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Abstract

The work in this thesis focuses on an experimental investigation to characterize ultimate load
levels and failure mode characteristics of reinforced concrete (R/C) beams strengthened or repaired by
bonding external plates to soffit of the R/C beam. The experimental investigation is designed so as to
induce not only flexural failure and concrete rip-off failure in the repaired beams but also a diagonal
tension failure similar to unplated R/C beams. Parametric constraints leading to diagonal tension failure
in plated beams in contrast to flexural failure and rip-off failure are defined. A total of twenty eight R/C
beams repaired by plate bonding were tested and data was generated to yield ultimate load levels, mode of
failure and central beam deflection. Existing model for predicting rip-off failure was confirmed in terms
of ultimate load levels and mode of failure, and a new predictor equation is proposed for determination of
ultimate load for plated beams prone to fail under diagonal tension.
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Chapter I

INTRODUCTION

1.1 Repair and Rehabilitation of R/C Structures

The repair and maintenance of concrete structures is a major challenge to
the construction industry. The need for repair and maintenance stems from lack of
durability and serviceability. In addition to alarming degree of deterioration in
concrete structures and it also stems from the fact that it is too difficult to replace
buildings, dams, bridges, highways and other structures by new structures, because
of time factor and high cost. The strengthening and repair of structures or their
replacement becomes necessary when their performance with respect to ultimate
load and serviceability becomes unsatisfactory. Therefore, strengthening and

repair of structures has become as important as the design of new structures.

Concrete structures built during the peak period of construction are now
showing defects. There are various reasons for the unsatisfactory performance of
the structures, such as the use of inferior materials, inadequate construction
practices, poor workmanship, prevailing weather conditions, defective designs and
improper detailing of reinforcement, damage due to fire, blast and earthquakes,

change in the function of structure from a lower service load to a higher service



load and reinforcement corrosion resulting in its decrease in the cross-sectional
area, thus reducing the load carrying capacity of the structure. To regain its

original load carrying capacity, strengthening becomes essential.

As the structures with unsatisfactory performance are never accepted
because of the safety and public acceptance, therefore, such structures should
either be replaced by new omes or the defective structural member of the building
should be strengthened. The choice between the two alternatives of either to
replace or to strengthen the member depends on various factors such as the
material cost, labor cost, time duration for which the structure shall be out of use
and disruption in the other facilities like plumbing, electrical and HVAC facilities
in the building. As the replacement of the structure is very expensive, it is done
only in the case when the problem is severe and there is no other solution. But, in
this economical era, it is more rational to go for strengthening the members,
particularly with the availability of many attractive, simple and quick techniques.
The suitability of repair techniques, and repair materials can be selected
considering economy, compatibility and efficiency. Cost, ease of application and
efficiency are the major considerations in choosing the repair materials and repair
techniques. Some repair materials are very expensive, some are fair and some are
cheap. Similarly, some repair techniques require expensive equipment’s and

skilled labor for placement and some do not.



1.2 Strengthening Techniques
A number of strengthening techniques have been used in the past to achieve
desired improvements. The following is a list of some of the commonly used

techniques to repair structurally distressed components:

1. Replacing non-structural toppings with structural toppings, or lighter
material.

2. Provide extra supports to reduce the span length.

3. Add extra reinforcement by stapling and guniting Steel Plates externally.

4. Using external or internal prestressing.

5. Using Ferro-cement mortar.

1.3 Piate Bonding

With the invention of epoxy adhesives, another technique of strengthening
of structures has been added to the repair world, which is plate bonding. This
technique has gained popularity in a short interval of time because of its vast

advantages.

In Plate bonding, a steel plate of relatively small thickness, of just a few
millimeters, is bonded with epoxy glue to the reinforced concrete beams and slabs

for improving their structural behavior and strength. Full composite action is



achieved between a concrete member and a steel plate by the use of a suitable

epoxy glue. Plate bonding can be used to increase flexural capacity of RC beams

weak in flexure due to inadequate main reinforcement, or to increase shear

capacity of RC beams weak in shear due to inadequate stirrup provision.

The advantages of Plate Bonding Techniques are as follows:

1.

Site disruption is minimum as compared to other repair techniques. Here,
only the surface of the structural member is abraded by sand blasting to make
the structural member rough for proper adhesion.

Size of the structural member increases by just a few millimeters when
strengthened by plate bonding. There is a negligible reduction in the clear
span or the ceiling height of the structure.

Minimum scaffolding and shuttering is required.

Simple to implement

Quick in installation

The structure can be strengthened by plate bonding when the building is in
operation, as there is no vibration, no noise. Hence, the normal activities can

go unaffected.

The most important shortcoming of plate bonding technique, using steel

plates, is the danger of corrosion at the steel/glue interface, which adversely affects

the bond strength. The use of epoxy bonded external plates for strengthening and



repair of reinforced concrete (R/C) members is an attractive alternative to
structural engineers due to above mentioned advantages for the use of structures in
question. However, prior to establishing full confidence in the use of external
plates as reinforcement, the behavior of such elements must be fully understood,
especially in relation to behavioral characteristics that are not observed in ordinary
R/C members. Considerable research has been carried out on repair and
strengthening of R/C beams using plate bonding by University groups at Sheffield
[30-33] and at King Fahd University of Petroleum and Minerals (KFUPM) [37-38]
leading to identification of a horizontal rip-off failure in concrete - a phenomenon

not known in unplated R/C beams.

1.4 Existing State-of-The-Art

One of the most important factors in the externally bonded plated beams is
the development of high peeling and shear stresses at the location of plate
curtaiiment which under certain combinations of plate geometry and other

parameters can lead to a highly brittle mode of failure.

This research focuses on behavior of plated R/C beams in order to better
understand the failure modes of such structural elements. The work has direct
impact on the design for strengthening and repair of R/C beams using plate

bonding. Although the use of external reinforcement for strengthening and repair



of reinforced concrete (R/C) members subjected to bending and shear has
attractive features, structural engineers need to fully understand the behavior of

such elements under loading prior to recommending adoption of the technique.

1.5 Modes Of Failure

R/C beams when strengthened externally by plates bonded on the tension
side failed in a variety of ways, depending on the plate thickness. The modes of

fatlure were:

1.5.1 Flexural failure

This failure is characteristic of under reinforced R/C beams externally
reinforced by thin plates and of sufficient length such that conditions at failure are
marked by yielding of internal reinforcement and external plate, there is crushing
of concrete in the compression zone and flexural cracks intrude to the very top of
the beam (Plate). The counterpart of this mode in ordinary R/C beams is the
flexural failure of underreinforced beams. Ideally speaking, the external
reinforcement for R/C beams should be designed so as to yield a ductile flexural

failure under ultimate load conditions.



1.5.2 Concrete/Glue/Steel Interface Separation

As the plate thickness increases, the interface shear and peeling stresses at
the plate curtailment zone increase and, if the allowable strength values for the
interface are exceeded, the plat may separate, resulting in premature failure. If the
bonding adhesive is weak or gluing is not properly done, this type of failure may
be characterized by plate debonding initially emanating from the plate curtailment.
As the plate debonding proceeds away from the support and as the effective plate
length is reduced, the peak peeling stresses progressively increase to a value where
a secondary rip-off crack develops, leading to sudden failure. In order to preempt
the likelihood of plate separation in the design process, the stresses at the region of
plate cutoff are checked to insure that plate separation does not occur. Premature
separation of the plate at concrete/glue/steel interface, starting from the zone of
plate curtailment separation leading to a reduced bonded plate length with ultimate
failure resulting from the formation of a diagonal crack proceeding from inward

and moving delamination at the interface, to the point of loading.

1.5.3 Concrete Rip-off Failure Mode

If gluing is strong enough to prevent plate debonding, cracking emanates
from the location of plate curtailment. The existence of peak peeling and shear
stresses at the plate curtailment zone, in addition to the bending stress, results in a

biaxial tensile stress state, forcing the crack to move in an essentially horizontal



direction just below the level of internal flexural and shear reinforcement where
the section is the weakest initiated at the point of plate curtailment. Failure ensues
when the moving horizontal crack joins an existing highly stressed flexural crack,
leading to a brittle and explosive failure at external plate stress levels below yield

[38,41,44].

1.5.4 Diagonal Tension Failure Mode

Another independent mode of failure of plated R/C beams, which like the
flexural failure has its counterpart in unplated R/C beams, is one of failure by
diagonal tension. This mode of failure is similar to that in unplated R/C beams,
with failure precipitated by a diagonal crack emanating from near the plate
curtailment zone or support region and traversing across the stirrups at

approximately 45 degrees.

It is believed that the development of flexural cracks beyond the plate
curtailment produce high localized bond stress concentrations at the tension steel
and consequently magnify the actual shear stress leading to steeper diagonal
cracks. A diagonal crack connects the existing flexural cracks, these cracks
become wider and wider at higher loads, open up resulting in the failure of the

beam. This type of the failure is often encountered when the principle tensile stress



exceeds the tensile strength of concrete. Tension crack forms where the tensile

stresses are largest and will immediately cause the beam to fail.

1.5.5 Flexure/Rip-off Failure Mode

A mixed type of failure where the internal steel and the external plate yield
before failure, with actual failure being precipitated by the horizoutal tearing of
concrete cover below the level of main reinforcement. This is called Flexure/Rip-

off failure.

1.6 Research Objectives

Not much work has been done to study the possibility of highly brittle mode
of failure called the shear failure for certain combinations of plate geometry and
other parameters, which play a primary role in shear or concrete rip-off failure.
Also, the ultimate load for certain plated RC beams failing in shear are
overestimated by ACI expression for shear strength of unplated RC beams by

virtue of crack profile, rendering stirrup inefficient.

This research focuses on behavior of plated R/C beams in order to better
understand the failure modes of such structural elements. The work has direct
impact on the design for strengthening and repair of R/C beams using plate

bonding. The main objectives of this research are to study and predict the
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shear/peeling failure of plated reinforced concrete beams. The broad objectives of

this research are:

1. To study the overall behavior of RC beams reinforced with external steel
plate bonded to the soffit by varying

e Plate Thickness (t,),

o Curtailment Length (L),

e Spacing of Stirrups (s).

2. To study efficiency of stirrups in plated beams in which

o Flexural capacity of unrepaired beam is less than the shear capacity.
(P <Py).

e Shear capacity of unrepaired beam is less than the flexural capacity.
(P <Py).

3. To predict mode of failure as being brittle or ductile, based on characteristics
of unrepaired beam and geometric and material details of external
reinforcement and bonding agent.

4. To delineate the range of validity of expression for rip-off failure as

presented by KFUPM research group for plated RC beams.



Chapter I1

LITERATURE REVIEW

2.1 Use of Plate Bonding

Though very little data is available on the performance of RC members
repaired by plate bonding techniques, but it has been extensively used to
strengthen various structures like buildings and bridges through out the world,
particularly in Belgium [1], France [2,3], Japan [4], Poland [5], South Africa [6],
Switzerland [7,8] and United Kingdom [9,10,11]. Investigations into the
performance of plate bonding technique started in 1960s [12-14]. External
strengthening of existing buildings and bridges using epoxy bonded steel plates are
now being accepted as an efficient and convenient way of improving the
serviceability performance and/or ultimate strength of concrete structures. In Japan
[15], over 200 bridges have been strengthened by this technique. The repair and
reinforcement of French 'Route Nationale 186' bridge, crossing Saint Denis Canal,
[16], Swanley Bridges in Great Britain [17], Interchange of four bridges on M5
motorway at Quinton in United Kingdom [18], repair of Hottingerstrasse
Telephone Exchange in Zurich [19], expansion and renovation of Fusslistrasse

Telephone Exchange in Zurich [20], the shopping center at Spreitenbach,
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Switzerland, air conditioning system in the Neue Hard Development Building

Zurich, ALBA, Aluminium Smelter Bahrain [21] are, but a few examples.

2.2 Flexural and Shear Studies

Extensive work has been carried out on behavior of plated R/C beams with
the work encompassing experimental, analytical and numerical modelling by
various researchers [22-38] around the world. It was found that RC beams repaired
with thin strips of steel bonded on the tension face indicated improved behavior
both at service and the ultimate load levels. But when a relatively thicker plate was
used, there was a separation of steel plate at the terminate ends "peeling of steel
plate”, and beams failed not only before reaching the theoretically predicted

ultimate strengths but it exhibited lack of ductility.

It 1s a must for safety that, structural members should have enough ductility
to give sufficient warning before failure. The separation of plates at the terminate
ends takes place due to high concentrations of shear and normal stresses (peeling
stresses). In order to overcome this problem of separation of plates at the terminate
ends, Jones [22] made a study by using anchor bolts and angle plates. He found
that anchor bolts improved ductility, but separation of plate at the terminate ends
could not be prevented. On the other hand, angle plates proved to be the best

anchorage system as they improved ductility and prevented plate separation. But
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angle plates were not suitable for wider beams and cannot be used for slabs. His
findings were not confirmed by others as it did not clearly explain the stress

behavior at terminate ends of the plate.

In 1975, Irwin [23] reported from his experimental study that, the crack
width in RC beams repaired with steel bonded plate was significantly less than that
of unrepaired beam. The failure of former group of beams took place due to
separation of the plate. Plated beams had higher moment capacity during the first

cycie of loading, but it suddenly dropped due to plate separation.

In 1979, Calder [24] from his experimental results reported bending tests
and shear tests of glues in unreinforced concrete beams, when exposed to
atmosphere under different environmental conditions for a period of two years,
indicated that corrosion of plates took place at the steel/glue interface in all
specimens which were exposed to natural environments thus reducing the strength
of the specimens. Corrosion of plates in exposed specimens was due to the
migration of moisture from concrete to steel plate passing through the glue layer.
The analysis of results indicated that there were significant differences of results
for beams which were exposed to different environments and between loaded and
unloaded specimens. No significant difference in the results of beams were found,
which were tested after one or two years of exposure. The load applied to beams

decreased to about 70% of the original value after first 8 months of exposure. The
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load carrying capacity of glue reduced significantly after two years of exposure,
but it was still greater than that of concrete. A significantly higher area of steel

plate was rusted after two year of exposure as compared to one year of exposure.

In 1980, Jones et.al [25] reported the results of an experimental study on the
behavior and strength of plain and RC beams strengthened by steel plates bonded
by epoxy glue on the soffit of beams. Two types of glues and two types of steel
plates with different yield strengths were used, and the effects of glue thickness,
plate lapping, multiple plates and of precracking prior to bonding were
investigated. The effects of above variables on deflection, concrete strain
distribution, cracking behavior, steel strain, mode of failure, load at first crack and
ultimate strength were presented. It was shown that gluing and lapping operations
can be carried out efficiently and successfully, and that the technique can be
extended to provide a reliable method of strengthening insitu structures. But, the
long-term performance of glue or the effects of environment on corrosion are not

reported.

Cusens and Smith [26] in 1980, studied the structural performance of four
epoxy adhesives by subjecting them to shear in three types of specimens: (i) a
steel-steel double lap specimen, (ii) a concrete prism with scarfed joint, and (iii) a
concrete beam with external steel plate reinforcement. Specimens were tested

under simple and sustained static load, and in fatigue. They were cured between 20
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and 80 C. The shear strength of adhesion to steel was about 13 MPa. A marked
difference was observed in the performance of different adhesives after immersion
in water for 8 weeks. Beams exhibited ductile behavior, with the yielding of steel

plate when the thickness of adhesive was maintained at 1 mm.

Macdonald [27] in 1982, carried out a testing program on 17, 3.5 m long
RC beams with epoxy bonded external reinforcement subjected to 4 point loading.
The variables included different adhesives, plate geometry’s, a jointed plate, glue-
line thickness, partial bonding and multi-layered plates. Beams were also tested
As-cast (for reference), plated without concrete being cracked (plated As-cast) and
plated after cracking (plate precracked). It was found that additien of plates
increased the maximum sustained load required to produce the first visible crack
by 80 %, stiffnesses were found to be increased by about 190 % for plated As-cast
condition and 250 % when plate was added after the beam had been cracked to a
width of 0.1 mm. When wide plates were used, it was seen that the type of failure
that can occur while the plates are separated from the beam by horizontal shear
failure in concrete did not occur. The experimental and calculated values of loads

for various conditions were found to be in good agreement.

In 1982, Lloyd and Calder [28] presented experimental investigation of
exposure tests conducted on concrete specimens strengthened by epoxy bonded

steel plates. Visual examination showed that corrosion of steel plate can take place
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at steel/glue interface and existence of chlorides in corrosion product were
detected. A micro-structural analysis of concrete/resin system using marker
solutions and electron microscopy revealed cracks and pores in both concrete and
resin. It was shown that these cracks act as routes for corrosive liquids to reach the
steel plate and cause corrosion. It was observed that, use of primer on steel plates

has been successful in inhibiting corrosion.

In 1982, Jones et al. [29] conducted an experimental test to study the
strength and deformational characteristics in flexure for under and over reinforced
concrete beams with glued steel plates. The composite behavior of beams,
interaction of plate/glue/concrete and influence of glued plate on stiffness,
cracking, plate slip, interface shear stress and ultimate strength of beams were
described. The ultimate strength of beams were theoretically predicted and was
found to be in good agreement with experimental results. A detailed information
about plate separation were presented, which is related to interface shear stress.

Tests showed that composite action can be achieved in glued RC beams.

In 1987, Swamy et al. [30] presented comprehensive test data on the effect
of glued steel plates on first crack load, cracking behavior, structural deformation,
serviceability loads and ultimate strengths of RC beams strengthened with steel

plates on tension face. The results indicated that plated beams enhanced flexural
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stiffness which control cracking and deformation at all load levels until failure.
However, the stiffening effect was much greater in controlling cracking. The
structural effect was found to be far greater than if the bar area had been increased
by the same arca as that of plates, provided adhesives are chosen carefully and
proper gluing techniques are followed. The plated beams showed beam action and
composite behavior right upto failure. The glued plates increased ultimate flexural
strength by about 15%. However, there is a limit on plate thickness over which
premature shear/bond failure occurs without the beams achieving its full flexural
strength. Though, such beams still controls cracking and deformation upto failure,
two tentative design criteria were suggested to ensure full flexural capacity and

ductile failure of plated RC beams.

In 1987, Jones et al. [31] presented the test results of 24 epoxy bonded steel
plated beams. Variables studied were effect of glued steel plates on the first crack
load, cracking behavior, structural deformation, serviceability loads and ultimate
strength of strengthened reinforced concrete beams. The stiffness of beams
increased with increase in thickness of glueline. The stiffening effect was much
more influential in reducing rebar strain and plate strain than on reducing
deflection. The rebar strain controlled cracking in concrete and steel plates
provided restraining medium to crack initiation. The strain measurements in ail

beams showed yielding of plates in case of 1.5 and 3mm thick plates. On
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unloading, plastically deformed plates warped away from concrete, and failure

took place in concrete but not in glue/concrete interface or plate/glue interface.

The externally bonded plates substantially reduced deflections and
rotations, steel bar strain and cracking. The load carrying capacity at serviceability
limit state increased with increase in plate thickness. But serviceability loads
increased with an increase in plate thickness for precracked beams. The
experimental ultimate loads for plated and unplated beams were compared. Beams
with 1.5 mm and 3.0 mm thick plates tolerated higher ultimate loads compared to
unplated beams. But beams with 6mm thick plates gave less ultimate load
compared to beams with 1.5 mm and 3.0 mm thick plates because of premature
failure due to plate separation. Beams with 1.5 mm thick plates (b/t =83.3)
exhibited pure flexure failure. Beams with 3 mm thick plates (b/t = 40.3)
indicated a combination of shear/bond failure. However, flexural type of failure
was predominant due to the separation, after yielding of plates and rebars.
However, with 6 mm plates failure took place due to separation of plates. To
obtain pure flexural failure it was therefore, recommended to keep the width to
depth ratio of plates equal to 50 and depth of neutral axis to effective depth of

beam equal to 0.4.

In 1988, Jones et al. [32] presented a theoretical study based on the simple

elastic theory to determine average bond stresses anywhere along the plate
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interface. It was shown that bond stress at glue/plate interface and glue/concrete
interface is almost equal. The bond stress in the end region, taking into account the
effect of plate cut-off was also determined. At the plate end, bond stresses were
high compared to interior region. Also, tapering of plates at the end and using
multiple plates with curtailment, did not reduce average bond stress. An expression

for peeling force at the interface was derived.

In order to investigate the problem of sudden failure by plate separation,
seven beams were tested by loading at two points, at 1/3rd distance apart. The L-
shaped anchor plates were the most effective anchoring system used and the
beams reached full theoretical ultimate capacities. Curtailed multiple plates and
tapered plates did not help in changing the mode of failure from tearing mode to
pure flexure failure as exhibited by the analysis of test results. With anchor bolts,
ductility was improved, but tearing of concrete could not be prevented. However,
flexural failure was achieved. With angle plates, not only ductility improved, but
also no tearing of concrete cover at the terminate ends of the plates was observed.
Very high shear stresses were produced at the terminate ends of the plate with a

limiting value equal to V2 x (tensile splitting strength of concrete).

Comparison of load-deflection curves of plated beams indicated that, this

technique can be used to strengthen structures which are pre-cracked. Some beams
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had more deflection because of creeping effect due to sustained loading. Hence, it
was concluded that, this technique can be used to strengthen the damaged
structures while under load. Bonded plates controlled the crack width effectively in

structurally damaged RC beams strengthened in loaded and unloaded state.

In 1989, Swamy et al. [33] carried out an experimental study, to examine
the applicability of plate bonding technique to strengthen, structurally damaged RC
beams. Two types of strengthened beams were tested. First beam was loaded upto
70% of its flexural capacity, then unloaded and strengthened in the unloaded state.
Second beam was also loaded upto 70% of its flexural strength, and strengthened
with plates while under load. The structural behavior of these two types of
strengthened beams was reported in terms of deflection, concrete and steel strain,
cracking behavior, flexural stiffness and strength. It was observed that repaired
beams were efficient structurally and that plated beams were restored to stiffness
and strength values superior, to those of original unplated beams. The data
indicated that complete confidence and reliability can be placed in applying the
technique to structurally damaged beams. The repaired composite beams were able
to preserve their structural integrity and maintain composite action until failure and
the composite structural system followed the simple laws of mechanics upto

failure.
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In 1989, Robert’s [34] provided a simple, approximate procedure for
predicting the shear and normal stress concentrations, in the adhesive layer of
plated RC beams. The analysis was performed in three stages. During the first
stage, stresses were determined assuming full composite action between RC beam
and epoxy bonded steel plate. During the second and third stages, analysis was
modified to take into account actual boundary conditions at the terminate ends of
the steel plate. The complete solution was obtained by superposition. The solutions

for shear and normal stresses were simplified.

Alan and Arumugam [35] used four specimens having a plate with a square-
end, a plate tapered in elevation, a plate with a short taper in pian and a plate with
a long taper in plan. A laboratory specimen was introduced to model strain
distributions local to the ends of externally bonded steel plates to RC beams. The
model was validated by comparing with the finite element predictions and it was
used to demonstrate that, tapering of plates in plan or in elevation reduces the
stress concentrations in concrete. It was also suggested to extend the work to

include additional end configuration.

Van and Vanden [36] carried out a study on the behavior of glued
connection under atmospheric conditions which showed no considerable influence
on mechanical characteristics. However, this depended on the preparation of

concrete and steel plate surface and gluing operation. They suggested that, for an
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optimum and durable result, more specialized personnel and an intense control of
surface preparation works 1s required. The glue connection exhibited a poor
behavior at high temperatures. As such they suggested more research to improve

the fire resistance, and its behavior in cyclic thermal loading.

Macdonald studied the use of glued steel plates, for strengthening four
reinforced concrete beams. Plates were bonded to the tension flanges of beams by
epoxy-resin. This study focused on the effects of varation in adhesive properties,
Jjoint in plates, plate thickness variation and load cycling. Results indicated that, the
load to produce a crack of a certain width in a plated beam was approximately
twice, that to produce the same size-crack in unplated beam, but with no

significant increase in load carrying capacity.

Experimental and theoretical studies were conducted by Hussain [37] on
plate bonding technique. A large number of RC beams were damaged in flexure by
inducing 10 mm central deflection. Then, these beams were repaired by bonding
steel plates of different thicknesses on the bottom faces of beams. In a few beams,
end anchorage to plates was provided by anchor bolts. Beams repaired by 1.0 mm
and 1.5 mm thick plates reached the theoretically predicted ultimate flexural
strengths, while, the beams with 2.0 and 3.0 mm thick plates did not. In general,

ductility was improved by providing end anchorage to the plates. The modes of
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failure for beams repaired by 1.5 mm, 2.0 mm and 3.0 mm thick Plates with and
without end anchorage were due to plate separation. Theoretical study based on
partial interaction theory was conducted to determine the shear and peeling stresses
at the interface in epoxy bonded plated beams. RC beams under shear group
having insufficient shear reinforcement were damaged in shear, under four point
loading. These shear beams were then repaired by bonding jackets, U-strips,
straight strips and wings in the shear spans. All the shear repaired beams indicated
improvement in strength and ductility, however, the load sustained by the beams,

repaired by full encasement in the shear span were found to be maximum.

Ziraba [38] in 1993 presented a non-linear finite element model for the
flexure, shear response of RC beams strengthened externally by epoxy bonded
steel and fiber glass plates. The salient features included the introduction of a thin,
six-noded element to simulate behavior of concrete/epoxy glue/plate interface,
loading a virgin RC beam to a prescribed displacement to simulate damage,
unloading and then reloading the damaged RC beam repaired by an external plate.
Results were presented for RC beams repaired by plates of varying thickness and
the failure mode was noted from flexure, for the case of external reinforcement in
the form of thin plates to a unique concrete cover rip off failure, for thicker plates.
Using experimental-numerical approach, and based on data from a specially
designed half beam specimen and experimental results from other specimen

geometry’s, combined with their respective non-linear finite element idealization, a



24

classical Mohr-Coulomb failure law together with a tension cut-off was suggested
for the material characterization of the steel/glue/concrete interface. Based on the
results of numerical and experimental studies, a rational design approach for plated
RC beams was presented by interpreting major modes of failure including flexure,
interface separation and concrete cover rip-off. New expressions for peak interface
shear and peeling stresses, as well as a predictor equation for shear resistance of

plated RC beams were presented, for use as a design tool.



Chapter 111

EXPERIMENTAL PROGRAM

3.1 Introduction

The work studies response of plated R/C beams as divided into two broad

categories:

1. Beams in which the flexural capacity Pris less than the shear capacity P of
the unplated section. Such beams are referred to as the Flexure Group beams
).

2. Beams in which the shear capacity P; is less than the flexural capacity Py of

the unplated section. These beams are referred to as the shear group beams

(S).

Twentyeight reinforced concrete beams were cast in this study. All the 28
R/C beams tested were 1250 mm long and 150 x 150 mm in cross section
containing 2-10 mm diameter bars as internal flexural reinforcement bars for
flexure group (F) and 3-12 mm diameter bare for shear group of beams. In addition,
6 mm diameter bars were provided as compression steel with shear reinforcement

in the form of 6 mm diameter plain steel stirrups spaced at 30, 60 and 120 mm for
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flexure group and 120 and 200 mm for shear group of beams as shown in Figure
3.1. Spacing of the stirrups was varied to flexure and shear beams as shown in
Figure 3.2. In every set of a particular shear stirrup spacing, one beam was left
unplated to act as control beam and the remaining were modified using mild steel
plates of different thicknesses and curtailment lengths, having 100 mm width
(Figure 3.3 and Figure 3.4). Instrumentation of the beams consisted of mounting
Electrical strain gauges at the middle of main reinforcement, middle of stirrups at
different locations, on top, at the center of concrete beam and the steel plate, in the

middle and under the application of loads.

The acronym designation adopted for beams tested was as follows: First
letter 1s the word character F or S designating flexure or shear group beam. The
first number appearing after F or S represents plate thickness (t,) in millimeters
(1,2 and 3), the number following t, indicates the curtailment length of plate L. in
centimeters (5,10 and 15) and the last number gives the spacing of stirrups (s) in

centimeters (3,6,12 and 20).

3.2 Materials

The concrete used for casting the beams was made using ASTM C 150 Type
V Sulphate Resisting Portland cement. Coarse aggregate was crushed limestone

procured from the quarries in Abu-Hadriya, and fine aggregate was beach sand.
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The concrete mixes were made with a cement content of 350 Kg/m’. The grading
of coarse aggregate was selected confirming to ASTM C-33 as shown in Table 3.1.
The chosen grading curve lies between the lower and upper limits for 12.5 mm
(1/2") max size, (Figure 3.5). Potable water was used to mix the constituents. A
water-cement ratio of 0.55 and coarse to fine aggregate ratio of 1.63 was kept
invariant for all the mixes. The workability of concrete mixes was 2.0 to 3.5
inches slump. The yield strength of main reinforcement was 414 MPa, Shear
stirrups was 380 MPa and that of mild steel plates was 276 Mpa. The elastic
modulus of rebars and steel plates was 200 GPa. The shear and elastic modulus of

the epoxy glue was 120.1 and 278.6 MPa, respectively.

3.3 Preparation of Beams

The steel cages consisting of longitudinal, compressive and shear
reinforcement for both flexure and shear group of beams were prepared, installed
with strain gauges and placed into the molds maintaining a clear cover of 25 mm
from all the three sides as shown in Plate 3.1. The constituents containing cement,
sand and coarse aggregate were thoroughly mixed in a revolving drum type
concrete mixer. The mixing was done for about 5 minutes till the concrete was
uniform. Slump was measured for each batch of concrete. Concrete was placed into
the molds in three layers, taking special care to protect the strain gauges and the

wires connecting them. All the specimens cast were thoroughly vibrated after each
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layer in accordance with ASTM C192, using electrical vibrator till complete
consolidation was achieved and the entrapped air eliminated. After casting, surface
of the specimens were uniformly leveled and for each batch of casting, three
cylinders of size 150 x 300 mm were cast to measure the compressive strength of
concrete. The specimens were remolded after 24 hours and then, both the beams
and cylinders were moist cured for 28 days under laboratory conditions. Cylinders
were then tested after capping with sulphur according to ASTM C-39, using a

hydraulic compression testing machine.

3.4 Damaging of Beams

All the beams were tested over a span of 1200 mm with loading at mid-
third points. All the beams were preloaded (damaged) to a predetermined level to
simulate badly damaged beams in practice. The preloading levels for both flexure
(F) and shear (S) group of beams were decided upon after testing control beams to
failure. It was then decided to load flexural beams to obtain 10 mm central
deflection, while shear beams were preloaded to obtain 5 mm central deflection or

the appearance of first shear crack.

All the beams were marked at supports, at span and at third points to
facilitate the placing of supports, distribution beam and the Linear Variable

Differential Transformer (LVDT's). The beam were damaged under four point
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loading. Two point loads were applied at the ends of middle third and reactions
were set at a span of 25 mm from the ends of beam (Figure 3.6). For loading, a 25
ton capacity INSTRON machine was used. A portable data logger and a personnel
computer were used to record outputs directly from the load cell as shown in the
Plate 3.2. The readings were taken for the strains on concrete surface, steel plate,
main steel and the shear stirrups. After loading the beams to 10 mm central
deflection, it was gradually released. The rate of loading and unloading was kept at
2mm/min for flexure group and 1 mm/min for shear group of beams. Developing
cracks were marked, measurements were taken and crack widths measured at the
level of main steel, at various load levels as shown in Piates 3.3 and 3.4. The load
Vs Central deflection curves were plotted for all the three sets of beams. Readings
were taken at every 5 kN interval. Table 3.2 shows the maximum load obtained
during the damaging process and the residual deflections after unloading for all the

beams. Control beams were reloaded upto failure, as shown in Plate 3.5.

3.5 Repair of Beams

This part of the research was conducted to evaluate the repair scheme
followed for beams, and to study the mode of failure after repair. After damaging,
eighteen beams of flexure group and five beams of shear group were strengthened
by mild steel plates on the soffit of beams by varying curtailment length and

thickness. In order to achieve a good bond, damaged concrete beams and steel
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plates were roughened by sand blasting. Concrete beams were sand blasted till the
aggregate was exposed and steel plates were sand blasted till all the grease was
removed. Then both the surfaces were cleaned by air pressure. The adhesive used
to bond concrete surface with steel plates was two part epoxy glue consisting of
resin and hardener. The two components of epoxy glue were stirred by mixing
thoroughly two parts of resin to one part of hardener by weight till the paste

became homogeneous giving a grey colour.

The thoroughly mixed glue was applied at appropriate places of the beam
and steel plate using a paint brush. The glue was spread such that the entire area to
be bonded was fully wet with glue. Copper wire spacers of 1.5 mm were spread
evenly on the freshly glued surface to maintain a uniform glueline thickness. Then
glued steel plates were loaded on the glued concrete beams at marked locations.
The plates were then clamped and excessive glue squeezed out which was later
cleaned with the help of a brush. Clamps were removed after curing the glue for 15
days as shown in Plate 3.6. After curing for the glue, repaired beams were finally
tested. The loading operation was similar to that discussed earlier. The beams were

loaded upto failure, which was indicated by a drop in the load.



Maximum Size of

% Passing

Aggregate
1/2” 40
3/8” 35
#4 20
#8 5

Table 3.1:  Coarse Aggregate Grading



Pre-damaged Beams

Average Average
Crack Crack
Central Residual | Width at
Group Beam ID Max Load Deflection |Defiection] Max. \Mqth at Remarks
(kN) residual
(mm) (mm) Central )
. | Deflection
Deflection (mm)
(mm)
Flexure F0012 47.379 23.146 5.994 25 1.0 Control Beam
| F11512 42.664 10.02 5.88 1.5 1.0
F21512 4124 9.882 5.878 2.0 1.0
F31512 58.92 5.77 5.938 1.5 1.0
F1512 44.349 9.536 5914 1.0 0.7
F2512 39.37 9.788 5.85 1.5 1.5
F3512 39.305 8.57 5.918 0.7 1.0
F006 40.922 10.098 5.898 2.5 1.0 Control Beam
F1156 43.733 10.128 6.042 1.0 1.0
F2156 43.05 10.038 5.93 1.0 0.6
F3156 41,913 10.018 5.964 1.5 1.0
F156 42.445 10.01 5.854 1.5 1.0
F256 44.076 10.096 6.08 1.0 1.0
F356 41.914 10.038 5.704 15 1.0
F003 43.459 10.036 1.5 0.7 Control Beam
F1153 41.311 10.026 5.934 0.8 0.45
F2153 43.278 10.046 5.888 0.9 0.5
F3153 44.853 9.842 5.91 0.9 0.6
F153 43.617 10.064 5.954 1.0 0.9
F253 40.364 9.848 5.792 1.5 1.0
B F353 43.546 10.066 5.64 1.0 0.8
Shear S0012 66.3 5.21 1.09 0.1 ' Control Beam
S$11012 65.134 6.088 1.29 0.2
S2512 64.34 6.1 4,964 0.15
S11512 64.54 5.462 5.462 0.2
SN020 82.22 7.32 1.168 0.2 0.05 |Control Beam
$11020 64.259 5.68 1.074 0.2 0.05
S$31520 53.2 3.886 1.614 0.3 0.1

Table 3.2: Maximum Load, Central deflection, Residual Deflection and Crack
width for Pre-damaged beams
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Experimental Program

Flexure I Shear
21 Beams I _7 Beams
f
Spacing of stirrups Spacing of stirrups I

v v v v v

| 7 Beams 7 Beams { 7 Beams 4 Beams 3 Beams
30 mm 60 mm 120 mm 120 mm 200 mm
v

k4
v L4 v v
3 Beams 18 Beams 5 Beams
Control Beams Repaired Repaired 2 Beams

Control Beams

Beams Beams

Beams reloaded to failure I

Figure 3.1:  Details of Experimental Program
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Figure 3.2: Reinforcement details
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" FLEXURE BEAMS )
(18 Beams)

SPACING OF STIRRUPS B :

30mm 60mm
(6 Beams) (6 Beams)

Damaging
(10mm Central Deflection)

‘ REPAIR E

| Curtailment Length of Steel Plate (Lo) |

Thickness of Plate (tp}) 3

2mm
(6 Beams)

Figure 3.3: Details of Experimental variables for Beams of Flexure group
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SHEAR BEAMS

| Spacing of Stirrups

120mm (3 Beams)

200mm (2 Beams) §

Damaging
(Smm Central

Deflection)

Damaging
(Smm Central

Deflection)

REPAIR )

Curtailment Length of |
Steel Plate (Lc)

Curtailment Length of
Steel Plate (Lc)

100mm @ [150mm § {100mm 150mm

Thickness " ;.
of Plate §

(Thickness )
| of Plate §

Thickness )
of Plate §

(tp B

Thickness
of Plate (tp)}

Figure 3.4:  Details of Experimental variables for Beams of Shear group
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Figure 3.5:

Coarse Aggregate Grading Curve (#67)
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3.6:  Sketch shows the load configuration used in testing the beam

specimens
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Plate 3.1: Photograph showing the close up of strain gauge connections on
stirrups and spacers used



40

Plate 3.2:  Photograph showing the test set up



Plate 3.3:

Flexural cracks on beams

41




Plate 3.4:

Cracks in the unrepaired beam at different load levels
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Plate 3.5:  Crushing of the concrete in the compression zone



Plate 3.6: Photograph showing the bonding of steel plate
beam

on the soffit of a

4



Chapter 1V

THEORETICAL CALCULATIONS

4.1 Introduction

In this chapter the procedures used for the calculations of theoretical
ultimate loads for flexure and shear are presented. For the flexural design of
repaired and unrepaired beams, calcuiations were based on sirain compatibility
and use of rectangular compression stress block given by ACI-318 code (Figure
4.1). Shear design for repaired beams was based on the predictor equation
suggested by KFUPM model [38,41,44]. Peeling and shear stresses for repaired
beams are calculated according to methods suggested by KFUPM [38,41,44] and

Robert’s approach [34], respectively.

4.2 Unrepaired Beam

Calculations for P¢and P, based on Unplated beam properties:
4.2.1 Flexural Capacity (Py)
For all members designed according to ACI strength method, f = £, at failure and

the nominal flexural strength is given by:

, a
M, = Asfys{ds - —2“] 4.1



A, =—d?

S

N

The depth of the concrete rectangular stress block is given by

- ( Asfys
2= 085fp,

The load corresponding to flexure is given by

P

23=M,

Pf = 2Mn
a

4.2.2 Shear Capacity (Py)

Shear strength provided by concrete V. is given by

1l v.d )l
V, = gt\/g + IOOpw( I\‘/’Iusj J bed,
pw - b ds

[

Shear strength in the web steel is given by

v AL,
ST s

Total shear force V, applied at a given section is given by
Vo=V +V;
The load corresponding to shear

P,=2V,

4.2)

(4.3)

(4.4)

(4.5)

(4.6)

4.7)
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4.3 Repaired Beam

4.3.1 Flexural Capacity (Pqey)
Assuming yielding of both internal and external reinforcement at failure, moment

equilibrium at ultimate load conditions requires:

a a
Mn = Asfys (ds - §]+ tpbpfyp (hp - 5) (4.8)

The depth of the concrete rectangular stress block is given by:

- Af, . +b.tf
_ sy T ptpyp 9
4= 085fD, (*9)
tP
b, = h, +d,+=
Phox = 21;4“ (4.10)

4.3.2 Shear Capacity (Psycar)
Investigation for Concrete Rip-off

In order to check on the shear capacity of the plated R/C beams, the
foliowing quantities are computed according to ACI strength method:

Shear strength provided by concrete V. is given by

v, = %[\/E + lOOpw(%i—S]J bed, @.11)
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— AS
Pw = bd,

Shear strength in the web steel is given by

\Y Avfysds
ST s

Total shear force V,, applied at a given section is given by

Vo=V, +V;

The load corresponding to shear

P,=2V,

To check the efficiency of the stirrups associated with the crack resulting from
concrete rip-off failure or below the level of reinforcement prior to a steep vertical
ascent to the point of loading, the quantity K is computed for the beams which

shall be identified as to have failed in Rip-off or Flexure/Rip-off.

(5
N7 7 (4.12)

V.

S

st =

If Ky = 0, It implies no participation of stirrups in resisting concrete rip off failure.
If K¢ >1.0, It implies ACI shear strength for such beams could be conservative.
If K, < 1.0, then modified expression suggested by KFUPM [38,41,44] is used to

estimate the shear capacity of plated R/C beams.
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4.4 Expression for Shear Capacity

4.4.1 Rip-Off Failure

The horizontal cracking is precipitated by the biaxial tension field induced
at the location of plate curtailment due to creation of the traverse normal stress or
more commonly known as the peeling stress. Using the strength of matenals
approach, the maximum shear and peeling stresses at the interface for the beam
using Robert’s approach [34] at the maximum load sustained by the beam is
calculated from the following formula:
The maximum shear stress at interface T, at the point of plate curtailment is given
by:

( / Y o) _
v 1 oo

The maximum peeling (normal) stress at interface ¢, is given by:

= Ky " 4.14
0-o"“rotp 4Ep1p ( )

In addition to the material properties and beam dimension, the other parameters are

determined as follows:

ECbC
A=3E,

E
B=—Sé§+b t

|28y
EP
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C= i\%sgi+hpbptp
~B+(B? +4AC)"”
X= A (4.15)
M’ =§%(X+ dc;t‘)
=
I,= bl";g (4.16)

The second moment of Inertia (I) of the fully compostie transformed equivalent

steel section is given by

2

+byt, (b, ~X) (4.17)

[= Ecbc>(3 ‘A*sEs(hs_}()2
“T3E, T E,

The shear stiffness of the interface layer

G,b,
K= d] (4.18)
Normal stiffness of the interface layer
E,b
Ky=— . (4.19)
a

In order to preempt the likelihood of plate separation in the design process,
the stresses at the region of plate cutoff are checked to insure that plate separation
does not occur. The design formulas are presented in such a way that, for a given

level of allowable coefficient of cohesion of the steel/glue/concrete interface ¢y
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a maximum cutoff distance from the beam support is evaluated. In general, the
interface stresses for a given load increase as the plate thickness and plate cross-
sectional area enlarge. For a plate of required cross-sectional area, the minimum
thickness is achieved by selecting the largest plate width, which is limited by the
width of the beam.

The interface siresses T, , ©, at the plate cutoff region are limited to an

acceptable level, if [38]
T, 0, tan 28° <c,, (4.20)
Where c,; is the allowable coefficient of shear cohesion, MPa, for the epoxy

concrete/steel surface. The peak shear stress T, is given as

’ C” Vo 5/4
To =0 fi| = (4.21)

c

Where,
o = 35, an empirical regression coefficient determined
from numerical parametric study

fi

tensile strength of concrete, MPa

1]

V, global shear force at location of plate cutoff
In contrast, using a linear strength of materials model, Robert’s [34] suggested use

of the following expression to evaluate the peak shear interface stress

1, =C, V, (4.22)
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. 172
C, { 1 +(Ep§: dp] Lcjl b{i" (h, - 1) (4.23)
Where,
L. = M, / V, at plate cutoff location
h = depth to neutral axis of cracked section of plated beam
I = second moment of area of equivalent transformed steel

section about neutral axis for cracked section
Ga, by, ds shear modulus, width, and depth of adhesive
The peak peeling stress G, required is given by
% =Cra To (4.24)

The factor Cy, is calculated using

1/4
Ky
CR?. = dp (4Ep1pj (425)

Where,

Iy

second moment of area of steel plate about its own centroid

E, elastic modulus of adhesive

The capacity of a plated R/C beam prone to concrete rip-off failure has been

detailed in Ref [38,41,44] and can be approximated (in N-mm) as

v, =(V. +kV,) (4.26)

1 , V. d,
V., =g(\/g +100p,, vu)bcds (4.27)
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V, = A fysds (4.28)
s

k=24e" (4.29)

n=~008Cg, Cg, *10° (4.30)

Where

f. = concrete strength, MPa

b, ,ds = width and effective depth of unplated R/C section

A, = amount of shear reinforcement

f = stirrup yield strength

stirrup spacing

)
It

——510

The coefficient (k) is obtained as a regression of experimental data of
several plated beams, reported by different researchers to have failed after concrete
cover rip-off [38,41,44]. This expression for rip-off capacity of plated R/C beams
has been further verified in the present experimental investigation in which

eighteen beams were designed to fail in a concrete rip-off mode.
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4.4.2 Diagonal Tension Failure
The ultimate shear capacity when diagonal tension failure is anticipated in

the plated R/C beam is found to be well predicted by:

1 . v.d A f o d,
Vuzg{\/g+100(pw+pp) 1\‘/} S}bcdS +——§t— 4.31)

The above expression is simply the ACI equation for shear strength of R/C
members modified to account for the increase in the shear capacity of the beam

due to the external plate reinforcement. As per ACI requirements,

\;‘/‘I(is >1.0
and
d,

s> ?“
Where

As
P =bed,

Asp
% =b.d,
b, = width of beam
d, = distance from top of beam to centroid of internal reinforcement
s = spacing of stirrups
A, = area of cross-section of a stirrup

fw = yield stress of stirrups



V., M, shear and moment at critical section of distance d, from face of
support

In beams with P, < F; , although initial cracks emanate from location of

plate curtailment due to existence of high peeling and shear stresses, these cracks
are arrested due to presence of high amount of flexural reinforcement and the rip-
off failure is preempted. Thus, loads based on rip-off model underestimate the
capacity of such beams, whose actual failure is precipitated in a classical diagonal
tension mode. These loads are predicted with reasonable accuracy by modifying
the ACI expression for shear strength of R/C beams to account for the beneficial
effect of the steel plate on the shear capacity of the beam.

The peeling stress plays a significant role in shear capacity of plated RC
beams. For beams with low values of Cpg,Cg, , the shear cracking remains
similar to the diagonal tension cracking of unplated R/C beams, enabling sufficient
number of stirrups to be mobilized to intercept cracking. As C,Cy, increases,
the extent of horizontal cracking increases, with the final movement of the crack

being quite steep close to the point of loading.
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Chapter V

RESULTS AND DISCUSSION

5.1 Introduction

Control beams for flexure group (F0012, F006 and F003) and for shear
group (S0012 and S0020) were loaded to 10 and 5 mm central deflection,
representing 85 % of ultimate capacity, respectively, unloaded and then reloaded
to failure. The experimental load obtained for the flexure group control beams is
approximately 35 % greater than that predicted by the strength method (Table 5.1),
since no account was made for increase in yield stress of internal reinforcement by
virtue of strain hardening. Similar observation is made about control beam S0012
which failed by diagonal tension, although the flexural capacity based on perfect
elasto-plastic behavior of reinforcement is slightly lower than the shear
reinforcement. Results are presented in the form of load-deflection plots (Figures
5.1 to 5.24). Table 5.1 is an overall summary of predicted and experimentally
observed ultimate loads together with modes of failure for the 23 repaired beams
tested, of which 18 belong to the flexure group category (Ps < P;) and five to the
shear group (P; < Py). Shown in columns (2) and (3) of Table 5.1 are the predicted
flexural and shear capacities of the beams using the ACI strength method. The
ultimate loads based on concrete rip-off failure as predicted by the KFUPM model

[38,41,44] are shown in column (4). The ultimate loads listed in column (5) are
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based on the following predictor equation and is to be used when diagonal tension
failure is anticipated in the plated R/C beam. Equation (4.31) is simply the ACI
equation for shear strength of R/C member modified to account for the increase in

the shear capacity of the beam due to the external plate reinforcement. As per ACI

requirements,
1 ; V., d, A f d,
Vu=g{ﬁ;+100(pw+pp) I\‘/‘I“}bcds +—~;t— 4.31)

As noted in the results outlined in Table 5.1, all the plated R/C beams have
failled in one of the three modes as discussed in the section of state -of-the-art and
modes of failure. Load based on flexure failure mode can be found readily from
ACI strength method taking into account the contribution of the external plate.
Load for rip-off failure appears to be well predicted by the existing KFUPM
model [38,41]. It is to be noted that for beams in which P; < P;, rip-off is the most
likely failure mode if the ultimate load predicted based on the KFUPM model is
less than the predicted by the ACI strength method based on yielding of internal
and external reinforcement and crushing of concrete in the compression zone.
Ultimate loads predicted by the KFUPM model [38,41,44] for the S-series
beams (P; <Py) are very much on the conservative side and also do not predict the
actual failure mode which is diagonal tension in contrast to concrete rip-off.
Inspection of these beams reveals that although initial cracks emanate from

location of plate curtailment, the rip-off failure does not take place since these
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beams have sufficient internal and external flexural reinforcement that prevents the
horizontally developing rip-off crack from joining existing flexural cracks and to
proceed upwards. After the arrest of any crack from plate curtailment zone, the
load picks up to a magnitude that is sufficient to cause a classical diagonal tension
failure of the plated beam in contrast to the rip-off failure. It is not surprising that
this load is well predicted by the proposed ACI modified equation for shear failure

(Eq. 4.31) as values in column (5) of Table 5.1 indicate.

It 1s to be noted that ultimate load values in column (2) are underestimated,
since flexural failure is assumed to occur at perfect elasto-plastic conditions in
reinforcement, ignoring effects of strain hardening, e.g. beam F153 failed in
flexure at 71.7 kN whereas, the flexural model predicted failure at 54.3 kN and

similarly for all other beams.

An illustrative example for evaluating ultimate loads and maximum shear
and peeling stresses at the interface for the beams are given in Appendix A. The
effect of thickness of bonded plate, shear stirrups and the curtailment length on
ultimate loads, and modes of failure in repaired beams are discussed in this
Chapter. Results in Table 5.1 indicate an excellent correlation between theoretical
and experimental uitimate loads for all repaired beams (Figure 5.15 to Figure
5.25). Maximum values of shear and normal (peeling) stresses at the plate

curtailment or interface were evaluated for repaired beams using Robert’s [34]
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approximate analytical solution assuming full elastic behavior and compared with
KFUPM [38,41,44] model as presented in Table 5.2. Peeling and shear stress
based on Robert’s [34] suggested expression are plotted for each beam as
presented in figures 5.34 and 5.35. It is observed that the beams failing in flexure
exhibited a peeling stress of 0.7 and a shear stress of about 3.0. Rest of the beams
failing in either rip-off, flexure/rip-off or diagonal tension showed higher values.

The beams failing in different modes are depicted in plates 5.1 to 5.24.

5.2 Flexural Beams

5.2.1 Effect of Stirrup Spacing

The effect of stirrup spacing for beams of 1 mm plate thickness and 50 mm
curtailment length are shown in Figure 5.1. It is observed that, all the beams with
different spacing of stirrups behaved almost in a similar manner at all load levels
till failure. It is clear that, spacing of shear reinforcement has no great influence on
the behavior of these beams which failed in flexure dominated mode of failure
with ductility. This is because the flexural capacity of repaired beam was less than

the shear capacity.

When the thickness of steel plate was increased to 2 mm, it was observed
that the mode of failure for the beams changed from flexure to shear. The shear

capacity of these beams was less than the flexural capacity. Beams F2512, F256
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and F253 showed highly brittle type of Rip-off failure. All three beams as shown
in Figure 5.2 behaved essentially in the same fashion at all load levels upto
failure. Thus, it is inferred that the spacing of stirrups does not increase the load
capacity, however the mode of failure may change depending on the spacing of
stirrups. Further, from a comparison of load-deflection curves in Figure 5.1 and
5.2, it can be hypothised that the failure is dependent on both the stirrup spacing

and plate thickness.

Figure 5.3 shows the effect of spacing of stirrups when the piate thickness
was 3 mm and curtailment length was 50 mm. All the beams failed in shear,
exactly in a way similar as that in the case of beams with 2 mm thick plate, except
that the spacing of stirrups had a visible effect on the ultimate load. The ultimate
load increasing with a decrease in the spacing of stirrups. Beams F3512, F356 and
F353, with a stirrup spacing of 120, 60 and 30 mm failed in shear exhibiting a rip-

off failure.

In the beams with a curtailment length of 150 mm, the effect of stirrup
spacing and plate thickness on the ultimate load and failure mechanism was as
follows. When the plate thickness was 1 mm, (Figure 5.4) the spacing of shear
reinforcement influenced the load carrying capacity and the failure mechanism.
The mode of failure changed drastically from a highly brittle type to a mixed type,

as the spacing of stirrups decreased from 120 mm to 30 mm. Beam F11512 which
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had stirrups at 120 mm failed in shear exhibiting a Rip-off failure. When the
spacing of stirrups was reduced to 60 mm, beam carried some additional load and
the mode of failure was again rip-off, with the horizontal tearing of concrete cover.
In the Beam F1153 with stirrups at 30 mm, the failure load increased further and a
mixed mode of failure (Flexure/Rip-off) with greater amount of ductility was

recorded.

In the beam with a plate thickness of 2 mm, the spacing of stirrups (Figure
5.5) significantly affected the load carrying capacity. The spacing of stirrups had a
significant effect. As the spacing of stirrups increased the load carrying capacity of
these beams decreased. Beam F21512 showed a reduced load carrying capacity as
compared to Beams F2156 and F2153. All the beams F21512, F2156 and F2153
showed a highly brittle mode of failure with a horizontal tearing of concrete cover
rip off. In the beams with a plate thickness of 3 mm, (Figure 5.6) the spacing of
shear reinforcement has a considerable influence on the behavior of beams with
regard to the ultimate load capacity. All the beams F31512, F3156 and F3153

exhibited a Rip-off mode of failure.

5.2.2 Effect of Plate Thickness

Figures 5.7 through Figure 5.12 show the load vs central deflection for the

repaired beams strengthened with steel plates of thickness 1,2 and 3 mm,
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respectively. These data indicate that the thickness of plate considerably influences

mode of failure and the ultimate load carrying capacity.

Figure 5.7 shows the effect of plate thickness for beams with a stirrup
spacing of 120 mm and curtailment length of 50 mm. In Beam F1512, with 1 mm
thick plate, curtailed near the support, pure flexural failure with ductility was
observed. But beams F2512 and F3512 indicated a Rip-off failure. This shows
that, as the plate thickness is increased from 1 mm to 3 mm, the mode of failure
changes from pure flexure to a highly brittle mode of rip-off failure. From these
data it can be inferred that when the steel plate is curtailed near the support, a
thickness of 1 mm induces a flexure cum ductile failure, whereas, when 2 and 3
mm thick plates are used, a brittle failure was noted. Therefore, in such situations,

a minimum plate thickness, 1 mm per se, is more desirable.

Figure 5.8 shows the load-deflection curves for beams with stirrups at 60
mm spacing. These curves indicate flexure cum ductile failure in the beam
repaired with 1 mm thick plate. Whereas, in beams with thicker plates, of 2 and 3
mm thickness exhibited shear failure, with a horizontal tearing of concrete cover
rip-off. However, the ultimate load in all these beams was more or less similar.

The load-deflection curves for beams with stirrups at 30 mm spacing are
plotted in Figure 5.9. As seen in the previous two cases, as the plate thickness

increased, mode of failure changed from flexure to shear. Beam F153,
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strengthened with 1 mm thick plate, showed flexural failure with greater amount of
ductility as compared to Beams F253 and F353 showing shear failure with a

horizontal tearing of concrete cover rip-off.

Further, when the length of curtailment was increased from 50 to 150 mm,
the plate thickness was still found to have a major influence on both the mode of
failure and ultimate load carrying capacity of the beams. Figure 5.10 shows that all
the beams (F11512, F21512 and F31512) failed in rip-off. Beam with the thickest
plate, carried more load compared to beams with thinner plates.

In the beams F1156, F2156 and F3156, with spacing of stirrups at 60 mm,
Figure 5.11, rip-off failure mode was noticed in all the beams, irrespective of the
plate thickness. Also, the ultimate load was not significantly different from each
other. Figure 5.12 shows the effect of thickness of plates on the load-deflection
behavior for beams with a stirrup spacing of 30 mm. From these curves it can be
seen that the thickness of plate considerably influences the behavior of beams with
respect to the mode of failure. Beam F1153 with 1 mm thick plate exhibited a
mixed type of failure (Flexure/rip-off) with greater amount of ductility before
failure as compared to beams F2153 and F3153 containing 2 and 3 mm thick
plates. But, Beam F3153 showed a highly brittle mode of shear failure with the

horizontal tearing of concrete cover rip-off.
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5.2.3 Effect of Curtailment Length of Plate

The effect of curtailment length on the load carrying capacity and failure
mechanism for varying plate thickness and stirrup spacing is presented in Figures
5.13 through Figure 5.21. The load-deflection curves for beams strengthened with
1 mm thickness plate, and stirrup spacing at 120 mm, are plotted in Figure 5.13.
These curves indicate that the length of curtailment has a visible effect on the
mode of failure and the ultimate load. In Beam F1512, in which a curtailment
length of 50 mm was maintained, pure flexure failure with a ductile behavior was
noted. In Beam F11512, repaired with 150 mm curtailment length a brittle mode of
rip-off failure was recorded. Further, the ultimate load decreased with an increase
in the curtailment length. The ultimate load of the beam with a curtailment length

of 50 mm was 1.5 times that of beam with a curtailment length of 150 mm.

In beams with 2 mm thick plate and 120 mm stirrups spacing, Beam F2512,
sustained a larger load compared to beam F21512 with a shorter plate (Figure
5.14). This shows that the curtailment length has a great influence on the ioad
carrying capacity and the mode of failure of the beams. The mode of failure for
both the beams was rip-off. However, the beam with a larger curtailment length
exhibited a large deflection. In the beams with a plate thickness of 3 mm (Figure
5.15), curtailment length did not influence the mode of failure. Both Beams, F3512

and F31512 showed a highly brittle mode of rip-off failure. The ultimate load,
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however, did change with the length of plate. The beam with a longer plate could
bear a higher load than the one with a shorter plate, and the latter deilected more

than the former.

Figure 5.16 shows the icad-deflection curves for beams repaired with 1 mm
thick plate and curtailment lengths of 50 and 150 mm, and stirrup spacing of 60
mm. The length of curtailment was found to have a significant role with respect to
the mode of failure and ultimate load capacity of the beams. Beams F156 with
longer plate exhibited pure flexural failure with ductility and large deflection,
whereas, Beam F1156 with a shorter plate exhibited a rip-off failure. Further,
Beam F156 was able to sustain larger ultimate load than Beam F1156 and the

ductility of the former was more than that of the latter.

In the beams with a plate thickness of 2 mm, the mode of failure changed
completely from flexure to shear. Figure 5.17 shows that Beam F2156 with a
shorter plate was more ductile than Beam F256. But beam with a larger plate was
able to sustain considerably very high load than beam with a smaller plate. Both
the beams F256 and F2156 failed in shear with the horizontal tearing of concrete

cover rip-off.

In the beams with a plate thickness of 3 mm, the effect of plate curtailment

is reflected from the failure behavior. Figure 5.18 shows that both the beams
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F3156 and F356 failed in shear with the horizontal tearing of the concrete cover
rip-off. Though Beam F356 was able to bear a higher load than Beam F3156, it
exhibited a sudden drop in the ioad carrying capacity indicating a highly brittle

mode of failure. Further, beam F3156 indicated a more ductile behavior.

Figure 5.19 shows beams repaired with | mm plate thickness with a stirrup
spacing of 30 mm. Plate curtailment was found to have an effect with respect to
the mode of failure. Beam F153 with longer plate failed in pure flexure and Beam
F1153 with a shorter plate exhibited mixed type of failure. The mode of failure
changed completely from flexure to flexure/rip-off as the length of curtailment
increased. It is seen that there is slight fall in the ultimate load capacity of the

beam with a shorter plate.

Figure 5.20 indicates that when the thickness of plate was increased to 2
mm, the length of plate could only effect the beam in carrying more load, but the
mode of failure remained same. Both Beams F253 and F2153 showed rip-off
failure with the horizontal tearing of concrete cover. Beam F253 which was
bonded with a longer plate was able to sustain a very high load as compared to
beam F2153 bonded with a shorter plate. The curtailment length affected both the
ultimate load and mode of failure in plates bonded with a 3 mm thick plate as
shown in Figure 5.21. Beams F3153 and F353 showed a brittle failure with the

horizontal tearing of concrete cover rip-off.



5.3 Shear Beams

Figure 5.22 to Figure 5.24 show the load vs central deflection curves for
beams S110512, S11020, S31520 strengthened with steel plates of 1, 1 and 2 mm
thickness and curtailment lengths of 100, 100 and 150 mm, respectively. All these
beams when loaded to failure showed shear failure with the formation of diagonal
tenston cracks in between the shear stirrups initiating from the point of curtailment
of the plate and proceeding towards the point of application of loading. Also

S11512 and S 2512 exhibited a similar mode of failure, i.e. diagonal tension.

However, the design of this experiment has isolated and identified the
occurrence of failure by diagonal tension in contrast to the rip-off failure.
Specially, for beams in which P;< P, (F-series in Table 3), failure will occur by
either flexure, rip-off or flexure-rip off. However, for beams in which P <Pg

(S-series in Table 5.1), the beam will fail in a diagonal tension mode.

An apparent anomaly in Table 5.1 is Beam $31520 which failed in diagonal
tension at 66.2 kN, considerably below the predicted value of 84.2 kN. Close
visual inspection of this beam revealed that the primary crack initiated at location
of plate curtailment, traveled under a stirrup immediately in the vicinity, and went
up at approximately 45 degrees without meeting any shear reinforcement- since

the spacing of the stirrups was 200 mm. The other shear beam with the same
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stirrup spacing, beam S11020, had a different Lc which ensured interception of
diagonal tension crack by atleast one stirrup. For a practical situation, maximum

spacing of the stirrups 's' should be as designated by the ACI code of d; /2.
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B d Robert's Approach [34] KFUPM Model [38,41,44] Failure Mode
eam Id.
Shear Stress| Peeling Stess| Shear Stress Peeling Stess
F11512 4.2312 0.972 7.967 2.0134 Rip-off
F21512 4.175 1.407 7.835 2.345 Rip-off
F31512 3.487 0.78 6.256 1.54 Rip-off
Fi1512 3.138 0.721 5.079 1.284 Flexure
F2512 3.625 0.99 6.566 1.973 Rip-off
F3512 3.181 0.962 5.395 1.794 Rip-off
F1156 4.953 1.137 8.905 2.25 Rip-Off
F2156 4.791 1.309 8.543 2.567 Rip-off
F3156 4.512 1.364 7.927 2,636 Rip-off
F156 2.995 0.688 4.784 1.209 Flexure
F256 3.613 0.987 6.05 1.818 Rip-Off
F356 3.222 0.974 5.197 1.728 Rip-Off
F1153 5.827 1.338 10.92 2.795 Flexure/Rip-off
F2153 4.962 1.355 8.932 2.684 Rip-Off
F3153 5778 1.747 10.804 3.593 Rip-off
F153 3.03 0.696 5.191 1.311 Flexure
F253 3.677 1 6.61 1.986 Rip-Off
F353 3.613 1.092 6.467 2.15 Rip-Off
511020 3.997 0.918 7.01 1.771 Diagonal Tension
831520 4.959 1.499 9.179 3.052 Diagonal Tension
$11012 4.233 0.972 8.164 2.063 Diagonal Tension
S15112 5.708 1.311 11.865 2.998 Diagonal Tension
52512 3.942 1.077 747 2.245 Diagonal Tension
5.2:  Shear and Peeling Stresses based on Robert’s [34] and KFUPM

Research Group [38,41,44] approach
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Figure 5.1: Load Vs Central Deflection for Beams repaired with 1100 mm

long, 1 mm thick steel plates on the soffit of the beam having

stirrups at 30,60 and 20 mm c/c respectively
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Figure 5.2: Load Vs Central Deflection for Beams repaired with 1100 mm
long, 2 mm thick steel plates on the soffit of the beam having
stirrups at 30,60 and 120 mm c/c respectively
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Figure 5.3: Load Vs Central Deflection for Beams repaired with 1100 mm

long, 3 mm thick steel plates on the soffit of the beam having
stirrups at 30, 60 and 120 mm c/c respectively
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Load Vs Central Deflection for Beams repaired with 900 mm
long, 1 mm thick steel plates on the soffit of the beam having
stirrups at 30, 60 and 120 mm c/c respectively
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Figure 5.5: Load Vs Central Deflection for Beams repaired with 900 mm
long, 2 mm thick steel plates on the soffit of the beam having
stirrups at 30, 60 and 120 mm c¢/c respectively
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Figure 5.6: Load Vs Central Deflection for Beams repaired with 900 mm
long, 3 mm thick steel plates on the soffit of the beam having
stirrups at 30, 60 and 120 mm c/c respectively
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Load Vs Central Deflection for Beams repaired with 1100 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the

soffit of beam having stirrups at 120 inm c/c each
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Load Vs Central Deflection for Beams repaired with 1100 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the
soffit of beam having stirrups at 60 mm c/c each
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Load Vs Central Deflection for Beams repaired with 1100 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the
soffit of beam having stirrups at 30 mm c/c each
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Figure 5.10: Load Vs Central Deflection for Beams repaired with 900 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the
soffit of beam having stirrups at 120 mm c/c each
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Figure 5.11: Load Vs Central Deflection for Beams repaired with 900 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the
soffit of beam having stirrups at 60 mm ¢/c each
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Figure 5.12: Load Vs Central Deflection for Beams repaired with 900 mm
long steel plates of thickness 1, 2, and 3 mm respectively on the

soffit of beam having stirrups at 30 mm ¢/c each
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Figure 5.13: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 1 mm thickness on the soffit of

beam having stirrups at 120 mm c/c
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Figure 5.14: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 2 mm thickness on the soft of
beam having stirrups at 120 mm c/c
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Figure 5.15: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 3 mm thickness on the soffit of

beam having stirrups at 120 mm c/c

88



89

80

70 —

50 —

40 —

Load (KN)

10 — F156

4/ o ' - = = F1156

0 T T T T T T T T T T T T "

6 1 23 456 7 8 9 10 1112 13 14 15 16 17 18 19 20
Central Deflection (mm)

Figure 5.16: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 1 mm thickness on the soffit of
beam having stirrups at 60 mm c/c
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Figure 5.17: .Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 2 mm thickness on the soffit of
beam having stirrups at 60 mm c/c
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Figure 5.18: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 3 mm thickness on the soffit of

beam having stirrups at 60 mm c/c
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Figure 5.19: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 1 mm thickness on the soffit of
beam having stirrups at 30 mm c/c
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Figure 5.21: Load Vs Central Deflection for Beams repaired with 900 mm
and 1100 mm long steel plates of 3 mm thickness on the soffit of
beam having stirrups at 30 mm c/c
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Figure 5.22: Load Vs Central Deflection for Beam (S11012) repaired with

1000 mm long steel plates of 1 mm thickness on the soffit of
beam having stirrups at 120 mm c/c
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Figure 5.23: Load Vs Central Deflection for Beam (511020) repaired with
1000 mm long steel plates of 1 mm thickness on the soffit of
beam having stirrups at 200 mm c/c
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Figure 5.29: Effect of Plate curtailment with 120 mm c/c spacing of stirrups
(Theoretical and Experimental values)



70

Load (kN)
5

10

Figure 5.30: Effect of Plate curtailment with 60 mm c/c spacing of stirrups

F
1
1
S
6

I

L T T TR TTTTS

DN -am
D2 M
GO NT

(Theoretical and Experimental values)

O =wmm

AN wmMm

O Theor. load
Bl Expt. load

103



104

K3 Theor. load
8 Expt. load

Load (kN)

Wwm ==
Wy =T
WH =T
[A RN
We = wn
wwnwm

Figure 5.31: Effect of Plate curtailment with 30 mm c/c spacing of stirrups
(Theoretical and Experimental values)
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Figure 5.32: Theoretical and Experimental values for the Shear group beams
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Figure 5.33: Theoretical and Experimental values for the Shear group beams
based on modified ACI shear strength expression [Present Work]
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108

shear stress (t0)
x
x
)
%

% [ group beams failing in Fiexure s

x F & S group beams failing in Shear

B S B s s s st s o ey e e e s S S S
123456789 11 13 15 17 19 21 23 25 927 28
Beam ID

Figure 5.35: Shear stress Vs Beam ID. based on Robert's [34] approach
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F11512

Plate 5.1: Photograph showing the mode of failure for beam F11512
strengthened by 1 mm thick, 100 mm wide and 900 mm long plate
with 120 mm c¢/c spacing of stirrups
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Plate 5.2: Photograph showing the mode of failure for beam F21512
strengthened by 2 mm thick, 100 mm wide and 900 mm fong plate
with 120 mm c/c spacing of stirrups



F31512

Plate 5.3: Photograph showing the mode of failure for beam F31512
strengthened by 3 mm thick, 100 mm wide and 900 mm long plate
with 120 mm c/c spacing of stirrups
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Plate 5.4: Photograph showing the mode of failure for beam F1512
strengthened by 1 mm thick, 100 mm wide and 1100 mm long plate
with 120 mm c/c spacing of stirrups
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Plate 5.5: Photograph showing the mode of failure for beam F2512
strengthened by 2 mm thick, 100 mm wide and 1100 mm long plate
with 120 mm c/c spacing of stirrups
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Plate 5.6: Photograph showing the mode of failure for beam F3512
strengthened by 3 mm thick, 100 mm wide and 1100 mm long plate
with 120 mm c/c spacing of stirrups



Plate 5.7: Photograph showing the mode of failure for beam F1156
strengthened by 1 mm thick, 100 mm wide and 900 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.8: Photograph showing the mode of failure for beam F2156
strengthened by 2 mm thick, 100 mm wide and 900 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.9: Photograph showing the mode of failure for beam F3156
strengthened by 3 mm thick, 100 mm wide and 900 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.10:Photograph showing the mode of failure for beam F156
strengthened by 1 mm thick, 100 mm wide and 1100 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.11:Photograph showing the mode of failure for beam F256
strengthened by 2 mm thick, 100 mm wide and 1100 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.12:Photograph showing the mode of failure for beam F356
strengthened by 3 mm thick, 100 mm wide and 1100 mm long plate
with 60 mm c/c spacing of stirrups
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Plate 5.13:Photograph  showing the mode of failure for beam F1153
strengthened by 1 mm thick, 100 mm wide and 900 mm long plate
with 30 mm c/c spacing of stirrups
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Plate 5.14:Photograph showing the mode of failure for beam F2153
strengthened by 2 mm thick, 100 mm wide and 900 mm long plate
with 30 mm c/c spacing of stirrups
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Plate 5.15:Photograph showing the mode of failure for beam F3153
strengthened by 3 mm thick, 100 mm wide and 900 mm long plate
with 30 mm c/c spacing of stirrups
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Plate 5.16:Photograph showing the mode of failure for beam F153
strengthened by 1 mm thick, 160 mm wide and 1100 mm long plate
with 30 mm c/c spacing of stirrups
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Plate 5.17:  Photograph showing the mode of failure for beam F253
strengthened by 2 mm thick, 100 mm wide and 1100 mm long
plate with 30 mm c/c spacing of stirrups
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Plate .5.18: Photograph showing the mode of failure for beam F353
strengthened by 3 mm thick, 100 mm wide and 1100 mm long
plate with 30 mm c/c spacing of stirrups
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S11512

Plate 5.19:  Photograph showing the mode of failure for beam S11512
strengthened by 1 mm thick, 100 mm wide and 900 mm long
plate with 120 mm ¢/c spacing of stirrups
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S11012

Plate 5.20: Photograph showing the mode of failure for beam S11012
strengthened by 1 mm thick, 106 mm wide and 1600 mm long
plate with 120 mm c/c spacing of stirrups
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Plate 5.21: Photograph showing the mode of failure for beam S2512
strengthened by 2 mm thick, 100 mm wide and 1100 mm long
plate with 120 mm c/c spacing of stirrups
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Plate 5.22:  Photograph showing the mode of failure for control beam with
shear stirrups at 200 mm c/c (S0020)



Plate 5.23:

Photograph showing the mode of failure for beam $11020
strengthened by 1 mm thick, 100 mm wide and 1000 mm long
plate with 200 mm c/c spacing of stirrups
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Plate 5.24:  Photograph showing the mode of failure for beam $31520
strengthened by 3 mm thick, 100 mm wide and 900 mm long
plate with 200 mm c/c spacing of stirrups



Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Based on the results of the experimental program, the model proposed for rip-
off failure has been confirmed in terms of predictions both for the ultimate load and
the behavior at failure. Three independent failure modes are identified for plated R/C
beams, including flexure, rip-off anddiagonal tension. Characteristic parameter that
distinguishes likelihood of occurrence of rip-off failure or flexure failure in contrast to
diagonal tension failure is identified as comparison of the flexural capacity P to the
shear capacity P; of the unplated beam. If Pf < P, failure can be either by rip-off or by
flexure. If Py > P, failure will be precipitated by diagonal tension. For those repaired
beams in which P¢ < P, failure can be either rip-off as predicted by the KFUPM model
or a flexural failure as given by ACI strength method, depending on which of the two
yields a smaller load at failure. For these repaired beams in which P; < Py, failure will
be by diagonal tension and an ACI modified expression is proposed for estimating the

ultimate load for such beams.

1 ! Vd Avfsds
Vuzg{\[ii+100(pw+pp) I\l;I ‘”}bcds +——;t—; (4.31)

u

In beams with P, <Py, although initial cracks emanate from location of plate
curtailment due to existence of high peeling and shear stresses these cracks are

arrested due to presence of high amount of flexural reinforcement and the rip-off
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failure is preempted. Thus, loads based on rip-off model underestimate the capacity of
such beams, whose actual failure is precipitated in a classical diagonal tension mode.
These load are predicted with reasonable accuracy by modifying the ACI expression

for shear strength of R/C beams to account for the beneficial effect of the steel plate

on the shear capacity of the beam.

Plate curtailment length 'L.' which plays a significant role in rip-off failure has
an insignificant role in beams that fail under diagonal tension. Failure in both rip-off
and in diagonal tension modes of failure is brittle and should be avoided from a design
point of view, aithough strengthening may be attained as manifested by ultimate loads
greater in repaired section that those in the unplated ones. Rational design should
strive for a plate thickness t, and curtailment length L. that will ensure a flexural

failure ensuring increased capacity and ductile mode of failure.

6.1.1 FOR PLATED WITH (P;<P <P)

1. Failure is Rip-off (Starting at plate curtailment). This horizontal crack traverses
below the main steel and joins up with an existing, highly stressed flexural

crack. This combined crack then moved up suddenly to cause brittle failure.

2. KFUPM Group Model's predictor equation for Rip-off failure is an accurate

estimate of load at failure.

P=2(kV,+V,)
Where,



k=24¢e"

n=-— 008 CR] CRZ * 106

Curtailment length plays a significant rule in magnitude of load at failure as L.
increases P ===> P,

If plate thickness designed appropriately, then at failure, plate should be yielding
1.e Flexural failure. This failure will not be brittle but a desirable ductile mode.
Preferred optimum design is to select plate thickness and curtailment length
such than P > Py and failure ductile.

At failure, stress in stirrups < yield stress (fy), and Rip-off failure crack does not
traverse across stirrups. Hence, one cannot use the ACI expression for shear

strength of R/C beams.

6.1.2 BEAMS WITH (P, <P < P,)

1.

Rip-off crack originating at cut-off point meeting any lowly stressed flexurai
cracks is arrested due to presence of large amount of main reinforcement.
Secondary cracking will be in form of diagonal tension failure, similar to shear
fallure of unplated R/C beams. This load 'P' at failure will be > P,, and given by
following suggested expression (similar to ACI).

Failure is also brittle as in all shear failure, since there is no yielding of either

main steel or plate.
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4. Increase in P over P, is nominal. Hence, repairing a beam weak in shear by a
plate at the soffit is not recommended. In fact, we suggest use of web jackets in
the shear span region.

5. Curtailment length plays no role in these beams.

6.2 Recommendations

The following are the suggestions for further studies:-

1. Concepts developed for simply supported members should be extended to
continuous beams.

2. Two way slabs repaired by bonded plates should be studied for use in bridge
decks and building floors.

3. Influence of cyclic loading on interface layer between plate and RC beam shculd
be studied.

4. Use of Fiber glass and other advanced composite materials should be considered

in environments conducive to corrosion of steel plate.
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APPENDIX-A

This section gives a sample calculation for the evaluation of flexure and shear

capacity for Beam $2512. The dimensions and material properties used are as

follows:

£ = 5737 psi (39.5 Mpa)
b, = 150mm

h, = 150 mm

E. =  57,0004/f = 29,746 Mpa
b, =  100mm

t,=d, = 2mm

E, = 200, 000 Mpa

b, = 100 mm

E. =  2786MPa

G, = 120.1MPa

A, = 3303 mm’

E, = 200,000 MPa
d;=h= 113mm

h, = 1525mm

f, = 414MPa

Aq = 56mm’

f« =  380MPa

f, = 276MPa

Pop =  97.6kN
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Unrepaired Beam
Calculations for Pgand P, based on Unplated beam properties:

Flexural Capacity (Ps)

A, =—d*=3393mm’

&l A

The depth of the concrete rectangular stress block is given by

5_( AL, j 339.3%414
~\0.851,b,

a
M, = Asfy)(dS - ’2-)
279

M, = 339.3*414*(113————)= 13.9*%10°N —mm

= =7
0.85%395%150 = 2/

2

The load corresponding to flexure is given by

P .
52 =M,
M,
Pf'- ar
2%¥139*10°¢
P. = — I * *
P, = 100 =70 kN

**% Actual (Pg) approximately 35 % greater due to strain hardening



Shear Capacity (P;)

Shear strength provided by concrete V, is,

V, = %[JF + 1oopw(\1(‘ffﬂbcds

1
V. =¢[V/395%150*113+100* 3393 = 2340kN
Pv = bd,

Shear strength in the web steel is,

_ A‘,fysdS
S S
56*380*113
V= 120 =2004 kN

Total shear force V, applied at a given section is given by

V=V +V,

V, =23.40 +20.04 = 43.44 kN
The load corresponding to shear
P;=2V,

P,=2%43.44 =869 kN

For this case, Ps < P¢, therefore, repaired beam will fail in diagonal tension.
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Repaired Beam

Flexural Capacity (Pq.y)

The depth of the concrete rectangular stress block is,

- A +bptpfyp

4= 7085 b,

~ 3393*%414 + 100*2*276

A= - _ 3885

085*395*156

tP
h,=h, +d, +>

hp = 150+1.5+1.0 =152.5 mm

Asssuming yielding of both internal and external reinforcement at failure, moment

equilibrium at ultimate load conditions requires:

a a
oo rsfo-Eoncfon )

3885
M, =339, 3*414(1 13- 3885)+ 2*100* 276(1525—T)= 2049*10°N —mm
M,
Pﬂcx— a
2%20.49 *10°
_ — % %k
Proe =459 =10245kN

** Represents maximum flexural capacity if repaired beam was to fail in flexure.



146

Shear Capacity (Pshear)

Investigation for Concrete Rip-off

In order to check on the shear capacity of the plated R/C beams, the following
quantities are computed according to ACI strength method:

Shear strength provided by concrete V. is,

= V,d, )]
V. = g[JE +100pw(ﬁus) bd,

1 100*339.3
I I * —
V. = 6[\/39.5+ 150%113 ] 150*113 =2340kN

pw - bcds

Shear strength in the web steel is,

A f,d

viysHs

V. =—S—‘ =20.04 kN

S

Total shear force V, applied at a given section is given by
Vo=V + Vy =23.40+20.04 =43.44 kN

The load corresponding to shear

P;=2V, =2%43.44 =86.88 kN

Pot = 97.6 kN
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Expression for Shear Capacity

Rip-Off Failure

Using the strength of materials approach, the maximum shear and peeling
stresses at the interface for the beam using Robert’s approach [34] at the maximum
load sustained by the beam are represented by 7, and o, respectively. In addition
to the material properties and beam dimension, the other parameters are

determined as follows:

E.b, 29746*150

A=7E, =72%200000 ' H15mm
EA, 200000*339.3 o
B= E, +bpty =560 000 +100*2 = 5393 mm
AAE 113*339.3*200 000
_ gl _ *) % —
C= S5 s byt = e + 1525+ 2 ¥100 = 6884090

p

—B+(B?+4AC) "
X= A

~5393+/(5393)% + 4*1115% 688409
X= 21115 =5803

bty 100%2°
T2 T 12

= 66.67 mm*
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The second moment of Inertia (I) of the fully compostie transformed equivalent
steel section is given by

I= Ecbc)(3 AsEs(hs_X)2
“T3E, T E,

2

+b,t, (hp —X)

_29,746*150*(5803)°  339.3*200000* (113 -5803)°
=T 3%200000  ° 200000

+100%2*(1525-58.03)°

1=4263382 mm*

The shear stiffness of the interface layer

¢ _Gaby _1201*100
s¥7d, ~ 15

=8006 MPa

Normal stiffness of the interface layer

_E,b, 2786*100
~d, 15

K, =18,573 MPa

The peak shear stress T, is given as

5/4
i Cq Vv,
‘L'o=(11 ft[ rfl" OJ

c

Tensile strength of concrete is given by

£ =0324(£,)"" = 3804 MPa

|(7.56’7 £1(075 * 976%* 103_\5/4
To =35*3.804L 2 J — 688 MPa

395
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Where,
aQ = 35, an empirical regression coefficient determined from
numberical parametric study
f, = tensile strength of concrete, Mpa
Vo = global shear force at location of plate cutoff
In contrast, using a linear strength of materials model, Robert’s [34] suggested use

of the following expression to evaluate the peak shear interface stress

1, =Cy V,
Where
i 172
Ks bpdp
C. = 1+(prp dp] LCJ b (h, - 1)

- . 100*2 *(152.5 — 58.03
Cpy = 1+(\/ 8006.67 Jso} ( ) _7567%10°

i 200000*100*2 4263,382 *100
Where,
L. = M, / V, at plate cutoff location
h = depth to neutral axis of cracked section of plated beam
I = second meoment of area of equivalent transformed steel

section about neutral axis for cracked section
Gy, by, da shear modulus, width, and depth of adhesive

The peak peeling stress o, required is given by



o= (XQCRQT o
0,=1.10%0.2732 *6.88=2.068MPa

The factor Cg, is calcultated using

P(n 1/4
Cro =dp|ZE T

( 18573 /4
Crz =2
4*200000* 66.67

|
o
il

E, = elastic modulus of adhesive

second moment of area of steel plate about its own centroid

150

The capacity of a plated R/C beam prone to concrete rip-off failure has been

detailed in Ref [38] and can be approximated (in N-mm) as

v, =(V, +kV,)

1 = V.d,
v, :g(\/ﬁﬂoom —I\—du—)bcds

V _ Avfystds
s s
k=24¢e"

—0 0OR* *¥10 % %100
k=24e 0.08*7.567*107°*0.2732*10 — 0459

n=-— (l()ég(::RJ (:I{Z * 1()6
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n=-— 008 CR! CRZ * 106

Where
f, = concrete strength, Mpa
A
Pw =9 d,
Y‘\:I_(is 10
by, ds = width and effective depth of unplated R/C section
A, = amount of shear reinforcement
fre = stirrup yield strength
S = stirrup spacing
Pspear =2V,

Pipear = 2(VtkV,) = 2%(23.40 + 0.4591*20.04)

Pghear =65.20 kKN

The maximum shear stressat interface T, at the point of plate curtailment based on
Robert’s approach [34] is given by:

K, . h,-h
To=[vn+ —E b dp M ]bptp( baI"’J

PP

The maximum peeling (normal) stress at inte~face G, on the basis of Rober’s

expression [34] is given by:
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) Kn 1/4
% =Tl | 4E, I

P.. 97.6%10°
Cp = CRICRZ(%MJ= 7567%107° 02732 * ————=10088MPa

o, 10088

T Cr, 02732

7, =367 MPa

Diagonal Tension Failute

The ultimate shear capacity when diagonal tension failure is anticipated in

the plated R/C beam is found by:

1 = v.d A fqd
Ve LT 100, ) o g, o
u

56*380*113
)*1:1*150*113+ 20 =46.7

3393 . 100*2
156*113 150*113

1
v, =g[ 395 +1oo(

Poheor =2*V, =2%46.78 = 93.56 kN
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Example 2
This section gives a sample calculation for the evaluation of flexure and
shear capacity for Beam ¥353 (F group beam). The dimensions and inaterial

properties used are as follows:

f = 6087 psi (41.97 Mpa)
b, = 150 mm

h, = 150 mm

E. =  57,000f = 30,661 Mpa
b, = 100 mm

t,=d, = 3 mm

E, = 200,000 Mpa

b, = 100 mm

E. =  2786MPa

G, = 120.1MPa

A, = 157.08 mm’

E. = 200,000 MPa
ds=h=  113mm

h, = 153 mm

f, =  414MPa

Ay = 56mm’

f, =  380MPa

f, = 276 MPa

Py = 745 kN



Unrepaired Beam

Calculations for Py and P, based on Unplated beam properties:

Flexural Capacity (Py)
P8 2 2
A = Zd“ =157.08 mm"~

The depth of the concrete rectangular stress block is given by

- [ Af, 157.08* 414
= = =1215

085fb, ) 085%4197*150

M, = Asfys(ds - %

12.15 .
M, =157.08*414*| 113-——|=695*10° N - mm

The load corresponding to flexure is given by

B
§a -‘—'Mn
b 2M |
f - a'
2%695%10°
P = = 35kN ***
f 400

*** Actual (Py) approximately 35 % greater due to strain hardening

Shear Capacity (P;)

Shear strength provided by concrete V, is,
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sajﬁﬂmmgiﬁpm

1
V.= [V4197 ¥ 150113+ 100%157.08] =2092kN

Pv =9 d

Shear strength in the web steel 1s,

V Avfysds

S
V_(z*zs)*sso*m
s 30

=80.15kN

Total shear force V, applied at a given section is given by

Vo=V + Vi

V, =20.92 + 80.15 = 101 kN
The load corresponding to shear
P;=2V,

P,=2%* 101 =202 kN

For this case, P, < Py, therefore, repaired beam will fail in diagonal tension.

Repaired Beam

Flexural Capacity (Pgcx)

The depth of the concrete rectangular stress block 1is,

Afs+btf

PPTYP
085f b,

a=



_ 157.08*414 + 100*3*276
A T 085% 4197 %150

=2763

t
hp = h, -+-da +7
h, = 150+1.5+1.5 =153 mm

Asssuming yielding of both internal and external reinforcement at failure, moment

equilibrium at ultimate load conditions requires:

a a
Mn = Asfy{ds - §]+ tpbpfyp(hp - 5}

~

27.63

2763) ]
+3*100*276* 153——2—J:17.97*1o N - mm

M, :157.08*414(1 13—

2M
Pﬂcx = a .
2*%1797*10°
o =90 KN **
400

** Represents maximum flexural capacity if repaired beam was to fail in flexure.

Shear Capacity (Pghear)

Investigation for Concrete Rip-off
In order to check on the shear capacity of the plated R/C beams, the following
quantities are computed according to ACI strength method:

Shear strength provided by concrete V. 1s,
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Vo ) T 1000,

1l 100*157.08 |
== J4197 2 *150%113 =2092kN
=6 T T50%113 |
Pw bcds

Shear strength in the web steel is,

A,,fysds
V, = —‘S— =80.15 kN

Total shear force V, applied at a given section is given by
Vo= V. +V, =2092 +80.15=101.07 kN
The load corresponding to shear

P,=2V, =2%101.07 =202.14 kN

Pot =74.5 kN
Pexpl
[(—2——]— ch
K= v =0.204

Expression for Shear Capacity
Rip-Off Failure

Using the strength of materials approach, the maximum shear and peeling
stresses at the interface for the beam using Robert’s approach [34] at the maximum

load sustained by the beam are represented by 1, and o, respectively. In addition
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to the material properties and beam dimension, the other parameters are

determined as follows:

E.b, 30661*150
= = =1150mm

A= = =
2E, ~ 2*200000

EA, ., _200000F15708 .. 0
= + = . -
E e 200000 mm
coALE, | 113*157.08%200000
= 4 =
E POptp 200000

P

+153*3*100 =63650

—B+(B2+4AC) "
X= A

—~457.08+\/(457.08)2+4*11.50*63650 )
X= 3%¥1130 =5713

The second moment of Inertia (I) of the fully compostie transformed equivalent

steel section is given by

I= Ecbc><3 AsEs (hs B X)2

+b,t (hp —X)2

3E, ' E, Plp

s



B 30661*150%(57.13)> 157.08*200000%(1 13-57.13)°

+ +100*3*(153-57.13)°
3*200000 200000 ( )

1=4,676,921 mm*
The shear stiffness of the interface layer

_G,b, 1201%*100

= 5 =800667 MPa

K

Normal stiffness of the interface layer

_E,b, 2786*100

Ky =4 s =18573 MPa

[ vz

K b,d
Cr=1+( SJLchph—h
'L E,b.d, Iba(P )

800667 1100*3*(153-5713)
200000*100*3 J 4.676921*100

C.V 5/4
To =0 ft' [__l’fl"_g)

C

=9.70*107

@
=
1l
r .__‘—'l
+

Tensile strength of concrete
. 1\ 2/3
f=0324(f)"" =3913MPa

745%10°

(
| 970%107 * =7
TO=35*3913L 1757 J =640 MPa
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In contrast, using a linear strength of materials model, Robert’s [34] suggested use

of the following expression to evaluate the peak shear interface stress



The factor Cg, is calcultated using

B(n 1/4
Cra =dp 4E,I,

C —“*[ 18573 j1/4—o3023
R2 77 4%200000%225,)

The peak peeling stress o, required is given by
GO = az CRZTO

c,=110%03023*640 = 212 MPa
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The capacity of a plated R/C beam prone to concrete rip-off failure has been

detailed in Ref [38] and can be approximated (in N-mm) as

V, =(V, +kV,)

1 . V,d,
V. =E(JE+1OO P M.

o,

V - Avfystds
5 S
k=24¢"

_ -5 G
k :2.4e 0.08%9.7*107 - *0.3023*10 - 023
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n=-008Cg, Cg, *10°

Pipear =2 V,,

Parear = 2(Vk V) = 2%(20.92 + 0.23*80.15)

Pipear = 78.67 kN

Since, Pspear < Ppe this beam will fail by concrete cover ripoff. P, based on
diagonal tension (Modified expression) not shown since P; < P, and beam will fail

either by ripoff or by flexure.

The maximum shear stressat interface T, at the point of plate curtailment based on
Robert’s approach [34] is given by:

K, . h,-h
Toz(vn'*- Ebd M prtp( bal )

PTPTP

The maximum peeling (normal) stress at interface o, on the basis of Rober’s

expression [34] is given by:

) Kn 174
% =Tolo\ 4E, I

P
00=CR,CR2( ;”‘):9.7*10“5 *03023*

% 3

=1093MPa
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APPENDIX-B

This section presents the theoretical preiiminaries with regard to the Glue/Plate

Interface Bond Stress, Glue/Concrete Interface Bond Stress, Effect of Plate Cutoff on
Bond Stress, Effect of Peeling Forces. [48]

THEORETICAL PRELIMINARIES

1. Glue/Plate Interface Bond Stress f, [20]

T T R
i I
| |
I I
L | | g 7t T
N | ! 1 ////
| | glue P < Yp
e /
| » i B A A .
"‘LJ plate L l e/
I fy ] T oy ‘
Tp -4——4—— — Tp + d-Tp
. Plate

fi, -» glue/plate interface bond stress, b, + width of plate

EF, =0 = T, + dT, - T, - f,dxb, = 0

' )]
® b dx



Now, using the concept of equivalent section

f T My,

where

= cross-sectional area of plate

n, = modular ratio E./Ecerer. = 8.0

y, = distance from N.A. to mid-piane of plate

I, = transformed second moment of area (moment of inertia)

Using incremental form of (a)

dT dM y
P P
Apnp I
Also
M V = usein (b)
dx
dTp ) deyp
An 1
PP t

_d;r_p - Vyp Apnp
dx i

1

Using (c) in (1)

Vy An
bp ™ _y_‘it.)__"_'l (measure of average bond stress)
top

\
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@

(0)

©

@)
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Glue/CGnc(etg_ ihterface Bond Stress [20]

glue

KT Tg + dTg

i Tp + dTp

i
L plate

f,. = glue/concrete interface bond stress
T, = tensile force in glue
b, = width of glue

say = b, = width of plate

LF, =0
foc * bpdvx = (T, + dT,) —T,
+ (T, +dT) - T,
. 3 dT, + dT,
PR —bpdf—
Also, by analogy to equation (c)

T - An,Vy,dx
£ I

t
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(3)

(4)
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where
Ay = cross-sectional area of glue layer

n, = Equoe Beoncreter which is in the range of 0.03-0.30

dT n c e
P which is in the range of 27-270

dT, is very small compared t0 dT,, then (3) becomes

f - .Elz"— - f from (1)
be bp

b dx
14

Effect of Plate Cutoff on Bond Stress fup

Now assume plate s fully effective at BB i.e. elastic th

plate curtailment.

eory applies at % from
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. g M -

o, = stress in plate at section BB {from £ - _X.E &M - VL+X)
n

P 1

V(L+x)y, * n
- 3 P ®

For average bond stress over length x
R
v/ /7 /7 / / =k
| X \

= ~1

= f,xb, = 0,A, = use (5)

P

_ VLR g,

bp Py
I, xb,

Vy An .
f, - {1 ‘ {(:] Atlal ©)
p

Now if L = X, fi, as given by equation (6) in comparison to the average bond stress
f,, as given by equation (2) shows significant increase in bond stress near region of plate
cutoff. Tests show this to be true, with non-uniform interface bond stresses & a high

peak value near plate end. This fy, increase plays a cntical role in failure by separation.

Peeling Forces [20]

—— l - Statically >

| plate h ] = | —~{— dFa |
Equivatent ~ dFa x tp/2

[ dx | is.E) L dx l

I i ] |
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SE) Mey (F-L/L)

C C ¢ C C

dx

dF, = f,, * b, * dx

: t
M, » dx = dF, = 2

Xy )

M

Using (7) in (8)

- . /— glue

N | It
linterface

L dx |

i |
SE Mxy {F-L/L) lj SE.

tg

R D S .

L dx ) l

I

i

o = twisting moment per unit length)
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TN\
(%

! il dx 4
YN

Unbalanced peeling force.
{ due to fop ).

()
)
6.1
] [ i F |
df‘b;fbg
where dFy=fy by # dx.
ox
l(fypl I
T, | | ]
Mg ) 1

b
Unbalanced peeling force
ldue to fy,).



e
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M,, dx = dF, *t, = f,, * b, * dx *t,

D

Total unbalanced peeling force = (9.1) + (9.2)

t
M, (-LL) - b, |4+ 2| f,
¢ v
o~ ©® - b |iez|[ieL] YA
P 2 X Ilbp

168

(8.2)

(10)

Note: Effect of interface bond stress (f,,) is statically equivalent to applying a set of

vertical forces M, (F-L/L), which yields an unbalanced M, at location of plate cutoff.
This is a tensile force and is responsible for horizontal tearing of concrete below the level
of main (internal) reinforcement, causing what is known as concrete rip-off failure.
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2. Analysis for Determination of Shear & Peeling Stresses in Adhesive Layer [22]

e  Premature failures may occur because of shear + normal stress concentrations at

the ends of the steel plates, resulting in debonding or ripping off the concrete

cover along the level of conventional internal reinforcement

L
——X

0 orl order of adhesive thickness
g

e 7,0 stress concentrations depend on K,, K, of adhesive

¢ 7,0 stress concentrations depend on t; & L (point of termination)

Can reduce stress concentrations significantly by
o ysing more flexible adhesive
¢ reducing t,

for simply supported beam, terminating steel plate as close to supports as possible
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Three Stage Analysis

-
{0
B STAGE 1: assume fully composite action between RC beam &
adhesive bonded steel plate and caiculate stresses at
sections removed from the boundary
STAGE 2 : Analysis modified to take account of actual boundary
STAGE 3 : _ conditions at ends of steel piate
We need to superpose the three stages for complete solution of the problem
STAGE 1 Calculation of o,7 removed from b’ dry
Plated RC bezm
: |
; ! ! i
7 l |
= { {
A A { |
- ErtE S

h = depth of NA, based on assumed elastic b’vior & fully composite action

(but allowing for cracking of concrete in tension)

I = moment of inertia of transformed equivalent steel section about NA



h {
Op

t, = axial force in plate

7, = shear flow/unit length in adhesive layer

dt

IF,=0= _ldx-7dx= 7 -4
dx dx
& F-M  mvog
dx
Also
7, = FQ F [bpdp(hp_h)]
I I
(4)
M(h —h)
& t, - U,Ap - I" bp dp
;(f_?,, \':"/”r I‘&/ x=a.
M, MeM,
F=Fy F=Fo_
Z1o = Z1 {x=0) Cm= Z] (x=a,}
fm = h(X:O) tk}.: t‘ (X:O»)
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STAGE 2  Clear axial forces t,q and t,,.

ok

AN

Concrete rigid

Adhesive cof shear
stiffness K,

= b k=

; Urcl
Tgluc "th' G;luc‘y = Gg d
F/L F/L/L

t1!1.,
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G, b
K, - shear stiffness ~ _:j_:

(2

e I N
dx

d -
_ti dx = 7, dx
dx
_ d
7 - e ()
dx

& 71,=-Ku, =-Ku

s rel s
& t - crAp

~Eedbd

pxpp

du '
- Ep T« dpbp )

(u - plate disp. in x-direction)

Using (2) in (1)
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2 K
du ™ uag 3)
dxz EP bl’ dP
K
Let o? = !
EPdeP
*. Solution of (3) subject to be's that t,(x=0) = — t,, & t,(x=2a) = — ta

— t_sinh ax . t,,cosh e - t
u - 10 vy 0 < " cosh ax (4)
prpdp o prp o O sinh «aa

-

125

7, = K,u = use (4)

12

K t,, cosh ea-t (5)
ﬁ —t,, sinh ax + o @2, cosh ax
pPP

sinh ca

(Note ciearing axial forces has created MORE shear stress)

Resultant Forces in steel plate at end of STAGE 2:

{ Z‘+Ez %

Mg (1 hebh —C4L D |y maa
on I‘ dx l fZQ,

("." shear & moment not

@ﬁ*(F/L) cleared from ends)
(1 A ’L)"’z*?j:‘z dx

my f2 +...(£Z_ )
dx dx &
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dm

. d
-dedX“fde*(;;*Tz)%dx'O

. d
2
) -E(_Jr ‘x*"z)% (6)
Consider the following:
/‘I"\
LAY
,' \
\
\
\\
globzl \
\
My \
7 A ‘
| ) ) \)
\ =
' Mo
1 oomg
€ e,
| lp, f arz sacand momenis of area of sfesl plate
& concrzte heam about their jndividuzl centroids )
Then

M, ) m,,

(ED, (€D,

M, —my, m

(ED),

20

" ED,
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.M, (ED), + (ED),
st .o — =-m —
ED, | (ED, ED,

(ED), 4

My, = m o (N

Using (7) in (6) (at x = 0)

0 +

fy(x-0) - f ED, ALY
2(x= ) =~ (EI)= + (El)p dx \

\ .
0 = _(_F:[)"_ F, + ('T'lo+ Ty — (shear force at end x - ()
2 (ED), + (EI)J $ 2
(&)
I ~
My = e )
o (ED, + (ED,

(For f5,, M,,, we need appropriate values M,, F,. 7,,, 7, in (7) & (8))

STAGE 3 (Clear f’za, My & qu m,,)
Since moments my, & in,, & shear forces f, & 1-, do not exist in practice, the next stage

of the solution is to apply opposite moments & shearsat x =0 & x = a .

Concrefe rigic

Hormal stifinzss
per unit lerztn X,

Simulata B
C

G , df -
1 P L

| C =™ U Wyrmaegm d ]D mn“ \‘2
‘ . M M2 e,
o fzoL fy . dx fra. o o

-,, a. W :

( Like beam on elastic foundation)
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K,=?

/|/1L11 //‘»
BB
3

= normal force / unit length in adhasive.

= average normal stress in adhesive

Sl al

-o=FE =x ¢

2 relative

“E,b)
&E; )
Y
n

O(FIL) = K » w

O’-

©)

treating the model of stage 3 like a beam on an elastic foundation, the governing

—
=
I
=

differential equation becomes

4
X
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4 Kn
T T IE]
PP

Solving (9) under assumption that limw = 0 & thatat x =

Xx+big
d?w
m, = —EI e it 11 P
(11)
d*w
& f,-—-EIL o ~f5
The solution becomes
_er e 2 - ? } a
w(x) °E 1 '? {\fzol +m207) €os yx Mgy St X (12)
FP .
Using (12) in (9)
g = 2e" {(fm-y + mm,yz) COS 7YX — .m:oj,z sin yx} (13)
COMPLETE SOLUTION
T=T1 + 71 (Eqn. (A.1) + (5))
& @ = equation (13)
& unit shear & normal stresses in adhesive are given by
T o :
- — ; o - — eeling stress (14
T b, b, (p sS) 14)
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APPROXIMATE EXPRESSIONS

neglect (conservative)
IA '

- K t, cosh oa — 1,
n(x-0) = ) - lE b d sinh «a "

(Also cosh oa = sinh qa)

Mpbd
& = (A2) = —ZE (h,-h)

E b d

P PP

K 1 M b
p— s oo N =
7,(x=0) - [ j —2 % (h -h) (13)

Then 7(x=0) = EQN. (A.1) + (15)

F b d .
- ZoeR (o)
I (P )"{E

Y
- (16)
- K b d _ -
RSG5V R I P DU T G ¥ OO [ (Y
b' EPdeP Ibl .
if E" I” 0
! : ume. ——F P 0=
& if we assun Eplp TET

my = 0 (from (7))

P
[
pom }

(=5

& fyy = (?m + ;20) 7" (17)
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Then
g, - M = using (13) - bi [2 f,0 v ] = using (17)
. bi (o + 7o) dy = using (A.1) and (I5)
] A
- ay | FPudltyh) | [ K, M.b,d, (n, -1
P
Ib, Lprpdp} b, ‘v
= using (10) = dy7, = use o' i
o - P o Y=
4EplP
114
Kn
U -
» T TN FET
SUMMARY
12
K b d
T, Fo + - : I\’Io PF (hp"h)
prpdp Ib,
s
K
Uo = Todp ) -
4Eplp

180

Robert's expressions
{22
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CALCULATION OF ‘T’

b: bc/n 181
r* > g
- h
| EQUIVALENT
— — — o — e e |- = - =
b ——D °
h,  STEEL SECTION

Asf _ As|
] 6 e — | —- d, oo
I V77777 7] Y. Yo7z 777)
| Steel Plate A, b : |

P \

R L I W

L
{\j h? + h@ {A,‘h, + A -0
2n

-

.h (- B+ fBTeaac )/2A

b. K2
n 2
or
&
b, n?
[ - £
n 3
- bch3
3EP/E

+ A“(h,—h)2 + Ap(hp—h)2

Adn-b + b, hf
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RC beam alone for calculation of (EI),

Consider equivalent section in concrele

bt
T
hs
nAst
b.h? -
L ) =5

)/ h2 4-@;1 —@ h, = 0
A B “C
. B+ VBR2+ 4AC
2A
Then
T3
—\2
I - =+ nAn(h,—h)
&
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(Alternatively: if used equivalent in steel

_3 )
T - b;: v Ah,-h)

& Then

BT B0 g, (n,-1)

p ¢ p s
p e

W
t
3

- Ect;j] + EPA“(h,—B)Z

®

183 °

(2) is SAME as (1) i.e. EI of unplated RC beam.)
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