed
in the top fiber of the cross-section; 3) tensile strength
of the concrete was ignored in the cross-section; 4)
strengthening materials were assumed to be fully
attached to the T-section beam.
Fig. 10 shows the distributions of strain and stress in
the cross-section that correspond to the yielding
resistance and ultimate resistance of the T-section beam.
The position of the neutral axis for the cross-section
under bending moment could be found through solving
the equation of the resultant internal forces acting on the
cross-section equal zero; i.e.,
N cc  N sc  N st  N R
(17)
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Figure (10): Strain and stress distribution on cross-section of the T-beam corresponding to
yielding and ultimate resistance

nf c B f ht  f c b(x  ht )
N cc  
f c B f  x


for

x  ht

for

x  ht

N cs  min( f yc , Es  cs ) Asc

(19)

N st  min( f yt , Es ct ) Ast

(20)

N R  bt R min( f R , ER R )

(21)

 cu   ts

hx
hx
hx
  cs
 c
h  x  at
x  ac
x

2004); B f , b and ht denote width of flange, width of
web and height of flange of the T-section beam,
respectively; f yc and f yt denote yield strength of
compressive and tensile steel reinforcement,
respectively; Asc , Ast and AR denote the area of
compressive reinforcement, tensile reinforcement and
strengthening materials attached to the T-section beam;
ht , h0 and h denote flange depth, effective depth and
overall depth of the cross-section, respectively;  cu
denotes ultimate strain of the concrete under
compression. The corresponding values for different
strengths of concrete could be determined from
Eurocode 2 (2004).
Thus, with the solved x, plastic bending moment of
the cross-section corresponding to yielding of the tensile
reinforcement could be determined as follows:

(18)

(22)

where N cc , N sc , N st and N R denote the internal
resultant forces acting on the concrete under
compression, compressive reinforcement, tensile
reinforcement and strengthening materials, respectively
(see Fig. 7); λ=0.8 for fck≤ 50 MPa, λ=0.8-( fck-50)/400
for 50<fck≤ 90 MPa; η=1.0 for fck≤ 50 MPa;
η=1.0-( fck-50)/200 for 50<fck≤ 90 MPa (Eurocode 2,

M py  M pc  M psc  M pst  M pR

f c B f ht ( x  0.5ht )  f c (x  ht )b[ x  ht  0.5(x  ht )]
M pc  
xf c B f ( x  0.5x)
M psc  min( f yc , Es cs ) Asc ( x  ac )
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for

x  ht

(24)
(25)
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M pst  min( f yt E s ct ) Ast (h0  x)

(26)

M pR  bt R min( f R ER R )(h  x  t R / 2)

(27)

where f c denotes compressive strength of the
concrete; Asc , Ast and AR denote the area of
compressive reinforcement, tensile reinforcement and
strengthening materials attached to the T-section beam.
Regarding the bending resistance of the crosssection corresponding to ultimate tensile strength of the
flexural reinforcement, M pu , ultimate strength of the
tensile steel reinforcement f u may be used for the
calculation. Thus, Eqn. (20) needs to be modified as
follows:
N st  min( f ut , Es  ct ) Ast

(28)

With the solved neutral axis position x in Eqn. (15),
M pu can be determined as follows:
M pu  M pc  M psc  M pstu  M pR

(29)

M pstu  min( f ut , E s  ct ) Ast (h0  x)

(30)

With these developed equations, the bending
resistance of the cross-section, M py and M pu , can be
determined. The load carrying capacity of the T-section
beam corresponding to yield strength and ultimate
strength of flexural tensile reinforcement can be
determined as follows:
Py 

Pu 

2 M py
La

2 M pu
La

(31)

(32)

where La denotes the shear span of the beam.
The predicted Pcr , Py and Pu values for the tested 8
beams are compared with the experimental values in
Table 1.
Table 1 shows that the developed analytical models
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offer reasonably well predictions on the resistances of
T-section beams strengthened with steel plates. The
developed analytical models offered reasonable
predictions on cracking resistance, yielding and ultimate
resistance of RC T-section beams strengthened with
steel plates. The average test-to-prediction ratios (or
COVs) for Pcr , Py and Pu are 1.02(0.14), 1.26 (0.09)
and 1.19 (0.06), respectively. These conservative
predictions were mainly caused by the ignorance of
cohesive materials used for bonding of these
strengthening materials to the beams.
CONCLUSIONS

This paper reported experimental studies on flexural
behavior of T-section beams strengthened with steel
plates. An 8-specimen test program reported the failure
modes and resistances of RC T-section beams
strengthened with steel plates. Based on the test results,
the failure mechanisms were analyzed and influences of
different parameters discussed. Analytical models were
also developed to predict cracking resistance Pcr ,
yielding resistance Py and ultimate resistance Pu of Tsection beams strengthened with steel plates and their
accuracies were checked though validations against the
test data. Based on these experimental and analytical
studies, the following conclusions can be drawn:
(1) RC T-beams retrofitted with steel plates exhibited
ductile flexural failure. The five specimens
retrofitted with steel plates exhibited similar ductile
behaviors. More cracks in the middle region of the
T-beam were observed that developed form the
bottom to the top fiber of the cross-section. The Uwraps made of steel plates and cohesive materials
can work synergistically, which can effectively
prevent debonding failure of steel plates. All test
specimens were subject to flexural bending failure.
(2) Retrofitting the beams with 3mm and 5mm steel
plates significantly increases the yielding and
ultimate resistances of the beam. Py (or Pu ) value
was, respectively, increased by 125% (or 72%) and
159% (or 151%) as the thickness of the retrofitting
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steel plate increased from 0 to 3mm and 5mm,
respectively. Decreasing the spacing of the steel
plate U-wrap from 100 mm to 150mm reduces the
ultimate resistance of the T-beam by 22%.
Increasing the strength of the concrete from C20 to
C40 has limited the influence on the resistance of the
T-beam within 11%.
(3) The developed analytical models offered reasonable
predictions on cracking resistance, yielding

resistance and ultimate resistance of the RC Tsection beams strengthened with the steel plates. The
average test-to-prediction ratios (or COVs) for Pcr ,
Py and Pu are 1.02(0.14), 1.26 (0.09) and 1.19
(0.06), respectively. These conservative predictions
were mainly caused by ignorance of the cohesive
materials used for bonding of these strengthening
materials to the beams.
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