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total of eighteen deep beams were tested and the test results were evaluated. The test parameters
were the shear span-to-effective depth ratio, the number of FRP layers, the clear spacing of FRP
strips and the type of FRP. According to the experimental results, as the shear span-to-effective
depth ratio increased, the rate of increase in the shear capacity decreased. On the other hand,
the rate of increase in the deflection capacity increased with the shear span-to-effective depth
ratio. It was observed that the steel plates used at the supports and loading point affected the
contribution of FRP strips and the shear behavior of beams. Moreover, increasing the number of
FRP layers, reducing the clear spacing of FRP strips or using glass FRP strips enhanced the shear
and deflection capacities of beams. A comparative study was also conducted based on the
experimental results. Comparisons between the experimental results of this study and the pre-
dictions obtained from a total of twelve models consisting of those given by the codes and those
proposed by various researchers. The model superior to the others statistically is the one proposed
by the German code.

1. Introduction

Reinforced concrete (RC) beams having a relatively high ratio of height to depth may be referred to as deep beams. In general, a RC
beam with a shear span-to-effective depth ratio (a,/d) equal to or less than 2 is considered as a deep beam [1]. According to ACI318-19
[2], a beam is defined as deep if the ratio of clear span length from one support face to the other (l¢) to beam height is less than 4.
Eurocode 2 [3] defines a deep beam as a beam with the ratio of span length from one support center to the other (L) to beam height
being less than 3. The structural behavior of RC deep beams differs from the structural behavior of slender beams (a,/d>2) as they
undergo nonlinear deformations along the beam depth. In addition, RC deep beams have high shear capacities and a relatively simple
load transfer mechanism referred to as strut and tie (STM) mechanism [4-8]. In many high-rise buildings, they were used as shear walls
and transfer girders. Therefore, the design, maintenance, repair and retrofit of these beams are of great importance.

Service lives of RC deep beams decrease due to many reasons such as corrosion, fatigue, environmental factors, aging of concrete,
changes in loadings and the purpose of use [9]. In order to improve the service lives and load capacities of RC deep beams, fiber
reinforced polymers (FRPs) has been attractive strengthening material since three decades because of their advantages such as
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Nomenclature

Ag Area of FRP shear reinforcement (mm?2)

ac factor of reduction of FRP effectiveness

bw width of beam (mm)

Cg Environmental reduction factor

D¢ stress distribution factor

d effective depth of beam (mm)

dgy Effective depth of FRP shear reinforcement (mm)
E¢ Tensile modulus of elasticity of FRP (MPa)

FC confident factor

fem mean value of concrete compressive strength (MPa)
fetm mean value of concrete tensile strength (MPa)

fed max maximum design stress in FRP (MPa)

fre Effective stress in FRP (MPa)

fru ultimate FRP tensile strength (MPa)

frq FRP debonding stress (MPa)

hee effective height of the bonded reinforcement (mm)
hy height of beam’s web (mm)

kr geometrical coefficient depending on rc

ky covering factor

kg corrective factor (mm)

Le effective bond length (mm)

P the initial shear crack load (kN)

P, maximum load (kN)

n number of FRP layers

Nes coefficient

R reduction factor

Ie radius at beam corners (mm)

S¢ center to center spacing of FRP strips (mm)

Su ultimate FRP-support slip (mm)

te thickness of FRP strips (mm)

Vs Predicted shear strength contribution by FRP (kN)
Vee Shear strength contribution by FRP (kN)

\%3 Nominal predicted shear strength contribution by FRP (MPa)
Vee Nominal shear strength contribution by FRP (MPa)
We width of FRP strips (mm)

zZ inner lever arm (mm)

A coordinate of upper edge of effective FRP on sides
Zp coordinate of lower edge of effective FRP on sides
o Angle of FRP sheet to longitudinal axis of member
T design value of the specific fracture energy (N/mm)
AP, the increase rate of shear capacity (%)

Ad, the increase rate of deflection capacity (%)

Su maximum deflection at maximum load

€fe Effective strain in FRP shear reinforcement (mm,/mm)
€fu design rupture strain in FRP shear reinforcement (mm/mm)
Efke characteristic value of effective FRP strain (mm/mm)
¢ coefficient

0 angle of main shear crack

pr FRP shear reinforcement ratio

Py vertical shear reinforcement ratio

P horizontal shear reinforcement ratio

Ps tensile steel reinforcement ratio

P’s compression steel reinforcement ratio

¢, reduction factor due to local stress in corners
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lightweight, high strength, high stiffness, low density, non-corrosiveness, fatigue resistance, easy to be stored and applied in any shape
[10,11]. Even though carbon FRP (CFRP) is the mostly used one, glass FRP (GFRP) has begun to be used widely. Additionally, FRP
made of aramid and basalt have also been used [12,13]. FRP has been used as a strengthening material in the form of strips, sheets,
bars, ropes or grids. Since steel is vulnerable against corrosion, the use of FRP bars instead of steel bars has attracted the attention of
researchers. For example, Farghaly and Benmokrane [14] conducted an experimental and analytical study using GFRP and CFRP bars
as longitudinal tensile reinforcement. In addition, Ahmed et al. [15] carried out an experimental and analytical study on bridge girders
with CFRP stirrups instead of steel stirrups and showed that the contribution of the FRP stirrups calculated using JSCE (1997) [16]
code was underestimated. FRP can be applied to structural elements such as beams, columns and beam-column joints in three different
techniques known as externally bonding (EB), near surface mounting (NSM) and embedding through-section (ETS) [17]. The ETS
technique is better than the other two techniques in terms of workmanship, avoiding premature debonding and fire resistance. It is
applied by placing FRP bars into the core concrete with adhesive epoxy [18]. Sogut et al. [19] strengthened shear-critical beams by
using this technique. It was observed that the effectiveness of this technique decreased as the shear reinforcement ratio increased. It
was also observed that the embedding depth of FRP bars was more effective than the diameter of the hole in the tensile test [20]. As for
NSM method, FRP bars are placed into concrete cover of the structural elements. An experimental study involving the application of
the NSM technique yielded improvements in the strength and ductility of deep beams [21] and beam-column joints [22,23].

The EB technique has been preferred more than traditional applications such as concrete jacketing and using steel and wood
sections. There are three types of schemes used for strengthening against shear, which are fully wrapping (W), U-wrapping (U), and
side bonding (S). One of the failure modes encountered in strengthening with FRP is debonding, which occurs mostly in case of RC
beams strengthened with U-wrapping or side bonding FRP. Debonding of FRP is a premature failure since the capacity of FRP becomes
wasted. To eliminate this disadvantage, researchers conducted experimental studies on U-shaped cementitious mortar jacketing and
mechanically anchored U-wrapping scheme [24,25]. In case of RC beams fully wrapped with FRP, the rupture of FRP occurs before the
failure of beam indicating a complete use of the capacity of FRP. Therefore, fully wrapping results in a superior performance in terms of
the contribution of FRP to the shear capacity of beam [26,27]. The efficiency of FRP depends also on the type of FRP, the shear
reinforcement ratio, the tensile reinforcement ratio, ay/d and the FRP strip ratio [28-33]. In this study, the parameters affecting the
efficiency of FRP strips used to strengthen RC deep beams were investigated.

There are many experimental and theoretical studies on the slender beams strengthened with FRP against shear or flexural [34-44].
Grande et al. [45] carried out an experimental and analytical study to investigate the effect of transverse reinforcement on the effi-
ciency of FRP. Three different strengthening schemes (W, U and S) were applied to the slender beams (ay/d=3) using CFRP. It was
observed that the efficiency of CFRP decreased as the transverse reinforcement increased. Similarly, the experimental study conducted
Karzad et al. [46] showed that the contribution of CFRP decreased as the transverse reinforcement ratio increased and the shear
capacity was improved approximately 30% by adding another layer of CFRP on RC slender beams U-wrapped with CFRP. On the other
hand, ACI [47] and Fib Codes [61] do not consider the correlation between transverse reinforcement and FRP strips.

Compared to the studies on slender beams, experimental or theoretical studies on RC deep beams strengthened with FRP are scarce.
Few studies [48-51] showed that RC deep beams strengthened with FRP improves the behavior in terms of load-carrying capacity,
ductility, delay in formation of critical crack and serviceability. Bousselham and Chaallal [52] carried out a comprehensive study on
T-beams strengthened with CFRP and showed that (i) the contribution of CFRP to the shear capacity was higher in deep beams than in
slender beams, (ii) the contribution of CFRP decreased as the transverse reinforcement ratio increased, and (iii) the shear capacity
increased slightly with the number of CFRP layers. On the other hand, the codes ACI 440.2R-02[53], CSA S806-02[54] and Fib-TG9.3
[61] do not consider the effect of parameters such as a,/d and transverse reinforcement ratio while calculating the shear strength (Vy).

One of the most important parameters affecting the shear behavior of beams is the a,/d whose effect cannot be fully explained in
case of the beams strengthened with externally bonded FRP since there exist a limited amount of studies examining the effect of a,/d on
the behavior of beams strengthened with FRP. Li and Leung [55] carried out an experimental and analytical study on the effect of a,/d
involving RC beams with stirrups strengthened by fully-wrapping them with CFRP. It was observed that the contribution of FRP to the
shear capacity was low for lower values of a,/d and the contribution of FRP to the shear strength (Vg) calculated according to
JSCE-2001[56] and FIB-TG9.3-2001[61] was not safe for low a,/d (ay/d=1). CSA S806-12[66], CNR-DT200-2013 and ACI
440.2R-2008 [47] delivered, on the other hand, overly conservative predictions of V. CSA S806-2012 [66] and ACI 440.2R-2008 [47]
delivers reliable predictions of V¢ for beams U-wrapped with CFRP except those with low a,/d [57]. Cao et al. [58] conducted an
experimental and analytical on RC beams fully wrapped with CFRP and GFRP and concluded that it is necessary to investigate the
effect of a,/d well in order to accurately predict the effectiveness of FRP.

Since GFRP is more economical than CFRP, it has attracted the attention of researchers and various studies on RC deep beams
strengthened with GFRP have been recently carried out. Kumari and Nayak [59] showed that using GFRP improved the shear strength
and ductility of RC deep beams, and delayed the formation of initial shear crack.

This paper presents an extensive experimental study involving eighteen RC deep beams strengthened with externally bonded FRP
strips using the fully wrapping scheme. The test parameters were the shear span-to-effective depth ratio, the number of FRP layers (1 or
2), the clear spacing of FRP strips (50 mm or 100 mm) and the type of FRP (carbon or glass). The experimental results provide
important insights on the shear performance and failure mode of the strengthened RC deep beams. Providing data to the literature and
contributing to the theoretical studies in the future with test results are the main motives for Authors in this research. Furthermore, a
comparative study for evaluating the contribution of FRP strips to the shear strength of RC deep beams was also carried out. The
contribution of FRP strips to the shear strength was predicted using the shear models proposed by various codes and researchers
[60-71].
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Fig. 1. : Test Specimens; a) Unstrengthened, b) Strengthened with FRP strips having a clear spacing of 100 mm, c) Strengthened with FRP strips
having a clear spacing of 50 mm (dimensions in mm).
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2. Experimental program
2.1. Test specimens

In total, eighteen RC deep beams with stirrups were constructed. While five of them were reference beams, the other thirteen beams
were fully wrapped with FRP strips. As can be seen in Fig. 1, the total length, height, effective depth and width of the beams were
1500 mm, 300 mm, 260 mm and 140 mm, respectively. In order to consider three different a,/d as 1, 1.5 and 2, the shear spans of the
beams were set to 260 mm, 390 mm and 520 mm, respectively. Two bars of 20 mm diameter having a mean yield strength (fy) of
548 MPa and a mean tensile strength (f,) of 647 MPa were used as the longitudinal tensile reinforcement, whereas two bars of 12 mm
diameter having a mean yield strength of 601 MPa and a mean tensile strength of 695 MPa were used as the longitudinal compression
reinforcement. The shear reinforcements were chosen as #8/150 (py = 0.0048) in the vertical direction and 238/110 (p,, = 0.0065) in
the horizontal direction, where the bars had a mean yield strength of 740 MPa and a mean tensile strength of 881 MPa. Both the
vertical and horizontal shear reinforcements were selected in accordance with ACI 318-19[2] Section 23.5, in which it is stated that
the minimum shear reinforcement ratio in each direction should be at least 0.0025. The elasticity modulus of all reinforcing bars was
200 GPa. Both ends of the tensile bars were bent up 90" to provide adequate anchoring.

Ready-mixed concrete consisted of 350 kg/m® of cement, 860 kg/m?> of sand, 975 kg/m® of aggregate with a maximum aggregate
diameter of 12 mm, 168 kg/m> of water and 4.55 kg/m> of super plasticizer admixture was obtained from a local company. Six
150x150%x150 mm cubic samples of concrete were taken during casting and kept in the same environmental conditions with the
beams that were cured for 28 days. The upper, lower and mean compressive strengths of the cubic samples were 36.05, 32.56 and
35 MPa, respectively, where the standard deviation was calculated as 1.32. Table 1 gives the properties of the tested beams.

2.2. Strengthening scheme and materials

Thirteen RC deep beams were strengthened by wrapping them with unidirectional fibers made of carbon and glass having an
elasticity modulus of 255 GPa and 70 GPa, a tensile strength of 4400 MPa and 3500 MPa, and a thickness of 0.34 mm and 0.35 mm,
respectively, as reported by the manufacturer. 50 mm wide FRP strips were wrapped around the beams perpendicular their longi-
tudinal axes with a certain spacing along their shear spans. Ten beams were strengthened with CFRP strips, while GFRP was used to
strengthen three beams. Fig. 1b and ¢ show the geometrical properties of strengthening scheme.

Prior to the FRP application, all surfaces of the beams were sanded until aggregates were visible and the corners were rounded to
avoid stress concentrations and to provide a better bonding between the FRP strips and the beams. Before surface cleaning, 2-3 mm of
cover concrete at areas where FRP strips would be placed were removed. After cleaning, all surfaces were coated by an epoxy-based
primer. Following a 24 h waiting period, FRP strips were placed in their predetermined locations by means of a mixture of epoxy-based
primer and hardener resin in a ratio of 2:1 according to the manufacturer’s instructions. The mixture was dispersed homogenously by
means of an iron roller. Following the recommendation of manufacturer, beams were cured at least for 28 days under laboratory
conditions.

Beams were labeled in such a way that a label starts with either "UDB” indicating an unstrengthened beam or “SDB” indicating a
strengthened beam. The letters are followed by a,/d (1, 1.5 or 2) and then the number "46" referring to vertical and horizontal shear
reinforcement ratios (“4” for p, = 0.0048 and “6” for p, = 0.0065). If it is a reference beam, the label ends with the letter “R”. If it is a

Table 1
Properties of test specimens.
Beams Ps P’s pv Pn ay/d s (mm) pr Lpase (mm) Ligad (mm)
UDB1-46-R 0.0173 0.0062 0.0048 0.0065 1 - - 20 70
UDB1-46-RT 0.0173 0.0062 0.0048 0.0065 1 - - 100 150
UDB1.5-46-R 0.0173 0.0062 0.0048 0.0065 1.5 - - 20 70
UDB1.5-46-RT 0.0173 0.0062 0.0048 0.0065 1.5 - - 100 150
UDB2-46-R 0.0173 0.0062 0.0048 0.0065 2 - - 20 70
SDB1-46-C1-10 0.0173 0.0062 0.0048 0.0065 1 150 0.0016 20 70
SDB1.5-46-C1-10 0.0173 0.0062 0.0048 0.0065 1.5 150 0.0016 100 150
SDB2-46-C1-10 0.0173 0.0062 0.0048 0.0065 2 150 0.0016 100 150
SDB1-46-C2-10 0.0173 0.0062 0.0048 0.0065 1 150 0.0032 20 70
SDB1-46-C2-10 T 0.0173 0.0062 0.0048 0.0065 1 150 0.0032 100 150
SDB1.5-46-C2-10 0.0173 0.0062 0.0048 0.0065 1.5 150 0.0032 100 150
SDB2-46-C2-10 0.0173 0.0062 0.0048 0.0065 2 150 0.0032 100 150
SDB1-46-C1-5 0.0173 0.0062 0.0048 0.0065 1 100 0.0024 100 150
SDB1.5-46-C1-5 0.0173 0.0062 0.0048 0.0065 1.5 100 0.0024 100 150
SDB2-46-C1-5 0.0173 0.0062 0.0048 0.0065 2 100 0.0024 100 150
SDB1-46-G1-10 0.0173 0.0062 0.0048 0.0065 1 150 0.0017 100 150
SDB1.5-46-G1-10 0.0173 0.0062 0.0048 0.0065 1.5 150 0.0017 100 150
SDB2-46-G1-10 0.0173 0.0062 0.0048 0.0065 2 150 0.0017 100 150

Notes : py = 2nwyty [bus; p; = As/bud; p = Ay /byd; p, = Ay /bysy; p = An/bush
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strengthened beam, the label continues with the type of FRP (“C” or “G”) followed by the number of FRP layers (“1” or “2”). The label
ends with a number (“5” or “10”) indicating the clear spacing between FRP strips. The letter “T" at the end of a label indicates the use of
steel plates at the supports and loading point.

2.3. Test setup and instrumentation

Test specimens were subjected to three-point bending tests by using a 1000 kN capacity displacement-controlled testing machine. A
data acquisition system was used to monitor and record experimental data. Linear Variable Displacement Transducers (LVDTs) were
used to measure deflections of beams. A total of five strain gauges were installed on shear and longitudinal tensile reinforcements as
shown in Fig. 2. The locations were selected in the vicinity of regions likely to be stressed most. Also, cracking patterns were monitored
throughout the experiments.

3. Test results
3.1. Behavior of test specimens

The beams at failure state are shown in Fig. 3. UDB1-46-R, SDB1-46-C1-10 and SDB1-46-C2-10 failed by crushing of concrete in
the vicinity of loading point. As given in Table 2, the increases in the shear capacities of SDB1-46-C1-10 and SDB1-46-C2-10 with
respect to the reference beam UDB1-46-R were 21.60% and 15.58%, respectively. It was observed that increasing the number of FRP
layers did not increase the shear capacity significantly. However, as can be seen in Fig. 3, the CFRP strips close to the loading point
remained ineffective due to the crushing of concrete, so it was likely that they were not able to contribute to the shear capacity. To
delay the crushing of concrete in the vicinity of supports and loading point, 100 x 140 mm and 150 x 140 mm steel plates were placed
at the supports and the loading point, respectively, and the beams UDB1-46-RT and SDB1-46-C2-10 T, which were the backups of
UDB1-46-R and SDB1-46-C2-10, were tested. It was observed that the increase in the shear capacity of SDB1-46-C2-10 T beam
compared to the reference beam UDB1-46-RT was 58.19%. While the failure of SDB1-46-C2-10 T occurred by a diagonal shear crack,
a thin diagonal shear crack was observed in UDB1-46-RT. As a result, the width of steel plates played an important role in the
contribution of FRP strips to the shear strength. Accordingly, the remaining tests were carried out by using steel plates.

The beams UDB1.5-46-R and UDB2-46-R failed also by the formation of diagonal shear cracks. It is known that the shear capacity
decreases with the increasing a,/d while keeping other properties the same, however it was observed that UBD1.5-46-R had a shear
capacity less than UDB2-46-R. A possible reason for this was that the shear crack might have not intersected with any shear rein-
forcement. Similar to UDB1.5-46-R, the failure of UDB1.5-46-RT was also caused by a diagonal shear crack. The beam UDB1.5-46-RT
was used as the reference beam for strengthened beams having an a,/d of 1.5 in Table 2.

The FRP strips was used to increase the confinement of concrete and to prevent the development of shear cracks. The rupture of FRP
strips was not observed in the strengthened beams with a large FRP strip spacing (center-to-center spacing sf =150 mm) except
SDB1.5-46-C1-10 because the shear cracks intersected with the FRP strips in the compression region, and they reached the
compression region before local debonding of the FRP strips occurred. Therefore, it is recommended that the center-to-center spacing
of the FRP strips should not exceed d/2. As mentioned above, the beam SDB1.5-46-C1-10 failed by shear and the rupture of an FRP
strip was observed. The increase in its shear capacity was 19.01%. When the number of FRP layers was increased, that is, the beam
SDB1.5-46-C2-10, the failure mode was the same, but no rupture of the FRP strips was observed and the increase in the shear capacity
increased to 30.53%. It is to be noted that SDB1.5-46-C2-10 beam had a workmanship defect such that the clear spacing between two
neighboring FRP strips should have been 100 mm, but it was approximately 170 mm in the vicinity of the loading point. The shear
cracks did not intersect with the FRP strips due to this defect. It was observed that the role of FRP strips to prevent cracks from opening
and propagating was not fulfilled completely, but the experimental data was considered in the scope this study for analytical study
since such workmanship defects are possible in real life. In both the beams SDB2-46-C1-10 and SDB2-46-C2-10, shear cracks were
observed as well as wide flexural cracks. The increases in the shear capacities were 32.98% and 36.22%, respectively. Increasing the
number of FRP layers by one showed little improvement in the shear capacity of beams having an a,/d of 2.

The rupture of the FRP strips occurred in beams with the smaller FRP strip spacing (s;=100 mm) before the beams reached their
load carrying capacities, regardless of the a,/d. Contrary to the experimental study of Li and Leung [55], the increase in the shear

2
1

Fig. 2. Locations of strain gauges in perspective view.
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Fig. 3. : Tested beams at failure state.

Table 2

Experimental results.
Beams P (kN) P../Py (%) Oghear P, (kN) 8, (mm) AP (%) AS (%) Failure Mode
UDB1-46-R 198.10 61.61 45 321.55 5.30 - - Shear-Concrete Crushing
UDB1-46-RT 203.62 59.40 51 342.78 5.44 - - Shear-Concrete Crushing
UDB1.5-46-R 136.21 58.69 53 232.08 4.48 - - Shear-Diagonal cracking
UDB1.5-46-RT 170.90 57.25 46 298.53 6.08 - - Shear-Diagonal cracking
UDB2-46-R 131.49 51.30 38 256.34 6.76 - - Shear-Diagonal cracking
SDB1-46-C1-10 188.60 48.23 40 391.01 6.36 21.60 20.00 Shear-Concrete Crushing
SDB1.5-46-C1-10 136.16 38.33 49 355.27 8.94 19.01 47.04 Shear-FRP rupture
SDB2-46-C1-10 111.80 32.80 49 340.89 32.66 32.98 383.14 Shear-Flexural Failure
SDB1-46-C2-10 200.50 54.14 42-52 370.35 7.30 15.18 37.74 Shear-Concrete Crushing
SDB1-46-C2-10 T 222.97 41.12 60 542.25 11.34 58.19 108.46 Shear-Diagonal cracking
SDB1.5-46-C2-10 133.85 34.35 52 389.66 10.38 30.53 70.72 Shear-Diagonal cracking
SDB2-46-C2-10 117.04 33.52 39-54 349.19 30.66 36.22 353.55 Shear-Flexure Failure
SDB1-46-C1-5 222.28 41.42 45 536.63 11.84 56.55 117.65 Shear-FRP rupture
SDB1.5-46-C1-5 130.76 28.22 45 463.33 16.10 55.20 164.80 Shear-FRP rupture
SDB2-46-C1-5 113.32 32.17 36 352.23 28.30 37.41 318.64 Shear-FRP rupture
SDB1-46-G1-10 215.92 47.90 47 450.81 9.10 31.52 67.28 Shear-Diagonal cracking
SDB1.5-46-G1-10 133.41 35.90 41 382.27 10.78 28.05 77.30 Shear-Diagonal cracking
SDB2-46-G1-10 115.97 36.52 26-36 317.53 15.02 23.87 122.19 Shear-Flexural Failure

capacity decreased as the a,/d increased. It was concluded that increasing the number of FRP layers by one or reducing the spacing of
the FRP strips improved the shear and deflection capacities. The beams SDB1-46-G1-10 and SDB1.5-46-G1-10 failed in shear by the
formation of diagonal shear cracks. Wide flexural cracks were observed in addition to shear cracks in SDB2-46-G1-10. The increase in
the shear capacity decreased as the a,/d ratio increased also when GFRP was used similar to the beams the smaller FRP strip spacing
(sf=100 mm). GFRP resulted in higher increases in the shear and deflection capacities compared to CFRP in case that a,/d was 1.5.
However, it was the opposite in case of beams having a,/d of 2.



H.C. Akkaya et al. Case Studies in Construction Materials 17 (2022) e01198

It can be seen in Table 2 that the deflection capacities of SDB1-46-C1-10 and SDB1-46-C2-10, which were tested without placing
steel plates at the supports and loading point, increased by 20.00% and 37.74% compared to the reference beam UDB1-46-R. It was
observed that the deflection capacity increased when the number of FRP layers was increased by one. The deflection capacities of
beams except SDB2-46-C2-10 increased with the a,/d.

The first shear crack load decreased as the a,/d increased in case of all beams involved in this study because the arching effect
increases with the decreasing a,/d and the principal tensile stresses get smaller. It was also observed that the first shear crack loads of
the strengthened beams were not significantly different than those of the unstrengthened beams for the same a,/d. As can be seen in
Table 2, the ratio of the first shear crack load to the maximum load by percent decreased with the use of FRP strips or with the
increasing a,/d. The angles of shear cracks were often between 40° and 60°. However, in some beams having an a,/d of 2, this angle
decreased until 26°.

3.2. Load-deflection curves

Fig. 4a depicts the load-deflection curves of UDB beams that exhibited linear elastic behavior initially. When the first shear crack
began to appear, the stiffness of the beams started to decrease, and the behavior started to shift from linear to nonlinear. After reaching
the failure load, sudden drops in the loads were observed. Fig. 4a shows that UDB beams exhibited nonductile behavior.

Fig. 4(b-d) presents the load-deflection curves of beams classified according to a,/d. It was observed that both loading and
deflection capacities of SDB beams having a,/d of 1 and 1.5 increased and these beams exhibited nonductile behavior as can be seen in
Fig. 4b and c. On the other hand, Fig. 4d shows that SDB beams having an a,/d of 2 exhibited more ductile behavior compared to the
others, which can be attributed to the fact that the arching effect decreases as the a,/d increases. Even after the first shear crack
occurred, the load continued to increase at a steep angle. Moreover, after the beams reached approximately the failure load, it was
observed that the load slightly increased, which could be the contribution of FRP to the load carrying and deflection capacities by
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Fig. 4. : Load- deflection curves.
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preventing cracks from opening. The most significant test parameter increasing the deflection capacity was to halve the FRP strip
spacing in SDB beams having a,/d of 1 and 1.5. In SDB beams having a,/d of 2, the most significant test parameter was using a single
and double layers of FRP strips, which increased the deflection capacities by 383.14% and 353.55%, when respectively.

3.3. Load-strain curves

Five strain gauges were mounted to the reinforcing bars of each beam, the locations of which are shown in Fig. 2. The strain gauges
labeled as "1" and “2” were mounted to the longitudinal tensile reinforcement and the horizontal shear reinforcement, respectively.
The strain gauges labeled as "3" and "5" were mounted to the both legs of the vertical shear reinforcement closest to the loading point.
The strain gauge labeled as "4" was mounted to the vertical shear reinforcement on the other side of the loading point to the part farther
away from the load. Unfortunately, data could not be obtained from some of the strain gauges. The load-strain curves of all beams are
given in Figs. 5-9. The yield limits of tensile and shear reinforcements are shown vertically in the Figs. 5-9 with dashed lines.

The first noticeable difference between Figs. 6-9 and Fig. 5 is the horizontal region where the shear load remained constant while
the strains increased. This explains the spreading of shear crack while the load remained constant after the initial shear crack formed.

Figs. 6-9 show that shear reinforcements did not take any strain until the first shear crack occurred or the concrete in the vicinity of
the supports and loading point was crushed. On the other hand, the strains in tensile reinforcements increased linearly at the initial
stages. It can be observed in Fig. 5 that the slope of these linear curves decreased as the a,/d increased. The strain characteristics in
both tensile reinforcement and shear reinforcement were almost similar in SDB beams having a,/d of 2, regardless of the strengthening
parameters. It was observed that CFRP strips resulted in a better behavior than GFRP strips in the scope of preventing the opening and
spreading of shear cracks. Reducing the spacing of the FRP strips was the most effective action for this purpose since the strains in
SDB1.5-46-C1-5 remained constant despite the increasing load (Fig. 5).

Tensile reinforcement in all beams except SDB1-46-G1-10 yielded. Most of the shear reinforcement in the beams with an a,/d of 1
did not yield because either the shear crack did not intersect the shear reinforcement or the concrete strut took most of the load.
Contrarily, most of the shear reinforcement yielded in the beams with a,/d of 1.5 and 2. This indicates that the effectiveness of the FRP
strips and steel reinforcement varied with the a,/d of beams. The variation in the strains in the shear reinforcements increased
significantly with the formation of shear cracks and rupture or debonding of the FRP strips. As can be seen in Figs. 6-9, the load-strain
curves became horizontal after a certain load, and a sudden increase in the strains occurred in case of beams having a,/d of 1.5 and 2
happened.

4. Comparison of results with predictions

Experimental results (Vg) obtained in this study were compared with the predictions (V¢) obtained from twelve shear models
consisting of those given by various codes [60-67] and those proposed by various researchers [68-71]. Table 3 summarizes the
considered models. No safety factor was used in calculations. The contribution of the FRP strips to the experimental shear capacity was
determined by subtracting the shear capacity of the unstrengthened beam from the shear capacity of the strengthened beam. The
comparison of the experimental results with the predictions obtained from the considered models are given in Table 4.

The considered models predict the contribution of the FRP strips to the shear strength not only by considering the FRP strips as
transverse shear reinforcement independent of concrete and steel reinforcement, but also assuming that all shear cracks intersect with
the FRP strips. However, it is too optimistic to assume that all shear cracks intersect with the FRP strips. As observed in this study, the
shear cracks may not intersect with the FRP strips due to a steeper angle of the shear crack, especially in case of beams having relatively
low ay/d. In addition, Chen and Teng [70] reported that the FRP strips cannot provide maximum benefit together with transverse
reinforcement and they affect each other. Furthermore, the contribution of the FRP strips to the shear strength depends on many
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Fig. 5. : Load-strain curves obtained from the strain gauge "1".
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Fig. 8. : Load-strain curves obtained from the strain gauge "4".

parameters such as concrete strength, a,/d, failure mode of beam, FRP strengthening scheme (S, U, W), effective strain in FRP strips,
bond between FRP and concrete, anchorage length, shear crack angle and workmanship defect. It is not easy to develop a shear model
considering the influence of all parameters. Therefore, researchers have taken into account only the parameters that they consider
important in terms of the shear behavior of RC deep beams while developing their models.

The most significant parameter in the considered models is the effective strain or stress in the FRP strips. Triantafillou and
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Load (kN)
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Fig. 9. : Load-strain curves obtained from the strain gauge "5".

Prediction of the contribution of the FRP strips to the shear capacity of beams.

Guide Name

Summary of calculation steps

ACI 440 2R-17[60]

FIB-2001[61]

CNR-DT 200/2013[62]

Vi = Apfe(sina +cosa)ds /sy 5

Ay, = 2ntwy ;ffe = epEr; e, = 0.004 < 0.75Cgep Cp = 0.85

Vi = 0.9e,k_eEfpfbwd(cot€ -Fcota)sina ;

pp = (2ntgwy/s¢by ) (strips); e = ke k = 0.8 s = 0.17(ff,,/13/Efpf)sfu < 0.006

L.sina 1 Lesina

Vy = 0.9df 2ty cotd oty 5 s = Full ~g ot ylkafas—fa)ll g et

kr =02+1.6r./b, for 0 < r/b, < 05; fu=/(2ET)/(nts) ; I'rg = kpke/femferm/FC ; FC =1 ; kg =

2= wifba)

v

0.25

TR-55[63]

German|[64]

NCHRP Project No. 12-75

[65]
CSA-S806-12[66]
CIDAR([67]

Khalifa et al.[68]
Triantafillou and
Antonopoulos[69]
Chen and Teng[70]
Kotynia[71]

1+ (wr/by)

0.037mm  ky = 5 Le = /n2s2Egnts [(81rq) ; su = 0.25mm

1.18 if wy/b, < 025

Vi = 2ntgwy(dp, —(nge/3)Lccosa)Egep (sina +-cosa)/sg ; nge =0 for fully wrapped ef, = min{ez, /2, 0.5y/fem/Epnty, 0.004} ;

Le = 0.7\/Exnity /fom

Vi = 2ntywszfpcotd/sy  fr = krafp s ar = 15 kg = {

Vi = Apfeds (cotd +cota)sina/sy ; fre = efeEy ; efe = Ryepu 5 R = 4(psEy)

0.5r:(2 — 1./60)/60 if re < 60}
05 if r. > 60
—0.67

for fully wrapped

Vi = Apfr(sina +cosa)dy, /s ; Ay, = 2ntywy ; fro = egEy ; € = 0.006  for fully wrapped

Vi = 2fptywrhg, (cotd +cota)sina /sy ; hy, = 25 —2: 5 25 = 0.9d —dp, ; 2 = dpt fre = Dpffamax 5 Df = 0.5(1 +2¢/2b) famax =

bfu I g < 15%

henEs O & > 1.5%} 4, =08
Vi = Apfr(sina +cosa)ds /s ; fre = Rffu s R = 0‘5622(/),Ef)2 — 1.2188(psEs) +0.778 < 05

Vi = 2fptywrhy(cotd +cota)sina/sy ; fr. = Dyfp s Dy = (14¢)/2;{ = 2/2p; e = 25 —2: 2, =0.9dand 2z, =0 for fully wrapped

Antonopoulos [69], Khalifa et al. [68] and NCHRP Project No. 12-75[65] proposed different effective strain expressions for the
contribution of the FRP stirps to the shear strength based on a statistical analysis of a large database. The FRP type, debonding and the
rupture conditions of the FRP strips were taken into account in these models. ACI 440.2R-17[60] proposes a shear model based on
Khalifa et al. [68]’s model, while the FIB-2001[61] presents a model based on Triantafillou and Antonopoulos [69]’s model. The
maximum effective strain in case of the beams fully wrapped with externally bonded FRP strips should be 0.004 according to ACI
440.2R-17[60] and TR-55[63. On the other hand, it is given as 0.006 in CSA-S806-12 [66]. CNR-DT200/2013[62] proposes a shear
model based on fracture mechanics rather than statistical analysis. In addition, the physical limitation of a strengthened beam is tried
to be considered in this code, where a coefficient regarding to the radius of rounded corners of beams in case of fully wrapping scheme
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Table 4
Comparison of Experimental Results with Predictions.
Beam No Veexp Vie/ Ve, Vie/ Vi Vie/ Ve Vee/ Vi, Vie/ Vi Ve/Vf Vie/ Vi Vee/Vf, Vie/ Vi Vee/Vf, Vie/ Vi Vie/ Ve
MPa [60] [61] [62] [63] [64] [65] [66] [671 [68] [69] [70] [71]

SDB1-46- 0.66 0.40 0.30 0.87 0.57 0.31 1.32 0.27 0.26 0.25 0.36 0.21 0.20
C1-10

SDB1.5-46- 0.78 0.47 0.35 1.03 0.67 0.37 1.55 0.31 0.30 0.29 0.42 0.24 0.24
C1-10

SDB2-46- 1.16 0.70 0.52 1.53 1.00 0.55 2.31 0.47 0.45 0.44 0.63 0.36 0.36
C1-10

SDB1-46- 0.38 0.11 0.11 0.32 0.23 0.09 0.60 0.08 0.15 0.17 0.10 0.12 0.06
C2-10

SDB1-46- 2.74 0.83 0.76 2.28 1.66 0.65 4.33 0.55 1.07 1.24 0.74 0.85 0.42
C2-10T

SDB1.5-46- 1.25 0.38 0.35 1.04 0.76 0.30 1.98 0.25 0.49 0.56 0.34 0.39 0.19
C2-10

SDB2-46- 1.28 0.39 0.35 1.06 0.77 0.30 2.01 0.26 0.50 0.58 0.34 0.40 0.20
C2-10

SDB1-46- 2.66 1.07 0.91 2.34 1.52 0.84 4.62 0.72 0.69 1.04 0.96 0.55 0.55
C1-5

SDB1.5-46- 2.26 0.91 0.77 1.99 1.29 0.71 3.93 0.61 0.59 0.89 0.81 0.47 0.47
Cl1-5

SDB2-46- 1.32 0.53 0.45 1.16 0.75 0.42 2.29 0.35 0.34 0.52 0.47 0.27 0.27
Cl1-5

SDB1-46- 1.48 3.18 2.36 4.20 3.18 0.86 1.54 2.12 0.71 0.51 2.83 0.57 0.56
G1-10

SDB1.5-46- 1.15 2.46 1.83 3.26 2.46 0.66 1.20 1.64 0.55 0.39 2.19 0.44 0.43
G1-10

SDB2-46- 0.84 1.80 1.33 2.38 1.80 0.49 0.87 1.20 0.40 0.29 1.60 0.32 0.32
G1-10

Avarage 1.02 0.80 1.80 1.28 0.50 2.20 0.68 0.50 0.55 0.91 0.40 0.33

Std. Deviation 0.92 0.67 1.08 0.83 0.23 1.31 0.61 0.24 0.32 0.81 0.19 0.15

CoV 0.90 0.83 0.60 0.65 0.46 0.60 0.90 0.47 0.58 0.90 0.47 0.46

is given [62].

It can be seen in Table 4 the coefficient of variation (CoV) of the ratio of experimental result to the predicted contribution of the FRP
strips ranges from 58% to 90%. These high values indicate that the results are not homogeneously distributed. It can be also seen in
Table 4 that while the average values are conservative if the models of ACI 440.2R-17[60], CNR-DT200/2013[62], TR-55[63] and
NCHRP Project No. 12-75[65] are used, it is nonconservative if the models of FIB-2001[61], CSA-S806-12 [66], Khalifa et al. [68] and
Triantafillou and Antonopoulos [69] are used. It is suggested that the effective strain or stress expression in these models [60-63,65,66,
68,69] should be revised according to a,/d.

The main difference of the model proposed by Chen and Teng [70] from the others is the non-uniform stress distribution in the FRP
along the shear crack, which is taken into account explicitly. CIDAR [67] gives equations for predicting the contribution of the FRP
strips to the shear strength based on the model proposed by Chen and Teng [70]. The main difference of the model proposed by the
German code [64] from the others is that the contribution of the FRP strips to the shear strength computed for beams fully wrapped
with the FRP strips depends on the radius of rounded corners of beams. For the model proposed by Kotynia [71], the difference from
the other models is the determination of the shear crack angle according to the transverse reinforcement ratio. Due to these significant
differences, the coefficients of variation of the ratio of experimental result to the predicted contribution of the FRP strips by using these
models [64,67,70,71] are 46-47% (Table 4). These coefficients are superior to the others in terms of homogeneity, but the average
values are nonconservative. The model with the lowest coefficient of variation (46%) belongs to the German code [64] and Kotynia
[71]. It can be inferred that the model proposed by the German code [64] is the one delivering the best predictions of the contribution
of the FRP strips to the shear strength for the beams in this study, since the average value for the German code [64] (0.50) is closer to 1
than the average value for Kotynia [71] (0.33).

5. Conclusions

This study consists of two parts as the experimental study and the comparison of the experimental results with the predictions by
various models. The following conclusions have been drawn.

1. The use of steel plates at the supports and loading point affected the shear behavior of the RC deep beams and the effectiveness of
the FRP strips.

2. The rupture of the FRP strips is an indication for consuming the mechanical properties of FRP effectively. The rupture of the FRP
strips occurred in all beams having an FRP strip spacing of 100 mm. However, it did not occur in the beams having an FRP strip spacing
of 150 mm, except SDB1.5-46-C1-10. Therefore, it is recommended that the spacing of FRP strips should not exceed d/2.

3. As the ay/d increased, the increase in the shear capacity of strengthened beams decreased, while it was the opposite for the
deflection capacity.
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4. Increasing the number of FRP layers by one, reducing the spacing of the FRP strips or using GFRP strips improved the shear and
deflection capacities.

5. The use of GFRP instead of CFRP yielded higher increases in the shear and deflection capacities of the beam having an a,/d of 1.5.
However, for the beam having an a,/d of 2, it was the opposite.

6. The changes in the first shear cracking loads of the strengthened beams were not significant compared to those of the
unstrengthened beams for a given a,/d. The angle of shear cracks in the tested beams ranged from 40° to 60°. However, the shear crack
angle decreased until 26° in beams having a,/d of 2.

7. Unstrengthened beams exhibited nonductile behavior. The behavior of strengthened beams having a,/d ratios of 1 and 1.5 was
also nonductile, but the behavior of strengthened beams with an ay/d ratio of 2 was ductile.

8. The most significant parameters affecting the strains were the ay/d and the type of FRP.

9. The comparison of the experimental results with the predictions obtained from the models consisting of those given by various
codes [60-67] and those proposed by various researchers [68-71] resulted in coefficients of variation varying between 58% and 90%,
which indicates that the results are not homogeneously distributed. It is suggested that the effective strain or stress expression in these
models [60-63,65,66,68,69] should be revised according to ay/d.

10. The comparison of the experimental results with the predictions obtained from the models [64,67,70,71] resulted in co-
efficients of variation equal to 46-47%, which are superior to the other in terms of homogeneity. The model proposed by German code
[64] delivered the best predictions of the contribution of the FRP strips to the shear strength for the beams in this study.
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