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Abstract-Shear failure is sudden, brittle and catastrophic in nature, which starts without advance warning of any distress. 

Hence, ensuring shear failure will not happen in reinforced concrete (r.c.) beams must be given due consideration in design. 

Practically beams can be allowed to take more loads if they are flexurally strengthened. Premature shear failure will occur 

when the shear reinforcements present can no longer take the increased shear loads due to flexural strengthening. Hence, 

when a r.c. beam is flexurally strengthened, care must be taken to ensure it does not fail under premature shear. Eight beams 

were prepared and tested in this research. Technical Report -55 (TR-55) was used to design the carbon fibre reinforced 

polymer (CFRP) plate for flexural strengthening. According to TR-55, the design strain for flexural plate is 0.006 for 

preventing intermediate crack (IC) debonding. Experimental data showed that the flexural CFRP plate strain reached 0.0072 

without IC debonding. The CFRP strips for shear strengthening were designed using ACI 440-2R, 2008 and fib TG 9.3 2001. 

The key parameter for designing shear was the effective strain of the CFRP shear strips. Experimentally, CFRP shear strips 

experienced strain about half of the designed value according to ACI 440-2R, 2008 and fib TG 9.3 2001. The internal stirrups 

and external CFRP shear strips had almost the same strain values before failure. Overall, the strengthened beam capacity was 

increased by 160% compared with the control unstrengthened beam by mitigating the shear failure using CFRP. . 

 

Keywords-Shear strengthening, shear failure, premature shear, strengthening.

I. INTRODUCTION 
 
Nowadays, there is an emerging demand for the upgrading 

of existing infrastructures and construction works all 

around the world. For various reasons, the design codes 

existing are constantly being updated in many countries. 

Higher strengths are demanded for structural members due 

to the mistakes in design calculation, inappropriate 

detailing of the shear reinforcement, presence of 

insufficient shear bars or reduction of the steel area from 

corrosion in the service environment etc. Since replacing 

of those deficient structures are expensive and time 

consuming, strengthening is the most preferable way to 

rehabilitate them to extend their service life.  
 

Pioneering research for repairing and strengthening of r.c. 

members by using steel plates bonded by epoxy was 

carried out by L’ Hermite and Bresson (1967), and, up 

until 2022, many other researchers (Roberts & Haji-

Kazemi, 1989; Arslan et al., 2008; Görgülü et al., 2012; 

Yousef et al., 2018; Şentürk et al, 2015) have made several 

efforts for predicting the behaviour of strengthened r.c. 

structures/elements. The use of advanced composite fibre 

materials as external flexural reinforcement of concrete as 

well as other structures has progressed well in the past 
decade, where the cost disadvantage is outweighed by lots 

of other benefits. The main fibre types used are CFRP, 

glass fibre reinforced polymer (GFRP) and aramid fibre 

reinforced polymer (AFRP).  

 

There are two classes of CFRP materials currently 

available: plates and sheets (ISIS educational model 4 

(2004) CFRP has a relatively low modulus of elasticity 

and linear stress strain relationship up to rupture without 

showing any definite yield point (ISIS educational model 

4, 2004). Moreover, from the literature it was found that 
40% flexural strength increment is possible for r.c. beams 

which were strengthened with GFRP and 200% in the case 

of carbon CFRP (Pendhari et al., 2008). Thus, numerous 

research works were found for increasing flexural strength 

(Saadatmanesh& Malek, 1998; Ashour et al., 2004; Gao et 

al., 2005; Toutanji et al., 2006; Esfahani et al., 2007; 

Bogas & Gomes, 2008, Costa et al., 2010; Ahmed et al., 

2014; Liang et al., 2018; Hamed et al., 2022, Hamza et al., 

2022) by attaching GFRP/CFRP plates to the tension face 

of the beams.  

 

Previously, researchers also concentrated on the 
performance and failure of carbon fibre reinforced 

polymer (CFRP) strengthened beams which were deficient 

in shear. Those were strengthened by using various 

arrangements and different width of CFRP straps/wraps. 

Shear strengthening with CFRP materials can be used in 

various ways and orientations like side bonding, wrapping, 

U-jacketing and NSM. The major parameters investigated 

in the previous research includes, wrapping scheme, 

shape/size of the CFRP strips or plates, amount of CFRP, 

ply combination or number, and angle of inclination of the 

fibre with respect to axis of the beam (Swamy et al., 1999; 
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Taljsten& Elfgren, 2000; Taljsten, 2003; Diagana et al., 

2003; Özgür, 2008; Omar, 2014; Nikoloutsopoulos et al., 
Musa et al., 2022).  

 

The wrapping schemes and arrangement were determined 

for increasing the stiffness and strength of the existing 

beams. Different techniques such as near surface mounted 

(NSM) (Taljsten& Caroline, 2001; Taljsten et al., 2003; 

De Lorenzis et al., 2004; Novidis et al., 2007; DelLorenzis 

and Teng, 2007; Al-Mahmoud et al., 2007; Kreit et al., 

2008; Dias & Barros, 2017, Hesham et al., 2022), U-wrap, 

individual CFRP strip in different orientation was used for 

shear strengthening. NSM technique does not require any 

surface preparation works, and, after cutting the slit, CFRP 
rod or sheet can be installed easily.  

 

Major problem concerning this technique is making a 

uniform groove in the beam’s side and proper fixation of 

CFRP rods or laminates into the grooves. NSM showed to 

be most effective technique in terms of load carrying 

capacity and deformation capacity of beam at failure (Dias 

and Barros, 2017; Barros & Dias, 2006). Configuration of 

the CFRP reinforcements used for the NSM technique is 

controlled by the depth of the concrete cover (El-Hacha & 

Rizkalla, 2004). After installation, the NSM CFRP 
reinforcements are protected against mechanical damage, 

wear, impact, and vandalism.  

 

The technique could also provide better fire resistance in 

the event of a fire (El-Hacha & Rizkalla, 2004); therefore, 

it could reduce the cost of fire protection measures. A 

comparative study on U-wraps/strips on beam sides and 

U-wraps with end anchors (Khalifa & Nanni, 2000) shows 

that maximum shear strength is attained using continuous 

U-wraps with end anchors. U-wraps are quite an 

uneconomical method for shear strengthening purposes.  

 
However, shear strengthening of beams is more 

problematic since they are usually cast monolithically with 

slabs. This creates problems of anchoring the CFRP at the 

beam/slab junction and increases the risk of debonding 

failure. Nevertheless, bonding of the CFRP on either sides, 

or the sides and soffit of the beam, will provide some 

degree of shear strengthening for those members. It is 

recommended that in both cases, the CFRP can be placed 

such way that the main fibre orientation is either 45° or 

90° with respect to the longitudinal axis of the member. 

 
The design of CFRP shear strengthening systems is similar 

with the design of conventional reinforced concrete. After 

calculating the design shear forces from the ultimate loads, 

concrete shear capacity and shear contribution from the 

available steel shear reinforcement are taken account. If 

shear deficiency arises, CFRP shear reinforcement will be 

required. The required amount of CFRP can be estimated 

using the same procedure that is applied in conventional 

r.c. design. It can be achieved by assuming a crack pattern 

and multiplying the CFRP reinforcement area (intersecting 

the probable crack) by the stress at failure.  
 

Design strain of the CFRP must be determined while 

calculating the shear contribution from the CFRP. Design 

strain value mainly depends on the failure modes of the 

strengthened members. For a given strengthening scheme, 

the shear contribution is determined by calculating the 

design strain of the member, provided this exceeds the 

required shear capacity, the strengthening scheme is 

allowable. 

 

The plate bonding method of CFRP often has some serious 

premature failure initiated by CFRP debonding, which can 
be classified as plate end debonding or end peeling (beams 

failed just after or after reaching yield strength of tension 

reinforcement without having any ductility value), tension 

delamination and premature shear failure due to 

insufficient shear reinforcement. End peeling occurs due 

to the shear or normal stresses at the end of the flexural 

plates, which can be minimized by using proper end 

anchorage system (Jumaat and Alam, 2008; Alam and 

Jumaat, 2009). Tension delamination occurs when a plate 

spans across a flexural or shear crack and wherever a 

flexural crack touches the plate, a debonding crack would 
form along the edge of the plate (Oehlers, 2001).  

 

Researchers have found that debonding in the mid-span 

can be minimized controlling the strain of CFRP laminate 

(Aram et al., 2008). Although researchers have found a 

solution to eliminate end peeling using appropriate end 

anchors, research on tension delamination and premature 

shear failure of flexurally reinforced strengthened r.c. 

beams are still limited. 

 

From the practical point of view, under-reinforced 

designed beams can take more load due to flexural 
strengthening. Hence, premature shear failure becomes 

crucial when the shear reinforcement present is no longer 

sufficient due to the increase in flexural capacity, which 

increases the shear forces. This premature shear failure 

needs to be eliminated to utilize the full flexural capacity 

of the strengthened beam. This excess shear must be 

properly accounted for to ensure that the strengthened 

beam does not fail by premature shear before attaining its 

full flexural capacity. 

 

II. MATERIALS AND METHOD 
 

1. Concrete: 

The mix design of concrete was done for a 28-day 

compressive strength of 35 MPa according to the DOE 

method. Water cement ratio was 0.6. Normal Portland 

cement (OPC) of type 1 and clean river sand of grading 

zone 1 with saturated surface dry (SSD) condition was 
used for casting concrete. Fineness modulus of the fine 

aggregate found to be 3.6. Crushed mining stone was used 

as coarse aggregate. The maximum size of coarse 
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aggregate was 20 mm with a specific gravity of 2.65. Total 

of eight beams with dimensions of of 125 mm x 250 mm x 
2000 mm, were prepared. The tension bars consisted of 2- 

12 mm and 2-10 mm bars were used as hanger bars. The 

diameter of the stirrups was 6.0 mm, which were provided 

with the maximum allowable spacing @160 mm c/c 

according to the design guidelines. A commercially 

available CFRP system, sika carbodur was used in this 

research work. The modulus of elasticity was 165 Gpa, 

tensile strength 3100 Mpa, starin at break 1.7% and design 

strain was 0.6%.  

 

2. Description of beams and design parameters: 

Total eight beams were prepared and tested. They were 
grouped into four series, named as group A, B, C and D. 

Group A consisted of A1 and A2. A1 was a control beam 

without strengthening. A2 was a control beam with 

flexural strengthening using CFRP plate and end anchored 

with L-shaped steel plates. Series B consisted of B1 and 

B2. Both of them were flexural and shear strengthened 

with the same flexural plate and end anchors. CFRP shear 

strips were designed for B1 using ACI 440-2R (2008), 

while, for B2 using Fib-TG 9.3 2001 (2001) design 

guidelines. For series B, the concrete strength was lower. 

Therefore, during designing of the CFRP strips the main 
bar yield load was considered as the design load. Series C 

was designed as series B only the CFRP shear strips were 

designed considering the ultimate capacity of the main bar. 

Another purpose for designing C1 and C2 considering the 

ultimate load was to maximize the shear strengthening 

effect and validate the CFRP design strains at failure. This 

will increase the failure load of the beams, which will 

enhance a better understanding of the strain characteristics 

of CFRP strips and plates before failure. Series D 

consisted of D1 and D2, which were designed using the 

same design methods but the orientations of the CFRP 

shear strips were at 45 degrees instead of 90 degrees.  The 
design details for shear strengthened beams are shown in 

Table 1. 

 

3. Design of end anchorage system: 
Flexural strengthened r.c. beams can fail by end peeling. 

To prevent end peeling or end delamination, end anchors 

can be provided. In this research, L-shaped steel plates 

were used for end anchorage. The thickness of the steel 

plate was 2 mm. The steel plate was sand blasted and 

attached using Sikadur-30 LP at 50 mm away from the 

support. The design for end anchorage was done using the 
formula derived by Jansze et al. (1998). 

 

4. Preparation of the beam cage: 

Two 30 mm electrical resistance strain gauges were 

attached on the bottom surface of the main bar and three 

30 mm strain gauges were attached for the shear 

reinforcement to measure the strain. Before connecting the 

strain gauges, the surface of the steel bars was made 

smooth using the grinding machine. Super glue was used 

to attach the strain gauges on the steel surface. For proper 

setting of adhesive, it was left for 24 hours.  
 

After connecting the strain gauges with 7-core special 

wires by soldering, the exposed surface was covered with 

silica gel so that water cannot damage the strain gauges 

during casting. One end of the wire was connected to the 

strain gauge and the other end was connected to the data 

logger during testing.  

 

Steel moulds were used for casting of the beams. Moulds 

were cleaned and oil/grease was applied on the surface to 

ease the demoulding process before the placing of the steel 

casing. All the voids were sealed using silica gel to 
prevent any leakage during casting. The beams were 

demoulded after one week. The cubes and cylinders were 

tested for strength after 14 and 28 days.  

 

5. Surface preparation: 

The surface preparation is a very important stage in the 

strengthening of r.c. beams to ensure proper bonding 

between the plate and concrete surface. The surface was 

roughened using a scabbler machine. The roughened 

surface areas were made slightly larger than the CFRP 

strips/plates to ensure that an adequate area was present 
during the strip/sheet application. Shear strengthening was 

done after the flexural strengthening. 

 

6. Attaching of plates (CFRP plate/ strips and end 

anchorage): 

The CFRP strips/plates were cut according to the desired 

length/width. Sika Kimia recommends Sikadur 30/30 LP 

for use as adhesive to bond the CFRP plates to the 

concrete surface. Sikadur 30 is composed of two 

components (base and hardener). These two components 

were thoroughly mixed with each other to a paste like 

consistency using the nozzle until they became a uniform 
ash colour. The epoxy was applied to the surface with a 

uniform thickness of 2.0 mm and the same thickness was 

applied on the strips/plates. The strips/sheets were then 

applied to the surface and a rubber roller was used for 

pressing in the middle of the plate so that, any excess 

epoxy was squeezed out from inside to ensure complete 

coverage. Excess epoxy was removed from the surface and 

acetone was used for cleaning the surface. 

 

7. Testing and data recording process: 

All the beams were tested using an Instron-Satec 
Universal Testing Machine. Each test was carried out 

using two types of control. The first type was load control, 

which was close to the yield capacity of the beam, and the 

second was deflection control until the failure. All the data 

were recorded at every 10s intervals. The rate of actuator 

was set to 6 kN/min during load control and 1mm - 

2mm/min during deflection control.  

 

8. Measuring Strain:- A data logger was used to record 

the strain of the concrete, main bar, shear bar, and CFRP 
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plates/strips. Demec gauges were attached along the depth 

of the beams to measure the strain variation along the 
depth of the neutral axis. A digital extensometer was used 

to record the value of strain variation along the depth of 

beam at every 10 kN interval of load for each test. 

Strengthening details and position of strain gauge is shown 

in Figure 1.  

8.1 Measuring Deflection: Three readings were obtained for 

deflection for each loading. One from the software, 

another from the LVDT which was attached at the beam 

soffit connected with data logger and the third one was 

taken manually using a scale.  

8.2 Measuring Crack Width: A digital Microscope Dino-

Lite was used to measure the crack width during testing. 
After taking the image of the crack width, it can be 

measured using software. 

 

III. RESULTS AND DISCUSSIONS 
 

The control unstrengthened beam A1 was designed for 72 
kN load. The required shear bars were also designed for 

the same load. After 72 kN load, this beam can fail by any 

mode of failure (shear, flexure or concrete compression). 

Beam A2 was designed for 160 kN and it was deficient in 

shear. This beam must fail in shear before reaching full 

capacity. Beams B1 and B2 were designed considering the 

yield load of the main bar. It was designed for 160 kN. 

After this load, the beam was supposed to fail by shear. 

Therefore, the effect of strain on the shear strips will be 

maximum. Hence, we can get the maximum strain 

experienced by the CFRP strips, which can be compared 

to the designed strain obtained from the used design 
guidelines.  

 

Beams C1 and C2 were designed in consideration of the 

ultimate load of the main bar. Both of the beams for set C 

were designed for 175 kN. The shear strips were also 

designed for an ultimate capacity of 175 kN to maximize 

the effect of strengthening system. Beam D1 and D2 was 

also designed similarly only the orientation of the shear 

strips was changed to 450 for set D. The test results for all 

beams are shown in Table 2. Observed results were 

discussed considering the following parameters:  
 

1. Failure modes: 
The failure modes for all beams are shown in Fig. 2. The 

figure shows that both of the beams A1 and A2 failed in 

shear. For beam A1, the experimental failure load was 71. 

Due to the lower concrete compressive strength (31.3 

Mpa), it failed by shear before reaching ultimate capacity. 

Beam A2 was designed with the same shear reinforcement 

as in beam A1. However, it was strengthened using a 

CFRP flexural plate. Therefore, it also failed in shear. 

Strengthened beams B1 and B2 also failed in shear 

because the external CFRP strips were designed 
considering the yield capacity of the main bar. After 

reaching the yield load, the beams were deficient in shear. 

Hence, they failed by shear after reaching the design load. 

Beam C1 and C2 failed in compression because the 

external CFRP strips were designed considering the 
ultimate capacity of the main bar. After reaching the 

ultimate capacity, these beams failed by a mixed mode of 

flexure and concrete compression. Furthermore, the 

strengthened beams D1 and D2 failed in flexure. The 

stiffness of set D was higher than set C due to changes in 

the orientation of the CFRP shear strips. Set D was also 

slightly overly shear strengthened.  

 

2. Failure Loads: 
From the Table 2, the failure load for flexural strengthened 

beam A2 was increased by 53% compared to the control 

beam A1. For shear and flexural strengthened beam B1, 
B2, C1, C2, D1 and D2 it was increased by 109%, 130%, 

148%, 159%, 159% and 160% respectively compared with 

Beam A1. The increment for the shear capacity of the 

beam A2 might be due to the contribution to shear strength 

from the flexural plate. But it failed by shear before 

reaching its full capacity. The failure load of B1, B2, C1, 

C2, D1 and D2 was 36.7%, 50.5%, 61.5%, 68.8%, 68.8% 

and 69.7% higher respectively compared with Beam A2. 

Table 2 also showed the comparisons between the 

measured and designed failure loads. All the beams were 

in good agreement with the theoretical value except A2 
which was shear deficient. The failure load of D1 was 

68.8% higher and for beam D2 it was 69.7% higher than 

beam A2. Due to the change in the orientation of the 

CFRP strips the failure mode also changed for beam set D 

compared to beam set C. The failure load also increased 

5% for beam D1 due to changing the strip orientation from 

900 to 450.Beam D2 did not show any significant 

increment due to changing the strip orientation because of 

being overly shear strengthened. 

 

3. Strain Distribution: 
The strain values at the failure loads for the CFRP plate, 
main bar, shear bar, concrete and CFRP shear strips  were 

collected and analysed in the following sections. 

 

3.1 Main Bar Strain:The strain values for the internal 

main bar were recorded in the mid-span of the beam in 

accordance with the loads. If we compare the bar strain of 

control beam A1 with all other beams, we can see that for 

a particular load strain the  strengthened beam is always 

lower than the control beam (Fig. 3). This is because of 

the higher stiffness of the strengthened beams. From 

figure 3, it can be seen that the value of the strain for all 
beams suddenly increases after 10 kN or 20 kN. This is 

because of the sudden release of concrete stress on the 

reinforcing bars, which acts as an impact stress on the 

bar. This increment of strain was more for the control 

beam compared to the other strengthened beams. This is 

because of a larger crack opening in the control beam. 

 

3.2 Concrete Compression Strain:The concrete 

compression strain was measured at the top concrete 

surface of the beams. Fig. 4 shows the variation of 
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concrete compression strain with load for all the beams. 

From Fig. 4, it can be seen that the concrete strain was 
lower for the strengthened beam compared to the control 

beam due to the higher stiffness of the strengthened beam. 

However, the concrete compression strain at failure for all 

the beams were less than 0.0035 except beam C1 and C2. 

For beam C1 and C2 it was 0.0043 and 0.0047, 

respectively, which was more than 0.0035. Hence, C1 and 

C2 failed in a combined mode of flexure and concrete 

compression. 

 

3.3 CFRP plate strain- Fig. 5 shows the Load vs. CFRP 

plate strain diagram for flexurally strengthened beams. 

After 20 kN load, the strain values for all beams suddenly 
increased. This was because of the occurrence of the first 

crack. The CFRP did not have any specific yield point. 

The strain values for all beams were more or less linear 

until failure load. For beams A2, B1 and B2, the CFRP 

strain values suddenly changed near to the 150 kN load 

due to yielding of the main bar. Similar behaviour 

observed for Beam C1, C2, D1 and D2 at 175 kN. After 

yielding of the main bar, A2, B1 and B2 failed in shear. 

 
C1 and C2 failed in mixed mode and D1 and D2 failed in 

flexure. The design strain of the CFRP plate was 0.006. 
From the experimental result, the CFRP strain was found 

to be 0.0026, 0.0036, 0.0046, 0.0064, 0.0072, 0.0057 and 

0.0058 for beam A2, B1, B2, C1, C2, D1 and D2 

respectively. As Beam A2 was deficient in shear, the 

maximum capacity of the CFRP plate was not utilized. 

Hence, the plate strain was lower for beam A2. Beams B1 

and B2 also experienced lower values of plate strain 

(0.0036 and 0.0046), which was lower than the design 

value (0.006) according to TR-55 (2001). This was due to 

the same reason. These two beams also failed in shear 

before reaching maximum CFRP plate capacity. Beam C1 
experienced almost similar strain values compared to the 

design value (0.006). Beam C2 had slightly higher strain at 

failure which had higher capacity (184 kN). No IC 

debonding was observed for these two beams. Beam D1 

and D2 also experienced almost a similar strain value 

compared to the design value (0.006). No IC debonding 

was also observed for these two beams.  

 

3.4 CFRP Strip and Shear Bar Strain:The strain for the 

shear bar and CFRP strips was measured during the 

experimental programme using strain gauges. Figs. 6 

show the variation of shear bar and CFRP strip strain 
with the increasing loads for beam B1 and B2, C1, C2, 

D1 and D2. Beam B1, C1 and D1 was designed using 

Fib –TG 9.3 (2001) and the design strain was 0.003, 

0.0019 and 0.0019 respectively. Beam B2, C2 and D2 

was designed using ACI 440-2R (2008) and the design 

strain was 0.0015 for all of them.  

 From the figure 6, it shows that both the shear bar and 

CFRP strip had almost the same value of strain before 

failure for beam B1. Although having different material 

characteristics, both had the same strain characteristics. 

The failure strain for the shear bar and CFRP strips was 

measured and found to be around 0.0016, which is half 
of the designed strain value of the CFRP strip (0.003). 

Similar strain characteristics for the shear bar and CFRP 

strips were observed for beam B2. From the figure, it 

shows that the experimental value was around 0.0008 

for both the shear bar and the CFRP strips.  

 From Fig. 6, both the shear bar and CFRP strip also had 

almost the same value of strain before failure for beam 

C1. The failure strain for the shear bar and CFRP strips 

were measured to be around 0.0006 and 0.0008, 

respectively. The observed CFRP strip strain was less 

than half of the designed (0.0019) strain value. The 

experimental value was around 0.0008 for both the shear 
bar and the CFRP strips of beam C2. Shear bar and 

CFRP shear strip also experienced similar strain before 

failure. The observed strain value (0.0008) was half of 

the designed value (0.0015) of the CFRP strips. 

 For beam D1 it shows that the strain value at failure for 

the shear bar and CFRP strip was 0.0004 and 0.0006, 

respectively. However, the maximum strain for the shear 

bar and CFRP strips was observed around 175 kN and 

the values were 0.00055 and 0.001 respectively. The 

observed maximum experimental CFRP strip strain 

(0.001) was half of the designed strain (0.0019) value. 
Similar trend of strain characteristics was also observed 

for the shear bar and CFRP strips of beam D2. The 

experimental value at failure was 0.0004 and 0.0005 for 

the shear bar and CFRP strip respectively. The 

maximum experimental strain for the CFRP strips was 

also observed around to be 175 kN and the value 

(0.0008) was half of the designed value (0.0015) of the 

CFRP strips. 

 Before failure, the reverse strain value was observed for 

the CFRP strips of beam C1, C2, D1 and D2. This might 

be due to the initiation of the CFRP strips debonding 
from the concrete surface and the strain value was 

reduced with the increment of load just before the 

failure. 

 

4. Deflection: 
Fig. 7 shows the Load vs. mid-span deflection curve for all 

the beams. From the figure, it shows that all of the beams 

had linear increments of deflection before failure. The 

strengthened beams showed less deflection compared than 

the control beam (A1). This was because of the higher 

stiffness of the strengthened beam. The deflection of beam 

A2 was lower than the other beams. This was because 
beam A2 was deficient in shear, and therefore, failed in 

shear before reaching the maximum capacity of the beam. 

Although the control beam (A1) failed by shear, it was 

after the yielding of the main bar. Although having higher 

stiffness, beam C1, C2, D1 and D2 exhibited more 

deflection before failure compared to the control beam A1. 

This was due to the considerable increase in capacity 

compared to the control beam. For beams C1 the capacity 

was increased 148% and for C2, D1 and D2 the capacity 
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was increased by about 159% compared to the control 

beam A1.  
 

5. Cracking Patterns: 
5.1 Cracking Load: The first cracking loads for all 

beams were recorded by visual observation. First 

cracking loads for beams A1, A2, B1, B2, C1, C2, D1 

and D2 were 13.5 kN, 43 kN, 50 kN, 48 kN, 43 kN, 

44 kN, 33 kN and 34 kN respectively. The cracking 

loads for strengthened beams A2, B1, B2, C1, C2, D1 

and D2 were 218%, 270%, 215%, 218%, 225%, 

144% and 151% higher, respectively, compared to the 

control beam A1. This was due to the higher stiffness 

of the strengthened beams.  
5.2 Crack Spacing:The total number of cracks within the 

shear span for beams A1, A2, B1, B2, C1, C2, D1 and 

D2 were 4, 6, 4, 9, 9, 7, 10 and 8 respectively. The 

average spacings were 230 mm, 140 mm, 120 mm, 65 

mm, 90 mm, 100 mm, 80 mm and 100 mm 

respectively. The strengthened beams showed less 

crack spacing compared to the control beam, which is 

desirable for structures.  

5.3 Crack Width:Fig. 8 shows the curve for load-crack 

width (maximum) for beams A1, A2, B1, B2, C1, C2, 

D1 and D2. The strengthened beams showed less 
crack width compared to the control beam (A1) 

because of their higher stiffness. A smaller crack 

width is preferable for structures. With large crack 

width moisture will penetrate in the structure and 

internal bars will be subject to corrosion. The crack 

width for beam A2 was higher than for beams B1 and 

B2. This was because beam A2 only had flexural 

strengthening. Hence, the stiffness was lower than the 

other beams. It was also deficient in shear, and, 

therefore, failed by shear before reaching the 

maximum capacity of the beam. 

 

IV. CONCLUSIONS 

 

The conclusions that can be drawn from this research work 

are as follows, The ultimate capacity of flexurally 

strengthened RC beams will be much lower without shear 

strengthening.Earlier research work suggested a maximum 
allowable strain of 0.006 for flexural CFRP plates. From 

the experimental results, the CFRP plate strain went up to 

0.0072 without IC debonding occurring. Therefore, the 

value suggested by earlier researchers seems to be quite 

conservative in some cases. 

 

CFRP strips were used to increase the shear capacity 

flexurally strengthened beams. CFRP strips were manually 

cut according to the required width using a grinding 

machine. These are easier to install and are more 

economical compared to the CFRP wrap or NSM 

technique.  The main parameter for designing CFRP strips 
or plates is the effective strain value. Different design 

guidelines can be used to calculate the effective strain by 

considering many parameters and complicated 

calculations. In this research, CFRP shear strips were 

designed using ACI 440-2R (2008) and fib-TG 9.3 (2001). 
The experimental results showed that the strain values of 

the CFRP shear strips were much lower than the designed 

values. This was true for both of the design guidelines 

used in this research. The obtained experimental strain 

values were almost half of the designed value. 

 

The strain values were measured for both the shear 

link/stirrups and CFRP strips using strain gauges. 

Although having different material characteristics, both of 

them showed almost the same strain values. Hence, for 

designing an effective shear strengthening system, the 

allowable design strain of the shear stirrups/links can be 
proposed as the maximum allowable design strain for 

CFRP shear strips. 

 

When the orientation of the CFRP strips was changed 

from 900 to 450, the capacity was increased by 5%. From 

theoretical consideration increment should be more 

compared to the 900 strip orientation. In this case, the 

small increment in the capacity could be due to over shear 

strengthening compared to the flexural capacity. If we 

analyse the strain characteristics of the CFRP strip and 

shear bar, it shows similar results, as seen in the 900 strip 
orientations. The shear bar and strip have almost the same 

strain at failure, and the experimental CFRP strip strain 

was almost half of the design strain. 

 

For the shear strengthening system using CFRP shear 

strips, the failure load was found to be increased by up to 

70% compared to that which was only flexurally 

strengthened. If we compare with the control 

unstrengthened beam, the capacity went up to 160% by 

incorporating the CFRP shear strips with flexural 

strengthening. 
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Fig 1.Strengthening details and position of strain gauges. 
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Fig 2. Failure modes of all the beams. 

 
 

 
 

Fig 3. Load versus main bar strain of the beams. 

 
 

Fig 4. Variation of concrete compression strain withload. 

 

 

 
Fig 5. Variation of CFRP flexural plate strain with load. 

 

 
 

Fig 6. Load versus shear bar and CFRP shear strip diagram 

 
 

Fig 7.  Load versus deflection diagram. 
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Fig. 8 Load versus crack width diagram. 
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Table 1. Beam design details. 
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Table 2. Beam test results. 
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