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ABSTRACT

The structural behaviour and ultinmate strength of concrete
sl abs strengt hened by epoxy-bonded steel plates was studied
by both analytical and experinental investigations. The
purpose was to evaluate their structural response at the
serviceability and ultimate limt states. S nple anal ytica

nodel s that predict the ultimate behaviour of reinforced
concrete slabs wth epoxy-bonded steel plates on the
tension face in the elastic and plastic regions were
devel oped. The anal yti cal nodels were evaluated by
conparing analytical results with the test data for 13

sl abs.

Thirteen concrete slabs were tested to failure under
central point |oad. The neasured |oad versus deflection at
mdspan of the slabs and the load versus strain in steel

plate were plotted and conpared with the control sl abs.

The ratio of the ultimate load of plated slabs to unplated
slabs was 4.78 and 1.92, for tension reinforcement ratio
0.00 and 0.71 respectively. The presence of glue alone
enabl ed the slabs to carry higher ultinate loads by up to
45 percent. These results clearly indicated the beneficial
effect of bonded plates in enhancing the ultinmate flexural

strength of reinforced concrete sl abs.



The glued plates also reduce the deflection and steel plate
strain at different rates and that the rate of reduction
varies with the applied load | evel. However, the stiffening
effect of the glued plates is nuch greater in controlling
cracking than in controlling deflection. Conparisons of the
anal yti cal results wth the test data obtained for
thirteen concrete sl abs were also carried out. The
average ratio of experinental to theoretical wultimte
nonent of both plated and unplated slabs was of the order
of 1.00, with a mninum of 0.64 and a maxi mrum of 1.15.
CGenerally, a reasonably close agreenent between the

cal cul ated and neasured data was noted.

The applicability of +the plate bonding technique to
strengthen structurally damaged reinforced concrete slabs
was al so exam ned. The structural behaviour of precracked
sl abs, loaded up to 45 percent of their flexural capacity,
were reported. The results showed that strengthening, by
epoxy-bonded steel plates, of cracked slabs is structurally
efficient and that these plated slabs can carry higher
ultimate load from 72 to 98 percent of the origina

unpl ated sl abs. The restraining effect of the steel plates
on the existing cracks was, however, nore pronounced when
the load was increased beyond the original preloading

val ue.
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To explore the effectiveness of the epoxy give in
preserving conposite action, slippage at the interface was
nmeasured. The results revealed that provided epoxy with a
wide range of strengths and ductilities are used and
adequat e precautions are observed in the gluing technique,
both slab action and full conposite behaviour can be
mai ntai ned until failure. Slip nmeasurenents for the set of

test slabs varied from 0.018 to 1.930 mm
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CHAPTER 1

1.

INTRODUCTION

Background

The maintenance, rvehabilitation and upgrading of an
existing concrete structure have always been a point
of interest to structural and construction engineers.
Upgrading here involves strengthening of the existing
members to carry higher ultimate loads and/or satisfy

more stringent serviceability requirements.

The structural behaviour of an existing concrete
structures may be unsatisfactory due to excessive
deformation, cracking or inadequate ultimate strength.
The most common causes include certain minor
deficiencies in design and construction of certain
structural members, functicnal changes, corrosion of
reinforcement, damage due to flood and earthquake. In
such circumstances, it is advisable to either demolish
and rebuild the structure or to upgrade it by
strengthening it at critical locations. In the present
economic climate, the second alternative is becoming
more attractive and financially viable in comparison
with demolition and rebuilding which often invoilves
heavy expenditure in the form of basic material ang
labour cost, besides considerable time required for

reconstruction.
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Methods used for strengthening eiements of existing
structures inciude external post tensioning and the
addition of epoxy-bonded steel plates tc the tension faces
of the members. Dunker et al. (1985%) and Saadatmanesh et
al. (1989%a, 1989b, 198%c) reported that external post-
tensioning by means of high-strength strands or bars has
been used successfully to increase the strength of girders
in existing bridges and buildings. This method, however,
presents some practical difficulties in providing anchorage
for post-tensicning strands, maintaining lateral stability
of the girders during post-tensioning and protecting the

strands against corrosion.

The addition of epoxy-bonded steel plates to the concrete
surfaces (in the tension, compression and shear zones) of
members has been used effectively to strengthen both
bridges and buildings 1in South Africa, Europe and Japan
(Fleming et al., 1967; Brown, 1373; Parkinson, 1978:
Dussek, 1980; Lino and Otokawa, 198i; Van Gemert, 1981;
Klaiber et al.,, 1987; Jones et al., 1988). Investigations

into the performance of the members strengthened by this
technique were started 1in the 1960s (Lerchental 1967;
Kejfasz 1967). The methcd is primarily used to repair and
strengthen reinforced concrete elements with insufficient
load carrying capacity due to mechanical damage, functional
changes or corrosion of reinforcing steel. The principles

of this technique are relatively quick and simple. Steel



plates are epoxy-bonded to the tension zones of structural
elements (such as beams), increasing both the strength and
stiffness of the member. The advantages of this technigue
include the ability to strengthen part of a structure while
still in use, small changes in structural sizes (which are
generally only in the order of a few millimetres), low
cost, ease of maintenance and elimination of special
anchorages needed in the post-tensioning method. A
shortcoming of the method is the danger of corrosion at the
epoxy-steel interface. This 1is however eliminated by

applying an epoxy primer paint adhesive.

1.2 Need for the Research

Although the technique of bonding steel plates to
concrete surfaces using epoxy resins has been used
widely 1in practice, the behaviour of structura)
members strengthened by epoxy-bonded steel plates 1is
not fully understood and its modeiling is far from
established. The majority of reported studies on the
structural behaviour of plated beams by researchers
like Kejfas (1967); Irwin (1975); MacDonald (1978);
Raithby (1980); Jones et al (198Q); Swamy et al
(1987); Swamy et al (1989); and Jones et al (1988)
were experimental. The studies do not systematically
evaluate the influence of the glued plates on the
deformation, strength and failure mode or present

specific analytical models. Very little information



seems to be availabie on the structural behaviour of plated
slabs. The need was therefore identified to systematically
study the ulttimate structural behaviour of slabs
strengthened by epoxy-bonded steel plates with the view to
establishing a rational method of analysis that allows for

better design.

1.3 Aim and Obiectives of the Research

The aim of this research work 1is to study the

structural behaviour of plate bonded concrete slabs at

the various serviceability and ultimate 1imit states.

This is pursued through the following objectives:

(1) To develop a simple analiytical models that can be
impiemented 1in a computer program for the
prediction of the ultimate behaviour of
reinforced concrete sliabs strengthened with
epoxy-bonded stee] plates in the elastic and
piastic regions.

(2) To investigate experimentally and compare the
test results with the theoretically predicted
valtues 1in order to evaluate the correjation

between the two data obtained.

1.4 Scope and Limitations

The structural behaviour and ultimate strength of
plate bonded structurail elements are affected by many

factors such as plate thickness, plate ultimate



strength and stiffness, concrete compressive strength,
steel reinforcement ratio, glue thickness, stress
concentration in the adhesive Jlayer etc. To address the
effects of some of the basic design variables, this study
focused attention on developing a basic understanding of
the behaviour of concrete slabs strengthened with
externally bonded steel plates, Analytical models based on
compatibility of deformations and equilibrium of forces
were developed to simulate the structural behaviour of
centrally loaded square concrete slabs strengthened by
epoxy-bonded steel plates. The analysis assumed singly
reinforced concrete members with rectangular cross-section;
in principle, similar approaches apply for other geometric

configurations.

An experimental study of 13 concrete slabs was undertaken
to investigate the effect of epoxy-bonded steel plates on
the structural response and ultimate strength of square
concrete slabs strengthened with such steel plates. The
main parameters investigated were reinforcement ratio,
plate thickness, presence of epoxy layer only and slip. The
test slabs included two unplated, one glued and ten plated
slabs. Emphasis was given to structural deformations,
cracking behaviour and collapse pattern. The results of the
calculated ultimate load values along with the deflections

were compared with the experimental results.



In this study, only epoxy adhesive was used to attach the

stee]l plates to the slabs and an effort was made to limit

the selection of the plates and epoxies to those which are

commercially available at fairly Jow cost., Use of bolts to

increase stiffness and improve shear transfer from plates

to concrete was not considered.

Methodolaogy

The research work was divided into three major parts;
a review of 1literature, an analytical study and an
experimental programme. Available and relevant
Jiterature were extensively reviewed to articuilate
existing knowledge on the chosen teopic. This was

followed by anaiytical study.

Simple analytical models based on the compatibility of
deformations and equilibrium of forces were developed
to predict the stresses and deformations 1in the
concrete slabs strengthened with steel plates epoxy-
bended to their tension faces. The analiytical models
were coded in a computer program called PSLAB to carry

cut. the computations (see appendix I).

The third part of the work was laboratory experiments.
This programme provides test data on the effect of

epoxy—-bonded steel plates on the structural behaviour



and uitimate strength of plated slabs. The main variables
investigated were plate thickness, steel reinforcement

ratio and slip at the interface between concrete and piate,

Thirteen concrete slabs were cast and tested to fTailure.
Eleven o¢f the slabs were provided with external
reinforcement. in the form of steel plates or 3mm epoxy
layer. The remaining with no steel plate or epoxy adhesive
were used as control sliabs. The slabs, 1100 x 1100 x 100mm,
were reinforced with 19 x 4mm diameter bars at an effective
depth of 75mm. The plates used for external reinforcement
were of miid steel. Three plate thicknesses of 2, 3 and 4mm
were used. A1l the slabs were simply supported aiong the
four sides and Tloaded at the midspan. 8Six concrete
cyiinders measuring 152 x 305mm per slab were also cast and
tested when the slabs were tested. Three cylinders each
were used to determine the compressive and split tensile
strengths of the concrete. The concrete in the siabs was
designed for a 28-day compressive strength of about 35

N/mm{

The slabs and cylinders were demouided after 24 hours and
cured for at least 28 days in an uncontrolled internal
laboratory conditions. The plates were bonded tc the
tension Tace of the concrete siabs after careful surface
preparation of the concrete surfaces and plates. The slabs

were then white washed and extensively instrumented. The



strains 1in the plates were measured through electrical
resistance strain gauges, (ER8), placed at several
locations in the lateral and diagonal directions,
Deflection 1in the midspan and lateral directions was
measured by means of 1linear variable differentiai
transformers, (LYDT), placed on top of the siabs. Slip at
the intertace between plate and concrete was also measured
by means of LVDTs placed at two ends in the bottom face of
the slabs. Cracks were marked at each Toad increment.
peflection, steel plate strains and slip all monitored by
means of an automatic data acquisition system. Load was
measured by a load cell. The same locading rate was used for

alil slabs.



CHAPTER 2

REVIEW OF LITERATURE

Preamble

Conventional techniques for strengthening concrete
structures or for crack control can be intrusive, time
consuming and expensive. An alternative method is to
epoxy-bond steel plates to the surfaces of concrete
structures. This method, which 1s in Timited use for
about 20 years, has been found to be effective and
economical 1in particular applications (Mays, 1988).
Details of this technique and its advantages over
other methods include the relative simplicity of the
application, minimum changes in structural sizes, Tow
cost and ease of maintenance., The composite system
formed by epoxy-bond steel plates relies on effective
bond both at the concrete/epoxy and epoxy/steel
interfaces. For flexural strengthening the composite
system is analysed using conventional reinforced
concrete theory taking into account a second set of
steel reintforcement at the appropriate effective depth
while plastic theory is used to estimate the increased
ultimate moment capacity. Elastic theory applied to
the transformed section is appropriate for the

gstimation of deflections and stresses.



In most applicaticns the structure is not propped during
plating and hence the strengthened section can only provide
enhanced capacity for non-permanent loads. Since original
stresses under working loads normally govern the design,
the analysis (according to Mays, 1988) for 1increased
flexural capacity typically involves:

(1) Determining concrete and reinforcement stresses in
unstrengthened section due to dead load;

(2) determining concrete; reinforcement and external
plates stresses in the strengthened section due to
imposed Toad.

(3) Summing up the strengthened and unstrengthened
stresses and checking that acceptable working values
under the total design 1oad are not exceeded;

{(4) cChecking that the ultimate moment of resistance of the
strengthened section 1is adeguate to withstand the
factored uitimate Toads.

(5) Assessing shear stress distribution in the adhesive
layer. Most strengthening involves simple spans where
it is not possible to anchor scffit plate beyond the
bearings. There is an abrupt section change within a
tensile zone and this gives rise to both concentrated
shear and peel stresses in the adhesive layer at the
plate ends. Stress concentration factors of at least
three or four over, and above, the rominal horizontal
shear stress determined using elastic theory can occur

(Mays, 1988).
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Furthzrmore, the cover concrete is genarally weaker in

shear than either the adhesive or the interfaces. To avoid

brittle cracking in the cover concrete at the plate ends

two design steps are essential:

(1} Using plates with a width/thickness ratio of at ieast
40 to reduce horizontal shears and

(2) Limiting the nominal elastic horizontal shear stress
in the adhesive under design loads to the tensile
capacity of the concrete modified by an appropriate
factor of safety. Supplementary bolting may aiso be
used at the plate ends to reduce peel fTailures

(Cehlers 1991),

2.2 Previous Studies

Previous researches relievant to the behaviour of the

composite materials and the behaviour of the interface

for various bond types mainly include:

(1) ©Studies on the shear transfer capacity of
different interface bonds,

(2) Studies on the composite action of structural
elements,

(3) Studies on the repair of structural elements, and

(4} Studies on reinforced concrete beams with bonded

overlays.

The previous investigations on composite elements included

wood-concrete, concrete-concrete and steel concrete
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composite materials. However, the work in the areas of the
concrete-concrete and steel-concrete structural elements 1s
more relevant to this study than the work in the wood-
concrete. The reason being that concrete and steel are much

stronger than wood.

Strengthened structural elements and wusing composite
materials to increase strength have been problems since the
times of the Greek—-Roman. Contemporary applications go back
as far as 1900 with the resurfacing of deteriorated
concrete surfaces with concrete on the United State of
America (U.S.A.) highways (Sinno and Furr, 1970). Wood-
concrete composite beams were also investigated and used in
the U.5.A. in bridge construction since 1920. In bonding
concrete to steel, the so-called spiral connectors were
first used. This method was invented in Switzerland in
connection with the Alpha Method (Chung, 1981 and Viest,
1960). In 1929, Caughey and Scott recommended projecting
polt ends as shear connectors (Cook, 1967). The adoption of
welded studs as a new shear connector was first done in
1954 in the U.S5.A. when a research was conducted to
evaluate such connectors between structural steel and
reinforced concrete. Prior to that date the most commonily

used connectors were the spiral or channel types.

In the past two decades epoxy-resin compounds (ACI 318-84

and ACI 503.1R-86) have been extensively used. Epoxy was
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first discovered by Dr. Pierre Castan 1in Switzerland in

1936 and the use of epoxy (in the construction industry) as

an adhesive for bonding concrete to concrete started in

1948. In 1954, the California Division of Highways,

Materials and Research Department became interested in

using epoxy resins as an adhesive for the cementing of

raised traffic-line markers o highway surfaces. The

excellent adhesion of these markers to portland-cement

concrete, prompted the Department (i.e. California Division

of Highways) to investigate the possible use of epoxy-

resins to the maintenance and repair of concrete highways

and bridges. Through various tests and applications, epoxy

was found to have the foilowing properties:

(1) High adhesion strength to aimost every material,

{2} Very iow shrinkage during cure, short curing time and
great volume stability after cure,

{3} Gecod tensile strength,

(4) High compressive strength,

(5) Natural "gap filling” gualities,

(6) Water impermeability,

(7) Thermosetting (it will not meit) and

(8) Resistance to most  chemicals and electrical

insulation.

Other properties, very important for engineering purposes
are: fatigue resistance, abraston resistance, creep

resistance and the ability to withstand thermocycling.
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These properties made the epoxy-resins to be useful in the

following three major ways:

(1) Concrete surface protection: Skid resistant,
protective and wearing surfaces on concrete slabs,
waterproofing membranes, anti-corrosive paint for
concrete surface to prevent chemical attack, etc.

(2) Repair: Grouting cracks 1in concrete, Jjoints in
masonry, etc.

(3) Adhesive: Adhesive for bonding concrete to concrete

and concrete to other materials.

Birkeland and Birkeland (1966) first introduced the shear
friction theory explaining the shear behaviour of steel-
concrete and concrete-concrete interfaces. A shear Jload
when applied across an interface will produce displiacements
at the shear plane. The displacement perpendicuiar to the
shear plane will result in axial tensile stresses in the
interface reinforcement which will produce vertical
compressive stresses and a frictional force on the
interface. Later, the above theory served as the basis of
the ACI Building Code requirements for shear design of

concrete interfaces (ACI 318-83).

Saemann and Washa (1964) studied the shear connections
between precast beams and cast-in-place sliabs. In their
study, 42 beams and variocus control cylinders were tested.

They provided data on the relationships between
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{1) Concrete compressive strength versus shear stress and
slip,

(2) Shear stress versus deflection,

(3) Shear stress versus percentage steel across the joint
and

(4) The effect of roughness on the shear stress versus
deflection and on the shear stress versus slip. Data
on the development of slip across the length of the
beam was also provided. The tests indicated that there
are compiex relationships between tThe degree of
roughness of the interface, the length of the shear

span and the percentage of steel across the joint.

Sinno and Furr {1970) performed direct shear tests con thin
bonded concrete overiays to evaluate the parameters
involved 1in bonding freshly laid concrete to repair
deteriorated concrete surfaces. The performance of the
repaired surfaces was evaluated under static and repsated
joading. DuUring the cyciic Joading, it was observed that
when the overlay was in compression there was no failure
but, when it was in tension, the overlay cracked vertically
in the first few loading cycles while the cracks did not
extend horizontally in the interface. It was found that the
shear capacity of the epoxy bond was in all cases high
enough to withstand the shear developed in concrete bridge
decks. However, direct shear tests showed that 1improper

surface preparation could contribute to field delamination
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of the deck. Alsc, the thin bonded concrete overliays
increased the flexural rigidity and the lcad capacity of
the beams to much higher levels than the decrease caused by

their additional dead weight.

Nawy {1884) in his studies evaluated the shear transfer of
two Tayered concrete beams. Using different amount of shear
reinforcement, he investigated the reiationship between
bond shear capacity and strength of composite member. He
provided empirical expressions for the shear capacity of
the composite elements corresponding to different amount of

shear reinforcement at the interface.

Moss (1984) reported on the usage and performance of epoxy
resins 1in civil engineering, with particular regard to
reinforced concrete work. The report described:
(1) The nature of epoxy resins and some Tfactors that
affect their performance and use,
(2} Experimental work on epoxy resin interface for steel-
concrete and concrete-concrete composite
beams and
(3) BSuggestions made for the specification of epoxy
resins.
It aisc shows the behaviocur of epoxy resins in structural
connections, as mortars for concrete repairs and as fluids
for floor coverings and coatings. The performance and

effectiveness of epoxies can vary enormously between
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success and total failure., The report attempted to override
the scepticism on the use of epoxy resins by many engineers
in helping the understanding on the proper use of the epoxy

products.

Mays and Hutchinson (19388) also described the engineering
property reguirements TfTor structural adhesivas. They
highlighted the 1important considerations for Joint
durability and proposed compliance spectrum for a two-part
cold cure adhesive for the structural bonding of steel to

concrete.

Plecnik et al (1986) investigated the strength properties
of epoxy repaired concrete beams during and after fire
exposure and future earthquakes. They found that beth
short-term strength and stiffness of such beams reduced
rapidly at uniform temperatures exceeding about 250°F
(121°C). Under fire conditions, the strength reduction was
primarily influenced by the presence or lack of fire
protection coatings and thermail gradient. Analytical
techniques were also presented for strength analysis of

gpoxy repaired pbeams under elevated temperature or fire.

Chung (13975, 1977, 1978 and 1381) studied the repair of
structural elemaents using epoxy-resin techniques. He found

that the flexural strength of the epoxy-repaired reinforced
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concrete beams was not less than the original strength and
that in Jjoint tests, the shear capacity and deformation
were similar for both the repaired and the control
specimen. Proper injecticn of epoxy during the repair tests
revealed that restoration of the bond strength associated
with a smaller bond sl1ip could be achieved. In addition, in
pull out tests he fFfound that the repaired concrete joint
better withstood the shear stress while the adjacent
concrete failed especially when applying cyclic load and

that the epoxy was stronger than the concrete itseif.

Fleming and King (1967) strengthened concrete heams with
the use of thin steel plates glued in the tension side. The
beams faiied from crushing of concrete without interface

failure and yield of the steel.

Irwin (1975) found in testing beams with epoxy bonded steel
plates that such beams had a 20 percent higher ultimate

Toad capacity than beams without the epoxy connection.

Jones et al. (1980) repcrted the test results of eighteen
reinforced concrete beams strengthened with steel plates
bonded by epoxy glued to the tension face of the beams. Two
series of beams were tested. Series A beams had square
cross~ sections of 150 x 150mm and spans 7i10mm. Series B
beams had rectangular cross-section of 100 x 150mm and

spans 1200mm. Two types of glue and two types of steel
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plates with different yield strengths were used, and the

effects of glue thickness, plate lapping, multiple plates

and precracking prior to bonding were investigated. The

effect of these variables on structural behaviour of the

tasted beams were discussed, and drew the following

conclusions:

(1} Epoxy-bonded steel plate enlarged the range of elastic
behaviour,

{2) Reduction in the tension stresses in the concrete,

(3) Delayed appearance of first wvisual cracks with a
resulting increase in the service loads,

(4} Increased fiexural strength and stiffness and

{56) 1Increased the ductility at flexural failure. They also
concluded that a glue thickness of about 1.0 o 1.5mm

was the most appropriate for this type of application.

Machonald and Calider (1982} studied the behaviour of
concrete beams externally reinforced with steel plates
bonded to their tension flanges. They tested a series of
3.5 m Tong and 4.9m tong beams in four points Tcad. Each
beam had a rectangular cross-section of 150 x  250mm,
Results obtained showed that full composite action was
provided by the adhesive and that substantial improvements
in performance could be achieved in terms of ultimate load,
crack control and stiffness. Exposure tests were carried
out on 0.5m plain concrete beams with steel plates bonded

to one face. It was found that the steel may corrode
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significantly during naturail exposure, causing a Joss 1in
bond strength at the steel-epoxy interface. The reduction
in the overall strength of the exposed beams was attributed

to the corrosion.

VanGemert and VandenBosch (1985) reported the results of
durability tests on concrete beams with epoxy-bonded
external steel reinforcements., They studied the effects of
Tfonhg-term exposure, fTatigue and temperature locading,
concluding that the effects of atmospheric corrosion
depended for the greater part on the preparation of
concrete and steel plate surfaces and on the workmanship of
the repair crew. Therefore, more specialised personnel and
careful control of the preparation work will be necessary.
Cyclic lcading tests were performed on two beams with spans
of 6m each. The beams were reinforced with a double layer
of glued steel plates. The cross—-section of the beams was

300 x 250mm; the steel plates were Emm thick by 200mm wide.

The beams were tested under four—-point bending, and they
were subjected to cyclic Tloads resulting in a maximum
stress of 40 N/mm‘. The 1loading freguency was 30
cycles/minute, and 500,000 cycles of loads were applied to
each beam. The fatigue tests showed that no redistribution
of stresses took place by deformation in the glue or by any
failure of the glue connection. Full-scale temperature

loading tests in the temperature range from -20°C to +90°C
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were also conducted on specimens giued with EPICOL U epoxy
adhesive. It was found that the cold-hardening epoxy glue
had a poor thermal resistance and there was no decrease of
the ultimate 1lcad for Tower temperatures. At higher
temperatures, however, the situation was different. At a
temperature of about 60%, the glue started to become weaker
and more deformable. At lower temperatures, the crack
always started at the end of the pltate and moved into the
concrete. At higher temperatures, the epoxy Jjoint was hot
able to transfer the shearing stresses from the steel plate
to the concrete, and a crack propagated through the epoxy
Jjoint, starting at the piate end. The performance of the

apaxy joint was strongly reduced at higher temperatures.

Swamy et al. (1987} investigated the effect of glued plates
on the serviceability and uitimate Jload behaviour of
reinforced concrete beams. Twenty-four beams were tested.
Each beam was 2.5m long and had a rectangular cross-section
of 155 x 255mm. The beams were reinforced with three 20mm
diameter bars at an effective depth of 220mm. Three glue
thicknesses of 1.5mm, 3mm and 6mm were used and for each
giue thickness, three piate thicknesses were used: 1.5mm,
3mm and ©6mm, alt? of constant width of 125mm. For
comparison, several heams were tested with 1Tap plates,
double piates and variable thickness for the giue alcong the
length of the beam. The adhesive thickness varied from 3mm

to 8mm. The results obtained indicated that the addition of
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glued steel piates to a reinforced concrete beam could

substantially increase the flexural stiffness, reduce
cracking and structural deformations at ail ioad levels,
and contribute to the ultimate flexural capacity. The net
effect of reduced structurail deformations was that the
serviceability loads were substantialiy increased by the
stiffening action of the glued plates. It was further
observed that lapped plates, precracking prior tc plating,
variable glue thickness and the presence of stress
concentrations in the adhesive all had no adverse effect on

the structural behaviour of the piated beams.

Ladner (1983) derived a set of lower and upper limits for
the total reinforcement ratio {internal and external) to
ensure that it weuld yield before the concrete failure in
the compression zone. He also showed that the fiexural
capacity of externally reinforced concrete beams could be
determined from existing ultimate strength methods of
analysis by simply considering the plates to act as part of
the reinforcement. The resulits of these analyses had shown
that the plate was much more effective than reinforcing
bhars because of its greater lever arm. However, as the
plate was not enclosed and hence not “gripped” by the
concrete, as in the case of the reinforcing bars, much
research has gone into studying the premature failure due
to separation between the piate and the concrete, which was

referred to as peeling.
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Johnson and Tait (1981) tested specimens 1in which the

plates terminated in regions of shear, flexure and axial

loads; VanGemert (1981) in regions of pure shears; Ong and

Cusens (1982) in regions of bearing stress; Jones et al.

(1988) in the regions of shear and flexure and Oehlers

(1988) studied the problem of flexural peeling stresses on

the serviceability and ultimate strength of upgraded

concrete beams. It appeared from these studies that two
distinct forms of failure can occur:

(1) shear peeling, induced by the formation of shear
diagonal cracks and which is associated with rapid
separation of the plate; and

(2) flexural peeling, induced by increasing curvature and
associated with a gradual separation of the plate.
Equations were developed to predict the ultimate
peeling moment that caused the complete separation of
the plate from the beam, and serviceability peeling
moments that caused the initial formation of peeling
cracks. It was concluded that the peeling strength
depended on the flexural rigidity of the cracked
plated section, and it did not depend on the previous
lcading history of the beam or the initial curvature
of the beam. The research also provided few design
rules for preventing peeling such as restricting the
width and the thickness of the beam and the neutral
axis depth of the beam. More recent theoretical

research by Robert and Haji-Kazemi (1989) and



experimental tests by Cehlers and Moran (1990) indicated
that peeling can be induced by shear as well as flexural

forces.

Oehlers and Moran (14980,1892} showed that externailiy bonded
plates nad a tendency to peei away after the formation of
shear diagonal cracks (before the design load was reached)
or when the curvature of the beam was 1increased. Fifty
seven plated reinforced concrete beams were tested to study
peeling induced by 1increasing curvature. In these tests,
the geometry and material properties of the beams were
varied, and the beams were subjected to pre-cracking and
pre-cambering, as might occur in an existing structure. The
results were used to formulate a designh method to prevent
debonding due to peeling for beams strengthened by gluing
mild steel plates to their tension faces. This method
determined the moment at which peeling started
(serviceability 1imit) and the moment that caused compiete
separation of the plate (ultimate 1limit). The peeling
strength due to Tlexural forces was found to be dependent
on the flexural rigidity of the cracked plated section, the
tensile strength of the concrete and the thickness of the
plate. The strength was however, independent of the
previous Jloading history of the beam, or the 1initial
curvature of the beam and the method of clamping the plate
to the beam on gluing. Beams piated over part of their

width were found to have an increased flexural peeling
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strength. Furthermore, it was found that debonding at the
plate ends due to shear forces was not influenced by the
presence of stirrups and depended on the formation of the
diagonal shear crack as measured by the shear strength of
the unplated structure without stirrups, so that limiting
the shear flow at the steel-piate-concrete-siab interface
woluld not prevent this form of debonding. It has also been
found that this system 1is better suited faor the
strengthening of reinforced concrete slabs than reinforced
concrete beams, although it enhances the serviceability

requiremaents of both types of structures.

Hamoush and Ahmad (1990} 1investigated the behaviour of
damaged concrete beams strengthened by externally bonded
steel ptates, using linear-elastic fracture mechanics and
finite element method. The study investigated the failure
by interface debonding ¢f the steel plate and later the
adhesive as a result of interfacial shear stresses. Simply
supported concrete beams under monotonically increasing
symmetrical JToads were considered. The following parameters
~were studied: the effect of vertical flexural cracks in the
concrete and the interfacial crack between the steel plate
and epoxy layer upon the ultimate Toad capacity, and the
thickness of epcxy layer and the position of external load
upon the changes in the strain energy release rate and the
stress intensity factors. The study also assumed that the

horizontal interface cracks between the stes] plate and
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adhesive layer were developed from the bottom tip of the
flexural c¢rack nearest to the support, and extended
horizontally outward toward the supports, The following
conclusions were drawn:

(1) For undamaged concrete beams, the strain energy release
rate for an interface crack between steel plate and
adhesive layer was negligibly small, and the steel plate-
strengthened beam has high interface debonding locad;

(2) The strain energy release rate 1initially reached a
maximum value when the length of the interface crack was
approximately equal to the length of the flexurail cracks;
(3) The existence of a targe number of flexural cracks
{(more than five) released the shear stress at the
interface, and that Ted to a reduction in the strain energy
release rate and stress intensity factors;

(4) For the range of thickness of the adhesive studied (2.5
=t 2 6.35mm), noc noticeable effect on the strain energy

release rate and the stress intensity factors was observed.

Saadatmanesh and Ehsani (1991) reported preliminary results
from the study of reinforced concrete beams with glass
fibre-reinforced plastic {GFRP) sheets bonded on the
tension zone. Their work emphasized that the selection of
the appropriate adhesive was of primary importance in the

mechanical performance of the strengthened members,
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Triantafillou and Plevris (1992) wused the strain
compatibility method, concept of fracture mechanics and a
simple model for the fibre reinforced plastic (FRP)
peeling-off mechanism tc provide a systematic approach to
the study of the short-term flexural behaviour of
reinforced concrete beams strengthened with externally
bonded composite sheets, Results of Tfour-point bending

tests were used to confirm their analysis.

Other reports by Solomon and Gopalani (1979), Raithby
{1980), Lloyd et al.(1982), Raju and Nadgir (1991}, Rao et
al (1%92) and Kar and Sharma (1992) are also avatiiable. The
reports discussed various aspects of the behaviour of
concrete beams externally reinforced with epoxy—-bonded
steel plates and in each case the effectiveness of this
strengthening technique for strengthening concrete flexural

members in existing structures was attested.

2.3 Applications

The technique of strengthening reinforced concrete
members 1in situ by externally epoxy-bonded steel
plates has been widely used in various parts cof the
world — for buildings as well as for bridges. The
first recorded case was in Durban, South Africa, in
1964, where epoxy-bonded steel plates were used to
strengthen concrete beams in an apartment complex

(Dussek, 1980), where part of the reinforcing steel in
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the building had been accidentaliy omitted during

construction.

In the former USSR in 1974, a 60-year 01d continuous-span
reinforced concrete bridge was repaired with bonded plates
(Klaiber, et al. 1987). Twenty-five percent of the
reinforcement in the original bridge had corroded away
because of poor drainage. In the negative mement region,
steel plates were bonded to the clean deck surface. In the
positive moment region, bolts were welded to the exposed
reinforcing steel and plates were bolted and bonded to the
underside of the beam. The bridge remained open to the

traffic while being repaired.

Four bridges on the M5 Motorway at Quinton Interchange,
Worcestershire and two bridges on the M25 - M20 Motorway
Interchange at Swaniey, Kent, in England were strengthened
by plating in 1975 and 1977, respectively (Dussek, 1980).
At Quinton, cracks were discovered in the soffits of the
end and main spans during a routine inspection of the
bridges. These bridges were constructed of box-reinforced
concrete slabs and they were continuous over three spans of
16.75m, 27.40m and 16.75m. Calculations indicated that
inadequate tension reinforcement had been originaltly
provided 1in parts of the end spans and in the edge of the
main spans. Two alternative repair methoads were considered:

{1) Prestressing with cables; and (72} bonding steel plates.
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Several bridges on an elevated highway in Japan have been
strengthened with epoxy-bonded steel plates (Maeda et al.,
1980). Many of the slabs in these bridges had cracked,
displayed excessive spalling and scalting, or had
insufficient reinforcement. Thin steel plates were bonded
to the bottom of the slabs with epoxy adhesive and anchor
bolts. Two construction methods were used: in one case, the
adhesive was applied to the steel and concrete surfaces
prior to setting; in the other, the plate was set in place
first and then a l1igquid resin was injected in the space

between the concrete sliab and steel ptate.

More recently, the precast, prestressed holiow-box beam
skew bridge at Rotherham was Timited to a maximum vehicle
loading of 100 tonnes. Strengthening of this bridge to
carry an abnormal load of 465 tonnes was effected by steel
piates bonded transversely to the soffit of the deck,.
Another heavily skewed reinforced concrete hbridge in
Deryshire was also strengthened by externally bonded steel
plate reinforcement (Swamy et al., 1989). There are many
other applications of epoxy-bonded steel plates to concrete
girders. in each case, the girder strength was
significantly increased by bonding steel plates to the
tension flange. The practical applications of this

strengthening method are shown in tabie 2.1%.
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Table 2.1 Applications of Steel Plate Bonded for Strengthening of Concrete Structures

Date | Structure/Location Reason for Strengthening | Remark rReference

1964 | Concrete beams 1n Accidental omission of Low reinforcement ratio Dussek,
an apartment part of reinforcement 1980
complex 1in Durban, during construction
sSouth Africa

1974 | 60-year oid 25% of the reinforcement |Steel plates were bonded |Kiaiper,
continuous span in the original bridge to the negative and et al,
reinforced concrete | corroded away due to positive moment regions 1987
bridge in the poor drainage
former USSR

1975 |Quinton bridges M5 Design checks indicated Load tests indicated Dussek,
motorway near that bridges would not that flexural stiffness 1980

Birmingham, UK

meet flexural service-
ability requirements for
heavy vehicles

had increased by 11% and
crack opening under load
reduced by 35-40%.
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Table 2.1 Cont.
Date | Structure/Location jReason for Strengthening | Remark Reference
1977 | Swaniey bridges Development of flexurai Scheme 1nitiated, Dussek,
MzZ0/M25 motorways, jcracks suggesting remedial work performed 1980
Kent, England inadequate iongitudinal and loading tests
reinforcement of deck compieted in four months
siabs
1978 | Several buiigings Increased flioor loadings |Fiexural strength was Arandit,
in Zurich, foliowing change in use upgraded by plating and 1979
Switzerland existing structure
provided a factor of
safety of at least 1.1 1in
the event of fire
1979 | Several bridges 1n [Many slabs 1in these Steel plates were bonded Maeda, et
an ejevated pridges had cracked, to the bottom of the al. 1980

nighway in Japan

displayed excessive
spalling and scaling or
had insufficient
reinforcement

siabs with epoxy resin
and anchor bolts
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Tabie 2.1 Cont.
Date | Structure/Locaticn [Reason for Strengthening jRemark Reference
1972 | Severai reinforced §} Calcuiations indicated Filat steel sirips bonded Kiaiber,
and prestressed that inadequate to the upper surface of et ai.
concrete bridges reinforcement had been the sl1ab in negative 1987
in Poiand originaily provided 1in moment areas. Aisc steel
parts of the end spans plates were ponded to the
and in the edges of the underside of concrete
main spans bridge decks
1982 pBrinsworth read Additional lateratl Defiections were Swamy, et
bridge, Mi reinforcement required considerably less than al. 1989
motorway near to atlow a 467 tonne those predicted as
Rotherham, UK toad to be transported vehicies crossed bridge;
up the motorway strengthening compieted
in five months
1982 | Skewed reinforced Additional transverse Load tests revealed the Swamy, et
concrete bridge in | reinforcement reguired significant increase in al. 1989
Deryshire, UK to carry an increased strength
Toad
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CHAPTER 3

al

ul

ANALYTICAL  MODELLING OF  PLATE

REINFORCED CONCRETE SLABS

Introduction
The stresses in the steel plates, concrete slabs and
the deflection at midspan of simply supported concrete
slabs strengthened with epoxy-bonded steel plates,
subjected to centrally applied concentrated load were
calculated. An incremental deformation technique based
on the principles of equilibrium of forces and
compatibility of deformations was used to determine
the state of the stresses and deformations in the
slabs. A typical cross-section used in the analytical
study is shown in Fig. 3.1. The steel plate has width
b

thickness t, Young's modulus E and tensije

pit pl

failure strain e the concrete has compressive

pi?
strength f'v strain e, and Young’s modulus E,; and the
steel reinforcement has area A¢y Young's modulus E, and
yield stress f,. The method presented herein for the
numerical solution is general and is applicable to

different types of loading and support conditions.

| | 1 -

! b) bl di - --3lee uai

- . ' : ért; & 1;..__51&_9_!9.!9.
b

]

Fig. 3.1 Slab Test Set up and Typical Cross-section
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Basic Assumptions

The basic assumptions made 1in the analysis were the

following:

(1)

(3)

Slabs were assumed to be simply supported and
loaded with a concentrated Toad at the centre
(Fig. 3.1 above). This assumption was necessary
in o¢rder to compare the results with the
available measured data. The model can be easily
modified to analyse slabs with other load
distributions.

As the siab is bent, pliane sections within the
slab and piate were assumed to remain plane
(Bernoulli’'s theorem). This also means that the
digtribution of strain across the slab and across
plate s 1linear. However, due to possible
slippage at the 1interface, the strain at the
interface may be discontinuous.

The stress-strain retationship for the
reinforcing bars and steel plate were assumed to
be elastic-perfectly piastic with strain
hardening effect included {Fig. 3.2), This effect
can be neglected 1T ACI 318-83 (ACI 1983)
idealization was selected. The strain hardening
effect was inciuded because test data have
indicated an increase in the load capacity due to

strain hardening.
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(4)

(5)

(6)

(7)

tan 8= Es

s

Mp-r—=—
~

3.2 Ildealised Stress-5train Reiationship for

Reinforcing Bar and Steel Plates

fFull interaction at the interface bond between the
piate and the slab was assumed.

Perfect. bond was assumed at the interface as well as
between the steel reinforcement and the concrete,

The curvatures of the slabs and the composite plate
during bending are the same and therefore, no
debonding was aliowed slab.

Hognestad's parabola of idealized stress-strain curves
for concrete in uniaxial compression was assumed. Fig.
3.3 shows the stress-strain curve of concrete, where
f"E: kf"c = the maximum compressive stress reached in
the concrete of a flexural member; k = stress block
parameter at flexural strength of rectangular section
(Park and Paulay 1975); f' = concrete compressive
strength; f,. = stress in concrete; g, = strain in
concrete at maximum stress; e, = strain in concrete
and E. = initial tangent moduius of concrete. The
ultimate concrete strain was assumed equal to 0.0035

(mm/mm)} while the concrete tensile strength was

neglected.
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Fig. 3.3 1Idealised Stress-Strain Curve for Concrete in
Uniaxial Compression ’

(8) The composite slab fails when either the concrete
strain reaches 0.0035 or the composite steel plate
reaches its ultimate strain. Because the composite
slab was assumed to have sufficient shear strength, no
shear deformation considerations were made in the
analysis.

(9) Small deflections.

(10) Temperature and shrinkage stresses were ignored.

3.3 Calculation of Strains, Stresses and Deflection at

Midspan due to Applied Load

The strains and stresses across the depth of the

section and the curvature at midspan, were calculated
based on the assumptions above, Fig. 3.4 shows the
strains and stresses across the depth of the section
with a composite steel plate bonded to the tensicon

face.
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For ease of calculations instead of incrementing the load,
the strain in Lhe extreme fibre of concrete, g, was
increased in specified increments to generate the Tload-
deflection curves. After each increment of strain the
location of the neubtral axis was iteratively calculated
until the equilibrium of forces across the depth of the
section 1is achieved. The internal resisting moment was
calculated by summing the mwmoments of all the internal
forces about the neutral axis. The corresponding applied
load was then found by equating the internal resisting

moment and the moment produced by the applied Toad.

The strains, stresses and the forces across the depth of

the cross section were calculated as follows:

Ecf

T e PR =

"d| dp{
o..i Esi

. | o— ::::ﬁ
S Epl fpl = F
SECTION STRAIN STRESS FORCE

Fig. 3.4 Strain, Stress and Force Diagrams across Depth of

Section
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3.3.1 Strains:
The strain diagram 1is shown in Fig. 3.4 above. The strain
in the extreme fibre of concrete in compression at midspan
£,; was increased until failure is reached. It is assumed
that failure is reached when either the concrete strain
reaches 0.0035 or the composite steel pilate reaches its
ultimate strain. The strains in the reinforcing bars and
compostite steel plates were calculated in terms of €,
(strain in the extreme fibre of concrete) and an unknown

location of neutral axis, X, using similar triangies in the

strain diagram from the folilowing equations:

x-d
‘ .
e_=- € (301}
s ¢ 5
x-d
-— __1 1 ]
€y~ By - (3.2)
where ¢ = assumed and then increased in specified
increments; £ = strain in steel reinforcement at ijevel 1i;
X = distance to neutral axis measured from top concrete

fibre; d; = distance from top concrete fibre to centroid of

steel reinforcement in layer i: €, = strain in composite

pl
steel plate and dw = distance from top concrete fibre to

centroid of composite piate.

3.3.2 Stresses:
The steel reinforcement stresses 'FSi and steel plate stress
fﬂ corresponding to strains e and e, were found from the

stress-strain curves for steel reinforcement and steel
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piate (Fig. 3.4 above}

fu-E et e se {(3.3)
Jo=Fp He >z, (3.4
where E, = modulus of elasticity of steel reinforcement;e

y

= yield strain of steel reinforcement and E,;, = modulus of

il
elasticity of composite pilate.

3.3.3 Forces:
The steel reinforcement forces T; and plate force, F were
found by multiplying the steel stresses by their

corresponding areas and the plate stress by plate area,

respectively
T, -, A, (3.6)
F-—f,,AF, {3.7)
where Asi = total area of steel in jayer i: and %] = area of

composite steel plate.

The distribution of concrete stresses in compression zone
was found from the Hognestard’s stress—-strain curve of
concrete (Fig. 3.3). The concrete stresses in the elastic
and elastic-plastic regions (based on Hogestard et al,.

1955} were expressed as follows:
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For any given concrete strain in the exireme compression
fibre e,, the concrete compression force C, 18 expressed in
terms of a parameter aq, defined as folilows (Park and Paulay

1975).
C.-aflbx (3.10)

The parameter a {(mean stress factor) was used to convert
the noaniinear, stress-strain relationship into an
gguivalent rectangular stress-strain curve,. It was
caiculated by equating the area under the stress-strain

curve to an equivalent rectanguiar area

rd /] P
A-L"j;bef-nj: e {(3.11)

where A = area under stress-strain curve of concrete (see

Fig. 3.3). Then, a was obtained from

o1 de,

— (3.12)
|ﬁ ty
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The right side of eguation (3.12) was evaluated for the

values of a as follows:

(1) 1If O<e<e;, and substituting the value of f, from

eguation (3.8), then

[ fi’[ 2:: i (%)2 ] -

a -
'/
' [c tcf
2 a Ife 2 3
_ 1 €. e. _ 1 Cer Cor -0
Cor| ®o 3eq |, €or|l & 3eq
Therefore,
e e )
e - —<f __C: (3.13)
20 339

(i1) If e;<ey20.0035, and substituting the values of f, from

eguations (3.8} and (3.9), then

®o fcézc f'd fcazc
-+

a - =2 St
fgch gscf
oo o 0.15
1 -~ ———— {e_-¢e,) | &2
€r _ e, R L, "'I 6.664 - &, °© % ] <
€ 3e2 f,fac,
H [ 2 L
- Bt Ber 2 e — 0.15 (e, - &)
80 3cg tcf ° 0.004 - 80 2 e
N L]
D Ber Cee, 1|, _ _ 0.5 (e - 2)0% | &
£y 3¢? Ceor | € 0¢.004 - g, 2 € e
_€er _ ter . 0.15 T, , %0 | &
e, 3¢2 0.004 - ¢, | 2 ¢ 2e e s



Therefore,
2
-1+ Lot 1- €er_ %o | _ 0.15 {‘ct_cl
e, 3¢, o2, 0.004-e,\ 2 ¢

(3.14)

_o.075 [ %
0.00a-¢ | ¢,

The position of concrete compressive force Cc‘ measured from
the top fibre of concrete, was expressed in terms of the

parameter y, shown in Fig. 3.4 and calculated as follows
d.-yx (3.15)

where dc = distance from top concrete fibre to 1ine of

action of concrete compressive force.

The first moment of area under the concrete stress-strain

diagram about the origin Q@ is given by
: 4 — ~. -
Q-Idfcccbccuccn (3.18)
o
where e, = strain at centroid of area under stress-strain

diagram.

The strain at centroiad e, can be defined in terms of e, by

e.-(1-y)e, (3.17)

and therefore

O-e A-(1-y)e, [ £ Be, (3.18)
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The parameter y (centroid factor) was cobtained by egquating

{3.16) and (3.18)

1 [ = b (3.19)
Y- Py s .
gcffa fc L

Equation (3.19) was evaluated for values of ¥ 1in the
concrete slab both in the elastic and elastic-plastic
regions by integrating the concrete stresses over the slab

area as follows:

(i) If 0se <€y, and substituting the vaiue of fc from

equaticn (3.8), then

2e . e \?
el (e o
0 g, z2,
Y-1- :
of i ch _ zc 2
cr.-ff fc[ 'm [—t_a_) 62‘,__
[ 2e, el l 2¢%, ety o
g, 4e] 3e 2 [
_1_ -1 - 4] 430
g
87;'.' 8?:.: lch zlcf
et — ~ ) €cr - 2 -0
€o 3e, o 3¢,
e . S0 3 4e, 1 - 12e,, 4e, — ¢,

1(1_=,,,] [3-»0-:.:,) EETAEETY
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Dividing right hand side through by 1zg

i _ €or
3 12
y - fo (3.20)
1 - g
e

(i) IT g;=e;30.0035, and substituting the values of f from

gquations {(3.8) and (3.9}, then

L"zc £, 8¢ + I'“ e  f_ 8¢

& 2e 2
Lo; Lo z: —(-z_: ]bcc+!‘de¢t'¢',11 3 %0}:’_ {e _-¢,)d¢ c]
-] -
© 4 2e,. (e Y Ter 6.1
cch f:{ . M:a)]62°+t‘ . t':{l 9.004-¢, (e t@)Bec]

L3 \d
2el et ) e _ 0.15¢> (e 2,2 |~
3¢, 4¢3 2 2{0.004-2) 2
- 1 —

o of
e LT veg | e - 013 (e el
Il ey, 3¢l ef | "« g _004-¢, 2

2
e 0.15 {e ,—25)"
"‘cr[eo‘?o]*tuf[tcf‘ e _° ~ 38 oy

€ r 0.1552‘_.‘ (e C,f“gclz ‘0
2 " 2(0.00d-¢y) 2
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a3 2 2 2 2
€q . Ccr _ G.15¢ » €oe £ g, + 2]
1 - 12 P 2(0.004-¢;) 2 2

i, . 015, ey Cefe. x % e,
e °f "0.00a-e, | 2 @7 "2 3
Therefore
-1~ (e%-5.1e 2%, 0.004e%+0.024e%,) {2.21)
e.r(3.925¢%-10.2¢ ¢ ,-0.9¢%,0.0165 ,+0.048¢e )
3.3.4 Location of Neutral Axis and _Internal Resisting

Homent:
The Tlocaticn of the neutral axis X was obtained from the
equilibrium of internal forces across the depth of the cross
section as given by eguation 3.2Z. This equation is solved
iterativaely by first assuming a value for X. This was then
varied until the equiiibrium of forces across the depth of the
cross section is satisfied, or the magnitude of the equation

reached below some specified value.

o
afifb;“;; £g5 Bg; + £py Ay = 0 (3.22)

The internal resisting moment was obtained by summing the
moments of all internal forces about the neutral axis, taking

all and moment arms as positive quantities.

- uf.’,’bx{g v + i £,:4, g-di] . fﬂa,,,(g -d,,) (3.23)
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3.3.5 Applied Load:

The applied Toad, P, was calculated by equating the internal
resisting moment and the external moment produced by the
apptied Tload. For a simply supported slab with one

concentrated load at the centre the external moment s given

by :
Mm-—-‘f'-u {3.24)
solving for P;
aM ;
- A 3.25
p-— ( )

3.3.6 Curvature:

The curvature at midspan was calculated by dividing the

concrete strain £, by the neutral axis X

¢ - Sor (3.26)

3.3.7 Deflection:

The moment-area method was used to caiculate the deflection
aof the simply supported, centraliy loaded siabs that were
tested in this study. The deflection, A, at the midspan of

the slab is obtained from:

Lz
A= L (3.27)
12
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A microcomputer program called PSLAB (Plated Slab) was
developed to carry out the numerical calculations. The
program was written in FORTRAN 77 (see appendix 1I}. The
results of the anaiytical modeis were compared with

exparimental data of strengthened slabs.

3.4 comparison of Measured and Analvtical Results

This section describes the use of analytical models
for the prediction of the ultimate response of the
strengthened siabs in this study. The tables presented
show the characteristics of the test slabs, the
measured and analytical ultimate locads and moments
along with the ultimate deflections as well as the
mode of coilapse of each siab. Finaily, a discussion
of the results foiiows with the aim of evaluating the
correlation between the analytical and experimentai

data.

Using the data presented in Table 3.1 and the computer
program PSLAB {see appendix A) written to solive the
analytical models developed 1in this study, the
ultimate behaviour for each strengthened slab was
calculated. The compariscn of the measured versus
analytical values are presented in Tables 3.2 and 3.3,

The modes of collapse observed during test included:
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(1) Concrete crushing due to Flexural-Punching,
(21 Shear failure due to diagonal tension and

{3) Plate separation before the crushing of concrete,

Because the analytical model assumed that the composite
siabs have sufficient shear resistance to preclude diagonal
tension failure, shear failure was not accounted for 1in
PSLAR. Failure modes that were included are modes (1) and
(3) Yisted above. The cbserved and predicted results on the

modes of collapse are presented in Tabie 3.5.



Table 3.1

Geometrical and Material Properties of each Slab Series

Series | Slab Concrete Steel Steel Plate / Epoxy Adhesive
No. NO. Reinforcements
f. i o, e L7 by bAn, | f, . | E-E, H
(N/mer ) {(mm) (mat) | (mm) | (mm) | (m) | (N/me') N/mm* ) (mm)
ROPO 35 = - = - - - - - 100
A R1PO 35 = - - = - - - = 100
R1EP 35 1 188.63 478 3 700 2100 30 2500 100
R1P2 35 2176.11 478 2 700 1400 400 200000 100
B R1P3 35 2 176.17 478 3 700 2100 400 200000 100
R1P4 35 2176,22 478 4 700 2800 400 200000 100
ROPZ 35 i - - 2 700 1400 400 200000 100
t ROF3 35 1 - - 3 700 2100 400 200000 100
ROP4 35 1 - - 4 700 2800 400 200000 100
R1EP-P 35 1]88.63 478 3 700 2100 30 2500 100
R1PZ-P 35 2 176,11 478 2 700 1400 400 200000 100
D R1P3-F 35 2176.17 478 3 700 2100 400 200000 100
R1P4-P 35 2 176.22 478 4 700 2800 400 200000 100




3.4.1 General Observation on Measured and Predicted

The experimental and predicted wuitimate Toads and
deflections are shown and compared in Table 3.2. The
results show that the ratioc of the measured and the
calculated Joad capacities varies significantiy even within
the same series. These ratios across the series range from
0.64 to 1.26. However, the analytical values of almost all
the sjabs are within a reasonabile approximation from the
experimental ultimate Joad values and the agreement between
these values is satisfactory. For the ultimate defiections
of the test slabs, the calculated values 1in most cases
(except in the case of siabs R1EF, ROP2 and R1EP-P) were
marginally smaller than the test data as would be expected.
The discrepancy can be attributed to a lower values of
moduius of elasticity of concrete and much higher concrete
ultimate strain (beyond the assumed value of 0.0035) in the
slabs. The high c¢rushing strain could have resulted from
the confinement provided by the steel bearing plate

transferring the load to the stab.



Table 3.2

i
[l

Measured and Calculated Results for Siab Tests Series (A}

through (D)

Series Slab Experimental Calculated Ratio of
No. No. Uitimate Uitimate Experimental
to Calculated
Load Deflection | Load Dafiection § Load | Defiec~
{(kN) (mm) {kN) (mm) tion
ROPO 39 2.33 35 1.96 i. 1 1.89
A RiPO 122 9.&1 105 5.78 1.16 1.70
RIEP 177 4,18 170 5.55 1.04 0.75
RIPZ 224 4.81 194 4.19 .16 .15
B R1P3 237 4.36 238 3.28 1.00 1.33
R1P4 240 3.81 251 3.1 J.96 1.19
ROF2 233 4,04 i85 4.62 1.26 0.88
H ROP3 165 4.07 235 3.39 g.70 1.20
ROF4 161 4.00 2b2 3.24 0.64 1.24
R1EP-P 153 3.59 170 5.5% 0.90 0.65
Ri1p2-p 216 4,72 194 4.19 1.11 1.23
D Ri1P3-P 241 4.13 235 3.28 1.01 1.26
RiP4-F 210 3.75 251 3.21 0.84 1.17




To find the average defiection and ultimate 1oad
approximation within each series, the mean deflection and
load ratios of all siabs within the same series were
calculated and presented in Table 3.3. The mean deflection
ratios ranged from 1.078 to 1.795, while the ultimate load
ratios ranged from ¢.867 to 1.i135. However, the percentage
error of these mean defiection and lcad ratios Trom the
exact mean ratic (assumed as 1.00) for series B to D ranged
from 7.8% to i0.70% and ~13.3% to 4.0% respectively. In the
same comparison, series A has a mean deflection ratio of
79.5 and ad ultimate 1oad of 1.79. This fact shows again
that PSLAB’s accuracy could be considered good for the

slabs of series B to D and not acceptable for series A,

Table 3.3 Mean Values of Deflection and Ultimate Load Ratios for each

Slab Series

sSeries No. mMean Ratio of % Error
Measured/Caiculated
Load Deflection L.oad Uef tection
A 1.135 t.795 13.5 79.5
B 1.040 1,105 4.0 10.5
C U.867 1.107 -13.3 10.7
] {.965 1.078 - 3.5 7.8
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The ultimate flexural moments and pliate strains of all
the plated siabs were aiso calcuiated by the models
deveioped and the results were compared with the

axperimental data and presented in Table 3.4.

The first thing to note in Table 3.4 is that the plate
strains were in reascnabiy close agreement with the test
data. The experimentally measured and theoreticaliy
computad ultimate moments of both piated and unpiated
slabs indicated that their mean ratio was abocut 1.00,
with a minimum value of 0.64 and a maximum of 1.26. The
relation between the measured and calcuiated ultimate
moments was aliso studied in Fig. 3.5. The 1ine of
eqguality in the figure is labelied as 4h5-degree line. Had
the calcuiated and the measured results been in perfect
agreement, all the points would have been on the 45-
degree line shown in the Fig. 3.5. The points which are
beiow the T1ine represent cases in which the actuail moment
exceeded the predicted value. The analytical results for
these cases are, of course, conservative. The points
above the 45-degree 1ine represent an overestimation of
the moments. It can be seen that all the points were
relatively close to the 45-degree line and that the
majority of the estimated results were conservative. In
all cases, the predicted values compared very well with

the Timited experimental data,
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Table 3.4 Uitimate Plate Strains and Moment Capacity of Test Slabs
Series | Slab Ultimate Piate Uitimate Moment Ratio of
No. NO. Strain (ustrain) (khNm) Measured to
Theoretical
Measured | Theore~ | Measured | Theore— | Strain ] Moment
tical tical
ROPG - - 17.556 15.75 - 1.11
A R1PO - - 54.90 47.25 - 1.16
R1EP - - 79.65 76.50 ~ 1.04
RiPz 668 600 1040.80 87.44 1.11 1.15
& ]1iP3 540 500 106.65 107.03 1.08 1.00
R1P4 528 500 10&.00 112.81 i.06 0.96
ROP2 866 700 104.85 85%.33 1.24 1.26
C ROF3 404 500 74.25 105.90 .81 0.70
RGP4 314 500 72.45 113.23 (.63 0.64
R1EP~P - - 68 .85 76.50 ~ 0.90
R1P2-F 152 600 a7.20 87.45 1.25 .11
0] R1P3~P 562 500 108.456 107,03 1.12 1.01
R1P4-P 420 500 94,50 112.80 .84 0.84
mean ratio = 1.00
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Fig. 3.5 Comparison of Measured and Predicted Ultimate

Moments

The expected (i.e. from calculations) and actual modes of
failure of the test slabs are given in Table 3.5. The
results show that the analytical models can to a very
large extent predict the modes of collapse of
strengthened slabs. Plated slabs can fail in several ways
when loaded in bending. Failure modes observed in slabs
tested in this study can be classified into three
categories: Flexural-Punching failure, Shear failure and
Plate Separation. Flexural-Punching takes place in slabs
in which most of the reinforcement yields before punching
occurs and consequentiy the slab exhibits large
deflections prior to failure. Shear failure occurs when

the siab shows small deflections, with yielding of the
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tension steel being very localised at the point of 1oad

application. Plate Separation can occur due to:

(1) the sudden propagation of cracks in the adhesive
{most resin adhesives are brittle);

(2) peeiing-off of the steel pliate because of the shear
cracks in the concrete; and

(3) shear failure of the concrete Jayer between the

steal plate and the longitudinal reinforcement.

S5lab ROPQ of series (A) failed in pure shear as predicted
and so did the stabs of series (c). Slab RI1PQ of series
(A) and all the slabs of series (B8) and (D) were expected
to fail in flexure, these slabs (except slab Ri1PZ} did so
after the formation of the yield 1ine patterns, and then,
a punching faiiure occurred. However, sliab R1Pz failed in
flexural-punching after debonding due to the peeling-off
of the steel plate. The peeling-off debonding takes place
in the epoxy adhesive used to bond the steel plate to the
concrete. This was observed to produce a sudden drop in
the locad-deflection curve at a point corresponding to the
response of the slab atter yieliding of the steeil

reinforcement.

Although only test data from this study were used to
evaluate the analytical models, 1t can be stated that the
models are likely to yield satisfactory results for

strengthened siabs in which shear failure is precliuded.



Table 3.5 Comparison of Observed and Predicted Modes of Failure

4]
oo

Series No. Stab No. Ubserved Mode Predicted Mode

ROPG S S

A R1FQ F 5
R1EF F F

Ki1F2 P F

B R1F3 F F
R1P4 F F

ROPZ [ 5

¢ RGP3 R 5
ROF4 S s

R1EP-P F F

R1PZ-P F F

D R1P3-P F F
R1P4-P F F

Note: F = Flexure-Punching predominant concrete crushing
5 = Shear or Punching shear predominant concrete rupture

P = Plate Separation



CHAPTER 4
EXPERIMENTAL INVESTIGATIONS
4.1 Materials

A11 the materials used in these tests were tested and
found to comply with the reguirements of the relevant
standards. They were aiso obtained from a single
source in to order minimise any difference 1in

properties. The materials are enumerated here under.

4.1.1 Concrete

The concrete in the slabs was designed for a 28-~day
compressive strength of about 35 N/mm’ consistent with
that used 1in precast prestressed peams in bridge
construction. The mix proportions were 1:1.8:1.9
(Cement:Fine Aggregates:Coarse Aggregates) with a
water/cement ratio of 0.52 and containing a
plasticiser for adequate workability. #High eariy
strength cement, two types of coarse aggregates with
maximum sizes of 12.5 mm and 7 mm, and fine aggregates
of gilica sand (size passing 0.5 mm} were used. The
mixes were designed to have a stump of 100 mm. The mix
details are given in Table 4.1. 5ix concrete cylinders
152 mm in diameter and 308 mm high per slab were cast,
cured under the same curing conditions as the test
siabs and tested the day that a corresponding siab was

tested. The mix was vibrated with electronic vibrators

in forms and the cylinders and siabs were cured for at



t |

Pilave 1 concrete Cylinder Test for Compressive Strength

Plate 11 Spiit-Cyitinder Test for Concrete Tensile Strength
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Table 4.2 summarizes the measured mechanical properties of
the concrete. The compressive strain at maximum compressive
concrete stress and tensile strain at the maximum tensile
stress are also given 1in Table 4.2. Typicai concrete
straess-strain curve is shown in Figure 4.1. The compressive
strength was calculated by dividing the maximum load by the
cross sectional area of the cylinder. The tensile strength

was calcuiated from:

- —— (4!-]-}
1: nlD
where:
f, = tensile strength
P = maximum applied locad

—
1l

specimen iength

0 = specimen diameter

1

The modulus of elasticity was calculated wusing the

following equation as given in ACI 3158-83 (ACI, 1983);

%]

E,-003WS[f (4.2)

where:

modutus of elasticity (ijmi)

il
I

unit weight (Kg[ﬁ)

-3
1]

L)

f,’= compressive strength (N/mm)
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Table 4.2 Mechanical Properties of Concreie
Test Compressive | Compressive | Tensile Tensile | Modulus
Sampie Strength Strain sirengtih Strain of
(N/mer ) (x 10y (N/mat ) (x 10') { €lasti-
city, Ec
(N/mmt)
ROPO 37 T 3.0 3.44 1.08 30700
R1PQ 40.56 2.7 3.57 1.09 31840
R1EP 39,05 2.8 3.50 1.07 31250
Ri1P2 41,29 2.6 3.60 1.10 327930
RiF3 40,65 2.8 3.57 1.08 31880
R1F4 37.49 2.9 3.43 i.09 30620
ROP2 42.59 2.5 3.66 1.08 32630
ROP3 38,27 2.9 3. 46 1.07 30930
RrROF4 40.50 2.7 3.56 1.04 31820
RiEP-P 39.42 3.0 3.52 1.06 31390
RI1PZ~F 40,68 2.6 3.57 1,07 31890
RIP3-P 44,73 2.5 3.75 .12 33440
RiP4-P 41,12 2.6 3.59 1.08 32060
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Fig. 4.1 Typical Stress-Strain Curve for Concrete
Cylinders Loaded in Uniaxial Compression

4.1.2 Steel Reinforcement

Cold-worked deformed bars conforming to the requirements of
ASTM A588 (ASTM, 1973) and BS 4461 (BS, 1969) standards for
deformation were used as tension steel in all the slabs.
The steel was of high yield material with a diameter of
4.04mm. Six control specimens of the reinforcing steel were
cut and tested at a cross-head speed of 25mm/min under
uniaxial tension to establish their yield and ultimate
strengths. A 50mm extensometer was used to determine the

steel strains (see plate I1I).



The measured tensile properties, given 1in Table 4.3,
exceeded, the minimum yieid stress (517 N/mnf), tensile
strength (586 N/mm°) and elongation (16 percent), specified
in ASTM AS588 (ASTM, 1973). A typical uniaxial stress-strain

curve for the steel bars in tensicn is shown in Fig. 4.2

Piate 111 Stee]l Uniaxial Tension Test
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Table 4.3 Summary of Froperties of -teel Plates and Reinforcing Bar

Proof/Yield p-Uttimate iGauge Eiongation | Elastic
Sample S5tress Strength | Length %) Modulus
N/ 3 (N ) | Com) (kN /mé )
Z mm Plate Ai7.87 401.73 145 24 210
1
3 mm Plate 360,79 464, #4 } 195 22 210
4 mm Plate 403.71 B2T,0U 195 20 210
4 mm bar 517.84 635.95 300 158 220
600
S

500

400

Stress (N/mmz)
L
o
S

200 |-

100

Q | i v | )
0 10 20 30 4Q 50 60

Strain x 107 (mm/mm)

Fig. 4.2 Uniaxial Stress~Strain Curve for Steel in Tension
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4.1.83 Stee]l Plate

Three plate thicknesses of Z2mm, 3mm and 4mm, were used as
external reinforcement. Each plate was of mild steel
meeting the reguirements of BS 1449, As with steel bars,
six samplies were cut from each plate thicknhess to measure
the yield and wltimate strengths. The Z2mm, 3mm and 4mm
plates had yield stresses of 318, 361 and 403 N/mm¢ and
ultimate strengths of 402, 465 and 527 N/mm, respectively.
The summary of their properties are also presented in Table

4.3,

4.1.4 Epoxy

The success of the plate bonding strengthening technique 1is
critically dependent on the performance of the epoxy used,
Numeous types of epoxies with a wide range of mechanical
properties are commercially available. A most suitable
epoxy for this particular application according to Mays and
Hutchinson (1388) would be cne that has sufficient strength
and stiffness to resist 1interfacial shear stiresses
necessary to ensure structural composite action between the
steel plate and concrete., At the same time, the epoxy
should tough to prevent brittle failure of bond between

concrete and plate.
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Froper design of epoxy-bonded Jjoints regquires  an
appreciation of the properties of the different materials
to be joined as well as quantitative data on the properties
of structural adhesives. Table 4.4 compares typical
engineering properties of a cold-curing epoxy adhesive with
those of concrete and mild steel. In Jjoint design, full
account must be taken of the poor resistance of adhesives
to peel and to cleavage forces; shear strength itself is
uniikely to be a 1imiting factor. This is overcome by the
use of flexible or toughened epoxies. To 1Timit the effects
of creep under sustained load, an adhesive possessing a
glass transition temperature well above the service
temperature is required. The use of such an adhesive should
also result in the improved environmental durabiliity of a

bonded assembly.

The epoxy resin used in the tests was Sikadur! 31, provided
by Sika Limited, Canada; and was a two-part system with a
paste-like consistency. The spoxy was used in accordance
with the instructions by the manufacturer. According to the
data supplied by the manufacturer, the lap shear strength
of the epoxy with metal substrates ranged from 14 to 158

N/mm’ with a maximum elongation at failure of 40 percent.
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The required curing time of the epoxy was 4 hours at room

temperature. It had a tensile strength of about 20 N/mdﬂ

elastic modulus 2.5 N/mm’

properties are given

indicated that

moisture.

Table 4.4 Comparison of Typical

Concrete angd Mild Steel

in Table 4.5,

and poisson’s ratic of 0.34. These
The manufacturer also

it had a very good resistance to salt and

Engineaering Properties of FEpoxy,

Property (at 20°%C) Cotd~ Concrete Mild
curing stesl
Epoxy
Adhesive
Relative density 1.3 2.2 7.8
Young moduius: GNm ™ 4 30 210
Shear modylus: GNm™ i.4 10 80
FPoisson’s ratio 0,37 0.18 0.29
Tensiie strength: MNm' 28 4 400
Shear strength: MNm" 30 5 550
Compressive strength: MNm 75 40 400
Tensile elongation at break: % U.5-5 .15 30
Approximate work of fracture: qu 100 20 105~106
i.inear coefficient of thermal
expansion, per %c 35 i0 11
Water absorption 7 days at 25°C:
% w/w 1 5
Glass transition temperature: °C 45
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Table 4.5 Typical Properties of Epoxy Adhesive used

Property Valiue
Elastic Moduius (kN/mm’) 1.5 to 3.0
Lap Shear Strength (memi) 16 to 30
Tensile Strength (N/mm’) 15 to 90
Flexural Strength (N/mm’) 10 to 100
Compressive Strength (N/mmi) 100 to 175
Tensile Elongation (%) 3 to 50
Pcisson’s Ratio 0.25 to 0,40
Guring Time (hrs) 3 to 19

Four series of sguare concrete slabs, totalling 13
slabs were tested to failure in this study. The
dimensions and reinforcement details of a typical
test gpecimen are given in Fig. 4.3. Fulil details of
the test slabs are given in Tablies 4.8 and 4.7 and

typical design calcuiations are in appendix II.
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Fig. 4.3 Dimensions of a Typical Test Slab and Reinforcing Details

In a series, each slab is identified with an acronym,
where the first two symbolis indicate whether the slab is
internaily reinforced or not. RO means no internal
reinforcement, (i.e, p = 0); R1 means tension
reinforcement is provided (i.e. p = 0.708). The next two
symbols indicate whether epoxy glue or steel plate is

used to strengthen the slab. EP, P2, P3 and P4 stands for



Table 4.6

Details of Test Slabs

Series 51ab Average Bar Bar Steel Bonded Cross- Siab % Load
No. No. Concrete Size Spacing | Ratio Steel Sectional Thick- | before
Compressive | (mm) (mm) p (%) Piate Area of ness Plating
Strength Thickness | Plate (mm)
(N/mm*) (mm) (mm)
A ROPO 37.711 - - - - ~ 100 -
RI1PO 40.56 4 59 0.708 - - 100 =
R1EP 39.05 4 59 0.708 £ EA" 100 -
B R1P2 41.29 4 59 0.708 2 1400 100 -
R1P3 40.65 4 59 0.708 3 2100 100 -
RiP4 37.49 4 59 0.708 4 2800 100 =
ROP2 42.59 - - - 2 1400 100 &=
c ROP3 38.27 - - - 3 2100 100 -
ROP4 40,50 - = - 4 2800 100 -
R1EP-P 39,42 4 59 0.708 £ EA" 100 a5
D R1P2-P 40.68 4 59 0.708 2 1400 100 40
R1P3-P 44,73 4 59 0.708 3 2100 100 40
R1P4-P 41.12 4 59 0.708 4 2800 100 40

Note:E - 3 mm thick Epoxy layer

EA- 2100 mm Epoxy Area

b
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3mm thick epoxy Tayer, 2mm, 3mm and 4mm thick steel plate
respectively. The Tast symbol P indicates that the siab
was prelicaded to first crack Toad. The test series

comprised the foliowing:

4.2.1 Series A

Two slabe were tested in this series. These are ROPO and
R1PO. They were 1.10m x i.10m in overall area, while the
clear span was (¢.90m in each direction. They were simply
supported on ali four sides and lcad was transmitted to
the centre of each siab through a ball-joint on 170mm
dia. x 50mm long steel bar. 31ab ROPQ had no
reinforcement or steel plate but slab R1P0O was reinforced
with a 4mm deformed bar at its bottom and had no plate.

The slabs in this series were used as ﬁgference stabs.

4.2.2 Series B

Four slabs were tested in this series. They inciuded
R1EP, RiP3, RI1FPZ, RiIP3I and RiP4. Each siab had
properties similar to slab RI1PO of series A except
that a 3 mm thick epoxy Tayer, 2 mm, 3 mm and 4 mm
thick steel plate was bonded to the tension face of
RiEFP, RI1PZ, RIP3 and RiP4 respectively. Each steel
plate and adhesive laver was 700 mm x 700 mm in
area. The siabs were Toaded in a manner identical to

series A, previousliy described. This series was
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intended to simulate an unsatisfactory structural behaviour of

reinforced concrete siabs existing in certain buildings.

Table 4.7 Details of Strengthening
Series No. Siab No. Strengthening
ROFO Piain Concrete Siab (No reinforcement no Plate)
A RiPQ Reinforceg Concrete Siab {No Plate]
RiEfP AS R1PDO + 3 mm thick epoxy layer
R1P2 As R1P0O + 2 mm steel piate
B RIP3 As RIPO + 3 mm steel plate
R1P4 As RiP4 + 4 mm steel plate
ROP2 As ROFD + 2 mm stee] piate
¢ ROP3 As ROPO + 3 mm steal plate
ROP4 As ROFPO + 4 mm steel pliate
R1EFP~F | As RIPO + precracked and 3 mm layer of epoxy
RiPz-F | As RIPD + precracked and 2 mm steei plate
D RiP3-P |} As R1P0O + precracked and 3 mm steel piate
kK1P4-F 1 As R1PO + precracked and 4 mm steej plate
4.2.3 Seriaes C

Three slabs were tested to failure in this series. Their

geometrical properties were generaily identical to that of

slab ROPO of series A except that a 2 mm, 3 mm and 4 mm th

steel plate was epoxy-bonded to the tension face of ROPZ,

ick

ROP3



Plate Iv Reinforcement Pattern for Test Slabs

4.4 JINSTRUMENTATION
The slabs were extensively instrumented. The strains
in the piates were measured by electric resistance
strain gauges ERS at several locations in the

iateral and diagonal directions as shown in Fig.
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4.4. The gauges were Japanese foil ERS gauges, FKL, 120
2, 5Smm gauge length. Deflection was monitored through
linear variable differential transformers LVDTs placed on
the top of the siab at midspan and in the Tateral
directions. In addition, slip at interface between plate
and concrete was also measured by LVDTs placed at two
ends. Load was measured by a load cell. The averages of
the measured strains, deflections and siips were used in
the analysis of data.
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Fig. 4.4 Electrical Strain Gauges Locations

4.5 TEST EQUIPMENT AND PROCEDURE

All siabs were cast, strengthened and tested in the
Civil Engineering and Applied Mechanics Laboratory

of the McGill University, Montreal, Canada. For
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convenience in conducting the siab tests, a special steel
frame was constructed. The frawe was piaced under the
testing machine, as shown in piate V. All the test slabs
were simpiy supported along four edges on a clear span of
0.90 m and they were centraily loaded. The iocad was
applied through a bali-~jocint on a solid high tensile bar
i70mm dia. x 50mm Tong. Layers of rubber contained within
a bar were used to help distribute the Tcad uniformly to
the specimens. The tests were carried out using a
universal testing machine with a maximum capacity of 670
kN. Lead was applied Lo the specimens at an approximately
constant rate up to the failjure load. The test was
stopped when the appliied Toad decreased to about 0.75

times the ultimate load.

During testing, the slabs were carefuily inspected and
cracks were marked at each load increment. Deflection at
the siab centres and other positions, steel plate strains
and s1ip at interface between piate and concrete were
taken at approximately 10 kN increments through an
automatic data acquisition system. The phenomena of

failure was also recorded.
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4.6 Test results and pDiscussion
recallied that one of the objectives of th1s

tudy was LO investigate the structur al behaviour of
plated ¢ oncrete siabs | those that are signif icantly
cracked ). The resulis of tesls conducted on some
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materials used in this research have been presented in
the previous chapter. The resuits presented in this
chapter are those of the main tests performed on the
thirteen {13) concrete slabs. The test procedure followed
has been described above. For each set of slabs,
extensive data on the characteristics of deformation,
crack pattern, strength and modes of failure were
obtained from these tests. The summary of the results are

presented in Tables 4.8 to 4.12 and discussed below.

4.6.1 Deformation Properties

4.6.1.1 peflaection Behaviour

The measured load-deflection behaviour at the midspan of
slab for all the test series are shown in Figs. 4.5 to
4.8. The deflections at the first crack and uitimate
foads and their ratio in each series are summarised in
Table 4.8 for comparative analysis. The data for series
{A) show that the ratio of deflection for siab R1P0O at
its ultimate load to its Tirst crack ‘cad was 4,69 and
that reinforcement and epoxy giue have a distinct effect
on stiffening the structuratl member. The Toad-deflection
character (Fig. 4.1} of the control unpiated siab is
compared with those of plated slabs. From the figures
(4.5 to 4.8) it is generally observed that the stiffness
oT the plated siabs is enhanced at all the stages of

loading.
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Fig. 4.5 Load - Deflection Curves for Slabs in Series A

For sltabs in series (B), the deflection sustained by the
unplated control slab R1PO corresponding to its ultimate
Toad of 122 kN was 9.81mm whereas the plated slabs R1P2,
R1P3 and R1P4 had undergone a deflection of only 3.58mm,
3.07mm and z.71mm respectively corresponding to this
load., The ratio of ultimate to cracking deflections

ranged from 1.12 to 1.22. The presence of epoxy adhesive
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alone (as in slab Ri1EP) also reduced the deflection value
by about 45 percent. Further, it was also observed that
as the steel plate thickness increases, the reduction in

deflection increased and the stiffening effect reduced.
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Fig. 4.6 Load - Deflection Curves for Slabs in Series B

The deflection behaviour for slabs in series (C) is more
or less similar (Fig. 4.7). The plated slabs being more
stiffer showed less deflections than the unplated slab.
The stiffness of the slabs, however, reduced after the
concrete cracked. The load-deflection then continued

until failure. A drop in load from 154 kN to 123 kN was



observed in the Case of slab ROP4. This could be

attributed to sTip and imperfect composite action at the

bond between the plate and concrete. The deflections

observed at failure Toads were considerably lower in

series (C) in comparison with the reference slab (i.e.

series Aj.
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Load - Deflection Curves for Slabs in Series ¢

Because the slabs in series (D) were preloaded, then

unioaded, it was observed that they had some residuail

deflections on unioading. These slabs were then

strengthened and reloaded before the residuyal deflections
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were fully recovered. The uniload-reload segment exhibited
a smaiil hysteresis loop but the Toop closed at the same
point at which the siabs had been unicaded. The loading
was then continued until the slabs failed as a result of
sudden failure as shown in plate VI. The defiection
curves (Fig. 4.8) show that siabs in series (D) behaved
Tike the unplated control slab RiPO during preleoading
stage and like the plated slabs of series (B8) after they
were strengthened. It is also interesting to note that,
aven though extensively cracked prior to Toading, slabs
of series (D) exhibited stightly increased stiffness
compared Lo the plated slabs of series {(B8) {(Table 4.8),
partiy because of the filling of cracks by the glue. This
increased stiffness was particutarly obvious at loads

higher than the previocusly appliied loads.
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4.6.1.2 Strain Deformations

Fig, 4.9 shows the applied load versus steel plate strain
curves for slabs in series (B). The data show that the
behaviour 1s approximateily linear up to the cracking
loads. After the cracking of concrete, the tension force
in the concrete is transferred to the reinforcing bars
and piate, resulting in higher strains, The load-strain
curves continued until the bars yielded. At this point,
the strains in the plate increased at a significantly

higher rate, indicating that the piates alone further
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carried the increments of the tensile components of the
internal moments. The stiffening effect of the glued
plates was observed Lo be more infiuential

in reducing
cracking than in reducing deflection. This

is important
from structurai point of view:

since the reinforcing bar
strains controi the crack width in the concrete;

the
Steel plate provides a restraining medium to crack

initiation and crack growth.

From the crack control point
of view, therefore,

the plated and glued siab show far
greater stiffness than an unplated sliab.
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Load versus Steel Plate Strain for Slabs in Series g
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The stee] plate strain distribution at the midspan during
loading in slabs of series (C) was also monitored as in
series (B). It can be seen from Fig. 4.10 that up to 154
kN, slabs ROP3 and ROP4 behaved similarly with linear
response. The strain in siab ROP2 also increased roughly
Tinearly up to a Jovad of about 230 kN. A drop in load due
to slip was observed in silab ROP4. After concrete
cracking, the strain in the piate increased at much
faster rate, indicating that the composite piate alone
resisted the tensile component of the internal moment
coupie for further increases in the applied Jioad. The
rate of build-up of strains along the plates increases as

the piate thickness is reduced.

Load (kN)

256,0 p———————
200.0 -
150.0 }-
100.0
e ROP2
v ROPS
50.0 | ARAAA ROP4
0 1 1} i 1
O Q.0 200.0 400.0 600.0 800.0 1000.0

Steel Plate Strain x 10°®

Fig. 4.10 Load versus Steel Plate Strain for Slabs in Series ¢



Fig. 4.11 illustrates the variation of plate strain in
siabs of series (D). The resuits indicate that all the
slabs in this series showed plate strain aimost identical
with those of series (B), confirming the effectiveness of
the plating technique even in heavily cracked sliabs. The
load-strain character was initially 1inear up to cracking
ioad. Following this ioad, the behaviour continued
nonlinearly until failure occurred. The maximum plate
strain recorded in this series was 752 ustrains (Table
4.9), This is 13 percent Tower and 15 percent higher than
the maximum values recorded in series (C) and (B)
respectively, It was further observed that the maximum
recorded strain decreased with increase in structural
deformations prior to plating. This is cleariy,
understandablie from the structural point of view.
Nevertheless, the more important structural action to be
recognised is the capability of the plating bonding
operation in restoring the stiffness and strength
conditions of even the damaged slabs better than the

original undamaged sliab.



Table 4.9 Measured Ultimate Plate Strains of Test Sliabs

Series No. Slab No. Ultimate Plate
Strain (u strains)
RGPO -
A R1FO -
R1EP —
RiF2 668
B R1F3 540
RiP4 528
ROP2 866
C ROP3 464
ROP4 314
RiEP-P -
R1P2-F 162
(] R1PF3-V 563
RiF4-pP 420
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Fig. 4,11 Load versus Steel Plate Strain for Slabs in Series D



4.6.2 Composite Behaviour

Fuli composite action is one of the very important
structural reqguirements in the plate bonding technique.
To explore the effectiveness of epoxy glue in preserving
the composite action between the plate, giue and concrete
at all Toading stages up to failure, siip was measured at
two ends of the steel plate. The average results are
shown in Table 4.10. The data show that composite action
between the slab and external plate was preserved till

faiiure.

The maximum siip recorded for the set of test slabs are
generally very low (less than 1.00mm). Higher values like
1.930mm and 1.722Zmm were however recorded for slabs ROP4
and R1P4-P respectively. Zero or very iow slip values
indicate perfect bond and the composite slab behaves as a
monolothic member with full interaction. On the other
hand, higher slip values indicate bond failure which
results in no interaction and the slab behaves
individually. Although the siip measurements varied from
0.018mm to 1.930mm across the set of tested slabs, the
effect of this became visible only on reieasing the load
after failure; when the plasticaliy deformed piate often

warped away from the concrete (see pliate VII),
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4.6.3 Strength_ FProperties

The effect of plating on the strength behaviour of the
strengthened concrete slabs is important fram a
structural design point of view. The data presented in
the previous sections show substantial reductions in
defiection, steel plate strains and hence cracking at
serviceability conditions. To evaiuate this effect
further, the locads carried by the plated siabs and those

sustained by the unpiated control sltabs were compared,

The experimental first crack loads obtained by visual and
auditory observations and uitimate ltoads are shown in
Tabies 4.11 and 4.12. The data indicate that the first
crack load for slab R1PO (in series A) was 41 percent
higher than that of ROPFPO. For siab R1EP, the cracking
load was about 2.11 times the value for slab R1PO. In
terms of ultimate load capacity, slabs RIP0U and R1EP were
respectively observed to be 3.13 and 4.54 times stronger
than slab ROPO. Further, comparison of the ultimate
capacity of R1PO and R1EP revealed that the presence of
the epoxy gtue alone enabled the slab to carry higher

loads by about 45 percent.

In the series (B), it was observed that the strengthened
slabs have not only delayed the cccurrence of the first
crack but also controlled the widening and spreading of

cracks to a significant extent., This is evidently seen



from Table 4.11

which

o0
=3}

indicates an increase of about 111

to 268 percent over the first crack load of the unpiated

reference slab R1PQ.

The ratio of the uitimate loads

carried by ptated slabs in this series to their first

crack loads varied from 1,11

to 1.53.

The ultimate

carrying capacity of alil strengthened siabs in the series

were in excess of

that of Lhe control

ranged from 45 to 98 percent. These resuits,

indicate the beneficial

slab RIPC and

therefore,

effect of bonded plates on

enhancing the ultimate flexural strength of conventional

reinforced concrete slabs,

Table 4.11 Comparison of Strength Characteristics of Unplated Slab
R1FD and Plated Siabs in Series (B) and (D)
Series | 3lab ist uit, % over RiFQ Mean Ratio
No. NG, Crack Load of U1t. Toad
Lnad (kN) 18t Uit Flated to
(ki) crack Load Unplated
Load
R1EP 116 177 110.91% 45,08
R1P2 202 224 267.87 | 83.61
B R1P3 186 237 238.18 [ 94.26
RI1FP4 182 240 336.36 | 96.72 1.92
R1EP-P 126 153 129.09 | 25.41
Ripz-p 200 216 263,64 | 77.05%
D KiP3-P 194 241 252,73 1 97.54
RiFP4-F 158 210 187.27 72.13 1,82

Slabs ROP2 and ROFP3 in series

(C) showed an increase of

about 287 percent in first crack lvads over that of

cantroi

siab ROPC and for slab ROP4,

its value was 295
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percent more than the control siab ROPO {(Table 4.12).
Although visuaily obtained data are subjected to errors,
these resuits indicate the restraining effect of the
epoxy-gilued plate on the Tirst cracking. The faiiure
foads for all slabs in this series are alsoc shown in
Table 4.71. The ratio of the failure locad to fTirst crack
icad varied from a minimum of 1.10 to a maximum of 1,54
for all the slabs tested in this series. This corresponds
to an increase in the fiexurai carrying capacity from 3i3

to 497 percent over that of reference siab ROPO,

The ioads at which Tirst cracking occurred in siabs of
series (D) are also 11lustrated in Table 4.11. The
results show high increases for strengthened siabs. The
values ranged from about 129 to 264 percent over that of
unplated sTab R1PO. It was alsoc observed that the first
crack Toad appeared at about 75 to 83 percent of the
measured ultimate Toad and the cracking plate strain
varies from 322 to 678 micro-strains, as would be
expected in structural members. The measured ultimate
icads carried by ail siabs in this series show that slabs
precracked prior to plating were able to carry higher

Tcads from 72 to 98 percent of the control slab R1PQ.
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It is also interesting to note that even precracked slab
strengthened by epoxy giue oniy (i.e. R1EP-P) was
effective in restoring the strength beyond that of the
original sliab R1PO. A comparison of their uitimate Toads
revealed that slab R1EP-P was stronger than siab R1P0 by

about 25 percent.

Tabie 4.12 Comparison of Strength Characteristics of Slabs in Series

(A) and (C) and Unpliated Control Slab ROPO

Series Slab ist uit. % Over ROPO Mean Ratio
No, No. Crack ! Load of Ult. Load
Load (KN) ist Uit. Plated to
(KN) track | Load Unplated
Load
ROFO 39 39 - -
A R1PO 55 122 41.03 | 212.82 -
ROP2 151 233 2BT7.17 | 497,44
C ROP3 151 165 287.17 323.08
ROF4 154 161 294,87 {| 312.82 4.78
4.6.4 Cracking and Failure Characteristics

The overall cracking pattern of the test siabs across the
series can be divided into four categories: pure flexural

failure, pure shear failure, punching shear failure and



flexure-punching failure.

of failure of each slab;

falliure modes are shown ip plate VIII.

Tabie 4,13 Observed Modes of Failure

and typical crack patterns and
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Table 4.13 summarises the mode

Series Stab Mode of Failure
No. No.
ROPO Rupture of Concrete
A R1FQ Punching Shear after Yieiding Bars
R1EP Funching Shear after Yieiding of both Bars and Glue
RiP2 Flexure-Punching followed by Plate Debonding
B R1P3 Fiexure-Punching of Concrete after Yielding of Bars
R1P4 Fiexure-Punching of Concrete after Yielding of Bars
ROz Piate vieid and Concrete crushing by Shear
C ROPS Flate Yield and Concrete Crushing by Shear
ROP4 Plate Yieid and Concrete Crushing by Shear
R1EP-F | Punching Shear afier Yieiding of both Bars and Giue
RiF2z-P Fiexure-Punching of Concrete after Yielding of Bars
] R1P3-P Fiexure=Punching of Concrete after Yielding of Bars
RtP4-F Flexure~Punching of Concrete after Yielding of Bars
$1ab ROPO, because it had neither reinforcing bars nor

steel pilate,

behaved in a highly brittle manner. It

failed by rupture of concrete accompanied by a JTarge
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fiexural crack at the centre., Pure shear fTailure occurred
in slabs ROPZ, ROP3 and ROP4 with concrete crushing after
the yvielding of steel plate. Near failure loads, the
plate strains showed considerable spread yielding at the
critical sections, There was no sign of debonding of the
glue and concrete or plate prior to failure, nor was

there any sign of cracking in the glue.

J

Plate VIII cCracking Behaviour and Failure Modes for Slabs Test

saries (A) through (D)
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For siabs failing in punching shear, RIiPO, RIEP and R1EP-
P, the crack patterns observed prior to punching
consisted of side and tangential cracks, roughly at the
Toaded area, followed by radial cracking spreading from
the Toaded area. Final Tailure of these siabs took place
by the Joad cell punching through the slab. Punching
shear directly at the point of lcad appeared as a circle
of diameter approximately egual to that of JToad celil. The
punching cracks for these siabs occurred at about 390 to
95 percent of the maximum Toad. When punching occurred,
the jcad feili suddenly Lo a value of approximately 20
percent of the ultimate Toad and was released compietely

in some cases.

For siabs faiiing by fiexure-punchning, aill the plated
slabs of series (B) and (D), punching failure occurred
baefore the flexure yield Tines were well developed. They
were Tirst formed at the sides then followed by radial
craciking extending from the glue Tine. These cracks were
much more pronouncad along the Tines paraiiel to the
ptate edges. As the 1oad increased, tangential cracks
under the edge of the Toad cell started appearing. Final
failure developed by fiexure-punching of concrete after
yielding of reinforcing bars. Piate debonding (i.e.

interface separation) was also observed in slab RiP2.

-AR2%9
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However, apart from stab RiPZ, none of the slabs in this
category showed any sign of pliate debonding from the glue
and/or concrete at faiiure, but the concrete cover to the
internai bars ripped away at the interface level. This
was invariably initiated by fiexural cracks at the end of
the plate which propagated parailel to the giue line and
eventually caused partial separation of the plate in some
of these siabs. The punching shear crack for ail siabs
with this type of fa11u;e appeared betwean 80 to 95
percent of the maximum icad and failure was generally

sudden at the uitimate iocad.



CHAPTER 5

SUMMARY , CONCILUSTIONS AND RECOMMENDATIONS

Summary

The main purpose of this research work was to study
the structural bpehaviour of epoxy plate bonded
reinforced concrete siabs at the various Timits of
cracking, deflection and collapse. Ohe of the
objectives in the present study was the development of
simple anaiyticail models that predicted the ultimate
rasponse of concrete siabs strengthened with epoxy-
bonded steel plates in the elastic and plastic stages.,
The analiytical models were used to develop a simple

algorithm which can be impiemented on microcomputers.

The constitutive relaticnships used in the present
algorithm are an elasto-plastic model for concrete and
a bilinear model for reinforcing bars, steel plates
and the bond eliement representing the interface
between the plate and slab. An iterative procedure
based on the principies of equilibrium of forces and
compatibility of deformations was incorporated in the
algorithm. The general approach was to assure a
condition at the interface bond between the slab and
steel piate; and check equitibrium whiie incorporating
compatibility relationships. If eguiliibrium 1s not
achieved, the force/deformation at the 1interface 1is

adjusted until the internai forces are in equiltibrium.
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The ajgorithm was impiemented in a computer program calied

PSLAB which was developed in FORTRAN 77.

Thirteen concrete slabs were tested to failure under
central point bending. The measured Toad versus deflaction
at midspan of the slabs and the 1oad versus strain in steel
plate were plotted and compared with the control slabs. The
resulits indicated that the addition of glued steel plates
to reinforced concrete slabs can substantiaily increase
their FTlexural stiffrness, reduce cracking and structural
deformations at all Toad levels, and contribute to a modest
increase in their uitimate flexural capacity by up to about
98 percent. It was also observed that provided suitabie
epoxy glue with sufficient stengths and stiffness to
transfer the shear force between the pliate and concrete and
adequate surface preparation are observed, plate bonding
technique c¢an effectively utilised to ensure composite

behaviour and strengthened the slabs.

Comparisons of the test data obtained for thirteen concrete
sTabs with the anaiytical resuits showed a reasonabily close
agreement.. The measured uitimate 1iocads of almost all the

slabs are within 18 percent of the calculated value.



conclusions

ne following conclusions can be drawn Trom the
Timited experimental results and analytical models for
predicting structural behaviour and ultimate strength

of plate bonded concrete slabs:

{1} S&trengthening of concrete slabs with epoxy-bonded
steel piates enhances the Uultimate flexural
strength and stiffness of these members by
controliing both cracking and defiection. This is
due to the fact that the addition of plates in
the tension face not oniy increases the area of
tension steel, but alsoc lowers the neutral axis,
thereby reducing stresses 1in the existing
reinforcement due to the applied Tlcad. The
restraining effect of the epoxy glue and plate
can be observed even on first cracking, and when
the glue alohe was present, The reduction 1in
cracking and deformations increased with
increasing plate thickness.

(2] Variation in measured failure iocads, as well as
measured moment capacities are almost marginail
and the plated reinforced concrete slabs are
capable of carrying higher ultimate 7oads than
the caontrel unplated siabs, ranging from 1.82

times to 4.78 times.
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Provided appropriate epoxy systems with a wide range
of strengths and ductilities are selected and adequate
pracautions are observed pliate bonding technique can
be effectively utilised to ensure composite behaviour
and strengthened the concrete slab.

The composite bDehaviour between the slabs and the
external piate, 1is preserved till failure even though
the maximum slip occurred at the ends of the plate is
about 0.018 to 1.930 mm.

The method of epoxy bonding of steeil plates can be
advantageousiy adopted for improving the strength and
stiffness of structurally damaged reinforced concrete
slaps.

The addition of glued steel piates to precracked
concrete stabs, which had been lipaded to about 485
percent of their ultimate strength and plated under
unlcaded conditions, had no adverse effect on the
fiexural behaviour of the strengthened siabs. The
restraining effect of the plates on existing cracks
was, however, more pronounced when the load was
increased beyond the original preicading value. The
precracked siabs were abie to carry higher ultimahe
load from 72 to 88 percent. The presence of glued
alone also enabie the sltabs to carry higher loads by

as much as 45 percent.
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The generai assumptions used in the development of the
anatytical models were such that the models were
easily formulated and implemented in simple
microcomputer programme. Althcugh simplified, the
models are very suitable in predicting the strength of
strengthened slabs in which flexure controls the
behaviour. However, it shoulid not be used if stabs are
suspected to fail from diagonal tension. §Since no
shear provisions were accounted in the models. It
should be noted that reinforced concrete slabs are
designhed to fail 1in fTlexure and not 1in shear,
Therefore, t©this Jlimitation 1is not a practical
constraint.

The comparison of the test data and analytical results
based on the equilibrium of forces and compatibility
of deformations showed that the behaviour of
strengthened slabs can be predicted with reasoconabie
accuracy. However, due to the actual extensive
deformations and the model’'s tinear strain
assumptieons, the caiculated values are 1in average
iowar than the real ones.

The ratio of the experimental and the calculated ioad
capacities varies from 0.64 to 1.20. However, the
catculated values of almost all the slabs are within

i percent from the measured ultimate load values.
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This fact demonstrates the accuracy of PSLAB 1in
predicting flexural strength of reinforced concrete
slabs., Also, the calculated deflection values in
almost ali the slabs are lower than the measured ones.
This indicates that an excessive spread of piasticity
along the slabs, leads in most cases in Jarger than
possiblie to predict deflections.

Fiexural-Punching cracking dominated the failure of
slabs in series B and D while shear-flexure cracks
characterised the failure of slabs in series A and C.
There is a 1imit to plate thickness that would be
structurally desirable for a conventional reinforced
concrete siab. For the tests in this study, slabs with
3mm thick plates appeared to meet the design criteria
for plated beams as recommended by Swammy et al

(1887).

Recommendations

Before this novel strengthening technique can be

appiied in practice, the following further studies are

recommended to address additional issues:

(1) Studies must be undertaken to establish criteria
for predicting the limiting Toad that causes the
concrete layer between the reinforcing bars and

steel piates to fail.
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gffect of environmental fTactors, Tike temperature and
moisture on the bond at the interface of concrete and
steel plate, as well as the performance of
strengthened slabs under sustained Tocading and fatigue
should examined.

Studies on different types of epoxies and steel plates
to select optimum combination should also be
conducted.

The percentage of reinforcing bars in siabs and its
effect on the selection of the area of steel plates
should e investigated.

Strains in the reinforcing bars and the resulting
effect on crack propagation is also another area to bhe

examined.
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LIST OF APPENDICES

APPENDIX I PSLAB FLOWCHART

Read B, H, NLAY

{For #ach Bar) Read D, A, F
Read SPMC, EPSUC

Read STPT, STPW, PUF, FP

Compute EPBSY
Compute AP, EC, EPSUP, H1, EP&O
Compute ALPHA, GAMMA

i

Set maximum strailn in both extreme fibres
Compute stress in each material
Sum Tension and Compression forces

No
Freusion/Compression
C=0.0001
Assume maximum strain in concrete
Compute stress in each material My

Sum Tengion and Compression forces

5 1.0 Tension < 1.0

Increment C Conpression Decrement

=1.0

I
C=0.0001

Assume maximum strain in plate

Sum Tension and Compression forces

> 1.0 Tension < 1.0

Compute stress in each material —

Increment Compression Decrement C

Output results to file

END




APPENDIX 11 - PStLAB_COMPUTER PROGRAM
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*EEK PSLAD LTS

THIS PROGRAMME ANALYSES A CONCRETE SLAB

TO WHICH A STEEL PLATE MAY BE BONDED TO THE TENSION FACE

FORMAT OF INPUT FILE, “P3LAB.IN"

HOW oM MW M M M M M W MW M M W W W N N W N W MM NN o W o MM

H {DEFTH OF SLAB, WM.)

B {WIDTH OF SLAB, MM,)

L. {SPAN LENGTH OF SLAB, MM.)

NLAY  (NUMBER OF LAYERS OF REINFORCEMENTS)

D(1}  {(DEPTH OF CENTROID OF THE LAYER FROM THE TOP OF
THE SLAB, MM.)

A(1)  (AREA QF REINFORCEMENTS AT THIS DEPTH, SQ MM.)

Fy(i) (TENSILE STRENGTH OF REINFORCEMENTS AT THIS
DEPTH, N/SQ MM.)
{(REPEAT D,A,Fy FOR EACH LAYER)

EPSY  (MAXIMUM STRAIN FOR THE REINFORCEMENTS IN EACH
LAYER, DIMENSIONLESS)

SPMC  (CONCRETE STRENGTH, N/SQ MM.)

EC (CONCRETE MODULUS, N/SQ MM.)

EPSO  (STRAIN AT WHICH PARK AND PAULAY MODEL CHANGES
FORMULAE, DIMENSIONLESS)

EPSuc  (MAXIMUUM CONCRETE STRAIN, DIMENSIONLESS)

ALPHA (RESULTANT FACTOR OF MAGNITUDE QF COMPRESSION)

GAMMA  (RESULTANT FACTOR OF LOCATION OF COMPRESSION)

STPt  (THICKNESS OF STEEL PLATE, MM,)

BTPWw  (WIDTH OF STEEL PLATE, MM.)

Fyp {TENSILE STRENGTH OF STEEL PLATE, N/SQ MM.)

Ep (ELASTIC MODULUS OF STEEL PLATE, N/SG MM.)

Ap (CROSS SECTIONAL AREA OF STEEL PLATE, 5@ MM.)

EPSup  (ULTIMATE STRAIN FOR STEEL PLATE, DIMENSIONLESS)*

H1 (DISTANCE FROM CENTRE OF STEEL PLATE TO TOP OF &

CONCRETE)

*
¥

CEXERRE R R R R R R R R R AR R R R R R R R R R R R R R AR R AR R E R R KRR R R XXX BRI R X

C ®%%

<

T oy

<

¥X¥

E3 £

DIMENSION D(10), A({10), Fy{(10), EPSO(10), EPSY(10)

OPEN FILES

OPEN (1, FILE="PSLAB.IN', STATUS='QLD’)
OPEN (2, FILE="PSLAB.OQUT’, STATUS='NEW')
OPEN (3, FILE="DEBUG.OUT’, STATUS= UNKNOWN’)
YOUNGS MODULUS FOR STEEL IS ASSUMED CONSTANT

ES = 200000.0
L = %00
1/0

WRITE(*, %) GIVE VALS:B,H,NLAY®

READ (%, %)B,H,NLAY

DO 1, K=1, NLAY

WRITE (*,%)"GIVE VALS:0(K),A(K),Fy{(K)"
READ (*,%) D(K), A(K), Fy(K)

*%* MAXIMUM STRAIN FOR THE REINFORCEMENTS IN EACH LAYER



¢

*EF

C k%%
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XXk
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b33

XX
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EPSY{K) = Fy(K) / ES

CONTINUE ~

WRITE(*,%)'GIVE VALS:SPMC,EPSUC,STPT,STPW,FYP,EP’

READ (x,%) SPMC, EPSUC,STPT,STPW,FYPR,EP

READ (1,%) STPT, STPW, Fyp, Ep

IF NO PLATE IS5 APPLIED, ZERO ALL THE PLATE VARIABLES
IF(STPT.EQ.D.0.OR.STPW.EQ.0.0.OR. Fyp,.EQ.0.0,0R.EP.EQ.U.0U) THEN
S5TPT = 0

STPW = Q

Fyp = 0

Ep = ¢

END IF

WRITE (2,*) 'CONCRETE=’
WRITE (%,B0)B,H,5PMC,ERPSUC
WRITE {(2,80) B,H,SPMC,EPSUC
WRITE (*,*) 'REINFORCEMENT='
WRITE (2,%} 'REINFORCEMENT=’

WRITE (2,%) 'LAYER=",’ DEPTH=',’ AREA=',’ Fy:’
00 2,K=1,NLAY

WRITE (2,81) K,DEK),A(K),Fy(K)

CONTINUE

WRITE (*%,%) 'PLATE= °
WRITE (2,%) *PLATE=’
IF {STPT.EG.0.0) THEN
WRITE (*,%*) *NO PLATE SPECIFIED
WRITE (2,%) 'NO PLATE SPECIFIED’
ELSE
WRITE {*,%) THICKNESS=',’WIOTH=", Fyp=', Ep=’
WRITE (2,82) STPT,STPW,Fyp,Ep
WRITE (2,%) °> '
CROSS SEGTIONAL AREA OF PLATE
Ap = STPT*STPW
YOUNG'S MODULUS FOR CONCRETE
EC = 5000 % (SPMC)**0.5
ULTIMATE STRAIN FOR PLATE
IF (STPT.EQ.0.0) THEN
EPSUP=0
ELSE
EPSUP=Fyp/Ep
END IF
DISTANCE FROM GENTRE OF PLATE TO TOP OF CONCRETE
H1=H+STPT/2.
INITIALISE COMPRESSTON, TENSION, MOMENTS AND LOCATION OF NEUTRAL
AXIS
CG=0.
T=0.
CM=0.
£=.0001
STRAIN AT WHICH PARK AND PAULAY EQUATION FOR STRESS CHANGES
EPSU(K)=2. ¥SPMC/EC
FIND ALPHA AND GAMMA
IF(EPSUC.LT.EPSO(K) ) THEN
ALPHA= (EPSUC/EPSO{K))~{1. /3. )*(EPSUC/EPSO(K) ) %*2,
GAMMA= 1~ (BXEPS0(K)-3%EPSUC)/ (4% ( 3*EPSG(K)-EPSUC) )
ELSE
AX=1000. *EPSO(K)-4



ALPHA= {2*EPSO(K) )/ (3¥EPSUC) +
$(850%EPSO(KI+T5*EPSUC-4) /AR ~
$(EPSO{K) /EPSUC) *( 925%EPSO(K)-4) /AX
BX = 175.%EPSO(K)}**3.-EPSO(K)**2,~-150, KEFSUCE%3,
$+6. KEPSUC**2,~1275. xEPSO(K ) ¥EPSUCK*2
CX = 12.¥EPSUC-4,%EPSO(K)+T75.¥EPSQ(K)*%2, ~
$2550. xEPSUCKEPSO(K)~225, XEPSUCK*2,
GAMMA = 1-BX/(EPSUC*CX)
END IF
C #¥x CALCULATE INTERNAL FORCES ASSUMING A BALANCED FAILURE CONDITION
IF (STPT.FQ.0.0) THEN
CB = EPSUC * D(NLAY) / (EPSUG + EPSY(NLAY))
ELSE
CB = EPSUC * HI / (EPSUC + EPSUP)
END IF
CC = ALPHAXSPMC¥BFCE
Ch = CC*(CB - GAMMA*CB)
B 7, K=1,NLAY
EPSO(K) = EPSUC % ABS(CB - D(K)} / CB
IF (EPSO(K).GT,EPSY(K)) EPSQ(K) = EPSY(K)
IF (D{K).LT.CB) THEN
CC = CC + EPSO(K) * ES * A(K)
ELSE

it 1

T = T+EPSQ(K) * ES *x A{K)

ND IF

M = CM + ABS(EPSO(K) * ES #% A{K) * (CB - D(K)}))
SONT INGE

= +

o m

I
T+ Fyp % Ap
M= CM + Fyp * Ap * (H1-GB)
¢ *®xx ETA SHOWS HOW CLOSE TO A BALANCED CONDITION A
G ®¥x PARTICULAR APPLICATION OF PLATE IS.
ETA = T/CC
WRITE (2,90} ETA
C *%x%f BRANCH TO CALCULATE MOMENTS FOR EITHER CASE
IF (ETA.LT.1.0) THEN
IF {(STPT.EQ.0.0) THEN
WRITE (2,100)°TENSION REINFORCEMENT YIELDING®

¢ —

ELSE
WRITE (2,100)’PLATE FRACTURE’

END IF

10 CONTINUE

CC = 0

M = 0,

T=o0.

CC = ALPHA * SPMC * B * C

CM = CC * (C - GAMMAXC)

DO 25, K=1,NLAY
IF (STPT.EQ.D.0) THEN

. EESO(KJ = EPSY(NLAY) * ABS(C - D(K)} / (D(NLAY] - G)
Ls

EPSO(K) = EPSUC * ABS(C ~ D{K}) / (H1 - )

END IF

IF (EPSO(K}.GT.EP3SY(K)} EPSO(K) = EPSY(K)

IF (D(K).LT.C)} THEN

CC = CC + EPSO(K) * ES * A(K)

ELSE



25

30

45

T =T + EPSO(K) ¥ ES x A(K)
END IF
CM = CM + ABS(EPSO(K) * ES x A{K) * (C-D(K)})
CONTINUE
IF (STPT.NE.D.Q) THEN
EPSP = EPSUP
T=T+ PSP x Ep » Ap
END IF
CM = CM + EPSP % Ep * Ap * (Hi-C)
ETA = T/CC
IF (ABS{1.0-ETA).LT.0.001) THEN
WRITE (2,110) CM
ELSE IF (ETA.GT.1.0) THENW
C=C+ 00
GOTU 10
ELSE
C=¢C - 0.001
GOTO 10
END IF
ELSE IF (ETA.GT.1.0) THEN
WRITE (2,100)' CONCRETE CRUSHING'
CONTINUE

CC = ALPHA * SPMC = B * ¢
CM = CC * {{ -~ GAMMAX()
DO 45, RK=1,NLAY
EPSO(K) = EPSUC * ABS(C - D(K))
IF {EPSO{K).GT.EPSY(K)) EPS0O{K)
IF (D{K}.LT.C)} THEN

CC = CC + EPSO{K) * €5 % A(K)
ELSE

T =T+ EPSO(K) % E5 * A(K)
END IF
CM = CM + ABS{EPSO(K) * £5 *x A{K) * {C -~ D(K)))
CONTINUE
IF (STET.NE.D.0) THEN
EPSP = EPSUC * (HI-C) / ¢

/¢
= EPSY(K)

iF (EPSF.GT.EFSUP) EPSP = EPSUP
T=T+ EPSP *x Ep x Ap
END IF
CM = CM + EPSP % Ep x Ap ¥ (H1~0)
ETA = T/CC

IF (ABS(1.0~ETA).LT.0.001) THEN
WRITE (2,110) CM
ELSE IF (FETA.GT.1.0) THEN
C=0C+ 0.1
GOTO 30
ELGE
¢ =G~ 0.001
GATC 30
END IF
ELSE
WRITE (2,100) "BALANCED FAILURE CONDITION’
WRITE (2,110) OM
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&0
81
82
90
100
110
300

70

END IF

END IF

CALCULATE CURVATURE, DEFECTION, AND LOAD

CURY = EPSUC / C

OEFL = (L*%2) % CURV / 12
P=2.0%xCM/L

WRITE(2,70)CM, CURY ,DEFL , EFSP, EPSUC, P

FORMAT (1X,F6.1,9%,F6.1,9%,F5.1,11X,F6.4)

FORMAT (1X,13,11X,F5,2,10X,F7.1,9X,F5.1)

FORMAT (1X,F5.3,9X%,F6.1,1X,F5.1,7X,F8.1)

FORMAT ('T/CC BAL:’,F&.1)

FORMAT ('MODE OF FAILURE: ’,A)

FORMAT ("BENDING MOMENT: *,F11,1," N-MM.T)

FORMAT (F10.6,3X,F1€,6,3%,F10.6,3%X,F10.6)

FORMAT (13X, F13.1,201X,F9.5),1X,F7.5,1X,F8.6,1X,F10.2)

STOP
END
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APPENDIX IIT - TYPICAL DESIGN CALCULATIONS FOR _TEST SLAB

DESIGN LOAD

Assumed Data:

Slab dimensions: 1100 x 110¢ x 100 mm with a clear span of 00 mm
Characteristics strength of materials:

Concrete, f, = 35 N,/ et

Steel, f, = 400 N/mnf

Bar size = 10 mm

Cancrete cover, ¢ = 20 (Assuming mild exposure}

Basic span - effective depth ratio = 20

Density of reinforced concrete = 24 kN/m3

Live load = 7.5 kNﬁ%

LOAD ESTIMATION
Se1f weight of slab = 100 x 24 x 107 = 2.4 KN/
Piaster, Ticor finishes and others, allow = 1.6 kNﬂﬁ
Total characteristic dead load, g, = 4.0 ki/m'
Total characteristic tive load, q = 7.5 kN/’m2
Sarvice load, Ry = 1.0g + 1.0g--—- [cl.2.3.4.1{CPi10)]
= (4.0 + 7.5)
= 11.5 kN/af
For a t m width of siab
Ultimate Toad, n, = T.4g, + 1.6q—-—- [€1.2.3.3. 1(CP11D}]

(1. 4.0 . 7.
[(1.4 X 4.0) + (1 ﬁg?' £3ix 1

17.6 KN/m
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CHECKING FOR TWO-WAY ACTION

and

1Y/1x= 0.9/0.9 = 1.0 ====zThe slab is spanning in two directions

Since the sTab spans in twg directions, the maximum moments are

given by

Mg = a“nu1f in direction of span 1“
and

Hw = a“nu1f in direction of span 1,

where Mg and M“ are the moments at mid-span on unit strips of
unit width with spans i, and Ty respectively, and n, is as defined
above. g, and g are moment coefficients from Table 12(CP110]).
For a square slab 1ike this one, g = 0, = 0.062

h-c¢- /2= 100~ 20~ 10/2

LI}

Effective depth, d
= 75 mm
The area of reinforcement (per metre width) in directions 1“ and

1w respectively are

A
=082

.

ST

where fY is the characteristic strength of steel and z the lever arm is

given by
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The effective depth d used in calculating Ah is taken to be less
than that for A, because of the different depths of the two

Tayers of reinforcement.

o
m
=
o
i
=

)
e
-
L]
o)
pv]
- |

a.n1% = 0.062 x 17.6 x 0.92

5 B 9 TR |

=
|

0.8839 KNm

M, _ 08839510°

- 0.0052
bf, 1000175135

0.95 {(Chart D1CP110)

—t
[
n

75 X 0.95

™~
L1

71.25 mm

M 0.8839x10°

" OFIz | 0BTA00TIDS

A = 35.65 m / m

Minimum area of reinforcement for mild steel is given by

Agin = 0.25 % bd (€1.3.11.4.1 CP110)

0.0025 x 1000 x 75

187.50 mm' / m

L]

Since the minimum reinforcement is greater than the calculated,

%,m is provided in form of

R4 at 59 mm centres (A, = 239 mar / m)

Span - Effective Depth Ratio

1004,  100x239

0
bd 1000x75 %
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From table 10CP110, for service stress fs = 235 N/mm° the span -

effective depth modification factor = 1.3

Thus d = 75 mm is adequate.

SPAN

—————— {

M

. a“rk1X‘ = 0.062 x 17.6 0.9

0.8839 kNm

1"

Since the reinforcement for this span will have a reduced effective

depth, take
Z = 71.25 - 4 = 67.25 mm
M 8839x
087z  087x400x6725
A = 32,77 mm / m

S

Also provide A, = 187.50 mr / m in the form
R4 at 59 mm centres (A, = 239 mm / m)

004, 10023 o,

bh 1000x100

which is greater than 0.15, the minimum transverse steel.
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SHEAR

Shear force, V - "2 _ 176309 _ 5 4y

2 2
Shear stress, v —-!: - ZéE{Ef{_ 0.11
bd 1000x75

From Table 5CP110, ultimate shear stress, v, 0.43 Nﬁwﬁ and from
Table 14CP110, modification factor, (5 = 1.30 and Es“r = 1.30 x
0.43 = 0.56 N/mm.

Therefore, since v « Emc no shear reinforcement is required,

LOCAL BOND

For 4 mm bars at 59 mm centres,

- 1000x3. 1404 )
Perimeter 3 U, ~ = - 213 mm per metre width

_ V19200 2
Local bond stress, [, Yua 21305 0.5 Njmm

From Table 21CP110, ultimate local bond stress = 3,0 N/mml > 0,5

N/mm

END ANCHORAGE

=h

b = 0.50 ¢ 3.0/2

Therefore, anchorage length 2 30 mm or (End bearing)/3

But End bearing = 230 mm

Therefore, Anchorage length = 230/3 = 77 mm, beyond centre line

of the support,.



