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Abstract

Over the last three decades, many experimental studies have been conducted to investigate the behavior of Reinforced
Concrete (RC) beams, shear strengthened with externally bonded Fiber-Reinforced Polymer (FRP) composite. However,
the majority of experimental studies have focused on small- to medium-scale 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
large-scale RC beams shear-strengthened with 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 configuration (U-jacketing), 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 beams. It was found that 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 load of the control beams under
identical conditions.
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1. Introduction

The technique of applying various types of Fiber-Reinforced Polymer (FRP) sheets to strengthen concrete structures
has become a well-recognized method, particularly for strengthening Reinforced Concrete (RC) beams. This is clearly
shown by the development of design codes associated with the technique [1]. This technique is used to strengthen 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, in the 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 accurately as possible [1-3].

Some previous research has taken into account the effect of debonding between the concrete surface and the FRP in
suggesting models [4-6]. Several models have also been proposed based on an analytical study carried out on many
experimental and numerical tests to provide a database through which to verify the accuracy of the models [7-9].
Because the RC beams in the resistance to shear are complex, therefore many researchers have focused on studying the
behavior of RC beams in the shear zone [10-12]. 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 [16-18] or both together [19] with different forms of BFRP, whether sheets or bars [20, 21].
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 width, the effect of scale (large-scale
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 number of
experimental test results on small-scale RC beams. Additionally, they have neglected some of the variables mentioned
above.

In previous studies by Sayed et al. (2014) [22] and Deniaud and Cheng (2001) [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 database, it was 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 necessary for bridge girders. Additionally, the effect of
the actual dimensions of the RC beams on the prediction of shear behavior was rarely taken into account [24-27]. As a
result, none of the existing analytical models and design equations directly considers the effect of scale on the
calculation of the shear strengthening with externally bonded BFRP composite. Therefore, the shear behaviour of
large-scale RC beams strengthened in the shear zone with BFRP sheets will be investigated in this study. Many
parameters will be included in the experimental study, such as the effect of larger scales, beam width, type of FRP
sheets (BFRP), and strengthening configuration (U-jacketing), in order to provide more realistic data that can be used
to predict the shear behavior with higher 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 depth ratio a/d of 1.90, as shown in
Figure 1. The beams, under equal two-point static loads 800 mm apart placed symmetrically about the mid-span, were
tested up to the point of failure. The concrete standard cubic compressive strength f, for each 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 used for 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 concrete cross-sectional area for all beams. The web
rebars consisted of 8.0 mm diameter stirrups with yield 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, respectively, while Young’s modulus was 206 GPa.
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Figure 1. Geometrical details of the large-scale 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 steel

Geometric data . External shear reinforcement
Beam Concrete reinforcement
specimen b h d a fea(MPa)  Bottom Top n*t hy S E; Type
(mm) (mm) (mm) (mm) (mm?) (mm?) (mm) (mm) (MPa) (GPa) P

C-1000/300 300 1000 915 1750 48.75 8042 1472 0 0 0 0 0

C-1000/400 400 1000 915 1750 48.75 11259 1963 0 0 0 0 0

C-1000/500 500 1000 915 1750 49.88 13672 2454 0 0 0 0 0
U-B-1000/300 300 1000 915 1750 48.75 8042 1472 4x0.157 1000 2100 100 BFRP
U-B-1000/400 400 1000 915 1750 48.75 11259 1963 4x0.157 1000 2100 100 BFRP
U-B-1000/500 500 1000 915 1750 49.88 13672 2454 4x0.157 1000 2100 100 BFRP

Three specimens that were not strengthened (C-1000/300, C-1000/400, and C-1000/500) were used as control
beams to compare with the three beams that were strengthened with continuous BFRP sheets applied at the shear span,
as shown in Figure 2. These beams were strengthened with four layers of BFRP sheet as the U-jacketing vertical fiber
which possessed a tensile strength, ultimate tensile strain, and an elastic modulus of 2100MPa, 2.1%, and 100GPa,
respectively. The bond at the BFRP and concrete interface was made with epoxy adhesive material which possessed an
elastic modulus and tensile strength of 3.43 and 51.9 MPa, respectively. A curvature of at least 20mm had to be
provided at the cross-sectional corners of the beam when beam strengthening with externally bonded U-jacket BFRP
laminate.

L-jacketing BFRP ty=0 628 mm

Pz

Pz

1000

w1750 mm 800 rirn @=1750 mm 500 400mn] 300 mm

Figure 2. Geometrical details of the RC beams strengthened by U-jacketing with BFRP sheets

2.2. Instrumentation and Test Setup

All beams were tested using a loading machine with a 10000kN capacity to apply monotonic loads at two
symmetrically positioned load points. A computer-aided data acquisition system was used to monitor the load, strains,
and displacements throughout the loading tests at selected time intervals. The load was applied until the failure load
was reached. The typical measurements taken were: vertical deflection of the beam at mid-span, the horizontal
displacement of the beam at shear span (out-of-plane), the strain on the BFRP sheets, and the strain on the concrete at
the top surface of the beam at mid-span.

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 beam mid-span was measured using linear variable displacement
transducers (LVDTSs). The main components of the testing equipment included the LVVDTSs, the strain gauges, the
hydraulic jack equipment, and the frame used for testing the control and strengthened beams as shown in 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 record out-of-plane displacement, as shown in Figure 5.

771



Civil Engineering Journal Vol. 6, No. 4, April, 2020

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 out-of-plane displacement

3. Experimental Test Results and Discussion

The results presented were expressed in terms of cracking and ultimate load capacities, mid-span load, deflection,
concrete compression strain relationships, out-of-plane displacement, load-BFRP 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-scale Beam Series (1000/300)

The first crack in the large-scale control beam C-1000/300 was observed at the bottom concrete surface at the mid-
span of the beam while it was exposed to a cracking load of 300 kN. By increasing the applied load, the crack
increased and the first crack formed at the shear zone at a cracking load equal of 360 kN. The final failure mode was
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observed to be a shear-type with an inclination of 43°to the horizontal axis, as shown in Figure 6. The beam test
specimen failed at a corresponding applied load of 1260 kN.

The first crack in beam U-B-1000/300 strengthened with four layers of BFRP sheet U-jacketing, started at the
bottom concrete surface in the flexural zone under a load application point at a cracking load of 360 kN and
propagated vertically up to two-thirds of the height of the beam, as shown in Figure 7. The ultimate load of U-B-
1000/300 was 2440 kN, 1.94 times greater than that of the control beam C-1000/300. The mode of failure was noted to
be tensile rupture failure of the BFRP sheet, as shown in Figure 7.

Figure 6. Control beam crack pattern (C-1000/300)

509 3 a} I
BFRP tensile rupture '

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

3.1.2. Large-scale Beam Series (1000/400)

The first crack in control beam C-1000/400 was observed at the mid-span of the beam at the bottom concrete
surface under a cracking load of 440 kN. Increasing the applied load caused the crack to increase and the first crack
formed at the shear zone under a cracking load of 620 kN. The final mode of failure was noted to be a shear-type
failure with an angle of inclination of 36° to the horizontal axis, as shown in Figure 8. The ultimate load capacity of C-
1000/400 was 1600 kN.

The first crack in beam U-B-1000/400 strengthened with four layers of BFRP sheet U-jacketing, started at the
bottom concrete surface in the flexural zone under a load application point at a cracking load of 540 kN, and
propagated vertically up to two-thirds of the height of the beam, as shown in Figure 9. The ultimate load capacity was
3050 kN, 1.91 times greater than that of the control beam C-1000/400. 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 beam crack pattern (U-B-1000/400)

3.1.3. Large-scale Beam Series (1000/500)

The first crack in control beam C-1000/500 was observed at the mid-span of the beam at the bottom concrete
surface under a cracking load of 630 kN. Increasing the applied load caused the crack to increase and the first crack
was observed at the shear zone under a cracking load of 810 kN. The final mode of failure was noted as being shear-
type with an angle of inclination of 30° to the horizontal axis, as shown in Figure 10. The beam test specimen failed at
an applied ultimate load of 1950 kN.

The first crack in beam U-B-1000/500, strengthened with four layers of BFRP sheet U-jacketing, started at the
bottom concrete surface in the flexural zone at the mid-span under a cracking load of 720 kN and propagated vertically
up to two-thirds of the height of the beam, as shown in Figure 11. The ultimate load was 3860 kN, 1.98 times greater
than that of control beam C-1000/500. The mode of failure was noted as being BFRP tensile rupture failure, as shown
in Figure 11.

Figure 10. Control beam crack pattern (C-1000/500)

BFRP tensile rupture
Figure 11. Strengthened beam 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 order: 43°, 36°, and 30°, for depth to
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. Summarized experimental test results for the present study

Experimental test results

Beam b h
specimen (mm) (mm) Cracking load % Ultimate load % Failure
(kN) Increases (kN) Increases mode

C-1000/300 300 1000 300 1260 S

C-1000/400 400 1000 440 1600 S

C-1000/500 500 1000 630 1950 S
U-B-1000/300 300 1000 360 20.00% 2440 93.65% TR
U-B-1000/400 400 1000 540 22.70% 3050 90.63% BF
U-B-1000/500 500 1000 720 14.29% 3860 97.95% TR

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

3.2. Load-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 beams. All measured 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 a point near to the cracking
load, and was predominantly non-linear 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 well-known fact that the 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 control beams.

From the figures, it can be seen that the plots showing the relationship between load and deflection do not indicate
a vyielding stage because the observed failure mode was a shear failure; whereas 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 beams from beam series (1000/300)
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Figure 13. Load deflection curves for strengthened and control beams from beam series (1000/400)
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Figure 14. Load deflection curves for strengthened and control beams from beam series (1000/500)

3.3. Maximum Deflection

Figures 12 to 14 clearly show that for all beams 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 the rate of increase. This decrease can be seen in the
cracking load at maximum deflection, which was measured at mid-span 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 decreased. However, 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 due to the increase in
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 without strengthened.
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Figure 15. Influence of the beam width on a deflection at the cracking load for the control and strengthened beams
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Figure 16. Influence of the beam width on an ultimate deflection for the control and strengthened beams

3.4. Relationship between the Load and Concrete Strain

The concrete strain was measured at the top surface mid-span point and the measured values were plotted against
the applied load from zero loads up to failure for the various tested beams. The relationship between the applied shear
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 concrete strain at failure load for the
strengthened beam U-B-1000/300 was found to be nearly identical to that of the control beam C-1000/300.

The characteristics of the relationship between load and concrete strain for all large-scale beam 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 beam width and the bonded sheet strengthening on concrete compression strain was typically nearly
identical to their effect on the deflection relationship. Additionally, the measured maximum mid-span concrete strain
at failure load for the strengthened beams was considered low it 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 strengthened beams from all

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 eccentricity. In order to 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 the out-of-plane displacements of the strengthened beams
was smaller than those of the control beams under the same load, such as the failure load for the control beam. This
deficiency in out-of-plane displacements is caused by the presence of U-jacketing strengthening by BFRP sheets.
However, the ultimate value of the out-of-plane displacements for the strengthened 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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Figure 18. Out-of-plane displacement at the failure load for specimens C-1000/300 and U-B-1000/300
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Figure 20. Out-of-plane displacement at the failure load for specimens C-1000/500 and U-B-1000/500

For beams strengthened with U-jacketing confinement, debonding failure can occur at the top surface of the beam,
as shown in Figure 21. For the bottom surface of the beam, since out-of-plane displacements are controlled by 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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Figure 21. Load with respect to out-of-plane displacement at point (5) at the top surface of beams
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Figure 22. Load with respect to out-of-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 the out-of-plane 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 part of the FRP sheets by using U-jacketing 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 lateral strain 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 out-of-plane displacement for different beam widths at failure
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Figure 24. Relationship between beam height and lateral concrete strain for different 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 results were 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 spread across all 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 failure and therefore 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 wrapped strengthened are
used around the cross-section, 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 strain gauges mounted on the BFRP sheet for the strengthened beams
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Figure 26. Vertical BFRP sheet strain distribution over the shear span for strengthened beam U-B-1000/300
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Figure 27. Vertical BFRP sheet strain distribution over the shear span for strengthened beam U-B-1000/400
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Figure 28. Vertical BFRP sheet strain distribution over the shear span for strengthened beam U-B-1000/500

4. Conclusions

Based on the experimental test results conducted on large-scale RC beams strengthened with BFRP sheets, it was
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.

o For beams with widths of 300, 400, and 500mm, it was observed that by using 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.

e Varying the depth to width ratio of the beam caused 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 angles of 30°, 36°,
and 43°, respectively.

e Variations in beam width caused variations in the lateral strain as well, in an inversely proportional relationship.
e 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 a specific location.
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