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Abstract—This paper studies the behavior of simply
supported steel I-beams strengthened with carbber fi
reinforced polymers (CFRP) strips on the web asashe
reinforcement. The experimental program containese
simply supported steel beams. One of them was
considered as a control beam and the other specamen
were strengthened with different schemes; varyimg t
position of CFRP strips to the web, its numberaykels
and its angle of orientation. The results show that
applying CFRP strips on the web of the steel I-beamas

an effective strengthening method for increasirgltad
bearing capacity and decreasing the deformatiorsingy
two layers of diagonal CFRP strips on both sideghef
web realized the highest increasing in the loadaciy.
Moreover, finite element analysis method has been
utilized to analyze the tested specimens using SNA&Y
great convergence between the experimental reanis
the corresponding ones obtained from finite element
simulation.

Keywords— carbon fiber reinforced polymer, steel,
specimen, strengthening.

l. INTRODUCTION
In recent years, strengthening of steel structbezame a
major concern of researchers in the civil engimegri
community [1 to 10]. There are many reasons to
strengthen the steel structures such as designserro
construction errors, lack of proper maintenancégtie
damage, and to increase the structure capabilicatoy
excessive loads. In the past, the conventional oalsttfor
strengthening the steel structures were basedeoust of
steel plates attached to the existing systems Hgingg
bolting or adhesive bonding. The major disadvargagfe
using these traditional techniques were its heagigh,
difficult to fix, prone to corrosion and also, teensitivity
of the strengthened system to fatigue problems tdue
stress concentration produced by welding or dgllim
addition, these traditional techniques need technic
labors and heavy equipments for installing thegslan
their position.
The use of FRP for strengthening concrete strukctura
elements demonstrates a great effect to enhance the
strength of these elements. As successes of tiisitpue,
researchers have recently investigated the usdrBf fer
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strengthening of steel elements as promising
technique.Significant researches have been devimed
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 ahé tltimate
strength of steel flexural elements can be greatly
enhanced by CFRP reinforcement. Recent developments
and research activities in the use of high perfocea
materials have been increasing lately.A series of
traditional H shaped steel beams were strengthaned
tested by PierluigiColombi et al.,(2004) [11] tady the
static behavior of steel beams strengthened by CFRP
strips in addition to control beam. The experimenta
program included testing of three (HEA140) steelrbe
strengthened by unidirectional CFRP (Sika® Carb@&dur
M614) strips. The used strengthening technique yoed

an improvement of the load-carrying capacity. Tfeot

of CFRP strips on the plastic stiffness was also
remarkable, while a significant increment of thastc
stiffness is attained when the strengthening isemaith

two layers. The use of two different epoxy adhesikad

not led to a significant effect on the load-defiectcurves

nor the produced stresses in the strips.

S. Rizkalla et al.,(2007) [12] presented the rasoft 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 haf t
strengthening system under fatigue and overloading
conditions. The beams were loaded till failure ifoar-
point bending loads. These tests identified thedbgiress
distribution typically induced in beam applicatior&he
tests indicated that two layers of the HM CFRPpstri
required twice the development length (the lengtmf

the end of the strip to the nearest load pointadhieve
rupture of the fibers.

The using of carbon fiber reinforced polymer (CFRP
strips have been investigated commonly for flekura
strengthening of steel beams but the effectivenéssing
CFRP strips for strengthening of web as shear
reinforcement is recently discussed by Narmashiile
(2010) [13]. The effectiveness of shear strengtigesieel
I-beams has been investigated by using differenRECF
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ratios (area of CFRP crosection to cross sectial area
of steel web) of 0.48 and 0.72. The requirements
applying CFRP on both or one side of web have |
discussed. The ratio 0.48 is generated by usingstwps
of CFRP, and the ratio 0.72 is generated by udimge
strips of CFRP. The shear @mwas surrounded by tv
stiffeners. The ratio of web height to shear spas W.54
and web slenderness (web height to its thickness
19.7. The experimental work was consisted of
specimens. The first specimen was not strengtheFeael
second and ftd specimens were strengthened by u
CFRP strips on both sides of the web using CFRB od
0.72 and 0.48, respectively. The fourth and théh
specimens were strengthened by using CFRP strilys
on one side of the web with CFRP ratio of 0.72 0.48,
respectively. The experimental results revealedl tising
CFRP strips on the web as shear reinforcementeet -
beams was a successful method for increasing the
capacity and decreasing the steel beam deformaflans
failure modes were obsved for the CFRP strips. The fi
failure mode was the longitudinal delamination ag&
CFRP strips which was more critical towards thenp
loads. The second failure mode was the debondirthe
strips. It was also noted that, applying CFRP an kb
decreased the vertical deflection of the beam,@albein
the plastic region. The CFRP ratios of 0.72 an® @A
both sides of the web produced the same increnidoad
capacity.

This article aims to study the behavior of ste-beams
strengthened by using CFRP strips which attachetie
web at the shear zones. Modes of failure, ultinhaaels,
strain on steel web and on CFRP strips, and défleetre
observed and recorded to examine the shear behafv
the lbeam strengthened w CFRP.

Il. EXPERIMENTAL PROGRAM
To examine the mentioned parameters, seven beamas
experimentally tested; one of them was referencm
without CFRP strengthening. Three beams v
strengthened by CFRP strips in diagonal orientafiah),
and three beams were strengthened by CFlrips in
vertical orientation. The strengthening was carrad
with different number of layers (one & two layem=)d
different position with respect to web (on one séden
both sides).
Table (1) presents the study parameters correspgrd
each testd specimen. The details of the tested specil
are shown in Figures 1 anc
Steel beams used in the experimental program Ha
universal steel section IPE 160. Its dimensions
mechanical properties are listed in Table (2). Tised
CFRP strips an@poxy resin are submitted from SIKA
CO., branch in Swiss under a commercial names S
Carbodur® plate S512 and Sikadur® 30, respecti
The nominal mechanical properties of the compc
strips and resin provided by the supplier are regobm
Tables (3) and (4), respectivel

Table 1: Experimental Progra

Specimen Position 6FRP on web No. of layers Orientation oiICFRP
BO - - -
B1-1-450ne side one layer4®
B2-1-45 both sides one layer 45°
B2-2-45 both sides two layers 45°
B1-1-90 one side one layer 90°
B2-1-90 both sides one layer90°
B2-2-90 both sides two layers  90°
i~ steel stiffeners i see siffnes
shear zone left / shear zone right shear 7one Leff : shear z0ne ight
."/‘ = I !
| [ ©
Q CERP strips —/ Q 0 .y ol
0mm  200mm 600 mm Wuon  100mm (FRPsmps —
¥ ¥ £ 1 + A 0om  2Mom 600 mm 200 mm

(@)
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(b)
Fig.1: General detail®f the tested specimens w
CFRP strips in vertical orientation (a), and CF}
strips in diagonal orientation (CFRB angle =459

Page | 9



International Journal of Advanced Engineering, Management and Science (IJAEMS)

Infogain Publication (Infogainpublication.com)

[Vol-2, Issue-2, Feb- 2016]
ISSN : 2454-1311

4 | |

tadh=1mm

terre=1.2mm |

160 mm
f

tw = Smm

h
!

tr =7 . 4dmm

()
i
1 I
| tadh =1mm
£ 5
E -”E tcFrP=1.2mm
)
= =
_LI: = —atl W tw = Smm
Y Wl
¥ [ | i tt =7.4mm
br= 82mm | T
(b)
i |
T W
| il ter=1mm (second layer)
=) 5 tcrrRP=1.2mm
= =
=) I
o o
— =
Il o
= =
LY taen=lmm (fretlayer)
tcrrr=1.2mm
Zv [
L | - tr=7 Amm
b= 82mm

(©

Fig. 2: Details of the sectianstrengthened with or
layer of strip on one side of the web (strengthened
with one layer of strip on both sides of the web
and strengthened with two layers of strip on bades
of the web (c).
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Table 2: Dimensions and mechanical propertieused

steel beal.
Steel Ibeamdimensions (mt
V\(/;Jc:;[h Height (h) Flan?t?) thick. thi(\:/\li.ezw)
82 160 7.4 5.0
Steel lbheam propertie
E-
mod |  Yield Ultimate Yield Ultimate

ulus( | stress (Fy)| stress(Fu’ strain strain
N/m | (Nmm?) | Nmm2) | (&) w | (Eu)w
m2)

209,
100 245 8 0.50 3.5

Table 3: Properties of CFRP stri.

Sika® Carbodur® plate (S51

E-modulus (N/mm:

Mean Min. 5% Fractile | 95% Fractile
value value Value Value
165,000 >1%0’00 162,000 180,000
Tensile strength (N/mrr Strain
MIn T 504 95% | Strain .
Mean . . . Design
value | valu Fractile | Fractile at strain
R Value Value break
>28
3100 00 3,000 3,600 >1.7%| < 0.85%
Table 4: Properties of epoxy re.
Sikadur®-30
Compressive strength Tensile strength (N/mm2)
(N/mm?) g
E- Strength at E-modulus Strength at 7
modulus 7 days days
9,600 70-95 11,200 24-31
Shear strength (N/mm?2) Bond strength on steel (N/mm?2)
Strength at 7 days Mean value Min. value
14-19 >30 >21

To ensure a good quality bonding betw the steel and
the CFRP strips, shear zones surfaces was tregtedh
abrasive disk until the oxidation layer was tot:
removed, and then it is cleaned with AcetThe CFRP
strips were cut to the proper dimensions by a SHve
epoxy resin parts A anB were mixed together with
ratio 3:1 respectively for at least 3 minutes. Tihix can
only be used within its pot life, which is 70 mieg
started from mixing the two parts together at rc
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temperatureThe CFRP strips were glued within 48 ho

after the preparation of steel surfatae mixed resin wa

applied to the CFRPstrips and the steel web at

specified regions (prepared surfaceabgnhe strips were
installed and pressed to steel surface with a gonedisure

to force out the air bubblesa the excess epoxy. T

strengthened specimens were tested after C

installation by at least 7 days.

[l TEST SET-UP

All strain gaugesand LVDTs were arranged and fixed
shown in Figure 3.Three LVDTs were used to mea
the beam vertical deflection and one was used t@sore
the horizontal displacement. All LVTDs were arrah
and fixed independently. Strain gauges of 10mm¢tke
and with a resistance of 120 were used to meast
strains on steel web and CFRP at shear. Four :
gauges (1, 2, 3 & 4) were fixed steel surfac at shear
zone to measure the steel strain in vertical doacfThe
aim of using more than one strain gauvas to avoid th
fails in any used strain gauges and to ensureeit@rdec
readings, so it was important to use many strairgga a
the same positions and make sure that all then:
gauges are working before testing. A four strain
gauges (5, 67 & 8) were fixed on CFRP surface

measure the CFRP strain in the fiber directionoading
cell was mounted to monitor and control the apploedis
during the test. Prepared specimens were cardiftityl

and fastened to the frame test as showFigure 4.

|
) ' ‘
ey

stnin gaige 1§ stain pauge

4] f I )

st gauge

TRPEY iy D12 YD\ Shingage 3

Womm 200 mm 600 nm MWom 100

| I I ) |
" Fig. 3: Schematic view of the test setup and posit
of strain gauges and LVDTsr specimen
strengthened with CFR#trips in diagonal orientatiol
(459).

The tested beam was loaded in two points by usite
hydraulic jack and a rigid steel beam which distréal
the acting load equally. All initial readings ofl
instruments was reset to make it zero. The load
applied incrementally in small load int@ts to get mor:
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accurate readings. All data of instruments devivese
recorded automatically and saved in the format efi-
known office software “excel”. Also, the behavidrtbe
tested specimen was recorded and photographedgc
the test. A schenti@ view for the Setup of th
experimental test is shown in Figur

Fig. 4: Test setup for the control specimen (

il

strain gauge | ‘ Loading beem ‘ siran gauge 3
0] 1
I E4
\.JA | N;L/
| <
S0mm| |
|
{ / LVDHg) §
A ¢ ¢ P b
stran gauge2 /- LVDT-1 LVDL:2 LVDT3  \ sirail gange 4

VIOO mm 200 mm , 600 mm

v
A 7 7 gl

200 mm VIOO mm
A

Fig. 5: Schematic viewf testetup forthe control
specimen (Bt

V. FINITE ELEMENT SIMULATION
Nonlinear finite element method (NLFEM) is conskele
as another approach to study the shear behavithe
steel beams strengthened by the CFRP strips. It
analysis, it is possible to have better control rothe
varied parameters compared with scaltests and
consequently it is easier to get results. The desteel -
beams and steel stiffeners are modeled with a higtaer
3-D, 10node solid element (SOLID187K. Narmashiri
[13]. CFRP strips were simulated using e-node
(PLANE 82) element tyf, G. Odegard [14]. The
interface of surfaces was defined between st-beam,
adhesive and CFRP strips. P-to-surface contact
element (CONTACA48) wassed to simulate the contact
between CFRP strips strips and the sbeams at the
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shear zone region with a friction coefficient 0.3,
G.Odegard [14]. Steelbeams were defined inonlinear
and isotropic material by using stresstrair curve that
confirmed by testing coupons using tensile testifige
CFRP strips material was deftheas elastic orthotrop
linear material with linear properties due its uradtional
feature. Auto meshing with a global element size
20mm was performed. This type of meshing is sust
for the element types used in this study to achisgé
accuray. Figure 6 shows the simulated specir
strengthened bgliagonal CFRP strips on the we
Nondinear static analysis was carried out in this gt
The nonlinear analysis method was based on the -
and Error method. The load was applied to strucstep
by step. When the plastic strain in the first elatrgot to
the ultimate strain, then the incremental load stes
stopped. The loading procedure for models was dd
into a minimum of 40 load steps. Each load step
amaximum of 100 equilibriuriterations. The comparisc
between the experimental results and numerical off
the investigated parameters shows a good agree
between them. Figure 7 illustrates the deformasibape
of the simulated specimen.

V. RESULTS AND DISCUSSION

MODES OF FAILURE

In this study, the tested steel beams were suljeotenvo
concentrated loads applied at difth beam span. Th
cross section’s dimensions were chosen to ensateatt
failure modes took place within the shear regiomo”
possible failure modewere occurred in the shear reg
of the tested beams due to yielding or instabilitiye first
mode of failure was local buckling of the web ae
critical region as shown in Figure 8. The secondienof
failure was web crippling at the critical reg near the
fillet of the web as shown in Figure 9.

Figure 6: Simulated specimen strengthened by diak
CFRP strips on the web.
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Figure 9: Failure due to web cripplir.

The CFRP strips which were applied in this researete
unidirectional. Delamination anddebonding of CFRP
strips were observediuring the failure process of
specimens strengthened with vertical s. The
delamination of the CFRP strijwas observed firstly at
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the critical area near the loading psineand therthe
debonding of the CFRP strips from the steel su
occurred. Thedebonding of the CFRP stripwas only
observed in the specimens strengthened with did
CFRP strips, this mode of failure occurred sudd
where both thedhesive and CFRP strips were debor
together without any delamination in tbempositestrips.
Figures 10 (a), (b) and (c) shows tlaélure procedure
ofspecimens strengthened with vertical strips, whtie
failure started with delamination @FRP strips until its
full debonding from the steel surface.

The ultimate load is considered as the most impo
criteria for the success @ny strengthening scheme
structural elements. All the tested beams were dd
gradually till failure.lt is observed that usingek vertical
CFRP strips on one side of the web had an incrgasi
ultimate load by 28.20% compared nor-strengthened
beam. For the vertical strips on both sides, 43.
increment in ultimate load can be obtained. Fordhse
of two layers of vertical strips, the increase itimate
load was 54.90%.

For diagonal strips, the ultimate load increase®88%
when three digonal CFRP strips on one side of the »
were used. For diagonal strips on both sides,
increment in ultimate load was 52.20%. The incraas
ultimate load in the case of two layers of diagostaps
on the both sides of steel webs was 61.10%. Ttimate
load for each of the tested specimens is giv Table 5.
A comparison between the experimental and nume
results ultimate load of all the tested specimensaiso
shown in the same table. Finally, it can be corstuthat
applying CFRP strip on the web increased the ultim
load of beams considerably. Attaching of CFRP stdp
both sides of the web increased the load capaithe
steel beam than on only one side of the web. Diak
strips were more effective than the vertical str
Specimen (B2-25) that strengthened using two layer:
three diagonal strips on both sides of the web
revealed the highest increase in load bearing dgg
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Fig. 10: Failure procedures of CFFstrips; delamination
(a), initial debonding (b) and full debondi (c).

Table 5: Experimental and simulatedultimate loaatsafl
the tested specime.

Experimental test Numerical simulation
increasing . .
increasing
percentag
; in ultimate percentage
Speci | Uttimate load Ultimate | in ultimate
men load compared t load load Error %
(KN) P (KN) compared to
control
bean control beam
(80) (BO)
BO 438.44 - 440.00 + 0.356
B1-1-
% 561.88 +28.2( 580.00 +31.82 +3.225
B2-1-
% 628.56 +43.4( 640.00 +45.45 +1.820
B2-2-
% 679.22 +54.9( 700.00 +59.09 + 3.059
B1-1-
5 608.54 +38.8( 620.00 +40.91 +1.883
B2-1-
45 667.11 +52.2( 680.00 +54.55 +1.932
B2-2-
45 706.45 +61.1( 720.00 +63.64 +1.918
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STRAIN ON THE STEEL BEAM

It was observed that attaching the vertical sttipghe
web on only one side of the web decreases thensbrai
the web by 62.86% while attaching the same vertical
strips to the web on both sides decreases then dbwai
78.40% compared to the control beam.

For the diagonal CFRP strips, it was concluded that
attaching three diagonal strips to the web at sheaes

on only one side of the web decreases the straith@n
web by 69.72% while attaching the same diagongsstr
on the both sides of the web decreases the stya84%
compared to the control beam.For specimens (B2}2-90
and (B2-2-45), the steel strain obtained at thémale
load of the control beam was still in the elasggion
with a negative value; however the strain becansitipe

in the plastic region when the beam failed.

Finally, applying CFRP strips on both sides of theb
decreased the strain on the web than on only alee i
the web. Also, the strain on the web decreased wilven
layers of CFRP strips were applied. Diagonal sthgzsd

to decrease the strain on the web more than thealer
strips.Figures 11 and 12 illustrate strain on tled wersus
load relationships for experimented and simulated

specimens, respectively. Figure 13 and 14 shows the

shear strain distribution for simulated specimeteraénd
before strengthening, respectively.

800 3
700 1 oo -
R
o ,
7
T BO
.
— —B1-
1-
90
- . = B1l-
1-
45
_____ B2-
1-
90
-500 500 15002500350045005500650075008500
Strain on steel web (um)

Fig. 11: Load — Strain on steel web relationship fo
experimented specimens.
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800- 1
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60 / == B0
50 ~— —B1-1-90
%oo- - .= BI1-145
ioo : --=--B2-1-90
..... .ees B2-1-45
200 —&—B2-2-90
100~ “9e— B2-2-45
0 >

-500 1000 2500 4000 5500 7000 8500 10000
Strain on steel web (Lm)

Fig. 12: Load — Strain on steel web relationship fo

Fi.e 14: Shear strain distribution after strengtfirg
(Debonding occurred)
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STRAIN ON THE CFRP STRIPS

Only unidirectional CFRP strips were applied insthi
research. Delamination of CFRP strips at the aliticea
near the point load and the debonding between EHRFC
strips and the steel surface were the two modédailofe
observed in CFRP. For the specimens strengthendueby
vertical strips the strain gauges were also pastetitally

in the same direction of fibers, while the specimen
strengthened by using diagonal CFRP strips, thainstr
gauges were pasted in the same direction of gitgason
an angle of 49.

It was concluded that using CFRP strips on botbssiof
the web instead of on one side only lead to deeréas
strain on CFRP strips whether these strips wergceéor
diagonal. It was also noted that the use of only extra
layer of vertical strips decreases the strain oREBtrips
by 27%, while the use of only one extra layer @gdinal

800 3
TOO A M .
.grfg"“’“’,,’
600 R e S
A A P ——BT-
500 QX,': T /,’// 1-
Zz 2(\ e '/ ‘/// 90
EOO 14 . * . "” '/ - = Bl_
A 1-
300 ;§/ - B
1-
200 90
100
0 $ >
0 200 400 600 800100012001400160018002000
Strain on CFRP (pm)

strips decreases the strain on CFRP strips by 24%.

Attaching of CFRP strips in diagonal orientation
decreased the strain on CFRP more than in vetical
Strain on CFRP versus load relationships for
experimented and simulated specimens is shown in
Figures 15 and 16, respectively.

800 2
700
600
— B -
500 1-
z 90
00 — —BI-
©
S 1-
300 45
- . = B2-
200 1-
90

100

0 T T T T T T T T »

0 200 400 600 800 10001200140016001800

Strain on CFRP (L.Lm)

Figure 15: Load — Strain on CFRP strips relatiorsiior
experimented specimens.
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Figure 16: Load — Strain on CFRP strips relatiornsfior
simulated specimens.

VERTICAL DEFLECTION

To measure the vertical deflection on the testeeldt
beams, three Linear Variable Deformation Transduicer
(LVDT-1, 2 and 3) were installed to the bottom fi@nof

the steel beam at critical positions. LVDT-1 andD'M3
were installed to the bottom flange of the steehrbe
under the acting points of the two concentratedddoa
while LVDT-2 was installed at the mid-span of theam

to measure the vertical deflection of mid-span poie
aim of installing LVDTs at the point loads was terify

the readings but it was expected that the maximum
vertical deflection was at mid-span.

It can be noticed that the vertical deflection &+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 €FR
strips attached to both sides the vertical defbectivas
decreased by 70.5%. The vertical deflection deeets
73.0% when two layers of vertical strips were aggplon
both sides of the web.

Using diagonal CFRP on one side of the web decsease
the mid-span vertical deflection by approximatelfy15%
and 71.74% for one layer and two layers of CFRPsstr
respectively. Using two layers of diagonal CFRPboth
sides of the web decreases the mid-span vertical
deflection by approximately 75.3 % which correspoial

the least vertical deflection value.

Finally, it is noticed that using diagonal CFRHApsried

to slightly decrease in the vertical deflection in
comparison with vertical strips. Strain on CFRPsusr
load relationships for experimented and simulated
specimens is shown in Figures 17 and 18, respégtive
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Fig, 17: Load — Vertical deflection relationshiprfo
experimented specimens.
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Fig. 18: Load — Vertical deflection relationshiprfo
simulated specimens.

VL. CONCLUSIONS

According to the obtained results, the followingire

can be concluded:

1. All the tested specimens were failed at shear regio
Web crippling and web local buckling were the two
failure modes observed in the unstrengthened kteel
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 inrshea
zone.
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2. Strengthening the web of the tested steel I-beams a
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 ultimatedba
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 ultinzed |
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 udtien
load.

8. A great convergence between the experimental
results and the theoretical ones obtained from the
finite element simulation.
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ABBREVIATIONS
bf, width of flange;t;, thickness of flangeh, Height of
section;t,, thickness of webt cgrp, thickness of CFRP
strip; t agn thickness of adhesivéicerp, height of CFRP
strips;hagn, height of adhesiveg, width of shear zone.
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