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Abstract An experimental program and an analytical
model using ANSYS program were employed to estimate
the structural performance of repaired damaged steel
beams using fiber reinforced polymer (FRP) composite
materials. The beams were artificially notched in the ten-
sion flanges at mid-spans and retrofitted by FRP flexible
sheets on the tension flanges and the sheets were extended
to cover parts of the beams webs with different heights.
Eleven box steel beams, including one intact beam, one
notch damaged beam and nine notches damaged beam and
retrofitted with composite materials, were tested in two-
point loading up to failure. The parameters considered were
the FRP type (GFRP and CFRP) and number of layers. The
results indicated that bonding CFRP sheets to both of the
tension steel flange and part of the webs, instead of the
tension flange only, enhances the ultimate load of the ret-
rofitted beams, avoids the occurrence of the debonding and
increases the beam ductility. Also the numerical models
give acceptable results in comparison with the experi-
mental results.
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Introduction

FRP composite materials were initially used as strength-
ening materials for reinforced concrete (RC) flexural
components then their applications have been expanded to
wood, masonry, steel and concrete—steel composite struc-
tures. The composite materials may be glass or carbon-FRP
materials (GFRP or CFRP) and they are used in the form of
flexible sheets or rigid plates. They have light weight, high
tension strength and high resistance to corrosion. FRP is
fixed in the structure by adhesive (resin) material. The
bond at the interface between the structure and FRP con-
trols in the transferring force between them. The researches
effort in the field of retrofitting steel I beam by bonding
CFRP plate into the beam lower flange showed that the
presence of the CFRP plate can help to increase the ulti-
mate strength and post-elastic stiffness of typical I-steel
beams (especially when a high modulus CFRP is used).
Also various failure modes occurred for such FRP-plated
steel beams; plate end debonding in an FRP-plated steel
beam is the basic mode of failure. This because high
interfacial shear stresses and peeling stresses localize in the
vicinity of the plate end. Plate end debonding can be
delayed by increasing the bonded length (Schnerch et al.
2007; Tavakkolizadeh and Saadatmanesh 2003; Photiou
et al. 2006a, b; Michael et al. 2005; Gu et al. 2012; Jesus
et al. 2012; Buyukozturk and Hearing 1999; Shaat and Fam
2006, 2009; Teng et al. 2012; Salama and Abd-El-Meguid
2010; Yu et al. 2011; Hmidan et al. 2013; Ochi et al. 2011;
Kalavagunta et al. 2014).

Various researches examined the feasibility and effec-
tiveness of rehabilitation of deteriorated steel structures
using FRP materials. Deterioration in steel structures
occurs due to excessive service load, fatigue damage or
environmental contribution (corrosion). The researches
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efforts in this field generally focused on repairing naturally
deteriorated steel structure elements or repairing artificially
damaged steel structure elements. In 1996, two I-girders
were removed from an old and deteriorated bridge. The
two girders had uniform corrosion along their length and
this corrosion mostly concentrated within the tension
flange and the webs of the girders were not severely cor-
roded. This corrosion caused approximately, a 40 % loss of
the tension flange. The two beams were repaired along the
entire length of the girders using a single layer of CFRP
strip with 6.4 mm thick then they were tested. The results
indicated that the elastic stiffness of the first and second
girders increased by 10 and 37 %, respectively. The ulti-
mate capacities of the first and second girders were also
increased by 17 and 25 %, respectively (Gillespie et al.
1996).

On the other hand various researches studied the struc-
tural performance of repairing artificially damaged com-
posite or non-composite steel beam using FRP element.
Section loss due to corrosion has been simulated artificially
by cutting part of the flange or the web, or machining the
tension flange to a reduced thickness throughout the entire
span. Fatigue cracks have been simulated by introducing
partial or complete saw cut in the steel flange thickness.
Another method of introducing an artificial damage is by
loading the steel girder beyond yielding and then unload-
ing. Liu et al. (2001) studied the effect of repairing dam-
aged non-composite I-beams using HM-CFRP plate. The
tension flange of the damaged beams was completely cut.
Their results indicated that the repaired specimens did not
recover the total strength of the control intact specimen.
The failure mode of specimen with full length repair was
due to a gradual debonding of the CFRP laminate which
initiated at mid-span and extended to the end as the load
increased. Tavakkolizadeh and Saadatmanesh (2003) and
(Al-Saidy et al. 2004) examined the effect of repairing
partial cutting of the tension flange of composite beams
using SM-CFRP sheets and HM-CFRP plates, respectively.
Tavakkolizadeh and Saadatmanesh (2003) indicated that
the repaired specimens did not recover the total strength of
the intact specimen. Also their results showed that the
girder having 25 % loss in tension flange failed by rupture
of CFRP. On the other hand the girder having 50 % loss in
tension flange failed by crushing of the concrete slab,
followed by a limited debonding of the CFRP laminate at
mid-span. In the case of the girder having 100 % loss in
tension flange complete debonding of CFRP laminate
occurred. Al-Saidy et al. (2004) showed that repairing the
girders using HM-CFRP plates was able to fully restore the
strength of the original undamaged girders. The CFRP
debonding mode of failure was not observed in their study
and only crushing of the concrete slab or rupture of the
CFRP plates was reported. Shaat (2007) studied the effect
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of repairing the damage composite steel beams by bonding
SM-CFRP or HM-CFRP sheets on the bottom side of the
tension steel flange and on both the bottom and top sides of
the tension flange. The steel tension flanges were com-
pletely cut at mid-span to represent a severe section loss in
bridge girders. His results indicated that bonding SM-
CFRP sheets to both sides of the steel flange enhances
flexural stiffness of the repaired girders, but has no effect
on flexural strength.

Eleven box steel beams (one control intact beam, one
artificially damaged beam and nine artificially damaged
beams and repaired with FRP composite material) were
tested in four-point bending configuration. The tension
flange is saw-cut at mid-span to simulate section loss due to
a fatigue crack or a localized severe corrosion. FRP
material is then adhesively bonded to the tension flange or
to the tension flange and parts of the webs in order to
recover and possibly exceed the original strength. Analyt-
ical models using ANSYS program were employed, veri-
fied, and used in a parametric study. The current results
indicate that the FE simulations give acceptable results in
comparison with the experimental results.

Experimental program

Eleven steel box beams were tested in two-point loading.
All beams are of length 1000 mm and they have box cross
section with 50 x 50 mm and with 3 mm thickness. A
schematic diagram of the typical beam (CB) and the
locations of strain and dial gages are shown in Fig. 1. The
specimens were categorized into four groups. The first
group (Set 1) is the control specimens and it includes the
control intact beam (CB) and the damaged beam (DB). The
second group (Set 2) contains four artificially damaged
beams and then they were repaired with FRP composite
material. In this group, the damaged beams were repaired
by externally bonded the composite material on the tension
flange only (repaired method Case # 1) as shown in Fig. 2.
The type of FRP; glass fiber or carbon fiber and the number
of layers are the parameters. In the third group (Set 3), the
specimens were retrofitted by attaching the composite
material in the tension-side flanges and the FRP flexible
sheets were wrapped around the beams web to cover parts
of them with H height as shown in Fig. 2. The fourth group
(Set 4) included one retrofitted beam. This beam was
repaired by attaching two layers of CFRP sheets on the
lower tension flange and applied four GFRP strips with
20 mm width at the CFRP ends. These strips were wrapped
around the whole section of the beam as shown in Fig. 3. In
all the damaged specimens, the tension flange is saw-cut at
mid-span to simulate section loss due to a fatigue crack or a
localized severe corrosion. The width and depth of the
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Fig. 3 Details of RB9 specimen

notch were controlled to be 4.5 and 3 mm, respectively in
all the damaged specimens. Details of the test specimens
are summarized in Table 1.

The glass fiber used is a unidirectional woven glass fiber
fabric with 0.172 mm thickness and the CFR is SikaWrap®-

230 C that is a unidirectional woven carbon fiber fabric for
the dry application process. Its thickness is 0.131 mm.
Sikadur®-330 supplied by Sika Company was used to get
sufficient bonding between steel beam and both of carbon
fibre and glass fiber. It is a two parts (A and B). Part A is a
resin (white) and the second part is a hardener (gray). The
mixing ratio was 4:1 (A: B) by weight. Before applying the
strengthened materials, the surface was clean from any dust
by manual sandblasting. Table 2 shows the material prop-
erties of the CFRP, GFRP, steel and adhesive material.
The specimens were simply supported with a span of
900 mm between the two supports and tested under two-
point bending static loading using flexural testing machine
of 100 kN capacity. The spacing between the two con-
centrated point loads was 160 mm (see Fig. 1). The beams
were tested under an increasing load up to failure at 1 kN a
constant loading rate. The behavior of beams was moni-
tored by measuring the deflection at mid-span and at
200 mm distance from the mid-span using two dial gauges
with an accuracy of 0.01 mm. A set of four DEMEC strain
gauges were fixed in one side of the specimen to allow
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Table 1 Specimens details

Group L.D. Specimens 1.D. Beam designation Retrofitting configuration
Set 1 CB Intact None
DB Damaged None
Set 2 RB1 Repaired method Case # 1 2 layer of GFRP, 600 mm long
RB2 1 layer of CFRP, 600 mm long
RB3 1 layer of CFRP, 600 mm long + 1 layer of CFRP, 400 mm long
RB4 2 layer of GFRP, 600 mm long + 2 layer of GFRP, 400 mm long
Set 3 RB5 Repaired method Case # 2 2 layer of GFRP, 600 mm long (web height (H) = 10 mm)
RB6 1 layer of CFRP, 600 mm long (web height (H) = 5 mm)
REP7 2 layer of GFRP, 600 mm long + 2 layer of GFRP, 400 mm long (web
height (H) = 15 mm)
RBS 1 layer of CFRP, 600 mm long + 1 layer of CFRP, 400 mm long (web
height (H) = 15 mm)
Set 4 RB9 Repaired method Case # 1 1 layer of CFRP, 600 mm long + 1 layer of CFRP, 400 mm

long + GFRP strips at the ends of CFRP

Fig. 4 Specimen test

measuring the strain versus load during the test. Typical
test set-up and instrumentation is shown in Fig. 4.

FE simulation

Three dimensional models were employed to simulate the
tested steel beams numerically up to failure using the
general purpose Finite Element (FE) analysis program,
ANSYS. Geometric and material nonlinearities were both

behaviors of the retrofitted and non-retrofitted beams. Solid
185 elements (refer to ANSYS (Narmashiri and Jumaat
2011) and Narmashiri and Jumaat (ANSYS 2009)) were
used to simulate the steel beams and the strengthening
composite materials and the adhesive material. Each ele-
ment is defined by eight nodes. Each node has three
degrees of freedom at each node: translations in the nodal
x, y, and z directions. The element has plasticity, creep,
swelling, stress stiffening, large deflection, and large strain
capabilities. The modeling included beams having a hinged
support on one side and a roller support at the other side,
with a span length of 900 mm as per the experimental
setup. The FE simulation of the control beam as example is
presented in Fig. 5. The material nonlinearity was repre-
sented by multi-linear kinematic hardening constants
(MKIN). It assumes that the total stress range is equal to
twice the yield stresses, so that Bauschinger effect is
included. MKIN may be used for materials that obey von
Mises yield criteria. The material behavior was described
by a stress—strain curve as presented in the experimental
work. It starts at the origin and it is with positive stress and
strain values. The initial slope of the curve represents the
elastic modulus of the material. In the current analysis,
load-control technique is used. In this technique, total load
is applied to a finite element model. The load is divided

considered into account in simulating the flexural into a series of load increments (load steps) during the

Table 2 Material properties of . 3 _ - .

steel and composite materials Density g/cm E-Modulus (Gpa) Tensile strength (Mpa) Strain

Yield Ultimate Yield Ultimate

Steel 7.8 200 250 370 0.00125  0.0135
CFRP 1.76 238 4300 - 0.018 -
GFRP 2.56 18.3 381 - 0.0208 -
Adhesive 3.8 4500 - 0.009
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Fig. 5 Geometry of the FE
model {

A
(Sl
Notch
[:s
Table 3 Test results
Specimens 1.D. At the end of linear edge At the peak load Failure mode
PL(kN)  Dp Dy (mm) P, (kN) Dy, (mm) Dy, (mm)  Strain (u£)
(mm) P
Com. Ten.

CB 153 8.25 5.62 17.8 30.15 2442 6900 5120  Ductile
DB 8.3 4.08 3.13 11.8 16.08 11.22 800 760
RBI1 8.3 3.77 2.7 12.3 10.89 6.88 3700 1380  Rupture of the laminates
RB2 9.3 4.19 3.61 14.5 14.59 9.21 1440 1140
RB3 13 6.26 4.76 18.7 27.15 18.18 1720 2320  Debonding
RB4 8.4 4.04 3.1 14.4 24.24 12.6 1840 1520 Rupture of the laminates
RB5 12 5.32 3.81 14.6 16.67 11.42 1380 1620
RB6 11 5 3.82 17 19.3 13.25 3880 4480
RB7 13 5.06 3.6 16.4 17.55 11.16 2360 1040
RB8 14 6.04 4.65 22.5 32.04 23.37 12780 3240
RB9 14.5 8.47 5.25 19.5 24.34 18.05 6660 1680  Debonding

analysis. ANSYS program uses Newton—Raphson method
for updating the model stiffness [refer to ANSYS Tavak-
kolizadeh and Saadatmanesh (2003) and Kadhim Shaat and
Fam (2006)]. Finally, initial imperfections or residual
stresses caused by the manufacturing process were not
included in the modeling.

Results and discussion

The experimental test results of all the steel beams are
summarized in Table 3. In the current section, the effect of
cutting the tension flange at mid-span is presented and dis-
cussed. Figure 6 shows the load versus deflection at points
D1 and D2 from the experimental work and FE simulation of
beam CB and beam DB. Figure 7 shows the load versus
longitudinal strains at the measured locations (SA and SB)
for the two specimens. The failure mode as observed from
the experimental work and as obtained from the numerical
analysis for the two beams are showed in Fig. 8. From these
figures, it can be concluded that the finite element simulation

gives acceptable results in comparison with the experimental
results. From Fig. 6, it can be concluded that the relation
between experimental load and the deflection at the mid span
of beam CB is linear up to 15.3 kN total load and 8.25 mm
corresponding mid-span deflection. After that the plasticity
took place and growth in the bottom flange, the top flange and
the two webs at the loading positions and their surrounding
area, making load—deflection curve nonlinear up to an
applied load equals 17.8 kN and the corresponding deflec-
tion at mid-span equals 15.5 mm, after that the deflection
increased without significant change in the load. Also this
figure shows that the strength of beam DB has been severely
degraded as a result of notching the lower steel flange at mid-
span. Table 3 shows 34 % reduction in the ultimate load.
Figure 8 shows that the deformed shape at the ultimate load
as observed from the experimental work and as obtained
from the numerical analysis for beam CB is ductile failure
mode. For the damaged beam, significant yielding was
observed and at the end of the test, the measured crack width
was 7.2 mm. Figure 9 shows numerical normal stresses
distribution for the two beams at the ultimate load. This
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Fig. 9 Numerical normal stresses distribution at the ultimate load of non-retrofitted specimens
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Fig. 10 Load-deflection curves 30
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Fig. 11 Experimental total load—deflection curves of retrofitted
specimens (Set 2)

Fig. 12 Load-strain curves of RBI 15

concentration.

The results of repaired beams with the composite
materials bonded on the lower side of the tension steel
flange only (Set 2) in terms of load—deflection curves, load-
strain curves, failure modes and normal stresses distribu-
tions are presented in Figs. 10, 11, 12, 13. Figure 10 shows
the comparison between the experimental and numerical
results in terms of load—deflection curves for retrofitted
specimens (Set 2). This figure shows that the numerical and
the experimental results are close; the difference between
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Fig. 13 Failure modes of Set 2 specimens

the results not exceed than 15 %. Figure 11 shows the
responses of specimens Set 2, compared to beams CB and
DB. The figure shows that beam RB3 reached flexural
stiffness values higher than the intact beam, which is
attributed to the high value of elastic modulus of CFRP.
Table 3 shows gains in ultimate load of 5.1 %. This beam
failed at 17.8 kN ultimate load and 27.15 and 18.18 mm
corresponding deflections at points D1 and D2 due to the
occurrence of the debonding CFRP as shown in Fig. 13.
Also Fig. 11 indicates that the retrofitted beams (RB1, RB2
and RB4) give higher responses than the notch damaged
beam but they not achieve the full stiffness and ductility of
beam CB and their ultimate load was 30.9, 18.54 and
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19.10 % lower than the ultimate load of the intact beam, as
indicated in Table 3. Also these results showed that
increasing the number of FRP layers increases the ultimate
load. Figure 12 shows the load versus strains at two dif-
ferent locations (SA and SB) of Set 2 specimens. From
these figures, it can be clearly seen that the numerical
model gives a good outcome compared to the experimental
tests results. The failure mode of beams RB1, RB2 and
RB4 occurred by rupture of the FRP sheets at mid-span, as
shown in Fig. 13 due to reaching the maximum strength of
FRP (see Fig. 14).

The structural performance of the retrofitted specimens
with the composite materials bonded on the lower side of the
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Fig. 14 Numerical normal stresses at the ultimate load of (Set 2) retrofitted specimens

tension steel flange and on a part of the two webs with
height (k) (Set 3) are presented and discussed in this sec-
tion. Figure 15 shows the experimental and numerical load—
deflection curves at points D1 and D2 and Fig. 16 presents
the comparison between experimental and numerical results
of beams Set 3 in term of load verses strain. These fig-
ures showed that the FE simulation gives good results
compared to the experimental results. Figure 17 shows the
experimental load—deflection curves of specimens Set 3
(RB5, RB6, RB7 and RB8), compared to the reference
control intact beam and the damaged beam. This figure and
Table 3 indicate that beam RBS8 achieves ultimate load
values higher than beam CB by about 26.4 %. Also beam
RB8 has an increase in ductility in comparison with beam
CB. This beam failed at 22.5 kN ultimate load and 32.04

and 23.37 mm corresponding deflections at points D1 and
D2 due to the occurrence of the rupture CFRP at the mid-
span as shown in Fig. 18. The failure mode of all beams Set
3 occurred by rupture of the FRP sheets at mid-span, as
shown in Fig. 18. Figure 19 presents the numerical normal
stresses of retrofitted beams Set 3.

The results of the specimen RB9 are presented in
Figs. 20, 21, 22, 23. This specimen was repaired with two
layers of CFRP and four externally bonded GFRP strips.
These strips were wrapped around the whole section of the
beam at the ends of the CFRP layers. Figure 21 indicates
that the repaired specimen RP9 achieves ultimate load
value higher than beam CB by about 9.55 %. Figure 22
shows that the end debonding is avoid in this beam and the
debonding initially appeared at the mid-span.
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Fig. 15 Load-deflection curves
of retrofitted specimens (Set
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The main goal of this study was to study repairing of
damaged box steel beams to recover their original capaci-
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Fig. 17 Experimental total load—deflection curves of retrofitted

specimens (Set 3)
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ties. Experimental and numerical investigations were car-
ried out for testing eleven box steel beams (control intact
beam, notch damaged beam and nine retrofitted beams) in
two-point bending. The nine beams were artificially dam-

aged and have been repaired using FRP sheets. The
parameters considered were the effect of FRP type (GFRP
and CFRP), number of layers and the effect of wrapping the

composite material to cover a part of the webs. Based on

these studies, the following conclusions are drawn:
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Fig. 18 Failure modes of specimens Set 3

The FE simulations give acceptable results in compar-
ison with the experimental results.

The flexural strength of beam DB tested has been
reduced by 34 % as a result of notching of the tension
flange at the mid-span.

The failure mode of the intact beam is ductile mode
failure. Also the region around the cut edge (the notch)
of the flange in notch damaged beam yields earlier than
farther regions along the web because of stress
concentration.

The retrofitted beams with CFRP reached ultimate load
values higher than the retrofitted beams with GFRP.
RB3 repaired beam reached ultimate load value higher
than beam CB (an increase in ultimate load of 5.1 %).
On the other hand specimen RB8 restored the ultimate

strength of beam CB and even exceeded them by
26.4 % and it has an increase in ductility in compar-
ison with beam CB.

The specimen repaired with two layers of CFRP
bonded on the lower flange and four GFRP strips
wrapped around the whole section of the beam at the
ends of the CFRP layers achieves an increase in the
ultimate load than beam CB by about 9.55 %.

The girder repaired using one layer CFRP sheets failed
by rupture of the sheets and the beam repaired using
two layers CFRP sheets attached with the tension
flange only failed by debonding at the end of the
sheets. This debonding is hidden by wrapping the sheet
on the web in beam RB8 and by wrapping strips of
GFRP at the CFRP sheet ends.
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Fig. 21 Failure modes of specimens Set 4
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Fig. 22 Load-strain curves of beam RB9
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Fig. 23 Normal stresses at the ultimate load of beam RB9

8. Experimental and numerical results indicate the effec-
tiveness of CFRP, as a candidate retrofitting material,
for damaged steel structures.
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