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Abstract: This paper presents the results of seven experimental tests in reinforced concrete wide beams,
aiming to investigate their performance when subjected to shear, using prefabricated truss stirrups as shear
reinforcement, as well as a supplementary reinforcement to control cracks by delamination. The main analysed
variables were: position of the supplementary reinforcement, inclination of the shear reinforcement, and
spacing between stirrups. Results showed that strength increments of up to 142% were obtained using the
prefabricated truss stirrups. Furthermore, the experimental results were compared with the theoretical shear
strength estimates of the tested beams, following the recommendations of NBR 6118 (2014), Eurocode 2
(2004), and ACI 318 (2014), in order to evaluate the safety level of these codes when designing concrete
elements subjected to shear with the reinforcement used in this paper.
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Resumo: Este trabalho apresenta os resultados dos ensaios em sete vigas faixa de concreto armado, cujo
objetivo foi o de investigar o desempenho dessas pecas ao cisalhamento, adotando-se os estribos treligados
pré-fabricados como armadura transversal, acrescidos de uma armadura suplementar, para evitar a propagagao
de fissuras por delaminagdo. As principais variaveis analisadas foram: posi¢do da armadura suplementar,
inclinagdo da armadura transversal e espagcamento entre camadas de estribos. Comparando os resultados das
vigas armadas ao cisalhamento com a viga de referéncia, verificou-se que a armadura transversal utilizada
neste trabalho levou a um acréscimo de até 142% na resisténcia ultima das vigas. Além disso, foram
comparados os resultados experimentais com as estimativas teoricas de resisténcia ao cisalhamento das vigas
ensaiadas, seguindo as recomendagdes da NBR 6118 (2014), Eurocode 2 (2004) e ACI 318 (2014), a fim de
se avaliar o nivel de seguranca dessas recomendagdes para o dimensionamento de elementos de concreto ao
cisalhamento com a armadura adotada neste artigo.
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1. INTRODUCTION

Reinforced concrete elements subjected to shear are likely to fail in a brittle way, and several authors [1-9] suggest
that using shear reinforcement is the best way to improve both the shear strength and deformation capacity of reinforced
concrete structural members.

However, in some cases (Figure 1), there may be difficulty in reinforcing the concrete element due to the conflict
between flexural and shear reinforcement, which is the need to involve the longitudinal bars, in the case of closed
stirrups (Figure 1b and Figure 1c) or the positioning of the flexural reinforcement, in the case of studs (Figure le).

Thus, one of the solutions to avoid clashes when positioning the transverse and longitudinal reinforcement is the
use of shear reinforcement with internal anchorage, positioned between the top and bottom flexural reinforcement
(Figure 1f). In addition, shear reinforcement with internal anchorage can be prefabricated, as they do not depend on the
flexural reinforcement position, making the construction process faster. This greater agility in the construction process
can reduce the work costs, as commented by some authors [10-12].
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Figure 1. Shear reinforcement detailing in one-way shear (Tapajos [13])

Nevertheless, a significant reduction of the structural performance of the transverse reinforcement has been
described when they are not anchored within the flexural reinforcement (see [14] and [15]). Some authors [16-18]
observed that using shear reinforcement with internal anchorage in flat slabs subjected to two-way shear led to
premature failures associated with the delamination effect.

Even so, it is possible to mention studies where the use of shear reinforcement with internal anchorage had
satisfactory performance, and the development of cracks by delamination was not observed in some papers [19-21].
Itis also worth mentioning the study of Ferreira et al. [22], who tested prefabricated truss stirrups with internal
anchorage in reinforced concrete wide beams, observing the delamination in some specimens. However, Tapajos [13]
tested the shear reinforcement developed by Ferreira et al. [22] with and without the addition of a u-hook as
supplementary reinforcement to avoid delamination, noting that it would be possible to obtain a performance similar to
that of beams with closed stirrups anchored to flexural reinforcement and studs.

Thus, this study aimed to investigate the influence of supplementary reinforcement on the shear performance of
reinforced concrete elements with the prefabricated truss stirrups, as well as the angle of inclination and spacing of
shear reinforcement. Seven wide beams were tested, varying the angle of inclination of the shear reinforcement and the
supplementary u-hooks' position. In addition, the experimental results were compared with theoretical ones according
to the recommendations of codes NBR 6118 [23], Eurocode 2 [24], and ACI 318 [25].

2. DESIGN RECOMMENDATIONS

The recommendations presented in [23-25] were used to estimate the tested specimens' shear resistance. It is relevant
to highlight that the safety factors implicit and explicitly presented in the design equations were removed in this section
to compare theoretical and experimental strengths properly.
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2.1. NBR 6118 (2014)

The Brazilian code presents two design models to estimate the shear strength of reinforced concrete elements. Model
I considers that the shear strength of transversely reinforced beams (V) is given by the sum of the contributions
given by concrete (V) and steel (Vz ), as shown in Equation 1, as well as this model assumes an inclination of the
strut equal to 45°. The concrete contribution is calculated with Equation 2, which estimates the shear strength of a beam
without transverse reinforcement and considers only the concrete's tensile strength. The contribution given by the shear
reinforcement is calculated using Equation 3, and the maximum shear strength (7 nqx 1) 0f @a beam is limited by Equation
4, which estimates the failure of the compressed strut.

VRes1 =VRcr1 +VRs1 (1
VR,e 1 =06 fWeeke ins @)
A.VW
VRsI= 0.9dfyw(sena +cosa) 3)
N
_ _fe
VR,max 7 =027 E fcbwd(cota + 1) )

Where: [ inf =0.7/ . » 18 the fragile tensile strength of concrete in 5% of cases;

fm is the average tensile strength of concrete, for concretes with a maximum strength of 50 MPa, calculated with £, = 0.3/23;
£ is the compressive strength of concrete;

b,, is the width of the beam section;

d is the effective depth of the beam section;

Ay 1s the area of reinforcement of one layer of transverse reinforcement;

s is the spacing between the transverse reinforcement layers;

fw 1s the yield strength of the transverse reinforcement, limited to 500 MPa;

a is the angle of inclination of the transverse reinforcement in relation to the longitudinal axis.

Model II of NBR 6118 [23] considers, as well as Model I, that the shear strength of transversely reinforced beams
(Vresi) 1s given by the contribution of concrete (Vr.;) and shear reinforcement (Vzsi), according to Equation 5.
In addition, Model II also considers the effects of diagonal cracking, which reduces the strut's inclination and,
consequently, concrete contribution. In this model, the Brazilian code allows the variation of the strut's angle between
30° and 45°, and concrete contribution shall be calculated with Equation 6. In this case, concrete's contribution is a
function of the applied shear force (V), calculated through an iterative process. The contribution of transverse
reinforcement is calculated with Equation 7 and the maximum shear strength (¥ max 17) With Equation 8.

VRes, i1 =VR,et1 +VR s 11 %)

VR max /] — V
VRetn =VRer 57— ——<VRe1 (6)
VR,max y/ VR,c 1

VRsi = 145%0.94/’}% (cotgl + cotga) senar @)
Je 2
VRmax I = 0.54[ "5 fubyd sen“6(cota +cot6) ®)
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2.2. Eurocode 2 (2004)

Eurocode 2 [24] indicates the use of Equation 9 to estimate the contribution portion of concrete to the shear strength
of beams (V).

(0.18k(100p1fc)]/3)bwd
VR, = max 3 ©)

0.035k2 [1.b,,d

Where:
k considers the reduction in shear strength due to the size effect, calculated with Equation 10.

k=1+ @gz
V a (10)
A

pi is the portion related to the longitudinal reinforcement ratio, calculated with p; :ﬁs 2, where A, is the area of
W

longitudinal reinforcement of the beam.

Eurocode 2 [24] suggests Equation 11 to check the shear strength of transversely reinforced beams (Vrcs). The code
also recommends that the strut's angle of inclination may vary from 21.8° to 45°. The maximum shear strength (Vz max)
shall be estimated with Equation 12.

AS\'V
—%0.9d cot@+cota ) sena
VR.cs =Maxy s Tyl ) (11

VR,c

Where:
0.9b,pdv, fe (cott9+ cota) (12)
R,max = 1+cot? 8
Where vl is determined with Equation 13;
Je
=0.6/1-
" { 250} (13)

As EC2 [24] admits the strut's angle variation, it suggests that Equations 11 and 12 shall be equalized to check the
strength so that the smallest strut angle can be found through the derived equation (see Equation 14).

coto= | DusVife (14)
Agy fywseno

2.3. ACI 318 (2014)

The American code considers the one-way shear strength of reinforced concrete elements to be similar to the
strength of a beam, so Equation 15 is used to estimate the shear strength of beams without transverse reinforcement
(V). Among the variables that influence shear strength, the code adopts only the strength of concrete.
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VR =017\ fobyd (15)

Where:

£ is the compressive strength of concrete, obtained by testing cylindrical specimen;
b,, is the width of the beam;

d is the effective depth of the beam.

For the case of beams with transverse reinforcement, ACI 318 [25] considers that the shear strength (Vz ) is given
by the sum of the contributions of concrete and the transverse reinforcement (Vz,), calculated with Equation 16,
recalling that the code estimates that the inclination of the compressed strut is equal to 45°. The contribution portion of
the shear reinforcement is calculated with Equation 17. In addition, the American code limits the maximum shear
strength of beams given by Equation 18, which refers to failure due to crushing of the strut (Vz max).

VR,cs = VR,c + VR,s (16)

VR,s = [%J A fyw (sena +cos a)

17)
VR,max =0.664/ /. byd (18)

Where:

s is the spacing between the transverse reinforcement layers;

Ay 1s the area of reinforcement of one layer of transverse reinforcement;

fw 1s the yield strength of the transverse reinforcement, limited to 420 MPa;

a is the angle of inclination of the transverse reinforcement in relation to the longitudinal one.

3. EXPERIMENTAL PROGRAM

The experimental program was developed at the Federal University of Para and consisted of seven tests in reinforced
concrete wide beams. The main variables were: the position of supplementary reinforcement; spacing, and inclination
of the transverse reinforcement, as shown in Table 1 and Figure 2. This paper presents only the results of beams with
prefabricated truss stirrups. Tests with other types of shear reinforcement, such as closed stirrups and studs, are
presented in other research [13][22].

Table 1. Characteristics of the tested beams.

Beam @w(mm) Asw(mm) a(®) s (mm) pw (%) fiw (MPa) U-Hooks
VR - - - - - - -
\"2! T+C
196.39 90 0.39
V2 T
6.3 100 571
V3 T+C
202.62 60 0.45
V4 T
V5 T+C
5.0 123.70 90 60 0.41 676
V6 T
Obs.: b,, = 500 mm; 4 =210 mm; L = 2300 mm; a = 620 mm; d = 177 mm; a/d = 3.5; A, = 3434 mrnz;f)',,Y =550 MPa; ¢r = 25 mm; @p = 12.5 mm; f;,, = 29 MPa;
A

T= supplementary reinforcement on the tensile face; C = supplementary reinforcement on the compression face; p,, = W

by, ssina
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Figure 2. Variables in the experimental program

The test system is shown in Figure 3, consisting of a simply-supported system, where constant and controlled
loading was applied by a hydraulic testing machine (capacity of 3000 kN). All beams were 2300 mm long, 500 mm
wide, and 210 mm deep; the a/d ratio was approximately 3.5 to avoid arch action, according to an analysis made by
Fisker and Hagsten [26], to allow better visualization of the performance of the transverse reinforcement. The reference
beam did not have transverse reinforcement, making it possible to evaluate the increase in the other beams' shear
strength due to the transverse and supplementary reinforcement arrangements. The longitudinal reinforcement was kept
constant for all tested beams, consisting of 7 bars of 25 mm in diameter in the tensile area and 7 bars of 12.5 mm in
diameter in the compression area.

2300

160

LOAD CELL

300 150, 620

- LVDT

210

N~ YOKE

1700 ‘

a. Detail of the test system

b. Beam during test

Figure 3. Test arrangements.

The shear reinforcement used in this study was composed of prefabricated truss stirrups, developed by Ferreira et al.
[22], manufactured in modules and installed between the bottom and top flexural reinforcement shown in Figure 4a. In
addition to the transverse reinforcement, u-hook-shaped delamination control reinforcement was used, according to the
model adopted by Tapajos [13], as shown in Figure 4b. Figure 4c shows the shear reinforcement's detail. Figure 4d
shows the stirrups module manufactured for this research, and Figure 4e shows the supplementary reinforcement
positioned in one of the tested specimens.
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Figure 4. Prefabricated truss stirrups.

Shear reinforcement with inclinations of 60° and 90° were used to evaluate the influence of their inclination in the
shear resistance of the tested beams. To analyse the influence of layer’s spacing on the shear strength, two arrangements
were adopted: stirrups with 6.3 mm in diameter spaced every 100 mm (pw = 0.39% for V1 and V2 and py = 0.45% for
V3 and V4) and stirrups with 5 mm in diameter spaced every 60 mm (pw = 0.41%), both arrangements having
approximately the same transverse reinforcement ratio. Finally, to observe each specimen's behaviour depending on
the supplementary reinforcement position, beams with the u-hooks on their tensile and compression parts were tested,
as well as specimens that only had u-hooks on the tensile zone of the beam. All beams with prefabricated truss stirrups
had two vertical legs and five inclined legs at 60°. In this paper, any inclined leg relates to a 0.87 vertical leg (sin 60°),
so there are approximately 6.35 legs by layer of the prefabricated truss stirrup. Figure 5 shows a summary of the tested
beams.

Regarding the variables involved, beam VR is a reference specimen without shear reinforcement. Beams V1 and
V2 had vertical (90°) prefabricated truss stirrups made with 6.3 mm bars spaced at each 100 mm, and beam V1 had
supplementary reinforcement arranged in the tensile and compression faces of the specimen, while beam V2 only had
supplementary reinforcement on the tensile face. Beams V3 and V4 had the same shear reinforcement of beams V1 and
V2, but with stirrups inclined at 60°. Beam V3 had supplementary u-hooks on both faces, while in beam V4, they were
placed only on the tensile face. Finally, beams V5 and V6 were tested to evaluate the influence of spacing between
layers, their shear reinforcement being manufactured with stirrups of 5 mm in diameter, spaced every 60 mm and with
an angle of inclination of 90°, beam V5 having supplementary reinforcement on both faces, whereas beam V6 only had
it on the tensile face. In this way, all beams with shear reinforcement had approximately the same transverse
reinforcement ratio.
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Figure 5. Characteristics of the tested beams (units in mm)

Concrete was produced with CP IV-Z cement (Portland cement with pozzolanic addition). The coarse aggregate adopted had
a maximum size of 19 mm and granitic origin, and medium sand was used as fine aggregate. Concrete was mixed to reach grade
C30. All the beams were cast on the same day, and after 60 days, the tests were carried during a week. The compressive strength
of concrete was obtained through axial compression tests, as recommended by NBR 5739 [27]. On the day of each beam's test,
three concrete cylindrical specimens were tested to obtain the mean and characteristic value of concrete's compressive strength.
The mean value of concrete compressive strength in all tests is considered as f.,, = 29 MPa, while the characteristic value of
compressive strength of concrete is the mean value less than 4 MPa, due to rigorous control in the laboratory (fx = 25 MPa).
Thus, to calculate the beams' strength according to the design codes, the mean values were used. For reinforcement, CA-60 steel
was used for the bars with 5 mm in diameter and CA-50 steel for the other diameters. The steel's mechanical properties were
obtained through tensile tests, following the recommendations of NBR 6892 [28]. Table 1 presents materials properties used to
estimate shear strength by theoretical recommendations.

Strain gauges (SG) were attached to the beams' upper side face, in the midspan between the supports in the beams'
longitudinal direction, to measure the compression strains of concrete. Regarding the flexural reinforcement
instrumentation, two SG were attached to each beam's central bar in the midspan to obtain the maximum tensile strains,
adopting the average of the two measured values.

Concerning the shear reinforcement, two SG were attached to each instrumented bar, choosing to instrument the layers
arranged in the middle of the shear span, where it is estimated that the greatest strains in transverse reinforcement occur, as
observed by Ferreira et al. [22] and Tapajos [13]. SG were also used in the supplementary reinforcement to observe its behaviour
during the test. Figure 6 shows the complete instrumentation arrangement of the tested beams.

A B A B
vi el O v rr~  10)
/T T T T L
1 [ 1 [ I | 1 [ T T T . T T Y
R T W N U L W W Y
G IR CHE
A_B
V2 el O va ~p o
T TTd oo o
[N O N T N A N (Y N O B [ U N L L Y
RN U N N S SN S N S S [ O U N W VO W O W W WO
i i o R
AA VA=V3=V5 8B
A B 16 3 27
vs e [0) - 5
IIHTHHIHIHTH} e e lmsia
A O O wla— el
o1 . Ly,
A V2=V4= B-B
V6 i - 2
—|-|-|—r1—|—r1—|—r|—|-r|—r-|-|—r} 1
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Figure 6. Instrumentation arrangement of the beams.
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4. RESULTS AND DISCUSSIONS

4.1. Ultimate strength and theoretical estimates

Table 2 shows the experimental results of the tested beams, related to their ultimate strengths, as well as the comparison
with their flexural strength estimates (Vz.x), the performance in relation to the reference beam, to observe the increase in
strength due to the transverse reinforcement, and the comparison with the theoretical shear strength estimates, obtained
following the recommendations of models I and I of NBR 6118 [23], Eurocode 2 [24] and ACI 318 [25], as presented in
section 2.

It was observed that all tested beams had an ultimate strength lower than the estimated flexural strength, contributing
to the understanding that the specimens' failure was related to shear. Concerning the comparison with the reference
beam, all specimens showed a significant increase in strength, varying between 89% and 158%, showing that the
prefabricated truss stirrups contribute to the increase in shear strength, as observed by Ferreira et al. [22].

Table 2. Failure Loads of the tested beams.

Beam V. (KN) ViV e ViV et : V‘”V"'”BR(kMH VJEC2 V./ACT
VR 145.0 0.37 1.00 1.38 1.38 1.18 1.79
A%l 281.5 0.72 2.07 1.08 0.87 0.67 1.24
V2 256.5 0.66 1.89 0.98 0.80 0.61 1.13
V3 351.0 0.90 2.58 1.10 0.94 0.74 1.25
V4 269.0 0.69 1.98 0.84 0.72 0.57 0.96
V5 345.5 0.89 2.57 1.30 1.05 0.83 1.50
V6 302.0 0.77 2.23 1.13 0.92 0.72 1.30

Average 1.12 0.95 0.76 1.31
Coefficient of Variation (%) 16.3 22.4 26.9 20.4

The beams with supplementary reinforcement at both end showed greater strength than the specimens with the u-hooks
only on the tensile face. Tapajos [13] research points to a better performance of beams with supplementary reinforcement
when compared with those without it. However, the comparison between the arrangement on the two faces or only on the
tensile face was not addressed.

Concerning the transverse reinforcement's inclination, specimens with truss stirrups inclined at 60° had greater
strength than those with the same arrangement and inclination of 90°. As pointed out by several studies, this result was
expected, including Melo et al. [29] on inclined stirrups' better performance compared to vertical stirrups.

Regarding stirrup spacing, it was observed that beams with a spacing of 60 mm between layers of transverse
reinforcement, V5, and V6, reached higher strengths than the specimens with a spacing of 100 mm between layers, V1,
and V2. It is worth mentioning that both specimens had approximately the same transverse reinforcement ratio. V3 and
V4 were cast with inclined shear reinforcement. These beams reach a strength greater than V1 and V2, in order of
comparison, due to a better anchorage because the inclined shear reinforcement while had a similar strength than the
beams with lower spacing between layers.

When comparing the theoretical and experimental results, it was observed that Model II of NBR 6118 [23] presented
the average results closest to the experimental ones, however with most results against safety and the second highest
coefficient of variation. In contrast, Model II of the same code presented the least dispersion of results among the
recommendations evaluated, with the second average of results closer to the experimental ones and few results against
safety. Eurocode 2 [24] presented the least safe average of results and the higher dispersion. However, it is worth
mentioning that all recommendations showed results against safety, including ACI 318 [25], which presents more
conservative recommendations. This behaviour may be related to the high transverse reinforcement ratio adopted in
this research since, as the transverse reinforcement ratio increases, there is a trend towards more unsafe results, as
verified by Tapajos [13]. It is also observed that Model I of the Brazilian code and the American code set the value of
the strut's angle of inclination at 45°, while Model II of the Brazilian code and the recommendations of the European
code allow the reduction of this angle, leading to higher strength estimates when compared with the other two models.
It is worth mentioning that these results were obtained without considering the safety coefficients of the codes. Figure
7 shows the comparison of experimental and theoretical results.
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Figure 7. Comparison of experimental and theoretical results.

4.2. Vertical displacement and strain of the flexural reinforcement

Figure 8 shows the graph that correlates the shear force and displacement for the seven tested beams. All beams
showed similar behaviour to the reference beam for the same loading level and concerning beams V1, V2, V3, V4, V5,
and V6, close displacements among them were observed for the same loading level. However, after reaching
approximately 200 kN, more significant displacements were noticed in beam V4. Only beam V5 showed a further
increase in strength after reaching the peak.

400

30 | % b o
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Figure 8. Vertical displacement of the beams.
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Figure 9 shows the graph of shear force x strain of the flexural reinforcement. For all beams, the flexural bars did
not reach the yield strain, ruling out the possibility of flexural failure, as observed in Table 2, comparing the ultimate
strength with the flexural strength estimate.
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Figure 9. Strains on the flexural reinforcement.
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4.3. Strain of the transverse reinforcement

Figure 10 shows the graphs of the relation between the strain of stirrups and the shear force. Two yield strain lines are
presented since the beams V1, V2, V3, and V4 were produced with bars of 6.3 mm in diameter and beams V5 and V6 with bars
of 5 mm in diameter. The result seen in Figure 9 follows the instrumentation arrangement shown in Figure 5, with Figure 9a
showing the strain readings of bar 1 from the tested beams, Figure 9b the strain of bar 2, and Figure 10c the strain of bar 3.

Figure 10a shows that only beam V5 presented yield of the shear reinforcement at position 1, suggesting that it is
the least required position during the test. It is also believed that this beam presented yield of the transverse
reinforcement due to the lower area of reinforcement per layer. The same did not happen with the other beam with
smaller spacing, V6, probably because it only had supplementary reinforcement on the tensile face.

In Figure 10b, it is possible to observe higher strains at position 2 of the instrumentation, estimating that this stirrup
layer was the most stressed during the tests. Besides, stirrups yielded in all beams where supplementary reinforcement
was placed in both edges of the shear reinforcement, confirming that they are relevant to improve anchorage conditions
and the tested beams' structural performance.

Position 3 of the instrumentation refers to the same layer at position 1, but on one of the bar's inclined legs, located closer
to the center of the beam's cross-section. In Figure 10c, it is possible to observe that the strains were higher than those at
position 1, which shows greater stress concentrations in the central region of the beam and inclined legs, as also observed by
Tapajos [13]. It was also possible to notice that all the reinforcement at position 3 yielded, pointing out a good performance
of the prefabricated truss stirrups and confirming the failure mode associated with shear.

——V1

—o—V2
——V3
—_—— 4
—o—V5

C. Bar3
Figure 10. Strain of the shear reinforcement.
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4.4. Strain of the supplementary reinforcement

Figure 11 shows the result of strains of the supplementary reinforcement of the tested beams. Tapajos [13] had
observed higher strengths and strains on the truss stirrups in the beams with supplementary reinforcement than in the
beams without supplementary reinforcement, but he did not complete the instrumentation of these u-hooks to prove
their efficiency. However, in this research, it was possible to prove that this supplementary reinforcement works during
the test.

400 4
350
300 +
250
200
150
100
50

400
350

250

350

150

e) V5

Figure 11. Strains on the supplementary reinforcement.

In general, the beams V1, V3, and V5, which were produced with supplementary reinforcement on the tensile and
compression faces, presented higher strains than the beams V2, V4, and V6, which only had u-hooks on the tensile
face. Thus, u-hooks on both edges of the shear reinforcement improved the tested beams' performance, as their
transverse reinforcement reached higher strengths, with positive reflections on their ultimate strengths.

In most of the tested beams, the supplementary reinforcement only reached the yield strain after the beam reached
its maximum strength, which indicates that this supplementary reinforcement acts sewing the cracks by delamination,
avoiding a brittle failure of the specimens. Besides, the behaviour of beam V5 stands out, where all the instrumented
u-hooks reached the yield strain, some of them even before the specimen reached its maximum strength. Thus, it is
estimated that the conditions presented by this specimen were the most favourable in this study to ensure better
anchorage of the prefabricated truss stirrups, together with the supplementary reinforcement on both faces.
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4.5. Cracking patterns

Figure 12 shows the tested beams' cracking patterns, where it is possible to observe that all beams have failed due
to shear, with the inclination of the main crack varying between 22° and 31°. Cracks by delamination were observed in
all tested specimens. However, these cracks were controlled, unlike the beams tested by some authors [13][22] that did
not have supplementary reinforcement, validating the hypothesis that these u-hooks contribute to preventing this
propagation, as seen in the strain gauges' readings. It was also found that the beams with the smallest spacing between
the layers of shear reinforcement showed a greater inclination for their main failure cracks.

It was observed that beams with supplementary reinforcement in both faces presented less delamination crack on
the top face of the specimen when compared to the beams with u-hooks on the bottom face. The beams with shear
reinforcement inclined at 60° could control satisfactory the cracks by delamination due to the increase of length
anchorage compared to the vertical stirrups. Concerning spacing, the lower spacing between the layers contributes to
control the crack propagation.

2300 mm | L 2300 mm 4
by V1 ) V2

2300 mm

f Vs g V6

Figure 12. Cracking patterns of the specimens.

5. CONCLUSIONS

This study analysed the behaviour of reinforced concrete wide beams subjected to shear with prefabricated truss
stirrups proposed by Ferreira et al. [22] and supplementary reinforcement tested by Tapajos [13]. In addition to the
experimental investigation, the ultimate strengths of the tested specimens were also compared with the strength
estimates following the recommendations of NBR 6118 [23], Eurocode 2 [24], and ACI 318 [25].

Concerning the use of the supplementary reinforcement, it was found that the shear reinforcement has a better
performance when this supplementary reinforcement is used on both faces of the beam, instead of just adopting it on
the tensile face. Regarding the inclination of the transverse reinforcement, specimens that had an inclination of 60°
showed greater strength when compared with similar specimens with an inclination of 90°. Regarding the spacing
between shear reinforcement layers, the strengths were higher for beams with less spacing and a lower area of
reinforcement per layer than for the specimens with a greater area of reinforcement per layer and greater spacing, even
though they had approximately the same transverse reinforcement ratio.

When comparing theoretical and experimental results, results against safety were observed for all recommendations,
with a greater amount for Model II of NBR 6118 [23] and Eurocode 2 [24]. This behaviour was in line with what was
observed by Tapajos [13], who points out a trend towards more unsafe results with a higher transverse reinforcement
ratio when adopting the prefabricated truss stirrups as shear reinforcement.

Concerning the design of beams with prefabricated truss stirrups, with transverse reinforcement ratio approximately
equal to 0.40%, Model 1 of NBR 6118 [23] and ACI 318 [25] are more recommended, if the supplementary
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reinforcement is used on the tensile and compression faces of the beam, with no results against safety in these
arrangements. It is worth mentioning that these recommendations are specific and were obtained based on this study,
so for broader conclusions and conditions, it is necessary to carry out further experimental research to observe the
performance.
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