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Strengthening of concrete haunched beams with epoxy bonded external
steel side plates in shear is becoming on increasing by popular retrofit
technique among researchers and engineering worldwide. Concrete of
higher compressive strength have been produced currently and
increasingly used by the designers and contractors. Therefore, the main
purpose of the research described in this paper is to give better and full
understanding of the shear behavior of high strength concrete rectangular
beams strengthened with epoxy bonded external steel side plates and
subjected to static load. The main variables studied were the geometric
dimensions of bonded steel plates, width, position and arrangements,
thickness of plate bonded on both sides of shear zone of beams, the effect
of haunches (Negative haunches (-0.20) and positive haunches (+0.20))
and effect of quality degree of used concrete strength. During the tests
cracking load, ultimate load, concrete strains, steel strains and deflection
under load application were measured

Test results showed that the width, position, arrangements and thickness
of plate used considerably affects strength, deformation and mode of
failure of the tested beams. Increasing the width, position, arrangements
and thickness of plate bonded on both sides of shear zone of beams
increases the cracking and ultimate capacities of the strengthened beams.
Increasing the quality degree of concrete strength decreases the relative
cracking and ultimate capacities of the strengthened beams compared to
unstrengthened beams. The change from positive haunches (+0.20) to
Negative haunches (-0.20) increases the cracking and ultimate capacities
of the strengthened beams.

INTRODUCTION

Some of the existing reinforced concrete structures may require strengthening or
stiffening in order to increase their structural performance. Strengthening by using
Epoxy bonded external Steel Plates has been established as an effective method
applicable to many types of such structures.

Several studies have been focused on the potential use of carbon fiber
reinforced polymer "CFRP" and external Steel Plates for flexural and shear
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strengthening of normal strength concrete beams and some of high strength concrete
beams of constant depth. But relatively little researches have been done on the use of
external Steel side Plates in shear strengthening of high strength concrete haunched
beams [1-28]. In addition to that the current understanding of the shear behavior of
R.C. beam strengthened with external Steel side Plates is limited and much further
research is still needed. Therefore, the aims of this study were to gain a better
understanding and enhance the experimental database of shear behavior of R.C.
beams, with constant cross-section, shear span to depth ratio (a/d) equal (1.80),
strengthened externally with steel side plate and to develop a simple accurate model to
predict the contribution of steel side plate to the shear capacity of such beams at the
complete debonding of steel side plate. The main variables investigated were, the
geometric dimensions of bonded steel plates (width, position and arrangements),
thickness of plate, the effect of the shape of haunches (Negative haunches (-0.20) and
positive haunches (+0.20)) and effect of quality degree of concrete strength.

EXPERIMENTAL PROGRAM

Beams Having Negative Haunches

Fourteen high strength concrete beams and four reinforced normal strength concrete
beams having 1.50 m total length with rectangular cross — section of 0.12 m
breadth and constant height equals to 0.28 m. along the mid zone of beam (40
cm) and variable height along the shear span of beams equals to 0.36 m. these
beams were tested over a simple span of 1.30 m. under two equal point loading
of 40 cm apart. All beams were reinforced with four tension bars of 16.0 mm
diameter and two top bars of 10.0 mm. diameter plus stirrups of 6.0 mm diameter
at variable spacing, These beams were divided into five series ("AN", "BN", "CN",
"DN" and "EN" = 250,400, 550,700 and550 kg/cm?) respectively according to the
guality degree of high strength concrete and thickness of plate bonded on both sides of
shear zone of beams, having constant negative haunch, (tan o = -0.20) and with
constant shear span to depth ratio (a/d) equal (1.80).

Beams Having Positive Haunches

Fourteen high strength concrete beams and four reinforced normal strength concrete
beams having 1.50 m total length with rectangular cross — section of 0.12 m
breadth and constant height equals to 0.28 m. along the mid zone of beam (40
cm) and variable height along the shear span of beams equals to 0.20 m . these
beams were tested over a simple span of 1.30 m. under two equal pint loading of
40 cm apart. All beams were reinforced with four tension bars of 16.0 mm
diameter and two top bars of 10.0 mm. diameter plus stirrups of 6.0 mm
diameter at variable spacing. These beams were divided into five series ("AP", "BP",
"CP", "DP" and "EP" = 250, 400, 550, 700 and 550 kg/cm?) respectively according to
the quality degree of high strength concrete and thickness of plate bonded on both sides
of shear zone of beams, having constant positive haunch, (tan o = +0.20) and with
constant shear span to depth ratio (a/d) equal (1.80).

The test program was mainly intended to cover the testing of high
strength concrete haunched beams taking into account the following parameters :
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1. The geometric dimensions of bonded steel plates, width, position and
"arrangements of steel plates bonded on both sides of shear zone of beams"
2. Thickness of plate bonded on both sides of shear zone of beams.
3. The effect of the sign of slope haunches: Negative haunches (-0.20) and
positive haunches (+0.20).
4. Effect of grade of used concrete (concrete strength)
Figure (1-a) and (1-b) and tables (1-a) and (1-b) give details of the test beam specimen.
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Fig. (1-a) : Details of reinforcement of

tested beams.

(2-1) Concrete

The beams were made from concrete having variable strengths. Therefore, concrete
mixes design was made to produce concrete having a cube strength of about ( 250 , 400
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Fig . (1-b) : Load configuration of beams

2- MATERIALS

, 550 , 700 kg/cm?) at 28days age. The mix proportions by weight as follows in Table

(2-a).

Table (2-a) For mix design to give strength (250 kg/cm?)

Cement kg/m® | Sand kg/m®

Gravel kg/m®

Water liter/m®

350 523

1220

192
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Table ( 1-a) : Details and data of tested beams of series
"AN","BN","CN","DN" and "EN"".

Data of bonded side Shape of
plates beams and
A Al % position of

Steel H SO tmm | n areas.p. | side plate

Concrete Beam reinforcement
strength
(kg/cm?)

% area s.p. = relative area strengthed plate to area of haunch
n = number of side plate bonded on one side of haunch
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Table ( 1-b) : Details and data of tested beams of series
"AP"."BP","CP",""DP" and "EP".

Data of bonded side Shape of
plates beams and
position

Concret Beam reinforcement
e
strength A Yareas.

(kg/cm?) Steel A sy n 0. of side

% area s.p. = relative area strengthed plate to area of haunch
n = number of side plate bonded on one side of haunch
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*For high strength concrete mix design was made to produce high strength concrete
having 28 days cubic strength of (400,550,700 kg/cm?). Concrete mix proportions are

given in Table (2 - b).

Table (2 - b): Concrete mix proportions.

Crushedbasalt | gjjica | Additive
Cement | Sand 10 - 20 Water
Strength kg/m® | kg/m® | <10mm Fume BVF 1 iter/m?
kg/m® mm kg/m® | liter/m®
kg/m?
400 450 600 600 600 70 14 165
550 500 586 586 586 100 20 155
700 500 614 570 570 100 16 140

The constituent used materials were:
a) Ordinary Portland cement (Assiut Cement).
b) Local sand; the used sand had a specific gravity, volume weight and fineness

modulus of 2.5, 1.71 t / m® and 2.50, respectively.
¢) The coarse aggregate used was crushed basalt with (10 and 20 mm) maximum

nominal size, 2.78 specific gravity and 1.56 t/m*volume weight.

d) Local natural gravel; the used gravel was 20 mms maximum nominal size, 2.50
specific gravity and 1.52 t/m*® volume weight

e) Silica fume; it is produced by EFACO (Egyptian Ferro-Alloys company).

f) Additive: Addicrete BVF was used as superplastilizer for increasing both
workability and strength for the purpose of obtaining homogeneous mixture. The
additive was added to mixing water by percentage of weight of cement dose of
1.18 kg / liter volume weight.

(2-2) Steel Reinforcement

The used steel bars for stirrups of normal plain mild steel (M.S.) type and the used steel
bars for the compression and tension reinforcement was high tensile ribbed steel bars
(H.T.S.). The characteristics of the used bars (g 6, ®10and ®16) are summarized in
table (3) the values of the results included in this table are the average of three

specimens.

Table (3): Properties of the used steel bars

Commercial diam.(mm)

@10 H.T.S

D16 H.T.S.

Actual diam.(mm)

10.03

16.07

Yield or proof stress. Fy. (kg/cm?)

4110

4330

Ultimate strength. Fu.(kg/cm?)

5807

5970

% of Elongation

21%

18%
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(2-3) External Bonded Steel Plates

The external used steel plates of thickness (2.00, 1.50 and 1.00mm) for side plates.
Tests of steel plates were carried out according to standard specification. The
mechanical properties of tested steel plates are listed in table (4).

Table (4): Mechanical properties of used external bonded steel plates.

I Bonded steel plate thickness (mm) I
P

roperties
1.00 1.50 2.00

Yield stress (kg/cm?) 2710 2960 3080

Tensile strength

3805 3985 3895

(kg/cm?)
% of Elongation 29.00% 27.5% 27.00%

(2-4) Adhesive Material

The epoxy adhesive mortar used in the study was manufactured and supplied by
CHEMICALS FOR MODERN BUILDINGS, under commercial name of
KEMAPOXY 165 compound. The compressive and bending strength of the adhesive
material as given by the manufactures are 800 and 400 kg/cm? respectively. Also its
adhesive strength on concrete is recorded to be 103 kg/cm?.

(2-5) Testing Procedure

The available testing machine (EMS 60 tons) was used mainly in tested beams. The
used machine has three ranges of loading (15, 30 and 60 tons) .The ranges were used,
depending upon the predicted ultimate load of the tested beam through a tare having a
weight of (1.40 ton).The load was applied in an increment of 0.50 ton up to cracking
load , and in increment of 1.00 ton up to failure load. At each load stage, beam
deflection was measured, and the developing crack pattern was marked on the beam
surface. The final failure was carefully observed and the concrete, steel strain at mid-
span of beams was measured by using an electrical strain gauges.
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Table (5): Results of tested beams having negative haunch (tan o = -.20):

Experimental Results Pul.The | Pecrstr.

Series Position "Res / per Pul str. (K)

of plates der2 du2 (ton)
(mm) | (mm)

/pul.ori. | (ton/mm)

ori. failure
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S=shear, S.C=shearcompression , F =flexure

dcr , du = cracking and ultimate deflection in mm

gcr.co , eu.co = cracking and ultimate mid-span concrete strain.

gcr.st, eu.st = cracking and ultimate mid-span steel strain.

P crstr., P cr ori. = cracking load for both strengthened and original beams.

P ul str., P ul ori. = ultimate load carrying capacity for both strengthened and original beams.
P ul . the. = Theoretical load carrying capacity.

(K) = stiffness reference (the initial tangent load deflection curve at cracking level).

(Tou.) = toughness of beam (the total area under the load deflection curve).
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Table (6): Results of tested beams having positive haunch (tan o = +.20):

Experimental Results

Pul .The. ’ Pul str. (K)
dul | der2 | du2 Res (ton) Ipul ori. |(ton/mm)
(mm) (mm) (mm)

T Q 529 | 159 | 511 9.13 100 | 0250
559 | 193 | 571 23.00 1386 | 0.288

Position

Series of plates

2.03 5.39 19.82 . 1.287 0.300

1.90 6.22 23.00 . 1.505 0.373
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S=shear, S.C=shearcompression , F =flexure

dcr , du = cracking and ultimate deflection in mm

gcr.co , eu.co = cracking and ultimate mid-span concrete strain.

ecr.st, eu.st = cracking and ultimate mid-span steel strain.

P crstr., P cr ori. = cracking load for both strengthened and original beams.

P ul str. , P ul ori. = ultimate load carrying capacity for both strengthened and original beams.
P ul . the. = Theoretical load carrying capacity.

(K) = stiffness reference (the initial tangent load deflection curve at cracking level).

(Tou.) = toughness of beam (the total area under the load deflection curve).
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(3)- Results and Discussion

Test results of the five series of beams having negative haunch are presented in Table
(5) and test results of five series of beams having positive haunches are presented in
Table (6). The table also includes the experimental values of both cracking and
ultimate loads for tested beams, the theoretical values of load carrying capacity, and
stiffness of beams and mode of failure.

(3-1) Beams Having Negative Haunch (tan o = - 0.20)

(3-1-1) Effect of Width, Arrangements and Position of Bonded Side Steel
Plates on:

a— Crack Pattern and Mode of Failure

For all strengthened beams it was observed that the major crack is initiated from the
bottom concrete surface in small depth (tension zone) and propagated upwards towards
the top surface (compression zone ) between the two point of load application as shown
in Figs.(3,4and 5) but for unstrengthened beam the major crack is initiated at one third
of shear-span at bottom concrete surface and propagated upwards towards the point of
load application as shown in Fig.(2 ) , this behavior is ascribable to the high shear
capacity for zones including bonded side plates .The mode of failure was of shear type
one for unstrengthened beam but it changed to shear compression type for strengthened
beam having side plate of area according to area of haunched original beam of 0.50 ,
0.469 . But the mode of failure changed to flexural failure for strengthened beam by
increasing the area of side plate to complete area of haunched zone.

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

For all grades of concrete it was obvious that for beams having negative haunch, in
general, the maximum deflection, mid-span concrete and steel reinforced bars strain
decrease at any loading level before failure level by increasing the ratio of area of side
plates to area of haunched original beam and change its position. However at the final
failure level the maximum deflection, mid-span concrete and steel reinforced bars
strain increases, as shown in Figs.(6 to 10). This is ascribable to the corresponding
increase of both the stiffness and shear capacity for beams as a result of increasing the
area, arrangements and changing the position of strengthened side plates on shear zone.

Fig. (2):Crack pattern of beam "CN.0".
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Fig. (5): Crack pattern of beam "CN.3".with thickness of steel plate (2.00 mm)

c- Cracking Load

The cracking loads usually increases by bonding of external steel plates on both sides
of haunches. The increase depends mainly on both grade of concrete as well as on the
ratio of the area of strengthened plates to the area of haunched original beam. e.g,
increasing the area of strengthened plate to area of haunched original beam, regarding
the cracking load for the strengthened beams showed 1.30, 1.30 and 1.20 times than
that of the original beam for concrete (cube strength = 250 kg/cm?) and 1.285 , 1.428
and 1.143 for concrete (cube strength = 400 kg/cm?) and 1.23 , 1.61 and 1.38 for
concrete (cube strength = 550 kg/cm?) and 1.125 , 1.375 and 1.375 for concrete (cube
strength = 700 kg/cm?) for case of beams having side plate the area of strengthened
plate to area of haunches original beam of 0.50, 0.469 and 1.00 respectively, as shown
in Fig.(11).
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Fig. (7): Relation between deflection at
point (2) at cracking level and
configuration of external bonded steel
plates for different series of beams.

16.0

700

14.0

12.0

550

10.0 400

8.0

. /’/:__/o 250

4.0 —=— 400 [—|

Ultimate deflection at point (2) mm

2.0 —

0.0 T T T
N.O N.2 N.1 N.3

Configuration of external bonded steel plates

Fig. (8): Relation between ultimate
deflection at point (2) and configuration
of external bonded steel plates for
different series of beams "
N.0","N.1","N.2","N.3"

d- Ultimate Loads

ST e o e
Y v
0.20 //700
0.15 /
0.10 = //"/_//

=

—+—250] |
—=— 400
005 —— 550
—m— 700

Ultimate mid-span concrete strain *(10"-2)

0.00

N.O N.2 N.1 N.3

Configuration of external bonded steel plates

Fig. (9) : Relation between ultimate mid-
span concrete strain and configuration of
external bonded steel plates for different
series of beams " N.0","N.1","N.2" "N.3"

The same trend was observed with respect to ultimate loads. The ultimate loads
increase by increasing the ratio of area of side plate to area of haunched original beam,
regarding the ultimate load for the strengthened beams showed 1.48, 1.411 and 1.53
times than that of the original beam for concrete (cube strength = 250 kg/cm?) and
1.355, 1.314 and 1.48 for concrete (cube strength = 400 kg/cm?) and 1.302, 1.20 and
1.42 for concrete (cube strength = 550 kg/cm?) and 1.24, 1.207 and 1.32 for concrete
(cube strength = 700 kg/cm?)for case of beams having side plate the area of side plate
to area of haunched original beam of 0.50, 0.469 and 1.00 respectively, as shown in
Fig.(12). Based on experimental results a proposed equations for predicting relative
ultimate loads (P ul str. / P ul ori.) was derived for beams having the same negative
haunch (tan o = - 0.20) and reinforced steel bars as follow, as shown in Fig. (13).
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P ul str.= P ul ori. [1.00+0.6550*(A str./A ori.)]
For concrete strength F ¢ = 250 kg/cm?
P ul str.= P ul ori. [1.00+0.5475*(A str./A ori.)]
For concrete strength F ¢ = 400 kg/cm?
P ul str.= P ul ori. [1.00+0.4523*(A str./A ori.)]
For concrete strength F ¢ = 550 kg/cm?
P ul str.= P ul ori. [1.00+0.3654*(A str./A ori.)]
For concrete strength F ¢ = 700 kg/cm?
Where
(A str./A ori.): The ratio of area of strengthened plate to area of haunched original
beam.
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Fig. (10): Relation between ultimate mid-
span steel strain and configuration of
external bonded steel plates for different

series of beams.

e- Relative Beams Stiffness

Fig. (11): Relation between the cracking
load and configuration of external bonded
steel plates for different series of beams "

N.0","N.1","N.2","N.3"

By increasing the ratio of area of strengthened plates to area of haunched original beam
and the position of bonded side plates the relative stiffness (K str./K ori.) increases,
based on experimental results a suggested equations for relative stiffness (K str./K ori.)
at cracking level for all grades of concrete was derived for beams having the same
negative haunch (tan o = - 0.20) and reinforcement steel bars as follow, disregarding

the grade of concrete , as shown in Fig.(14)
K str. = K ori. [1.00 + 1.0075 * (A str./A ori.)]
Where:

K str. = stiffness of strengthened beam.
K ori. = stiffness of original beam.
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Fig. (14): Relation between relative stiffness (K str. / K ori.)
at cracking level and area of strengthened plates to area of
haunched of original beam (A str./A ori.)for all beams having
negative haunch from series (A,B,C,D = 250,400,550,700 kg/cm?)

(3-1-2) Effect of Thickness of Bonded Side Steel Plate on:

a- Crack Pattern and Mode of Failure

By increasing the thickness of steel plate from (1.00 to 2.00 mm) the number of cracks
decreases at the same level of loading. The mode of failure changed from shear for
unstrengthened beam to flexural failure for all beams with complete side plate on
haunch at shear zone for any thickness of side plate. , as shown in Figs.(15 and 16).
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Fig. (16): Crack pattern of beam "EN.2"with thickness of steel plate (1.00 mm)

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

By increasing the thickness of steel plate the maximum deflection, mid-span concrete
and steel reinforced bars strain decreases at any loading level before failure level.
However at the final failure level the maximum deflection, mid-span concrete and steel
reinforced bars strain increases by increasing the thicknesses of strengthened steel side

plates as shown in Figs. (17 to 22).
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span concrete strain and change in
thickness of plate for negative haunched
for beams"CN.3","EN.1","EN2" from
series (CN and EN = 550 kg/cm?)

Fig(22): Relation between ultimate mid-
span steel strain and change in thickness
of plate for negative haunched for
beams"CN.3","EN.1","EN2" from series
(CN and EN = 550 kg/cm?)
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c- Cracking and Ultimate Loads

By increasing the thickness of steel side plate the cracking load is the same but the
ultimate load increased. When considering the cracking load, the strengthened beams
showed 1.384, 1.538 and 1.384 times more than that of the original beam for beams
having steel plate thickness of 1.00, 1.50 and 2.00 mm respectively. Also when
considering the ultimate load for the same latter beams showed 1.371, 1.398 and 1.42
times more than that of the original beam respectively. Based on experimental results a
suggested equations for relative cracking (P cr str./P cr ori.) and ultimate load (P ul
str./P ul ori.) was derived for beams having the same negative haunch (tan a = - 0.20) ,
reinforcement steel bars(u=2.57 %) ,grade of concrete (cube strength = 550 kg/cm?),
position and arrangements "for plates bonded on both sides of shear zone of beams" as

follows, see Figs.(23 and 24).

P crstr.= P crori. [1.00 + 0.6581 * (t) + (- 0.2272) * (t)? ]
P ul str.= P ul ori. [1.00 + 0.5061 * (t) + (- 0.1507) * (t)? ]

Where:
t = Thickness of steel plate in (mm)
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Fig(23): Relation between relative
cracking load and change in thickness of
plate for negative haunched for
beams"CN.0","CN.3","EN.1"and"EN2"
from series (CN and EN = 550 kg/cm?)

Fig(24): Relation between relative
ultimate load and change in thickness of
plate for negative haunched for
beams"CN.0","CN.3","EN.1"and"EN2"
from series (CN and EN = 550 kg/cm?)



1410 Abd EI-Rahman Megahid, Rashwan. M. M., ...

d- Relative Beams Stiffness

By increasing the thickness of steel side plate the relative stiffness (K str./K ori.)
increases. Based on experimental results a suggested equations for relative stiffness (K
str./K ori.) at cracking level was derived for beams having the same negative haunch
(tan o = - 0.20) , reinforcement steel bars (u=2.57 %), grade of concrete (cube strength
= 550 kg/cm?), position and arrangements "for plates bonded on both sides of shear
zone of beams™ as follow, as shown in Figs.(25) .

K str. = K ori. [ 1.00 + 0.4739 * (t) ]

Where:

K str. = stiffness of strengthened beam.
K ori. = stiffness of original beam.

t = thickness of steel side plate in (mm).

2.00

2.00mm
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0.40
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Fig. (25): Relation between relative stiffness (K str./K ori.) at cracking level
and thickness of strengthened plates for beams having negative haunch
"CN.0","CN.3","EN.1","EN2" from series (C and E = 550 kg/cm?)

(3-1-3) Effect of the Grade of Concrete on:

a- Crack Pattern and Mode of Failure

By increasing the strength of concrete from (250 to 700 kg/cm?) the number of cracks
decreases at the same level of loading, but the mode of failure is the same for
strengthened and unstrengthened beams for all grades of concrete.

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

By increasing the grade of concrete the maximum deflection, mid-span concrete and
steel reinforced bars strain decreases at any loading level before failure level. However
at the final failure level the maximum deflection, mid-span concrete and steel
reinforced bars strain increases by increasing the grade of concrete. But the measured
maximum mid-span concrete strain at failure point for strengthened beams with
complete side plate on haunch at shear zone to begin crushing of concrete at
compression zone decreases by increasing the grade of concrete, as shown in Figs. (26
to 29).
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Fig. (27): Relation between ultimate
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grade of concrete for negative haunched
beams from series (AN, BN, CN and DN
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Fig. (28): Relation between ultimate mid-
span concrete strain and change in the
grade of concrete for negative haunched
beams from series (A,B,C,D =
250,400,550,700 kg/cm?)

c- Cracking and Ultimate Loads

Fig. (29): Relation between ultimate mid-

span steel strain and change in the grade

of concrete for negative haunched beams

from series (A,B,C,D = 250,400,550,700
kg/cm?)

By increasing the strength of concrete both of cracking and ultimate load increases.
When considering the increasing of relative ultimate load between high strength
concrete to reinforced normal strength concrete beams decreases when increasing the
grade of concrete for strengthened beams to unstrengthened beams, as shown in Figs.

(12 and 13).
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d- Beams Stiffness and Toughnes

By increasing the grade of concrete strength both of stiffness reference (K) and
toughness increases, as shown in Figs. (30 and 31).
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haunched beams” N .0","N .1","N .2","N beams” N .0","N .1","N .2","N .3 for
.3"for different series different series

(3-2) Beams Having Positive Haunch (tan a = + 0.20)

(3-2.1) Effect of Width, Arrangements and Position of Bonded Side
Steel Plates on:

a- Crack Pattern and Mode of Failure

For all strengthened beams it was observed that the major crack is initiated from the
bottom concrete surface in big depth (tension zone) and propagated upwards towards
the top surface (compression zone) between the two point of load application as shown
in Figs. (33, 34 and 35 ), but for unstrengthened beam "AP.0"the major crack is
initiated at one of the two supports at bottom concrete surface and propagated upwards
towards the point of load application, as shown in Fig.(32) . This behavior is ascribable
to the high shear capacity for zones including bonded side plates. The mode of failure
was of shear type for unstrengthened beam and strengthened beams having area side
plate to area of haunched original beam of 0.46 bonded at small depth on haunch but it
changed to shear compression for strengthened beams having area side plate to area of
haunched original beam ratio higher than of 0.50.

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

For all grades of concrete, it was obvious that for beams having positive haunch, in
general, The effect of area side plates to area of haunched original beam and the
position of bonded side plates on maximum deflection, mid-span concrete and steel
reinforced bars strain decreases at any loading level before failure level by increasing
the area of side plates to area of haunched original beam and change the position of it.
However at the final failure level the maximum deflection, mid-span concrete and steel



STATIC BEHAVIOUR OF REINFORCED HIGH STRENGTH ... 1413

reinforced bars strain increases, as shown in Figs.(36to 42). This is ascribable to the
corresponding increase of both the stiffness and shear capacity for beams as a result of
increasing the area, arrangements and position of strengthened side plates on shear
zone.

Fig. (35): Crack pattern of beam "CP.3"with thickness of steel plate (2.00 mm)
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Fig. (39): Relation between mid-span
concrete strain at cracking level and
configuration of external bonded steel
plates for different series of beams™
p.0","P.1","P.2","P.3"
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c- Cracking Loads

The cracking loads increase by increasing the ratio of area of side plate to area of
haunched original beam, regarding the cracking load for the strengthened beams
showed 1.375, 1.50 and 1.75 times than that of the original beam for concrete (cube
strength = 250 kg/cm?) and 1.20, 1.30 and 1.60 for concrete (cube strength = 400
kg/cm?) and 1.10, 1.17 and 1.42 for concrete (cube strength = 550 kg/cm?) and1. 1.14,
1.14 and 1.285 for concrete (cube strength = 700 kg/cm?) for case of beams having side
plate the area strengthened plate to area haunches original beam of 0.50, 0.46 and 1.00
respectively, as shown in Fig.(43).



1416 Abd EI-Rahman Megahid, Rashwan. M. M., ...

d- Ultimate Loads

General, the ultimate loads increases by increasing the ratio of area of side plate to area
of haunched original beam. The ultimate load for the strengthened beams showed
1.386, 1.287 and 1.505times than that of the original beam for concrete (cube strength
= 250 kg/cm?) and 1.212, 1.333 and 1.412for concrete (cube strength = 400 kg/cm?)
and 1.292, 1.415 and 1.543 for concrete (cube strength = 550 kg/cm?) and 1.16, 1.25
and 1.375 for concrete (cube strength = 700 kg/cm?)for case of beams having area of
side plate to area of haunched original beam of 0.50, 0.46 and 1.00 respectively, as
shown in Fig.(44).

Based on the obtained experimental results a suggested equations for
predicting relative ultimate loads (P ul str. / P ul ori.) was derived for beams having the
same positive haunch (tan o = + 0.20) and reinforced steel bars as follow, as shown in
Fig. (45).

P ul str. = P ul ori. [1.00 + 0.5665 * (A str./A ori.) ]
For concrete strength F ¢ = 250 kg/cm?
P ul str. =P ul ori. [1.00 + 0.4589 * (A str./A ori.) ]
For concrete strength F ¢ = 400 kg/cm?
P ul str. =P ul ori. [1.00 + 0.6019 * (A str./A ori.) ]
For concrete strength F ¢ = 550 kg/cm?
P ul str. =P ul ori. [1.00 + 0.3893 * (A str./A ori.) ]
For concrete strength F ¢ = 700 kg/cm?

Where
(A str./A ori.): The ratio of area of strengthened plate to area of haunched original
beam.

e — Beams Stiffness

By increasing the ratio of area of side plates to area of haunched original beam and the
position of bonded side plates the relative stiffness of beams (K str./K ori.) increases.
Based on experimental results a suggested equations for relative stiffness (K str./K ori.)
at cracking level for all grade of concrete was derived for beams having the same
positive haunch (tan o = + 0.20) and main steel bars as follow, as shown in Fig.(46).

Kstr. =K ori. [1.00 + 0.5758 * (A str./A ori.) ]

Where:
K str. = stiffness of strengthened beam.
K ori. = stiffness of original beam.

(3-2-2) Effect of Thickness of Bonded Side Steel Plate on:

a- Crack Pattern and Mode of Failure

By increasing the thickness of steel plate from (1.00 to 2.00 mm) the number of cracks
decreases at the same level of loading, Also the height of vertical crack at tension zone
decreases by increasing the thickness (1.00, 1.50, 2.00 mm) respectively. The mode of
failure changed from shear type for unstrengthened beam to shear compression one for
all beams with complete side plate on haunch at shear zone for any thickness of side
plate, as shown in Figs.(47 and 48).
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Fig. (47): Crack pattern of beam "EP.1"with thickness of steel plate (1.50 mm)
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Fig. (48): Crack pattern of beam "EP.2"with thickness of steel plate (1.00 mm)

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

By increasing the thickness of steel plate the maximum deflection, mid-span concrete
and steel reinforced bars strain decreases at any loading level before failure level.
However at the final failure level the maximum deflection, mid-span concrete and steel
reinforced bars strain increases by increasing the thicknesses of strengthened steel side
plates as shown in Figs. (49 to54).
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Fig(49): Relation between deflection at Fig(50): Relation between ultimate
cracking level at point (1) and change in deflection at point (1) and change in
thickness of plate for positive haunched thickness of plate for positive haunched
for beams"CP.3","EP.1","EP.2" from for beams"CP.3""EP.1","EP.2" from

series (CP and EP = 550 kg/cm?) series (CP and EP = 550 kg/cm?)
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Fig(52): Relation between mid-span steel
strain at cracking level and change in
thickness of plate for positive haunched
for beams"CP.3","EP.1","EP.2" from
series (CP and EP = 550 kg/cm?)
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thickness of plate for positive haunched
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c- Cracking and Ultimate Loads

Fig(54): Relation between ultimate mid-
span steel strain and change in thickness
of plate for positive haunched for
beams"CP.3","EP.1","EP.2" from series
(CP and EP = 550 kg/cm?).

By increasing the thickness of steel side plate, both of cracking and ultimate loads
increase. When considering the cracking load, the strengthened beams showed 1.333,
1.417 and 1.417times than that of the original beam for beams having steel plate
thickness of 1.00, 1.50 and 2.00 mm respectively. Also when considering the ultimate
load the same latter beams showed 1.31, 1.41 and 1.544 times than that of the original
beam respectively. Based on experimental results a suggested equations for relative
cracking (P cr str. /P cr ori.) and ultimate load (P ul str. / P ul ori.) was derived for
beams having the same negative haunch (tan o = - 0.20), reinforced steel bars, degree
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of strength concrete, position and arrangements "for plates bonded on both sides of
shear zone of beams™" as follow, as shown in Figs. (55 and 56).

Perstr=Pcrori. [ 1.00 +0.4664 * (t) + (-0.1284) * (t)° ]
Pulstr.=Pulori. [1.00 +0.3271* (t) + (- 0.0291) * (t)? ]

Where:
t = thickness of steel plate in (mm).
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Fig(55): Relation between relative Fig(56): Relation between relative
cracking load and Change in thickness of  ultimate load and Change in thickness of
plate for positive haunched for plate for positive haunched for
beams"CP.0","CP.3","EP.1"and"EP.2"fro  beams"CP.0","CP.3","EP.1"and"EP.2"fro
m series (CP and EP = 550 kg/cm?) m series (CP and EP = 550 kg/cm?)

d- Beams Stiffness

By increasing the thickness of steel side plate the relative stiffness (K str./K ori.)
increases. Based on experimental results a suggested equations for relative stiffness (K
str./K ori.) at cracking level was derived for beams having the same positive haunch
(tan a = + 0.20), reinforcement steel bars, grade of concrete, position and
arrangements "for plates bonded on both sides of shear zone of beams" as follows, see
Fig.(57).

K'str. = K ori. [1.00 + 0.3352 * (t) ]

Where:

K str. = stiffness of strengthened beam.
K ori. = stiffness of original beam.
t = thickness of steel side plate in (mm).
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Fig. (57): Relation between relative stiffness (K s/K 0) at cracking level
and thickness of strengthened plates for beams having positive haunch
"CP.0","CP.3","EP.1","EP.2" from series (CP and EP = 550 kg/cm?)

(3-2-3) Effect the Grade of Concrete on:

a- Crack Pattern and Mode of Failure

By increasing the strength of concrete from (250 to 700 kg/cm?) the number of cracks
decreases at the same level of loading, but the mode of failure is the same for
strengthened and unstrengthened beams for all grades of concrete.

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

By increasing the grade of concrete, the maximum deflection, mid-span concrete and
steel strain decrease at any loading level before failure level. However at the final
failure level the maximum deflection, mid-span concrete and steel reinforced bars
strain increase by increasing the grade of concrete. But the steel bars strain at failure
point is the same level values for high strength concrete beams but big for that of the
reinforced normal strength concrete beams, as shown in Figs.(58 to61).
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Fig. (58): Relation between cracking Fig. (59): Relation between ultimate

deflection at point (2) and change in the deflection at point (2) and change in the
grade of concrete for positive haunched grade of concrete for positive haunched
beams" P.0","P.1","P.2","P.3" for beams" P.0","P.1","P.2","P.3" for different
different series series
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Fig. (60): Relation between ultimate mid-  Fig. (61): Relation between ultimate mid-
span concrete strain and change inthe  span steel strain and change in the grade of
grade of concrete for positive haunched concrete for positive haunched beams"
beams" P. 0","P.1","P. 2","P. 3" for P.0","P.1","P.2","P.3"for different series
different series

c- Cracking and Ultimate Loads

By increasing the strength of concrete both of cracking and ultimate load increases.
When considering the increasing of relative ultimate load between high strength
concrete to normal reinforcement concrete beams is decreases when increasing the
grade of concrete for strengthened beams to unstrengthened beams, as shown in Figs.
(44 and 45).

d- Beams Stiffness and Toughness

By increasing the grade of concrete strength both of stiffness reference (K) and
toughness increases, as shown in Figs. (62 and 63).
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Fig. (62): Relation between stiffness (K)  Fig. (63): Relation between toughness and
and grade of concrete for positive grade of concrete for positive haunched
haunched beams" P .0","P .1","P .2","P beams" P .0","P .1","P .2","P .3" from
.3"for different series series (AP, BP, CP and DP =

250,400,550,700 kg/cm?)
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(3-3) Effect of Haunch Inclination (a) on:

a- Crack Pattern and Mode of Failure

By changing the haunch inclination (a) from positive to negative the number of both
shear and flexure cracks decreases at the same level of loading, The mode of failure
was the same for all unstrengthened having negative and positive haunched beams as
shear failure. But for strengthened negative haunched beams changed from shear
failure to shear compression failure and flexure failure with crushing of concrete at
mid-span for case of beams having side plate the area of side plate to area of haunched
original beam of 0.46, 0.50 and 1.00 respectively. But strengthened positive haunched
beams changed from shear failure to shear compression failure with crushing of
concrete at the bearing support for the same area of side plate respectively. This is
ascribable behavior is due to the increase of both stiffness and shear capacity of the
beams having negative haunch with big depth at support.

b- Maximum Deformation: (Deflection, Concrete and Steel Strain)

By changing the haunch inclination (o) from positive to negative the maximum
deflection decreases at any level of loading, but the corresponding measured of
concrete compression and steel bars strain increases at any loading level, for all grade
of concrete beams, as shown in Figs.(64 to 66). This is ascribable this behavior is due
to the increase of both stiffness and shear capacity of the beams having negative
haunch with big depth at support.

c- Cracking and Ultimate Loads

For change the haunch inclination (o) from positive to negative the both of cracking
and ultimate load increases, as shown in Figs.(67 and 68).
d- Beams Stiffness

By change the haunch inclination (&) from positive to negative the stiffness of beams
(K) increases. as shown in Fig.(69)
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Fig. (64): Load deflection curves at Fig. (65): Relation between ultimate mid-

point (1) for beams having positive and  span concrete strain and change in slope for
negative haunch from series (C = 550 beams with negative and positive haunch
kg/cm?) from series (A, B,Cand D =
250,400,550,700 kg/cm?)
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Fig. (68): Relation between ultimate
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Fig. (69): Relation between stiffness (K) and
change in slope for beams negative and
positive haunched from series (A, B, C and
D = 250,400,550,700 kg/cm?)

4- CONCLUSIONS

Based on the results of the experiments carried out on high strength reinforcement
concrete beams strengthened with bonded steel side plates, the following conclusions

can be drawn:

Beams Having Negative Haunch (tan a = - 0.20)

1- The mode of failure was shear failure for all unstrengthened having negative
haunched beams. But for strengthened beams, the mode of failure changed from
shear to shear compression and flexure failure with crushing of concrete at mid-
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5-

span for case of beams having area of steel side plate to area of haunched
original beam of about 0.46, 0.50 and 1.00 respectively.

By increasing the thickness of steel side plate from (1.00 to 2.00 mm) the
number of cracks decreases at the same level of loading. The mode of failure
changed from shear failure for unstrengthened beam to flexural failure for all
beams with complete side plate on haunch at shear zone for any thickness of
steel side plate.

By increasing the thickness of steel side plate the cracking load is the same but
the ultimate load increases. The cracking load of strengthened beams "EN.1
""EN.2" and "CN.3" having steel side plate of thickness 1.00, 1.50 and 2.00 mm
respectively showed 1.384, 1.538 and 1.384 times more than that of the original
beam "CN.0". The ultimate load for the same latter beams showed 1.371, 1.398
and 1.42 times more than that of the original beam respectively.

A general equation to determine the ultimate loads for beams strengthened by
using steel side plate of relative area (A str./A ori.) and different thickness of
side plate, as a main variables as follows ;

Pulstr=Pulori.[1.00+C1+C2 ]

Where:

C1=[0.6550 * (A str./A ori.) ] ... for concrete strength F ¢ = 250 kg/cm?
C1=[0.5475* (Astr. /A ori.) ] ... for concrete strength F ¢ = 400 kg/cm?
C1=[04523* (Astr./Aori.) ] ... for concrete strength F ¢ = 550 kg/cm?
C1=[0.3654* (Astr. /A ori.) ] ... for concrete strength F ¢ = 700 kg/cm?

C 2 =[0.5061 * (thickness "mm") + (- 0.1507) * (thickness "mm")?]

P ul str., P ul ori. = ultimate load carrying capacity for both strengthened and
original beams.

(A str. /A ori.): the ratio of area of side plate to area of haunched original beam.
The failure of strengthened beam with area of side plate to area of haunched
original beam = 0.46, which bonded at the small depth was more sudden.

Beams Having Positive Haunch (tan a = + 0.20)

6-

8-

The mode of failure was shear failure for all unstrengthened having positive
haunch beams. But for strengthened beams, the mode of failure changed from
shear to shear compression and shear compression failure with crushing of
concrete at the bearing support for the beams having area steel side plate to area
of haunched original beam of about 0.46, 0.50 and 1.00 respectively.

By increasing the thickness of steel side plate the both of cracking and ultimate
loads increase. The cracking load of strengthened beams "EP.1 ","EP.2" and
"CP.3" having steel plate of thickness 1.00, 1.50 and 2.00 mm respectively
showed 1.333, 1.417 and 1.417 times more than that of the original beam "CP.0".
The ultimate load for the same latter beams showed 1.31, 1.41 and 1.544 times
more than that of the original beam respectively.

A general equation to determine the ultimate loads for beams strengthened by
using steel side plate of relative area (A str./A ori.) and different thickness of
side plate, as a main variables as follows ;

Pulstr=Pulori.[1.00+C1+C 2]
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Where:

C1=[0.5665*(Astr/Aori) ] ...... for concrete strength F ¢ = 250 kg/cm?
C1=[0.4589 * (Astr./Aori) ] ...... for concrete strength F ¢ = 400 kg/cm?
C1=[0.6019 * (A str./Aori.) ] ...... for concrete strength F ¢ = 550 kg/cm®
C1=[0.3893 * (Astr./Aori) ] ...... for concrete strength F ¢ = 700 kg/cm?

C 2 =[0.3271 * (thickness "mm") + (- 0.0291) * (thickness "mm")?]

Effect of Haunch Inclination (a)

9- For change the haunch inclination (o) from positive to negative the number of

shear and flexure cracks decreases at the same level of loading. But cracking and
ultimate loads increase.

10- With all grades of concrete, by changing the haunch inclination () from positive

to negative, the maximum deflection decreases at any level of loading, but the
corresponding measured concrete and steel bars strain increase.

11- Generally, the effectiveness of strengthening increases by increasing the area of

ok~ w

10.

11.

12.

13.

strengthening steel side plates, its position on haunch and its thickness, but
decreases relatively by increasing the grade of concrete strength.
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