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Abstract. Recently, externally bonded fibre-reinforced polymer (FRP) composite plate has been used successfully to 
enhance the performance of reinforced concrete (RC) members. The non-corrosive property of FRP eliminates the 
corrosion problem, but the occurrence of premature cracking induced by the rigidity of FRP plates is still questionable. 
In current pilot study, woven fabric is adopted, in lieu of rigid plates, to provide the strengthening effect. An experi
mental programme was developed and a series of short RC model beams, including unloaded and preloaded specimens, 
were prepared and woven fabric straps were attached. Ultimate loading tests were carried out and the results were 
recorded. All specimens were specially designed to investigate the effect of woven fabric on the shear capacity of RC 
beams. The results demonstrate that the shear performance of both unpreloaded and preloaded RC members can be 
enhanced by more than I 0 % if woven fabrics are employed. 
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1. Introduction 

Corrosion, fatigue and degradations in many build
ing structures lead to an unacceptable load carrying per
formance, a reduced service life and high maintenance 
costs. Apart from these shortcomings, existing damaged 
structures, which were originally designed according to 
old design codes, may not even comply with current 
design regulations. Change of use and overloading are 
other factors that may aggravate further the structural 
behaviour of RC members. In order to recover/upgrade 
the original performance of the structures, some reha
bilitation/strengthening techniques have been developed 
recently. 

Application of external steel plates is one of the 
options that can provide strengthening effects to RC struc
tures. Neelamegam et al [ 1] carried out an experimental 
investigation on RC beams with an external steel plate 
bonded to the tension face at the bottom of the beams. 
Based on their results, they suggested that provision of 
end anchorage was important in promoting the ultimate 
strength and ductility of plated RC beams. Mohamed 
Ali et al [2] carried out a similar study, but they bonded 
the steel plates to two sides of RC beams. They found 
that by using the side plates both the shear and flexural 
capacities of RC beam can be enhanced, but the vicinity 
of the plate ends was prone to debonding. Despite the 
enhancement in load capacity, the intrinsic problem of 
steel corrosion still applies. 

However, with the advent of innovative synthetic 
fibres, the corrosion problem can be eliminated. A lot of 
investigations have focused on using FRP materials to 
provide external strengthening effect. In 1997, 
Varastehpour and Hamelin [3] employed FRP plates to 
retrofit RC beams. They pointed out that the performance 
was dependent upon the interfacial properties of the bond. 
Later, Ross et al [4], Sherwood and Soudki [5] and 
Ramana et al [6] reported that externally bonded carbon 
FRP plates were used successfully to enhance the per
formance of RC members, but the occurrence of prema
ture cracking induced by the rigidity of the FRP plates 
was problematic. A more in-depth discussion on flex
ural and shear behaviour of beams strengthened with FRP 
plates can be found elsewhere [7]. 

In order to eliminate this drawback, woven fabric 
appears to be an ideal solution, because it is flexible 
and conformable to any profiles of concrete section. A 
pilot experimental programme was thus developed to 
investigate the possibility of using externally bonded 
woven fabric straps to provide the strengthening effect. 
The woven fabric was applied to two sides of small RC 
beams to give additional shear capacity. The effect of 
preloading was also taken into consideration. 

2. Experimental details 

Small RC beam specimens 100x100x500 mm, in
cluding unloaded and preloaded samples, were prepared 
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Fig 1. Specimen details 

for flexural tests. Steel reinforcement was contained in 
the concrete matrix, and external woven fabric straps were 
attached to some of the specimens. 

2.1. Concrete 

In ordinary Portland cement concrete mix, with a 
W/C ratio of 0, and an NC ratio of 2,63, was adopted. 
The maximum aggregate size was 10 mm. The 28-day 
cylinder strength was found to be 33,5 MPa. Details of 
the concrete mix can be found in Table 1. 

Table 1. Concrete mix 

Type of 
Cement Water Aggregate Sand material 

Quant~ty 
(kg!m) 

350 210 1000 820 

2.2. Steel reinforcement 

Since all specimens were designed to fail in shear, 
a special arrangement of the reinforcing steel was 
adopted, as shown in Fig I. Two mild steel (MS) R12 
bars were used for flexural reinforcement and one MS 
R6 as a stirrup carrier. For the shear reinforcement, size 
R6 MS closed loop stirrups with a centre to centre spac
ing of 40 mm was adopted at one of the shear spans, 
whereas no shear stirrups were provided at the other shear 
span. At the midspan portion, the stirrup spacing was 
increased to 65 mm. 

2.3. Woven fabric 

The woven fabric consists of glass fibre yams in 
longitudinal direction and a mix of glass fibre yams and 
aramid yams in its transverse direction. It is flexible 
and deformable (Fig 2). It is also observed that, prior to 
application of epoxy, the colours of the glass fibre yams 

and the aramid fibre yams are silver and yellow respec
tively (Fig 3). In order to use the woven fabric as exter
nal shear reinforcement, it was cut to small straps of two 

Fig 3. Woven fabric yams 



174 H. Y. Leung I JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT- 2003, Vol IX. No 3, 172-177 

different designed dimensions, namely 170x50 mm and 
170x 100 mm. The large strap covers the full height of 
the specimen whereas the smaller strap covers only the 
lower half height of specimen. The direction of the glass 
fibre yams (the stronger direction) is parallel to the longer 
side of the strap and this direction of glass fibres fol
lows the longitudinal dimension of the concrete beam 
specimens. Each 170x50 mm and l70x 100 mm strap 
contained 11 and 22 glass fibre yams respectively. 

2.4. Manufacture of test specimens 

The reinforcing steel cages were prepared and placed 
inside the beam steel moulds, l 00 mm x l 00 mm x 
500 mm, prior to casting the specimens. All ingredients 
of the concrete were thoroughly mixed in a horizontal 
pan mixer. Full compaction was achieved by means of a 
vibrating table. All the specimens were demoulded after 
one day and then water cured for 7 days. At 21 days, 
some RC beam specimens were externally reinforced with 
woven fabric straps, and these specimens were tested to 
failure at an age of 28 days. On the same day, the re
maining RC beam specimens were preloaded to 65 % of 
their ultimate load carrying capacity. For the preloaded 
specimens, woven fabric straps were attached to two 
opposite sides of the beam one day after preloading, and 
they were loaded to failure at an age of 36 days. 

To facilitate bonding of the woven fabric straps to 
the concrete surface, a two-component epoxy resin was 
used. The bonding area was first coated with epoxy. Then 
the woven fabric strap was soaked with the same epoxy 
and was applied gently onto the designated surface. Large 
and explicit air bubbles were eliminated. The whole as
sembly was then allowed to dry and harden under the 
ambient temperature for 24 hours. The same procedure 
was adopted for the opposite side of the specimen. It 
was observed that the colour of the glass fibre yams 
changed from silver to transparent once epoxy was used. 
Some properties of the hardened woven fabric are given 
in Table 2. 

Table 3. Testing programme 

Beam Woven fabric Date of applying woven 
desipation strap dimension fabric strap 

NSl 
NS2 
NS3 

N/A N/A 

NS4 
WHl 
WH2 170mmx 50 mm 
WH3 21-22 days 
WFl 

170 mm x 100 mm 
WF2 

WHHl 
WHH2 170mmx 50 mm 
WHH3 

29-30 days 
WFHl 
WFH2 170mmx 100mm 
WFH3 

A total of 15 concrete specimens, with identical 
internal steel reinforcement, were manufactured. Four 
beam specimens (NSI to NS4) served as control speci
mens with no woven fabric straps. NS l and NS2 were 
tested to failure after 28 days while NS3 and NS4 were 
preloaded to 65 % at the same day and no damage was 
observed. At 28 days, three half-height strengthened beam 
specimens (WHI to WH3) and two full-height strength
ened beam specimens (WFI & WF2) were tested to fail
ure after bonding the woven fabric straps at 21 days, as 
shown in Fig l. At the same day, six specimens (WHHI 
to WHH3, and WFHI to WFH3) were preloaded to 65% 
of the loading capacity of the RC beam specimens. One 
day later, they were bonded with either two 170 mm x 
50 mm straps (half-height strengthening) or 170 mm x 
100 mm straps (full height strengthening). The detailed 
testing programme can be found in Table 3. In addition 
to the beam specimens, six concrete cylinders were cast 
to determine the compressive strengths of concrete at 
different testing dates. 

Table 2. Properties of hardened woven fabric 

Primary fibre glass 

Tensile strength 450N/mm2 

Ultimate strain o.oz 
Elastic modulus 22460N/mm2 

Strength at 90° 41 N/mm2 

Coefficient of thermal expansion 7,74x10-6f'C 

2.5. Loading setup 

Preloading and ultimate testing were carried out in 
a 100 kN capacity Lloyd flexural testing machine. All 
beam specimens were subjected to a 4-point bending 
arrangement over a span of 450 mm. The length of the 
constant bending moment region was 150 mm (Fig 1). 
Preloading was conducted at an age of 28 days and ulti
mate tests were performed at 36 days. The failure mecha
nism was observed and the failure load was recorded. 

Ageof65% Age of 
preloading ultimate test 

N/A 
28 days 

28 days 36 days 

28 days 

N/A 

36 days 

28 days 
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3. Experimental results 

3.1. Observation and failure pattern 

As can be seen in Fig 4, the four control speci
mens, including both unloaded and preloaded, show a 
typical shear failure mode. Concrete cracks initiated at 
the vicinity of the loading positions. The cracks were 
inclined and a major diagonal crack was formed during 
the course of loading. This diagonal crack opened up 
and the internal steel reinforcement was exposed when 
failure was reached (Fig 5). 

When half-height of a beam specimen (either un
loaded or preloaded) was masked with woven fabric 
straps, a similar phenomenon, as observed from control 
specimens, was found. An inclined crack propagated, 
although the lower part of the crack was covered by the 
straps. At this stage, no debonding or separation of strap 
was observed. However, when the loading approached 
the shear capacity of the control specimens, the woven 
fabric straps started to ear the shearing force, and thus 
resisted crack opening. When the load was increased 

Fig 5. Control specimen at failure (close-up) 

beyond the shear capacity of control specimens, the strap 
debonding was first found at the vicinity of crack (Fig 6). 
Separation continued and spread to the far end of the 
strap. When the edge of strap was just detached, a sud
den and large drop in load carrying capacity was re
corded. After the test, one of the woven fabric straps 
was removed and a distinct shear crack was found (Fig 7). 
It was found in the concrete that the crack width was 
smaller than the one in the control case. It is clear that 
with the presence of this strap, the failure of beam is 
delayed, and thus gives rise to an enhanced load carry
ing capacity. It is also noted that a large portion of the 
concrete fragment was still bonded to the woven fabric 
strap, and the longitudinal steel rebar within the shear 
span could clearly be seen. 

When specimens with larger straps were tested, their 
behaviour was rather similar to the two aforementioned 
conditions. Prior to reaching the shear capacity of the 
control specimen, shear cracks formed, but they could 
not be seen easily owing to the presence of the woven 
fabric strap. Once the shear capacity of the control speci-

Fig 7. Shear crack below the strap 
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men was exceeded, strap separations developed in the 
form of an inclined white stripe underneath the strap 
(Fig 8). It formed an angle larger than the crack angle 
formed in the control specimens and at the half-height 
of the repaired RC specimens. When the load was in
creased further, a wider white stripe was observed. A 
drop of load capacity was then recorded. No separation 
or partial detachment of straps was found. However, the 
shear crack at failure differed from the two previous 
cases. The crack appeared to develop just outside the 
constant moment region at an angle of 70 deg (Fig 9). 
When the crack initiated from the top, it propagated to 
the level of longitudinal reinforcement and followed the 
rebar direction until another inclined crack was formed 
at the vicinity of the far end support. It is apparent that 
increasing the area of the strap further increases the load 
capacity of the shear span portion of the beam and 
changes the failure pattern. Unlike the half-height 
strengthening, no separation was found at the beam end. 
The observed failure mode can be explained by the fact 

Fig 8. White stripes formed 

Table 4. Experimental results 

that bending and shear come into play, and the com
bined stresses act at the shear span region. At the sup
ported end of the strap, bending moment is minimal and 
shear is dominant, whereas bending and shear are effec
tive at the vicinity of the constant moment region. Con
crete, with the presence of full-height straps, still cannot 
bear the combined stress and thus failure occurs. The 
failure pattern is of the bending-shear type. 

3.2. Failure load 

Two control, five strengthened beam specimens and 
three cylinders were tested to failure after 28 days. All 
other specimens, including six beams and three more 
cylinders, were preloaded at the same day, and then sub
jected to failure after 36 days. Average compressive cyl
inder strengths of 33,5 MPa and 34,3 MPa at 28 days 
and 36 days respectively were obtained The recorded 
flexural failure loads of the beam specimens are shown 
in Table 4. 

Fig 9. Shear crack below the large strap 
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As seen in Table 4, improvement in failure load is 
found when external woven fabric straps are used. It is 
noteworthy that failure of the specimens occurred at 
maximum load for all specimens. The increase in load 
carrying capacity is not necessarily proportional to the 
area of the woven fabric strap. Instead, an increase of 
13,5 % and 16,7 % was observed for half-height and 
full-height strengthening respectively. Increasing the area 
of woven fabric strap by 100 % can only produce an 
additional 3,2 % grow in the shear capacity. 

When the preloading effect is taken into consider
ations, an increase in failure load is found when compar
ing the results of the control specimens NS I & NS2 with 
those of NS3 & NS4. The slight increase may be due to 
the insignificant increase in concrete strength. However, 
when external woven fabric straps are applied to the 
preloaded specimens, the increase is more remarkable. 
Compared with the results derived from NS3 & NS4, an 
increase of 12,9% and 14,9% is observed for half-height 
and full-height strengthening respectively. When 
preloading is applied, only an additional 2,0 % rise in 
load capacity can be obtained when the size of woven 
fabric strap is doubled. 

It is also interesting to note that when preloading is 
applied, the ultimate load capacity is slightly increased. 
This demonstrates that external woven fabric straps are 
slightly more effective in strengthening preloaded RC 
beams than in the unloaded ones. 

4. Conclusions 

The current pilot experimental programme explores 
the use of woven fabric straps as external shear rein
forcement. Half-height and full-height straps have been 
used to provide rehabilitation effect to both undamaged/ 
unpreloaded and damaged/preloaded beam specimens. 
From this study, it can be concluded that: 

• The failure pattern of half-height strengthened speci
mens is similar to that of unstrengthened specimens. 
The only difference is that the crack width is re
duced. 

• Presence of woven fabric strap delays the failure by 
inhibiting the opening of the shear crack. 

• Full-height strengthened specimens indicate a dif
ferent failure pattern, a steeper crack is formed and 
no strap separation is observed. 

• Externally bonded woven fabric straps can enhance 
the shear capacity of RC beam, but the increase in 
loading capacity is not necessarily proportional to 
the area of woven fabric strap. 

• The increase in load capacity for half-height and 
full-height rehabilitation of preloaded RC beam 
specimens ranges from 12,9 to 16,7 %. 

• External woven fabric straps are slightly more ef
fective in strengthening preloaded RC beams than 
in the unloaded ones. 
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