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Abstract—This paper studies the behavior of simply 

supported steel I-beams strengthened with carbon fiber 

reinforced polymers (CFRP) strips on the web as shear 

reinforcement. The experimental program contains seven 

simply supported steel beams. One of them was 

considered as a control beam and the other specimens 

were strengthened with different schemes; varying the 

position of CFRP strips to the web, its number of layers 

and its angle of orientation. The results show that 

applying CFRP strips on the web of the steel I-beams was 

an effective strengthening method for increasing the load 

bearing capacity and decreasing the deformations. Using 

two layers of diagonal CFRP strips on both sides of the 

web realized the highest increasing in the load capacity. 

Moreover, finite element analysis method has been 

utilized to analyze the tested specimens using ANSYS. A 

great convergence between the experimental results and 

the corresponding ones obtained from finite element 

simulation. 

Keywords— carbon fiber reinforced polymer, steel, 

specimen, strengthening. 

 

I. INTRODUCTION 

In recent years, strengthening of steel structures became a 

major concern of researchers in the civil engineering 

community [1 to 10]. There are many reasons to 

strengthen the steel structures such as design errors, 

construction errors, lack of proper maintenance, fatigue 

damage, and to increase the structure capability to carry 

excessive loads. In the past, the conventional methods for 

strengthening the steel structures were based on the use of 

steel plates attached to the existing systems by welding, 

bolting or adhesive bonding. The major disadvantages of 

using these traditional techniques were its heavy weight, 

difficult to fix, prone to corrosion and also, the sensitivity 

of the strengthened system to fatigue problems due to 

stress concentration produced by welding or drilling. In 

addition, these traditional techniques need technical 

labors and heavy equipments for installing the plates in 

their position. 

The use of FRP for strengthening concrete structural 

elements demonstrates a great effect to enhance the 

strength of these elements. As successes of this technique, 

researchers have recently investigated the use of FRP for 

strengthening of steel elements as promising 

technique.Significant researches have been devoted to 

steel elements strengthened with CFRP as flexural 

reinforcement. CFRP reinforcement in flexural has 

proven to be an effective strengthening technique. 

Serviceability, elastic stiffness, yield load and the ultimate 

strength of steel flexural elements can be greatly 

enhanced by CFRP reinforcement. Recent developments 

and research activities in the use of high performance 

materials have been increasing lately.A series of 

traditional H shaped steel beams were strengthened and 

tested by PierluigiColombi et al.,(2004) [11] to study the 

static behavior of steel beams strengthened by CFRP 

strips in addition to control beam. The experimental 

program included testing of three (HEA140) steel beams 

strengthened by unidirectional CFRP (Sika® Carbodur® 

M614) strips. The used strengthening technique produced 

an improvement of the load-carrying capacity. The effect 

of CFRP strips on the plastic stiffness was also 

remarkable, while a significant increment of the elastic 

stiffness is attained when the strengthening is made with 

two layers. The use of two different epoxy adhesives had 

not led to a significant effect on the load-deflection curves 

nor the produced stresses in the strips. 

S. Rizkalla et al.,(2007) [12] presented the results of an 

extensive experimental program that focused on 

understanding bond behavior of strengthening high 

modulus (HM) CFRP strips bonded to steel beams. The 

experimental program investigated the behavior of the 

strengthening system under fatigue and overloading 

conditions. The beams were loaded till failure in a four-

point bending loads. These tests identified the bond stress 

distribution typically induced in beam applications. The 

tests indicated that two layers of the HM CFRP strips 

required twice the development length (the length from 

the end of the strip to the nearest load point) to achieve 

rupture of the fibers. 

The using of  carbon fiber reinforced polymer (CFRP) 

strips have been investigated commonly  for flexural 

strengthening of steel beams but the effectiveness of using 

CFRP strips for strengthening of web as shear 

reinforcement is recently discussed by Narmashiri et al., 

(2010) [13]. The effectiveness of shear strengthening steel 

I-beams has been investigated by using different CFRP 
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ratios (area of CFRP cross-section to cros

of steel web) of 0.48 and 0.72. The re

applying CFRP on both or one side of 

discussed. The ratio 0.48 is generated by 

of CFRP, and the ratio 0.72 is generated

strips of CFRP. The shear zone was surr

stiffeners. The ratio of web height to shea

and web slenderness (web height to its 

19.7. The experimental work was con

specimens. The first specimen was not str

second and third specimens were strengt

CFRP strips on both sides of the web usin

0.72 and 0.48, respectively. The fourth

specimens were strengthened by using C

on one side of the web with CFRP ratio o

respectively. The experimental results rev

CFRP strips on the web as shear reinforce

beams was a successful method for incr

capacity and decreasing the steel beam def

failure modes were observed for the CFRP

failure mode was the longitudinal delam

CFRP strips which was more critical tow

loads. The second failure mode was the d

strips. It was also noted that, applying CF

decreased the vertical deflection of the bea

the plastic region. The CFRP ratios of 0.

both sides of the web produced the same in

capacity.  

 Table

Specimen              Position of 

    B0       - 

    B1-1-45one side                           one lay

    B2-1-45        both sides 

    B2-2-45        both sides 

    B1-1-90      one side 

    B2-1-90 both sides 

    B2-2-90 both sides 
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ross sectional area 

 requirements for 

of web have been 

y using two strips 

ted by using three 

urrounded by two 

ear span was 1.54 

its thickness) was 

consisted of five 

 strengthened. The 

gthened by using 

sing CFRP ratio of 

rth and the fifth 

 CFRP strips only 

 of 0.72 and 0.48, 

evealed that using 

rcement of steel I-

ncreasing the load 

deformations. Two 

RP strips. The first 

lamination of the 

towards the point 

 debonding of the 

CFRP on the web 

eam, especially in 

 0.72 and 0.48 on 

 increment of load 

This article aims to study th

strengthened by using CFRP

web at the shear zones. Mod

strain on steel web and on CF

observed and recorded to ex

the I-beam strengthened with

 

II. EXPERIME

To examine the mentioned pa

experimentally tested; one o

without CFRP strengthen

strengthened by CFRP strips 

and three beams were stren

vertical orientation. The str

with different number of lay

different position with respec

both sides).  

Table (1) presents the study 

each tested specimen. The de

are shown in Figures 1 and 2.

Steel beams used in the exp

universal steel section IPE

mechanical properties are lis

CFRP strips and epoxy resin

CO., branch in Swiss under 

Carbodur® plate S512 and 

The nominal mechanical p

strips and resin provided by 

Tables (3) and (4), respective

ble 1: Experimental Program 

CFRP on web               No. of layers              Orientatio
 

-   - 

layer45˚ 

                    one layer  45˚ 

two layers 45˚ 

one layer 90˚ 

one layer 90˚ 

                   two layers 90˚ 

(b

Fig.1: General details o

CFRP strips in vertical 

strips in diagonal orienta
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 the behavior of steel I-beams 

RP strips which attached to the 

odes of failure, ultimate loads, 

 CFRP strips, and deflection are 

examine the shear behavior of 

ith CFRP. 

ENTAL PROGRAM 

 parameters, seven beams were 

 of them was reference beam 

ening. Three beams were 

ps in diagonal orientation (45º), 

rengthened by CFRP strips in 

strengthening was carried out 

layers (one & two layers) and 

pect to web (on one side & on 

y parameters corresponding to 

 details of the tested specimens 

 2. 

xperimental program have the 

PE 160. Its dimensions and 

 listed in Table (2). The used 

sin are submitted from SIKA® 

er a commercial names Sika® 

nd Sikadur® 30, respectively. 

 properties of the composite 

by the supplier are reported in 

ively.  

ation of CFRP 

 

 

(b) 

 

 

 

 

 

(b) 

of the tested specimens with 

al orientation (a), and CFRP 

ntation (CFRP΄s angle = 45⁰)  
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

 

Fig. 2: Details of the sections strength

layer of strip on one side of the web (a)

with one layer of strip on both sides o

and strengthened with two layers of stri

of the web (c). 
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gthened with one 

 (a), strengthened 

s of the web (b), 

strip on both sides 

Table 2: Dimensions and me

steel b

Steel I-beamdi

Width 

(bf) 
Height (h) 

82 160 

Steel I-bea

E-

mod

ulus(

N/m

m²) 

Yield 

stress (Fy) 

(N/mm²) 

Ultim

stress(

N/mm

209,

100 
245 368

 

Table 3: Propertie

Sika® Carbod

 E-modulus (N/m

 
Mean 

value 

Min. 

value 

165,000 
>160,00

0 

Tensile strength (N/mm

Mean 

value 

Min

. 

valu

e 

5% 

Fractile 

Value 

3100 
>28

00 
3,000 

 

Table 4: Properti

Sikad

Compressive strength 

(N/mm²) 

E-

modulus 

Strength at 

7 days 

9,600 70-95 

Shear strength (N/mm²) 

Strength at 7 days 

14-19 

To ensure a good quality bo

the CFRP strips, shear zones

abrasive disk until the ox

removed, and then it is clean

strips were cut to the proper

epoxy resin parts A and B 

ratio 3:1 respectively for at le

only be used within its pot

started from mixing the tw
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 mechanical properties of used 

el beam. 

dimensions (mm) 

Flange thick. 

(tf) 

Web 

thick. (tw) 

7.4 5.0 

eam properties 

timate 

ss(Fu)(

mm²) 

Yield 

strain 

( yε ) % 

Ultimate  

strain 

( uε )% 

68 0.50 3.5 

rties of CFRP strips. 

odur® plate (S512) 

/mm²)   

5% Fractile 

Value 

95% Fractile 

Value 

162,000 180,000 

/mm²) Strain 

95% 

Fractile 

Value 

Strain 

at 

break 

Design 

strain 

3,600 >1.7% < 0.85% 

rties of epoxy resin. 

kadur® -30 

Tensile strength (N/mm²) 

E-modulus 
Strength at 7 

days 

11,200 24-31 

Bond strength on steel (N/mm²) 

Mean value Min. value 

>30 >21 

 

bonding between the steel and 

nes surfaces was treated by an 

oxidation layer was totally 

eaned with Acetone.The CFRP 

per dimensions by a saw. The 

B were mixed together with a 

t least 3 minutes. This mix can 

pot life, which is 70 minutes 

 two parts together at room 
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temperature. The CFRP strips were glued w

after the preparation of steel surface. The m

applied to the CFRP strips and the ste

specified regions (prepared surfaces), then

installed and pressed to steel surface with a

to force out the air bubbles and the exce

strengthened specimens were tested 

installation by at least 7 days. 

 

III. TEST SET-UP 

All strain gauges and LVDTs were arrang

shown in Figure 3.Three LVDTs were u

the beam vertical deflection and one was u

the horizontal displacement. All LVTDs 

and fixed independently. Strain gauges o

and with a resistance of 120 Ω were us

strains on steel web and CFRP at she

gauges (1, 2, 3 & 4) were fixed to steel s

zone to measure the steel strain in vertical

aim of using more than one strain gauge w

fails in any used strain gauges and to ensu

readings, so it was important to use many 

the same positions and make sure that

gauges are working before testing. Als

gauges (5, 6, 7 & 8) were fixed on CF

measure the CFRP strain in the fiber direc

cell was mounted to monitor and control th

during the test. Prepared specimens were 

and fastened to the frame test as shown in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Schematic view of the test setup

of strain gauges and LVDTs for s

strengthened with CFRP strips in diago

(45º). 

 

The tested beam was loaded in two point

hydraulic jack and a rigid steel beam wh

the acting load equally. All initial re

instruments was reset to make it zero. 

applied incrementally in small load interv
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d within 48 hours 

e mixed resin was 

steel web at the 

henthe strips were 

h a small pressure 

xcess epoxy. The 

ed after CFRP 

 

nged and fixed as 

 used to measure 

s used to measure 

s were arranged 

 of 10mm length 

 used to measure 

hear. Four strain 

l surface at shear 

cal direction. The 

e was to avoid the 

sure the recorded 

y strain gauges at 

hat all the strain 

Also, four strain 

CFRP surface to 

rection. A loading 

l the applied loads 

re carefully lifted 

in Figure 4. 

tup and positions 

r specimens 

agonal orientation 

ints by using one 

which distributed 

 readings of all 

o. The load was 

vals to get more 

accurate readings. All data o

recorded automatically and s

known office software “exce

tested specimen was recorde

the test. A schematic vie

experimental test is shown in 

 

Fig. 4: Test setup for the

 

Fig. 5: Schematic view o

specime

IV. FINITE ELEM

Nonlinear finite element met

as another approach to stud

steel beams strengthened b

analysis, it is possible to h

varied parameters compare

consequently it is easier to g

beams and steel stiffeners are

3-D, 10-node solid element 

[13]. CFRP strips were s

(PLANE 82) element type

interface of surfaces was de

adhesive and CFRP strip

element (CONTAC48) was 

between CFRP strips strips 
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a of instruments devices were 

d saved in the format of well-

cel”. Also, the behavior of the 

rded and photographed during 

view for the Setup of the 

 in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 the control specimen (Bo). 

 

 

 

 

 

 

 

 

 

 

 

of testsetup forthe control 

imen (Bo). 

EMENT SIMULATION 

ethod (NLFEM) is considered 

udy the shear behavior of the 

 by the CFRP strips. In FE 

 have better control over the 

ared with scaled tests and 

 get results. The tested steel I-

are modeled with a higher order 

nt (SOLID187), K. Narmashiri 

 simulated using eight-node 

ype, G. Odegard [14]. The 

defined between steel I-beam, 

rips. Point-to-surface contact 

 used to simulate the contact 

ps and the steel beams at the 
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shear zone region with a friction coef

G.Odegard [14]. Steel I-beams were defin

and isotropic material by using stress – st

confirmed by testing coupons using tensi

CFRP strips material was defined as ela

linear material with linear properties due it

feature. Auto meshing with a global e

20mm was performed. This type of mesh

for the element types used in this study t

accuracy. Figure 6 shows the simula

strengthened by diagonal CFRP strips on th

Non-linear static analysis was carried ou

The non-linear analysis method was base

and Error method. The load was applied t

by step. When the plastic strain in the first

the ultimate strain, then the incremental 

stopped. The loading procedure for mode

into a minimum of 40 load steps. Each

amaximum of 100 equilibrium iterations. T

between the experimental results and num

the investigated parameters shows a go

between them. Figure 7 illustrates the def

of the simulated specimen. 

 

V. RESULTS AND DISCU

MODES OF FAILURE 

In this study, the tested steel beams were s

concentrated loads applied at one-fifth b

cross section’s dimensions were chosen to

failure modes took place within the shea

possible failure modes were occurred in th

of the tested beams due to yielding or insta

mode of failure was local buckling of t

critical region as shown in Figure 8. The s

failure was web crippling at the critical r

fillet of the web as shown in Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Simulated specimen strengthene

CFRP strips on the web. 
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oefficient of 0.3, 

fined as nonlinear 

strain curve that 

nsile testing. The 

elastic orthotropic 

e its unidirectional 

 element size of 

eshing is suitable 

y to achieve high 

ulated specimen 

n the web.  

out in this study. 

ased on the Trial 

d to structure step 

irst element got to 

tal load step was 

dels was divided 

ch load step had 

s. The comparison 

umerical ones of 

 good agreement 

eformation shape 

USSION 

e subjected to two 

 beam span. The 

 to ensure that all 

hear region. Two 

n the shear region 

stability. The first 

f the web at the 

e second mode of 

l region near the 

ened by diagonal 

 

 

 

 

 

Figure 7: Deformed shap

Figure 8: Local buck

Figure 9: Failure du

 

The CFRP strips which were 

unidirectional. Delamination

strips were observed durin

specimens strengthened w

delamination of the CFRP s
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ape of simulated specimen. 

uckling of the steel web. 

 

 due to web crippling. 

re applied in this research were 

ion anddebonding of CFRP 

uring the failure process of 

with vertical strips. The 

 strips was observed firstly at 



International Journal of Advanced Enginee 

Infogainpublication.cInfogain Publication ( 

                                             www.ijaems.com 

the critical area near the loading points

debonding of the CFRP strips from the

occurred. The debonding of the CFRP s

observed in the specimens strengthened 

CFRP strips, this mode of failure occu

where both the adhesive and CFRP strips 

together without any delamination in the co

Figures 10 (a), (b) and (c) shows the fail

ofspecimens strengthened with vertical st

failure started with delamination of CFRP

full debonding from the steel surface. 

The ultimate load is considered as the m

criteria for the success of any strengthen

structural elements. All the tested beam

gradually till failure.It is observed that usin

CFRP strips on one side of the web had a

ultimate load by 28.20% compared to no

beam. For the vertical strips on both 

increment in ultimate load can be obtaine

of two layers of vertical strips, the incre

load was 54.90%. 

For diagonal strips, the ultimate load incre

when three diagonal CFRP strips on one s

were used. For diagonal strips on b

increment in ultimate load was 52.20%. T

ultimate load in the case of two layers of 

on the both sides of steel webs was 61.10%

load for each of the tested specimens is gi

A comparison between the experimental 

results ultimate load of all the tested spec

shown in the same table. Finally, it can be

applying CFRP strips on the web increas

load of beams considerably. Attaching of 

both sides of the web increased the load 

steel beam than on only one side of the 

strips were more effective than the 

Specimen (B2-2-45) that strengthened usin

three diagonal strips on both sides of

revealed the highest increase in load bearin
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s, and then the 

the steel surface 

 strips was only 

ed with diagonal 

ccurred suddenly 

ps were debonded 

composite strips. 

failure procedures 

 strips, where the 

RP strips until its 

e most important 

hening scheme of 

ams were loaded 

sing three vertical 

d an increasing in 

non-strengthened 

th sides, 43.40% 

ined. For the case 

crease in ultimate 

creased by 38.8% 

e side of the web 

both sides, the 

. The increase in 

of diagonal strips 

0%. The ultimate 

 given in Table 5. 

tal and numerical 

pecimens is, also, 

 be concluded that 

ased the ultimate 

of CFRP strips on 

ad capacity of the 

he web. Diagonal 

e vertical strips. 

sing two layers of 

of the web had 

ring capacity. 

 (b

 (c

Fig. 10: Failure procedures o

(a), initial debonding (b)

Table 5: Experimental and si

the tested s

Speci

men 

Experimental test 

Ultimate 

load 

(KN) 

increasin

percenta

in ultima

load 

compared

contro

beam 

 (B0) 

B0 438.44 - 

B1-1-

90 
561.88 +28.20 

B2-1-

90 
628.56 +43.40 

B2-2-

90 
679.22 +54.90 

B1-1-

45 
608.54 +38.80 

B2-1-

45 
667.11 +52.20 

B2-2-

45 
706.45 +61.10 
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(b) 

(c) 

es of CFRPstrips; delamination 

 (b) and full debonding (c). 

 

 simulatedultimate loads for all 

d specimens. 

Numerical simulation 

 

Error % 

asing 

ntage 

imate 

d 

red to 

trol 

m

0)

Ultimate 

load 

(KN) 

increasing 

percentage 

in ultimate 

load 

compared to 

control beam  

(B0) 

440.00 - + 0.356 

.20 580.00 +31.82 + 3.225 

.40 640.00 +45.45 + 1.820 

.90 700.00 +59.09 + 3.059 

.80 620.00 +40.91 + 1.883 

.20 680.00 +54.55 + 1.932 

.10 720.00 +63.64 + 1.918 
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STRAIN ON THE STEEL BEAM 

It was observed that attaching the vertical strips to the 

web on only one side of the web decreases the strain on 

the web by 62.86% while attaching the same vertical 

strips to the web on both sides decreases the strain by 

78.40% compared to the control beam.  

For the diagonal CFRP strips, it was concluded that 

attaching three diagonal strips to the web at shear zones 

on only one side of the web decreases the strain on the 

web by 69.72% while attaching the same diagonal strips 

on the both sides of the web decreases the strain by 84% 

compared to the control beam.For specimens (B2-2-90) 

and (B2-2-45), the steel strain obtained at the ultimate 

load of the control beam was still in the elastic region 

with a negative value; however the strain became positive 

in the plastic region when the beam failed. 

Finally, applying CFRP strips on both sides of the web 

decreased the strain on the web than on only one side of 

the web. Also, the strain on the web decreased when two 

layers of CFRP strips were applied. Diagonal strips lead 

to decrease the strain on the web more than the vertical 

strips.Figures 11 and 12 illustrate strain on the web versus 

load relationships for experimented and simulated 

specimens, respectively. Figure 13 and 14 shows the 

shear strain distribution for simulated specimen after and 

before strengthening, respectively. 

 

 
Fig. 11: Load – Strain on steel web relationship for 

experimented specimens. 

 

 
 

Fig. 12: Load – Strain on steel web relationship for 

simulated specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Shear strain distribution before strengthening. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi.e 14: Shear strain distribution after strengthening 
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STRAIN ON THE CFRP STRIPS 

Only unidirectional CFRP strips were applied in this 

research. Delamination of CFRP strips at the critical area 

near the point load and the debonding between the CFRP 

strips and the steel surface were the two modes of failure 

observed in CFRP. For the specimens strengthened by the 

vertical strips the strain gauges were also pasted vertically 

in the same direction of fibers, while the specimens 

strengthened by using diagonal CFRP strips, the strain 

gauges were pasted in the same direction of strips (i.e. on 

an angle of 45⁰). 

It was concluded that using CFRP strips on both sides of 

the web instead of on one side only lead to decrease the 

strain on CFRP strips whether these strips were vertical or 

diagonal. It was also noted that the use of only one extra 

layer of vertical strips decreases the strain on CFRP strips 

by 27%, while the use of only one extra layer of diagonal 

strips decreases the strain on CFRP strips by 24%. 

Attaching of CFRP strips in diagonal orientation 

decreased the strain on CFRP more than in vertical one. 

Strain on CFRP versus load relationships for 

experimented and simulated specimens is shown in 

Figures 15 and 16, respectively. 

 

 
Figure 15: Load – Strain on CFRP strips relationship for 

experimented specimens. 

 

 
Figure 16: Load – Strain on CFRP strips relationship for 

simulated specimens. 

 

VERTICAL DEFLECTION 

To measure the vertical deflection on the tested steel I-

beams, three Linear Variable Deformation Transducers 

(LVDT-1, 2 and 3) were installed to the bottom flange of 

the steel beam at critical positions. LVDT-1 and LVDT-3 

were installed to the bottom flange of the steel beam 

under the acting points of the two concentrated loads 

while LVDT-2 was installed at the mid-span of the beam 

to measure the vertical deflection of mid-span point. The 

aim of installing LVDTs at the point loads was to verify 

the readings but it was expected that the maximum 

vertical deflection was at mid-span. 

It can be noticed that the vertical deflection at mid-span of 

the beam decreases by approximately 60.5% when CFRP 

strips on only one side of the web were used in 

comparison with control beam. When the vertical CFRP 

strips attached to both sides the vertical deflection was 

decreased by 70.5%. The vertical deflection decreases to 

73.0% when two layers of vertical strips were applied on 

both sides of the web.  

Using diagonal CFRP on one side of the web decreases 

the mid-span vertical deflection by approximately 67.15% 

and 71.74% for one layer and two layers of CFRP strips, 

respectively. Using two layers of diagonal CFRP on both 

sides of the web decreases the mid-span vertical 

deflection by approximately 75.3 % which corresponds to 

the least vertical deflection value. 

Finally, it is noticed that using diagonal CFRP strips led 

to slightly decrease in the vertical deflection in 

comparison with vertical strips. Strain on CFRP versus 

load relationships for experimented and simulated 

specimens is shown in Figures 17 and 18, respectively. 
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Fig, 17: Load – Vertical deflection relationship for 

experimented specimens. 

 

 
Fig. 18: Load – Vertical deflection relationship for 

simulated specimens. 

 

VI. CONCLUSIONS 

According to the obtained results, the following points 

can be concluded: 

1. All the tested specimens were failed at shear region. 

Web crippling and web local buckling were the two 

failure modes observed in the unstrengthened steel I-

beam (control). CFRP strips delamination and 

debonding between the CFRP strips and steel surface 

were the two failure modes observed for the tested 

steel I-beams strengthened with CFRP strips in shear 

zone. 

2. Strengthening the web of the tested steel I-beams at 

shear zones by using CFRP strips of different 

schemes improved significantly the structural 

behavior of the I-beams under flexural loads.  

3. Attaching CFRP strips on both sides of the web of 

the tested steel I-beams increases the ultimate load of 

the beam, and decreases the web strain and vertical 

deflection in comparison with using CFRP strips one 

side only. 

4. The use of one extra layer of CFRP strips on both 

sides of steel I-beams web increases its ultimate load 

of the tested specimens. 

5. Attaching the CFRP strips in diagonal orientation 

increases the ultimate load slightly more than 

attaching it in vertical orientation.  

6. Increasing the number of CFRP layers from one layer 

to two layers produced a slight decreasing in web 

strain. 

7. Strengthening the steel I-beams with two layers of 

CFRP in vertical or diagonal direction makes the 

specimen to behave in the elastic region till ultimate 

load. 

8. A great convergence between the experimental 

results and the theoretical ones obtained from the 

finite element simulation. 

 

VII. ACKNOWLEDGEMENT 

I would like to record our appreciation for the Faculty of 

Engineering in Benha, Benha University, for rendering 

the necessary support to carry out this research. 

 

ABBREVIATIONS 

bf, width of flange; tf, thickness of flange; h, Height of 

section; tw, thickness of web; t CFRP, thickness of CFRP 

strip; t adh, thickness of adhesive; hCFRP, height of CFRP 

strips; hadh, height of adhesive; a, width of shear zone. 
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