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Punching reinforcement systems have significantly developed in 
recent years as they allow enhancing the punching resistance of 
slab-column connections as well as their deformation capacity. 
These systems, with varying geometry and layout, normally consist 
of vertical or inclined shear reinforcement with both ends anchored 
on the compression and tension side of the slab. For very high 
levels of load, when even common punching reinforcement systems 
cannot safely ensure the transfer of loads, steel shear heads are 
usually embedded in the slab to enhance the resistance of the 
connection. Yet, shear heads might be expensive and difficult to 
place in construction sites.

Following the principle of the dowel action of the compression 
reinforcement, this paper introduces a novel system to efficiently 
reinforce slabs against punching shear by using large-diameter 
double-headed studs acting as shear dowels. This system enhances 
the performance of shear-reinforced slabs with respect to conven-
tional solutions and might be an efficient alternative to shear heads 
for a large number of practical situations. The system is validated 
by means of a specific experimental program including 11 axisym-
metric punching tests on interior slab-column connections. The 
results demonstrate not only the increase of the punching strength 
but also the deformation capacity of the connection. It is also 
shown that the system can be consistently designed accounting for 
the doweling forces by making use of the theoretical frame of the 
Critical Shear Crack Theory (CSCT), allowing to understand the 
activation of the shear dowels on the basis of the deformation of 
the member.

Keywords: Critical Shear Crack Theory; dowel action; experimental tests; 
flat slabs; punching; shear reinforcement.

INTRODUCTION
Despite the redundancy and robustness in bending of rein-

forced concrete flat slabs, these structural elements include 
sensitive regions in which stress concentrations may occur 
due to the interaction between high flexural and shear 
demands at the slab-column connections, leading to poten-
tially brittle failures in punching. In the last 60 years, signif-
icant improvements on the understanding of the mechanics 
involved in punching shear failures of slab-column connec-
tions have been achieved, comprising both experimental and 
analytical works.1,2 Failures in punching of slabs without 
transverse reinforcement occur by development of a conical 
failure surface originated at the supported area (Fig. 1(a)). In 
actual continuous slabs supported on columns, these shear 
failures usually occur at load levels below that of the flex-
ural resistance of the slab3,4 and develop in a brittle manner. 
To enhance the performance of slab-column connections, 
punching shear reinforcement is usually arranged as trans-
verse reinforcement in the form of stirrups or headed studs. 
Failures can then still occur in punching by crushing of the 

concrete struts (Fig. 1(b)), development of a conical failure 
surface within the shear-reinforced area (Fig. 1(c)), or by 
punching outside the shear-reinforced area (Fig. 1(d)). In 
any of these cases, the strength and deformation capacity 
of the slab can be significantly increased by allowing for 
redistributions of internal forces and further activating 
membrane action.3,4

The increase on the performance of shear-reinforced slabs 
is nevertheless limited by the crushing of the compres-
sion struts (depending significantly on the anchorage and 
detailing rules of the punching reinforcement5), which 
defines the maximum achievable punching strength for a 
given system. For higher load levels, and when increasing 
the dimensions of the slab and column are not possible, it 
is normally necessary to embed steel shear heads within the 
slab (one instance of steel shear head is shown in Fig. 1(e)). 
Nevertheless, shear heads also present some drawbacks—
for instance, the relatively high cost and the increased diffi-
culties during construction.

Within this context, in this paper, a new punching shear 
reinforcing system is introduced, allowing to significantly 
enhance the strength and deformation capacity of slab-
column connections but without the need of arranging 
embedded shear heads. The system uses headed shear studs 
installed in a conventional manner (perpendicular to the slab 
plane) combined with a second family of large-diameter 
shear studs arranged horizontally in the compression side 
of the slab (parallel to the slab plane) to activate them as 
dowel reinforcement (refer to Fig. 2). The idea grounding 
this innovative punching reinforcement solution is based on 
the capacity of the reinforcement in the compression side of 
the slab to efficiently transfer shear forces as a dowel. This 
capacity, demonstrated experimentally in many cases for the 
integrity reinforcement during the post-punching behavior 
of flat slabs,6-8 has also been shown to be a potential contri-
bution for beams in shear.9,10 In this paper, the results of a test 
program on 11 slab specimens are presented, comparing the 
performance in terms of strength and deformation capacity 
of slab-column connections without any shear reinforcement 
with conventional double-headed studs and with the innova-
tive punching reinforcing system. The tests are performed 
on full-scale specimens with different mechanical slender-
ness (distance between load introduction points and axis 
of the column divided by the effective depth of the slab) so 
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as to investigate various realistic situations. The enhanced 
performance is demonstrated, as well as the maximum level 
of strength that can be attained with this system. On that 
basis, a consistent model for its design is presented based 
on the Critical Shear Crack Theory (CSCT). To that aim, the 
mechanical model of this theory11,12 is adapted accounting 
for the contribution of the horizontal studs activated as 
dowel reinforcement. This approach is shown to predict the 
strength of the test results in a consistent manner.

RESEARCH SIGNIFICANCE
Systems to reinforce against punching shear in slab-

column connections have remained similar in concept since 
long, by arrangement of a transverse reinforcement anchored 
in the compression and tension sides of the slab. When their 
maximum capacity is attained and the geometry of the slab 
and of column cannot be modified, relatively expensive solu-
tions as embedded shear heads have to be used. In addition, 
in some cases, an enhancement of the deformation capacity 
is required (in seismic areas, for instance).

This paper introduces an innovative solution where the 
arrangement of a shear head is replaced by a number of 
large-diameter horizontal shear studs in the compression 
side of the slab. This solution, significantly more compet-
itive from an economic perspective, allows enhancing the 
performance of shear-reinforced slab-column connections 
both in terms of their strength and deformation capacity. The 
system can thus constitute an interesting and economic alter-
native to conventional punching shear reinforcing solutions.

EXPERIMENTAL PROGRAM
An experimental program on 11 full-size reinforced 

concrete slabs was carried out in the Structural Concrete 
Laboratory of École Polytechnique Fédérale de Lausanne 
(Switzerland). The experimental program included two refer-
ence tests without shear reinforcement (PC23 and PC25), 
two reference tests with standard double-headed vertical 
(perpendicular to the slab plane) studs (PC24 and PC26), and 
seven tests with the innovative solution investigated, combi-
nation of standard vertical double-headed bars and large- 
diameter horizontal double-headed bars in the compression 
face of the slab (PP10 and PP12 to PP17). The geometry of 
the specimens and loading conditions were also selected to 
allow direct comparisons to four experimental tests already 
performed by the authors13 (PV1, PL1, PL6, and PL7).

Main parameters and test setup
All members were square in plan and with a side dimen-

sion of 3000 mm (9.84 ft). The nominal thickness was also 
constant for all tests and equal to 250 mm (9.84 in.).

Loads were introduced at eight points (refer to Fig. 3) by 
means of four hydraulic jacks with a total capacity of 4 x 
2.5 MN (4 x 562 kip). The jacks transferred their load by 
means of four 75 mm (2.95 in.) steel rods to steel spreader 
beams, supported each on two loading plates 200 x 200 x 
40 mm (7.87 x 7.87 x 1.57 in.). Three different load introduc-
tion radii rq (Fig. 4), ranging from 765 to 1505 mm (2.51 to 
4.94 ft), were investigated (refer to Table 1) representing 
slab slenderness L/d between 16 and 32 (refer to Fig. 4(a)). 
This variation allowed investigation on the response of the 

Fig. 2—Arrangement of innovative shear-reinforcing system with horizontal shear studs.

Fig. 1—Punching failures of flat slabs: (a) members without shear reinforcement; (b) crushing of concrete; (c) crack develop-
ment within shear-reinforced zone; (d) punching outside shear-reinforced zone; and (e) example of steel shear head embedded 
in slab.
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slab-column connections for rather slender to rather squat 
flat slabs. The slab was finally supported on a central steel 
column of variable dimensions (refer to Fig. 4(a) and Table 
1). A thin layer of plaster was placed between the steel column 
and the slab to allow for a distributed load introduction.

All slabs were cast with normal-strength concrete whose 
compressive strength at the day of testing ranged between 
24.9 and 37.0 MPa (3.61 and 5.37 ksi), (average of three 
compressive tests on 160 x 320 mm [6.3 x 12.6 in.] concrete 
cylinders); refer to the details in Table 1. The maximum 
aggregate size was 16 mm (0.63 in.) for all test specimens.

The flexural reinforcement consisted of hot-rolled (db = 
20 mm [0.78 in.]) reinforcing bars with a well-defined yield 
plateau for the top (tension) side spaced at 100 mm (3.94 in.). 
The nominal effective depth (dnom = 210 mm [8.27 in.]) and 
the flexural reinforcement ratio (ρl = 1.50%) were kept 
constant for all specimens. This reinforcement amount was 
selected to have a large flexural capacity and to promote 

failures in punching shear.11 After testing, specimens were 
saw-cut and the actual effective depth was measured; refer 
to Table 1 for details. Cold-worked (db = 14 mm [0.55 in.]) 
bars (without a clear yield plateau) were used on the bottom 
(compression) side with a constant spacing of 100 mm 
(3.94 in.).

For all slabs with shear reinforcement (refer to Fig. 4(b)), 
double-headed vertical studs were arranged following a 
quasi-radial layout (refer to material details in Table 2). The 
nominal radial distance between the column edge and the 
first stud was s0 = 80 mm (3.15 in.), while the radial distance 
between consecutive studs s1 ranged between 105 and 
160 mm (4.13 and 5.91 in.) (refer to the details in Table 2). 
The amount of shear reinforcement ρw (refer to the definition 
in Table 1) varied between 0.93% and 1.08% (refer to the 
details in Table 1) and was selected to attain the maximum 
punching resistance due to crushing of concrete between the 
column edge and the first perimeter of shear reinforcement.13 
To fix the position of the vertical double-headed shear studs, 
5 x 40 mm (0.19 x 0.78 in.) thin steel plates were welded to 
the bottom head of the shear studs. Details on the number 
of radii, studs per radius, and yield strength can be found 
in Table 2 for each specimen. The nominal concrete cover 
of the studs cnom = 20 mm (0.79 in.) was kept constant for 
all specimens.

Horizontal studs
In addition to the conventional vertical shear studs, seven 

slabs (named PP) were equipped with additional double-
headed studs installed horizontally (refer to Fig. 5(a)). The 
horizontal studs were aimed to act as shear dowels with the 
anchorage heads located outside of the punching failure 
region.7 The choice of horizontal studs allows for rela-
tively short bar dimensions so as to allow preassembling 
the horizontal and vertical studs and ease placement during 
construction. The properties, head dimensions, and mechanical 
performance of this additional longitudinal reinforcement were 
the same as that of vertical shear studs (steel class B500B Fig. 3—View of test setup.

Fig. 4—Test specimens: (a) geometric parameters; and (b) arrangement of double-headed studs.
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according to EN 1008014) and can be consulted in Table 2. 
These bars had a total length of 1200 mm (3.94 ft) and were 
arranged with a constant spacing ranging between 80 and 
100 mm (3.15 and 3.94 in.). The length of the horizontal 
studs was selected to locate the heads of the bars outside of 
the punching region. Details on the layout of these bars can 
be found in Fig. 5(c) and Table 3, together with the location 
of the center of gravity of these horizontal studs represented 
by parameter cd (defined in Fig. 5(a)), which represents the 
distance of the interface between the two layers of horizontal 
studs with respect to the compression side.

Three of these slabs (PP10, PP12, and PP14) were also 
reinforced with additional horizontal double-headed studs 
on the tension side; refer to Fig. 5(b) and Table 4. This addi-
tional reinforcement was arranged to investigate their effect 
on the load-carrying capacity (studs acting predominantly 
as dowel and/or flexural reinforcement). In Table 4, when 

these bars are arranged, the flexural reinforcement amount is 
increased accordingly.

Test results
The measured load-rotation curves (the self-weight of 

the specimens is included in the resultant shear force) are 
presented in Fig. 6 (both for the 11 specimens tested in 
this program and for the four additional reference spec-
imens tested on other series but with the same geometric, 
loading, and mechanical properties13). The rotation ψ, refer 
to Fig. 6(a), was measured by means of four inclinometers 
arranged along the two symmetry axes of the slab and approx-
imately at the point of moment contraflexure (according to a 
linear-elastic calculation). The average of the four measured 
rotations was finally represented for the evaluation of the 
overall flexural behavior (Fig. 6). The saw-cuts of the speci-
mens after testing are also presented in Fig. 7.

Table 1—Main parameters of test series

Slab B, m (ft) c, mm (in.) rq, m (ft) d, mm (in.) fy, MPa (ksi) fc, MPa (psi) ρl, % ρw
*, %

PL1 3.0 (9.84) 130 (5.12) 1.505 (4.94) 193 (7.60) 583 (84.6) 36.2 (5250) 1.63 —

PV1 3.0 (9.84) 260 (10.2) 1.505 (4.94) 210 (8.27) 709 (102) 34.0 (4900) 1.50 —

PL6 3.0 (9.84) 130 (5.12) 1.505 (4.94) 198 (7.79) 583 (84.6) 36.6 (5300) 1.59 1.01

PL7 3.0 (9.84) 260 (10.2) 1.505 (4.94) 197 (7.76) 519 (75.3) 35.9 (5200) 1.59 0.93

PC23 3.0 (9.84) 260 (10.2) 1.11 (3.65) 212 (8.34) 570 (82.7) 34.6 (5020) 1.48 —

PC24 3.0 (9.84) 260 (10.2) 1.11 (3.65) 209 (8.22) 570 (82.7) 37.0 (5370) 1.50 1.07

PC25 3.0 (9.84) 260 (10.2) 0.765 (2.51) 203 (7.99) 586 (85.0) 34.8 (5050) 1.55 —

PC26 3.0 (9.84) 260 (10.2) 0.765 (2.51) 204 (8.03) 586 (85.0) 31.9 (4630) 1.54 1.08

PP10 3.0 (9.84) 260 (10.2) 1.11 (3.65) 207 (8.15) 570 (82.7) 24.9 (3610) 1.52 0.92

PP12 3.0 (9.84) 260 (10.2) 0.765 (2.51) 212 (8.35) 569 (82.5) 29.7 (4300) 1.48 1.07

PP13 3.0 (9.84) 260 (10.2) 1.11 (3.65) 208 (8.19) 569 (82.5) 27.8 (4030) 1.51 1.07

PP14 3.0 (9.84) 260 (10.2) 0.765 (2.51) 214 (8.43) 557 (80.8) 34.9 (5060) 1.47 1.06

PP15 3.0 (9.84) 260 (10.2) 0.765 (2.51) 206 (8.11) 570 (82.7) 28.1 (4080) 1.53 1.08

PP16 3.0 (9.84) 260 (10.2) 0.765 (2.51) 213 (8.39) 557 (80.8) 35.0 (5080) 1.47 1.06

PP17 3.0 (9.84) 130 (5.12) 1.505 (4.94) 206 (8.11) 570 (82.7) 29.4 (4260) 1.52 1.56
*ρw is defined by considering reference perimeter at 0.5dnom from edge of column according to following equation: ρw = Asw,i·nr/u·s, where u is length of perimeter at distance 0.5dnom 
from edge of column; Asw,i is cross-sectional area of double-headed stud; and s = s0 + s1/2.

Table 2—Main parameters of shear studs

Slab db, mm (in.) nr ns s0, mm (in.) s1, mm (in.) fy, MPa (ksi)

PL6 14 (0.55) 12 6 80.0 (3.15) 160 (6.30) 519 (75.3)

PL7 14 (0.55) 16 7 80.0 (3.15) 160 (6.30) 536 (77.7)

PC24 16 (0.63) 12 6 80.0 (3.15) 105 (4.13) 523 (75.9)

PC26 16 (0.63) 12 5 80.0 (3.15) 105 (4.13) —

PP10 16 (0.63) 12 6 80.0 (3.15) 150 (5.91) —

PP12 16 (0.63) 12 6 80.0 (3.15) 105 (4.13) 559 (81.1)

PP13 16 (0.63) 12 6 80.0 (3.15) 105 (4.13) 559 (81.1)

PP14 16 (0.63) 12 5 80.0 (3.15) 105 (4.13) 557 (80.8)

PP15 16 (0.63) 12 5 80.0 (3.15) 105 (4.13) 555 (80.5)

PP16 16 (0.63) 12 5 80.0 (3.15) 105 (4.13) 557 (80.8)

PP17 16 (0.63) 12 6 80.0 (3.15) 105 (4.13) 555 (80.5)
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Failures for most tests occurred by punching at the slab-
column connection prior to reaching the full development of 
a flexural mechanism. For one specimen (PP13), failure was 
controlled by bending, as delamination of the concrete cover 
in the compression face occurred, thus reducing the effec-
tive depth of the section. A similar failure mode controlled 
by delamination was also observed for specimen PP10, 
although a conical punching surface eventually developed 
(as can be seen in the saw-cut of Fig. 7).

All reference slabs without shear reinforcement (PL1, 
PV1, PC23, and PC25) failed in a brittle manner by devel-
opment of a localized shear crack. Reference slabs provided 
with vertical shear studs only (PL6, PL7, PC24, and PC26) 
failed in a more ductile manner developing a smeared 
cracking region between the column edge and the first 
perimeter of shear studs due to crushing of the concrete strut.

For the test specimens reinforced with a combination 
of vertical shear studs and longitudinal headed bars (tests 
PP10 and PP12 to PP17), a clear failure of the concrete strut 
between the column edge and the first perimeter of shear 
reinforcement was not observed, but rather a distributed 
inclined cracking within the region where horizontal headed 
bars were provided. This cracking was associated for most 
of the cases to large column penetrations and to the develop-
ment of delamination cracks in the compression zone, exhib-
iting large deformation capacities prior to failure.

The results are compared in Fig. 8 with respect to the slen-
derness and reinforcement details of the specimens where 
the normalized strengths and the deformation capacities at 
maximum load are shown (to account for the differences on 
the concrete strength and effective depth of the members). 
The deformation capacity is presented in terms of the param-
eter ψR, which represents the average of the measured rota-
tions (by means of four inclinometers) at maximum load.

The influence of the slenderness on the response and 
strength of specimens without transverse reinforcement is 
shown in Fig. 6(a). It can be noted that reducing the mechan-
ical slenderness (rq/d) increases the flexural stiffness of the 
specimen and is associated with lower deformation capac-
ities and higher punching shear strengths. This behavior is 
in agreement with other experimental observations.15 This 
response is also observed to be valid (even in a clearer 
manner) for the shear-reinforced specimens with headed 
studs as shown in Fig. 6(b).

With respect to the performance of the system, Fig. 6(c) 
through (f) and Fig. 8 compare the response of the connection 

Fig. 5—Shear dowels: (a) shear reinforcing system arrangement in bottom (compression) side; (b) shear reinforcing system 
arrangement in bottom (compression) and top (tension) side; and (c) amount of reinforcing bars, spacing, and reinforcing bar 
diameter for each specimen.

Table 3—Layout of shear reinforcing system

Slab Description
s1, mm 

(in.)
sHHS, 

mm (in.)
cd, mm 

(in.)

PL6 Vertical shear studs (VSS) 160 
(6.30) — —

PL7 VSS 160 
(6.30) — —

PC24 VSS 105 
(4.13) — —

PC26 VSS 105 
(4.13) — —

PP10 VSS and HHS bars  
(top and bottom side)

150 
(5.91)

100 
(3.94)

73.0 
(2.87)

PP12 VSS and HHS bars  
(top and bottom side)

105 
(4.13)

100 
(3.94)

59.0 
(2.32)

PP13 VSS and HHS bars 
(bottom side)

105 
(4.13)

100 
(3.94)

59.0 
(2.32)

PP14 VSS and HHS bars  
(top and bottom side)

105 
(4.13)

100 
(3.94)

66.0 
(2.60)

PP15 VSS and HHS bars  
(bottom side)

105 
(4.13)

100 
(3.94)

74.0 
(2.91)

PP16 VSS and HHS bars  
(bottom side)

105 
(4.13)

100 
(3.94)

66.0 
(2.60)

PP17 VSS and HHS bars  
(bottom side)

105 
(4.13)

80 
(3.15)

66.0 
(2.60)
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with respect to specimens without shear reinforcement or 
reinforced with conventional vertical studs only. In Fig. 6(c) 
through (e), the results for the specimens with lower 
mechanical slenderness (rq/d = 3.6) are presented. A signifi-
cant increase for the specimens with horizontal dowel studs 
is observed in terms of failure load (up to 250 to 270% of 
the failure load observed in the members without shear rein-
forcement) and of the deformation capacity (up to 700% of 
the value of specimens without shear reinforcement).

For the specimens with the highest mechanical slenderness 
and lowest column dimension (rq/d = 7.2; refer to Fig. 6(d) 
and Fig. 8), the system showed a similar behavior with an 
enhanced performance both in terms of resistance and defor-
mation capacity. For the tests with intermediate slenderness 
(rq/d = 5.3; refer to Fig. 6(f)), the resistance of the connec-
tion was increased when the influence of the compressive 
strength of concrete is accounted for (Fig. 8). The deforma-
tion capacity was in any case notably increased.

Activation of horizontal dowels
The enhanced performance of the specimens reinforced 

with the horizontal headed bars is justified by their activa-
tion as shear dowels, allowing to transfer a fraction of the 
total shear force. To investigate this phenomenon in detail, 
specific measurements were performed on these bars by 
means of strain gauges. Figures 9(a) and (b) show the loca-
tion of these gauges glued on the top and bottom surface of 
the bars.

The experimental results for Specimen PP12 are shown 
in Fig. 9(c) through (e). It can be noted that the gauges on 
the bottom side near the column were in compression while 
the gauges on the top side were in tension. Close to failure, 
significant plastic deformations were recorded in the bar 
near the column region as observed from the profiles of 
curvatures measured in Fig. 9(c). The opposite occurred for 
the gauges glued at a certain distance of the column, with 
tension on the bottom side and compression on the top side 
(the recorded strains being yet lower). These measurements 
clearly correspond to the expected profile for a doweled bar 

Table 4—Main parameters of shear reinforcing system

Slab db -HHS, mm (in.) fy, MPa (ksi) ft, MPa (ksi) HHS bottom side HHS top side davg, mm (in.)*

PP10 25 (0.98) 578 (83.8) 680 (98.6) 7+7 bars 7+7 bars 195 (7.7)

PP12 25 (0.98) 529 (76.7) 609 (88.3) 7+7 bars 7+7 bars 200 (7.9)

PP13 25 (0.98) 529 (76.7) 607 (88.0) 7+7 bars — —

PP14 32 (1.26) 534 (77.5) 629 (92.7) 3+3 bars 3+3 bars 203 (8.0)

PP15 40 (1.57) 576 (83.5) 690 (100) 3+3 bars — —

PP16 32 (1.26) 534 (77.5) 629 (92.7) 3+3 bars — —

PP17 32 (1.26) 504 (73.1) 623 (90.4) 2+2 bars — —
*davg is nominal distance from extreme compression fiber to centroid of longitudinal tensile reinforcement in case of horizontal headed studs positioned in tensile zone.

Fig. 6—Load-rotation curves of specimens: (a) without shear reinforcement and variable slenderness; (b) with shear reinforce-
ment and variable slenderness;(c) column size-slab depth ratio c/d = 1.2 and slab slenderness rq/d = 3.6; (d) column size-slab 
depth ratio c/d = 0.6 and slab slenderness rq/d = 7.2; (e) column size-slab depth ratio c/d = 1.2 and slab slenderness rq/d = 3.6; 
and (f) column size-slab depth ratio c/d = 1.2 and slab slenderness rq/d = 5.3.
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with a point of contraflexure (refer to Fig. 9(c)). It can be 
noted that the activation of the doweling action was observed 
even for low levels of load, approximately 20% of the failure 
load, which corresponds to approximately 80% of the failure 
of the reference specimen without transverse reinforcement. 
This indicates that the doweling action is already activated 
by the development of the inclined critical shear crack and 
increases during the test.

The activation of the doweling action of the bars seems, 
however, to lead to an enhanced potential delamination of 

the concrete cover (refer to Fig. 10). During the tests, such 
delamination cracks were observed in Specimens PP10 and 
PP13 at approximately 70% of the failure load. In general, 
specimens that for a given level of shear force are subjected 
to larger bending moments were more prone to develop 
such delamination failures. This was the case of Specimens 
PP10 and PP13, where the column size was large and the 
mechanical slenderness was relatively high (rq/d = 5.3) and 
thus large bending moments developed. For the most slender 
slabs (rq/d = 7.2), the column was relatively small and the 
bending moments were thus moderate for the same level of 
shear force (and delamination was not governing). For the 
most squat members (rq/d = 3.6), the bending moments were 
relatively low, thus minimizing such risk.

With respect to the horizontal studs at the (top) tension 
side of the slab, they contribute as flexural reinforce-
ment, enhancing the flexural stiffness of the slab, and also 
contribute carrying shear due to doweling action. The former 
effect (enhancement of flexural stiffness) is directly consid-
ered in the load-rotation curve of the specimen, while the 
latter (doweling contribution) is implicitly considered in the 
failure criterion.16 The pertinence of this consideration is 
confirmed by the analysis of the three tests conducted with 
additional horizontal studs in the tension side (presented in 
the next section).

DESIGN FOR PUNCHING OF SLAB-
COLUMN CONNECTIONS ACCOUNTING FOR 

DOWELING ACTION
According to the experimental results, the bottom hori-

zontal shear studs were carrying a significant fraction of 
the shear force, enhancing both strength and deformation 
capacity of the connections. This contribution can be consis-
tently considered in combination with the other potential 
shear-transfer actions of concrete16 and of the transverse 
steel.12 To that aim, the theoretical framework of the CSCT 
will be used in the following.

Fig. 7—Saw-cuts of slabs along weak axis.

Fig. 8—Comparison of test results: (a) punching strength; 
and (b) deformation capacity ψR at maximum load.



8 ACI Structural Journal/September 2019

Basic assumptions of CSCT
A complete description of the mechanical model of the 

CSCT can be found elsewhere.11,12,16 For members without 
transverse reinforcement (Fig. 11(a)), the theory considers 
that failure is governed by the development of a critical 
shear crack whose kinematics are defined by two parame-
ters16: the rotation of the slab ψ and the penetration of the 

failure surface δ. Because at failure both parameters are 
correlated,16,17 the complete mechanical model can be even-
tually expressed in terms of the rotation of the slab.11 The 
failure load can on this basis be calculated by intersecting 
the load-rotation response of the slab (defining the shear 
demand for a given level of deformation) with the failure 
criterion of concrete (defining the shear resistance for a 
given level of deformation); refer to Fig. 11(a). According to 
Muttoni,11 a suitable expression for the failure criterion can 
be adopted as follows (a detailed justification of this expres-
sion can be found elsewhere16)

	 V
f b d

d
d d

c
c

g g

=
⋅ ⋅

+ ⋅
+

0 75

1 15

0

0

. ψ 	 (1)

for SI units (m, MPa, and MN). For customary units (psi, in., 
and kip), parameter 0.75 has to be replaced by 9. The param-
eter b0 refers to the length of a control perimeter located at 
d/2 from the edge of the column, d to the effective depth 
of the slab, dg to the maximum aggregate size, and dg0 to a 
reference aggregate size of 16 mm (0.63 in.).

When shear reinforcement is arranged,12 it is progressively 
activated by the deformation of the slab; refer to Fig. 11(b). As 
for the case of members without transverse reinforcement, the 

Fig. 9—Activation of dowel reinforcement for test PP12: (a) location of HHS bar where strain measurements were performed 
(in red); (b) location of strain measurements; (c) curvature profiles along shear dowel; (d) load-steel strains curves of gauges 
placed on top of investigated bar; and (e) load-steel strains curves of gauges placed on bottom of investigated bar.

Fig. 10—Doweling of horizontal shear studs and delamina-
tion of concrete cover and assumed kinematics according to 
Simões et al.16
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failure load can be calculated by intersection of the load-ro-
tation response of the slab and the corresponding failure 
criterion. In this case, the failure criterion has to also account 
for the contribution of the transverse reinforcement12 (refer 
to Fig. 11(b))

	 Vn = Vc + Vs	 (2)

This reinforcement thus increases both the strength and defor-
mation capacity of the slab-column connection (Fig. 11(b)). 
Other than by intercepting the transverse reinforcement, 
failure can occur by punching outside the shear-reinforced 
area12—Fig. 11(c)—or by crushing of the first concrete 
strut12,13 (Fig. 11(d)). For the former of the two, the failure 
criterion of concrete is considered along a suitable control 
perimeter located outside of the shear-reinforced area and 
accounting for a reduced effective depth (considering the 
location of the anchorage region of the transverse reinforce-
ment). For the latter, the strength of the concrete is normally 
assessed by multiplying the failure criterion of concrete 
(Fig. 11(a)) by a suitable factor, whose value depends on the 
anchorage properties of the shear reinforcement and on its 
detailing rules5,13,18

	 Vn,max = λVc(ψ)	 (3)

For the case of vertical shear studs, a typical value19 of 
parameter λ is 3.0, while for stirrups, this value normally 
reduces to 2.6. It has to be noted that Vc depends on rotation 
ψ, which also increases in the case of shear-reinforced slabs. 
The maximum shear strength Vn,max is thus smaller than λ 
times Vc of a slab without shear reinforcement.

Consideration of doweling action on punching 
shear response

The model of the CSCT can be extended to shear- 
reinforced slabs by accounting for the contribution of the 
doweled horizontal bars to carry shear forces. This contri-

bution is originated by the penetration of the supported area 
(Fig. 12(a)), which bends the horizontal bars over the column 
region (such penetration occurs even for low levels of rota-
tion at failure16). Figure 13(a) presents the corresponding 
failure mechanism, which yields to the development of 
a delamination crack and also to the potential breakout of 
the concrete anchoring the dowel. On that basis, the failure 
criterion governed by the maximum punching capacity 
(governed by crushing of the concrete struts, Eq. (4)) can be 
expressed as follows

	 V V Vn c dow,max
= ⋅ + ∑λ 	 (4)

This equation reflects that a part of the shear force is not 
carried through the critical shear crack, but directly trans-
ferred by the dowelled bars (refer to Fig. 12(a)). The bars 
contributing to doweling action are assumed to be only those 
located directly over the supported area, and the total shear 
force carried by them corresponds to the sum of all sections 
where the bar is suitably anchored (in the present case, two 
sections per bar; refer to Fig. 13(c)).

The calculation of the shear force carried by doweling 
of these bars can be consistently performed accounting 
for equilibrium and kinematical conditions. This will be 
presented in the following.

Geometry and kinematics of horizontal shear dowel—The 
geometrical parameters defining the activation mechanism 
of the doweled bars are presented in Fig. 13(a). The bar is 
doweled between two hinges, assumed to reach their plastic 
condition. Such a plastic state was systematically confirmed 
by the measurements performed in the bars near the column 
region (as previously presented) and is assumed as a simpli-
fication for the outer hinge. Additionally, the assumed failure 
mechanism considers the potential presence of a delamina-
tion crack (observed in the tests as previously discussed) 
as well as the potential breakout of the concrete core of the 
slab. With respect to the breakout cracks, they were also 

Fig. 11—Shear-carrying actions in slab-column connections: (a) contribution of concrete; (b) contribution of shear- 
reinforcement; (c) contribution of concrete for failures outside shear-reinforced zone; and (d) maximum punching capacity due 
to crushing of first strut.
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clearly observed in the saw-cuts of the specimens; refer, for 
instance, to Specimens PP10, PP12, or PP16 in Fig. 7.

Capacity of plastic hinges—The capacity of the horizontal 
bars to transfer shear forces and bending moments is limited 
by the yield condition of the bar. The interaction between 
bending moment and shear force is evaluated by considering 
an equivalent square section.20 This equivalent section has a 
size be, whose value yields the same bending resistance as 
that of a circular section

	 M d
f

b
f

b dR b HHS
y

e
y

e b HHS= ⋅ = ⋅ → =
, ,

3 3 2
3

3

6 4
	 (5)

When the section is subjected to a shear force Vdow, the 
required height hτ to carry the shear force can be calculated 
assuming a Von Mises yield criterion for steel21

	 h
V
b f
dow

e y
τ =

⋅
3 	 (6)

Neglecting the axial force, the height of the plastic parts 
carrying the bending moment is

	 h
b h

f
e=

− τ

2
	 (7)

In light of this, the plastic strength of the hinges results
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� (8)

expressing the interaction of the shear and bending capacity 
for the simplified section of the bar at the yield condition.

Equilibrium conditions of doweled bar—Based on the 
geometry of the doweled bar (Fig. 13(b)), the equilibrium 
equation between acting dowel force (Vdow) and the plastic 
bending moment (MR) can be established

	 M V l
R dow= ⋅

2
	 (9)

where parameter l refers to the distance between plastic 
hinges (Fig. 13(b)), whose value can be calculated geomet-
rically as

	 l c x
V
fd h
dow

cc

= + +
⋅

cotα
φ

	 (10)

For the calculation of the length of the plastic hinge (latter 
term in Eq. (10)), it is estimated, according to Rasmussen,22 
by assuming a confined concrete strength fcc = 5fc and an 
effective width equal to the bar diameter. The angle α of the 
critical shear crack is assumed as 45 degrees according to 
the test observations on the saw-cuts (Fig. 7). As a result, by 
combining Eq. (8) and Eq. (9), it results

	
d

f
V

d f
V lb HHS

y
dow

b HHS y
dow

,

,

.

3 2

4 2
6

1 5 15
2

⋅ −
⋅









 = ⋅ 	 (11)

This expression allows calculating the doweling force 
that can be transferred by a bar for a given length of the 
doweled zone.

Concrete breakout conditions—To determine the length 
for the doweled zone, it has to be considered the maximum 
capacity of the core to resist the doweling force. This 
capacity of the concrete is limited by the breakout of the 
concrete above the outer plastic hinge (Fig. 13(a)). When the 
capacity of the core is high, large shear forces can be carried 
and the delamination length is small. On the contrary, when 
this capacity is low, the delamination length increases and 
the dowel capacity is limited.

A detailed review of the concrete breakout capacity for 
such situation can be consulted elsewhere.6,8 Most design 
approaches to this phenomenon propose to calculate this 
contribution by assuming an effective tensile strength devel-
oping at the region of concrete breakout surface. This area 

Fig. 12—(a) kinematics of critical shear crack; contributions of shear-carrying mechanisms accounting for activation of shear 
dowels: (b) punching failure crossing shear-reinforced zone; and (c) maximum punching capacity due to crushing of first 
compression strut.
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can be calculated by projecting the concrete breakout surface 
(assuming an axisymmetric shape). Using the sinus theorem, 
the distance xhc is equal to

	 x x d chc h d=
⋅
−

−( )





min
sin cos

sin( )
; cot

α γ
γ α

γ 	 (12)

where γ refers to the angle of the concrete breakout surface. 
To respect the dilatancy of the friction angle of concrete 
φ and to have a vertical shift of the breakout wedge  
(Fig. 13(a)), the angle γ results23

	 γ
π

ϕ= −
2

	 (13)

The dowel force that can be anchored per bar results

	 Vdow = fct,effAb,dow	 (14)

where Ab,dow refers to the effective concrete area opposing to 
the force of one dowel6,8 (Fig. 13(a)). This area is calculated 
as the projection in the plane of the slab of the breakthrough 
surface Ab (assumed as the total available area activated 
under the projection of xh + xhc) (Fig. 13(a)), divided upon 
the number of doweled sections ndow (Fig. 13(c))

A
r c x x r c

nb dow

c d h hc c d

dow
,

cot cot

=
+ + +( ) − +( )( )π α α2 2

	 (15)

Consistently with the work of Fernández Ruiz et al.,7 the 
following equation is adopted for the evaluation of the effec-
tive tensile strength

	 fct,eff ≈ 0.6fct	 (16)

For the evaluation of fct, the influence of the concrete 
strength, aggregate size, and size effect shall be considered. 
This is proposed to be performed in the following manner

	 f f kct c d≈ ⋅0 5. 	 (17)

Expression in SI units (in case of customary units [psi], 
0.5 has to be replaced by 6). In this equation, the term kd 
accounts for size effect and can be evaluated as

	 k d
d d

d

g g

=
+

+

≤
2 5

1
1

5

1 2

0

.
. 	 (18)

The values of dg and dg0 refer to, respectively, the maximum 
and reference aggregate sizes consistently with those defined 
in Eq. (1). Thus, the shear force that can be transferred by 
doweling action results eventually

	V f k
r c x x r c

ndow c d

c d h hc c d

dow

= ⋅ ⋅
+ + +( ) − +( )( )

0 3

2 2

.

cot cotπ α α
 

� (19)

using SI units (in case of customary units [psi], 0.3 has to be 
replaced by 3.6).

The calculation of the maximum force that can be activated 
for a dowel can be performed by solving the set of Eq. (9) and 
(19). It can be noted that it is a set of nonlinear equations and 
requires to be solved by means of numerical means.

Fig. 13—Assumed failure mechanism and kinematics: (a) parameters; (b) mechanical behavior of dowel; (c) definition of 
number of intercepted section ndow; (d) calculated dowel action contribution as function of column size-slab depth ratio; and 
(e) calculation of failure load by means of quadrilinear law and modified failure criterion.
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Load-rotation relationship
For the calculation of the failure load and of its associ-

ated deformation capacity, the failure criterion previously 
discussed has to be intercepted by the load-rotation rela-
tionship of the slab; refer to Fig. 12. To that aim, various 
approaches are possible11,24-26 and the estimate of the failure 
load can be considered as more accurate when more refined 
estimates of the actual behavior of the slab are considered. 
In the following, the load-rotation response of the slab will 
be calculated on the basis of the integration of a quadrilinear 
moment-curvature law (one of the most accurate approaches 
available), as proposed by Muttoni.11 In addition, the resis-
tance will also be calculated by using the simplified para-
bolic load-rotation response developed by Muttoni11 for 
practical purposes (derived on the basis of the quadrilinear 
expression but adopting a parabolic law (3/2 exponent) as a 
function of the ratio V/Vflex).

With respect to the flexural reinforcement amount, it is 
determined on the basis of the actual effective depth (Table 2) 
and considering, when applicable, the contribution of the top 
layers of double-headed studs (Specimens PP10, PP12, and 
PP14); refer to davg in Table 4.

Comparison to test results
By using the failure criterion, Eq. (4), and the load- 

rotation relationship, the failure loads can be calculated. 
This is presented for all specimens in Fig. 14 for the refined 
model (Eq. (6) in Muttoni11) as well as for the simplified 
load-rotation curve (Eq. (8) in Muttoni11). The figure shows 
that both models finely reproduce the test results, with a 
consistent agreement in the failure load.

The average of the measured-to-calculated punching 
strength results is, respectively, 1.04 and 1.08 with a coef-
ficient of variation ranging between 4.2 and 5.3% (refer to 
Table 5). These values show sound agreement, with even 
lower scatter than for similar analyses on other punching 
reinforcing systems.12,13 The calculated delamination length 
(Table 6) resulting from the previous equations also shows 
reasonable values in fine agreement with the observed loca-
tion in the saw-cuts (Fig. 7).

CONCLUSIONS
In this paper, a punching shear reinforcing system 

comprising the use of large-diameter horizontal double-
headed studs (studs arranged parallel to the plane of the 
slab in the compression zone) as shear dowels is presented. 
The performance of the system is verified by means of a 
specific testing program and compared to that of geometri-
cally equivalent slabs without shear reinforcement or with 
conventional shear reinforcement (shear reinforcement 
arranged perpendicular to the plane of the slab). Design for 
the system is eventually investigated on the basis of the Crit-
ical Shear Crack Theory (CSCT). The main conclusions of 
this investigation are:

1. The system exhibits a significantly enhanced perfor-
mance in terms of the punching strength and deformation 
capacity (rotation at maximum load) when compared to 
slabs without shear reinforcement or with conventional 
shear reinforcement. For the tests presented in this paper, 
the failure load increases up to 250 to 270% of the strength 
corresponding to members without shear reinforcement. The 

Fig. 14—Comparison of measured and calculated 
responses: (a) quadrilinear moment-curvature law (Eq. (6) 
in Muttoni11); and (b) parabolic law (Eq. (8) in Muttoni11).

Table 5—Comparison of experimental and 
calculated punching strengths

Slab VR,test, MN (kip) ψR, mrad
VR,test/

VR,CSCT(quadrilinear)

VR,test/
VR,CSCT(parabolic)

PL1 0.68 (153) 6.0 1.00 1.04

PV1 0.97 (219) 7.6 1.04 1.06

PL6 1.36 (306) 18.6 0.98 1.07

PL7 1.77 (399) 32.0 1.07 1.12

PC23 1.19 (268) 8.4 1.13 1.14

PC24 2.15 (483) 21.6 1.00 1.06

PC25 1.20 (270) 4.7 1.07 1.04

PC26 2.45 (551) 15.4 1.02 1.06

PP10 2.15 (483) 35.2 1.00 1.07

PP12 3.22 (724) 30.7 1.18 1.21

PP13 2.10 (472) 29.4 0.99 1.05

PP14 3.23 (726) 32.1 1.05 1.09

PP15 2.97 (668) 30.9 1.00 1.05

PP16 2.97 (668) 30.9 1.04 1.08

PP17 1.62 (364) 28.6 1.04 1.10

Mean 1.04 1.08

COV, % 5.3 4.3

Table 6—Estimation of delamination length xh 
according to proposed mechanical model

Slab db,HHS, mm (in.) xh, mm (in.)

PP10 25 (0.98) 26.6 (10.5)

PP12 25 (0.98) 24.0 (0.94)

PP13 25 (0.98) 27.4 (10.8)

PP14 32 (1.26) 39.2 (15.4)

PP15 16 (0.63) 55.6 (21.9)

PP16 40 (1.57) 39.1 (15.4)

PP17 32 (1.26) 39.8 (15.7)
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deformation capacity increases also to more than 700% of 
the corresponding value for specimens without shear rein-
forcement. Such enhancement is higher than for members 
with conventional shear reinforcement composed only of 
vertical studs, particularly with respect to the deformation 
capacity (which can be doubled when horizontal studs are 
arranged in addition to vertical studs).

2. Horizontal double-headed studs are shown to be an effi-
cient solution as shear dowels. They allow transferring shear 
forces, which reduce the amount of shear that has to be trans-
ferred by the critical shear crack, thus enhancing the strength 
of the specimen.

3. The activation of the horizontal shear dowels is related 
to a penetration of the column in the slab. This yields to a 
failure mode with an enhanced deformation capacity when 
compared to slabs without shear reinforcement or with 
conventional shear reinforcement.

4. A mechanical model based on the theoretical framework 
of the CSCT is presented. The model consistently accounts 
for the contribution of the shear dowels in the punching 
failure criterion.

5. The model based on the CSCT is shown to provide 
sound and accurate predictions when compared to test results 
on specimens reinforced with this system. It further allows 
investigating on the actual contribution of this reinforce-
ment to the total strength and to calculate some mechanical 
parameters as the extent of the potential delamination due to 
bending of the shear dowel.
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NOTATION
Ab	 =	 breakthrough surface
Ab,dow	 =	 effective concrete area opposing to force of one dowel
AHHS	 =	 gross area of horizontal headed bars (HHS)
B	 =	 side length of slab
b0,ACI	 =	 perimeter of critical section according to ACI 318-14

be	 =	 width of equivalent section
c	 =	 side length of supporting area
cd	 =	 distance between slab soffit and center of mass of HHS 

bars in bottom side
cnom	 =	 nominal concrete cover
d	 =	 distance from extreme compression fiber to centroid of 

longitudinal tensile reinforcement
davg	 =	 nominal distance from extreme compression fiber to 

centroid of longitudinal tensile reinforcement in case of 
horizontal headed studs positioned in tensile zone

db	 =	 diameter of flexural reinforcement
db,HHS	 =	 diameter of HHS bars
dg	 =	 aggregate size
dg0	 =	 reference aggregate size
dnom	 =	 nominal distance from extreme compression fiber to 

centroid of longitudinal tensile reinforcement
dx	 =	 spacing between gauges glued in HHS bars
fc	 =	 average compressive strength of concrete (cylinder)
fcc	 =	 compressive strength of confined concrete
fct	 =	 concrete tensile strength
fct,eff	 =	 effective concrete tensile strength
fy	 =	 yield strength of flexural reinforcement
hf	 =	 height of bar carrying bending moment 
hτ	 =	 height of bar carrying shear force
l	 =	 distance between plastic hinges
MR	 =	 bending resistance of hinges
ndow	 =	 number of doweled sections
nr	 =	 number of radii of shear reinforcement
ns	 =	 number of shear reinforcements per radius
rq	 =	 distance between load introduction point and axis of 

supported area
s0	 =	 nominal distance with respect to slab plane between 

edge of support region and first shear stud
s1	 =	 nominal distance with respect to slab plane between 

two adjacent studs of same radius
sHHS	 =	 nominal distance between horizontal headed studs 

(HHS)
V	 =	 resultant shear force applied on supporting area
Vc	 =	 contribution of concrete
Vdow	 =	 contribution of doweling action calculated with limit 

analysis
Vn	 =	 punching capacity
Vn,max	 =	 maximum punching capacity
VR	 =	 punching shear strength
VR,CSCT(parabolic)	 =	 design punching capacity according to CSCT 

accounting for doweling action according to simplified 
parabolic law

VR,CSCT(quadrilinear)	=	 design punching capacity according to CSCT 
accounting for doweling action according to quadri-
linear moment-curvature

VR,calc	 =	 calculated/design punching capacity
VR,test	 =	 experimental punching capacity
Vs	 =	 contribution of steel reinforcement
xh	 =	 estimation of delamination length
α	 =	 angle of critical shear crack
χ	 =	 measured curvature of shear dowel
χy	 =	 yielding curvature of shear dowel
εs	 =	 steel strain
εy	 =	 steel strain at yielding
γ	 =	 angle of concrete breakout surface
λ	 =	 crushing strength parameter
ρl	 =	 flexural reinforcement ratio
ρw	 =	 shear reinforcement ratio
ψ	 =	 average of rotations at point of moment contraflexure
ψR	 =	 measured rotation at failure
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