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Abstract 

In this paper methods of repair and strengthening 
of reinforced concrete beams using ferrocement 
laminates attached onto the sur$ace of the beams 
are reviewed. Investigation into the transfer of 
forces across the concretelferrocement interface, 
the efsects of the level of damage sustained by the 
original beams prior to repail; and the results of 
repeated loading on the per$ormance of the 
strengthened beams are discussed. The results 
show that ferrocement is a viable alternative 
strengthening component for the rehabilitation of 
reinforced concrete structures. 0 1998 Elsevier 
Science Ltd. All rights reserved. 

Keywords: Flexural strengthening, shear 
strengthening, interfacial shear strength, level of 
damage, cyclic loading. 
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Cross-sectional area of the ferrocement 
laminates 
Width of compression zone 
Width of the beam at the concrete/ 
ferrocement interface 
Depth to ferrocement laminates 
Elastic modulus of the ferrocement 
matrix and ferrocement reinforcement 
Compressive cube strengths of the con- 
crete 
Yield strength of the reinforcement in 
the ferrocement laminate 
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Yield strength of the ferrocement lami- 
nates 
Thickness of the ferrocement laminate 
Shear span between load and support 
joints 
Ultimate moment of resistance of the 
original and strengthened beams 
Shear capacity of the original beam 
Depth of neutral axis from the extreme 
compression fibre of the original beam 
Minimum design factor of safety 
against failure in shear 
Maximum shear stress at the concrete/ 
ferrocement interface in the beam 
Modification factor to reconcile esti- 
mated interfacial shear strength in the 
beams tested to theoretical (or design) 
shear strength recommended by codes 
of practice or those obtained from 
pushout tests 

INTRODUCTION 

Ferrocement is a type of thin composite 
material made of cement mortar reinforced 
with uniformly distributed layers of continuous, 
relatively small diameter, wire meshes. The 
design and construction of ferrocement are 
described in two state-of-the-art reports pub- 
lished by the AC1 committee 549.‘32 
Ferrocement, being of the same cementitious 
material as reinforced concrete (RC), is ideally 
suited as an alternative strengthening compo- 
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nent for the rehabilitation of RC structures. It 
possesses higher tensile strength to weight ratio 
and a degree of toughness, ductility, durability, 
and cracking resistance that is considerably 
greater than those found in other conventional 
cement based materials. Furthermore, all these 
properties are achieved within a thickness of 
about 40 mm, which can easily be cast into any 
shape to fit the contour of the elements being 
repaired. 

Background 

The incorporation of fine wire mesh beneath 
the surface of repair mortar has long been prac- 
tised although these methods were not 
identified as ferrocement. Examples of these 
were reported by Dinardo and Ballingall. The 
purpose of the fine mesh was simply for crack 
control and was not relied upon to contribute to 
the structural strength of the member. The use 
of ferrocement proper in repair was first intro- 
duced by Romualdi4 and Iorn? in the early 
1980s mainly as relining membranes for the 
repair of liquid retaining structures, such as 
pools, sewer lines, tunnels, etc. The ferrocement 
was utilised for its toughness, cracking resist- 
ance, and ease of application to fit the difficult 
contours of these structures. Initial investigation 
into the use of ferrocement as strengthening 
components for the repair and strengthening of 
reinforced concrete beams was carried out by 
Andrews and Sharma.6 Damaged concrete and 
reinforcement of beams were removed and 
replaced with ferrocement, without any change 
in overall dimensions. Tested under static load- 
ing conditions, the strengthened beams were 
reported to exhibit improved cracking resist- 
ance, flexural stiffnesses, and ultimate loads as 
compared to the original beams when preloa- 
ded prior to repair. These improvements were, 
however, lower in beams where composite 
action between the ferrocement components 
and the original beams was lost. 

The use of ferrocement laminates as 
strengthening components for the repair of 
beams was investigated by Lim,7 Ong et a1.,8,9 
Paramasivam et ~1.,‘~~” and Aurellado.” Thin 
ferrocement laminates, of thickness less than 
40 mm, were cast onto the external surface(s) of 
the beams being repaired. This results in a 
slight enlargement of the beam’s section. For 
flexural strengthening, the ferrocement lami- 
nates were cast onto the soffits (tension face) of 

the beams without any change in width of the 
beams, while in shear strengthening the ferroce- 
ment laminates were formed onto the three 
exposed faces of the beams, except for the top 
compression face. Shear transfer across the con- 
crete/ferrocement interface, use of mechanical 
shear connectors, the effects of higher volume 
fraction of reinforcement in the ferrocement 
laminate, the level of damage of the original 
beams prior to repair and the behaviour under 
cyclic loading of the strengthened beams were 
examined. 

SHEAR STRENGTH ACROSS CONCRETE/ 
FERROCEMENT INTERFACE 

The shear strength of the concrete/mortar inter- 
face, without aggregate-aggregate interaction, 
which is the case for ferrocement cast against 
concrete substrate, was investigated by Lim,7 
using double shear pushout specimens. 

The specimens were designed and tested in 
accordance with BS5400: Part 5, 1979.13 In all 
14 specimens, with no less than three specimens 
per type of connections, were tested with the 
loads applied symmetrical, and parallel, to the 
concrete/ferrocement interfaces. The specimens 
were cast in plywood moulds. The effects of 
surface preparations, ‘as-cast’ and roughened, 
were examined in series PO1 and P02, respec- 
tively. The average amplitude of surface 
roughness of the mechanically chipped surfaces 
in series PO2 was about 3 mm. The use of 
epoxy resin adhesive was investigated in series 
PO3 and P04. In the former, the ferrocement 
mortar was cast onto the epoxy resin adhesive 
while it was still soft and in the latter the same 
epoxy resin adhesive was used to bond precast 
ferrocement legs onto the concrete plungers. In 
both cases, the thickness of the epoxy was about 
2 mm. The epoxy resin adhesive used was a 
commercially available two-component bonding 
agent specially formulated for concrete/concrete 
interface with adhesion strength of 4 N/mm’. 

Typical failure modes of specimens with ‘as- 
cast’ (series POl) and roughened (series P02) 
interfaces are shown in Figs 1 and 2. The shear 
strengths, calculated as the ratio of load at 
failure over the gross interface area, were about 
0.91 N/mm’ and 3.25 N/mm2 for the ‘as-cast’ 
and roughened interfaces, respectively. The ‘as- 
cast’ surface therefore exhibited interfacial 
shear strength of just 28% of that achieved with 
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Fig. 1. Failure of pushout specimens cast with ‘as-cast’ interface. 

the surface roughened. Surface preparation, 
hence, significantly increased the cohesion 
between the surfaces in contact. All the speci- 
mens in series PO3 (with epoxy resin and 
ferrocement cast in situ) failed asymmetrically 
with the failure planes occurring between the 
epoxy resin and ferrocement in either one of 
the legs. In contrast, the specimens with the 
precast ferrocement legs bonded onto the con- 

crete plunger using the same epoxy resin 
adhesive (series P04) exhibited the highest 
failure load. Failure was observed to have 
occurred within the concrete plunger away from 
the concrete/ferrocement interface, as shown in 
Fig. 3, thus indicating that the concrete plunger 
and epoxy bonded precast ferrocement legs 
behaved monolithically. Assuming that the 
shear force acted symmetrically across the 

Fig. 2. Pushout specimen cast with roughened interface. 
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Fig. 3. Pushout specimen with epoxy bonded ferroce- 
ment laminates. 

epoxy bonded interfaces, the shear strength of 
the concrete substrate is therefore greater than 
4.32 N/mm2. 

FLEXURAL STRENGTHENING OF BEAMS 

For the strengthening of beams in flexure, pre- 
fabricated ferrocement reinforcements were 
attached onto the beams’ soffit (tension face) 
before the ferrocement matrix was cast to com- 
plete the laminate. Shear connectors were 
introduced for the dual purpose of securing the 
ferrocement reinforcement during fabrication 
and to promote composite action between the 
concrete substrate and the ferrocement lami- 
nate during loading. 

Shear connectors 

The use of mechanical shear connectors in flex- 
ural strengthening of beams was investigated by 
Ong et al.’ Eight rectangular beams were cast in 
plywood moulds and strengthened in their 
virgin state (without damage). The surface to 
receive the laminate was left ‘as-cast’ and pre- 
fabricated ferrocement reinforcement fastened 
onto mechanical anchorages installed into the 
concrete substrate. Two types of anchorage sys- 
tems were examined; namely, power driven 
nails of diameter 3.8 mm at spacings of 100 mm, 
1.50 mm, or 200 mm; and anchor bolts of diam- 

eter 15 mm at the recommended spacing of 
118 mm. The possible use of epoxy resin adhe- 
sive in place of the mechanical anchorages was 
also examined. Epoxy resin adhesive was first 
applied onto the beam soffit after which the 
ferrocement reinforcement was placed and the 
mortar cast onto the still soft epoxy. All the 
strengthened beams were then tested to failure 
under simply-supported conditions with loads 
quasi-statically applied. 

It was found that composite action between 
the ferrocement laminates and the concrete 
substrate were sustained in the beams strength- 
ened with the laminates attached via power 
driven nails at a spacing of 100 mm and that 
attached using epoxy resin adhesive. All other 
beams, despite the use of mechanical ancho- 
rages, exhibited localised horizontal cracks 
along the concrete/ferrocement interface at 
loads of about 60% of the theoretical load 
capacities, with localised delamination of the 
ferrocement laminates occurring near failure. 
Figure 4 shows a typical beam with the ferroce- 
ment delaminated. The interfacial shear 
strength between the ‘as-cast’ surface and the 
ferrocement laminate attached via power driven 
nails at spacings greater than 100 mm or anchor 
bolts at the recommended spacing of 118 mm, 
were therefore insufficient to sustain full com- 
posite action until failure, 

All the strengthened beams exhibited higher 
initial flexural stiffness, by about SO%, com- 
pared to the unstrengthened control beams. 
This may be due to the increased depth arising 
from the addition of the ferrocement laminates 
onto the beams’ soffits. The ultimate loads of 
the strengthened beams were also increased by 
about 20% compared to the control beams. 
Beams, where delamination of the ferrocement 
laminates occurred, exhibited larger mid-span 
deflection at service loads and lower percentage 
increase in ultimate loads. 

In another study, Paramasivam et al. lo tested 
12 T-beams strengthened in flexure with fer- 
rocement laminates attached onto the soffits of 
the beams using mild steel bars as shear con- 
nectors. Figure 5 shows the shear connectors 
and installation of the prefabricated ferroce- 
ment reinforcement. The beams were 
strengthened with and without surface rough- 
ening of the soffit to receive the ferrocement 
laminates and spacing of the bar shear con- 
nectors were varied at 200 mm, 300 mm, or 
400 mm. Surface roughening was carried out 
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Fig. 4. Delamination of ferrocement laminate from ‘as-cast’ beam soffit. 

mechanically to expose the aggregates, over the 
whole length of the beam soffit. The shear con- 
nectors consisted of ‘L’-shaped round bars with 
one leg inserted into predrilled holes in the 
concrete substrate and fastened therein with 
epoxy resin adhesive while the other leg was 
bent along the span for embedment into the 
ferrocement laminates as shown in Fig. 6. All 

the beams were simply-supported and tested 
under concentrated load at mid-span. 

The loads at first appearance of crack in the 
strengthened beams were increased by about 
67% compared to the unstrengthened control 
beam. Cracks originated from the soffit of the 
laminate and propagated across the concrete/ 
ferrocement interface into the original beams. 

Fig. 5. Mild steel bars used as shear connectors. 
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Fig. 6. Assembled ferrocement laminate reinforcement. 

The stiffer ferrocement laminates, as shown in 
Figs 7 and 8, modified crack patterns at the 
soffit of the original beams. Closer crack spac- 
ings and smaller widths of the cracks were 
observed in the strengthened beams compared 
to the unstrengthened control beams. The crack 
spacings and crack widths at the soffit of the 
beams were reduced by about 50% and 25%, 
respectively. Composite actions were sustained 

in beams where the surface to receive the fer- 
rocement laminates was roughened and 
ferrocement reinforcement attached via ‘L’- 
shaped bar connectors at 200 mm spacings. The 
performance of these beams was substantially 
improved compared to the unstrengthened con- 
trol beam. All the beams strengthened without 
surface roughening exhibited horizontal cracks 
at the concretelferrocement interface and 

Fig. 7. Typical crack pattern at soffit of strengthened beams. 
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Fig. 8. Typical crack pattern at soffit of unstrengthened beams. 

severe delamination of the ferrocement at 
failure. Ultimate loads of beams where severe 
delamination was observed were lower than the 
expected increase in strength with the addition 
of the ferrocement laminates. 

Effect of higher volume fraction of 
reinforcement in the ferrocement laminate 

Paramasivam et al. ” extended their investiga- 
tion to examine the effects of higher degree of 
strengthening using ferrocement laminates with 
greater volume fraction of reinforcement. Four 
T-beams were strengthened in their virgin state 
(without damage) with increasing strengthening 
ratios (moment capacity of the strengthened 
beam over that of the original beam) from 15% 
to 35%. Surfaces to receive the ferrocement 
laminates were roughened and ‘L-shaped bar 
shear connectors installed at 200 mm spacing in 
all the beams. 

The results showed that the load at first crack 
could be satisfactorily predicted using BS8110: 
Part 2, 198514 with material partial safety 
factors together with the tensile strength of fer- 
rocement estimated as proposed by Nathan and 
Paramasivam. ’ 5 The cracking strength, ccr’, of 
ferrocement is given by: 

0 ‘-cJm’ CT - fcJ,‘(V~J~’ (1) 

where V,, is the volume fraction of reinforce- 
ment in the ferrocement, CJ,,,’ is 0.01% proof 

stress of matrix, and 6,’ is 0.01% proof stress of 
the welded wire mesh. The initial flexural 
rigidity of the strengthened beams was higher 
than the unstrengthened control beams. This 
improvement however diminishes in cases 
where composite action is lost. Beams with 
higher volume fraction of reinforcement 
exhibited localised horizontal cracks at the con- 
crete/ferrocement interface and delamination of 
the ferrocement from the concrete substrate. 
The increase in flexural capacity therefore 
depended on the preservation of composite 
action until failure to fully utilise the ferroce- 
ment laminates at the beam soffit. 

Lim’ analysed the shear transfer across the 
concrete/ferrocement interface based on con- 
ventional shear flow model. Twenty-two beams 
were compared and the shear flow correspond- 
ing to the first occurrence of horizontal crack at 
the concrete/ferrocement interface taken as the 
interfacial shear strength. These were correlated 
with the shear strength of the interface obtained 
from codes of practice and that obtained from 
pushout tests assuming a cohesion-friction rela- 
tionship. The results show that the interfacial 
shear stress between the original beams and the 
ferrocement laminates was about 2.08 to 2.55 
times higher than the estimated values cal- 
culated using the shear flow equation. This is 
perhaps due to the concentration of shear stress 
at locations of cracks in the ferrocement lami- 
nates. The theoretical shear strengths, vi, of the 
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concrete/ferrocement interface were 
using the cohesion-friction equation: 

Vi = c+@,f,, tan 4 

estimated resulting inter-facial shear stress at the concrete/ 
ferrocement interface. The result is summarised 

(2) 
in Fig. 9. 

where f,, is the yield strength of the shear con- 
nectars, @ is the reinforcement ratio at the 
interface, 4 is the angle of internal friction at 
the interface which is taken as 37”, and c is the 
cohesion obtained from pushout test. Theo- 
retical analysis was then extended by Lim7 to 
relate strengthening ratio to the volume fraction 
of reinforcement in the ferrocement and the 

Effects of the level of damage of original beams 
before strengthening 

The effect of damage prior to repair was 
investigated by Paramasivam et al. ‘I Six T- 
beams with different levels of damage were 
repaired by epoxy resin injection and strength- 
ened in flexure with thin ferrocement laminates 

I.7 

l.6 

_ .tn _ _ _ 

Fig. 9. Proposed design chart for the flexural strengthening of RC beams using ferrocement attached to the soffit 
(tension face) of the beam. 
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attached to the soffit (tension face). The level 
of damage was defined as preloading to col- 
lapse, lOO%, and 90% of the beams’ theoretical 
ultimate flexural capacity by applying short term 
static loads at mid-span with the beams simply 
supported. The loads were then removed and 
the beams repaired whilst under self-weight. 
Figure 10 shows the test beams after preload- 
ing. Epoxy resin injection was used to repair the 
cracks. In the beam RDl, where the original 
was completely failed, a 700 mm long portion of 
depth 100 mm of the crushed flange beneath 
the load-point was replaced with commercially 
available repair material. Only cracks in the 
severely damaged flexural zone of this beam 
were completely grouted, elsewhere cracks of 
width 0.1 mm and less remained ungrouted. In 
the original beams, RD2 and RD3, with 100% 
and 90% level of damage, cracks were observed 
to close upon unloading prior to repair. These 
cracks typically of width 0.08 mm to 0.1 mm left 
ungrouted in the repair. All the beams were 
similarly strengthened with the ‘I’-shaped 
round bar shear connectors spaced at 200 mm. 

Test after strengthening showed that the 
existing cracks reopened under load, initiating 
cracks in the ferrocement laminate at locations 
where the ungrouted cracks met the concrete/ 
ferrocement interface. Fresh cracks were also 
observed to form at closer spacing compared to 
that of their respective original beams recorded 

during preloading. Crack patterns after failure 
are shown in Fig. 11. The widths of the cracks 
at the soffit of the ferrocement laminates were 
about 50% smaller than those found in the 
original beams during preloading for the same 
load level as a percentage of their theoretical 
moment capacity. These improvements were 
however marginally smaller than that obtained 
in the control beams, which were strengthened 
without prior damage, due to the lower stiffness 
of the repaired damaged beams caused by 
reopening of ungrouted cracks. The mid-span 
deflections of all the beams under service loads, 
defined as 2/3 of the theoretical strengthened 
capacities, were however less than the ratio of 
L/250, where L is the span of the beams, recom- 
mended by BS8110: Part 2, 1985.14 The results 
therefore showed that the presence of ferroce- 
ment laminates at the soffit of the strengthened 
damaged beams did not prevent the reopening 
of ungrouted cracks but acted to restrain the 
further widening of cracks under higher loads. 

Beams strengthened after 100% and 90% 
levels of damage failed as under-reinforced sec- 
tions by yielding of the tension bars and 
ferrocement laminates. Failure was preceded by 
the appearance of horizontal cracks at the con- 
crete/ferrocement interface immediately below 
the load-point. Ultimate loads were, however, 
only marginally lower than the control beam, 
strengthened without damage. The variation in 

Fig. 10. Damaged beams before strengthening. 
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Fig. 11. Strengthened damaged beams after failure under static loading. 

the level of damage sustained by the beams 
prior to repair thus does not significantly affect 
the ultimate strengths of the beams tested. 

In the beam, where the original was com- 
pletely failed, the recast flange under the 
load-point and the epoxy resin mortar repaired 
flexural zone resulted in predominant cracking 
of the shear span with diagonal cracks occurring 
at failure. The ultimate load of the beam was 
even higher than the maximum load recorded 
for the control beam. This improvement there- 
fore shows that completely failed beams can be 
restored with improved performance and 
strength under short term static loading. 

Behaviour under cyclic loading 

The effects of cyclic loading on the composite 
action of strengthened beams were investigated 
by Ong et cd.’ Three beams were simply sup- 
ported and precracked to 90% of their load 
capacities and strengthened with cracks of 
widths less than 0.1 mm left ungrouted. All the 
beams were similarly strengthened with the ‘L’- 
shaped round bar shear connectors spaced at 
200 mm. The beams were then subjected to uni- 
directional cyclic sinusoidal loads alternating 
between a minimum load of 24% and a maxi- 
mum load of either SO%, 70% or 90% of their 
respective theoretical static ultimate load capa- 
cities after strengthening. Beams that survived 

150000 cycles were then tested statically to 
failure. 

Figure 12 shows the beams after 150000 
cycles of cyclic loading. Composite action 
between the original beam and ferrocement 
laminate was sustained in beam RD4, which 
was cycled under a maximum load of 50% of 
the theoretical static ultimate load capacity, 
throughout the 150000 cycles of load applica- 
tion. In beam RD5, with maximum applied load 
of 70% of the theoretical capacity, horizontal 
cracks at the concrete/ferrocement interface 
appeared after 80000 cycles of loading. Wide- 
spread delamination at the concrete/ferro- 
cement interface was observed in beam RD6, 
which was cycled under a maximum load of 
90% of the theoretical capacity. Horizontal 
cracks at the interface occurred after just 100 
cycles of cyclic loading. These discontinuous 
cracks lengthened and widened under subse- 
quent cyclic load applications. The width of 
these cracks exceeded 0.3 mm soon after 
approximately 80000 cycles. The horizontal 
cracks, at the concrete/ferrocement interface, in 
both beams RD5 and RD6 remained clearly 
visible even when the beams were unloaded 
after each predetermined number of cycles in 
order to measure residual flexural stiffness. The 
strengthened beams, RD5 and RD6, were thus 
considered to have failed under cyclic loadings 
of 70% and 90% of their theoretical static ulti- 
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Fig. 12. Strengthened damaged beams after 150000 cycles of cyclic loading. 

mate load capacities after 80000 cycles and 100 
cycles of load application, respectively. The per- 
formance of the strengthened beams RD4 was 
not adversely affected by cyclic loading with a 
maximum applied load of 50% of the theoreti- 
cal strengthened capacity. 

SHEAR STRENGTHENING OF BEAMS 

The performance of reinforced concrete T- 
beams strengthened in shear under static and 
cyclic loads was investigated by Aurellado.‘2 A 
total of six T-beams were tested inverted and 
simply-supported under a point load at mid- 
span. Except for the control beam, all beams 
were strengthened with ferrocement encased 
onto the faces of the web. Prefabricated fer- 
rocement reinforcement with two methods of 
attachment was examined: with bar shear con- 
nectors installed through the web or through 
the flange of the beams. This was compared 
with conventional methods of strengthening 
where additional ‘U-shaped stirrups were 
inserted through predrilled holes in the flange 
before bending the ends in to form closed links. 
The beams were subjected to cyclic loading of 
two levels: 3.6% to 36% of their theoretical 
static ultimate load capacity for 100000 cycles, 
followed by 4.8% to 48% of theoretical static 
ultimate load capacity for the next 100000 

cycles. The beams were thereafter statically 
tested to failure. 

The results show that the beams were sub- 
stantially strengthened and stiffened with the 
provision of additional stirrups and galvanised 
wire mesh in the thickened sections encasing 
the beams’ web and soffit. Beams strengthened 
using prefabricated stirrup cages attached with 
mild steel dowel bars anchored either through 
the web or through the flange performed better 
than the conventional method of strengthening. 
Beams strengthened with prefabricated cages 
attached with mild steel dowel bars anchored 
through the web were able to sustain 200000 
cycles of cyclic loading with a maximum cyclic 
load applied of 48% of the theoretical static 
ultimate load capacity with negligible loss in 
flexural rigidity. 

CONCLUSIONS 

In summary therefore, the above investigations 
into the use of ferrocement laminates as 
strengthening components showed the follow- 
ing. 

(1) The addition of ferrocement laminates 
to the soffit (tension face) of the beams 
tested statically substantially delayed the 
first crack load, restrained cracks from 
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(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

further widening, and increased the flex- 
ural stiffness and load capacities of the 
strengthened beams. 
The improvements in mid-span deflec- 
tions and load capacities were lower in 
beams where composite action between 
the original beam and the strengthening 
ferrocement laminates was lost. 
To ensure full composite action, the sur- 
face to receive the ferrocement laminate 
may be roughened and provided with 
closely spaced shear connectors. This 
however is dependent on the strength- 
ening ratio required and the volume 
fraction of reinforcement used in the 
ferrocement laminate. 
Mild steel bars of 8 mm diameter with 
anchorage length 240 mm may be used 
as mechanical anchorages for the fer- 
rocement laminate reinforcement. 
The first crack strengths, widths of the 
cracks at the soffit of the beams, mid- 
span deflections and moment capacities 
of the strengthened beams may be esti- 
mated using equations as provided in 
BS8110: Part 2, 1985. 
The average maximum shear stress at 
the concrete/ferrocement interface in 
the strengthened beams may be esti- 
mated using the conventional shear flow 
equation with allowable inter-facial shear 
strength as recommended by BS8110: 
Part 1, 1985 or as obtained from double 
shear pushout tests. 
The proposed non-dimensionalised 
design chart may be used to estimate 
the volume fraction of reinforcement for 
use as the ferrocement laminate, and 
the associated average maximum con- 
crete/ferrocement interfacial shear stress 
for a given strengthening ratio. 
The different levels of damage of the 
original beams prior to repair did not 
affect the ultimate loads of the strength- 
ened beams tested. 
Cyclic loading with a maximum load 
applied of 50% of the theoretical static 
ultimate load capacity did not seem to 
have any adverse effects on the per- 
formance of the strengthened beams 
after the 150000 cycles of load applica- 
tions. 
Beams strengthened with prefabricated 
cages attached with the mild steel dowel 

bars anchored through the web per- 
formed better than the conventional 
method of shear strengthening and were 
able to sustain 200000 cycles of cyclic 
loading with maximum load applied of 
48% of the theoretical static ultimate 
load capacity with negligible loss in flex- 
ural rigidity. 

Based on the results of the above investiga- 
tions, ferrocement is thus a viable alternative 
material for the repair and strengthening of 
reinforced concrete structures. It has been 
accepted by the local building authority in 
Singapore for use in upgrading and rehabilita- 
tion. 
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