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beams were investigated for shear behavior under 4-point static push-over load con-
sidering the normal stirrups and compared with continuous staggered spiral ones. Stir-
rup spacing, shear arm ratio a/d, and shear reinforcement configurations are the main
variables. All beams were designed and scaled down to be one-eighth of the full-scale
beams. To minimize the size effect of using small-scale models, mortar was used
instead of conventional concrete. The focus in this study was related to improved shear
capacity, dissipated energy, and shear cracks propagation. It was found that using
spiral reinforcement instead of normal one leads to a significant enhancement in shear
capacity and dissipated energy by 33% and 45%, respectively. Therefore, the prototype
RC model expected capacities were detailed calculated considering the scale-down
factor used by authors. The experimental results were compared by calculated values
according to international standard and specifications.

Keywords: Scale-down modelling (SDM), Reinforced concrete (RC), Reinforcement
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Introduction

Shear failure is a brittle failure that must be avoided in order to boost structural duc-
tility. Shear failure generates catastrophic failures; this rapid failure mode necessitated
the examination of more efficient methods of designing these beams for shear. Experi-
mental scale-down models play a substantial part in structural engineering. Prototype
investigation is frequently wasteful or impractical. Reduced-scale models are a good
way to study the structure behavior. There are numerous benefits to scale modelling, the
most important of which is the efficiency of cost, labor, and time when preparing the
steel cage, which results in an increased demand for scale-down modelling “Seo (2000)
and Mahmoud (2022) [1, 2]” The change in strength caused by a change in sample
size is referred to as the size effect. As the sample size decreases, the measured nomi-
nal strength increases “Majorana (2015) [3]” “Mohamed (2012) [4]” tested this theory
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through studying the size effect and examining the miniature pile. As the member size
was reduced and the nominal resistance to shear was higher, as contradicted to flexure,
he used mortar to overcome the size effect by reducing the shear transmission along the
crack. The Buckingham Pi hypothesis has been the most commonly used in dimensional
analysis to generate a similarity relationship. “Carpinteri (2010) [5], for instance, stud-
ied the structural mechanism of RC beams exposed to shear effect. The proposed model
was based on several geometrical and mechanical parameters. “Christianto (2020) [6]”
further investigated the sample size through a cylinder and a beam with diverse height.
His outcomes confirm that shear is affected by sample size. The higher the beam depth,
the lesser the shear stress. Shear strength is influenced by reinforcement ratio, concrete
tensile strength, and the presence of aggregates, section size, and shear span (a/d). He
found that the size effect can be described by the difference in sizes and scales with the
preservation of the geometric dimensions as well as the preservation of the shear arm
and the same reinforcement ratio. A continuous spiral is used to overcome the draw-
backs of separate ties; it highlights the significant contribution of the web RFT towards
shear capacity, which is proportional to shear reinforcement intervals and its span depth
ratio. Various studies were conducted addressing this topic, for instance, “Shatarat
(2016) [7]” investigated 28 RC beams under 4-point static load using continuous spi-
ral ties as transverse RFT, where he examined five inclination angles of ties, three inter-
vals, and two shear arm ratios. To implement spiral ties, Shatarat recommended the ACI
design shear formula to boost the shear strength and ductility. Similarly, “Joshy (2017)
[8]” investigated 12 RC beams in a 4-point static load through spiral ties in self-com-
pacting, using intervals as variables. As a result, he found that continuous spiral ties are
better in preparing steel cages compared to separate ties in terms of speed, high ductil-
ity, and shear capacity, and that SCC can produce a more favorable critical crack evolu-
tion. Furthermore, “Megahid (2016) [9]” examined the impact of shear arm ratio a/d on
the mechanism of an HSCB exposed to point load, where he studied the impact of shear
arm ratio, concrete grade, and stirrups spacing; his test program comprised 24 full-
scale-rectangular HSCB, and his outcomes were in line with various codes and formu-
las. “Hua (2018) [10]” investigated experimentally eleven RC beam to estimate the shear
strength participated by stirrups and concrete. He found that the structural variables
were transverse RFT sort (plain round or deformed bar) and diverse with an a/d ratio.
“Meghana (2018) [11]” distinguished the RC beams performance reinforced with diverse
forms of continuous spiral stirrups. As a result, cost reduction through the implement
of continuous spiral is regarded as a significant advantage. “TalapaReddy (2020) [12]”
discussed the confinement steel influence on flexural mechanism of RC beams exposed
to monotonic loading. Separate ties, inclined ties, rectangular spirals, and lacing are
all considered as confinement patterns Based on the findings, it was determined that
inclined ties and lacing have higher ductility than separate ties and rectangular spirals.
“Dewi (2020) [13]” tested nine RC beams with circular cross sections for assessing the
shear mechanism. The test parameters were the reinforcement ratio and stirrup kinds.
The outcomes revealed that all samples without ties were fallen due to shear force. The
beams with spiral ties were slightly more ductile. “Azimi (2016) [14]” boosted the RC
columns performance for seismic in terms of energy dissipation capacity and ductility
by applying continuous spiral ties. A new suggested beam-column assembly, “twisted
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opposing rectangular spiral, was conducted numerically and experimentally. Finally,
the outcomes showed that the new suggested connection has improved ultimate lateral
resistance, energy dissipation capacity, and ductility. In this study, staggered continuous
spiral as transverse RFT was found to affect the shear behavior of the miniature under
4-point static push over load. Furthermore, the staggered spiral’s continuity contribu-
tion to shear strength and miniature mechanism was tested and discussed. This article
focuses on assessing the contribution of spiral ties to the shear capacity based on the
monitored test results. The design requirements of “ACI Code (2019) [15], Japanese
Standards (2007) [16] Euro code (2005) [17], Zararis (2003) [18], and Niwa model (1986)
[19] model” were applied in this research to assess the shear strength.

Research significance

The shear behavior of scaled-down beams reinforced with staggered rectangular con-
tinuous spiral stirrups is investigated in this study. Twenty-two rectangular-section one-
eighth scale beams are used in the experiment. The structural parameters investigated
were as follows: (1) stirrup’s arrangement as transverse shear RFT (normal rectangular
stirrups — staggered rectangular spiral stirrups), (2) stirrups spacing (30-40-50-60—
90 mm), and (3) the shear arm ratio (1, 1.5, 2, 2.5, 3, 3.5). All miniatures had identi-
cal concrete strength and reinforcement. The current study employed the scaled-down
model, which has received considerable attention in the literature and has been moder-
ately validated for shear problems. The target of this study was to evaluate the efficiency
of spiral stirrups on the shear behavior through load—deflection curves, crack propaga-
tion, and failure modes were evaluated.

Experimental

Set up for testing

Concrete Research Modelling Laboratory at Cairo University tested test miniatures. A
25-kN load cell was applied to estimate the implemented load. A spreader beam was
placed on two roller supports to convey the load to miniatures as revealed in Fig. 1.
Hence, once the load cell pushes over the spreader I beam, the end support will receive

-

"

Fig. 1 The set up for the shear test
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half the load. According to the Egyptian code [20], the miniatures were designed ties
spacing and shear arm ratio a/d, and stirrup configurations were the structural param-
eters. Two-point loads were applied to the spherical plate, then the spreader steel beam,
and finally the miniature. Three linear variable deflection transducers (LVDTs) were
used to measure the deflection of each miniature at the 2-point load and at mid-span.
Incremental loads, crack propagation, and failure mode were recorded thru the test. The
outcomes were depicted to evaluate the shear capacity of (RC) beams.

Miniatures details

The experimental study focused on the shear behavior of miniature beams under monot-
onous loads. The study comprised investigating 22 RC beam miniatures with rectangular
cross sectional of 50 x 75 mm. The miniature length is 800 mm, and all tested beams
had an investigated span of 500 mm. The miniature beams were reinforced with 64
bottom and 2¢3 top as longitudinal RFT. The upper and lower RFT bars of all beam’s
miniatures were hooked down and up beyond the supports to prevent anchorage slip-
page. Table 1 displays the parameters of studied stirrups spacing models with unchanged
(a/d) =2.6. Table 2 displays the parameters of studied shear span arm ratio (a/d) models
with unchanged stirrup spacing 30 mm.

Miniatures mixture

The cementations mortar mix was designed to manufacture mortar with strength of
40 Mpa at 28-day cubic compressive strength. The ratios of mortar mix were presented
in Table 3. A mortar mixer merged natural sand, ordinary Portland cement, and water,
while the mixing time was estimated 5 min. Steel molds were used, and their interiors
were oil coated before casting. A vibrator compacted the mortar. After 24 h, the steel
mold was removed and continue curing on a daily basis for 28 days. Free cutting steel
bars were used as the main reinforcement. Figure 2 represents the fine aggregate grading.

Free cutting steel bar

Free cutting steel bars were plain round smoother than deformed rebar, but they were
shorter in length, in addition to passing through stages of processing that make it
smooth, where it is grinded or sanded to be smooth. Free cutting steel rods were 2000

Table 1 Parameters studied for stirrups spacing miniatures

Specimen Stirrup spacing (mm) Type of transverse RFT
B1 30 Normal stirrups

B2 40

B3 50

B4 60

B5 90

B6 30 Spiral stirrups

B7 40

B8 50

B9 60

B10 90
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Table 2 Parameters studied for shear span arm ratio (a/d) miniatures

Specimen Shear span arm ratio (a/d) Type of transverse RFT
B11 1 Normal stirrups
B12 15

B13 2

B14 2.5

B15 3

B16 35

B17 1 Spiral stirrups
B18 15

B19 2

B20 25

B21 3

B22 35

Table 3 Characteristic of mortar mix of miniature beams

W/C % Sand % Unit volume kg/m?

Water Cement Sand

41.0 100.0 340 820 1012

120

—Sand
40

20

0 2 4 6 8 10 12
Sieve Size (mm)
Fig. 2 Depicting fine aggregate grading

mm in length, with different diameters. It is notice that the Young’s modulus of free
cutting steel is less than the usual value of reinforcing steel and reach about a quarter
of the value as a result of the nature of the components of the mixture of these bars
and their carbon percentages. These values are from the bar tensile tests in the labo-
ratory. Table 4 displays the free cutting steel characteristics used for the miniature.
The stress-strain curve for 2-mm bar diameter and 4-mm bars diameter is shown in

Fig. 3. Figure 4 shows the miniature’s RFT cage for normal and spiral stirrups.
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Table 4 Free cutting steel bars mechanical properties
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Diameter (mm) Area (mm?) Young’s modulus Yield stress (N/ Ultimate
mm?) stress (N/
mm?)
4.0 12.57 50 GPa 690 766
3.0 7.10 800 868
2.0 3.14 744 828
1000
Ll
900
800
....................................
700 o 0®
~~
]
E 600
~ 500
8
= 400
172]
300
200 —Bar of 2 mm Diameter
100 e ¢ eBar of 4mm Diameter
0

0

0.005 0.01 0.015 0.02 0.025 0.03 0.035
Strain

Fig. 3 The stress strain for 2-mm diameter and 4-mm diameter
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Fig. 4 The miniature’s RFT cage for normal and spiral stirrups

Results and discussion
The results of RC beams, comprising their shear load—deflection curve, crack propaga-

tion, and dissipated energy for each miniature beam.

Shear load-deflection curve for diverse stirrup spacing
Figures 5 and 6 illustrate the shear load—deflection curve for the normal stirrups and
continuous staggered rectangular spiral with different stirrup spacing (30, 40, 50, 60, and
90 mm), where a/d is kept constant 2.6. The outcomes confirm that the staggered spiral
stirrups have a significant influence on the miniature’s shear capacity. The shear capac-
ity obtained for miniature B1 reinforced with normal stirrups at spacing 30 mm was 9
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Fig. 5 The shear load-deflection curve of normal ties with various spacing
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Fig. 6 The shear load-deflection curve of spiral ties with various spacing

kN, with a deflection at peak load of 5.8 mm. The maximum shear capacity obtained for
miniature B6 reinforced with staggered rectangular spiral stirrups was 11.7 kN, with a
deflection at peak load of 16 mm. The shear capacity increased once spacing decreased.
The mechanism of shear load—deflection curves for all models followed the same man-
ners up to first cracking load. All miniature beams performed similarly prior to crack-
ing until the onset cracking load, and then the mechanism changed with different load
capacities. Shear strength was higher in spirally staggered miniatures than in normal
stirrup miniatures. When spirally miniatures are used instead of normal stirrups, the
peak load increased by about 33%. The load and deflection curve clearly demonstrated
that the closer the spiral spacing, the higher the miniature capacity, and the bigger the
area under the curve. When normal stirrups were used for miniature B5 and the stirrup’s
spacing was 90 mm, the shear strength reached 4 kN, and also, the deflection at max
load decreased until 4 mm. On the other hand, when spiral stirrups were used for minia-
ture B10 and the stirrup’s spacing was 90 mm, the shear strength reached 5 kN, and also,
the deflection at max load decreased to 5.5 mm. Shear capacity increased significantly

Page 7 of 23
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when continuous staggered spiral stirrups were used. This indicates that the closer the
ties spacing, the more their efficiency of closing the diagonal shear crack. Given that
both are capable of retarding shear failure, the closer the stirrups are spaced, the better
the deformations.

Shear load-deflection curve for diverse shear arm ratio

Figures 7 and 8 represent the shear load—deflection curve for normal stirrups and con-
tinuous staggered rectangular spiral stirrups with different shear arm ratio (1, 1.5, 2, 2.5,
3, 3.5), where stirrups spacing is kept constant 30 mm. It is obvious that as a/d decreases,
the shear capacity increases. The shear capacity for miniature B11 reinforced with nor-
mal stirrups is 21 kN, with a deflection at peak load of 5 mm. Miniature B17 reinforced
with staggered rectangular spiral stirrups has the highest shear capacity of 23 kN and a
deflection at peak load of 9 mm When normal stirrups were used for miniature B16 and
the a/d=3.5, we found the shear strength, it decreased until it reached 6 kN, and also,
the deflection at peak load reached 9 mm. On the other hand, when spiral stirrups were
used for miniature B22 and the a/d=3.5, we found the shear strength decreased until it
reached 8 kN, and also, the deflection at peak load increased to 10 mm. Shear capacity
increased significantly when continuous staggered spiral stirrups were used. Pure shear
failure is acquired in the beam miniature with a small a/d ratio, but flexural shear failure
is acquired in the beam miniature with a higher a/d ratio.

Cracking propagation

Cracking propagation for diverse spacing with normal stirrups

Figure 9 shows the cracking propagation at peak load for miniatures with diverse stir-
rup’s spacing (B1, B2, B3, B4, and B5), respectively. For miniature B1 of spacing 30 mm,

24
—Normal stirrups B11 a/d=1.0
22
----- Normal stirrups B12 a/d=1.5
20
-=-Normal stirrups B13 a/d=2.0
18 = =Normal stirrups B14 a/d=2.5
g 16 — - Normal stirrups B15 a/d=3.0
- 14 < ! — Normal stirrups B16 a/d=3.5
S 12 P it Sl G,
g 10 (o ’/' e T -
= 7 2 i N
»n 8 4.7 " ~
.)” 2 »
s | g T s opom S
s 7"~ '
4 v .
A I//
e /7
2 7,
./
0
0 2 8 10 12

4 6
Deflection(mm)

Fig. 7 The shear load—deflection curve of normal stirrups with changed a/d
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Fig. 8 The shear load-deflection curve of spiral stirrups with changed a/d

at F=4 kN, the first flexural crack can be noticed. Up to F=5 kN, these cracks stretched
in length, but the crack width slowly increased. At F=7 kN, vertical flexural crack
directly under point load due to slippage of bar. Eventually, inducing end-anchorage fail-
ure at peak capacity of 9.5 kN, which induced the concrete to split along the longitudinal
RFT at the end of the free cutting steel bar. When the longitudinal RFT is not adequately
anchored beyond the crack, this condition occurs. Slippage will occur as a result of
this type of end anchor failure, resulting in crack expansion and increased deflection.
Direct failure is induced by the sliding of the reinforcing bar relative to the edge. The

Fig. 9 Cracking pattern of normal stirrups for B1, B2, B3, B4, and B5

12
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failure cannot be overcome because the smooth steel bar has no friction, interlocking, or
low adhesion. Increased slippage occurs as a result of the lack of frictional interlocking
between the concrete and deformation of the steel bar surface. There is a large deflection
and a wider crack width. Because of the low bond strength, the final anchorage is in the
form of stirrups. The beam collapses immediately due to the steel sliding relative to the
concrete. When the pullout is exceeded and extended to the end of the anchored steel
bar, the joint will fail completely. The development length has a significant impact on
reinforcing bar pullout. Due to the weak bond strength, the final anchorage is provided
in the form of hooks.

Cracking pattern for diverse spacing with continuous spiral stirrups

Figure 10 shows the cracking pattern at peak load for specimens with diverse stirrup
spacing (B6, B7, B8, B9, and B10), respectively. For smaller spacing, the staggered spiral
stirrups efficiently closed the crack. For stirrup spacing of 30 mm, cracking started as a
hair diagonal crack at tension side at a load of 6 kN, and with the loading increase, a diag-
onal crack propagated towards the beam face. Further loading created another diagonal
crack that propagated towards the compression side, eventually causing compression
failure at peak capacity of 11.7 kN. The test displayed a clear shear failure mechanism.
Diagonal cracks were created in the miniature shear span and lead to shear failure. The
inclination angle of cracks was smaller than that of the separate stirrups; hence, a larger
shear surface is achieved. The staggered spiral ties helped reaching more ductility and
provided higher shear capacity.

For specimen of B10, the photo displays the crack propagation pattern using spi-
ral staggered ties. The first diagonal crack was visible at a load of 4 kN. Up to 5kN, the
length of these cracks increased, but the width of the crack slowly increased. At 5.5 kN,
shear crack began to manifest in shear zone. With the load increases, the shear crack
propagated upward the loading point at a reduced angle. At 7-kN load, the shear crack
had been formed at branches. Then the diagonal crack propagated to the compression
zone and cracks caused splitting above the support. At failure, the shear reinforcement

Fig. 10 Cracking propagation of staggered spiral for B6, B7, B8, B9, and B10
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yielded. Crack propagation on sides of the miniature was proven to be identical during
the test process. The bigger the stirrup spacing, the crack is localized crack.

Cracking pattern for diverse a/d with normal stirrups

Figure 11 shows the cracking pattern at peak load for specimens reinforced with sepa-
rate ties with diverse a/d (B11, B12, B13, B14, B15, and B16), respectively. When the
specimen is loaded about to 45% of the peak load, one inclined diagonal crack, within
the shear span, would unawares be widen at the diagonal crack and indicates that shear
failure has occurred. The critical diagonal crack extended towards the load point and
penetrated the web and rapidly got wider as the beam deflection increased. The shear
failure happened once the concrete reached its maximum strength, when it reaches the
compression shear zone. Diagonal cracks (flexural-shear cracks or web-shear cracks)
occurred first and extended in the shear arm.

Cracking pattern for diverse a/d with continuous staggered spiral stirrups
Figure 12 shows the cracking pattern at peak load for miniatures with diverse a/d (B17,
B18, B19, B20, B21, and B22), respectively. For smaller a/d, the staggered spiral stirrups
efficiently formed compression strut. For a/d=1, the crack produced from the point
load to the support directly and progressively formed concrete prisms, which crushed
when the miniature beam is failed. It is found that the miniature beam failed in pure
shear.

Spiral stirrups have extra influence on peak loads with greater a/d ratios. Using spiral
stirrup increases the confinement of concrete. The cracking load is influenced in a wide

Fig. 11 Cracking propagation of normal stirrups for B11, B12,B13,B14, B15,and B16
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Fig. 12 Cracking pattern of spiral stirrup for B17, B18, B19, B20, B21, and B22

domain compared to the failure load. Once using spiral stirrups as transverse reinforce-
ment, the increment in the cracking load was about 33%. Furthermore, the registered
cracking load was higher for miniature with small a/d ratios. This may be traced to the
lessening in the bending moment generated for such miniature. Regarding the cracking
angle, it is revealed that the crack angle of the spirally stirrups beam is lightly smaller
than the crack angle of the corresponding beam with ties.

With higher a/d ratios, spiral stirrups have a greater influence on peak loads. Using
spiral stirrups helped to increase concrete confinement. In comparison to the failure
load, the cracking load is influenced over a much larger domain. The cracking load
increased by approximately 33% when spiral stirrups were used as transverse rein-
forcement. Furthermore, for miniature with small a/d ratios, the registered cracking
load was higher. This could be attributed to a reduction in the bending moment gen-
erated by such a miniature. The crack angle of the spirally stirrups beam was found to
be slightly smaller than the crack angle of the corresponding ties beam.

For a/d=3.5, the crack initiated in the miniature web at a shear load of 10 kN, and
then new cracks were produced from the lower fiber and extended to the point load.
The behavior was more ductile as shown in Fig. 12. As the shear arm ratio increased
until 3.5, the equivalent failure mode of RC beams is flexural shear failure.

Analytical predictions

The observed value of the max load P,,,,, the extreme shear strength, V,, = P’”T“", the

max’
shear stress v = %, and deformation to the extreme load measured in the experi-
ment are also indicated. The predicted shear strength is calculated using various
code guidelines, such as the following: Niwa, ACI-318, Eurocode-2, Zararis, British

standard, and Canadian Standards Association. Table 5 depicts the test results for
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Table 5 Showing test results for miniatures and prototype from B1 to B10

Specimen Results for miniatures Results for prototype
Shear capacity (kN) Deflection at maxload Shear capacity (kN) Deflection
(mm) at max load
(mm)

B1 9.20 58 307.2 464
B2 820 6.0 273.8 48.0
B3 8.0 56 267.13 464
B4 7.75 40 258.78 320
B5 6.20 38 207.03 304
B6 11.70 9.0 4341 72.0
B7 10.95 8.0 406.3 64.0
B8 9.0 6.3 33391 504
B9 8.60 45 319.1 36.0
B10 7.50 4.2 2783 336

Table 6 Showing test results for miniatures and prototype from B11 to B22

Specimen Results for miniatures Results for prototype
Shear capacity (kN) Deflection at maxload Shear capacity (kN) Deflection
(mm) at max load
(mm)

B11 21 3.0 701.22 24

B12 17 38 567.65 304

B13 13.7 45 457.46 36

B14 12 55 400.69 44

B15 10 58 33391 464

B16 6.50 7.5 217.04 60

B17 23 4.8 8533 384

B18 18 52 667.83 416

B19 15.70 53 58249 424

B20 12.50 6.2 463.77 49.6

B21 11 77 408.12 616

B22 9.2 8.0 341.33 64

Table 7 Comparison of prototype results and calculated estimation according to ECP2020, JSCE 15,

and Eurocode-2 for the specimens from B1 to B10

Beam name Test results ECP2020 JSCE 15 Eurocode-2

Vi e Vyece tﬁf Vi JSCE vvuujix(i Veco xi‘;
B1 1.70 1.28 133 1.30 131 1.35 1.26
B2 1.50 1.12 1.34 1.21 1.24 1.247 1.21
B3 146 1.01 145 1.16 1.26 1.18 1.24
B4 141 0.95 1.50 1.12 1.26 1.139 1.25
B5 1.15 0.84 1.40 1.05 1.10 1.06 1.10
B6 2133 1.28 1.70 1.30 1.64 1.35 1.60
B7 2 1.12 1.80 1.21 1.653 1.247 1.61
B8 1.65 1.01 1.63 1.16 1422 118 139
B9 157 0.95 1.55 1.12 140 1.139 140
B10 1.37 0.84 1.63 1.05 1.31 1.06 1.30

Page 13 of 23
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Table 8 Comparison of prototype results and calculated estimation according to Niwa model, ACI-
318, and Zararis model for the specimens from B1 to B10

Beam name Test results Model of Niwa ACI38-19 Zararis

Vuxp VuN erjzf’ vu, ACI % vu,z %
B1 1.70 1.3 1.31 1.55 1.10 1173 145
B2 1.50 1.19 1.1 1.45 1.05 1.10 1.36
B3 146 1.13 1.30 137 1.06 1.005 1453
B4 141 1.09 13 1.30 1.07 0.963 1464
B5 1.15 1.02 1.15 1.15 1 0.930 1.236
B6 2.133 13 1.64 157 1.36 1173 1.818
B7 2 1.19 1.68 145 138 1.10 1.818
B8 1.65 1.13 146 137 1.20 1.005 1.642
B9 1.57 1.09 144 1.30 1.19 0.963 1.630
B10 1.37 1.02 1.35 1.15 1.20 0.930 1473

Table 9 Comparison of prototype results and calculated estimation according to Niwa model, ACI-
318, and Zararis model for the specimens from B11 to B22

Beam name Test results Model of Niwa ACI38-19 Zararis

Vuep VuN VVUUL:P vu, AC % vu,z %
B11 3.83 1.89 2.03 1.602 239 1.75 2.164
B12 3.10 157 1.975 157 20 177 1.72
B13 2.50 1.41 1.77 1.55 1.61 1.78 136
B14 220 13 1.70 1.547 142 1.80 1422
B15 1.824 1.26 1.48 1.54 118 1.81 1.02
B16 1.20 1.2 1.0 1.50 0.8 1.82 0.7
B17 4.19 1.89 2217 1.602 2615 1.75 240
B18 3.30 157 2.10 157 2.10 177 1.86
B19 2.88 141 2.04 1.55 1.86 1.78 1.62
B20 2.30 1.3 1.80 1.547 1.49 1.80 1.30
B21 2.01 1.26 1.60 1.54 131 1.81 1.12
B22 1.70 12 142 1.50 112 1.82 0.95

miniatures and equivalent prototype beams from Bl to 10. Table 6 depicts the test
results for miniatures and equivalent prototype beams from B11 to 22. Table 7 shows
comparison of prototype results and calculated estimation according to ECP2020,
JSCE15, and Eurocode-2 for the specimens from Bl to B10. Tables 8 and 9 show
comparison of prototype results and calculated estimation according to Niwa model,
ACI-318, and Zararis model for the specimens from B1 to B22.

Design provisions of Eurocode (EC2-04) []

The EC2 2004 formula takes the shear strengthening and concrete attributions in
shear resistance, where concrete shares with the beam capacity. The EC2 2004 shear
capacity is showing in the following equations. Where vg; . is the non-shear RFT
design shear strength,vg, s is the design shear force presented by shear RFT,vg, is the
maximum shear force that the sample can withstand, vg,is the external load-generated
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design shear force, a the angle created by the VL ties and the beam axis, o the angle of
the strut and the beam axis perpend to the load, A, the shear RFT area, S the stir-
rups spacing, f,,q the yield strength of the shear RFT, and v; strength reduction fac-
tor for concrete cracked in shear. When vg; < vp, ., there is no need to calculate the
shear reinforcement. When vg; > vpg., adequate shear reinforcement must be sup-

plied to make vg; < vpg,.

VRd = VRd,c + VRd,s (1)
— 1/3
Vrac=[ Crac k(100 fi fere )" 1 b d ()
ASW . .
VRds = Tzfywd (cot cotB + cot cota)sin sin o (3)
ey byv d
VRd, max — e ]fC (4)

(cotcot® + tantand)

200 Asl
K=1+ /TSZ' Ji=55 . Crac=0.18,2=0.9d

Design provisions of ACl building code (ACI 318-19) []
The shear strength is computed using the average shear stress across the section b,,,. d.
Shear is presumed to be supported by the concrete in the element without shear RFT.
A part of the shear strength is presumed to be provided by concrete and rest by the
shear RFT. V. is the concrete’s shear strength. V, denotes the shear strength supplied by
shear.A = mechanical properties modification factor.

1,=0.16 \/f—c+17%l 5)

vs=ft fytrans sin sin ¢ (6)

Vp = Ve + Vs (7)
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Theoretical formula of Niwa for slender beams []

When an RC beam with ties drop in shear, Eq. (9) commonly expects the maximum load.
The shear capacity made by shear reinforcement is given by Eq. (8). The concrete shear
capacity is given by Eq. (10) (Niwa 1986). These equations were implemented to regular
reinforced concrete beams. Where a shear span, d beam depth, b,, width, S tie spacing,
and z distance between the compression and tension forces, as main RFT area, A, tie
area, f concrete strength, and f,, tie yield strength.

Ve = Awebfwyz (8)
S
1 1
v,=0.2[100 f, £.]s [<5=]*[0.75+%] bd ©)
d
2, = 2(vs + V) (10)

Japan standard specification (JSCE 2007) ]

Equation (11) is used to evaluate the design elements’ shear capacity in the absence of shear
RFT. When both longitudinal and ties are used as shear RFT, the design shear capacity of an
element could be determined via Eq. (12). It should be made sure that the ties provided car-
ries at least half the shear force supplied by shear RFT. Where a angle of VL ties and beam
axis, Ay area of shear RFT, S ties spacing, and fywd the shear RFT vyield strength.

1000\ ( , A, ; d
Ved = <\/d> <\/100 x bd) (0.2 fcd) b 13 (11)

Vsd = [Awfywd (sinsin ag + cos cos o) /ss] 11 (12)

V="V, + Vg (13)

Theoretical formulation of Zararis for slender beams []

vu,z=,1§ f,.+(0.5 + 0.25 %) 7 Syt (14)
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al
c? +f, ¢ S1+="
C+60022 e £ _gogl et g (15)
d? fe 'd fe
/L: size effect coeflicient presented by the expression 4 = 1.2—0.2a>0.65 [a: shear span], fu:
2
the splitting tensile strength of concrete fo; = 0.3 £;3, and c: the compression zone depth.

ECP 203-20

According to ECP 203, shear stress should be conveyed by concrete and shear RFT
contribution. The permissible shear stress in MPA is shown in Eq. of g.,. ECP 203-07
calculates the shear stress caused by vertical load. Shear stress due to vertical load is

shown in equation of gy, and shear stress due to direct shear is shown in equation of g,,.

qeu(cracked) = 0.12 Jf—; (16)
Jys
A )
g 1 )
qu = qeu + Gsu (18)

Dissipated energy

The area under the shear load—deflection curves until the highest load is calculated to
assess the energy dissipated. The relation between dissipated energy and stirrup’s spac-
ing is depicted in Fig. 13. It is demonstrated that the miniatures strengthened with spiral
stirrups had the most dissipated energy compared to the other miniatures. When the tie

66.36
58.88 —=—Spiral stirrup spacing

=<=Normal stirrup spacing

w - th
(=] [—] (=]

Dissipated Energy (kKN.m)
(]
(=}

[
(=4

0

30 40 50 60 70 80 90
Stirrup Spacing (mm)
Fig. 13 The relationship of the dissipated energy and the ties spacing
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spacing, S, is reduced, the dissipated energy increases. The results display that the most
dissipated energy of 66 kN.m occurs at spiral stirrups spacing S=30 mm for miniature
B6. Spiral stirrups can be applied to boost the miniature’s shear resistance. Figure 14
depicts the dissipated energy versus the shear span arm ratio, a/d. By increasing the shear
span arm ratio, a/d, the deformations at peak load increase slightly and hence the dissi-
pated energy. Closer stirrups spacing is thought to firmly close diagonal cracks and expe-
rience large deformations when compared to larger tie spacing. Given that both can delay
shear failure, the closer spacing may result in better deformations.

Contribution of the staggered spiral stirrups

The results obviously demonstrate that the application of staggered spiral ties boosted
shear capacity and shear mechanism in the investigated beams. Miniature beams with
30-mm and 40-mm continuous staggered spiral reinforcement spacing showed 33% and
27%, respectively, boosted shear capacity in comparison to normal ties. The spiral ties
create an additional confinement that increases the concrete capacity for shear trans-
fer and the concrete compressive strength. The increased concrete compressive strength
caused by the spiral confinement would cause an increase in the outset of the shear
cracking. As a result, the staggered spirally reinforced beams display a considerable
increase in shear strength when compared to normal ties.

A comparison between two RFT techniques in terms of weight

To evaluate the efficacy of two techniques, the strength of RFT for every technique is assessed
in all studied cases. The strength and weight of all stirrups are compared. Figure 15 shows the
weight of stirrups and stirrup spacing for each shear reinforcement technique for diverse stir-
rup spacing. The greatest strength was achieved by using spiral stirrup, but the highest weight
was achieved by using separate ties. It can be concluded that the staggered spiral ties demon-
strated the greatest strength and thus may be considered the most efficacious reinforcement

25
—o—Spiral stirrup 20.9
= 20
g =o-Closed stirrup
15
oy
E 107
= 10 -
&
8 55 ="
=% 5 S.-
2 5 LM 43 . =S °
R I e oo
=
0
1 1.5 2 2.5 3 3.5

Shear span depth ratio (a/d)
Fig. 14 The dissipated energy and the span depth ratio
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_ B Weight of spiral stirrup
Z 14 ® Weight of normal stirrup
g 12 111
5 1 0.9 0.87
© 0.76 0.74

0.8
= 0.65
T 0.6 0.5
= 0.43

0.4

0.2

0
30 40 50 60 920

: 5
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Fig. 15 The relationship of the stirrup weight and stirrup spacing

technique for shear of miniatures beams. To obtain a shear capacity of 267.13 kN, staggered
continuous spiral with consecutive spacing of 400 mm is used instead of separate ties with suc-
cessive spacing of 250 mm, as it is more economical in addition to saving in volume of stirrups
53%. For getting the ductility of 46, staggered continuous spiral successive spacing of 400 mm
is used instead of separate ties with successive spacing of 320 mm, as it is more economical and
saves steel weight. To evaluate the efficacy of different methodologies, the weight of transverse
RFT pattern is assessed for each RFT pattern in all inspected miniatures. Weight is calculated
for all studied miniatures for each technique. Spiral stirrups had the lowest weight, so they may
be considered the most effectual transverse RFT technique for shear beam.

Adjusting the results from the small scale to the prototype

By connecting the data, the experimental scale-down results are converted into pro-
totype full-scale behavior. Because the model and the prototype are related, the small
model’s results will be interpreted in order to expect the prototype behavior. The
goal of this study is to get full-scale design information by connecting data from the
scaled-down model. The connection between the large and small scales is also shown.
The steel’s stress similitude has been kept, whereas f,,04e/ is 690 N/mm? as opposed
to fyproto is 360 N/mm? We can reduce the ties volume while maintaining the perfor-
mance by using staggered continuous ties instead of normal ties, and the greater the
shear capacity and dissipated energy, the smaller the stirrups spacing. Staggered con-
tinuous spiral covers a larger size, and therefore, whenever a crack arises, it changes its
path. Therefore, the crack surface increases and takes more time. The form of staggered
continuous spiral packs the beam with a larger surface. The equivalent prototype sec-
tion is (fyproto = 360 N/mm?), B x d=40 x 57 c¢cm, beam length=6.0 m, tensile rein-
forcement 4¢20, compressive reinforcement 2 ¢$12, ties $ =8 mm, and Fcu=40 Mpa.
The relation of shear capacity with stirrups spacing is displayed in Fig. 16. The relation
of deflection at max load and stirrups spacing is displayed in Fig. 17. The relation of
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shear capacity with shear arm ratio is displayed in Fig. 18. The relation of deflection at
peak and shear arm ratio is displayed in Fig. 19.

Load prototype _ Sca lezfyprototype

19
Load 4e1 'ymodel (19)

Comparisons between experimental results and codes

Design code equations are always conservative because they take a margin of safety into
account. All code formulations (JSCE 15, CSA A23.3, ACI318-19, Eurocode, and ECP 2020)
are conservative in guessing the shear capacity of RC beams with normal transverse RFT.
The calculated ultimate shear capacity of most of design codes is slightly lower than the
experimental results for normal ties as shown in Figure 20, but for spiral ones, the calculated
values are relatively more conservative as shown in Figure 21. Design codes mostly do not
consider the continuity of spiral ties in forecasting shear capacity, while its influence found
significant in the experimental results. So, effect of spiral continuity confinement should be
considered in design. Size effect is minimized by using mortar instead of concrete.
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[
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Fig. 16 Shear capacity and stirrup spacing for prototype for normal and spiral stirrups
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Fig. 17 Deflection at max load and stirrup spacing for normal and spiral stirrups
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Conclusions

The current study used scaled-down modelling as an experimental approach to inves-

tigate the shear behavior of specimens with normal ties and rectangular staggered con-

tinuous spiral ties. Twenty-two rectangular miniatures with identical reinforcement

detailing were tested in shear until they collapsed. The purpose was to evaluate the effec-

tiveness of spiral ties as internal transverse RFT. The following conclusions are drawn:

. The application of staggered spiral ties increased shear capacity and improved shear

behavior in the investigated beams.

Beams with staggered continuous spiral ties at spacing of 30 mm and 40 mm increased
shear capacity by 33% and 27%, respectively, when compared to normal ties.

Because spiral ties are continuous, an additional confinement arises that improves con-
crete compressive strength and predictably increases concrete capacity for shear transfer.
Specimens reinforced with spiral ties have larger diagonal cracks zone, but speci-
mens reinforced with separate ties have localized diagonal cracks.

Spiral hooks effectively reduced the crack width compared to conventional ties. This
could be due to the continuity of spirals along the beam, which bridge cracks along
concrete perimeter.

The spiral confinement would lead to a rise in shear load at the shear cracking
onset. The experiments reveal that the staggered spirals confinement contribution is
responsible for the increase in peak shear capacity.

Relying on these comparisons, it is obvious that the design provisions of EC2-04,
ECP 203-20, and ACI 318-19 are conservative in assessing the peak shear strength
of the beams within a reasonable margin.

Abbreviations

RC

D
LvDT
RFT

Reinforced concrete

Depths of specimen

Load variable differential transducers
Reinforcement

Ultimate stress of rebar

Rebar reinforcement yield stress
Material Young's modulus

Cube compressive stress at age 28 days
Strain of rebar

Scale-down modelling

Shear span arm ratio a/d
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