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NOTATIONS

Cross sectional area of bars,glue and plate
Cross sectional area of shear reinforcement
Shear span or distance as defined

Distance from the point where the crack width
is caculated to the nearest reinforcing bar
Beam width

Plate width

Compressive force

Creep deformation at time t

Concrete cover

Minimum cover to the main reinforcing bars
Beam depth

Distance between compressive face and bars,glue
and plate

Excitation voltage

Elastic modulus of concrete,bars,glue and plate
Eccentricity

Force as defined

Bond stress in bars and plate

0.2% proof stress of bars and glue

Yield stress of glue and plate

Concrete cube strength

Concrete prism compressive strength

Concrete modulus of rupture

Characteréstic strength of shear reinforcement
Shear modulus

Second moment of area as defined



I _,I : Inertia of cracked and uncracked section
cr’ uncr

K : Strain gauge factor

K1,K2,K3 : Factors related to concrete stress block

L,1 : Length as defined

M : Bending moment

Mc : Moment carried by concrete in tension

Min : Internal moment carried by bars, glue and plate
M ,M Ultimate and flexural moments

P : Bar perimeter or pressure or load

p : Load per unit width

R : Electrical resistance

dr : Variation of strain gauge resistance
1/r : Curvature

Sv : Spacing of stirrups

Sht : Shrinkage deformation at time t

T : Tensile force or time

t time

t ,t ,t_ Thickness of concrete,glue and plate

u : Displacement

Vv : Shear force or strain gauge voltage output

v Shear stress

vy ¢ Ultimate shear stress

Wcr g Crack width

X Neutral axis depth or distance as defined

dx : Small increment in distance x

yb'yg'yp : Distance between the neutral axis position
and bars, glue and plate

z Internal lever arm
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Bar diameter

Strain as defined

Epoxy viscosity

Pull out or double lap specimen characteréstic
as defined

Chms, unit of electrical resistance
Poisson's ratio

Ratio of longitudinal reinforcement

Shear strain

Rotation, angle

Longitudinal stress as defined

Shear bond stress

Concrete shear strength

Deflection

Variation of longitudinal force between two
consecutive strain gauge locations

Distance between two consecutive strain gauges
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SUMMARY

The development of synthetic adhesives based on epoxy
resins has opened new possibilities for bonding structural
materials together.

The present work was concerned with the use of epoxy
resins to strengthen reinforced concrete beams by externally

bonded steel plates.

It was found in the first part that the assessment of
the properties of the epoxy adhesive is of paramount importance
as they varied considerably with the thickness of the test
specimen and the rate of loading.

The adhesive proved to offer a bond stronger than
concrete in shear and resulted in a composite action between
the beams and steel plates.

Preloading the beams prior to strengthening them did
not have any adverse effect on their behaviour. The added
strength from the plates was fully exploited even in beams
which were held under a preload of 70% of their ultimate
strength while being strengthened.

Stopping the plate in the shear span, short of the
support, <created a «critical section where premature bond
failure occurred beyond a certain plate thickness. Failure was
caused by the combination of high peeling and bond stresses
present in the region where the plate was stopped. These
stresses were due to the transfer of tensile forces from the

plate to the bars in that region and were higher with thicker

plates.
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Bonding steel plates on the tension face of the beams
increased their shear capacity by 9 to 15%. This may have been
due to dowelling action from the plates which had a greater
contact area with concrete than an equivalent amount of
internal steel bars. The use of externally bonded steel as
shear reinforcement was effective but requires further
investigation. The external web strips failed prematurely as

compared to equivalent stirrups.

The 1long term deformations in plated beams were
highly affected by the conditions of their environment but

despite 47 month exposure no visual deterioration of the

concrete-epoxy-steel joint was observed.



CHAPTER ONE

GENERAL INTRODUCTION

1.1 INTRODUCTICN

The level of maintenance of structures in civil
engineering is as important as their design and construction.
It 1is unreasonable and unrealistic to expect a satisfactory
response from a structure for the whole of its design 1lifetime
without reqular inspection, proper maintenance and appropriate
upgradings when necessary. For numerous reasons, strengthening
of existing structures may on some occasions be necessary.
These upgrading regquirements may be due to the need to increase
the load carrying capacity of the member or to restore the
structural performance because of design faults, constructional
errors or following an unexpected damage. When these situations
arise, considerable economic benefits can be achieved by
strengthening the structure instead of replacing it.

The reasons for strengthening an existing structure are
various (1) and may be broadly divided into three categories:
(a) Design or constructional shortcomings, or material
deterioration, producing serviceability problems by excessive
deflections, rotations or cracking of elements.

(b) A structure which has been performing in a satisfactory
manner for a particular use, 1is required for a different
purpose.

(c) Structural damage caused by effects such as settlements,

earthquakes, explosions, vehicle impacts, etc.



Fire is a common cause of damage to concrete members.

causes spalling of the

exposing the metal to the

concrete

heat

It

cover to the reinforcement

and thus resulting in a

considerable reduction of its yield strength.

As far as bridges

strengthening are more diverse

in five is considered deficient

year some 150 bridges sag,

tragically. Basic design and

vehicle usage, environmental

maintenance are all involved to

The process of rehabilitating a concrete

vary extensively depending
needed. There are four common
of a bridge

carrying capacity

increased:

are

on

ways

concerned, the reasons for

(2,3). In the U.S.A. one bridge

or functionally obsolete. Each

buckle or collapse, sometimes

execution «criteria, heavier

conditions and the 1level of

some extent.

structure can

its type and the corrections

in which the 1live 1load

(or any other structure) can be

1- Replacing the critical members with new ones.

2~ Strengthening the critical members by internal

prestressing, fixing

guniting or attaching external

additional

or external
material by stapling or
reinforcement by connections

utilizing bolts extending through the member (4).

3~ Providing supplementary supports or members to assist in
carrying loads.
4~ Reducing the dead 1load and thereby providing additional

capacity for

live loads by substituing the existing deck by a

lighter yet structurally adeguate one.

It is often possible to use

these methods to

one or a combination of

strengthen a structure but the operation is

very expensive and time consuming.



In recent years, polymer impregnation techniques have
been used successfully to restore the structural strength of a
building in North Dakota (5-7). Polymer impregnation of precast
and cured concrete can increase its compressive strength from

2 (5-7). However this method is only suitable

34,5 to 138 N/mm
in cases of compressive strength restoration (where the
concrete strength has substantially deteriorated).

The development of adhesives based on synthetic epoxy
resins has created new possibilities 1in the structural
strengthening field. An attractive new alternative of
structural repair is one which <consists of bonding external
reinforcement to the <critical members by means of an epoxy
adhesive. This technigue requires a minimum increase in the
member size, allows a larger contact area between the joined
materials and solves the problem of high 1local stresses
encountered in the traditional methods using bolting, riveting
or welding. The operation 1is quick and easy to execute,
economical and keeps the disruption on site to a minimum.

The limited research carried out so far has proved the
effectiveness of the method. The technigue has been put into
practice in France (8), England (9), South Africa, Switzerland,
Poland and Japan where over 200 bridges had been strengthened
in this way by 1975.

The development of epoxy formulations capable of
adhering to fresh concrete has also extended the original
purpose of strength restoration to a new technology of
manufacturing reinforced concrete by casting fresh concrete

against steel plates or channels already coated with an

adhesive layer.



The behaviour of a composite material cannot always be
predicted from that of its components alone. The strengthening
of reinforced concrete structures by epoxy bonded steel plates
demands a confident knowledge of the three materials used and
their composite behaviour. In any field of engineering, the
assessment of the properties of the materials and their
responses to the required applications, under every possible
condition, is of primary importance. It is sometimes easy to
underestimate this important aspect as many engineers are more
often attracted to the challenging structural and analytical
investigations than to the 1less exciting material research.
This neglect has sometimes resulted in structural failures (2).
These fatal consequences, combined with the 1limitations of
conventional materials to perform the increasingly ambitious
requirements of modern technology, have 1led to a general
awareness of the problem. Nowadays, large amounts of money are
invested in research programmes to investigate material
properties and develop new, lighter, stronger and cheaper

composites to suit the requirements of the engineer.

1.2 AIMS CF PROJECT

The overall objective of the present work is to study
the properties of epoxy resins and produce useful information
towards their confident use to bond structural materials
together in general and their use to strengthen reinforced
concrete beams by externally bonded steel plates in particular.
The research presented in this thesis covers broadly six areas
of study:

1- Mechanical and adhesiveness properties of the epoxy resin

used in the study.



2- Effects of preloading on the subsequently strengthened
beams. Performance of beams preloaded before strengthening with
plates.

3- Comparison of the flexural properties of unplated and plated
beams.

4- Mechanism of premature bond failures of plated beams and
possibilities of avoiding them.

5- Effects of 1longitudinal external plates on the shear
capacity of the beams and use of externally bonded steel as
shear reinforcement.

6- Long term behaviour of plated beams.

1.2.1 EPCXY PRCPERTIES

The successful use of an epoxy adhesive for bonding
external steel to concrete reguires the following basic
conditions:

(a) Good adhesion of the resin to steel and concrete.

(b) Good flexibility and strength properties in order to
sustain the service strains and stresses.

(c) Good durability and fatigue performances.

One of the aims of the project 1is to 1investigate these

properties:

l1.2.1.1 TENSILE AND COMPRESSIVE TESTS

To determine the stress-strain relationship of the epoxy
resin and study the effects of the following variables: age and
geometry of the specimen, rate of 1loading and 1long term

exposure and immersion in water.



l1.2.1.2 SHEAR ADHESION TESTS

To study the shear adhesiveness of epoxy to concrete and

steel:

(a) Pull out tests:

To investigate the behaviour of the concrete-glue-steel bond in
shear and study the effects of the concrete grade, glue

thickness and long term exposure and immersion in water.

(b) Double lap tests:

To study the epoxy bond strength with steel adherents and the

effects of the glue line thickness and long term exposure and

immersion in water,

1.2.2 PRELCADED BEAMS

To assess the extent to which the method can be used in
practice, two series of tests were carried out:
(a) Beams were 1loaded, unloaded, strengthened with a 1l.5mm
steel plate whilst being unloaded and then tested to failure

after two weeks of bond curing.

(b) Beams were loaded then strengthened whilst still under load
with a 1l.5mm steel plate, and after curing of the resin, the
load was increased to failure. The test variable was the

preload.

The effects of the preloading on the flexural behaviour

of the beams were studied in both cases.



1.2.3 BCND FAILURE TESTS

Another objective of the project is to clarify the
phenomenon of premature bond failures occurring with thick

plates and investigate the possibilities of avoiding them.

1.2.4 FLEXURAL BEHAVIOUR OF PLATED BEAMS

Quantitative and relative comparisons (by non-
dimensional parameters) of the behaviour of plated and unplated

beams have been carried out.

1.2,5 SHEAR BEHAVICUR CF PLATED BEAMS

Another area of study 1is the effect of the bonded
plates, in the tension face, on the shear strength of the beam
(to study whether dowel action exists in the external
reinforcement). The test variable was the shear span. The use
of externally bonded steel strips on the beam sides as shear

reinforcement is also investigated.

1.2,6 LCNG TERM BEHAVIOUR OF PLATED BEAMS

Creep and shrinkage in the plated beams exposed to
environmental conditions are studied by regular strain
measurements on eight plated beams sustaining constant 1loading

(creep) and one unloaded beam (shrinkage).

1.3 OUTLINE CF THESIS

Chapter two presents a critical review of past and
recent research into the areas studied in this research
programme. Particular emphasis 1is given to the general
properties of epoxy resins, their use as structural adhesives
and the behaviour of reinforced concrete members strengthened

by externally bonded steel plates.



In chapter three, the properties of the different
materials used in this project (steel bars and plates, gravel,
cement, sand, water reducing agent), the design of the concrete
mixes used and their properties are given.

Chapter four describes the investigations of the
mechanical and adhesion properties of the epoxy glue used in
the present work.

Chapter five compares the general flexural behaviour of
plated and unplated beams and studies the effects of preloading
on the performance of the subsequently strengthened beams.

The analytical and experimental investigations into the
premature bond failures of plated beams are dealt with in
chapter six.

Chapter seven 1is concerned with the shear behaviour of
plated beams. The possible existence of a dowel action in the
external plates and the use of bonded steel strips as shear
reinforcement are investigated.

The time dependent deformations (creep and shrinkage) of
plated beams are studied and compared to those of conventional
concrete in chapter eight.

The limitations of the present work, the general
conclusions and recommendations for future research are
presented in chapter nine.

The electrical instrumentation and strain gauge

measurements used in the project are described in Appendix A.

Appendix B describes the theoretical models for the
shear adhesion tests of epoxy with concrete and steel (pull out

and double lap tests).



Appendix C describes the theoretical beam analysis
before and after cracking and gives the first crack loads.

Appendix D deals with the beam analysis at wultimate
loads and gives the theoretical ultimate flexural strengths.

Computation of the deflections, rotations and crack
widths as recommended by CP110, CEB and ACI codes is presented

in Appendix E.



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

The future potential, the economic benefits and the
various other advantages of the method of strengthening
existing or reinforcing new concrete members by epoxy bonded
steel plates, over the traditional techniques of structural
repair, are numerous.

The effective use of the technique requires, however,
sound understanding of the short and long term properties of
the adhesive and reliable information about its adhesion to
concrete and steel. The execution of the bonding operation is
of paramount importance in order to achieve and ensure an

intimate contact between the joined materials.

2.2 EPOXY RESINS

2.2.1 INTRCDUCTICN

An epoxy resin is defined as a material whose molecules
contain two or more ethylene oxide terminal groups that are
capable of polymerization and combining with other molecules to
form more complex ones (10) Polymerization 1is achieved by
mixing the epoxy resin base with a curing agent which hardens
the epoxy by donating a hydrogen ion. The chemical symbol of

the families of epoxies is:

0

/'\

C—C
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The first practical application of epoxy resins took
place in Germany and Switzerland in the 1930's. The first known
patent on epoxy was issued to Dr.Castan in Switzerland in 1936.
Three years later Dr.CGreenlee of the USA explored and developed
several more basic epoxy formulations. Mass production and
commercialization of epoxies started in the 1950°'s.

Epoxy was first used in the construction industry as an
adhesive in 1948 to bond two pieces of hardened concrete. It
proved to be a reliable structural adhesive with the capability
of being stronger than the concrete it bonded together. Since
then epoxies have become widely wused in civil engineering
applications and have performed satisfactorily as coatings
(waterproof or abrasion resistant), crack sealants, adhesives,

etc. (11-14).

2.2.2 PRCPERTIES CF EPCXIES

There 1is a wide range of epoxy systems and their
properties vary substantially from one formulation to another.
In this section only a general review of the main properties

relevant to structural repair is given.

2.2.2.1 MECHANICAL PRCPERTIES

Properly used, epoxy resins can offer excellent
compressive and tensile strengths and provide an adequate bond
strength with most structural materials. The strength
properties vary considerably from one epoxy resin to another
(15-17). After the full cure is achieved, the adhesive develops
a compressive strength three to five times its tensile
strength. The compressive and tensile strengths vary from 10 to

200 N/mm2 and 2 to 96 N/mm2 respectively. The modulus of

- 11 -



elasticity varies between 200 and 100,000 N/mmz. These high
variations may be accounted for by the difference in the
chemical compositions of the resins and the testing conditions
used as the mechanical properties of visco-elastic materials
such as epoxies are highly affected by the rate of loading and
other parameters.

The published literature about the mechanical properties
of epoxies 1is limited and the effects of important parameters
such as the geometry of the specimen and the rate of 1loading

remain wunexplored. No standardized specimen size and testing

method have been proposed as yet.

2.2.2.2 DURABILITY

There is very limited information about the effects of
dynamic, cyclic and sustained 1loading on the mechanical
properties of epoxy resins. Epoxy energy fracture can, however,
be improved by rubber modifiers (18).

Epoxy resins react favourably to adverse environmental
conditions. They are highly resistant to the attack of acids,
oils, alkalis and solvents (19). A thin coating of an
appropriate epoxy system can render a surface impermeable to
water even when continuously inundated.

The long term mechanical properties of visco-elastic
materials such as epoxy resins are important and require

further investigation.

- 12 -



2.2,2.3 TEMPERATURE EFFECTS

The effect of the temperature on epoxies depend mainly
on the type of adhesive used (20). The coefficient of thermal
expansion of epoxies varies between 25 and 100 microstrains per
degree Celsius. That of concrete is of the order of 10
microstrains. The considerable difference between the two
coefficients requires careful attention when wusing the two
materials together in a composite joint. The thermal expansion
of the resins can however be reduced by the addition of fillers
with a conseguent increase in the elastic modulus (10).

The properties of epoxies are generally unaffected up to
a temperature of 67°C. At higher temperatures, the properties
change adversly and above 300°C., the resin chars and usually

volatizes releasing fumes which may be toxic.

2,2.2.4 CTHER PROPERTIES

(a) Mixing ratio: Mixing of the resin base and the hardener 1is

carried out in weight ratios varying from 100:1 to 1l:1.

(b) Pot 1life: The pot 1life is the time after completion of
mixing and during which the adhesive remains workable with no
loss of its properties. The pot 1life is influenced by the
amount of material mixed and the ambient temperature. It can
vary from a few minutes to several weeks.

(c) Exotherm: The exotherm is the heat produced by the chemical
reaction when mixing is carried out and depends on the amount
of material wused. The resulting rise in the adhesive
temperature can be as high as 200°C. in which case the cured
system is literally charred.

(d) Viscosity: Varies from 100 cps (like water) to very heavy

paste in which case the workability of the adhesive is

- 13 -



considerably reduced and the amount of air, entrained during
mixing, 1is important and may affect the performance of the
adhesive.

(e) Curing time: Depends on the ambient temperature and varies

from a few minutes to several days.

(f) Shrinkage: The adhesive contraction during curing depends
on the amount of glue used and the ambient conditions. It
varies from 10 to 5000 microstrains. The shrinkage deformations
are nevertheless considerably reduced after the adhesive is

fully cured.

2,2.2.5 FILLERS AND MODIFIERS

The properties of some epoxy systems can be
appropriately altered, to suit the required job conditions, by
the addition of fillers or modifiers to the resin. Rubber
modifiers can increase epoxy fracture energy and stress
intensity by factors of 5 and 2 respectively (18). Fillers can
increase the elastic modulus and reduce thermal expansion (10)
whereas mixing glass fibers with the resin can reduce the
stress concentration factor (ratio of maximum to mean stress)
and thereﬁore improve the overall bond strength of epoxy to

concrete (21).

2.2.3 BCNDING PROCEDURE

The operation of bonding two structural materials with
an epoxy adhesive is tedious and requires the utmost care.
Improper sur face preparation, mixing, curing and poor
workmanship may all cause failure (15). Standard specifications
for bonding structural materials together with an epoxy resin

are recommended by ACI committee 503 (22):

- 14 -



2.2.3.1 SURFACE PREPARATION

Surfaces to which epoxies are to be applied must be
clean and free of loose and unsound materials.

(a) Concrete surface: Concrete surfaces should have their

coarse aggregates newly exposed by mechanical abrasion. To
remove laitance, dust and other loose particles resulting from
the mechanical operation, the surface may be wire brushed and
jetted with compressed air.

(b) Steel surface: Steel surfaces may be shotblasted to remove

the contaminated external layer. Blast cleaning residues can be
removed by compressed air. To prevent corrosion, the surface
preparation should be carried out just before the application

of the adhesive.

2.2.3.2 MIXING

Proportioning of the gquantities of the resin and
hardener must be carried out according to the manufacturer's
instructions (22). This is usually facilitated by the supply of
measured quantities, in the correct proportions, of base and
hardener so that the contents of one component can be emptied
into the other, wusually hardener into resin, and then mixed
together.

Mixing can be achieved by a mechanical mixer such as a
low speed electric drill with a mixing paddle and continued
thoroughly until a uniform and homogeneous mixture is reached.
The manufacturers often facilitate this by giving the resin and
hardener two distinct colours which merge to form one even

colour when mixing is complete.
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2.2,3.3 BONDING AND CURING

To minimize the amount of air entrained in the Jjoint,
the adhesive must be applied to both surfaces to be bonded with
a roller or spray equipment at a thickness sufficient to fill
with excess the gap between the substrates (23). The operation
must be completed within the pot life of the epoxy.

To ensure a full and intimate contact between the
substrates and to squeeze out the excess of glue and achieve a
uniform joint, a uniformly distributed pressure must be applied
on the joint until full cure is attained. Bresson (23) carried
out a theoretical analysis to determine the value of the
uniformly distributed pressure to be applied and maintained
until the polymerization and hardening of the epoxy is
complete. He assumed that:

i- Epoxy is a Newtonian liquid with a viscosity independent of
the velocity of the flow (Laminar flow).
ii- There is no acceleration of the flow.
The necessary pressure P to be applied in order to squeeze out
the excess of glue and vary the thickness of the adhesive layer

from tgl to t during the time T is given by:

g2

|-

1

g2 ‘tq1

P.T= 2ML

(s

r-
L

Where L is the length of the joint and V] is the viscosity of
the resin.

The time T must be less than the pot life of epoxy and should
be <chosen so that the viscosity of the resin can be considered

constant.
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To avoid internal cracking and 1loss of bond, the
elements being bonded together must not be moved or disturbed

during curing.

2.2.3.4 SAFETY

Some epoxy resins are skin irritants and sensitizers to
many people. Users must avoid contact with eyes and skin,
inhalation c¢f vapors and ingestion. Safe handling can be
accomplished by working in a well ventilated area and using
protective and safety equipment. Disposable suits, gloves and
goggles are recommended. All manufacturer's label warnings must

be heeded.

2.3 EPOXY ADHESION TO CCONCRETE

2.3.1 INTRCDUCTICN

Epoxy was first wused in 1948 as an adhesive to bond
together two pieces of hardened concrete (10). The bond proved
to be satisfactory and had a tensile strength greater than that
of the concrete. The real value of concrete is however in its
compressive resistance (about ten times its tensile strength)
and achieving an epoxy bond strength greater than the tensile
resistance of concrete is not much of a requirement from the
adhesive. If new or o0ld concrete is to be effectively bonded to
existing concrete with an epoxy resin, the adhesive must be
formulated to satisfactorily transfer all the forces that the
original and new concrete are expected to carry. The composite
cylinder test best knwn as 'Arizona Slant Shear Test' (24) 1is
an adequate method of studying the epoxy adhesion to concrete

in compression.
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2.3.2 SHEAR ADHESION

In many epoxy joints such as the plated beams, the
mechanical action of the bond is by shearing. Many researchers
(25-28) have investigated the shear adhesiveness of epoxy to
concrete by tests on composite specimens steel-epoxy-concrete.
Of these three materials, concrete has the 1lowest ultimate
shear strength. Failure of the joint should therefore always
occur through concrete.

The behaviour of the joint has been simulated with a
mathematical model from which the shear distribution in the
joint can be predicted up to failure (25). The more highly
stressed end fails first and then a progressive failure of the
joint follows. The predicted (25) and measured (25-28) results
showed that the distribution of the longitudinal forces and
shear stresses along the joint in pure shear is exponential.
The wultimate shear capacity of the joint could be related to
either the ultimate shear strength of concrete (25,28) or its
ultimate tensile strength (26,27).

The stress concentration factor (ratio of maximum to
mean stress) depends on the geometry of the specimen and
elastic moduli of the adherents and adhesive. Mixing glass
fibers with epoxy can reduce the stress concentration and thus

increase the ultimate load (21).

2.3.3 WATER RESISTANCE

Cusens and Smith (29) reported tests on concrete prisms
with 45° scarfed joints to compare the water resistance of four
adhesives. In three resins there was a loss of up to 75% in
strength after 8 weeks of immersion in water. There was however

a slight increase in strength with the fourth resin. These
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different performances of different epoxies in damp conditions
were also observed by Mays and Vardy (30) whereas Utam (31)
reported no loss of strength after 6 weeks of intermittent
wetting and drying.

Microscopical and chemical techniques can be used to
investigate the corrosion of the steel plates adjacent to the
resin in epoxy bonded steel-concrete joints (32,33). After two
years of exposure at industrial and marine sites with high
rainfall, Lloyd and Calder (33) observed a uniformly
distributed corrosion over the steel plate, which implied that
corrosion was caused by migration of moisture from concrete and
penetrating through the resin. The corrosion led to a reduced
strength of the exposed specimens but despite that and the
microcracking of the resin (observed in broken samples), the
bond strength was still greater than the shear strength of
concrete.

Bloxham's results (34) contradict however Lloyd and Calder's
findings. He found that various sealing agents could be
successfully used for coating the steel plates and joints and
thereby stop the progress of moisture (in the mist room) and
loss of bond strength (34). These different observations may be
due to a shorter period of time (18 months) in Bloxham's case
and the use of a more accurate and more sophisticated

techniques by the others.

2.3.4 MISCELLANECUS

Apart from the water resistance there is 1little
information about the durability of steel-epoxy-concrete
joints. Utam (31) reported a good fatigue performance, most

specimens surviving 1.5 million cycles of loading up to 90% of
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the static ultimate strength. Subsequent static tests showed
that cyclic loading in fact increased the failure 1loads. This
small increase in strength may have been the result of reduced
deformations in the joint following steel hardening during
cyclic loading.

There is also a lack of information about the
temperature effects on the joints. Carputi, Noto and Ermolli
(21) reported no adverse effect of thermal cycling on the bond
strength.

This lack of interest in the durability of the joints
can probably be partly explained by the nature of the mode of
failure of the joint, which is controlled by the ultimate shear

strength of concrete.

2.4 EPOXY ADHESION TO METALS

2.4.1 INTRODUCTICN

Testing of steel-epoxy-concrete connections, as seen in
section 2.3, only studies the epoxy adhesion to concrete and
does not yield sufficient information about its adhesiveness to
metals (as failure always occurs through concrete-glue
interface). Epoxy adhesion to metals has been investigated by
tests on single lap (35-37), double lap (29,31,38-41), scarfed
joints (35,37,42) and stepped joints (35-37,42) (Fig.2.1). The
peeling forces present in the single 1lap 3joint (due to the
unsymmetry of the specimen) result 1in 1lower average shear
stresses than in symmetrical joints (35,36). Theoretical
investigations (36,37,42-45) showed that as well as shear
stresses, normal stresses are present in fact in all joints and
that the two components are maximum at the Jjoint ends. These

tensile stresses can result either from the unsymmetry of the
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joint (35,36), or bending (42,44) or variation of the stress
through the adhesive 1layer (36). The peeling forces may

sometimes be critical and control the failure of the joint.

2,4.2 SURFACE STATE

Epoxy adhesion to metals depends on the chemical and
micro geometrical properties of the adherent surfaces
(31,35,38-41). It is generally agreed that the best results are
achieved with a dry, clean and rough surface free of 1loose
particles and chemical contaminants. The most common method of
surface preparation used is shotblasting followed by jetting of
compressed air.

The bond strength can be considerably reduced by
contaminants such as o0il (41) and the use of acetone as a
degreaser can have an adverse effect and reduce the 3joint
strength by up to 20%. Rust on the other hand may have a

positive effect (41) by rendering the surface more rough.

2.4.3 TEMPERATURE EFFECTS

The extent of the temperature effects on epoxy Jjoints
depends mainly on the type of adhesive used (31). The
performance of the joint is generally improved when the curing
temperature 1is increased as long as it is not higher than the
upper limit beyond which the properties of the resin are
adversly affected (46).

Temperature cycling from -7 to +35°C can have a
favourable effect as compared to a constant curing temperature
of 23°% (31). This probably results from the additional curing

during the warm part of the cycle.
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2.4.4 ADHESIVE THICKNESS

There are some apparent disagreements in the published
literature about the effect of the glue line thickness on the
joint strength. Hill (35) reported no significant effect when
the adhesive thickness was varied from 0.5 to 2.0mm whereas
Cusens and Smith (29) found that the ductility of the specimens
increased with the adhesive thickness and recommend a value
equal or greater than 1.0mm. Gilibert (40) observed a variation
of the joint performance with the glue thickness and found an
optimum value of 0.5mm beyond which there was a considerable
loss of bond strength. This reduced joint resistance with thick
adhesive layers may be caused by the contraction of the glue
during cure (43).

All the previous studies are based on analyses assuming
that the stresses do not vary through the thickness of the
adhesive and adherents. A finite element analysis with three
elements representing the adhesive layer (36) showed that these
assumptions are not justifiable, that the stresses varied
through the glue line and that the peeling forces increased
with thicker adhesive layers thus resulting in a reduced joint
strength, This correlation between loss of bond strength and
increase in peel stresses with thick epoxy lines seems more
appropriate than explanations based on adhesive shrinkage
during setting. The apparent disagreements between the various
reports may also be accounted for by the different chemical

compositions of the resins used.
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2.4.5 ADHERENT THICKNESS

For the same epoxy glue, the ultimate shear stress in a
joint is generally about 20 N/mm2 and does not vary with the
thicknesses of the adherents and adhesive. The stress
concentration factor (ratio of maximum to mean stress) is
however substantially reduced with thicker substrates
(adherents), thus resulting in a considerable increase in the
ultimate 1load (36). The reduction in the stress concentration
factor can be as high as 16% but becomes less proﬁﬁnced beyond
a certain adherent thickness. This suggests the existence of an
optimum value of adherent thickness beyond which the gain in
overall strength is not worth the additional amount of metal

used.

2.4.6 DURABILITY

The published 1literature shows that epoxy-metal joints
respond favourably to fatigue loading (29,46-~48). The 1loss of
strength was observed on a few specimens only and was less than
16% after one million cycles.

The joints can also offer a satisfactory response to
impact loading as long as the dynamic blow does not exceed a
certain critical value (49).

The available 1literature shows that epoxy-metal joints
behave satisfactorily under dynamic and fatigue loading but the
information is very limited and the assessment of the Jjoints

durability requires further investigation.
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2.5 EXTERNALLY BCNDED REINF ORCEMENT

2.5.1 INTRODUCTION

The development of synthetic adhesives based on epoxy
resins has opened a new era for bonding structural materials.
Epoxy adhesives offer a tenacious bond between steel and o0ld or
new concrete. Epoxy bonded steel can be used as a strengthening
element for existing structures or as a reinforcement when
manufacturing new concrete. This new type of concrete
reinforced with glued steel sheets is also known as 'Plated
Concrete'. No concrete cover is needed and the steel plates may
be used as reinforcement as Jﬁl as formwork. The external steel
can be used as longitudinal (compression or tension) or shear
reinforcement for beams, slabs ar any other concrete member.

For the same amount of steel, the plated beams offer a
better stiffness and strength than conventionally reinforced
concrete beams be it by a greater internal lever arm (50).
Steel sheets used as 1longitudinal reinforcement of concrete
members subject to bending are capable of withstanding stresses
in any direction of their plane as opposed to round bars which
can be utilized only in the direction of their axis. 1In
structures where the stresses are in more than one direction
such as shells or slabs the biaxial strength of the plates can
be exploited and the amount of reinforcement required in one
span can serve as reinforcement for the other span, thus

resulting in a saving of up to 50% of metal (51,52).
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2.5.2 REINFCRCEMENT GECMETRY

The use of epoxy adhesives for bonding external steel
offers another advantage in the choice of the form of the
reinforcement. Steel bars, strips, plates or channels can all
be successfully bonded. Tests on beams with externally bonded
bars or plates showed that the increase of the bond area in
relation to the cross sectional area of steel resulted in a
more uniform concrete strain distribution and consequently a
more uniform cracking (53).

Mac Donald (54) observed that for the same amount of
metal, the beam stiffness was slightly reduced with wider and
thinner plates. This may have been due to the greater internal

lever arm of the beams with narrow and thicker plates.

2.5.3 STIFFNESS AND STRENGTH

All the published research proves that epoxy adhesives
achieve a full composite action between the external
reinforcement and the existing concrete member. Laboratory
(50,55~60) and field (61) tests showed that the external steel
resulted in delayed cracking, reduction in deformations and
increase in stiffness and strength.

The technique can be used successfully equally for under
or over reinforced beams (62). Precracking did not have any
adverse effect on the subsequently strengthened beams
(34,59,63) and lapping techniques can be achieved
satisfactorily (34,63-65).

In general the flexural behaviour of the plated beams is
similar to that of conventionally reinforced beams (34,50,62)
but most reports only make quantitative comparisons of the

plated and unplated beams. There is little information about
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the relative performance of external plates as compared with
the equivalent of internal reinforcement designed to achieve

the same performance.

2.5.4 BOND FAILURES

Flexural failures of wunder reinforced plated beams
generally occur as expected by compressive crushing of concrete
after yielding of the steel. There is however a limiting value
of plate thickness beyond which a premature bond failure 1is
prone to occur by sudden separation of the plate at its end
(34,50,54,56,57,63,64,66). This critical value of plate
thickness depends on the beam characterestics and in the
published reports generally varied between 4 and 6mm. This
premature failure 1is the result of high bond stresses due to
the high transfer of tensile forces from the plate ¢to the
internal bars in the region where the plate is stopped. These
bond stresses are higher with thicker plates. Jones, Swamy and
Ang (66) found that there was a critical shear stress of about
2.15 N/mm2 beyond which separation of the plate was bound to
happen. This value is only a small proportion of the ultimate
shear bond stress of 6 to 8 N/mm2 determined by the pull out
tests described in sec¢tion 2.3. This is probably due to the
fact that the value of 2.15 N/mm2 (66) was computed 1in a
section where the plate was fully active and the bond stress is
certainly higher at the plate cutoff point.

The system of bond stresses in the joint and the tensile
stresses in the plate is balanced by a normal peeling force at
the end of the plate (66). The premature separation of the
plate must be a combination of these bond and peeling forces.

With the same cross sectional area, the increase of the bond
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area with the use of wider plates can reduce the bond and peel
stresses and change the concrete failure to a more ductile one
(54). The plate width cannot however exceed that of the beam
and the problem is bound to rise again beyond a certain plate
thickness.

The mechanism of these failures 1is still not fully

understood and the problem remains unsolved at this moment.

2,5.5 NEW CONCRETE WITH EXTERNAL STEEL

The availability of epoxy formulations capable of
bonding fresh concrete to steel made it possible to extend the
technigue of structural repair and open a new technology of
manufacturing reinforced concrete (50,56,57,67). The plated
concrete is obtained by casting fresh concrete against steel
plates or channels already coated with an adhesive layer. The
reinforcement can serve as formwork and a sufficient bond with
concrete may be achieved by the hardening of concrete in
contact with the plates even without the use of epoxy (58).

Unlike the strengthening operation where the plates must
be stopped short of the supports, in plated concrete sufficient
and adequate anchorage lengths can be provided and the problem

of bond failures thus avoided.

2.5.6 SHEAR BEHAVIOUR

The available information about the effect of the
external longitudinal reinforcement on the shear capacity of
concrete members is inadequate. Bouderbalah (65) reported that
steel plates glued on the tensile face of the beams had no
effect on their shear capacity but his observations were made

on two tests only. Shear failures of sandwich beams (beams with
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steel plates on both compressive and tensile faces) are brittle
and the ultimate interface shear stress between steel and
concrete may be related to the tensile strength of concrete
(26,41,68) .

The shear capacity of concrete members can however be
increased by externally bonded shear reinforcement in the form
of steel strips (50,55-57,69). Epoxy bonded strips on the sides
of the beam improve its shear resistance showing that the
strengthening technigque or the manufacturing of new 'Plated
Concrete' can be used in shear as well as in flexure.

Apart from the reported increase in strength, there is
however a total 1lack of information about the relative
behaviour of the external shear reinforcement as compared with
internal steel stirrups. The geometry and spacings of the
strips have not been investigated and no design formulae have
been proposed.

The shear behaviour of plated beams remains an
unexplored area. The possible presence of a dowel action in the
longitudinal plates and the optimum geometry and spacings of

external shear strips are all worthy of further investigations.

2.5.7 PRACTICAL APPLICATIONS

The strength properties of an existing concrete
structure are determined during 1its construction and any
subsequent intervention to strengthen it is generally a
complicated operation. To determine the 1lack in strength or
stiffness, it 1is necessary to make an investigation of the
critical areas and carry out a check design using the original
calculations. If the 1latter are not available, a new set of

calculations should be established. A combination of the use of
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a cover meter and cutting away of concrete cover may be used to
find the actual size, position and placing of the
reinforcement.

Despite the very limited amount of systematic research
carried out, there was enough confidence in the new technique
of structural repair to put it into practice. The belief may
have been that if the positive effects aimed at were not
achieved, there was no apparent risk for an adverse effect and
further damage to the structure.

The practical applications reported are mainly concerned
with bridges, in France (8,70), England (9,71), Poland (72) and
Japan where 240 bridges had been strengthened this way by 1975
(63), and were carried out to solve serviceability problems in
the form of excessive deflections (70) or cracking (9,71). The
strengthening operations consisted of gluing steel plates on
the soffits and decks of the bridges and required minimum
traffic disruption. Subsequent measurements showed an increase
in the bridge stiffness and a reduction in the deflections and
crack openings.

The plate thicknesses used were sometimes greater than
émm (9,71). Laboratory tests, as described in section 2.5.4,
showed that despite their effectiveness at service loads, the
thick plates often caused premature bond failures. In addition
to the bond provided by the adhesive, the plate ends can be
bolted to the concrete to avoid possible bond failures (71).
The use of bolts has not however yet been proven by systematic
research to be effective against the debonding of the plates
and the confident use of thick plates in practical applications

seems to be still premature.
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2.6 CONCLUSIONS

It is evident from published 1literature that epoxy
resins can be successfully used for bonding structural
materials provided the operation is carefully executed. The
large variety of epoxy formulations may however be confusing as
many dramatically different performances are reported. Properly
used, epoxy adhesives can offer excellent mechanical properties
and bond strengths with concrete and steel opening new
possibilities for structural repair.

Despite the advantages and the future potential of the
new strengthening technique, only a limited amount of
systematic research has been done. Many of the reports praise
the effectiveness of the method by quantitative comparisons of
the behaviours of plated and unplated beams. There is an
absence of relative and comparative studies by non-dimensional
parameters of plated and conventionally reinforced concrete
beams (a plated beam may sustain a higher load than an unplated
one and yet fail prematurely). There is also a lack of
information about many other important parameters:

(a) Creep and other long term properties of epoxies (epoxies
are visco elastic materials and <creep 1is a very important
factor).

(b) Durability (creep, shrinkage, dynamic and cyclic loading
effects, temperature, water and other environmental conditions
effects) of the plated beams.

(c) Bond failures: The mechanism of the premature bond failures
is still not very clear and remains unsolved.

(d) The shear behaviour of plated beams is unexplored. The

possible presence of a dowel action in the external
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longitudinal plates and the use of external shear strips are

areas worthy of further research.
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CHAPTER THREE

MIX DESIGN AND MATERIAL PROPERTIES

3.1 INTRODUCTION

Sound design or analysis of a composite structure
depends on reliable information about the properties of the
materials to be used. The strength of a reinforced concrete
member and its resistance to cracking and prevention of
corrosion of reinforcement depend on many parameters,
particularly on the strength properties of concrete and steel.
The deformations are related to the stiffnesses of the members
which in turn depend on the characteréstics of their
components.

Whilst there are many widely accepted methods of
sampling and testing of concrete and steel, no standard method
of testing epoxies is available except from those recommended
by the Federation of Epoxy Resin Formulators and Applicators
Limited -FERFA- (14). The properties of the concrete and steel
used were determined by standard tests according to the British
Standards Institution (BSI). The properties of the epoxy
adhesive used were investigated by various tests and are the
subject of chapter four. The design of the different concrete
mixes used in the project and the properties of the various

materials (except epoxy) used are presented in this chapter.
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3.2 MATERIALS
The materials wused in this investigation are given
below. The same type of materials was used throughout the

project but unavoidably they were from different deliveries.

3.2.1 CEMENT

Ordinary portland cement and rapid hardening cement with
the trade name Ferrocrete complying with B.S.12 (73) were used.
Rapid hardening cement was used in the shrinkage beam which was

added to the long term beams designed by Bloxham (34).

3.2.2 FINE AGGREGATES

Washed natural river sand was used. The dgrading curve
shown in Fig.3.1 lies within zone two of the grading limits of
B.S.882 (74). Sampling and testing were <carried out in
accordance with B.S.812 (75). All sand was thoréughly dried in

a mechanical dryer before use.

3.2.3 CCARSE AGGREGATES

Two types of coarse aggregates were used:10mm nominal
size crushed gravel and 19mm maximum size uncrushed gravel. The
grading curves shown in Fig.3.1 lie within the zones defined by

B.S.882 (74).

3.2.4 WATER REDUCING AGENT

Febflow was used 1in the shrinkage beam mix (which was
designed by Bloxham (34)) to increase the workability of the
concrete. It was added to the water before adding to the dry

materials in the mixing pan.
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3.2.5 STEEL BARS

Two types of steel bars were used:cold worked ribbed
bars (Tor Bar) of 20mm diameter for 1longitudinal beam
reinforcement and plain mild steel bars of 6mm diameter for
shear reinforcement. Three specimens from each bar diameter
were tested to determine the stress-strain relationships,
Young's modulus, yield, proof and wultimate strength,as
recommended in B.S.18: Part 2 (76). The strains were measured
using an extensometer of 50mm gauge 1length and 2mm Kyowa
electrical strain gauges. The mechanical and electrical strain
measurements were carried out simultaneously in order to
determine the calibration factor for future use to convert the
voltage outputs (from the strain gauges) to bar strains in the
beam tests. The fixing of the strain gauges needed slight
grinding of the bar ribs, but the operation did not affect the
behaviour as the bars performed 1like those without strain
gauges. The electrical strain measurement 1is described in

Appendix A. The results are shown in Fig.3.2 and Table 3.1l.

3.2.6 STEEL PLATES

Mild steel plates of three different thicknesses (1.5,
3.0 and 6.0mm) were used. Three specimens from each thickness
of plate were tested as recommended in B.S.18: Part 3 (76), to
determine the stress-strain relationships. An extensometer of
50mm gauge length and 2mm Kyowa electrical strain gauges were
used to measure the strains. The results are shown in Fig.3.3

and Table 3.2.
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3.2.7 EPOXY RESIN

The epoxy adhesive used in this project was manufactured
and supplied by Colebrand under the code name of CXL 194, The
mechanical properties of epoxy resins, their adhesion to other
materials, their applications in engineering and all their
properties relevant to structural repair are reviewed in detail
in chapter two. The mechanical and adhesion properties of CXL

194 were studied and are described in chapter four.

3.3 MIX DESIGN

The aim was to design the most economical concrete mix
sufficiently workable and attaining a specified strength at a
certain age. In all five different concrete grades were used.
Mix 5 was used by Bloxham (34) in the long term beams and was
therefore used for the shrinkage beam added to them. Mix 4 was
used for all the short term beams of the present project. The
other mixes were used in the pull out tests carried out to
study the effect of the concrete strength on the shear adhesion
of epoxy to concrete. Apart from mix 5, the other mixes were
originally designed using the method proposed by Teychegg et
al. (77) but it was found that the resulting mixes were
oversanded. It was subsequently decided to perform a trial mix
for each concrete grade.

The final five mixes are:

Ordinary cement : Sand : Crushed gravel : Water-cement ratio

1- 1 : 2,353 : 5.235 0.80 (grade 25)

2- 1 : 2,000 : 2,600 : 0.56 (grade 45)
3- 1 : 1,850 : 2,100 : 0.48 (grade 60)
4- 1 :1.750 : 2.610 : 0.54 (grade 50)

- 39 -



Table 3.1: Properties of steel bars.

___________________________________________________________ +
Diam | Type | El.mod. }0.2% pr.str} Yield str | Ult.str |
(mm) ! {(kN/mm?) ! /mm?) L @/mm®) ) (N/mm?) |

______ lmmmceee | ceceacrceeree | e e e e e | e e e o o m e o e | o o e e o e o e o
) | I ] ] ]
6 i Plain | 200.0 ! H 324.0 i 475.0 |
______ | R [ [P [ [P |
[} 1 } ] |} [}
20 | Tor | 200.0 | 430.0 ' !l 585.0 |
e +
Table 3.2:Properties of steel plates (mild steel).
e e +
! Plate | Elas.mod. | Yield str | Ult.ten.str |
! thick. (mm) ! (kN/mmz) ! (N/mmz) H (N/mm2) !
| e e o o e o ——— b e e e o e | ) o e e e e e ]
] L} 1 ] )
! 1.5 | 200.0 : 246.0 ! 339.0 !
| e e e o o o e o = | | | o e e e e e e e ]
] ] ] ) ]
H 3.0 ! 200.0 ' 263.0 ' 363.0 !
| e e e e o o e o o | | 1 e e e e e o — — - ]
1 ) ) ]
! 6.0 I 200.0 ! 291.0 !  397.0 i
e +
Table 3.3: Properties of fresh concrete.
__________________________________________________________ +
Mix |} Cement | Gravel | Febflow |} Slump | 28 day cube |
i E i i (mm) E str.(N/mmz) H
_____________________________________________________ ]
] | 1 ] 1 1
l1 | C.pP.C | crushed | none ! 110.0 ! 25.20 H
_____ | R I [N P [ P |
] | 1 1 ] 1
2 |} = " H " n } ® m { 98.0 | 44,90 '
----- e e e R Bt
3y 0~ " ] w ® i » " i 92.0 | 60.50 '
----- e e Rt el R
4 | " ' wom f " ! 101.0 ! 52.40 '
----- T B e e el
5 | Ferrocr |} uncrush. | yes { 70.0 | 71.30 H
__________________________________________________________ +
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Mix 5 was:

5- 1 : 1.04 2.44 : 0.39 : 0.28 (grade 70)

Ferrocrete cement:Sand:Uncrushed gravel:Water:Febflow

Mix 5 was designed by Bloxham (34) for the creep beams
(described in chapter eight) and was used for the shrinkage
beam added to the creep beams to study the long term behaviour

of plated beams.

3.3.1 MIXING PROCCEDURE

The mixing of concrete was carried out in a non-tilting
pan type mixer of 0.127 cubic meter capacity. The materials
were dry mixed for two minutes and after the addition of water
for a further two minutes. After mixing, concrete was poured
into lightly oiled moulds in two layers and well compacted with
a 25mm diameter internal poker vibrator. The specimens were
then covered with polythene sheets. They were stripped after 24
hours and stored in the laboratory under uncontrolled
conditions until required for testing.

With each beam,control specimens were cast as follows:

~Six 100mm cubes for compressive strength.

-Six 100mm diameter and 200mm 1long <cylinders for indirect
tensile strength.

-Six 100x100x500mm prisms for flexural strength (modulus of

rupture)

3.3.2 PROPERTIES COF FRESH CONCRETE

The workability of the fresh concrete was determined by
the standard slump test. The target slump was a value of about
100mm, except for mix 5 which was designed by Bloxham (34). The

results are given in Table3.3.
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3.3.3 PRCPERTIES CF HARDENED CONCRETE

A series of tests was conducted on 27 cubes, 18 prisms
and 18 cylinders to study the compressive strength, modulus of
rupture, indirect tensile strength, shrinkage and modulus of
elasticity of the main concrete mix (mix 4) over a period of

twelve months. Each result is the average of three values.

3.3.3.1 COMPRESSIVE STRENGTH

The compressive strength was determined from tests
carried out on 100mm cubes at a stress rate of 15 N/mm2 per
minute complying with B.S.1881: Part 4 (78). The compressive
strength development with age 1is shown in Table 3.4 and
Fig.3.4. The percentage increase of the strength over that at

28 days was 6.4% after six months and 8.9% after twelve months.

3.3.3.2 INDIRECT TENSILE STRENGTH

The tensile strength was determined from tests carried
out on 100mm diameter and 200mm long cylinders at a stress rate
of 1.5 N/mm2 per minute complying with B.S.1881: Part 4 (78).
The results are shown in Table 3.4 and Fig.3.4. The increase of
strength over that at 28 days was 7.5% at six months and 9.2%

at twelve months.

3.3.3.3 FLEXURAL STRENGTH~-MCDULUS OF RUPTURE

The modulus of rupture was determined from tests on
100x100x500mm prisms with a loaded span of 400mm under third
point loading and at a stress rate of 1.6 N/mm2 per minute, in
compliance with B.S.1881: Part 4 (78). The results, given in
Table 3.4 and Fig.3.4, show that the increase of strength over

that at 28 days was 8.0% at six months and 8.9% at twelve

months.
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3.3.3.4 ELASTIC MODULUS AND POISSON'S RATIO

The tests were carried out on 100x100x300mm prisms in
accordance with the recommendations of B.S.1881: Part 4 (78).
The longitudinal strains were measured with a demec gauge over
a length of 100mm in the middle third on two opposite sides of
each specimen. The transverse strains were measured with a 50mm
Demec gauge at the centre on two opposite sides. The results
are shown in Table 3.4.
3.3.3.5 SHRINKAGE

The shrinkage of the main concrete mix was determined
from longitudinal strains measured on 100x100x500mm prisms
stored in the laboratory. The strains were measured with a
300mm Demec gauge on two opposite sides of the specimens. The
results are shown in Table 3.4 and Fig.3.5. The increase of
shrinkage over that at 28 days was 61.3% at six months and

75.0% after twelve months.
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CHAPTER FOUR

PROPERTIES OF EPOXY RESIN

4,1 INTRCDUCTION

The chemical composition of epoxy resins, their
mechanical properties, their adhesion to other materials and
all their other properties relevant to structural repair, are
reviewed and discussed in detail in chapter two.

This chapter describes the mechanical and adhesion
properties of the epoxy adhesive used in this project. The
resin used was manufactured and supplied by Colebrand Ltd,
under the code name CXL 194. Each pack contained two tins of
500g. each of the base and hardener. The manufacturer also
provided instructions for the use of the adhesive and some
limited test results on its tensile and shear adhesion
strengths (16). The manufacturer's results and information will
be referred to in the appropriate sections.

The mechanical action of the steel-glue-concrete
connection, in epoxy joints such as plated beams, is mainly by
shearing. The bond between the resin and the materials is
partly chemical (adhesion) and partly mechanical (friction) and
depends therefore on the substrates and their sur face
preparation. The strength of the joint will always be subject
to an upper 1limit dictated by the 1lowest ultimate shear
strength of the three materials or their ultimate tensile (or

compressive) strength.
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As well as transferring shear stresses, the epoxy Jjoint
must also be able to sustain the deformations. Assessment of
the resin stress-strain relationships is therefore of vital
importance. The mechanical properties of wvisco-elastic
materials such as epoxy resins depend closely on the 1loading
rate. These materials obey the rheological law:

F (d0,dg,dt) = 0
This means that the stress g is a function of both the strain €
and the strain rate é=d€/dt.

Tensile and compressive tests, on the epoxy resin used
in this project, are reported in the first part of this
chapter. The variables studied are the age and geometry of the
specimen, rate of loading, six month exposure and water
immersion.

The second part of the chapter deals with shear
adhesiveness tests, with concrete and steel adherents, the main
test variables being the concrete compressive strength and the

glue line thickness.

4.2 TENSILE TESTS ON EPOXY RESIN

4,2,1 INTRODUCTION

The use of epoxy resins in civil engineering is
relatively recent and there is still no accepted standardized
test specimen size and testing procedure available. The tensile
stress—-strain relationship of the adhesive was studied by tests
on specimens of different shapes and under different testing
conditions. Mixing of the resin base and hardener was carried
out according to the manufacturer's instructions (16) using a
low speed drill, at 280 revolutions per minute, fitted with a

paddle. The adhesive was then poured into lightly oiled moulds
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in three layers. The specimens were then covered with polythene
sheets for 24 hours before being stripped. They were
subsequently cured in uncontrolled laboratory conditions until
required for testing.

Two series of tests were carried out:

In the first, 38 specimens of four different shapes A; B, C, or
D were tested (Fig.4.1). Apart from the specimens of type A,
all the other specimens were cut from 50x50x150mm prisms. The
specimens were cut to the required width and thickness using an
electrical Bandsaw machine. The actual dimensions of each
specimen were measured on many locations by a micrometer of
0.002 mm sensitivity and corrected when necessary.

In the second series, 70 specimens of the shape shown in

Fig.4.2 were tested.

4.2,2 SERIES 1

The 38 specimens, of the shapes shown in Fig.4.1, (6 of
shape A, 11 of shape B, 9 of shape C and 12 of shape D),
constituing this preliminary series were tested in an Amsler

machine or an Instron machine (Table 4.1).

4.2.2.1 AMSLER TESTS

No accurate stress or strain rate control was possible
on the Amsler machine but the tests were carried out at an
approximate stress rate of 15N/mm2 per minute. The strains were
recorded by means of extensometers or demec gauges and it was
found that it was practically impossible to take accurate
strain measurements as the strain continued to increase when
the 1load was kept constant. This strain variation (creep)

occurred at all load levels and was probably the result of the
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viscous properties of the epoxy resin.

4,2,2.2 INSTRCON TESTS

The remaining specimens of the first series were tested
in an Instron machine which provides a strain rate control over
a wide range. No strains were measured (the ordered strain
gauges had not arrived) but the stress-elongation curve was
provided by the machine. The loading rate was equivalent to a

cross~head speed of 12.7mm (0.5 inch) per minute.

4,2.2.3 RESULTS CF SERIES 1

The detailed results of the preliminary series are shown
in Table 4.1. The ultimate tensile strength was deduced from
the measured loads without allowing for the few air bubbles
contained in the sections through which the specimens broke.
The maximum elongation was deduced from the elongation curves
provided by the machines. The mechanical strain measurement
permitted the calculation of the elastic modulus Eg (average
value of the measured slopes at different load levels) for five
specimens only and, for the reasons mentioned earlier (viscous
creep), the values are not very reliable.

The first major observation is that the ultimate tensile
strength, the elastic modulus and the ultimate elongation
varied considerably with the geometry of the specimen and the
rate of loading. The strength varied from 5.13 N/mm2 (specimen
B9) to 18.54 N/mm2 (specimen A4) and the maximum elongation
from 3.21% (specimen C8) to 13.20% (specimen Bl0) The results
also showed that full cure of the specimens was achieved after

21 days and not 7 days as specified by the manufacturer (16).
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Some specimens of the first series were table vibrated
in order to reduce the amount of air entrained but it was found
that vibration did not have any effect on the properties of the

adhesive.

4,2.3 SERIES 2

It was evident that the first series of tests were not
conclusive enough and that a better controlled test series was
needed in order to assess the influence of the different
parameters. It was decided to test specimens of the shape shown
in Fig.4.2 in the Instron machine wusing sophisticated

instrumentation to record the stress-strain relationships.

4.2.3.1 VARIABLES

The test variables were the thickness of the specimen
and the rate of loading.
For a specimen thickness of 1.5mm, the rate of loading was
varied six times: 0.254, 1.27, 2.54, 5.08, 12.7 and 25.4mm per
minute.
For a 1loading rate of 2.54mm (0.1 1inch) per minute, the
specimen thickness was varied three times: 1.5, 3.5 and 5.5mm.
There were in all eight different sub-series of tests and, in
each of them, a minimum of eight specimens were tested. A total
of 70 specimens were tested in this series at an age of 28 days

(Table 4.2).

4.2.3.2 INSTRUMENTATICN AND TESTING PRCCEDURE

Four 2mm Kyowa electrical strain gauges, designed for
plastic materials, were fixed on two specimens of each of six
sub-series, 1in order to record the longitudinal and transverse

strains. The strain gauges were fixed on the centre sections
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and on opposite faces of the specimen. To avoid the problem of
strain variation during the mechanical (extensometer or demec
gauge) strain measurement encountered in the preliminary
series, two X-Y plotters were used to record automatically
(without stopping the test) the longitudinal strain versus load
and transverse strain versus load curves, For each curve, the
instrumentation was as follows: The variable X of the plotter
was connected to the electrical output from the load cell of
the Instron machine. The wvariable Y was connected to the
electrical output from the Wheatstone bridge of four strain
gauges formed by the two active strain gauges on the test
specimen and two similar ‘'dummy' strain gauges on a similar
specimen at rest (Appendix A).

The stress-strain curves are derived from those recorded by the
X-Y plotters. In addition, the elongation-load curve was
provided by the machine. The elongation was measured between
the grips of the machine and was converted to percentage values
by dividing by the free gauge length of the specimen (90 mm,
which was the initial distance between the grips of the
machine).

The testing apparatus and the electrical instrumentation are

shown in Fig.4.3.

4,2,3.3 TEST MEASUREMENTS

From the stress-strain (longitudinal and transverse)
curves up to failure, the ultimate tensile strength, the
max imum longitudinal and transverse strains, the -elastic
modulus and Poisson's ratio were all determined and the average
results are given in Table 4.2. The stress-strain relationship

is not perfectly elastic. The modulus of ‘'elasticity' and
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(a): Instron testing machine
(b): Test specimen

(c): Elongation curve

(d): X-Y plotters

Fig.4.3: Testing apparatus and instrumentation
(Series II of epoxy tensile tests)
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Poisson's ratio were computed twice: E1 is the initial modulus
of elasticity determined by the tangent at the origin of the
stress- strain curve. E, is the secant modulus determined as an
average value over a longitudinal strain of 0.02,

Vi and\Q are the corresponding values of Poisson's ratio. El
and Vl are determined visually by the initial tangents to the
curves and are not therefore very accurate. This particular
value of 0.02 strain was chosen to compare the results to those
of the manufacturer (16) determined at the same strain. El and

E., are both different from the modulus Eg determined in Series

2
1 as an average value over the recorded strains. The ultimate
elongation was determined from the curve provided by the

testing machine.

4,2.3.4 DISCUSSION OF RESULTS

It was observed that failure of the specimens always
occurred through sections containing some air bubbles. The
subtraction of the cross-sectional area of the bubbles, which
was estimated by means of a microscope, resulted in more
consistent values of stresses falling within a variation of
5.7% The average results of the eight sub-series of series 2
are given in Table 4.2.

Tables 4.3, 4.4 and 4.5 show the individual results for each
specimen of series 2 of ultimate tensile strengths, ultimate
elongations, and ultimate strains and elastic moduli
respectively. The coefficient of variation for the strength and
elongation results for the eight sub-series is equalleor 1less
than 6% and 10% respectively. The results shown in Table 4.5

are those of the specimens where strain gauges were fixed.
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The stress-strain curves and stress-elongation curves
were different but had similar shapes. They both varied
considerably with the rate of 1loading and thickness of the
specimen. Typical curves are shown in Figs.4.2, 4.4 and 4.5.
This makes the comparison of these results with those of the
manufacturer (16) rather difficult as their test specimen and
loading rate were different and their elastic moduli were
determined from the stress-elongation curves. The
manufacturer's ultimate tensile strength, maximum elongation
and 2% secant modulus results varied between 5.15 and 11.50
N/mmz, l1.1% and 4.5%, and 284.2 and 460.6 N/mm2 respectively.
Their test specimen had a gauge length of 70mm, a width of
12,5mm and was 1.0 mm thick. The loading rate used was 1l.27mm
per minute. Their elastic modulus results are of 1little
significance as the present tests showed that the stress-strain
and stress—-elongation curves were different. The present test
ultimate strength results, for specimens of 1.5mm thickness and
a loading rate of 1.27mm per minute, varied from 6.49 to 7.50
N/mm2 (Table 4.3) and the maximum elongation results from 2.62%
to 2.83% (Table 4.4). The high variation in the manufacturer's
results may be due to the non-allowance for the air contained
in the cured specimens.

The variation of the ultimate tensile strength, elastic
moduli, maximum strains and elongations, and Poisson's ratios
with the rate of loading and specimen thickness are shown in
Figs.4.6 and 4.7.

For specimens of 1.5mm thickness, the average ultimate strength

2

varied from 6.4 to 10.0 N/mm“, the average maximum elongation

from 3.8 to 1.2% and the average secant modulus at 2% strain
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from 222.0 to 510.0 N/mmz, when the loading rate was varied
from 0.254 to 25.4 mm/min. (Fig.4.6).

For a 1loading rate of 2.54 mm/min, the average ultimate
strength varied from 7.8 +to 13.3 N/mmz, the average maximum
elongation from 2.4 to 1.7% and the average secant modulus from
279.0 to 641.0 N/mmz, when the specimen thickness was varied
from 1.5 to 5.5mm (Fig.4.7).

In general the stiffness of the specimen increases with its
thickness or the loading rate (Figs.4.3 and 4.4) except for a
rate of 1loading of 25.4 mm/min. where the initial stiffness
(El) was less than that at a rate of 12.7 mm/min. (Figs.4.4 and
4.6). The reason for this behaviour is not quite clear and may
be due to some kind of dynamic effect of the high loading rate
of 24.5 mm/min. The tests for that rate 1lasted six to eight
seconds only whereas those <carried out at a loading rate of
loading of 0.254 mm/min. lasted up to thirty minutes.

These results illustrate the «close interelation between the
stress-strain relationship and the loading rate and specimen

geometry of epoxies.

4,2.4 LONG TERM TENSILE TESTS CN EPOXY

Twenty specimens identical to those of series 2 and of
1.5mm thickness were tested in the same manner at a loading
rate of 2.54mm per minute after 6 months. Ten specimens were
kept outside the laboratory exposed to weather conditions and
the other ten were immersed in water and kept in the
laboratory. The results are shown in Table 4.6. Unfortunately,
no specimens were kept in dry conditions in the laboratory for
2

direct comparison. The average ultimate strength was 8.62 N/mm

for the specimens immersed 1in water and 8.78 N/mm2 for the
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Table 4.6: Long term tensile tests on epoxy.
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exposed specimens.

These represent increases over that at 28 days of 10.2 and
13.6% respectively. The maximum elongations were 2.54 and 2.35%
respectively, which are egquivalent to variations of +5.4 and
-2.5% respectively over the value at 28 days. These results
show that immersion in water or exposure to weather conditions
of the specimens for 6 months had no adverse effect on their
tensile strength. The slight increase in strength registered
may have been due to the ageing of the specimens. This
contradicts however the 1limited results of series 1 which
suggested that the specimens were fully cured after 21 days.
Further investigation over a longer period of time is therefore

needed to assess the long term tensile strength of epoxy.

4.3 COMPRESSICN TESTS CN EPOXY

4,3.1 EXPERIMENTAL PRCCRAMME

These tests were conducted on either 50mm cubes or
50x50x150mm prisms. The specimens were cast and cured in the
same manner as described before. The tests were carried out at
an approximate stress rate of 15N/mm2 per minute. The strains
were measured on the prisms only and as in the tensile tests,
the mechanical measurement of strains was impossible because of
their variations when the 1load was stopped for recording
purposes. The same instrumentation, as in the series 2 of
tensile tests, was therefore used with the same X-Y plotters
and similar strain gauges to record automatically the stress-
strain curves. The electrical output of the stress was taken
from a 200kN calibrated load cell positioned between the test

prism and the loading plate.
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The manufacturers of the glue (16) stated that the full
cure of the resin was achieved after 7 days, but it was soon
observed that the specimen strength increased at a 1later age.
It was therefore decided to study this variability by a series

of tests on 27 cubes and 6 prisms tested at different ages.

4,3.2 TEST RESULTS

The detailed results of the compressive tests are shown
in Table 4.7. It was found that the full cure of the specimens
was completed after 21 days in uncontrolled laboratory
conditions. Fig.4.8 shows the stress-~strain curves before and
after the full cure was achieved.

The average ultimate cube compressive strength (of fully
cured specimens) was 46.6 N/mm2 (about 5 times the tensile
strength), the average secant modulus and Poisson's ratio at 2%
strain were 711.9 N/mm2 and 0.67 respectively, and the average
maximum longitudinal and transverse strains were 253.0 and
217.8 millistrains respectively (about 6 times the ultimate

strains in tension).

4.4 SHEAR ADHESICN PRCPERTIES CF EPCXY

4.4,1 INTRCDUCTICN

The main action of epoxy bond in plated beams 1is by
shearing. The shear adhesiveness of epoxy to concrete and steel
was studied by two series of tests:

(a) The first series was conducted on concrete and steel
adherents (pull out tests).

(b) As failure in the pull out specimens always occurred
through the concrete-glue bond, it was decided to study the

epoxy shear adhesion to steel by tests with steel adherents

- 71 -



- e e e e o e e G s e taoe om e e -

I 9°9% " £ | oee
| !
| 29 | £ ] £6
! ' ] ! ' | i ! } i ]
99° ) 29° )} 0°0lLL )} S°hwEwL } 2L°Lle | g€°nsg | 8 Lk ! €6 | 9 ! 9°9% H £ ! 8c
] ! ' ! | H ] | ! i !
29° ) 85 1 E£°069 | E£°'nS2l “ G6°LER “ 8G9°hle “ t°9h “ €6 “ S “ 0°'Lh " £ “ Le
! | |
L9° ) 66 ) h°GEL | 6°LhiLlL |} w9°to2 | 9L°0fe | 2'th ! £6 ) f | 2°4h ) £ | tt
! i ' ! ! ! | ! ! } |
H ! | ! | | oen | Ly e b o 9tw 9 L
} H ] ! ! ] ] } ! ] !
! | ] ! } I A X S L } 2 } o8 |} ¢ | £
! ! ] ! ' ! ! ! | ' '
H !} 0°162 | o0°4ng | | 80°90h | 9°8E | L l bRttt €} L
] ] ! H ' ! { ! ! ! !
] 1 ] % . 1
i | Amea\zv H ﬁmba\zv H Am:o_v H Amuo_v | Amee\zv | (sfep) | H Ambbxzv } *o91s | (s4ep)
! ! 2 ) \ | utea3s | ujeqys | yizsuasys | 98y | °o9is | yjzBuauys | jo°oy | a8y
Cay Tay | 3 | *asuesy | “8uworT | 3w | _ RES ( |
| { ! ] ‘xey |} c°xeWq | ] ! } H ]
H
S1S3L WSIYd WWOSLXQGX0S ! S1S3L 39N WWOS

*£xo1a uo s3833 aayssasLiuod jJo s83[NS3Y :L°h d149elL

- 72

—— e mm m- w w— - o - —— —— - = —— —— e —

+ - o= e v -



Fig.4.9: failure of epoxy specimens in tension

Fig.4.10: Untested and tested epoxy prisms in compression

- 73 -



only (single and double lap tests).

4,4.2 EXPERIMENTAL PROCEDURE

4.4.2.1 PULL CUT TEST

The pull out test specimen, shown in Figs.4.11 and 4.12,
is similar to the one used by Solomon (26). Two plates P 3mm
thick and 60 mm wide are glued to the opposite sides of a
60x60x150 mm prism. The two plates are put into tension through
the rod Al which is fixed to the piece Pl to which the plates
are bolted. The reaction is taken by the two rods A2 (which are
fixed to the pieces P2 and P3). A rotule R 1is positioned
between the pieces P3 and P4 in order to distribute the load as
uniformly as possible at the end of the concrete prism. The
steel plates thus in tension transfer their 1load to the
concrete prism through the glue layer.

The test variables were the glue thickness which was
varied from 0.5 t0 3.0mm and the concrete cube strength which
was varied from 25 to 70N/mm2. The concrete mixes used are
described in chapter three. For each glue thickness and cube
strength, 6 specimens were tested. In all 42 specimens were

tested in the short term pull out series at 28 days.

4,4.2.2 DCUBLE AND SINGLE LAP TESTS

The double lap test specimen is shown in Fig.4.14. When
the inner plate (6mm thick and 60 mm wide) is put in tension,

the load is transferred to the outer plates through the glue
layer. The reaction is then taken by the plate P to which the

outer plates (3mm thick and 60 mm wide) are bolted. In order to
distribute the loads as uniformly as possible at the ends of

the plates as 1is assumed in the theoretical model (25), the

- 74 -



Co ret

arisn IxHI¥157 0

27

Stoasl nalate 47y7 g

ke

-
4 ~ meApotn
c

Rotulz R

.qﬁ -
"on -t

3N 218 25
et — et
l::.

2jer z

N _
57 ~rat

A\
Z

O

YA,

O

NN 22N

djar

P2

€3

LAt

29 rrd A2

i

(A | Aigean~ ¢ 3

N

Piaga

31t tagt g4 rims

1)

p?



Fi1g.4.12: Pull out test rig and specimen

Fig.4.13: Curing of a pull out specimen



' l Plates 93x3 =7

- —d
e
5lu
3inqle Lan
Dlqssc 57 7 =
134 h 1= 1)
t-%7 -~ 17
\‘A }_____._' 513 3 -
[ 1 /
- Jy
g
o
1 1 257 N
F————’H 21 P
l= -l o
™ e |

3 Adaq =re
) \

O!
"”Q:f
Ve

\\\\
'

ti"-‘.‘lA' .i'\"l a 4 4> ! an <9~ Smon

" dig*r rec fq Am)

- 77 -



Amsler testing machine was fitted with friction grip Jjaws
capable of accepting the whole width of the plates.

The main test variable was the glue thickness. All the
joints were 60mm long and 60mm wide except three specimens
which had a 100mm 1long Jjoint. These last three tests were
carried out to study the behaviour of the bond when the steel
yields.

Three single 1lap tests were also carried out for
comparison. The single lap specimens had identical plates as
the double lap specimens and 60mm long joints.

In all sixteen 60mm 1long and three 100mm long double lap
specimens and three 60mm long single lap specimens were tested

in this short term series at 28 days.

4,4,2.3 THECRETICAL MCDELS

The theoretical model for the pull out test, first
proposed by Bresson (25) and described in Appendix B, makes the
following assumptions:

1- The materials (steel,epoxy,concrete) obey Hoogﬂs law.

2- The epoxy layer carries nothing but shear stresses.

3- The normal stresses are uniformly distributed in the
adherents.

The theoretical model for the double lap test was developed
with the same approach and assumptions. The two models are both

described in detail in Appendix B.
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4.4.3 BCNDING PROCEDURE

After two weeks of curing in uncontrolled laboratory
conditions, the <concrete prisms were prepared for bonding.
Prior to glueing the materials, the concrete surfaces were
abraded with an electrical disc grinder to remove laitance and
expose the aggregates. They were then wire brushed and vacuum
cleaned to remove all loose particles. The face of the steel
plates to receive the adhesive was shotblasted using steel grit
of 340 microns mean particle size and at a pressure of 0.75
N/mmz. The epoxy adhesive was mixed according to the
manufacturer's instructions as described in section 4.2. The
glue was then applied to both the concrete surface and steel
plate. The Jjoint thickness was controlled by four small
hardened epoxy spacers. The plates were then applied and held
in position by weights. The alignment was ensured by putting

bolts through the plate holes during setting (Fig.4.13).

4.4.4 INSTRUMENTATICN

After four weeks of bond curing, 2mm Kyowa strain gauges
were fixed along the centre 1line of both plates of three
specimens for each sub-series. The strain gauge positions are
shown in Fig.4.15 for the pull out tests and Fig.4.20 for the
double lap tests. The strain gauges were used to record the
deformations along the joints from which the longitudinal force
and shear stress distribution could be deduced. The accuracy of
the computed shear stresses depends on the distances between
consecutive strain gauges. The strain gauge spacings were
therefore smaller near the most stressed end of the joint where
(according to the theoretical model) the longitudinal force and

shear stress are maximum.



A portable Solartron data logger was wused to record

automatically the electrical outputs from the strain gauges.

4,4.5 CALIBRATION

Although the factor of conversion of voltage output from
the strain gauges to strains was given by the suppliers (Kyowa)
and although the longitudinal force could be obtained directly
by multiplying the recorded strain by the cross-sectional area
of the plate and its elastic modulus, it was decided to carry
out calibration tests (direct tensile tests) on 2 similar
plates with similar strain gauges. These calibration tests
permitted the direct conversion of voltage outputs to strains
or longitudinal forces. The recorded calibration factor was
only 2% greater than the conversion factor given by the product
of the strain gauge factor, the cross-sectional area of the
plate and its elastic modulus. In addition, 2 strain gauges
were fixed outside the joint (where the longitudinal force is
known) and were used as references. The electrical strain

measurement is described in Appendix A.

4.4.6 TESTING PRCCEDURE

After 28 days of epoxy curing (when the concrete prisms
were 42 days o0ld), the specimens were tested in an Amsler
machine at approximate stress rates of 2 N/mm2 per minute for
the pull out tests and 6 N/mm2 per minute for the double 1lap
(and single 1lap) tests. The data logger was monitored to take
continuous readings (without stopping the test) wup to the

breaking point.
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4.4,7 MEASUREMENTS

From the recorded voltages and using the calibration
factors, three different series of curves were plotted:
1- Local longitudinal force versus applied 1load for each
strain gauge location (Figs.4.15 and 4.20). The 1local
longitudinal force is obtained by multiplying the recorded
strain by the calibration factor.
2- Force distribution along the joint at different load levels
(Figs.4.16 and 4.21). The distribution of the longitudinal
force along the joint at each load level is obtained by joining
the points given by the 1local 1longitudinal force for each
strain gauge position at each load level.
3- Shear stress distribution along the joint at different load
levels (Figs.4.17 and 4.22). The shear stresses were calculated
assuming a linear variation of the longitudinal force along the
plate between consecutive strain gauge positions. For this
reason the strain gauge spacings were smaller at the ends of

the joints where the shear stresses were expected to be higher.

Shear stress T = g%%f (4.1)

where AF is the Variation of 1longitudinal force between 2
consecutive strain gauges, AL the distance between the 2 strain

gauge positions and b the width of the joint.

4.4.8 DISCUSSION CF RESULTS

4.4.8.1 PULL OUT RESULTS

The detailed results of the pull out tests are shown 1in
Table 4.8. Fig.4.15 shows that the local longitudinal forces
(for each strain gauge 1location) are proportional to the

applied 1load and that the slopes change at regular intervals.
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This probably results from the parabolic nature of the stress-
strain relationships of concrete and epoxy and therefore
contradicts the simplified elastic relationships assumed in the
theoretical model (25). At high loads, the local longitudinal
force near the stressed end of the joint increases rapidly
until it reaches the value of the applied load (Fig.4.15). This
means that no force is transferred from the plate to concrete
in that area. This could be the result of cracking in concrete
or the joint or both. Fig.4.16 showing the force distribution
along the joint at different load levels confirms the previous
observation. At 1low loads the distribution is exponential but
at higher loads it tends to become more and more horizontal
near the stressed end following the reduction in the transfer
of forces from the plate to concrete in that region.

The deduced shear stress distribution along the Jjoint at
different load levels, represented by histograms (Fig.4.17), is
exponential at 1low 1loads. At higher loads however the shear
stresses are reduced in the stressed end region and near the
ultimate 1load, the bond stress becomes equal to zero in the
first 10mm of the joint (Fig.4.17).

At low loads, the longitudinal force and shear stress
distributions along the joint are exponential (as suggested by
the theoretical model described in Appendix B) (Figs.4.16 and
4,17). At higher loads (60% of the ultimate load) however the
joint starts failing at the most stressed end but the variation
still remains exponential in the remaining region of the joint.
Near the ultimate load, the most stressed end fails completely
reducing the effective length of the joint by approximately 10

to 20 mm or 6.67 to 13.33% of its 1initial 1length. Fig.4.17
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shows that at a load of 20kN, the shear stress in the first
10mm of the stressed end was equal to zero. The maximum shear
stress recorded near the edge of the joint was about 4.1 N/mmz,
60% only of the recorded value at a location distant 20mm from
the edge (Fig.4.17). The 3joint seems therefore to offer a
weaker bond strength at its edge. This phenomenon of lower bond
strength at the edge of the joint was not reported by Bresson
(25) or Solomon (26) but was observed by Van Gemert (27). He
found that the stressed end starts failing at a shear stress of
2.6 N/mm2 whereas the maximum value registered at a distance of
50mm was 6.0 N/mmz. Van Gemert observed that the bond strength
reduction occurred over a distance of 125mm or 42% of the
initial joint 1length. This greater reduction in the effective
length of the joint may have been due to the difference in the
elastic properties of the materials he used and to the greater
joint length (300mm) of his specimens. Van (%emert proposed a
simplified 1linear design model relating the ultimate joint
strength to the ultimate tensile strength of concrete. The
concrete he used had a compressive strength of 56 N/mm2 and a
tensile strength of 4.5 N/mmz. This integélation between the
tensile strength of concrete and the bond strength was also
reported by Solomon (26) and was probably suggested by the
relatively 1lower values of ultimate bond stresses recorded.
These lower values (2.64 to 3,95 N/mmz) were probably the
result of higher spacings between consecutive strain gauges
(25mm in Van Gemert's tests and 30mm in Solomon's tests).

The ultimate shear stresses recorded in the present tests

varied between 6.0 and 8.3 N/mm2 (Figs.4.23 and 4.24), much

higher than the tensile strength of concrete (4.5 N/mmz), and
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Pig.4.18: Failure of pull out specimens

Fig.4.19: Failure of double lap specimens
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agree satisfactorily with Bresson's results of 6.0 to 8.0 N/mm2
(25).

The results of these tests suggest that the distribution
of the shear stresses is exponential as predicted by Bresson's
model (25) but that there is a reduction of 6.67 to 13.33% in
the joint length at high loads due to an unclear edge effect. A
possible explanation to this reduced bond strength at the edge
may be the presence of tensile stresses at the end of the
joint.

The average values of the mean and maximum shear
stresses varied from 2.17 ¢to 6.0 N/mm2 respectively for a
concrete grade of 25 and from 3.33 to 8.3 N/mm2 respectively
for a concrete grade of 70 (Fig.4.23). The mean shear stress is
obtained by dividing the maximum load by the area of the joint.
The maximum shear stresses recorded are greater than the
splitting tensile of concrete (3.1 to 4.0 N/mmz).

Failure of the specimens always occurred through
concrete (Fig.4.18) proving that the epoxy resin can offer a
bond stronger than concrete 1in shear. The wultimate shear
strength of concrete seems therefore to be the upper 1limit of
the Jjoint strength and the integélation between the two may be

more appropriate than that relating the joint capacity to the

tensile resistance of concrete.

4.4.8.2 DCUBLE AND SINGLE LAP RESULTS

The detailed results of the double and single lap tests
are given in Table 4.9. At all strain gauge positions, the
local 1longitudinal forces are proportional to the applied load
and keep the same slope up to failure (Fig.4.20). This means

that the changes in the slopes, observed in the pull out tests,
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were probably not due to the inelastic behaviour of epoxy but
to the parabolic relationship between stresses and strains in
concrete or microcracking of concrete near the interface. The
distribution of the 1longitudinal forces and shear stresses
along the Jjoint 1is exponential as suggested by the model
described in Appendix B (Figs.4.21 and 4.22). The theoretical
model predicts a stress distribution symmetrical about the axis
passing through the middle of the joint with a maximum value at
both ends of the joint and minimum wvalue in the middle
(Appendix B). The unsymmetry of the recorded shear stress
distribution is probably due to the different strain gauge
spacings used. The average values of the mean and maximum shear
stresses in the double lap specimens of 60mm length were 12.7
and 18.2 N/mm2 respectively. This maximum value is greater than
15.8 N/mm2 reported by Gilibert et al.(39). The difference may
be accounted for by the differences in the epoxies and test
specimens used or the greater spacings between the strain
gauges (18.5mm). Cusens and Smith (29) found that the mean
shear stress varied with the type of adhesive used between 13.5
and 22.0 N/mmz. They did not measure the deformations along the
joints and could not therefore deduce the experimental maximum
values. Their values of mean shear stresses (up to 22.0 N/mmz)
are much higher than those of the present tests (12.7 N/mm2) or
those reported by others (39). This may be due to the different
version of the double lap test specimen (specimen b shown in
Fig.2.1) used by Cusens and Smith (29) or the difference in the
properties of the materials. The reported results show that the
steel adherents used must have been of high yield strength.

The difference in the performances of the adhesives (29) and
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the difference in the testing conditions (specimen geometry,
rate of loading...) used, make a direct and full comparison of
the various results rather difficult.

The double 1lap joints of 100mm length behaved in the
same manner and sustained higher 1loads than the 60mm 1long
joints. They failed however at mean and maximum shear stresses
of 9.68 and 13.8 N/mm2 respectively, lower than those recorded
in the 60mm 1long 3joints. This early separation (compared to
shorter double lap joints) was caused by the yielding of the
steel plates which resulted from the higher loads sustained by
the longer joints. This may be due to the limitations of epoxy
joints in sustaining high deformations or a higher stress
concentration factor possibly resulting from a stress
redistribution following the yielding of the plates.

The single lap specimens, tested for comparison, failed
at an average shear stress of 10.2 N/mmz, which is 19.7% 1lower
than the double lap value. The manufacture’s single lap tests
on the same adhesive gave an average result of 12.25 N/mm2 but
again no complete comparison can be done as many important test
parameters (specimen size, loading rate...) are not reported.
This low resistance of the single lap specimens (compared to
the double lap tests) is probably the result of the combination
of the shear stresses and peeling forces present in the
unsymmetrical specimen. This suggests that the single lap test
is an unreliable method of studying the shear bond strength of
epoxies.

Failure of the specimens occurred by separation of the
plates. Subsequent observation of the failed specimens

suggested that failure was a combination of adhesion (at the
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interface steel-glue) and cohesion (through the glue) failures

(Fig.4.19) confirming other findings (16,29).

4,4,.8.3 EFFECTS CF CCNCRETE STRENCTH AND GLUE THICKNESS

Fig.4.23 shows that the shear bond strength of epoxy to
concrete varies almost 1linearly with the concrete cube
strength. This 1is probably due to the nature of failure which
is controlled by the shear strength of concrete.

Although the theoretical models suggest that the joint
strength should 1increase with the glue line thickness, the
experimental results showed no apparent effect of the adhesive
layer thickness over a range 0.5-3.0mm on the strength of the
pull out and double lap specimens (Fig.4.24). This apparent
contradiction may be accounted for by the high shrinkage
deformations during setting occurring in the thick resin layers
or the presence of normal stresses in Jjoints with thick

adhesive layers (36).

4,4.,9 LONG TERM ADHESICN TESTS

Twelve pull out specimens and ten double lap specimens
were tested after 6 months immersion in water or exposure to
weather conditions. Six of the pull out and five of the double
lap specimens were immersed in water and kept in uncontrolled
laboratory conditions. The other specimens were exposed to
weather conditions on the roof of the university building. The
glue layer was 1.0mm thick for all specimens. The concrete used
was of grade 45 with a cube strength of 44.9 N/mm2 after 42
days dry curing in the laboratory, and 46.3 and 47.1 N/mm2
after 6 months immersion in water or exposure to environmental

conditions respectively. The joints and all the exposed steel
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plate surfaces were Aluminium painted for protection. After six
months the specimens were tested in the same manner as the
short term ones, The detailed results are shown in Table 4.10.

For the pull out tests the average shear stress was 2.58

N/mm2

for the specimens immersed in water and 2,65 N/mm2 for
those exposed to weather conditions. These represent increases
over the short term strength of 2.4% and 5.2% respectively.
These small increases are probably due to the ageing and
increase in concrete cube strength (3.1 and 4.9% respectively).

The average shear stress of the double 1lap tests was
12,26 N/mm2 for the specimens immersed in water and 12.39 N/mm2
for the exposed ones. These are equivalent to decreases over
the short term strength of 1.9% and 0.9% respectively.

These negligible variations mean that 6 month exposure
or immersion in water did not have any adverse effect on the
epoxy shear adhesion to concrete and steel. They also mean that
the edge effect observed and reported in the short term pull

out tests was not enhanced by exposure to weather conditions

and immersion in water for 6 months.

4,5 CONCLUSIONS

The following conclusions drawn from the tensile,
compressive and shear adhesion tests on epoxy can only apply to
the adhesive formulation CXL 194 used in this project:
l1- The stress-strain relationships of epoxy depend closely on
the rate of loading and geometry of the specimen. The ultimate
tensile strength increased by 56% when the loading rate varied
from 0.254 to 25.4 mm/min. (specimen thickness = 1.5mm) and by
708 when the thickness of the specimen varied from 1.5 to 5.5

mm (loading rate = 2.54 mm/min.).
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2~ The rheological 1law F(d40,d€,dt)=0 of the visco-elastic
materials is not appropriate enough to describe the mechanical
behaviour of epoxy resins as it does not take into account the
influence of the specimen shape.

3- Full cure of the specimens is only achieved after 21 days
and not 7 days as stated by the manufacturer.

4- Table vibration of the specimens did not have any effect on
the properties of the resin.

5- Immersion in water and exposure to environmental conditions
of the specimens for 6 months did not have an adverse effect on
the tensile strength of the adhesive. There was on the contrary
an 1increase of 10.2 and 13.6% respectively over the 28 days
strength.

6- Epoxy glue ensures full composite action of concrete and
steel and achieves a bond stronger than concrete in shear.

7- The epoxy bond with concrete is weaker at the edge but the
experimental results agree satisfactorily with the theoretical
predictions.

8- The bond with concrete increases with the cube strength.

9- Variation of the glue thickness did not have any effect on
the bond strength with concrete or steel.

10- The theoretical model predicts satisfactorily the behaviour
of the double lap tests (steel adherents).

1l1- The results of tests on double 1lap specimens of 100mm
length show that the epoxy bond does not sustain high
deformations and breaks as soon as the steel adherents start
yielding.

12- Due to the presence of peeling forces, the single lap test

is not a reliable method of studying the shear strength of
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epoxy joints.

13- Immersion in water and exposure to weather conditions for 6
months did not have any ill effect on on the shear adhesion of
epoxy to concrete and steel. There were increases of 2 and 5%
in the pull out tests and 3 and 5% in the double 1lap tests

(over the 28 days strength).
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CHAPTER FIVE

FLEXURAL BEHAVIOUR COF PLATED BEAMS

5.1 INTRCDUCTICN

The flexural behaviour of a composite member depends on
the properties of its component materials. Concrete has a 1low
tensile strength of about one tenth of its compressive strength
and 1little resistance to crack propagation. This poor tensile
resistance and the brittle nature of the failures connected
with it render the wuse of concrete in tension undesirable,
uneconomical and unsafe. The main objective of reinforced
concrete 1is to exploit the compressive strength of concrete in
flexure and impart the tensile forces to the reinforcing steel
bars. The reinforcement provides tensile resistance in the
member but does not, however, improve the tensile strength of
the surrounding concrete or its resistance to cracking.
Concrete cracks at a tensile strain of about 100 to 150
microstrains, only a fraction of the ultimate strain of the
reinforcing bars it covers. Cracking is therefore unavoidable
in reinforced concrete members. Tensile stresses can be
transferred through narrow cracks but the overall strength of
concrete in tension is considerably reduced after the
appearance of cracks. For this reason it 1is common in
reinforced concrete design codes to ignore the tensile strength
of concrete when estimating the flexural strength of a member.

Most limit design theories are based on plastic
properties of reinforced concrete. The advantage of this is to

allow moment redistribution in statically indeterminate
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structures. The moment transfer depends on the hinging and
deformational capacity of the member. The prediction and
control of the deformations has therefore become very
important.

Control of <cracking 1is also wvital. Wide cracks are
aesthetically unpleasant and may lead to corrosion of the steel
bars and consequently a reduction of the member strength.
Excessive deformations (deflections, rotations, strains) and
cracking are undesirable and may give rise to public concern.
The modern codes of practice recommend limiting values for
deflections and crack widths which are not to be exceeded.

The present trend towards using refined design methods,
with higher allowable stresses for both steel and concrete,
produces structures in which the serviceability conditions can
be more critical than the strength considerations.

Previous field and 1laboratory tests have shown the
effectiveness of epoxy resins in successfully bonding steel to
concrete. Glueing external reinforcement to existing members
results in delayed and reduced cracking and increases in
stiffness and ultimate strength.

This part of the project investigates the flexural
behaviour of plated beams and compares the deformational,
cracking and strength properties of unplated and plated beams.
The role of the epoxy adhesive and the effect of preloading are

also studied.
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5.2 EXPERIMENTAL PRCGRAMME

5.2.1 INTRCDUCTICN

When strengthening an existing structure by bonding
external reinforcement, the internal steel bars are already
under load, due to the self weight and dead load. To make the
strengthening element effective, the structure must undergo
further deformation or loading. Unless the structure is
completely relieved of its existing dead 1load, the added
strength may not therefore be fully exploited (even assuming a
composite action between the beam and the plate).

This part of the experimental programme included nine beams in

all divided in three Series:

(a) SERIES I
Beams tested at 42 days in rig 1 shown in Figs.5.1 and 5.2
(which is described later):

FO0l: No glue and no plate.

F02: 3mm thick glue 1layer and no plate (to investigate

whether the adhesive cracks with concrete).

Fll: Strengthened with a 1.5mm thick plate (the epoxy bond

being 1.5mm thick) at 28 days age and tested at 42 days.

(b) SERIES II

Beams loaded to 30, 50 or 70% of their ultimate flexural
capacity (from the experimental maximum load of beam FO01)
unloaded, strengthened with a 1.5mm thick plate on the same day
at 28 days (the epoxy bond being 1l.5mm thick), and then tested
two weeks later in rig 1. Although the epoxy tensile tests
described in chapter four showed that the full cure of the

specimens was achieved after three weeks, the epoxy joint was
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cured enough after two weeks to be stronger than concrete in
shear.

F1l2: Preloaded to 65kN or 31% of ultimate strength.

F13: Preloaded to 110kN or 52% of ultimate strength.

Fl4: Preloaded to 150kN or 71% of ultimate strength.

(c) SERIES III

Beams Loaded to 30, 50 or 70% of their wultimate strength and
strengthened (under a constant load) with a 1.5mm plate on the
same day at 28 days age (the epoxy bond being 1.5mm thick) in
rig 2 (shown in Figs.5.3 and 5.4, and described later). The
beams were then kept under their preloads for two weeks (to
allow the epoxy bond to cure) before increasing the load up to
failure at 42 days:

F22: Preloaded to 65kN or 31% of ultimate strength.

F23: Preloaded to 110kN or 52% of ultimate strength.

F24: Preloaded to 150kN or 71% of ultimate strength.

5.2.2 DETAILS CF BEAMS

All the beams had the same section, length and internal
reinforcement (which was equal to 55% the value for balanced
conditions). To avoid shear failures, 6mm diameter mild steel
stirrups at 75mm centres were provided in the shear spans. The
beams were 2.5m long, 155mm wide and 255mm deep. The plates
were 2.2m long and 125mm wide. The epoxy adhesive layer was
l.5mm thick for all the beams. The beam details are shown in

Fig.5.5.
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(a): Test beam

(b): Spreader beam
(c)s Reaction frames
(d):s Hydraulic jack
(e)s Load cell

Fig.5.1: Loading rig 1l
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Fig.5.3: Leading rig 2 (dentson machine)
and instrumentation
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Denison machine

(a): data logger

(b) : paper punch

(c): Dummy strain gauges
(d): Power supply

(e): Voltmeter

Fig.5.4: Loading rig 2 and instrumentation
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5.2.3 MATERIALS

The properties of the materials and the concrete mix
used in the manufacturing of the beams are described in detail
in chapter three.

20mm diameter high yield steel bars were used. The 6mm
diameter plain bars for shear stirrups and the external plates
used were of mild steel.

The concrete mix used is the mix 4 described in chapter
three. Crushed aggregates of a nominal size of 10mm, ordinary
portland cement and dried river sand were used. The mix had a
28 days cube strength of 52.4 N/mmz. The concrete mix was used
with the following weight ratios:

Cement : Sand : Cravel : Water

1 : 1.75 ¢+ 2.61 : 0.54

The properties of the components (cement, gravel and
sand) and the manufacturing of concrete are described in
chapter three. Also reported in chapter three are the
properties of fresh and hardened concrete as recommended by the
British Standards Institution -BSI- (78).

The epoxy resin used was manufactured by Colebrand under
the code name of CXL 194. The properties of the adhesive are

described in chapter four.

5.2.4 MANUFACTURING CF BEAMS

Prior to preparing the steel cage consisting of the
longitudinal bars and stirrups (Fig.5.6), the bars were wire

brushed to remove the millscale of the external surface.
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Concrete was mixed 1in the same manner as described in
chapter three. Six 100m cubes for compressive strength, six
100mm diameter and 200mm long cylinders for indirect tensile
strength and six 100x100x500mm prisms for modulus of rupture,
were cast with each beam. The beams and control specimens were
cast in two layers and thoroughly vibrated after each layer
using a poker vibrator. They were then covered with polythene
sheets for 24 hours before being stripped. After demoulding,
the beams and control specimens were cured in uncontrolled

laboratory conditions until required for testing.

5.2.5 BCNDING PROCEDURE

After 28 days, the beams and steel plates were prepared
for bonding. The bonding procedure was identical to that
described in chapters two and four. Because of their large
size, the plates were taken to a shotblasting company where
they were abraded with steel grit of 340 micron mean size. To
prevent warping of the plates, both faces of the plate were
shotblasted.

Mixing of the epoxy adhesive was carried out in the same
manner as described in chapters two and four. The adhesive was
applied to both the concrete and plate surfaces. The joint
thickness was 1.5mm and was controlled by small metal spacers.
The plate was then applied and held in position by a uniformly
distributed pressure obtained by a heavy metal beam clamped to
the test beam (Figs.5.7 and 5.8). The pressure was maintained
for four days and the beams were left for a further ten days

before being tested at 42 days age.
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Fig.5.6: Internal reinforcement cage

Fig.5.7: Curing of a beam of Series I and 1II

Fig.5.8: Curing under laod of a beam of Series III
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For the preloaded beams (Series II and III), preloading
and subsequent plating were carried out at 28 days and testing
to failure at 42 days age.

For the beams of Series III, the surface preparation was
conducted before preloading and the bonding procedure after,
under a constant load (Fig.5.8).

To facilitate crack viewing, all the beams were

whitewashed the day prior to preloading or testing.

5.2.6 TEST MEASUREMENTS AND INSTRUMENTATICN

For all the beams, the first crack 1load, central
deflection, support rotations, concrete and steel strains,

crack widths and ultimate load were measured.

(a) DEFLECTICNS: The deflections were measured at the middle

section of the beam using calibrated electrical Linear Variable

Displacement Transducers (LVDT).

(b) RCTATICNS: The rotations were recorded near the supports

with an inclinometer with a sensitivity of one minute over a

gauge length of 150mm and resting on small steel balls glued to

the beam.

(c) CONCRETE STRAINS: The concrete strains were measured in the

middle face of the beam at different positions across the beam
depth (Fig.5.5). They were recorded using a mechanical demec
extensometer of 100mm gauge length with a sensitivity of 16
microstrains. The demec discs were glued on the beam with

'Plastic Padding’.
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(d) STEEL STRAINS: The internal steel bar strains were recorded

using 2mm Kyowa electrical strain gauges using the calibration
factors determined by the direct tensile tests on the bars
described in chapter three. The measuring Wheatstone bridge was
formed by one active strain gauge and three similar ‘'dummy'
strain gauges fixed on a bar covered by concrete. The dummy
gauges were used to balance any undesirable variation of
resistance that may be caused by the environmental conditions.
This is more explained in Appendix A. The plate strains were
measured along the middle line with a 100mm demec gauge.

The bar and plate strains were recorded at the middle section
of the beam. The epoxy resin strain was measured only on beam

F02 with a glue layer and without plate.

(e) CRACK WIDTHS: The appearance of first cracks and their

propagation was detected visually using a magnifying glass. The
development of cracks was marked with a pencil after each 1load
increment. The widths of the first eight flexural cracks were
measured in the constant moment region with a microscope with a

sensitivity of 0.02 mm at the level of the internal steel bars.

(f) LCADS: Loading was controlled and measured with a linear
differential voltmeter connected to a calibrated 50 ton load
cell.

A portable Imp data logger and a paper punch were used
to record the electrical outputs from the load cell, strain

gauges and transducers.

- 112 -



5.2.7 TESTING APPARATUS

The beams were loaded at third point over a span of
2300mm with their tension face uppermost to facilitate plate
strain measurements and the bonding procedure for the preloaded
beams of Series III. Two rigs were used in the testing:

In the first rig, the load was applied upwards at positions
383mm on either side of the midspan by means of a stiffened
200mm deep, wide flange, steel spreader beam resting on a 50
ton capacity hand operated hydraulic jack at its mid-point. The
electrical 1load cell was positioned between the jack and the
spreader beam. The reactions were provided by two pairs of 50mm
diameter Macalloy bars up to crossheads that were secured at
the top. ©Cne end was a fixed support and the other moving on
rollers longitudinally. Both supports allowed rotation. Rig 1 ,
shown in Figs.5.1 and 5.2, was used for all the beams except
for the preloaded beams of Series III which needed to be kept
under a constant load (to allow the glue to cure) for two weeks
before increasing the load up to failure. It was decided to use
another device where the load losses would be minimum.

Rig 2 is a 50 ton Denison machine with an excellent
controllable strain 1loading system. The static loading was
identical to that of rig 1 except that the 1load was applied
downwards through the 1load cell and a stiffened 280mm deep
steel beam spreading over a span of 2300mm. The 1load was
monitored by the speed of the vertical movement of the 70mm
diameter steel thread of the Denison machine. Rig 2 is shown in

Figs.5.3 and 5.4.
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5.2.8 TESTING PROCEDURE

The total load on the test beam was taken to be equal to
the applied 1lo0ad from the hydraulic Jjack or the Denison
machine, plus the weight of crossheads (rig 1) or the spreader
beam (rig 2). The self weight of the test beam was ignored.

The load was applied in increments of 5kN until the first crack
appeared and subsequently in increments of 20kN until the
preloading or failure load was reached. After each increment,
the different test measurements were recorded and the
development of cracks marked with a pencil. After failure, the
cracks were outlined by thick black marking and the beams
photographed.

The preloaded beams of Series II were unloaded in similar
increments, removed from the testing rig, then strengthened and
tested to failure two weeks later.

The beams of Series III were strengthened under a constant load
and kept under the same load for two weeks to allow the cure of
the epoxy bond. The load was adjusted twice daily. After 14
days, the load was increased up to failure of the beams.

The manual test measurement (rotations, concrete and
plate strains, crack propagation and «crack widths) and the
electrical measurements (deflections, bar strains, loads) were
all recorded at each 1load 1level during the preloading,
unloading (curing under constant load) and testing. At ultimate
loads, the data logger and paper punch were monitored to take
continuous readings in order to record the ultimate 1loads,
deflections and strains. The paper tapes were subseguently fed
into a computer with the other test results for data analysis

and graph plotting. The analysis of the sections of the beams,
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the computation of the deformations, crack widths and
strengths, and the computer flowcharts used are described in

Appendices C, D and E.

5.3 RESULTS

All beams failed as under reinforced beams by
compressive crushing of concrete after yielding of the
reinforcement. There was an increase in the stiffness and
strength of the plated beams and a reduction in their
deflections, rotations, strains and crack widths as compared to
the unplated beam. There was a delay in the appearance of first
cracks. The crack pattern of the plated beams was similar to
that of the unplated beam at service loads but at higher 1loads
there was a significant difference in the crack pattern:
The plates prevented the principal cracks from widening freely
and this resulted in a A shaped cracking developing from the
principal cracks in the <concrete cover towards the plate
(Figs.5.9 and 5.10). Testing of the beam F02 of Series I, with
a glue layer only, showed that for the amount of internal
reinforcement used (55% of the balanced conditions ratio), the
epoxy layer did not crack with concrete and remained wuncracked
until failure. It was therefore justified to consider the epoxy
glue not only as an agent transmitting stresses from concrete
to steel but also as a full participant in the resistance of
the beam. Epoxy glue was therefore taken into account in the

structural calculations of the composite sections of the plated
beams (which had a higher ratio of reinforcement than beam

F02). It must be pointed out that taking epoxy resin into
account cannot be justified in beams with a lower ratio of

total reinforcement than that of beam F02. Epoxy may well crack
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Fi1g. .9: rack pattern in an unplated beam

Fig.5.10: Crack pattern in a plated beam
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before breaking point in very under reinforced beams (with less
than 15% of steel) and where failure is likely to occur by
breaking of the steel bars after excessive plastic
deformations. Tensile tests on epoxy, described in chapter
four, showed that the ultimate strain of the adhesive was about
20,000 microstrains, which is less than the ultimate tensile
strain of steel. Furthermore, direct tension tests on steel
strips coated with an epoxy layer showed that the adhesive
cracked before breaking of the specimens.

Absolute and quantitative comparison of the results of
the unplated and plated beams is of little importance as the
effectiveness of the additional reinforcement has already been
proven. A plated beam may sustain a higher 1load than an
unplated one and yet fail prematurely before developing its
full flexural strength. The following sections concentrate more
on relative studies of the results by comparing non-dimensional
parameters such as the ratios of experimental to theoretical
strength or deformation or crack width. The theoretical models
used were derived from elastic theory or methods proposed by
various codes of practice or other researchers. Although the
proposed formulae were only valid in serviceability conditions,
they were also used at 1low and high 1loads. The predicted
results were therefore not always very satisfactory but they
were very useful in a relative study and comparison of the
behaviour of plated and unplated beams.

The strength and elastic modulus of the materials (concrete,
steel and epoxy), used in the analysis of the beams, were those
determined by the tests described in chapters three and four.

Table 5.1 shows the control test results of the flexural beams.
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The cube strength at testing varied from 52.0 to 55.1 N/mm2 and
the modulus of rupture from 4.48 to 4.93 N/mm2. The use of the

cube strength of 53.0 N/mm2 (determined by the material tests
described in chapter three) results in a variation of 1.0% only
in the ultimate flexural strength of the beams. As the value of
the modulus of elasticity of concrete used was the same for all
the beams (32.05 kN/mm2 determined by the material tests
described in chapter three), it was decided to wuse the same
cube strength in the analysis of the beams.

The deformation, <cracking, stiffness and strength results of
the flexural beams are presented and analysed in detail in the

following sections.

5.4 DEFCRMATION PRCPERTIES

5.4.1 DEFLECTICNS

Figures 5.11 to 5.13 show the load-deflection curves of
the flexural beams. Table 5.2 gives the theoretical and
experimental deflections at different load levels before and
after cracking.

The theoretical deflections were computed using three methods
derived from those of CP110 (79), CEB (80) and ACI (8l1) codes.
Computation of the deflections is described in Appendix E.

For the preloaded beams of Series III, the deflections

were determined as a superposition of two components:

Defl. = Defl.l + Defl.2

Defl.l: Deflection of the unplated beam under the preloading
load.

Defl.2: Deflection of the plated beam under a load equal to the
considered load minus the preload.

During the two weeks of bond curing under a constant load, the
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preloaded beams F22, F23, F24 underwent further deflections.
This time variation was higher with higher preloading 1loads
(Table 5.2 and Fig.5.13). The theoretical predictions do not
allow for these time variations.

In general the CEB formula gave better predictions. For
all beams, the ratio of experimental to theoretical deflection
was near unity at service loads and greater for lower or higher
loads confirming that the methods of the three codes are more
suitable in service conditions.

The preloaded, unloaded and subsequently strengthened
beams F12, F13, F14 of Series II behaved like the unplated beam
FO0l during preloading and 1like the plated beam Fll during
testing (after they were plated). Fig.5.12 shows the
deflections at preloading, unloading and testing. The
deflections of the preloaded beams were the same or slightly
less than those of beam F1l1l., After unloading, the beams had to
be taken out of the 1loading rig to be strengthened. The
residual deflections could not therefore be measured and were
consequently not taken into account at the testing. The slight
increase in the stiffness of the preloaded beams of Series 1II
(Table 5.2) may therefore be the result of the non-allowance
for the residual deflections.

The load-deflection curves of the preloaded beams F22,
F23, F24 of Series III (Fig.5.13) shows the time variations of
the deflections during the two weeks of bond curing under a
constant load and also illustrates the stiffening effect of the

plates when the load was increased to failure.
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At a 1load of 100kN, the ratio was 1.05 for unplated
beams and 1.03 for the beams with 1.5mm plates. The unplated
beam result 1is the average from the testing of the beam FO01
(unplated) and the preloading of the beams F13 and F1l4 (Series
II), and F23 and F24 (Series III). The 1l.5mm plate result is
the average from the testing of beam Fll and beams F12, Fl3 and
F14 (after they were strengthened). These ratios suggest that
the stiffening effect of the external steel plates may be
slightly greater than that of an equivalent amount of internal

reinforcement designed to achieve the same performance.

5.4.2 RCTATIONS

The theoretical rotations were computed wusing three
models derived from those of CP110 (79), CEB (80) and ACI (81)
codes (see Appendix E). The predicted and recorded values
before cracking, at service loads and near ultimate loads, are
given in Table 5.3.
The rotation results (Figs.5.14 to 5.16 and Table 5.3) were
similar to those of the deflections and the same conclusions
can be drawn.
The CEB method gave better predictions. The ratios of measured
to predicted values were near unity at service 1loads and
greater before cracking or near ultimate loads.
At a 1load of 100kN, the ratio was 1.05 for the unplated beams
and 1.01 for beams with a 1.5mm thick plate, again suggesting
that the stiffening effect of the external plates is greater
than that of conventional reinforcement designed to produce the

same performance.
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There was no significant difference in the rotational
behaviour of the preloaded, unloaded and subseguently
strengthened beams Fl12, Fl1l3, Fl14 of Series II and the plated
beam F11 (Fig.5.15).

As expected, the preloaded beams F22, F23, F24 of Series
III behaved as unplated beams at the preloading stage and as
plated beams thereafter. There was a slight increase in their
rotations during the two weeks of bond curing under a constant
load (Table 5.3 and Fig.5.16). This time wvariation was more

8%
pronunced with higher preloading loads.

5.4.3. STRAINS

The theoretical strains for concrete, bar reinforcement
and steel plate were computed at different load levels using an
elastic analysis and the cracked transformed sections. The
value of the concrete modulus of elasticity used was that
determined by prism tests according to the BSI recommendations
(78) as described in chapter three. The recommended elastic
modulus was the average value measured on the prism at a load
equivalent to a third of the ultimate cube strength (78). The
theoretical model was therefore more suitable in service
conditions. The model was nevertheless used at low and high
load levels as a means of comparison between the unplated and
plated beams.
Tables 5.4, 5.6 and 5.7 show the experimental and theoretical
concrete, bar and plate strains at different load 1levels. Two
important observations can be made:
(a) For the same beam, the ratio of measured to predicted
strain increases with the load. This can be explained by the

fact that the theoretical model is based on an ideally elastic
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concrete whereas the actual stress-strain of concrete 1is non-
linear and the secant modulus decreases with the load.

(b) For the same load, the ratio of experimental to predicted
strain decreases from the unplated beams to the plated ones. At
a load of 100kN, the ratio of measured to predicted bar strain
was 0.99 for unplated beams and 0.80 for beams with 1.5mm thick
plates. Again, the unplated beam result is the average from the
testing of beam F0l and the preloading of beams F13, F14, F23
and F24. The 1.5mm plate result is the average from the testing
of beam F11 and beam Fl2, Fl1l3 and Fl4 (after they were
strengthened). This also can be explained by the same reason:
The theoretical model is designed for a certain service load. A
given load does not represent the same percentage of the
ultimate strength for unplated or plated beams. A load of 100kN
is equivalent to 48% and 42% respectively of the ultimate
flexural capacities of unplated beams and beams with 1.5mm
plates. The parabolic stress-strain relationship of concrete
means that the lower the percentage of 1load considered, the

higher the stiffness of the beam.

5.4.3.1 CONCRETE STRAINS

The theoretical and experimental concrete compressive
strains are given in Table 5.4. The experimental strains were
measured across the beam depth (Fig.5.5). The compressive
strain was given by the gauge at Smm from the compression face.
The tensile strain was given by the gauge at 10mm from the
tension face.

At a load of 100kN, the ratio of measured to predicted strain
was 1.21 for unplated beams and 1.14 for plated beanms,

supporting the conclusions drawn before.
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Figs.5.17 to 5.20 show the load-concrete compressive strain and
the 1load-concrete tensile strain curves. The measured tensile
strain is a combination of the actual tensile strain and the
openings of the cracks present in the 100mm gauge length over
which the measurement was made. The same demec gauges and discs
were used at the preloading, unloading and testing of the
preloaded beams of Series II. It is particularly interesting to
notice the load-concrete tensile strain of beam F13 (Fig.5.20).
The curve shows the appearance and free widening of the cracks
at the preloading stage. The significant restraining effect of
the plate on the same cracks is illustrated by the curve at the
testing. At testing, the concrete strains of the preloaded
beams of F12, F13 and F14 of Series II were similar to those of
beam F11 (Fig.5.18).

The variation in the concrete strains of the preloaded
beams F22, F23 and F24 of Series III during the two weeks of
bond curing includes creep and shrinkage. The creep was, as
expected, higher with higher preloading loads (Table 5.4 and
Fig.5.19).

The wultimate concrete compressive strains recorded
varied between 4500 and 6250 microstrains for all the beams.
The recorded ultimate strain of concrete was greater than the
value of 3500 microstrains recommended by the CP110 code (79).
The load corresponding to the CPl10 value was however equal to
or greater than 96% of the wultimate 1load for all beams
(Figs.5.17 to 5.19).

Fig.5.21 shows the concrete strain distribution across
the beam depth at different 1load 1levels and justifies the

assumption of plane strains on which all the theoretical models
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of this project are based. After cracking, the linearity of the
tensile strains is affected by the crack openings. The neutral
axis position moves towards the compressive face of the beam at
higher 1loads (Table 5.5) confirming that the beams were under
reinforced.

The experimental and predicted neutral axis depths at different
load levels are given in Table 5.5. Three different methods
were used to compute the theoretical values:

(a) BEFORE CRACKING: Elastic theory and transformed uncracked

sections.

(b) SERVICE LCADS: Elastic theory and transformed cracked

sections.

(c) NEAR ULTIMATE LOADS: The three methods used for ultimate

strengths (see Appendix D).

The different methods gave satisfactory predictions of the
neutral axis depths. The theoretical values were slightly
overestimated before cracking and slightly under estimated at

service and near ultimate loads.

5.4.3.2 BAR STRAINS

The 1load-bar strain curves are shown in Figs.5.22 to
5.24, Table 5.6 gives the theoretical and experimental bar
strains at different levels of loading. The theoretical strains
were computed using an elastic analysis.
At a 1load of 100kN, the ratio of measured to predicted value
was 0.99 for unplated beams and 0.80 for plated beams. The same

ratios were 1.05 and 0.95 respectively at a load of 150kN.
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There was no significant difference in the bar strains
of the preloaded beams F1l2, F13 and Fl14 of Series II and those

of beam Fll. The bar strains in the preloaded beams were
however slightly greater than those of beam Fll at low loads
and slightly less at higher loads but the differences were less
than 5% (Fig.5.23 and Table 5.6).

The preloaded beams F22, F23 and F24 of Series 1III
behaved as expected. Bonding of the plate increased the beam
stiffness and reduced the subsequent increase in the bar
strains. There was a variation of up to 504 microstrains in the
steel bars during the two weeks of bond curing (Fig.5.24 and
Table 5.6).

The maximum bar strains recorded were higher than the
0.2% proof value (2000 microstrains) and varied between 3970

and 7060 microstrains.

5.4.3.3 PLATE STRAINS

The theoretical (elastic) and experimental plate strains
are given in Figs.5.25 to 5.27 and Table 5.7.
At a load of 100kN, the ratio of measured to predicted value
was 0.95 for 1.5mm thick plates. The same ratio was 1.07 at
150kN,

The plate strains in the preloaded beams Fl12, Fl3 and
F14 of Series II were identical to those of beam F1l1 (Table 5.7
and Fig.5.26).

Fig.5.27 shows that the plates in the preloaded beams

F22, F23 and F24 of Series III were active before the load was

increased. There was a stress transfer from the beam to plate
during bond curing under a constant load. This stress transfer

is illustrated by the strain variation in the plates of up to
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227 microstrains (Fig.5.27). The actual strain variation in the
plates was probably higher than the recorded one as the plate
strains were measured only over the last 10 days of the two
weeks of bond curing, after the removal of the steel beam which
was clamped to the test beam to provide the curing pressure.
The predicted elastic strain for beam F23 at 150kN was 459
microstrains. The actual measured value was 551 microstrains.
This difference can be accounted for partly by the non-validity
of the elastic model at high loads. It is also the result of
the plastic properties of the steel bars, which made it
possible to exploit the full capacity of the plates.

The maximum plate strains recorded varied between 3900
and 7300 microstrains (Table 5.7) which were higher than the

yield value of 1400 microstrains.

5.5 CRACK WIDTHS

Cracking is a random phenomenon and the limited
experimental results are used here in a comparative study only.
The theoretical average crack widths were calculated using the
method proposed by the CP110 code(79) (Appendix E). Fig.5.28
shows typical load-average crack width curves. The measured and
predicted average crack widths at service loads and at higher
loads are given in Table 5.8. The method could not be used near
ultimate 1loads, as the CP1l10 code specifies that the formula
should be restricted only to cases where the strain in the
steel is less than 80% of the yield value.

At a load of 100kN, the ratio of experimental to theoretical
average crack width was 1.04 for unplated beams and 0.89 for

plated beams.
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Table 5.8: Measured and predicted average crack widths
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The crack widths of the preloaded beams Fl1l2, F13 and F1l4
of Series 1II were slightly higher than those of beam Fll. The
difference was higher at low loads and 1less pron%nced beyond
the preloading 1load. The effect of the plates on the crack
widths seems therefore to be more apparent when the beam is
loaded beyond the original preload. The crack openings of the
preloaded and subsequently plated beams were nevertheless less
than those of the unplated beam FOl.

The crack widths of the preloaded beams F22, F23, F24 of
Series 1III were similar to those of the unplated beam F01l at
the preloading stage but the addition of the plates reduced the
subsequent crack openings. Despite the increase in the widths
during the fourteen days of bond curing (under a constant
load), the total crack openings of the preloaded beams were

less than those of the unplated beam.

5.6 RIGIDITIES

The theoretical inertia of the beam was calculated using
the elastic transformed section (uncracked or cracked). The
rigidity was then obtained by multiplying the inertia by the
elastic modulus of concrete determined by prism tests described
in chapter three.

Considering the diagram shown in Fig.5.29, the stress in the

compression face of concrete is given by:

0= ﬂéi so 1I= therefore EI = M.x

—_—_ (5.1)
c €E c €,

The experimental rigidity of the beam was obtained by
multiplying the experimental neutral axis depth by the applied

moment and dividing by the measured concrete compressive
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strain. The concrete in tension was neglected.
The experimental and predicted rigidities before and after
cracking are given in Table 5.9.

At a load of 20kN (before <cracking), the experimental
10 2

rigidities were 533.6x10 N.mm for unplated beams and
648.8x1010 N.mm2 for beams with a 1.5mm plate.

At 100kN (after cracking), the rigidities were 398.8x10'° ang
502.8x1010 N.mm2 respectively.

At 20kN, the ratio of experimental to predicted rigidity was
0.67 for unplated beams and 0.76 for plated beams. The same
ratios were 0.92 and 0.94 at 100kN. Although the actual
stiffness at 20kN is greater than at 100kN, the ratios of
recorded to predicted rigidities are higher at 100kN than at
20kN. This may be due to the fact that the theoretical model
after cracking (at 100kN) ignores the stiffening effect of
concrete in tension. It could also be due to the presence of
some cracking in concrete at 20kN for which the theoretical
model did not allow.

It is however interesting to note that the rigidities of the
plated beams are underestimated when compared to those of the
unplated beams: The ratio of experimental to theoretical value
was slightly greater in plated beams. This again supports the
conclusion that the restraining effect of the external plates
could be greater than that of an internal reinforcement

designed to achieve the same performance.

- 155 -



Experimental and theoretical rigidities

before and after cracking.

Table 5.9:
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5.7 TENSILE STRESSES IN CCNCRETE

The experimental glue strain Eg is deduced from the
measured bar and plate strains €p and Ep (Fig.5.29). Assuming
an elastic distribution in the concrete at low loads and wusing
the experimental wvalue x of the neutral axis depth, the

internal moment Min carried by the bars, glue and plate is:

i 1 i 1 [

- I e _ X1 e _X1 _X|
"inT PPbEbi% 31 * PgPgfqi% T3l * ApFpfpi%p 3! (5.2)

— - — - — -

Where Ab'Ag'Ap and Eb,E are the cross-sectional areas and

E
g’'’p
elastic moduli of the bars, glue and plate respectively.

The difference between the applied moment M and the internal
moment Min is equal to the moment MC carried by concrete in
tension: MC=M-Min.

Assuming an elastic distribution of stresses in concrete in

tension, the tensile stress in concrete (at the tensile face)

is given by:

3M
c

- b(d-x) 24
M= Op ———= Y TER (5.3)

2 3 therefore Of =

Where b and d are the width and depth of the beam.

The tensile stresses in concrete thus obtained are given in
Table 5.10.

At a load of 2 kN, the stress was 1.45 N mm2 for the unplated
beams and 2.3 N mm2 for the plated beams.

At 100kN, the stress was 0.92 N mm2 for the unplated beams and
2.67 N/mm2 for beams with a 1.5mm plate.

Similar observations were made by Bloxham(34) who found that
the contribution of concrete in tension increased with the

plate thickness up to a value of 6 N mm2 (which is greater than
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Tensile stresses in concrete at the tension face

Table 5.10:

before and after cracking.

[} ! [} 1 ] ] { ] I [}

)] 121 | | | | * | % I w1 |
)] Il oyl |~ ) Ol O | < | O I ¥ | %
Qo Iocolovnl ol v ~S Il lilocwigilolon
(SRS Ll O | e o o sl e o]l o o] eI OIS
FE N} ~l H 1Ol 1l | N | ON 1 AN T NI ol o

(/) I W < S T | I | | | | | 1
() R B T L et

[ = = | | ] | | | | [} |

~ O N | [} | [} | | ! | | |
- O Z 1210 1o | N | < | W0 | ¥~ | &« | x | %
[0)] “l Y ILDIVWIOlO IO I NVO I WLINIM
c e Il Ol o o ¢ |l N ol < ¢ | N ol < | M | <
Q -~ TN I = TN e N eN | oeN 1 o) o o
e | ] | | | - |~ | e~ t o~

| | | | I | | | | |

| | | | | | | | |
Lo} 12 1 | | | | & | | & x | %
) Il len | <)~ | Nl I Mg |« O | ®
- 0 lol o 1o | I~ | SIS o1 N ~1hn
=0 O |l el | oI el o ol ¢ ol ol ol o
HMOUOA A~~~ N < |- |-~ ~

© - el | | | | | | { ) |
ccno- llllllllllllllllllllllllllllllllll - - .-

coz |l ] | | | ] ] | |

P OoOPXxI ) | I | | | | |
20 1 Z 1< O l™ |« NI x| % o]« « | «
[} o Il X2 I ool 1 Neqg lON TN 1O TN I~
E > 1Ol e o oI 21 W el W e lNI < | W
0 .Q I NI NI NI oMMl oMl e | o) ol o
= t \ | ] [y [y I N Il N I ON N

| | | | ! | ] I (] |

] | | | | | | | ] |
L0 ] | | | | | « | * l |« | «
(=R O] I 2Z I N | = | = ™M | OO | O |l | O | —~
[V Y Il XX Il <1 v W IV I oo TSl n >
EQ © 1O 1 ol o) o ol o ol o o) ol ol o
(o] - I tvwiwim| MmM Il OMmMIoon <« | O I WY
E>XNQU~l 1l ol im MmOl iloom il lm

[ =3 | [} | [} | ] | | ] |
—{ do- lllllllllllllllllllllllllllllllllllllllllll

oo = | 1 | | [ ) | 1 | ]

comox | | | | 1 | | ] ] |
Moo 1l ZIooiI~ 1o icsxniesxnli«xanlx |l « |«
O~ lxx IOV IO IOV iIivn i  lneslilaluniv
FUT Vi~ 1O |l e o sl N 61O e | ® s lOINIO
o 0~ N I < || et | o) o | 2| o o
- OD | | [} ] | < | « | « I v ilwn

| | \ | [} ] ] ] ] [}

] | ] [} | ] ] | |

E | | | ] | | | | |
© . Il = 1N | = | N I | =« Il NI |«
Q Lo} OOl O 1 - | ~ | - | — IN I NI N
m = "F"F“F“F “F “F “F"F“F

*: Values at preloading(unplated beams)

£: Excluding variations during

bond curing

- 158 -



the tensile strength of concrete). He did not however take into
account the contribution of the glue in his calculations (which
would have reduced the numerical values but without changing
the trend).

These results suggest that the beams do not only benefit
from the added stiffness and strength provided by the plates
but also from a better contribution of concrete in tension.
This higher resistance of tensile concrete in plated beams,
could be the reason for the higher ratios of experimental to
theoretical rigidities and lower ratios of measured to

predicted deflections, rotations, crack widths and strains.

5.8 STRENGTH PROPERTIES

5.8.1 FIRST CRACK LCADS

The first «crack 1loads were calculated using the
transformed uncracked section with the value of the modulus of
rupture from the test prisms and the values of the elastic
moduli of the materials (concrete, steel and epoxy) obtained
from the material tests as described in chapters three and four
(see Appendix C). The experimental first crack 1loads were
observed visually with a magnifying glass and determined within
load increments of SkN. The theoretical and experimental first
crack loads are given in Table 5.11.

For the unplated beams, the experimental value was 1.15

time the theoretical one. The same ratio was 1.39 for beams
with 1.5mm thick plates.

The ratio of first crack load to the CP1l10 ultimate 1load was
0.15 for wunplated beams and 0.18 for beam F11l with a 1.5mm
thick plate. The tensile strain in concrete at first cracking

was 154 microstrains for unplated beams and 178 microstrains
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for beam F11 with a 1.5mm plate.

Although the experimental first crack loads are obtained
visually and are not very accurate, the comparison of the
previous ratios suggest that the restraining effect of the
plate may be greater than that of conventional reinforcement

designed to achieve the same performance.

5.8.2 ULTIMATE STRENCTHS

The wuvltimate flexural strength was computed using three
methods:
(a) Simplified method of CP110 (79) with a rectangular concrete
stress block and based on a failure criteria of the
reinforcement reaching its yield strain and concrete reaching
its ultimate compressive strain. This simplified method is
based on the assumption that the plastic properties of the
reinforcement allow¢ concrete to reach its wultimate strain
after the steel has yielded (in under reinforced beams), but it
is more suitable in the case of balanced sections.
(b) Strain compatibility method with a rectangular concrete
stress block and based on a ultimate concrete compressive
strain of 0.0035.
(c) Strain compatibility method with the concrete stress block
and ultimate strain proposed by Hognestad et al. (82).
The plastic properties of steel were taken into account in the
strain compatibility methods and the calculations were made by
successive iterations by means of a computer. The three methods
and the computer flowcharts used are described in Appendix D.
The theoretical and measured ultimate strengths are shown in

Table 5.11,
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All the beams reached their ultimate flexural strengths
and failed as under reinforced beams by compressive crushing of
concrete following the vyielding of the reinforcement (Table
5.12).

Preloading did not have any adverse effect on the
ultimate strength of the subsequently unloaded and strengthened
beams Fl2, Fl3 and Fl4. The preloaded beams F12, F1l3, Fl4
reached ultimate strengths comparable to that of beam F11.

Despite the fact that the plates were active only when
the 1load was increased beyond the preloading value, the
preloaded beams F22, F23, F24 of Series 1III also developed
ultimate strengths comparable to that of beam Fll. This may be
explained by the fact that although the total bar strain was
greater than that of the plate, the lower yield strain of the
plates (mild steel) and the plastic properties of steel
permitted the full exploitation of the external reinforcement.
Applying the principle of superposition to the strain
distribution as is shown in Fig.5.30 and depending on the
preloading value of dead 1load, the total bar and concrete
strains could be so much higher than the total plate strain
that the 1latter may not reach its yield value before concrete
reaches its ultimate compressive strain. The added strength
from the plates may therefore not be fully used. This is more
likely in cases of high preloading values and high yield steel
plates or mild steel bars.

In such cases, the use of the simplified method of CP110 is not
recommended. The method is based on the criteria that both
reinforcements yield before failure, which may overestimate the

beam strength. The best and most appropriate analysis to use
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would certainly be a strain compatibility method based on a
given ultimate concrete compressive strain and taking into
account the plastic properties of steel.

Table 5.11 shows that the simplified CP110 method predicts the
same value of ultimate strength for beam Fll and the preloaded
beams F22, F23, F24., This is due to the fact that this
simplified method does not take into account the difference in
the strains and assumes that the reinforcement and the concrete
reach their limit strains at failure.

The strain compatibility methods however give different
predictions. The differences are very small and negligible in
these beams for the reason mentioned earlier: the plates (mild
steel) have a lower yield strain than the bars (high yield
steel).

This shows that despite the preloading of the existing
reinforcement up to 70% of the ultimate strength of the beam,
the added strength from the plates can still be fully exploited
if they are appropriately chosen (with a lower yield strain

than the existing bars).

5.9 INTERPRETATION CF RESULTS

The plated beam results showed that bonding 1.5mm thick
steel plates, on the tensile face of the beams by means of an
epoxy adhesive layer, improved the performance of the beams.
The increases 1in the stiffnesses were however greater than
expected as is illustrated by the comparisons of the following
non-dimensional parameters:

(1) The ratio of measured to predicted deflection at a load of
100kN, was 1.05 for unplated beams and 1.03 for plated beams.

(2) For the rotations at 100kN, these ratios were 1.04 and 1.01
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respectively.

(3) The concrete compressive strain ratios at 100kN were 1.21
and 1.14 respectively.

(4) The bar strain ratios were 0.99 and 0.80 at 100kN and 1.05
and 0.95 at 150kN respectively.

(5) The <crack width ratios at 100kN were 1.04 and 0.89
respectively.

(6) The rigidity ratios at 100kN were 0.92 and 0.94
respectively.

(7) The ratios of recorded and predicted first crack loads were
1.15 and 1.39 respectively.

These higher ratios of rigidities and first crack 1loads

and lower ratios of deformations and crack widths may be
explained partly by the fact that the theoretical formulae are
based on a value of concrete elastic modulus determined in
service conditions and the parabolic stress-strain relationship
of concrete means that the actual stiffness is greater at lower
loads. A load of 100kN represents 48 and 42% respectively of
the wultimate strengths of the unplated beams and beams with a
1.5mm plate. These lower percentages of a given 1load to the
ultimate strength with plated beams explain partly the
observations mentioned earlier.
The previous explanations cannot however justify the higher
values of <concrete tensile strains at cracking and concrete
tensile stresses after cracking in plated beams. The tensile
strain 1in concrete at first cracking and the tensile stress in
concrete in a cracked state were the only non-dimensionless
parameters studied.

The recorded tensile strains in concrete at first cracking were
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154 and 178 microstrains respectively for unplated beams and
beam F11 with a 1.5mm plate.

Before cracking (at 20kN), the <calculated tensile stress in
concrete was 1.48 N/mm2 for unplated beams and 2.03 N/mm2 for
beams with a 1.5mm plate.

After cracking the tensile stress in concrete dropped to 0.92
N/mm2 in unplated beams justifying the assumptions of various
codes of practice to ignore the concrete in tension or 1limit
its contribution to 1 N/mm2 (79).

Despite «cracking at 100kN the calculated tensile stress in
concrete was 2.67 N/mm2 in the plated beams.

The presence of the plates seem¢to enable concrete to
carry more stresses in tension, in a cracked state, which thus
results in an increase of the overall stiffness of the beam.
The mechanism by which the plates improve the performance of
concrete in tension is not very clear. The crack pattern in a
reinforced concrete member depends on the ratio of the steel
area to the contact area with concrete. 1In conventional RC
structures, cracking 1is 1initiated in the external surface of
the member where there is a great number of heterogeneities due
to the wall effect or another mechanical action. If a glue
layer and a steel plate are bonded to the member, they will
tend to eliminate the imperfections by impregnating the
external surface of concrete, thus producing a delay in the
appearance of cracks. The external reinforcement and the
greater bond area will also prevent the principal cracks from
widening freely. This reduction in the crack openings will
produce a higher transfer of tensile stresses between the

cracks, thus resulting in a greater contribution of concrete in
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tension and consequently a higher stiffness of the transformed
section. The effect of the plate on the crack opening is well
illustrated by Fig.5.20, showing the concrete tensile strain
(including the widths of the cracks present in the gauge length
over which the measurement was made) at the preloading stage
and after strengthening for beam F13. The restraining of the
free widening of the principal cracks results in the appearance
of neighbouring secondary cracks developing from the principal
cracks and extending towards the plates and forming a A shaped
cracking (Fig.5.10). A2 possible simplified stress model to
explain this behaviour is shown in Fig.5.31. The presence of
the plates may result in a somewhat plastic behaviour of
concrete in tension after the first crack load is reached. It
has already been shown that concrete behaves this way in
certain conditions. Hillerborg (83) carried out tests on plain
concrete beams to investigate the fracture mechanics of
concrete. He found that varying the beam depth affected the
contribution of concrete in tension. The plasticity of concrete
in tension was increased with slender beams.

This plastic behaviour of concrete in tension may be the result
of the restraining effects of the plates on the free widening
of principal cracks and would explain the increase in the beam
rigidity, the reduction in the deflections, rotations, crack
widths and strains, and the high tensile stresses of concrete
in the plated beams.

Bloxham (34) carried out tests on small scale plated beams and
found that he had to take a glue tensile strength of 60 N/mm2
(6 times the real value) 1in order to predict the strength

responses of the beams. He suggested that the considerable
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Modes of failure and maximum loads carried.

Table 5.12:

Mode of failure
Flexural crushing of concrete
after yielding of the bars
Flexural crushing of concrete
after yielding of bars and plate

{ | I | | | | | '

E | I | | \ ) \ | |
3 | © lNn |l o tocojlojloiInNlIO M
EOC~ 1| o I el o I o1 ol ol o o] o
~“ oz | © Il i o ItN O O I NI MmN
Xox | ~ Il ™ Iimimmjil< il m
Cr—>~ | N TN N TN TN TN TN TAN N

= | | | | | | | | |

| | ! | | | t | 1

| t ] ' ¢ | | ' |

e | | [ | | | | | [}
] 1~ TN L~ I NI M i< I NN | =
LY | © lo 1l ~ ot NN N
m "F “F“P. "F“F“F“F“F“F

- 167 -



Fig.5.32: Crack patterns at the preloading stage of
beams of Series II and III
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Fig.5.33: Crack patterns and modes of failure
of beams of Series I
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F12: preloaded to 30%

F13: preloaded to 50%

A ‘qdﬂ“i’t;“.r-'-lﬂnv«oﬂw‘

F14: preloaded to 70%

Fig.5.34: Crack patterns and modes of failure
of beams of Series 1I
(preloaded,unloaded and then strengthened
with a 1.5mm steel plate)
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F22: preloaded to 30%

F23: preloaded to 50%

F24: preloaded to 70%

Fig.5.35: Crack patterns and modes of failure
of beams of Series III
(preloaded and strengthened whilst under the preload
with a 1.5mm steel plate)
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increase in stiffness and strength could be explained by the
assumption that the composite material plate-glue may be
performing as a material two to three times stiffer and
stronger than could be deduced from the separate properties of
each material. Tests on composite specimens (tensile tests on
steel plates with a glue layer and flexural tests on concrete
prisms with a glue layer) contradicted his propositions and
showed that the composite specimens behaved predictably. His
observations can be better explained by the model of 'plastic'
behaviour of concrete in plated beams.

This assumption of a better performance of concrete in
tension would be worth studying by tests on conventional RC
beams and plated beams designed to produce the same flexural
performance. L'hermite and Bresson (50) reported tests on one
conventionally reinforced concrete beam and and another one
externally reinforced with the same amount of steel. They
observed a better performance of the plated beam but they
explained the difference by the greater internal 1lever arm
(distance between the neutral axis position and the
reinforcement) in the plated beam. An ideal comparison would
have therefore to take.into account the difference in the lever

arms when designing the two beams.

5.10 CONCLUSIONS

From the flexural studies of the plated beams, the
following conclusions can be drawn:
1- Epoxy resin ensures full composite action of the reinforced
concrete beams and the bonded steel plates and results in an
increase of the stiffness and strength of the plated beam.

2- For the amount of internal reinforcement used in this
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investigation (55% of balanced conditions ratio), the glue
layer does not crack before failure and therefore acts not only
as a stress transfer agent but as a full participant in the
structural resistance of the beam.

3- Preloading of up to 70% of the ultimate strength, d4id not
have any adverse effect on the flexural behaviour of the
subsequently unloaded and strengthened beams. The restraining
effect of the plates on the existing cracks was however more
progﬁnced when the 1load was increased beyond the original
preloading value.

4- The ultimate deformations and crack widths of the preloaded
beams of Series III (which were strengthened whilst under their
preloads) were greater than those of a plated beam but despite
the increases during two weeks of bond curing under a constant
load, they were less than those of an unplated beam.

5- The plastic properties of the steel bars and the lower yield
strain of the plates permitted the full exploitation of the
added plates (although they were active only beyond the
existing preload) in the preloaded and subsequently
strengthened (whilst under their preloads) beams.

6~ Apart from the Qredictable increase in stiffness and
strength, the external steel plates seem to be restraining the
free widening of the cracks and allow a higher stress transfer
between the <cracks resulting in an improved performance of
concrete in tension and thus a higher overall beam stiffness as
compared to conventional reinforcement designed to achieve the

same performance.
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CHAPTER SIX

PREMATURE BOND FAILURES OF PLATED BEAMS

6.1 INTRODUCTION

In conventional reinforced concrete, the bond between
the steel bars and the concrete cover 1is a combination of
chemical adhesion and mechanical friction. Variation of the
applied bending moment is the major cause of the bond and shear
stresses. These stresses are interelated and their interaction
is even closer after the appearance of shear cracks (84-86).
The dowel action which follows may cause the concrete cover to
be broken off. This kind of failure gave rise in the past to
confusion whether it was a bond or shear failure (87).

The bond stress distribution in the shear span 1is not
uniform and is highly influenced by the cracks crossing the
bars. The bond stresses are usually critical near the supports
and can cause premature failures by debonding of lapped bar
splices following a large crack in the cover along the line of
the bars (88). Premature bond failures can also result from
stopping a splice of bgrs at the same section in the shear span
(89,90).

In the technique of strengthening existing concrete
beams by glueing external reinforcement, the plate width cannot
exceed that of the beam. There is therefore an upper limit to
the bond area and the amount of ‘external steel can only be
increased by bonding thicker plates. Unlike in the internal
reinforcement where the bond area, which is equal to the bar

perimeter, increases with the cross section area of the bar,
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the bond area in the external steel does not increase with the
plate thickness. As the bond stresses are proportional to the
steel area, this will limit the amount of external
reinforcement that can be added.

Furthermore, when dealing with existing beams, the
plates are always stopped in the shear span, thus creating a
critical section. The transfer of tensile forces from the plate
to the bars in the region where the plate is stopped results in
high gradients of strains and stresses. These variations are
higher with thicker plates.

In addition, the eccentricity between the tensile forces
in the plate and the balancing bond forces in the epoxy joint
will result in normal forces which will tend to lift the plate.
These peeling forces are higher with thicker plates and
critical at the plate cutoff section.

The premature bond failures occurring with thick plates
and reported by various researchers (34,50,54,62-64,66) could
be caused by one or a combination of these bond and peel
stresses.

Analytical investigations into the bond and peel
stresses present in the Jjoint are first presented in this
chapter. The effect .of the plate cutoff in the shear span on
these stresses is also studied.

The second part of the chapter describes the

experimental investigations to clarify the mechanism of
premature bond failures and the different operations attempted

to solve the problem.
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A study of the flexural properties and a comparison of
the predicted and measured bond and peel stresses are finally

presented.

6.2 BOND STRESSES

In plated beams, there are two types of bond between
steel and concrete: bond between the internal bars and the
surrounding concrete and bond between the plate and the beam
through the epoxy layer.

The bond stresses are caused by the variation of tensile
forces along the reinforcement resulting from the variation of

the bending moment in the shear span.

6.2.1 BOND STRESSES IN THE BARS (ELASTIC THEORY)

The forces acting in an element length dx of the bars in
the shear span are shown 1in Fig.6.1. The difference in the
longitudinal forces (resulting €from <the variation of <the
bending moment) is balanced by the bond stresses:

T+dT—T=fbbP.dx therefore:

1 ar _ 1 FpPp%

bb P dx P dx

f . :Bond stress in the bars

P:Perimeter of the bars

dT:Variation of tensile force over the distance dx
Eb:Elastic modulus of bars

Ab:Cross section area of bars

dEb:Variation of strain in bars over the distance dx

dob:Variation of tensile stress in bars over the distance dx
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and d0b=E d€b

b
If M is the applied moment, Yy, and yp the distance from the
neutral axis to the bars and plate respectively, and I the
second moment of area of the transformed section (cracked or
uncracked), then considering the transformed section shown in
Fig.6.2, the stress in the bars is:

’b d ’b herefore d
g. =M T SO Ob = 7F-dM therefore Sb— T aMm

b b
and dM = V.dx where V is the shear force.
The internal bond stress is therefore given by:

VA

y
_ VBYy
fob = .1 (6.1)

If there was no external reinforcement the quantity I/Ab.yb
would be egqual to the internal lever arm zZy and the well known

equation fbb=V/P.zb would be found.

6.2.2 BOND STRESSES IN THE PLATE (ELASTIC THEORY)

The forces acting in an element dx of the joint plate-
glue-concrete are shown in Fig.6.1l. The wvariation of the
longitudinal force is balanced by the bond stress:

]
bp.b .dx

fbp:Bond stress in the external joint

T+dT=f

b':Width of the plate
dT:Variation of the tensile force in the plate
over the distance dx

In the same manner as for the internal bond, the bond stress in

the external joint is given by:
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£ = . P7p (6.2)

Where :
Ap: Cross sectional area of the plate
I: Second moment of area of the transformed section
yp: Distance from the plate to the neutral axis
V: Shear force
It can be seen from equations (6.1) and (6.2) that the
internal and external bond stresses are proportional to the
ratios Ab/P and Ap/b' respectively. Therefore if the amount of

steel A, or Ap is increased by increasing the bar diameter or

b
the plate thickness, the bond stress for the plate fbp will
increase more than that for the bars fbb’ since the bar
perimeter P increases with the bar diameter whereas the plate

width b' cannot exceed that of the beam and does not increase

with the plate thickness.

6.3 EFFECT OF PLATE CUTOFF ON BOND STRESSES

Equations (6.1) and (6.2) give the internal and external
bond stresses in regions of the shear span not affected by the
plate cutoff. This cutoff affects the bond stresses over some
distance x over which the transfer of tensile forces from the
plate to the bars takes place.

Considering the transfer 1length, the forces acting on the
external and internal reinforcements will be as shown in
Fig.6.3 where:

S

1 Section where the plate is stopped and only the bars

are active

wn
]

2 Nearest section where the bars and plate are fully active
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The force transfer starts at the section S At the section S

2° l
the tensile force is T1 in the bars and zero in the plate. At
the section 82 the tensile force is T, in the bars and T in the
plate.

The direction of the bond stress in the external Jjoint
is from 82 to Sl as shown in the diagram. In the bars however,
the direction of the bond stress can be either way depending on
the values of T1 and T2. If T1 is greater than T2, the bond
stresses will be in the opposite direction to that shown in
Fig.6.3.

If 1 is the distance from the support to the plate
cutoff point, then the moment Ml at section Sl is M1=V.1. The

moment M2 at section 82 is M2=V(1+x). (1 is known) (Fig.6.1).

y y Y
= Ll . = _b. - -_— _E
T1 Ab I1 V1 ; T2 Ab I V(l+x) ; T= Ap I V(1l+x)

Il:Inertia of transformed section excluding plate (section Sl)

I:Inertia of transformed section including plate (section 52)

yp:Distance from the plate to the neutral axis in section S,
yb:Distance from the bars to the neutral axis in section 82
yblzDistance from the bars to the neutral axis in section S1
x:Distance over which the force transfer takes place (unknown)
l:Distance from the support to the plate cutoff point

Assuming that the force transfer 1is 1linear over the

distance x, the bond stress fbb in the bars can be obtained

from:
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i

] ]
P = T,-T, ( T,-T.) where T.- T_ =A v=1 ZQL - (1+ ZQi
- 4
Therefore:
V.A P Yy y-i
- bi bl _ ‘bi
L_ 4

The distance from the neutral axis to the bars is greater 1in
section S, where there is no plate i.e: yb1>yb. There is a
shift in the neutral axis after the plate 1is stopped. The
difference T,-T can therefore be either positive or negative

1 "2
(Fig.6.2). The external bond stress in the cutoff region is

given by:
b ’p TPl v 1l (6ua
. . = = A + = + - -
fbp X T p T V(l+x) so fbp b1 i Xi ( )
— -l

Equations (6.3) and (6.4) give the internal and external bond
stresses in the region of the plate cutoff (assuming a 1linear
force transfer from the plate to the bars in that region).

Due to the 1local problem of stress transfer in the
cutoff region, failure is prone to develop prematurely and
could be a bond or a shear failure or a combination of the two.
It can be shown similarly that the plate cutoff has an effect
on the shear stresses (89,90). There is an increase in bond and
shear stresses due to the sudden change 1in the transformed
section.

The bond stresses resulting from the cutoff can be
deduced by subtracting the expressions of equations (6.1) and

(6.3) for the bars and (6.2) and (6.4) for the plate.
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The direction of the normal bond stresses for the bars
and plate is towards the support as shown in Fig.6.1l. In the
plate cutoff region the longitudinal force in the plate becomes
zero and that in the bars increases. For the continuing bars
the bond stress resulting from the cutoff is in the opposite
direction to the normal bond stress given by equation (6.1).
For the stopped plate the two components are additive.

Equations (6.2) and (6.4) show that the fact that the
plate is stopped at a distance 1 from the support results in an
increase of 100f/x ($) in the external bond stress. Assuming
that the distance x over which the force transfer takes place
is the same wherever the plate is stopped, the effect of the
cutoff on the bond stress can be minimized by stopping the
plate as near the support as possible.

Equations (6.3) and (6.4) show that the effect of the
cutoff increases with the plate thickness (assuming a constant
plate width), for the shift in the neutral axis is higher when
thicker plates are stopped.

To avoid premature bond failures, the bond stresses
given by equations (6.1) and (6.3) for the bars and (6.2) and
(6.4) for the plate must not exceed the wultimate valués
determined from shear pull out tests. The pull out tests do not
however take into account the bending of the beams and the bond

stresses in the beams may be lower than those given by pure

shear tests (pull out tests).

The CPl1l0 code (79) gives in Table 21 the ultimate local
bond stress for plain and deformed steel bars as a function of
the grade of concrete used. The ultimate local bond stress for

a concrete grade of 50 with deformed bars is 3.4Xm=5.1 N/mmz.
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Xm is the CP110 safety factor and is equal to 1.5 for concrete.

The ultimate shear bond stress of the joint steel-
epoxy-concrete as determined by the pull out tests described in
chapter four is 6.5 N/mmz. The same tests also showed that the
transfer of forces from the plates to concrete in pure shear is
not linear but exponential. This means that the force transfer
due to bending in the plate cutoff region is probably not

linear as was assumed in equations (6.3) and (6.4).

6.4 PEELING FORCES

It can be seen from Fig.6.1 that unlike in the internal
bars where there is total equilibrium between the bond stresses
and the tensile stresses in the bars, the eccentricity between
the tensile stresses in the plate and the balancing bond
stresses will result in normal forces in the joint that will
tend to 1lift the plate. This peeling force F1l will be higher
with a higher eccentricity (thicker plate or joint) as shown in
Fig.6.4.

In addition to this force F1l, there is another peeling
force F2 resulting from the resistance of the plate to bending.

The total peeling force F present in the joint is the
combination of the two.components Fl and F2, F=F1l+F2,

Considering the diagram shown in Fig.6.4:

Fl.dx=dT.e so Fl= e. dT
dx
Y Apr
but 4T = Ap Ip aMm therefore Fl1 = I V.e

The bond stress fbp and the tensile force T are balanced by a
system of internal couples which reduces to a single force F1l

at the end of the plate.
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= ! = .b'. .
Fl.dx fbp.b .e.dx so F1 fbp e (6.5)

fbp: Bond stress in the joint given by equations (6.2) and
(6.4).

b': Plate width

e: Eccentricity between bond stresses in joint and tensile
force in plate.

Jones, Swamy and Ang (66) found the same expression for the
peeling force and they assumed that the eccentricity e is equal
to half the thickness of the plate.

Assuming that the bond stresses are applied in the

middle of the glue joint, then the eccentricity e will be:

e = ;(tp+tg) where tp and tg are the plate and glue thicknesses

respectively. The lifting force F1 which is proportional to the

bond stress f is critical at the end of the plate where the

bp
bond stress is maximum.

The second component F2 of the peeling force can be
determined from the curvature of the plate. F2 1is the plate
resistance to bending. The curvature of the plate is similar ta
that of the beam, therefore the plate will be assumed to be
submitted to a similar loading as shown in Fig.6.5 The load is
assumed to be transferred vertically to the plate and the
resistance of the plate to bending is assumed to be
concentrated at its ends. This is a gross simplification and
other models of loading can be possible. The assumed model |is
however the one giving the highest value for F2. Knowing the

deflection and the stiffness of the plate, the reaction to

bending can be determined by an elastic analysis. The
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deflection of the plate is equal to that of the beam. The

central deflection is given by:

— 1
F2.a.=3.L2-4.a2:
A = — -
24.E_.1
P P
Where a = 717mm, and L = 2200mm

b'=p1ate width = 125mm, tp = plate thickness = 6mm

b 3
2.10°N/mn’® I 2% osomnd
E = - = =
p i p 12 mm
A = 0.827.F2 therefore F2 = 1.21N per mm deflection

F2 = 1.21N/mm (6.6)

For a deflection of 10mm: F2=12.1N (very small).
The total peeling force F present at the end of the

joint is:

F =Fl + F2 = F1

6.5 EXPERIMENTAL INVESTIGATION

6.5.1 INTRODUCTION

The phenomenon of premature bond failures is not unknown
in conventionally reinforced concrete.Ferguson and Matloob (89)
and Baron (90) reported bond failures of RC beams with splices
of bars stoppgd in the shear span. They found that bending up
of the bars solved the problem. Bending up the bars does not
affect the total change in the tensile forces but it increases
the distance x over which the transfer takes place and makes

the shift in the neutral axis position less sudden.
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When strengthening existing structures, the plate will
always have to be stopped in the shear span. The provision of
anchorage lengths is therefore difficult. The solution
equivalent to the bending up of the bars may be the tapering of
the plate thickness in the shear span but this operation is
very difficult and cannot be reliable unless perfectly

executed.

6.5.2 EXPERIMENTAL PROGRAMME

The aim of this part of the project was to study the
mechanism of premature bond failure and to investigate possible
solutions to the problem. The number of beams for this series
necessary to find a solution to the bond failure problem and
develop the full flexural capacity of the beam was unknown in
the beginning. Seven beams in all were eventually tested.

In this section the bond and peel stresses present in
the Jjoints are analysed and compared with predictions obtained
using expressions presented in the previous sections. The
flexural properties of the beams are also studied and compared
with those of beam Fl1l with a 1.5mm plate. Comparison of the
behaviour of the unplated beam F01l and the plated beam Fll was
described in chapter five.

All the beams in this Series were plated with either one
6émm or two 3mm plates, the epoxy 3joints between steel and
concrete being 1l.5mm thick and those between the two plates
(beams F32 and F35) being lmm thick. the internal reinforcement
consisted of three Tor bars of 20mm diameter and twelve 6mm
mild steel stirrups in each shear span. The beam details are

shown in Figs.6.6 and 6.7.
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The beams in this Series are as follows;

F3l:One 6mm plate

F32:Two 3mm plates, the outer being stopped before the inner.
F33:0ne 6mm plate with a tapered thickness in the shear span
F34:0ne 6mm plate with four bolts at each end

F35:Two 3mm plates with four bolts at each end of the inner
plate and two bolts at each end of the outer plate

F36:One 6mm plate with side strips at each end

F37:0ne 6mm plate with side strips at each end

Beam F31 was tested first and was expected to fail in
bond by separation of the plate at its end.

The remaining beams F32 to F37 were all designed to have
improved performance by reducing the bond stresses or providing
anchorages and thus avoiding premature failures and hence
developing the full flexural strength.

Beam F32 was strengthened with two 3mm plates. The outer
plate was shorter than the inner one and was stopped halfway
along the shear span. This device provided the beam with a
theoretical flexural strength equal to that of beam F31 but
lower values of bond and peel stresses in the region where the
inner plate was stopped.

Beam F33 had a émm plate with a tapered thickness in the
shear spans. It was hoped to achieve an ideal linear tapering
of the thickness from 6mm at the load point to zero at the end
of the plate. Perfect execution of the tapering proved however
to be impractical and the result was a non uniform tapering
from 6mm to 2mm. Tapering gradually reduced the cross sectional
area of the plate and consequently the bond and peel stresses

and was expected to delay (if not avoid) the premature failure.
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Beams F34 and F35 were similar to the beams F31 and F32
respectively but after the strengthening operation, the plates
were bolted to the beam by Al9 rawlbolts (Fig.6.6). The bolts
penetrated to a depth of 75mm and were able to sustain a
tensile force of B8kN each. The grip was ensured by the
enlargement of the base of the bolt when tightened. In addition
to this mechanical grip, epoxy glue was poured into the drilled
hole (with the bolt) to provide a further bond between concrete
and the bolt. These rawlbolts were expected to overcome the
peeling force acting at the end of the plate and prevent bond
failure.

Beams F36 and F37 were strengthened in flexure with one
6mm plate and subsequently with L shaped 1.5mm thick strips
(Fig.6.7). Cne strip was glued on either face of each shear
span. The strips were designed to prevent the peeling of the
plate and strengthen the part of the beam where bond failure
occurs. The dimensions of the L shaped strips of beam F36 were
different: Cn one shear span the strips covered the whole shear
span whereas on the other side they were only 385mm long
(Fig.6.7). In both cases the strips were 100mm deep. The strips
of beam F37 were all identical and were 250mm 1long and 130mm
deep. The dimensions of the strips and their positions are

shown in Fig.6.7.

6.5.3 BEAM DETAILS

The manufacturing of the beams, their section and
internal reinforcement, the materials used and the bonding
procedure were identical to the ones described in chapter five.
The details of the bond failure beams are shown in Figs.6.6 and

6.7.
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6.5.4 TEST MEASUREMENTS AND INSTRUMENTTION

The test measurements and the instrumentation used are
as described in detail in chapter five. In addition to the
central deflections, support rotations, crack widths, concrete
strains, central bar and plate strains, the plate and bar
strains were measured at different locations along the beams
using strain gauges for the bars and 50mm demec gauges for the
plate. The strain gauge measurement is described in Appendix A.
For the beams with two 3mm plates, the plate strain was
measured on the outer plate only in the region where there were
two plates and on the inner plate in the other region.

The horizontal movement of the end of the 6mm plate and the
slip between the two 3mm plates were also measured by means of

electrical transducers (LVDT).

6.5.5 TESTING PROCEDURE

The beams were tested in rig 1 (Figs.5.1 and 5.2) except
beams F36 and F37 which were tested in rig 2 (Figs.5.3 and 5.4)
The testing apparatus and procedure were as described in detail

in chapter five.

6.6 TEST RESULTS

The flexural properties (deformations, crack widths,
strengths) and the bond stresses present in the beams are
discussed separately in the following sections. The analysis of
the beams and the methods for computation of the deflections,
rotations, strains, crack widths and strengths are similar to
those used for the flexural beams of chapter five and are
described in Appendices C, D and E. The cube strength and the

modulus of rupture varied from 52.0 to 55.8 N/mm2 and 4.41 to
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4,78 N/mm2 respectively (Table 6.1). The use of the value of
53.0 N/mm2 as determined in chapter three results in a
variation of less than 1% in the wultimate strength of the
beams. Furthermore the values of concrete and steel elastic
moduli used in the analysis are those determined by the
material tests described in chapter three. It was therefore
decided to use the same cube strength in the analysis of the
beams.

The bond failure beams all had similar transformed
sections at midspan and were expected to have similar
deformational and cracking properties. The different solutions
attempted to overcome bond failure (tapering, bolts and strips)
were however expected to increase the wultimate loads. The
results show this to be the case. The behaviour of the beams of
this Series was similar at 1low loads but the beams reached
different ultimate strengths and the modes of failure were
different (Table 6.2). The strength properties, the modes of

failure and the effects of the tapering, bolts and strips are

discussed in detail in later sections.

6.7 DEFCRMATICON PROPERTIES

6.7.1 DEFLECTIONS AND RCTATIONS

The methods used for the prediction of the deflections
and rotations are the same as those used in chapter five. The
theoretical and experimental deflections and rotations at
different load levels before and after cracking are given in
Tables 6.3 and 6.4. As expected, the stiffnesses of the bond
failure beams were similar and greater than that of beam Fll
(Figs.6.8 to 6.11). At a load of 100kN, the ratio of measured

to predicted deflection was 1.05 for beam F1l1l and 0.92 for the
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Table 6.1: Bond failure beams.

e e e e e e et e e e

| Beam No. | F31] F32 | F33 | F34 | F35 | F36 | F37
| | | | | | | |

| Age () | 28] 28 | 28 | 28 | 28 | 28 | 28
| | | | | | | |

| ays) @ |42 | 42 | 42 | 42 | 42 | 42 | 42
| | | | | | | |

| Cube | | | | I | |

| strengthN/mn®) |54.5] 55.3 | 52.9 | 53.3 | 52.0 | 55.8 | 52.2
| | | | | | |

| Modulus of, |4.48] 4.78 | 4.54 | 4.41 | bbb | 4.55 | 4otk
| rupture(N/mm”) | | | | | |

| | | | | |

| Ind.tensile, | | | | |

| strength(N/mn®)  [3.36] 3.68 | 3.61 | 3.41 | 3.57 | 3.56 | 3.64
| | | | | |

| Glue thick.tmm | 1.5] 1.5 [ 1.5 [ 1.5 | 1.5 | 1.5 | 1.5
| | | | | | |

| Plate thick.(mm) | 6.0] 2x3.0 | 6.0 | 6.0 | 2x3.0 | 6.0 | 6.0

(1): At strengthening

(2): At testing

Table 6.2: Modes of failure and maximum loads carried.

Beam | Max.load

Mode of failure

| o |

: F11x | 239.0 { Flexural crushing of concrete

I F31 i 182.0 ; Debonding of the plate end

= F32 208.0 } Debonding of the inner plate end
= F33 { 191.0 } Debonding of the plate end

= F34 l 221.0 { Flexural crushing of concrete

| | | after debonding of the plate

{ F35 ’ 227.0 l " " " "

: F36 } 285.1 I Flexural crushing of concrete
e e

*: Strengthened with a 1.5mm plate
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Table 6.3: Experimental and theoretical deflections

at different load levels.
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Table 6.4: Measured and predicted rotations

at different load levels.
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bond failure beams. The rotation ratios at 100kN were 1.07 and
0.93 respectively. These ratios support the conclusions
suggested by the results described in chapter five: The
external steel plates seem to perform better than an egquivalent
amount of internal reinforcement designed to achieve the same
result. The above ratios suggest that the improved contribution
of concrete in tension in plated beams may be greater with
thicker plates. This agrees with Bloxham's results (34) who
found that the tensile stresses in concrete increased with the
plate thickness.

The beams reached different ultimate strengths. The
deformational properties at high load are therefore different.
The premature failure in beams F31, F32 and F33 occurred
suddenly in the 1linear part of the load-deflection and load-
rotation curves (Figs.6.9 and 6.11).

The deformation properties of beams F34 and F35 with
rawlbolts were similar to those of the previous beams up to a
load of 200kN. The debonding of the plates occurred at 200kN
for beam F34 and 210kN for beam F35. The presence of the bolts
prevented however the separation of the plates and the beams
were able to <carry ‘more loads and consequently underwent
further deformations. After debonding the deflections and
rotations increased considerably until failure of the beams.

Beams F36 and F37 with side strips at the ends of the
plates behaved similarly at low 1loads. The presence of the
strips prevented the debonding of the plates and the beams were

therefore able to develop their full flexural capacity.

- 200 -



6.7.2 STRAINS

The predicted and measured concrete compressive strains,
neutral axis depths, and bar and plate strains at different
load 1levels are given in Tables 6.5, 6.6, 6.7 and 6.8
respectively. The compressive strain of concrete was given by
the gauge at 5mm from the compression face of the beam. Unlike
the beam Fll where the neutral axis position moves towards the
compressive face of the beam at high loads, the variation of
the neutral axis position for the bond failure beams is very
small., This is due to their higher amount of reinforcement
which is near the balanced ratio.

Comparison of the ratios of experimental to theoretical
concrete, bar and plate strains for beam Fl1 and the bond
failure beams confirms that the external reinforcement may be
performing better than an equivalent internal reinforcement
designed to produce the same performance. The additional
stiffening effect increases with the plate thickness.

The maximum concrete, bar and plate strains recorded in
beams F31, F32 and F33 were less than the ultimate strain of
concrete or the yield (proof) strain of steel (Tables 6.5, 6.7
and 6.8; and Figs.6.13, 6.15 and 6.17) due to premature failure
by debonding.

The maximum concrete and bar strains recorded in beams
F34 and F35 with bolts were higher than the wultimate (proof)

strains of concrete and steel respectively (Tables 6.5 and

6.7). The maximum plate strains were however 1less than the
yield value (Table 6.8). After the initiation of the debonding
the plate strains started decreasing (Fig.6.17). This suggests

that although the bolts prevented the separation of the plates,

- 201 -



Table 6.5: Measured and predicted concrete compressive strains

at different service loads.
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Table 6.6: Experimental and theoretical neutral axis depths

at different load levels.
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Table 6.7: Measured and predicted bar strains

at different service loads.
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Table 6.8: Measured and predicted plate strains

at different load levels.
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composite action between the beam and the plate was not ensured
anymore after the debonding and the beams appeared to have
behaved thereafter as unplated beams. The ultimate loads
reached confirm this.

The maximum strains in beams F36 and F37 which developed
their full flexural capacity were higher than the yield (proof)

values (Tables 6.5, 6.7 and 6.8).

6.8 CRACK WIDTHS AND RIGIDITIES

The predicted and measured average crack widths are
given in Table 6.9. At 100kN the ratio of experimental to
theoretical value was 0.85 for beam F11 and 0.87 for the bond
failure beams. The same ratios at 200kN were 1.00 and 0.98
respectively.

The theoretical and experimental rigidities were
obtained in the same manner as described in chapter five. The
predicted and recorded values before and after cracking are
given in Table 6.10. At 20kN (before cracking), the ratio of
experimental to theoretical rigidity was 0.76 for beam F1ll and
0.91 for the bond failure beams. At 100kN the same ratios were
0.94 and 0.98 respectively. Again these ratios support the
previous conclusions that the restraining effect of the plates

increased with their thickness.

6.9 TENSILE STRESSES IN CONCRETE

The stiffening effect of concrete in tension was
estimated in the same manner as described in chapter five. The
contribution of concrete was determined as the difference
between the applied moment and the internal moment carried by

the bars, glue and plate. The tensile stresses in concrete thus
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Table 6.9: Measured and predicted average crack widths

at different load levels.
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Table 6.10: Experimental and theoretical rigidities

before and after cracking.
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computed are given in Table 6.11. At 20kN (before cracking) the
stress was 2.02 N/mm2 in beam F1l1 and 1.93 N/mm2 in the bond
failure beams. At 100kN (in a cracked state), the stresses were
2.67 and 2.96 N/mmz. These values confirm the conclusions of
chapter five: the presence of the external plates seems to
improve the performance of concrete in tension and therefore
increase the overall stiffness of the beam. The above results
also mean that this improved contribution of concrete in
tension may be greater with thicker plates. This agrees again
with Bloxham's findings (34) who reported that the tensile
stress 1in concrete 1in a cracked state was greater in plated

beams and increased with the plate thickness.

6.10 STRENGTH PRCPERTIES

6.10.1 FIRST CRACK LCADS

The first crack loads were calculated in the same manner
as described in chapter five. The predicted and recorded values
are given in Table 6.12., The ratio of experimental to
theoretical first crack load was 1.39 for beam F1l1l and 1.51 for
the bond failure beams. The ratio of the recorded first crack
loads to the CP1l10 wultimate 1loads were 0.18 and 0.19
respectively. The tensile strain in concrete at first cracking
was 178 microstrains for beam F1ll and 181 for the bond failure
beams.

The ratios of experimental to theoretical first crack loads and
the values of tensile strains in concrete at cracking support
the conclusions that the restraining effect of the external
plates may be greater than that of conventional reinforcement
designed to achieve the same performance and that this

stiffening effect increases with the plate thickness.
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Table 6.11: Tensile stresses in concrete at the tension face
before and after cracking.

I
4

| | Internal moment | Moment carried | Tensile stress

| Beam | carried by bars | by concrete | in concrete

| | glue and plate | 1in tension | >

| No. | (kN.m) | (kN.m) | (N/mm")

‘ } 20kN | 100kN }zom | 100kN IZOkN | 100kN {

l F11 I 4.56 ‘ 33.64 I 3.1 l 4.71 { 2.02 } 2.67

{ F31 l 4.85 % 33.80 } 2.82 ! 4.55 : 2.00 } 3.03 I

{ F32 | 5.00 ‘ 33.96 | 2.67 ‘ 4.39 l 1.87 % 2.88 ‘

| F33 4.88 l 33.66 2.79 ‘ 4.69 = 1.96 2.90 ‘

| F36 | 5.08 = 33.73 | 2.59 ‘ 4.62 l 1.86 | 2.9 ‘
F35 | 4.91 } 33.73 | 2.76 ‘ 4.62 l 1.87 | 2.9 :
F36 | 4.92 l 33.65 ‘ 2.75 ‘ 4.70 l 1.95 | 2.98 {

i F37 ‘ 4.82 } 33.45 l 2.86 } 4.90 ‘ 2.01 } 3.05 i

Table 6.12: Experimental and theoretical strength results.
(first crack and ultimate loads).

i

|1Stcrack|15tcracki

First crack Maximum Load(kN) | Lload |concretel
Load(kN) | over | tensilel

Beam| | | Exp.| | Theo.ult.flex. | Exp./Theo. { cP110 ( strain |
No. Exp.}Theo.I;;;;: Exp.} A | B | ¢ { A |B |C {ult.[oad} (10-6) l

{ F11lh0.0|28.89| 1.39|239.0}227.25|227.25|216.99|1.05|1.05|1.10} 0.18 I 178 }
} F31]55.0|36.54 | 1.51|182.0|284.36}283.08|266.44IO.64|0.64}0.68: 0.19 { 203 }
F32=" } " { " |208.0] " { L : " {0.73|0.73|O.78, L = 178 :

| F33’ " { ' } " }191.0{ " , L } L |0.67|D.67}0.72; " ! 194 {
| F34} " } " { " }221.0} " { " } " |0.78|0.78=0.83{ " { 218 =
| F3S}" { " } " |227.0] " } " { " |0.80I0.80|0.85| " } 19 }
| F36}" } " } " {285.1{ L { " { " 1.0 1.01}1.07} " l 162 l
F37= " { L { " !283.0{ " { " : " |1.00|1.00}1.06= " : 120 }

A: CP110-simplified method
B: Strain compatibility(rect.stress block)
(Hognestad et al.)

c: "
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6.10.2 ULTIMATE STRENGTHS

The ultimate flexural strengths were computed using the
three methods described in chapter five and Appendix D, The
experimental and theoretical ultimate loads are given in Table
6.12, The detailed results and the effects of the tapering,

bolts and strips are discussed in the following sections:

6.10.2.1 BEAM F31

This beam with one 6mm plate failed prematurely as
expected by sudden separation of the plate at its end at the
level of the internal reinforcement. Fig.6.18 showing the
development of the bar strain for each strain gauge position
illustrates the initiation of the debonding and also shows that
there was some warning before failure. At a load of about
140kN, the slopes of the <curves increase considerably. This
warning was not however detected visually. The bond failure
occurred in the linear part of the 1load-deformation curves
(Figs.6.8 to 6.17) at a load of 182kN equivalent to 64% of the
ultimate flexural strength of the beam. The steel bars and
plate reached strains of 980 and 1360 microstrains respectively
which were less than the bar 0.2% proof strain (2000

microstrains) and the plate yield strain (1400 microstrains).

6.10.2.2 BEAMS F32 AND F33

These beams were designed in such a way that the bond
and peel stresses would be lower than those of beam F31 and
were expected to perform better. Their flexural behaviours were
similar to that of beam F3l. The stiffnesses, deflections and
cracking were of the same magnitude as those of beam F31

(Tables 6.3 to 6.11). The beams F32 and F33 sustained however
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F3l: one 6mm plate

F32: two 3mm plates

F33: one 6mm plate with a tapered thickness in the shear spans

Fig.6.19: Crack patterns and modes of failure
of beams F31, F32 and F33
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only 26 and 9 kN respectively more than beam F31. They failed
at 208 and 191kN respectively or 73 and 67% of their ultimate
flexural strength. Failure of beam F33 strengthened with one
6mm plate with a tapered thickness was identical to that of
beam F31 (Fig.6.19). Beam F32 failed similarly by separation of
the end of the inner plate (Fig.6.19). The maximum bar and
plate strains were 1272 and 1510 microstrains for beam F32 and

1020 and 1380 microstrains for beam F33.

6.10.2.3 BEAMS F34 AND F35 WITH BOLTS

The rawlbolts in these beams were expected to overcome
the peeling forces at the ends of the plates and delay (if not
avoid) the premature failures. Up to a load of 200kN there was
full composite action between the plates and concrete and the
beams behaved similarly to the previous ones. However at a load
of 200kN for beam F34 and 210kN for beam F35 (70 and 74% of
their theoretical flexural strengths respectively), there was a
sudden longitudinal debonding of the plate at its end over a
length of about 300mm (Figs.6.20 and 6.21).

Despite the debonding however the bolts prevented the
separation of the plate and the beams were able to carry more
load (Fig.6.20). As £he load was increased the plate s@rains
started decreasing (Figs.6.16 and 6.17) and the debonding moved
further towards the flexural region. The deflection, rotation,
concrete and bar strains increased considerably (Figs.6.8 to
6.17) until the beams failed by compressive crushing of
concrete in the constant moment region (Fig.6.20) at loads of
221kN for beam F34 and 227kN for beam F35 or 78 and 80% of the

theoretical ultimate strengths respectively.
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F34: one 6émm plates with bolts

F35: two 3mm plates with bolts

Fig.6.20: Crack patterns and modes of failure of beams
F34 and F35 with bolts
(debonding occurred before crushing of concrete)
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Debonding in a non bolted beam
(free separation of the plate)

Debonding in a bolted beam
(plate held by bolts)

Bolted beams after removal of plates

Fig.6.21: Debonding in bolted and non bolted beams
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The ultimate strength, maximum deflections, rotations,
bar and concrete strains registered were similar to those of
the unplated beam F0l1l described in chapter five. This and the
decreasing of the plate strains after the initiation of the
debonding suggest that although the bolts overcame the peeling
forces, they did not prevent local debonding due to high 1local
bond stresses and the composite action of the plate and
concrete was not ensured any 1longer. The beams behaved

thereafter as unplated beams.

6.10.2.4 BEAMS F36 AND F37 WITH SIDE STRIPS

The L shaped steel strips glued at the ends of the
plates of these beams were expected to overcome the peeling
stresses and hopefully prevent the 1local debonding which
occurred at the level of the internal steel bars. Fig.6.22
shows that in fact the side strips enabled the beams to develop
their £full flexural strength and full composite action between
the beam and the plate was ensured until the beam failed by
compressive crushing of concrete (Fig.6.22).

Subsequent observation of the failed beams showed
however that the bond between concrete and the longer strip of
beam F36 was cracked (Fig.6.22) whereas the shorter strip of
beam F36 and the shorter but deeper strips of beam F37 were
intact. The recorded strip strains were higher at the ends
(Figs.6.23 and 6.24). These higher strip strains in the section
where the longitudinal plate was stopped confirm the presence

of higher bond and peel stresses in that region.
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F36: cracking along long strip

F37: strips intact

Fig.6.22: Crack patterns and modes of failure of
beams F36 and F37 with strips
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6.11 BOND STRESSES

6.11.1 EXTERNAL BOND STRESSES (IN EPOXY JOINT)

Figs.6.25 to 6.28 show the distribution of the strains
along the plate at different load levels. The positions of the
support, load point, bars and plate are shown in Fig.6.29. The
broken lines represent the theoretical elastic distribution. It
was assumed in the computation of the theoretical strains that
the plate remained fully active until its cutoff point. The
theoretical distribution was plotted in order to compare its
slope to that of the experimental one and investigate the
region where the force transfer from the plate to the bars
starts. These curves show that beyond a certain distance x from
the cutoff point, the theoretical and experimental
distributions have similar slopes but within this distance x
from the cutoff point, the measured strains decrease rapidly
and become smaller than the elastic ones. This proves the
existence of a transfer of tensile forces from the plate to the
bars over the distance x. This distance x increases slightly at
higher loads and the location of the transfer region moves away
from the support at higher loads (Figs.6.25 and 6.26).
Figs.6.30 to 6.32 confirm this conclusion: within the same
distance x the strains in the bars increase above the
theoretical ones as a result of the force transfer form the
plate.

The experimental bond stresses are deduced from the
strain measurements. The recorded strains on the plates are
converted to forces by multiplying by the elastic modulus and
the cross-sectional area of the plates. The bond stress between

two consecutive 1locations of demec gauges is equal to the
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difference between the two recorded forces divided by the bond
area between the two locations, this bond area being equal to
the product of the plate width b' by the distance AL between

the two locations:

Ae.A_.E
Bond stress f = — P P (6.7)

bp b'.AL

where AL is the distance between the two considered locations,
A€ the difference between the recorded strains, Ap, Ep and b’
are the cross-sectional area, the elastic modulus and the width
of the plate. But Ap = b'.tp where tp is the plate thickness.

Equation (6.7) becomes therefore:

€.t _.E
| LetpEy

fbp AL

(6.8)

The distribution of the interface shear bond stresses along the
plate thus obtained are shown in Figs.6.33 to 6.36. these
figures confirm that the location of the transfer region tends
to move away from the support at higher loads.

For the beams with two 3mm plate (F32 and F35), it was
assumed in the computation of the bond stresses that there was
no relative slip between the two plates and that they behaved
as one 6mm plate. The bond stresses were deduced from the
strains measured on the outer plate (in the region where there
were two plates) and on the inner plate elsewhere (Figs.6.34
and 6.36). The bond failure occurred at the end of the inner
plate, yet the deduced bond stresses were higher in the region
where there were two plates(Figs.6.34 and 6.36). This means
that the assumption that the two plates behaved as a single one

was not justified. Fig.6.37 showing the plate end movements and
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the relative slip between the two 3mm plates supports the
conclusion that the two plates did not act as a single one. The
deduced bond stresses at the end of the outer plate (where
there are two plates) cannot therefore be reliable. For this
reason, the maximum values of bond stresses to be considered
will be those registered in the region of one plate only.
The maximum interface bond stresses registered (for the

beams that did not reach their full flexural strength) were:

Beam F31: 5.02 N/mm2

Beam F32: 4.95 N/mm2

Beam F33: 4.22 N/mm2

Beam F34: 4.82 N/mm2 (just prior to debonding)

Beam F35: 4,90 N/mm2 " " "
After the initiation of debonding in beams F34 and F35, the
plate strains decreased and the bond stresses deduced from the
registered strains became insignificant (Fig.6.36) as there was
no composite action of concrete and the plate anymore.

The theoretical bond stresses in regions not affected by

the plate cutoff given by equation (6.2) are:

Beam F31: 1.99 N/mm2

Beam F32: 2.30 N/mm2

Beam F33: 2.07 N/mm2

Beam F34: 2.17 N/mm2 (at debonding)

Beam F35: 2.32 N/mm2 " "
These values compare satisfactorily with the critical value of
2.15 N/mm2 found by Jones, Swamy and Ang (66) but are less than

half the measured ones. This is due to the fact that equation

(6.2) does not take into account the plate cutoff effect.
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The interface bond stresses given by equation (6.4)
which accounts for the plate cutoff effect depend on the
transfer 1length x. The distance 1 from the support to the
cutoff point is 50mm. It was seen before in equation (6.4) that
stopping the plate at a distance 1 from the support results in
an increase of 100f/x (%) in the interface bond stress, x being
the distance over which the stress transfer takes place.
Comparison of the distributions of the theoretical elastic and
experimental strains along the plate (Figs.6.25 to 6.28) shows
that the value of x is about 50 to 100mm. Although the transfer
region moves away from the support at higher loads (Fig.6.31),
the peak in the shear stress distribution remains over a
distance of 50 to 100mm. These figures show the distance x over
which the force transfer from the plate to the bars takes place
and show that this transfer is not completely 1linear as was
assumed in equation (6.4). The plate strain measurements were
carried out by means of 50mm demec gauges and an accurate
determination of the variation of the strains in the cutoff
region requires a better strain measurement such as electrical
strain gauges fixed along the plate at very small spacings.
Assuming a value of 50mm for this transfer 1length, and since
the distance 1 from the plate cutoff to the support is equal to
50mm, the values of bond stresses given by equation (6.4) will

be double those given by equation (6.2) i.e:
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Beam F31: 3.98 N/mm>
Beam F32: 4.60 N/mm2
Beam F33: 4.14 N/mm?
Beam F34: 4.34 N/mm>
Beam F35: 4.64 N/mm2
Assuming that the transfer of forces from the plate to
the bars in the plate cutoff region is linear over a distance
of 50mm, the values predicted by equation (6.4) agree
satisfactorily with the recorded ones.
The maximum bond stress registered was 5.02 N/mm2 (beam
F31). Beams F32 and F33 had slightly lower bond stresses than
those of beam F31l. This was expected as the beams had lower
cross section area of plates at the cutoff region. The
reduction in bond stresses in beam F33 would have been more
proghnced had the tapering of the thickness been perfectly
executed. The actual thickness varied from 2 to 6mm in the
shear span and this resulted in a reduction of about 25% in the
bond stresses but an increase of only 5% in the failure load.
The rawlbolts fixed in beams F34 and F35 prevented
complete separation of the plate and reduced the plate end
movement (Figs.6.20 and 6.37) but did not prevent the 1local
longitudinal debonding at the level of the internal bars which

stopped the composite action of the plate and the beam.

6.11.2 INTERNAL BOND STRESSES

The strain distribution (Figs.6.30 to 6.32) and the
deduced bond stress distribution along the bars (Figs.6.38 to
to 6.40) confirm the existence of the force transfer from the

external to the internal reinforcement.
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For the beams with two 3mm plates ( F32 and F35), the
transfer takes place twice: where the outer plate 1is stopped
and at the end of the inner plate (Figs.6.31 and 6.39). This
results in a total stress opposite to the 1local bond stress
(Fig.6.39) confirming the predictions of equation (6.3).

The maximum internal bond stresses recorded were 2.88

N/mm2 for beams F31 and F32 and 2.20 N/mm2 for beam F33.

6.12 PEELING FORCES

The theoretical peeling forces are computed using

equations (6.5) and (6.6).

6.12.1 COMPONENT F1

The values of the peeling force F1l as given by equation
(6.5) are proportional to the bond stresses and depend on the
eccentricity considered. Depending on whether the plate cutoff
effect is taken into account, the value of the bond stress will
the one given by equations (6.2) or (6.4).
(a) The eccentricity e 1is taken as equal to the distance

between the plate and the bars e=39.5mm:

NO CUTCFF EFFECT CUTCFF EFFECT
Beam F31: F1=9, 7kN F1=21.8kN
Beam F32: F1=11.4kN F1=22, 8kN
Beam F33: F1=10, 2kN F1=20. 4kN
Beam F34: F1=10.7kKN F1=21.4kN
Beam F35: Fl=11.5kN F1=23, 0kN
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(b) The eccentricity is taken as equal to the distance between

the plate and the epoxy joint e=3.75mm:

NO CUTCFF

EFFECT

Beam F31:
Beam F32:
Beam F33:
Beam F34:

Beam F35:

F1=0.92kN
F1=1.08kN
F1=0.97kN
F1 1.02kN

Fl=1.09kN

CUTCFF EFFECT

F1=2.07kN
F1=2,16kN
Fl=1.94kN
F1=2.04kN

F1=2,18kN

The peeling forces were not directly measured but if

(6.5) is

experimental peeling forces for an eccentricity

be:

Beam F31:
Beam F32:
Beam F33:
Beam F34:

Beam F35;

6.12.2 COM

applied

F1=2.35kN
F1=2.32kN
F1=1.98kN
F1=2.30kN

F1=2.30kN

PONENT F2

to the

The

resistance of the plate to undergoing bendirg. It was seer

equation

ultimate central deflections

beams wer

second

(6.6)

e about

component F2

10, Omm

measured bond

(The force F1l is proportional to

the bond stress).

recorded for

of the peeling force is the

that F2=1.2IN per mm central d