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Abstract

Over the last three decades, many experimental studies have been conducted to investigate the Hbiaorced
Concretg(RC) beams, shear strengthened with externally boRidestReinforced Polyme(FRP) composite. However,

the majority of experimeal studies have focused on smaédl mediumscale beam specimens. As a result, most design
equations that have been developed as part of these studies may thus not be accurate at predicting the shear strength of
largescale RC beams shestrengthened wit FRP sheets. This study thus involved performing tests on six specimens to
study the effect of the larger scale, along with new variables such as beam width, new varieties of FRP sheets (basalt
FRP (BFRP)), and the strengthening configuratioqatketing, on the prediction of the ultimate load of RC beams
strengthened with externally bonded FRP composite. The experimental results were analyzed and showed that all these
variables affected the lateral strain along the bottom and the top of the beanssfdtimehthat variations in the depth to

width ratio of the beams caused the failure angle to vary as well. For beams strengthened with BFRP sheets, both the
cracking and ultimate load increased to 1.19 and 1.94 times the cracking and ultimate loadufrthdeams under

identical conditions
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1. Introduction

The technique of applying various typedriber-Reinforced Polyme(FRP) sheets to strengthen concrete structures
has become a wetkecognized method, particularly for strengtherRainforced ConcretéRC) beams. This is clearly
shown by the development of design codes associated with the technique [1]. This techrégddadsstrengthen RC
beams in the shear zone. However, studying the shear behavior of these RC beams is complicated because the
mechanisms are complex making the prediction of the shear strength and behavior of these beams difficult. For this
reason, inthe last three decades, many experimental and numerical studies have been conducted on RC beams
strengthened with externally bonded FRP sheets to provide data through which design equations and models can be
developed that can predict shear force as atsyras possible EB].

Some previous research has taken into account the effect of debonding between the concrete surface and the FRP in
suggesting models {8]. Several models have also been proposed based on an analytical study carried out on many
expefmental and numerical tests to provide a database through which to verify the accuracy of the rldels [7
Because the RC beams in the resistance to shear are complex, therefore many researchers have focused on studying th
behavior of RC beams in the sinezone [1012]. Also from the useful and new properties of basalt BFRP, many
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researches have focused on the use of this type of FRP in the strengthening operations, whether in the shear zone [13
15] or in the flexural zone [168] or both together [19] wh different forms of BFRP, whether sheets or bars22Q,

However, these experimental and numerical studies have not considered all the parameters that influence the shear
behavior of RC beams strengthening with FRP sheets; such as the beam widtffecthef escale (largecale
dimensions), new types of FRP sheets (such as basalt FRP (BFRP)), and the applied strengthening configuration (U
jacketing). Therefore, using these models to predict shear behavior sometimes does not yield accurate values. The
reason for the inaccuracy is that these design equations and models have been proposed based on a limited nhumber of
experimental test results on smsdlale RC beams. Additionally, they have neglected some of the variables mentioned
above.

In previous studis by Sayed et a{2014)[22] and Deniaud and Cher(8001)[23], a database of experimental
results from more than 300 RC beams was collecting from 40 experimental studies using different types of
strengthening configurations. However, in this databaseas observed that the tests were performed only on-small
scale RC beams with a total depth and width of less than 500mm and 300mm, respectively. In addition, not many tests
took the actual lengths of the RC beam span into account, as is necessadgigiders. Additionally, the effect of
the actual dimensions of the RC beams on the prediction of shear behavior was rarely taken into aeZoumga4
result, none of the existing analytical models and design equations diceoydersthe effectof scale on the
calculation of the shear strengthening with externally bonded BFRP composite. Therefore, the shear behaviour of
largescale RC beams strengthened in the shear zone with BFRP sheets will be investigated in this study. Many
parameters will & included in the experimental study, such as the effect of larger scales, beam width, type of FRP
sheets (BFRP), and strengthening configuratiofail#eting), in order to provide more realistic data that can be used
to predict the shear behavior with hay accuracy.

2. Materials and Methods
2.1 Specimen Details

Six rectangular RC beams were tested. They were simply supported and were of a large scale, with a total height of
1000 mm and beam width varying from 300 to 500 mm with a shear span to depiidatfdl.90, as shown in
Figure 1. The beams, under equal{pa@nt static loads 800 mm apart placed symmetrically about thesaia, were
tested up to the point of failure. The concrete standard cubic compressive dtydogteach beam is shown in Table
1. It was found that these strengths ranged from 48.75 to 49.88 MPa. Two types of steel bars were used to reinforce
the RC beams. These were namely deformed steel bars, which were used for longitudinal reinforcement, and plain
steel bars, which were uséat web vertical reinforcement. Four bar sizes; 10, 16, 25, and 32 mm diameter bars, were
used to obtain the same main reinforcement ratio of 3.0% of the concretsexrtisnal area for all beams. The web
rebars consisted of 8.0 mm diameter stirrups wigd and ultimate strengths of 430 and 590 MPa, respectively, at a
spacing of 200 mm at the shear span zone, and 150 mm at the flexural span, as shown in Figure 1. The main
reinforcement yield and ultimate strengths were 488 and 674MPa, respectivelygewhYoung’' s modul us w
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Figure 1. Geometrical details of the largescale RC beams (all dimensions in mm)
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Table 1. Summary of details for the beam specimens analyzed in the present study

Area of

Geometric dat . Ext ernal shear rei
Beam Concr reinforc
specim b h d a fed MPa Bott« Top n ¢ hy fru E; T ]
(mm (mm (mm (. mm) (mfh  ((mfn (mm) (mm (MPa (GPe 'YP
C1000/¢ 300 100 915 1750 48. 8042 147: 0 0 0 0 0
C1000/¢« 400 100 915 1750 48. 1125 196: 0 0 0 0 0
C1000/t 500 100 915 1750 49. 1367 245: 0 0 0 0 0

UB-1000/ 300 100 915 1750 48. 8042 147:4x0.1 100 210(C 100 BFRF

UB-1000/ 400 100 915 1750 48. 1125 196:14x0.1 100 210(C 100 BFRF

© N N o N~

UB-1000/ 500 100 915 1750 49. 1367 245:4x0.1 100 210(C 100 BFRF
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Figure 2. Geometrical details of the RC beams strengthened byjdcketing with BFRP sheets

2.2 Instrumentation and Test Setup

All beams wee tested using a loading machine with a 10000kN capacity to apply monotonic loads at two
symmetrically positioned load points. A compuéétled data acquisition system was used to monitor the load, strains,
and displacements throughout the loading testeletted time intervals. The load was applied until the failure load
was reached. The typical measurements taken were: vertical deflection of the beamspamithe horizontal
displacement of the beam at shear spandbptane), the strain on the BPRsheets, and the strain on the concrete at
the top surface of the beam at psighn.

To measure the concrete and BFRP sheet strains, electrical resistance strain gauges were attached to the concrete
and BFRP sheet surfaces. The deflection at the beangpaidwas measured using linear variable displacement
transducers (LVDTs). The main components of the testing equipment included the LVDTSs, the strain gauges, the
hydraulic jack equipment, and the frame used for testing the control and strengthened bs&zons as Figures 3
and 4. For all specimens, including both control and strengthened beams, five LVDTs were installed on both faces of
the beam set 25 mm apart along the diagonal strut to recond-plaine displacement, as shown in Figure 5.
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Figure 4. Typical installation of strain gauges and details of the test setup for strengthened beams
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Figure 5. Typical LVDT arrangement for measuring beam outof-plane displacement

3. Experimental Test Resultsand Discussion
The results presented were expressed in terms of cracking and ultimate load capacipanrtodd, deflection,
concrete compression strain relationships,-aftfilane displacement, log8FRP strain relationships, and failure
modes Detailed analysis and discussion of the results will be presented in this section.
3.1 Pattern of Cracks, Shear Capacity and Modes of Failure
The pattern of cracks, shear capacity, and modes of failure was analyzed for all beams in the various beam series as
follows:
3.1.1 Large-scaleBeam Serieg1000/300)

The first crack in the largscale control beam-C000/300 was observed at the bottom concrete surface at the mid
span of the beam while it was exposed to a cracking load okRO®y increasing the applied loathe crack
increased and the first crack formed at the shear zone at a cracking load equatif B68 final failure mode was
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observed to be a shegpe with an inclination of 430 the horizontal axis, as shown in Figure 6. The beam test
specimen faed at a corresponding applied load of 1X6D

The first crack in beam 4B-1000/300 strengthened with four layers of BFRP shegickkting, started at the
bottom concrete surface in the flexural zone under a load application point at a cracking I@&kdf a8nd
propagated vertically up to twhirds of the height of the beam, as shown in Figure 7. The ultimate loaeBef U
1000/300 was 244kN, 1.94 times greater than that of the control beaf®@)/300. The mode of failure was noted to
be tensile ruptw failure of the BFRP sheet, as shown in Figure 7.

Figure 6. Control beam crack pattern (G1000/300)

BFRP tensile rupture '

Figure 7. Strengthened bam crack pattern (U-B-1000/300)

3.1.2 Large-scaleBeam Serieg1000/400)

The first crack in control beam-0000/400 was observed at the mjuhn of the beam at the bottom concrete
surface under a cracking load of 4KMR. Increasing the applied load caused the crack to increase and the first crack
formed at the shearone under a cracking load of 6RN. The final mode of failure was noted to be a stigae
failure with an angle of inclination of 3o the horizontal axis, as shown in Figure 8. The ultimate load capacity of C
1000/400 was 160KN.

The first crack inbeam UB-1000/400 strengthened with four layers of BFRP sheggckkting, started at the
bottom concrete surface in the flexural zone under a load application point at a cracking loadkdf, 54l
propagated vertically up to twthirds of the height ahe beam, as shown in Figure 9. The ultimate load capacity was
3050kN, 1.91 times greater than that of the control bea®t0@0/400. The mode of failure was noted to be a BFRP
debonding failure, as shown in Figure 9.

Figure 8. Control beam crack pattern(C-1000/400)
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BFRP debonding

Figure 9. Strengthened bam crack pattern (U-B-1000/400)

3.1.3 Large-scaleBeam Serieg1000/500)

The first crack in control beam-0000/500 was observed at the mjghn of the beam at the bottom concrete
surface under aracking load of 63&N. Increasing the applied load caused the crack to increase and the first crack
was observed at the shear zone under a cracking load &N\8IIthe final mode of failure was noted as being shear
type with an angle of inclination of 3 the horizontal axis, as shown in Figure 10. The beam test specimen failed at
an applied ultimate load of 19%MN.

The first crack in beam 4B-1000/500, strengthened with four layers of BFRP shegtckkting, started at the
bottom concrete surface the flexural zone at the migpan under a cracking load of 729 and propagated vertically
up to twethirds of the height of the beam, as shown in Figure 11. The ultimate load wakNB8BO8 times greater
than that of control beam-0000/500. The modef failure was noted as being BFRP tensile rupture failure, as shown
in Figure 11.

Figure 10. Control beam crack pattern (G1000/500)

BFRP tensile rupture
Figure 11. Strengthened bam crack pattern (U-B-1000/500)

It was observed that the angle of crack failure in the control beam changed depending on the ratio between its depth
and width. It was found that by decreasing the ratio, the angle decreased in the 6r@&&; 48d 30, for depthto
width ratios of 3.33, 2.50, and 2.00, respectively. Table 2 shows the cracking and ultimate shear load capacities for the
control and strengthened beams along with the ratio between them and the failure modes for the different beam series.
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Table 2. Sunmarized experimental tes results for the present study

Experi mental test resul
Beam b h
specim(mm:(mm:CFaCkin % Ulti mat % Failu
( kN) Il ncre ( kN) Il ncre mo de
c1000/t 300 100 300 1260
C1000/+« 400 100 440 1600
c1000/%t 500 100 630 1950 S
U-B-1000/ 300 100 360 20.0C¢C 2440 93.6°¢ TR
UB-1000/ 400 100 540 22.7¢C 3050 90. 6 ¢ BF
UB-1000/ 500 100 720 14.2¢ 3860 97.9¢ TR

S=shear failure, BF = debondifalure, and TR = tensile rupture failure.

3.2 Loadi Deflection Relationships

At the point of maximum deflection, the measured values at the bottom surface were plotted against the applied
load from zero loads up to the point of failure for all tested beathsneasured and plotted values indicated that the
deflection increased as the applied load increased. The relationship between the applied load and corresponding
maximum deflection was approximately linear at the beginning of the relationship up to agavirid the cracking
load, and was predominantly nbinear at higher loads, as shown in Figures 12 to 14. The slope of the linear
relationship was predominantly dependent upon the various parameters included in this study.

It is a welkknown fact that th deflection under any load level for a strengthened beam is typically smaller than that
of a control beam under the same load. However, the maximum measured loads and deflections at failure for
strengthened beams are typically bigger than those of ctuetnohs.

From the figures, it can be seen that the plots showing the relationship between load and deflection do not indicate
a yielding stage because the observed failure mode was a shear dilareas for the control beams, the curve
showed a smooth deflection. This is the reason for the occurrence of the sudden failure in strengthened beams.
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Figure 12. Load deflection curves for strengthened and control lzns from beam series (1000/300)
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Figure 13. Load deflection curves for strengthened and control lzens from beam series (1000/400)
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Figure 14. Load deflection curves for strengthened and control lans from beam series (1000/500)

3.3 Maximum Deflection

Figures 12 to 14 clearly show that for adidmms and beam widths, increasing the applied load will typically increase
the maximum deflection. The rate of increase was mainly dependent on the beam width and the shear zone
strengthening, an increase in either of which caused a reduction in theirateae. This decrease can be seen in the
cracking load at maximum deflection, which was measured aspad as shown in Figure 15. From the figure, it can
be seen that by increasing the width of the beams, the deflection at the cracking load détoessent, the ultimate
measured value of the deflection at the point of failure for the strengthened beams was larger than that of the control
beams, as shown in Figure 16. This could be ascribed to an increase in the stiffness of the beams duedsdtie incr
the width of the beam and to shear zone strengthening. Also, the presence of strengthening by BFRP sheets increases
the ductility of the RC beams. This is evident from the ultimate deflection for the strengthened RC beams when
compared to withouttiengthened.
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Figure 15. Influence of the beam width on a deflection at the cracking load for theontrol and strengthened beams
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Figure 16. Influence of the beam width on an ultimate deflection for theontrol and strengthened beams

3.4. Relationship betweerthe Load and Concrete Strain

The concrete strain was measured at the top surfacgpaidpoint and the measured values were plotted against
the applied load from zero loads up to failure for the various tested beams. The relationship between tishegplied
force and the concrete strain for all beams is shown in Figure 17.

For beam series 1000/300, the rate of decrease was considered high for the strengthened beam under any load when
compared to the control beam. Additionally, the measured maximum etenstrain at failure load for the
strengthened beam-B-1000/300 was found to be nearly identical to that of the control be2@9@300.

The characteristics of the relationship between load and concrete strain for aficaigydeam series (1000/400
and 1000/500) were similar to those of beam series 1000/300, as shown in Figure 17. For all beam series, it was clear
that the effect of beawidth and the bonded sheet strengthening on concrete compression strain was typically nearly
identical to their effect on the deflection relationship. Additionally, the measured maximuspanicconcrete strain
at failure load for the strengthened beanas wonsidered lowt was thus deduced that no crushing will occur at the
concrete compression zone at the top surface of the beams.
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Figure 17. Plots of load with respect to concrete strain in the compression face for control and strengtted beams from &
beam series

3.5 Out-of-Plane Displacement (Lateral Displacement)

Out-of-plane displacements along the diagonal strut were measured for all beam specimens and plotted as shown in
Figures 18 to 20. The beam specimens were tested without load eccentrioitgfedrto ignore the eccentricity, an
average value was taken for both sides at every point.

From these figures, it can be observed that the value of thaf-plane displacements of the strengthened beams
was smaller than those of the control beams utitesame load, such as the failure load for the control beam. This
deficiency in outof-plane displacements is caused by the presencejafkdting strengthening by BFRP sheets.
However, the ultimate value of the enftplane displacements for the strdmgted beams was larger than that of the
control beams at the failure load. This was deemed to be due to the sides not being added with BFRP sheets. The
horizontal part of the BFRP sheets was thus unable to control lateral movement in the beam.
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N B —&— C-1000/300 L-1
100 { i , — —
) 3 - #= at failure

00 01 02 03 04 05 06 07 08
Out-of-plane displacement (mm)

Figure 18.0ut-of-plane displacement at the failure load for specimns G1000/300 and UB-1000/300
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Figure 19. Out-of-plane displacement at the failure load for specimns G1000/400 and UB-1000/400
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Figure 20. Out-of-plane displacement at the failure load forspecimens G1000/500 and UB-1000/500

For beams strengthened withjatketing confinement, debonding failure can occur at the top surface of the beam,
as shown in Figure 21. For the bottom surface of the beam, sincé-mlane displacements are contrdllby the
horizontal part of the BFRP sheets, no debonding will occur. This allows the value of the shear load capacity to be
increased up to the tensile rupture failure capacity of the BFRP sheets, as shown in Figure 22.
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g 1,500 C-1000/400
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= .

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Out-of-plane displacement (mm)

Figure 21. Load with respect to at-of-plane displacement at poini(5) at the top surface of beams
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Figure 22. Load with respect to owtof-plane displacement at point (1 at the bottom surface of beams
3.6. Influence of the Beam Width

The width of the beam had a significant, direct influence on thefepiine displacement, as shown in Figure 23,
as well as on the lateral strain, as shown in Figure 24. This lateral strain on the edges of the beam can be controlled by
the horizontal pdrof the FRP sheets by usingjatketing strengthening or completely wrapped. The relationship
between the beam height and lateral concrete strain for different beam widths at failure is shown in Figure 24. When
the width of the beam increased, the latetedin decreased, which led to slow debonding failure or a change to fiber
rupture failure.
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Figure 23. Relationship between beam height and owff-plane displacement for dfferent beam widths at failure
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Figure 24. Relationship between beam height ardteral concrete strain for dfferent beam widths at failure
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3.7. Effective Strain on BFRP Sheets

The strains in the fiber direction of the vertical BFRP sheet were measured using 9 strain gages positioned in the
test region, as shown in Figure 25. The resutise plotted at the failure load levels (25%, 50%, 75%, and 100% of
ultimate load), as shown in Figures 26 to 28. From these figures, it can be seen that in the case of tensile rupture
failure, the BFRP sheet strain distribution can be seen to be spreas alt locations for any load level. This implied
that the BFRP sheet was very efficient at distributing strain. The BFRP sheet strain distribution effect did not have to
create an even distribution at every location in the case of debonding failutieeagidre fell behind tensile rupture
failure in terms of efficiency. This implied that the strain was concentrated in one location, so debonding failure was
bound to happen earlier than tensile rupture. Therefore, if the FRP sheets as a completely sinepyiedned are
used around the cresgction, then the occurrence of the tensile rupture of the FRP, as a result, happens and thus it can
obtain the maximum efficiency of the FRP material.

P2 [

FRP sheets

Shear span 400 mm

Length of beam/2

Y

Figure 25. Typical number, location, and direction of straingauges mounted on the BFRPhget for the strengthened beams
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Figure 26. Vertical BFRP sheet strain distribution over the shear span fostrengthened beam B-1000/300
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Figure 27. Vertical BFRP sheet strain distribution over the shear span fostrengthened beam B-1000/400
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Figure 28. Vertical BFRP sheet strain distribution over the shear span fostrengthened beam LB-1000/500

4. Conclusiors

Based on the experimental test results conducted ondaele RC beams strengthened with BFRP shitetss
evident that the BFRP sheets provided appreciable enhancement and increased both the toughness and ultimate
strength of the strengthened beams in comparison to the control beams.

1 For beams with widths of 300, 400, and 500mm, it was observed thairityy BFRP sheets for strengthening,
both the cracking and ultimate load increased in comparison to the control beams under the same conditions.
The cracking load of the 300, 400, and 500mm wide strengthened beams was 1.20, 1.23, and 1.14 times greater
than that of the control beams, respectively. Additionally, the ultimate load of the 300, 400, and 500 mm wide
strengthened beams was 1.94, 1.91, and 1.98 times greater than that of the control beams, respectively.

1 Varying the depth to width ratio of the bearaused variation in the failure angle as well. By increasing this
ratio, the angle of failure likewise increased. Ratios of 2.00, 2.50, and 3.33 yielded failure angfes36f 30

and 43, respectively.
9 Variations in beam width caused variations in titeral strain as well, in an inversely proportional relationship.

1 The BFRP sheet strain was very well distributed in the case of tensile rupture, but this was not so in the case of
debonding failure where the BFRP sheet strain was concentrated at & $pestifon.
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