Available online at www.sciencedirect.com

sc.ence@o.“u@

Cement & Concrete Composites 27 (2005) 413-420

Cement &
Concrete
Composites

23 5

LSEVIER

www.elsevier.com/locate/cemconcomp

Shear strengthening of RC deep beams using externally bonded
FRP systems

M.R. Islam **, M.A. Mansur °, M. Maalej °

& Department of Civil Engineering, Chittagong University of Engineering and Technology, Chittagong 4349, Bangladesh
® Department of Civil Engineering, National University of Singapore, 1 Engineering Drive 2, Singapore 117576, Singapore

Received 15 October 2002; accepted 27 April 2004

Abstract

According to the available methods of analysis and design for reinforced concrete deep beams, addition of web reinforcement
beyond the minimum amount provides only a marginal strength gain, if it does at all. This casts serious doubts on the feasibility
and extent of strengthening by placing external reinforcement in the web, whenever such a need arises. This study therefore explores
the prospect of strengthening structurally deficient deep beams by using an externally bonded fibre reinforced polymer (FRP) sys-
tem. Six identical beams were fabricated and tested to failure for this purpose. One of these beams was tested in its virgin condition
to serve as reference, while the remaining five beams were tested after being strengthened using carbon fibre wrap, strip or grids. The
results of these tests are presented and discussed in this paper. Test results have shown that the use of a bonded FRP system leads to
a much slower growth of the critical diagonal cracks and enhances the load-carrying capacity of the beam to a level quite sufficient to

meet most of the practical upgrading requirements.
© 2004 Published by Elsevier Ltd.
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1. Introduction

High strength non-metallic fibres, such as carbon,
glass and aramid fibres, encapsulated in a polymer ma-
trix in the form of wires, bars, strands or grids have
shown great potentials as reinforcement for concrete,
particularly where durability is of main concern. It is
commonly known as fibre reinforced polymer or, in
short, FRP. Despite being a recent development, numer-
ous investigations have already been reported in the lit-
erature on various aspects of its structural use [1]. One
area where FRP can play a major role is in strengthen-
ing and retrofitting of degraded or strength deficient
structures already in existence. By virtue of its light-
weight, extraordinarily high strength and high corrosion
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resistance, FRP presents an attractive material for struc-
tural rehabilitation. Moreover, being available in the
form of thin sheets, such a system makes very little
change to the dimension of the existing member.

The use of FRP materials in shear strengthening of
reinforced concrete shallow beams has been investigated
quite extensively in the past [2-9]. The results of these
investigations have demonstrated the effectiveness of dif-
ferent forms of FRP systems, namely sheet, strip and
wrap to achieve the desired effects. However, to the best
knowledge of the authors, no such strengthening at-
tempt has yet been reported for reinforced concrete deep
beams, a fairly common structural element in tall build-
ings, offshore structures and in foundation systems. The
investigation reported in this paper is therefore directed
towards making an assessment of different FRP systems
for strengthening structurally deficient reinforced con-
crete deep beams.
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Deep beams usually fail in shear. Therefore, when
strengthening of such a beam wusing an externally
bonded FRP system is considered, the system may be re-
garded as additional web reinforcement, but fixed exter-
nally. In order to check the effectiveness of increasing
the web reinforcement in boosting the shear capacity,
a hypothetical beam, which will be taken as the reference
beam in the subsequent test programme is considered
for analysis. The dimensions and reinforcement details
of the beam are shown in Fig. 1. The material properties
used are those reported subsequently for the reference
beam.

Keeping everything else constant, ultimate strength
analysis has been carried out for this beam to investigate
the effect of web reinforcement. The methods used are
those given by ACI Code [10], Kong et al. [11], CIRIA
Guide 2 [12], Tan et al. [13], Mau and Hsu [14], and Sub-
edi [15]. In the analysis, the material safety factors in-
cluded in different methods were considered as unity.

The results presented in Fig. 2 convey two important
facts. Firstly, for a particular web reinforcement ratio,
ultimate loads predicted by various methods vary widely.
Secondly, except for the method proposed by Subedi
[15], an increase in web reinforcement especially beyond
0.2% in each direction (horizontal and vertical), hardly
makes any difference in ultimate load carrying capacity
of the beam. The above evaluation serves as a deterring
factor trying out externally bonded FRP system to make
any useful gain in ultimate strength. Yet, this method of
strengthening has been attempted to see whether or not
the above theoretical assessment is valid.

In this study, six identical deep beams were con-
structed to represent the structurally deficient beam.
One of these beams served as the reference, while the
remaining beams were strengthened in shear by using
three different FRP systems-strips, grids and fibre wraps,
and tested to failure. The main objectives include finding
out whether strengthening of deep beams in shear with
externally bonded FRP reinforcement is possible or
not and finding out the effectiveness of different types
of FRP systems. The results of these tests are presented
and discussed in this paper.
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Fig. 2. Prediction of ultimate load with increase in web reinforcement.
2. Test programme
2.1. Details of the structurally deficient beam

The six deep beams constructed were identical in
every respect. Each beam was 2000 mm long with a rect-
angular cross-section, 120 mm wide and 800 mm in over-
all depth (k). As shown in Fig. 1, the flexural
reinforcement consisted of 2T25 and 2T20 deformed
bars of yield strength 500 MPa and 543 MPa, respec-
tively. These bars were placed in two layers and were
welded to 16 mm thick steel plates at both ends to pro-
vide the necessary anchorage. The shear reinforcement
consisted of two layers of welded wire fabrics having
100mm square openings. The wire diameter was 4mm
(vield strength of 553 MPa). This gives rise to a web steel
ratio of 0.2% in each horizontal and vertical direction,
the minimum ratio specified in the CEB-FIP Model
Code [16] and Canadian Code [17]. The minimum web
reinforcement requirements by ACI Code [10] and CIR-
TIA Guide 2 [12] are also close to this value. A 20mm
thick and 150mm long steel plate was used at each load-
ing and reaction points covering the full width of the
beams. Additional reinforcement cages were provided
at these points, as shown, to prevent premature local
failure.
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Fig. 1. Internal reinforcement details.
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The beams were cast from a single supply of ready
mix concrete. The cube compressive strength, cylinder
compressive strength and cylinder splitting tensile
strength of the concrete used were 41.9 MPa, 37.8 MPa
and 3.73MPa, respectively. The modulus of rupture
was 3.83 MPa.

2.2. Strengthening materials and methods

Three different FRP systems have been used to
strengthen the basic beams. These are: fibre wrap
(MBrace 130), strips (SIKA) and grids (NEFMAC),
all made up of carbon fibre. The mechanical properties
of the strengthening materials and epoxy resins, as re-
ported by the manufacturers are shown in Tables 1
and 2, respectively. Instead of providing these systems
throughout the beam surface, strengthening was carried
out only in the shear span across the potential failure
plane.

Beam B1 was strengthened with fibre wrap (MBrace).
Two layers of such wrap were applied, one over the
other, in the clear shear span. Each wrap was continu-
ous at the bottom face of the beam and terminated close
to the top of the beam on both faces, as shown in Fig.
3(a). In beam B2, 1.2mm thick and 50 mm wide isolated
FRP strips (SIKA system) of 450mm, 600mm and
700mm in lengths were bonded perpendicular to the
diagonal connecting the loading and the support points
in a symmetrical manner with the 700mm strip at the
middle (Fig. 3(b)). The method of surface preparation,
type of adhesive and the method of fixing followed for
a particular FRP system were those recommended by
the respective manufacturer.

Beams B3, B4 and B5 were strengthened by 500 mm
long and 300mm wide FRP grid system with 50mm

Table 1
Properties of strengthening materials

square openings. The parameters investigated in these
beams were the size of the grid bars and orientation of
the grid system, and the method of bonding. In order
to accommodate these variables, the two shear spans
for each beam were provided with different details, as
can be seen in Fig. 3, with the intention of generating
two data from the same beam. Three different grid sys-
tems, designated Grid 1, Grid 2 and Grid 3, depending
on the sectional area of the grid bar of 6.6mm?,
17.5mm? and 39.2mm? respectively, were employed.
Grid 2 and Grid 3 were bonded to the concrete surface
by placing them within the preformed matching grooves,
about 3mm in depth, except for beam B5 where Grid 3
was bonded directly to the concrete surface in one of the
shear spans. Also, no grooving was used for Grid 1 as
the grid bars were much thinner. The strengthening pro-
cess was carried out at least after 28 days of casting
when the surface was fully air-dried in the laboratory.
Different grid systems and their orientation for each
beam are shown in Fig. 3.

2.3. Instrumentation and test procedure

The beams were simply supported over a span / of
1600mm and tested in flexure under two symmetrical
point loads, thus giving a //h ratio of 2.0 and an a/h ratio
of 0.75, where a is the shear span (see Fig. 1). The load
was applied using a servo controlled Instron hydraulic
actuator with a maximum capacity of 2000kN. All
beams were instrumented by electrical resistance strain
gauges for measuring strains in the main tensile steel
at mid-span, strains in the orthogonal internal web rein-
forcement at the middle of the shear span at mid-depth
and strains in the strengthening materials at different
critical locations. Mid-span deflection of the beams

CFRP material Width (mm) Thickness (mm) Sectional area® (mm?)

Tensile strength (MPa)  Tensile modulus
of elasticity (GPa)

Failure strain (%)

Wrap - 0.165 -

Strip 50 1.2 60.0
Grid 1° - - 6.6
Grid 2° - - 17.5
Grid 3° - - 39.2

3480 230 1.5
3050 165 1.7
1200 100 1.2
1200 100 1.2
1200 100 1.2

# Areas shown are sectional areas of one strip or of one bar of the grid.

® Grid size was 50mm for all grid systems.

Table 2
Properties of epoxies

Epoxy type Used for Density (kg/l)  Adhesive tensile strength (MPa)  Modulus of elasticity (GPa)  Shear strength (MPa)
Type 1  Primer Wrap 1.10 12 0.72 -

Saturant ~ Wrap 0.98 54 3.03 -
Type 2 Strip, grid  1.77 33 12.80 15
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Fig. 3. Arrangement of externally bonded FRP systems: (a) beam BI, (b) beam B2, (c) beam B3, (d) beam B4 and (e) beam BS.

was measured by LVDTs. A hand held microscope with
a resolution of 0.02mm was used to measure the width
of cracks. The load was applied monotonically up to
failure.

3. Test results and discussion
3.1. Load deflection behaviour

The load vs. mid-span deflections of the beams plot-
ted in Fig. 4 can be seen to be typical of those generally
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Fig. 4. Load-deflection behaviour.

observed for a deep beam with a small a/d ratio. All
beams demonstrated a nearly linear response up to
about 80% of the ultimate load. However, as expected,
strengthening by external bonding of different FRP sys-
tems resulted in an increase in stiffness, the highest in-
crease being exhibited by beams B3 and B5 containing
Grid 1 in normal orientation and Grid 3 in diagonal
direction, respectively.

3.2. Cracking behaviour

The loads corresponding to the first appearance of
flexural and diagonal cracking are presented in Table
3. The first crack appeared at about the mid-span,
followed by the formation of new cracks progressively
towards the supports. Diagonal cracks formed next,
which were originated at about quarter depth from the
beam soffit and then propagated downwards to the inner
end of the support and upwards to the flexural compres-
sion zone. Once formed, the width of the diagonal
cracks exceeded that of the flexural ones. With increas-
ing load, the existing diagonal cracks developed further
and additional diagonal cracks appeared in succession
forming a cracking pattern in the strengthened beams al-
most identical to that in the parent beam B0, as can be
seen in Fig. 5.

In this study, all the major cracks were visually scru-
tinised and the maximum width of cracks was measured
up to about 75% of the ultimate loads. The measured
maximum crack widths are plotted against the applied



M.R. Islam et al. | Cement & Concrete Composites 27 (2005) 413-420 417

Table 3
Test results

Beam First crack load

Flexural (kN)

Diagonal (kN)

Ultimate load (kN)

Maximum crack width
at service load of B0* (mm)

Increase in ultimate
load after strengthening (%)

BO 130 280 1040
Bl 160 - 1402
B2 150 370 1400
B3 195 490 1410
B4 130 350 1292
B5 190 330 1482

- 0.62
35 0.19
35 0.19
36 0.15
24 0.28
43 0.25

& Service load of beam BO is calculated by dividing the ultimate load of beam B0 by 1.6, which gives 650kN.

Fig. 5. Failure patterns of test beams.

load in Fig. 6. As mentioned earlier, diagonal cracks dis-
played the maximum widths shortly after their forma-
tion. For beam BI, measurement of diagonal crack
widths was not possible as the fibre wrap concealed

1600
B2

1200 B4
z Service load for BO
=
ko] BO
@
o
I S LT SO A Y A g

O T T T T T
0 0.2 0.4 0.6 0.8 1

Maximum crack width (mm)

Fig. 6. Maximum crack widths at different loads.

the cracks. Therefore, the curve shown in Fig. 6 for this
beam represents the cracks that appeared outside the
covered area. It may be seen in Fig. 6 that strengthening
accomplished by externally bonded FRP systems, in
general, provided restraint to the widening of diagonal
cracks. At a load level corresponding to the calculated
service load (experimental ultimate load/1.6) for the par-
ent beam BO, strengthened beams displayed a maximum
crack width about one-third of that in beam B0 (see
Table 3), the smallest width being demonstrated by
beam B3.

3.3. Ultimate strength and mode of failure

All the beams failed in shear. However, the beams
with FRP grids that were reinforced differently in the
two shear spans could not be retested after failure on
the weaker side.

The parent beam BO failed by crushing and shearing
off of the concrete in the upper part of the strut like por-
tion between the load and support as can be seen in
Fig. 5. Beam B1, which was strengthened by fibre wrap,
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failed at a load 35% higher than the parent beam. Fail-
ure occurred by crushing of the concrete under the wrap.
At failure, partial debonding of the fibre wrap was
noted. Beam B2 also showed a 35% increase in ultimate
strength. The failure of this beam was initiated due to
the separation of the lower end of the bottom strip from
the concrete surface. Shortly afterwards, the other strips
gave way one after another in succession starting from
the lower end, thus causing the complete failure in a
manner almost identical to the parent beam. A closer
observation revealed that the separation of the FRP
strips was associated with concrete peel-off and not
due to the interfacial bond failure (see Fig. 7).

In beams B3 and B4, failure occurred in the shear
span strengthened with Grid 1 as the other side was
strengthened with higher reinforcement provided by
Grids 2 and 3, respectively. Normal orientation of grids
in beam B3 showed better performance than diagonal
placement in beam B4, both with respect to the maxi-
mum crack width at service load and ultimate strength,
as can be noted from Table 3. The critical diagonal
crack in beam B3 was not initially concentrated in a sin-
gle crack especially at the mid-depth of the beam, rather
it was somewhat distributed. Therefore, the maximum
crack width for this beam remained small until about
half of its full loading history. No bond failure at the
end of the grid systems was observed in these beams
up to the ultimate load. At the instant of final collapse
beyond the ultimate, some grid bars ruptured. But most
of them experienced splitting of the bar fibres and this
was associated with debonding in a small distance on
either side of the failure crack. This splitting and local
debonding of grid bars might have been caused by the
relative movement of the two parts of the beam on either
side of the critical diagonal crack. The relative move-
ment seemed not perpendicular to the crack and there-
fore, it created shear stresses in the grid bars that

Fig. 7. Separation of FRP strip in beam B2.

crossed the diagonal cracks in beam B4 for which these
thin bars were much weak. Only the vertical bars cross-
ing the diagonal crack in beam B3 did not show any
splitting and it ruptured in direct tension, which indi-
cates the higher effectiveness of the grid system in carry-
ing the applied load in beam B3 than in beam B4.

Beam B5 failed on the side in which Grid 3 was
bonded without any grooving. Grooving can provide
better bond between concrete and the grid incorporating
more surface area for bonding. But the failure showed
that the bond between the concrete and grid was good
enough even without grooving as no debonding was ob-
served. The cross-sectional area of the grid bar used in
beam B5 is 5.94 times higher than that of Grid 1 used
in beams B3 and B4. This much higher additional rein-
forcement precludes the formation of any critical diago-
nal crack within the region having bonded grids. Failure
surface therefore bypassed the grid system and was asso-
ciated with transverse splitting of the concrete attached
to the grids. Being bonded with the highest amount of
FRP, this beam attained the highest strength increment
of 43% among the beams tested.

It may be noted that grid type of FRP in normal ori-
entation performed better than wrap or strip. This be-
comes obvious when the results of beams B1, B2, and
B3 with an additional web reinforcement ratio of
0.44%, 0.63% and 0.28%, respectively (calculated from
the volume of additional web reinforcement divided by
the volume of concrete in the shear span), as presented
in Table 3, are compared. All these three beams attained
almost the same strength though different amount of
additional web reinforcements were involved with them.
However, FRP wrap, strip and grid, all can be consid-
ered suitable for shear strengthening a deep beam.

3.4. Discussion on analytical predictions

Externally bonded FRP reinforcements can be re-
garded as similar to the conventional internal reinforce-
ment by taking into account the behaviour of the bond
between the FRP material and the concrete surface, and
the property of the bonded surface. Usually, the full
strength of the bonded FRP composites cannot be mate-
rialised due to their debonding type of failure. There-
fore, using an effective strain value for the FRP
material [8] or using a limiting shear stress for the
bonded concrete [18] are the ways to incorporate the ef-
fect of the bonded reinforcement in any suitable strength
prediction method for the structure.

The strength of the reference beam B0 was calculated
by the methods of ACI Code [10], Kong et al. [11], CIR-
IA Guide 2 [12], Tan et al. [13], Mau and Hsu (explicit
equation) [14], and Subedi [15]. Wide scattering is ob-
served in the predictions giving the ratio of experimental
to predicted ultimate loads of 1.27, 0.69, 1.17, 1.11, 0.57
and 1.40, respectively. Tan et al.’s equation predicts the
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strength safely and most closely among the methods
considered.

ACI Code method is based on strut-and-tie concept
with two different values of efficiency factor for concrete
depending upon the amount of web reinforcement pro-
vided in the beam. CIRIA Guide 2 method is basically
the one proposed by Kong et al. [11] with some restric-
tions and inclusion of material safety factors. Tan et al.’s
equation is a modification of the CIRIA Guide 2
method to cover a wide range of shear-span/effective-
depth ratio and concrete strength. Mau and Hsu’s
method considers an integrated composite action be-
tween concrete and steel along with the softening of con-
crete due to biaxial state of stress. Subedi’s method
is based on equilibrium of forces in one side of the
assumed failure plane along with the use of splitting
capacity of web concrete under biaxial stress condition.

As discussed earlier, the effect of increasing the
amount of web reinforcement for beam B0 has been pre-
dicted by the above methods keeping all the physical
and material properties the same, but varying the web
reinforcement ratio in both horizontal and vertical
directions. Different methods consider the effect of hor-
izontal and vertical web reinforcements in different ways
with varying relative effectiveness. Equal amounts of
horizontal and vertical web reinforcements have been
considered in the present exercise, which is just one case
among infinitely possible combinations. As can be seen
from Fig. 2, equations of Kong et al. and Tan et al. pre-
dict marginal increments in ultimate load with an in-
crease in web reinforcement. ACI Code, CIRIA Guide
2, and Mau and Hsu’s explicit method, all predict no
improvement in ultimate load with the addition of web
reinforcement in excess of 0.2%.

Though most conservative in predicting the strength
of the reference beam B0, only Subedi’s method predicts
noticeable strength increase with increase in web rein-
forcement beyond some lower amount. For the present
exercise, very little strength increase is expected for
increasing the web reinforcement ratio up to 0.42% in
each direction, after which the rate of strength increase
is much higher up to a reinforcement ratio of 0.62%. Be-
yond that web reinforcement, the beam supposed to at-
tain its bearing strength limit. However, if the bearing
strength limit (which may vary with the confinement
provided in the bearing regions) is not imposed, the
strength increase with further increase in web reinforce-
ment can be shown by the dotted line of Fig. 2. There-
fore, Subedi’s method looks promising in establishing
the effectiveness of bonded FRP reinforcement. But
unfortunately, the method predicts almost no strength
increase with increase in only vertical web reinforcement
(less than 1.0% strength increase with additional 1.0%
vertical web reinforcement to beam B0), which contra-
dicts the test result of beam B1 strengthened with verti-
cal wraps. According to this method, higher effectiveness

of web reinforcement can only be obtained when the
capacities of both horizontal and vertical web reinforce-
ments are higher than the corresponding components of
splitting capacities obtained from web concrete and rein-
forcement. Some modifications in the ‘criteria tests’ for
effectiveness of web reinforcement given by Subedi [15]
may eliminate this disagreement on the performance of
only vertical web reinforcement.

Therefore, from the above discussion it appears that
none of the methods can readily be used for predicting
the improved load carrying capacities of the strength-
ened deep beams by incorporating the effect of bonded
FRP reinforcement into it as the strength increase due
to conventional web reinforcements predicted by these
methods are negligible.

There are also different opinions regarding the effect
of web reinforcement in deep beams derived from exper-
imental studies. By varying the amount of web rein-
forcement, de Paiva and Siess [19] observed negligible
improvement in shear strength of deep beams. Accord-
ing to CIRIA Guide 2 [12], Leonhardt suggested that
the shear capacity of deep beams cannot be improved
by the addition of web reinforcement. On the other
hand, some researchers [11,20-22] observed noticeable
improvement (up to 30%) in shear strength of deep
beams. Higher percentages of improvement have also
been reported for deep beams with larger beam depths
[23]. Therefore, there is a need to identify the criteria
for the effectiveness of web reinforcement and develop
proper shear strength prediction method for deep
beams.

During the course of this experimental study, it was
observed that failure generally occurred through the
diagonal crack between the inner side of the support
and the compression zone under the load. This crack
had the maximum width among all the cracks through-
out the loading history, except for the initial part. After
strengthening, the maximum width of diagonal cracks
was smaller compared to that in the control beam at a
particular load level. Due to the restraint provided by
FRP reinforcement, the critical diagonal crack propa-
gated and grew more slowly with increasing load, thus
requiring higher loads for the critical diagonal crack to
penetrate into the upper part of the beam. This has led
to higher ultimate loads.

Higher amount of bonded reinforcement restrained
the growth of diagonal cracks better, thereby resulting
in higher ultimate load of the beams. This becomes evi-
dent when the results of beams B4 and B5 are compared.
In beam BS5, the widths of the diagonal cracks were very
small and the crack having the maximum width by-
passed the strengthening grid system. Failure occurred
through that bypassed crack as can be seen in Fig. 5.

The effectiveness of bonded FRP materials in restrict-
ing the growth of diagonal crack widths depends upon
the reinforcement ratio, orientation of placement and
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on the bond characteristics, as observed and identified in
this study. However, more research is needed to quantify
the contributions of both internal and external web rein-
forcement in order to come up with a suitable prediction
method for both the cases. This forms the subject matter
of a study currently being conducted at the National
University of Singapore.

4. Concluding remarks

This paper deals with shear strengthening of rein-
forced concrete deep beams by using an externally
bonded FRP system in the beam web. Despite casting
serious doubts on the extent of strengthening by adding
reinforcement in the web by the available methods of
analysis and design, test results of six identical beams,
strengthened by different FRP systems, as presented
and discussed in this paper clearly show that such a
scheme is possible and practicable. Although FRP grids
placed in normal orientation demonstrated to be the
most effective system as far as the amount of material
used in strengthening concerned, other systems were
found to be almost equally effective. An enhancement
of shear strength in the order of about 40%, as achieved
in this study, represents more than what is usually
needed in a practical situation.
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