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Abstract

This study investigates the impact of shear reinforcement amount and arrangement on the shear capacity of shallow/wide
RC beams. Seven specimens of shallow/wide beams with different ultimate shear reinforcement stress (u.Fys), longitudinal
spacing to depth ratio (S/d), and transversal spacing to depth ratio (S’/d) were tested under a monotonic three-point bending
test. All the specimens were designed to fail at shearing. The results showed that the shear reinforcement was fully
functioning until it yielded; also, the amount of shear reinforcement had the major impact on the shear capacity; in addition,
the transverse spacing had more influence on the shear capacity than the longitudinal spacing. The measured shear
capacities were compared to six design codes, in which the results ranged from 95% to 110%, with the Japanese code
(JSCE) being the closest to the experimental results. Two Al-based predicting equations, “Genetic Programming” (GP)
and “Evolutionary Polynomial Regression” (EPR), were also compared to the experimental, with accuracies of 78% and
86% of the measured capacities, respectively. Initial stiffness, final stiffness, dissipated energy, and ductility were all
discussed for the seven specimens, with ultimate shear reinforcement stress being the most impactful on the total shear
capacity of the wide beams.
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1. Introduction

Wide-shallow beams have been widely used in architectural applications due to their aesthetic appeal and structural
efficiency. However, the shear behavior of wide-shallow beams is a complex issue that has been the subject of much
research. The shear capacity of these beams has been affected by several factors, including the longitudinal spacing
between stirrups, the spacing between the stirrup legs, and the shear reinforcement ratio. The contribution of shear
reinforcement and the presence of stirrups in wide beams were ignored by early code provisions, even though research
on the shear behavior of wide beams began several decades ago. Wide beams were defined by several researchers as
beams with widths that are twice their depths [1, 2]. The gaps in the research on wide beams have been gradually filled
over time as more and more parameters and variables have been discussed. Most of the studies mentioned were
experimental and were backed up by finite element analysis.

Soliman et al. [3] had investigated the shear capacity of seven wide-shallow beam specimens, considering the aspect
ratio, concrete compressive strength, and ratio of compression rebar. The ultimate shear strength of the specimens
decreased when the aspect ratio increased from 1.66 to 5. The shear capacity of the beams increased when the
compressive strength increased, but the increase in compression rebar had a small impact on the shear capacity of the
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beams. Concrete compressive strength was always the first parameter considered for wide beams, as investigated by
Serna et al. [4]. Wang et al. [5] had used engineered composite concrete as an outside external strengthening layer,
which enhanced the shear capacity of the wide beams and their crack pattern. The depth of wide beams was investigated
by Morsy et al. [6], who advised an optimum depth of 250 mm for stirrup usage. Taha & Abbas [7] had considered the
spacing between stirrups as a percentage of the depth of the wide beams.

De Sousa et al. had investigated the shear strength of wide concrete members without stirrups, their failure
mechanisms, and their transition of failure mechanisms from shear to punching. It was stated that the width-to-depth
ratio (b/d) of the concrete members did not affect the crack pattern as much as the member slenderness and reinforcement
ratio [8-10]. Also, increasing the reinforcement in the wide members changed the failure mechanism in these members
compared to failures due to the yielding of the reinforcement (longitudinal and transverse), causing it to be a brittle
failure. Moreover, a correction factor was introduced to account for the presence of the shear reinforcement in the wide
members under concentrated loads, which enhanced the precision of the expression in the ACI 318-19.

Several steel configurations other than conventional stirrups were investigated. Moubarak et al. [11] introduced
internal and external fasteners as a shear-resisting system for wide beams, which significantly increased the shear
capacity of the beams. Elansary et al. [12] had used a spiral reinforcement system embedded in the wide beams, which
increased the ductility of the beams. Moahmmed et al. [13] used steel plates with holes in them as a replacement for the
stirrups, which had a very small impact on the total shear capacity of the wide beams.

The width of the supports was investigated by Khalil et al. [14], who found that as the supports got narrower, the
less shear capacity and flexure they endured. An experimental program was conducted by Mahmoud et al. [15], who
found that as the eccentricity increased, the shear capacity of the wide beams decreased.

The use of FRP was always a point of research. Ebid & Deifalla [16] had collected massive data on concrete beams,
both conventional and wide, all reinforced with FRP bars. An equation for shear was developed that showed better
results than the equations already present in some codes. Shear behavior of one-way slabs reinforced by FRP was
investigated by Abdul-Salam et al. [17] and Al-Harmany et al. [18], who both confirmed the increase in the shear
capacity of the specimens, but their failures were brittle. EI-Sayed et al. [19] tested reinforced concrete wide beams with
external CFRP plates, which increased the shear capacity of the beams. However, all the specimens had a debonding
failure. Conforti et al. [20] used polypropylene fiber reinforcement in their experimental investigation of the wide,
shallow beams. The ductility of the specimens increased as the volume fraction was considered optimal.

The usage of recycled concrete aggregates has been used in concrete members for the last several years, and its effect
on the shear strength of the concrete beams has been investigated by several research teams lately. Odero et al. [21]
tested sixteen concrete beams using RCA and concluded that at 10 mm aggregates, the shear capacity of the specimens
was at its highest by 21.5%. Sagheer et al. [22] had tested fifteen concrete beams with 50 % RCA for some and 100 %
RCA for the others. The specimens with 100 had a 26% increase in their shear capacity compared to the 50 % RCA.
Engineered cementitious composites were used to enhance the shear strength of concrete beams without using stirrups
by Cheng et al. [23]. The shear capacity and toughness were both improved for the concrete beams. Yu et al. [24] had
used ANN and RF machine learning models on 264 RCA beams (collected test results), and it was stated that these
models had better predictive outputs for RCA beams than other existing models.

One-way shear-reinforced concrete slabs were heavily investigated by Lantsoght et al. [25, 26]. The shear capacity
of one-way slabs, one-way slabs under concentrated loads, one-way slabs without shear reinforcement, and one-way
slabs under different combinations of loads were all carefully considered for these studies. The behavior of the one-way
slabs was in accordance with what was recorded through several studies of the reinforced concrete shallow-wide beams.
Allugmani [27] compared the experimental results of wide beams with web reinforcement to the guidelines of the Saudi
Code and Euro Code 2. The Saudi Code was found to be safer than the Euro Code.

The recent advancements in artificial intelligence and machine learning have led to new research opportunities in
the field of concrete elements. Several recent studies have used machine learning to predict the shear capacity and mode
of failure of reinforced concrete beams [28—-31]. The results of these studies suggest that machine learning is a promising
approach for predicting the behavior of concrete elements [32].

Soliman et al. [33] identified several gaps in the previous studies and investigations regarding the shear capacity of
the wide, shallow reinforced concrete beams. Most previous studies had, of course, focused on the stirrup configurations
at the shallow-wide beams, as the code provisions and expressions were completely negligible for the matter as
mentioned before. But the contribution of the shear reinforcement to the total shear capacity of the wide beams was not
investigated considering the transverse spacing of the stirrup’s branches to the depth ratio (S’/d) and the ultimate shear
reinforcement stress (u.Fys), which leaves a lot of room for research.
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2. Objectives

The main objective of this research is to experimentally investigate the impact of longitudinal spacing of stirrups to
depth ratio (S/d), transverse spacing of stirrup’s branches to depth ratio (S’/d), and the ultimate shear reinforcement
stress (m.Fys) on the structural behavior of shallow/wide RC beams in terms of failure mode, first crack, shear capacity,
beam stiffness, and ductility, and finally, assessing the shear design provisions in six different design codes. The
methodology used is illustrated in Figure 1.

Literature review

Previous researches Design codes provisions

Experimental research program | Sample 1 |

S/d S'/d wFys
0.55 1.10 |[0.77MPa

| Sample 2 | | Sample 4 | | Sample 6 |

S/d S'/d p.Fys S/d S'/d WFys S/d S'/d WFys
0.25 1.10 |0.77MPa 0.55 0.67 |[0.77MPa 0.55 1.10 ]0.44MPa

| Sample 3 | | Sample 5 | | Sample 7 |

S/d S'/d p.Fys S/d S'/d wFys S/d S'/d Ww.Fys
1.10 1.10 |0.77MPa 0.55 3.33 |[0.77MPa 0.55 1.10 |1.21MPa

Discuss tests' results

Failure mode First crack Shear capacity Stiffness Ductility

Assessment of design codes' provisions

| ACI-318 | | BS-8110 | | EN-1991 | | 1S-456 | | ECP-203 | | JSCE |
N L . I ‘
* *
|

Conclusions

Figure 1. The research methodology

3. Experimental Program and Methodology

3.1. Samples Configurations

The experimental research program consisted of seven RC beams with the same dimensions (1200 x 600 x 200 mm),
same material (Fc’=31 MPa), the same lower reinforcement (As = 12T18, Fy = 416 MPa) and the same upper
reinforcement (As’=8T10, Fy=416 MPa). All the beams were tested up to failure in a three-point bending test with a
span of (1050 mm) which is equivalent to (shear span/depth) ratio of (525/180=2.9). The impact of each studied
parameter was investigated using three wide beam specimens as follows:

The effect of longitudinal spacing of stirrups to depth ratio (S/d) was studied using specimens B1, B2, and B3. Each
specimen had (S’/d=1.10), (n.Fys= 0.77 MPa) but (S/d= 0.55, 0.25, and 1.10) respectively. The influence of the
transverse spacing of stirrup’s branches to the depth ratio (S’/d) was explored with specimens B1, B4, and B5, where
all of them had (S/d=0.55), (u.Fys= 0.77 MPa) but (S’/d= 1.10, 0.67, and 3.33) respectively. Finally, the impact of
ultimate shear reinforcement stress (u.Fys) was investigated by beams B1, B6, and B7, where all of them had (S/d=0.55),
(S°/d=1.10) but (pn.Fys= 0.77, 0.44 and 1.21 MPa) respectively. Table 1 summarizes the configurations of all tested
samples.
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Table 1. The configurations of all tested samples

Beam ID Cross section Stirrups details (S)mm (S)Ymm (W% (Fy) MPa (S/d)- (S'/d)- (u.Fy) MPa

B1 m 4R8-100 100 200 033 233 055 110 0.77
B2 m 4R6-45 45 200 033 233 028 110 0.77

B3 m 2x4R8-200 (Double stirrup) 200 200 0.33 233 110 1.10 0.77
B4 m 2R8+4R6-100 100 120 0.33 233 055 0.67 0.77
B5 E:::j 2x4R8-100 (Double stirrup) 100 600 0.33 233 055 3.33 0.77

B6 m 4R6-100 100 200 0.19 233 055 1.10 0.44
B7 m 4T10-100 100 200 0.52 233 055 110 1.21

3.2. Test Setup and Instrumentation

All seven wide beam specimens were tested to failure using a monotonic load through a three-point bending test.
The testing took place within a concrete laboratory at EI Shorouk Academy in El Shorouk City, Egypt. Within the
laboratory, a testing setup was established, featuring a 1000 KN hydraulic jack as depicted in Figure 2-b. During the
testing process, the specimens were positioned within the testing frame. Two cylindrical steel bars were used as supports.
One of these bars was fixed to a base plate to replicate a hinged support, while the other steel bar remained unfixed,
serving as a roller support. The midpoints of the specimens were aligned beneath the hydraulic jack. To transfer the load
from the jack to the beam, a distributing steel beam was deployed, transforming the point load from the jack into a
distributed load on the beam. The configuration of the test setup is visually represented in Figure 2-a.

200

600

o rm 1 1 A S UL L
- 4

]

O R '.».
| Y| | 11—

Figure 2. Samples instrumentation and test configurations, a) test setup, b) testing frame, c) longitudinal rebars strain
gauge, d) stirrups strain gauge, e) LVTDs locations
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Each tested beam was equipped with two strain gauges. One strain gauge was positioned at the midpoint of the
central longitudinal tension rebar, while the other was located on the outer branch of the stirrup, approximately 100 mm
from the support. The purpose of the first strain gauge was to identify the flexural failure mode, whereas the second
strain gauge was used to identify the failure mode. Additionally, the mid-span deflection of the specimens was measured
using two LVTDs (Linear Variable Differential Transformers), placed beneath the beam on its front and back sides.
Finally, the load applied during the testing of the specimens was measured using a load cell attached to the hydraulic
jack. Throughout the entire testing process, all measurements were automatically recorded by a data acquisition system.
Figures 2-c, 2-d, and 2-e provide a visual representation of the locations of the strain gauges and LV TDs.

4. Test Results

The data acquisition system had automatically logged the applied load, mid-span deflection, and strain measurements
in both ties and tension rebars for all the tested specimens of the wide-shallow beams. Additionally, visual observation
and documentation of crack patterns, their locations, orientations, and propagation were conducted on the samples. The
wide-shallow beams were subjected to strain-controlled loading at a rate of 1.0 mm/min. The initial flexural crack on
the lower surface of each specimen was identified, and the corresponding load and deflection values were recorded.
Subsequently, the applied load was progressively increased until the point of failure. Figure 3 illustrates the load-
deflection curves that were recorded up to the failure loads (maximum loads). Furthermore, Table 2 provides a summary
of the recorded values, encompassing the load and deflection measurements at the first crack stage and the ultimate
stage, along with the ultimate strains present in both ties and tension rebars. The final column in the table showcases
photographs depicting the observed crack patterns.

900 -
ooy I -
2 S SPEEEET L L
X - - -
=1 Fe T
I L P
g s
300 - z B1 B2
----B3 B4
----B5 == == B6
B7
0 T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Mid-span deflection (mm)

Figure 3. Load - Deflection curve of the tested wide beams specimens

Table 2. Experimental program results including cracking and ultimate loads, cracking and ultimate deflections, and strain
measured in ties and rebars

Beam ID Crack pattern Pcr (KN) Pu(KN) Acr (mm) Au(mm) g,sh (ue) £y (pe)
88 660 0.22 4.50 1930 1650

90 640 0.21 3.50 1750 1820

83 600 0.23 5.00 2251 1568

88 690 0.20 4.00 2948 1800

88 550 0.24 6.00 2795 1835

80 490 0.25 3.00 1650 1252

B7 I s sy ‘ 100 880 0.23 5.50 2050 1600
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5. Discussion
5.1. Mode of Failure

All the tested beams exhibited similar behavior throughout the testing process. Initially, vertical flexural cracks
initiated on the lower surface of the beams at their mid-span. The quantity and width of these cracks increased
progressively as the load was applied. At a certain point, diagonal cracks emerged, connecting the load with the applied
point and the supporting points. These diagonal cracks were extended in length and width until the eventual failure of
the beams; the details can be found in Table 2. The failure modes that were observed in all cases were characterized by
gradual and ductile behavior, lacking sudden changes, as visually depicted in Table 2.

Visual observations strongly suggested that the failure mechanism for all beams was primarily due to shear stress.
Analyzing the maximum strain values listed in Table 2 revealed that the strain in the tension rebars had remained below
their yield strain (ey = Fy/Es = 416/200 000 = 2080 p-strain). This observation indicated that the specimens did not

experience failure due to bending. Conversely, the strain values in the ties surpassed the yield strain (gys = Fys/ES =
233/200 000 = 1165 p-strain), implying that the failure of all specimens had occurred due to shear stress.

Comparing the results of specimens B1, B2, and B3, it was indicated that crack density increases with increasing
(S/d), although they all almost had the same failure load.

5.2. First Crack Width

The initial crack loads for the tested wide-shallow beam specimens were recorded in Table 2. These loads were
primarily influenced by the specimen’s cross-sectional dimensions, the tensile strength of the concrete, and, to a minor
extent, the reinforcement ratio. Consequently, it's logical that all tested beams exhibited nearly identical first crack loads.
The theoretical first crack load is about 92 kN (considering Ft = 0.6 VFc'), which almost equals the measured values
except for three samples: B3 (Pcr = 83 kN & S/d = 1.10), B6 (Pcr = 80 kN & p = 0.19%), and B7 (Pcr = 100 kN & p.Fys
= 1.21 MPa). These results indicated that increasing the (S/d) from 0.55 to 1.10 decreases the first crack load by 10%,
decreasing the shear reinforcement ratio (i) to the minimum allowed value decreases the first crack load by 13%, and
finally, increasing the ultimate shear reinforcement stress to almost five times the minimum value increases the first
crack load by 8%. Figure 4 presents the relationship between the theoretical and experimental first crack loads.

120 -

C—Exp. Theo.

100 A

80 A

PCR (KN)

40 A

20 1

Bl B2 B3 B4 B5 B6 B7

Figure 4. Experimental and theoretical first crack load values of tested beams, (kN)

5.3. Shear Capacity

Figure 5-a illustrates the relationship between the total shear strength (vu) and (S/d). It was clear that using
longitudinal spacing between the stirrups (S) larger than (0.5d) had reduced the shear strength. On the other hand, the
unexpected reduction in shear strength at S/d = 0.28 may be because of some internal voids or honeycombs due to the
very narrow spacing between stirrups (only 45 mm). Similarly, Figure 5-b shows the relation between (S’/d) and (vu),
which also indicated that using transverse spacing between the stirrup’s branches with a value greater than (0.5d) had
reduced the shear strength of the specimens. Besides that, two more points could be noted. The first is that both fitting
equations showed the same theoretical (vu) value at zero spacing (3.33 MPa). The second note is that the slope of the
fitting line of (S) is twice that of (S'), which means that the reduction effect of the longitudinal spacing is twice the effect
of the transverse spacing.
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Figure 5. Total shear strength (vu) Vs a) (S/d), b) (S’/d), and c) Shear reinforcement strength

The total shear capacities (Vu) of the tested beams are equal to half the ultimate load values (Pu) mentioned in Table
4, and the ultimate total shear strength (vu) is the ultimate capacity divided by the cross-section area (vu = Vu/b.d). This
shear strength is the sum of the concrete contribution (vc), longitudinal rebar contribution (vp), and shear reinforcement
contribution (vs) as follows:

vu=vc+vp +vs (D)

Since all the tested beams have the same dimensions, concrete strength, and longitudinal rebars, they all have the
same concrete contribution and longitudinal rebar contribution (vc+vp), and only the shear reinforcement contribution
(vs) is responsible for the difference in total shear strengths. Plotting the total shear strength (vu) of beams B1, B6, and
B7 against their theoretical ultimate shear reinforcement strength (4 stirrups x Asn.fys) as shown in Figure 5-c showed
that (vc+vp) equals 1.24 MPa for all the samples, which matches the results of the first part of this research [3]. The
difference between (vu) and (1.24 MPa) is (vs).

5.4, Comparison with Codes of Practice and Previous Studies

Both total shear strength and shear strength contributed by the shear reinforcement (vu & vs) of the tested beams
were calculated using the formulas from six of the most used codes of practice, besides, two (Al) predictive models
obtained from previous studies as shown in Table 3. Both experimental and calculated values of (vu & vs) for all tested
beams are evaluated and summarized in Table 4 and graphically presented in Figures 6 to 8.

Table 3. Shear strength formulas for different design codes and (Al) prediction models

Code Ult. Shear strength of concrete vc = Vc/(b.d) Ult. Shear strength of Stirrups vs = Vs/(b.d) = p.Fys
ACI 318 [34] 0.16 (Fc’)°5 +17 p Fys.As/(S.b)
BS 8110 [35] 0.79(100 p)®*3(400/d)°® (Fcu/25)>% 0.95 Fys.Agn /(S.b).[1-(d’/d)]
EN-1991[36] 0.18 [(1+(200/d)]°® (100 p Fc’)0%8 0.9 Fys.Asy /(S.b)
IS 456 [37] 1.5 vc (From table) Fys.Ash 1(S.b)
ECP-203[38] 0.16 (Fcu)®® Fys.Ash 1(S.b)
JSCE [39] 0.2(1000/d)®(1000 p)®* (Fc*)0=8 0.9 Fys.Asr /(S.b)
Ref. Formula

_ 1.25Ln (1.3 + 0.7pg,.fys +0.2.p)

GP [40] Vu = T (452 D) Ee/E%) b.d.VEc!

d(64 p — 24d + 6.8) — a(234b.p +1) — 0.11 154a — 1080d + 66.5 a d(694d +370b-1317 p) — 11
u = + + +
b.d d.fc' 1.75d2 a

EPR [41] b o2

————+128b%— 78.5d?+31.9 19p (360 b + 150 d + fc' — 950 p) — 22.5
2750 580+ + a+19p ( + +fc p)
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Table 4. Experimental and calculated concrete, reinforcement & total ultimate shear strength

Code Beam Bl B2 B3 B4 B5 B6 B7

Ve 124 124 124 124 124 124 1.24

Exp. Vs 182 172 154 195 131 1.03 2.83
vu 3.06 296 278 319 255 227 407

\' 137 137 137 137 137 137 1.37

ACI 318 'S 180 180 180 180 180 1.04 2.84
vu 317 317 317 317 317 241 421

Ve 158 158 158 158 158 1.58 1.58

BS 8110 Vs 152 152 152 152 152 087 2.39
vu 310 310 310 310 310 245 397

ve 116 116 116 116 116 116 1.16

EN-1991 Vs 162 162 162 162 162 093 2.55
vu 278 278 278 278 278 209 371

\ 143 143 143 143 143 143 1.43

1S-456 'S 180 180 180 180 180 1.04 2.84
vu 323 323 323 323 323 247 427

ve 1.00 100 1.00 100 1.00 1.00 1.00

ECP-203 Vs 180 180 180 180 180 1.04 2.84
vu 280 280 280 280 280 204 384

ve 141 141 141 141 141 141 1.41

JSCE Vs 162 162 162 162 162 093 2.55

vu 3.03 303 303 303 303 234 396

GP vu 230 230 230 230 230 173 291
EPR vu 250 250 250 250 250 250 250
1.70 -
1'60'__________________338110
1.50 -
140 = == == o= o= = e e e e e = = = = = = = JSCE
ACI 318
g‘f\ 1.30 A
s Exp.
S 1.20 A
> EN-1991
1.10 A
100 = o= o o e wm e e e e e e o e e e e e FCP-203
0.90 -
0.80 T T T T T )
B1 B2 B3 B4 B5 B6 B7
Beam

Figure 6. Experimental and calculated values of (vc) for all the tested specimens
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Figure 7. Experimental and calculated values of (vs) for all the tested specimens
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Figure 8. Experimental and calculated values of (vu) for all the tested specimens

Figure 6 compares the calculated values for the ultimate shear strength contributed by the concrete (vc) from different
design codes against the experimentally obtained values. It had been shown that the Egyptian Code of Practice (ECP-
203) is the most conservative code, while the British Standards (BS-8110) is the least conservative one. Also, the Euro
Code (EN-1991) was the closest to the experimental results. This point was previously discussed in detail in the previous
part of this research [3].

Figure 7 compares the calculated values for the ultimate shear strength contributed by the reinforcement (vs) from
the same six previously mentioned design codes (although it was intended only for conventional beams) to the
experimental results. The figure assured that the used shear reinforcement was fully functioning, and its experimental
capacity was almost equal to the calculated ones. Another important point that could be noted by comparing the results
of beams B1 to BS5 is the effect of the longitudinal spacing (S) and transversal spacing (S’) of the steel stirrups on the
shear reinforcement capacity. This effect was neglected by all design codes, although all five beams had the same (vs)
value regardless of their (S and S’) values, but the experimental values showed the shear capacity contributed by the
shear reinforcement was affected by (S and S°).

Finally, Figure 8 compares the calculated values for the ultimate total shear strength (vu) calculated from the same
six design codes and provisions with two Al predictive models, Genetic Programming (GP) and Evolutionary
Polynomial Regression (EPR), obtained from previous studies. Figure 8 illustrates that the experimentally measured
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values of the shear capacities were within the calculated range. The average values of the (calculated / measured) ratios
were (108, 106, 95, 110, 95, 104, 78, and 86%) for (ACI-318, BS-8110, EN-1991, 1S-456, ECP-203, JSCE, GP, and
EPR), respectively. Accordingly, (1S-456) was the least conservative, (EN-1991 and ECP-203) were the most

Vol. 9, No. 12, December, 2023

conservative, and (JSCE) was the closest to the experimental results.

5.5. Load-Deflection Relationship

The analysis approach by Ramadan et al. [42] was considered. The recorded load-deflection curves were analyzed

with respect to initial stiffness (Ki), final stiffness (Kf), dissipated energy (DE), and ductility; the definitions of these

terms are graphically illustrated in Figure 9. The recorded values were listed in Table 5 and graphically presented in

Figure 10.
A
Load (P)
Ulltlm;tc =2 Shear capacity _ _______________ ~c - _ Smooth
oa : “failure
1
Final | Sudden
1% crack stiffness 1 failure
[ - ==-= - |
load !
Initial . Dissipated !
stiftiress .
S Energy :
| 1
o + Deflection
A 1% crack AUl (B)
Ductility= —2 Ut
A 1% erack
Figure 9. Load deflection curve with its parameters
Table 5. Stiffnesses and ductility of the tested wide beams
Beam Ki (kN/mm) Kf(kN/mm) D.E. (kN/mm) Ductility
Bl 400 147 1960 20
B2 429 183 1478 17
B3 361 120 1980 22
B4 440 173 1822 20
B5 367 92 2178 25
B6 320 163 970 12
B7 435 160 3194 24
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Figure 10. (Ki, Kf, DE, and Ductility) Vs a) (S/d), b) (S’/d) and c) Shear reinforcement strength

Studying the initial stiffness (Ki) (blue line) and the final stiffness (Kf) (red line) in Figure 10, a slight reduction
with increasing both longitudinal and transverse spacing (S and S”) and slight enhancement with increasing the amount
of shear reinforcement. These observations make perfect sense because the initial and final stiffnesses depend mainly
on the gross (un-cracked) and effective (cracked) inertias, respectively. The stirrups confinement action has a minor
preventing effect on the section cracking; hence, increasing the stirrups spacing reduces the confinement action and
accordingly the stiffness, and on the other hand, increasing the shear reinforcement amount increases the confinement
action and accordingly the stiffness.

Dissipated energy (DE) is a good measurement for the seismic resistance of the element (the area below the load-
deflection curve), and hence, it is mainly dependent on both ultimate load and deflection values (Pu, Au). Referring to
Figure 7, the curves of B1 to B5 showed that narrow stirrup spacing (longitudinal or transversal) increases the ultimate
load and decreases the ultimate deflections, which has some balance and has a minor effect on the (DE). Accordingly,
Figure 10 showed a minor increase in the (DE) with increasing (S and S”). On the other hand, the curves of B1, B6, and
B7 in Figure 7 showed that increasing the amount of shear reinforcement had increased both (Pu and Au) and
accordingly, it had significantly increased (DE), as illustrated in Figure 10.

Similarly, ductility is the ratio between mid-span deflection at the crack stage and the ultimate stage. Table 2 showed
that all the tested beams had almost the same cracking deflection values because the cracking stage depends mainly on
the un-cracked inertia, which was the same for all tested specimens; thus, the value of ductility depends mainly on the
ultimate deflection value. As mentioned above, narrow stirrup spacing (longitudinal or transverse) decreases the ultimate
deflections. The slight increase in ductility with the increase in spacing is clarified in Figure 10. Also, Figure 7 indicates
a significant increase in the ultimate deflection with increasing the amount of shear reinforcement, which justifies the
significant increase in ductility shown in Figure 10.

6. Conclusions

This research has experimentally investigated the impact of longitudinal spacing of stirrups to depth ratio (S/d),
transversal spacing of stirrup’s branches to depth ratio (S’/d), and the ultimate shear reinforcement stress (.Fys) on the
structural behavior of shallow/wide RC beams. Seven shallow RC beams with the same dimensions and materials but
with different shear reinforcement amounts and spacing were tested up to failure. The recorded results were studied,
analyzed, and compared against the expressions from six design codes and two (Al) models. Based on the results of this
study, the following conclusions were drawn:

¢ Changing the longitudinal spacing of the stirrups to the depth ratio (S/d) ranging from 0.28 to 1.1 had affected
the total shear capacity of the wide beams. It was concluded that (S/d = 0.5) is the most optimum and practical
ratio, as it gives an advantage of both a maximum shear capacity of the wide beam and easier execution on site.

o The transverse spacing to depth ratio (S’/d) had ranged from 0.67 to 3.3. (S’/d) ranging from 0.67 to 1.1 was the
most efficient in terms of the total shear capacity of the wide RC beams; on the other hand, (S’/d) ranging from
1.1 to 3.3 had a rapid decline effect on the total shear capacity of the specimens. That reduction was at its
maximum at (s’/d = 3.3) with a 21 % decrease in the total shear capacity compared to (S’/d = 0.67).

o Ultimate shear reinforcement stress (u.Fys) had the most impact on the total shear capacity of the beams. As the
(1.Fys) increased, the total shear capacity increased by a staggering 45 %, from 0.44 to 1.21. As encouraging as
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these results, it would be uneconomic to use them in construction without a certain degree of importance. The
practical and economic value of (u.Fys) would range from 0.7 to 0.9.

The comparison of the values of the shear capacities of the experimental results (reinforcement, concrete, and
total) to the formulas and expressions of the six previously discussed codes of practice and provisions had stated
that the Euro Code 2 (EN 1991) was the most accurate for the concrete contribution, while the Japanese Code
(JSCE) had the best estimation for the total shear capacity of the wide beams. The provisions did not have an
accurate estimation for the reinforcement shear contributions as they were not intended for the wide beams (only
conventional beams), and they did not account for the transverse spacing of the stirrups. GP and EPR (Al) models
were used to compare their accuracy with the actual experimental results; GP had 78% accuracy, while EPR had
86 % accuracy.

The initial stiffness, final stiffness, dissipated energy, and ductility were almost the same when (S/d) and (S’/d)
ratios were changed, but they had a minor change upon changing (u.Fys) as the initial stiffness and the dissipated
energy were noticeably increased upon increasing (u.Fys).

Based on these conclusions, the following recommendations are proposed:

o Further study should investigate more wide beam specimens with a wider range for (S’/d) to integrate this

parameter into the design equations in code provisions.

e Conducting a comprehensive parametric study to further investigate and quantify the effects of longitudinal

spacing of stirrups to depth ratio (S/d), transversal spacing of stirrup’s branches to depth ratio (S’/d), and the
ultimate shear reinforcement stress (u-Fys) on the structural behavior of shallow/wide RC beams.

¢ Developing a numerical modelling to simulate the behavior of shallow/wide RC beams under shear for further

investigation of the influence of S/d, S’/d, and - Fys on the structural response and comparing the results with the
experimental findings of this study.

7. Abbreviations

a

As
Ash

Fc’
Fys
Ec
Pult
Ault
qc
qgsu
eu sh
&ys
Kf

The distance from the load to the support (Shear span) (mm) b Beam width (mm)

Beam depth (mm) L Beam span (mm)

The area of the lower longitudinal rebars (mm?) As’  The area of the upper longitudinal rebars (mm?)
The area of the shear reinforcement (mm?) S The longitudinal spacing of stirrups (mm)

The transvers spacing of stirrup’s branches (mm) U The Shear reinforcement ratio (Ash/b.S)

The characteristic cylinder compressive strength of the concrete Fy  The yield stress of the longitudinal steel rebars (MPa)

(MPa)

The yield stress of shear reinforcement (MPa) Es  The elastic modulus of steel (MPa)

The elastic modulus of concrete (MPa) Pcr  The test load at the first flexural crack (kN)

The test load at failure (kN) Acr  The mid-span deflection at the first flexural crack (mm)

The mid-span deflection at failure (mm) qu  The total shear strength of the beam (Vu/b.d= qc+qs) (MPa)
Concrete contribution in total shear strength (MPa) gs Shear reinforcement contribution in total shear strength (MPa)

The maximum shear reinforcement contribution in total shear

strength (uLFys) (MPa) su Maximum strain in lower rebars at failure (pe)

Maximum strain in stirrups at failure (ue) ey Yield strain of lower rebars (L&)
Yield strain of stirrups (ug) Ki Initial stiffness of the beam (kN/mm)
Final stiffness of the beam (KN/mm) DE Dissipated energy (kN.mm)
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