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Abstract: Concrete is a very common construction material. As time prevails, cracks often appear in 12 
structures that pose a threat to strength and durability, which ultimately affect the structural 13 
integrity of concrete. Extensive work has been carried out in past on utilization of Carbon Fiber 14 
Reinforced Polymer (CFRP) as a repair material. But, this research particularly focuses on: multiple 15 
fiber layers i.e. single and double, traditional concrete mix ratio with locally available materials and 16 
varying flexural reinforcement. Furthermore, this work presents an experimental analysis to 17 
strengthen the Reinforced Concrete (RC) beams using SikaWrap- 230 C as a CFRP wrap, and 18 
Sikadur-330 as a bonding material. The comparison between single and double layers of CFRP is of 19 
major interest in this research. Six reinforced concrete beams were repaired with CFRP and tested 20 
under three-point bending test. For these specimens, load deflection behavior along with crack 21 
propagation and failure of beams were studied. Experimental results show that beams repaired 22 
using CFRP wrapping achieved higher flexural capacity and ductility as compared with reference 23 
beam. Moreover, results reveal that introduction of second layer of fiber caused around 4-5.2% 24 
increment in flexural strength and resulted in higher ductility of RCC beam. 25 

Keywords: CFRP; Double layers of CFRP; Concrete Repair; Flexural Behavior; Load Deflection Curve  26 
 27 

1. Introduction 28 

Reinforced cement concrete is the most frequently used structural material due to its good 29 
durability and higher compressive strength. It is extensively used in the variety of civil 30 
infrastructures including small and large buildings, houses, bridges, storage tanks, dams and 31 
numerous other types of structures [1]. For flexural members in structure, the flexural design is 32 
important, as bending stresses in such members cause serious damages in the form of micro and 33 
macro cracks due to lower tensile strength of concrete, which subsequently require structure 34 
re-strengthening. Furthermore, various other causes have been investigated in past for deterioration 35 
of concrete such as corrosion of steel, aging of concrete, sudden loading, earthquake, environmental 36 
effects, overloading etc. The repair of such structurally deteriorated reinforced concrete structures 37 
becomes necessary as the structural element ceases to provide satisfactory over loading, strength, 38 
and serviceability. 39 

Historically, steel plate, cement sand grout and post tensioning methods were used for 40 
repairing purpose, which was not so much efficient for higher loading [2]. Repairing of Reinforced 41 
Concrete (RC) structures with externally bonded Fiber Reinforced Polymer (FRP) started in 1980 42 
[3,4] and then number of experiment and research work has been performed in the last three decades 43 
on the use of composite materials for the re-strengthening of reinforced concrete structures [5,6] 44 
Jones et al., 1980 [11], Saadatmanesh and Ehsani, 1991[12], Chajes et al., 1994 [13], Arduini et al., 1997 45 
[14], Norris et al., 1997 [15], Yeong-soo and Chadon, 2003 [2]. 46 
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The FRP reinforcement can be used for various RC structural members such as beams, slabs, 47 
columns and silos for their re-strengthening. It provides confinement and ductility to structures by 48 
enhancing load carrying, flexural and shear capacity [7]. 49 

Recent development in FRP and repairing materials has unlocked the new path for research in 50 
concrete technology. Due to this reason, diverse types of fibers and repairing materials are being 51 
used in construction industry for re-strengthening. Among those types, Carbon fibers with epoxy 52 
bonding is one of the recognized and very effective strengthening material, due to its numerous 53 
dominated properties over traditional techniques. Carbon fiber is available with brand name Carbon 54 
Fiber Reinforced Polymer (CFRP). It offers superior performance due to its inevitable properties 55 
such as high tensile strength, resistance to corrosion, light weight, high stiffness/weight ratio, long 56 
lasting life and ease in installation. The performance of CFPR is also depend on its bonding with 57 
concrete. Externally bonded CFRP sheets have been proven most common used techniques. But 58 
many investigations are witnessed that, a brittle failure occurs due to deboning of sheets i.e. peeling 59 
off the fibers. This cause is due to peeling stresses which is induced at the ends of sheets; when these 60 
stresses increase than the strength of adhesive the de-bonding take place [16]. 61 

In terms of experimental application, several studies have been performed to study the 62 
behavior of beams repaired using CFRP with different arrangements depending on behavior of 63 
structural member. Mahmut Ekenel, and John J. Myers [17] did a comprehensive research on 64 
combination of two different materials, epoxy and CFRP. Different cracked beams were 65 
strengthened and tested under aggressive environment with both materials separately. The study 66 
concludes that injection in cracks provide higher stiffness but no increment in flexural strength. Also 67 
epoxy injection is less effective under environmental conditions. When epoxy injection is combined 68 
with CFRP, it gave higher flexural strength and less cracking width. 69 

A Shahawy et al. (2001) [4] investigated 20 ft long RCC T-girders. A reference girder with two 70 
layers of CFRP wrap and a control girder without fiber wrapping were failed in testing. Initially the 71 
specimens were loaded up to 65%, 85% and 117% of failure load of controlled beam and the same 72 
time locked. The specimens were then repaired by two layers of CFRP and then resumed the loading 73 
till failure. 74 

Study on deep beams repaired externally using CFRP laminates was investigated by Clayton A. 75 
Burningham et al (2015) [18], research concludes that, the ultimate load carrying capacity of tested 76 
specimen increased whereas there is no change observed in deflection. A similar type of 77 
experimental work has been presented by Omrane Benjeddou [19], where researcher used simple 78 
beam specimen instead of deep beams. CFRP was used in varying width and damage degree with 79 
different concrete class. The study examined that all type of repaired specimen has achieved higher 80 
strength and rigidity. However, the study recommended that for higher strength, CFRP with half 81 
width beam is highly effective.  Hamidreza Tahsiri [20] measured the difference between 82 
effectiveness of FRP and RC jacketing for concrete repair purpose in terms of load-deflection 83 
behavior, failure modes and crack propagation patterns. The research concludes that RC jacketing 84 
beams were failed very similar to reference beams and FRP strengthen beams were failed in de 85 
bonding with small deflection. However, both techniques were effective in terms of ultimate 86 
strength. 87 

Shufeng Liu et.al, 2016 examined the hygrothermal effects on adhesive material and CFRP 88 
double lap shear joint. The specimens were divided into different environment conditions and their 89 
effects was studied on specimen. The study presented that the elastic modulus and tensile strength 90 
varies with environmental conditions. Also it suggests that, at higher moisture absorption high 91 
degradation take place in tensile strength and elastic modulus. Moreover, shear strength was also 92 
dropped up to 54.5% due to humidity and elevated temperature [21].  93 

An experimental study by Limam et al [22] proved that CFRP plates when externally bonded 94 
can strengthen two-way slab. Faza and Ganga [23] by their experimental research reported that 95 
CFRP when wrapped around beams can increase up to 200% in strength. The load history analysis is 96 
determined by Wang Wenwei & Li Guo (2004) [24]. The researcher analyzed the effect of CFRP 97 
laminates on beams in terms of flexural behavior due to sustaining load. The research proved that 98 
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CFRP is good in resisting the sustaining load by keeping the same initial load. Zachary B. Haber et al 99 
(2011) [25] investigated the mechanical and environmental loading effects on full scaled beams 100 
repaired with CFRP. The specimens were strengthened by two different binders i.e. epoxy and 101 
polyurethane matrix. The beams were tested under cyclic loading, uncontrolled outdoor 102 
environment, exposure, controlled thermal cycling and monotonic loading till failure. The research 103 
finally investigated that, epoxy is more sensitive to environmental conditions as compared to 104 
polyurethane matrix. However maximum deflection has observed in specimen strengthened with 105 
epoxy. Also, epoxy has more adhesive strength and less susceptible to de-bonding as compared to 106 
polyurthene.  107 

Francesco Capani et al., 2017 [28] determined the cyclic response of CFRP repaired beams. The 108 
study incorporated the level of axial load strengthening configuration and level of initial damage. 109 
The results explain that CFRP has better mechanical response and is very effective in controlling the 110 
cyclic loading. A recent study has been done on application of CFRP on steel concrete composite 111 
beams by Ehab C. Karam, 2017[29]. The beams were strengthened using external bonding of CFRP 112 
with and without mechanical bonding. The research presents that, CFRP is able to restore the actual 113 
strength of beam. Moreover, provision of mechanical anchor enhances the performance of fiber. De 114 
bonding is a major concern in CFRP sheets due to lustry and fair surface of structural components. 115 
Binding material is not able to create the strong bond between the surface of structural member and 116 
strengthening material like CFRP. To control this de bonding various research has been carried out 117 
in past such as, steel grooving, steel riveting, cement paste, U wrapping of CFRP, roughening of 118 
beams for FRP placement etc. Alaa Morsy & El Tony Mahmoud 2012 [26] tested various beams for 119 
de bonding using epoxy and steel rivet and combination of rivet and epoxy but all specimens failed 120 
in de bonding.  121 

Vladimir José Ferrari (2013) [27], utilized High Performance Fiber Reinforcement Cement-based 122 
Composite (HPFRCC) as matrix or bonding material. The results were satisfactory and HPFRCC 123 
was recommended as bonding material for CFRP. Furthermore, CFRP due to its numerous 124 
advantages can be applied to arches (Xu Zhang, 2015) [30], timber beams (Angelo D’Ambrisi, 2013) 125 
[31], two-way slabs (Limam et al) [22], beam-column joints (Mohamed H. Mahmoud et al, 2013) [32] 126 
for re-strengthening.  127 

On commercial level, the CFRP is being produced in thin layers, which does not result in higher 128 
strength and ductility when applied in single layer for strengthening. For this reason, there is strong 129 
need of such a mechanism for its effective utilization to increase the mechanical properties like 130 
flexural strength and ductility. As an alternate of increasing fiber thickness, multiple layers can be 131 
adopted by providing another layer over the first one.  This work has focused on different layers 132 
system of CFRP on flexural re strengthening. Thus, main aim of this work is to strengthen the RCC 133 
beams using single and double layer of fiber with a strong adhesive, sikadur-330. 134 

2. Research Aim and Scope 135 
2.1. Aim 136 

 This research aims to assess the behavior of multiple layers of CFRP on flexural strength of RCC 137 
beam. The strengthened beams were compared in terms of their flexural strength and ductility with 138 
controlled beam to check the layer effect. 139 
2.2 Scope 140 
 The scope of this research is limited to following: 141 

 All specimens were designed to fail in bending at same water-cement (W/C) and mix ratio 142 
i.e. 1:2:4 mix ratio and 0.50 W/C-ratio. 143 

 Only flexural behavior of beams was investigated. 144 
 Locally available CFRP with brand name “SikaWrap -230 C” and an adhesive, 145 

“Sikadur-303” used for this study. 146 
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 147 

3. Experimental Investigation 148 
3.1. Material Properties 149 
 Locally available materials are used for this research. Ordinary Portland cement (OPC) with 150 
brand name “Lucky Cement” used as binding material for manufacturing of concrete. The fine 151 
aggregates used are natural hill sand having fineness modulus 3.72 and unit weight 1850 kg/m3. 152 
Coarse aggregates used for this study are crushed and angular in shape with nominal size of 20 mm, 153 
having fineness modulus of 4.46 and unit weight of 1580kg/m3. Deformed steel having grade 60 i.e. 154 
60,000psi yield strength is used for reinforcement of beam. Carbon Fiber Reinforced Polymer with 155 
brand name “SikaWrap-230 C” and epoxy adhesive with brand name “Sikadur-330” were used and 156 
their basic properties are given in Table 1 & Table 2. The 28 days compressive strength of concrete 157 
was determined as 3105 psi. Workability of concrete were determined using slump cone method, 158 
and was found as 35mm. 159 
3.2. Specimen Details 160 
 Total six RCC beams were cast for this research work. The size of specimen was kept 3ft long, 6 161 
inches wide and deep. These beams then divided into two categories, category A and category B 162 
based on number of flexural steel. For category A, four steel bars-two at top and two at bottom and 163 
for category B, six steel bars-two at top and four at bottom are used. For each category, three beams 164 
were caste. Further detail of category and steel arrangement is given in Figure 1(a) and 1(b) and in 165 
Table 3. All specimens were cast at same, traditional mix ratio of 1:2:4 and water-cement ratio of 0.50. 166 

Table 1.  Properties of Sikadur-330 167 

S.No Properties Values Standards 

1 Tensile 30 N/mm2(7 days at 23oC) DIN 53455 

2 Bond Strength 
Concrete fracture on 

sandblasted substrate:>1day EN 24624 

3 
E-Modulus 

a) Flexural 
b) Tensile 

 
3800 N/mm2(7 days at 23oC) 
4500 N/mm2(7 days at 23oC) 

DIN 53452 
DIN 53455 

4 Elongation at break 0.9 % (7 days at 23oC) DIN 53455 

Table 2. Mechanical Properties of SikaWrap-230 C  168 
S.No. Properties Values 

1 

Dry fiber properties 
a) Tensile strength 
b)  Tensile E-modulus 
c) Elongation at break 

 
4300N/mm2 

238000 N/mm2 

1.8%(Normal) 

2 

Laminate properties 
a) Laminate thickness 
b) Ultimate load 
c) Tensile E-modulus 

 
1.0 mm per layer 

350 KN/mm2 

28.0 KN/mm2 
 169 
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 170 
 171 

Table 3. Details of Specimen 172 

Category 
Beam 
Name 

Beam Type 
No. of 
beams 

Cross section 
(in x in) 

Length 
(inches) 

Top 
Bar (#4) 

Bottom 
Bar (#4) 

A 

BA-1 Reference beam 

3 6 X 6 36 2 2 
BA-2 

Strengthened beam 
with single layer of 

CFRP 

BA-3 
Strengthened beam 
with double layer of 

CFRP 

B 

BB-1 Reference beam 

3 6 X 6 36 2 4 
BB-2 

Strengthened beam 
with single layer of 

CFRP 

BB-3 
Strengthened beam 
with double layer of 

CFRP 
 173 

 Furthermore, beams are also classified based on number of CFRP layers. Out of six beams, two 174 
beams (one from category A, named as BA-1 and one from category B, named as BB-1) were taken as 175 
reference or controlled without any fiber layer for comparison purpose. Two beams (one from 176 
category A, named as BA-2 and one from category B, named as BB-2) were repaired with single layer 177 
of CFRP and other two beams (one from category A, named as BA-3 and one from category B, 178 
named as BB-3) were repaired with double layer of CFRP. 179 
 After casting, specimens were placed in curing tank for 28 days for proper curing and then 180 
tested in Universal Testing Machine (UTM).  181 

3.3. Testing Methodology  182 
 All beams were tested under three-point load testing procedure of ASTM C 78 in UTM of 1800 183 
KN capacity available at Concrete and Structural Laboratory in Civil Engineering Department, 184 
Mehran UET Jamshoro. The specimens were placed on simply supported assembly and deflection 185 
gauge was attached with specimen at middle-bottom for measuring the maximum deflection as 186 
shown in fig 2. 187 

Figure 1. (a) Cross section of Category B 

Specimen 

Figure 1. (b) Cross section of Category A 

Specimen 
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Under applied load, these parameters- crack propagation, deflection and failure modes were 188 
observed during testing. Initially, reference beams were tested for knowing their ultimate load 189 
carrying capacity and load-deflection behavior. Based on load carrying capacity, the remaining four 190 
beams were loaded up to 80-90% of ultimate load of controlled beams accordingly. As soon as eye 191 
visible cracks appeared in beams the load was stopped and the load which cases cracks in beam was 192 
in the range of 80-90% of failure load of controlled beams. Further, cracked beams were 193 
strengthened using CFRP with single and double layer and re-tested up to failure of repaired beams. 194 
During re-testing, again aforementioned parameters were investigated separately. 195 

 196 
Figure 2. Three- point bending test setup in UTM 197 

3.4. Repairing Procedure  198 
 The procedure adopted to check the behavior of RCC beams repaired with single and double 199 
layer of CFRP. The beams named BA-2 and BB-2 were repaired with single layer of CFRP with 200 
SikaWrap-230 C and sikadur-330 (adhesive) material. The fiber was wrapped at the tension zone or 201 
bottom face of the beam. The beams BA-3 and BB-3 were repaired with double layer of CFRP with 202 
SikaWrap-230 C and same binding material. The epoxy paste of SikaWrap-230 C was applied at the 203 
bottom face of the beam as well as on the CFRP sheet using paint brush, after few minutes CFRP 204 
sheets-painted with epoxy were wrapped on the bottom face of cracked beam. After pasting one 205 
layer of CFRP, the two of four beams were left for 4 hours and then, second layer was applied by 206 
adopting same procedure. 207 
4. Test Results and Discussion 208 
4.1. Ultimate Load, maximum deflection and Flexural Strength 209 
 Ultimate load carrying capacity, maximum deflection and flexural strength were investigated 210 
for all categories before and after repairing of RCC beams. Table 4 gives all the parameters before 211 
repairing of beams with CFRP. Flexural strength increases with increasing steel bars and load 212 
carrying capacity at 80-90% of failure load of controlled beams, of category B is higher than category 213 
A, due to more reinforcement. However, deflection increases as load carrying capacity increases. 214 
Therefore, more deflection was observed in category B than category A, due to more elastic behavior 215 
of specimens having more percentage of reinforcement.  216 
 217 
 218 
 219 
 220 
 221 
 222 
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Table 4. Test results of beams 223 

Description of beams Failure load(P) 
(KN) 

Maximum 
Deflection 

(mm) 

Flexural 
strength 

=3PL/2bd2 (psi) 
Reference Beam 

Category A 
Category B 

 
73.34 
78.14 

 
13.2 
13.7 

 
18,335 
19,535 

Beam repaired with single layer of 
CFRP 

Category A 
Category B 

 
 

91.2 
97.75 

 
 

13.8 
14 

 
 

22,800 
24,437.5 

Beam repaired with double layer of 
CFRP 

Category A 
Category B 

 
 

94.12 
101.81 

 
 

14.6 
14.9 

 
 

23,530 
25,452.5 

 224 
4.2. Result Analysis of Beam BA-1 and BB-1 225 
 Beams BA-1 and BB-1 are reference/controlled beams of category A and B respectively. These 226 
beams were examined under three-point loading condition up to its complete rupture. As load 227 
applied, first hair like flexural crack was appeared at 31.706 KN load in BA-1 and 40.55KN in BB-1. 228 
These cracks become widen continuously and new cracks appeared also, with increasing load. And 229 
deflection at bottom mid of the beam increases with increasing load. The load-deflection behavior is 230 
shown in fig. 03 and 04. It shows the mixed relationship i.e. linear as well as curvature with 231 
moderate slope and then it turns to steeper slope as load increases. This increment in slope is due to 232 
the yielding of steel, and again graph attains a small linear behavior with steep slope which reveals 233 
more load carrying capacity with less deflection. Finally, the beam BA-1 failed in flexure at 73.34 KN 234 
load and maximum deflection of 13.2 mm. And beam BB-1 failed in shear, as cutting action was 235 
observed at near about one-third of length from both supports at 78.14KN load with 13.7 mm 236 
deflection at mid span. 237 

 238 
Figure 3. Load vs. deflection graph of beam BA-1 Figure: 4. Load vs. deflection graph of beam BB-1 239 
4.3. Result Analysis of Beam BA-2 and BB-2, Repaired with Single Layer of CFRP 240 

 The beams BA-2 and BB-2 of catogery A and B respectively were repaired with CFRP and 241 
SikaWrap-230 C as binding material. Single layer of CFRP was applied at bottom of the speciman 242 
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and then tested on three point loading. During visual observation with naked eyes, it was noted that 243 
the first crack  appeared at the load of 71.15 KN in BA-2 and 72.12 KN in BB-2, which shows the 244 
increased load carrying capacity of the repaired beams.  During loading through UTM , it was 245 
noted that no any previous cracks re-opened in both of the beams, which indicates the strong 246 
bonding of Sikadur-330 with concrete surface. However, new hair like cracks were observed and 247 
with increasing load, number and size of new cracks increases up to load of 90 KN in both beams. 248 
Load-deflection behaviour of repaired beams is given in Fig. 5 and 6. As load increased beyond 90 249 
KN, the shear cracks were appeared near by both supports and beams instintly failed in shear at 250 
91.2KN with 13.8 mm deflection in BA-2 and at 97.75KN with 14 mm deflection in BB-2. However, 251 
load at failure of single layer repaired beams was higher than controlled beams. Load carrying 252 
capacity increases up to 24.35% and 25.09% in BA-2 and BB-2 respectively. 253 

 254 
Figure: 5. Load vs. deflection graph of beam BA-2 Figure: 6. Load vs. deflection graph of beam BB-2 255 
4.4. Result Analysis of Beam BA-3 and BB-3, Repaired with Double Layer of CFRP 256 
 The beams BA-3 and BB-3 of category A and B respectively were repaired with double layers of 257 
CFRP and SikaWrap-230 C as binding material (shown in Fig.7). After repairing, load is applied in 258 
UTM till its faillure (shown in Fig.8). First hair like crack was noted at the load of 70.4 KN in BA-3 259 
and 86.8KN in BB-3. Similarly, in this case, no any previous repaired cracks were opened which 260 
ensure the binding quality of Sikadur -330 as strong binding material. But, new crack were observed 261 
and these cracks increase in number and size as load increases, till load reaches at 95KN in both 262 
beams. As load increased beyond 95 KN, shear cracks were appeared suddenly and beams quickly 263 
failed in shear at load of 94.12 KN with deflection of 14.6 mm in BA-3 and load of 101.81 KN with 264 
deflection of 14.9 mm in BB-3. Load-deflection behavior is given in Fig. 9 and 10. Load carrying 265 
capacity of repaired beams increases as 28.34% and 30.29% for BA-3 and BB-3 respectively. 266 

 267 
 268 

Figure 7. Beam specimen with CFRP Figure 8. Testing of repaired beam in UTM  
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 269 

 270 

5. Conclusion 271 
 The research work presented herein, was conducted to investigate the behavior of flexural 272 
strength of RCC beams, by utilizing layers of CFRP and Epoxy as repairing materials. Based on the 273 
experimental investigations, it is concluded that: 274 
 RCC beams repaired with CFRP sustain higher load as compared to reference beams. Hence, 275 

CFRP can be used for strengthening of damaged beams. 276 
 Flexural strength capacity of single and double layer of CFRP repaired beams increases 24.35% 277 

and 28.34% respectively, for category A beams. 278 
 Similarly, flexural strength of single and double layer of CFRP repaired beams increases 25.09% 279 

and 30.29% respectively, for category B beams. 280 
 Sikadur-330 as repairing material is very effective bonding material, it traps the cracks, when 281 

applied on concrete surface. 282 
 By providing one additional (second) layer of CFRP, only 4 - 5.2 % increment in flexural 283 

strength was observed. 284 

CFRP is very effective in resisting the flexural cracks. Hence, it can be used for enhancing the 285 
flexural strength of RCC beams. However; any significant effect in flexural performance has not 286 
been found by providing second layer of fiber. A small increment in deflection was observed by 287 
additional layer of fiber. 288 

6. Future Work 289 

 This work is limited to check the flexural strength of beam repaired with single and double 290 
layer of CFRP. However, this study can be enhanced further to check the effect of layer on shear 291 
strength. The research can further be carried out to check the layer system on cyclic loading, thermal 292 
loading, impact loading and outside environment exposure as well. 293 
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 301 

Figure 9. Load vs. deflection graph of beam Figure 10. Load vs. deflection graph of beam 
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