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Experimental shear strengthening of GFRC beams
without stirrups using innovative techniques
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Abstract. Eighteen (18) (120x300%2200 mm) beams were prepared and tested to evaluate the shear strength of Glass Fiber
Reinforced Concrete (GFRC) beams with no shear reinforcement, and evaluate the effectiveness of various innovative
strengthening systems to increase the shear capacity of the GFRC beams. The test variables are the amount of discrete glass fiber
(0.0, 0.6, and 1.2% by volume of concrete) and the type of longitudinal reinforcement bars (steel or GFRP), the strengthening
systems (externally bonded (EB) sheet, side near-surface mounted (SNSM) bars, or the two together), strengthening material
(GFRP or steel) links, different configurations of NSM GFRP bars (side bonded links, full wrapped stirrups, side C-shaped
stirrups, and side bent bars), link spacing, link inclination angle, and the number of bent bars. The experimental results showed
that adding the discrete glass fiber to the concrete by 0.6%, and 1.2% enhanced the shear strength by 18.5% and 28%,
respectively in addition to enhancing the ductility. The results testified the efficiency of different strengthening systems, where it
is enhanced the shear capacity by a ratio of 28.4% to 120%, and that is a significant improvement. Providing SNSM bent bars
with strips as a new strengthening technique exhibited better shear performance in terms of crack propagation, and improved
shear capacity and ductility compared to other strengthening techniques. Based on the experimental shear behavior, an analytical
study, which allows the estimation of the shear capacity of the strengthened beams, was proposed, the results of the experimental
and analytical study were comparable by a ratio of 0.91 to 1.15.
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1. Introduction

Shear failure is particularly dangerous since it usually
occurs without warning due to steel area reduction due to
corrosion, harmful environmental effects, thawing and
freezing cycles, physical damage from impacts, and sulfate
attack (Noel and Soudki 2011). Fiber Reinforced Concrete
(FRC) is widely used in structures, numerous researches
studied this subject in the last few decades (Masoud et al.
2020, Abdul-Zaher et al. 2016, Shoeib et al. 2011). FRC has
a significant advantage in shear design since it results in
reduced shear crack width and the number of cracks. Ata
El-kareim ef al. (2011) examined three R.C. beams with the
same distance between stirrups, but with three-volume
ratios from discrete glass fiber (0, 0.75, and 1.5 %) to
evaluate the shear behavior of discrete glass fiber concrete
beams. The experimental investigation resulted that the
addition of discrete glass fibers in the concrete mix
decreases the formation and extension of cracks, increases
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durability, increases the residual shear transfer, improves
deformation characteristics and sturdiness of concrete.
Concrete beams reinforced and strengthened with fiber-
reinforced polymer (FRP) (bars or strips) systems are at the
forefront of the rehabilitation of concrete structures, where
FRP has a longer service life, is resistant to corrosion, is
lightweight, resistant to humidity, has a low thermal
expansion, low maintenance, good non-magnetic properties
and is proven to increase the shear capacity of RC beams
(LiwJin et al. 2020, Ayesha et al. 2019, Rendy et al. 2109,
Abdul Saboor et al. 2019, Amer et al. 2017, Mu’taz Kadhim
2016, Rajai and Mohsen 2016, Chen ef al. 2012, Chen ef al.
2010, Bukhari et al. 2010). Monika et al. (2017) and the
authors El-Sayed ef al. (2005b) used various types and
ratios of FRP bars for reinforcing normal concrete beams
without stirrups instead of traditional steel and investigated
the effect on shear capacity. Several types of research
studied the shear strengthening in normal concrete by using
variable strengthening techniques of the near-surface
mounted (NSM) method and externally bonded
reinforcement (EBR) (Minu and Mohsen 2018, Seo et al.
2016, Sharaky et al. 2015). NSM is a viable alternative to
the externally bonded reinforcing (EBR) technique for RC
structures Because the application of NSM FRP does not
need surface preparation work (Zhanga and Yua 2017,
Khalifa 2016), requires less time to install, can avoid harm
from external causes such as mechanical damage, fire, and
vandalism, enhances the load-carrying capacity of RC
elements, produces greater strain in FRP (De Lorenzis
2007), and increases confinement offered by the
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Fig. 1 Longitudinal and cross-section detailing for GFRC beams

surrounding concrete and adhesive, resulting in a lower
chance of de-bonding (El-Hacha et al. 2004). Dias and
Barros (2010, 2012a) applied unidirectional U-shaped
CFRP sheets to evaluate the effectiveness of the NSM and
EBR CFRP-strengthening procedures. They determined that
the NSM approach was more successful than EBR because
it produced a greater increase in load-carrying capacity as
well as stiffness following shear fracture development, as
well as higher values of maximum stresses recorded in the
CFRP. The NSM and the EBR shear-strengthened beam
presented 90% and 79% of the maximum load of the
reference beam, according to Dias and Barros (2012a). This
research reports the results from eighteen GFRC beams
divided into four groups, the first group investigate the
effect of adding glass fiber in concrete mixes with a volume
ratio of (0, 0.6, 1.2%) on the shear behavior of RC beams
without web reinforcement, the beams in this group were
reinforced with steel or GFRP bars as main reinforcement.
The other three groups include GFRC beams with a fiber
ratio of 1.2% only, reinforced with steel bars as main
reinforcement, and strengthened using variable innovative
strengthening techniques. The second group is strengthened
by GFRP or steel side near-surface mounted (SNSM) links,
where bars are vertical or inclined (steel vertical bars had
variable spacing). The third group is strengthened by GFRP
NSM C- shape stirrups, GFRP NSM full wrap stirrups, or
GFRP EBR sheets. The fourth group is strengthened with
GFRP side NSM bent bars only as a new innovative
strengthening technique in one or two rows, or with
combined GFRP SNSM bent bars and GFRP EBR sheets
together. The test results showed a higher shear strength,
first cracking load, ultimate shear capacity, modulus of
elasticity, and maximum deflection by increasing the glass
fiber ratio in the concrete mix. The mechanical properties of
beams reinforced with steel and GFRP bars were evaluated.
Twelve GFRC beams strengthened with innovative
techniques were experimentally tested. The cracking load,
ultimate shear capacity, and load-deflection curves,
deflection, ductility, stiffness, Toughness, strain, and mode
of failure were observed and discussed. A shear strength
formulation for GFRC beams without web reinforcement
was proposed to simulate the experimentally tested beams.
Additionally, variable strengthening techniques have been
performed to investigate it’s effect on shear strength.
Whereas Design codes present formulation to calculate the
shear strength of reinforced normal concrete beams with
web reinforcement, but there is no published formulation to
calculate the shear strength of GFRC without web

reinforcement, GFRP as main reinforcement, and GFRP
bent bars as external shear reinforcement. Finally, the shear
strength of glass fiber reinforced concrete beams were
assessed by the results of experimental tests.

Research significance

Many researchers used steal FRC to assess the shear
behavior of beams, but GFRC beams are used a little in
literature. This research aims to study the efficiency of
using discrete glass fibers in the concrete mix on the shear
behavior of R.C. beams. Moreover, discuss the shear
behavior of GFRC beams reinforced with longitudinal steel
or GFRP bars that have the same fiber volume ratio. This
research study the shear capacity of twelve GFRC beams
without stirrups strengthened with innovative different
GFRP and steel techniques, which are rarely found in the
literature which used fiber concrete. This paper aims to
contribute to a better equation of the shear behavior of
GFRC beams strengthened externally with different GFRP
and steel techniques. The current code formulations do not
exist for GFRC beams. The test results allow us to assess
the quality of both the existing and proposed design
procedures. Finally, the test failure loads Vexp) is compared
with the prediction shear values of analytical shear force
prediction of proposed equations Vi ana).

2. Experimental procedure
2.1 Specimens and test matrix

The experimental program consisted of eighteen beams
divided into four groups. All beams had the same concrete
dimensions (120300 mm) and top reinforcement (2bars
with 10 mm diameter (2010 steel)) and had no internal
stirrups between two supports but had two stirrups out two
supported with 40 mm spacing. All specimens except three
of these were reinforced by four high tensile steel bars of 16
mm diameter (4016 steel) as main reinforcement, and the
remaining three beams (BOGF-F1, B1GF-F1, B2GF-F1)
were reinforced by four GFRP bars of 16 mm diameter
(4016 GFRP) as main reinforcement. The total span was
2200 mm, while the loaded span was 2000 mm and the
respective overhang length of 100 mm. Fig. 1 shows
Longitudinal and cross-section detailing for un-
strengthened beams in Group No. 1 and base beams for
strengthened GFRC beams in Group No. 2, 3, 4. The
nomenclature and characteristics of the shear strengthening
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Table 1 Experimental program

Group no. specimen Fiber Ratio (u) %  AS Bars Strengthening systems (S.S)
BOGF-S1 0% 4016steel
B1GF-S1 0.6% 40 16steel
1 B2GF-S1 1.2% 4016steel L
BOGF-F1 0% 416 GFRP
B1GF-F1 0.6% 416 GFRP
B2GF-F1 1.2% 4016 GFRP
B2GF-V20S 1.2% 40 16 steel Steel links, $20,90°, two sides, NSM
B2GF-V14S 1.2% 40 16 steel Steel links, S14,90°, two sides, NSM
2 B2GF-D20S 1.2% 40 16 steel Steel links, S20,45°, two sides, NSM
B2GF-V20F 1.2% 40 16 steel GFRP links, S20,90°, two side, NSM
B2GF-D20F 1.2% 40 16 steel GFRP links, S20,45°, two side, NSM
B2GF-U20F 1.2% 40 16 steel GFRP double-C warp stirrups, S20,90°, NSM
3 B2GF-20PsF 1.2% 40 16 steel GFRP Full warp stirrups, S20,90°, NSM
B2GF-EV20F 1.2% 40 16 steel GFRP strips, s20, w10, EBR
B2GF-Sh1l 1.2% 40 16 steel GFRP bent bar, one/face, NSM
B2GF-Sh2 1.2% 40 16 steel GFRP bent bar, two/face, NSM
B2GF-Sb1- EV20F 1.2% 4016 steel ~ GFRP bent bar, one/face, NSM, with GFRP strips, EBR
B2GF-Sh2- EV20F 1.2% 40 16 steel ~ GFRP bent bar, two/face, NSM, with GFRP strips, EBR

Table 2 Concrete mix design for cubic meter

Mix Cement Sand Gravel Vgf, Super-
name (kg/m’) wic (kg/m®) (kg/m®) % Sp/C plasticizer (kg)
NC 350 0.5 620 1240 O 0 -
FC-
0.6% 350 0.5 620 1240 0.6 0.01 3.5
FC-
1.2% 350 0.5 620 1240 1.2 0.01 3.5

WI/C: the ratio of water to cement; Vgf: the volume fraction of
glass fiber; SP/C: the ratio of Super-plasticizer to cement.

techniques for GFRC beams were summarized in Table 1.

2.2 Materials properties

2.2.1 Concrete

Three mixes were used in this research as mentioned in
Table 2. The actual compressive strength was 25 MPa for
normal concrete and 27 and 29 MPa for GFRC with fiber
ratios of 0.6% and 1.2%, respectively.

The straight-end shape discrete glass fibers used in the
concrete mix according to the manufacturer were as

follows:

-Glass fiber length=24 mm-young’s modulus=5 GPa, -

ultimate tensile strength=2000

MPa,

-Fiber

Density=2.5%10" N/mm? -ultimate tensile strain=2.2%.

2.2.2 Steel bars

The longitudinal steel used for beams reinforcement and
the steel links used in external strengthening had a yield
strength of 366 MPa and a modulus of elasticity of 200

GPa.

2.2.3 GFRP sheets

The glass fiber used in specimens had an ultimate
strength of 1480 MPa, an elasticity modulus of 70 GPa, an
ultimate elongation of 2.1%, and had an effective thickness

of 0.17 mm, 500 mm width, and about 5000 mm length.

u:fiber ratio in concrete; AS: reinforcing area of steel
reinforcement bars in tension; S.S: strengthening systems
on the outer surface of the beam

All specimens have only stirrups outside two supported
in the respective overhang length, with 40 mm spacing.

B0, B1, and B2 refer to the ratio of GF of 0.0, 0.6, and
1.2%, respectively.

S1, and F1, refer to the materials of main reinforcement
Steel and Fiber, respectively.

V, and D, refer to the direction of strengthening links
vertical and diagonal with 45°.

20, and 14, refer to the distance between strengthening
links, bars, and strips in cm from center to center.

S, and F, refer to the materials of strengthening Steel
and Fiber, respectively.

U, Ps, and E refer to the strengthening technique of
NSM double-C, NSM Full warp, and EBR strips,
respectively. Knowing that PsF: GFRP strip rounded to be a
bar (strips with 100 mm width).

Sbl, and Sb2, refer to the number of GFRP bent-up bars
on each side.

2.2.4 GFRP bars

The GFRP bars with 16 mm diameter are used as main
reinforcement for three beams in group 1. Links with 10
mm diameter are used in the strengthening of beams. The
mechanical properties of the GFRP bars used in this study
are presented in Table 3.

2.3 FRP and steel strengthening systems

2.3.1 Installation of NSM GFRP and steel (links or
bars as stirrups)

The grooves cut into the concrete beam’s surface were
both about 10 mm wide and 10 mm deep with different
lengths depending on the shape of strengthening used. Fig.
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Fig. 2 Various strengthening techniques of NSM GFRP and steel for GFRC beams

(a) Vertical and inclined grooves

(b) bent up grooves

Fig. 3 Grooves carved through the concrete beam’s surface

(c) Inclined bars (45°) at 200 mm spacing measuring at bottom of the beam

[ (i :

Fig. 4 Strengthening preparation of NSM steel bars

2 shows various NSM strengthening systems for GFRC
beams. To install the NSM elements; firstly, a collection of
grooves of specific dimensions carved through the concrete
cover of the specimens as shown in Fig. 3. Secondly, ensure
good bonding between the epoxy adhesive and the concrete.

Thirdly, for steel bars, insert steel bars into grooves by

passing through perforated two plates, one of the above and
the other in the bottom of the beam. Then, Interlock Nuts
into Threaded bars as shown in Figs. 4, and 5. For GFRP
bars, the adhesive was added to the groove until filled fully.
The GFRP bars were then placed into the grooves ensuring
that they were fully coated with epoxy and the surface of
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Table 3 Dimensional and mechanical properties of GFRP
bars

Property GFRP bars
diameter of bars (mm) 16 10
area of bars (mm?) 201 78.5
area of fibers (mm?) 78.39 30.19
fiber ratio by area 39% 38.46%
tensile strength (N/mm?) 1390 670
modulus of elasticity (N/mm?) 76000 60000
elongation at failure 2.50% 2.10%

Fig. 6 Strengthening preparation of NSM Inclined GFRP
bar

the beam was smoothly finished as shown in Fig. 6. For
GFRP bars as stirrups shaped from the sheet for beam

550 900

(B2GF-20PsF), Strip 100 mm width cut from the sheet, put
epoxy on it, then roll the strips to be bar Shaped easily.
Finally, the strips wrapped around the cross-section of the
beam on space 200 mm.

2.3.2 Installation of externally bonded GFRP strips

The surface of the GFRC specimens was prepared to
form a strong bond by smoothing and turning around the
sharp corners, coating the surface with a uniform thin film
of two-component epoxy adhesive. Then, The FRP strips
were pushed onto the underlying layer of epoxy position on
the concrete surface. The strips were subjected to consistent
pressure across their length to achieve a strong bond with
concrete and cured specimens in the laboratory. Figs. 7, §,
and 9 show EB strengthening systems used for GFRC
beams.

2.4 Test setup and instrumentation

All specimens were tested as simply supported under
four-point loading with an effective span of 2000 mm
between two supports and loaded with two equal point
loads with 900 mm between the two loading points at 550
mm from each support. Loads were applied using a
hydraulic jack with a Digital Load cell. All beams were
tested up to failure under an incremental loading procedure.
also, Cracks and the mode of failure were observed. The
tests were conducted using three different types of
instruments: a linear variable differential transformer
(LVDT), strain gauges, and a load cell. Three electric dial
gauges (LVDT) were placed at the bottom of beams to
evaluate vertical displacements in the middle span of beams
and the two others under two-point applied load. An
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Fig. 7 Strengthening techniques of externally bonded GFRP strips for GFRC beams B2GF-D20S
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Fig. 8 Description of NSM GFRP bars and externally bonded GFRP strips for GFRC beams

Fig. 9 Strengthening preparation of Beam B2GF-EV20F used externally bonded GFRP strips
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Fig. 11 The crack pattern of shear failure for all tested beams in the first group

electrical concrete strain gauge was applied for all beams to
measure the concrete strains at the bottom face of the mid-
span section. In all beams at group 2,3,4, an electrical steel
strain gauge was attached directly to one of the steel bars,
GFRP bars, or GFRP strips to evaluate the strain of shear
strengthening during loading for each specimen. For beams
strengthened with FRP bent up bars and strips, the strain
gauges were fixed for each technique (one on bar and one
on strip). Fig. 10(a) shows the photograph of the test setup.
Fig. 10(b) shows the positions of the electrical strain
gauges.

3. Experimental results and discussions

The readings from the crack load, ultimate load of shear
strength, displacements, and the strain of concrete, steel

strengthening bar, GFRP strengthening bar, and GFRP
strengthening sheet were recorded. These results are
summarized in Table 4.

3.1 Cracking and mode of failure

All the beams were tested till failure due to diagonal
shear cracking in the region of maximum shear. The failure
mode of all the specimens was a shear failure and the
orientation of the diagonal shear crack was approximately
from support to concentrated point of loading. In the first
group, The GFRC beams reinforced with steel bars without
strengthening failed when the initiation of the splitting
cracks appeared then the load dropped slightly after
reaching the ultimate load with increasing deflection. In the
case of beams reinforced with GFRP bars, larger deflection
and crack width formed with increasing load until sudden
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Table 4 Summary of test results

421

load deflection measurements
Grou , P, P. P/P. Ay bu D k I .
no. P specimen (klfl) (kN) conl/trol (miq) (mm) C(‘;;lggl (kN/mm) (kN.mm) DF Failure mode
BOGF-S1 65 855 - 6 84 - 1083 7182 1.40 Shear failure
B1GF-S1 87 101 1.18 6 8.8 - 1450  888.8 1.47 Shear failure
! B2GF-S1 101 109 1.27 6 9.2 9.2 16.83  1002.8 1.53 Shear failure
BOGF-F1 80 91 - 11.3 142 - 7.08 12922 1.25 Shear failure
BIGF-F1 90 108 1.18 11.7 151 -------- 7.7 1630.8 1.29 Shear failure
B2GF-F1 103 116.8 128 119 16 119 8.65 1868.8 1.34 Shear failure
B2GF-V20S 115 140 128 6.3 12,6 4.6 18.25 1764  2.00 Shear failure
B2GF-V14S 130 184 144 62 154 48 2097 2833.6 2.48 Shear failure
2 B2GF-D20S 125 157 1.68 6.1 139 43 2049 2182.3 2.28 Shear failure
B2GF-V20F 120 141 129 69 129 47 17.39  1818.9 1.87 Shear failure followed by debonding
B2GF-D20F 130 158 145 7 141 44 18.57 2227.8 2.01 Shear failure followed by debonding
B2GF-U20F 122 155 142 54 12 43 22.59 1860  2.22 Shear failure followed by debonding
3 B2GF-20PsF 122 195 1.79 55 12 4.2 22.18 2340  2.18 Shear failure followed by debonding
B2GF-EV20F 105 217 199 47 107 4.1 22.34 23219 2.28 Shear failure followed by debonding
B2GF-Sbl 107 142 130 55 9.1 53 19.45 1292.2 1.65 Shear failure followed by debonding
B2GF-Sb2 100 155 142 43 82 4.7 23.26 1271 1.91 Shear failure followed by debonding
4 BzEGVFz-SE " 15 221 203 42 99 38 2738 21879 236 Shear failure followed by debonding
BZEG\};_ gl? 2 120 240 220 43 11 3.7 2791 2640  2.56 Shear failure followed by debonding

Where; Py: Load at yield, Pu: Ultimate load, Ay: Deflection at Py, Au: Deflection at Py,
Pu/Pu controi: Ultimate load of beam/Ultimate load of the control beam, Au control: Deflection at Ultimate load (Pu) for control beam
(B2GF-S1), K: Initial stiffness, I: Energy Absorption, DF: Ductility factor.

20F RN

Debonding of N B
|GFRP bars and EB
GFRP strips

| _" ’i - .

Fig. 12 The debonding shear failure beam by steel links

brittle rupture with loud sound occurred at ultimate load,
then the load dropped suddenly with a very small increase
in deflection. Fig. 11 shows the progress of the crack
pattern that led to shear failure in all the tested beams in the
first group. The beams strengthened with GFRP bars or
sheets at the shear region failed by the diagonal tension
followed by partial premature de-bonding (delamination
between GFRP and concrete) or separation of GFRP bars or
sheets due to strong interface shear stresses at this position
at the end of the FRP and ripping off some strengthening
elements. Fig. 12 shows the pattern of shear failure of these
specimens. Beams externally strengthened by the steel links
were failed by the diagonal shear crack behind steel links

Fig. 13 The shear failure for strengthened

followed by failure of the assembly as shown in Fig. 13.
The diagonal crack of the strengthened beams occurred at a
relatively greater load than for the control beam (B2GF-S1).
Table 4 summarizes the modes of failure for the tested
specimens.

3.2 Load-deflection behavior

3.2.1 Effect of volume of glass fiber on shear
behavior of beams

Figs. 14 and 15 show the load- span deflection
relationship for different glass fiber ratios (0, 0.6%, and
1.2%) for group 1. Fig. 14 shows the first three specimens
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Fig. 15 The Load-Deflection curve for the Glass fiber-
reinforced beams in Group 1

reinforced with steel bars as main reinforcement, and Fig.
15 shows the second three specimens reinforced with glass
fiber bars as main reinforcement. Both figures show
increasing in the ultimate load and decreasing in the
deflection for the beams with glass fiber compared to
normal concrete beams (0% glass fiber). As The first three
specimens in group 1, GFRC beams with fibers 0.6%
and1.2% led to an increase in ultimate load by 18.1% and
27.5%, respectively, and a slight increase in ultimate
deflection by 4.7% and 9.5%, respectively. From the second
three specimens in group 1, adding discrete glass fiber by
0.6% and 1.2% led to an increase in the ultimate load by
18.7% and 28.4%, respectively, and ultimate deflection
increases slightly by 6% and 12.6%, respectively. The
beams (BOGF-S1) and (BOGF-F1) without glass fiber in
concrete showed lower stiffness and ductility than GFRC
beams had (0.6, and1.2%) glass fiber in concrete as shown
in Table 4.

The relation between fiber content and failure load with
a different type of the main reinforcements (steel, GFRP) is
shown in Fig. 16. From the results, the failure was brittle
because there are no stirrups in the critical shear zone of
beams, the presence of stirrups minimizes the danger of the
sudden and brittle type of shear failure, but the presence of
glass fibers increased the ductility due to the glass fibers
have high values of tensile strength and also, increase the
modulus of elasticity and the tensile strength of concrete
(Abdul-Zaher et al. 2016). It was noticed that by increasing
glass fiber ratio, the values of the concrete tensile strength,
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shear strength, first cracking load, the ultimate shear
capacity, modulus of elasticity, and maximum deflection
increased. On the other hand, the number and width of
cracks decreased because fibers transfer tension across
diagonal cracks In FRC beams, and consequently control
the opening of diagonal cracks. The values of the deflection
at a certain load (Au control) decreased, and consequently,
the stiffness of the RC beams was enhanced.

3.2.2 Effect of main reinforcement materials (steel-
GFRP bars)

The effect of using GFRP bars in reinforcement could be
observed from the shear behavior of specimens BOGF-F1,
B1GF-F1, and B2GF-F1 in group | and comparing it with
specimens BOGF-S1, BIGF-S1, and B2GF-S1 in group 1,
as shown in Fig. 17. Using the longitudinal GFRP
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reinforcement led to a slight improvement in the shear
capacity of GFRC beams without stirrups (Raid et al.
2016). The ultimate load was greater than that of specimens
using traditional steel reinforcement by 6.4%, 6.9%, and
7.2% using fiber ratios of 0, 0.6%, and 1.2%, respectively.
However, the deflection was increased at the same load
level in specimens with steel reinforcement. The results
show that using GFRP bars instead of traditional steel bars
as main reinforcement increased slightly the ultimate load
because of the higher tensile strength of GFRP bars (Raid et
al. 2016), also present a high level of deformability at beam
failure, but decreased ductility, and stiffness (higher
deflections) as a result of the lower modulus of elasticity of
GFRP bars as compared to steel bars (Raid et al. 2016). The
beams reinforced with GFRP bars do not yield and provide
a linear-elastic behavior until brittle tensile failure, larger
deflections, and wider cracks occur before failure because
of their low modulus of elasticity. When GFRP bars are
used, a balance between serviceability and strength should
be considered.

3.2.3 Effect of strengthening materials (steel-GFRP
links)

The effect of strengthening materials (steel links-GFRP
links) could be noticed from the behavior of beams (B2GF-
V20S and B2GF-V20F) having vertical links and (B2GF-
D20S and B2GF-D20F) having inclined links as SNSM
stirrups technique. Both materials improved the shear
behavior in comparison with the control beam (B2GF-S1),
where shear capacity was increased, and the deflection at

the same loading level was decreased. Also, ductility,
modulus of elasticity, toughness, and stiffness were
increased as shown in Fig. 18. The ultimate load was
increased by 28.4% and 29.4% for beams strengthened by
SNSM vertical steel and GFRP links, respectively. Also,
SNSM diagonal steel and GFRP links increased ultimate
load by 44% and 45%, respectively compared to the control
beam (B2GF-S1).

The results show that using GFRP links instead of steel
links in the strengthening technique increased slightly the
ultimate load because of the higher tensile strength of GFRP
links but decreased ductile behavior as a result of the lower
modulus of elasticity of GFRP links.

3.2.4 Effect of links orientation (vertical-45° inclined
links)

The effect of links inclination (90° vertical links-45°
inclined links) could be noticed from the behavior of beams
(B2GF-V20S and B2GF-D20S) with steel strengthening
and (B2GF-V20F and B2GF-D20F) with GFRP
strengthening as SNSM  stirrups  technique. Both
inclinations improved the shear behavior in comparison
with the control beam (B2GF-S1). Where the ultimate load
was increased, and the deflection at the same loading level
was decreased. As a result, ductility, modulus of elasticity,
and stiffness were increased as shown in Fig. 18. The
ultimate load was increased by 12.1%, and 12% when used
45° inclined steel links, and fiber links, respectively instead
of 90° vertical links. From the results, the study proved that
the use of 45° inclined links enhanced the ultimate load,
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shear capacity, and ductility of the reinforced concrete
beams despite installation difficulty. The inclined links
work better than the vertical links in resisting the shearing
forces and restraining the shear stresses formation in the RC
beam because the orientation of inclined links is almost
perpendicular to the diagonal shear cracks in shear zones.
Therefore, the use of inclined links is an effective technique
to enhance the shear capacity of the reinforced concrete
beam. The deflection values of the RC beam with 45°
inclined links are less than the RC beam with vertical shear
links at the same applied load, the difference in deflection
may be due to the stiffness which is a slope of the load-
deflection curve of the beam.

3.2.5 Effect of spacing between steel links.

Reducing the link spacing from 200 mm in strengthened
beam B2GF-V20S to 140 mm in beam B2GF-V14S led to
an increase in the ultimate capacity of the beam by 31.4%
as shown in Fig. 19 and Table 4. The load-carrying capacity
of those two beams was higher by 28.4 % and 68.8%
compared to the control beam (B2GF-S1).

From the figure, it is evident that decreasing in spacing
between web reinforcement by increasing the number of
stirrups increased the ultimate load and reduced the
deflection at the same load and consequently, the ductility,
stiffness, and toughness of the specimen were increased.
Increasing the number of shear reinforcement showed a
clear effect in controlling the crack width and contribute to
the behavior of the shear mechanism by improving the
contribution of the dowel action and limiting the opening of

inclined shear cracks, thus enhancing shear transfer by
aggregate interlock.

3.2.6 Effectiveness of SNSM links technique and
NSM FRP stirrups shape

The load-deflection at mid-span relationships for
strengthened specimens with SNSM links (B2GF-V20F),
NSM FRP double-C stirrups (B2GF-U20F), NSM GFRP
transverse stirrups around cross-section (box shape or full
wrap) (B2GF-20PsF), and control beam (B2GF-S1) are
shown in Fig. 20. These relationships indicate that using
NSM GFRP transverse stirrups around the cross-section led
to the highest improvement in the shear strength compared
to other techniques. The ultimate strength for beams B2GF-
V20F, B2GF-U20F, and B2GF-20PsF increased by 29.4,
422, and 78.9%, respectively compared to the control
beam. The results show that the SNSM links technique at
two sides of beams exhibits a lower increase in strength and
higher deflection because of de-bonding of GFRP at failure
because of the cut-out in the fiber link. In contrast, when
using double-C shaped or closed stirrups on four faces of a
beam, more increase in strength and lower deflection
resulted. Changing the shape from full wrap stirrups
confining the cross-section as in beam (B2GF-20PsF) to
link as in beam (B2GF-V20F) or double-C-shape as in
beam (B2GF-U20F) led to a decrease in the ultimate load
by 27.7, and 20.5%, respectively, and increase in the
ultimate deflection by only 7.5% for links and almost zero
for double-C-shape. These results indicate that the most
effective strengthening is obtained when using the full
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stirrups (complete wrapping). Furthermore, the load-
deflection behavior was improved by using the NSM GFRP
transverse stirrups and significantly increased in the
ductility, and bond strength because of the increase in
bonding by increasing anchored.

3.2.7 Technique of NSM bars twisted from strips and
EBR of the same strips

The effectiveness of EBR and NSM techniques in
increasing the shear resistance of GFRC beams can be seen
through the behavior of beams B2GF-EV20F and B2GF-
20PsF, respectively as shown in Fig. 21. When compared
with the control beam (B2GF-S1), the two beams B2GF-
EV20F and B2GF-20PsF had an increase of 99% and
78.9% in the ultimate load, respectively. NSM technique
attained a significant increase in the maximum load. also,
the ultimate load decrease by 20.3% about EBR techniques.
EBR strips techniques decrease maximum deflection than
NSM bars Twisted from the same strips. The NSM bars and
EBR strips limited shear cracks width development due to
an 1important aggregate interlocking action. In NSM
Technique, the amount of site installation work decreased
because grooves cut into the concrete cover instead of
longer surface preparation, The FRP is well attached to the
concrete, avoid de-bonding failures, The FRP bars are
protected by the concrete cover from damage due to impact,
fire, and other causes. But, EBR Technique has the
sensitivity to fire and vandalism, as well as the longer time
required to prepare the beam zones for the FRP bond, which

it considers apart from the relatively high expense of the
FRP systems. But EBR techniques increased the ultimate
load and decreased maximum deflection than the NSM
technique in this paper because the strip covers more
surface area than the bar. So, using strips in both techniques
will be recommended in the future work subject to be
investigated by the authors.

3.2.8 Effect of NSM GFRP bent bars technique

Bent bars were applied using the NSM technique for
shear strengthening of beams through one or two bent
GFRP bars on each side of beams (B2GF-Sb1) and (B2GF-
Sb2), respectively. The bars are bent up at 45° along the
outer length of beams. The load-deflection behavior of
these beams is shown in Fig. 22. The ultimate load
increased by 30.3%, and 42.2% for beams B2GF-Sb1, and
B2GF-Sb2, respectively, and the mid-span deflection at
maximum load was decreased by 1%, and 11%,
respectively compared with the control beam (B2GF-S1).
The number of bent-up bars does not affect the behavior of
beams significantly, only the presence of the bars increased
the shear resistance as expected. Where the bent-up bars are
needed to resist bending moment, the inclined legs of bent-
up bars resist diagonal tension and the shear strength in the
region of high shear by crossing the diagonal shear cracks.

3.2.9 GFRP strips, GFRP bent-up bars, and GFRP
bent bars with GFRP strips together
In this part, five shear strengthening systems were
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studied and compared.

1- External Bonded transverse GFRP strips 10 cm wide
around cross-section by EBR technique (B2GF-EV20F)
every 20 cm from center to center,

2- One bent GFRP bars by NSM technique (B2GF-Sb1),

3- Two bent GFRP bars by NSM technique (B2GF-Sb2),

4- A combination of first and second techniques (B2GF-
Sb1- EV20F),

5- A combination of the first and third techniques
(B2GF-Sb2- EV20F).

This parameter’s effect may be noticed from the
behavior of five specimens (B2GF-EV20F, B2GF-Sbl,
B2GF-Sb2, B2GF-Sb1- EV20F, and B2GF-Sb2- EV20F),
respectively in compared with control beam (B2GF-S1) as
shown in Fig. 23. Using the five-technique led to a
significant increase in the shear strength, stiffness,
toughness, and ductility of the strengthened beams
compared to the control specimen, especially the fifth
technique. In addition, five strengthened specimens had
lower deflection values at the same loading level compared
to control specimens without strengthened. On the other
side, for the five-strengthening technique, the ultimate load
increased by 99%, 30.3%, 42.2%, 103%, and 120%
compared to the control beam. And, the mid-span deflection
decreased by 53.3 %, 38%, 46.7 %, 55.4%, and 57.6%. The
large improvement for shear strengthening is shown in Fig.
23. This result shows that the SNSM bent bars and EBR
strips form a good combination strengthening to resist
applied load, redistribute the total stress onto the EBR strips
and SNSM bent bars when the concrete beam is subjected,
and increase the ductility, stiffness, and toughness of the
beam. Due to better confinement to the concrete, the
confinement of the bending in the main steel was reduced
and the load-carrying capacity also increased. In the future,
bent-up bars will be used along the beam with stirrups in
strengthening to carry the applied shear forces.

3.3 Cracking and ultimate loads

The first cracking load and ultimate load values are
shown in Table 4 for all specimens. Beam B2GF-Sb2-
EV20F had the highest ultimate load relative to the control
beam by about 120%. This is logical since this specimen
had two types of GFRP strengthening (two bent bars and
strips). The Increase in ultimate loads was accompanied by
a significant increase in deflection.

3.4 Measurements from load-deflection curves

The following measurements can be assessed based on
the load-deflection curves:

3.4.1 Initial stiffness (K)

The ratio of load at yield level (P,) to corresponding
displacement (Ay) can be used to calculate stiffness (K)
(Said et al. 2020). The stiffness (K) for all beams has
improved. For Group 1, compared (B1GF-S1, B2GF-S1)
with (BOGF-S1) and compared (BIGF-F1, B2GF-F1) with
(BOGF-F1), the stiffness was enhanced for B1GF-SI,
B2GF-S1, BIGF-F1, and B2GF-F1 by 33.9%, 55%, 9%,

and 22%, respectively. Accordingly, using discrete glass
fiber concrete displayed an enhancement in the stiffness
compared with normal concrete, and also by increasing the
discrete glass fiber ratio from 0.6 to 1.2%, stiffness
improved. For Group (2,3, and 4), the stiffness for all
strengthened beams B2GF-V20S, B2GF-V14S, B2GF-
D20S, B2GF-V20F, B2GF-D20F, B2GF-U20F, B2GF-
20PsF, B2GF-EV20F, B2GF-Sbl, B2GF-Sb2, B2GF-Sbl-
EV20F, and B2GF-Sb2- EV20F was higher than B2GF-
S1by 8%, 25%, 21%, 3%, 10%, 34%, 32%, 33%, 16%,
38%, 63%, and 66%, respectively. The increase in the
stiffness of the strengthened beams occurred due to the
existence of strengthening material (steel and GFRP bars)
which have a high modulus of elasticity.

3.4.2 Energy absorption (toughness)

The area under the load-deflection curve is defined as
energy absorption (/). It is a function of ultimate load (P,)
and ultimate deflection (Au) (Said et al. 2020). As a result,
Energy Absorption can be a useful tool for assessing the
ductility of beams. For Group 1, compared (B1GF-SI,
B2GF-S1) with (BOGF-S1) and compared (B1GF-FI,
B2GF-F1) with (BOGF-F1), the energy absorption was
enhanced for BIGF-S1, B2GF-S1, BIGF-F1, and B2GF-F1
by 24%, 40%, 26%, and 45%, respectively. Accordingly,
using discrete glass fiber concrete displayed an
enhancement in the energy absorption compared with
normal concrete, and by increasing the discrete glass fiber
ratio, energy absorption improved. For Group (2, 3, and 4),
compared with un-strengthened beam (B2GF-S1), a
significant increase in the toughness was observed for all
strengthened beams B2GF-V20S, B2GF-V14S, B2GF-
D20S, B2GF-V20F, B2GF-D20F, B2GF-U20F, B2GF-
20PsF, B2GF-EV20F, B2GF-Sbl, B2GF-Sb2, B2GF-Sbl1-
EV20F and B2GF-Sb2- EV20F by 76%, 183%, 118%,
81%, 122%, 85%, 133%, 132%, 29%, 27%, 118%, and
163%, respectively. The availability of a variable
strengthening technique that provided more ductile behavior
for the tested beams increased the toughness of the
strengthened beams. Finally, Energy Absorption (the
toughness) of the RC beams is enhanced by increasing
discrete glass fiber ratio and strengthened beam.

3.4.3 Ductility Factor (DF)

Ductility refers to a member’s ability to withstand
inelastic deformations above yield without losing
significant load energy. The load-deflection curve of the
tested specimens was used to determine the ductility factor
(DF) of the specimen. The ductility factor (DF) of the beam
can be expressed based on the deflection of the beam, it can
be calculated as the ratio [Au/Ay] (Shanour et al. 2018),
where Au is the deflection at the ultimate level, and Ay is
the deflection at the yield level. As shown in Table 4, the
ductility value for all tested beams is indicated. In the first
group, the ductility ratio increased with increasing the ratio
of fiber in concrete mix and decrease when using GFRP
bars as longitudinal main reinforcement instead of steel due
to the brittle behavior of GFRP bars. In the second stage,
the ductility factor increased as the result of using different
strengthening systems on both sides of beams compared to
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Table 5 Experimental concrete Strain of the Tested Beams in Group 1

Groun no.  specimen Fiber Ratio AS Strengthening Strain at Yield  Strengthening Strain at the  Strain Ductility,
pno. sp % Bars Level, (gy) (* 10-6 m/m)  Ultimate level, (&) (* 10-6 m/m) Us=¢et/ey
BOGF-S1 0% 40 16 steel 575 675 1.17
B1GF-S1 0.6% 40 16 steel 646 768 1.19
1 B2GF-S1 1.2% 40 16 steel 676 830 1.23
BOGF-F1 0% 40 16 GFRP 870 985 1.13
B1GF-F1 0.6% 40 16 GFRP 900 1038 1.15
B2GF-F1 1.2% 40 16 GFRP 915 1090 1.19
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Fig. 25 The load-concrete strain relationships for tested beams in the first stage

the control beam, and this increase was more profound
when using combined bent bars and external transverse
strengthened technique by confining the cross-section in the
shear zone.

The ductility increased when stirrups were applied all
around the cross-section of beams in the shear zone
compared to beams with links on both sides and the control
beam (B2GF-S1). Also, when the number of external links
was increased by decreasing their spacing between 200 mm
to 140 mm, the ductility ratio increased by 24 %. Using
GFRP longitudinal reinforcement and GFRP. The stiffness
(K) for all beams has improved. Links in external
strengthening instead of steel provided a slight decrease in
ductility. Generally, the ductility of beams strengthened by
EBR-GFRP strips in the shear zone with two external layers
of bent bars (B2GF-Sb2-EV20F4) was higher than all
strengthened beams. It was observed that the ductility ratio
of strengthened beams (B2GF-V20S, B2GF-V14S, B2GF-
D20S, B2GF-V20F, B2GF-D20F, B2GF-20PsF, B2GF-
U20F, B2GF-EV20F, B2GF-Sbl, B2GF-Sb2, B2GF-Sb1-
EV20F, and B2GF-Sb2- EV20F4) increased to about 31 %,
62 %, 49 %, 22%, 31%,45 %, 42%,49%, 8 %, 25 %, 54%,
and 67 %, respectively compared the control beam (B2GF-
S1).

3.5 Strain

3.5.1 Concrete strain

The behavior of beams and the quantity of concrete
strain at the mid-span section on the bottom face of RC
beams are explained by load-concrete strain curves. From
the load- concrete strain curves, the strain ductility (us) was
defined as the ratio between strain in concrete at the

ultimate level to the strain at the yield level (us=et/ey) (ACI
Committee 318- 2014). Table 5 shows the concrete strain of
all beams in Group 1 at the ultimate level (), yield level (),
and strain ductility, us=ct/ey.

The concrete strain and ultimate concrete strain for
beams reinforced with (steel or GFRP bars) increased with
the increasing proportion of glass fiber in the concrete mix
due to the better load-carrying capability of beams as
indicated in the load-concrete strain curves in Fig. 25. Due
to the presence of fiber, concrete absorbs more energy and
therefore improves its modulus of elasticity and tensile
strength. However, at a certain load, increasing the
proportion of glass fibers resulted in a decrease in concrete
strain value. The addition of glass fibers by ratio 0.6% and
1.2% improved the concrete strain ductility of the tested
beams by approximately 1.7% and 5.2%, respectively. The
maximum concrete strain values for all beams were less
than 0.002. According to the results, the ultimate concrete
strains of beams reinforced with steel bars are lower than
those of beams reinforced with GFRP bars, and the
development of strain is also shown to be slower. The strain
ductility ratio of GFRP-reinforced beams is lower than that
of steel-reinforced beams due to the lower modulus of
elasticity of GFRP bars and the brittle behavior of GFRP
bars.

3.5.2 Strain in steel and GFRP strengthening

The shear strains of the steel bars, FRP bars, and FRP
strips at the ultimate level (ef) and Yield Level, (ey) were
recorded in Tables 6, 7 for Groups 2, 3, and 4. The strain
ductility (s) was determined as the ratio of strain in the
strengthening bars and strips at the ultimate level to strain at
the yield level (us=et/ey) (Said et al. 2016) based on the
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Table 6 Experimental concrete Strain of the Tested Beams in groups 2, 3, 4 which use one shear strengthening technique

Group . . Strengthening Strain at Strengtnening Strain at Strgin
no. specimen Strengthening systems (S.S) Yield Level, (gy) the Ultimate level, (¢f) Ductility,
(* 10-6 m/m) (* 10-6 m/m) us=et/cy
B2GF-V20S Steel links, S20,90°, two sides, NSM 110 268 2.44
B2GF-V14S Steel links, S14,90°, two sides, NSM 16 114 7.13
2 B2GF-D20S Steel links, S20,45°, two sides, NSM 55 156 2.84
B2GF-V20F GFRP links, S20,90°, two sides, NSM 155 255 1.65
B2GF-D20F GFRP links, S20,45°, two sides, NSM 75 155 2.07
B2GF-U20F  GFRP double-C warp stirrups, S20,90°, NSM 23 120 5.22
3 B2GF-20PsF GFRP Full warp stirrups, S20,90°, NSM 14 119 8.5
B2GF-EV20F GFRP strips, s20, w10, EBR 7 92 13.14
B2GF-Sbl GFRP bent bar, one/face, NSM 104 154 1.48
B2GF-Sb2 GFRP bent bar, two/face, NSM 63 160 2.54

load- strengthening strain curves. Tables 6, 7 show the
strain ductility (s) values that were expected.

The strain ductility of beams strengthened with steel and
GFRP bars and strips were increased compared to un-
strengthened beam B2GF-S1. The results indicate that
employing GFRP links instead of steel links in the
strengthening technique lowered ductile behavior due to the
lower modulus of elasticity of GFRP links, as shown in
Table 6. At the same applied load, the strain values of the
RC beam with 45° inclined links are less than those of the
RC beam with vertical shear links. The difference in strain
could be due to stiffness, which is a slope of the load-strain
curve of the beam as shown in Fig. 26. In addition, the

strain ductility (s) of the RC beams is improved by
employing 45° inclined links instead of vertical links, as
indicated in Table 6. Because the distances between shear
bars decreased by increasing the number of steel bars, the
strain ductility for beam (B2GF-V14S) was larger than
beam (B2GF-V20S), as mentioned in Table 6, and the strain
at the same load was lowered as shown in Fig. 27. As may
be seen in Fig. 28, The results indicate that using SNSM
links (B2GF-V20F) on two sides of beams causes more
strain than using double-C shaped (B2GF-U20F) or closed
stirrups (B2GF-20PsF) on four faces of a beam at the same
load due to GFRP de-bonding due to the cut-out in the fiber
link and increased bonding by increasing anchored in closed
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Table 7 Experimental concrete Strain of the Tested Beams in Group 4 which uses two strengthening techniques

strips Bent bars
Strengthening  Strengthening . . . Strengthening .
Group . . Strain at Yield Strain at the St@p Strengt.h ening Strain Strain at the S@lp
specimen Strengthening systems (S.S) . Ductility, at Yield Level, . Ductility,
no. Level, (ey)  Ultimate level, (¢f) —eth (e9) (* 10-6 m/m) Ultimate level, —ct)
(*10-6mm)  (*10-6mm) 7Y & (ef) (* 10-6m/m) "~
B2GF-Sb1- GFRP bent bar, one/face, NSM,
A EV20F with GFRP strips, EBR 59 85 14.41 86 201 2.34
B2GF-Sb2- GFRP bent bar, two/face, NSM,
EV20F with GFRP strips, EBR 32 %0 1731 0 200 286
200.0 300.0
150.0 200.0
’
-
100.0 7 5
. -
P £100.0
z s )
£50.0 s S
B ”y 0.0 ¥
o : 0.0 50.0 100.0 150.0 200.0 25
0.0 £ strain *10* m/m
0.0 50.0 100.0 150.0  200.0 e B2 GF-sb2-EV20F(strips) sss==B2GF-sb2-EV20F(bars)
strain *10° m/m e B2 GF-sbh1-EV20F(strips) s B2GF-sb1-EV20F(bars)
= . = B2GF-sbl B2GF-sh2 B2GF-EV20F

Fig. 30 The load-concrete strain relationships for some
tested beams in Group 4

stirrups. The shear strains on NSM bars and EBR sheets for
B2GF-20PsF and B2GF-EV20F beams, respectively, were
119 and 92 um/m at ultimate load, indicating that EBR
strips techniques reduce maximum strain more than NSM
bar Twisted from strips. As demonstrated in Fig. 29.

The maximum shear strain increased as the number of
bent-up bars increased and ductile behavior enhanced, as
seen in Fig. 30 and Table 6. A strengthening technique (bent
up bars) combined with strips increased maximum strain
and strain ductility compared to using strips alone for shear
strengthening beams, but reduced strain when compared to
all other strengthening beams at a specified load, as
illustrated in Fig. 31. The B2GF-Sb2- EV20F strengthened
RC beam with GFRP sheet and bent bars has the highest
maximum strain and strain ductility. As a result of the
under-strengthening method, all beams have collapsed in a
ductile way at the shear zone.

4. Analytical study

A shear strength formulation is proposed for GFRC
beams without web reinforcement and strengthened with
external shear reinforcement, either with NSM steel or
GFRP bars, NSM GFRP bent up bars and EBR with GFRP
strips. Design codes present formulation to calculate the
shear strength of reinforced concrete beams with web
reinforcement. There is no published formulation to
calculate the shear strength of GFRC without web
reinforcement, GFRP as main reinforcement, GFRP bent
bars as external shear reinforcement.

Fig. 31 The load-concrete strain relationships for tested
beams in Group 4

The nominal shear resistance at the ultimate limit state,
Vn, of GFRC beams can be expressed as

Vn=Ve+ VS + Vf (1)

Where: Vn: The shear capacity, Vc: Shear contribution
of GFRC, Vs: Shear contribution of the external steel
(links), Vf: Shear contribution of the external FRP (links,
strips, bent bars).

4.1 Shear contribution of GFRC beams

4.1.1 Contribution of GFRC by using steel as
longitudinal reinforcement

Zsutty (Hai et al. 2011) derived an equation for beams
without web reinforcement including the effect of
longitudinal steel reinforcement ratios (p), and the shear
span to depth ratio (a/d). Ashour A (Hai et al. 2011)
modified Zsutty's to account for the effect of fibers by
introducing the parameter (F) to the equation

v, = [(2.11 Ve +7F) 3\/;% ] bd N) Q)

Where:

V. : Shear prediction of glass fiber reinforced concrete
for the steel-reinforced beams.

fz @ Concrete cylinder compressive strength (MPa) and
taken 0.85 characteristic cubes compressive strength (fcu).

F: Fiber factor (Lg/Df)Vyrds

Where,

Ly: fiber length; Df: Fiber diameter of steel fiber, in this
paper, the equivalent of fiber diameter is used to proportion
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Table 8 Comparison between Experimental and Theoretical
Results

Experimental proposed equations

Specimens Voo (KN)  Vnana (KN) K1
BOGF-S1 4275 4415 0.97
B1GF-S1 50.5 52.10 0.97
B2GF-S1 54.5 59.99 0.91
BOGF-F1 455 47.20 0.96
B1GF-F1 54 55.69 0.97
B2GF-F1 58.4 64.13 0.91
B2GF-V20S 70 65.00 1.08
B2GF-V145 92 80.13 115
B2GF-D20S 785 79.62 0.99
B2GF-V20F 705 65.38 1.08
B2GF-D20F 79 80.02 0.99
B2GF-U20F 775 74.22 1.04
B2GF-20PsF 97.5 99.19 0.98
B2GF-EV20F 1085 109.57 0.99
B2GF-Sh1 7 66.38 1.07
B2GF-Sh2 775 80.02 0.97
B2GF-Sbl- EV20F 1105 135.57 0.82
B2GF-Sb2- EV20F 120 149.21 0.75
Kave 0.98

K=Vn exp/Vn ana

glass fiber with a rectangular section

_ [ trwr
e

Vgs: volume fraction of glass fiber; d¢: bond factor: 0.5
for straight fibers with a round section, 0.75 for crimped
fibers, and 1.00 for indented (hooked - end) fibers. 0.5 was
used for this research for straight glass fibers with a
rectangular section.; p: flexure reinforcement ratio.; a/d:
shear span to depth ratio; b: beam web width of the cross-
section (mm); d: is the effective depth of the beam section.

4.1.2 Contribution of GFRC by using GFRP as
longitudinal reinforcement

The shear resistance of GFRC in beams reinforced with
GFRP bars as flexural reinforcement and without web
reinforcement (V. f ) is calculated according to some
theoretical models, the term Af*Ef, was compared to that of
steel reinforcement, As*Es, to evaluate the axial stiffness of
FRP longitudinal reinforcement. The following equation is
recommended by ACI Committee 440 (2006) for
calculating (V. f)

Erps
Esps

Where V. ¢: Shear design strength for FRP-reinforced
concrete beams; py: the reinforcement ratios of the flexural
FRP reinforcement; p,: the reinforcement ratios of the
flexural steel reinforcement; g¢: the modulus of elasticity of
FRP reinforcement; Eg: the modulus of elasticity of steel
reinforcement.

These equations were also modified for beams by
multiplying Ve by the cubic root of the ratio of the moduli

cf = Ve

80 Experimental Vn exp kN
a 60 521 59.99
g 44.15 45
-

40 50.5

42.75
20
0
o] 0.6 1.2

FIBER RATIO %
Fig. 32 Fiber ratio for the steel-reinforced GFRC beams

—8—Experimental Vn exp kN

Theoretical Vn ana kN

100
fa) 92
< 80 70 80.13
o
= 60
65.09
40
20
0
200 MM 140 MM
SPACING

Fig. 33 NSM steel links spacing for GFRC beams

of elasticity of GFRP and steel (Fariborz Farahmand 1996)
as follows: Ve x (EGFRP/Esteel) 1/3.

When using GFRP bars instead of steel bars as tension
reinforcement, the ultimate load increases slightly because
of the higher tensile strength of GFRP bars, but the beam
stiffness decreases (deflection increases) because of the
lower modulus of elasticity of GFRP bars as compared to
steel bars (Raid et al. 2016). Therefore, when GFRP bars
are used, a balance must be struck between strength and
serviceability considerations. The modified equation to
calculate shear design strength for FRP-reinforced concrete
beams (V) is

Ver = Ta(ps/ps) (5 /5" Ve 3)
Where: as
C: the end bar Shape factor:1.2 for U shape fiber bars; @:

The Surface bar Shape factor:1.25 for serrate Surface to
fiber bars.

4.2 Contribution of externally strengthened steel
stirrups (links) in the carrying shear.

For the evaluation of the NSM steel link bars
contribution to the shear strength, based on the
experimental results, the following general equation was
assumed as the shear resisted by the steel stirrups (ACI
Committee 440 2008)

Vs = % (sin @ + cos ) 4

Where; A; is the cross-section area of shear a steel link
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120
Experimental Vn exp kN Theoretical Vn ana kN
a 109.57
< 110 108.5
=
99.19
1o g/.5
90
NSM TECHNIQUE EBR

Fig. 34 NSM and EBR technique in GFRC beams

(mm?); £, is the tensile yield strength of shear a steel link
(MPa); d is the effective depth of the beam section (mm); S
is the spacing of shear a steel link reinforcement (mm); 6 is
the angle of shear reinforcement to the beam longitudinal
axis.

4.3 Contribution of the externally strengthened FRP
(links, strips, bent bars) to shear capacity of GFRC beam

According to ACI-440 (2008), the shear force resulting
from the tensile stress in the FRP along the assumed crack
can be calculated to determine the contribution of shear
strength provided by the FRP strengthening reinforcement.
The contribution of the externally strengthened FRP to
shear strength is given by the following equations.

A d
v, = rfyr

(sin 8¢ + cos 0y)

Where; Vy: the stand for the nominal shear strength
provided by FRP; f, ( is the tensile strength for fiber; d is
the depth of beam; Sf is the spacing between FRP stirrups
in axis direction (mm); Ay is the area of shear fiber (mm?);
Of is the fiber inclination angle with the axis of the member.

4.3.1 Contribution of the externally strengthened FRP
links. (Group 2, 3)

The contribution of GFRP links in the shear capacity of
the test specimens can be analytically predicted, as follows.
2mr3fyrd

Ve, =
f1=1 st

(Sin 6f + Cos 6¢) 6)

Where: Vy the stand for the nominal shear strength
provided by GFRP links; 72 : is the half of the diameter bar
of shear fiber (mm?); fyr is the tensile strength for link
fiber bar (MPa); # is the shape factor of link fiber bar: 1.0
for Straight fibers bar (Vertical and Inclined), 1.25 for
Double-C-shape.

4.3.2 Contribution of the externally strengthened FRP
strips. (Group 3)

The contribution of GFRC beams externally
strengthened with FRP reinforcement strips to the shear
capacity of beams can be calculated by the model proposed
by ACI 440 as follows.

NWT Fpds

Ve =
f Sy

(6)

The proposed equation is

Vise = HW (Sin 6, + Cos 6)) )

Where: V. : the stand for the nominal shear strength
provided by FRP strips; t; is the thickness of shear fiber
strips (mm); wy is the width of shear fiber strips (mm); d is
the distance from extreme compression fiber to centroid of
longitudinal tension reinforcement (mm), s¢ is the center-
to-center spacing between GFRP strips in axis direction

(mm), # is the strengthening technique factor of fiber strips:
1.0 for NSM technique, 1.15 for EBR technique.

4.3.3 Contribution of the externally strengthened FRP
bent-up bars. (Group 4)

Vip1 = 2 r2f,r (Sin 67 + Cos 6f) (8).

Vs b1 : the stand for the nominal shear strength provided

by FRP Bent up bars on one row as shown in beams B2GF-
Sbl.

27tr2fyf da

55 (Sin6y + Cos6p) O

Vip2 =

Vs b2 : the stand for the nominal shear strength provided
by FRP Bent up bars on two rows as shown in beams
B2GF-Sb2.

The (V) value may be estimated from the summation of
forces in GFRP strips and bent-up bars intersecting the
critical shear crack at the ultimate limit state.

Hence the GFRP strips and bent up bars contribution to
shear capacity can be written as follows

Ve = Vrse + Vip1, 0rVep, (10)

As shown in beams B2GF-Sb1- EV20F and B2GF-Sb2-
EV20F.

A comparison between the experimental shear force
obtained from test results V,exp) and analytical shear force
prediction of proposed equations Vyena) are listed in Table 8,
and the ratio A=Vyexp)/Va@na) 18 also indicated. Fig. 32
Shown Comparison of experimental and theoretical results
of fiber ratio for the steel-reinforced GFRC beams. Fig. 33
Shown Comparison of experimental and theoretical results
of NSM steel links spacing for GFRC beams. Fig. 34
Shown Comparison of experimental and theoretical results
of NSM and EBR technique for GFRC beams.

It can be seen from previous results that the proposed
equations have satisfactory accuracy. For steel main
reinforcement, adding glass fiber by 0.6% and 1.20%
decreased the shear capacity of the beam by 3% and 9%
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than the predicted values of proposed equations,
respectively. In the future, modified code formulas (ECP-
203 and ACI 318) would be expected to account for the
effect of inserting discrete glass fiber while predicting the
ultimate shear strength of concrete mixed with discrete
glass fiber.

5. Conclusions

An extensive laboratory testing program on the shear
behavior of GFRC beams strengthened using several
schemes were complete in this research, the following
conclusions can be made:

* All tested beams failed in shear and strengthening
techniques increased the ultimate shear strength of RC
beams significantly.
* The results showed an increase in the shear stress at
cracking and ultimate loads with increased fiber volume
in the concrete mix.
* Test results indicated no significant influence of using
GFRP longitudinal reinforcement instead of steel on the
shear strength of the beams. Longitudinal GFRP
reinforcement improved the shear capacity of beams
without stirrups and increased ultimate shear strength by
6.4, 6.9, and 7.1% for glass fiber ratio of 0, 0.6,
and1.2%, respectively, compared to beams with
longitudinal steel reinforcement and a slight effect on
both ductility and load-carrying capacity of the beams.
» Strengthening using inclined bars showed better
performance than strengthening using vertical bars with
the same spacing and provided a slight increase in the
cracking and ultimate shear load by 12.5 and 12.15%
respectively, for steel links and by 3.8 and 12.1%, for
GFRP links.
* NSM bars twisted from strips technique provided
results very close to the EBR strips technique for shear
strengthening.
* It was concluded that the best strengthening technique
is the combination of GFRP strips and two layers of bent
bars. This led to an increase in the cracking and ultimate
load by 39 and 120%, respectively compared to the
control beam. Ductility was increased by 79% using this
system.

* A proposed theoretical formula for shear capacity was

proven to agree with the experimental data.

» The ratio between the experimental and analytical

shear strength according to the proposed equation

ranged from 0.91 to 0.97 for beams in groups 1 and 2.

The ratios ranged between 0.99 to 1.15 in specimens

with steel stirrups, 0.99 to 1.08 in specimens

strengthened by links of glass fiber stirrups, 0.98 and

0.99 in specimens strengthened by closed glass fiber

stirrups. In beams strengthen by bent glass fiber bars,

the ratios were 0.97 to 1.07, and 0.75 to 0.82 for bent
bars with stirrups.

Research recommendations

More experiments with more parameters such as

concrete strength, discrete glass fiber ratio, number of
GFRP layers and bent up bars, type and orientation of fiber,
size of the beam, use of anchored, shear span to depth ratio,
strips by NSM, strip width, strip spacing, and type of
internal shear reinforcement are required for shear
strengthening of GFRC beams with GFRP bars and strips.

The use of an end anchoring system at the FRP ends to
configurations of FRP side-links or double-C-shape bars
strengthening technique overcomes brittle de-bonding,
dominating ultimate failure, and therefore allows the GFRP
bars to be used to their maximum capacity. The authors will
examine this as a future research topic.

In future research, we recommend by applied concrete
strain in the bottom face and studying the relationship
between tensile strain and compressive strain of concrete.
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