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Abstract

The main theme of this thesis has focused on the use of external fiber glass plates to strengthen
damaged flexure and shear beams.

The work was divided into four parts, with the first part dealing with the selection of the fiber
glass material for the proposed repair out of two recommended composites by the local manufacturer to
provide the highest strength and ductility.

The second part of the thesis addressed the study of the effect of thermal cycling on the bond
strength between the fiber glass plates and the epoxy glue.

The third part, studied the performance of repairing flexure reinforced concrete beams after
damaging them to a lovel loading corresponding to 10 mm central deflection. The level of damage was
decided upon after testing two control beams to failure. These beams were then repaired using external
fiber glass plates of different thicknesses.

The fourth part of the studyh evaluated the performance of R.C. shear beams strengthened with
external web reinforcement of the fiber glass. Two control beams were tested upon failure. It was decided
then to damage the beams upto the appearance of the first shear crack in the shear span. Three repair
techniques were tried in the form of side plates (wings), strips and a newly suggested technique in the
form of U-jacket.

A criterion to evaluate the plate thickness to be used for repair any beam in reality was presented
based on the ultimate flexural capacity of the section as well as the maximum interface shear and normal
stresses at the plate ends.
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The main theme of this thesis has focused on the use of exter-

nal fiber glass plates to strengthen damaged flexure and shear
beams.

The work was divided into four parts, with the first part deal-
ing with the selection of the fiber glass material for the proposed
repair out of two recommended composites by the local manufacturer
to provide the highest strength and ductility.

The second part of the thesis addressed the study of the effect

of thermal cycling on the bond strength between the fiber glass
plates and the epoxy glue.

The third part, studied the performance of repairing flexure
reinforced concrete beams after damaging them to a level loading cor-
responding to 10 mm central deflection. The level of damage was
decided upon after testing two control beams to failure. These beams

were then repaired using external fiber glass plates of different
thicknesses.

The fourth part of the study evaluated the performance of
R.C. shear beams strengthened with external web reinforcement of
the fiber glass. Two control beams were tested upon failure. It was
decided then to damage the beams upto the appearance of the first
shear crack in the shear span. Three repair techniques were tried

in the form of side plates (wings), strips and a newly suggested
technique in the form of U-jacket.

A criterion to evaluate the plate thickness to be used for
repair any beam in reality was presented based on the ultimate fle-

xural capacity of the section as well as the maximum interface shear
and normal stresses at the plate ends.
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Chapter 1

INTRODUCTION

1.1 GENERAL

It is known that reinforced concrete is highly durable
material under normal conditions, but concrete structures in the
Gulf countries have shown earlier sign of distress and deterioration
within a short time of completion. Some of these problems, in
which structures have shown sign of distress within a short lime
are caused by dynamic loading, impaci loading, static over loading,
creep or thermal gradient, shrinkage, corrosion of reinforcement
and/or sulfate attack. Most of these problems have resulted from
the lack of understanding the nature of local materials and the
execution of either private or public projects without considering
the nature and the effect of the environmental conditions such as

high humidity and high ambient temperature.

Cracks in Concrete

The cracks in concrete is. an inherent feature which cannot
be completely prevented but can only be controlled and minimized.
Plain concrete is well known for its high compressive strength and
weakness in tension. A plain concrete member subjected to flexure

would therefore crack at low load and fail suddenly. The perform-



ance of such member is conventionally improved by using tensile
reinforcing bars. During their lives concrete structures will
experience crvacks patterns. These cracks either minor or major in
nature and some times the structure may indicate both minor and

major cracks.

Major cracks are signs of distress and indicators of struc-
tural problems and they require immediate attention. Minor cracks
are often tolerable from the point of view of strength and can be
ignored unless when the structure is located in aggressive envi-
ronment which will result in corrosion of reinforcement. In mild
exposure conditions, mild cracks can be tolerated, however, they
are not acceptable from a durability point of view in severe envi-
romments which are characterized by high temperatures and high
humidity. Concrete elements that exhibit distress by cracking or
excessive deflection in such environment require immediate repair
to prevent further degradation and to restore the integrity of the
structure. The cracks which are existing in a structure might be

one or a combination of the following:

a) Dormant Cracks: which are stable and remain as they

are, e.g. cracks resulting from shrinkage and drying.

b) Active Cracks: which are growing in width, e.g. cracks

resulting from corrosion of reinforcement or differential

settlement.

~



e¢) Live Cracks: which close and open because of loading
and unloading, e.g. cracks occurring in bridge decks or

structural members.

Cracks in Flexural Members

a) Flexure Cracks:

The study of crack formation, behavior of cracks under
increasing load, and control of cracking is necessary for proper
design of reinforced concrete structures. In flexural members,
cracks develop under working loads and since concrete is weak in
tension, reinforcement is placed in the cracked tension zone to
resist the tension force produced by the external loads. Flexural
cracks develop where the stress at the extreme tension fibres

exceeds the modulus of rupture of concrete.

b) Shear Cracks:

Inclined cracks can develop in the webs of reinforced con-
crete beams either as extensions of flexural cracks of occasionally
as independent cracks such as flexure shear cracks. For them to
occur the moment must be larger than the cracking moment and the
shear must be rather large. The cracks run at angles of about
45° with the beam axis and probably start at the top of a flexure
crack. The approximately vertical flexure cracks are not danger-

ous unless there is a critical combination of shear stress and fle-



xure stress occurring at the top of one of the flexure cracks.
Occasionally an inclined crack will develop independently in a
beam, even though no flexure cracks are in that loecality. Such

cracks are called web shear cracks.

1.2 STRENGTHENING NEEDS

In practice, situations arise where existing concrete strue-
tures or part of them may, for a variety of reasons be found to be

inadequate and need to be strengthened. The inadequacy may be

due to one or more of the following:

1) Poor performance under service loading in the form of

excessive deflections and cracking.

2) Construction faults or poor construction practice: which
may mean that the concrete cross section or the cross
sectional area of the reinforcement originally calculated
are not achieved or individual reinforcing bars are incor-

rectly placed.

3) Design faults: This may be in the form of mistakes in
calculating the loads, bending moments, shear forces

etc. It also may be due to incorrect calculations of steel

cross sectional area.

4) Excessive deterioration due to corrosion may result in
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reduction of internal reinforcement cross section.

5) Changing the use of structure may produce internal force
that exceeds its limiting capacity, or alternatively it may
arise from requirements to increase the imposed loading

above the original design load.

In such circumstances, lhere are two possible solutions;
i.e. demolish and rebuild or carry out a program of strengthening,
when such situations arise, it has to be considered whether it is
more economical to replace the member or to strengthen it. The
choice between these alternatives depends on many important fac-
tors, such as basic materials and labor costs, time during which
the structure is out of commission, and disruption of other facili-
ties. In the present economic climate, the second alternative is
becoming more attractive, particularly if a simple, quick strength-

ening technique is available.

1.3 REPAIR BY PLATE BONDING

It is sometimes necessary to modify existing structures in
order that they will satisfy the design requirements of any future
loading. The modification may be needed to increase the strength
of the structure and/or to improve its performance under service

conditions. In structural engineering, the maintenance, repair and

_upgrading of existing concrete structures is just as important and



technical as the design and construction of new structures.
Upgrading of structures usually involves strengthening of an
existing struclure to satisfy a higher ultimate load and/or more
stringent serviceability requirements. Such work may be needed
to overcome the problems resulting from the changes in the design
criteria, such as the imposed loading, or due to deficiencies in the

existing structures, such as displaced reinforcement bars.

A number of techniques have becn used in the past to

achieve the desired improvement, some of the most common methods

are:

1) Replacing non-structural toppings with structural top-

pings, or lighter material.
2) Introducing extra supports.
3) Adding extra reinforcement by stapling and guniting.
4) Prestressing either externally or internally.

The cost of such work and the time and disruption can
often be considerable. Evacuation of all or part of a building, or
road closures in the case of bridges, may be necessary while the

work is carried out and these all added to the cost.

In recent years, the development of strong epoxy glue has

led to another technique which has great potential in the field of



upgrading structures. Basically the technique involves gluing
sieel plates to the surface of the concrete. The plates then act
compositely with the original member and help to carry the live

loading.

Efficient repair requires that special attention should be

given to the following:
- Understanding the main cause of the cracks
- The correct choice of repair methad
- The selection of the material to be used for that purpose.

Different repair techniques were developed successfully in
Western countries to strengthen a given structure or part of one,
depending on the type of construction and the given situation. In
the past, concrete bridges were strengthened by additional beams
or props. In recent years, with the development of strong struc-
tural adhesives, external epoxy-coated steel plates are now recog-
nized to be an effective and convenient method of improving struc-
tures performances under service loads or to increase their
ultimate strength, stiffness, and hence, deflections, and also on
the initiation and development of cracks. Advantages of this tech-

nique include:

1) Avoiding the problems with headrooms because the addi-

tional construction depth would be in the range of few



millimeters.

2) Site disturbance of the function of structure is kept to
minimum because the strengthening operation can be car-
ried out relatively quickly and simply. Also,due to the
fact that the technique is a dry process ,there will be no

damage to the adjacent structural elements.

3) Minimum additional loading due to the self weight of the

plate and the epoxy.

1.4 HISTORY OF PLATE BONDING

Despite of the limited test data available on the plated
beams, the method has been used effectively to strengthen a vari-
ety of structures. Some cases from the actual practice will be

presented here.

The postal (PTT) building department after the investiga-
tion of the construction condition of the Fusslistrasse Telephone
Exchange in Zurich, came to the conclusion that neither operating
nor economic considerations justify the demolition of the building.
They decided that the building should be strengthened to meet the
new functional needs. The first floor above the ground had to be
reinforced on top, the floor above that from underneath. In addi-

tion, the reduction of room height in the latter case had to be



kept to a minimum. The only way to solve this difficult problem
was the use of relatively new bonding method, namely steel plate

bonding technique.

The technique of plate bonding was also applied to
strengthen the shopping center at Spreitenbach. In order to
increase the admissible loading of about 2300 m2 of the floor above
the underground grage, a total of 216 steel plate 6 mm thick, 100
to 200 mm wide and 6600 to 7900 mm were bonded to the underside
of the floor slab. In Contraves AG, Zurich, modifications at two
locations at the edge of a mushroom slab reduced the floor's admis-
sible load. To restore the original load-bearing capacity, it was
reinforced with bonded steel plates arranged in a crosswise pat-
tern. A total of 26 steecl plates were 6 mm thick, 120 mm wide and
6600 mm long. The lower layer plates had 12 mm thickness, 120
mm width and 7300 mm length. The plates in the lower layer were

milled out by 6 mm in the intersection points to accommodate the

upper 6 mm plates.

In 1974, ALBA Aluminum Smelter, Bahrain, was strength-

ened by plate bonding technique.

The prefabricated concrete frames serve as supports for
the melting ladles in addition they transmit the materials handling
lqads to the foundations soil. Because these handling loads proved

substantially greater than assumed in the calculation, crack devel-
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oped in the frame cross-beam. Thus it became necessary to
increase the total reinforcement cross-section. In all, 700 concrete
frames had a single steel plate of 8 mm thickness, 280 mm width
and 2850 ﬁm length bonded to the undesirable of the cross beam.

Afterwards, the cracks were injected with epoxy resin.

This technique was used efficiently in linking the Swiss
Industries Fair, parking garage Basle, which was opened in 1975,
to one of the existing exhibition by means of escalator. To do
this, it was necessary to break out an opening of 1.7 x 3.15 m in
the 40 cm thick, mesh-reinforced concrete wall adjacent to the
parking garage. To replace the reinforcing mesh removed, a steel
plate frame 15 mm thick was bonded to the concrete wall on both

sides of the opening. These frames act as shear veinforcement.

A shortcoming of the plate bonding technique using steel
plates is the danger of corrosion at_ the epoxy-steel interface,
which adversely éffects the bond strength. An effective way of
eliminating the corrosion problem is to replace steel plates with
corrosion-resistant synthetic material such as Fiber Glass Plates.
In severe environments such as those prevailing in some areas of
the Middle East in which the climatic environment is characterized
by high ambient temperature and variable humidity. Such climatic
conditions would damage the repaired interface and eventually lead

to the failure of the repair members. In this work another pro-

posed material is aimed at developing an alternative to use the
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steel plates as external reinforcing medium. The new material is
the glass reinforced-plastic in which it is intended to evaluate the
strengthening of damaged concrete beams by exiernal fiber glass
plates. This repair scheme if proven satisfactory would be suit-

able for the repair of damaged beams subjected to corrosive envi-

ronment.

1.5 SCOPE AND OBJECTIVES

The problem of strengthening damaged existing structures
and damaged R.C. flexural members in particular is that it is sus-
ceptible to corrosion. When the external bonded steel plate is cor-
roded, the epoxy-steel interface is disintegrated which adversely
affects the bond strength. Thus the overall objectives of this
study is to use the corrosion-resistant fiber glass plates in lieu of
steel plates to strengthen flexurally damaged and shear damaged
reinforced concrete beams. The evaluation of the fiber glass
plates to repair damaged beams in shear and flexure was carried

out under static loading.

The detailed objectives of this study can be summarized as

follows:

1) Evaluate mechanical properties of fiber glass plates and

" make a choice based on strength and ductility.

11



2)

3)

1)

5)

12

Effect of thermal cycling on the degradation of bond

strength.

Repair of flexurally damaged beams

Repair of shear damaged beams

Use of anchoring scheme to eliminate plate separation.



Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

Although in the past, very small test dala was available on
the plate bonding technique, even then this lechnique was used to
strengthen the existing concrele structures. External strengthen-
ing of existing highway bridges using epoxy-bonded stecl plates
are now being accepled as an efficient and convenient way of
improving the serviceability performance and/or ultimate strength
of concrete existing structures. There is a growing need to
strengthen damaged rveinforced concrele structures which applies
both to buildings and to bridges and other structures. The

bonded reinforcement method is characterized by:
- Excellent adaptability to existing geomefry
- Negligible reduction of overhead heights and clearance

- The fact that it is a dry building process which is com-
pleted quickly with no damage to adjacent structural ele-

ments.

In order to investigate the performance of members

strengthened by this lechnique, research work, on the glued plate



technique were started in late 1960s and ecarly 1970s [1-10]. In
Japan, well ovér 200 bridges had been strengthened in this way by
1975 {11]. (The large number of under-strength bridges was mainly
due to a big increase in the intensity of heavy truck lraffic since

ibe bridges were designed).

The first major applicalion to bridges in the United King-
dom was in 1975 when a group of four bridges at an interchange
on the M5 motorway at Quinton necded to be strengthened to cater
for increased traffic loads [12]. This lechnique was used to
strengthen the underpass CDI126 below autorouie running to the

south from Paris [14].

Bresson has reported the wuse of bonded plates to
strengthen a series of pre-stressed concrete elements of double-T
sections, where the plates were glued to the sides of the element
{15], the ground and the first four levels of telephone exchange in
Zurich [16,17]. Tn United Kingdom the technique was used in 1975
to strengthen the soffits of two pairs of motorway under bridges at
Quinton and later in 1977 to strengthen the decks of two defective

concrete bridges on M25-M20 interchange at Swanley, Kent [18].

Irwin {19}, in 1975, studied the use of the plate bonding
technique for strengthening beams in flexure when he proposed
two reinforced concrete beams, one with bonded steel plate and one

without. After testing the beams up to failuve, the results indi-
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cated that the crack widths of the plated beams were significantly
reduced to half of those on the unplated beams whilst the moment

capacity -did not seem increased to any great degree.

Macdonald [20], studied the use of glued steel plates for
strengihening flour reinforced concrete beams. The plates were
bonded to the tension flanges of the beams by cpoxy-resin.  This
study focused on the effects of variation as adhesive properties,
joint. in the plates, plate thickness variation and load eyeling.  The
results showed that the load to produce a crack of a certain width
in a plaled beam was approximately double loads to produce the
same size-crack in the unplated beam, bul with no significant

increase in the load carrying capacity.

From observation, in all cases, failure to the plated beamn
occurred by horizontal shear in the concrete adjacent to the steel
plate commencing at the free end. Also, after plate separation,
subsequent failure usually occurs by compression of the concrete

at a loads similar to the failure loads of an unplated beam.

In 1980, Raithby [12], carried out full secale loading tests
on one half of the center span of one of the four bridges forming
the interchange on the M5 motorway at Quinton, before and after
strengthening showed that the required improvements had been
achieved. Also, laboratory tests indicated that the performance

could be improved further by better detail design of the plates and

15



further research is neceded for further application.

For a long-form behavior, a protective {reatment of the
stoel surface against corrosion is vory essential.  For the ;)l)_ioctive
of studying the long-ferm behavior of veinforced concrefe strue-
tures strengthened with externally bonded reinforcement, the Swiss
Federal Laboratories for Materials Testing and Research (MPA)
started in 1973 a special program of testing reinforced concrete
beams strengthened by externally bonded steel plates, with a

planned observation period of at least 15 years,

In 1976 Calder [13], carried out exposurce lests to investi-
gate the possibility of deterioration of the bond between steel and
concrete due to prolonged exposure lo the weather in a series of
Jong-term exposure tests on plain concrete beams which were 508
mm long with a square cross section of 102 mm strengthened with a
mild steel plate (500 mm, 38 mm wide and 3 mm deep) bonded to
one face using a structural cpoxy adhesive. Some of the test
specimens are subjected to sustained flexural loading while they
are exposed, others remain unloaded. The specimens were exposed
on racks at three exposurve sites representing high rainfall rural
clean air, highly polluted industrial and coastal marine environ-
ment. Specimens were also kept in a controlled laboratory envi-
ronment under conditions of constant temperature and humidity

(20°C and 65% RH).
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After various periods of exposure, {esl beams are sub-
jected to four-point bending and the strengthen and stiffness arve
compared with similar beams which have been kept in an air-condi-

tioned laboratory.

Compared with the beams which had been kopt in the labo-
ratory for two years, the exposed beams showed a slight loss in
strength, although the mean strength still oxceed the orviginal
strengths. Results of the exposure tests o dale suggoest that fur-

ther attention nceds to be given to alternative surface treatments.

In 1980, Jones [21], studied the behavior of the concrete
beams strengthened by steel plates bonded by the cpoxy glue o
the tensile face of the beam. Two {ypes of glue and two types of
steel plates with different yicld strengths were used and the cffect
of the glue thickness, plate lapping, multiple plates and of pre-
cracking prior to bonding were investigated. The effects of vari-
ables on the deflection, concrete strain distribution, cracking
behavior, steel strain, mode of failure, load at the first crack and

ultimate strength were discussed.

Results showed that the use of external reinforcement in
the form of steel plates glued to the fension face of plain and rein-
forced concrete beams increases the range of elastic behavior,
increases the flexural stiffness at all loads, and consequently

reduces deflections at corresponding loads, enhances the ultimate

17



flexural ecapacily and increases the ductility of flexural failure.

Jones et al. [23], carried out a testing program consisting
of 21 reinl‘m'cod.cnncrel.e beams lo invesligate the eoffect of glued
plates on (he cracking behavior of reinforced concrele beams
strengthened with such plates. The variables studied include plate
thickness, glue thickness, layered plates, and lapped plates.
These investigations showed that the propagation of crack away
from the tensile faces was delayed, also the numbers of eracks
developed and the mean ultimate spacing of these cracks were rela-

tively insensilive to the application of plates.

The resulls also showed that for the same level of load-

ings, the mean crack width were considerably reduced by plaling.

A comprehensive testing program has been earried out in
1987 by Swamy [22], to investigate the effect of glued steel plates
on the first crack load, cracking behavior, secrviceability loads,
and structural deformations of reinforced concrete beams strength-

ened with such plates on the tension face.

The results showed that the plated beams have enhanced
flexural stiffness which control cracking and deformation at all load
levels until failure, reduce cracking and structural deformation.
The reduction in cracking and deformation increased with inci'eas-
ing the plate thickness. However, the. stiffening effect is much

greater in controlling cracking; further, the structural effect is

18



far greater than if the bar area had been increased by the same
area as the plates. Provided the adhesive, is chosen carefully and
proper gliing techniques are followed, the plated beams show the
beam action and composite behavior right up to failure. The glued

plates can increase the ultimate capacity by up to 15%.

There is, however, a limitalion on plate thickness beyond
which premature brittle shear/bond failure occurs withoutl achieving

the full flexural capacily and ensuring ductility.

In 1988, a study was carried out by Jones [25], to investi-
gate the problem of anchorage at the ends of the plate giued to
the tensile face of the reinforced concrele beams. A simple theo-
retical study of the force systems at the plate/glue and the glued
concrete interfaces was presented. This suggested that high
stress concentrations and peeling forces were present at the end of

the plates when composite beam was loaded in floxure.

Tests carried out to investigate the effectiveness of differ-
ent anchorages were described in detail and the results from these
tesis confirmed that, at the ends of the plates, interface stress
concentration eoxist, which have limiting peak values in the range

of V2 * tensile splitting strength of the concrele.

Theoretlical interface bond stresses, based on simple elastic

‘behavior, were found to have no consistent relationship to the
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measured peak values. llowever, if maximum (unreduced) plate
thickness was always used in these calculations, a simple method
was proposed for obtaining a reasonable assessment of the peak
stress. The efficiency of different anchorage details was dis-
cussed, and it is shown that the use of the additional glued anchor
plates gave the best results. These anchorage plates overcame the
problem of anchorage failure and cnabled the full theoretical fle-

xural strenglh to be achieved, together with ductile behavior,

In 1989, Swamy |25, conducted a testing program to
investigate the applicability of the plate bonding {echnique to
strengthen structurally damaged veinforced concrete beams. Two
types of strengthened beams were tested. Tn the first, beams
loaded up to 70% of their flexural capacity were unloacled and
strengthened in the unloaded slate. Tn the sccond, beams also
loaded up to 70% of their flexural strength were reinforced with

bonded plates while under load.

The structural behavior of these two types of strength-
ened beam is reported in terms of deflection, concrete and steel
strain, cracking behavior, flexural stiffness and strength. It was
shown that strengthening by bonding steel plates, of significanily
cracked beams was structurally efficient and that the plated beams
were restored to stiffness and strenglh values superior to those of

the original unplated beams.
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The data showed that complete confidence and reliability
can be placed in applying the technique to structurally damagecd
members. The repaired composile beams arve able to preserve their
structural integrity and maintain composile action until failure.
Further, the composite structural system obeyed the simple laws of

mechanism right up to failure.

Basunbul et al. ]26], reported that steel plate bonding
repair technique leads to an increase in strength but concomitantly
with considerable reduction in ductilily of the rvepaired beams,

regardless of the level of damage.

Another proposed material is aimed at developing an alter-
native to the use of steecl plates as external reinforcing medium in
view of ubiquitous occurrence of corrosion in all s{ructural ele-
ments, making use of sleel in conjunction with concrete in the Gulf

environment.

The proposed new malerial conceived for floxural bonding
in glass fiber reinforced plastics (GFRP) which can be produced to
yield strength as high as steel, albeit at reduced ductility. A
successful incorporation of use of fiber glass as repair material for
reinforced concrele could be a panacea for at least some of the ills
associated with the inevitable problems of corrosion in the presence
of_f steel reinforced concrete. The plate bonding lechnique using

fiber glass plates lo strengthen damaged reinforced concrete beams
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was not known before 1990. Also, the informalion regarding the
use of the fiber glass plates to strengthen the reinforced concrete

beams was very limited.

In 1990, Saadatmanesh [27], carried oul a lesling program
in which four reinforced concrete beams strengthened with epoxy-
bonded {iber glass (F.G.) plates and one beam was not strength-
ened and was used as a control beam. Result. showed that
strengthening reinforced concrele beams with ecpoxy bonded fiber
glass plates appears to be a feasible way of increasing the load
carrying capacity of existing bridges. Also, the floxural strength
and stiffness of reinforced concrele beams can be increased by
bonding fiber glass plates to the {ension flange using epoxy, and
{the behavior of beams sirengthened in this way is very similar lo

the behavior of beams strengthened with steel plates.

Ehsani [28], carried out a testing program in which he
invnstigated the feasibility of strengthening small and large-scale
reinforced concrete beams with Glass-Fiber-Reinforced-Plastic
(GFRP) plates. The results indicate great polential for the use of

the proposed strengthening technique in civil engineering struc-

tures.

Saadatmanesh [29], reported that the flexural strength of
reinforced concrete beams can be significantly increased by gluing

fiber glass plates to the tension face. In addition, the epoxy
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bonded plates improved the cracking behavior of the beams by
delaying the formalion of visible cracks and rveducing erack widths

at higher load levels,

Philip |30], carried out a lesting program in which he
investigated the effect of different anchoring systems on the ulti-
mate strength and the mode of failure. The anchoring systems
were, anchoring the ends of the plate using an unequal leg fiber
glass angle, bonding full-height TRP plates to the sides of the
beam at the plate ends and then conneccting these to the plate
using bonded fiber glass angles and replacing the plate with a pairv

of angles bonded along the underside of the beam,

The resulis showed that there was a romarkable increase
in the ultimate strength. Also, the crack patlerns shifted from
several widely spaced and large width cracks to many more closed

spaced narrower cracks,

In 1989, Robert [31], developed a simple approximate pro-
cedure for predicting the shear and normal stress concentrations in
the adhesive layer of plated reinforced concrele beams assuming
full composite action. The results showed salisfactory correlation
with available test data and with rigorous analytical solution based

on partial interaclion theory.
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2.2 EPOXY RESINS
2.2.1 Introduction

FEpoxy-resins have bene used very widely for many appli-
cations all over the world to repair buildings, dams and bridges
for more than lwo decades. There are so many papers written on
the use of epoxy-resin for repairing, strenglhening and rehabilita-
tion of structures. Results showed a good performance of epoxy

materials used to repair concrete structures,
2.2.2 Historical Background of Fpoxy

The word "epoxy" is a Greek description of the chemical
symbol for the family of epoxies. 'The word "opoxy" is of Greek
derivation. The word "epo" which means "on the other side of",
was combined by "oxygen", which described the presence of the
oxygen atom in the molecular structure. In short, the word is a

Greek description of the chemical symbol for the family of epoxy

130].

The first practical application of epoxy resins fook place
in Germany and Swilzerland in 1930s, with some experiments were
done in the U.S. The first known palent on ecpoxy was issued to

Dr. Pierre Casan in Switzerland in 1936.

In 1939, Greenlee developed several basic epoxy systems,

many of which are used today as adhesives and coalings. First
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interest in the use of epoxy in the construction industry as an

adhesive was in 1918 and it showed satisfactory results in bonding

two pieces of hardened concrete [30].

The production of epoxy-vesin started in the Inte 1940s,
and in 1950s il was produced commercially and was available in the

market for use.

In 1954, the California Tlighway Department beecame inter-
ested in epoxies as a bonding agent for raised traffic lane markers
on concrefe highways. The successful utilization of an epoxy as a
bonding agent encouraged the exlension of research into the field
of structural repair of concrele and the aventual application of an
epoxy polysulfide polymer, as a bonding material for joining new

concrete to old |30].

Epoxy concrete was first used as a wearving course in the
repair popouts and spoiled arcas on the surfaces of various con-
crete bridge decks in California in 1957, Presently epoxies are
used widely with concrete in the form of bonding agents, adhe-
sives, coatings, paints, repair matorials, epoxy mortar and con-

crete, wearing surfaces and seal cosis [30].

Several investigations have been carried out on the uses
and applications of epoxy compounds with concrete. American
Concrete Institute Committee 503 [30], published a report which

provides a detailed review of literature on epoxy history, chemical
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and physical properties of cpoxy, characteristics, precautions,

guidelines to users, uses and preparing surfaces for repair.

Schultz [31], 1981, listed the properties and specifications
of epoxies used in concrete repair. These standard specifications

were published in 1978 and they are:

ASTM C881 on epoxy-resin-base bonding system for con-

crete

- ASTM C882 on bond strength of epoxy resin syslems

- ASTM C883 on coffeclive shrinkage of opoxy resin systems

used with concrete.

- ASTM C881 on thermal compatibility between concrete and

epoxy resin overlays.

Advantages of Epoxy Resins

There are many advantages of using cpoxies in concrete.
Some of the properties of epoxies which make them desirable for

use in concrete are:

1) Adhesion; epoxies form excellent and very sirong bond

with concrete.

2) Versatility; exhibited by a wide range of their physical

and chemical properties.
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3) .Iligh resistance o the attack of acids, oils, alkalis and

solvents.

1) Rapid hardening, low shrinkage and highly impermeable

to water.
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Chapter 3

EXPERIMENTAL PROGRAM

3.1 General

In this research work, an extensive and claboraled experi-
b
mental program was carried out to attain the objective specified

earlior. The work was divided into four main phases as follows:

(Fig.3.1)

Part A: Seloction of the fiber glass material for the proposed
repair out of lwo recommended composiles by the local manufac-
turer lo provide high strength and ductility. Several specimens
were lested under axial temsion {o evaluate the stress-strain

behavior of the material.

Part B: Casting twelve 50 x 125 X 150mm prisms lo evaluate the
offect of thermal eycling on durability of the glue and consequently

on the bond strength between the epoxy layer and the fiber glass

plate.

Part C: Casting twenly six reinforced concrete floxure beams
designed 1o fail in flexure to evaluate the porformance of the
repaired flexurally damaged reinforced concrete beams using exter-

nally bonded fiber glass plates.
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PART A: TYPE OF FIBER GLASS

CHOICE BASED ON HIGH STRENGTH
AND DUCTILITY

PART B: EFFECT OF PART _C: PART D:
SHEAR DAMAGED FLEXURAL DAMAGED
REPAIR

THERMAL CYCLING ON BOND

STRENGH

REPAIR

NO. OF CYCLES

r

v

C

ZERO

UNDAMAGED REPAIRED
\‘ BEAM DAMAGED BEAM
(CONTROL)

‘ 120

y
b v

ANCHORED UNANCHORED

! \

STATIC LOADING

Fig.3.1 General Testing Program
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Part D: Casting twenty four reinforced concrete beams designed
to fail in shear to evaluate the porformance of the damaged rein-

forced concrete shear beams using exiernal web reinforcement.

3.2 Material Properties of Fiber Glass

3.2.1 General

The fiber glass material used in this rescarch was in the
form of plates manufactured by the hand lay-up method which is
considered the oldest but, the simplest and the most common tech-

nique. The most common fiber glass are:
Woven Roving:

Woven roving are a coarse fabric made by weaving on
twisted rovings almost in plain weave. "The use of woven rovings
enables the highest glass content and therefore strengthens, to be

achieved.
Chopped Strand Mat (CSM):

Chopped strand mat consists of chopped glass strands
25-30 mm in length, distributed in random pattern in the plane of
the mat and held together by a small amount of resin binder. The
glass content obtainable with this form of reinforcement is consid-

erably less than that using woven roving materials.



3.2.2 Selection of Fiber Glass Type

Two different lypes of fiber glass material were recom-

mended by the local manufacturer as mentioned earlier.
shows the composition of the two types.
type were prepared in accordance with A

and a strain g

Table 3.1

Three specimens of each
STM standard (ASTM-E8)

auge was fixed on the middle of each specimen to

record the strain in the specimen during tosting Fig. 3.2.

Table 3.1: Composition of Fiber Glass Types

Fiberglass |Woven Rovings
Type (Layer)

Type (1) 2

Type (1I) 3

All specimens were tested under axial tension

machine, Plate 3.1.

Chopped Strand

Mat (T.ayer)

Surface Mat
(Layer)

using INSTRON

31
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Fig.3.2 Tension Test Specimen
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plate 3.1: Fiber Glass Specimen

Under Axial Teonsion
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3.3 Effect of Thermal Cycling on Bond Strength

To evaluate the eoffect of thermal cycling on durability of
the glue and consequently the bond strenglh between fiber glass
plates and concrete surface, a total of lwelve pullout specimens
consisting of concrete prisms 50 x 125 x 150mm and twenty four
fiber glass plates were prepared and divided into four groups,

each group consists of three specimens.

Group (1), Group 2) and Group (3) were subjected to 60,
90 and 120 heat and cool cycles, respectively. Group 4 was kept

under laboratory conditions as controlled specimens.

One heat cycle consisted of heating the specimens uplo
80°C for about six hours and cooling them for another six hours,
thercby completing two heat-cool cycles per day. The temperature
was vaised gradually till it reached a maximum temperature of 80°C
in four hours. The oven was maintained at 80°C for two hours,
and then the temperature was gradually decreased fo rcom temper-

ature for iwo hours, before another heat-cycle was initiated, Plate

3.2.

The upper half of both sides of each prisms were covered
with masking tape except an area of 50 x 75mm which is to be
glued to the fiber glass plates. Twenty four 3.0 x 75 X 175mm
fiber glass plates were prepared and covered with the masking

tape from one side only. A contact area of 50 x 75mm was kept

34
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plate 3.2: Pullout Specimens in the Oven for Heat-Cool Cycling



uncovered at the end of the plate (Fig. 3.3).

In order to achieve a good bond between the concrele sur-
face and the fiber glass plates, the area to be bonded was rough-

ened using ordinary hammer-axe and the surface of the concrete

was then cleaned using air pressure.

The structural adhesive used to bond the fiber glass
plates was EP-CA resin (white) and EP-CA hardener (black). The
mixing operation started by stirving the content of each then f{ol-
lowed by mixing two parts of the resin to one part of the hardener
(by volume). The two componenis were mixed thoroughly o obtain

a gray colour mix, Plate 3.3.

The adhesive was applied to both the concrete and plate
surfaces. The epoxy layer thickness was controllad by small metal
spacers of lmm diameler and oSmm length. The plate was then
applied and pressed by hand to force the excess cpoxy out from
all sides. Then, the plate was held in positlion by a uniformly dis-
tributed pressure obtained by a concrele cylinder (75 x 150mm) .
The pressure was maintained for seven days, Plate 3.4. Similarly,
another plate was bonded lo the othpr face of the prism (see Fig.
3.4). Al the prisms were left to cure for another seven days
before they were subjected to the pullout. test using the pulloul set

up as shown in Plate 3.5 and Figs. 3.4 through 3.7.
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Plate 3.3: Stirring the Two Components of the Epoxy Separately



Plate 3.4: Applying Pressure on the plates for Seven days




Plate 3.5: A

P e -

pullout Specimen Under Testing
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Fig.3.4 Pull-out Test Specimen
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Fig.3.5 Pull-out Sct up
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Table 3.2: Flexure and Shear Beams Details

Item Flexure Beams Shear Beams
Concrete 150 *¥ 150 * 1250 mn{ 150 * 150 * 1250 mm
Dimension
pp 0.0037 0.0037
Py 0.0093 0.0200
Reifts. 2 ¢ 10 mm 3 ¢ 12 om
Web Rfts. ¢ 6 mm ¢ 6 mm
Spacing 60 mm c/c 200 mm c/c
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26 mm (@ 60mm c/c
/

150

2g6mm

1250

FLEXURE BEAM

NOTE:

4. All dimensions are in mm.
2. Clear cover = 25mm from all sides.

Fig. 3.9: Reinforcement details for Tloexure Beams
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NOTE:
1. All dimensions are in mm .
2. Clear cover =25mm from all sides.

Fig. 3.10: Reinforcement details for Shear Beams
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(g = 0.02 < Py = 0.037). To ensure shear failure, 6mm diameter

o

mild steel stirrups at 200mm spacing were adopted.

Prior to preparing the sleel cages consisting of the longi-
{udinal bars and stirrups, the bars were wire brushed to remove
the millscale of the external surface. The stecl cages of both fle-
xure and shear beams were then prepared, and the spacers of the

main steel were checked (25mm) from all sides.

Concrete basic properties of these beams were evaluated
using cylinders and prisms. Tourteen 75 mm cylinders were cast
for compressive strength, two cylinders 150mm in diameter by
300mm long were cast for plotting concrete stross-sfrain diagram,
and four prisms 150 x 150 x H500mm were cast for cvaluating the
modulus of rvupture, Plates 3.6 through 3.8 respectively. All
specimens were cast in three layers and thoroughly vibrated after
each layer in accordance with ASTM Standards C192 using eclectri-

cal internal vibrator. All specimens were moist cured for 14 days.

3.5 Preloading of Beams

All beams were preloaded fo a predetermined level to simu-
lale badly damaged beams in practice. The preloading levels for
both flexure and shear beams were decided upon after testing the

control beams of both types to failure, Plates 3.9 and 3.10. It



i

Plate 3.6: Testing 75mm*150mm Cylender for Concrete compressive
Strength Using TONIPAC Machine.

51



Plate 3.7: Testing 150mm*300mm Cylenders for Plotting Concrete
Stress-Strain Curve using a Ccompressometer.



Plate 3.8: Testing 150mm*150mm Concrete Prisims for
the Modulus of Rupfure.

- Bvaluating
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Plate 3.9: A Conirol Flexure beam Tested upto Failure aluating



SHEAR BEAM
SC .-
| CONTROL ‘_

Plate 3.10: A Control Shear Beam Tested upto Failure.



was then decided to load the flexural beams to obtain 10 mm cen-
tral deflection, while shear beams were preloaded upto the appear-
ance of the first shear crack. To facililate the crack viewing, the

shear beams were white-washed one day prior to preloading, Plate

3.11

All beams were tested under two points load Tig. 3.11
using INSTRON machine of 25 lons capacity. A portable data log-
ger and a personal compuler were used io record the outputs

directly from the load cell as shown in Plale 3.12.

Loading was applied at a rate of 1 mm/inin and readings
were taken every 1 kN. The loading frame is shown in Fig. 3.12.
Deflections were measured at three central points using the Linear

Variable Differential Transducers (LVDTs).

Strain gauges were mounted at top of concrete and rebars
to measure the respective strain, Tig. 3.13 shows the locations of

sirain gauges,

3.6 Repair of Beams

All damaged beams were strengthened either for flexure or
shear according to their types. Scveral repair modes were used lo
strengthen the flexural as well as the shear beams. Prior to the

application of the repair techniques, beam surfaces were roughened



Plate 3.11: Damaging Shear beams uplo the Appearance of
the First Crack.
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Fig.3.11 Load configuration uscd in testing the beam spceimens
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Plate 3.12: The INSTRON Machine and the Acquision System
Used in Testing the Beam Specimens.
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Fig.3.12 Supporting 1-Steel beam and Loading frame
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Fig.3.13 Location of strain gauges
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using sand blasting machine to ensure a good bond between the
concretle surface and the fiber glass plates Plale 3.13. The repair
material were then bonded as mentioned earlier in Section 3.3. The
sequence of glueing the fiber glass plates is shown in the plates
3.11 through 3.16. Strain gauges were fixed at soffit of plates to

record the respective strain.

3.6.1 Flexure Beams

This phrt of the experimental program deals with the
repair of beams failing in flexure. Twenly four reinforced con-
crete beams were strengthened using three different thicknesses
(3mm, 2mm and Imm) as shown in Fig. 3.14. anchor bolts were
also used to prevent premature failure and insure ductile behav-
jor. Beams FP3, FP2 and FP1 were strengthened using fiber glass
plates with 3mm, 2mm and Imm thickness, respectively.

An end anchorage system in the form of steel bolls was applied to
beam FPB3 and FPB2 lo provent premature failure caused by sepa-
ration of plate ends. Furthermore, side plates (wings) were usecd
to confine the shear span of beams FPBW3 and FPBW2 against diag-
onal {ension cracks initiating at the plate curtailment. Table 3.3
and Tig. 3.15 show the repaired flexure beams and the sequence of

repair, respectively.

A new repair scheme in the form of I-shaped fiber glass

jacket was suggested to overcome the problem of bolh plate separa-
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Plale 3.13:

Roughening the Beam Surfaces Using Sand-
Blasting Machine.
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f the Epoxy on Beam Surface

ion o
Using Paint Brush.

icat

Appl

.

Plate 3.14



Plate 3.15: Application of the Epoxy on on the Plate
Surface using Paint Brush.
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Plate

3.16: Placing the Fiber Glass Plate on the Beam Surface
and Pressing it With Hands to Force FExcess Fpoxy
From All Sides.
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Table 3.3: Flexurally Repaired Beams

65

Beam No. of Plate Mode of Illustration
# Specimens Thickness Repair IN
(mm)

FP3 3 3 Plate Fig.3.15
only

FPB3 3 3 Plate Fig. 3.15
+ Bolts

FPBW3 3 3 Plate Fig. 3.15
+ Bolts
+ Wings

FP2 3 2 Plate Fig. 3.15
only

FPB2 3 2 Plate Fig. 3.15
+ Bolts

FPBW2 3 2 Plate Fig. 3.15
+ Bolts
+ Wings

FP1 2 1 Plate Fig. 3.15
only

FJ 2 3 I-Jacket Fig. 3.16
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Fig. 3.15: Repair Sequence of Flexure Beams.



tion and diagonal tension cracking at the plate curtailment at the

same time, Fig. 3.16. and plate 3.17.
End Anchoring System (Steel Bolls)

A special steel anchor bolts (12 x 100 mm) prepared in the
Mechanical Engineering Workshop using ¢ 12 mm diameter and mild
stecl rebars to provide good adhesion with the epoxy, Plate 3.18.
After the beams being preloaded, two holes 14 mm in diameter and
75 mm in depth (h/2) were drilled using an electrical drilling
machine. The holes were located at 125 mm from the beam end
(one hole at each end) along the contre line of the bottom face.
The dust resulting from drilling process was removed by means of

water jet. The holes were then left to dry before gluing the steel

bolts.
3.6.2 Shear Beams

This part of the rvesearch is focused on repair of rein-
forced concrete beams weak in shear. The different modes of
repair intended to improve their shear capacity and insure ductil-
ity. Twenty beams wervre strengthened in shear (i.e. applying
additional external web reinforcement). The beams were classified
into three series according to the type of the additional external

web reinforcement applied as shown in Fig. 3.17 and Table 3.4,
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Plate 3.17: The I-Shaped Fiber Glass Jackel Used 1o Repair
Beam (FJ).

72



nds

-
1
]

Steel Anchor Bolts Used {o Anchor the Plate T

Plate 3.18




74

Sstgog] soyy dtudoy dog ouieaBde] paey) CLE 101

e

ojrvwgatn oidn

TUHMQ; a.av sueoqg 11V

e —
s ad58 dss SS gdis dns 3t
os
saoyduy + . saepd aaerd saoyauy + ozetd a3erd
ajerd wojloy| | wWo43od qITH wo130q ON ajeTd woazog | we3adoq Y3ITH wo330q ON
y Sur sueaq
Jaxoer-0 sd1a1s sourn 1013U0)
IA S3TI2S A S@T138 AL S®Tas3s

SaVvin dLVdal AVALES




Repair Modes:
a) Repair by Wings (Series IV):

A total of nine beams were strengthened using 3 x 120 x

420 mm side plates (wings) at the shear spans.

Three beams were strengthened using only wings (SW) to
evaluate the effect of external web reinforcement on the shear
capacity and the failure modes. Three other beams (SWP) were
repaired with additional botlom plates glued to the soffit of beams
to prevent Jongitudinal bottom cracks at high load lovels. For the
last three beams, the bottom plates were anchored with steel bolls
to eliminate any possible separation for the bolttom plate (SWPB).

The repaired beams and sequence of repair are shown in Fig.

3.18.
b) Repair by Strips (Series V):

These beams were strengthened with 3 x 20 x 150mm strips
in the shear spans from both faces. One strip was bonded at the
end of each face, then others were bonded at 60mm center to cen-
ter. The beams repaired with strips followed a similar sequence of
repair as those repaired by wings. Three beams (S5) were
repaired using only strips. Beams (SSP) were repaired by strips
in addition to bottom plates glued t their soffits. The last group

of beams (SSPB) were repaired using strips and anchored bottom
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plates. The repaired beams and sequence of repair arce shown in

Fig. 3.18.
c) Repair by U-Jacket (Series VI):

A new technique was suggested to eliminate the debonding
of the wings and strips in the form of U-shaped jacket Fig. 3.20
and Plate 3.19. Because of the brittle nature of the fiber glass
material after hardening, it was difficult to form the U-jacket by
bending the fiber glass plates. To overcome this problem a special
wooden mould (158 x 154 x 1700mm) was prepared in the laboratory
and transported to the local manufacturer. One complete U-chan-
nel of the fiber glass was casted in the same way as the fiber
glass plates and then cul to the desired dimensions {154 x 158 x

420 mm), Plate 3.20.

These jackets were used to strengthen beam SJ.  The glue
layer used to bond the jackets was kept constant as before (lmm),
this was maintained by bonding small metal spacers lo the beam

surfaces one day before bonding the jackels.

Bonding the jackets to the beam surfaces was carried out
while the bottom face of the beam was up. The glue was applied
to the jackets and beam surfaces using a brush. The jackets were
then applied on the beam ends and the sides of the jackel were
clamped using two pieces of wood and C-clamps. The beams were

then inverted and supported on two concrete blocks.  The own
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Tig. 3.18: Repair Sequence of Shear Beams Using Wings.

77



78

Tig. 3.19: Repair Sequence of Shear Beams Using Strips.



340

U - Jacket

P/2

L 420

Fig. 3.20: Shear Beams Repairer Using U-Jackot.
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Plate 3.19: The U-Shaped Fiber Glass Jackel Used to Repair
Beam (SJ).
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Plate 3.20: Acomplete U-Channel Fiber Glass Before Cuftling
it to 420 mm U-Jackets.
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weight of the beam was utilized as a constant pressure to hold the
bottom surface of the jacket in place. The sleps of repair are
shown in Plates 3.21 through 3.24. Table 3.4 lists the repaired

shear beams.

All repaired beams were loaded to failure. The testing
procedures followed were identical to those discussed earlier in the

preloading stage.
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Plate 3.21: Application of the Epoxy to the Beam Surface
Using Painting Brush,



Plate 3.22: Encacement of the Shear Span of the Beam With
The U-Jacket.
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Plate 3.23: Holding the U-Jacket From Sides Using 'T'wo Picces
of Wood and C-Clamps.
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Plate 3.24: Resting the Beam on Concrete Blocks to Provide
a Uniformm Pressure on the Jacket Surface UHili-
zing the Self Weight of the Beam.
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Table 3.4: Shear Repaired Beams

Beam

No. of
Specimens

Modes of
Repair

Iflustration
IN

Sw

Wings
only

Fig.3.18

SWP

VWings
Bottom
Plate

Fig. 3.18

SWPB

Wings
+Anchored
Bottom
Plate

Fig. 3.18

SS

Strips
only

Fig. 3.19

SSP

Strips
+Bottom
Plate

Fig. 3.19

SSPB

Strips
+Anchored
Bottom
Plate

Fig. 3.19

SJ

U-Jacket

Fig. 3.20
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Chapter 4

THEORETICAL CALCULATIONS

4.1 GENERAL

When existing damaged beams are repaired with external
fiber glass plates either in flexure or in shear, their ultimate
capacities will increase due to the additional external reinforcement

applied. General expressions should be developed for calculating

both the ultimate flexural and shear capacities.

4.2 ULTIMATE FLEXURAL CAPACITY

Assumptions:

- Full composite action (no slip)

- Concrete strength (l:c) = 0.003 at ultimate
Steps:
1) Assume a fiber glass strain (z:p) < Eup

2) Calculate the neutral axis (X) from the strain compatibility dia-

gram (Fig. 4.1).
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Fig.4.1: Strain Compatability Diagram
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3) Calculate the strains in the tension steel and the compression

steel (if it exists) as follows::

“s _ 0.003

@ - X) X

tg = -~ * 0.003
s _ 0.003

X - & X
LAY X — d' e

£y = (-—X—— 0.003

4) From the stress-strain curves for the steel and the fiber glass

the following quantities are determined:

- The corresponding stress in the fiber glass plate (f‘p)
- The corresponding stress in the tension steel (f:‘g)
- The corresponding stress in the compression steel (fq')

5) From the equilibrium (ZH = 0),



Calculate compression and tension forces as follows:

C=c +C
S C
T =T_+T
s p
or

C =0.85*f "*a%b + g ' *f'
[ s s

where,

a) IfC=T

6) Calculate the ultimate flexural capacity (Mu) from the following

expression:
' B1 * X [%1 * X
= * — . N S L S
Mu AS ¥ fs d 5 + As ' fs d 5
[%1 * X
AL HE D - — (1)

by IfC # T

adjust the value of "o and go back to step No. 2
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Calculations of the ultimate flexural capacity are presented in

Appendix (A).

4.3 ULTIMATE SHEAR CAPACITY

The ultimate shear capacity after repair can be generalized

in the following form:

R
where,
VR = the ultimate shear capacity after repair
Vc = the ultimate shear capacity carried by concrete

V_ = the ultimate shear capacity carried by stirrups

<
]

the ultimate shear capacity carried by fiber glass

- 1 e LA H b
Vc_'é',- ,/fc b *d



Two different types of external web reinforcement will be

discussed here, namely;
1) Strips

When the failure ultimately occurs,two different types of
failure may be encountered, i.e. either rupturing or ripping off
the strips from the concrete surface. Thus the ultimate shear

capacity can be generalized as follows:

a) When the failure occurs due to rupturing of the strips

| PA M Fd
V = — YO B
p S
P
- dNed e fe e d
= 24 "s; (a)

b) When the failure is controlled by ripping off the strips

— ety bt oleroie d
V.= 2bdt——-—s
P

V. = 2"-‘Avp"-'t"'-‘N (b)

The smallest value from equation (a) or (b) should be selected to

find the ultimate shear capacity from the following equation,

VR=Vc+Vs+Vp



2% Ays*Ey*d

1
vV = -?*\/f_c'*b*d + S

+ Vp (2)
2) Wings

In case when the repair is to be carried out by wings the

following two conditions should be checked:
a) Rupturing of the Wing

\%
P

2RA_*E
PP

\'

2xprQHE
P P

b) Ripping off the Wing

\%

p 2’:‘{1’:‘(1*(1}

<
1l

9rrtg®

The smallest value of Vp should be selected either from (a) or (b)

and applied in Eq. No. (2)

The ultimate theoritical capacities for shear beams repaired either

with wings or strips are shown in Appendix (A).
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Chapter 5

RESULTS AND DISCUSSION

INTRODUCTION

The test results of this investigation are presented in Fig.
5.1 through 5.61 and Tables 5.1 through 5.13. The laboratory

generated data fall in the following categories:

Selection of the repair material

Effect of thermal cycling on bond strength

Flexural damaged repair

Shear damaged repair

5.1 SELECTION OF THE REPAIR MATERIAL

The results as shown in Fig. 5.1 indicate that fiber glass
type (1) and type (II) when subjected to tensile loads are behav-
ing elastically up to the ultimate load. The first sign of damage
under tensile loading is debonding of transverse fiber from the
resin. At high loading the resin cracks which in turn cause
debonding of longitudinal. As the resin cracks spread, the load is

transferred to the fibers which eventually fracture or pull-out at
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ultimate failure. Fiber glass Type (II) has higher modulus of elas-

ticity (Ep) and strength than Type I. The ultimate strength and

modulus of elasticity of type (II) is higher than that of type ()
by about 54%. Based on these results fiber glass type (II) was
selected as the repair material to be wused throughout this
research. Fig. 5.2 shows the stress-strain diagram for both types
of fiber glass‘ relative to the steel reinforcement which indicates

lower strength and modulus of elasticity..

The basic properties of concrete are given in Table 5.1.

5.2 EFFECT OF THERMAL CYCLING ON BOND STRENGTH

The results of the pull-out test for twelve prisms tested
under axial tension are presented in Table 5.2 and Fig. 5.3. The
results shown in Fig. 5.3 indicate a slight reduction in the bond
strength during the first 60 cycles of heating and cooling. How-
ever, the bond strength is significantly reduced at 90 and 120
thermal cycles. A reduction of about 30% in the bond strength
occurs at 120 thermal cycles. This reduction in the bond strength
is due to the degradation of the epoxy layer between the fiber
glass and concrete. Such degradation is attributed to the differ-
ence in the coefficients of thermal expansion of three different
materials which result in different expar‘lsion and contraction. As

a result of this repeated action the bond between the fiber glass
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Table 5.1: Basic Properties of Concrete

Compressive strength 37.7
(£ MPa

c
Modulus of rupture 3.81
(£) MPa

r
Modulus of elasticity 29042
(E) MPa

c
Concrete slump (mm) 10
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Table 5.2: Effect of Thermal Cycling on Bond Strength

100

No. of Load Bonded Bond % Reduction
Group Sample # Thermal| (kN) area mm2 | Strength in Bond
Cycles (N/mm?2) (N/mm?2) Strength
B1 15.3 4.08
1 B2 60 15.5 3750 4.13
B3 14.8 3.95
Av. 15.2 4.05 7.3
C1 12.1 3.23
2 C2 90 11.9 3750 3.17
c3 12.0 3.2
Av. 12.0 3.2 26.8
D1 11.1 2.96
3 D2 120 11.5 3750 3.07
D3 11.3 3.01
Av. 11.3 3.01 31.1
Al 16.2 4.34
4 A2 0 16.3 4.35
A3 16.7 3750 4.45
Av. 16.2 4.37 ---
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plates and the epoxy layer became weaker as the number of ther-
mal cycles increased. In all control specimens failure occurred by
ripping off a piece of concrete from the specimen surface (Plate
5.1). Group (1) specimens failed in the glue/concrete interface
with small pieces of concrete ripped off with the glue layer (Plate
5.2). Failures in Group (EZ) and Group (3) specimens were in the
glue/plate interface and more specifically by the plate separation
from the glue layer (Plate 5.3). This clearly indicates that the
bond strength between the fiber glass plate and the glue was very
high and much greater than that between the glue and the con-
crete. After 60 thermal cycles the glue became weak and the bond

dropped significantly resulting in the separation of the plate from

the glue layer.

5.3 FLEXURAL DAMAGED REPAIR

The test results for flexural damaged are shown in Figs.

5.4 through 5.47 and Table 5.3 through 5.9.
5.3.1 Modes of Failure
1) 3mm Plate (Series I):

All beams repaired with 3 mm plate whether anchored or

unanchored, showed similar behavior upto failure.

For beam FP3, flexural cracks appeared at 20 kN in the
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Plate 5.1: TFailure Mode of Control Specimen (Ripping off
the Concret.)



A

Plate 5.2: Failure Mode of Group (1) Specimens Afier 30 Thermal
Cycles (Failure was in the Glue/Concrete Interface)
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Plate 5.3: Failure Mode of Group (2) and Group (3) Specimens
( Failure in the Glue / Plate Interface).



shear span and more specifically near the plate curtailment. The
original flexural cracks started to open at 30 kN load and they
became wider and extended upward drastically as the load was
increased. Finally the beam failed due to separation of the plate
end along with tearing the concrete cover to the level of internal
reinforcement at 66.1 kN load, Plate 5.4. This separation occurs
because when the plate is terminated in the shear span, thus cre-
ating a critical section. The transfer of stresses from the plate to
the bars in the region where the plate terminated results in a high
gradients of stresses. Furthermore, the eccentricity between the
tensile forces in the plate and the balancing bond forces in the
epoxy layer results in normal forces which will tend to lift the
plate (Fig. 5.4). The mechanism of this failure starts with the
formation of a diagonal crack near the plate curtailment and once
this takes place, the effect of the peeling force is magnified and
the crack extends rapidly upwards. A large displacement of the
concrete bounded by this crack and the plate then takes place in
the direction of the peeling force. This relieves the bond stresses
and peeling force at the end of the plate,moves the effective cut-
off of the plate away from the support, and thus increases the
distance between the plate cut-off and the support. Another diago-
nal crack is therefore produced immediately, since the conditions at
the new cut-off are worse than before. This process is repeated
rapidly along the length fo the plate and results in a tearing effect

in which shallow diagonal cracks are superimposed over any other
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cracks and pieces of concrete are torn from the beam soffit, plate

5.4.

In beam FPB3 bolts were used to overcome the problem of
the plate separation occurred in beam FP3. The behavior of this
beam was similar to that of beam FP3 except that at 24 kN new
vertical flexural cracks developed at the shear spans. At higher
Joad level more vertical flexural cracks are formed in the shear
span and propagated rapidly upward. A diagonal crack connects
these.flexural cracks, this crack became wider and opened up
resulting in the failure of the beam at 71.7 Kn load, Plate 5.5.
This failure is often encountered when the principal tensile stress
exceeds the tensile strength of the concrete provided that the
plate ends are anchored as it was the case in beam FPB3. The
effective cut-off length between the support and the and the plate
end is kept constant and the formation of any other diagonal
crack is eliminated. Thus, the diagonal crack is keep on widening

until the beam failed prematurely in a brittle manner, plate 5.5.

Wings were used to confine the shear span of beam FPBW3
and to ecliminate the failure due to the diagonal tension crack
developed in beam FPB3. Again this beam showed the same trend
as beams FP3 and FPB3 during testing with a slight difference
such as that the appearance of new cracks were detected at 28 kN
load at the shear span ,Plate 5.6. The wings arrested the diago-

nal tension crack and the bolts prevented separation of the plate
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Plate 5.1:

Failure Mode of Beam FP3 (Plate
With the Concrete Cover).

Separation
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Plate 5.5: Failure Mode of Beam TPB3 (Diagonal Tension
Crack and Debonding of the Plate).
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Plate 5.6: Failure Mode of
Plate).

Beam FPBW3 (Debonding of the
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ends. However, at a load of 58 kN a crack appeared at the the
lower edge of the wing and propagated horozintly up to the end of
the wing and then extended upwards. The crack was observed
closely and it became wider as the load is increased. At a load of
65 kN a similar crack appeared at the face of the other wing.
These two cracks became wider until the beam failed at 71 kN load

due to the debonding of the plate. The failure was in the glue/

concrete interface.

Beam FJ showed a similar behavior like beam FP3, FPB3
and FPBW3. Old cracks started to grow at 20 kN load and new
cracks started were detected at a load of 40 kN. The beam failed
at 71 kN load due to rupturing of the plate at the face of the
U-shaped portion and immediately followed by diagonal crack almost
at the point where the plate is ruptured. The failure occurred
because the strain in the plate reached its ultimate value due to
the higher stresses concentration in the plate at the point of

changing the plate cross sectional area, plate 5.7.

Beams of series (II) showed the same trend and they

behaved during testing in a similar manner to those beams repaired

with 3 mm plates.

Beam FP2 failed as. the concrete cover with the plate sepa-
rated along the steel reinforcement which immediately followed by

crushing of concrete,Plate 5.8.
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Plate 5.7: Failure Mode of Beam TJ (Rupturing of the Plate Followed
by Diagonal Tension Crack at the point of Rupture).
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Plate 5.8: Failure Mode of Beam FP2 (Separation of the
Plate and the Concrete cover Followed by cru-
shing of Concrete).



Beam FPB2 failed due to extensive formation of flexural
cracks (started at 24 kN) and connected by a diagonal crack at 62
kN load leading eventually to the failure of the beam and debond-

ing of the plate, Plate 5.9.

The shear span of beam FPBW2 were effectively protected
with wings against the occurrence of diagonal cracks and the plate
was prevented from separation with the help of the bolts. Thus
flexure failure was successfully obtained for beam FPBW2 by

crushing of concrete in the constant moment region, plate 5.10.

3) Imm Plate (Series 11I):

Beam FP1 behaved in a similar manner as beam FP2 during
testing. The only difference was that at ultimate load the flexural
cracks were wider and the plate was ruptured at its centerline,

Plate 5.11. The failure modes of flexure beams are listed in Table

5.3.
5.3.2 Ductility Measurements

Ductility is referred to the capacity or the capability of
the member to undergo plastic (inelastic) deformation with out

fracture. Ductility serves as warning of impending failures in

reinforced concrete structures.

The load-deflection curves for beams of Series I, II and

III are presented in Figs. 5.5 through 5.12 Each plot includes two
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Plate 5.9: Failure Mode of Beam FPB2 (Diagonal Tension
Crack Tollowed by Debonding of the Plale).
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Plate 5.10: Failure Mode of Beam FPBW2 (Crushing of Concrete).



Plate 5.11: Failure Mode of Beam TI'P1 (Rupturing of the Tlate
Followed by Crushing of Concrete).
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Fig. 5.5 Load vs.Central deflection (plate only)
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curves representing the beam specimen before and after repair.

The ductility of unrepaired and repaired beams is calculated as the

area under the P—A curves using an electronic planimeter. Initial

stiffnesses Ki (kN/mm) are calculated before and after repair as

the slopes of the linear part of the P—-A curves. The detailed
reéults are shown in Table 5.4. The ductility ratio (D.R. %) was
calculated as the ductility of the repaired beam to the ductility of
the controlled one, whereas the strength ratio (S.R. %) was calcu-
lated as the average ultimate load of repaired to the ultimate load
of the controlled beam. Table 5.5 lists the values of both ductility

and strength ratios for all flexure beams.

For beams of both Series I and Series II, beams which are
strengthened with wings to confine their shear spans showed
higher ductility ratio than anchored and unanchored beams,
respectively. Figs. 5.13 to 5.15 show the ductility ratio vs. the
plate thickness for unanchored, anchored and beams strengthened

with wings in their shear span, respectively.

Fig. 5.13 clearly indicates that as the plate thickness
increases the ductility ratio decreases. The behavior of anchored
beams and beams strengthened with wings are shown in Figs. 5.14
and 5.15, respectively The results confirm that duectility ratio
decreases with increasing the plate thickness except for beam FJ

repaired with 3mm I-jacket which showed the highest ductility
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Table 5.4: Comparison of Control & Repaired Flexural Beams

129

Item P, (kN) Ki(kN/mm) Py (kN) Ault Ductility Kn-mm
Beam # | Control | Controlj Rep. Control| Rep. Rep. Control] Rep.
FP3 14.0 7.51 9.71 34.55 56.36 §.72 33§l 4388
FPB3 17.3 8,75 | 10.00 35.00 60.0 12.30 1877 2657
FPBW3 15.2 7.74 10.00 36.00 56.00 9.7 2818 4510
FP2 13.6 9.6 15.65 36.00 54 .00 18.6 1850 5723
EPBZ 17.6 9.65 | 11.56 35.91 49.50 12.8 2900 5142

 FPBW2 14.3 9.18 | 17.66 35.00 54.7 18.00 3542 5880
FPl 13.4 7.84 9.2 36.30 51.16 | 20.8 1867 6306
FC 16.4 5.90 | ——~ 31.25 | === —— 3970 — 4~J
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ratio.

Figs. 5.16 through 5.18 show that the strength ratio
increases with increasing the plate thickness. This is attributed
to the increase in the reinforcement ratio in the form of external
plates. It is clear from Table 5.5 that for any plate thickness
used, anchored beams with bolts,and beams strengthened with

wings and beams repaired with the I-jacket had higher strength

ratio than unanchored beams.

5.3.2.1 Moment vs Curvature

Figs. 5.19 through 5.24 show the moment-curvature of
beams for all series. The results of beams FP1, FP2 and FP3
shown in Figs. 5.19 to 5.21 respectively, indicate that the curva-
ture of repaired beams are reduced relative to the controlled beam.

Also,as the plate thickness increases, the beams stiffness increases

and the curvature is reduced.
5.3.2.2 Rigidity:

The slopes of the M—¢ curves represent the rigidities of
the beams. Figs. 5.25 to 5.27 represent the rigidity (EI) vs.
plate thickness for unanchored, anchored and beams strengthened
with wings in their shear spans, respectively. The results indi-
cate that for any type of repair the rigidity increases with

increasing the plate thickness, Table 5.6. Surprisingly, the unan-
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chored beams repaired with 3mm thick plates showed higher rigid-
ity than beams FPBW3, FPBW2 and beam FJ. It should be noted
that beams FPBW3, FPBW2 and FJ are expected to promote the

highest rigidity. This was the case for beams FPBW3 followed by
beams FJ.

5.3.3 Load Vs. Deflection™
A) Effect of Repair Modes

The load-deflection curves for beams FP3, FPB3, FPBW3
and FJ are shown in Fig. 5.28. It is apparent from Fig. 5.28 that
the behavior of all the beams are similar upto the end of the linear
part of the P—A curve. The ultimate failure load was identical for
beams FPB3, FPBW3 and FJ with an increase of 8.5% over beam
FP3. This clearly indicates that, however, the use of bolts in
case of beam FPB3, bolts with wings in beam FPBW3 and I-jacket
for beam FJ changed the failure mechanism of the beams, but the

ultimate load capacity was not increased so much.

All the beams could not reach the theoretical ultimate
capacities given in Table 5.7 due to the occurrence of premature
failure either due to separation of the plate or diagonal cracking.
Also, the behavior of all the beams were identical at all levels of
loading upto failure. The beams showed tremendous reduction in
ductility, increase in the stiffness and the ultimate load capacity

relative to the control beam except beam FJ which showed a



Table 5.6: Stiffness Values of Flexure
beams

Beam A El (%) Over
No. (ml}llst' N-mm2 F
FC 17.8 0.39 --
FP3 8.3 0.47 20.5
FPB3 8.9 0.43 10.3
FPBW3 9.7 0.48 23.1
FP2 13.3 0.40 15.4
FPB2 18.6 0.43 10.3
FPBW2 16.0 0.43 10.3
FP1 20.8 0.39 2.50
FJ 27.0 0.46 17.95
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mshle 5.7: Theoretical Capacity and Average Experimental Loads

Beam # | Theoretical Ultimate Average Experimental
Capacity (kN) Ultimate Capacity (kN)
FC 41.00 40.64
FP3 81.40 65.70
FP2 74.80 63.50
FP1 59.00 62.40
FJ 81.40 71.70




remarkable improvement in the ductility as compared to the

repaired and control beams.

~

The results as shown in Fig. 5.29 indicate that beams
(FP2, FPB2 and FPBW2) behaved almost in a similar manner at all
~load levels upto failure. Also, it can be seen from Fig. 5.29 that
all repaired beams showed a remarkable increase in the ultimate
flexural capacity and maintaining the original ductility as compared
to the control beam FC. The stiffnesses of repaired beams were
improved relative to the control beam, however,beam FPBW2 was
slightly stiffer than beams FPB2 and FP2. All repaired beams

behaved elastically almost up to 50 kN load.

It is clear from Figs. 5.28 and 5.29 that the anchoring has
no great influence on the behavior of beams of both Series I and
Series II. The behavior of these beams was more influenced by
the plate thickness rather than the modes of repair. It is worth
mentioning here that for thinner plate the effect of plate separation
at both ends are eliminated and consequently the beam is capable

to achieve its full theoretical flexural capacity.

The average ultimate capacity achieved for beams repaired
with 3 mm plates was 65.70 kN with a reduction of 23.9 % as com-

pared to the theoritical ultimate capacity (Ptheo = 91.8 kN). In

the case of thinner plates the achieved average ultimate capacity

was also less than the theoretical ultimate capacity. This is
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Fig. 5.29 Load vs.Central deflection (Different types of repair)



because the shear in the interface reached its maximum shear
stress before any remarkable yielding of the plate leading to less

composite action and plate separation. This did not enable the

beams to achieve their full theoritical capacity.

B. Effects of Plate Thickness

The load-deflection curves in Fig. 5.30 show three differ-
ent beams FP3, FP2 and FPl repaired with 3, 2 and 1 mm plates,
respectively. The results show that beams FP2 and FPl, showed
more ductile behavior than the control beam except beam FP3 which
failed prematurely by the plate separation and therefore could not

reach its ultimate theoretical capacity.

Beam FP1 failed by rupturing of fiber glass plate and
crushing of the concrete simultaneously. The beam showed high
ductile behavior,however,this beam also could not reach its ultimate
te experimental capacity exceeded theoritical capacity due to rup-
turing of the plate (1 mm thick) in the constant moment region

under high tensile stresses. Table 5.8.

The results as shown in Fig. 5.31 indicate that beam FPRB3
is stiffer than beam FPB2. The average ultimate capacity of beam
FPB3 is about 12% higher than beam FPB2. However beam FPB2
showed a significant increase in duectility about 44% over beam

FPB3.
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Table 5.8: Failure Loads and Strength

Improvement

Beam Failure Load % Over

No. (Kn) FC
FC 40.64 0
FP3 65.70 61.70
FPB3 70.7 74.0
FPBW3 71.0 4.7
FP2 63.5 56.3
FPB2 63.15 55.4
FPBW2 65.3 60.7
FP1 62.4 53.5
FJ 71.7 76.4
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Beams FPBW3 and FPBW2 in Fig. 5.32 again confirm the
same results obtained earlier. Always thinner plate gives better

ductility and a slightly lower ultimate capacity than thicker plate.

Beam FPBW2 underwent larger deflection than FPBW3
almost by 85.62% but with a slight reduction in the average ulti-
mate strength in the range of 8.7%. Results of the theoretical cal-

culations for all flexure beams are listed in Table 5.9.

5.3.4 Load vs Strain

Due to the nature of the fiber glass plates which are made
of fibers dispersed in a resin medium, the fibers and/or the resin
might tear or crack at the surface of contact under the strain

gauges, thus, limited data were collected regarding the plate

strains.

The strain distribution along the plate length for beams
plated with 3mm plate at 40 kN and 60 kN loads are shown in Figs.
5.33' and 5.34 respectively. The results indicate that anchoring
causes the plate ends to carry higher strains relative to the unan-
chored plate. The highest strain was achieved when the bottom
plate was anchored with bolts and wings. The effect of anchoring
by bolts only, showed no increase of strain relative to the unan-
chored plate at 60 kN loads. However, at 60 kN load higher strain

are noticed at the end of the plate.
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Table 5.9

: Theoretical Ultimate Strength of Shear Beam Specimens

Beam # Ultimate Ultimate
Shear Strength Flexure Strength
(KN) (KN)
FC 123.2 41.0
FP3 123.2 91.8
- FPB3
FPBW3 199.8 91.8
FP2 123.2 80.1
FPB2
FPBW2 199.8 80.1
FP1 123.2 59
FJ 199.8 91.8
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Figs. 5.35 and 5.36 show the strain distribution along the
plate length for beams FP2 and FPB2 plated with 2mm plate. The
results effect of plate anchoring on the end strain was less promi-
“nent than those beams bonded with 3 mm plate. At any location

along the plate and for the same load level thinner plate shows

higher strain than thicker one.

Figs. 5.37 and 5.38 represent the strain distribution along
the plate length at 40 kN and 60 kN loads for beams FP3 and FP2
respectively. The results show that the strains at the plate end
are almost the same for both load levels. Also, it is clear from

Figs. 5.37 and 5.38 that the slopes of the curves increases as the

load is increased.

Figs. 5.39 and 5.40 show the strain distribution at 40 KN
and 60 kN loads for beams FP3 and FP2, respectively. The results
confirm that thinner plates show higher strain than thicker ones at

any location and at any load level.

Fig. 5.41 depicts the loads-strain curves at the middle of
the plate for beams FP1l, FP2 and FP3. As the results indicate
only the strain in the plate of beam FP1 (1 mm) approached the
ultimate strain while the strain the other plates (3 and 2 mm) did
not but higher in case of 2 mm plate (FP2) which confirms the
results stated that full composite action can be achieved with thin-

ner plate and this will lead eventually to concrete crushing and
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full ultimate flexural capacity. In thicker plates the shear stress
in the interface reaches its maximum value before a significant
yielding occur in the piates which leads to less composite action

and ultimately to plate separation.

Figs. 5.42 and 5.43 show the strain in the rebars at 230
and 625 mm respectively from the end of beam FP3. The results
clearly indicate that the steel yielded. The strains in the rebars
for beams FP2 at the same locations are shown in Figs. 5.44 and
5.45. The strains obtained in case of beam FP1 is lower than that
of beam FP2. Also, the strain in beam FP2 is lower than that of
beam FP3. This is possibly due to the stiffening effect offered by
the plate thickness, i.e. in thinner plates full composite action will
be obtained and a lot of strain will be carried by the plates until
failure while in thicker plates the composition action is less and
debonding might occur at higher load levels which results in

releasing strains to the rebars.

Fig. 4.47 indicates clearly that the steel already yielded

even in the preloading stage with a high residual strain of

6,500 x 10"°%. In beam FP1 the plate failed by rupture and the

strain of the steel rebar reached its ultimate strain.

5.4 SHEAR DAMAGED REPAIR

The data of shear beams are presented schematically in
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Figs. 5.48 through Fig. 5.61 and quantitatively in Tables 5.10
through 5.13.

5.4.1 Modes of Failure

It was observed from testing of shear beam SW, repaired
by wings, that the original flexural cracks became wider and
extended upwards as the load increased to 26 kN. As load
reached 39 kN new flexural cracks at the shear spans appeared.
At 70 kN longitudinal crack developed at the béam soffit and pro-
pagated horizontally towards the supports. This crack became
wider at a load of 73 kN until eventually resulted in beam failure

at a load of 75.8 kN, Plate 5.12.

The formation of such crack is probably due to the nature
of the stresses resisted by the wings. Since the wings are sub-
jected to a biaxial state of stress, they stiffened the beam and
prevented shear compression failure to occur. This leads to the
development of transverse tensile stresses exerted by the longitu-
dional steel at the beam soffit which cause flexural bond failura

and splitting of the concrete at the beam soffit. The bond stress

exerted by the rebars was 9.9 N/mmz which is higher than the

allowbale ultimate bond stress as recommended by the ACI code
5.4 N/mmz) , the flexural bond stress was 7.5 N/mmz compared

to 4.0 N/mm2 according to the ACI code.

179



180

Plate 5.12: Failure Mode of Beam SW (Formation of FLongitudional
Crack at the Beam Soffit Causing Transverse Splitting,



Beam SWP was then repaired by bonding plate at the soffit
in order to arrest the longitudinal crack that developed in beam
SW. The behavior of this beam was better than beam SW regard-
ing the ultimate shear capacity. Several flexural cracks developed
at shear span at 50 kN load. These flexural cracks initiated at
teh shear span, became wider at higher load levels and at failure
load the cracks were wide enough so that the glue layer was dam-
aged and the beam eventually failed at 89.9 kN load due to separa-
tion of the wings and simultaneous debonding of the plate. Rip-
ping off the wings was due to a combination of tensile and
shearing stresses along the wing faces. Because this part of the
beam became very stiff as compared to the constant moment region
thus, during bending the wings were subjected to twisting action

resulting in ripping off the wings with the concrete, plate 5.13.

Beam SWPB represents the final stage of rei)air which was
aimed to prevent the separation of the bottom plate. The steel
bolts were then used to anchor the plate. It was observed that
uptc 84 kN load the beam behaved in a similar manner to beam
SWP, however, at 94 kN load flexural cracks extended rapidly
towards the N.A. Several shear cracks were observed at this load
in the shear spans which were arrested by the wings. The fle-
xural cracks at shear span became wider and at 107 kN load the
beam failed due to transverse opening at its end and subsequent

splitting of the concrete with the wings, plate 5.14. The failure
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Plate 5.13: Failure Mode of Beam SWP (Separation of the plate
End Followed by Ripping off the Wing With Chunks
of Concrete).
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Plate 5.14: Tailure Mode of Beam SWPB (Transeverse Splitting
and Subsequent Opening of the Beam End).



modes for these beams are listed in Table 5.10.

Beams repaired with strips, strips and plate with strips
and anchored plate (SS, SSP and SSPB) behaved in a similar man-
ner to those repaired using wings. The original flexural cracks
from the preloading stage started to extend upward at a load of 24
kN. At a load of 40 kN new flexural cracks were developed in the
shear spans and connected to form diagonal cracks propagated
across the strips. The major common observation for all beams was

the ripping off strips at failure load.

Beam SS failed due to the formation of longitudinal crack
at the beam soffit. The failure was identical to that of beam SW.
However, higher ultimate load capacity was obtained using the

strips as compared to wings due to lower level of damage, Plate

5.15.

Beam SSP failed by ripping off the strips with concrete
and plate separation. '~ The failure was initiated by developing a

new shear crack which widens across the strips as the loads levels

increased, Plate 5.16.

Beam SSPB again failed by ripping off the strip but with-

out plate separation, plate 5.17.

Beam (SJ) repaired using U-jacket failed in flexure by

crushing concrete. The beam was loaded upto 98 kN, then the
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Plate 5.15:

Failure Mode of Beam SS (Formation of Longitudional
Crack at the Beam Soffit Causing Transverse Splilting.
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Plate 5.16: Failure Mode of Beam SSP (Ripping off the Strips With
Concrete and Subsecuent Plate Separation).
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Plate 5.17: Failure Mode of Beam SSBP (Ripping off the Strips With
Concrete).



machine was stopped and more precaution was taken before reload-
ing to 105.9 kN load. The LVDTs were removed and the acquisi-
tion system was disconnected and the beam was loaded to failure in
which the ultimate load reached was 107.0 kN. Wide flexural
cracks were detected in the constant moment region, these cracks
propagated rapidly upwards and no separation of the jackets were

noticed at failure, Plates 5.18 and 5.19.

To confirm the failure mechanism obtained, another beam
was tested and similar behavior was noticed. This type of shear
repair clearly prevented the shear failure as well as any premature
failure that would prevent achieving the full flexural capacity of

the beam. The failure modes are shown in Table 5.10.

5.4.2 Load vs. Deflection

The load-deflection curves for shear beams repaired either
with wings or with strips are presented in Fig. 5.48 through 5.54.
Each plot includes two curves representing the behavior of the
beams before and after repair. Fig. 5.48 to 5.50 represent the
repair carried out by wings,for beams SW,SWP and SWPD, respec-
tively. As the results show, beam SW was preloaded up to 81% of
its ultimate capacity while beam SWPB and SSPB are preloaded up

to 79% and 75% prior to repair ,respectively

The repaired beams showed an increase in the ultimate

capacity as the level of damage is reduced. Beam SS repaired with
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plate 5.18: Failure Mode of Beams SJ (Flexure Failure By
Crushing of Concrete).
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Plate 5.19: The shear Span of Beam (SJ) after failure
by Crushing of Concrete in the Constant mo-
ment Region.
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only strips is shown in Fig. 5.51. This beam was expected to
achieve lower ultimate load than beam SW, but as it was damaged
to lower level (48% of SC) compared to beam SW (81% of SC),
Thus, it reached a higher load. Beams SSP and SSPB are shown in
Figs. 5.52 and 5.53, respectively. The behavior of these beams
was logical because they were preloaded up to the same level of
damage like beams SWP and SWPB and for this reason they showed

(SSP and SSPB) lower ultimate capacities than beams SWP and
SWPB .

Fig. 5.54 shows a beam repaired with strips only after
preloading it almost to failure. As the results indicate this beam
did not show any improvement in the ultimate strength or in the
ductility and could not even achieve the ultimate capacity of the
control beam SC ( 69.1 Kn). The reason behind this is that the
preloading level was very close to the ultimate load of the unre-
paired beam (SC). Thus, the strips carried the load from the

beginning of loading due to the absence of contribution from con-

crete.
A) Repair Modes:

The results as shown in Fig. 5.55 indicate that all
repaired beams for shear showed a significant improvement in the
shear capacity and a reduction in ductility compared to the control

beam (SC). The behavior of beams SW and SWP were identical
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which clearly indicates that glueing a fiber glass plate to the ten-

sion face of beam SWP improved the shear capacity by 30.1% and

reduced the ductility by 29.4%.

Beam SWPB showed a tremendous improvement in the shear

capacity (Pult = 107 kN), remarkable increase in stiffness and a

slight reduction in ductility over beams SW and SWP. The bolts
used to anchor the plate effectively arrested the plate debonding
and prevented such premature failure. Also,due to the higher level

of damage in case Of beam SW.

Fig. 5.56 depicts the behavior of the beams strengthened
with strips. Al the beams showed a significant increase in the

shear capacity and no improvement in ductility as compared to the

control beam. Table 5.10

Beam SS provided the highest ultimate capacity and ductil-
ity compared to the other beams. This behavior was attributed to
the small damaging level in the preloading stage Beams YSSP and
SSPE behaved in a similar manner and with a remarkable reduction

in ultimate strength and ductility relative to beam SS.

Beam SJ behaved in a very ductile manner. Fig. 5.55
shows that the behavior of beam SJ was identical to that of beams

SW and SWP upto a load level of 71 kN at which they failed.

The behavior of beam SJ at all load levels was similar to
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that of beam SWPB from strength point of view but its ductility
was much more higher due to the efficient anchoring system

offered by the jacket. Table 5.11.

The theoretical flexural and shear capacities for shear

beams are shown in Table 5.12.

B) Comparison of Wings and Strips:

Fig. 5.57 shows a comparison between beam SW repaired
with wings only and beam SS repaired with only strips along with
the repaired beam SC. It can be seen from Fig. 5.57 that beam
SS behaved in a ductile manner more than beam SW. It is also
apparent that beam SS attained higher ultimate capacity than beam
SW (9.5%). A possible reason for this is that wings will be sub-
jected to bending as well as biaxial state of stress which tend to
pull the wings out. This type of combined effect resulted in fail-
ing beam SW prematurely, in addition to that beam SW was damaged

more than beam SS prior to repair.

In general, beams SW and SS showed an improvement in

ultimate capacity of 9.7% and 20.1% respectively over the control

beam SC.

The behavior of beams SWP and SSP is shown in Fig. 5.58
which clearly indicates that both of them behaved in a similar man-

ner except a notable improvement in ductility in case of SSP over
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Table 5.11: Improvements in Ultimate Capacity
for Shear Beams

204

and Ductility

Beam Exp.Ultimate A, % Increase % Increase
# Capacity(kN) mm in Ductility in Ultimate
Capacity
sC 69.1 10.20 -- --
SW 75.79 7.80 -23.5 9.70
Swp 89.90 7.20 -29.4 30.10
SWPB 107.40 9.90 - 2.90 55.40
SS 83.00 10.30 1.00 20.10
SSP 82.4 8.80 -13.70 19.20
SSPB 86.90 7.81 -23.40 25.80
SJ 107.00 15.50 52.00 54.80




Table 5.12 : Theoretical Ultimate Strength of Shear Beam Specimens

Beam # Ultimate Ultimate
Shear Strength Flexure Strength
KN) (KN)
SC 66.70 93.8
Sw 143.3 93.8
Swp 143.3 120
SWPB
SS 127 93.8
SSP 127 120
SSPB
ST 143.3 93.8
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SWP in the range of 22.2%. However, the ductility of the beams
SWP and SSP was reduced as compared to beam SC by 29.4% and

13.7% ,respectively.

The ultimate capacities of beams SWP and SSP were also
improved over beam SC by 30.3% and 19.2%, respectively. Fig.
5.59 depicts the behavior of beam SWPB and SSPB. It clearly
indicates that beam SWPB showed an improvement in the ultimate
strength over the control beam SC by 54.8% with a slight reduction
in ductility in the range of 3%. Beam SSPB offered only 25.8% as
an improvement in the ultimate strength and 23.4% as reduction in

ductility. Tables 5.11 and 5.13.
5.4.3 Load Vs. Strain

a) Strip Strains

Fig. 5.60 represents the measured strain at the center of
the middle strip located at 210 mm from the support of beam SS.
The strips started to support shear forces from the early loading
stages because of the shear cracks cxisted in the preloading condi-
tions. The strain in the strip almost reached the uitimate strain
the fiber indicating the high force carried by the strip just before
beam failure. The strain gauge worked properly upto failure, the
reduction in strain beyond the 80 kN load was due to the relief of
loads from the strip after its debonding from the beam. At failure

the shear crack opened and caused the debonding of the strip.



Table 5.13: Comparison of Experimental and Theoretical
Loads for Wings and Strips

210

Repair Mode Exp. Load (kN) Theo. Load (kN)
(Strips)

a) Rupturing -- 146

b) Ripping 88.6 126
(Wings)

a) Rupturing -- 210

b) Ripping 91 107.0
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Fig. 5.60 Load vs.Strain at center of a strip located at 220 mm from the beam end



b) Rebar Strains

The load-strain curves for the strains along the rebars
are shown in Fig. 5.61. The results indicate that the steel yielded
at all locations which agrees with the under reinforced failure

(crushing of concrete).
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Chapter 6

DESIGN CONSIDERATIONS FOR REPAIR IN FLEXURE

6.1 GENERAL

In recent years, systematic experimental investigations of
various factors which influence the performance of plated concrete
beams such as the plate thickness and the thickness of the adhe-
sive layer, have been reported by many researchers
[21,27,24,25,30]. These investigations show that the bonding of
thin plates to the tension face of concrete beams can lead to a sig-
nificant improvement in structural performance, under both service
and ultimate load conditions. However, increasing the thickness of
the plates may result in premature failure due to "ripping off" of
the concrete cover along the level of conventional internal rein-

forcement, at the ends of the plate, Fig. 6.1.

6.2 EVALUATION OF THE PLATE THICKNESS

As shown in Figs. 6.2 and 6.3 the fiber glass is a ductile
composite but did not have a defined yielding point and a plastic
plateau similar to the steel behavior. The performance of the fiber
glass plates depends on the glass content (%), type of the fiber

glass material used and the amount of the resin (%) applied to bind
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the fiber glass. Thus each fiber composite has its own stress-

strain curve, modulus of elasticity (E) and ultimate strain (s:up)

however, the overall behavior of the material is elastic upto fail-
ure. It is difficult to generalize an optimum thickness for the
fiber glass plate to be used for repair any flexure beam in prac-

tice. Thus the plate thickness is designed based on the following:
A) Ultimate Flexural Capacity of the Section
Assumptions:

- Full composite action (no slip)

- Concrete strength (r.c) = 0.003 atultimate

- The fiber glass strain (z:p) = r'up

From compatibility and equilibrium of the section the

plate thickness is evaluated as follows:

From equilibrium:
(ZH = 0):

Cs+cc=Ts+Tp

AS it fsl + 0.85 3 flc 3 a ne b = AS ne fy - Ap e f



where:

a = f, w Xb and A =1t *bD

The plate width is taken-'as the width of the beam.

' oo ! . 5k £ 3 En s = £ K sie
R A R
L (ASFES OB EE Fp FXFb - A FE
t = , (3)
p b_*f
P up

The plate thickness calculated from this expression is representing

the minimum thickness (tmin) which is corresponding to the ultimate

strain (x:up)

B) Maximum interface shear and normal stresses

Using Robert's formulation (31) to evaluate the plate
thickness which yields the maximum shear and normal stresses.The

maximum shear stress for the fiber glass (ro) was considered to be

2 N/mm2 The plate thickness is evaluated by trail and error
because it is difficult to obtain it from the closed form of the for-
mula. The thickness calculated from Robert's formulation is con-

sidered the maximum thickness which causes peeling of the plate.

The maximum shear and the normal stresses are given as

follows:
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1
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= + o%e Ne E — X
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1
2
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The calculated thicknesses in (A) and (B) representing
the lower and the upper limits for the plate thickness to be used
in repair. Thus, the beam which strengthened with a plate thick-

ness within these two limits will be safe from rupturing as well as

peeling.

Three different reinforced concrete beams loaded under
the mid-third points will be presented her'e. Table 6.1 shows the
dimensions and reinforcement of these beams. The methodology for
evaluating the plate thickness is illustrated in Appendix (A) on the

beam specimen used in the expermintal investigation.

DISCUSSION OF THE RESULTS

Table 6.2 represents the results of the numerical examples
which shows that the minimum plate thickness increases with
increasing the beam cross section and the main steel. A practical
plate thickness of 1 mm should be used due to manufacturing limi-
tations. The recommended plate thickness to be used for a certain

beam is the average value of the minimum and the maximum plate



Table 6.1: Numerical Examples Data

Item Case 1 Case 2 Case 3

Concrete 150x150 200x450 250x500

dimension

My 0.039 0.039 0.039

Ab 157Tmm? 843mm?2 1170mm?2
o 0. o

f\s 240 [\b ?.40 Pb 21% [b

" 0.0 0.0 0.0

b 100mm 150mm 200mm

(3%

™~



thicknesses causing rupturing and peeling of the plate ,respec-

tively.

The expermintal load pexp was compared with two different

theoreticl values calcculated using two different approaches as fol-

lows:

1) Theoretical load (Pf) based on crushing of concrete using

the general form equation as described in chapter 4.

2) Theoretical load (Pinf) based on peeling or interface shear

failure of the plate at its end using Robert's formulation

(31).

As the results indicate , the ultimate load of the
beam FP1 was not calculated by Robert's formulation because
the failure of this beam was by rupturing of the plate rather
than separation of the plate due to interface shear failure. Tt
is clear that beam FP2 could not reach its ultimate theoretical
capacity due to the premature failure occurred by plaie sep-

aration which is also clear from the value calculated by Rob-

ert's equation (65.5 KN Compared to 63.5).

Beam FP3 also failed by plate separation but the
ultimate load calculated by Robert's equation did not conform

the value obtained expermintally which means that this equa-
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tion doesn't give representative results at higher plate thick-

nesses. Table 6.3

Calculations of maximum interface shear stress and

normal stress (appendix A) showed that the interface shear

stress exceeded its limiting value (1:0 = 2 N/mmz) while the

normal  stress was less than the limiting  value

(00 = 2 N/mmz) It is clear that using a plate thickness of

3 mm will result in peeling its end thus, for such beam the
plate thickness to be used should be less than 3 mm and

more than 1 mm. It is recommended to use an average plate

thickness (t d) or less due to ecnomical considera-

recommende

tions and to ensure a ductile behavior of the beam. Table

6.2
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

A) Fiber Glass and Glue

1) Fiber glass is a brittle material with a very low modulus of

elasticity and high toughness.

2) The epoxy used ensured excellent bond between the con-

crete surface and the fiber glass plate.

3) The effect of accelerated thermal cycling reduces the bond

strength between the fiber glass plate and the concrete

surface.

B) Flexure Damaged Repair

4) ‘The ultimate strength of beams repaired for flexural damage

generally increased by 60%.

5) The effect of peeling and debonding of the fiber glass plates

at its curtailments prevent the beam from achieving the ulti-

mate flexural capacity.

27
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6)

7

8)

The peeling and shear stresses at the plate ends is directly

proportional to the plate thickness.

Highest rigidity was obtained for repaired beams with

anchored plates and wings in their shear spans.

The use of I-shaped fiber glass jacket for flexural repair

proved the best performance in terms of anchoring scheme.

C) Shear Damged Repair

9) The external shear reinforcement used as wings or strips gen-

erally improved the shear strength of the repaired beams by

26%-32%.

10) Shear damaged beams repaired by strips and wings have not
reached their ultimate flexural capacity due to ripping off
fiber glass.

11) Shear damaged beams repaired by U-shaped fiber glass jacket
reached the flexural capacity which showed high strength and
ductility.

RECOMMENDATIONS

For further studies, the following points are suggested:

1) To investigate the Performance of repaired beams under



o

2)

229

normal exposure.

To study the effects of cycling loading on repaired

beams.
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APPENDIX

CALCULATIONS OF ULTIMATE CAPACITIES OF REPAIRED BEAMS

A) Ultimate Flexural Capacity of Beam FJ

The ultimate flexural capacity of beam FJ repaired with
the I-Jacket can be determined from the general formula (eq.
No.1) Due to the steel hardening the modulus of elasticity for the
linear part of the stress-strain curve can not be used. Applying
the assumptions and following the same procedures described in

sec.(4.2), the ultimate capacty is calculated as follows:

Let (r.p) = (r.up)
= 0.018615

From compatability, the depth of the neutral axis is (X)

determined,
X = 32.3 mm
Strain in the rebars is also determined from compatability;

By = 0.0075

From stress-strain curves for steel and fiber glass the cor-



responding stresses are determined;

2
il

181.8 N/mm’

)
Il

736.0 N/mm°

Total Compression force (C) is found as follows;

c 0.85 * 37.7 * 0.8 * 32.3 * 150

C 1.24 KN

Total Tension force (T) is found as follows;

T

157 * 736.0 + 3 * 150 * 181.8
T = 1.974 KN
cC=T

Reduce the value of the plate strain (r,p)

=0.3 * 0.018615

=0.005585

£, = 100 N/mm>



k]

X = 53.3 mm

0.00336

o
1

rH
]

581.8 N/mm°

C = 2.050 KN
T = 1.363 KN cC=T

Increase the value of the plate strain (r.p)

e = 0.3 %«
J up

=0.5 * 0.018615
=0.009308

B, = 154.5 N/mm®

X = 37.2 mm

t. = 0.00611

tar)
i

700.0 N/mm°

C = 1.430 KN

T = 1.1.794 KN cC#T

(N.K)

(N.K)
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Reduce the value of the plate strain (r.p)

=0.3 * 0.018615

£, = 127.3 N/mm>

X =43.8 mm

by = 0.004740

£ = 709.0 N/mm>

C = 1.684 KN
T = 1.685 KN , C =T (0.K)

From equation No.(1), the ultimate capacity is calculated

as follows:

_ 0.8 * 43.8:
M, = 157 * 709.0 * (113 _—-2——)

+ 3% 150 % 177.3 * (152.5 - 222252 3-8

= 18.36 KN-m , (0.4 m is the shear span of the

beam)



18. 3
p - (2202

P= 91.8 KN

B) Ultimate Flexural Capacity of Shear Beams with Bottom

plates.

The ultimate flexural capacity of these beams repaired with
only external web reinforcement and strengthened with bottom

plates can be determined also from the general formula (eq. No.1l).
Let (s.p) = (r.up)
= 0.018615

From compatability, the depth of the neutral axis is (X)

determined,
X = 32.3 mm
Strain in the rebars is also determined from compatability;

¢ = 0.0075
s

From stress-strain curves for steel and fiber glass the cor-
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responding stresses are determined;

)
I

181.8 N/mm°

£ = 736.0 N/mm’

Total Compression force (C) is found as follows;

Cc

0.85 * 37.7 * 0.8 * 32.3 * 150

c

1.24 KN

Total Tension force (T) is found as follows;

T = 339 * 736.0 + 3 * 150 * 181.8
T = 3.3 KN
cC=+T

Reduce the value of the plate strain (x:p)

=0.3 * 0.018615

=0.005585

£, = 100 N/mm’
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X = 53.3 mm

e, = 0.00336

f = 581.8 N/mm’

S
C = 2.0 KN ]
T = 1.98 KN c=T (0.K)

From equation No.(1), the ultimate capacity is calculated

as follows:

=
I

339 * 581.8 ' (113 _ 0.8 =* 53.5>

2

+ 3% 150 * 100 * (1525 - L8258

2

= 24 KN-m

M = (P *20.4)

- (212

P = 120 KN

C) Ultimate Shear Capacities of Shear Damaged Repair

The Theoritical capacities of shear beams repaired with



external web reinforcements either in the form of wings or strips

are determined as follows:

- 1 N R W
Vc——e— J3T.7 * 150 * 113

= 17.35 KN

v = 2 * 28.3 ** 414 * 113
s 60 * 1000

= 13.23 KN

1) Strips

a) Rupturing of the Strips

vV = 2 °x 3 * 20 * 265 * 150
p 60000

V.= 1795 K
D N

VR = 66.70 + 79.5

= 146.2 KN
b) Ripping off the Strips

y - 2720 * 150%4%150
p 60000

2

/)

3



a)

= 60 K
Vp N
VR. = 66.70 + 60

= 126.7 KN

2) Wings

Rupturing of the Wings

v
p

2 % 3 % 265 * 113

<
l

179.5 KN

VR = 66.70 + 179.5

= 264.2 KN

b) Ripping off the Wings

\Y%

2 % 3 * 113 * 113
P

V.= 1T6.6 KN
VR = 66.70 + 76.6

= 143.3 KN
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CALCULAATION OF PLATE THICKNESSES

A) Based on Ultimate Flexural Capacity
Numerical Example ( Experimental Beam Specimen )

Let (=) = (o) = 0.018615

From compatability, the depth of the neutral axis (X) determined
X = 32.3 mm

The plate thickness (tp) corresponding to the minimum plate thick-
ness (tmin) is calculated by applying the equation of equilibrium,

as described in chapter 4, as follows:

o f * g * = - *
A FES + 085 % *B KX *b = ASKE ¢t ¥ E,

* —
. =0.85 fc*Bl* xb*b i:‘y+AS
P b *E_ *¢
P P

P

Ep for fiber glass is 22727 N/mm?2

. _ 0.85*37.7*0.8*323 %150 — 414 * 157
p 150 * 22727 * 0.018615

= 0.9 mm
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Due to the fact that the fiber glass is built up of several
layer binded with resin, the practical minimum thickness

of the fiber glass plate should be at least 1 mm.

B) Based Maximum Interface Shear Stress

1
2 ,
k b sie t
= S % w _DP P o -
0 F0+ [E T *b] Mo T (D X)
P P P a
1
-B+{BZ+4*A3:=C‘}_2_
X =
2% A
E *Db a
_ Ze _ (29 * 10°%) * 150 _
A= 5= E, 2 % 22727 95.8 mm

Take t_ = 3 mm

157 + 150 * 3.0

607 mm?2

[\ ] I'U‘-P
————’

C=d*A_+D*b_*t D=[h+1+
s P P



= 113 x 157 + 152.50 * 150 * 3.0

= 86366 mm
1
R )
x = 807 + {(607)> + 4 * 95.80 * 13323}
3 % 98.80
X = 27.0 mm
p o 29%10° ¥ 150 * (37.0)° , yg7 4 (113 - 27.0)°
3 * 22727 '
+ 3.0 * 150 (152.50 - 27.0)°
= 9.5 * 10° mm*
where,

K, = 16500 N/mm?, Try t, =3 mm

D] b=

- e e 3 + 16500 e £ 3 e
' 21*10 (2272 932+10

o = 2.3 N/mmz > 2 N/mm2

150%3.0
7*1003.0 150%9 .5+10°

o

~!

(152.50-27.0)
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23333 N/mm>

3
=@_’%§-_°_)_ = 337.5 mm"

] =

42000
= 3
2.3 * 3.0 (4 % 22727 * 337.5

%

= 1.33 mm < 2 mm
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FIBER GLASS MATERIAL

Introduction

The use of reinforced plastics as material for engineering
applications is steadily increasing as engineers acquire more confi-
dence in them. The advances made by organic chemists during
recent decades have led to the emergence of the new man-made
materials commonly known as plastics. The possibilities of using
these plastic materials in engineering situations are now being
extensively examined, and in the case of structural engineering
such development is taking place mainly in their use as glass
fiber-reinforced plastics, the plastic material most widely used
being polyester resin. Thus the abbreviation 'GRP', although usu-
ally thought of as meaning 'glass-reinforced plastics', should

strictly be interpreted as 'glass-reinforced polyesters'.

The strength properties of plastics are reasonably good in
civil engineering forms but their stiffness, when measured by their
modulus of elasticity, is low. For structural applications, in which
both the strength and stiffness of the material are critical, it is
therefore, necessary to combine plastics with other material into

composites whose properties transcend those of the constituents.

The most commonly employed component is a particulate or
fibrous form. In the particulate composites, particles of a specific

material or materials are embedded in and bonded together by a

2

9



h

continuous matrix of low modulus of elasticity. In fibrous compos-
ites, fibers with high strength and high modulus are embedded in
and bonded together by the low modulus continuous matrix. The
fibrous reinforcement may be oriented in such a way as to provide
the greatest strength and stiffness in the direction in which it is
needed, and the most effic;_ient structural forms may be selected by
the mouldability of the material. In the construction industry,
glass fiber and polyester resin are used to form the fibrous com-
posite which is then known as glass reinforced polyester (G.R.P.).
In the past this abbreviation has referred to glass reinforced plas-
tics in general, but now it refers specifically to polyesters. This
material has been developed since the Second World War with the

main growth interest and technology beginning in the 1960's.

The production of resins, catalysts, accelerators which
core at room temperature has facilitated the manufacture of G.R.P.
by relatively straight forward techniques, using the open mould

process without the need to provide presses and steel moulds.

G.R.P. is now well established in the construction indus-
try and takes its place alongside materials such as metal and tim-
ber; it can not be considered as cheap substitute for other materi-
als. Two sophisticated G.R.P. structures have played a major role
in the development of this material; these are the dome structures
erected in 1968 in Benghazi and the roof structure of the Dubai

Airport built in 1972. The design and fabrication for the latter



structure took in the U.K. and the units were shipped to Dubai.
1. Mechanism of Reinforcement in Fiber Reinforced Plastics

The reinforcement of a low modulus matrix with high
strength, high modulus fibers uses plastic flow of the matrix under
stress to transfer the lo_gd to the fibers, this results in high
strength, high modulus composite. The aim of the combination is
to produce a two phase material in which the primary phase which
determines stiffness and is in the form of particles of high aspect
ratio (i.e. fiber) is well dispersed and bonded by a weak secon-
dary phase (i.e. matrix). The principal constituents which influ-
ence the strength and stiffness of the composites are the reinforc-
ing bars, the matrix and the interface. Each of these individual
phases has to perform certain essential functional requirements
based on their mechanical properties so that a system containing

them may perform satisfactorily as composite.

Fibers

The desirable functional requirements of the fibers in a

fiber reinforced composite are:

1) The fiber should have a high modulus of elasticity in

order to give efficient reinforcement.

2) The fiber should have a high ultimate strength.
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3) The variation of strength between individual fibers

should be low.

4) The fibers should be stable and retain strength during

handling and fabrication.

5) The diameter and surface of the fibers should be uni-

form.

Plastic Matrix

The plastic part of the composite in glass-reinforced plas-
tics consists of a liquid resin which, when combined with a chemi-
cal catalyst and accelerator, sets into a comparatively rigid
material. There are two main types of resins which can be hagd-
ened in this way, namely polyesters and epoxy-based resins. In
glass-reinforced plastics we are concerned mainly with the polyes-
ter types of resin for which glass reinforced plastics is the major

application. The matrix is required to fulfil the following func-

fions:

1) to bind together the fibers and protect their surfaces
from damage during handling, fabrication and during the

service life of the composite;

2) to disperse the fibers and separate them so as to avoid

any catastrophic propagation of cracks and subsequent

failure of the composite;
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3) to transfer stresses to the fibers efficiently by adhesion

and/or friction (when composite is underload);

4) to be chemically compatible with fibers over a long

period; and
5) to be thermally compatible with fibers.

The interface between the fibers and the matrix is an iso-
tropic transition region exhibiting a gradation of properties. It

must provide adequate chemically and physically stable bonding

between the fibers and the matrix.

2. NATURE OF REINFORCED PLASTICS

Glass fiber reinforced plastics (GRP) have advantages as
structural materials over both unreinforced plastics and glass
fibers used alone. Unreinforced plastics have low density and are
easily processed. They have good weathering properties and
require no surface protection. Disadvantages which limit their use
in structural applications, are low stiffness, low strength and
creep under load. Glass fibers are stiff and strong but so brittle
that the high stiffness and strength can not be fully utilized. By
fabricating a composite material of glass fiber embedded in a plastic
matrix it is possible to combine many of the desirable properties of

both constituents. These glass reinforced plastics are light,

2
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strong constructional materials with weather resistant surfaces
which are easily fabricated into complex shapes. The glass fibers
enhance the poor stiffness, strength and creep resistance of the
plastic matrix, whose purpose is to transmit the load into the stiff
fibers and to protect them from damage. A range of different GRP
materials is available depending on the choice of matrix material
and the method of glass reinforcement. There are two principal
types of plastics, thermoplastics and thermosetting materials.
Thermoplastics such as polypropylene and polystyrene are solids
which soften and flow on heating and return to the solid state on
cooling because of their chain-link nature. Thermosetting materials
such as epoxies and polyesters are usually supplied as viscous
syrups which set to a hard solid when activated by a catalyst, but
remain solid on further heating because of the nature of the
material which are linked together producing a mere structure that

has a greater resistance to temperature effects.

It is the second type of plastics, especially the polyester
resins that has been most frequently used in structural engineer-
ing applications. As materials in themselves plastics are unsuitable
for major structural stiffness and ultimate strength values are rela-
tively low and their ability to creep is not negligible. These
adverse properties are, of course, analogous to the adverse effect
of the low tensile strength of plain concrete which makes it unsui-

table for applications in which tensile stress is developed. Thus



for the same reason that plain concrete must be 'reinforced' to
produce a material with sufficient tensile strength, so plastics must
be similarly reinforced if they are to provide. The reinforcement
most commonly used in plastics, because of-its good bonding char-
acteristics with the resin and its high strength properties, is glass
fibers. A unique feature _pf GRP materials is that they are usually

formed during fabrication of a component.

Traditionally, this is by hand lay up in which glass fiber
reinforcement is placed on a mould and impregnated with catalysed
resin. The required thickness is built up in layers, the resin left
to cure and the finished article removed from the mould. To facil-

itate this process glass fibers, are supplied in sheet form, of

which there are three types.

3. TYPES OF FIBER GLASS

3.1 Woven Roving (WR)

Woven roving are a coarse glass fabric made by weaving
untwisted rovings almost in plain weave. They are made in a vari-
ety of fineness and weights from 200 gm/m? to 850 gm/m?2 and nom-
inal thickness from 0.2 mm to 0.9 mm. They may have equal or
unequal weights for rovings in each direction. The use of woven
rovings enables the highest glass contents and therefore

strengths, to be achieved. Resin/glass ratio in the range 1:32.5
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can be obtained.

3.2 Chopped Strand Mat (CSM)

Chopped strand mat consists. of chopped glass strands
25-30 mm in length, distributed in random pattern in the plane of
the mat and held tog‘ether__by a small amount of resin binder. The
glass content obtainable with this form of reinf;arcement is consid-
erably less than that using woven roving materials and resin/glass

ratios in the range 2:1 to 3:1 are typical.

3.3 Surface Tissue

Surface tissue is a little like chopped strand mat except
that it is made using much finer fibers and in quite thin. It is
used to reinforce moulded surfaces to improve the resistance to
cracking or crazing or to form a finer surface on the non-mould

side of a layed-up laminate.

4. Advantages of GRP

Glass reinforced-plastics has taken its place as a proven
material in wide range of industries, including marine and land
transport, aerospace, building and chemical process plant. It has
made these breakthroughs largely because applications have been
selected in which reinforced plastics offer distinct advantages

which may be summarized as follows:



1) Excellent corrosion resistance in a wide range of aggres-

sive environment.
2) High strength/weight ratio
3) Light weight, easy to handle
4) Easy to maintain-
5) Easy to fabricate to complex shapes
6) Good surface weathering properties
7) Good abrasion resistance.

5. Glass Manufacture

Glass fibers are manufactured for the reinforced plastics
industry by the rapid drawn of molten glass marbles from an elec-
trically heated furnace continuously and at high speed through

platinum brushing. The filaments cool from the liquid state, at a

temperature of 1200°C, to room temperature in approximately 10_5
sec. On emerging from the brushings 204 filaments are bundled
together and these filaments are bonded to each other by a lubri-
cant to reduce the abrasive effect of filaments rubbing against one
another. The process of manufacturing the glass fibers is shown
schematically in Fig. ( B-1). Glass reinforcement used in GRP is

formed from those very thin filaments which are assembled in dif-
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Fig. B-1 : Schematic diagram for the manufacture of glass fibre



ferent forms of strands, and bundles called rovings, the filaments
are in the range of 5-10 14 ym in diameter. Because filaments of
this size can not be handled separately they are combined in vari-
ous forms suitable for use in reinforced plastics. Strands may also
be twisted to form several types of yarns; rovings or yarns may
ecither be used individually or in the form of woven fabric. The
strength of finely-drawn filaments is much greater than glass in
bulk, having tensile strength in the range of 3250 to 3650 N/mm2,
Glass fibers are dimensionally stable, inerts, incombustible, and do
not creep. The two types of basic glass are known as 'E' and 'A'
types. Glass type 'E' is a boroscilicate having a low alkali content,

under 1% calculated as NaZO. It has higher strength, better elec-

trical properties and greater moisture resistance than type ‘A’
glass. 'E' glass is the type used principally in GRP work. Type
'A' has higher silica and sodium contents; lower strength but bet-
ter acid resistance than type 'E' glass. Comparative typical con-

stituents and properties are shown in Tables B-1 and B-2

Thermosetting Plastics

Thermosetting resins are in liquid or plastic stage once,
and then hardened irreversibly when suitably catalysed to form a
hard solid. This chemical reaction is known as poly addition,
polymerization or curing, and on completion of this reaction the

material can not be softened or made plastic again without change



of molecular structure. The principal resins in use with glass
fiber reinforcement are polyestei‘ resin. Unreinforced thermoset-
ting plastics are resistant to corrosion and attack by many acids
and alkalis. However, they are brittle materials with relatively low
stiffness and strength and for enhancing their mechanical proper-
ties glass fiber reinforcemgnt is needed. Typical mechanical prop-

erties of cured polyester resin are given in Table (B-3).

6. GRP MANUFACTURE METHODS

There are various techniques for the manufacture of GRP
and these may be considered under two main headings. The first
one is the open mould system in which, during moulding operation,
the material is in contact with the mould on one surface only and
this is the one generally adopted for civil engineering and struc-
tural applications. The second one is the closed mould technique
in which the composite is shaped between the male and female
moulds. This method is generally employed for the manufacture of
small components which are not necessarily associated with the

building trades.
5.1 Open Mould System

As the name implies, these processes use only one mould,

and hence only the surface of the producl in contact with the



mould is able to attain two advantageous characteristics of polyes-
ter resin, namely that in standard environments neither heat nor
pressure is essential to attain complete curing, although at times

their application may supplement the nature cure.

6.2 Hand Lay-up:

This method, the oldest, simplest and the most common
technique for the production of components in fiber-reinforced
plastics, is ideally suited to the production of small number of sim-
ilar components such as commonly occur in structural engineering
practice. The mould is first treated with a suitable release agent,
such as a mineral oil, to ensure that the final product can be eas-
ily removed from the mould without damage when this has been
allowed to dry, an even layer of resin up to about 0.5 mm thick,
often containing additives and pigments to give weathering resis-
tance and color to the surface, and some time reinforced with a
surface tissue mat, is applied to the mould surface and allowed to
cure partially. This layer is known as the 'gel coat', it serves
two purposes. Firstly to protect the glass fiber from external
influences, the main one being moisture penetration to the interface
of the fiber and matrix, with consequent breakdown of interface
bond, and secondly to provide a smooth texture of the mould, Fig.
(B-2) shows the hand lay-up operation. After the gel coat has
become tacky but firm, a liberal coat of resin is brushed over it

and the first layer of glass reinforcement is placed in position and
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consolidated with brush and roller. The glass fiber may be in the
form of chopped strand mat, woven rovings or both. Subsequent
layers of resin and reinforcement are then applied until the

required thickness of the composite is reached.

6.3 Spray-up Method

The spray up technique is less labour intensive than the
hand lay-up method. During the spray-up operation, glass fiber
roving is fed continuously through a chopping unit, and the
resulting chopped strands are projected on to the mould in con-
junction with a resin jet. The glass fiber resin matrix is then
consolidated with rollers. The technique requires considerable
skill on the part of the operator to control the thickness of the
composite and to maintain a constant glass/resin ratio, Fig. (B-3)

shows the spray-up moulding technique.
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a) Constituents:

265

Composite Type E Type A
% silica 52 73
% Boron Acid 11 0
Sodium Potassium Oxides 1 14
Aluminum/Iron/Calcium/ 36 13
Magnesium Oxides
Total 100% 100%
b) Properties:

Property Type E Type A
Specific Gravity 2.55 2.45
Tensile Strength 3650 N/mm? 3250 N/mm?
of filament
Young's Modulus 76000 N/mm2 7000 N/mm?2
Coefficient of 5x1078 /°C 7x10°8°C
Thermal Expansion
Poisson's Ratio 0.2 --

Table B-1 : Typical Constituents and properties

Materil

of Fiber Glass



Specific Gravity
Tensile Strength
Compressive Strength
Impact Strenéth
Flongation at Break

Coefficient of Thermal
Expansion

Shrinkage

1.28
15-90 N/min?
100-250 N/mm?2
18-24 kg/mm?2
2%

100-110x10"% /°C

0.005-0.008

Table B-2: Typical Mechanical Properties of Curved

Polyester Resin
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