
 

  
Abstract—strengthening of reinforced concrete (RC) beam 

using Fibre Reinforced Polymer (FRP) revealed as the most 
efficient material due to its various mechanical properties. The 
previous experimental studies conducted to discuss   
strengthening schemes for RC beam, based on the observed crack 
pattern and failure mechanism for strengthening RC beam. The 
development of crack formation on RC beams under loading 
identifies the mode of failure and strengthening scheme required, 
such as to increase the flexural capacity of RC beam; FRP is 
applied at the tension zone. Similarly, for shear and torsion 
strengthening FRP wraps are being applied at the faces of the 
beam. The studies have shown the high strength in shear and 
torsion is achieved by applying U-shape wrap.  Full warp gives 
high strength in torsion strengthening but practically the 
application of full wrap on RC beam is impossible and required 
more in-depth study to propose practical solutions. However, the 
combined effects of flexure, shear and torsion have not been 
discussed yet. Therefore, the strengthening schemes from 
literature are combined to propose new strengthening scheme for 
RC beam under combine the action of flexure, shear and torsion. 
However, experimental data are required to validate the 
proposed scheme. 
 

Index Terms— Crack, Flexure, FRP, Reinforced Concrete 
Beam, Strengthening, Shear, Torsion. 

I. INTRODUCTION 
ibre Reinforced Polymer (FRP) has been used since 1980s 
as a useful material for strengthening Reinforced Concrete 

(RC) structural member. FRP is easy to apply, high strength to 
weight ratio, cost effective and required less maintenance [1-
4]. FRP is being successfully applied to strengthening RC 
structural member like beam, slab, column, etc. In this study 
different problem and limitation for the strengthening RC 
beam are discussed. 

Research has proven FRP for enhancing the ultimate load 
carrying capacity, ductility, deflection, post crack stiffness of 
RC beam tremendously. RC beams most of the time suffered  
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non-uniform loads which induce combine stress of flexure, 
shear and torsion. In previous studies the effects of flexure, 
shear and torsion on RC beam have been discussed 
individually and the relevant strengthening scheme has also 
been proposed based on experimental results. Most of the test 
was carried out under three point loading and four point 
loading [1, 3] for flexure and shear. Pure twisting loads 
applied for torsion [5-7].  In this review paper the available 
option for strengthening RC beam under flexure, shear and 
torsion is highlighted. There are several options available for 
strengthening RC beam using FRP, some of them were 
practically not applicable such as FRP full wrap on RC beam 
for shear and torsion strengthening [5-13]. These schemes 
must be refined to attain a suitable solution, which should also 
be practically sound. On the other hand after applying FRP on 
RC beam under different conditions, it is essential to 
understand the failure mechanism of FRP such as FRP 
rupture, de-bonding, etc. However, factor involves in de-
bonding are concrete strength, type of wrap, the strength of the 
strip, number of wraps, reinforcement ratio, and epoxy used 
etc. 

A. Research Significance 
RC beams carry a variety of loadings such as flexure, shear 

and torsion simultaneously. The beams especially on bridges, 
where moving traffic changes with the traffic flow rate. While 
in the building loads transferred on beam from slabs are also 
not always uniform. These non-uniform loads cause combine 
effect of flexure, shear together with a torsion. Therefore in 
this paper the suitable strength scheme is highlighted together 
with elaboration the failure mechanism of FRP. 

B. Research Significance 
The objectives behind this study are, i) to highlight effective 

strengthening schemes for flexural, shear and torsion, ii) to 
gather the basic deformity and failure mechanism after 
strengthening of RC beams using FRP.  

II. FLEXURE STRENGTHENING AND FAILURE MECHANISM OF 
RC BEAM 

The most frequent failure mechanism in RC beams is a 
flexural failure under bending stresses. Most of the beams lose 
their design strength and durability as the load exceeds its 
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design capacity or when the new standards introduced, which 
invalidate the pervious specification. 

It is found from different studies, that the compression zone 
of the RC beam is safer from failure as the tension zone used 
to be under pure bending, due to properties of concrete. The 
critical area for beam under bending stresses is a tension zone 
of the RC beam [14]. Mostly, the failure initiated by the 
development of crack from tension zone, and extended up to 
compression zone before reaching to failure [15]. These cracks 
usually start from the bottom of applied load, which indicates 
flexural failure. Therefore, numerous studies have proven that 
the application of FRP in the tension zone of the RC beam 
enhanced the flexure strength of RC beam tremendously 
[10,14, 16-24]. 

However, applying only FRP at the tension zone may cause 
de-bonding of the strip or premature failure as the cracks 
widen before reaching to ultimate load carrying capacity [25]. 
The RC beam strengthened using FRP failed due to various 
causes that involve concrete strength, reinforcement ratio, area 
of FRP, etc. 

 However, the most common type failure modes reported in 
the previous studies are as follows: 

1) FRP rupture, 
2) FRP and concrete cover separation, 
3) FRP De-bonding, 
4) Concrete Crushed at compression zone 
5) Shear Crack, 
6) Interfacial de-bonding at the end of plate and 
7) De-bonding due to intermediate flexure-shear cracks as 

shown in figure .1[26, 27]. 
Therefore, the above failure mode of FRP occurred before 

reaching to ultimate strength due to various reasons which 
involve type of FRP, concrete properties, epoxy applied, etc. 
To avoid premature failure of RC beam U-Shape wraps have 
shown drastic improvement, which not only enhance the 
strength but also ductility of RC beam [10, 16, 19, 28, 29]. 

III. SHEAR STRENGTHENING AND FAILURE MECHANISM OF 
RC BEAM 

Shear failure compared to flexural failure is more 
devastating due to sudden failure. Shear failure start occurring 
from the critical section at high shear zone near support. The 
failure is usually occurring without giving any alarming alerts. 
Therefore, shear failure considered to be more dangerous for 
structures than flexural failure [8, 27, 30, 31]. Shear force 
maximum at support and the diagonal cracks start from 
support to applied load. These diagonal cracks formed on 
either side or both sides together in RC beam and  failure 
occurred by widen of shear cracks in RC beam [32]. 

Therefore, most experimental studies suggested, different 
FRP strengthening scheme to prevent shear failure in RC 
beam. For strengthening, FRP strips have used on the faces of 
the RC beam in previous studies [8, 10, 11, 31, 33-35]. These 
common types of FRP scheme have been used most frequently 
in the previous studies i) 90° strips [figure 2] (a), ii) 45° strip   
[figure 2 (b)] and iii) U-shape full wrap [figure 2 (c)], in the 
form of rigid or flexible FRP scheme[8, 10, 27, 31, 34-36].  

It is revealed from previous studies that 90° wraps were 
used most commonly in the experimental studies. The shear 
capacity enhances  tremendously by applying 90° FRP strip on 
the RC beam [33, 37].  

Similarly, the 45° wrap provides high strength and ductility 

                      
 

(a)                                                                                                                                       (b) 

                  
                    

(c)                                                                                                                        (d) 
 
 

Fig.  1. Flexure cracks and failure mode of  RC beam strengthened using FRP (a) FRP Rupture (b) Concerted Cover Detached with FRP   (c) FRP De-bonding (d)
Failure of RC beam by concrete crushing in compression zone ,shear cracks and interfacial de-bonding due to flexures-shear cracks [ 26, 27]. 
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then the 90° wrap [11, 33]. In some cases the full wrap also 
applied to observe the behaviour of RC beams and to increase 
experimental data. However, the strength achieved by 
applying full wraps to the sides of RC beam is much similar or 
less than 90° wrap in strip [11, 33]. However, in some studies 
the higher strength attained with same wrapping system by 
adding end anchor [8, 29, 30]. 

In addition, the common dominating failure mechanisms in 
case of RC beam strengthened for shear using FRP are: 

1) Shear Crack, 
2) FRP rupture, 
3) FRP Delamination, 
4) FRP De-bonding with concrete cover as shown in figure. 

3 & 4. 
Nevertheless, the strength and failure mode of RC beam 

also depends on FRP spacing, shear span to effective depth 
ratio end anchorage for enhancing capacity up to 80% [11, 

38].  

IV. TORSION STRENGTHENING AND FAILURE MECHANISM OF 
RC BEAM 

 The application of FRP has also shown significant enhance 
in the torsion strength of the RC beam. Different structural 
members due to varying loads, curved beam and mostly 
skewed girders of bridges frequently experience torsion loads. 
The strengthened RC beam using FRP contribute in enhancing 
ultimate torsion capacity, post cracking loads, angle of twist, 
and torsion moment capacity. 

In previous studies the behaviour of RC beams are studied 
under torsion by applying pure twisting loads [5-7, 39-42]. 

Basically, these loadings have been used only for testing and 
comparing experimental results with analytical results. 
However, pure torsion practically rarely exits [5, 43].  The 
study of torsion with flexure or shear is avoided due to 
complex behaviour and crack pattern. The cracks developed 
under pure torsion load observed more uniform and diagonally 
distributed on the whole surface of the beam as shown in 
figure 5.[44]. 

Therefore, the available strengthening options for torsion 
strengthening have found to be similar as shear strengthening  
schemes but the wraps applied around the beam such as 90° 
U-shape / full wrap [figure  6 (a)], 45° U-shape / full wrap 
[figure 6 (b)], full- [figure 6 (c)] [5-7, 39-42]. 

However, for torsion strengthening the scheme is develop to 
confined cracks and slows down the procedure of crack 
formation, crack widening and delaying failure of RC beam. 
For torsion strengthening the great emphasis found on full 
wrap scheme in previous studies, since the behaviour of pure 
torsion cause RC beam to twist and cracks formation appears 

 
 

 

(a) 

 
  

(b) 

 
(c) 

Fig. 2.  (a) Shear Strengthening using 90° strip, (b) Shear Strengthening
using 45° strip, (c) Shear strengthening using U-shape full wrap. 

 
 

Fig. 4. Shear failure due to FRP delaminate with concrete cover. 
 

 

Fig..5  Cracks on Un-strengthened RC Beam due to pure torsion. 
 

 
 

 
 
 

Fig. 3.  Shear Failure of RC Beam Strengthened suing 90° wraps by Rupturing
of FRP due o large shear crack. 
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on the full surface of the beam. Full wrap provides 
confinement to RC beam, avoid formation of cracks, 
enhanced post cracking load and distribute stresses evenly [5-

7, 12, 40]. 
In some studies more than one also layer applied, which 
shown enhancement in torsion capacity more than 100% [7, 
12, 40, 43]. Crack formation after full wrapping on RC beam 
have been found  more uniformly spaced,  which shows the 
uniform distribution of stresses after applying FRP [12, 40]. 
Nevertheless, most of the studies suggested the 90° and 45° 
FRP wrap on the RC beam, these schemes also enhance the 
torsion capacity of RC beam lower than full wrap but they are 
economical. 

However, practically the use of a full wrap or full wrap in 
the form of strips is impossible [5], despite of a high strength 
achieved by applying a full wrap [5-7, 12, 40].  Therefore, the 
U-shape warp [figure 7] is also suitable for strengthening RC 
beam under torsion loading. The performance FRP U-wrap 
depends on spacing of wraps and bonding length [45]. The 
FRP U-shape wrap practically possible in application, but it 
gives lower strength than full wraps, but due to its practical 
implementation, it is recommended in most of the studies [12, 
40]. 

However, the failure modes for torsion strengthened beams 
using FRP are reported as: 

1) Shear Crack, 
2) FRP rupture, 
3) FRP Delamination,  
4) FRP de-bonding with concrete cover due to high stress. 

In figure 8 (a) the beam FRP ruptured as the concrete crushed. 
Similarly, the beam fails in de-bonding by tearing concrete 

cover with FRP as shown in figure 8 (b). These failures can be 
delayed, but they cannot be averted completely. 

V. COMBINED STRENGTHENING AND FAILURE MECHANISM OF 
RC BEAM 

The RC beam mostly suffered under combine the action of 
flexural and shear, and most of the time under torsion due to 
load distribution or when the applied loads are eccentric [46]. 
Normally, shear start with small bending [32], whereas torsion 
starts when the shear force could not pass from shear centre. 
Since the uniform loads rarely exists in any structure. The first 
crack normally occurs in RC beam is due to bending stresses 
[47]. RC beam should not strengthen for a single effect, 
different failure modes may arise together. The formation of 
crack is very complex than individual behaviour of flexure, 
shear and torsion due to action of combine stresses 
simultaneously. 

There are several studies available which discussed flexure 
and shear together [10, 27, 48, 49]. But the studies discussing 
combine effects of flexure, shear and torsion is hardly found 
[50]. Only a few studies recommend applying the FRP full 
wrap, U-shape wrap or FRP wraps with anchor to support RC 
beam under combine stresses together with enhance ultimate 
load carrying capacity under combine action [50-52]. 

VI.  CONCLUSION  
Based on the previous studies of FRP has proven its 

 

 
 (a) 

 

  
(b) 

 

  
(c) 

 
Fig. 6.  (a) Torsion strengthening using 90° wrap, (b) Torsion 
Strengthening using 45° wrap, (c) Torsion strengthening using full wrap. 
 
 

                 

 
 

(a) 

  
 

(b) 
 
Fig. 8.  RC beam strengthened using FRP (a) Concrete fail followed by rupturing 
FRP (b) FRP delaminate with tearing concrete cover due to high stresses. 
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promising ability for strengthening RC beams under flexure, 
shear and torsion. The proposed strengthening schemes are 
suitable for individual behaviour of RC beam. But for 
strengthening RC beam it should be considered, that mostly 
structures bear non-uniform loads. These non-uniform loads 
cause combined stresses of flexure, shear and torsion on RC 
beam. The combined effects are being ignored due to 
complication in behaviour and analysis. However, RC beam 
must be strengthened to resist the combined effect of loading, 
to avoid unpredicted failures of RC beams. Therefore, from 
the review of past experimental studies, it has been concluded 
that vast data is available for strengthening RC beams for 
flexure, shear and torsion, but combine effect found hardly 
from the study. 

The cracks pattern indicates of expected failure mechanism. 
Based on crack pattern the failure mode can be identified and 
RC beam strengthened for the effected deficient mode. It is 
recommended that RC beam must be strengthened by applying 
FRP at the tension zone of the beam for flexural strengthening. 
CFRP strip is mostly used for shear strengthening due to 
rigidness they cannot warp which makes them less effective 
for torsion. Therefore, the strengthening schemes for shear and 
torsion found to be more similar in application of wrap on 
both faces inform of U-shape wrap to enhance shear as well as 
torsion capacity together with improving ductility. Combining 
both strengthening scheme, FRP strip at bottom and CFRP U-
shape wrap can improving combine effect of flexure, shear 
and torsion. However, experimental investigation is required 
to validate proposed strengthening scheme. In addition, the 
failure of FRP is either due to rupturing of CFRP or de-
bonding, despite of various factors involve in failure mode.  

Furthermore, the experimental studies is required to 
applying different loadings, such as eccentric loads and these 
proposed schemes should be experimentally tested to analyse 
the effectiveness of these schemes under eccentric load since 
the uniform loads are hardly exist. Therefore, the different 
loading arrangement would give the better understanding of 
the cracking pattern under combined action and examine the 
effectiveness of proposed strengthening scheme on RC beam. 
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