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One-Way Shear Resistance of RC
Members with Unconnected Stirrups

Abstract

This paper presents results of eight experimental tests carried to
evaluate the mechanical performance of unconnected “W” stirrups.
Reinforced concrete wide beams were tested and their characteristics
were idealized to represent column strips in flat slab buildings. The
main variables were: the type of shear reinforcement; the shear span
to effective depth ratio (av/d); and the flexural (p1) and shear (pw)
reinforcement ratios. In general, both the response and the shear re-
sistance of the structural elements with unconnected “W” stirrups
was similar to those elements with vertical closed stirrups. Incre-
ments of shear resistance of up to 84% were achieved, indicating that
they have high potential for use as shear reinforcement in slab-col-
umn connections.
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In reinforced concrete buildings, the use of flat slabs (see Figure 1a) or ribbed slabs supported on wide

beams (see Figure 1b) is common if a flat flooring system is desired. Both cases are susceptible to

abrupt shear failures, which can occur with low levels of cracking and displacement, as shown in

Figures 1c and 1d. The use of shear reinforcement improves both ductility and ultimate resistance,

but their structural performance is significantly dependent of its anchorage at their ends. In such

situations, in order to improve the force transfer mechanisms, design standards recommend that the

shear reinforcement such as stirrups shall extend as close as possible to the compression and tension
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surfaces. They also recommend that between anchored ends, each bend shall enclose a longitudinal
bar. However, for flat slabs this can significantly complicate the construction process, especially if a
radial arrangement distribution of the shear reinforcement is desired, as it favours clashes with the
flexural rebars.

a) flat slabs ¢) punching failure

b) wide beams and ribbed slabs d) one-way shear failure

Figure 1: Shear failure of flat flooring systems

The use of shear reinforcement internally anchored on flexural rebars could solve this construction
issue, but in terms of research is a subject where little experimental evidence is available. The main
results were provided by Yamada et al. (1992), Gomes and Andrade (2000), Regan and Samadian
(2001), Pilakoutas and Li (2003), Park et al. (2007), Trautwein et al. (2011) Furche (1997) Caldentey
et al. (2013) and Furche and Bauermeister (2014) and involve tests on slab-column connections.
Results show that in such cases, loss of anchorage can lead to premature failures due to delamination.
The use of transverse welded bars or complementary reinforcement are alternatives to improve the
anchorage conditions and avoid premature failures.

This paper presents results of eight tests on reinforced concrete wide beams where a new kind of
internal shear reinforcement was tested. Named as “W” stirrups, this reinforcement consists of pre-
fabricated cages made with continuous lattice girders joined in different layers by transverse bars
welded at their vertices as show in Figure 2. They were developed to be used as shear reinforcement
in slab-column connections and Figure 3 illustrate some constructive arrangements. In Figures 3a and
3b, plain views from slab-column connections with cruciform and grid distributions of the unconnected
“W” stirrups are shown. Figures 3c and 3d present detailed cross sections of the slab-column connec-
tions. The characteristics of the tested wide beams were defined in order to simulate the column strips
in flat slab buildings. Their flexural and shear response are presented and the ultimate loads are
compared to those theoretically predicted by ACI 318 (2014), Eurocode 2 (2004) and the Brazilian
Code ABNT NBR 6118 (2014).
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a) lattice girder b) prefabricated “W” stirrups

Figure 2: Prefabricated cage of “W” stirrups.
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Figure 3: Arrangements of “W” stirrups in slab-column connections.
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2 THEORETICAL BACKGROUND
2.1 Shear Reinforcement for Flat Slabs

For flat slabs, the effectiveness of a shear reinforcement is directly dependent of its capacity of absorb
tensile forces and properly transfer them to concrete. Furthermore, they need to be practical for both
manufacture and installation. These requirements are not easily achieved in practice, once that flat
slabs are slender structural elements. Therefore, a wide variety of types of shear reinforcement has
been tested and this paper summarizes some of the most important contributions in this area.

The first type of shear reinforcement proposed for flat slabs consisted of bent-up bars as shown
in Figure 4a (e.g. see Graf, 1938, Elstener and Hoognestad, 1956, and Anderson, 1963), which can be
highly efficient and economical when combined with other types of reinforcement, such as stirrups as
shown by Broms (2000).

Various types of stirrups were also tested for flat slabs. The most common types are closed stirrups
(Figure 4b) and open stirrups (Figure 4c), but there are others like continuous stirrups (Figure 4d),
which were first tested by Seible et al. (1980), and inclined stirrups (Figure 4e). In general, closed
and continuous stirrups are not commonly used in practice because it impairs the installations of
rebars. On the other hand, although open stirrups provide more versatility to both design and con-
struction, they tend to raise costs because they are laborious in terms of production and installation.
Research conducted in Brazil by Melo et al. (2000), Andrade (2000) and Trautwein (2001) present
results of tests on stirrups with inclination of 45° and 60° in relation to the slab plane. The latter
showed excellent structural performance, but their use is restricted once they are not practical.

Chana (1993) developed preassembles of shear reinforcement (Figure 4f) which consisted of indi-
vidual "u" shaped stirrups joined by welded deformed bars. The aim was to present a prefabricated
cage capable of minimizing the in situ activities, reducing the labour costs. Beutel and Hegger (2000)
introduced stirrups with high mechanical and constructive performance. In the first type of stirrups,
shown in Figure 4g, only the upper bending rebars are enclosed by the stirrups, while in the second
type (Figure 4h), both the upper and lower flexural rebars are embraced. In both cases, the structural
performance observed in tests was adequate.

Stud rails (Figure 4i) and double-headed studs (Figure 4j) are industrialized types of shear rein-
forcement with high control in both manufacturing and assemblage. The mechanical anchorage pro-
vided by their heads results in excellent structural performance, as introduced by Dilger and Ghali
(1981) and more recently reported by Ferreira et al. (2014). The shear reinforcement used by Gomes
and Regan (1999) was made of I-beam cut-off sections embraced in the flexural reinforcement, like
show in Figure 4k and were initially tested by Langohr et al. (1976). They were effective to prevent
punching shear failures, more than doubling the load capacity observed for the reference slab without
shear reinforcement.

All types of shear reinforcement described above generate clashes with the flexural rebars, espe-
cially when radial arrangements are used. Regan and Samadian (2001) present results from two tests
carried in 1993 in slabs with a new kind of shear reinforcement called Riss Star (Figure 41). They
were introduced by Alpenldndische Veredelungs Industrie and subsequently marketed in Switzerland
by Riss. They are practical to use as they do not enclose the bending reinforcement and serve as
support for the upper flexural rebars. Results showed that they have adequate structural performance,
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since increments of resistance up to 70% were observed. Gomes and Andrade (2000) and Trautwein
et al. (2011) tried to improve this idea and developed internal stud rails in which “u” shaped hooks
were used to improve anchorage (see Figure 4m). Their results showed that the shear reinforcement
was effective and that the hooks used were able to control the horizontal cracks between the shear
reinforcement and the lower flexural rebars.

Figure 4n presents a recent type of punching shear reinforcement. Produced by Filigran Trager-
systeme GmbH & Co and commercialized in Europe by Halfen, they were first tested by Furche
(1997) and consist of prefabricated lattice girders made with three rebars chords connected by welded
diagonals. One of the diagonal in intentionally vertical and the other has an inclination of 45°. They
are used in in situ and precast concrete solutions to prevent punching shear and to provide support
for the upper flexural reinforcement. The European Organization for Technical Assessment (EOTA)
published the European Technical Assessment ETA 13/0521 (2013) that provides guidelines for the
design of flat slabs with this new kind of shear reinforcement.

The positioning of the shear reinforcement is essential for their structural performance and design
standards make recommendations in this regard. In case of flat slabs, they define limit values for both
the position of the first reinforcement perimeter (so) and for the spacing between radial perimeter (sr).
These rules try to guarantee that the reinforcement is able to control the opening of shear cracks.
This directly affects the shear resistance of concrete elements for two main reasons: the opening of
shear cracks tend to reduce concrete resistant mechanisms like aggregate interlock; and the spacing
is going to determinate the number of bars effectively intercepted by the failure surface. Figure 5a
illustrates the punching shear failure of a slab-column connection. It is possible to notice that the
spacing rules seek to prevent that the shear reinforcements is placed in low anchorage areas.

Flat slabs are slender elements where the anchoring conditions of shear reinforcement are unfavour-
able. According to Regan (2000), for a straight crack, the critical embedded length is only 1/4 of the
effective height of the shear reinforcement. In practice, this often limits the average stress in the shear
reinforcement to levels below the yield stress. Furthermore, the anchoring conditions may be different
depending on the cracking degree of concrete in which the reinforcement is anchored. In Figure 5a, the
lower zone is usually uncracked while in the upper area the concrete may be cracked. Cracking of
concrete reduces the pull-out resistance of a rebar as reported by Eligehausen and Balogh (1995).

Regan (2000) assessed through pull-out tests the influence of the anchoring system in the response

and resistance of steel anchors embedded in uncracked concrete with small embedement depths (less
than 100 mm). Figure 5b summarize the experimental results. The inclination of the failure surface
does not seem to affect significantly the pull-out resistance. The author also observed that 90° hooks
embracing transversal reinforcement seem to be the most efficient anchorage situation.
Beutel and Hegger (2002) conducted a similar analysis. They used nonlinear computational models
to evaluate the performance of tensile bars embedded in uncracked concrete varying the type of
anchorage. Figure 6 shows the stress-slip response and it is possible to observe that although the yield
stress was reached for cases F, G and H, the anchorage slip is affected by the anchorage detailing.
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Figure 4: Types of shear reinforcement for flat slabs.
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Figure 6: Computational analysis of different anchorage types (Beutel and Hegger, 2002).

2.2 Methods of Calculation

This item summarizes the recommendations presented by Eurocode 2 (2004), ACI 318 (2014) and
ABNT NBR 6118 (2014) to determine the one-way shear strength of reinforced concrete elements.
They are based on truss analogies and different assumptions are taken to determinate the inclination
of the concrete struts and to calculate the contributions from concrete and from the shear reinforce-
ment. The equations presented in this paper are limited to the cases of reinforced concrete elements
under transverse loads: without axial forces; with rectangular cross section; with constant cross section
along the shear span; with shear span > 2d; with concrete made with conventional aggregates and
with compressive strength up to 50 MPa. In the end of this section it is presented the calculation
process to determinate the flexural capacity of the tested beams, based on the recommendations
presented by ABNT NBR 6118 (2014), which respects the equilibrium of forces and moments in the

cross-section.
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Eurocode 2 (2004)

Eurocode 2 recommends Equation 1 to calculate the shear strength of elements without transverse
reinforcement. This equation considers, semi-rationally, the reduction of the shear capacity due to
size effect (factor k) and the favourable influence of the tension flexural reinforcement (dowel effect)
through term pi.

N (018 - (100- p, - £)"* )-8, - d "
fre 0.035- &7 \[f -0 -d

Where:
fe is the concrete compressive strength;
bw is the width of the cross section and d is the effective depth of the element.

For elements with transverse reinforcement, Eurocode 2 considers variable strut inclination
method, which assumes that the shear force is resisted by a truss model where concrete struts are
equilibrated by the shear reinforcement ignoring the tensile contribution of concrete. In this case, the
angle between the longitudinal axis of the beam and the concrete strut is allowed to vary between
21.8° and 45°, depending upon the applied shear force. The shear resistance in such cases is expressed
in Equation 2, not higher than the maximum shear resistance defined by Equation 3.

Aﬂ-O.Q-d- £ -(cot@ + cota)-sina
s yw
Vi

Vi es = max

(2)

c

Where:

Asw is the area of shear reinforcement;

s is the spacing of the stirrups;

d is the effective depth of the member;

fyw is the yield stress of the shear reinforcement;

# is the angle of the concrete strut, 1<cotfd <2,5;

a is the angle between the shear reinforcement bars and the longitudinal axis of the beam.

v 0.9-bw-d-yl-fc-(cot0+cota)
femax = 14 cot*0

Where:
v1 is a strength reduction factor for concrete with skew cracks, calculated with Equation 4.
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v, =0.6-
250

4

ABNT NBR 6118 (2014)

The Brazilian standard specifies two different models to calculate the shear resistance of reinforced
concrete elements. In both cases, it assumes that the shear strength VR.cs is the result of the sum of
the contributions from concrete ( Vi) and from the shear reinforcement (Vi) as shown in Equations
5 and 9. Model I states that the shear strength VRres1 shall be calculated assuming a fixed angle of
the concrete strut of ¢ = 45° and thus the concrete and steel contributions can be calculated with
Equations 6 and 7, respectively. The maximum shear strength is given by Equation 8.

Vies1 = Vrert Ve (5)
VR,(:I = V(’,O =06- f;:tk,inf ’ bw -d (6)
A .
Vast :[ 2” 0.9-d- f, - (sina + cosa) (7)

Vi 1 = 0.27.[1— 2{;0

].fc.bw.d-(cotaﬂ) 8)

Where:
fyw = min(}ijw ; 500 MPa) is the yield stress of the stirrups;

fctk,inf =0.7- fct,m is the 5% fractile tensile strength of concrete;

fetm is the mean axial tensile strength of concrete defined for concretes with ]i <50 MPa as

2/3
Fum = 0.3 £,7%.

Model II considers the effects caused by diagonal cracking, which in practice reduce the inclination
of the concrete strut and, as consequence, the contribution from concrete. In this model, the Brazilian
code allows the angle of the strut to vary between 30° and 45°, thus the value of VR 1 shall be
calculated in accordance with Equation 10. In this case, the concrete contribution is taken as a func-
tion of the applied shear force (Vid), which is calculated by an iterative process. The contribution
from the stirrups ( Vmes) is calculated using Equation 11 and the maximum shear resistance ( VR max
1) shall be obtained using Equation 12.

Vies.1 = VR,(: ut Vesn 9)

VR,max /. Vsd

174 =V, — <V 10
R A 10)
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VRSU — Asw -0.9- d . fyw . (Cotg9 —+ COthé) . sin v (11)
’ ]
v, =0.54-]1 —f; b -d sin®0 t t 6
Rmax IT — Y : - 250 fc “0, sm-o - (CO o + co ) (12)

ACI 318 (2014)

The model recommended by ACI assumes a fixed angle for the concrete strut of 45°. The shear
resistance of members without transverse reinforcement is defined in Equation 13, where M and V

are the applied bending moment and shear force in the section. In this equation, 4/ fc shall not exceed
8.3 MPa.

VR,c:[0'16'\/?04_17’9;“/]‘4_.(1]5“,‘05 30'29'\/?0'%"1 (13)

In Equation 13, the term (V . d/ M ) can be replaced by d/a. Alternatively, the code assumes

that for the majority of design cases the term (pl Ved ) / M can be taken as 0,1- X - \/7(, , yielding

in the simpler version presented in Equation 14.

Vo = 017-\[f -b, -d (14)

For reinforced concrete elements with transverse reinforcement, the shear resistance (Vmes) is
calculated with Equation 15 and is defined by the sum of the contributions from concrete (Vr,) and
steel (Vrs), the last one obtained with Equation 16, where fyw is the yield stress of the stirrups,
limited to 420 MPa. The maximum shear resistance is calculated with Equation 17.

VR,cs = VR,C + VR,S (15)

d .
VR,s :[;]-Am-];w~(81na+cosa) (16)
VR,max = 0766 ’ \/70 ’ bw -d (17)

Flexural Capacity of Reinforced Concrete Members

Codes of practice like ABNT NBR 6118 (2014) or Eurocode 2 (2004) among others present recom-
mendations to calculate the flexural capacity of reinforced concrete members. In these cases, the
simplified theory proposed is based on the following assumptions: Bernoulli hypothesis of plane sec-
tions is valid; perfect compatibility of strains between concrete and steel; tensile resistance of concrete
shall be neglected in the ultimate limit state; the stress distribution in concrete can be assumed as a
parabola-rectangle diagram, which can be replaced by a constant rectangle, defined as presented in
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Figure 7. Considering the recommendations presented by ABNT NBR 6118 (2014), the flexural re-
sistance of reinforced concrete members can be calculated using Equations 18 to 20.

v
‘ & C Mefe s,
% 1 ’ an C
h d z
d-x
Kl Es T
V * bl‘/
| av
I
a) Side-view b) Cross-section c) Strains d) Stresses
Figure 7: Assumed strain and stresses distribution in the ultimate limit state.
Aef ’ f;e
C:T "' n'a(’("f;"bw.a:Agf.‘f;S '.‘ a/:—J (18)
- ) ( . 77 ’ a(i(f ’ f;i ’ b’w
1% _ Mﬂez
flex a (20)

v

Where:

7 is a constant, assumed as 1 in case the breadth of the cross-section, measured parallel to the neutral
axis does not decrease from this point to the more compressed edge, and 0.9 in case it does decrease;
Occ is assumed as 0.85 in design cases where fo < 50 MPa. In cases where long term effects of concrete
are neglected, like of short-time tests, it can be assumed as 0.95;

fe is the concrete compressive strength;

bw is the width of the cross section;

a is the depth of the concrete stress block;

Ast is the area of flexural reinforcement;

fvs is the yield stress of the flexural reinforcement;

av is the shear span.

3 EXPERIMENTAL PROGRAM

Eight tests on reinforced concrete wide beams were carried at Federal University of Para, Brazil. All
the specimens were 500 mm wide and 2,500 mm long and were submitted to four-point bending tests.
The thickness of the first three was 190 mm and all others were 210 mm thick.
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The thickness and the flexural reinforcement ratio adopted in the tested wide beams are repre-
sentative of the ranges observed in column strips in flat slab buildings. Also, all the specimens were
designed to fail by shear. The effectiveness of the unconnected "W" stirrups was evaluated through
comparison with results of tests on reference beams, which were cast without shear reinforcement,
and based on tests on wide beams with closed vertical stirrups. Vertical and inclined “W” stirrups
were tested. The main variable in these tests was the shear span (av). Tests were carried on short-
span (av/d = 2.0) wide-beams, where arching action is significant, and slender wide-beams (av/d >
2.0), where shear is transferred mainly by truss mechanisms. The other variable evaluated were the
ratio of flexural (p1) and shear (pw) reinforcement. The name of the specimens was defined considering
the code A — B — C, where:

e A: refers to the type of shear reinforcement, where R denotes the reference specimens without
shear reinforcement, C relates to specimens with closed vertical stirrups and W represents the
specimens with unconnected "w" stirrups;

e B: refers to the shear span to effective depth (av/d) ratio and can assume the values of 2 or 4;

o (: refers to the angle between the shear reinforcement and the longitudinal axle of the beam.
90 represents beams with vertical stirrups and 45 represent the beam with inclined stirrups.

Two wide beams without shear reinforcement (R-2 and R-4) were tested and served as reference
for those with closed stirrups (C-2-90 and C-4-90) and with the unconnected "w" stirrups (W-2-90a,
W-2-90b, W-4-90 and W-4-45). The shear span values were defined in order to check if the perfor-
mance of the unconnected “w” stirrups is influenced by the shear transfer mechanisms. Short-span
beams (av/d = 2) and slender beams (av/d = 4) were tested. Table 1 presents the main features of

these tests.

(2 3)
. . 1) Qv i fc of Ow o
Series Specimen h (mm) d (mm) (mm) av/d (MPa) (%) (%) )
R-2 158 2.1 1.71 - -
15 C-2-90 190 161 325 2.0 40 1.68 0.185 90
W-2-90a 162 2.0 1.67 90
0.1499 ————
W-2-90b 182 400 2.2 2.42 90
R-4 176 3.8 2.50 - -
ond C-4-90 210 178 i 3.8 33 2.47 0.139 90
W-4-90 182 3.7 2.42 90
= T — - 0111 ——
W-4-45 182 3.7 2.42 45

W the width by was 500 mm in all tests.
calculated as 4 ; /b . ¢ and with.

calculated as A, /bw .s-

Table 1: Characteristics of tested elements.

The concrete was made with Portland-composite cement with pozzolan addition, natural sand
and rolled pebble with a maximum diameter of 9.5 mm. The compressive strength of concrete was
determined by tests on 100 x 200 mm control cylinders tested at the same day of the wide beams in
accordance with ABNT NBR 5739 (2007). The wide beams and the control cylinders were cured with
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wet covering during seven days and after it, they were stored until the day of the tests at ambient
weather conditions.

Samples from the steel bars used as flexural and shear reinforcement were submitted to tensile
tests in accordance with the ABNT NBR, 6892 (2013). Specimens with the smallest shear span (av/d
~ 2) had 11 bars with diameter of 12.5 mm (fys = 515 MPa and eys = 2.69%0) as flexural reinforcement
(p1 = 1.70%). In the remaining specimens (av/d = 4) the flexural reinforcement was made with 7 bars
with 20.0 mm diameter (fys = 526 MPa and eys = 2.54%0), resulting in a flexural reinforcement ratio
o1~ 2.45 %.

In type C beams, groups of closed stirrups were combined in order to have six vertical legs in
each shear reinforcement layer. They were installed embracing the flexural rebars. The “w” stirrups
(type W beams) were joined in a prefabricated cage and were positioned between the upper and lower
flexural rebars. Each shear reinforcement layer was formed by two vertical legs and four 45° inclined
legs. The prefabricated cages were used in vertical (o« = 90°) and inclined (« = 45°) arrangements. In
both cases, the shear reinforcements were manufactured using 4.2 mm bars (fis = 679 MPa and eys =
4.67%0).

The load was applied at fixed stages, and between each loading step, short time intervals were
made in order to observe the cracking pattern and measure vertical displacements and strains on
concrete and on flexural and shear rebars. Figure 8 and Table 2 show details about the flexural and
shear reinforcement. Strain gauges were used to measure the compressive strains in the top surfaces
of the wide beams, placed in the middle of their span. In the case of the flexural and shear reinforce-
ment, strains were measured by pairs of strain gauges, installed at opposite ends of diameters of the
bars. Vertical displacements were measured by dial gauges placed in the middle of the beams span.
Figure 8 also presents details of the instrumentation used in tests. Figure 9 show photos of different
stages of the experimental program.
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Figure 8: Illustration of the testing system and of monitoring of strains and displacements.
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¢) Beam W-4-90 after failure b) Test setup

Figure 9: Photos of different stages of the experimental program.

Flexural Reinforcement Shear Reinforcement
Series Specimen of fys €ys e (]) As[ Bw fyw Eyw n (2) Asw S o
(mm) MPa %o (mm?)  (mm) MPa % (mm?)  (mm) ()
R-2 — — — — — — —
1% C-2-90 12.5 515  2.69 11 1,350 6 83
W-2-90a 4.2 679  4.67 3) 90 90
4.8 67
W-2-90b
R-4 — — — — — — —
gl C-4-90 20.0 526 2.54 7 2,199 6 83 90
W-4-90 4.2 679  4.67 3) 120
_ 4.8 67
W-4-45 45

1 - . .
® nt is the number of flexural bars in tensioned zone.

@ py is the number of legs of shear reinforcement.

) gy stirrups had 2 vertical legs and 4 legs inclined at 452 in the x-y plane. The value presented corresponds to the equivalent

number of vertical legs for wide beams with “W” stirrups.

Table 2: Characteristics of flexural and shear reinforcement.

4 RESULTS

The crack morphology and progression was similar, regardless of the shear reinforcement type. All
tests failed due to shear and Figure 10 presents the cracking pattern after failure. In early load stages,
initial pure flexural cracks occurred and they spread towards the shear span as the load was increased.
For short-span beams, the arching action was clearly observed once that the critical shear crack
emerged and developed stably in an intermediate loading stage (0.5 to 0.6 of V). In slender beams
with unconnected stirrups, after failure, horizontal cracks were observed, what can be an indicative

of delamination.
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The load-deflection response was monitored as shown in Figure 7c and was affected by the type
of shear reinforcement. Wide beams with “W” stirrups had a stiffer response. This may result from
the fact that additional longitudinal bars are used to assist in the anchoring of the “W” stirrups, which
even without appropriate detailing can contribute in the flexural response. Figure 11 presents the
flexural response of the tested specimens.

In the first three tests (R2, C-2-90 and W-2-90a), only the flexural bar in the middle of the cross
section was monitored. In all others, the strains in the bars in the middle and in the corner of the
cross section were measured and, in such cases, results shown in Figure 12a represent average values.
For short span beams, the flexural rebars of all but the reference beam (R-2) yielded. The highest
flexural reinforcement ratio used in the slender beams resulted in shear failures without yielding of
the bending rebars.

The flexural response of the beams, measured in terms of strains in the flexural bars, was similar
in all tests, regardless of the type of shear reinforcement. However, the strains in the concrete surface
were different after cracking for beams with closed stirrups and for those with unconnected “W”
stirrups, as show in Figure 12b. As previous mentioned, those with “W” stirrups seem to have a stiffer
response. In the case of W-2-90b the highest flexural reinforcement ratio can explain the stiffer re-
sponse, but this was also observed for the other three beams with unconnected stirrups. This may be
a consequence of the contribution of the extra longitudinal bars used to improve the anchorage of the

“W” stirrups.

R2 77%; 77777 } R4

C-2-90 R 4 C-4-90
2 e .

"
0] o
W-2-90a — 33;? 0 W-4-90
19, | ‘
by

W-2-90b P %\ ¢ } W-4-45

Figure 10: Cracking pattern after failure.
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Figure 11: Flexural response of tested specimens.
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Figure 12: Strains on flexural steel and on concrete surface.

Figure 13 presents results of tensile strains measured in the shear reinforcement of the tested wide
beams. Results from tests on wide beams C-4-90 and W-4-45 were selected to illustrate the behaviour
observed in tests. The deformations were measured at short-time intervals during loading stages and
were stopped just before the failure of specimens. In general, the stirrups respond only after being
crossed by shear cracks. At failure, the behaviour and the strain values measured were similar for
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wide beams with both closed and unconnected stirrups. For almost all cases, the maximum strains
measured in the shear reinforcement were below the yield strain as shown in Figure 12a. The exception
was the wide beam W-4-45, with inclined unconnected “W” stirrups, in which the strains in the inner
legs were above the yield strain.

200 Ewl i 200 Ewl
— -——- : = ----Ew

175 | B - - Ew2 175 g - - Ew2
150 | 2 o 150 | < o
125 = 125 |, =
100 100 /

75 75 a2

w 1-3
50 50 ® [ ] o ® ®
N N
25 , , =i 25 Y
0 - @i g (%) 0 @ g (%o)
0 1 2 3 4 S 6 0 1 2 3 4 5 6
C-4-90 W-4-45

Figure 13: Strains on the shear reinforcement.

Table 3 presents the ultimate shear force (Viest) and bending moment (Miest) measured on tests.
It also compares the experimental results with the theoretical resistance predicted using: Models I
and II from the Brazilian code NBR 6118 ( Vxpr.1 and VNBr-11); the American design code ACI 318
(Vacr); and the European design code ( Vicz2). It also presents results of a modified version from Model
IT of NBR 6118 ( VNBR-11*) done to take into account for the arching action. The Brazilian code presents
provisions for this in cases where av / d < 2.0. In this proposal, this limit was increased to 2.5,
calculated as shown in Equation 21.

Vsr—i+ = Vgr-n - (2'5 : d/%) (21)

All specimens showed higher shear resistance than the values theoretically predicted by codes.
For short-span beams, the unconnected “W” stirrups had great efficiency, providing resistance incre-
ments of up to 83% if compared to the reference beam. These results are noteworthy, since that, even
with four in-plane inclined legs, their performance was greater than the one from closed vertical
stirrups.

For slender beams, the performance of the unconnected stirrups decreased. The absence of the
favourable arching action observed in the short-span tests demanded more contribution from the
shear reinforcement and the worst anchorage conditions limited the resistance gains. The wide beams
W-4-90 and W-4-45 registered resistance increments of 44% and 54%, respectively, if compared to R-
4, against an increment of up to 64% in specimen C-4-90. Nevertheless, if it is considered that the
wide beams with unconnected “W” stirrups had shear reinforcement ratio 20% smaller than those
with closed vertical stirrups, these results are also encouraging.
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Speci- d a (IV{CP or ow Viest:  Mtest  Vilex  Viest / ‘3;;{{ ‘3;;{{ Viest /| Viest /
men  (mm) (mm) ) (%) (%) kKN kN.m kN  VNBRI 4 = ® Vact  Vice
R-2 158 1.71 - 166.7 54.2 298.8 1.43 1.43 1.18 1.96 1.43
C-2-90 161 325 40 1.68 0.185 280.7 91.2 3053 1.51 1.32 1.07 1.88 1.53
W-2-90a 162 1.67 0.149 304.0 98.8 3074 1.75 1.56 1.25 2.21 2.06
W-2-90b 182 400 2.42 301.6 120.7 419.9 1.68 1.49 1.31 2.07 1.66
R-4 176 2.50 - 129.9 87.0 2403 1.14 1.14 1.14 1.51 1.01
C-4-90 178 33 247 0.139 2128 142.6 2438 1.24 1.10 1.10 1.53 1.13
W-4-90 182 670 2.42  0.111 186.7 125.1 250.7 1.14 1.03 1.03 1.42 1.20
W-4-45 182 2.42  0.158 200.5 134.3 250.7 1.10 1.02 1.02 1.34 1.30
Mean 1.37 1.26 1.14 1.74 1.42

Cov 188% 17.2% 9.2% 18.9% 23.6%

Table 3: Test results and comparisons with design standards

Figure 14 illustrates the comparisons between the theoretical previsions and the experimental
results. It shall be highlighted that no unsafe estimates were observed, indicating that the current
code provisions could be used to design concrete members with unconnected “W” stirrups. From all
the evaluated provisions, Eurocode 2 had the worst performance, showing the highest coefficient of
variation (=30%) and underestimating significantly the shear resistance of the wide beams with stir-
rups once it ignores the contribution from concrete in such cases. ACI’s predictions were also over
conservative as shown in Table 3 and Figure 14. Model II from the Brazilian code showed the best
performance in terms of the evaluated code provisions.

Considering only these test results, a better correlation between the experimental results and the
theoretical predictions from Model II of the Brazilian code could be achieved if the range to consider
the positive contribution of the arch effect was extended to shear span to effective depth ratios of
av/d < 2.5. Tt would be necessary to analyse a wider sample space to actually evaluate the adequacy
of this change.
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Figure 14: Comparison between experimental and theoretical results.
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5 CONCLUSIONS

This paper reviewed technical and constructive aspects of the use of shear reinforcement in slab-
column connections. A new type of shear reinforcement was presented, which has the potential to be
an advantageous constructive solution if compared to the shear reinforcement currently used in prac-
tice. To evaluate the mechanical efficiency of this new shear reinforcement system, a series of eight
experimental tests was carried in reinforced concrete wide beams, idealized to represent the column
strips in flat slab buildings.

In general, both the response and shear resistance of the structural elements with unconnected
“W” stirrups were similar to those elements with vertical closed stirrups. Increments of shear resistance
of up to 84% were achieved with the use of the “W” stirrups, indicating that they consist of a shear
reinforcement system with high potential for use in slab-column connections.

The experimental results were compared with the theoretical predictions obtained using the rec-
ommendations presented by the Brazilian, American and European design standards. No unsafe shear
resistance previsions were obtained, indicating that the current recommendations could be used for
the design of reinforced concrete members with unconnected “W” stirrups as shear reinforcement.

Although a greater number of tests is necessary to improve their performance and to guarantee
their efficiency as shear reinforcement for flat slabs, the results already available and presented in this
paper are noteworthy and shall encourage more research efforts.
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