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Flexural behavior of reinforced concrete beam using CFRP
hybrid system

Ala’ Taleb Obaidat

Civil Engineering Department, Philadelphia University, Amman, Jordan

ABSTRACT
This paper presents experimental and numerical study to investigate the
flexural behaviour of strengthened RC beams using three CFRP techniques.
Considered main variables were CFRP technique, amount of CFRP NSM and
rope and cost/increase in strength effectiveness. Results indicate that using
CFRP rope and sheet increased significantly maximum load and maximum
strain of RC beams. Average increase in strength and maximum strain were
76.3% to 143.5% and 206% to 246% as the control RC beam. Moreover, RC
beams strengthened with CFRP rope exhibited strength approximately
similar to ones strengthened with CFRP strip. The cost/increase in strength
ratio of specimens strengthened by CFRP rope is 61% higher than the ratio
of specimens strengthened by CFRP NSM strip. Hence, the specimens
strengthened by one layer of CFRP rope is the most economic techniques
based in cost/increase in strength ratio even though it exhibited maximum
load less than the specimens strengthened with two layers of CFRP rope or
strip. CFRP rope was 40% lower than CFRP strip when same strengthening
effect was achieved. Finally, complementary to experimental work a finite
element model FEM was developed to investigate the flexural behaviour of
beam. The FEA model showed somehow good agreement with the experi-
mental results.
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1. Introduction

Reinforced concrete (RC) structures constitute the most buildings and bridges around the world.
Concrete is one of the most broadly materials utilised in the construction of structure due to its qualities.
It has a good quality in compression, however, it is a weak in tension. As a result, a reinforcement steel
is placed in tension zone. Moreover, concrete is characterised by a low coefficient of warm extension,
economy to form any shape, comprises of popular and available material, and requires less experience
for the construction of the structure than steel.

RC beams transmit loads from the floor to the columns which in turn transits the load to foundation.
Consequently, Reinforced concrete (RC) beam is one of the most significant element in the structure.
However, RC beams deteriorate to several reasons such as excessive loading, reinforcement corrosion, dif-
ferential settlement and poor design. Hence, the strengthening of RC flexural elements is urgently
needed to improve its load carrying capacity and serviceability requirements. Presently, a lot of ongoing
research are conducted on strengthening RC structural elements. Literature showed that several techni-
ques have been developed for strengthening/repairing purposes to enhance load capacity and ductility
of structural element members. Also, studies showed that one of the most effective material used in
strengthening repairing and retrofitting RC elements is carbon Fibre reinforced polymers CFRP. CFRP is
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preferable in strengthening and repairing RC elements due its high tensile strength, low weight, high
stiffness and high durability since no corrosion extensively used, and are practically unlimited availability
in terms of geometry and size (ACI 440F, 2008; Bakis et al., 2002). However, the CFRP is failed in brittle
manner. Recently, studies have addressed that using FRP for strengthening and retrofitting RC elements
improved flexural and shear capacity (Ashteyat et al., 2019; Mirmiran & Shahawy, 1997; Obaidat, Ashteyat,
& Obaidat, 2020; Obaidat, Ashteyat, Hanandeh, et al., 2020). In addition, studies addressed that FRP mate-
rials with epoxy provided an excellent performance in terms of application and durability. In RC beams,
FRP sheets are often attached to the tension side for flexural strengthening (Kim & Shin, 2011; Wu et al.,
2007; Xiong et al., 2004).

Several techniques of CFRP were developed to strengthened structural elements. These strengthening
techniques are sheet fabrics (in situ cured systems) or laminates (pre-cured systems) which is glued exter-
nally on the surface of the RC element. However, this technique is mostly failed by premature de-bond-
ing which in turn resulting a reduced flexural capacity (Olivova & Bilcik, 2009). Also, FRP laminate or rod
can be inserted into grooves opened on concrete cover which is called (NSM – Near Surface Mounted) in
order to overcome the limitation in the externally bonded technique (De Lorenzis & Teng, 2007; Obaidat,
Ashteyat, Hanandeh, et al., 2020).

Based on results of studies, it was found that the RC element strengthened by NSM exhibited strength
higher than ones strengthened by externally bonded FRP (Bilotta et al., 2015; El-Hacha & Rizkalla, 2004;
Sarafraz & Danesh, 2008; Szab�o & L. Bal�azs, 2007). Recently, some studies have been conducted in
strengthening and repairing RC elements using new flexible FRP techniques called carbon FRP (CFRP)
rope. CFRP rope can be inserted in groove open in concrete cover (Al Rjoub et al., 1988; Ashteyat et al.,
2019). Epoxy adhesives are usually used to fix the FRP to concrete surface. The efficiency of these techni-
ques depends significantly on concrete cover resistance for strengthening and repairing. However, con-
crete cover is the most degraded region in RC element because is exposed to environment conditions.

Many researches used NSM-CFRP strip and rope to investigate flexural and shear behaviour of
strengthening RC structural elements (Al Rjoub et al., 1988; Ashteyat et al., 2020; Dias & Barros, 2017;
Hassan & Rizkalla, 2003). Based on the experimental results the CFRP NSM and rope strengthening tech-
nique significantly amplified the first cracking, yield, and ultimate load carrying capacities of the beams,
and remarkably better the specimen’s mode failure. Also, using NSM enhanced the flexural and shear
capacity of RC structures considering several parameters effect such as number, orientation and type of
FRP, groove dimensions, size, and location of NSM and type of adhesive.

Grace et al. (2002) conducted a flexural test on eight strengthened concrete beams to examine the
effectiveness and ductility of the developed fabric uniaxial ductile hybrid FRP fabric. The developed
hybrid system composed of one type of glass fibre and two types of carbon fibres. It was concluded that
beams strengthened with developed hybrid system exhibited a higher ductility and capacity compared
to similar beams strengthened with CFRP sheets, fabric, and plates. Xiong et al. (2004) conducted a four
point loadings on beams strengthened with a conventional CFRP system and a hybrid CFRP/GFRP system.
It was seen that the hybrid CFRP/GFRP system exhibited an increase in the deflection response about
89.7% as the CFRP system. However, the RC strengthened beam using the hybrid system showed a
decrease in ductility about 16.2% as control RC beam.

Li et al. (2009) employed a software package to construct a finite element method to investigate
numerically the interfacial stress between GFRP sheets and hybrid CFRP. The results showed that the
interfacial shear and normal stresses decreases when strengthening RC beams by hybrid FRP at the cut-
off point of the FRP sheets that would delay the initiation of debonding. Also, a parametric study was
done to investigate the interfacial stresses considering the load effect, modulus of elasticity, epoxy adhe-
sive layer thickness and width of FRP sheet. It was concluded that as the loads and elastic modulus, the
interfacial stresses increase. Also, interfacial stresses decrease with the increase of epoxy layer thickness.
Finally, it was concluded that there was no significant influence to width of the FRP sheet on the inter-
facial stresses at the FRP ends.

Hosen et al. (2018) tested under four-point bending a total of seven RC beam specimens including
un-strengthened control specimen, and six specimens strengthened by SNSM-CFRP strips to enhance the
flexural performance of reinforced concrete (RC) beams. It was concluded that the using CFRP strips for
strengthening specimens enhanced the ductility, stiffness, and energy absorption capacity. Moreover,
using SNSM-CFRP strips strengthening technique significantly improved the first cracking, yield, and
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ultimate load capacities up to 153%, 108%, and 147% respectively, compared with that of the con-
trol beam.

In this study, a CFRP NSM, CFRP rope, hybrid system (CFRP NSM- and CFRP sheet), and hybrid system (CFRP rope and
FRP sheet) system were introduced for the flexural strengthening of RC beams. This study aims to investigate
experimentally and numerically the effectiveness of different techniques of CFRP for strengthening RC beams tested
under flexural and evaluate the effect of different techniques including CFRP NSM, CFRP rope and hybrid system (CFRP
NSM/rope and CFRP sheet) on the structural performance of RC beams. Moreover, this study aims to evaluate the
effect of the amount of CFRP-NSM and CFRP rope on the flexural behavior of RC beams and asses the efficiency in
terms of load-displacement behavior, mode of failure and capacity/cost ratio. This paper provides experimental
evidence and detailed performance of various FRP strengthening techniques toward a design guidelines. Also, the cost
analysis is provided for each technique in order to help engineers to judge the cost effectiveness of each system.

To achieve this objective, eight RC beams have been constructed and tested. Six of which strength-
ened using previous three techniques and two of which are control (unstrengthen) specimens. Four-point
bending tests with RC beams were carried out under monotonic loading. The strengthened specimens
were mainly categorised CFRP NSM strengthened specimens, CFRP rope strengthened specimens and
hybrid system (CFRP NSM/rope and CFRP sheet) strengthened specimens. The outcomes of this work
may be beneficial for researchers in the RC strengthening using FRP domain. Complementary to experi-
mental work a non-linear finite element package by ABAQUS is used to investigate the flexural behaviour
of the strengthened RC beam by CFRP NSM, CFRP rope and hybrid system (CFRP NSM/rope and
CFRP sheet).

2. Experimental program

This section is fully described all details of the experimental work of strengthened RC beams. This work
was conducted at the structures laboratory at Jordan University of Science and Technology (JUST). Eight
RC beams were constructed and tested to investigate the effectiveness of using CFRP NSM, CFRP rope
and hybrid system (CFRP NSM/rope and CFRP sheet) on the flexural behaviour of strengthened RC
beams. Specifically, this section includes; material properties, preparation of RC beam specimens, casting
and curing of the RC beam specimens, test setup and installation of CFRP-NSM, CFRP rope and FRP sheet
to strengthen RC beams.

2.1. Specimens details

A total of eight simply supported RC beams were designed following ACI 318-2014 provisions (however,
the spacing between shear links was selected 100mm along the whole span of beams to make sure the
beams’ failure is in flexure) to appraise the effectiveness of the CFRP NSM, CFRP rope and hybrid system
(CFRP NSM/rope and CFRP sheet) on the flexural behaviour of strengthened RC beams. All RC beam
specimens were made of normal concrete with rectangular cross-section of (150mm x 200mm) (width x
thickness) and length of 1200mm (Figure 1). All RC beam specimens were longitudinally reinforced with

Figure 1. RC beam: (a) longitudinal view; (b) cross section. Note: all dimensions are in millimeters.
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two deform bars of /12mm at bottom and two deform bars of /10mm at top. The transverse reinforce-
ment was in terms of stirrups of /8mm at a spacing of 100mm c/c to avoid shear failure. The rectangu-
lar stirrups had been supplied with a 50mm overlap at their ends (Figure 1).

2.2. Strengthening configurations and test matrix

Two out of eight RC beams were used as control beams, however, the average of these beams were
added in Tables and Figures “Experimentally two identical control RC beams were constructed and tested
in this study to make sure that the test setup and LVDT’s instrumentations were working properly which
may lead to correct conclusions”. The control RC beams were designed to have insufficient longitudinal
steel reinforcement to make sure that the failure will be flexural failure in control beam. In this study
there were two control beams reinforced with two main reinforcement T12. These beams were used to
make a comparison with the strengthened beams to investigate the effect of using CFRP in turns of rope
or strip or hybrid on flexural behaviour of RC beam. On another hand, the remaining six out of eight
tested RC beam specimens were strengthened using CFRP NSM, CFRP rope and hybrid system (CFRP
NSM/rope and CFRP sheet) to investigate their flexural behaviour. The designation of some RC beam
specimens is in the format SB-RLx-SHx and some of them is in format SB-NLx-SHx. The abbreviations of
letters in previous format as follows: The “SB” denotes for the strengthened RC beam; the second charac-
ter “R or N” refers to the rope or NSM strip, respectively; the third character “SH” symbolises the CFRP
sheet. Table 1 shows test matrix and specimens designation. Several configurations of CFRP-NSM, CFRP
rope and CFRP sheet were used. One RC specimen beam was strengthened using one CFRP-NSM strip at
bottom face of specimen as shown in Figure 2.a. One CFRP-rope was used to strengthen second beam
(Figure 2.b). Two of RC beam specimens were strengthened by hybrid system which consists of (one
CFRP-NSM and one layer of CFRP sheet) and (one CFRP rope and one layer of CFRP sheet) as shown in
(Figure 2.c and Figure 2.d), respectively. The last two RC beam specimens were strengthened by hybrid
system which consists of (two CFRP-NSM and one layer of CFRP sheet) and (two CFRP rope and one layer
of CFRP sheet) as shown in (Figure 2.e and Figure 2.f), respectively. All attached CFRP-NSM, CFRP-rope
and CFRP-NSM sheets have the same length of the beam and placed to tension soffit with span of
1200mm. CFRP-sheet has width equal to width of RC beam specimen.

2.3. Material properties

All tested RC beams specimens were constructed with the identical concrete mix. A concrete mixture was
designed according to the ACI-211 mix design procedure (American Concrete Institute, 1996) to attain a
28-day compressive cylinder strength of 32.8MPa. Three concrete cylinders with 300mm height and
150mm diameter were tested to measure the compressive strength of concrete. The cylinders were
tested under concentric load until failure to measure the concrete compressive.

The concrete compressive strength (f’c) was calculated by dividing the failure load by the cross-sec-
tional area.

Three types of deformed bars with a diameter of 8mm, 10mm and 12mm were used in reinforcing
RC beam specimens. A two bars with 12mm used at the bottom of RC beam and 10mm used at the top
of RC beam for the longitudinal steel reinforcement. Whereas, deformed steel bars with diameter of
8mm was used for stirrups as shown in Figure 1. Tensile test was conducted on all diameters of steel
bars at ambient temperature to measure their mechanical properties (Table 2).

Table 1. Test Matrix.

Beam Designation CFRP- strip CFRP-Rope CFRP-Sheet Number of CFRP strip Number of CFRP-Rope

Control No No No – –
SB-NL1-SH0 Yes No No 1 0
SB-RL1-SH0 No Yes No 0 1
SB-NL1-SH1 Yes No Yes 1 0
SB-RL1-SH1 No Yes Yes 0 1
SB-NL2-SH1 Yes No Yes 2 0
SB-RL2-SH1 No Yes Yes 0 2
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Three products of CFRP were used in this study to strengthen six RC beam specimens in flexural
(Figure 3). These CFRP products were including CFRP-strips, (CFRP) Wrap (NSM-CFRP rope) and sheet.
Table 3 shows physical and mechanical properties of NSM CFRP Strips, Ropes and CFRP Sheet, respect-
ively. In order to achieve an enough bond between CFRP strip and concrete surface in cut groove, an

Figure 2. CFRP strip, CFRP strip and CFRP sheet strengthening configuration (Dimensions in mm).
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adhesive material with two components A and B of 6 kg with mix proportion 1:3 (1.5:4.5 kg) B to A, was used
as recommended by the manufacturer. Material 52 LP was used as adhesive to fill the grooves in order to
place CFRP rope with concrete. Material 52 LP adhesive having two parts, resin (part A) and hardener (part B).
Material 52 LP was prepared by mixing part A and part B by weight with ratio 2 to 1. Meanwhile, Material
330 LP used to glue CFRP ropes and sheets and prepared by mixing two components, resin (part A) and
hardener (part B) with ratio 4 to 1 parts by weight. Meanwhile, material 330 LP used to glue CFRP ropes and
sheets. It was prepared by mixing two components A and B with ratio 4 to 1 parts by weight.

2.4. Concrete mixing, casting, and curing

Eight wooden molds were fabricated to cast the tested RC beam specimens. The steel reinforcement
cage with 25mm cover in all sides was previously prepared and then placed in the wooden mold as
shown in Figure 4.a. For mixing the ingredients of concrete, a tilting drum mixer of 0.15m3 was used
(Figure 4.b). The concrete mixture was poured in the wooden mold (Figure 4.c). The concrete was com-
pacted using an electrical vibrator and the side was finished by a trowel to get a smooth surface.

2.5. Grooving RC beam specimens to install the CFRP strip and CFRP ropes

In order to install CFRP strip and rope, grooves in the concrete cover of RC beam specimens were made.
The grooving with a depth of 20mm and width of 9mm was done by professional labours using grinder
(electrical drill) into the concrete cover (Figure 5). The grooves were cleaned and washed from dust by a

Table 2. Mechanical properties of the reinforcing steel bars.

Nominal Bar Diameter Actual Bar diameter Yield Stress fy (MPa) Ultimate Stress, fu (MPa) Elongation at Failure (%)

10mm 10.3 450.9 580.3 18
8mm 8.1 542 683 16.2
12mm 12.3 420 560 18

Figure 3. CFRP products used in this study.

Table 3. Physical and mechanical properties of NSM CFRP Strips.

Strip NSM CFRP Rope CFRP sheet

Tensile E-modulus 165000MPa 230’000 N/mm2 225’000 N/mm2
Elongation at break 1.7 % 1.6 % 1.7 %
Mean tensile strength 3100MPa 4’000 N/mm2 3500 N/mm2
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vacuum cleaner “hoover”. The RC beam specimens were then washed and cleaned using thinner to
reduce the moisture and to create a stronger bond with CFRP ropes (Figure 5).

2.6. Installation of CFRP strip and rope

The following steps show how the CFRP strip and rope is embedded however, to be informed that that
conducting CFRP in the Lab is different than site and this point is considered as a limitation of
this research:

1. Cut out the CFRP strip and rope to length equal to the RC beam specimen length.
2. Material 52 LP and Material 330 LP resin to glued the CFRP strip and rope was prepared by mixing

parts A and B with proportions of 2:1 and 4:1, respectively.
3. Material 52 LP resin was applied to CFRP rope with a sufficient amount to be saturated before enter-

ing the saturated rope into grooves.
4. The cut grooves made in concrete cover of RC beam specimen were filled with Material 330 LP resin

using a plastic blade.
5. CFRP strip and rope were carefully placed into grooves.
6. Finally, the CFRP sheet was glued on the bottom surface of the RC beam specimens.

All steps from step one to step six are shown in Figure 6.

2.7. Test setup

All simply supported RC beam specimens were tested under four-point loadings up to failure using a
load control criteria with a rate of 3.77 kN/sec. The load was applied using the Universal Testing Machine

Figure 4. Placing cage reinforcement, Concrete mixing and pouring of concrete.

Figure 5. Specimens Grooving.
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(2000kN capacity in compression) available at the structures laboratory at JUST. The fixed distance between
the loads is 325mm. Distance between support and load during test is fixed to 375mm (Figure 1). All tested
RC beam specimens were instrumented by two Linear Variable Differential Transformer (LVDT) at the mid of
beam span from bottom surface in order to measure a deflection at mid of beam span during the testing
(Figure 7). The load and displacement values were recorded by data acquisition system.

The test setup consisted of hydraulic cylinder which is attached by steel frame. This hydraulic cylinder
applied the load through a 50mm rigid steel plate in order to transfer the load into two rigid steel rods
in which they transfer the load to the loading points (Figure 8). Load was measured by load cell that is
placed under the hydraulic actuator. The rotation of the head of the actuator was allowed because the
actuator is pinned. The beam was supported by roller and pin at a distance of 100mm from ends of RC
beam to prevent the translation in vertical direction and horizontal movement.

3. Results and discussion

The summary of the obtained experimental flexural test results in terms of (i) axial load, (ii) mid-span
deflection corresponding to axial load capacity (dy), (iii) failure load (Pf), mid-span deflection

Figure 6. CFRP strip and rope Installations.

Figure 7. Two LVDT Installed on the beam.
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corresponding to failure load (df) and (iv) a summary of the type of final observed failure for each RC
beam specimen (mode of failure) are detailed in Table 4. The control beam specimen was used as refer-
ences for evaluating the performance of other strengthening RC beam specimens. Table 4 shows the per-
cent increase of axial load (%Pu), percent increase of failure load (%Pf), percent increase of mid-span
deflection corresponding to the axial load (%du) and percent decrease of mid-span deflection corre-
sponding to the failure load (%df) compared to control RC beam specimen.

3.1. Flexural load carrying capacity

The flexural capacities of the control beam (un-strengthened) and strengthened RC beam specimens in
terms of first cracking and ultimate load are shown in Figure 9. Figure 9 shows that the strengthened RC
beam specimens by the hybrid system of CFRP exhibited a significant influence on the stiffness of the
un-cracked section. The CFRP hybrid system improved noticeably the first cracking and axial load carrying
capacities by up to 2.25 times and 2.38 times, respectively, as the control RC beam specimen. Hosen et
al. (2018) showed that using SNSM-CFRP strips significantly improved the first cracking and ultimate load

Figure 8. Test set up.

Table 4. Experimental results of RC beam specimens.

Specimen
Pu
(kN)

%Pu (kN)
Increase

over Control
du

(mm)

% du (mm)
increase

over Control
Pf
(kN)

%Pf (kN)
increase

over Control
df

(mm)

% df (mm)
decrease

over Control
Type of
Failure

Control 71.35 – 2.53 – 90.5 – 26 – Flexural
SB-NL1-SH0 129.7 80.8 7.74 206 123 36 19 27 Flexural
SB-RL1-SH0 127 76.3 8.75 246 99.5 10 26.6 �2.3 Flexural
SB-NL1-SH1 159.8 124 8 216 115 27 25 3.85 Flexural
SB-RL1-SH1 170 139 8.77 247 126 39 26 0 Flexural
SB-NL2-SH1 169.5 137.6 6.25 147 125 38 17 34.6 Flexural-Shear
SB-RL2-SH1 173.7 143.5 6.44 154 134 48 17.2 33.9 Flexural-Shear
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carrying capacities by up to 2.53 times and 2.47 times, respectively, compared with the control speci-
mens. Hence, this conclusion almost similar to the Hosen et al. (2018). It can be noted that as the hybrid
system of CFRP showed significantly increase in first cracking and axial load carrying. The increase in first
cracking and axial load carrying in specimens SB-NL1-SH0, SB-RL1-SH0, SB-NL1-SH1, SB-RL1-SH1, SB-NL2-
SH1 and SB-RL1-SH1 were (10%,78%),(40%, 82%),(75%, 124%), (100%, 138%), (110%, 138%) , (135%,
144%), respectively, compared with the control beam.

The strengthening of the RC beam specimens using two CFRP strip and ropes at the tension side
exhibited an increase in the first cracking up to 100% as control beam specimen. This conclusion similar

Figure 9. First cracking and ultimate load carrying capacity of the specimens.
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to Hosen et al. (2018) conclusion. In contrast, the RC beams strengthened with CFRP rope exhibited
increase in and axial capacity loads up to 130% compared to the control specimen which more than
increase concluded by Hosen et al. (2018).

3.2. Load deflection responses

In this study several techniques of CFRP configurations were used to strengthen the RC beam specimens as
shown in Figure 2. All results obtained from experimental works for all tested RC beam specimens in terms of
maximum axial load, deflection corresponding to the maximum load, failure load, deflection corresponding to
the failure load, total cost of FRP length, Capacity/Cost and failure mode are summarised in Table 5. As shown
in Figure 10, specimen strengthened using one layer of CFRP NSM strip (SB-NL1-SH0) exhibited maximum
load similar to specimen strengthened using one layer of CFRP rope (SB-RL1-SH0) with toughness more than
SB-RL1-SH0 specimen. Specimen strengthening using hybrid system of one layer of CFRP rope and CFRP sheet
(SB-RL1-SH1) exhibited maximum load of 18.8% more than specimen strengthening using hybrid system of
one layer of CFRP NSM strip and CFRP sheet (SB-NL1-SH1)with toughness more than SB-NL1-SH1 specimen as
shown in Figure 11. Finally, Specimen strengthening using hybrid system of two layer of CFRP rope and CFRP
sheet (SB-RL2-SH1) showed increase in strength about 2.5% more than specimen strengthening using hybrid
system of two layer of CFRP NSM strip and CFRP sheet (SB-NL2-SH1) with toughness more than SB-NL2-SH1
specimen as shown in Figure 12. Furthermore, the SB-RL2-SH1and SB-NL2-SH1specimens have changed the
type of failure of the strengthened specimens from pure flexural to a flexural shear failure. This can be attrib-
uted that the SB-RL2-SH1and SB-NL2-SH1 specimens have strengthened in flexural with hybrid system which
in turn increase the flexural capacity and change the specimens to shear govern.

The experimental load–mid-span deflection relations for all tested specimens are shown in Figure 10, 11,
12, 13 and 14. It can be seen in the curves in these Figures an approximate linear response defined by pre-
cracking, cracking (from first cracking to steel yielding) and post-cracking stages (from steel yielding to failure
of the beam) (except SB-NL2-SH1). The linear elastic behaviour are showed in the strengthened RC beam
specimens similar to the control beam. In the cracking stage, the stiffness and yielding load in the specimens
strengthened by the CFRP NSM, rope and CFRP hybrid were increases. Finally, in the post cracking stage, all
the strengthened specimens by CFRP exhibited axial load and deflection at midspan more than first two
stages. The cracks was control by CFRP ropes and strip in this stage (except the SB-NL2-SH1). As such, in the
cracking stage, the curve exhibited by SB-NL2-SH1 specimen was different.

3.2.1. Effect of CFRP type
It can be seen from Figure 10 that the strengthened RC beam specimens exhibited larger load capacity
and strain corresponding to maximum load than those in control RC beam specimens. Figure 10 shows
that the increase in maximum load in specimens SB-NL1-SH0 and SB-RL1-SH0 are 80.8% and 76.3%,
respectively more than the control RC specimens. On another hand, Xing et al (2018) shows that using
one bar of Basalt-fibre-reinforced polymers (BFRPs) in strengthening RC beam at bottom sides increased
the maximum load about 111% more than the control RC specimen. Also, It can be observed that such
increase in maximum load is an agreement with the experimental study that conducted by Hawileh et al.
(2014). However, SB-NL1-SH0 and SB-RL1-SH0 specimens provided increase in maximum strain corre-
sponding maximum load of 206% and 246%, respectively more than the control specimens.

The average maximum load Pu of the control RC specimen that was not strengthening by FRP was
71 kN. The SB-NL1-SH0 and SB-RL1-SH0 specimens increased the maximum load from 71 kN to 129.7 kN

Table 5. Cost analysis of CFRP.

Specimen
Pu
(kN)

Increase over Control
(kN)

Total cost
CFRP length (cost of CFRP)

Cost/
Increase over control

Control 71.35 – – –
SB-NL1-SH0 129.7 58.35 1.2�28¼ 33.6 0.575835
SB-RL1-SH0 127 55.65 1.2�17¼ 20.4 0.366577
SB-NL1-SH1 159.8 88.45 1.2�28þ 0.18�28¼ 38.64 0.436857
SB-RL1-SH1 170 98.65 1.2�17þ 0.18�28¼ 25.44 0.257881
SB-NL2-SH1 169.5 98.15 1.2�2�28þ 0.18�28¼ 72.24 0.736016
SB-RL2-SH1 173.7 102.35 1.2�2�17þ 0.18�28¼ 45.48 0.444358
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and 127 kN, respectively. This means that the CFRP NSM and CFRP rope techniques contributed a load of
58.7 kN and 56 kN, respectively. This increase in load can be attributed to adding CFRP NSM and rope,
respectively.

3.2.2. Effect of CFRP strengthening configuration
The increase in maximum load in SB-NL1-SH1 and SB-NL2-SH1 specimens was 124% and 137.6%, respect-
ively more than maximum load in control specimens as shown in Figure 13 and Table 4. Meanwhile, it

Figure 10. Load versus mid-span deflection for the control, SB-NL1-SH0 and SB-RL1-SH0 specimens.

Figure 11. Load versus mid-span deflection for the control, SB-NL1-SH1 and SB-RL1-SH1 specimens.

12 A. T. OBAIDAT



can be seen in Figure 14 and Table 4that the SB-RL1-SH1 and SB-RL2-SH1specimens exhibited increase in
maximum load about 139% and 143.5% of the control RC beam specimens. The SB-NL1-SH1, SB-NL2-SH1,
SB-RL1-SH1 and SB-RL2-SH1 specimens increased the maximum load from 71 kN to 159.8 kN, 170 kN,
169.5 kN and 173.3 kN respectively. It can be observed that the SB-NL2-SH1 and SB-RL2-SH1 did not
increase the maximum load significantly compared the load increase in SB-NL1-SH1 and SB-RL1-SH1as
control specimens. It can be attributed that using two CFRP strip or CFRP rope require two grooves in
concrete cover which in turn decrease the area of concrete. Consequently, decreasing the area of con-
crete increasing the stress concentration which lead to debonding in CFRP.

Figure 12. Load versus mid-span deflection for the control, SB-NL2-SH1 and SB-RL2-SH1 specimens.

Figure 13. Load versus mid-span deflection for the control, SB-NL1-SH1 and SB-NL2-SH1 specimens.
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3.3. Failure modes

Figure 15 shows the failure modes of the tested RC beam specimens. Different failure modes were
observed in tested RC beam specimens such as flexure cracks, flexural shear cracks, debonding and con-
crete crushing. The failure mode of control RC specimen was in a flexural mode. This Flexural failure was
happened toward the midspan of the RC beam by the spreading of a vertical crack. As the external
applied load increased, the additional cracks developed, the cracks growth both in width and length, the

Figure 14. Load versus mid-span deflection for the control, SB-RL1-SH1 and SB-RL2-SH1 specimens.

Figure 15. Crakes and Failure Mode of RC Beam specimens at failure.
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deflection increases and further extend to the compression side as it moves to the upper part of the
beam toward the loading point. This failure started by forming hair cracks at midspan then spread as the
load increasing toward the natural axis of the specimen followed by yielding of flexural bottom steel
reinforcement and eventually failed by concrete crushing at the extreme fibre of the specimen.

First crack appear on control RC beam specimen at 40 kN and failed at load of 75 kN. The maximum
deflection corresponding peak load was 2.37mm. RC beam specimens (SB-NL1-SH0, SB-RL1-SH0, SB-NL1-
SH1 and SB-RL1-SH1) showed same flexural mode. The failure mode of these specimens are depicted in
Figure 9 (b to d). It should be noted that there was no debonding in the CFRP materials in these speci-
mens. The control specimen was shown similar failure mode in the study conducted by Xing et al (2018).

Finally, failure mode for the RC beam specimens (SB-NL2-SH1 and SB-RL2-SH1) was similar to (SB-NL1-
SH0, SB-RL1-SH0, SB-NL1-SH1 and SB-RL1-SH1) (Figure 15 (e and f)). However, these specimens were
failed by developing the flexural-shear cracks in the area at both sides close to the location of the point
loads followed by delamination between CFRP sheet and concrete as shown in Figures 15 (g and h). The
debonding was initiated when the diagonal shear crack intersected the flexural shear crack due to shear
and normal interfacial stresses. Finally, these specimens as mentioned previously, failed by delamination
due to edge cover separation from CFRP sheet. This is because the distance from the concrete edge to
the center of the NSM CFRP, which was about 20mm including the groove. This can be attributed to
increasing the tensile strength of tensile zone which in turn decrease the strain at this zone which lead
to convert the beam to compression controlled or transition failure.

3.4. Comparison between CFRP rope and strip strengthening technique considering effect of cost/
increase in strength ratio

One of the main objectives of this study is to provide a best technique considering the cost-efficient. The
efficiency is a function of the CFRP cost and the increase in strength over control specimen due to using
of CFRP.

The economical strengthening configuration considering the costs of CFRP in terms cost/increase over
control ratio are analyzed herein since the labour cost and tools needed to prepare concrete surface
varies significantly among difference regions. Based on the local market, the cost of CFRP sheet/m2 is 28
$and the CFRP strips cost per meter is 28$while the CFRP rope cost per meter is 17$. The cost of CFRP
materials required for strengthening RC beam specimen with dimension of 150mm x 200mm x1200mm
were calculated and listed in Table 5 and Figure 16. In this study, Cost-efficiency was assessed in terms
of CFRP length cost per increase in axial load capacity over control. It can be seen that in all configura-
tions, the cost/increase over control ratio of specimens strengthened by CFRP rope was not significant as

Figure 16. Cost analysis of various strengthening techniques.
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the specimens strengthened by CFRP NSM strip. The specimens strengthened by CFRP rope was the
most cost-efficient, with a cost/increase over control ratio of 0.6366 (less than 0.365 of the CFRP strip spe-
cimen), even though CFRP rope specimen exhibited maximum load less than the CFRP strip specimen.
Hence, to obtain the same strengthening effect, the CFRP rope strengthened specimen cost nearly 65%
of the cost of the CFRP strip strengthened specimen. Considering the axial load capacity of specimens,
the specimen strengthened by hybrid system SB-RL1-SH1 (one layer of CFRP rope and CFRP sheet)
showed a most economic technique strengthening. The specimens SB-NL1-SH10, SB-RL1-SH0, SB-NL1-
SH1, SB-NL2-SH1 and SB-RL2-SH1 exhibited a cost/increase over control ratio about 2.23, 1.42, 1.69, 2.85
and 1.72 more than the specimen SB-RL1-SH1. It can be concluded that the CFRP rope has a good cost/
increase over control strength, however, the cost of CFRP strip and CFRP rope in the local market is
28$and 17$, respectively, meaning the cost of CFRP rope was 40% lower than CFRP strip when the same
strengthening effect was achieved. Please note that the CFRP rope production industry is relatively new
and its price may be potentially decrease significantly, thereby using CFRP strip for strengthening speci-
mens will be more cost-efficient. Finally, once the quality and the strength of CFRP are enhanced, the
efficiency of CFRP in terms of strength and cost could be further improved.

4. Finite element analysis and results

4.1. Modelling

FEA Model in this study consisted mainly of seven parts. These parts represent the beam specimen, main
bottom longitudinal reinforcement, main top longitudinal reinforcement, stirrups, CFRP (rope), CFRP
(strip) and CFRP (sheet). As the experimental, the concrete beam was with square section of dimensions
150mm x 200mm and extrusion of 1100mm. The bottom and top longitudinal reinforcement model as
a wire of 1100mm length and with diameter of 12mm and 10mm, respectively. The stirrups reinforce-
ment was with diameter of 8mm and model as a wire. The CFRP rope had a cross-section with dimen-
sions of 10mm x 20mm with extrusion of 1100mm. The CFRP strip had a cross-section with dimensions
of 8mm x 15mm with extrusion of 1100mm. Finally, the CFRP (sheet) had a cross-section with dimen-
sions of 150mm and 0.167mm and extrusion of 1100mm.

4.2. Constitutive model

In this FEA model, the damage plasticity model from ABAQUS was utilised to simulate the behaviour of
concrete beam. In addition to the parameters of the concrete damage plasticity, the values of the modu-
lus of Elasticity and Poisson’s ratio are required for plastic damage model. The parameters of the concrete
plastic damage were used for concrete beam are as following: the dilation angle of 36, the plastic poten-
tial eccentricity (0.1), the ratio of the strength in the biaxial state to the strength in the uniaxial state
(1.16), the ratios of the distance between the hydrostatic axis and the compression meridian and the ten-
sion meridian, separately, in the deviatoric cross section (0.667), and the viscosity parameter that defines
viscoplastic regularisation (0) (ACI 440F, 2008; Al Rjoub et al., 1988; Ashteyat et al., 2019; Kmiecik &
Kami�nski, 2011). The bond between the concrete and steel reinforcement is assumed to be perfect. This
was done using the command of embedded regions available in the ABAQUS library.

The stress strain relationship proposed by Tsai equation (Tsai, 1988) was used to model the stress-
strain behaviors of the concrete under uniaxial compression. Equation 4.1 describes the Tsai Equations.

fc ¼
n ec
e0c

1þ n� r
r�1

� � ec
e0c
þ

ec
e0c

� �r

r�1

f 0c

where n ¼ Ece0c
f 0c

, Ec ¼ 4700
ffiffiffiffi
f 0c

p
and r ¼ f 0c

750
�1:9

(4.1)

where
f 0c, e

0
c and Ec are the compressive strength of the concrete, the corresponding strain to the concrete com-

pressive strength and the initial modulus of elasticity which is calculated using ACI equation, respectively.
However, the concrete tensile stress-strain behaviour is modelled based on Tsai’s equation (Tsai, 1988).
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Equation 4.2 describes the Tsai Equations.

ft
fto

¼
n et

e0to

1þ n� r
r�1

� � et
eto
þ

et
eto½ �r
r�1

f 0c

where n was taken as 1:15 and r ¼ f 0c
750

�1:9

(4.2)

Reinforcement stress-strain behaviour was simulated using plastic model from the ABAQUS software.
Stress-strain behaviour of steel reinforcement is defined with a Young modulus of elasticity of
200,000MPa and Poisson’s ratio 0.3. The bottom reinforcement, top reinforcement and stirrups had a
yield strength of 468MPa, 420MPa and 248MPa, respectively with zero corresponding plastic strain.

In this model three techniques of strengthening were used. The NSM CFRP strips, ropes and sheets
are modelled as an isotropic linear elastic material with a Tensile Modulus of 165000MPa, 230000MPa
and 225000MPa, respectively.

4.3. Interaction modeling

Interaction (cohesive) Behaviour between NSM CFRP strips or ropes or sheets and concrete is modelled
using traction-separation modeling procedure. The separation distance between interface elements trac-
tion function was defined using the traction separation law as illustrated in Figure 17. Interaction (cohe-
sive) behaviour is applied between surfaces of CFRP material and concrete. The interaction between
these surfaces is represented by interaction (cohesive) behaviour based on traction versus separation law.
The failure of cohesive interface and reduction in cohesion is simulated by modelling the damage over
two steps: damage initiation and damage evolution.

The adhesive is initially had a linear elastic behaviour. Thereafter, the damage initiation and evolution
is occurred until total degradation of the elements. This was done by the quadratic stress-based damage
initiation criterion available in ABAQUS. This criterion was defined by two parameters: the normal stress
limit that equal to the tensile concrete strength that calculated according to ACI code (American
Concrete Institute, ACI Committee 318, 2011) and the maximum shearing stress (MPa) components that
calculated according to Eq. (4.1) (Zhang et al., 2013). Whereas, fracture energy (N.mm) parameter and a
power coefficient equal to 1.45 were used to define the damage evolution which calculated by Eq. (4.2)
(Benzeggagh & Kenane, 1996).

smax ¼ 1:15c0:138f0:613c 4.1

Gf ¼ 0:4c0:422f0:619c 4.2

where Ɣ is the groove height-to-width ratio, and fc is the concrete compressive strength in MPa.

Figure 17. Bilinear traction-separation constitutive law.
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In this model, Three-dimensional eight-node solid elements were used for the reinforcement bars, rein-
forced concrete, CFRP rope, strip and sheet and steel plates. As experimental work, all longitudinal, trans-
verse (stirrups) reinforcement and CFRP materials were placed in their position (Figure 18).

Figure 18. FEM model assemblage.

Figure 19. Interaction between materials.
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Two types of interface model were used in this model. First type is the perfect bond between steel
reinforcement and concrete which has been implemented using embedded region command in ABAQUS
(making beam component parts as one unit when applying the load. Second type is the interface cohe-
sive model between concrete and CFRP materials as mentioned in previous section (Figure19).

Two boundary conditions (BC) were implemented in this model; Load, pinned and roller supports. The
displacement load was applied at the top of the RC beam geometry using a reference point at the mid-
dle of RC beam. A multi-points connection (MPC) command available in the ABAQUS was used to apply
a linear distributed load on two plates as experimental work. A Hex element shape mesh was used to
mesh all parts with 20mm size as shown in Figure 20.

4.4. Validation of the experimental and numerical results

Figure 21 shows the numerically calculated load-deflection curves for control, SB-NL1-SH0, SB-RL1-SH0,
SB-NL1-SH1 and SB-RL1-SH1 specimens and the measured experimentally load-displacement relation
curves of these RC tested beam. Four different techniques of CFRP materials for strengthening RC beams
were used in this study. The curves in the Figure 21 show somehow a good agreement between the FEA
model and experimental results for the control, SB-NL1-SH0, SB-RL1-SH0, SB-NL1-SH1 and SB-RL1-SH1
specimens. It can be seen that initially all beams were nearly exhibited the same linear behaviour until
maximum load. However, FEA model showed an overestimates (FEM analysis predicts the beam to be
slightly stiffer and stronger) in all RC beams compared with experimentally tested RC beams. The overes-
timates can be attributed to assumption of a perfect bond between reinforcement bars and concrete.
Moreover, defining the behaviour of steel reinforcement, CFRP materials and compressive and tensile
behaviour of concrete using analytical models exhibited a different results somehow than experimental
results. In general, overall trend of the stress-strain curves show satisfactory agreement. It can be seen
that adding CFRP sheet and CFRP ropes or strip significantly influences the flexural behaviour of the
RC beam.

5. Conclusion

Experimental work and numerical FEA model were conducted to investigate the effect of different
strengthening techniques of CFRP on flexural load-displacement behaviour of RC beams. Moreover,

Figure 20. Element mesh size.
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investigating experimentally and numerically the effectiveness of these techniques for strengthening RC
beams tested under flexural in terms of strength and cost. Eight RC beams were constructed and tested
under four point loadings until failure. In addition, an FEA model was developed using ABAQUS software
to analyze beams strengthened with CFRP and validated with the experimental results including load-dis-
placement behaviour. From this study, the following conclusions can be drawn:

� The control specimen and the RC beams specimens (SB-NL1-SH0, SB-RL1-SH0, SB-NL1-SH1 and SB-
RL1-SH1) strengthened by one layer of CFRP strip or rope with and without CFRP sheet were failed
in flexural mode as designed. However, the RC beams specimens (SB-NL2-SH1 and SB-RL2-SH1)
strengthened by two layer of CFRP strip or rope with CFRP sheet were failed in flexural-shear mode.

� The strengthened RC beam specimens exhibited larger load capacity and strain corresponding to
maximum load than those in control RC beam specimens. The average increase in capacity and strain
corresponding to maximum load were 76.3% to 143.5% and 206% to 246%.

Figure 21. Load–deflection curves of RC beams, obtained by experiments and FEA model.
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� Specimen strengthened using CFRP NSM strip (SB-NL1-SH0, SB-NL1-SH1 and SB-NL2-SH1) exhibited
maximum load approximately similar to specimen strengthened using CFRP rope (SB-RL1-SH0, SB-
RL1-SH1 and SB-RL2-SH1), respectively.

� The capacity/cost ratio of specimens strengthened by CFRP rope is 61% higher than the capacity/
cost ratio of specimens strengthened by CFRP NSM strip.

� RC specimens strengthened by one layer of CFRP rope (SB-RL1-SH1) is the most economic strength-
ening configuration even though it exhibited maximum load less than the (SB-RL2-SH1 and SB-NL2-
SH1) specimens.

� The CFRP rope techniques achieved the best strengthening effects and great cost-efficiency.
� The FEA model results showed somehow good agreement with the experimental results.
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