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Abstract

An experimental investigation of the bond stress along the concrete—epoxy-plate interface is presented. The main variables were
the plate end cut-off and the different corrosion ratios induced to the lower reinforcement of the beams. This was supported with a
parametric study for several variables based on a simplified model. The results showed that the plate breadth to thickness ratio,
(byi/ta1), was a very significant factor, which affects the bond stress concentration at the plate end. It was also found that the plate
end cut-off may affect the bond stress concentration. However, more investigation is still needed to address this issue. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The technique of bonding steel plates to concrete
beams using epoxy adhesives has been used in the UK to
strengthen a number of trunk road bridge structures and
has proved to be successful over three decades. Al-
though the technique has been recognized to be an ef-
fective and convenient method of improving the
structural performance of members under load, the use
of steel plates has its disadvantages including difficulties
in preparing, transporting and handling the plates, the
amount of site work involved and the possibility of
corrosion that could adversely affect the bond strength.
For these reasons, Fiber reinforced polymer (FRP)
plates are being considered as a means of overcoming
these shortcomings.

In this study a series of reinforced concrete beams
were plated with carbon fiber reinforced polymer
(CFRP) plates. The bond stress distribution was inves-
tigated and a parametric study was conducted. The
work described in this paper formed part of the inves-
tigation carried out as a Ph.D. student by the first au-
thor. It is presented more fully in (1).

* Corresponding author. Fax: +44-0-113-2332304.
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2. Previous work

Plated beams generally fail in a brittle manner char-
acterised by either sudden interface bond failure or a
horizontal failure in the concrete parallel to the plate.
The interfacial bond stress and normal stress concen-
tration near to plate ends are considered to be the main
factors leading to this failure.

Attempts to determine the distribution of the shear
and direct stresses near the plate ends have taken the
form of analytical studies, finite element analysis, small-
scale concrete-adhesive-plate joint testing and large-
scale beam testing. Swamy et al. [2], related the ultimate
bond stress to the concrete cube strength, claiming that
the bond stress varied from 6.0 to 8.3 N/mm? for cube
strengths 25-70 N/mm?. Ranisch and Rostasy [3] also
related the bond stress to compressive strength; the
bond stress was 8 N/mm? for cube strength of 30
N/mm?, a higher value for comparable cube strength
than Swamy et al. [2]. Swamy et al. [4], in another at-
tempt related the bond stress to the concrete tensile
strength. It was found that the maximum bond stress
was equal to v2x tensile strength of the concrete. As
the concrete tensile strength is unlikely to exceed 4-5
N/mm? for normal strength mixes, this would give a
maximum bond stress of 6-7 N/mm?. Swamy et al. [4]
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also conclude that the peak interfacial bond stress
determined experimentally had a value of 27, where 7 is
the elastic shear stress. This result contradicted a pre-
vious result by Jones et al. [S] who found that the peak
bond stress determined experimentally had no consistent
relationship with the elastic shear stress 1. Roberts [6]
concluded that the failure of epoxy bonded steel plates
was likely to occur at bond stresses between 3 and 5
N/mm?, combined with normal stresses between 1 and 2
N/mm?, although these limits depended on the strength
of the epoxy adhesive and the adjacent concrete layer
and on the method of surface preparation.

Chajes et al. [7], conducted single lap shear tests to
study the bond strength, surface preparation and con-
crete strength. They concluded that the surface prepa-
ration could affect the bond strength. They also
concluded that, where the failure mode of the joint was
governed by shearing the concrete directly beneath the
adhesive, the value of the ultimate bond strength was
proportional to /f;.

Quantrill et al. [8], Chajes et al. [7], Roberts [6] and
Malek et al. [9] all conducted extensive experimental and
analytical studies of the stress concentration at the plate
ends. Malek et al. [9] introduced an analytical note that
combined the ideas of the previous work and has done
additional mathematical work to establish the stresses at
the plate end.

3. Experimental

Preliminary studies of the literature suggested that
there was insufficient information available on the effect
of bonding CFRP plates to reinforced concrete beams.
Since a principal use of bonded plates is to repair beams,
where the reinforcement has suffered from corrosion, it
seemed especially valuable to study this situation di-
rectly. A further variable which initial consideration
suggested might be significant but which had not been
covered extensively by other researchers was the shape
of the end of the plate. A tapered end might, for ex-
ample, reduce the stresses developed in the concrete in
the region of the plate end.

An experimental program was planned and carried
out to investigate the behavior of the bond stress over
the bonded CFRP plate. The tests were carried out using
small repaired beam specimens as shown in Fig. 1. The
beams were of a rectangular cross-section, 125 mm wide,
150 mm deep, and 1320 mm long. They were tested
under four point bending over a simple span of 1200
mm. All beams were reinforced in tension with two 12
mm diameter ribbed bars of high tensile steel. Two 8 mm
diameter mild steel bars were used as top steel. 8 mm
diameter mild steel links were incorporated to guarantee
that none of the beams would fail in shear. Links were

CL CL
2R8mm R8 @ 50 mm
P2 P2 2T 12mm
— 400mm+400mm 400mm _p
LT LTI I somm
6 1200 mm
1320 mm

Fig. 1. Details of reinforced concrete test beams.

spaced at 50 mm over the shear spans, while no shear
reinforcement was provided in the constant moment
region.

The CFRP plates used in this research were 1.3 mm
thick and 50 mm wide and were cut to the required
length. Three configurations for the region at the end
of the CFRP plates were considered. Fig. 2 shows the
plate arrangements used for the beams strengthened
with CFRP plates types CF or CF-II. Beams type CF-
I had identical plates on the soffit to beams type CF,
but were provided with additional plates bonded to
the sides of the beams. The rationale behind the in-
troduction of these small plates was that observed
failures commonly occurred in the concrete just above
the interface between the plate and the beam. It was
thought possible that reinforcing this limited zone
might lead to significantly improved performance
without the application of extensive side plating. The
CFRP plates were tested to establish their properties
and showed a linearly elastic behavior until sudden
failure occurred. Table 1 gives the properties of the
CFRP plates.

The effect of corroded reinforcement was studied by
testing beams with corroded main reinforcement. In
the beams that were to be corroded, the central 500
mm of reinforcement were exposed and corroded by
placing the beams in a tank of salt water and then
passing an electric current through the system at con-
stant voltage until the required amount of corrosion
had taken place. After corrosion, the bars were cleaned
by wire brushing and the concrete reinstated. The
procedure is explained in detail in Beeby and Etman
[10]. Losses of 10%, 15% or 20% of the reinforcement
cross-section were achieved. The effect of different plate
end details on the stress concentration at the plate
curtailments was also investigated. Overall, 16 beams
were tested.

The beams were subdivided into four groups ac-
cording to the plate end geometry and corrosion ratio.
The plate geometry and identification system used for
the specimens are given in Fig. 2.
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Fig. 2. Details of CFRP plates.

3.1. Preparation of reinforced concrete beams

The same concrete mix which achieved an average
concrete compressive strength of 62 MPa at 28 days was
used for all beams. After casting, the beams were kept
over-night in their moulds covered with damp hessian
and polyethylene sheets. The formwork was removed
the following day and the beams were then cured at 99%
relative humidity and 20 4+ 2°C for seven days. The

Table 1
Properties of CFRP plates

Properties Given by Test results
manufacturer

Tensile stress 2400 N/mm? 2370 N/mm?

Maximum elongation 1.4% 1.5-1.8%

Modulus of elasticity 150.0 kN/mm? 154.0 kN/mm?

beams were then left to cure at room temperature in the
laboratory area until they were taken for corroding.
After the required amount of corrosion had been
achieved, the bars were cleaned and the cut-out area
filled with a concrete ‘patch repair’. Curing was then
continued until the CFRP plates were affixed.

3.2. Preparation and bonding of CFRP plates

At a minimum age of 28 days after completion of the
repair, and before bonding the CFRP plate to any
specimen, the concrete surface was cleaned and rough-
ened using a needling hammer to remove the cement
skin and expose the coarse aggregate. The remaining
dust and fine concrete particles were removed with high-
pressure air. In addition, the CFRP plate was also wiped
with a piece of cloth wetted in thinner to remove any
carbon dust and then left to dry before bonding.
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After cleaning, the strain gauges were attached.
Bonding the plates to the beams was done through a
layer of a two-component epoxy adhesive (Sika Sikadur-
30). The plate was put at once on top of the concrete
specimen. A slight pressure was applied to the plate by
putting heavy steel plates on top of them. The specimens
were tested after a minimum period of seven days to
guarantee full curing of the epoxy adhesive. Properties
of the epoxy adhesive are given in Table 2.

3.3. Instrumentation and measurements

In this paper, only the instrumentation relevant to the
measurement of the bond stress distribution along the
plate is considered; this is shown in Fig. 3(a) and (b).
Reference may be made to [1] for full details of the
instrumentation.

Table 2
Properties of epoxy adhesive

Strain gauges were glued on the inner and outer faces
of the CFRP plate. For the CFRP plates fixed on the
beam sides (plate A), two strain gauges were attached to
each of the side plates. The positions of the strain gauges
are shown in Fig. 3(a).

To measure the concrete surface strains, strain gauges
were fixed on the top surface and on one side of the
beam at mid-span. At the beam soffit, strain gauges were
glued at intervals along the centerline of the section.
These were to give the strain distribution along the beam
span for comparison with the strains measured on the
CFRP plate. Locations of the strain gauges are shown in
Fig. 3(b).

3.4. Test procedure

The load was applied in 2.5 kN increments until the
first crack was detected, then, the load increment was
increased to 5 kN up to 75% of the expected failure load.
At about 75% of the failure load, the increment was
reduced to a value between 2 and 1 kN until failure

Properties Given by Test results occurred.
manufacturer
Compressive > 100 N/mm? 70-80 N/mm?
strength 4, Test results and discussion
Adhesive strength to > 2 N/mm? N/A
;‘;"thete dul — 12.5 KN/ This section presents the bond stress distributions
Poai:sfnl’xsl(;a?i;m 03 o 0.33 i along the plate length. The bond stress is obtained from
the differences between the tensile forces at different
Beam
Centreline
Epoxy layer
Plate inner face
40mm 20mm 4
' 190 mi CFRP Plate 1L}‘190 mm ﬁm
r C ] -
} 145 mm| 145 mm| 200 mm
' ‘ ' 540 mm 120 {mm
(a) Plate outer face
Beam
Centerline 23 mm
‘ ‘ / 25 mm
Side “1” 52 mm
g
145 mm| 145 mm| 200 mm
brrccccccocca
600 mm 60
(b)

Fig. 3. Instrumentation: (a) location of ERS gauges on CFRP plates; (b) location of ERS gauges on concrete beam.
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sections along the plate. It should be noted that this
procedure results in an average bond stress over the
distance between any two gauges and not the actual
stress at any point.

Fig. 4 shows the bond stress distribution for four
beams (FG1-CF, RGI-CF-10, RGI1-CF-15 and RGIl-
CF-20). This sample was chosen to show the effect of
different corrosion ratios on the behavior of the beams.
The bond stress at different positions along the plate at
service load of 60 kN is given in Table 3.

The bond stress curves were plotted at different loads
up to a level very close to failure. Fig. 5 shows the bond
stress distribution for beams RG1-CF-10, RG1-CF-1-10
and RG1-CF-II-10 at three load levels; 20, 60 and 100
kN. A generally similar trend was obtained for all
specimens, regardless of the plate details. The rate of
change in the bond stresses along the plate, outside the
constant moment area, was small until about 60% of the

failure load. After this, the rate was higher until 95% or
more of the ultimate load beyond which the rate de-
creased again.

5. Discussion of experimental results

It was observed from the test results that the bond
stress, in almost all of the beams, was nearly equal to
zero over the constant moment zone, especially at the
lower level of loading (see Fig. 5(a)). This was expected
at this stage, as the constant moment implies zero shear
and hence zero bond stresses. However, with the in-
crease in loading, bond stresses within the constant
moment area started to increase noticeably, (see Fig.
5(b) and (c)). With the higher loads, flexural cracks
started to appear in the constant moment region which
will have resulted in high local bond stresses. Though
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Fig. 4. Measured bond stress distributions for typical beams: (a) beam FG1-CF; (b) beam RG1-CF-10; (c) beam RG1-CF-15; (d) beam RG1-CF-20.

Table 3
Bond stress at different positions along the plate at 60 kN

Specimen Bond stress at different positions measured from beam feu (N/mm?) Failure load P,

centreline (N/mm?)

200 mm 345 mm 490 mm Parent Repair kN
FG1-CF 0.92 -0.42 1.32 61.9 N/A 99.8
RGI-CF-10 0.16 0.83 1.58 68.5 79.9 106
RGI1-CF-15 0.30 0.66 1.6 66.3 78.4 104.5
RGI1-CF-20 0.05 1.07 1.59 67.3 65.3 104.0
FGI-CF-1 0.13 0.88 1.59 67.3 N/A 106
RGI1-CF-I-10 0.16 0.77 1.69 63.7 71.9 105
RGI1-CF-I-15 0.26 0.96 1.72 68.5 64.7 104.1
RGI1-CF-I-20 0.28 1.01 1.67 63.7 64.7 104
RGI1-CF-1I-10 0.21 0.79 1.41 68.5 79.9 105
RG1-CF-1I-15 0.07 0.96 1.48 66.3 78.4 100.1
RGI1-CF-1I-20 0.15 1.10 1.42 67.3 65.3 101.0
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Fig. 5. Measured bond stress distributions at various load levels: (a) load =20 kN; (b) load = 60 kN; (c) load =100 kN.

the average bond stress over the whole zone should re-
main at zero (positive and negative bond stresses on
either side of a crack should balance out), local varia-
tions of stress in the CFRP plate and the nature of the
instrumentation may well result in bond stresses being
indicated by the instrumentation.

In the second segment of the curves, the segment
covering the parts of the plates adjacent to the constant
moment zone, higher bond stresses were recorded. These
bond stresses appeared to be roughly proportional to
the shear forces on the beam.

In the third segment of the curve, covering the region
close to the end of the CFRP plate, significantly higher
values of bond stress were observed. The change in the
bond stress was very steep at the higher load levels.

The comparison of the bond stresses in the beams
strengthened with different types of CFRP plates at
different corrosion rates showed that there was no sig-
nificant change in the bond stress distribution of the
beams due to these factors. However, from Table 3, it
may be concluded that at service load the bond stress
near the plate ends was the highest for beams bonded
with CFRP plate type CF-I, while it was the lowest for
beams bonded with plates type CF-II. It could thus be
concluded that the plate end geometry has had some
effect on the bond stress at the plate—epoxy—concrete
interface, however, more investigation needs to be con-
ducted to establish this more clearly since the effect is
small.

The beams repaired with CFRP plate type CF-I
showed higher changes in bond stress due to the change
in corrosion level than the beams repaired with the other
two types of the plates. It seems here that the side plates
improved the internal forces distribution within the
composite section allowing higher strains in the plate
with the higher corrosion ratio.

Bond stresses at the plate—epoxy—concrete interface
may be generated by:

1. Change in moment between sections. These bond
stresses will be proportional to shear force on the
beam;

. Local anchorage effects resulting in concentration of
bond and normal stresses near the end of the plate;
and

. The formation of cracks. These may result in local
high bond stresses similar to those around plate ends
and could cause local debonding.

The final resulting stress is a combination of these
effects. Fig. 6 shows a schematic drawing of the elements
of the bond stresses at the interface. It will be seen that
the combination of effects can be expected to produce a
very variable distribution of bond stress over the length
of the plate. This, together with the averaging inherent
in the calculation of the bond stresses, means that the
experimental curves are unlikely to be either very con-
sistent or smooth.

6. Theoretical parametric study

In the parametric study conducted here the analytical
method developed by Malek et al. [9], has been used.
The effect of the plate thickness, the concrete compres-
sive strength, the plate modulus of elasticity, the plate
width to thickness ratio and the plate end geometry on
the bond stresses at the plate end was investigated.
Malek et al.’s analysis does also cover the distribution of
stresses resulting from the presence of a flexural crack in
the RC beam. This aspect has been ignored in this study.

The model of Malek et al. [9], is based on the as-
sumptions of linear elastic and isotropic behavior of the
FRP plate, epoxy, concrete and steel reinforcement.
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Fig. 6. Factors contributing to the total bond stress.

Also, linear strain distribution through the full depth of
the beam section was assumed.

The interfacial bond stress between the plate and
epoxy can be calculated by considering the equilibrium
of an infinitesimal part of the plate (see Fig. 7).

In the figure, 7(x) and f;(x) are the bond and normal
stresses, respectively. Only the final equation for z(x) is
presented here, the full derivation of the equations are
given in Ref. [9].

The bond stress can be defined as the change in the
axial force in the plate divided by the bonded surface

fu(x)
7(x)
fu® = o+ T
<—é FRP plate

S

Fig. 7. Stresses on a small element of plate.

area of the plate over a distance dx. This may be ex-
pressed in the following form:

7(x) = tp{bsAcosh(4x) + bsAsinh (4x) + 2b1x + by},

(1)
where:
A:{Ga/(tat]E )}0.5 bI:yalEp
PRl El,’
VE,
b, = 2a1L d
0 E, ( aiLo + az) an

Ga

The maximum bond stress, tmqx, Occurs at the cut-off
end of the plate and an expression can be obtained for
this by substituting the value of x to equal zero in Eq.
(1), giving:

Tmax = tpl(b3A + b2)7 (2)

where the bending moment at any point may be ex-
pressed as follows:

y tal,
b3 = Ep L (alLé + a2L0 -+ 03) + 2b1 a’pl .
Eely

Mx) = alxg + ayx + as,

where a,,a, and a; are constants.

The origin of x, is arbitrary and can be assumed at
any suitable point at a distance L, from the plate cut-off
end. And could be expressed as:

X0 :x+L0.

G, is the shear modulus of elasticity of the adhesive
layer; ¢, is thickness of the plate; ¢, the thickness of the
epoxy adhesive layer; I, the moment of inertia of the
transformed section based on concrete; y the distance
from neutral axis of the strengthened section to the
centre of the plate; L, the distance from the plate end
cut-off; E, the plate modulus of elasticity; E. is the
concrete modulus of elasticity.

The predictions of the method will be compared
firstly with the experimental results and then a para-
metric study will follow to illustrate the effect of some
factors thought to affect the interfacial stresses.

6.1. Comparison with experimental results

In Fig. 8 comparisons between the analytical model
and the experimental results from beams FG1-CF and
FG1-CF-I are presented.

The experimental results do not fit the analytical re-
sults well, though the general magnitudes are similar. It
should be noted that, while the theoretical approach
gives the shear stress at a point, the experimental values
are the average stress over the length between two gauge
points. Furthermore, as noted earlier, the analysis used
does not account for the effects of flexural cracking
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Fig. 8. Comparison of measured and calculated bond stresses.

which will result in local distortions to the measured
strains and hence to the inferred bond stresses. It is
therefore not unexpected if the direct agreement between
the calculated and measured results is not particularly
good. Both analytical and experimental results do,
however, show high bond stresses near the end of the
plate.

6.2. Effect of different variables on the plate end stresses

This section describes the results of a parametric
study to investigate the effect of plate thickness, concrete
strength, plate modulus of elasticity, plate width to
thickness ratio (i.e. changing the plate width while
keeping the same plate cross-sectional area), and the
plate end geometry. While investigating a variable, the
other variables were kept constant at the experimental
base values. These were; 1.3 mm plate thickness, 62 N/
mm? concrete strength, 150 kN/mm? plate modulus of
elasticity, 38 for plate width to thickness ratio and
square ended plate for the plate geometry. Poisson’s
ratio for the adhesive was taken 0.33 for the whole in-
vestigation.
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6.3. Effect of plate thickness

Three thickness were investigated; 0.65, 0.95 and 1.3
mm. It can be seen from Fig. 9(a) that the thicker the
plate the higher is the bond stress at the interface. At the
plate ends, the 0.95 and 0.65 mm thick plates showed
16% and 31%, respectively, lower bond stress than the
1.3 mm thick plate. This result is to be expected since the
stresses would be expected to increase with increase in
plate stiffness. It should be noted that the process of
producing plates of different thicknesses is likely to in-
fluence the properties of the plates. This has not been
taken into account here.

6.4. Effect of concrete strength

A comparison between the bond stress distribution as
a function of the concrete strength is shown in Fig. 9(b).
The concrete strengths investigated were: 30, 45 and 62
N/mm?. It can be seen that the concrete strength does
not have a significant effect on the interface stresses.

6.5. Effect of the modulus of elasticity of the plate

An investigation for plates with three different moduli
of elasticity is shown in Fig. 9(c) (Ey =100, 150
and 200 kN/mm?). It will be seen that increasing the
modulus of elasticity of the plate increases the bond
stresses with a 50 kN/mm? change in modulus giving a
change in bond stress of 0.7 N/mm?.

6.6. Effect of the plate width to thickness ratio

Three ratios of plate width to depth were considered;
R1 with a plate width of 25 mm, R2 with a width of 50
mm and R3 with a width of 75 mm. In each case, the
thickness of the plate was changed to keep the same

N/mm?

O = NWHOO
P .

Bond Stress

(b) Distance from end of CFRP plate mm
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Fig. 9. Results from parameter study: (a) variation in plate thickness; (b) variation in concrete strength; (c) variation in elastic modulus of plate; (d)

variation in aspect ratio of plate.
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cross section area of the plate. The dimensions of the
plates are listed in Table 4.

Fig. 9(d) shows the effect of different plate width to
thickness ratios on the interfacial bond stresses. From
this figure it can be seen that increasing the ratio of the
plate width to the plate thickness by /#, reduces the
concentration of bond stress.

6.7. Effect of plate end geometry

The investigation of the plate end geometry included
three plate cut-off end shapes as shown in Fig. 10. The
three shapes were square (Plan and elevation No:l),
tapered plate width (Plan and elevation No:2) and re-
duced plate thickness (Plan and elevation No:3) ends.
The plate thickness, apart from the ends, was kept at 1.3
mm for all cases.

For the reduced plate thickness end, the distance over
which the plate thickness was reduced was chosen to
cover the expected load transfer distance. This value was
taken as 40 ¢, and obtained through the consideration

Cut-off end

Plan (1)

Elevation (1)

Cut-off end

Plan (2)

Elevation 2)

Cut-off end

R
Plan (3)

M 401, Elevation (3)

Fig. 10. End details of plates used in parameter study.

Table 4
Plate widths and corresponding thickness for the different by /¢, ratios

Notation Plate Cross-section Thickness bpi/tol

width area of plate (mm)

(mm) (mm?)
R1 25 65 2.6 9.6
R2 50 65 1.3 38.5
R3 75 65 0.87 87.2

of the previous experimental results from the different
parameters. This reduction in thickness may not be a
very practical procedure, though the same effect could
be obtained by layering. It is, nevertheless of interest to
establish what the effect would be since, intuitively, it
appears to be a means of reducing the high end shears
and vertical tensions and hence the peeling effect.

6.8. Calculations of bond stresses for the different plate
ends

The calculations of bond stress distribution for the
plate with the tapered ends were calculated as follows.
e The width of the plate was divided into strips as

shown in Fig. 11. For each strip the bond stress

was calculated over the whole length of the plate.

e The bond stress at any position was obtained by su-
perposition of the stresses calculated for each of the
individual strips multiplied by its width and the final
result divided by the whole width of the section at
that position.

For the reduced thickness plate the following proce-
dure was adopted in the calculations.

e The distance within which the change in the thickness
of the plate occurred was divided into small incre-
ments, 1.5 mm. At each distance measured from the
plate end, (1.5 mm, 3.0 mm, 4.5 mm, 6.0 mm, etc.
up to the end of the transition zone), the thickness
of the plate with reduced thickness ends was calculat-
ed.

Fig. 11. ldealisation of end of plate with champfered end.
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Fig. 12. Influence of different end details on bond stresses.

o These values were used to establish the bond stress
for the case of beams bonded with a plate having
the calculated depth. The bond stress value at the spe-
cific distance from the plate end was considered to
represent the bond stress at this point for the reduced
thickness plate ends.

e For example, at a distance of 10 mm from the plate
end, the plate thickness was 0.25 mm. Then, the pro-
posed model was used to calculate the interfacial
bond stress distribution for a beam plated with a
plate having square ends with a constant thickness
of 0.25 mm. Having established that, only the bond
stress value at the specific position under consider-
ation, (10 mm), was taken to represent the bond
stress at that position. The method was repeated at
small distance increments until the full transition
zone was covered. An alternative analysis was carried
out using a layered model. This gave a very similar
answer.

Fig. 12 shows the effect of the different plate end ge-
ometries on the bond stress at the interface. It can be
seen that changing the plate end geometry affects the
bond stress distribution over the plate. The plate with
the tapered end showed nearly same stress value at the
plate edge and then the stress reduced gradually until
died out at nearly same distance as the square ends
plate. However, it should be noted that the bond stress
within the load transfer distance was relatively higher
compared to the other two geometries.

For the plate with the reduced thickness ends, the
bond stress curves have changed dramatically. The bond
stress was almost zero at the plate end and started to
increase with the increasing distance from the plate end.
This increase did not go above the lowest limit of the
bond stress for the other two cases of the plate end.

7. Conclusions

For prediction of the stresses in the region of the plate
end, the analytical model presented in this paper

reasonably represented the trend of the experimental

behavior, bearing in mind the average nature of the

experimental results. Following the parametric study the
conclusions may be summarized as:

¢ Increasing the plate thickness resulted in higher bond
stresses along the interface between the plate and con-
crete, especially; at the plate ends compared with low
thickness plates.

e Increasing the plate thickness resulted in an increase
in the load transfer distance, i.e. the distance required
for the transition of the forces from the concrete to
the plate.

e The ratio of the plate width to the plate thickness
bpi/ty is very significant in defining the bond stresses
near the plate ends.

¢ It can be seen that there was no difference in the bond
stresses developed close to the plate ends between the
square and tapered plate ends.

e Using a plate with reduced thickness ends resulted in
almost zero bond stress at the plate end and started to
increase with the increasing distance from the plate
end. This increase did not go over the lowest limit
of the bond stress for the other two cases of the plate
end.

o At the low load levels and within the constant mo-
ment region, perfect bond between the plate and the
beam was achieved.

¢ The plate end geometry affects the bond stress at the
plate—epoxy—concrete interface, however, more inves-
tigation needs to be conducted to clarify the effect of
this variable.
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