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Abstract

In this paper, an innovative triaxially braided ductile fiber reinforced polymer (FRP) fabric has been developed for strengthening

reinforced concrete beams. The fabric was designed to potentially avoid most of the drawbacks experienced by currently available

FRP strengthening systems. The ideal characteristics of a strengthening material for reinforced concrete beams were first investi-

gated. Then, an analytical study was conducted to investigate the undulation effect of diagonal yarns on their loading behavior.

Based on these investigations, the fabric was designed, manufactured, and its mechanical properties were experimentally evaluated.

The effectiveness of the fabric as a strengthening material for reinforced concrete beams has been investigated by testing four re-

inforced concrete beams strengthened in flexure and shear using the new fabric. The test results showed that the fabric met its design

objectives.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Several fiber reinforced polymer (FRP) systems are

now commercially available for external strengthening

of concrete structures. Fibers commonly used in these

systems include glass, aramid, and carbon, and they are

available in many forms such as pultruded plates, uni-

axial fabrics, woven fabrics, and sheets. Although these
materials have high strengths, they are very brittle.

When loaded in tension, they exhibit a linear stress–

strain relation up to failure without exhibiting a yield

plateau or any indication of impending failure. The

strain response of these materials is also different from

that of conventional steel. Steel yields after elastically

deforming to relatively low values of strain (0.2% for

Grade 60 and 0.14% for Grade 40); while these FRP
materials exhibit elastic deformation to relatively large

strain values (compared to the yield strain of steel) be-

fore rupture. As a result, when they are used for flexural

strengthening of concrete beams reinforced with con-

ventional steel, some problems may be experienced.

First, the steel reinforcement may yield before the
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strengthening material provides any measurable contri-

bution to the load of the beam. As a result, there is no

improvement in beam yield load or stiffness. Second,

when an increase in beam yield load or stiffness is re-

quired, larger cross sections of these materials must be

used in order to contribute to the beam load when de-

formations are limited (before the steel yield). More-

over, brittle failures without significant yield plateaus
are expected in these cases, due to debonding of the

strengthening material from the surface of the concrete

beam.

In beam shear strengthening applications, the FRP

usually stretch to relatively low strain values (in com-

parison to their ultimate strains) before failure. There-

fore, the benefits of the strengthening material are not

fully realized. FRP materials are also highly orthotropic.
They strengthen significantly only if loaded into the fiber

direction. Therefore, for simultaneous flexure and shear

strengthening of beams, more than one layer of these

materials must be used.

Grace et al. [1] developed a uniaxial ductile FRP

fabric that can be used to strengthen reinforced concrete

beams in flexure. Although their fabric showed the po-

tential to avoid most of the drawbacks experienced by
the use of currently available FRP systems in strength-

ening reinforced concrete beams in flexure, it cannot be
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Nomenclature

b beam width

Ef FRP elastic modulus

Ffe effective FRP load per unit width

s axial yarn spacing

tf FRP thickness

Vf composite fiber volume fraction

efe effective FRP strain

qfrp FRP area fraction

h braider angle
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used for simultaneous flexural and shear strengthening

of beams, as it contains fibers in only one direction. In

this paper, the work of Grace et al. [1] has been extended

to develop a triaxially braided ductile fabric. The fabric

was developed to be used for strengthening reinforced

concrete beams for flexure and/or shear. The fabric was

designed to have the potential to offer the required

flexural strengthening/stiffening level without significant
ductility loss. In addition, it was designed to have the

potential to be fully exploited when used for beam shear

strengthening. The effectiveness of the fabric as a

strengthening material for reinforced concrete beams

has been verified by testing four reinforced concrete

beams strengthened in flexure and shear using the de-

veloped fabric.
2. Ideal characteristics of a strengthening system

2.1. Flexural strengthening

Several experimental investigations [2–7] have been
reported on the behavior of concrete beams strength-

ened in flexure using FRP sheets, plates or fabrics. In all

these investigations, the strengthened beams showed

higher ultimate loads in comparison to the non-

strengthened ones. However, similar increases in beam

yield loads were not noted. Because steel has a yield

strain value less than the ultimate strain of the FRP, it

yields before the FRP shows any significant contribution
to beam load or stiffness. Accordingly, the strengthening

material should exhibit its full strength at low strain

values, preferably slightly more than the yield strain of

the reinforcing steel, in order to contribute with its full

strength simultaneously with the steel (being installed on

the outer surface of the beam, the strengthening material

undergoes slightly more strain than the inner reinforcing

steel). On the other hand, the strengthening material
should not rupture after reaching this strain value;

otherwise a brittle failure will take place due to rupture

of the FRP. Therefore, the strengthening material

should have a high enough ultimate strain to guarantee

that the beam will exhibit large deformations before

failure, and hence enough ductility. In order to achieve

these requirements, the strengthening material must
initially exhibit a linear stress–strain response up to a

certain strain value. This strain value should be slightly

greater than the yield strain of steel. Then, the

strengthening material should exhibit an increase in

strain without a corresponding increase in stress, similar

to the yield phenomenon experienced by steel, up to a

reasonable ultimate strain. Offering a yield plateau will

indirectly help to avoid brittle beam failures that occur
by either debonding of the FRP from the concrete sur-

face or by shear–tension at the FRP end. Although these

two modes of failures are rather complicated, the fact

that FRP behaves in a linear elastic manner until failure

is involved, in part, in causing such brittle failures. As

the deformation of the beam increases, the tension in the

FRP increases (because the FRP is linearly elastic and

does not yield), requiring further anchorage. This is
difficult to obtain, as the maximum anchorable FRP

force is always limited. Therefore, by offering a yield

plateau, the increase in the FRP tension force will be

limited after yield and hence these two modes of failure

will be avoided.

In view of these observations, the characteristics of an

ideal FRP strengthening material for flexure can be

summarized as follows:

1. It should initially exhibit a linear stress–strain re-

sponse up to a certain strain value, then experience

an increase in strain without a corresponding increase

in stress, similar to the yield phenomenon experienced

by steel.

2. The ‘‘yield strain’’ or ‘‘the yield-equivalent strain’’

should be slightly greater than the yield strain of steel.
3. The ultimate strain should be enough to guarantee

enough beam deformation before FRP rupture.
2.2. Shear strengthening

Recent experimental investigations [8–13] showed

that bonding FRP strips, fabrics, or sheets on the sides

of beams improves their shear capacity. These investi-

gations showed that when the strengthened concrete

beam reaches its shear capacity, the FRP stretches to

strain values that are usually small fractions of the FRP

ultimate strain and hence the strength of the FRP is not
fully exploited, which is not economical. Based on the
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results of several reported experimental investigations,

Triantafillou [13] expressed the maximum FRP strain

before shear failure of the beam, the effective FRP strain

(efe), in terms of (qfrpEf ) as follows:

efe ¼ 0:0119� 0:0205ðqfrpEfÞ þ 0:0104ðqfrpEfÞ
2

for 06 qfrpEf 6 1 GPa ð1Þ

efe ¼ 0:00245� 0:00065ðqfrpEfÞ for qfrpEf > 1 GPa

ð2Þ
where qfrp is an FRP area fraction factor equal to (2t=b),
t is the FRP thickness, b is the beam width, and Ef is the
FRP elastic modulus. By expressing Ef in terms of efe
and Ffe, where Ffe is the FRP load per unit width cor-
responding to the effective strain efe, as Ef ¼ Ffe=ðt � efeÞ,
the term qfrpEf can be rewritten as 2Ffe=ðb� efeÞ.
Substituting in (1) and (2), the two equations can be

rewritten as follows:

efe ¼ 0:0119� 0:0205
2Ffe
b � efe

� �
þ 0:0104 2Ffe

b � efe

� �2

for 06
2Ffe
b � efe

� �
6 1 GPa ð3Þ

efe ¼ 0:00245� 0:00065
2Ffe
b � efe

� �

for
2Ffe
b � efe

� �
> 1 GPa ð4Þ

Based on Eqs. (3) and (4), the relationship between the

effective strain (efe) and the corresponding FRP load per
unit width (Ffe) is calculated for different values of beam
widths (b ¼ 0:125; 0:20; 0:30; 0:40 m). This is shown in
Fig. 1. Note from the figure that the contribution of the
FRP to the beam’s shear capacity can be optimized if it

can provide a certain value of load at a strain of 0.5%.

In view of this, the shear strengthening material

should exhibit its maximum strength at a strain value of

0.5%, with its corresponding load to be equal to the
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Fig. 1. Effective FRP strain and corresponding FRP load.
optimum load discussed above. Since it is possible to

install more than one layer of strengthening material on

a beam, to get multiples of the load provided by one, it is

better to have this load equal to the peak load of the
smallest practical beam width (0.125 m for example).

Triantafillou [13] concluded that the effectiveness of

the FRP increases as the fibers’ direction becomes per-

pendicular to the diagonal crack. Accordingly, the

strengthening system should have fibers at 45� to the
longitudinal axis of the beam. The system would be ideal

if it contained fibers at 0� for flexural strengthening and
fibers in the +45�, )45� directions for shear strength-
ening, all in the same layer. In this case, the orthotropic

characteristics involved with using FRP materials would

be no longer a problem for beam strengthening appli-

cations.
3. Development of a triaxially braided ductile fabric

A triaxially braided fabric has been developed. In this

fabric, bundles of fibers were oriented in three different

directions. These directions are 0�, +45�, and )45�. The
0� direction (referred to as the axial direction) acts
mainly for flexural strengthening, while the +45� and
)45� directions (referred to as the diagonal directions)
act mainly for shear strengthening, in order to have fi-

bers perpendicular to any potential shear cracks. A 2 · 2
triaxial braid pattern was used to combine the fiber

bundles (yarns) in the three directions (Fig. 2). The 0�
yarns are known as the ‘‘axial yarns’’, while the �h
yarns are known as the ‘‘braider yarns’’. The term

‘‘2 · 2’’ refers to the way diagonal yarns are intertwined;
a þh braider yarn continuously passes over two �h
braider yarns and then under two �h braider yarns and
vice versa, as shown in Fig. 2.
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Fig. 2. 2· 2 Triaxial braid pattern.
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3.1. Method of analysis

NASA developed a general purpose analytical mi-

cromechanics technique to analyze textile composites
[14,15]. This technique utilizes the periodicity of the

textile composite to isolate a repeating unit cell (RUC)

and then discretely models each yarn within the RUC.

First, a three dimensional description of the textile

composite is performed. The three dimensional effective

stiffness of the composite is computed by discretizing

each yarn in the RUC into yarn slices and using the

material properties, spatial orientation, and volume
fraction of each slice in a volume average technique that

assumes an iso-strain state within the RUC. This ana-

lytical technique was implemented by Naik [16] in an

analysis package called TEXCAD (TEXtile Composite

Analysis for Design). TEXCAD has the ability to ana-

lyze different types of textile composites. TEXCAD was

used to analyze and design the new fabric, with the

permission of NASA.

3.2. Diagonal yarn undulation effect

In 2 · 2 triaxially braided fabrics (Fig. 2), the axial
yarns are mainly straight, without any undulations; the

diagonal yarns, however, are always undulating as they

pass over and under the axial yarns. The undulation

angle is known as the ‘‘crimp angle’’. These undulations

are expected to affect the diagonal loading behavior of

these yarns. The main factors affecting the undulation

geometry are the diagonal yarn size and the axial yarn

spacing. An analytical study has been conducted to ad-
dress the influence of these two factors on the diagonal

loading behavior of the fabric. The study was conducted

for three fiber types: (1) ultra high modulus carbon fibers

(carbon #1), (2) high modulus carbon fibers (carbon #2),

and (3) E-glass fibers. The composite mechanical prop-

erties of these fibers are listed in Table 1.

The effect of diagonal yarn size on the diagonal

loading behavior of the composite fabric was studied.
TEXCAD was used to analyze three models of triaxially

braided fabrics with 45% fiber volume fraction, one for

each type of fiber. In each case, the axial yarn size and

spacing were kept constant as the diagonal yarn size
Table 1

Mechanical properties of the materials

Material Description Longitudinal

modulus of elas-

ticity, GPa (Msi)

Longitudin

sile strengt

(ksi)

Carbon #1a Ultra-high modu-

lus carbon fibers

379 (55) 1324 (192)

Carbon #2a High modulus

carbon fibers

265 (38.5) 2200 (320)

Glassa E-Glass fibers 48 (7) 1034 (150)

Epoxy Resin – 66.3 (9.6)

a Composite properties based on 60% fiber volume fraction.
changed. The ultimate strain and ultimate load per unit

width were calculated for the diagonal direction. The

relation between diagonal yarn size and ultimate strain

is plotted in Fig. 3. The relation between diagonal yarn
al ten-

h, MPa

Failure strain, % Transverse modu-

lus of elasticity,

GPa (Msi)

Filament

diameter, lm

0.35 5.5 (0.8) 11

0.8 10.3 (1.5) 5

2.1 9.6 (1.4) 12.1

4.4 – –
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size and ultimate load is plotted in the same figure using

a secondary axis. Note that the yarn sizes herein are

measured in thousands of filaments (k). Clearly, as the
diagonal yarn size increases the ultimate strain de-
creases. This is attributed to the increase in yarn crimp

angle with the increase of yarn size. Note that carbon #1

is very sensitive to this effect (Fig. 3(a)). The ultimate

strains are very low compared to the ultimate strain of

this type of fiber. Therefore, diagonal yarn sizes should

not be increased to the extent that the ultimate strain of

the fabric becomes compromised. For the case of carbon

#1, as diagonal yarn size increases, the ultimate load
deceases. However, for carbon #2 and glass fibers, the

ultimate load increases with the increase in diagonal

yarn size due to the increase in its area. However after a

certain size, it starts to decrease. This decease in ultimate

load is attributed to the increase in yarn crimp angle as

the yarn size increases.

TEXCAD was used to study the effect of axial yarn

size on the behavior of three diagonally loaded models,
one for each fiber type. In each case, the axial and di-

agonal yarn sizes were kept constant and the axial yarn

spacing was changed. The study was done for fabrics

with 45% fiber volume fraction. The ultimate strain and

ultimate load per unit width were calculated for each

model. The effect of axial yarn spacing on ultimate

strain is shown in Fig. 4. Clearly, ultimate strain in-

creases with the increase of axial yarn spacing. This is
attributed to the increase in undulation length as the

axial yarn spacing increases. The relations between axial

yarn spacing and ultimate load are plotted in Fig. 4

using a secondary axis. The figure indicates that ultimate

load increases with increasing axial yarn spacing.

However, after a certain point, the ultimate load starts

to decrease with increasing axial yarn spacing (in the

cases of carbon #2 and glass) or becomes constant (in
the case of carbon #1). In cases of very small spacing,

the diagonal strength of the fabric is almost lost.

3.3. Fabric design

In order to generate ductility, a hybridization tech-

nique was implemented in each direction. Three fibers

were selected with different elongations to failure. By

combining these fibers and controlling their mix ratio,

the fibers with the lowest elongation (LE) fail first when

loaded in tension, allowing a strain relaxation (that is,

increase in strain without an increase in load). The re-

maining high elongation (HE) fibers then sustain the
total load up to failure. The LE fiber strain at failure

represents the value of the ‘‘yield-equivalent’’ strain of

the hybrid, while the HE fiber strain at failure represents

the ultimate strain. The load corresponding to failure of

LE fibers represents the ‘‘yield-equivalent’’ load, and the

maximum load carried by the HE fibers is the ultimate

load. Medium elongation (ME) fibers were selected to
minimize the load drop that could occur after failure of

the LE fibers during the strain relaxation, and also to

provide a gradual load transition from the LE fibers to
the HE fibers.

For the axial group of fibers (the 0� group), three
different types of fibers were used. The first type was

ultra high modulus carbon fiber (carbon #1), used as

the LE fiber. The second type was high modulus carbon

fiber (carbon #2), used as the ME fiber. The third type

was E-glass fiber, used as the HE fiber. The fabric was

designed so that when it is loaded in the axial direction
(0�), it exhibits a linear load–strain behavior up to 0.35%
strain, and then exhibits an increase in strain without a

corresponding increase in load up to failure.

For the two diagonal groups (+45� and )45�), only
two types of fibers were used. The first type was high



Fig. 6. Photo of the triaxial fabric.

Fig. 7. Experimental and analytical tensile behavior of the triaxial

526 N.F. Grace et al. / Composite Structures 64 (2004) 521–530
modulus carbon fiber (carbon #2), used as the ME fiber.

The second type was E-glass fiber, used as the HE fiber.

Herein, the ductility generation technique was similar to

that of the axial direction, but with only one strain re-
laxation. The level of yarn undulation was controlled so

that the undulated ME diagonal yarns failed first at a

strain of 0.5%, with a corresponding load of 0.12 MN/

m, which is the peak load of the smallest practical beam

width as discussed earlier (Fig. 1). Failure of the ME

yarns causes a strain relaxation. The level of undulation

of the HE yarns was controlled to allow these yarns to

sustain the total load up to failure at a strain value
greater than 1.5%. The diagonal yarn sizes and axial

yarn spacing were selected so that they did not exceed

the limit discussed earlier in Figs. 3 and 4, where any

increase in the yarn sizes or yarn spacing does not

lead to a corresponding increase in the ultimate load

capacity.

The design was done by first selecting a preliminary

fabric geometry and then using TEXCAD to predict the
tensile loading behavior of the fabric and comparing it

with the design requirements. The geometry was then

modified and TEXCAD was used to predict the loading

behavior again. This procedure was repeated until the

selected geometry fit the design requirements. The final

geometry of the fabric is shown in Fig. 5. A photo of the

fabric is shown in Fig. 6. The predicted load–strain be-

haviors of the fabric in both the axial and diagonal di-
rections are plotted in Fig. 7.
fabric.
3.4. Fabric testing

Epoxy impregnated samples of this fabric were tested

according to ASTM D 3039 [17]. Two groups of samples

were prepared. The first group was used to investigate

the load–strain response of the fabric in the axial di-
Fig. 5. Details of RUC geome
rection. In this group, samples were prepared so that the

axial yarns were parallel to the direction of loading. The

second group was used to investigate the load–strain

response of the fabric in the diagonal directions. The

samples were prepared so that one set of diagonal yarns
try of the triaxial fabric.
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was parallel to the direction of loading. Fig. 7 shows the

experimental tensile load–strain response of the fabric in

both the axial and diagonal directions, together with the

theoretical predictions. The experimental results shown
in the figure are the average results of three samples

tested in each direction. Note that for axial loading, the

fabric exhibited a linear load–strain behavior up to a

strain of 0.38%, when the axial LE yarns failed. After

this point, the strain started to increase in a faster rate

than the load until failure occurred. For diagonal

loading, the load–strain curve was almost linear up to a

strain of 0.50%, when the diagonal LE yarns failed. At
this point, an increase in strain occurred without a

corresponding increase in load until total failure of the

fabric occurred. The theoretical predication was in a

good agreement with the experimental results.
4. Experimental program

The experimental program contained two beam

groups. The beams in group A were designed to inves-

tigate the fabric behavior in flexural strengthening, while

the beams in group B were designed to investigate the

fabric behavior in shear strengthening. The beams of
Group A had cross sectional dimensions of 152 mm 3

254 mm (6 in. 310 in.) and lengths of 2744 mm (108 in.),

while group B beams had cross sectional dimensions of

152 mm 3 280 mm (6 in. 311 in.) and lengths of 2744 mm

(108 in.). All beams had a flexural reinforcement of two

#5 (16 mm) tension bars near the bottom and two #3

(9.5 mm) compression bars near the top. The beams of

group A were over-reinforced for shear with #3 (9.5
mm) closed stirrups spaced at 102 mm (4.0 in.), while the

beams of group B were deficient in shear; they were

reinforced with #3 (9.5 mm) closed stirrups spaced at

295 mm (11.63 in.). The beams were formed with

rounded corners of 25 mm (1 in.) radius between the

bottom face and the sides in order to allow wrapping

the beam without stress concentrations. Fig. 8 shows the

beam dimensions, reinforcement details, and loading set
up. The compressive strength of the concrete at the time

the beams were tested was 41.5 MPa (6000 psi).

The beams were prepared by sandblasting their sur-

faces to roughen them, cleaned with an air nozzle, and

finally wiped to remove any dust or loose particles. The

epoxy used to install the fabric has an ultimate tensile

strength of 66.2 MPa (9.62 ksi) with an ultimate strain

of 4.4% and a compressive strength of 109.2 MPa (15.84
ksi). The epoxy was allowed to cure for at least two

weeks before the beams were tested. Table 2 summarizes

details of the test beams.

Flexural strengthening beams, Group A and Group

B, were instrumented with three strain gages on each

beam located at the bottom face of the beam to measure

the FRP strain at midspan. Shear strengthening beams,
Group B, were instrumented with rosette strain gages

located at the expected locations of shear cracks to

measure the FRP strain at the beam sides. The deflec-

tion was measured at the midspan using string potenti-
ometers. The beams were loaded using a hydraulic

actuator. The load was measured by means of a load

cell. A data acquisition system was used to scan and

record the readings from all the sensors.
5. Test results and discussion

5.1. Group A

The control beam (control A) had a yield load of 77

kN (17.3 kips) and an ultimate load of 87 kN (19.6 kips).

The beam failed by yielding of steel followed by com-

pression failure of concrete at the midspan. Test results

for the beam are shown in Fig. 9. The beam exhibited a

ductility index (the ratio between the deflection at failure

to the deflection at yield) of 2.75.
Beam F-U75-1 was U-wrapped with one layer of the

triaxial fabric along its bottom face, which was extended

152 mm (6 in.) up both sides. The fabric was installed for

1.83 m (72 in.), centered along the length of the beam.

Test results for this beam are shown in Fig. 9. The beam

yielded at a load of 112 kN (25.2 kips), an increase of

45% over the yield load of the control beam. The beam

failed at a load of 133 kN (29.9 kips) due to compression
failure of the concrete near the midspan with an increase

of 53% over the failure load of the control beam. Unlike

the behavior of currently available FRP systems, the

triaxial fabric was able to offer a level of yield load in-

crease that was very close to that of the ultimate load.

As a result, beam F-U75-1 showed a yield plateau sim-

ilar to that exhibited by the control beam. The ductility

index of the beam was 2.33, which was 16% less than
that of the control beam. It can be noted from the FRP

strain diagram in Fig. 9(b) that the beam yielded at a

fabric strain of 0.40%, which indicates that yielding of

the fabric happened simultaneously with that of the steel

reinforcement of the beam. The failed beam is shown in

Fig. 10.

5.2. Group B

The control beam (control B) initially exhibited some

tension cracks in the constant moment region near the

midspan. Then, large diagonal cracks were formed in
the constant shear span at a load of 88 kN (19.8 kips),

which led to shear failure of the beam at a load of 100

kN (22.4 kips). Test results for this beam are shown in

Fig. 11.

Beam FS-B3U was strengthened with three layers of

triaxial fabric on the beam bottom face and one layer on

each side. The fabric was installed for 2.26 m (89 in.)
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Table 2

Summary of test beams

Beam group Beam designation Flexure or shear Shear span Strengthening

scheme

Strengthening material

Group A Control A Flexure 838 mm (33 in.) N/A N/A

F-U75-2 U-wrap Triaxial fabric (1 layer)

Group B Control B Shear 736 mm (29 in.) N/A N/A

FS-B3U U-wrap Triaxial fabric (1 layer at side-

s + 3 layers at bottom)
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centered along the length of the beam. Test results for

this beam are shown in Fig. 11. The beam failed by

debonding of the fabric, followed by shear failure in the

constant shear zone at a load of 180 kN (40.5 kips). The
rosette strain gages showed a 45� strain value of 0.45%
before the beam failed, which was very close to the yield-

equivalent strain value of the fabric in its diagonal di-

rection. This indicates that failure of the beam happened

almost simultaneously with the fabric yield, so the design
objectives were met. The failed beam is shown in Fig. 12.
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6. Conclusions

A triaxial ductile FRP strengthening system for

concrete beams has been developed for applications that

require shear and/or flexural strengthening. The system

is a fabric that contains fibers braided in three different

directions (0�, +45�, and )45�). It was designed to offer
strength, stiffness, and ductility if loaded axially or di-
agonally. An analytical study was conducted on the

behavior of triaxially braided fabrics. The study showed

that the undulation of diagonal yarns may cause these

yarns to fail at low strain values compared to the ulti-
mate strain of the fiber. In addition, increasing the di-

agonal yarn sizes may not result in a corresponding

increase in the beam’s/fabric’s load capacity because of

the effect of yarn undulation. In view of this, a fabric

geometry was selected and the load–strain diagrams of

the fabric in the axial and diagonal direction were ana-

lytically predicted. The fabric was manufactured and

tested in tension, and the load–strain diagrams were in a
good agreement with the analytical prediction. The ef-

fectiveness of the fabric as a strengthening material for

reinforced concrete beams has been investigated by
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testing four reinforced concrete beams strengthened in

flexure or shear. The test results showed that the beam

strengthened in flexure did not exhibit a significant

amount of ductility loss and the percentage of gain in
beam yield load was very close to that of the ultimate

load. The beam exhibited a yield plateau similar to that

of the unstrengthened beam. The beam strengthened in

flexure reached its shear capacity simultaneously with

fabric yield, which indicated that the fabric met its de-

sign objectives.
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