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Abstract

The research regarding plate bonding technique presented here has been divided into flexure and
shear parts. The research regarding flexure has been further classified into experimental and theoretical
parts. In the flexure experimental part, first of all a large number of RC beams were damaged in flexure
by giving 10 mm central deflection. Then these flexure damaged beams were repaired by bonding steel
plates of different thicknesses on the bottom faces of the beams. In some of the plated beams end
anchorage was given to the plates by anchor bolts. Beams repaired by 1.00 mm and 1.5 mm thick plates
reached the theoretically predicted ultimate flexural strengths. Beams repaired by 2.00 mm and 3.00 mm
thick plate could not reach the theoretically predicted ultimate flexural strengths. In general ductility was
improved by giving end anchorage to the plates. The modes of failure of the beams repaired by 1.5 mm,
2.00 mm and 3.00 mm thick plates with and without end anchorage were due to the separation of the
plates at the ends. In the theoretical study a computer program was written based on the partial interaction
theory to determine the shear and peeling stresses at the interface in the epoxy bonded plated beams. This
program can be used for designing plate size for strengthening RC beams in flexure such that separation
of plates does not take place before the yielding of the plates. In the shear part of the research program,
first of all, RC beams having insufficient shear reinforcement were damaged in shear under four point
loading. Then these shear damaged beams were repaired by bonding jackets, U-strips, straight strips and
wings respectively in the shear spans. All the shear repaired beams showed improvement in strength and
ductility. However, the improvement in strength and ductility for the beams repaired by Jacket-A (full
encasement of the shear span) was maximum.
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Chapter |

INTRODUCTION

The strengthening and repair of structures or the replacement of structures
become nccessary when the performance of the structures with respect to ulti-
mate loads and scrviceability becomes unsatisfactory. In recent years emphasis
is being given to repair or strengthening of all types of structures in preference
to demolition or reconstruction because of the economic reasons. Thercfore,
strengthening and repair of structures have become as important as the design-
ing of new structures. Concrete structurcs built during the peak period of con-
struction are now showing defects. Cast-in-situ concrete structures are hardly
built under ideal conditions. There are various reasons behind the unsatisfactory
performance of the structures which follows:-

I. The performance of a structure may be unsatisfactory because of the
inferior materials used, unsuitable construction methods, poor work-
manship or failure to appreciate hazards associated with a particular
structural form or with prevailing weather conditions.

2. Sometimes, concrete mix design is unsuitable which can cause a variety
of defects such as severe honey combing and excessive shrinkage cracks.
Concrete mixes sometirnes satisfy strength requirements but do not sat-

isfy other requirements such as compactibilty and long term durability.
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Apparent savings in the cost of labour or formwork will produce defects
in the buildings.
Mistakes in design calculations and improper detailing of reinforcement
can causc problems in structurcs. For cxample for congested reinforce-
ment, concreting can not be done properly which reduce the strength of
the structural members considerably and cracks appear in these struc-
tures.
Damage due to fire, blasts and carthquakes may reduce the strength of
the structures. Due to fire concrete covers are broken which reduce the
strength. Earthquakes and blasts apply dynamic loads to the structures
because of which improperly designed structures show cracks and reduc-
tion in strength.
In order to change the function of a strucure from lower service load to
a higher service load. For example, for the conversion of an office build-
ing to a library building or to a ware house, the building must be
strengthened to meet the new functional needs.
Corrosion may reduce the area of conventional steel reinforcement and
thus the load carrying capacity of the structure reduces. In order to
regain the original load carrying capacity strengthening becomes neces-

sary.

Structures with unsatisfactory performance are not acceptable from the point of

view of safety as well as public acceptance. Such structures should be either

replaced by the new one and in case of structurally defective buildings strength-

ening operation should be carried out to get the satisfactory performance. The
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choice between these two alternatives depends on many important factors, such
as material cost, labour cost, time during which the structure may be out of usc
and disruption of other facilities such as plumbing, clectrical and HVAC facili-
tics in the buildings etc. Hence, replacement of structures is very expensive and
this is only done when there is no other solution. In the present cconomic cli-
mate, the second alternative has become much more attractive, particularly if a
simple and quick strengthening technique is available. In the past many struc-
tures have been strengthened by various techniques such as
1. Replacing non-structural toppings by structural toppings of light weight
concretes.

Providing extra supports to reducc the span lengths.
Stapling and guniting the stecl plates externally.

Using external prestressing.

“os WD

Polymer impregnation.

1.1 PLATE BONDING

With the invention of epoxy adhesives another technique of strengthening of
structures has been added to the repair world and because of its various advan-
tages this technique has become very popular.

Plate bonding technique may be defined as the technique in which a steel
plate of relatively small thickness, of the order of a few millimeter, is bonded
with epoxy glue to the reinforced concrete beams and slabs for improving their
structural behaviour and strength. Plated beams show control on cracks and

deflection and increased flexural stiffness [30] .
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ADVANTAGES OF PLATE BONDING

The following arc the most important advantages of the plate bonding tech-

nique.

1.

The site disruption is minimum in platc bonding as compared to other
repair techniques. Site disruption means breaking of structures during
repair. For plate bonding only the surface of the structural members is
abraded by sand blasting to makec the structural members rough for
proper adhesion.

The sizes of the structural members incrcase by almost a few millimeters
by strengthening them by plate bonding because the plates of about few
millimeters are bonded to the structurcs with epoxy gluc and thus the
clear height reduces only by a negligible amount. Also the increase in
the dead load of the structural members due to repair by plate bonding
is very small as compared to other strengthening methaods.

For the application of the plate bonding technique to strengthen struc-
tures minimum scaffolding and shuttering is required.

By plate bonding the structures can bec strengthened while in operation
because during application of this technique no vibration or noise is pro-
duced and hence normai activities can go unaffected. This is very
important advantage of plate bonding. Some bridges and buildings have

been strengthened while under operation.



1.1.2 HISTORICAL BACKGROUND OF PLATE BONDING
In spite of little data available into the performance of this technique, this tech-
nique has been used to strengthen many structures in the past. This technique
has been uscd to strengthen both buildings and bridges in Belgium [1] , France
[2,3] , Japan [4] , Poland [5] , South Africa [6] , Switzerland [7,8] and in the
United Kingdom [9,10,11].

A brief description of some of the buildings and bridges strengthened by this

technique is given in the following paragraphs:-

For the expansion and renovation of Fusslistrasse Telephone Exchange in
Zurick [12], Postal building department aftcr studying various alternatives came
to the conclusion that instead of dcmolition and reconstruction of exchange
building, which claimed high cost, the building had been strengthened to meet
the new functional needs. The first floor was strengthened by pouring a 12 cm
thick layer of lightweight mesh reinforced concrete over the cxisting 11 cm thick
reinforced concrete slab. The shear transmission bond between the two layers
was obtained by using araldite adhesive. The second floor was strengthend by

bonding steel plates on the soffit of the slab and the joists.

Hottingerstrasse Telephone Exchange in Zurick was constructed in 1914 in
which switching rooms were designed for 7kN/m? and secondary rooms were
designed for 2kN/m? . Later for the expansion of the exchange it was decided to
increase the load carrying capacity of the secondary rooms from 2kN/m’ to

7kN/m? . This objective was achieved by bonding steel plates to the soffit of the



6
joists and slabs. The steel plates bonded to the joists were also anchored by tic
rods to the concrete facade columns. Figurc | shows the reinforcement of
haunched ceiling in the exchange. Figurc 2 shows the anchoring detail of becam
recinforcement. The exchaﬁgc remaincd in operation during strengthening pro-
cess because reinforcement operation was donc dry and without vibration {13].

In order to increase the load carrying capacity, shopping centre at Spreiten-
bach, Switzerland [14] was strengthencd by this technique. A total of 216 steel
plates cach of 6 mm thickness, widths varying from 160 mm to 200 mm, and
lengths varying from 6600 mm to 7900 mm were used to strengthen the floor
above the ground. The repaired slab was not tested after repair. So the percent-
age improvement in the strength of the repaired slab was not reported. Figure 3
shows the reinforcement of floor above underground garage. Insulation has

been cut out in the vicinity of the external reinforcement.

In order to fit the air conditioning system in the Neue Hard Development
Building Zurick [14] , 22 triangular openings were made around the periphery of
the conventionally reinforced concrete floor. In order to compensate the loss of
the steel rods, 28 cranked steel plates of 10 mm thickness, 300 mm widths and
2150 mm lengths were bonded to the soffit of the floor and were covered with

fire resisting and heating materials as shown in the Figure 3 .

In Contraves AG Zurick [14] modifications at two locations at the edges of
a mushroom slab reduced the load carrying capacity of the slab. It was strength-

ened by bonding steel plates arranged in a crosswise pattern. A total of 26 steel



Figure I: Reinforcement of the haunched ceiling in the Hottingerstrasse tele-
phone exchange, Zurick.



ingerstrasse
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Figure 2: Anchoring detail of a beam reinforcement
telephone exchange, Zurick.



Figure 3: Reinforcement of floor above underground garage in shopping centre

at Spreitenbach. Insulation has been cut out in the vicinity of the
external reinforcement.



Figure 4:

Supplementary reinforcement between the new floor openings in
Neue Hard, Zurick. Heat insulation has already been applied.
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plates werc bonded. The plates of 6 mm thickness, 120 mm widths and 6600
mm lengths were kept in the upper layer and the plates of 12 mm thickness, 120
mm widths and 7300 mm lengths were kept in the bottom layer and werc milled

to accommodate 6 mm thick plates running in the perpendicular direction as

shown in Figure 5

In 1974 ALBA Aluminium Smelter Bahrain [14] was strengthened by plate
bonding technique. The appearance of cracks in the prefabricated concrete
frames, which support the melting ladles and transmit the load to the soil,
revealed that the load assumed in the designing of the frames was much less
than the actual applied load. These frames were strengthcned by bonding steel
plates of 8 mm thickness, 280 mm widths and 2850 mm lengths to the soffits of
the beams after injecting epoxy resin in the cracks. A strengthened concrete

frame of the Aluminium Smelter is shown in the Figure 6

This technique played a very important rolc in connecting the Swiss Indus-
tries Fair Parking Garage Basle [14] to one of the exhibition halls with the help
of an excalator. For this purpose an opening of 1.7 by 3.15 m was made in one
of the mesh reinforced concrete walls adjacent to the parking garage. In order to
compensate the removal of the reinforcing mesh, a steel frame 15 mm plate

thickness was bonded to both sides of the opening to act as shear reinforcement

as shown in the Figure 7



Figure 5: Lattice reinforced mushroom slab in Contraves AG, Zurick.
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Figure 6: Strengthened concrete frame in Aluminium Smelter Bahrein.



Figure 7: Installation of frame immediately following the application
adhesive in Swiss industries fair parking garage.

of the
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When Sclnau Telephone Exchange Zurick [14] was cxpanded, a 15 m long
three storcy conncction structure between the two cxchange buildings was
strengthened by external prestressing and by plate bonding. The two supporting
beams underncath the passageway were made wider and higher and were pres-
tressed at the midspan. Prestressing opcrations created tensile stresses in the
slab. To resist these tensile stresses steel plates were bonded to the under side of
the slabs and some plates were anchored to the main girders by tie rods. Figure
8 show thc strengthened prestressed concrete structure at the underside of the
passage. Figure 9 shows the reinforcement anchored at sides to absorb lateral
tensile loads. Figurc 10 shows the prestressed sides girders with strengthened
reinforced concretc slab.
In Japan [15] , over 200 bridges have becn strengthened by this technique.
All of these bridges became under designed because of the sudden increase in

the traffic intensity after the completion of the construction of these bridges.

J. P. Sevene [16] reported on the repair and the reinforcement of a bridge of
French ‘Route Nationale 186’ crossing the Saint Denis Canal. Because of the
closeness of this bridge to the water it was subjected to severe weathering. In

order to regain its original capacity the bridge was strengthened by plate bond-

ing.

Swanley Bridges in Great Britain were strengthened by plate bonding tech-
nique [17] . Some bridges of M25-M20 motorway intersection showed cracks

shortly after opening to the traffic. The review of the design showed the inade-
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Figure 8: Strengthened prestressed structure at the underside of the passage in
Selnau telephone exchange, Zurick.
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Figure 9: Bonded reinforcement for absorbing lateral tensile loads anchored at
sides in Selnau telephone exchange, Zurick.
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Figure 10: Prestressed side girders with strengthened reinforeced concrete slab
as scen from underneath in Selnau telephone exchange, Zurick.
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quacy of the reinforcement in one end section. These bridges were strengthened
by 6 mm thick, 250 mm widc plates of lengths varying from 3.0 m to 6.0 m. At
the end section of the slab three layers of the plates were used. Each strip was
12 m long and a total of 15 strips werc distributed across the width. Four steel
plates were bonded to onc another on the top side of the slab above pier. Strip
length was 12 m and a total of 21 strips were uscd in the entire width. Figure
11 shows the reinforcement of an end span. Figure 12 shows the reinforce-
ment of plate on the underside of the road way. Figurc 13 shows the top of
the slab above the pier. The sand bags were used to press the plates until the

hardening of the adhesive.

Gizenen Bridge, Muotta Valley was also strengthened by plate bonding
technique [14] . Strengthening became necessary to withstand the heavy truck
load carrying timber in Winter. First the damaged parts of the slabs were
repaired by epoxy resin mortar. The joints in thc roadway slab were structurally
closed and new cross beam was poured at thc same time. Main girders were
strengthened by bonding 15 mm thick and 200 mm wide plates. Transverse gird-
ers were strengthencd by 10 mm and 150 mm wide plates. The plates running
longitudinally were butted together under suspension ports. The joint was cov-
ered with butt strap of same cross-section. Figure 14 shows the testing of the
bridge after strengthening by plate bonding. Figure 15 shows the reinforced

main girders and cross ties. The butt straps are clearly visible on the outer main

girders.



AN,

Figure 11: Reinforcement of an end span in Swanley bridges.
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Figure 12: Reinforcement of the plate on the underside of the roadway in
Swanley bridges.



Figure 13:
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Bonding of the plates to thc top of the slab above the picr. The
sand bags were used to weigh down the plates until the hardening of
the adhesive in Swanley bridges. :



Figure 14: Testing of the
roadway slab.

Gizenen bridge following the reinforcement
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In 1975, in the United Kingdom, a group of four bridges at an interchange

on M5 motorway at Quinton were strengthencd by plate bonding. [18] . Each
bridge consists of a deck of voided slab of variable depth which is continuous
over three spans. The centre span of the deck is 27.4 m and side span is 7 m in
cach of the four bridges. This bridge complex was opened to traffic in 1970. In
1973 design checks showed that these bridges were under designed. Also close
inspection of thesc bridges indicated the presence of cracks on the critical loca-
tions on the underside of the decks. Strengthening operation was carricd out by
plate bonding without closing the bridges for normal traffic while restrictions on
heavy traffics were imposed during strengthening operations. A total of 1376
stecl plates were bonded to the curved under surfaces of the four bridges at the
interchange. The plates were mostly 254 mm wide, 6.5 mm thick and lengths
varying upto 3.6 m. At some locations effective thickness of the plates was
increased locally by bonding additional steel plates. Two types of adhesives were
used from different suppliers. Both adhesives were structural grade two-part
epoxy resins. This strengthening opcration took six months to complete. Fuil
scale loading tests were carried out on one side span and on half of the centre
span of one of the four bridges at the interchange. The load testing was done
with three single axle loads successively. Strains and deflections at various loca-
tions were measurcd. It was noticed that the bridges showed .impoved behav-
iour after strengthening with plates. Figure 16 shows the reinforcement of the
end sections. Figure 17 shows the procedure for installation of plates. Pressing

of plates was done by means of wooden wedges. Figure 18 shows one of the

reinforced end spans.
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Figure 16: Reinforcement of end sections in Quinton bridges. The steel plates
were shotblasted at the site.
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Figure 17: Installation of a plate in Quinton bridges. Pressing is being done by
means of wooden wedges.
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One of the reinforced end spans of the Quinton bridges.

Figure 18
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1.2 PROBLEM DEFINITION

I. FLEXURE PART

a.

Many researchers have done work to sce the performance of the
cpoxy bonded plated becams. The plated becams, bonded with
thin strips of stcel on the tension faces of the beams, showed
improved behaviour both at the service load and ultimate load
levels. But when relatively thicker plates were used separation
of the stecl plates took place starting from the cnds of the plates
and the beams failed not only without reaching the theoretically
predicted ultimate strengths but also showed lack of ductility.
It is recalled that for safety, structural members should have
enough ductility to give warning before failure.

The separation of plates at terminatc ends of plates takes
place due to high concentrations of shear and normal stresses
(peeling stresses). In order to overcome this problem of separa-
tion of the plates a limited study was performed by R.Jones [19]

He used anchor bolts and angle plates at the terminate ends
of the plates. He reported that anchor bolts improved the ductil-
ity but the separation of the platc at the ends could not be pre-
vented. Angle plates proved to be the best anchorage system
because they improved the ductility and prevented plate separa-
tion as well. However, angle plates are not suitable for wider
beams and can not be used for slabs. His study was not con-
firmed by others and did not clearly explain the stress state at

the terminate ends of the plate.
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Various researchers like R. Jones [19], T. M. Robert [20] and T.
M. Robert and Haji-Kazemi [21] have tried to give analytical
expressions for predicting shear and normal stresses at the inter-
facc of the concrete beams and steel plates. Robert’s [20] mcth-
od is approximate and R. Jones’” method [19] , based on simple
clastic theory, gives only average values of stresses at interface.
T. M. Robert and Haji-kazemi’s [21] analytical solution for pre-
dicting the shear and normal stresses at the interface is a very
complicated expression and is not amenable to hand calculations
even for very simple loadings. So there was a necd to write a
computer program for finding the shear and normal stresses at

the interface of the concrete beam and the steel plate.

2. SHEAR PART

Very minimum work has been done to strengthen the concrete bcams

damaged in shear, by bonding stecl plates externally.

1.3 SCOPE OF PRESENT RESEARCH WORK
1. FLEXURE

a.

PLATE SEPARATION

In order to overcome the problem of plate separation anchor
bolts were used. The variable studied werc depth of anchor bolts
and layout of anchor bolts when more than one anchor bolts at
each end of the plate were used. The complete detail of the
anchoring systems used to overcome separation will be given in

chapter 3.
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b. PREDICTION OF SHEAR AND PEELING STRESSES
A linear finite difference computer program based on partial
interaction theory [22] for predicting shear and normal stresses
at tne interface of the concretc becam and the plate in cpoxy
bonded plated beams has been written. The curtailment of the
plate beforc the supports of the beam has been done in a unique
way.
2. SHEAR
Various types of external shear reinforcements such as jackets, straight
strips , U-strips and wings werc used to repair RC beams damaged in
shear and the improvement in strength and ductility for different types

of strengthening arrangements has been compared.

1.4 RESEARCH SIGNIFICANCE

This research has been motivated by the fact that, with the vast increase in the
oil revenue, the economy of Saudi Arabia was improved and a lot of buildings
and bridges were constructed rapidly. Most of the construction was done by
foreign companys who were not familiar with the climatic conditions of the
Kingdom and also no local building code was available during the time of con-
struction. After the completion of construction, some structures began to deteri-
orate because of the climatic conditions and because of the improper design
loads taken for the design of these buildings and bridges. For economic reasons
many damaged buildings and bridges have to bc repaircd by plate bonding.

These facts motivated to investigate the performance of plate bonding technique.
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Also the present work is a part of the continued research in the plate bonding

technique all over the world.



Chapter I
LITERATURE SURVEY

(FLEXURE PART)

Investigations into the performance of the plate bonding technique started in
1960s [23-25] . A lot of experimental work has becn done to study the perfor-
mace of this technique. A limited theorctical studies have also been made to
determine the shear and peeling stresses at the interface in the epoxy bonded
plated beams. In the present chapter, review of the sclected experimental and

theoretical studics is presented.

21 REFERENCE 28

Irwin in 1975 [28] reported the test result of beams strengthened by plate bond-
ing in flexure. He tested two RC beams one with bonded steel plate and one
without steel plate. It was found that the crack width in the beam with bonded
steel plate was significantly less than that of the beam without steel plate. The
failure in the beam with bonded plate took place due to separation of the plate.
Then the plate was removed and both beams were loaded upto failure and both
beams showed the same moment capacity. However, plated beam showed higher
moment capacity during the first cycle of loading, before the separation of the

plate. The capacity of the plated beam suddenly dropped down due to the sud-

den separation of the plate.
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2.2 REFERENCE 33

In 1979, A. 1. J. Calder [33] reported the test results of unrcinforced concrete

beams exposed to different environments upto two years. A total of 300 beams

of size 508 mm x 102 mm x 102 mm were cast with a compressive strength of

48 N/mm? . The stcel plates of widths and thicknesses equal to 38 mm and 3

mm respectively, and of the same length as that of the bcam were bonded to one

face of thc beams with glucline thickness of 0.5 mm. Some beams were kept

under uncontrolled conditions (Preliminary) and some were kept under control-
led laboratory conditions. Some beams were placed at Silverdale, Pilsey and

Tinscly sites having different environmental conditions for cxposurc. Some

bcams were kept in loaded state and some in unloaded state. It was planned to

do testing of the beams placed under different conditions after one, two, five
and ten ycars. But this report by A. J. J Calder, covers only test results of only
one and two years of cxposure.

Bending tests and observations of the fractured surfaces and shear tests of
glues were performed. The results which were obtained upto two years of expo-
sure are summarized below.

I. The corrosion took place at the steel/glue interface in all the specimens
which were exposed to natural environments. Because of this corrosion
at the steel/resin interface, some reduction in strength took place in the
exposed specimens as compared to the controlled laboratory specimens
in which corrosion did not take place.

2. It was considered that corrosion in the exposed specimens was due to

the migration of moisture from concrete to the steel plate passing
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through the glue layer. Microcracking, in the broken picces of the gluc,
which were extracted from broken beams, was observed.

3. The analysis of results showed that there were significant differences of
results for beams which were exposed to different environments and
between loaded and unloaded specimens. No significant difference in the
results of becams were found which were tested after one or two years of
exposure.

4. The load applied to the beams decreased to about 70 % of the original
value after first 8 month of exposure.

5. The stress carrying capacity of the glue reduced significantly after two
years of exposure but it was still greater than that of the concrete.

6. A significantly higher area of steel platc was rusted after two years of

cxposure as compared to one ycar of exposure.

2.3 REFERENCE 26
In 1980 R. Jones, R. N. Swamy, J. Bloxham and Bouderbalah [26] published
the cxperimental data on the effects of glueline thickness , plate lapping, multi-
ple plates and on the effects of precracking prior to bonding. Their experimental
program consisted of three series of beams, that is, series A, series B and series
C.

In series A, eight beams of length 710 mm and 150 by 150 mm in cross-
section, were used. All the beams were strengthened by 500 mm long, 100 mm
wide and 1700 mm thick steel plates. Two types of glues, A and B were used.

All the beams of this series were without longitudinal reinforcement. Beams Al
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and A2 had no shear rcinforcement. All the other beams of this series had shear
reinforcement to prevent shear failure outside the plated length. Table | gives

the detail of glue layers for these beams.

Table 1: Detail of beams of series A
Beam Glue Glueline Profile
1D. Type Thick. of Glueline

(mm)>

Al A 4.0 Uniform glue thickness
A2 B 4.5 Uniform glue thickness
A3 A 3.5 Uniform glue thickness
A4 B 5.0 Uniform glue thickness
A5 A 3.8 Tapering glue Thickness
A6 B 4.0 Tapering glue thickness
A7 - - Unplated beam
A8 - - Unplated beam
The glueline thicknesses given above are the average thickesses at mid-
span of the beams.

All the beams were tested simply supported, under centre point loading, over an
effective span of 610 mm. The load deflection curves for beams A2, A4, A6 and
AR8 are shown in the Figure 19 .

From the load-deflection curve of beams of series A, it is clear that the beam A4
with shear reinforcement at support showed better performance than the compa-

rable beam A2 without shear rcinforcement. Beam A6 with tapering glueline
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showed higher stiffness in the beginning than that of the bcam A2 with uniform
glucline. But at higher loads with cracking in the glue, stiffness for this beam
became less than that of the beam A2. Comparing the load-deflection curves for
plated bcams A2, A4 and A6 with that of plain concrete becam AR it was

observed that bonded steel plates

1. Increase the range of elastic bchaviour.
2 Increasc the stiffness of the beams.

3. Increase the ultimate flexure capacity.
4 Increase the ductility of the beams.

Series B consisted of ten plain concretc beams of length 1200 mm, and
width and depth of 100 mm and 150 mm respectively. With the help of the
beams of this serics, the effect of uniform glueline thickness, lapping of plates
and the provision of notches at the soffit of thc beams were studied. The notches
were triangular. All the beams of this series had shear reinforcement at the sup-
port. The piates used to strengthen these beams were 1000 mm long 75 mm
wide and 1 mm thick. Table 2 gives the strengthening details of the beams of
series B.

The load-deflection curves of beams of series B were drawn and are shown in
the Figure 20 . Load-deflection curves of unplated beams B5 and B8 with and
without notches at the bottom are almost same which means that the prescnce
of notches at the bottom in the unplated beams had no adverse effect. Plated
beam B10 with notches at thc bottom showed marginally better behaviour than
plated beam B2 with uniform glue thickness. Also beam B4 with lapped plates

showed better performance than beams B2 and B10.
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Beam Average
Glue

ID. Thickness

B1 3.5

B2 3.0

B3 5.0

B4 3.0

B5 -

Bé -

B7 -

B8 -

B9 3.5

B1l0O 3.0

Glue
Tvpe

A

B

A

B

Table 2: Detail of plain concrete test beams of series B

Glue Layver
Profile

Uniform glue thickness
Uniform glue thickness
Uniform glue, lapped plates
Uniform glue, lapped plates
Unplated beam

Unplated beam

Unplated, notched beam
Unplated, notched beam
Plated, notched beam

Plated, notched beam

The glueline thickness given is average glueline thickness at mid-span.

Strains were measured over the depth of typical beams for series A and

series B. Figure 21 show the strain distribution for beams A2 and BS respec-

tively. From these diagrams it is clear that the assumptions that plain section

remain plain is valid for plated beams. These diagrams also show that the strain

distribution remain linear in compression zone over the full elastic range. But in

the tension zone it remains linear at low loads but at higher loads they become

non-linear due to cracking of the concrete. Movement of the neutral axis

towards the compression face with increasing load is also clear from these dia-

grams.
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In scries C, a total of sixteen becams were tested. Beams Cl to C8 were
designed to determine the effect of glucline thickness from 1.6 to & mm. Two
beams were tested with one glucline thickness for repeatability. These bcams
were tested with single point load at the centre. Table 3 shows the strengthen-
ing dctail of beams CI to CR. The load-deflcction curves for these were drawn.
It was found that the stiffness of the beams increases by increasing the thickness

of the glueline.

Table 3: Detail of beams of serics C from CI to C8
Beam Adhesive Steel plate Plate
ID. Thickness area Detail

mm mm

ci,Cc2 - 0 unplated
C3,Cq 1.6 128 Sinlge plate
C5,Cé 4 128 Single plate
c7,c8 8 128 Single plate

Beams C9 to C12 were designed to see the effect of changing the mode of failure
by changing the load position. These beams were tested with two point loads.
Beams C9 and Ci0 were kept unplated. Beams C11 and Cl12 were plated
beams. In Beams C9 and Cl12 a/d ratio was kept equal to 2.8. In beams CI10
and Cl11 a/d ratio was kept equal to 1.9. Unplated beam C9 (a/d =2.8) failed

by crushing of concrecte whereas unplated beam CI10 (a/d =1.9) showed flexure
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and shcar cracking and failed in combined flexure shear mode. Plated beams
CI1 (a/d=1.9) and C12 (a‘d =2.8) both failed in shear and showed ali the con-
ventional cracking characteristics of shear failures. However plated beam C12
(a/d =2.8) showed more shear capacity than that of the beam C11 (a/d = 1.9).

Beams C13 to C15 were used to study the cffect of plate lapping and multi-
ple plates. Thesc beams were tested under single point load at centre. Beam C16

was cracked prior to bonding. Table 4 shows the strengthening detail of these

beams.
Table 4: Detail of becams Cl13 to CI5.
Beam Adhesive Plate Detail of
ID. thickness area Plate
Cl3 1.6 128 Single plate lapped
Cla 1.6 192 1-1/72 plates
C15 1.6 256 2 plates
Cleé 1.6 128 single plate

Figure 22 shows the load deflection curve of these beams. From these curves it
is clear that the stiffness of the beams increases with increasing the area of the
external reinforcement. Beam with lapped plates show higher stiffness and ulti-
mate load than beam with single plate of the same area. Precracked plated beam
show improved strength and stiffness as compared to original beams but these

values are maginally less than those of the plated as-cast beams.
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2.4 REFERENCE 27
In 1982, R. Joncs, R. N. Swamy and T. H. Ang [27] reported the test results of
under and over-reinforced RC beams strengthened by bonding steel plates exter-
nally. Eight beams were used in this study. All the beams were of the same
dimensions. The bcams URBI, URB2 , URB3, URB4 and URBS were under-
reinforced and the beams ORBI, ORB2 and ORB3 were over-reinforced. The
beams URBI1 and ORBI were tested as unplated beams. The beams URB2,
URB3, URB4 and URBS5 werce strengthened by 1.5 mm, 3 mm, S mm and 10
mm thick plaies on the tension faces. The bcams ORB2 and ORB3 werc
strengthened by bonding 5 mm thick plates on the tension and compression
faces respectively. The analysis of the plated scctions, based on actual stress-
strain diagram, showed that by the addition of plates bcam URB4 became bal-
anced section and beam URBS became over-reinforced section. The width of
plates in all the beams was 80 mm. The Glucline thickness in all the beams was
3 mm. All the beams were tested simply supported with two point loads applicd

at the ends of the middle third.

241 DEFORMATIONAL BEHAVIOUR

Figure 23 shows the load-deflection curves of all the beams used in this study.
Load deflection curves of beams URB1, URB2, URB3, URB4 and URBS5 were
compared. It was seen that the stiffness of the beams increases by increasing the
cross-sectional area of the bonded plates. Comparison of the curves of ORBI,
ORB2, ORB3 shows that bonding the steel plate on the compression face has

less effect on increasing the stiffness than that by bonding the plates on the ten-

sion face.
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Figure 23: Load decflection curves of beams URBI, URB2, URB3, URB4 and

URBS.
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2.4.2 COMPOSITE ACTION
For this purposc the results of beam URB2 arc sclected. This beam failed in
pure flexure mode. The maximum experimental moment sustained and theoreti-
cal moment calculated assuming full composite action, showed very good agree-
ment. From this it can be concluded that full composite action can be obtained

if gluing opcration is done properly.

2.4.3 CRACKING

The load vs average crack widths in the middle third of the beam were drawn.
It was noticed that the external plating control the cracking. Hence service load
increase by the addition of plates. These curves for beams ORB2 and ORB3
were compared and it was found that the addition of plate on compression face
has less effect on the control of cracks as compared to bonding the plates on the
tension face. Avcrage crack height and spacings were mcasured in the middle
third region. The plating has little effect on the spacing of cracks for beams
URB2 to URB4 but crack height reduces as the plate thickness increases. How-

ever, the results of beam URBS5 were not consistent with the above mentioned

behaviour.

244  EFFECT OF PLATES ON THE COMPRESSION FACE
The bonded plates on the compression face improve the structural behaviour of
the beams with respect to original unplated beams. But the improving effect was

less as compared to bonding similar plates on the tension face.
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245 EFFECTS OF PLATE THICKNESS
The bonded plates increased the flexural stiffness of the beams with correspond-
ing decreases in deflection and rotation. The increase in the bending stiffness for
thicker plates was morc as compared to thinner plates. The bonded platcs
increased the ultimate strengths of the basic beams in all cases. Thicker plates
gencrally had greater effect, but the mode of failure changed from yielding to

scparation as thc plate thickness increased.

25 REFERENCE 29

In 1982, M. D. Macdonald [29] reported the test results of seventeen bcams
on the flexure performance of concretc beams with various bonded cxternal rein-
forcement. Seventeen beams of length 3.5 mm, width 150 mm and over all
depth 250 mm, bonded by external plates werc tested under four point loading.
The variable studied were different adhesives, plate geometries, a jointed plate,

glueline thickness , partial bonding and multilayered plates.

2.5.1 TYPE OF ADHESIVE

This study was done on the piated As-cast beams. Three types of adhesives
were used for comparison with same plate size. All the beams with different
adhesives behaved in the same manner with respect to load-deflection character-
istics. There was a significant effect on the cracking pattern of the type of the
adhesive used. With stiff adhesives closely spaced cracks were obtained while
with flexible adhesive crack spacing obtained was almost similar as in the As-
cast beams. Using stiff adhesive, the load for first visible crack was high. But
for the beam with flexible adhesive first crack load was same as that for the

As-cast beam. Therefore, stiff glue was recommended for use.
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2.5.2 PLATE GEOMETRY
In order to prevent the failure by platc separation b/t ratio was varicd for the
plates but the arca was kept same. This study was donc on plated As-cast and
plated pre-cracked beams. The behaviour of plated As-cast beams bonded with
plates of b/t ratios of 12, 24, 57 and 142 respectively was studied. For the
beams bonded with plates of b/t ratios of 12 and 24 failure was by the tcaring
of concrete at the terminate end of the platc. For beams bonded with plates of
b/t ratios of 57 and 142 pure flexure failurc was obtaincd. On this basis b/t
ratio for the plates equal to 60 was recommended to avoid failure by the tearing

of concrete at the terminate end of the plate.

2.5.3 EFFECT OF PRECRACKING

For this purposc beams bonded with plates of b/t ratios of 24 and 142 were
sclected. Strengthening of precracked beams was done while under load. With
further increase in load the plates came in action. Then load-deflection curves
for plated precracked and plated as-cast beams followed almost the same path
indicating that there is no adverse effect of precracking on the behaviour of the
plated beams.- From this it was concluded that this technique can be used to

strengthen the precracked structures.

254 EFFECT OF MULTIPLE PLATES

This study was done on the precracked beams. For this purpose results of test
14 and test 19 were selected. Beam of test 14 was strengthened by a single plate
of width and thickness equal to 85 mm and 3.6 mm respectively. Beam 19 was

strengthened by three plates of width and thickness equal to 47 mm and 2 mm
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respectively. The arca of the external rcinforcement in both cases was samc.
The ultimate load obtained for the beam with multiple plates was less as com-

pared to that of the beam with single plate.

2.5.5 EFFECT OF PARTIAL BONDING

For this purpose the results of beam 14 and 18 were comparced. In bcam 18
plate used was 3500 mm long. The plate was bonded only over a distance of
250 mm at cach end. The interior plate length was debonded by using polythene
sheeting and grease. The partial bonding had no adverse effect. The gain in
strength and stiffness was same as that for the beam with fully bonded plate but
the distribution of cracks was like that of the As-cast beam because there was
no distribution of strains in thc unbonded length. It was also noticed that the

stecl plate strain in the unbonded length was uniform with plate acting as an

unbonded tendon.

2.5.6 EFFECT OF GLUELINE THICKNESS

For this purpose, results of beam 14 and beam 17 were compared. The glucline
thickness for beam 17 was higher than that of the beam 14. The load-deflection
curve for the beam 17 was a little lower than the load deflection curve for the
beam 14. The beam with thick glueline had marginally less stiffness and less

ultimate load as compared to those of the beam with thin glueline.
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2.5.7 EFFECT OF JOINTED PLATE

Test results of beam 14 and 16 were comparcd. Beam 16 was strengthened with
a jointed plate and beam 14 was strengthened using a single full plate. The
load-deflection curves of these beams showed marginal differences from each

other, that is, using jointed plates had no adverse effect on the behaviour of the

beam.

2.5.8  ULTIMATE LOADS

By the addition of plates average ultimate loading capacity increased by 40 per-

cent both for As-cast and Pre-cracked bcams.

259 EFFECT OF PLATING ON STIFFNESS
Stiffness increased by 190 % for beams which were strengthened without pre-
cracking and it increased to 250 % for beams which were strengthencd by exter-

nal plates after cracking upto 0.1 mm crack width, in the constant moment

region.

2.6 REFERENCE 34

In 1982, G. O. Lloyd and A. I J. Calder [34] reported, on the basis of micros-
tructural analysis of concrete/resin interface system using marker solution and
electron microscopy, that there exists cracks and pores in the concrete and epoxy
layer through which moisture travel and reach the stecl plate and cause corro-
sion in the epoxy bonded platcd beams. They also reported that the use of prim-

er on the steel plate is better for resisting corrosion.
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2.7 REFERENCE 30
In 1987, R. N. Swamy, R. Jones, J. W. Bloxham [30] presented the test results
of 24 cpoxy bonded plated beams. All the bcams were 155 mm by 255 mm in
cross-scction and 2500 mm lengths. All the beams were reinforced with three 20
mm dia. bars as the main reinforcement. The shear spans werc provided with 6
mm diameter links at a spacing of 75 mm centre to centre. All thc beams were
tested over simple span of 2300 mm. Variables studied were effect of glued steel
plates on the first crack load, cracking behaviour, structural deformations, ser-

viceability loads and ultimate strength of strengthened reinforced concrcte

beams.

271 FIRST CRACK LOAD

The theoretical and experimental first crack loads were compared for plated and
unplated beams. The ratio of experimental and theoretical first crack loads for
unplated beams was 1.12 but for plated beams it increased to 1.38. The increase
of the ratio show the restraining effect of glue and plate on the first crack load.
It was found from the test results that the first crack load increase with increas-
ing glueline thickness for beams with plate thickness of 1.5 mm. For higher plate
thicknesses first crack load show a tendency of decreasing with increasing glue-
line thickness. However, this increase or decrease of first crack load, with
increase in glueline thickness was marginal. Neither the first crack loads nor the
service loads were constant. Both of these loads were changing with the thick-
ness of the bonded plates. The ratio of first crack load to service load for the
unplated beams was 0.35. This ratio for the beams bonded with 1.5 mm, 3.00

mm and 6.00 mm thick plates was 0.45, 0.37, 0.32 respectively. It was seen that
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the first crack load showed marginal change with increasing the arca of the steel
plate. Tt was obscrved that lapping of plates, variable glucline thickness and

presence of V-notches had practically no effect on the first crack load.

2.7.2 DEFORMATIONAL BEHAVIOUR

Figure 24 show the load-deflection curves for beams 201, 202, 203, 204 ,205 and
206 respectively. Comparison of the load-deflection curves of beams 203, 204,
206 show that with increasing the plate thickness (other variables constant) stiff-
ness of beams increascs. At the bottom face in beam 201 no glue layer was
applicd. But at the bottom face of beam 202 glue was applicd but no platc was
bonded. Comparison of thc load deflection curves for beams 201 and 202
show the stiffening effect of the glue layer. Beam 202 showed higher stiffness
than that of the becam 201. Load-deflection curves of beams 204 and 206 show
that beam with multiple plate has marginally higher stiffness. From these
curves it is also clear that stiffness of all the beams is different at different load
levels. It was also observed that the stiffness of the beams increases with
increasing the thickness of the glucline. It was also noticed that the stiffening
effect was much more influential in reducing the rebar strain and i)late strain
than on reducing the deflection. This has significance because the rebar strain
control the cracking in the concrete and steel plates provide restraining medium

to crack initiation.
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2.7.3 COMPOSITE ACTION
The strain measurements in all the beams showed yielding of the plates in case
of .5 mm and 3 mm thick plates. Upon unloading the plastically deformed
plates warped away from the concrete. It was scen that the failure took place in

the concrete but not in the glue/concrete interface or plate/gluc interface.
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2.74 SERVICEABILITY

The externally bonded plates substantially reduce the deflections and rotations,
steel bar strain and cracking. The load carrying capacity at the serviceabilty
limit state increases with increasing the plate thickness. Effect of precracking on
the serviceabilty loads was studied. It was found that the serviceabilty loads

increase with increasing the plate thickness for the precracked beams.

2.7.5 ULTIMATE LOADS

The experimental ultimate loads for plated and unplated beams were compared.
The beams with 1.5 mm, 3.00 mm thick plates showed higher ultimate loads as
compared to that of the unplated bcams. But beams with 6 mm thick plates
gave less ultimate load as compared to that of the beams with 1.5 mm and 3
mm thick plates because of premature failure due to plate separation. The ratio
of ultimate load to service load for unplated beam was 2.32. This ratio
decreased by increasing the plate thickness. Lapping of plates also lowered this

ratio. Precracking of beams had no adverse effect on this ratio.

2.7.6 MODES OF FAILURE

Beams with 1.5 mm thick plates (b/t=283.3) showed pure flexure failure. Beams
_with 3 mm thick plates (b/t=40.3) showed a combination of shear/bond failure.
. However, flexure was predominent because failure occurred due to separation
_after yielding of plates and rebars. However, with 6 mm plates failure took place
due to separation of plates. It was recommended tentatively that in order to

obtain the pure flexure failure the following conditions should be met
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1. The ratio of width of plate to the depth of plate should be kept equal to
50
2. The ratio of depth of neutral axis to the cffective depth of beam should

be kept cqual to 0.4

2.8 REFERENCE 19

In 1988, R. Jones, R. N. Swamy, A. Charif [19] presentcd a theoretical study
bascd on simple clastic theory to decterminc average bond stresses anywhere
along the external reinforcing plate at the interface level. Figurc 25 shows an
element of a beam away from the plate cut-off. The bond stress at the glue/
plate interface is given by the following expression :-

_ VApypa D

(1)
Ipr

fbp

Where
V is the shear force.

A is the cross-sectional area of the bonded platc.

VA is the distance from the neutral axis to the mid-plane of the plate.

a, is the modular ratio E

/E

conc.

L; is the transformed second moment of area. .

b, is the width of the bonded plate. It was shown that the bond stress at glue/
plate interface and glue/concrete interface is almost same. The bond stress in
the end region taking into account the effect of plate cut-off was also found.

Figure 26 shows the end region of a plated beam defining the variables L and X

. The average bond stress over the length X is given by
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Figure 25: Element of a typical plated beam.
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f, =[l+=]—EEF (2)

The lengths L and X are of the same order of magnitude. This cquation show
that at the end of the plate the bond stresses arc high as compared to the interi-
or region. Also tapering of plates at the end and using multiple plates with cur-
tailment, will not reduce the average bond stress because in such a case, at fail-
ure the value of V will become high and values of X, AP and I, will decrease.
Similarly an expression for peeling force at the interface was derived. For
the simple case where the average bond stresscs are constant in the anchorage
zone and the peeling force reduces to a single point load at the end of the plate
of magnitude M,, which for glue/concrete interface is given by the following

expression:-

t
L
= L2 —_
Mxy VypapAp(tg+ 2)[1+?] (3)

Where

t, is the thickness of the glue.

t, is the thickness of the bonded plate. The other terms in the above equation
have already been explained. This equation suggests that the peeling forces can
be reduced by reducing A, t,t, and L and by increasing X . It was suggested
that glues with lower elastic modulus gives higher values of X . However, the
research on this aspect is being done at Sheiffield and Dundee Universities.

In order to investigate the problem of sudden failurc by plate separation,

seven beams of size 155 mm x 255 mm %2500 mm were tested over a simple
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span of 2300 mm with loading applied at 3rd points. These beams werce desig-
nated as F31, F32, F33, F34, F35, F36 and F37. The glucline thickness was 1.5
mm and the width of plates was 125 mm. Table 5 gives the summary of the

strengthening detail of these beams.

Table 5: Summary of strengthening detail of beams
Beam Strengthening Detail
No.
F31 One 6 mm plate
F32 Two 3 mm plates curtailed
F33 One 6 mm plate tapered
F34 As F31 + Bolts
F35 As F32 + Bolts at End and at Curtailment
F36 As F31 + One short and one long anchor Plates
F37 As F31 + Short end Anchor Plates

The complete strengthening and anchorage detail of all the beams is shown in
Figure 27 and Figure 28 .

The external reinforcement was designed in such a way that the theoretical ulti-
mate strength for all the plated beams was equal to 283 kN. Figure 29 shows
the load deflection curves for all the beams.

The failure of the beams F31, F32, F33 took place in tearing mode at loads 182,
208, 191 kN respectively. Beams F34, F35 gave composite behaviour upto 200
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kN, 210 kN respectively. Then debonding took place at the end of the plates at
these loads. Tearing action took placec away from the bolts and ultimately the
failure was by the crushing of the concrete, without yiclding of the stecl plate.
The L-shaped anchor plates were the most effective anchoring system used in
beams F36, F37. Thesc beams reached full theoretical ultimate capacities. From
the test results following conclusion were drawn:-

1. Curtailed multiple plates and tapered plates did not help in changing
the mode of failure from the tearing mode to pure flexurc failure as
shown by the analysis and by the test results.

2. With anchor bolts ductility was improved but tearing of the concrete
could not be prevented. However, flexure failure was obtained.

3. With angle plates not only the ductility was improved but also there was
no tearing of concrete at the terminate ends of the plates.

4. Very high shear stresses are produced at the terminate end of the plate
with a limiting value equal to

ﬁ X tensile splitting strength of the concrete

2.9 REFERENCE 31 .

In 1989, R. N. Swamy, R. Jdnes, A. Charif [31] published the test results of
nine rectangular beams to show that the plate bonding technique can be used to
strengthen the precracked beams in the loaded and unloaded states. All the
beams were identical with respect to dimensions, internal reinforcement and
material properties of both concrete and steel. These beams were divided into

three series. Each series was consisted of thrce beams. Series 1 beams (FOI,
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F02, F11) were uscd as control beams. Beam F0Ol was tested without plate and
adhesive and F02 was tested with 3 mm adhesive layer at the tension face and
F11 was tested after bonding 1.5 mm thick platc with glucline thickness of 1.5
mm. Series IT becams (F12, F13 and F14) were loaded upto 30 %, 50 %, 70 %
respectivly of the maximum experimental load of the control bcam FO1 and then
were repaired in the unloaded statc. All the beams were tested after curing of
gluc. Serics 1T beams ( F22, F23 and F24) werc also loaded to 30 %, 50 %
and 70 % of thc maximum experimental load of control beam FOI and were
strengthened by bonding steel plates of 1.5 mm with glucline thickness of 1.5
mm in loaded state. Thesc beams werc kept under load for two wecks to allow
the epoxy adhesive to cure. No anchorage arrangement was used. All the
beams failed in flexural crushing and no separation of the plates was observed.
Figure 30 and Figure 31 show the load-deflection curves of beams of serics 11
and series I11 respectively.
1. The load-deflection curves for all the thrce series of beams were drawn.
Comparison of the load deflection curves of the plated beams showed
that this technique can-be used to strengthen the structures which are
_pre-cracked. Comparison of the load-deflection curves of beams of series
II and beam F11 showed that all the beams showed almost identical
behaviour. Load-deflection curves of beams of series III and F11 were
compared and it was noticed that beam F11 had only slightly higher
ultimate loads but almost same stiffness as that of the beams of series
III. Series 11l beams gave more deflection because of the creeping effect

due to sustained loading of two weeks. So, it was concluded that this
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technique can be used to strengthen the damaged structures while
under load.

2. Strain distributions over the depth of the concrete beams for all the
three scries of beams at crack load, service load and ultimate loads were
drawn and it was noticed that the st}'ain distribution diagram maintain
rcasonable lincarity upto ultimate load justifying the assumption that
plane scction remain planc on which all elastic and failure models
depend, that is, basic laws of mechanics can be applied to plated con-
crete beams. But the sclection of appropriate glue is very important for
this assumption to hold.

3. Load vs mean crack width at the level of the main steel were drawn for
beams FO1, F02, F11, F14 and F24. It was noticed that the bonded
plates control crack width effectively in structurally damaged RC beams

strengthened in the loaded and unloaded state.

2.10 REFERENCE 20

In 1989, T. M. Roberts [20] provided a simple, approximate procedure for pre-
dicting the shear and normal stress concentrations in the adhesive layer of the
plated reinforced concrete beams. Robert performed the analysis in three stages.
During the first stage stresses were determined assuming full composite action
between reinforced concrete beam and epoxy bonded steel plate. During the
sccond and third stages the analysis was modified to take into account the actu-
al boundary conditions at the end of the stcel plate. The complete solution was

obtained by superposition. The solutions for shear and normal stress were sim-
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plified and the simplificd cxpressions for shear and normal stresses at the end of
the plate are given below.

The shear stress at the ends of the plate at interface is given by the following

expression.
Ks 172 bpdp
I0=[F0+(Fb—d-) MO] 16 (hp—h) (4)
PPP a

The normal stress at the ends of the plate is given by the following cxpression.

K

n

4E 1
Ppp

1/4

09= I()dp( ) (5)

Where F is the global shear force in the beam at the terminate end of the plate.
E_ is the elastic modulus of the steel plate. M, is the global bending moment at

the terminate end of the plate. I is the moment of inertia of fully composite

transformed stecl section. K_ is the shear stiffness of the glue per unit length, K_

is the normal stiffness of the glue per unit length The other terms in the cqua-
tions (4) and (5) are explained with the help of Figure 32

Where b, and d, denotes the width and depth of steel platc. Similarly, b_ and d,
denote width and depth of concrete beam. b, is the width of the glue layer. h,
and h_ are the effective depths of conventional reinforcement and the external
plate reinforcement. A, is the arca of the conventional steel reinforcement. The
equations (4) and (5) under estimates the shear and normal stresses upto 30 %.

It was suggested, therefore, that wherever M, appears in the solution, it should

be replaced by M™ which is the value of the global bending moment cvaluated at



Figure 32: Cross-scctional view of a plated beam.
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(d +d)

a distance x=°—2L from the end of the steel plate. This modification result-

cd in satisfactory corrclation with the solutions based on the partial interaction

theory.

211 REFERENCE 32

In 1990 Sadaatmancsh and Ehsan [32] reported the test results of five beams.
Onc beam was kept unplated and is called control beam. All the beams were of
the size 3.5in.% 6 in. X 66 in. Four of thesec bcams were bonded with GFRP
plates of width and thickness of 3 inch and 1/4 inch respectively. These four
beams were designated as A, B, C and D. In these four beams different epoxics
were used for bonding. The epoxy glue used for bcam A was very flexible. The
epoxy glue used for beam B was stiffer than that for beam A. The epoxy glue
used for beam C was stiffer than that for beam B. The epoxy glue used for
beam D was stiffer than that for beam C. All the beams were tcsted simply
supported over a clear span of 60 inches with two loads symmetrically placed

about the mid-span. The test results of these beams are discussed here briefly.

2.11.1 DEFORMATIONAL BEHAVIOUR

Load-deflection curves for all the beams were drawn and their behaviour was

studied.

I. Beam A showed marginally higher initial stiffness as compared to con-
trol beam. Because the cpoxy was very flexible to transfer shear between
plate and concrete beam, therefore, no improvement in ultimate strength

was obtained.
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The increase in the stiffness of the becam B was more than that of beam
A. Large shear cracks appearcd and failure was imminent so the beam
was unloaded and C-clamps were used to increase the shear strength.
The beam was reloaded till failure. The failure took place due to scpara-
tion of plate at the bondline because in the first cycle of loading bond-
linc was damaged due to shear cracks.
C-clamps were used to prevent premature shear failure. Beam C
showed more stiffness than that of the control beam. Epoxy C per-
formed very well and no bond failure occurred throughout the entire
range of loading. Failure occurred due to tearing of concrete above the
bondline.
This beam was strengthened by using the most rigid cpoxy among the
four. In this casc the failure occurred after cracking of concrete in ten-
sion due to separation of platc with a shatter sound. The failure was at

bondline, that is, in the epoxy layer.

It was concluded that

1.

GFRP plates can increcase the strength of concrete beams provided the
plates are bonded to the concrete beam with a suitable glue.

The selection of €poxYy, in strengthening the beams successfully , is very
important. The epoxy should have sufficient strength and stiffness to
transfer the shear force between the plate and the concrete beam. It
should be tough enough to prevent bondline failure due to the cracking

of concrete as was observed in the beam D.



Chapter IH
EXPERIMENTAL PROGRAM

(FLEXURE PART)

3.1 PREPARATION OF BEAMS

The experimental program consisted of two scries of beams and named as
Series-B and Series-MF beams. The beams of both scrics were designed such
that they would fail in flexure under four point loading in the loading sct up
which will be explained later. The shear strength of these beams was morce than
the flexure strength. The beams of both séfics were 150 by 150 mm in cross-
section and 1250 mm in length. However, there were some differences in the

reinforcement and in the material propertics of the beams of the two series.

3.1.1 BEAMS OF SERIES-B

The casting of these beams was done in the yards of Al-Moraba contracting and
construction company. Cylinders of 150 mm dia. and of 300 mm length were
also cast for finding the strength of the concrete. The curing of the beams and
cylinders was done for 28 days under gunny bags by sprinkinlg water over them
intermittantly. The average cylinder strength of concrete for these beams was
found to bc 31 MPa. Thesc beams were reinforced with two 10 mm dia. steel
bars at the bottom as longitudinal reinforcement. U-Stirrups of 6 mm dia. bars

were also provided at 60 mm centrc to centre throughout the length of the

- 74 -
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becams. The clear cover from all sides to the stirrups was 30 mm. Figurc 33
shows the reinforcement detail of beams of scries B.
The yicld strength of the rcbars was 414 MPa. However, actual stress strain
curve was used for calculating the ultimate flexural strength of the beams. The

clastic modulus of the rebar stecl is 200,000 MPa.
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Figure 33: Reinforcement detail of beams of Scries-B
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3.1.2 BEAMS OF SERIES-MF
The casting of these beams was done in the Ferrocement laboratory of
KFUPM. Cylinders of 150 mm dia. and of 300 mm length were also cast for
finding thc cylinder strength of the concrete. Curing of Beams and Cylinders
was done for 28 days under gunny bags by sprinkling water over them intermit-
tantly. The average cylinder strength of the concrete was found to be equal to
39.5 MPa. Two 12 mm dia. bars were provided at the bottom as main steel.
The 6 mm dia. U-stirrups were provided at 60 mm centre to centre throughout
the length of the beams. The clear cover to the main steel was 30 mm. Figure
34
The yicld strength of the rebar steel was 414 MPa. However, actual stress strain
curve of the rcbar steel was used for finding the ultimate flexural strength of the

beams. The elastic modulus of the rebar steel was 200,000 MPa.
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