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Performance of Punching Shear Reinforcement under
Gravity Loading: Influence of Type and Detailing

by Jirgen Einpaul, Fabio Brantschen, Miguel Fernandez Ruiz, and Aurelio Muttoni

The performance of 11 different shear reinforcement systems
against punching of inner slab-column connections under gravity
loading was compared on the basis of experiments on 12 full-scale
specimens, eight of them newly reported. The slab geometry and
fexural reinforcement ratio (1.5) were kept constant. The shear
reinforcement systems included different layouts of double-headed
studs, individual links, bent-up bars, and bonded post-installed
reinforcement. All the systems were found to increase both the
strength and the deformation capacity of the members but exhib-
ited varying performances. The factors influencing the maximum
punching strength of different systems, such as the layout and the
anchorage conditions of the transverse reinforcement units, are
described and analyzed. The mechanical model of the Critical
Shear Crack Theory is used to explain the observed differences
and provide design guidance. Comparisons to the codes of practice
(ACI 318, Eurocode 2, and Model Code 2010) are also presented.

Keywords: critical shear crack theory; interior slab-column connections;
punching shear; shear reinforcement.

INTRODUCTION

Punching failures around columns often govern the design
at the ultimate limit state of flat plates and footings. The
ways to enhance the punching capacity under gravity loads
include enlarging the supported area or slab thickness (for
instance, adding column capitals or drop panels), increasing
the concrete strength (or using fiber-reinforced materials),
or using shear reinforcement.'> The first methods are not
always feasible due to practical or architectural consider-
ations, and using high-performance materials in the whole
slab may not be economically justified; thus, shear reinforce-
ment has been established as a common solution that allows
constructing slender slabs by avoiding local punching prob-
lems. Post-installed shear reinforcement can also be used to
strengthen existing slabs with insufficient punching shear
capacity. Several different shear reinforcement systems are
currently used, including bent-up bars, single- or multi-
ple-leg stirrups, double-headed studs, and other kind of pre-
or post-installed reinforcing bars, vertical or inclined (Fig. 1).
The performances of these systems, especially the maximum
punching strength in the case of large amounts of shear rein-
forcement, have been reported quite different depending on
the anchorage properties and detailing of the shear units.?
Some codes of practice acknowledge these differences (such
as ACI 318-14° and Model Code 2010%), whereas others
(Eurocode 2°) do not explicitly account for them.

The crucial issue in designing and assembling shear
reinforcement is finding a compromise between efficient
anchorage and the ease of installation of the transverse
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Fig. I—FExamples of punching reinforcement systems.

reinforcement units. A considerable amount of research
has been performed in the field and several shear rein-
forcement systems have been experimentally investigated.
Other-than-conventional solutions composed of vertical
stirrups or headed studs, unusual systems, such as stirrups
that do not embrace main reinforcement,®® combinations of
continuous stirrups and bent-up bars,”!? inclined stirrups,'!
as well as offcuts of steel I-sections'? have been studied.
Also, the influence of placing the shear reinforcement in a
cruciform or a radial pattern'>!'% and the efficiency of post-
installed shear reinforcement!>!7 have been studied. The tests
have shown that all types of shear reinforcement improve the
punching capacity, but, on the basis of available experimental
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Fig. 2—Punching failure modes of flat slabs.

data, it is difficult to compare the efficiency of different systems
because of the different parameters (slab thickness and
span, column size, flexural reinforcement, load introduction
system) used in the tests. In addition, many of the tests have
been performed on thin slabs and therefore cannot be consid-
ered representative of real structures. This paper presents an
experimental campaign on full-scale slab specimens equipped
with different types of shear reinforcement, whereas all the
other parameters are kept similar or constant. The results are
discussed and analyzed on the basis of the mechanical model
of the Critical Shear Crack Theory (CSCT).!

The CSCT states that the punching shear strength of slabs
without shear reinforcement is a function of the opening of
critical crack w, which is assumed to be proportional to the
product of slab rotation y and effective depth of the slab d
(Fig. 2(a); refer to Appendix A" for design formulas). The
reduction of the shear strength with increasing slab defor-
mation is justified by the presence of wider cracks that
weaken the diagonal shear-carrying strut around the column.
Considering the slab rotation as the governing parameter
allows directly accounting for the reduced strength of more
slender slabs that show larger deformations for the same
level of applied shear force.'® The CSCT failure criterion
also directly accounts for the size effect (reduced unitary
shear strength for thicker slabs).!

The CSCT was extended by Fernandez Ruiz and Muttoni'’
to be applicable on slabs with shear reinforcement. Different
failure modes that may occur in such slabs are summarized
in Fig. 2(b) to (e). Placing shear reinforcement that intersects
the critical crack allows for carrying part of the shear force
with transverse reinforcement. The total punching capacity
Vx can thus be found by summing the concrete contribution
(V. in Fig. 2(b)—note that it decreases with increasing slab
rotation) and the forces in shear reinforcement units. These
latter forces depend on the strains in the transverse rein-

“The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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forcement units, which increase for increasing slab rotation
due to larger openings of the critical shear crack that these
elements intersect (Fig. 2(b)). The steel contribution is also
limited by the yield strength of shear reinforcement, as well
as anchorage conditions of transverse reinforcement units
for some reinforcing systems.'® The failure occurs when the
slab rotation reaches a critical value (W ,inin) With a sudden
loss of concrete capacity and subsequent anchorage failure of
transverse reinforcement units or steel rupture. This failure
mode is referred to as failure within the shear reinforced area
and it is usually governing for low or moderate amounts of
shear reinforcement.

In slender slabs, if a large amount of shear reinforcement
is provided, punching may also occur before shear rein-
forcement reaches yielding due to a failure of the diagonal
compression struts developing between the edge of the
supported area and the top anchorage zones of the shear
reinforcement units (Fig. 2(c)).>!* According to the CSCT!
(and the punching provisions of Model Code 2010* that are
based on this model), the punching capacity in this failure
mode is influenced by the same parameters as for punching
without shear reinforcement. This is justified because both
failure modes are governed by the capacity of concrete to
carry shear forces (that is, governed by its cracking state).
It should be noted that the maximum punching capacity
is assumed to be independent of the amount of shear rein-
forcement (no strength increase above a certain amount
of provided shear reinforcement). However, positioning,
detailing, and anchorage properties of shear reinforcement
units influence the capacity by controlling the locations and
transverse strains of the concrete struts. This is accounted for
in the CSCT by multiplying the concrete contribution failure
criterion (Vg ) with factor k&, (Fig. 2(c)) that depends on the
performance of the shear reinforcement system. The value of
ks should be determined by specific testing for each system.

If a relatively large amount of shear reinforcement is
provided in a rather small area, punching failures may also
occur outside of the shear-reinforced zone (Fig. 2(d)). In this
case, that zone can be considered a supported area with a

ACI Structural Journal/July-August 2016



Table 1—Main parameters of test specimens

Slab d, mm (in.) fo» MPa (psi) Piexs Y0 P % J» MPa (ksi) Shear reinforcement
PV1 210 (8.3) 34.0 (4930) 1.50 — 709 (103) —
PS2 200 (7.9) 35.2(5100) 1.57 1.03 583 (84.5) Fig. 5(f)
PF2? 208 (8.2) 30.4 (4410) 1.50 0.79 583 (84.5) Fig. 5(d)
PB3 205 (8.1) 35.9 (5200) 1.53 0.79 576 (83.5) Fig. 5(b)
PR1 210 (8.3) 31.0 (4500) 1.50 0.63 515(74.7) Fig. 5(e)
PL7? 197 (7.8) 35.9 (5200) 1.59 0.93 583 (84.5) Fig. 5(e)
PB2 197 (7.8) 34.9 (5060) 1.53 0.79 590 (85.6) Fig. 5(c)
PE1 200 (7.9) 36.0 (5220) 1.57 0.73 590 (85.6) Fig. 5(e)
PV15Y7 210 (8.3) 36.8 (5340) 1.50 0.95 527 (76.4) Fig. 5(j)
PA31 211 (8.3) 28.1 (4070) 1.49 1.03 576 (83.5) Fig. 5(i)
PM1 200 (7.9) 28.4 (4120) 1.57 1.48 515 (74.7) Fig. 5(g)
PT42 200 (7.9) 51.7 (7500) 1.57 0.19 551(79.9) Fig. 5(h)

Note: Shear reinforcement ratio for radial and cruciform layout is defined as p, = 4,/[bg,.a - max(so + 51/2; 51)], where X4, is the total cross-section area of shear reinforcement units
in the innermost perimeter; by, is defined in Fig. 8; and s, and s, are defined in Fig. 6.

control perimeter outside of the last perimeter of transverse
reinforcement units.

Design for punching shear should be performed by consid-
ering all the above-mentioned failure modes. Failure within
the shear-reinforced area governs for selecting the amount
of shear reinforcement (the diameter and the number of rein-
forcement units on a perimeter), and failure outside of the
shear reinforced area dictates the required number of perim-
eters. Failure of the concrete struts (the maximum punching
shear strength) limits the maximum achievable punching
strength for each system. This failure mode (and its associ-
ated factor ki) is thus instrumental to determine the appli-
cability of a given system to a particular case. Therefore, this
failure mode was targeted in the design of the test specimens
of the present campaign.

The predicted influence of the amount of shear reinforce-
ment on the punching strength of a flat plate is shown in Fig.
3. According to the provisions of Model Code 2010,* three
regimes depending on the shear reinforcement ratio can be
distinguished corresponding to failures within the shear-re-
inforced area without full activation of shear reinforcement,
failures within the shear-reinforced area with full yielding of
shear reinforcement (Fig. 2(b)), and the maximum punching
capacity (Fig. 2(c)). The normalized punching shear capacity
depends on the type of shear reinforcement only in the case
of reaching the maximum strength for a given system (stir-
rups or studs in Fig. 3). Also, in ACI 318, the type of shear
reinforcement has an influence on the maximum achievable
punching strength (stirrup and stud shear reinforcement as
well as structural steel shearheads are distinguished).

RESEARCH SIGNIFICANCE

This paper presents new experimental evidence of the
performances of different shear reinforcement systems. The
full-size test specimens were provided with high amounts
of flexural and transverse reinforcement to avoid flexural
failures and to achieve the maximum possible strength and
deformation capacity of each system. The results are easily
comparable as the other properties of the specimens were

ACI Structural Journal/July-August 2016

kept constant. The experiments provide clear evidence that
the punching performance and strength of flat plates depends
significantly on the type of shear reinforcement. This can be
explained by the differences in detailing and properties of
the transverse reinforcement units.

EXPERIMENTAL PROGRAM

The experimental program included testing of eight new
punching specimens equipped with different types of shear
reinforcement. All slabs had identical geometries and flex-
ural reinforcement as well as similar material properties
(common European reinforcing steel and normal-strength
concrete). The thickness and slenderness ratios of the spec-
imens were selected to model typical slab-column connec-
tions in buildings. Four specimens with similar properties
from previous test campaigns of the authors are also included
in the comparison.

Parameters

The main parameters of the tested slabs are presented in
Table 1. All the slabs were square with a thickness of 250 mm
(9.8 in.) and a side length of 3 m (9.8 ft). The size of the square
support region was 260 mm (10.2 in.). Concrete cylinder
strength (measured on 160 x 320 mm [6.3 x 12.6 in.] samples)
was kept between 28.1 and 36.8 MPa (4070 and 5340 psi) for
all slabs except PT42 (where 51.7 MPa [7000 psi] concrete
was used). The maximum size of the aggregate (mainly
limestone alluvial gravel) was d, = 16 mm (5/8 in.) for all
slabs. The nominal flexural reinforcement ratio for the inves-
tigated slabs was 1.50 with 20 mm (0.79 in.) reinforcing
bars with a spacing of 100 mm (3.9 in.). The measured effec-
tive depths varied from 197 to 211 mm (7.8 to 8.3 in.) (refer
to Table 1 for details). The yield strength of the tensile rein-
forcing steel (between 515 and 709 MPa [74.7 and 103 ksi])
was determined experimentally for all specimens. Compres-
sion reinforcement consisted of ¢10 mm (0.39 in.) bars
with spacing equal to that of the tension reinforcement. The
nominal concrete cover both on the top and on the bottom
face of the slabs was 20 mm (0.8 in.).

829
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Fig. 3—Influence of amount of shear reinforcement on
punching strength (parameters: slab span 7.3 m [24 ft.]; d =
210 mm [8.3 in.]; column size 260 x 260 mm [10.2 in.]; pgex
=1.5%, 1, =550 MPa [80 ksi]; f,, = 450 MPa [65 ksi]; {. =
35 MPa [5080 psi]; dg = 16 mm [5/8 in.]).
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Fig. 4—Overview of test program.

Eleven specimens (eight slabs tested within the present
research and three previously published specimens) were
equipped with different types of shear reinforcement. The
investigation focused on comparing the maximum perfor-
mance of reinforcement systems with different anchorage
conditions, inclinations and layouts of the shear units, and
extents of the shear-reinforced area. An overview of the
campaign is shown in Fig. 4. Specimen PV1'7 (Fig. 5(a))
was a reference slab with no shear reinforcement. In the
series of slabs with vertical shear reinforcement:

1. PB3 was reinforced with individual hooked links
(Fig. 5(b));

2.InPB2,theanchorage oftheindividual links was enhanced
by enclosing the end hooks in blocks of ultra-high-perfor-
mance fiber-reinforced concrete (UHPFRC)? (compressive
strength 150 MPa [21,800 psi], tensile strength 10 MPa
[1450 psi], and 3% fiber content [¢0.16 mm (0.006 in.); fiber
slenderness ratio 80)] (Fig. 5(c));
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Fig. 5—Details of shear reinforcement. (Note: dimensions in
mm; 1 mm = 0.039 in.)

3. PF2 was reinforced with continuous cages of stirrups
(Fig. 5(d));

4. PL7 was reinforced with double-headed studs with
deformed shafts, and PR1 with studs with smooth shafts
(Fig. 5(e)); and

5. PS2 had post-installed shear reinforcement—vertical
screws were screwed into pre-drilled holes that were filled
with two-component epoxy adhesive (Fig. 5(f)).

ACI Structural Journal/July-August 2016



Table 2—Layout, diameter, and spacing of shear reinforcement units

Slab Layout” @,, mm (in.) Sy MPa (ksi) S0, mm (in.) s1, mm (in.) Sy, mm (in.) Miang Nyad
PVI1 — — — — — — — —
PS2 R 19 (0.75) 1080 (157) 80 (3.2) 100 (3.9) 150 (5.9) 8 7
PRI R 14 (0.55) 580 (84.1) 120 (4.7) 105 (4.1) 105 (4.1) 12 5
PL7 R 14 (0.55) 550 (80.0) 80 (3.2) 160 (6.3) 160 (6.3) 16 7
PE1 C 16 (0.63) 500 (72.5) 80 (3.2) 105 (4.1) 105 (4.1) 8 9
PVI15 R 16 (0.63) 547 (79.3) 75 (3.0) 150 (5.9) 150 (5.9) 12 6
PA3I R 14 (0.55) 388 (56.3) 50 (2.0) 105 (4.1) 105 (4.1) 12 5
PM1 R 14 (0.55) 547 (79.3) 76 (3.0) 100 (3.9) 100 (3.9) 212 2
PT42 C 14 (0.55) 526 (76.3) 192 (7.6) — — 12 1
Slab Layout @,, mm (in.) Sy MPa (ksi) Sy, mm (in.) sy, mm (in.) ny n,
PB3 U 10 (0.39) 560 (81.2) 100 (3.94) 100 (3.94) 24 24
PB2 U 10 (0.39) 533 (77.3) 100 (3.94) 100 (3.94) 20 20
PF2 U 10 (0.39) 536 (77.7) 100 (3.94) 100 (3.94) 24 24
"R is radial; C is cruciform; and U is uniform (refer to Fig. 6).
(b) g 2. PT42 was reinforced with traditional bent-up bars on
TG Mg one perimeter (Fig. 5(h));
5 0 3. PA31 was reinforced with inclined studs (Fig. 5(1)),
o o otherwise similar to PL7; and
° o 4. PV15 had post-installed inclined deformed bars with
SHSE S e i' - '; S Ss e threaded ends that were fixed into drilled holes with epoxy
e s s ol—"J e e e adhesive and anchored in the bottom end with a spherical
s sli sa:b . washer and a nut (Fig. 5(j)) (more details can be found in
I . Fernandez Ruiz et al."”).
L e The third varied parameter was the layout of the trans-
° verse bars (the different layout patterns of the shear rein-
forcement units [radial, cruciform, and uniform]) and are
© @ C e
4y shown in Fig. 6:
LA L L 1. Specimens PS2, PR1, PL7, PV15, PA31, and PM1 had
syI' R | ., ] radial arrangement of the shear reinforcement (Fig. 6(a))
: : : : : : : : : : /J ! according to European practice;
L s b o 3o 6 o d ! : [ 2. PEl was reinforced with double-headed studs
e o o o !_. .J' o o o o Syl o arranged in a cruciform pattern according to American
e e 0 0 0 00 0 0 0 practice (Fig. 6(b)); and
e e 060060060 00 3. In Specimens PB3, PB2, and PF2, the shear reinforce-
© o 0 0 00 00 0o ment units were distributed uniformly (Fig. 6(c)).
: R e i .j The number of the transverse units and their spacing
M are presented in Table 2. The amount of shear reinforce-

Fig. 6—Layout and parameters of shear reinforcement:
(a) radial placement; (b) cruciform placement; (c) uniform
placement; and (d) definition of bar spacing for inclined
shear reinforcement.

The second series had inclined shear reinforcement.
Inclined reinforcement units intersect the diagonal shear
cracks at steeper angles and are thus able to control the crack
openings more efficiently.!” Such reinforcement has also an
increased anchorage length.

1. PM1 was reinforced with radially arranged non-
continuous bent-up bars (Fig. 5(g)), with double the number
of bars in the first perimeter than in the second;

ACI Structural Journal/July-August 2016

ment was selected to achieve the highest possible perfor-
mance of a given system and reach to the failure of the
concrete struts (maximum punching capacity in Fig. 3).
Detailing of most reinforcement systems complied with
the recommendations of the codes of practice,>* except
for the post-installed reinforcement and the location of
the first stud perimeter in Specimen PR1.

Test setup

Load was applied on specimens at eight points located
120 mm (4.7 in.) from the slab edge by tension rods passing
through cylindrical holes (Fig. 7). Each two rods on one side
of the slab were connected to a spreader element that was
pulled downwards by a hydraulic jack under the strong labo-
ratory floor. The oil pressure in the jacks was increased by

831



Table 3—Main results of tests

Slab Vr, kKN (kip) Vg, mrad (mean) Failure mode Omd =N Je Osqr™N e ks e
PV1 974 (219) 7.6 — 0.468 5.63 — —

PS2 1383 (311) 13.6 Within/max 0.699 8.41 (2.02) (1.42)
PF2 1567 (352) 15.0 Maximum 0.807 9.72 2.58 1.62
PB3 1697 (382) 16.8 Maximum 0.820 9.87 2.90 1.68
PR1 1654 (372) 25.5 Maximum 0.832 10.01 2.99 1.68
PL7 1773 (399) 27.6 Maximum 0.905 10.90 3.62 1.85

PB2 1803 (405) 25.1 Maximum 0.934 11.25 3.82 1.89
PEL 1857 (417) 27.4 Maximum 0.928 11.17 3.84 1.89
PV15 1609 (362) 24.4 Maximum 0.743 8.95 2.60 1.54
PA31 1960 (441) 211 Outside 1.029 1239 4.52) | (2.04)
PM1 1294 (291) 10.9 Outside 0.728 8.77 (2.12) (1.43)
PT42 1283 (289) 113 Outside 0.535 6.44 (1.40) | (1.16)

"Reference 4.

fReference 5.

Note: In case of slabs where maximum punching capacity was not attained, ki, and k., values are given in parentheses. Higher values could potentially have been reached if other

failure modes had been avoided.

floor

Hydraulic jack
Load cell

Fig. 7—Test setup.

manual pumping until failure so that the equal force in all four
jacks increased with a constant rate of approximately 25 kN/
min (5.6 kip/min). More information about the test setup can
be found elsewhere.? A different setup was used for Specimens
PV1 and PV15, where the load was applied with one jack in
the center and the slab was fixed to a supporting system at
eight points close to the edge (a full description is given in
Fernandez Ruiz et al.'”). The punching force was measured
with a load cell either on the support column or as a sum of
forces measured with load cells between the hydraulic jacks
and strong floor. The self-weight of the slab and the loading
system was later added to the measured force.

Rotations of the slabs were measured with four incli-
nometers placed on the top face of the slab on main axes
100 or 120 mm (3.9 to 4.7 in.) from the slab edge. After the
tests, the slabs were saw-cut along the weak axis (parallel to
the third layer of reinforcement) and the cracking patterns

832

on the cut surfaces as well as on the top faces of the slab
were recorded.

Main results

The failure of all specimens with shear reinforcement
occurred either in the vicinity of the edge of the column
plate (in all the cases with steeper failure cones than in the
reference slab without shear reinforcement) or outside the
furthermost perimeter of shear reinforcement units. The
punching loads, slab rotations at failure, and the failure
modes (according to the regimes introduced in Fig. 2) are
presented in Table 3.

Figure 8(a) compares the load-rotation curves of the slabs
where the failure occurred close to the column plate. The
load is presented as a nominal shear stress on a control
perimeter located at distance d/2 from the column face in
accordance to the provisions of Model Code 2010* (the U.S
customary units’ axes show the stress on a control perim-
eter with square corners as defined in ACI 3183; refer to the
inserts in Fig. 8(a)). The curves have similar slopes, indi-
cating that flexural stiffnesses of specimens were almost not
influenced by the amounts and types of shear reinforcement.
All specimens with shear reinforcement had clearly higher
strengths and deformation capacities than a control specimen
without shear reinforcement. However, the levels of load
and rotation at the punching failure differed significantly,
indicating varying efficiencies of the systems. It can also be
observed that shear reinforcement ratio p; alone (Table 1) is
insufficient to describe the punching capacity of the slab. As
an example, the capacity of slab PB3 with individual links
was clearly lower than that of PB2, where the links were
anchored in blocks of UHPFRC, even though the shear rein-
forcement ratios and layouts of the reinforcement units were
identical. This suggests that for sufficiently large amounts
of shear reinforcement, the type of shear reinforcement (and

ACI Structural Journal/July-August 2016
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Fig. —Comparison of test results for slabs with different shear reinforcement systems: (a) load-rotation curves, and (b) normal-

ized failure loads.

particularly its anchorage) governs the performance of a
slab-column connection.

Figure 8(b) shows a comparison of the achieved punching
strengths. Specimen PA31 with inclined double-headed
studs, that failed outside of the shear-reinforced area but
still showed the highest performance, is also added. Flexural
strengths of specimens are shown for comparison purposes,
calculated with the yield line method where the governing
failure mechanism consists of a pair of parallel straight
yield lines along the edges of the column in the direction
of the outermost layer of reinforcement.?! Different flex-
ural strengths of specimens arise from differences in yield
strengths of rebars and some variations in the effective depths
(measured after saw-cutting the slabs). Although the failures
of some specimens took place close to their flexural limits
(the load-rotation curves in Fig. 8(a) develop almost hori-
zontally), their deformation capacities were clearly smaller
than the rotation capacities associated with pure flexural fail-
ures. Therefore, such failures should still be treated as brittle
punching failures, as will be discussed afterwards.

On the basis of these results, it can be observed that shear
reinforcement systems with better anchorage conditions of
the transverse reinforcement units (double-headed studs or
UHPFRC blocks) show better performance (higher failure
loads and larger deformation capacities) than the ones with
poorer anchorage conditions (post-installed systems). Systems
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with inclined shear reinforcement also showed enhanced
performance compared to similar systems with vertical shear
reinforcement, as can be seen by comparing the two systems
with post-installed reinforcement (PS2 and PV15) or the two
slabs reinforced using double-headed studs (PL7 and PA31).
As seen on the saw-cuts (Fig. 9(a)), the slabs (especially
the ones that underwent large rotations before failure) were
heavily cracked in bending around the column. This confirms
that punching is a combined phenomenon of bending and
shear (as noted, among others, by Gardner and Shao??). That
said, all failures occurred as a separation of a central cone
by an inclined cracking zone, with a sudden drop of force to
only approximately 30% of the maximum load and a pene-
tration of the column plate into the slab (the post-punching
residual capacity? was not investigated further in the present
research). Immediately before failure, yielding of the shear
reinforcement could be measured? in some units, but tensile
ruptures of transverse bars were not observed in any of the
specimens. The angle of the separated cone was lower for
the slab without shear reinforcement (PV1) and for the slabs
that failed outside of the shear reinforced area (PA31, PMI1,
and PT42) than for the slabs where the failure occurred in
the shear-reinforced area (the rest of the slabs). For well-an-
chored shear reinforcement (like PL7), the failure surface
was very steep and the concrete close to the column was
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834

extensively crushed, whereas the concrete around the cracks
of lower inclination was less damaged.

The cracking pattern of the slab with cruciform stud layout
(PE1) was different from the cracking patterns of slabs with
radial stud layouts. According to American practice (ACI
318%), the rows of studs were aligned with the corners of the
support column so that the tangential spacing between the
studs was approximately 260 mm (10.2 in.). As the speci-
mens were cut along the axes, the failure crack seemed to
have a relatively low inclination and crossed several shear
studs. Closer examination revealed however that the inclina-
tion of the crack steepened closer to the studs and the crack
did not cross shear reinforcement (Fig. 9(b)). However,
for the column size and slab thickness used in the present
campaign, this phenomenon did not seem to significantly
affect the performance of the slab, as is shown by the similar
failure loads and rotations of slabs PEl and PL7. A similar
observation has also been made by Birkle and Dilger.'

Failure outside the shear-reinforced area (Specimens
PA31, PM1, and PT42) occurred as a separation of the shear
reinforced zone by an inclined crack similar to the one in
the slabs without shear reinforcement. The separation crack
started from the lower end of the transverse reinforcement
and not from the slab soffit.

INTERPRETATION OF TEST RESULTS
Failure outside shear-reinforced area

Failure outside of the shear-reinforced area occurs when
the extent of such area is not sufficiently large. In this case,
the resistance can be verified by checking the nominal stress
on a critical perimeter located outside of the shear rein-
forced zone. In Model Code 2010, this perimeter is defined
at a distance d,/2 from the last shear reinforcement unit. The
reduced effective depth d, takes into account that the diag-
onal strut in the part of the slab without shear reinforcement
has to be supported on the shear reinforcement.'® As the effi-
ciency of the anchorage of these units may differ, different
effective depths have to be defined for different systems
(Fig. 10(a) to (d)). The length of the control perimeter is also
limited in most design codes. For instance, if the distance
between the bars on the outer perimeter is >3d, only the parts
of the control perimeter that are closer than 1.5d to a trans-
verse bar can be considered (Fig. 10(e) and (f)) according to
Model Code 2010. In Eurocode 2,° the maximum allowed
distance is 4d, whereas in ACI 318,3 no limit is defined.

The failure cracks observed in the saw-cuts of Slabs PA31,
PMI1, and PT42 confirm that the cracks originate from the
lower ends of the shear reinforcement units. The reduction
of the effective depth to d, is therefore justified. In Euro-
code 2.’ the control perimeter for failure outside is located at
1.5d from the last shear reinforcement perimeter that is closer
than that of slabs without shear reinforcement, adopted at 2d
from the edge of the column. In ACI 318,* the perimeter for
punching outside is defined at 0.5d and no reduction of the
effective depth is considered.

In practice, the failure mode outside of the shear-rein-
forced area is often governing for the systems where it is
difficult to increase the number of perimeters of transverse
units, as in the case of bent-up bars, where increasing the
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number of bars creates reinforcement congestion inside the
column perimeter. This failure mode also often governs when
slabs with studs arranged in a cruciform layout (following a
common American practice and the rules of ACI 318%) are
verified against the provisions of Eurocode 2° or Model
Code 2010.* Figure 11 shows experimental to predicted
punching strength ratios for slabs where the specimens had
cruciform shear reinforcement layout and were reported
as failing outside of the shear-reinforced area (PT42 and
other similar tests gathered from the literature!'!-'4247), The
predictions are plotted as a function of the distance from the
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Fig. 10—Control perimeter and effective depth in case of
failure outside shear reinforced area: (a) equivalent larger
diameter column, (b) studs, (c) stirrups, (d) bent-up bars,
(e) cruciform placement,; and (f) radial placement.

edge of the column to the farthest transverse bar. It can be
seen that the predictions of ACI 318 follow a clear trend
with decreasing level of safety for larger shear-reinforced
areas due to the increasing length of the parts of the of the
outside control perimeter that are subtracted in other codes
(Fig. 10(e)). No such trend can be observed for the predic-
tions of Eurocode 2° or Model Code 2010.4

Anchorage of shear reinforcement units

Observing the cracking patterns on the saw-cuts of the slabs
with post-installed shear reinforcement (PS2 in Fig. 9(a)),
the failure crack appears to develop through the transverse
reinforcement (concrete screws @19 mm [0.75 in.]) although
the low level of load indicates that the screws had not reached
yielding. This failure can be interpreted as an anchorage
failure of the top ends of the transverse elements, leading to
the opening of a failure crack. In these cases, increasing the
number of elements may still increase the punching capacity
but that increase is potentially lower than that of systems
where efficient anchorage properties allow the shear rein-
forcement units reach yield stresses. In the CSCT-based
calculation model,! this failure can be predicted by modi-
fying the bond conditions (slip) of the anchorage on two
sides of the critical crack. However, this failure mode still
demands additional investigation, as the bond conditions are
influenced by transverse stresses and cracking due to bending
of the specimen. In the present analysis, the results of Spec-
imen PS2 are thus used to propose a conservative limit for the
threshold of the maximum punching strength for such shear
reinforcement systems.

Influence of position of first shear
reinforcement unit

The failure inside the shear-reinforced zone can be
described as a failure of a concrete strut between the first
shear reinforcement unit and the column face'® (Fig. 2(c)).
This strut has to transfer the force from the first transverse
element to the column. The force in the strut increases with
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Fig. 11—Comparison of experimental and predicted punching strengths of PT42 and specimens from literature

11-14,24-27 with cruci-

form shear reinforcement layout failing outside shear reinforced area: (a) ACI 318; (b) Eurocode 2; and (c) Model Code 2010.
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lowering strut inclination. The inclination depends on the
location and the anchorage conditions of the first transverse
unit (with decreasing angles for longer distances from the
first shear reinforcement to the supported area or poorer bond
conditions). In addition, when the first transverse elements
are located too close to the supported area, the force in the
reinforcement may also not develop suitably due to low
strains. Therefore, an optimal range exists for the location
of the first shear reinforcement perimeter. The importance
of that parameter has also been acknowledged in the codes:
in ACI 318,3 the maximum distance from the column face
to the first shear reinforcement unit is 0.5d (whereas the
minimum distance is not given), the detailing rules of Euro-
code 23 require that the distance be from 0.3d to 0.5d and in
Model Code 2010,* the minimum of that distance is set to
0.35d and the maximum to 0.75d.

With respect to the influence of the position of the first
studs, it may be a factor explaining the difference between
the results of the slabs PL7 and PR1. In the case of PL7, the
distance between the column edge and the first stud perim-
eter was 0.41d, whereas the distance of 0.57d in PR1 did
not meet the ACI 3183 and Eurocode 2° requirements. The
nominal experimental strength at failure of PR1 was 8%
lower compared to PL7.

Efficiency of shear reinforcement

As shown by the experimental results, the performance of
various shear reinforcement systems can be quite different.
This difference has also been acknowledged in some codes
of practice. The punching provisions of ACI 3183 distin-
guish between stirrups, double-headed studs, and structural
steel shearheads and define different limits on the allowed
nominal shear stress depending on the system. The limits for
studs and stirrups are shown together with the experimental
results in Fig. 8(a).

The punching provisions of Model Code 2010* are
based on the CSCT! and thus acknowledge the differences
between various systems through factor £, that modulates
the maximum punching capacity criterion governing for
large shear reinforcement ratios' (Fig. 2(c)). The value of
kys has to be determined for each system by performing
a campaign of full-scale punching tests. In the absence of
specific data, k;,, = 2.4 can be used for stirrups and 2.8 for
double-headed studs.* It should be noted that the influence of
ks on punching strength is not linear (refer to Fig. 12 where
the predicted strength is given as a function of k).

The calculated values of k;,, (with the equations given in
Appendix A) are given in Table 3 and in Fig. 8(b). The £y
values for Specimens PS2, PA31, PM1, and PT42 are given
in parentheses, as the strength was limited by anchorage of
the post-installed reinforcement (for PS2) or by punching
outside of the shear-reinforced area in these specimens. Thus,
higher values of parameter £, can potentially be attained for
these systems and the provided values can be interpreted as
a lower bound of this parameter. The tests presented in this
paper suggest that values around 2.6 may be suitable for stir-
rups, whereas £, can even be larger than 3.6 for studs when
the spacing rules regarding the distance from the first stud
to the column are respected. The efficiency of post-installed
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Fig. 12—Influence of factor Kys on punching strength,
according to Model Code 2010 (for parameters of reference
slab, refer to Fig. 3).

systems is lower (between 2.0 and 2.6) and depends signifi-
cantly on the anchorage and bond properties.

In an amendment to Eurocode 2° published in 2014, a new
factor k,,, has been introduced that limits the strength of a
shear-reinforced concrete slab to a multiple of the strength
of a similar slab without shear reinforcement. The recom-
mended value of k,,, is 1.5 but higher values (up to 1.9 for
double-headed studs®) may be used if they are supported by
experimental evidence. The values of k,,, calculated from
the results of the presented tests are also given in Table 3
and Fig. 8(b) (the use of parentheses should be interpreted
in the same manner as for k). Contrary to the parameter
ks, kimar influences the predicted punching strength of speci-
mens linearly. According to the present study, for specimens
with double-headed studs, the values of £,,,, remain above
1.8, whereas for stirrups, values close to 1.6 are obtained.
Again, the efficiency of post-installed shear reinforcement
may vary significantly.

INTERACTION BETWEEN FLEXURAL AND
SHEAR STRENGTHS

In the cases when punching governs the strength, the
slab-column connections usually show limited deformation
capacities unless very low amounts of flexural reinforce-
ment or fairly large support areas are used. Thus, the design
methods that are based on the theory of plasticity can only
be applied with careful evaluation of the possible differences
between assumed and actual distributions of internal forces.
As shown in Fig. 8(a), using shear reinforcement increases
not only the strength but also the deformation capacity of
slab-column connections and thus allows for larger redis-
tributions of internal forces. Also, such structures are less
sensitive to imposed displacements (such as foundation
settlements), exhibit larger deformations before failure
(providing warning signs of malfunction) and may help
to avoid progressive collapse in the case of a failure of a
supporting structural element.

ACI Structural Journal/July-August 2016
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In a study on axisymmetric continuous slabs, Einpaul
et al.”® have shown that considerable redistribution between
hogging and sagging moments may occur before a punching
failure. Thus, the local bending moment concentrations that
appear in the vicinity of the columns according to elastic
distribution of internal forces can be redistributed within
the slab, provided that the slab has sufficient deformation
capacity. In addition, due to dilation of the cracked slab
portion around the column that is confined by the surrounding
uncracked slab parts, compressive membrane forces that
increase its flexural stiffness are self-generated in the slab.
These phenomena decrease the slab rotation y at a given
level of load compared to a corresponding isolated specimen
(Fig. 13(a)) and thus increase the punching strength.

On the basis of a numerical model that was validated by
comparing its predictions to the results of various uncon-
ventional punching tests,”® Fig. 13(b) shows a parametric
analysis on the punching strength of isolated specimens and
continuous slabs with varying amounts of hogging rein-
forcement. The calculations are performed for slabs with
different shear reinforcement systems characterized by
different values of & (2.0 to 4.0)," accounting for redis-
tribution between hogging and sagging moments as well
as compressive membrane action. The differences between
continuous slabs and axisymmetric isolated specimens are
more important for lower flexural reinforcement ratios,
as in these cases, flexural reinforcement reaches yielding
before a punching failure in a large part of the specimen.
In a corresponding continuous slab, the hogging bending
moments in the vicinity of the column are redistributed to
the sagging moments in mid-span, thereby decreasing the
size of the hogging moment area. This effect cannot appear
in isolated specimens. Therefore, isolated specimens reach a
flexural limit at lower load levels. Thus, a punching failure
that occurs close to the flexural limit of a test specimen does
not directly represent the strength of a corresponding actual,
continuous slab. However, if the deformation capacity of
the specimens is investigated as well, the strength of corre-
sponding actual slabs can also be predicted owing to the
physical basis of the CSCT.

CONCLUSIONS

This paper presents the results of one slab without shear
reinforcement and 11 slabs with identical geometrical param-
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eters but different systems of shear reinforcement tested to
failure by punching. The results were analyzed using the
Critical Shear Crack Theory as well as some codes of prac-
tice and the following conclusions were made.

1. Using shear reinforcement increases not only the
punching strength but also the deformation capacity of a
flat slab. Above a certain threshold of shear reinforcement
ratio, the punching strength is independent of the amount
of shear reinforcement as it is associated to a failure of the
concrete struts between the column face and shear reinforce-
ment units. The experimental data presented in this paper
confirm that the type of shear reinforcement, its spacing, and
anchorage conditions strongly influence the performance of
the slab-column connections in this failure mode.

2. The type of shear reinforcement should be taken into
account in the design of slabs against punching shear. This
is consistent with the approach followed by ACI 318 and
Model Code 2010.

3. For the different shear reinforcement systems investi-
gated in the present test campaign, the factor k;,, describing
the performance of a system in Model Code 2010 varied
between 2.0 and 3.8 (up to 4.5 in special cases), with higher
values associated to slabs with headed studs.

4. The factor k., recently introduced in Eurocode 2 to
account for the influence of punching shear reinforcement
on the maximum punching shear strength, is also observed to
depend on the type of transverse reinforcement. The calcu-
lated values of this parameter for the present tests varied
between 1.4 and 1.9 with higher values associated again to
slabs with headed studs.

5. Tests with radial and cruciform arrangements of shear
reinforcement showed similar performances regarding the
maximum punching capacity. For uneven spacing of shear
reinforcement close to the column, the failure crack may
obtain a lower angle in the areas too far from the transverse
elements. These parts may have to be discounted from the
length of the verification perimeter.

6. For failures outside the shear-reinforced area, the
shear-resisting effective depth should not include the parts
of concrete below the anchorage zone of shear reinforce-
ment, as the failure crack will develop from the bottom end
of transverse elements and not from the slab soffit.

7. In the case of large spacing of shear reinforcement
units at the outermost perimeter (as for shear reinforcement
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arranged in cruciform layout), the length of the verification
perimeter for failure outside of the shear-reinforced area
should be reduced.

8. Punching strengths obtained at load levels close to the
flexural limit of an isolated test specimen may not be directly
valid for actual continuous slabs. The CSCT provides a
physical basis for estimating the capacities of actual slabs
based on the test results of isolated specimens, accounting
for moment redistributions and membrane effects.
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APPENDIX A
This appendix describes the provisions of main codes of practicgError! Reference source not found. Error!
Reference source not found. Error! Reference source not found. for calculating the punching shear capacity of a
symmetric interior slab-column connection. In this appendix, all safety factors are taken equal to
1.
In all the considered codes, the punching resistance is verified by comparing a nominal stress v on
a control section to a nominal shear strength vz of that section. The shear stress is defined as:
v=V/(b,-d) 1)
where V' is the concentrated load, bo is the control perimeter (its definition varies between the
codes) and d is the effective depth of the slab (mean value of the two main directions).
ACI 318
In ACI 318Error! Reference source not found. 'the control perimeter bo,sq- is located at a distance 0.54 from
the column edge. In the case of square or rectangular columns, the corners of the control perimeter
are not rounded.
For square interior columns with ¢ < 4d and normal strength concrete, the concrete contribution to

the nominal shear strength is calculated as:
12 ;

Vieacs =0.33- £.7° [SI units]

Y2 - .
Veeacr =4+ £.7° [in.-1b units] (2)
where f- is the concrete cylinder compressive strength in MPa [psi].
Punching shear strength of shear-reinforced slabs is:
VRes = 05- Veeact TP - fyt <13V (3)

In the case of double-headed studs (also complying with stricter detailing rulesError* Reference source

not found.):



Vie =075V cuer ¥ P Sy £2Vpucr (4)
Shear reinforcement ratio p: is defined as:

p=A4,/ by, -s) 5)
where 4. is total reinforcement area on one perimeter of shear reinforcement units and s: is radial
spacing between the perimeters.

Eurocode 2

According to the punching provisions of Eurocode 2Error! Reference source not found. - the concrete
contribution to the nominal shear strength at a control perimeter with a length bo,24 located at a

distance 2d from the edge of the loaded area is:
Ve =0.18-k-(100- p)** - £.¥°>0.035- k%% - £,¥? [SI units]

Voo =5.0-k-(200- p)** - £2° >0.42- k¥ . £ [in.-Ib units] (6)

where p is the flexural reinforcement ratio (geometric mean of two perpendicular directions, taken

at most 2.0%, f. is the concrete cylinder compressive strength in MPa [psi] and

k =1+ /200mm[7.87in]/d )< 2 is a size effect factor.
Nominal shear strength of slabs with shear reinforcement is (according to an amendment of
Eurocode 2 published in 2014):

VRes = 0.75- Veerco T 1.5 Prec2 * fyt,egf -sing < K o - VR, e EC2 (7)

where o is an angle between the shear reinforcement units and the plane of the slab, the effective

yield strength of shear reinforcement units is f, =1.15-(250 + 0.25-d) [MPa, mm] or

tef
fry =1.15-(36+0.92-d) [ksi, in.] and knax is a factor introduced in an amendment published in

2014 (recommended value of kmax is 1.5 but higher values may be used if they are experimentally

validated).



Shear reinforcement ratio p:zc: is defined as:
Prec2 = Av/(bO,Zd 'Sz) (8)
An additional verification has to be performed at the edge of the loaded area, where the shear stress

has to be lower than (according to an amendment of Eurocode 2 published in 2010):

/. .
VR,EC2(0d) :0-24'( —% - f.. [SI units]
=0.24-]1 /e in.-1b unit 9
V. EC2(0d) = V65" —m - f. [in.-1b units] (9)

Model Code 2010

The punching provisions of Model Code 201(QError* Reference source not found. gre hased on the Critical
Shear Crack Theory&rror! Reference source not found. (CSCT). The control perimeter b« is located at a
distance 0.54 from the column edge. The corners of a control perimeter around a square column
have to be rounded.

According to the CSCT, the nominal punching strength on a control section is a function of slab

rotation y:
3/4 _
VRecscr = / d fcl/2 [SI units]
1415. V4
d,+d,
VR.ecser = 4 - f¥2 [in.-Ib units] (10)

0441667 V4
dg +dg,)

where d; is the maximum aggregate size in mm [in.] and dgo is a reference aggregate size of 16 mm
[0.63 in.]. The failure criterion was validated with 99 tests from the literature and it was calibrated

to provide a mean value of the test capacities.



For Model Code 2010, the failure criterion was modified in order to correspond to the characteristic

value of the test results:

1
Vv . =
ReMENt 15409 w - d -k,

. £¥2 [SI units]

4

= - £¥2 Tin.-Ib units 11
VR,e,MC2010 0-5+7-5'V/'d'kdg £ ] (11)

where k,, =2/(L+d, /d,,)>0.75, deo = 16 mm [0.63 in.].

In axisymmetric cases, the relationship between the applied load 7 and slab rotation  can be
calculated by integrating the tangential moments between the center of the column and the line of

moment ContraﬂexureError! Reference source not found.:

2r '
ro—r ’ J'mtang,i(l)dr (12)

q ¢ r=0

V=

where rq is the distance between the center of the column and the resultant of the load applied on
a slab sector, the radius of the column r. is taken as half of the column side length in the case of
square columns and rs is the distance between the center of the column and the line of moment
contraflexure, taken as half of side length in the case of square specimens. Tangential moment
mung 1S calculated using a 4-linear moment-curvature lawErort Reference source not found. from

curvatures:

Ztang,[z_W/riZ_W/rﬂ (13)
where y is slab rotation and ro is the distance from the center of the slab to the point where the
inclined critical shear crack reaches the level of flexural reinforcement, taken as

ro=re+d - tan 45°.



According to Model Code 2010, the load-rotation relationship can be estimated in a simplified
manner. In Level of Approximation Il (recommended for a typical design of new structures), slab
rotation can be estimated with a relationship that depends on the acting moment in the column
strip:

ro f, (m ¥
WZLS.;'E_S.[m_iJ (14)
where rs is the radius of an isolated slab (taken as half of the side length for square specimens) or
0.22L in case of a continuous slab with regular span lengths, f, and E; are the yield strength and
modulus of elasticity of flexural reinforcement, respectively, mr is the moment capacity of the slab
and ms is the average acting moment in the column strip that, for interior columns in slabs with
sufficiently regular geometry, can be approximated as ms= V/8.
In the case of slabs with shear reinforcement, the reinforcement contribution is accounted for by

adding to the concrete contribution the stresses in the reinforcement units that cross the critical

CraCkError! Reference source not found..

VR,CS = vR,c (W)+ pt . O—st (l//)S ksys : VR,C,CSCT (l//) (15)
where p, = 4, /(bo,md -s[) and ksys 1S a parameter that depends on the type of shear reinforcement

and describes the maximum punching resistance.

Stress in shear reinforcement can be calculated as:

_Ey|, S d
o, = 5 (1+ fy, (ptjgfyt (16)

where E;s is the modulus of elasticity, f» is the bond strength, £ is the yield strength and & the
diameter of the shear reinforcement units. In Model Code 2010, the recommended values of ks

are 2.4 for stirrups and 2.8 for double-headed studs.



In the case of a failure outside of the shear-reinforced area, the nominal stress has to be calculated
accounting for a shear-resisting effective depth d» and a control perimeter is located at a distance

dvl2 from the last perimeter of shear reinforcement units (refer to Fig. 10).



APPENDIX B
The following symbols are used in the paper:

A, =total reinforcement area on one perimeter of shear reinforcement units

b,... = length of acontrol perimeter according to Model Code 2010 (with rounded corners)

b length of a control perimeter according to ACI 318 (with square corners)

0,sqr

d

effective depth (distance from the most compressed fiber to the centroid of tension

reinforcement)

d, = maximum aggragate size

d, = shear-resisting effective depth

f. = cylinder compressive strength of concrete

S, = yield stress of flexural reinforcing steel

f,  =Yyield stress of shear reinforcement units

k,, = factor that limits the maximum increase of shear capacity for slabs with shear

reinforcement in Eurocode 2 (amended in 2014)

k,,  =factor describing the maximum punching shear strength in Model Code 2010
[ = distance from the edge of the column to the furthest shear reinforcement unit
. = number of shear reinforcement units in one perimeter

n,, = number of perimeters of shear reinforcement units

n.,n, =number of shear reinforcement units in x and y directions

S, = distance between the edge of the column and the first perimeter of shear reinforcement

units



s, = spacing between the first and the second perimeter of shear reinforcement units
s = spacing between subsequent shear reinforcement units’ perimeters

s, = spacing between shear reinforcement units along x and y directions

A y

14 = applied concentrated load

V4 = applied concentrated load associated to flexural capacity

v, = punching capacity

Ve. = concrete contribution to the punching capacity

Vee = punching capacity of a slab with shear reinforcement

Veow = Punching capacity for failure outside of shear-reinforced area
w = width of the critical shear crack

P = flexural reinforcement ratio
Py = hogging (negative) flexural reinforcement ratio

Py = Sagging (positive) flexural reinforcement ratio

p,  =shearreinforcement ratio (p, = 4, /|p, .. -max(s, +s,/2;s,)])
o, = stress in shear reinforcement

v = slab rotation

w,  =slab rotation at punching failure

b = diameter of shear reinforcement units



