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Abstract:

The present study is an experimental comparisonesst the effect of increasing the compressive
strength of the section and increasing the reiefment ratio on the results of strengthening
reinforced concrete beams with external steel plateonstant dimensions.

The experimental program consists of testing tenforced concrete beams. Five of them are
without external steel plates to be the origin@csmens while the other five ones are provided with
steel plates of same dimensions glued at the bd#@oeof the beams.

Three values of compressive strength (f'c) werel uisehis study which were (22, 45 and 71MPa)
and also three ratios of internal reinforcementwhich were (0.01411, 0.02116 and 0.03445) to
investigate their effects on the strengthened bdsehavior.

The results showed that the cracking load and ltmate load can be increased up to (150% and
137%) respectively. Also, by increasing the sectompressive strength all the properties of the
strengthened beam can be improved while by inargasie reinforcement ratio the deflection and
cracking can be reduced to improve the elastic\oehaf the beam

Keywords: Strengthened beam, external plate, deflectionildyctestraining.
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Introduction:

An important part of the responsibility of the stiwral engineer is to select, from many
alternatives, the best structural system for themiconditions. The wise choice of a structural
system is far more important, in its effect on @leeconomy and serviceability than refinement in
proportioning the individual member®ilson et al. 2008 In structural engineering, the
maintenance, repair and upgrading of structureguateas important and technical as the design and
construction of new structures. In the case of agigig this usually involves strengthening of an
existing structure to satisfy a higher ultimated@and /or more stringent serviceability requirersent
(Jones et al 19820ne of the more successful methods for strengtbethe reinforced concrete
structures is "Plate Bonding Technique”. Invesiaret into the performance of members
strengthened by this technique started in the 198@se recently, many researches on plain and
reinforced concrete have been carried out.
The works of Jones et al. (198@wamy et al. (1987Hamoush and Ahmed (199@gehlers
et al. (1998) and Kheder et al. (2008) have hiditéd a number of features of this technique, some
of which can be summarized as:
< Full composite action can be achieved between areteamember and a steel plate by the use of
suitable epoxy glue.

< Plating has a considerable reducing effect on Higtkural crack width and deflection. The
reduction is greater than would be achieved by qusidlditional internal reinforcement
equivalent to that of external plate.

< Where failure of a strengthened reinforced concrnegenber is by yielding of bonded plate, the
ultimate strength can be predicted by using coneeal reinforced concrete theory accurately.

< This technigue can increase the flexural stiffrefdhe beam at all load stages and consequently
reduce deflections at corresponding loads witlgaiscant increase in serviceability.

< Due to controlling of deflections, cracking and caate strains, this technique increases the
range of the elastic behavior of the strengtherezais.

However, despite of the plate bonding techniqueaathges in field of the reinforced

concrete structures, the premature failure troublstill dominant, as shown iRigure 1, and
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must be vanished to attain the technique advant&gsforced concrete beams strengthened
externally by plates bonded to the tension faceeHaaen noted to fail in a variety of modes,
influenced greatly by the plate thickness. Failoredes include the followingNguygenet al
200D:

< The flexural dominant mode; characterized by extengielding of internal reinforcement and
external plate, deep intrusion of flexural cracksl &rushing of concrete in the compressive
zone.

< Premature separations of the plate at the conglete—steel interface; initiated from the zone of
plate curtailment.

< Horizontal tearing of concrete cover; initiatedtla¢ location of plate curtailment, the interface
remains intact, with the crack passing through dbecrete below the level of main internal
reinforcement and proceeds upwards to the poidbading in a steep vertical ascent (shear
mode of failure).

A hybrid mode of failure in which there is yieldirgf internal reinforcement and external plate

prior to failure; with actual failure being prediied by the horizontal tearing of concrete cover

below the level of internal reinforcement (flexusdear mode of failure).

Aims Of Study:

The aims of this study is to select from two opsiavhich one is the best for strengthening
reinforced concrete beams using the plate bondiolgnique. The two investigated options are the
effects of increasing the compressive strengthhefdection and increasing the reinforcement ratio
on the strengthened beam behavior, whilst strengigas done by external steel plate having same
dimensions.

Experimental Work :

The experimental work consists of testing two gsop beams, the first group contains the
original specimens (B1, B2, B3, B4 and B5) while econd group contains their strengthened
specimens (SB1, SB2, SB3, SB4 and SB5) respectiVidlg beams (B1, B2 and B3) and their
strengthened specimens have the same reinforceraémt(p = 0.01411) but their compressive
strengths are incremented (f'c = 22, 45 and 71MPspectively to investigate the compressive
strength of section effect on the strengthened Bdahavior. The beams (B3, B4 and B5) and their
strengthened specimens have the same compressargytht (fc = 71MPa) but their internal
reinforcement ratios are incremented=(0.01411, 0.02116 and 0.03445) respectivelyvestigate
the reinforcement ratio of section effect on thrersggthened beams behavior.

Ten beams are tested under two point loading upaitare to study their strength and
deformation characteristics in addition to the moti@ilure and ductility. Five of the tested beams
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are without external steel plates to be the origipacimens while the other five ones are provided
with external steel plates of same dimensions ghigbde bottom face of the beams.

Materials

Concrete

Three concrete mixes were used to provide threepoessive strengths of (22, 45 and 71
MPa), as shown in Table 1. Ordinary portland cemigmte (I) complying with the Iragi standard
specification No. 5/1984. The used fine aggregaas watural river sand with fineness modulus
(F.M.) of (2.73), bulk specific gravity (S.G.) 02.64) and sulfate content, (SO3%) of (0.31%) by
sand weight, which is less than the limit of Irag@gndard specification No. 45/1984. The used
coarse aggregate isushed gravel with maximum size of (12mm); the bulk specific gravity (S.G.)
of this aggregate is (2.61) and complying with ttegi standard specification No. 45/1984. For
increasing the compressive strength, a superplesti¢€SP) was used to reduce the water content
and compensate the associated reduction in woityabd commercially known as (Glenium 51)
which complies with ASTM C 469-86.

Cylinders and prisms for control tests were cast stored with each beam and then tested
when the beam was tested. The mix proportions bhadaverage results of cylinder strength f'c,
modulus of rupture fr and Elastic modulus Ec fdibalams are given in Table 1:

Reinforcement

Two types of reinforcing steel are used in present work, as shown in Table 2; steel bars used
as internal reinforcement for flexure and shearmlinbeams and steel plates used as external
reinforcement as well as other internal steel bathe strengthened beams. Deformed steel bars of
diameter (16, 25mm) are used for the main reinfom® and plain steel bars of diameter (6mm)
are used for stirrups. A steel plate with (1.0mmg¢kness is used as external reinforcement in the
strengthened beams by bonding to the concretecasrfiay epoxy resin of mechanical properties
and especially bond strength greater than the etmtensile strength.

Details of Beams

All the beams were with dimensions of (150x250x286%9), and their spacing of stirrups and
the limitations of reinforcement were adopted adoay to ACI Code 318-05, as shownTiable 3
andFigure 2. The shear span (a/d) for all the beams was canatgd4.21) and provided with steel
bar stirrups of (2 legs d6mm at 100mm). For thengjthened specimens (SB1, SB2, SB3, SB4 and
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SB5), external steel plates with dimensions of KI&@2500mm) were glued at the bottom faces of
the beams.

Casting and Curing of Beams

Two steel molds were prepared for casting the spes; so that two beams were cast at the
same time at one day. Six cylinders and three grisere cast with each two beams for observing
the concrete mechanical properties. The concretepsared at (3 layers) and compacted about (2
min) by a vibrating table. After (2 days), the tapecimens and their control units were removed
from their molds and cured in water containers t@naperature of about (25°C) until the testing age
of (28 days).

For the strengthened specimens, the external gtgek were glued at the specimens surfaces
by the epoxy resin (glue), as showrFigure 2.

Preparation and Testing of Beams

Before testing, the specimens were painted aviwhite emulsion to aid the detection of
cracks. Dial gauge with 0.01mm divisions was posgid at the bottom of beam center.

All beams were tested under two—point loading, esgral to (1/2) the total applied load from
the loading machine. Loading was applied in incnetsi@f (4kN) to record the deflection. After
each (20kN), the load is kept constant until thgumed readings of crack widths. Testing was
continued until the beam showed a drop in loadyoagrcapacity with increasing deflection.

Testing was conducted by using MFL SYSTEM of hyticauniversal testing machine type
EPP300, as shown in Figure with a maximum capadi{g000kN).

Experimental Results:

The experimental test insisted on cracking loadura load, deflection, cracks and their
characteristics as well as mode of failure. Tableofitains the exhibited values of the above
properties.

Cracking Load

It is obvious from Table 4 that for the originaldmes (B1, B2 and B3) which represent the
compressive strength increment the appearancesbofcfiack was at load having ratio (16, 19 and
31%) of their failure loads, while for the beamst(Bnd B5) which represent the reinforcement
ratio increment the appearance of first crack wdsa having ratio (20 and 15%) of their failure
loads respectively. On the other hand, when sthemgll these beams by constant dimensions
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plates the cracking load raised about (8kN) butrti® of the cracking load at the strengthened
beam to original one was decreased in the botrscasth increasing the compressive strength or
increasing the reinforcement ratio but with by e@asing the reinforcement ratio the decrease was
largest as shown in Table 5. From the previous detnation of results it is clear that increasing th
compressive strength is better than increase timforeement ratio for increasing the ratio of
cracking load to failure load and to delay the @ppaece of the first crack in comparison the beam
ultimate strength.

Failure Load

The failure load can be raised by increasing thepressive strength or increasing the
reinforcement ratio, but frorable 4 the results showed that for the beams (B1, B2E®)dthe
failure loads were (101, 104 and 106kN) respegdtiagld this mains slight increase in the ultimate
strength in comparison with the increase in the m@ssive strength. While, by comparison
between the beams (B3, B4 and B#)ich represent the increase in the reinforcematnd, their
failure loads were (106, 176 and 253kN) and refliédhe considerable in the ultimate strength.
Thus, it is concluded that the reinforcement ra@s the greatest effect on improving the ultimate
strength of the beam more than the compressivagitre For the strengthened specimens (SB1,
SB2 and SB3jhe ratio of the strengthened failure load wa$§11.26 and 1.37) respectively and
referred to the activity of increasing the compresstrength in improving the failure load through
the strengthening by plate bonding technique. imtrest with the compressive strength action; the
reinforcement ratio when increased led to redueeadltio of strengthened failure load as (1.37, 1.28
and 1.17) respectively observed for (SB3, SB4 aBf)3espectively. So that, it is concluded that
the compressive strength has the greatest effectmgmoving the ultimate strength of the
strengthened beam more than the reinforcement ratio

Deflection

From Table 4 where the values of deflection were listed; itniiced that the deflection
proportions to the failure load of the beam, tharef the deflections of (B1, B2 and B3) were
smaller than the deflections of (B4 and B5). Thermjthening process exhibited a considerable
reduction in deflection especially for (SB4 and $B% according with the ratio of strengthened
failure load to original failure load when thisicatlecreases with the increase in the reinforcement
ratio as shown ifrable 5 On the other side, the load-deflection curve$igure 4 clarify the
similarity in the strengthened beams behavior &b tt the original ones.

Ductility

Typically, ductility is calculated by division thealue of deflection at failure per the value of
deflection at yield condition and this defined adlection ductility. That is known by decreasing
the compressive strength, increasing the reinfoecgmatio or increasing the yield strength of the
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reinforcement the ductility will decrease and teparted effect of flexural strengthening with
external reinforcement is a reduction in the diigtitelative to the original condition (ACI
Committee 440 2002). The results of the presemtystonfirms the previous report because all the
strengthened beams exhibited ductility less tham ot original specimens and this came from the
increase in reinforcement due to the external stie¢é, and for the same reason the ductility &f (B
and B5) was (0.65 and 0.67) which is less than8(00776 and 0.77) belong to (B1, B2 and B3)
respectively

Cracking

Cracking was observed by three variables in thegmtestudy; crack width (), crack height
(h) and crack spacing (s) as shownTable 4. The crack spacing is a function of the number of
cracks along the beam. It is noticed that numbecratks was the same in all the strengthened
beams and almost less by one crack than that ofdhginal beams and that conforms too many
previous researches that stated that plate bohditgree has a marginal effect on crack spacing. For
the crack width; the original beams (B1, B2 and B3) exhibited reduction in the crack width from
(2.45mm) to (1.35 and 1.25mm) respectively to otfline effect of increasing the compressive
strength on reduction the crack width, and aftés the beams (B4 and B5) exhibited a constant
crack width of (1.25mm) with no effect of increagitineir reinforcement ratio. All the strengthened
beams exhibited a reduction in crack width ancertéid the activity of the plate bonding technique
in reduction the crack width. For the crack height; the original beams (B1, B2 and B3) exhibited a
crack height of (177, 193 and 199mm) respectivalyréflect the effect of increasing the
compressive strength on raising the crack height,ftr the beams (B3, B4 and B5) the crack
heights were (199, 195 and 178mm) respectively dfleet the effect of increasing the
reinforcement ratio on diminishing the crack heigftte strengthened beams (SB1, SB2 and SB3)
which have the same exhibited a same crack helghit4173mm) and when reinforcement ratio in
the beams (SB4 and SB5) the crack height was mormidhing to be less than (173mm) and to
reflect a new prove on the activity of the platethog technique in restraining the cracking.

Mode of Failure

The urgent problem of the plate bonding techniguihé concentration of stresses at the plate
ends which lead to premature failure and limit Huvantages of this technique. Extension the
external steel plate reduces the concentratiosssseat the plate ends so that the steel plates wer
bonded along the strengthened beams to ensureraldiedailure. Thereby, all the beams failed by
the same manner as mentioned able 4 which was flexure mode characterized by develojihg
cracks coinciding with rapid increase in deflectmmtinued until the drop of the applied load and
indicated yielding of reinforcement left residuaformations after releasing of the load as shown in
Figure 5.
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Conclusions:

1. Increasing the compressive strength is more prglietaan increasing the reinforcement ratio for
increasing the cracking load of the strengthenedhbeith external steel plate and with normal
concrete strength best controlling on the crackoag can be achieved.

2. The reinforcement ratio has the efficiency for easing the ultimate strength of the beam more
than the compressive strength, but after strengtgemcreasing the compressive strength is
more preferable than increasing the reinforcemaint for enhancing the ultimate strength.

3. The plate bonding technique has a control ruleeduction the deflection of the beam, and this
reduction can be raised by increasing the reinfoesd ratio.

4. There is loss in ductility of the strengthened behra to the further use of reinforcement and this
loss increases with increase the reinforcemend.redowever, the ductility can be restored by
increasing the compressive strength of the beams.

5. The plate bonding technique has a restraint eft@ateduction the crack width, the crack width
and cracks number.

6.In spite of the action of external steel plate anreasing the reinforcement ratio and then
decreasing the ductility, but this action enhantbesactivity of the internal reinforcement for
restraining the cracking and reduction the deftecand leads to increase the elastic behavior
range of the beam.
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Table 1: Mix proportions and mechanical properties of concrete

Mix Proportions Mechanical Properties
Mix kg/m® MPa
Cement| Sand | Gravel | Water | SP 'e fr Tt E. | *E
345 | 700 | 1125 | 220 - | 220 | 36 | 3.3 [24200] 22195

415 | 581 | 1096 | 185 41 | 450 | 6.2 4.7 | 32954 | 31528
560 635 | 1085 | 150 84 | 717 8.1 5.9 | 40500 | 39798

T, =0.7(f )0
* Ec = 4700 (') @

Table 2: Properties of reinforcement

Bar Plate Modulus of Yield Ultimate

Reinforcement | Diameter (&) |Thickness(t)| Elasticity (E9) | Stress(fy) | Stress(fy)
mm mm GPa MPa MPa
6 plain - 200 t 383 545
Steel Bar 16 deformed - 200 T 518 635
25 deformed - 200 T 448 709
Steel Plate - 1.0 200 t 280 347

"Assumed (B.
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Table 3: Details of beams

i\ogfernhv Internal Externa | Reinforcing| Upper Lower
Beam () Steel Bars | Steel Plate | Ratio (p) | Limit (pmax) | Limit (pmin)
MPa mm? mm? % % %
Bl 22 402.12 - 1411 1.647 0.270
SB1 22 402.12 100 1.555 1.647 0.270
B2 45 402.12 - 1.411 2,943 0.324
SB2 45 402.12 100 1.555 2.943 0.324
B3 71 40212 - 1.411 4.064 0.407
SB3 71 402.12 100 1.555 4.064 0.407
B4 71 603.18 - 2.116 4.064 0.407
SB4 71 603.18 100 2.260 4.064 0.407
B5 71 981.75 - 3.445 5.013 0.470
SBS 71 981.75 100 3.611 5.013 0.470
Table 4: Results of test
._|Deflectio :
Cracking| Failure Deflr?ctlo n Deﬂr?Ct'O Crack | Crack | Crack
S Load | Load | . vidg Faialmure Ductility Width | Height | Spacing Mode of
Pa) | (P Wy | () | (9 |Falue
(Ay) (Ad Ay)
Y. (A ) Y.
kN kN - mm mm mm
mm mm
mm
Bl 16 101 11.40 18.86 1.65 145 177 83 flexure

SB1 24 119 1467 | 1887 | 129 | 120 173 83 flexure
B2 20 104 1214 | 2134 | 17 | 135 193 80 flexure
SB2 28 131 1535 | 2043 | 133 1.20 173 83 flexure

B3 33 106 1321 | 2427 | 184 | 125 199 77 flexure
SB3 42 145 1713 | 2410 | 141 1.15 173 83 flexure
B4 36 176 18.07 | 40.22 223 | 125 195 78 flexure

SB4 44 226 1728 | 25.36 1.46 1.15 171 83 flexure
BS 38 253 18.85 | 41.66 221 1.25 178 81 flexure
SB5 46 295 1753 | 26.01 148 1.15 160 83 flexure
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Table 5: Ratios of strengthened to original beams properties
Deflectio :
Cracking| Failure n Deflr?ctlo
Beams| Load Load a -
. Ductility
Failure

(Aw) Y

SBlﬂ 2 1.50 1.18 1.00 0.78

SBZZB 1.40 1.26 0.96 0.76

88ng 1.27 1.37 0.99 0.77

88le 1.22 1.28 0.63 0.65

BBl 121 | 127 | 062 | 067

P/2 P/2
l CENTERLINE l CENTERLINE
OF I|3E.AM OF I|3E.AM
HORIZONTAL CRACK AT /
THE LEVEL OF MAIN
/%A&LEFCAL FLEXURAL SHEAR CRITICAL
. R REINFORCEMIENT CRACK
Q T GLUE Q I,/\/_/ GLUE
! VE'JNFOF\ PLATE I ’ ZONEOF\ PLATE I
.I.’I.A'.I'i-i R CONCRETE
DEBOMNDING COVER
| i | RIFOFF

aplate debonding b) Ripping off concrete cover

Figure 1: Premature failure hazards (Sharif 1994)
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A
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>
800mm 800mm 800mm
| 2500mm -
a) Original beams
P
<kV\(ZGmm — 4 | Main
250mm [190mm Reinforcement
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S External Steel Plate 100x1x2500mm 707 N
100mm Glued Steel Plate
| 800mm 800mm 800mm | e 100xtmm
mm
- 2500mm —>

b) Strengthened beams
Figure 2: Details of beams

Figure 3: Testing machine
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a) Soecimens with incremented compressive strength
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b) Specimens with incremented reinforcement ratio

Figure 4: Load-Deflection curve of the testes beams

Figure 5: Deformation of beam after testing



