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S In recent decades experimental investigations on fibre reinforced polymer (FRP) laminate-
strengthened reinforced concrete (RC) beams have been extensively conducted. It has been
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Corresponding author occurrence also significantly affects the strength enhancement of the laminated beams. The

emphasis of the study is to enhance the potential performance of externally FRP strengthened
RC beams by incorporating an effective crack controlling agent, that is 'rigid hooked-end steel
fibres'in the matrix. Nine RC beams were cast and tested in this study with variables including
different quantities of hooked-ends steel and glass fibre reinforced polymer (GFRP) thickness.
The pre-cracking and post-cracking behaviour of the externally FRP strengthened RC beams
mixed with the short fibres were systematically evaluated and improved performance at various
stages of cracking was found. Another finding is the transformation of failure pattern from
brittle to ductile due to exceptional strain-hardening phenomenon caused by steel fibres in

Prof. Selvaraj Kandasamy, PhD. CE the strengthened RC beams, in comparison to that of other beams without steel fibres. The
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Ponasanje tijekom sloma izvana pojacanih armiranobetonskih greda s
primjesom krutih vlakana

Assist.Prof. Jagadeesan Thivya, PhD. CE Posljednjih desetljeca opsezno su provodena eksperimentalna istrazivanja na
University College of Engineering Dindigul, India armiranobetonskim (AB) gredama pojacanim vlaknima. Utvrdena je ucinkovitost u podrucju
Department of Civil Engineering pojacanja na savijanje i posmik. S druge strane, primarni problem koji se ¢esto susrece u
thivyame@gmail.com takvoj tehnici jest odvajanje FRP laminata od betonske povrsine. Takva otkazivanja nastaju

zbog formiranja lokaliziranih savojnih i posmicnih pukotina u krhkom podru¢ju FRP betona.
Pojava odvajanja takoder znacajno utjece na povecanje nosivosti pojacanih greda. Teziste
istrazivanja je poboljsati potencijalno ponasanje izvana pojacanih AB greda FRP-om
dodavanjem ucinkovitog sredstva za kontrolu pukotina u matricu, a to su "kruta celicna viakna
s kukastim krajevima" Izvedeno je devet AB gredaiispitano u ovom istrazivanju s varijablama
ukljucujuéi razlicite kolicine Celicnih viakana s kukastim krajevima i debljinu polimera armiranih
M \M ! staklenim vlaknima. Ponasanje izvana FRP-om pojacanih AB greda pomijesanih s kratkim
Assist.Prof. Jagadeesan Vlijayaraghavan, PhD. CE Vlaknima prije i nakon raspucavanja sustavno je procijenjeno i utvrdeno je poboljsano
University College of Engineering djelovanje u razlicitim fazama raspucavanja. Drugo otkrice je transformacija oblika loma

Ramanathapuram, India iz krtog u duktilni zbog izuzetnog fenomena deformacijskog ocvrscivanja uzrokovanog
Department of Civil Engineering celicnim vlaknima u pojacanim AB gredama, u usporedbi s ostalim gredama bez celi¢nih
drjvr1988@gmail.com vlakana. Formiranje i Sirenje pukotina u razli¢itim fazama numericki je modelirano za sve

grede uporabom ANSYS-ai usporedena je validacija numerickog modela s eksperimentom.
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1. Introduction

“"Structural strengthening” is a method of improving the load-
carrying capacity against an existing condition of the structures.
There are several advantages of structural strengthening, such
as (i) increasing the load-carrying capacity and stiffness in the
least construction time with minimal or no disruption to traffic or
other operation(s), (ii) being cost-effective as it avoids removal
and reconstruction, and (iii) reducing the materials wastage and
consequently reducing environmental degradation to some
extent. Strengthening by external fibre reinforced polymer
(FRP) bonding or lamination method has been found superior
to other methods because of its several proven advantages in
various aspects, such as strength (i.e., high strength-to-weight
ratio and high fatigue strength), stiffness (i.e., high stiffness-
to-weight ratio), and durability in most adverse environments,
non-magnetic and non-conductive properties, and a great
extent of chemical inertness [1-71.

In past decades the experimental investigations pertaining
to externally FRP laminated reinforced concrete (RC) beams
under static loading have been extensively carried out [8-11].
So far, seven different failure modes have been determined
and reported in the literature in respect of the above FRP
plate-bonding technique. They are: (a) Shear failure, (b) Rupture
failure, (c) Concrete crushing failure, (d) Cover failure, (e) FRP
end interfacial debonding failure, (f) Interfacial flexural-shear
induced debonding failure, and (g) Interfacial flexural crack
induced debonding failure. Of the above, types (d) to (g) all
show premature debonding failures, and such modes of failures
significantly limit the performance of FRP strengthened beams
[12-14]. The reason reported in most of their studies remains
premature debonding of FRP, which starts because of the
formation of localized flexural cracks in the weaker tension
zone of the concrete element. On further loading, the cracks
consistently propagate and widen (i.e., increase in crack-width)
within the fracture mode and towards the threshold of the

Table 1. Properties of rigid fibre

FRP-concrete interface, which seriously disturbed the bonding
phenomenon of adhesive resin [15-17].

Control on the formation of such localized cracks can be made
possible by adding randomly oriented short, discrete fibres into
a fresh-state of concrete [18-21]. Hence, this study intended
to control the formation of cracks on externally bonded FRP
strengthened RC beams by adding a crack-controlling agent,
“3D hooked-end steel fibres’, into the concrete matrix. The
primary objectives of incorporating fibres into concrete are
to enhance the tensile and toughness properties, resulting in
increased cracking and deformation characteristics of hardened
concrete [22-25]. The study parameters include crack-widths at
various (first-crack, yield and ultimate) stages, crack formation,
crack spacing, and failure pattern of the test beams. The beams
consisted of different proportions of discrete hooked-end
steel fibres (0 %, 0.5 %, 1 %, and 1.5 %) and were then externally
bonded by two different thicknesses (3 and 5 mm) of glass
fibre reinforced polymer (GFRP) laminates. All the beams were
indulged in the same environment of static monotonic loading.
The beam results were evaluated systematically and discussed,
while also comparing the above results with and without FRP
strengthened RC beams.

2. Experimental work
2.1. Characterization of materials

Conventional materials such as Portland pozzolana cement
(PPC), nearby existing river sand (as fine aggregate), and 20 mm
well-graded crushed granite (as coarse aggregate), conforming
to IS 1489 Part | [26], IS 2386 Part Il [27], and IS 383 [28],
respectively, were used for this investigation. In addition to that,
a commercially available “hooked-ends steel fibre” was added
for preparing the fibre reinforced concrete (FRC). Table 1 gives
steel fibre properties as provided by the maker. The casting
and curing of the concrete proceeded with ordinary potable

Properties Length Diameter Aspect ratio Tensile strength | Young's modulus Architecture
Steel fibre 30 mm 0.5mm 60 532 MPa 210 GPa
Table 2. Details of glass fabric
Technical Construction Architecture

0° 1200 g/m* E-glass roving

Weave style Unidirectional 2400 - 4800 tex
90° 50 g/m’ E-glass roving 300 tex

Weight 1258 g/m’ 0° 8 g/m’ polyester 7.8 tex
Yarn type L1200 glass width 1270 mm
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water. A commercially available, high-
range water-reducer, i.e. Classic Superflo
SP superplasticizer conforming to IS

9103 [29], was added. A commercially 250

available ELOO5 Unidirectional E-glass

fabric was a strengthening agent ‘

considered in this study. ELOO5 is a 4 gm0

high-quality, unidirectional (where the
fibres run predominantly in one planar
direction) stitched glass fabric.

Technical and construction details of
used unidirectional glass fabric provided by the makers are in
Table 2. Selecting a resin type for bonding the FRP with the
concrete surface is also a challenging task for the success of
this method, since varieties of different epoxy resin additives
with a wide range of mechanical properties are commercially
available. Usually an additive contains two components: resin
and hardener. Araldite LY 556 and Aradur HY 951 of epoxy resin
and hardeners, respectively, were used in the study.

SF1.5L3 & SF1.5L5)

2.2, Testing of specimens and beams

A design mix M20 grade of concrete having a 1:2.01: 3.36
mix ratio with 0.5 water-cement ratios was made according
to IS 10262 [30]. The ratio was considered for cast control
(concrete) specimens and beam specimens. The investigational
study was steered on control specimens to find the properties
of plain concrete and FRC, such as uniaxial compressive and
Split-tensile strengths, according to IS 516 [31] and IS 5816
[32], respectively. For the casting of the specimen, cylinder-
shaped moulds of size 150 x 300 mm, and 100 x 200 mm (viz.
diameter x height) were used for determining the compressive
and splitting tensile strengths, respectively. Following total
fibre volume fractions (V) were maintained with a consistent
increase of 0, 0.5, 1, and 1.5 %. Table 3 gives the test results of
the various concrete specimens.

A total of nine beams of equal size were cast and tested for the
experimental investigation, breadth 150 mm, depth 250 mm,

Table 3. Properties of concrete and details of beams

2010 2¢10
?8/120 250 $8/120
2012 2(12
€
bl =—150— SttsnF;thening d =150 Sttsnzthening

Figure 1. Beam details: a) Unstrengthened RC (control) beam; b) GFRP strengthened RC
beams (RBL3 & RBL5); c) GFRP strengthened FRC beams (SF0.5L3, SF0.5L5, SF1.0L3, SF1.0L5,

and length 3000 mm. One unstrengthened RC beam as “control
beam’, one of each 3 and 5 mm thick GFRP strengthened RC
beams, and three of each 3 and 5 mm thick GFRP strengthened
RC beams mixed by three different volume fractions of steel
fibres (i.e. 0.5 %, 1 %, and 1.5 %), were considered for the study.
2 Nos. of 12 mm diameter high yield steel deformed (HYSD)
bars having yield strength = 415 MPa, as tensile reinforcement
and 2 Nos. of 10 mm diameter HYSD hanger (secondary) bars
in the compression zone, were used for all beams. 8 mm HYSD
bars as shear reinforcement were equally spaced at 120 mm
c/c throughout the span. Figure 1 shows schematic views of the
reinforcement and strengthening of beams. The experimental
beam details are given briefly in Table 3. A tilting-type drum
mixer was used for preparation of green concrete. All the
required measures were taken to avoid the formation of fibre
balls and clustering while mixing the fibres. Figurs 2.a and 2.b
shows thoroughly mixing and pouring concrete in a mould. All
the beams were cast in a batch. The beams were demoulded
after 24 hours of casting and cured under water for 28 days
before testing.

The strengthening performance of an externally bonded FRP
laminated RC beam mainly depends on the types of adhesive
resin used. According to the manufacturer’s instructions, epoxy
resin (Araldite LY 556 & Hardener HY 951 mixing parts thru
weight equal to 100:10) was prepared in a plastic bowl, and
reinforcing fibres were cut as per beam size. The resin spread
uniformly applied on the sternly prepared (i.e. on the tension)

Concrete Tensile steel rebar Fibre volume GFRP

spZ?:ianTen Compressive strength | Tensile strength | Young's modulus | Number and diameter Area faction thick

[MPa] [MPa] [GPa] [mm] [%] [%] [mm]
RB 26.70 3.80 25.83 2012 0.60 0 0
RBL3 26.70 3.80 25.83 2012 0.60 0 3
RBL5 26.70 3.80 25.83 2012 0.60 0 5
SFO.5L3 27.50 4.20 26.19 212 0.60 0.5 3
SF0.5L5 27.50 4.20 26.19 2012 0.60 0.5 5
SF1.0L3 29.05 5.55 26.98 2p12 0.60 1.0 3
SF1.0L5 29.05 5.55 26.98 212 0.60 1.0 5
SF1..5L3 32.25 7.60 28.37 2012 0.60 15 3
SF1.5L5 32.25 7.60 28.37 2012 0.60 1.5 5
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Figure 2. Beam casting and strengthening in progress

Two-point loading

at a constant interval throughout the
loading from first-crack formation to
complete failure of the beams. Figure 3
shows a schematic diagram of the test
setup. And Figure 4 shows a photographic
view of the crack detection process.

measurement  in

Figure 4. Crack-width
progress

3. Discussion

3.1. Crack characteristics

{}% 1/3 of span

The development and propagation of

2504

ﬁ GFRP laminate ﬁ

cracks were observed and recorded
throughout the testing process of
laminated FRC beams. Very few flexural

1504

= 2800

]
-

cracks initially formed in the tensile zone

= 3000

Figure 3. Test setup (all dimensions are in mm)

surface of concrete beams. Then the reinforcing glass fabric
was gently placed and pressed into the uncured resin; at the
same time, the surplus resin has squeezed out with a roller.
The sufficient resin was applied to achieve full saturation of the
fibres. Then the strengthened beams were tested after being
cured at ambient temperature. Figures 2.c and 2.d shows the
processes of beam strengthening. All the test variables are as
given in Table 3.

Four-point bending instrumentation with a 500 kN loading
capacity frame was used for testing the beams. Firstly, the
beams were arranged with all test setups (i.e. the arrangement of
the loading and measuring devices in the appropriate positions)
in the frame. The loading was initiated and continued at the rate
of 2.5 kN per increment monotonically until complete failure of
the beams using a manually operated cylindrical hydraulic jack.
Crack development and its propagation were monitored and
measured during testing. A magnifying glass was gently used
for monitoring and identifying a crack formation on the beam
surface. A microscope was used exclusively for crack detection,
having 0.02 mm least count used to measure the crack-widths

=

under the loading points after several
increments of the load on the beams.
Further increased load formation of
cracks also increased towards mid-span and in shear-span.
On further increases, the cracks propagated towards the
compression zone and widened as well until the failure of the
beams. Meanwhile, a crack detecting microscope bearing, a
least count of 0.02 mm, was used to measure the crack-width
(Wc) at regular intervals during the testing of beams right from
an apparent first crack to the ultimate stage. The crack-width
measurements were taken for all the beams at the level of
tensile steel reinforcement and the constant moment region.
The measured crack-widths at various (first crack, vield stage,
and ultimate failure) stages of all the beams are in Table 4. Table
5 presents the details of the failures of the beams.

3.2. Crack-widths at various stages

The crack-widths corresponding to the first-crack, yield, and
ultimate (complete) failure stages of the various beams are
in Table 4. Figures 5 and 6 show the load versus crack-width
response of all the tested beams. Discussions based on the
above stages and the salient inferences on crack-width with
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Table 4. Crack-widths of laminated FRC beams at various stages

Beam 1D Crack-width [mm]
First-crack stage Yield stage Ultimate stage

RB 0.07 0.44 0.58
RBL3 0.06 0.32 0.54
RBL5 0.05 0.30 0.52
SFO.5L3 0.05 0.28 0.46
SFO.5L5 0.04 0.25 0.42
SF1.0L3 0.04 0.20 0.42
SF1.0L5 0.03 0.18 0.38
SF1.5L3 0.03 0.17 0.38
SF1.5L5 0.02 0.16 0.32

respect to the lamination thickness versus total fibre volume
(V) are given below.

3.2.1. First-crack stage

The crack-width of GFRP Strengthened RC beams (RBL3 &
RBL5) was reduced slightly with increases in GFRP thickness
over the control beam (RB). Further, the above reduction was
higher for the highest thickness of laminate used (5 mm in the
present study). Reduction in the above crack-width is 14.3 %
and 28.6 % for 3 mm and 5 mm thick laminates compared to
the control beam. Further, as the thickness of the laminate
increased to 5 mm from 3 mm, there was a reduction of 16.7
% in the crack-width, indicating the influence of the laminate
thickness on crack-width. In the above case, the reduction in
crack-width is considered significant. The crack-width of the
GFRP strengthened FRC beam appeared to be lowest at the
highest fibre volume (V, = 1.5 %), and the maximum thickness of
GFRP (5 mm) was considered in the study.

Crack-widths of 5 mm GFRP strengthened FRC beams (SF0.5L5,
SF1.0L5, & SF1.5L5) are reducing compared to the control beam, and
thereductions are 42.9%,57.1 %, and 71.4 % for respective 0.5, 1,and
1.5 percentage of fibre contents (V). It shows a combined effect of
“fibres and lamination” in reducing the crack-width of strengthened
FRC beams, which is highly advantageous in the durability aspect of
a structural element and hence a structure. The reduction in crack-
width is very high and continues to increase with an increase in \/.
Comparing the crack-widths of 5 mm strengthened FRC beams
with that of the 5 mm strengthened RC beam (RBL5), the crack-
width reduction in the former beams are 20 %, 40 %, and 60 %, for V,
=0.5% 1.0 % and 1.5 %, respectively. In other words, for every 0.5 %
increase in \/, there is a reduction of 20 % in the crack-width of the
strengthened FRC beams over the GFRP strengthening RC beam.
It implies that the 3D hooked-end steel fibres played a vital role in
controlling the crack-width even at the lowest fibre content (= 0.5 %),
and the above mentioned phenomenon continues to increase with
the increase in fibre content.

3.2.2.Yield stage

The trend with respect to the reduction in crack-width of the
GFRP strengthened FRC beams over the control beam at the
yield stage is like in the first-crack stage. The crack-width for
the 5 mm thick laminate at the yield stage for the range of V,
considered is minimum, like the first-crack stage. The maximum
drop in the above mentioned crack-widths of strengthened RC
beams (RBL3 & RBL5) over the control beam is 27.3 % and 31.8
% for 3 mm and 5 mm thick laminates. It seems that the role of
laminate is high in reducing the crack-width at the yield stage.
Further, as the laminate thickness increased to 5 mm instead
of 3 mm, a reduction of 6.3 % was observed in the crack-width.
However, the effect of the above mentioned reduction in the
crack-width is insignificant. The phenomenon indicates the role
of laminate and its thickness on the crack-width.

140
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Figure 5. Load vs. crack-width for 3 mm GFRP strengthened FRC
beams

While comparing the crack-widths of 5 mm strengthened
FRC beams with the control beam, the former beams yield a
reduction in crack-width of about 43.2 %, 59.1 %, and 63.6 %
for 0.5, 1.0 and 1.5 % of fibre contents, respectively. It shows
a combined effect of the “fibres and lamination” on reducing
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the crack-width of GFRP strengthened FRC beams, which is
very advantageous from the durability aspect of the structural
element and hence the structure. Further, the reduction in
crack-width is very high and continues to increase with an
increase in V.
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Crack width [mm]
Figure 6. Load vs. crack-width for 5 mm GFRP strengthened FRC
beams

Comparing the crack-widths of 5 mm strengthened FRC beams
with 5 mm strengthened RC beams, the former beams have a
reduction of crack-width of about 16.7 %, 40 %, and 46.7 % for
0.5, 1, and 1.5 % of fibre contents, respectively. It implies that
the used steel fibres played a vital role in controlling the crack-
width at the yield stage, even at the lowest fibre content, and
the phenomenon continues to increase with the increase in fibre
content. When comparing the role played by the steel fibres with
the combined effect, the steel fibres influence the crack-width of
strengthened FRC beams at the yield stage significantly.

3.2.3. Ultimate stage

The trend with respect to the decrease in crack-width at the
ultimate stage of strengthened FRC beams over the control
beam also seems to be like the first-crack and yield stages. The
ultimate crack-width is lower for the highest (5 mm) laminate
thickness used for the range of V, considered is similar to that
of the first-crack and vield stages. The decrease of ultimate
crack-width of strengthened RC beams over the control beam
is 6.9 % and 10.3 % for 3 and 5 mm thick laminates, which are
insignificant. The trend of the role of laminate in respect of
control of crack-width at the ultimate stage is opposite to that
of the yield stage (i.e., the lamination played a relatively higher
role up to the yield stage). As the thickness of the laminate
increased to 5 mm from 3 mm thick, there was a reduction in the
above crack-widths of about 3.4 %, which was also negligible.
However, the above mentioned effect on crack-width at the
ultimate stage due to the increase of thickness shows the same
trend as discussed in the yield stage.

When comparing the crack-widths of 5 mm strengthened FRC
beams with the control beam, the crack-widths reduced in the
former beams are 27.6 %, 34.5 %, and 44.8 % for V. = 0.5 %, 1.0

%, and 1.5 %, respectively. It seems that the above mentioned
reduction in crack-widths is relatively less in the ultimate stage
than at the yield stage. It indicates that the combined effect of
the “fibres and lamination” in reducing the crack-width of GFRP
strengthened FRC beams, which is very advantageous from
the durability aspect of the structural element and hence the
structure. Comparing the crack-widths of 5 mm strengthened
FRC beams with that of the 5 mm strengthened RC beam, the
former beams have a reduction in crack-width of about 19.2 %,
27 %, and 38.5 %, for V, = 0.5 %, 1.0 %, and 1.5 %, respectively,
which are relatively less in the ultimate stage than at yield stage.
It reveals the role of steel fibres that significantly influence
the crack-width even at the lowest fibre content and tends to
increase when increasing the fibre content to the maximum at
the highest fibre content used in this study. When comparing the
above mentioned role of steel fibres with the combined effect,
it seems that role of the fibre is relatively high in influencing the
crack-widths of GFRP strengthened FRC beams.

3.3. Failure details

The failure details captured from the experimental investigation,
such as the number of cracks, average crack spacing, and failure
mode of strengthened FRC beams, are given in Table 5.

3.3.1. Crack formation

Numerous closely scattered flexural cracks were observed
at the end of the testing on the surface of the laminated FRC
beams. Discussion and salient inferences on the number of
crack formation with respect to lamination thickness versus
fibre volume ( %) are as follow.

Crack formation varies with an increase in the thickness of
laminate and V. on FRC beams, and it is maximum for the higher
lamination (5 mm) for the range of V, considered. The crack
formation increases with an increase in lamination thickness.
The maximum increase in crack formation for 3 and 5 mm thick
strengthened RC beams is 41.2 % and 66.7 % compared to the
control beam. It shows a significant increase in crack formation
on both laminates, which may be due to the stiffening effect
of laminates. While comparing the 5 mm thick strengthened
FRC beams with the control beam, the maximum increase in
the crack formation is 91.7 % for V, = 1.5 %. Similarly, comparing
the 5 mm thick strengthened FRC beams and the 5 mm thick
strengthened RC beam, the maximum increase in the crack
formation is 15 %, corresponding to V, = 1.5 %. The above
comparisons show a combined effect on strengthened FRC
beams that influences the formation of cracks.

3.3.2. Average crack spacing
During the experimental investigation, crack formations and

their propagation were monitored and recorded consistently.
In general, flexural cracks developed primarily at the region
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Table 5. Failure details of various tested beams

Beam ID visiI:re. ::ack 2;::?5: [c:n:i]( Mode of failure
RB 12 156.20 Yielding of tensile rebar yielding followed by crushing of concrete at compression zone
RBL3 17 95.60 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
RBL5 20 81.00 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
SFO.5L3 18 89.30 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
SF0.5L5 20 76.20 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
SF1.0L3 21 85.40 Widening of flexural cracks followed by GFRP rupture with bursting sound
SF1.0L5 22 72.40 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
SF1.5L3 23 80.20 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding
SF1.5L5 23 67.10 Widening of flexural cracks at concrete-GFRP bonding interface followed by debonding

of constant-moment and then some flexural-shear (diagonal)
cracks also developed in the shear-span of the beams. The
discussion and salient inferences on the average crack spacing
(see Table 5) with respect to the laminate thickness versus total
fibre content (V) are as follows under.

The average crack spacing of FRC beams decreases with an
increase in the lamination and V, used in this study. Further,
there is a change in the failure mode to ductile from brittle.
The crack spacing is minimum for the higher thickness of the
laminate, for the range of V, considered. The crack spacing
decreases with an increase in lamination thickness. The
maximum decrease in the crack spacing on strengthened RC
beams is 38.8 % and 48.1 % for 3 and 5 mm laminated beams,
respectively, over the control beam. And it can be seen that the
above decrease is significant for 3 and 5 mm laminated beams,
which may be due to the stiffening effect of laminates. However,
a reduction in the crack spacing found was the maximum of 57
% for the 5 mm laminated FRC beam corresponding to V/, = 1.5
% compared to that of the control beam. Similarly, the decrease
in the crack spacing found maximum corresponding to V, = 1.5
%is 17.2 % for the 5 mm laminated FRC beam, compared to the
5 mm laminated RC beam. The above mentioned comparisons
show a “combined effect” on the strengthened FRC beams that
influence the crack spacing.

3.3.3. Mode of failure

Failure details of the various beams are in Table 5. Three
different failure types were observed from the experimental
study: concrete crushing, debonding of laminate, and GFRP
rupture. The control beam (RB) failed in concrete crushing at the
compression zone following tensile steel yielding. Strengthened
RC beams (RBL3 and RBL5) and strengthened FRC beams
(SFO.5L3, SFO.5L5, SF1.0L5, SF1.5L3, and SF1.5L5) failed in
laminate debonding. The laminated FRC beam (SF1.0L3) failed
in GFRP rupture with a bursting sound. The above failure modes
generally fall under flexural failure, and none of the laminated
beams exhibited premature failure by delamination. Failure of
the various tested beams is shown in Figure 7.

Concrete compressi;;l
'

Figure 7. Failure mode and crack pattern of various beams: a) RB; b)
RBL3; c) RBL5; d) SF0.5L3; e) SFO.5L5; f) SF1.0L3; g) SF1.0L5;
h) SF1.5L3; i) SF1.5L5
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3.4. Numerical comparison

Numerical methods to Validate any Design have various
advantages compared to the analytical and or experimental
method(s), such as: (a) application even if a physical prototype
is not available; (b) results achieved faster; (c) solving complex
problems; (d) results achieved on entire geometry. But,the only
disadvantage of the numerical methods is that the results
extracted could be approximate. There have been four numerical
methods, including the finite element analysis method (FEA),
boundary element method, finite volume method, and finite
difference method. Of the above, FEA based well-known
ANSYS software [33] was used for modelling and comparing
the experimental results. The numerical Design Validation has
been processed for all the beams, exclusively on the concrete
(tensile and compressive) stresses, load, displacement, and
crack formation at different stages. The beams were modelled
before by selecting appropriate in-built elements that meet the
real-time material behaviour and were the boundary (support
and loading) conditions simulated in accordance with the test
setup. Figure 8 shows a meshed GFRP laminated full-scale
ANSYS beam model.

ELEMENTS
MAT NUM

Glued GFRP laminate

Figure 8. Meshed GFRP laminated beam model with boundary
conditions

3.4.1. Concrete failure criteria in ANSYS

For general concrete modelling, the in-built RC SOLID65
element in the FEA software can model cracking and crushing
(brittle) modes of failures. Eqn. (1) for concrete material model
the cracking/crushing failure criterion because of the state of
multiaxial stress if it is satisfied [33]:

Fss0 (1)
fC

To define the brittle surface failure of concrete in the model,
constants f, fc f, f, and f, are the strength (temperature
dependent) parameters needed as input eqns. (2), (3), () along
with f, and f, out of which the f,and f. need to be specified to
define the failure surface as shown in Figure 9. It shows three
failure surfaces as projections between the O and o, planes
where that of non-zero principal stresses in the respective
directions of x and vy, even though a failure mode is the function
ofc , and the rest of the constants are default in [33]:

f

cb

=12f

c

(2)

f=145f (3)
f,=1,7251 (4)

The 3-D failure surface in the principal stress space is shown in
Figure 9. If the above condition is satisfied for stress states, then
only the default values are valid. Hence at low hydrostatic stress
component condition eqn. (5) applies to stressful situations. If
an extensive hydrostatic stress component is anticipated, all
failure parameters have to be specified.

G\IP

f. Cracking ! Cracking
f, Oxp
60
£
-
=]
o
(]

c,,> 0 (Cracking)
0, = 0 (Crushing)

o, < 0 (Crushing)

Figure 9. Failure surface in principal stress space with nearly biaxial

stress
lo,| < /3. (5)
= hydrostatic st tate = L 6
o, = hydrostatic stress state —g(pr+ G,,*0,,) (6)

Otherwise, if eqn. (5) is unsatisfied with the assumed default
values, i.e. the egns. (2) to (4) evaluate incorrect concrete
strength. If the principal stress component is greater than
the ultimate uniaxial tensile strength of concrete (ft) and the
concrete material model will crack provided fc equals -1.0 to
suppress the crushing capability of the concrete material. The
functions F and S expressed in terms of principal stresses
denoted as &, (maximum), o, (average), and o (minimum) and
o, 20,2 o, where ¢, and o, can be considered by egns. (7) and
(8):

o= max(cxp, Oy (Szp) (7)
o= min(cxp, O czp) (8)
The concrete failure in SOLID65 element modelling categorized

into four domains such as:
0zo0,20,20, (compression — compression — compression)

6,2020,20, (tensile - compression — compression)
6,20,20z0, (tensile - tensile — compression)
6,20,20,20 (tensile - tensile — tensile).
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Octahedral plane

Figure 10. 3D failure surface in principal stress space

Figure 10 shows the failure surface in the principal stress
space with nearly biaxial stress. The functions F and S describe
independently in each domain. The above four functions
describe the general function F and S, denoted as F, F,, F,,
F,and S, S, S, and S, respectively. “The functions S, (i = 1,4)
have the properties that the surface they describe is continuous
while the surface gradients are not continuous when any of the
principal stresses changes sign. For example, if o, and o are
both negative (compressive) and o, is slightly positive (tensile),
cracking would be predicted in a direction perpendicular to O, If
o, is zero or —ve slightly then, the material is assumed to crush”
[33]

=-5.89889 ~3.5651
~4.73199

=-1.23131
~-2.3982 -.064413

1.10248 3.43627
2.26938 4.60317

e)

~5.62071 -3.45961 -1.29852
-4.54016 -2.37906

.862579
-.217968 1.94313

3.02367
4.10422

3.4.2. Principal stresses in concrete

At the integration points of the SOLID65 (concrete) elements,
principal stresses and strains are predicted using the ANSYS
postprocessor. A typical integration point in the concrete SOLID65
element is as in Figure 11. The contour plots of principal stresses (o,
and o) from the nodal solution for the various beam models is as
shownin Figure 12. First principal stress (c,) and third principal stress
(c,) correspond to the maximum tensile and compressive stresses
in the concrete, respectively. Noticeable is that the contour plot of
&, shows maximum tensile stress at the bottom face of the FEM.
Moreover, the contour plot of the o, shows a higher concentration of
compressive stress at the top surface of the FEM.

¥

Figure 11. Integration points in SOLID65 element

~25.1499 -17.7658 -10.3216 ~2.99744
28.842 -21.4579

-14.07. -6.689! - 694644

24 17.6 10.4. 3.18493

6 - 4 - -
-21.255% -14.027 ~6.79905 429177

-30.874 . . -9. -2.

1
.50952%

Figure 12. Stress distribution of various beam models: a) RB: First principal stress, c; b) RB: Third principal stress, c; ) RBL3: First principal
stress, ¢; d) RBL3: Third principal stress, Gy e) RBL5: First principal stress, o; f) RBL5: Third principal stress, o,
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Figure 12. Stress distribution of various beam models: g) SF0.5L3: First principal stress, c,; h) SF0.5L3: Third principal stress, c; i) SF0.5L5: First
principal stress, c; j) SFO.5L5: Third principal stress, c,; k) SF1.0L3: First principal stress, .; I) SF1.0L3: Third principal stress, ,; m)
SF1.0L5: First principal stress, ; n) SF1.0L5: Third principal stress, Gy 0) SF1.5L3: First principal stress, G, p) SF1.5L3: Third principal
stress, o,; q) SF1.5L5: First principal stress, c,; r) SF1.5L5: Third principal stress, o,
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3.4.3. ANSYS crack symbol

Figure 13 shows the ANSYS concrete model cracking symbol
like a circle exhibited perpendicular to the direction of the
principal stress, while cracking shows when the tensile stress
of the concrete increases beyond the ultimate tensile strength.
Figure 14 shows a typical cracking circle in three different
planes, formed at the integration points with three different
colours (or stages) such as red, green, and blue, via the first,
second, and third cracks, respectively. After reaching the third
stage (i.e., multiple crack formations), the elements linked in the
SOLID65 will be history, and the concrete material model exhibit
softening behaviour in all directions. The three possible types
of crack formations (one-half of beam RB shown in Figure 14),
modelled by the ANSYS software, are briefed as under.

VA

Cracking sign

Integration point

Principal stress direction

X

Figure 13. ANSYS cracking symbol

Flexural Cracks: When the principal tensile stresses occur
along the length of the beam, this type of crack predominantly
develops and propagates from the initiation of the first crack.
The cracking sign of circles appears like vertical lines (Figure 14)
along the length of the beam if the principal stresses go beyond
the tensile strength of the concrete. These lines represented as

“flexural cracks” were formed at the point of integration of the
SOLID65 elements.

Compressive Cracks: Generally, compressive type of cracking sign
appears like a circle along the beam model under the load points at
integration points in the concrete elements, as shown in Figure 13.
Initially, the crack develops and propagates towards the direction
of externally applied load (F) then because of Poisson’s effect the
tensile strains subsequently developed in the elements [33-34].
Similar behaviour is realized in this analysis since load applied on
along width of the beam resulting to tensile strain developed on
along depth of the beams. The crack appears like a circle (Figure 14)
along the length of beams, denoted as a compressive crack.

Flexural cracks
at mid-span

Compressive cracks
at loading point

Diagonale tensile
cracks near support

X

Py g

v 4

o
=
-

J
3

=
3
<

|

= [

Multiple cracks

Figure 14. Typical cracking symbols in ANSYS beam model

Tensile Cracks: Generally, normal tensile stress develop along
the length of the beams (i.e. in the x direction), and shear stress
develops across the beams (i.e. in the xz plane). “Inclined line" of
cracking signs are observed (see Figure 14) if tensile and shear
stresses together acting on the concrete SOLID65 elements
as a result of principal tensile stresses seems to be inclined if
it exceeds the tensile strength of the concrete at the point of
integration point of the SOLID65 elements. The inclined line of
the cracking symbol is termed a diagonal tensile crack.

3.4.4. Element centroid crack pattern

In addition to the above mentioned types of cracks, the ANSYS
also predicts three different cracking natures simultaneously

ANSYS

R16.1

CRACKS AND CRUSHING

STEP=1
SUB =59
TIME=52269.8

T e T
NSNS NN ¥

A

1 N
1
I

Front view

view

a)

ANSYS

R16.1

CRACKS AND CRUSHING
STEP=1

SUB =148
TIME=125231

Top view

Front view

b)

Figure 15. Element centroid crack patterns of SF1.5L5 beam model at various stages; a) First-crack stage; b) Ultimate stage

GRADEVINAR 76 (2024) 4,309-321

319



Gradevinar 4/2024 Syed Muhammad Syed Ibrahim, Selvaraj Kandasamy, Jagadeesan Thivya, Jagadeesan Vijayaraghavan

on each substep right from the formation of first-crack to the
ultimate failure stage, as is represented by three different colours:
red, green, and blue (Figure 14). The red, green, and blue indicate
first crack, second crack, and third crack, respectively. Discussion
and salient inferences based on the above are as follows.

It seems that the “first-crack” of all the beam models formed
below the points of the loading area at the tension zone of the
beam. The above behaviour was also visually experienced during
testing. In the subsequent substeps, the “flexural cracks” are
developed further towards the mid-span and shear span of
the beam models. The crack length is also propagated towards
the compression zone of the beams. The above development
and propagation of cracks are similar to the observations made
during experimental investigations. A few “compressive cracks”
and "diagonal tensile cracks’, were formed near the loading points
and in the shear span, respectively, in the beam at the ultimate
stage. Further, the maximum number of multiple flexural cracks
also formed in the mid-span. The above trend is similar to the
observations made during experimental investigations.

The predicted crack formation and its propagation of the SF1.5L5
beam at the first-crack stage and the ultimate stage are shown
in Figure 15. It shows multiple cracks in the extreme tension fibre
of the beam at the ultimate stage indeed that there may be a
possibility of concrete cover separation or debonding of laminate
from the concrete surface, due to the excessive concentration of
flexural cracks at the extreme tension face of the beam.

3.5. Codal comparison

In view of the structural safety and serviceability requirement,
the IS 456 clause 35.3.2 [35] recommends that the surface
crack-width should not generally exceed 0.3 mm. From the
above perspective, the experimentally obtained crack-width of
all the GFRP strengthened FRC beams at the yield stage is well
within the recommended value. Moreover, the maximum crack-
width of the beam SF1.5L5, even at the ultimate stage, shows
close adherence to the codal provision (Table 4).

4, Conclusion

The following salient conclusions are drawn based on the results

and the salient inferences of the experimental and numerical

investigations on GFRP strengthened hooked-end steel fibre

reinforced concrete (FRC) beams:

- The crack-width of the GFRP strengthened RC beams reduces
with increases in the laminate thickness over the unstrengthened
RC (control) beam. The maximum decrease in crack-width of the
strengthened RC beams over the control beam (without GFRP
strengthening) at the first-crack load is about 14 % and 29 %,
and at the yield load it is about 27 % and 32 % for 3 and 5 mm
thick laminates, respectively. However, at the ultimate stage, the
maximum reduction is only about 7 % and 10 % for 3 mm and 5
mm, respectively, over the control beam. It shows that the role
played by lamination up to the yield stage is high with respect to
crack-width. The reduction in creak-widths of 5 mm laminated

FRCbeams" at V/, = 1.5 % over the control beam is about 71 %, 63
%, and 44 %. It shows a “combined effect” in reducing the crack-
width of laminated FRC beams. The above mentioned effect
is consistently significant and very high in all the stages. This
phenomenon is highly advantageous from the ductility aspect of
a structural element and hence the structure.

- Three typical failure modes experienced in this study include
crushing of concrete, debonding of laminates, and rupture of
laminate. The control beam fails in concrete crushing at the
compression zone preceded by tensile steel yielding whereas
in the GFRP strengthened FRP beams, rupture and or
debonding failures were the typical failure modes observed as
stated in the literature, conforming to the common and the
characterized failure modes.

- In the context of experimental results with the numerical
design validation, the FEA-based software has the capability
to predict the formation of cracks at different stages of the
RC beam models. The predictions of the crack formation and
propagation at the various stages and crack types in the RC
beam models explicitly agreed well with the experiment.

- The holistic behaviour of externally FRP strengthened RC
beams mixed by the 3D hooked-end steel fibres gives a
realistic and viable method in the context of structural
strengthening. However, further studies are needed in the
aspect of the long-term performance of GFRP strengthened
hooked-end steel fibre reinforced concrete beams for the
betterment of the strengthening method.

Nomenclature

3D - Three dimensional

F - function of the principal stress state (pr' Oy Gzp)

V, - Total fibre volume fraction

f, -ultimate compressive strength for a state of biaxial
compression superimposed on hydrostatic stress state

f, -ultimate compressive strength for a state of uniaxial
compression superimposed on hydrostatic stress state

f. - ultimate uniaxial compressive/crushing strength of concrete

f, - ultimate biaxial compressive strength of concrete

f, - ultimate uniaxial tensile strength of concrete

s - failure surface expressed in terms of principal stresses
and five input parameters f, f. f, .. f,

of - ambient hydrostatic stress state

- maximum, average, and minimum, principal

stresses respectively
O,y Oy Oy = principal stresses in principal directions x, v, z,
respectively

G, 0, 0,
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