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Abstract: Increasing the shear reinforcement ratio (ρw) can help meet architectural and
structural requirements but often results in less reliable punching strength estimates from
design codes. Nonlinear finite element analysis (NLFEA) has the potential to support a
thorough assessment of the punching strength of slabs with shear studs, yet accurately
modelling the interaction between concrete and transverse steel to capture the strength
provided by shear rebars is challenging while using user-friendly software. This paper
explores methodologies to assess the punching strength of slabs with double-headed studs
with a commercial NLFEA program. Experimental tests were used to define the input
parameters for the concrete’s nonlinear behaviour and to evaluate modelling approaches
for shear studs, resulting in two strategies applied to slabs with varying ρw. NLFEA
provided accurate punching strength estimates, consistently reproducing slabs’ rotations,
crack patterns, and flexural strains. However, discrepancies in shear rebar strains highlight
the challenges of using NLFEA to assess the response of slabs with shear reinforcement.
Moreover, NLFE and experimental strengths were compared to estimates using the fib
Model Code 2010 with levels of approximation (LoA) II, III, and IV, showing that, for
the selected tests, increasing complexity in LoA IV did not consistently improve strength
estimate accuracy.

Keywords: punching shear; shear reinforcement; flat slabs; nonlinear analysis; finite
element

1. Introduction
The punching shear resistance is a critical point in the design of slab–column connec-

tions, and several measures can be adopted to avoid this type of failure, e.g., increasing
the slab thickness, using drop panels and column capitals, or adding punching shear re-
inforcement, the latter being preferable from economic and architectural points of view.
Experimental tests showed that punching shear reinforcement can significantly increase
the strength and ductility of reinforced concrete flat slabs, as demonstrated by [1–5]. Still,
several aspects of its mechanical behaviour, design, and detailing require further scien-
tific investigation, demanding substantial economic investments in experimental tests on
specimens representing actual concrete structures.

The influence of the anchoring conditions on the effective stress and the activation
mechanisms of different types of shear reinforcement before failure is a point of interest,
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especially considering the variety of commercially available punching shear reinforce-
ment [6–14]. Figure 1 presents examples of punching shear reinforcement for slab–column
connections. Experimental evidence shows that headed studs can provide better anchorage
conditions than other types of punching shear reinforcement [3]. Headed studs, commonly
used as punching shear reinforcement, have a forged head at one end and a rail on the
other (see Figure 1a) or forged heads at both ends, connected by a non-structural element
that serves as a spacer (see Figure 1b).
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The mechanical interlock between the studs’ head and the concrete provides better
anchorage than that developed in shear links and stirrups, which can be affected due to
the imprecise quality of the hooks [15]. As [13] discussed, poor bonding and anchorage
conditions may lead to slippage of the shear reinforcement, thus reducing their contribution
to the punching strength of flat slabs. Punching shear reinforcement, as illustrated in
Figure 1c–f, anchored within the flexural reinforcement layers, can fit into this case, and
additional detailing measures are adopted to improve their structural efficiency.

The Brazilian code for the design of concrete structures [16] is based on CEB-FIP
Model Code 1990 [17]. The Brazilian code recommends closed stirrups and studs as
punching shear reinforcement for flat slabs, with the latter being preferable. For slab–
column connections with shear reinforcement [16], it assumes a constant contribution given
by concrete, regardless of the shear reinforcement ratio (ρw). As demonstrated by [18],
this method can result in a higher scattering of the strength estimates, typically leading to
over-conservative results and, occasionally, providing unsafe estimates.

The fib Model Code 2020 [19] provisions for punching shear are based on the critical
shear crack theory (CSCT) as presented by [20] and the corresponding extension of the
method for slabs with shear reinforcement [21]. The punching resistance (VRc) can be taken
as a function of the slabs’ rotation (ψ), which can be calculated with four different levels
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of approximation (LoA), as presented in [19]. All the design methods recommend that,
for slabs with shear reinforcement, the punching resistance should be checked for failures
within (VRcs) and outside (Vout) the shear reinforced zone, limited by the crushing of the
concrete struts in the supported area (Vmax).

Increasing the shear reinforcement ratio is a potential solution to address architectural
and structural demands in reinforced concrete slabs subjected to highly concentrated loads,
where punching shear resistance plays a critical role in the whole structure’s safety. For
such cases, design codes often provide unreliable strength estimates, with potential unsafe
trends of VRcs, notably for slabs with high shear reinforcement ratios, showing that it is
essential to improve the understanding of the punching shear failure mechanisms. In
design practice, the unsafe theoretical strength estimates are indirectly avoided by adopting
over-conservative limits for the strength outside the shear-reinforced zone (VR,out) and for
the maximum punching resistance (VR,max) of the slab–column connection, as discussed by
Ferreira et al. [2].

Several studies have been conducted to address these challenges, leading to significant
advancements in understanding punching shear failure and the associated shear mecha-
nisms [5–22]. These efforts resulted in the development of sophisticated analytical models,
which try to explain the punching shear phenomenon and capture the shear strength
provided by the shear reinforcement. For instance, to ensure the practical applicability
of the method proposed by [5], the authors of [13] derived simplified closed-form equa-
tions to account for the activation mechanisms of different types of shear reinforcement.
Still, accurately accounting for the actual performance of slabs with different amounts of
shear reinforcement is an open problem due to the complexity introduced by the multiple
parameters involved.

Computational-assisted methods are frequently used to analyse the behaviour and
resistance of various structural materials. The generalized finite difference method (GFDM),
as described in [23], was employed to comprehensively assess the stress distribution
within a three-dimensional elastic composite material. The Bézier multi-step method,
introduced in [24], was also implemented to evaluate the dynamic response of composite
beams reinforced with graphene nanoplatelets subjected to axial loading. These instances
exemplify how computational methods can significantly enhance understanding complex
nonlinear structural engineering problems.

Nonlinear finite element analysis (NLFEA) is an established method for analysing
reinforced concrete structures, particularly for investigating shear-related issues, such as
the punching shear resistance of concrete slabs with shear reinforcement [25–31]. NLFEA
can be used to advance the understanding of the contributions of concrete and steel to shear
strength in slabs with varying reinforcement ratios, filling gaps in existing experimental
data. Widely employed in research, NLFEA is also a promising alternative for optimising
the structural assessments of existing structures. However, accurately modelling concrete
and transverse steel reinforcement interaction remains a significant challenge, especially
with user-friendly commercial software.

Pioneering work from [28] investigated the response and the punching shear resistance
of slab–column connections with stirrups through nonlinear finite element analysis. Using
truss elements to simulate the stirrups, they observed that unappropriated anchorage
representations could result in the non-activation of the shear reinforcement units or
early concrete shear failures due to unrealistic damage concentration. Different finite
element modelling strategies were used by [29] to simulate the resistance of slab-column
connections with post-installed shear bolts. They concluded that beam elements could
provide good results and recommended using additional beam elements at the ends to
simulate the anchorage conditions properly. Recently, refs. [30–32] simulated slabs with



Buildings 2025, 15, 960 4 of 25

double-headed studs using truss elements. The experimental and numerical results showed
good agreement, although no additional elements at the ends of the reinforcement units
were used. All the works above assumed a perfect bond between the concrete and the shear
reinforcement bars.

This paper examines methodologies for the NLFEA of reinforced concrete flat slabs
with double-headed studs. A user-friendly commercial software is used to evaluate the
aspects of the flexural and shear behaviour that can be accurately simulated computation-
ally, having as reference experimental tests from slabs supported on square and circular
columns of various sizes and with a wide range of shear reinforcement ratios. The com-
putational results are compared with experimental data regarding slab rotations, cracking
patterns, and strain distributions in the flexural and shear reinforcements, allowing for the
critical assessment of the NLFE modelling strategies discussed. Additionally, the paper
compares experimentally observed strength and load–rotation curves with computational
and theoretical estimates obtained using ATENA v5.6, a user-friendly software for non-
linear analysis and design of reinforced concrete structures, and the fib Model Code 2010
with levels of approximation (LoA) II, III, and IV. The intent was to qualitatively assess the
capacity and sensitivity of the NLFEA software to simulate both the structural response
and the punching shear strength of slab–column connections with significant increases
in the shear reinforcement ratio. Additionally, the paper examines how increasing the
complexity of levels of approximation (LoA) impacts the accuracy of theoretical strength
estimates from fib Model Code 2010.

2. Selected Experimental Tests
This paper used experimental results from nine reinforced concrete slab–column

connections tested by [2,9,14] in the numerical analyses developed. The selected specimens
comprised tests on slabs without and with shear reinforcement. The slabs without shear
reinforcement were used in the initial analysis to calibrate the setup of input parameters
and model the nonlinear behaviour of concrete. For slabs with shear reinforcement, the
slabs were selected based on their shear reinforcement ratio (ρw), covering a spectrum
of slabs with low (ρw < 0.25%) to moderate (0.25% ≤ ρw ≤ 0.75%) and high (ρw > 0.75%)
shear reinforcement ratios. To isolate the influence of the shear reinforcement, only slabs
with double-headed studs as punching shear reinforcement were used, and all other
characteristics, such as f cm, f ys, f yws, d, and ρf, were kept within consistent ranges.

The selection criteria included uniform testing conditions to ensure consistency among
the tested slabs. Consequently, all selected slabs were centrally supported and subjected
to eight concentric point loads at their edges. Variations in column geometry and dimen-
sions were accepted as a secondary variable, since they might also affect the activation
process of the shear reinforcement. Thus, slabs supported on square and circular columns
were selected, covering a range of column-to-effective-depth ratios (c/d) from 1.2 to 3.2.
These systematic decisions permit a thorough investigation of the punching shear response
and resistance of slab–column connections with different amounts of shear reinforcement
supported on columns of different sizes and shapes. Table 1 summarises the main charac-
teristics of the selected tested slabs.

Figures 2 and 3 show the geometry, boundary conditions, details of the flexural rein-
forcement, and measurement points of displacements and rotation of the slabs, Figure 4 is
a photograph of the test setup and Figure 5 presents the arrangement of the double-headed
studs. The experimental specimens consisted of isolated square-shaped panels idealised to
represent the internal slab–column connections of a flat slab floor with symmetrical loading.
Slabs tested by [9] were supported on square plates used to simulate the columns. The
slabs tested by [2,14] were supported on column stubs.
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Table 1. Characteristics of the selected experimental tests.

Slab
c

(mm)
d

(mm)
ρflex
(%)

ρw
(%)

f cm
(MPa)

f y
(MPa)

Shear Reinforcement

No. of
Studs Per
Perimeter

Øw
(mm)

No. of
Perimeters

s0
(mm)

sr
(mm)

f yw
(MPa)

Asw/perim.
(mm²)

PV1 260 210 1.50 0 --- 34.0 709 --- --- --- --- --- --- ---
PL7 260 197 1.59 0.93 H 35.9 583 16 14.0 7 80 160 519 2463.0
PL11 260 201 1.56 0.23 L 34.2 554 8 10.0 7 80 160 592 628.3
LC1 270 143 1.48 0.61 M 47.8 557 10 10.0 6 70 100 573 785.4
LC2 360 140 1.52 0.50 M 46.9 557 10 10.0 6 70 100 573 785.4
LC3 450 142 1.49 0.42 M 48.9 557 10 10.0 6 70 100 573 785.4
LC7 360 144 1.47 0.62 M 49.0 557 10 10.0 7 55 100 573 785.4
LC8 360 144 1.47 0.60 M 48.1 557 12 10.0 6 70 100 573 942.5
LS5 300 143 1.48 0 --- 50.5 557 --- --- --- --- --- --- ---

L, M, and H refer to slabs with a low, moderate, and high shear reinforcement ratio. The aggregate diameter is
16 mm for series PL and 9 mm for series LC.
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The flexural reinforcement ratio of the tested specimens ranged from 1.41% to 1.62%
and was defined by the authors to avoid flexural failures. The shear reinforcement ratio
was calculated as shown in Equation (1), suggested by [33]. In this equation, Asw,1+2 is the
sum of the area of transverse bars in the first two shear reinforcement perimeters, sr is the
radial spacing of the shear reinforcement, and u0.5d is the length of the control perimeter at
0.5d from the column face with round corners.

ρsw =
(Asw,1+2)

2·(sr·u0.5d)
(1)
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The slabs without shear reinforcement, PV1 and LS5, were used as benchmarks to
calibrate the input parameters related to the concrete. The tests carried out by [2,9,14]
assessed the influence of the following parameters: column size (LC1, LC2, LC3); the
shear reinforcement ratio (LC2, LC8, PL7, and PL11); and the spacing between the shear
reinforcement perimeters (LC2 and LC7). The failure mode of all the selected tests was
punching shear within the shear-reinforced zone. The shear reinforcement ratio is the main
parameter used to evaluate the performance of the modelling strategies, which ranged
from 0.23% to 0.93%, according to Table 1.

All the slabs had double-headed studs whose heads were three times the diameter
of their shanks, anchored at the height of the outermost upper and lower flexural rein-
forcement layers. Dial gauges positioned on the upper surface of the slabs were used by
Ferreira et al. [2] to measure the vertical displacements of the tested slabs. Lips et al. [9]
used inclinometers at the load application radius to measure the slabs’ rotation along tests.
Both authors used a pair of strain gauges to measure the strain in the flexural and shear
rebars, and in the shear reinforcement, the strain gauges were placed at mid-height of the
double-headed studs’ shanks.

3. Modelling Strategies
3.1. Constitutive Material Models

The numerical simulations were conducted using the ATENA software (version 5.6)
developed by Červenka Consulting [34]. The constitutive model used to represent the con-
crete nonlinear behaviour was CC3DNonLinCememtitious2, which combines constitutive
models for tensile (cracking) and compression (plasticity) behaviour.

According to [34], the nonlinear concrete behaviour is simulated by the smeared crack
approach and crack band model (see Figure 6b). The multiaxial compressive behaviour
is given by a plasticity model based on Menétrey–Willam’s failure surface (see Figure 7),
which evolves by the hardening/softening laws described in Figure 6a.

In the smeared crack approach, the crack is formed according to the Rankine fail-
ure criterion when the principal stress exceeds the tensile strength of the concrete at an
integration point.

Fixed or rotating crack formulations are available to represent the cracking process
of the slabs. The fixed cracking model keeps the crack direction constant throughout
the loading history. In the rotating model, the crack direction changes depending on
the principal stress axes. The fixed crack model can consider the aggregate interlock by
decreasing the shear modulus with an increase in the normal strain on the crack. More
information about the constitutive models available in ATENA can be found in [34,35].
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In the numerical models, hexahedral elements (CSIsoBrick in ATENA) were used to
represent the concrete and the support plates. These elements consist of eight nodes, one
located at each vertex, or 20 nodes, one at each vertex plus the intermediate nodes. The use
of the brick-type element is usual in this type of computational modelling (see [25,26,36],
among others). Brick elements with eight nodes, as shown in Figure 8a, were used in this
work. The flexural reinforcement was represented with CCIsoTruss elements. These are
linear truss elements, capable of resisting tensile and compression forces only, and may
have two to three nodes, two at the ends and a third intermediate one, as illustrated in
Figure 8b.
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Figure 9 shows the finite element mesh used in the numerical models. The mesh
of the column segments kept the same element size as the rest of the slab. The circular
column stubs were simulated with tetrahedral elements. The supports and loading plates
were modelled with linear elastic isotropic properties. Due to the symmetry of the tested
specimens, only one quarter of the slabs were modelled, saving computational time. The
continuity in the symmetry regions was simulated with the restriction of horizontal dis-
placements perpendicular to the symmetry axes. The vertical movements of the slab were
restrained in the base of the column. The loading was applied as displacement increments
in the centre of each loading plate, as shown in Figure 9a, in 100 loading steps of 0.25 mm
and 0.40 mm each for series LS-LC and series PV-L, respectively. The Newton–Raphson
iteration method was used, and the convergence criteria were maintained with the default
values (0.01 in displacement and 0.0001 in energy).
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Displacements were measured at several points of each numerical model for compar-
isons with the experimental results. Since [9] directly reported the rotation of the slabs,
Equation (2) was used to calculate the rotation of the numerical models based on dis-
placement measurements. For uniformity, the slab displacements reported by [2] were
transformed into rotations using Equation (2). The model’s failure was defined at the peak
load, and the aspect of cracks and strains served as a reference for confirmation.

ψ =
δ1 − δ2

r1−2
(2)

where, δ1 is the maximum displacement measured, δ2 is the displacement measured at a
distance from the centre of the slab, and r1-2 is the distance between the measuring points
for δ1 and δ2 (575 mm for series LC and 900 mm for series PL).

3.2. Preliminary Simulations

Slab PV1, tested by [9], was defined as a reference for modelling slabs without shear
reinforcement. Research by [37] examined the impact of various mesh sizes, primarily by
modifying the number of elements across the slab thickness, on the response and resistance
of slab–column connections. Based on their results, this research used six elements along
the slab thickness in all numerical models. Parametric analysis was also carried out to
define the criteria to attribute values for the concrete tensile strength (ft), the concrete
fracture energy (Gf), the cracking model, and the shear factor.

The influence of Gf on the response and strength of the numerical model was evaluated
considering the recommendations presented by the fib Model Code 2010 [38] and its former
version in [17]. Regarding the tensile strength of concrete, in the numerical models, the
values used refer to fctm and fct,inf from the [38]. As noted by [39], the tensile strength directly
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affects the load-carrying capacity of the computational models. Furthermore, a comparison
between the fixed and rotating crack models was conducted. Table 2 summarises the
parameters for calibrating the reference slab (PV1).

Table 2. Parameters of calibration.

Tensile strength
fctm = 0.3 · ( fck)

2/3 * fib Model Code 2010 [37]

fct,inf = 0.7 · fctm fib Model Code 2010 [37]

Fracture energy
G f = 0.073 · fcm

0.18 fib Model Code 2010 [37]

G f = G f 0 ·
(

fcm
fcm0

)0.7
CEB-FIP Model Code 1990 [16]

Crack model
--- Fixed

--- Rotating
* In calculations of fctm, fck was replaced by fcm, considering the values reported by the authors of the experimental
tests, informed in Table 1.

Figure 10 presents the results of the tests. For the concrete tensile strength, it was
observed that using the lower bound values (fct,inf) improved the correlation between
the experimental and the numerical results, as the cracking starts earlier. The tested
values of Gf were 0.138 N/mm and 0.07 N/mm, calculated as recommended by [17,38],
respectively. Adopting a lower value of Gf improved the correlation between the numerical
and experimental results in terms of both cracking and failure load. On the other hand,
calculating Gf as recommended by [38] led to overestimated theoretical results. Authors
such as [25,37] recommend calculating Gf as recommended by [17] because the equation
presented by [38] does not consider the diameter of the aggregate. However, it should be
highlighted that in numerical methods, the value of Gf is intrinsically related to the element
crack bandwidth [40]. Therefore, the results above depend on the ATENA crack bandwidth
applied to brick elements.
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Figure 10. Results of the calibration process.

Finally, regarding the concrete cracking models, the rotating crack model showed a
poor correlation between the stiffness and load-carrying capacity of the tested slab. Table 3
presents the parameters defined for the final model for PV1 after calibration, and Figure 11
illustrates the load–rotation response obtained for this configuration for both PV1 and
LS5, which is the model without shear reinforcement tested by [2]. A good correlation
is observed between the computational and experimental responses during linear and
nonlinear stages.
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Table 3. Properties of concrete and steel.

Concrete

Crack model Fixed
f cm (MPa) Experimental (see Table 1)
f ct,inf (MPa) fib Model Code 2010 [38] (see Table 2)
Gf (N/m) CEB-FIP Model Code 1990 [17] (see Table 2)
Ec (GPa) fib Model Code 2010 [38] (see Table 2)

Steel

f y (MPa) Experimental (see Table 1)
Es (GPa) 200
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3.3. Simulations of Slabs with Shear Reinforcement

The shear reinforcement was modelled using CCIsoTruss elements, assuming a perfect
bond between concrete and steel. Despite its simplifications, this modelling strategy
has yielded reliable results in previous studies ([26,27,29,30]). An elastic-perfectly plastic
constitutive law was adopted for steel, while the concrete and longitudinal reinforcement
properties followed the recommendations from prior analyses, as summarised in Table 3.
Figure 12 illustrates the numerical representation of the double-headed studs in slab PL7,
tested by [9]. Since the model considers only one-quarter of the slab, the studs along the
symmetry axis were represented by elements with half of the reinforcement area.
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A key aspect investigated was the influence of the stud heads. According to [29],
these heads can be represented by additional bar elements at the top and bottom of the
stud (Figure 12a) to improve stress distribution and mitigate localised concrete cracking.
Figure 13a compares two numerical approaches: in the red line, stud heads were explicitly
modelled, while in the blue line, the studs were represented as straight bars (Figure 12b).
Although explicit modelling slightly increased the punching resistance, it also altered the
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slabs’ stiffness, leading to discrepancies in the numerical load–rotation response compared
to the experimental data.
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The influence of the shear factor (SF) was investigated to refine the numerical predic-
tions further. As described by [41,42], SF is a crucial parameter for modelling shear failures,
defining the relationship between normal and shear crack stiffness [34]. In ATENA, the
default SF is 20. In [41], the authors varied SF from low values up to 200 when modelling
large RC beams, observing premature shear failures at lower values and better correlation
with experimental results at SF = 200.

Figure 13b analyses the effect of SF on numerical predictions. In both cases, the studs
were modelled without heads, but SF was set to 20 and 200, with the latter considered an
upper bound following [41]. Increasing SF significantly improved the agreement between
numerical and experimental results, particularly in terms of ultimate punching resistance
and load–rotation response.

In addition, as the modelling of the studs’ head resulted in a stiffer load–rotation
response than observed on the experimental test, it was decided to discard this approach;
thus, the shear reinforcement was modelled, as shown in Figure 12b. Figure 13b compares
the effect of the shear factor in the numerical response and resistance of slab PL7. It is
possible to note that the increment of the shear factor significantly improved the correlation
between the numerical and experimental results for slab PL7, both in terms of stiffness and
ultimate load. The assumption of considering the shear factor as 200 was assessed in the
remaining slabs presented in Table 1. As expected, it was observed that the trend was to
overestimate the punching shear resistance of slabs without or with low-to-moderate shear
reinforcement ratios. Based on all the analyses carried out and discussed up to this point,
two sets of strategies for the numerical modelling of flat slabs with double-headed studs
were defined, as presented in Table 4.

The main differences between these strategies are in the values assumed for the tensile
strength of concrete and the shear factor. For Strategy I, the objective was to establish
a set of input parameters so that the theoretical response and the punching strength
estimates would be accurate but fundamentally on the safe side. Therefore, fct,inf, calculated
as presented in Table 2, was used as the tensile strength of concrete (ft), and the shear
factor was considered as 20. Alternatively, Strategy II was intended to be a reasonable
procedure, but it was able to capture the high levels of punching shear strength observed
experimentally in tests on slabs with high ratios of double-headed studs, such as PL7. In
this case, fctm was considered for the tensile strength of concrete (ft), and the shear factor
was considered as 200.
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Table 4. Modelling strategies.

Concrete Strategy I Strategy II

Crack model Fixed Fixed
f c (MPa) f cm,Exp f cm,Exp
ft (MPa) f ct,inf (see Table 3) f ct (see Table 3)
Gf (N/m) MC90 (see Table 3) MC90 (see Table 3)
Ec (GPa) MC10 (see Table 3) MC10 (see Table 3)
Shear factor 20 200

Steel Strategy I Strategy II

f y (MPa) f y,Exp f y,Exp
Es (GPa) 200 200

4. Results and Discussions
4.1. Load–Rotation Curves

Figures 14 and 15 compare the load–rotation response obtained in the numerical
models and the experimental ones for the slabs with shear reinforcement. For series C, a
grey dashed line was included in Figure 13 to indicate the experimental strength, as the
vertical displacement monitoring was interrupted before failure. Furthermore, the flexural
resistance of the slab–column connections, calculated according to [19], is shown by a black
dashed line. For the series PL, the flexural resistance was estimated at around 2500 kN,
which is relatively higher than the experimental strengths. Thus, Vflex was omitted in
Figure 14.

A stiffer behaviour was observed in the load–rotation curves for the slab type LC, even
with Strategy I. This disagreement may be related to setup settlements observed during
the test, as shown in Figure 4. While the test slab rests entirely on the metal frame reaction
frame, the displacement measurement system rests directly on the floor, so it is possible
that in addition to displacements due to the deformation of the concrete of the test slabs,
small displacements of the test frame were also measured.

Generally, a reasonable agreement between the numerical and experimental strengths
for both series of tests can be observed. The results show that Strategy I was adequate in
estimating the strength of slabs without or with low-to-moderate amounts of shear rein-
forcement, while Strategy II was more efficient for slab PL7, with a high shear reinforcement
ratio. From this point forward, the computational results obtained using Strategy II will be
used to discuss slab PL7, while Strategy I will be used for all the others. Finally, a stiffer
behaviour was observed in the load–rotation curves for slabs type LC, even with Strategy I.
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Figure 14. Comparison of load–rotation curves of slabs tested by [9]. (a) PV1. (b) PL11. (c) PL7.
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Figure 15. Load–rotation curves for the slabs tested by [2]. (a) LS05. (b) LC01. (c) LC02. (d) LC03.
(e) LC07. (f) LC08.

4.2. Strains in Flexural and Shear Reinforcement

Figure 16 compares the strains in the flexural rebars at the column vicinity in the
slabs tested by [2]. Figures 17 and 18 compare the strains in the shear reinforcement for
slabs tested by [2,9], respectively. The strain data plotted in the graphs correspond to the
mean values of the strains measured in a shear reinforcement perimeter. In the slabs tested
by [9], the strains were measured close to the forged heads. No strain data are available for
slab PL11.

Using truss elements with the hypothesis of a perfect bond between the flexural rein-
forcement and concrete provided good correlations with the experimental data. In contrast,
discrepancies between experimental and numerical strains in the shear reinforcement can
be observed, particularly for LC slabs. Results from LC01, presented in Figure 16a, can illus-
trate the scenario for this series of slabs. Although the experimental response clearly shows
the activation and contribution of the shear reinforcement, the strains measured in the
computational model are significantly smaller. This is probably the result of simplifying the
perfect bond adopted in the numerical models, which do not allow relative displacements
between the studs and the surrounding concrete. In addition, using a higher SF on model
PL7 did not improve the activation of the shear reinforcement. This result indicates that
the concrete contribution could be overestimated in the numerical model. Based on these
findings, more studies are suggested regarding the shear behaviour of cracked concrete
and the implementation of bond–slip in the stud connectors.

Concrete compressive strength can also help to understand the worse correlation of
the strains on the shear reinforcement observed in the slabs tested by [2] compared to the
results of the slabs tested by [9]. In slabs LC03, LC07, and LC08, the shear reinforcement is
activated in the computational models close to the peak loading stages, indicating that the
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concrete contribution was possibly overestimated, and in these slabs, fcm is close to 50 MPa,
while in slabs tested by [9], it is around 35 MPa.
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Figure 16. Load–strain curves in the flexural reinforcement for the slabs tested by [2].
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Figure 17. Load–strain curves in the punching shear reinforcement for the slabs tested by [2].
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Figure 18. Load–strain curves in the punching shear reinforcement for the slabs tested by [9].

4.3. Failure Surface

All the selected slabs were saw-cut after tests, allowing for the assessment of the
punching shear failure surfaces. Figures 19 and 20 compare the failure surfaces measured
on tests with the theoretical results of the numerical models. For better visualisation
of cracks on the numerical models, cracks with widths smaller than 0.2 are suppressed.
Inclined cracks, typical of shear and punching shear failures, were observed in all the
computational simulations. Furthermore, in slabs tested by [2], supported on column
stubs, cracks were concentrated in the vicinity of the column, while for those tested by [9],
cracks were shifted to the centre of the slab, which is consistent with the crack propagation
described by [43].
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In general, a good correlation between numerical and experimental results was ob-
served in terms of the inclination of the failure surface. In the numerical models, the
inclination of the failure surface was estimated based on the colour contours and the crack
representation. In some tests, it is noteworthy that asymmetric failure planes are observed.
As for slab PL11, in the computational models, this observation is not possible due to
the option of modelling only a quarter of the slabs. In addition, it is difficult for some
slabs to identify the critical shear crack both in the numerical and experimental models.
In the numerical model of slab PL7, two main shear cracks with different inclinations are
observed. The stepper crack is like the main failure crack observed in the experimental test,
but two relevant shear cracks are observed in the experimental model on each side of the
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slab. It is also observed that increments in the shear reinforcement ratio resulted in steeper
failure surfaces in both the experimental and numerical models, as evidenced by tests on
PL slabs.
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4.4. Comparison with Fib Model Code 2020

The numerical and experimental responses, as well as the punching resistance of the
selected slabs, are evaluated in comparison with the strength estimates obtained using
the formulation presented by [19], which is based on the critical shear crack theory and
assumes that the punching resistance is a function of the slab rotation (ψ). The punching
shear strength of slabs with shear reinforcement can be calculated according to [19] within
four different levels of approximations (LoA), as initially introduced in the fib Model Code
2010. This is a structured methodology in which progressively higher levels of complexity
refine the mechanical parameters involved, leading to more accurate punching strength
estimates. In the case of slab–column connections, ψ can be calculated within increasing
levels of complexity, and in LoA IV,ψ can be obtained from NLFEA accounting for cracking,
tension-stiffening, yielding of the reinforcement, and other nonlinear effects.

The advantage of this approach lies in its flexibility, as it allows for both preliminary
strength estimates through simplified equations and more advanced evaluations using
NLFEA. In this context, the comparison between NLFEA results and the strength estimates
obtained through different LoA formulations highlights the advantages and limitations
of numerical modelling relative to existing design code methodologies. Specifically, it
critically assesses how increasing the complexity of LoA formulations affects the accuracy
of punching strength predictions for slabs with different amounts of double-headed studs,
examining the role of NLFEA as a complementary tool in structural analysis and design.

In [19], it is assumed that in the case of slabs with shear reinforcement under symmetric
loading, the punching resistance (VMC10) is the least between the resistance estimates for
failures within (VR,cs and Vmax) and outside (Vout) the shear reinforced zone, as expressed by
Equation (3). As the reported punching shear failures occurred within the shear-reinforced
zone in the selected tests, the carried calculations considered only VR,cs and Vmax. Figure 21
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summarises the control perimeters and punching shear reinforcement detailing rules
presented by [19].

VR = min


VRcs = VRc + VRs

Vout = kψ ·
√

fc · uout,e f · dv

Vmax = ksys · kψ · u1 · dv ≤
√

fc · u1 · dv

(3)

where:

• VRcs is the punching resistance within the shear-reinforced zone;
• VRc = kψ ·

√
fc · u1 · dv is the punching resistance of a slab without shear reinforcement;

• VRs = ∑ Asw · σsw is the resistance provided by the punching shear reinforcement;
• Vout is the punching resistance outside the shear-reinforced zone;
• Vmax is the maximum punching resistance of a slab–column connection.

• σsw = Esψ
6

(
1 + fb

fyw
d

ϕw

)
≤ fyw is the stress in the shear reinforcement.

• ksys is assumed as 2.8 for studs with heads larger or equal to three times the bar
diameter.

• kψ = 1
1.5+0.9·kdg ·ψ·d ≤ 0.6

• kdg = 32
16+dg

≥ 0.75

• fb is the bond strength, assumed as 3 MPa for corrugated studs.
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Figure 21. The fib Model Code 2020 [19] control perimeters and detailing rules for flat slabs with
shear reinforcement.

The rotation of the slab can be obtained considering four levels of approximation
(LoA). The first level is intended to be the most simple and conservative approach, and
for the fourth level, the higher effort applied is expected to result in a more accurate and
economical solution. Equations (4) and (5) were used to calculate the rotation of the slabs
for LoA II and LoA III, respectively. For the sake of simplicity, the same mE value was used
in both cases.
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For LoA IV, it is assumed by [19] that the rotation can be obtained based on a nonlinear
analysis accounting for any relevant effects to accurately assess the structure, as carried out
throughout this paper. Figures 22 and 23 and Table 5 present the results in detail.

ψLoAII = 1.5 · rs

d
·

fys

Es
·
(

mE
mR

)1.5
(4)

ψLoAIII = 1.2 · rs

d
·

fys

Es
·
(

mE
mR

)1.5
(5)

where rs is the radius of contra flexure of radial bending moments; mE is the average
moment per unit length for calculation of the flexural reinforcement in the support strip
(bs) taken as mE = V

8 ; mR is the flexural strength per unit length in the support strip (bs)

assumed as mR = ρ · fys · d2 ·
(

1 − ρ· fys
2· fc

)
.

Figures 22 and 23 generally show that the theoretical rotations estimated using equa-
tions from LoA II and LoA III fit the experimental results well. In addition, for the case
of slabs tested by [9], the rotations from the nonlinear finite element models (LoA IV)
virtually covered the experimental results. In terms of the punching shear resistance, the
results obtained following [19] were on the safe side, with some conservatism, as shown in
Figures 22 and 23, as well as Table 5.

Table 5. Comparisons between experimental, numerical, and design code estimates.

Slab
VExp
(kN)

VFEA
(kN)

VMC10.LoAII
(kN)

VMC10.LoAIII
(kN)

VMC10.LoAIV
(kN)

VExp/ VExp/ VExp/ VExp/
VFEA VMC10.LoAII VMC10.LoAIII VMC10.LoAIV

PL7 1773.0 1736.3 1400.0 * 1500.0 * 1375.0 * 1.02 1.27 1.18 1.26
PL11 1176.0 940.6 870.0 905.0 863.0 1.25 1.35 1.30 1.09
LC01 858.4 894.7 775.0 712.0 700.0 0.96 1.11 1.21 1.28
LC02 955.7 1027.1 815.0 820.0 785.0 0.93 1.17 1.17 1.31
LC03 1076.2 1201.2 863.0 895.0 875.0 0.90 1.25 1.20 1.37
LC07 1110.4 1068.3 845.0 820.0 810.0 1.04 1.31 1.35 1.32
LC08 1058.9 1083.8 912.0 938.0 870.0 0.98 1.16 1.13 1.25

Mean 1.01 1.28 1.27 1.31
CoV 0.11 0.12 0.12 0.11

* The punching resistance estimated by Model Code 2010 was limited by Vmax.

It should be noticed in Figures 22 and 23 that, for slabs tested by [2], increasing the
complexity level of the theoretical approach did not lead to more accurate results, as was
expected. The strength estimates following the LoA II and LoA III approaches performed
better than the resistance estimates obtained using LoA IV. On the other hand, the numerical
strengths obtained following the proposed methodologies were more accurate than the fib
Model Code 2020 [19], as shown in Table 5.

The more significant resistance discrepancy in Table 5 is for slab PL7. The large amount
of shear reinforcement in this slab led to over-conservative strength estimates by fib Model
Code 2020 [19], limited by the criteria established in the code for Vmax. The opposite was
observed for the numerical model of the referred slab, which could accurately predict the
load-carrying capacity measured on tests.



Buildings 2025, 15, 960 20 of 25

Buildings 2025, 15, x FOR PEER REVIEW 20 of 25 
 

numerical strengths obtained following the proposed methodologies were more accurate 
than the fib Model Code 2020 [19], as shown in Table 5. 

The more significant resistance discrepancy in Table 5 is for slab PL7. The large 
amount of shear reinforcement in this slab led to over-conservative strength estimates by 
fib Model Code 2020 [19], limited by the criteria established in the code for Vmax. The 
opposite was observed for the numerical model of the referred slab, which could accu-
rately predict the load-carrying capacity measured on tests. 

  
(a) LC01 (b) LC02 

  
(c) LC03 (d) LC07 

 
(e) LC08 

Figure 22. Comparisons between the experimental and theoretical response and punching shear 
resistance (series LC). 

0

250

500

750

1000

1250

1500

1750

2000

0 10 20 30 40

V (kN)

ψ (‰)

ψ.MC lvl2
Vcs
LC01
ψ.MC lvl3
Vmax.MC
Strategy I

VExp

ψMC10,LoAII

VRcs

ψExp
ψMC10, LoAIII
Vmax
ψStrategy I

¤¤¤ LoAII

LoAIII

LoAIV

0 10 20 30 40

ψ (‰)

ψ.MC lvl2
Vcs
LC02
ψ.MC lvl3
Vmax.MC
Strategy I

VExp

ψMC10,LoAII

VRcs

ψExp
ψMC10,LoAIII
Vmax
ψStrategy I

¤¤¤
LoAII

LoAIII

LoAIV

0

250

500

750

1000

1250

1500

1750

2000

0 10 20 30 40

V (kN)

ψ (‰)

ψ.MC lvl2
Vcs
LC03
ψ.MC lvl3
Vmax.MC
Strategy I

VExp

ψMC10,LoAII

VRcs

ψExp
ψMC10,LoAIII
Vmax
ψStrategy I

¤¤¤
LoAII

LoAIII

LoAIV

0 10 20 30 40

ψ (‰)

ψ.MC lvl2
Vcs
LC07
ψ.MC lvl3
Vmax.MC
Strategy I

VExp

ψMC10, LoAII

VRcs

ψExp
ψMC10, LoAIII
Vmax
ψStrategy I

¤¤¤
LoAII

LoAIII

LoAIV

0

250

500

750

1000

1250

1500

1750

2000

0 10 20 30 40

V (kN)

ψ (‰)

ψ.MC lvl2
Vcs
LC08
ψ.MC lvl3
Vmax.MC
Strategy I

ψMC10,LoAII

VRcs

ψExp
ψMC10,LoAIII
Vmax
ψStrategy I

¤¤¤
LoAII

LoAIII

LoAIV

VExp

Figure 22. Comparisons between the experimental and theoretical response and punching shear
resistance (series LC).
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5. Conclusions
This paper investigates strategies for the nonlinear finite element modelling of slab–

column connections with varying amounts of double-headed studs used as punching shear
reinforcement. Two NLFE modelling strategies were developed to evaluate their accuracy in
predicting the behaviour of the slabs, including load–rotation response, crack patterns, and
strains in both flexural and shear reinforcement. Additionally, the NLFEA was employed
to estimate punching shear strengths and compare these results with experimental data
and the fib Model Code 2020 across levels of approximation from II to IV. Based on the
obtained results, the following conclusions can be drawn:

• The flexural and shear reinforcement were modelled using truss elements, assuming
a perfect bond between concrete and steel. The NLFE models generally captured
flexural response aspects of the slab–column connections, such as load–rotation be-
haviour, cracking patterns, and flexural reinforcement strains. However, in terms of
punching shear, the comparison between numerically predicted strains in the studs
and experimental measurements showed poor correlation, indicating limitations in
how the NLFE models represent the shear transfer mechanisms.

• The shear factor (SF) significantly influenced the numerical results, particularly for
slabs with high shear reinforcement ratios. Strategy I, in which SF was assumed
as 20, provided reasonable estimates for slabs with low-to-moderate reinforcement.
In contrast, with SF assumed as 200, Strategy II better captured the behaviour and
resistance of slabs with high shear reinforcement ratios, such as PL7. Finally, the
computational effort required to solve slabs with Strategy II was mainly governed
by the iterative method and mesh size rather than by the chosen SF value. There-
fore, adopting SF = 200 did not impose significant practical limitations on structural
engineering applications.

• The modelling of double-headed studs significantly affected numerical results. Simu-
lations that explicitly represented the stud heads led to higher punching resistance
estimates than those that ignored them. However, it also altered the slabs’ stiffness,
leading to discrepancies in the numerical load–rotation response. These results empha-
sise the importance of adequately representing the geometry of the studs to enhance
accuracy while maintaining realistic structural behaviour. Moreover, these results
indicate that the methodologies assessed in this paper are insufficient for detailed
investigations into the punching shear failure mechanisms and the activation process
of the shear reinforcement.
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• Assuming a perfect bond between the shear reinforcement and concrete led to rea-
sonable punching shear strength estimates. However, it did not accurately capture
the development of strains in the shear reinforcement. Softening the perfect bond
assumption would introduce an additional modelling complexity, as it would require
a constitutive bond–slip model, which would demand additional calibration and
computational effort. The perfect bond was adopted to balance accuracy and usability
in practical engineering applications. Nevertheless, further studies are recommended
to evaluate the impact of bond–slip models on the numerical response and resistance
of slabs with different amounts of shear reinforcement.

• The punching shear strength estimates for the selected slabs obtained using the fib
Model Code were conservative compared to the experimental results and with the
NLFEA. It was also observed that increasing complexity from LoA II to LoA IV did not
consistently improve the accuracy of strength estimates. These results suggest potential
limitations in the levels of approximation adopted by the fib Model Code to estimate
the punching shear strength of slabs with shear reinforcement. Further investigation
is required to determine whether these discrepancies arise from inherent constraints
in the theoretical model or uncertainties in the numerical modelling process.

• The NLFEA methodologies presented in this paper demonstrated a strong correlation
with experimental results. They effectively evaluated the punching shear strength and
structural response of slabs incorporating varying amounts of double-headed studs
as punching shear reinforcement. These findings support the methodologies’ appli-
cability for structural engineering issues, potentially offering more reliable strength
estimates than simplified methods outlined in design codes. Future research should
focus on bond–slip models to improve strain predictions in shear reinforcement, ex-
amine the impact of slab continuity and boundary conditions in practical structural
scenarios, and assess the benefits of utilising LoA IV methodology for achieving more
consistent strength estimates in the fib Model Code 2020.

This paper provides insights into modelling strategies for the nonlinear finite element
analysis of slab–column connections having double-headed studs as punching shear rein-
forcement. It highlights the strengths and limitations of NLFEA in predicting the response
and punching shear resistance, reinforcing the role of advanced numerical methods as com-
plementary tools for structural design. Results suggest that future refinements in NLFEA
of slabs with shear reinforcement require further investigations into bond–slip models and
strategies for effectively modelling the shear reinforcement so that the numerical models
can replicate key aspects of the shear behaviour of flat slabs. Additionally, this paper
underscores the need to critically assess the practical applicability of the higher level of
approximation proposed by MC20 in engineering practice through comparison with a more
extensive experimental database.
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Notation

d Effective depth of the slab.
dv Shear resisting effective depth of the slab.
dg Maximum size of aggregate.
f c Compressive strength of concrete.
fcm Mean compressive strength of concrete.
fctm Mean tensile strength of concrete.
fct,inf Lower bound value of the tensile strength of concrete.
f t Tensile strength of concrete.
f y Yield strength of the flexural reinforcement.
f yw Yield strength of the shear reinforcement.
Gf Concrete fracture energy.
s0 Distance from column face to first layer of shear reinforcement.
sr Radial spacing of shear reinforcement.
st Tangential spacing of shear reinforcement.
st,max Maximum value of st (generally in outer perimeter of shear reinforcement).
u1 Length of control perimeter for calculation of VRc and VRcs.
uout Length of control perimeter for calculation of Vout.

uout,ef
Effective value of uout respecting the limits of st,max. limited by fib Model Code 2010
as st,max ≤ 1.5·dv.

Asw
Sum of the cross-sectional area of all shear reinforcement within the zone bounded
by 0.35·dv and dv from the edge of the supported area (see Figure 20).

Asw/perim. Area of shear reinforcement per perimeter.

C
Diameter of a circular column, case of slabs type LC, or the side length of a square
column, for all the other slabs.

Es Modulus of elasticity of flexural reinforcement, presented in Table 3.
ρflex Flexural reinforcement ratio.
Øw Diameter of the shear reinforcement.
ψ Rotation of the slab.
Ec Concrete modulus of elasticity.
ν Poisson ratio.
Es Steel modulus of elasticity.
V Load carrying capacity of the model.
Vflex Expected flexural load capacity.
Vexp Experimental observed load capacity.
Vexp Computational observed load capacity.
εys Limit deformation for steel rebars.
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