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a b s t r a c t

A feasibility study on the use of low modulus (<125 GPa) carbon fiber reinforced polymer (CFRP) in the
retrofitting schemes of structural steel beams subjected to flexural loading is presented. A various CFRP
wrapping optimization methods were introduced namely tension flange strengthening and U-wrap
strengthening. The result indicates that the strength of the member can be increased significantly by
adopting the appropriate wrapping method. A simple theoretical calculation to estimate the design
moment capacity of the CFRP strengthened steel member with the nonlinear material properties has
been presented. Further, the design stress and strain values recommended in the current design pro-
visions of ACI were validated with the test results and found to be unconservative. Therefore, a method to
evaluate the design strain of a strengthened structural steel member using low modulus CFRP has been
suggested from the present results. The reliability study based on the limited test results also indicates
that the suggested elastic strain design limit state is reliable. For ease of understanding, a design example
for predicting the design strength of the steel flexural member strengthened using low modulus CFRP
has been provided.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction and background

The need for an in-situ method to rehabilitate and or retrofit the
existing steel structural member such as main floor beam and
lateral floor beam in structures that are subjected to flexural
loading has increased significantly due to the increase in the live
load magnitudes. The conventional retrofitting method using steel
plate is not a viable solution due to heavyweight, difficulty in fixing
and welding issues [1]. Though a new retrofitting method was
developed using light gauge steel channels, it was concluded that
the more robust design formulation is required for the imple-
mentation (Selvaraj and Madhavan 2019). One material that can
substantially increase the strength and stiffness of the structural
member without increasing the dead load on the structures is the
fiber reinforced polymer (FRP). FRP's have been used in the aero-
space and defense applications since the 1960s and the construc-
tion industry since the 1980s but did not gain widespread
acceptance since they were expensive at the time of invention.
However, in the last decade, the use of FRP in the infrastructure and
construction sector has significantly increased due to its flexibility
Selvaraj), mkm@iith.ac.in
in the form (fabric, sheet, and plate) and strength [2e6]. The
various CFRP retrofitting schemes for the flexural members used in
the past has been graphically illustrated in Fig. 1.

The FRP's can be classified as low or normal modulus (with ECFRP
between 100 and 250 GPa) and high modulus (with ECFRP greater
than 250 GPa) [4]. The high modulus CFRP's (>250 GPa) are not
typically available for common civilian applications in south Asian
countries like India, though there is a tremendous need for infra-
structural retrofitting. The present study, therefore, aims to develop
an effective retrofitting method by using low modulus CFRP's
(<125 GPa) through FRP wrapping optimization. It should be noted
that very lowmodulus CFRP's (E¼ 66.6 GPa) that is not classified in
Zhao and Zhang [4] is also used in the present study for
investigation.
1.1. Need of a design method

In addition, the design provisions currently available for the
design of FRP strengthened structural members for flexure [9e14];
and [1] is applicable only for the FRP materials that exhibit linear
stress-strain response until failure, and does not cover the low
modulus FRP fabrics or sheets that have multilinear stress-strain
curves. Although the previous design provisions [1,13] suggests
limiting the design strain to preclude debonding or plastification, it
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Fig. 1. Various FRP retrofitting schemes for flexural members: (a) For concrete structures (ACI 440.2R-08 (2008)); (b) For steel (Elchalakani and Fernando (2012)) and steel-concrete
structures (Sen et al. (2001)); (c) For steel structures (cross-section transformation technique) (El-Tawil and Ekiz (2009) [7]; Ekiz and El-Tawil (2008) and [8].
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does not provide specific design limit states for various modulus of
CFRPs. The low modulus CFRP laminates were used for the
strengthening of structural steel members for various loading
conditions [5,15e18] [7,8,19e22] and [23,24]; Ghafoori et al., 2019;
[25,26], however, no design works were attempted to investigate
the suitability of the current ACI [13] design guidelines for CFRP
retrofitted steel C channels.

Schnerch et al. [27] and Schnerch and Rizkalla [28] used the
design provisions of ACI [13] for the design of steel-concrete com-
posite beam strengthened using high-modulus CFRP. The results
indicate that the design stress limitations recommended by ACI [13]
are conservative. However, as per the authors' knowledge, the ACI
[13] recommendations were not investigated for the design of
beams strengthened using low-modulus CFRP's that exhibit multi-
linear stress-strain material behavior. The present research work
endeavors to bridge this gap.

In the present work, a feasibility of the use of lowmodulus CFRP
laminates (<125 GPa) for the strengthening of steel beam is
explored (Fig. 2). Though, the design calculation method used in
this study may appears to be a simple sectional-analysis, the nov-
elty of the work lies in the selection of the design limit state. The
material property of the low modulus CFRP laminates used in this
present work is different (multilinear stress-strain response) from
the previous works (linear stress-strain response). Therefore, the
method to adopt the multilinear stress-strain response in the
design is explained. More importantly, a suitability of the current
ACI [13] design limit state is examined for the steel beams
strengthened with low-modulus CFRP. Based on the observations,
an alternative and conservative design limit state is suggested. The
reliability calculations were carried out as per AASHTHO guidelines
to check the suitability of the suggested limit state.
2. Description of the work

The structural steel members in the steel foot over bridges
(without concrete composite cross-section - Fig. 2) requires
strengthening due to the increase in pedestrian traffic is considered
in the present study. The steel beams in the foot over railway
bridges in India are typically shallow, C channels. The cross-section
dimensions of the C channel (ISMC 100 - Indian Standard Medium
weight Channel (ISMC) with a depth of 100 mm) used in this study
were obtained from IS 808 [29]. The top flange connection of the
secondary beams to the deck slab is typically made of intermittent
spot welding or staggered intermittent welding. The top flange
connection of the beams to the deck slab provides continuous
lateral restraint which prevents the channel sections from twisting
during loading. Therefore, the only possible mode of failure is due
to yield. Hence, the steel channels are usually designed up to the
yield moment capacity (My) with a partial safety factor for material
(gmo) [30]) (Eq. (1)). A 6 mm steel plate at the top flange of the C
channels were welded to simulate such a behavior (restraint in the
top flange) as shown in Fig. 2b and c.

MdðsÞ ¼
bbZPfy
gm0

(1)

The design strength of the laterally restrained beam can be
determined from Eq. (1), whereMd(S) is the designmoment for steel



Fig. 2. (a) View of the structural steel member subjected to flexural loading; (b and c) CFRP strengthening technique used in the present work: Tension flange strengthening and U-
wrap strengthening; (d and e) Position of strain gauges in the strengthened specimens.
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beam as per IS 800 [30]; bb is 1.0 for plastic/compact sections and
bb ¼ Ze/Zp for semi compact sections; Zp is Plastic section modulus
of the steel beam, Ze is elastic section modulus of the steel beam; fy
is Yield stress obtained from the tensile test and gmo - Partial safety
factor for material (governed by yielding). The design strength of
the control beam (unstrengthened one) is calculated as follows:

Though the channel section ISMC 100 considered in this study is
a plastic section as per table 2 of IS 800 [30]; the top plate attached
to the channel top flange is a slender one as the outstanding
element width to the thickness ratio (22.4) exceeds the limit (11.56)
for the semi-compact section as per IS 800 [30]. Therefore, the test
specimen (built-up section) is considered as a slender section,
thereby the value of bb in Eq. (1) is taken as equal to Ze/Zp. The
values of the elastic section modulus (48.65� 103 mm3) and plastic
section modulus (66 � 103 mm3) are calculated for the built-up
section (Fig. 2b) (ISMC 100 channel with top plate) and incorpo-
rated in Eq. (1). The yield strength of steel is taken as 346 MPa.
Hence, the design moment of the built-up section is calculated as
15.30 kNm as per Eq. (1).

2.1. Proposed strengthening methods

Two different strengthening schemes namely tension flange
strengthening and U-wrap (U shaped) strengthening using CFRP
polymers were performed. Also, two different CFRP fabric types
unidirectional fabric [HCU 232, 230 gsm (grams per square me-
ter), 0.3 mm thick [31]] and bidirectional fabric [HCP 200C, 200
gsm, 0.2 mm thick [32]] were used in the strengthening schemes.
Further, the strengthening schemes were divided into three and
four configurations in tension flange strengthening and U-wrap
strengthening schemes respectively by varying the number of
strengthening layers. The tension flange strengthening schemes
mean that the CFRPs were bonded only to the tension flange of
the specimen (bottom flange of ISMC channel) as shown in
Fig. 2b and U-wrap strengthening mean that the CFRP was
wrapped in the U shape by enclosing the entire cross-section of
the channel as shown (except top flange) in Fig. 2c. The
strengthening approaches used in this present study is given in
Table 1. It should be noted that a minimum of two CFRP layers
was used in the present study since a single bidirectional CFRP
wrap either in tension flange strengthening or closed wrapping
provided insignificant strength improvement [7]. It should also be
noted that the open side of the C channel was filled using a
negligible stiffness infill material (cardboard) that acts as a
formwork for the U shaped CFRP wrap. The core material card-
board used in this study is more vulnerable to crushing and
crumbling than the other infill materials used by the former re-
searchers [33,34] such as mortar, concrete, and wood. Such
vulnerable behavior of cardboard brings more possibility for
wrinkling failure in CFRP wrap, resulting in the need for identi-
fication of a robust wrapping configuration. The effect of moisture
on the cardboard is validated in Selvaraj and Madhavan (2017).
However, the possibility of moisture entrapment in the infill
cardboard material is minimal since the test specimens are under
the steel floor panel (Fig. 2). The objective of this study is focused
primarily on the viability of adapting the low modulus CFRP as a
repair technique for the strengthening of steel structures.

Four point bending tests were conducted for both the control
(unstrengthened) and strengthened specimens. The increase in
flexural strength of the member was determined by comparing the
ultimate strength of the strengthened member to the control
specimen. The out-to-out length of the test specimen is 2500 mm.
More details on specimen fabrication and experimental test setup
are given in the following sections.



Table 2
Results of design calculations.

Specimen Exp. Ultimate
moment (mean)
MEXP (kNm)

Md (S) (IS 800) (kNm)
(bare steel
specimen) Eq. (1)

Theoretical II Approach Elastic strain
method Md

(CS- εE) (kNm)

Improvement in
design strength
Md

(CS- εE)/Md (S) (IS 800)

Ultimate stress
method Md

(CS- sU) (kNm)

Ultimate strain
method Md

(CS- εU) (kNm)

T1U 22.06 15.30 21.91 22.65 16.65 1.09
T1U1B 20.95 15.30 22.15 0 23 16.77 1.10
T2U1B 22.12 15.30 23.20 24.5 17.09 1.12
T1U þ U1B 20.54 15.30 22.22 23.03 16.90 1.10
T2U þ U1B 26.79 15.30 23.26 24.53 17.22 1.13
T3U þ U1B 26.12 15.30 24.32 26.04 17.55 1.15
T3U þ U2B 30.17 15.30 24.62 26.43 17.79 1.16

Table 1
Summarized test results.

Specimen ID Strengthening Scheme Scheme definition Exp. Max
Moment (kNm)

Mean. Improvement
in Strength (%)

Control Tension flange
strengthening (Fig. 2b)

e 20.72 e

T1U One uni fabric in tension flange 23.19 6.50
20.93

T1U1B One uni and bi fabric in tension flange 19.67 1.11
22.23

T2U1B Two uni and bi fabric in tension flange 23.71 6.78
20.53

T1U þ U1B U-wrap strengthening
(Fig. 2c)

Uni fabric in tension flange and one U shaped wrap by bi fabric 20.19 �0.86
20.88

T2U þ U1B Two uni fabric in tension flange and one U shaped wrap by bi fabric 27.02 29.30
26.55

T3U þ U1B Three uni fabric in tension flange and one U shaped wrap by bi fabric 25.00 26.09
27.24

T3U þ U2B Three uni fabric in tension flange and two U shaped wrap by bi fabric 28.70 45.62
31.63
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2.2. Material properties

The mechanical properties of the materials in the composite
cross-section were obtained from tensile tests for both steel (two
specimens) and CFRP polymers (four specimens in each fabric
type). The CFRP polymers for the tensile test specimens were
fabricated with a resin content of 550 g per square meter of CFRP
Fig. 3. Dimensions of tensile test coupons [(a) ste
fabrics. The CFRP fabrics (both uni and bi) were layered one over
another with resin coating for each layer to attain the required
thickness for tensile testing. The wet CFRP polymers were rolled
sufficiently to ensure a uniform thickness for the attachment of
aluminum tabs. The dimensions of the tensile test specimens for
steel, CFRP unidirectional and CFRP bidirectional fabrics are shown
in Fig. 3a, b, and 3c respectively. The tensile test specimen
el, (b) CFRP-Uni and (c) CFRP-Bi respectively].
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dimensions arrived from ASTM E8 [35] and ASTM D3039 [36]
respectively for steel and CFRP laminates. A constant displacement
rate of 1 mm/min was applied for the tensile tests of both steel and
CFRP specimens. The elastic modulus of steel and CFRP fabrics
(ESTEEL and ECFRP) were obtained from the initial readings of the
strain gages (HBM strain gages, K-216.00-2128 Linear Strain Gauge,
6 mm grid length with 350-ohm resistance) that were instru-
mented in the gage length of the tensile test specimens. The stress-
strain curves of steel and CFRP fabrics obtained from the tensile
tests are shown in Fig. 4a and b respectively. It should be noted that
the stress-strain curves of the CFRP fabrics exhibit multilinear
slopes or transition points. The obtained material properties
Young's modulus (E), yield stress (sy), strain in percentage at frac-
ture (εf) and ultimate stress of CFRP fabrics from the tensile tests are
summarized in Fig. 4c.

It should be noted that both the unidirectional (curves with
legends “UD” in Fig. 4b) and bidirectional (curves with legends “BD”
in Fig. 4b) CFRP's exhibit a transition point (marked with “þ”

symbol) after which there is a change in the slope (lesser than
initial modulus) of the stress strain curves. This occurrence of multi
linear/bi-linear response in the stress strain curve may be due to
the separation of some carbon fibres from the resin matrix [1]
which resulted in a loss in stiffness after reaching the stress
magnitude of 552 MPa (approx.) and 250 MPa (approx.) respec-
tively for unidirectional and bidirectional CFRP. Such fiber behavior
may be attributed to the fact that the carbon fiber fabric (dry fiber
sheet) employed has less GSM (grams per square inch - less fibres
density) than the fibres typically used by other researchers.
Therefore, it is evident that the stress-strain curve has a bilinear
response. The transition strain point (significant change in slope) in
the stress strain curve is determined by fitting an intersection point
for the two linear regions in the stress strain curve (section >3.2.4
of [36].
Fig. 4. (a&b) Stress-strain curves obtained from tensile tests (steel and CFRP (Uni
The burnoff test was carried out to determine the fiber fraction
ratio of the CFRP materials as per ASTM D3171-15 [37]. The fiber
fraction ratio is 48% and 43% for of the unidirectional CFRP and
bidirectional CFRP respectively, which satisfies the fiber volume
requirement of ACI [13]. Such low fiber fraction ratio may be
attributed to the low unit weight of the fabrics used; the unit
weight of the unidirectional and bidirectional fabric is 230 gsm
(0.3 mm thick fabric) and 200 gsm (0.2 mm thick fabric)
respectively.

2.3. Specimen fabrication

The performance of the bonded CFRP to the structural member
depends predominantly on the preparation of a substrate surface
which is a steel surface in this study. The steel surface was wiped
using solvent and roughened by using high strength steel wire
brushes to remove rust and other foreignparticles thatmay prevent
proper bonding. Followed by the roughening, dry wiping was done
to remove the dust. Before the commencement of wrapping work,
all the required CFRP fabric layers were cut to required dimensions
to avoid delay during the resin application. The mixed resin
[EPOFINE-556 (Fine Finish Organics, Navi Mumbai, India), epoxy
content 5.30e5.45 Equivalent/kg, density 25 �C, 1.15e1.20 g/cc] and
hardener (FINEHARD- 951, Fine Finish Organics, Navi Mumbai,
India) were mixed in 10:1 proportion (weigh batching) for all
specimens. An epoxy content of 800 g and hardener of 80 g were
used per one square meter of both uni and bidirectional CFRP
fabrics for the first layer. For the successive layers of CFRPwrapping,
500 g of epoxy and 50 g of hardener were used per square meter.
The difference in the usage of the amount of resin between the
subsequent layers of wrapping is due to the need to saturate both
the surfaces of the substrate and CFRP fabric for the first wrap;
however, the second and subsequent layers were intended to
directional and Bidirectional)); (c) Mechanical properties of steel and CFRPs.
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saturate only the CFRP fabric.
ACI [13] suggests not to use the mixed resin that exceeds its

specified thermosetting life since the viscosity will continue to
increase from the time of mixing due towhich the applied resinwill
not saturate the CFRP fabrics and results in inadequate adhesion
between the steel surface and the CFRP fabric [13]. Therefore, the
resinwasmixed separately for each layer of CFRPwrapping to avoid
improper wetting of CFRP fabric. Every CFRP layer is rolled prior to
the next wrap for uniformity in thickness and for removal of excess
resin. Also, the subsequent layers of CFRP fabrics were wrapped
without any further delay to ensure that the resin in the previous
layer and the resin applied to the next layer will mix and mingle
together to act as one entity. As mentioned in the introduction
section, the CFRP strengthening schemes were divided into three
and four configurations in the tension flange strengthening scheme
and U-wrap strengthening scheme respectively. The description of
the CFRP layers in each wrapping scheme is given in Table 1. In each
CFRP wrapping configuration, two specimens were tested to ensure
the consistency of experimental results.
Fig. 5. (a) Experimental test setup; (b) Rupture of CFRP in T1U þ UW1B specimen; (c) O
2.4. Test set-up

The experimental test setup for the four-point bending is shown
in Fig. 5a. The length of the span between the simply supported
ends is 2300mm, and an overhang of 100mmwas provided at each
support. The distance between the loading points is 800 mm as
shown in Fig. 5a. The load was applied through the center of gravity
of the steel beam [steel plate with C channel (Fig. 5bei)]. The test
was conducted under displacement control mode at the rate of
0.01 mm/s for all the tested specimens. The supports are semi-
circular type as shown in Fig. 5a; it allows only out-of-plane rota-
tions but not the lateral movement. To verify if the experimental
support conditions simulate simple supports, the curvature ob-
tained from the experiments were compared with the theoretical
curvature. The comparison result is presented in section 4.3
“calculation approaches and results” of this manuscript. The ver-
tical deflection at themidspanwasmeasured using a linear variable
displacement transducer. Out of the two specimens in each set of
CFRP wrapping configuration, one specimen was instrumented
with strain gages to measure the bending strain experienced by the
ccurrence of wrinkles in T2U þ UW1B; (d) Occurrence of wrinkles in T3U þ UW1B.
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test specimen during loading. The strain gages were located such
that the required bending strain profile can be captured. The
location of the strain gages in the tension flange strengthening
scheme and U-wrap strengthening scheme is shown in Fig. 2b and c
respectively.

3. Results and discussion

3.1. General

In general, it was observed that the failure of the CFRP
strengthened steel beams was either due to the debonding be-
tween the steel and CFRP or rupture of the CFRP. The different
wrapping schemes and the number of CFRP layers have uniquely
contributed to the strength and structural behavior of each mem-
ber. However, the specimens that have the bidirectional fabric as
final layer failed at lesser load than the one that has the unidirec-
tional fabric as a final layer due to its lowmodulus compared to the
unidirectional fabric. The ultimate load and strength improvement
of each CFRP strengthening scheme with respect to the control
specimen is summarized in Table 1. Overall, the CFRP strengthening
scheme has improved the strength of the steel beam by 45%
compared to the bare steel specimen in terms of ultimate strength.
Also, it was observed that the strength improvement in the tension
flange strengthening scheme was insignificant (max. of 6.7%).

3.2. Control specimen and tension flange strengthened specimens

As noted in the work description section, one bare steel beam
specimen (control specimen) was tested before the CFRP
strengthened specimens to quantify the strength improvement
with respect to each strengthening scheme. The ultimate load of
the control specimen was 20.7 kN-m, and the failure occurred due
to yielding of the cross section (My ¼ Sf Fy ¼ 16.27 kN-m). Out of the
three tension flange strengthening scheme specimen sets, two of
them have a bidirectional fabric as a final layer (T1U1B and T2U1B),
and the other has a unidirectional fabric as the final layer (T1U). It
was observed that the specimens T1U and T2U1B were having
similar flexural strength improvement (6.5% and 6.7%) compared to
the control specimen even though their number of bonded CFRP
layers are different. This may be attributed to the occurrence of
debonding in the tension flange of specimen T2U1B due to the
lower modulus of bidirectional CFRP polymer thus resulting in
similar strength to the specimen that has only one unidirectional
CFRP layer (T1U). It should also be noted that the average ultimate
load of specimens T1U1B (20.95 kN-m) is very close to the ultimate
load of the control specimen (20.72 kN-m) which indicates that the
low modulus (<ESteel) CFRP fabrics are incapable of contributing to
the flexural strength improvement when they are used in the
tension flange alone. However, an attempt has been made to ach-
ieve an effective strengthening scheme for steel beams using the
low modulus CFRP fabrics.

3.3. U-wrap strengthened specimens

The Uwrap strengthening schemewas introduced since the low
modulus CFRP fabric did not contribute to the strength of the
member by the tension flange strengthening scheme due to the
debonding failure of uni-directional and bi-directional CFRP poly-
mers. Since the bidirectional fabric in tension flange strengthened
specimens experienced debond at the extreme tension fiber due to
its low modulus, the CFRP polymers should also be installed to the
portion of thewebs of steel beamwhere the strain value is expected
to be low compared to the extreme tension flanges. This is to ensure
that the CFRP in the web portion can also contribute to the strength
before debonding of bidirectional CFRP in the tension flange
leading to the wrapping of the same low modulus CFRP's
throughout the entire depth of the web portion as shown in Fig. 2c.

Four different wrapping configurations in the U-wrap
strengthening scheme by altering the number and sequence of
CFRP layers were considered (Table 1). The specimen that has one
unidirectional fabric in the tension flange and one Uwrap using the
bidirectional fabric (T1U þ UW1B) was found to be ineffective for
flexural strengthening as it does not contribute to the strength of
the member and failed in rupture as shown in Fig. 5beii and 5b-iii.
Such rupture failure of bidirectional fabric is due to its lowmodulus
and insufficient CFRP strengthening layers in the tension flange. It
should be noted that the failure strain of the CFRP's used is higher
than the yield strain of steel beam as shown in Fig. 4b. Therefore,
there is a possibility that the strengthened steel beam (parent
material) may have yielded in this specimen (T1U þ UW1B) since
the CFRP has failed in rupture. Such unconservative test results
(plastification in the steel beam) needs to be taken into consider-
ation while calculating the design strength of the beam by arriving
at a design limit state that ensures the design stresses are within
the elastic limit.

In the next two U-wrapping types, only the number of tension
flange unidirectional wrapping was increased from single layer to
double (T2U þ UW1B) and triple (T3U þ UW1B) layers with a final
U-wrap using bidirectional fabric. The T2U þ UW1B and
T3U þ UW1B CFRP wrapping schemes have increased the strength
of the steel beam by 29.3% and 26.1% respectively compared to the
control specimen. It should be noted that the strength of the
T2U þ UW1B and T3U þ UW1B are almost same even though there
is an additional unidirectional layer in the tension flange since the
failure of the specimens were governed by the presence of a final
bidirectional layer of wrap for both the specimens that failed due to
rupture. It can be observed from Fig. 6b (T2U þ UW1B) and 6c
(T3UþUW1B) that the strain readings at the cardboard side did not
increase gradually from the beginning of the load application to the
ultimate load (deviated from the linear strain profile), due to the
occurrence of wrinkles in the CFRP U-wrap (Fig. 5c and d) which
has prevented the CFRP bidirectional fabric from gaining strain.
This indicates that the thickness of the CFRP wrap in the web
portion was not sufficient to restrain the wrinkling in the shear
span of the beam. Nevertheless, the improvement in strength in U-
wrap specimens (T2U þ UW1B and T3U þ UW1B) is significantly
higher than the tension flange strengthening schemes, and this
may be attributed to the contribution from the fibers present on
both sides of the web portion. Though the strength of the steel
beams was improved, the occurrence of wrinkles in the U wrap is
not a reliable failure mode. Such failure modes should be avoided
either by increasing the thickness of the wrap or by limiting the
design strain in the design calculations.

To overcome the wrinkle effect, the thickness of the U-CFRP
wrapwas increased by increasing the CFRP layer from one (0.2mm)
to two (0.4 mm). After adding an additional U-wrap the specimen
with three layers of unidirectional CFRP layers in the tension flange
and two layers of U-wrap using bidirectional CFRP (T3U þ UW2B)
improved the strength (mean value 30.17 kN-m) of the member by
12.6%, 15.5% and 45.6% compared to the specimen configurations
T2U þ UW1B, T3U þ UW1B and control specimen respectively. It
can be observed from Fig. 6d that the strain reading on the steel
side as well as the cardboard side for specimen configuration
T3U þ UW2B increased steadily from the initial application of the
load to the ultimate load (linear strain profile). This gradual in-
crease in strain value indicates an absence of wrinkling effect fol-
lowed by an increase in flexural capacity due to the increased
thickness of the CFRP wrap from one layer (0.2 mm) to two layers
(0.4 mm). It indicates that the low modulus CFRP can also be used
effectively for the flexural strengthening of the steel structures
provided an adequate number of CFRP layers installed in optimized



Fig. 6. Strain profile obtained from the experiments: (a) T1U þ UW1B specimen; (b) T2U þ UW1B specimen; (c) T3U þ UW1B specimen; (d) T3U þ UW2B specimen.
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Fig. 7. Experimental versus theoretical results comparison: (a) Control specimen; (b) T1U specimen; (c) T1U1B specimen; (d) T2U1B specimen.
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wrapping configurations are employed.
4. Theoretical model and design - comparison

4.1. CFRP strengthened composite beam design

In the CFRP strengthening schemes for structural steel beams
using the low modulus CFRP fabrics, the governing mode of failure
was either due to rupture or debonding of the CFRP in the tension
flange. However, to ensure that the CFRP strengthened structural
steel beam remains within the elastic limit under the service load,
the values of stress and strain in the extreme tension fiber of the
CFRP wrapped member should be under the elastic limit. In addi-
tion, the design strain magnitudes should also be limited to prevent
any undesirable failure modes such as debonding or CFRP rupture
[1,4]; and [13].

The CFRP fibers used in the present study have low modulus
with a stress-strain curve that has multi-linear behavior with
different moduli separated by a transition strain point as shown in
Fig. 4b. Therefore, it is important to determine the appropriate
material model of the CFRP before employing the same for design
calculations. In the present work, three different design philoso-
phies have been used as per the current design provisions
[1,4,5,9e13] and [14]. However, the design philosophies were
incorporated after identifying the correct calculation method that
includes material nonlinearity.
4.2. Calculation approaches and results

Two different calculation approaches have been attempted in
this work.

a) The Theoretical-I approach assumes a linear behavior of the
CFRP, where the value of ECFRP is constant until the ultimate
design stress is reached.

b) The Theoretical-II approach follows a multi-linear behavior of
the CFRP where the value of ECFRPwas used based on the varying
stress-strain curve as shown in Fig. 4b.

The moment-curvature relationships obtained from both the
calculation approaches for all the tested specimens were compared
with the experimental moment-curvature relationship in Figs. 7
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and 8. It should be noted that in Figs. 7c and 8a, the Theoretical I
and II approach results are higher than the experimental results for
the specimens T1U1B and T1U þ UW1B. This may be attributed to
the cross section twist of the specimens T1U1B and T1U þ UW1B
during loading thereby leading to a significant loss of vertical
bending stiffness. Except for the two specimens (T1U1B and
T1U þ UW1B), the theoretical moment-curvature curves closely
matched with the curves from the experimental moment-
curvature. This indicates that the experimental support condi-
tions are simulating the simple supports. Besides, the comparison
indicates that the Theoretical II (following the multi-linear stress-
strain curve) approach has a higher correlation to the experimental
moment-curvature than the Theoretical I (using the linear stress-
strain curve) approach. This is because of the fact that the Theo-
retical II approach considers both the modulus values [E1 and E2
(Fig. 4c)] from the stress-strain curve of the CFRP fabrics obtained
from the tensile test (Fig. 4b). This verification between the Theo-
retical I and II approaches is required since the available design
methods [27,28] are only for the high modulus CFRP's with a single
modulus value until failure (linear stress-strain curve).
Fig. 8. Experimental versus theoretical results comparison: (a) T1U þ UW1B specimen; (
4.3. Design philosophies

The suggested general provisions for the design of CFRP
strengthened beam is the maximum design stress (max. FCFRP) or
design strain (max. εCFRP) to be considered according to Eqs. (2) and
(3) given in ACI [13].

F*CFRP ¼CEðFCFRP �3sÞ (2)

ε
*
CFRP ¼CEðεCFRP �3sÞ (3)

where FCFRP* and εCFRP* are the maximumdesign stress and strain of
the CFRP to be used in the design; FCFRP and εCFRP are the mean
ultimate stress and strain of the tensile tests conducted (Fig. 4c); s
is the standard deviation of the ultimate stress and strain obtained
from the tensile tests; CE is the environmental reduction factor (CE)
as per Table 9.4 of ACI [13].

Equations (2) and (3) account for both the standard deviation (s)
of the obtained stress from the tensile test as well as the environ-
mental reduction factor (CE) to consider the possible degradation of
the composite materials in the exterior environment as per
b) T2U þ UW1B specimen; (c) T3U þ UW1B specimen; (d) T3U þ UW2B specimen.
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Table 9.4 of ACI [13]. It should be noted that the ACI [13] specifies
different environmental reduction factors for interior and exterior
environments. In the current design stress and design strain cal-
culations, an environmental reduction factor of 0.85 (per Table 9.4
of ACI [13] for CFRP was considered by assuming the exposure
conditions exterior or aggressive for conservativeness.
4.3.1. Design philosophies: various design methods
When the high-modulus (ECFRP > ESTEEL) CFRP's are used for

flexural strengthening of steel members, either the ultimate stress
or the ultimate strain of the CFRP's can be used as a design limit
state, since the high-modulus CFRP's typically exhibit a single linear
stress-strain relationship where the design stress or design strain
leads to the same design prediction. This indirectly means that the
rupture of fibers will occur first in the high-modulus CFRP before
yielding occurs in the steel substrate [εS at yield > εCFRP of high-
modulus CFRP at rupture (Fig. 9a)] as shown in Fig. 9c. In the case
Fig. 9. a). Stress-strain plot for the steel, high modulus CFRP and low modulus CFRP; Desig
profile for the design limit state of ultimate stress or ultimate strain (high modulus FRP); d).
modulus CFRP); e). Bending strain profile for the design limit state of elastic strain (low m
of lowmodulus FRP (ECFRP < ESTEEL) strengthening schemes (present
study), the steel substrate will yield before the debonding or
rupture of CFRP as shown in Fig. 9d if the ultimate stress, or strain of
the FRP material was used as a design limit state as per current
design provisions [1,4,5,9e13] and [14], since the yield (εS at yield)
strain of the steel is less than the CFRP (εCFRP at rupture) (Fig. 9a).
Hence, the limit state of ultimate stress of CFRP as a design criterion
for the design of steel beams strengthened with lowmodulus CFRP
will result in unconservative predictions due to the debonding
between the steel and CFRP. Therefore, it is necessary to check the
design capacity of the strengthened steel beam either up to the
elastic strain limit of steel or ultimate strain limit of CFRP which-
ever is conservative limit state for the design of structural members
strengthened with low modulus CFRP. Therefore, three different
design limit states (ultimate stressmethod, ultimate strain method,
and elastic method) were evaluated for the present design work to
identify the limit state that leads to conservative results. All the
n limit states: b). C/s view of the composite beam (Steel and CFRP); c). Bending strain
Bending strain profile for the design limit state of ultimate stress or ultimate strain (low
odulus CFRP).
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three different design calculations were carried out using the
Theoretical II approach which follows the multi-linear stress-strain
curve of CFRP.

1. Ultimate stress method (Md (CS-su)): Themaximumdesign stress
of FRP fabrics or sheets that can be considered for the design cal-
culations is given in Eq. (2) [13]. Therefore, the ultimate stress
calculated for the unidirectional and bidirectional fabrics will be
used for the beam designs respectively for the specimens that have
the unidirectional fabric (T1U) and bidirectional fabric (T1U1B,
T2U1B, T1U þ UW1B, T2U þ UW1B, T3U þ UW1B, and
T3U þ UW2B) as a final strengthening layer. After finding the ul-
timate design stress using Eq. (2) it is difficult to find the corre-
sponding strain in case of CFRP fabrics that is having multilinear
stress-strain curves (Fig. 9a). This is because the manufacturer
typically does not provide the tangent modulus and or the subse-
quent modulus values and provide only a single Young's modulus
(E-initial), ultimate tensile stress (su) and percentage elongation
values. Therefore, the corresponding strain value calculated by
dividing the ultimate stress (su) of the CFRP with the initial Young's
modulus (ECFRP) may lead to erroneous estimation of ultimate
strain. This indicates that the use of new material (low modulus
CFRP with multilinear stress-strain curves) requires a change in the
design limit state rather than questioning the applicability of using
current Ultimate stress method. However, the calculations are
presented as a confirmation to prevent the use of this approach for
design purposes.

2. Ultimate strain method (Md (CS-εu)): The maximum strain to be
considered in the design can be determined from Eq. (3) for both
the unidirectional and bidirectional fabrics. It should be noted that
two different modulus CFRP fabrics were used in this design work
which is also bonded together as one over another (ex. T1U1B and
T1U þ UW1B). In that case, if the highest strain value (ultimate
strain value of the low modulus fabric) among the two (unidirec-
tional and bidirectional) is used to arrive at design stress, then there
is a possibility that the fabric having low ultimate strain may fail
before the higher strain fabric. To avoid such a phenomenon, the
lowest strain value should be used as a design strain irrespective of
the modulus value. Therefore, in the present study, the ultimate
strain of the unidirectional fabrics (εCFRP-U) was used as the design
strain in design strength calculations since the ultimate strain of
the bidirectional fabric (εultimate-LM-BD) was higher (see Figs. 4b and
9a). However, this method will lead to plastification of the struc-
tural steel member as shown in Fig. 9d since the ultimate strain of
Fig. 10. Three dimensional strain profile of the composite section and the
the CFRPs (εultimate-LM-UD and εultimate-LM-BD) used in this work is
higher than the structural steel (εs-yield) (see Fig. 9a).

3. Elastic strain method (Md (CS-εE)): It should be noted that the
steel beam has the highest elastic modulus (ES) among all the other
materials in the present composite member design work as shown
in Fig. 9a. Therefore, to ensure that the entire cross section remains
within the elastic limit, themaximum elastic strain of the structural
steel should be used as a design strain since this will have lowest
strain limit before any occurrence of yielding or debonding (be-
tween steel and CFRP) in the cross-section (Fig. 9e). Hence, the
elastic strain of the steel (εsteel at yield) obtained from the stress-
strain curve of the steel material as shown in Fig. 4a was used in
the design calculations. Therefore, the following Eq. (4) or (5) can
be used as an alternative approach to obtain the design strain for
the elastic strain method (Md (CS-εE)) when the steel members
subjected to flexure are strengthened with low-modulus CFRP.
However, this method will not be suitable for the flexural member
strengthened with high modulus (ECFRP > E of strengthened parent
material) CFRP materials.

εCFRPðdÞ ¼CEðεCFRP �3sÞif ECFRP > ESTEEL (4)

εs:elastic ¼
fy
Es

if ECFRP < ESTEEL (5)

where εCFRP(d) and εs.elastic are the maximum design strain values to
be used in the design respectively for CFRP and steel; fy and Es are
the yield stress and Young's modulus of the steel obtained from the
tensile test (Fig. 4c). The design procedure involved in this manu-
script is explained in the following section.
4.4. Calculation procedure

The design of a strengthened steel beam using low modulus
CFRP was carried out using the moment-curvature relationship. In
the design strength calculation procedure, both the composite cross
section (Fig. 10) and the nonlinear properties of the materials
(Fig. 4) were considered. The moment-curvature relationship curve
of the test specimens was obtained by incrementally increasing the
strain at the extreme tension flange of the CFRP fabric (unidirec-
tional or bidirectional).

The entire depth of the specimen cross section was divided into
details of the segments divided for calculation of moment-curvature.



Table 3
Comparison between the design methods.

Specimen MEXP/Md (S)

(IS 800)

Theoretical II Approach

MEXP/Md

(CS- sU)

MEXP/Md

(CS- εU)

MEXP/Md

(CS- εE)

T1U 1.44 1.01 0.97 1.32
T1U1B 1.37 0.95 0.91 1.25
T2U1B 1.45 0.95 0.90 1.29
T1U þ U1B 1.34 0.92 0.89 1.22
T2U þ U1B 1.75 1.15 1.09 1.56
T3U þ U1B 1.71 1.07 1.00 1.49
T3U þ U2B 1.97 1.23 1.14 1.70
Mean 1.04 0.99 1.40
St.dev (s) 0.116 0.098 0.181
Reliability Index (b) 2.91 2.76 3.89
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segments for better accuracy as shown in Fig. 10. The force equi-
librium (the force above the neutral axis and below the neutral axis
to be equal) was maintained throughout the calculation of curva-
tures (f) and the corresponding moment values. The force equi-
librium for each increment in tension flange strain (εCFRP) was
achieved by iterating the neutral axis location. After achieving the
force equilibrium, the curvature (f) and the correspondingmoment
was determined from Eqs. (6) and (7) respectively.

f¼ ε

dn
(6)

where f is the curvature; ε and dn are the strain and depth of
neutral axis from the extreme tension fiber respectively. The
moment capacity for each increment in strainwas calculated by the
sum of multiplication of all the resultant forces (R) of each segment
and their corresponding distance (X) from the neutral axis, as
shown in Eq. (7),

M¼
X

RX (7)
Table 4
A design example for predicting the design strength of the steel flexural member streng

Design Steps Ultimate stress me

Assuming Strain at the bottom flange (ε) FCFRP* ¼ CEFCFRP
FCFRP * ¼ 0.85(1542
e3(82))
FCFRP * ¼ 1102.4 N/
ε ¼ sE ¼ 1102.412
ε ¼ 0.008934

Iteration 1
Assuming neutral axis (dn) (from bottom) 92 mm
Determination of curvature using Eq. (2). f ¼ 9.71 � 10�5

Determination of stress [Fs (x) and FCFRP (x)] at the each segment of the cross section u
Determination of resultant force (R) for each section using

Eq. (5).
Total resultant forc
(
P

R) ¼
�137251.35 N

Since the total resultant force (compression forceþ tension force) is not equal to “zero”
will become zero (achieving the force equilibrium).

Iteration 2
Assuming neutral axis (dn)
(from bottom)

94.925 mm

Determination of curvature using Eq. (2). f ¼ 9.41 � 10�5

Determination of stress [Fs (x) and FCFRP (x)] at the each segment of the cross section u
Determination of resultant force (R) for each section using

Eq. (5).
Total resultant forc
(
P

R) ¼ 0 N
Since the force equilibrium is achieved (

P
R ¼ 0), the next step in the design is to calc

Determination of moment (M) by multiplying the resultant
force [R (x)] of each segment in the cross section with the
distance from the neutral axis (dn). Eq. (3).

M ¼ 22.15 kNm

Design Data: Calculate the design moment for the steel beam strengthened in the botto
layer (second layer). The steel beam is a built-up section, made of ISMC 100 steel channel w
in Fig. 2b. Es ¼ 200 GPa; sy ¼ 346 MPa; εs.elastic ¼ 0.00173; ECFRP (UD) ¼ 123.4 GPa; ECFR
The force equilibrium of the section for each strain increment
was determined by adding the resultants of each segment, as
shown in Eq. (8),

X
R¼0 (8)

The resultant force (R) of each segment of the design cross
section was determined by multiplying the stress (Fs) and the area
(segment depth * segment width) of the respective segments. The
calculation of resultant force for each segment in the design cross
section was calculated using Eq. (9).

R¼
ðb

a

FðxÞbðxÞdx (9)

The stress at each increment of strainwas calculated by Eqs. (10)
and (11) for steel and CFRP respectively. Equation (6) is the modi-
fied Ramberg-Osgood function, recommended by Mattock [38]
used in this present study to incorporate the nonlinear stress-strain
curve of structural steel and Eq. (7) is a direct multiplication of
Young's modulus (ECFRP) of the CFRP to the corresponding strain
(εCFRP).

FsðxÞ¼ EsεsðxÞ

2
664Aþ 1� Ah

1þ ðBεsðxÞÞC
i1
C

3
775 (10)

FCFRPðxÞ¼ ECFRPεCFRPðxÞ (11)

where Fs (x) is the stress in the steel; Es is Young's modulus of the
steel from the tensile test; εs(x) is the strain at the corresponding
segment of the steel section; A, B and C are the Ramberg-Osgood
parameters that can be determined from the stress-strain curves
of the steel specimens; the determined values of A and B are 0,
thened using low modulus CFRP.

thod Ultimate strain method Elastic strain method

-3s
.98

mm2

3400

εCFRP* ¼ CEεCFRP-3s
εCFRP* ¼ 0.85(0.017985
e3(0.000965))
εCFRP * ¼ 0.012827
ε ¼ 0.012827

εs.elastic ¼ 0.00173
Using Eq. (11).

92 mm 92 mm
f ¼ 1.39 � 10�4 f ¼ 1.88 � 10�5

sing Eqs. (6) and (7) respectively.
e Total resultant force

(
P

R) ¼
�292517.54 N

Total resultant force
(
P

R) ¼ 120729.17 N

, The neutral axis depth (dn) needs to be changed such that the total resultant force

96.695 mm 81.661 mm

f ¼ 1.33 � 10�4 f ¼ 2.1185 � 10�5

sing Eqs. 12 and 13 respectively.
e Total resultant force

(
P

R) ¼ 0 N
Total resultant force
(
P

R) ¼ 0 N
ulate the design moment.

M ¼ 23 kNm M ¼ 16.77 kNm

m flange with one unidirectional CFRP layer (first layer) and one bidirectional CFRP
eldedwith a 6mm� 300mm steel plate on the top flange of the C channel as shown
P (BD) ¼ 66.6 GPa;
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578.03 respectively for the tested steel coupons (Fig. 4a). The value
of A represents the stiffness after the occurrence of yielding in the
steel specimen and has been assumed conservatively as zero by
considering stress-strain curve of the steel as elastic-perfectly
plastic (zero slope line after yielding). The value of B is the ratio
between elastic stiffness and yield strength. Since the material
model is assumed as zero slope after yielding with a value of A is
equal to 0, the value “C” does not play a vital role [27,28].

4. Design results and discussion

The results of the design moment calculations using ultimate
stress (Md (CS-su)), ultimate strain (Md (CS-εu)) and elastic strain (Md

(CS-εE)) methods along with a comparison among them are given in
Tables 2 and 3 respectively. For ease of understanding, a design
example for predicting the design strength of the steel flexural
member strengthened using low modulus CFRP has been provided
in Table 4. It can be observed from Tables 2 and 3 that the results of
elastic strain method (Md (CS-εE)) is conservative with respect to the
experimental results (MEXP), whereas the design strengths obtained
from the ultimate stress (Md (CS-su) > MEXP for 3 specimens) and
ultimate strain (Md (CS-εu) > MEXP for 4 specimens) methods are
higher than the experimental results (MEXP). As mentioned previ-
ously, this unconservative strength predictions by the ultimate
stress (Md (CS-su)) and ultimate strain (Md (CS-εu)) methods may be
due to the fact that the rupture strain of CFRP is higher than the
yield strain of steel, leading to the occurrence of debonding in the
CFRP strengthened specimens as shown in Figs. 7 and 8. This in-
dicates that the ultimate stress and ultimate strain method of
design strength calculations are not suitable for the design of
flexural members strengthened with low modulus CFRP fabrics
that exhibit multilinear stress-strain response.

5. Reliability analysis

Reliability analysis was carried out to verify the suitability of the
elastic strain design limit state for design applications of the steel
beams. A reliability analysis according to Plevris [39]; Okeil et al.
[40]; Zureick et al. [41]; Bambach et al. [42]; Wang et al. [43];
Galasso et al. [44]; Wang and Ellingwood [45]; was performed for
the test results. When the calculated reliability index value (b)
based on the limited test results attain or exceed the target reli-
ability index (bo ¼ 3.5) value suggested by AASHTO [46] and other
researchers [Okeil et al. [40]; Nowak and Szerszen [47]; Szerszen
and Nowak [48]; Wang and Ellingwood [45] and ACI [13]] for
members subjected to flexure, then it can be assumed that the
suggested design limit state is probabilistically conservative. The
calculated reliability index values given in Table 3 indicates that the
b value of MEXP/Md (CS- εE) (elastic strain limit state design results) is
higher than the target reliability index (b ¼ 3.89 > bo ¼ 3.5). Hence
it is verified that the suggested elastic strain design limit state for
the steel beams strengthened with low modulus CFRP is reliable.

In addition, it should also be noted that when such lowmodulus
CFRP's are used for strengthening applications of steel beams
(without concrete composite cross-sections), the probability of
occurrence of delamination is very less since the strain value does
not exceed the elastic limit (εs.elastic) of steel. Typically, the
debonding strain (0.9 times of ultimate rupture strain of CFRP) is
higher than the elastic strain of steel (typically ranging from 0.0015
to 0.002) (Section 10.1 of [13]. The design comparison between low
and high modulus CFRP shown in Table 5 indicates that the
strength improvement due to the low modulus CFRP (31.4% -
2.1 mm thick CFRP layers) is equal to the higher modulus CFRP
(27.05% - 1.5 mm thick CFRP layer and 33.52% - 1 mm thick CFRP
layer). This indicates that the use of lowmodulus CFRP's can also be
used as an acceptable means of strengthening steel sections.
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6. Conclusions

An experimental and analytical investigation retrofitting of steel
beams using low modulus CFRP has been presented. Unlike the
existing methodologies (ultimate stress and ultimate strain design
limit states) that are typically employed for design of strengthening
of steel members using high modulus CFRP (ECFRP > ESteel), a con-
servative design limit state has been presented specifically for the
use of low modulus CFRP (ECFRP < ESteel) as a potential alternative.
Although, it may appear that the suggested elastic strain limit is a
conservative approach, an increase in strain limit higher than the
elastic strainmay result in debonding between steel and CFRP. Also,
in case of structural steel members strengthened using high
modulus CFRP, the design strain limits will be below the elastic
strain (εs.elastic) of steel by limiting the design strain equal to the
ultimate strain of CFRP to avoid failure due to CFRP rupture. While
the quantity of low modulus of CFRP required for retrofitting may
be more than high modulus CFRP as demonstrated by means of a
comparative design example (Table 5), the availability and afford-
ability of low modulus CFRP poses an attractive option in com-
parison with high modulus CFRP.

The following specific conclusions can be drawn from the pre-
sented work:

1. The test results indicate that the strength of the flexural mem-
bers can be increased up to 46% in terms of ultimate strength
with respect to the control specimen.

2. A theoretical model based on the material properties and strain
compatibility was used to predict the strength of the member.
Three different design methods namely, maximum stress
method, maximum strain method, and elastic strain method
were presented for designing the flexural strength of the CFRP
strengthened member.

3. The design results indicate that the predicted design strengths
using ultimate stress (Md (CS-su)) and ultimate strain (Md (CS-εu))
methods of ACI were relatively unconservative compared to the
strength obtained from experiments.

4. The predicted design strengths using elastic strain method (Md

(CS-εE)) were found to be conservative with all the experimental
results.

5. It was also found that the design flexural strength of the
member can be improved up to 31% with respect to the design
strength of the control specimen (within the elastic strain limit)
with 2.1 mm thickness of low modulus CFRP layer. Hence, a low
modulus CFRP may be considered as a retrofitting strategy for
structural steel members.

The present study adopted the current design provisions
[1,4,10e13] and [14] (ultimate stress and ultimate strain method)
for the flexural member strengthened using lowmodulus CFRP and
found to be unconservative. Therefore, the suggested elastic limit
state may be used for the design of steel members strengthened
with low modulus CFRP.
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