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Abstract: Steel structures are generally subjected to damages 

and defects due to different causes such as corrosion, fracture 
cracking, fire, buckling…etc. Damaged or defected parts may 

include girders, columns, welds, splices, base plates…etc. There is 

a wide range of techniques used for repair and strengthening 
starting with using protective coatings and ending up with full 
replacement of the damaged parts. 

Fiber Reinforced Plastic (FRP) laminates are widely used now 
in the field of repair and strengthening of different types of 
structures (reinforced concrete structures, steel structures, 
masonry structures, timber structures….etc.). The main goal of 

this research is to investigate the effectiveness of using Carbon 
Fiber Reinforced Plastic (CFRP) laminates in repair and 
strengthening of steel beams (in both flexural and shear). A total 
of five box-section steel beams were tested in three point load 
flexure test to determine the stiffness and ultimate load carrying 
capacity of the strengthened and repaired beams using CFRP 
laminates and compare the obtained results for these beams with 
those of the fifth beam which used as a control beam (without 
CFRP laminates). Test results showed that the effectiveness of 
using CFRP laminates for repair and strengthening of steel beams 
depends mainly on the obtained modes of failure. Highest 
effectiveness was obtained in tension failure modes while almost 
no effectiveness obtained in compression failure modes. 

Keywords: CFRP laminate; Steel beam; Box section; Repair; 
Strengthening.  

I. INTRODUCTION 

Traditional strengthening technique by using steel sections 
has a good achievement to increase strength and stiffness of 
steel structural elements. However, this technique has many 
disadvantages such as it is a labor and cost intensive coupled 
with the needed onsite welding and drilling operations; it is 
considered a time consuming technique and consequently can 
causes a traffic disruption in highway roads and bridges. 
Moreover, many problems are accompanied with this 
technique such as the heavy weight of steel plates with a large 
thickness, carrying and lifting difficulty during construction, 
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a lot of machines and equipment, rust and corrosion problems 
in iron metal and finally fatigue problems due to stress 
concentration and weld effect. Obviously, there is a need to 
find durable strengthening materials and rapid strengthening 
techniques. Fiber reinforced polymers (FRP) are latest 
available alternative materials. FRP became an attractive 
material in the strengthening field of steel buildings because 
of its stunning mechanical and physical properties [1]. Many 
studies have recently been conducted on the strengthening of 
steel elements by bonding CFRP laminate to the steel surface. 

Flexural strengthening of steel elements using FRP had 
investigated extensively in many previous studies [2-6]. 
Another group of studies has focused on strengthening of 
steel web by CFRP which dramatically increases the web 
crippling capacity exclusively for those with large web 
slenderness ratio. Test results proved that there was an 
increase in the web-buckling capacity especially by bonding 
CFRP laminates on both sides of the web [7-10]. 

Shear strength of steel I-beams is controlled mainly by the 
capacity of the web plate. The collapse of the web plate 
because of yielding or elastic buckling depends on the 
slenderness ratio of the web plate. The elastic buckling of the 
slender web plates is directly related to the level of the major 
compressive stresses induced within the high shear zones of 
the beam. Strengthening of steel web by using CFRP 
materials has the chance to decrease the stress level in the 
steel web, and subsequently increasing the web shear 
carrying capacity [2]. Some researchers have demonstrated 
different techniques for strengthening of steel webs subjected 
to shear by CFRP. Patnaik et al. (2008) [11] has published 
results of an analytical and experimental program focused on 
shear strengthening of steel built-up I-beams. In this research 
three steel beams were designed to fail in shear. Two were 
strengthened by bonding CFRP to the web plates, while the 
third one was kept un-strengthened control beam for 
comparison purpose. Test results confirmed the effectiveness 
of shear strengthening application by increasing the shear 
resistance of the steel beam up to 26%. 

Okeil et al. [12-14] has improved the lateral stiffness of 
buckling-prone steel I-beams by bonding pultruded GFRP 
sections. Steel I-beams were designed to fail in shear 
buckling. Thin walled steel web plates were strengthened by 
GFRP T-shaped in a direction that contributes to the lateral  

stiffness of the steel web plates more than the in-plane 
strength as in the popular practice in the most FRP 
strengthening cases. 
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The strengthened specimen experienced shear buckling 
under 56% higher load compared with the control 
un-strengthened specimen. However, the performance of the 
strengthened specimen was more brittle compared with the 
control one. This study was continued by Babaizadeh (2012) 
[15] using Finite Element analysis. Results of the finite 
element analysis showed that strengthening of steel beams 
with different flange width can result in the growth of shear 
capacity up to 66% for square shear zones and up to 36% for 
the rectangular shear zones. Furthermore, results designated 
that GFRP stiffeners are more effective than steel stiffener in 
terms of improving the shear resistance of the strengthened 
steel beam. However, failures modes of the GFRP stiffened 
beams are less ductile compared with those of the 
un-stiffened or the traditionally steel stiffened beams. 

Narmashiri et al. (2010) [16] has examined the success of 
using CFRP as a shear strengthening system. Steel beams 
were strengthened by applying CFRP on one or both sides of 
the web using different ratios of CFRP area on the web. Five 
steel I-section beams were tested. Two beams were 
strengthened on both sides of the web with the CFRP ratios of 
0.72 and 0.48. Two beams were strengthened on one side of 
web with the CFRP ratios of 0.72 and 0.48. Last beam was 
kept as un-strengthened control beam to be used for 
comparison purpose. Results clearly showed that the 
externally bonded CFRP could increase the shear resistance 
of the steel strengthened I-beam up to 51%. Furthermore, 
both CFRP ratios for both sides of web almost had similar 
level of shear strengthening level. 

Elyas Ghafoori, Masoud Motavalli (2015) [23] have 
studied the elastic behavior of steel beams strengthened by 
normal, high and ultra-high modulus CFRP strips using 
bonded and un-bonded systems. Six steel beams strengthened 
by CFRP strips and one un-strengthened beam (control beam 
for comparison purposes) were tested statically until failure 
using four-point load arrangement. The six steel beams were 
strengthened using normal modulus (NM), high modulus 
(HM) and ultra-high modulus (UHM) CFRP strips with 
nominal modulus of elasticity ranging from 165 to 440 GPa. 
Each type of CFRP strips was attached to the steel beams 
using bonded reinforcement (BR) and un-bonded 
reinforcement (UR) systems. The main goal of this research 
was to study the stress distribution along the beam bottom 
flange when the BR and the UR systems are used for 
strengthening. All beams were failed due to lateral torsional 
buckling. The obtained test results have shown that 
strengthening using bonded UHM strips could increase the 
stiffness of the composite section so that the steel profile has 
yielded prior to buckling and larger reinforcement 
effectiveness was then achieved. 

This study was continued both experimentally and 
numerically by Elyas Ghafoori, Masoud Motavalli (2015) 
[24] by considering the lateral-torsional buckling of steel 
beams strengthened by normal modulus CFRP strips. Seven 
steel beams, (including un-strengthened control beam), were 
tested statically until failure. Six steel beams were 
strengthened by bonded and un-bonded CFRP strips. For 
each type, three steel beams were strengthened by CFRP 
strips with three different pre-stressing levels (0%, 20% and 
40%) and tested till failure. Test results showed that 
strengthening of steel beams using CFRP strips increases the 

elastic stiffness of the beams almost the same for both bonded 
and un-bonded systems compared to the control beam. 
Pre-stressing of CFRP strips almost has no effect on the 
stiffness of the strengthened beams but substantially 
influences the buckling strength. High values of pre-stressing 
levels do not necessarily lead to an increased buckling 
strength. In most of the tests, beams strengthened with 
un-bonded CFRP strips showed slightly higher strength than 
those strengthened by bonded CFRP strips. 

II.  OBJECTIVES 

The main objective of this research work is to investigate 
the effectiveness of using CFRP laminates for the purpose of 
repair and strengthening of box-section steel beams (in both 
flexural and shear). This objective will be achieved by 
comparing the stiffness and ultimate load carrying capacity 
of the strengthened and repaired beams (using CFRP) with 
those of a similar beam without CFRP 

III. MATERIALS AND TEST SPECIMENS  

A. CFRP MATERIALS  

The Carbon Fibers used for strengthening and repair of steel 
beams were unidirectional carbon fibers laminates 
strengthening system produced by Sika (under the trade name 
:Sika Wrap HEX-230 C). The matrix material used for 
bonding the Carbon Fibers to the steel surface was produced 
also by Sika (under the trade name: Sikadur 330) of 1mm 
thickness. Tables (1) and (2) give all the properties given by 
Sika for carbon fibers and matrix material, respectively. 

Table-I: Properties of Carbon Fibers 
(Given by the manufacturer) 

Property Value 

Orientation 0o (Unidirectional) 

Area Weight 225 gm/m2 

Tensile Strength 3500 N/mm2 

Tensile Modulus 230,000 N/mm2 

Max. Elongation 1.5% 

Table-II: Properties of Resin Material 
(Given by the manufacturer) 

Property Value 

Appearance 
Comp. A : White 
Comp. B : Grey 

Density 1.31 Kg/L (mixed) 

Mixing Ratio A:B = 4:1 (By weight) 

Viscosity Pasty Not Flowable 

Application Temp. 
15o to 35o 

(Ambient & Substrate) 

Tensile Strength 
30 N/mm2 

(Cured 7 days at 23o) 

Tensile Modulus 
3800 N/mm2 

(Cured 7 days at 23o) 
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B. STEEL BEAMS 

The five steel beams used in the experimental study have a 
square box cross section of outside dimensions 10x10 cm and 
a thickness of 0.22 cm. The total length of the beams is 120 
cm while the loading span is 100 cm. 

The beams were tested using three point load flexure test 
where the applied load was acting at the mid-span using a 
hydraulic jack through a loading steel plate of dimensions 
10x6x1 cm (6 cm along the beam axis and 10 cm across the 
width of the upper flange). The two bearing plates used at 
supports were of the same dimensions as the aforementioned 
loading plate. The bearing plates were rested on 2.5 cm 
diameter steel bars.  Dimensions of the steel beams are as 
shown in Figure (1). 
Tension test was carried out on three test specimens cut from 
the overhanging parts of the steel beams according to ESS 
76/1969 in order to determine the tensile properties of the 
steel. The average measured tensile strength is 52.5 Kg/mm2 
and the average elongation percentage is 14.6%, as given in 
Table (3). It is important to note that there is no yielding 
observed during the tension test. 

Table-III: Measured Properties of steel  
Specimen 

No. 
Tensile 

Strength 
(Kg/mm2) 

Ductility 
(% Elongation) 

1 52.3 15.6 

2 52.0 14.2 

3 53.1 14.1 

Average 52.5 14.6 

 

 

Fig. 1. Dimensions of steel beams in mms 

One of the beams was used as a control beam for comparison 
and designated as B1; no CFRP sheets were used for this 
beam. Two beams were strengthened using carbon fiber 
reinforced plastic sheets; one was strengthened in flexure and 
designated as B2 while the second was strengthened in both 
flexure and shear and designated as B3. For beam B2, the 
CFRP sheet was applied on the tension side only (i.e. the 
bottom flange). For beam B3, CFRP sheet was applied on 
three sides (the bottom flange and the two webs). Figure (2) 
shows the location of carbon sheets applied at bottom flange 
or bottom flange + two webs. 
Beam B4 was cut horizontally in the tension flange across the 
full width at the mid-span and then repaired using CFRP 
sheet bonded to the whole surface of the bottom flange along 
the beam length. Beam B5 was cut horizontally in the tension 
flange across the full width at the mid-span and vertically in 

the two webs at 1/5 span (i.e. at 20 cms from the support) in 
both sides of the beam; beam B5 then repaired using CFRP 
sheet bonded to the whole three surfaces of the bottom flange 
and the two webs along the beam length. CFRP sheets were 
bonded to the steel beams using the resin material SikaDur 
330 as mentioned before. Table (4) gives the location of 
bonded CFRP sheets of beams B2, B3, B4, and B5 and the 
location of cut for beams B4 & B5. 

 

                         (a)                                                    (b) 

Fig. 2. Location of CFRP (Dimensions in mms) 
(a): Bottom flange & (b): Bottom flange +webs) 

Table-IV: Identification of beams 

Beam 

Code 
Identification 

Side of FRP 

applied on 
Location of cut 

B1 Control ------ ------ 

B2 
Strengthening 

(Flexure) 

Bottom 

Flange 
------ 

B3 

Strengthening 

(Flexure & 

Shear) 

Bottom 

Flange + 

Webs 

------ 

B4 
Repair 

(Flexure) 

Bottom 

Flange 

Bottom Flange 

at mid-span 

B5 

Repair 

(Flexure & 

Shear) 

Bottom 

Flange + 

Webs 

Bottom Flange 

at mid-span + 

Webs at 1/5 

span 

IV. TEST RESULTS 

The five steel beams were tested in flexure using three point 
load configuration where the load was applied at the 
mid-span as mentioned earlier. The mid-span deflection was 
recorded using a dial gauge of 0.01mm sensitivity. The 
values of mid-span deflections were recorded at every load 
interval which was 0.20 ton till about 3.6 tons and the dial 
gauge was then removed to continue loading until failure. 
The ultimate load was recorded for each beam together with 
the mode of failure. Table (5) gives the load/mid-span 
deflection test results, failure loads,  
calculated overall stiffness, and the modes of failure for all 
the tested beams. Figure (3) also shows the load/mid-span 
deflection test results for all the tested beams. 
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Table-V: Test results of beams 

Mid-span deflection (mm) 
Load 
(ton) 

B5 B4 B3 B2 B1  

1.15 1.12 0.48 0.20 0.39 0.5 

1.65 1.60 0.94 0.81 0.93 1.0 

1.90 1.81 1.10 0.95 1.14 1.2 

2.01 1.97 1.32 1.12 1.29 1.4 

2.16 2.12 1.48 1.28 1.35 1.6 

2.36 2.30 1.65 1.44 1.47 1.8 

2.46 2.45 1.82 1.63 1.63 2.0 

2.71 2.61 1.98 1.79 1.79 2.2 

2.93 2.80 2.12 1.98 1.94 2.4 

3.06 2.97 2.29 2.16 2.13 2.6 

3.21 3.13 2.46 2.30 2.28 2.8 

3.36 3.25 2.62 2.47 2.41 3.0 

3.61 3.48 2.84 2.68 2.62 3.2 

3.90 3.71 3.03 2.92 2.81 3.4 

4.09 3.94 3.22 3.21 3.03 3.6 

3.8 

(86%) 
4.0 

(91%) 
4.5 

(102%) 
4.3 

(98%) 
4.4 

(100%) 

Failure 

Load 

(ton) 

0.8303 

(69%) 

0.8586 

(71%) 

1.1480 

(95%) 

1.1938 

(99%) 

1.2082 

(100%) 
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Fig. 3.  Load / Mid-span deflection test results  

V. DISCUSSION OF TEST RESULTS 

• As mentioned earlier, beam B2 is strengthened only in 
flexure by bonding CFRP laminates to the whole surface of 
the bottom flange and beam B3 is strengthened in both 
flexure and shear by bonding CFRP laminates to the whole 
three surfaces of the bottom flange and the two webs as 
shown in Figure (2). The load/mid-span deflection  (P/Δ) of 
all beams was measured up to 3.6 ton, which is about 82% 
from the failure load of control beam B1; the recorded 
values of load and mid-span deflection were linear up to 3.6 

tons as shown in Figure (3). Figure (4) shows a comparison 
between the measured (P/Δ) for all beams as a percentage 

from that of control beam B1. As shown in that figure, the 
stiffness of beams B2 and B3 are 99% and 95%, 
respectively from that of control beam which can be 
considered almost the same. This result indicates that 
presence of CFRP laminates almost has no effect on the 
stiffness; or in other words CFRP laminates did not increase 
the stiffness of the steel beams. Contribution of CFRP to the 
overall beam stiffness is negligible because the stiffness of 
the CFRP section itself is very small compared to that of the 
steel beam.  

69%71%

95%
99%100%

B1 B2 B3 B4 B5
 

Fig. 4. Stiffness of the beams as a percentage of the control 
beam B1 

• Figure (5) shows a comparison between the failure loads 
for all beams as a percentage of that of control beam B1. 
As shown in that figure, the failure loads of beams B2 and 
B3 are 98% and 102%, respectively of that of control 
beam which can be considered almost the same. Beams 
B2 and B3 failed by crippling exactly like what happened 
to the control beam as given before in Table (4). This 
result indicates that the presence of CFRP laminates 
almost has no effect on the value of the failure load; or in 
other words CFRP laminates did not increase the load 
carrying capacity of the steel beams when the mode of 
failure is compression mode due to crippling. 

• As mentioned earlier, beam B4 was cut horizontally 
across the full width of the bottom flange at the mid-span 
through the whole thickness (which is 0.22 cms) to 
represent a very severe crack in the tension flange at the 
critical section of the maximum bending moment. CFRP 
laminates was bonded to the whole surface of the bottom 
flange along the beam length. Beam B5 was cut 
horizontally across the bottom flange at the mid-span and 
vertically in the two webs at 1/5 span at both sides of the 
beam in the region of constant shear force. CFRP 
laminates was added to the bottom flange and the two  
webs along the beam length. As shown in Figure (4), the 
overall stiffness of beams B4 and B5 are about 70% of  
that of control beam due to the crack (or cut) in the 
tension flange. Figure (5) shows that the failure loads of 
beams B4 and B5 are 91% and 86%, respectively of that 
of control beam.  
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The mode of failure of beams B4 and B5 is a tension 
failure in CFRP sheets at the mid-span at the location of 
the artificial crack (cut). This result indicates that CFRP 
sheets work efficiently to resist the tensile stresses up to 
failure. This important result is obtained by using only 
one layer of CFRP laminates for repair purpose; if more 
than one layer were used, the value of the failure load 
would be increased. It should be noted here that there was 
no slippage between CFRP sheets and the steel surface 
till failure of all the beams, which indicates good 
efficiency of the used resin material. 

• The values of stiffness of beams B4 and B5 and also the 
values of failure loads of these beams are very close as 
mentioned above; i.e. there is no big difference between 
the general behaviors of these two beams. This can be 
attributed to the span to depth ratio which is equal to 10 
(i.e. L/d=10) which means that the effect of shear is not 
as strong as that of flexure. If short beams were used, the 
obtained results may be changed. 

86%

91%

102%

98%
100%

B1 B2 B3 B4 B5
 

Fig. 5. Load carrying capacity of tested beams as a 
percentage of the control beam B1 

VI. CONCLUSIONS 

Based on the obtained test results and the previous 
discussion, the following points can be easily concluded: 
• The effectiveness of using CFRP laminates for 

strengthening of steel beams depends mainly on the 
obtained mode of failure.  

• CFRP laminates are not effective in the cases of 
compression failure modes such as crippling. 

• Carbon FRP laminates are effective for repair of tension 
flange and web cracks; failure loads were between 86% 
and 91% of that of control beam which considered 
reasonable effectiveness. 

• The stiffness of the repaired beams was about 70% of 
that of the control beam which is not as effective as the 
case of failure loads. 
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