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A r t i c l e  h i s t o r y  A B S T R A C T  

This study examines the influence of Concrete Damaged Plasticity (CDP) model 
parameters on the punching shear behavior of reinforced concrete (RC) flat slabs 
using non-linear finite element analysis (NLFEA) in Abaqus. The CDP model, known 
for its ability to simulate the inelastic behavior of concrete under multiaxial stress 
states, was calibrated based on the author’s previously published experimental 
results. The calibration process involved variation of key CDP parameters and finite 
element mesh sizes. Following validation on a reference slab, the model was 
applied to six additional slabs that varied in three primary aspects: presence of 
openings, loading eccentricity, and cross-sectional dimensions of the supporting 
column. The findings indicate that variations in CDP parameters have a notable 
impact on the simulated punching behavior. However, when appropriately defined, 
the CDP model enables accurate prediction of punching shear capacity, thereby 
reducing the need for costly and time-consuming experimental testing. 
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1 Introduction 

Flat slabs have become a standard floor system in 
residential, commercial, and industrial buildings due to their 
architectural flexibility, rapid construction, reduced story 
height, and simple integration of services. These benefits, 
however, comes with certain drawbacks: the slab–column 
connection is susceptible to punching shear, a brittle and 
sudden failure mode that can precipitate progressive 
collapse if not properly controlled [1- 8].  

Punching shear develops in the zone of concentrated 
support reactions, leading to a truncated cone (or pyramid) 
failure surface around the column footprint as load and 
rotation increase. Classical formulations based on critical 
sections and empirical design rules have been progressively 
refined by mechanical models and the critical shear crack 
theory (CSCT), which explicitly relates punching capacity to 
slab rotation and crack kinematics. The governing 
parameters include slab thickness (effective depth), 
longitudinal reinforcement ratio and grade, concrete 
compressive strength, column geometry, and the presence 
and amount of shear reinforcement [4, 8]. 

To date, a variety of shear reinforcement solutions have 
been investigated to enhance punching resistance and 
ductility, such as headed studs, closed stirrups, multi-leg or 
truss-shaped stirrups, and spiral systems. Recent research 
emphasize the role of anchorage and position of 
reinforcements—especially the interaction with flexural 
reinforcement—in activation shear reinforcement. Inclined or 
spiral arrangements of reinforcement often provides 
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favorable performance [7, 9]. Also, studies on fiber-
reinforced concrete slabs (with steel or synthetic fibers) show 
significant improvements in load capacity and energy 
absorption due to crack bridging and better post-cracking 
behavior, although model predictions and design codes vary 
considerably [10]. 

Material innovations—from ultra-high-performance 
concrete (UHPC) to sustainable mixes incorporating 
recycled constituents—exhibit distinct punching behaviors. 
Reinforced UHPC slabs benefit from higher tensile and 
compressive strengths, while hybrid eco‑mixes can modify 
toughness and stiffness with mixed effects on ultimate 
capacity; these observations are relevant to both concentric 
and non‑concentric loading scenarios and to systems with 
openings [11-12]. 

In practice, the layout of building services frequently 
requires openings near columns. Openings reduce the 
concrete area of the critical punching perimeter and often 
interrupt flexural reinforcement, thereby increasing local 
shear stresses and decreasing both strength and 
deformation capacity. Experimental and numerical studies 
consistently demonstrate that the reduction depends on 
opening size, shape, number, and—critically—location 
relative to the column and load path [6, 13-14]. Strengthening 
with externally bonded systems (e.g., CFRP strips, textile-
reinforced mortar, or aluminum sheets) and with embedded 
systems (e.g., GFRP gratings) can partially or fully recover 
the loss in punching capacity, but the gain depends on the 
configuration, anchorage, and stiffness of the strengthening 
system [13, 15-16]. 
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Loading eccentricity introduces unbalanced moments at 
slab–column connections, increasing shear on the more 
heavily loaded side and reducing the effective punching 
resistance. Even small eccentricities can decrease capacity 
and change crack patterns, yet current regulations provisions 
typically treat eccentricity in simplified ways and, in many 
cases, ignore the interaction with discontinuities such as 
openings adjacent to column faces [6, 17]. The combined 
effect of eccentricity and openings remains insufficiently 
represented in design approaches, despite being common in 
real buildings. 

Synthesis of recent literature indicate a major deficiency: 
while openings and eccentricity have been studied 
separately, their combined effect—especially the position of 
openings relative to the eccentricity side—is 
underrepresented in design provisions and remains 
insufficiently quantified. Živković et al. [18] and Bursać et al. 
[19] report that international design codes generally neglect 
the opening position with respect to the eccentricity side, 
despite its significant influence on punching behavior. 
Moreover, available design provisions may underestimate or 
overestimate capacity under these combined actions, and 
recommended strengthening configurations are not yet 
unified for such cases [6, 9-10, 13]. 

Combined with experiments, non-linear finite element 
analysis (NLFEA) has become an important tool for 
predicting punching shear. The fracture and plasticity models 
of distributed-cracked concrete, calibrated against reference 
tests, can reproduce the load-deflection relationship, crack 
patterns, and failure mode with high accuracy, enabling 
systematic parametric analysis of geometry, reinforcement, 
openings, and load eccentricity. However, there are still 
differences between NLFEA predictions, laboratory tests and 
simplified formulations in the codes - especially for weakly 
reinforced or large slabs, as well as in cases where 
unbalanced moments are combined with discontinuities [6, 
8, 13]. 

Therefore, the main objective of this study is to provide a 
detailed assessment of how variations in key numerical 
simulation parameters affect the punching shear behavior of 
reinforced concrete (RC) slabs. Special attention is given to 
the punching behavior of flat slabs with openings subjected 
to eccentric loading. The adopted eccentricity value of 150 
mm was introduced to simulate the effect of unbalanced 
moments that naturally occur in real flat slabs. In actual 
structures, such moments develop due to the transfer of 
bending moments between the slab and the column, as well 
as due to load asymmetry, edge or corner column locations, 
and the presence of openings near the column. This value 
was also selected based on literature data [20], as similar 
eccentricities are commonly analyzed in experimental and 
numerical studies. The eccentricity was therefore chosen to 
realistically reproduce the combined bending and punching 
shear behavior observed in real slab–column connections. 

2 Description of the analyzed slabs 

This study uses experimental results previously 
published by the author [19], which were adapted for the 
validation and calibration of the nonlinear finite element 
analysis model. A total of seven RC flat slab models were 
analyzed under loading applied through an interior column. 
The primary differences among the individual models lie in 
the presence and position of the opening relative to the load 
direction, as well as in column geometry. All slabs share 
identical dimensions, chosen to align with those most 

commonly adopted in previous experimental research [21- 
24]. The slab model was developed to represent the region 
of negative bending moments in the slab surrounding the 
internal column. The model diameter is typically taken as 
0.44L, where L denotes the axial distance between columns. 
This value corresponds to the point at which the radial 
bending moment becomes zero along a circular line of 
diameter 0.44L centered at the point of support. Each slab 
has a diameter of 1800 mm, a thickness of 120 mm, and an 
effective depth of 95 mm. 

To facilitate easier formwork in experimental setups, the 
slabs were cast as regular octagons with side lengths of 746 
mm, approximating a circular shape. This configuration has 
been employed in several previous studies [25-28], and 
research by [29] confirms that slab shape (square or circular) 
has no significant effect on punching capacity. 

The tension zone of each slab was reinforced with 10 mm 
diameter bars placed in two orthogonal directions at 100 mm 
spacing, while the compression zone was reinforced with 
bars of the same diameter at 200 mm spacing. Slabs were 
intentionally engineered to fail in punching shear, with 
flexural reinforcement carefully dimensioned to ensure such 
a failure mode. The reinforcement layout differed between 
the tension and compression zones—tension reinforcement 
was provided in accordance with flexural capacity 
requirements, while compression reinforcement was limited 
to the minimum amount needed to control shrinkage and 
temperature effects. Although increasing the amount of 
compression reinforcement to match that in the tension zone 
is typically recommended for improved structural behavior 
under eccentric loading, the configuration used in this study 
was selected to replicate an unfavorable scenario that could 
realistically occur in practice. No additional reinforcement 
was placed around the opening, allowing for an isolated 
investigation of its influence on the slab’s punching behavior. 
This approach enables a more accurate assessment of 
potential strengthening needs and realistically simulates the 
structural response when an opening is introduced into an 
existing slab system. 

The reference model S1, used as a control specimen, 
contains no opening and is subjected to centrically applied 
load through a square column with dimensions 150×150 mm. 
The slab geometry, dimensions, and reinforcement layout—
both in plan and in section—are shown in Figure 1. Model S2 
differs from the reference model only in the loading condition: 
while S1 is loaded concentrically, S2 is subjected to eccentric 
loading, with the load application point offset by 150 mm from 
the vertical axis of the column. The effect of an opening near 
the column under concentric loading was examined in model 
S3, which retains the same square column dimensions 
(150×150 mm). Eccentrically loaded slabs with openings 
were analyzed through models S4 and S5. The column 
geometry remains unchanged, and the eccentricity is set to 
150 mm. In S4, the opening is positioned on the side 
opposite the load direction, while in S5, the opening is 
located on the same side as the applied load. The influence 
of column size variation on punching shear capacity in 
eccentrically loaded slabs with openings adjacent to the 
column face was investigated using models S6 and S7. For 
these specimens, the column cross-section was changed to 
a 300×150 mm rectangle. Both slabs were loaded with a 150 
mm eccentricity. In S6, the opening is placed on the side 
opposite the load, while in S7, it is located on the same side 
as the applied load. Figure 2 illustrates the slab geometry, 
boundary conditions, and loading configurations for all 
analyzed slabs. 
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Figure 1. Geometry and reinforcement details of the RC slab 
 

 

 

Figure 2. Illustration of slab geometry, boundary conditions, and loading configurations 
 
 
3 Materials and methods  

The non-linear analysis of RC slabs subjected to various 
loading scenarios and opening positions was conducted 
using the NLFEA software package Abaqus [30]. The 
simulation process begins by discretizing the structural 
system into finite elements defined by multiple nodes. The 
concrete of both the slab and the column was modeled using 
C3D8R elements—8-node, reduced integration, 3D solid 
elements with three translational degrees of freedom per 
node (in x, y, and z directions). The reinforcement was 
modeled using T3D2 elements, which are 2-node truss 
elements defined by cross-sectional area and designed to 
carry axial tension or compression. Each node in this 
element also possesses three translational degrees of 
freedom. These elements are then assembled into a 
comprehensive numerical model representing the structural 

behavior under investigation. The solution involves solving a 
system of algebraic equations that accurately capture the 
mechanical response of the discretized model.  

To simulate the behavior of concrete, the Abaqus 
software offers several constitutive models. For this study, 
the concrete damaged plasticity (CDP) model, based on the 
concept of brittle fracture, was selected to represent the 
behavior of the slab. A detailed description of the model will 
be presented in Section 3.2. The column, on the other hand, 
was modeled as a linearly elastic material. Reinforcing steel 
was represented using a bilinear stress–strain relationship, 
assuming elastic–perfectly plastic behavior. 

The finite element modeling aimed to replicate the actual 
behavior of the tested specimens as accurately as possible, 
allowing for the evaluation of various parameters influencing 
punching shear capacity—without the need for extensive and 
costly experimental investigations. 
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3.1 Characteristics of incorporated materials 

The characterization of material properties was carried 
out prior to the slab testing phase, using specimens sampled 
during the concreting process. All tests were performed at 
the Laboratory of the Faculty of Civil Engineering in Subotica. 
The key mechanical properties — compressive strength (𝑓𝑐), 
tensile strength (𝑓𝑡), and Young’s modulus (𝐸𝑐) — were 
determined on three standard control cylinders for each test 
series, and the mean values of the measured results are 
summarized in Table 1. The splitting tensile strength of the 
concrete was measured on cylindrical specimens with a 
diameter of 15 cm and a height of 30 cm. In this test, the 
tensile strength is determined based on the line load applied 

along two opposite generatrices of the cylinder (𝑓𝑐𝑡,𝑠𝑝). The 

corresponding axial tensile strength of the concrete was then 
calculated as 𝑓𝑡 = 𝛼𝑐𝑡,𝑠𝑝 ∙ 𝑓𝑐𝑡,𝑠𝑝. According to [31], the 

parameter 𝛼𝑐𝑡,𝑠𝑝 ranges between 0.67 and 1.1. In this study, 

the value of this parameter was adopted in accordance with 
the Eurocode 2 [32] recommendation, where 𝛼𝑐𝑡,𝑠𝑝 = 0.9 is 

suggested. The modulus of elasticity (𝐸𝑐) was determined by 
loading cylindrical specimens (15×30 cm) in compression. 
The applied compressive force was approximately 30% of 
the expected failure load of the specimen. During the testing, 

three fixed frames and seven digital extensometers were 
used. The accuracy of the deformation measurement device 
is 1/1000 mm.  

The mechanical properties of the reinforcement were 
obtained through tensile testing conducted on three standard 
specimens using a universal testing machine. The average 
values derived from these tests are presented in Table 2. 

 
3.2 CDP model 

The CDP model captures both dominant failure 
mechanisms in concrete: tensile cracking and compressive 
crushing [33]. A schematic representation of stress–strain 
responses under uniaxial loading for plasticity-only, damage-
only, and combined damage–plasticity models is given in 
Figure 3. Solid lines denote loading paths, while dashed lines 
indicate unloading paths. In this context, 𝜀𝑒𝑙 and 𝜀𝑝𝑙 represent 

elastic and plastic strains, respectively, and 𝐸0 is the initial 
elastic modulus. As evident from Figure 3, material 
degradation due to damage reduces stiffness, where the 
slope of the unloading branch becomes (1 − 𝐷)𝐸0, with 𝐷 
being the scalar damage parameter. The damage parameter 
was defined as proposed by [34]: 𝐷 = 1 − 𝜎 𝑓⁄ , where 𝑓 
represents the compressive or tensile strength of the 
concrete. 

 
 

Table 1. Properties of specimens 

Slab 
Opening 

[mm] 
Eccentricity 

[mm] 
Column 

[mm] 
𝑓𝑐 

[MPa] 
𝑓𝑡 

[MPa] 
𝐸𝑐 

[GPa] 

S1 - - 150x150 38.73 3.09 30.99 

S2 - 150 150x150 41.39 3.21 32.08 

S3 150x150 - 150x150 41.39 3.21 32.08 

S4 150x150 150 150x150 38.73 3.09 30.99 

S5 150x150 150 150x150 38.73 3.09 30.99 

S6 150x150 150 300x150 41.39 3.21 32.08 

S7 150x150 150 300x150 38.73 3.09 30.99 

 
 

Table 2. Mechanical properties of reinforcement 

Yield strength of flexural reinforcement 𝑓𝑦  [MPa] 595 

Ultimate stress 𝑓𝑢 [MPa] 674 

Steel strain 𝜀𝑦  [‰] 2.87 

Modulus of elasticity of reinforcement 𝐸𝑐 [GPa] 207 

 
 

 

Figure 3. CDP model representation: (a) plasticity-only, (b) damage-only, (c) coupled damage–plasticity behavior 
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The stress–strain behavior under uniaxial loading in 
Figure 3 (c), representing the coupled damage–plasticity 
response, can be described by the following expressions: 

𝜎𝑐 = (1 − 𝐷𝑐)𝐸𝑜(𝜀𝑐 − 𝜀𝑐
𝑝𝑙)  (1) 

𝜎𝑡 = (1 − 𝐷𝑡)𝐸𝑜(𝜀𝑡 − 𝜀𝑡
𝑝𝑙)  (2) 

where the subscripts t and c refer to tension and 
compression, respectively. 

The compressive stress–strain curve used in the CDP 
model (Figure 4) begins with an initial linear segment defined 
as: 

𝜎𝑐1 = 𝐸𝑜𝜀𝑐  (3) 

up to 

𝜎𝑐0 = 0.4𝑓𝑐𝑚  (4) 

with 

𝑓𝑐𝑚 = 𝑓𝑐𝑘 + 8  (5) 

𝐸𝑜 = (0.8 + 0.2𝑓𝑐𝑚 88⁄ )𝐸𝑐𝑖  (6) 

𝐸𝑐𝑖 = 10000𝑓𝑐𝑚
1 3⁄   (7) 

The second segment of the curve, extending from 0.4𝑓𝑐𝑚 
to the peak compressive strength 𝑓𝑐𝑚, follows a parabolic 
relationship as proposed in CEB-FIP (2010) [35]: 

𝜎𝑐2 =
𝐸𝑐𝑖

𝜀𝑐

𝑓𝑐𝑚
− (

𝜀𝑐

𝜀𝑐𝑚
)

2

1 + (𝐸𝑐𝑖
𝜀𝑐𝑚

𝑓𝑐𝑚
− 2)

𝜀𝑐

𝜀𝑐𝑚

𝑓𝑐𝑚  (8) 

where the strain at peak compressive stress is: 

𝜀𝑐𝑚 = 0.0022  (9) 

The post-peak descending branch is described by: 

𝜎𝑐3 = (
2 + 𝛾𝑓𝑐𝑚𝜀𝑐𝑚

2𝑓𝑐𝑚
− 𝛾𝜀𝑐 +

𝜀𝑐
2𝛾

2𝜀𝑐𝑚
)

−1

  (10) 

𝛾 =
𝜋2𝑓𝑐𝑚𝜀𝑐𝑚

2 [
𝐺𝑐ℎ

𝑙𝑒𝑞
− 0.5𝑓𝑐𝑚 (𝜀𝑐𝑚(1 − 𝑏) + 𝑏

𝑓𝑐𝑚

𝐸0
)]

2 
 (11) 

where 𝑙𝑒𝑞 denotes the characteristic length, and the crushing 

energy per unit area is given by:  

𝐺𝑐ℎ = (𝑓𝑐𝑚 𝑓𝑡𝑚⁄ )2𝐺𝐹  (12) 

𝐺𝐹 = 0.073𝑓𝑐𝑚
0.18  (13) 

The parameter b is typically assumed to be 0.9. 
 

 

Figure 4. Definition of compressive behavior in terms of 
inelastic strain 

The tensile stress degradation as a function of crack 
width W can be described using the expression proposed by 
Hordijk [36]: 

𝜎𝑡(𝑊)

𝑓𝑡𝑚
= [1 + (𝐶1

𝑊

𝑊𝐶
)

3

] 𝑒
−𝐶2

𝑊
𝑊𝑐 −

𝑊

𝑊𝐶

(1 + 𝐶1
3)𝑒−𝐶2  (14) 

where 𝜎𝑡(𝑊) is the tensile stress corresponding to crack 

width 𝑊, and 𝜎𝑡𝑜 = 𝑓𝑡𝑚 is the maximum tensile stress. 
Coefficients used are 𝐶1 = 3, 𝐶2 = 6.93, and the critical crack 
width is calculated as: 

𝑊𝐶 = 5.14𝐺𝐹 𝑓𝑡𝑚⁄   (15) 

The tensile strain from the stress–strain relationship (see 
Figure 5) is then determined using: 

𝜀𝑡 = 𝜀𝑡𝑚 + 𝑊 𝑙𝑒𝑞⁄   (16) 

Within Abaqus, uniaxial stress–inelastic strain data is 
internally converted into stress–plastic strain format required 
by the software’s numerical engine. 

 

 

Figure 5. Definition of cracking strain in the tensile regime 

4 Results and discussion 

4.1  Model calibration 
 

In order to calibrate the adopted modeling approach, the 
numerically obtained behavior of the slab under load—
leading to failure—was compared with experimentally 
measured values [19]. For calibration purposes, the centrally 
loaded slab specimen S1, supported by a square-section 
column, was selected. 

During the finite element modeling of the specimens, the 
geometry of the slab and column, as well as the 
reinforcement layout, were modeled to precisely match the 
actual test setup. The slab was loaded via the column, while 
load eccentricity, where applicable, was introduced by 
applying the force through a short rigid element placed at the 
bottom of the column. The load was applied as a 
concentrated force, as illustrated in Figure 6. This figure also 
shows the slab geometry, support conditions, and 
reinforcement layout for specimen S1. 

Model calibration was conducted by varying selected 
parameters defining the CDP model, as well as by 
performing a mesh convergence study through increasing 
the number of finite elements in the model. Within the finite 
element method (FEM), convergence is assessed based on 
the mesh quality and the sensitivity of the results. Meshes 
may differ in terms of element size and their spatial 
arrangement. 
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Figure 6. Geometry and support conditions of slab model 
S1 

 
By increasing the number of finite elements, the degree 

of approximation is reduced, thus improving the accuracy of 
the numerical solution. Accordingly, convergence is 
evaluated by generating a sequence of successively refined 
meshes, where the size of elements is proportionally 
reduced, and the total number of elements is increased. With 
at least three consecutive meshes of different densities, it 
becomes possible to determine the trend of the numerical 
results toward the real (physical) value. 

According to a study on the nonlinear analysis of 
punching shear in concrete slabs [37], it is recommended to 
use a mesh with element sizes ranging from 15 mm to 24 
mm, with 24 mm representing the upper limit to avoid 
numerical hourglassing effects. To mitigate numerical 
issues, it is recommended to ensure that the slab thickness 
is divided into at least four elements. 

In this study, mesh convergence was assessed using 
three different element sizes: 

• 24 mm, 

• 20 mm, and 

• 15 mm. 
A mesh size of 15 mm ensured 8 elements through the 

slab depth, while 20 mm and 24 mm meshes yielded 6 and 
5 elements, respectively. The 24 mm mesh was considered 
the lower limit, as less than 5 elements through the slab 
thickness may cause C3D8R element distortion, leading to 
unreliable results. 

The outcomes of this convergence study are shown in 
Table 3, where the punching load was taken as the force at 
which the slab experienced a significant increase in 
deflection under nearly constant load. This point corresponds 
to the transition in the load–deflection curve to an almost 
horizontal branch, indicating pronounced plastic 
deformations before failure due to punching. 

Although the constitutive stress–strain law in tension is 
related to the finite element size, the results have shown that 
the element size still significantly influences the numerical 
outcomes. The dependency on the number of finite elements 
in the mesh is particularly reflected in the magnitude of 
deflection at the ultimate load (Figure 7). 

The mesh with a 24 mm element size was found to be 
too coarse, producing an unrealistic and overly ductile 
representation of the slab behavior. On the other hand, the 
15 mm element size was considered too fine, as its 
dimensions are comparable to the maximum aggregate size 
in the concrete, and thus not suitable for accurate modeling. 

The results of the numerical simulation indicated that the 
adopted model with a 20 mm finite element size provides a 
precise prediction of the deflection at the ultimate load. 
However, the overall load–deflection response significantly 
deviates from the experimental curve in other loading 
phases. Specifically, the numerical model exhibits a 
considerably longer linear portion of the load–deflection 
curve than what was observed experimentally. According to 
the finite element analysis, the transition point—where the 
curve slope begins to change rapidly—occurs at 
approximately 150 kN, which is nearly twice the value 
observed in the experimental curve. 

For this reason, the variation of the tensile strength 
values was chosen to systematically investigate the 
sensitivity of the load–deflection response to reductions in 
concrete tensile strength. The selected values approximately 
2/3 and 1/3 of the initially determined tensile strength (3.09 
MPa) allow assessment of how decreasing tensile capacity 
affects the slope of the curve and the onset of nonlinear 
behavior. This approach helps identify the range in which the 
numerical model can better reproduce the experimentally 
observed transition point and overall structural response. 
The corresponding results of the numerical analysis, 
showing the deflection response under increasing load, are 
presented in Figure 8. 

 

Table 3. Mesh convergence – effect of finite element size on the estimated punching capacity 

 
Finite element size [mm] Experimental 

results 15 20 24 

Ultimate deflection [mm] 10.22 14.35 112.90 14.27 

Ultimate load [kN] 230.03 252.69 275.35 246.99 

 

 

Figure 7. Load–deflection relationship depending on the finite element size 
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Figure 8. Load–deflection relationship depending on concrete tensile strength 
 
 

The analysis results confirmed that a decrease in the 
maximum tensile strength of concrete leads to a reduction in 
the load intensity at which the slope of the load-deflection 
curve changes. In other words, cracks appear in the slab at 
lower load levels, which is expected since the punching 
shear capacity of an unreinforced slab depends on the 
tensile strength of the concrete. 

The reduction in tensile strength also affected the failure 
load, resulting in a significant difference between the 
numerical and actual load values causing the slab failure. An 
increase in the slope of the curve after crack initiation can be 
achieved by adjusting the dilatancy angle ѱ. The dilation 
angle (ѱ) defines the direction of the plastic strain increment 
vector. In the CDP model, based on a non-associated flow 
rule, this vector is normal to the plastic potential function. 
According to Abaqus [30], the default eccentricity value of 0.1 
assumes a nearly constant dilation angle over a wide range 
of confining pressures, while higher eccentricity values lead 
to a more curved potential function and a faster increase of 
the dilation angle as confining pressure decreases. The 
dilation angle ranges from 10° to 50°, with values between 
30° and 50° used when modeling concrete with more 
pronounced plastic deformability, as higher angles lead to a 
more ductile response. 

Numerical analyses were performed for ѱ values of 30°, 
38°, and 40°, with a maximum tensile strength 𝑓𝑡𝑚 =
2.07 𝑀𝑃𝑎 (Figure 9-right). For 𝑓𝑡𝑚 = 1.03 𝑀𝑃𝑎, three 

different dilatancy angles were analyzed: ѱ = 40°, ѱ = 46°, 
and ѱ = 48° (Figure 9-left). 

From the diagram, it is observed that achieving the 
experimental failure load in the model with tensile strength 
𝑓𝑡𝑚 = 2.07 𝑀𝑃𝑎 requires a dilatancy angle of ѱ = 38° or 
higher. For the model with tensile strength 𝑓𝑡𝑚 = 1.03 𝑀𝑃𝑎, 
a significantly larger dilatancy angle of ѱ = 46° is required. 
This curve provides the closest numerical response to the 
actual slab behavior under loading. However, when 
observing the crack pattern on the tensile surface of the slab, 
at ѱ = 46°, cracks are mostly concentrated above the 
column (Figure 10), which differs from the experimental 
results where cracks initially appeared above the column 
corners and gradually extended towards the slab edges.  
Figure 10-left shows cracks resulting from a load of 
approximately 70 kN, i.e., at the load intensity where the 
load-deflection curve changes its slope. At this load, only 
surface cracks appear in the concrete cover layer, which can 
be seen in the slab cross-section. Increasing the load to 
about 100 kN causes the appearance of an inclined crack in 
the slab cross-section, which further widens with increasing 
load and eventually forms the punching cone due to failure, 
as shown in Figure 10-right. The same figure (Figure 10-
right) presents the crack pattern at the failure load of 
approximately 240 kN. 

 
 

          

Figure 9. Load–deflection relationship depending on the variation of the dilation angle 
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Figure 10. Cracking pattern in the slab for a dilatancy angle 
of ѱ = 46° and 𝑓𝑡𝑚 = 1.03 𝑀𝑃𝑎 

 
By reducing the dilatancy angle ѱ (Figure 11), a more 

accurate crack distribution on the tensile surface of the slab 
is obtained. At the initial loading stage, cracks appear above 
the support corners, and at higher loads, cracks intensify 
above the support, forming the punching cone due to failure.  

 

 

Figure 11. Cracking pattern in the slab for dilatancy angle 
ѱ = 38° and 𝑓𝑡𝑚 = 2.07 𝑀𝑃𝑎 

 
For this reason, in order to numerically reproduce both 

the experimentally obtained failure load and deflection, while 
also aiming to realistically capture the crack distribution, the 
lowest recommended value of the parameter 𝛼𝑐𝑡,𝑠𝑝 = 0.67 

[31] was adopted in the expression for defining the tensile 
strength of concrete 𝑓𝑡 = 𝛼𝑐𝑡,𝑠𝑝 ∙ 𝑓𝑐𝑡,𝑠𝑝. Accordingly, a tensile 

strength of 𝑓𝑡 = 2.30 𝑀𝑃𝑎 was used in the subsequent 
analyses. 

The critical dilatation is largely dependent on the fracture 
energy 𝐺𝑓, which according to the CEB-FIP Model Code 

2010 [35] is calculated as: 

𝐺𝑓 = 0.073𝑓𝑐𝑚
0.18 = 0.141𝑁/𝑚𝑚 

If the fracture energy is calculated according to the CEB-
FIP Model Code 1990 [38], the critical dilatation will have a 
lower value, and the descending branch of the stress-
dilatation diagram will show a steeper drop: 

𝐺𝐹 = 𝐺𝑓𝑜(𝑓𝑐𝑚/𝑓𝑐𝑚𝑜)0.7 = 0.0774𝑁/𝑚𝑚 

where: 
 𝑓𝑐𝑚𝑜 = 10𝑀𝑃𝑎 

 𝐺𝑓𝑜 = 0.030 𝑁/𝑚𝑚 for  𝑑𝑚𝑎𝑥 = 16𝑚𝑚 

The dependence of the slab’s load- deflection response 
on the variation of fracture energy values is shown in Figure 

12. In the numerical analysis, the tensile strength of concrete 

was taken as 𝑓𝑡 = 2.30 MPa, and the dilatancy angle as ѱ =
38°. The analysis results indicated that choosing the lower 
fracture energy value (𝐺𝐹 = 0.0774𝑁/𝑚𝑚) provides a 
numerical response closer to the real, experimentally 
determined slab behavior. Therefore, for all subsequent slab 
simulations, a dilatancy angle of ѱ = 38° will be adopted, 
along with the fracture energy expression: 𝐺𝐹 = 𝐺𝑓𝑜(𝑓𝑐𝑚/

𝑓𝑐𝑚𝑜)0.7. 
 

 

Figure 12. Load-deflection relationship depending on the 
variation of fracture energy 

 
Model calibration was also performed with respect to the 

variation of the viscosity parameter 𝜇. It is known that the 
viscosity parameter influences the convergence rate of the 
model during the material softening phase. To avoid 
distortion of the results, the value of this parameter should 
be approximately 15% of the selected time increment size in 
Abaqus [30]. Due to the high nonlinearity in the analysis of 
punching shear in RC slabs, the time increment cannot be 
fixed and is therefore set automatically. For this reason, the 
influence of the viscosity parameter on the numerical 
analysis results will be examined for three different values: 
µ=0.000001, µ=0.00001 i µ=0.0001.   

 

 

Figure 13. Load- deflection relationship depending on the 
viscosity parameter µ 

 
The numerical analysis results (Figure 13) showed that 

the viscosity parameter value of µ=0.000001 best 
corresponds to the experimentally measured results, and 
therefore this value will be adopted in all subsequent 
analyses. 

After confirming that the numerically obtained results 
corresponded well to the experimental data, the same model 
was applied to all other experimentally tested slabs. The 
parameters defining the CDP model in Abaqus were adopted 
as follows: 𝐾𝑐 = 2 3⁄ , ѱ = 38°, 𝜎𝑏𝑜 𝜎𝑐𝑜⁄ = 1.16, 𝑒 = 0.1, 𝜇 =
0.000001. A finite element size of 20 mm was adopted. The 
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maximum tensile strength of concrete was determined as 
𝑓𝑡 = 0.67 ∙ 𝑓𝑐𝑡,𝑠𝑝 [31], while the fracture energy was calculated 

according to the CEB-FIP Model Code 90 [38] as 𝐺𝐹 =
𝐺𝑓𝑜(𝑓𝑐𝑚/𝑓𝑐𝑚𝑜)0.7. 

 
4.2  Load–deflection response and cracking pattern  

Following the conducted analysis and calibration of the 
CDP model on slab S1, the adopted model was applied to 
estimate the punching shear force, deflection, and crack 
patterns under loading for all experimentally tested concrete 
specimens. Slab S1, being the simplest among the seven 
analyzed slabs, was used for model validation and 
assessment of its reliability before being applied to more 
complex configurations. 

Figure 14 presents a comparison of the load–deflection 
response for slab S1, obtained using the FEM and 
experimental testing (Exp). During experimental testing, 
punching failure occurred under a load of 246.99 kN, with a 
maximum deflection above the column of 14.27 mm. The 
numerical results show good agreement with the 
experimental data in terms of both the ultimate load and the 
corresponding deflection. The observed deviations are within 
3%, which confirms the validity of the model. A minor 
discrepancy was noted in the linear portion of the response, 
where nonlinear behavior begins at approximately 100 kN in 
the FEM analysis, while the experimental data indicates the 
onset of nonlinearity around 75 kN. 

 

 

Figure 14. Load–deflection response of slab S1 
 
Figure 15-left shows the crack propagation in the 

numerical model at the ultimate load, with a clearly formed 
punching cone through the slab thickness. Figure 15-right 
shows a photograph of the experimental specimen after 
failure. In both cases, cracks are concentrated above the 
loaded area, and the crack distribution demonstrates a high 
degree of correlation between the numerical and 
experimental results. 

 

 

Figure 15. Cracking pattern at failure in RC slab S1 

The modeling of eccentrically loaded slab S2 without an 
opening was carried out using the same methodology as for 
slab S1. Based on the numerical results, a comparison was 
made with experimental data to verify the model’s accuracy. 
The diagram in Figure 16 shows the relationship between 
applied load and maximum deflection, indicating good 
agreement up to the failure load. The experimental punching 
load was 187.28 kN, while the numerical result was 194.52 
kN. The maximum deflection obtained using FEM was 12.82 
mm, compared to 10.22 mm measured experimentally. 

 

 

Figure 16. Load–deflection response of slab S2 

 
Crack propagation is presented in Figure 17. Both the 

numerical model and the experimental photo exhibit very 
good agreement. Cracks predominantly developed above 
the loaded zone and follow the direction of the eccentric load. 
As expected, an inclined shear crack appears only in the 
region influenced by the eccentric force. 

 

 

Figure 17. Cracking pattern at failure in RC slab S2 

 
Slab S3 was centrally loaded and included a square 

opening adjacent to the column face. The purpose of the 
analysis was to numerically confirm the influence of the 
opening on punching shear capacity. The load–deflection 
comparison shown in Figure 18 presents both numerical 
(punching load: 166.32 kN, deflection: 10.68 mm) and 
experimental (183.36 kN, deflection: 10.75 mm) results. The 
two curves match up to approximately 60 kN, after which the 
experimental curve changes slope, while the numerical 
model maintains linear behavior until around 90 kN. The 
deviation in ultimate load is about 9%, while the deflection is 
practically identical. 

 
 
 
 
 
 

0

50

100

150

200

250

0 0,01 0,02 0,03

L
o
ad

 [
k

N
]

Deflection [m]

S1

Exp

MKE

0

50

100

150

200

250

0 0,01 0,02 0,03

L
o
ad

 [
k

N
]

Deflection [m]

S2

Exp

MKE



Influence of concrete damaged plasticity model parameters on punching shear behavior of reinforced concrete flat slabs  

 

 Building Materials and Structures 68 (2025) 2500011B 

 

 

Figure 18. Load–deflection response of slab S3 
 
 
The crack pattern in the numerical model at the load level 

where the numerical analysis ceased to converge is 
compared in Figure 19 with the actual crack distribution 
observed after punching failure occurred. The punching cone 
is shown through both longitudinal and transverse sections 
of the slab. In this case as well, the propagation of 
numerically predicted cracks at the ultimate load shows good 
agreement with the actual crack pattern observed in the 
centrally loaded slab with an opening adjacent to the face of 
a square column. 

 
 

 

Figure 19. Cracking pattern at failure in RC slab S3 
 
 
The results for slab S4, with an opening located on the 

side opposite to the direction of eccentric loading, are 
presented in Figure 20. A good level of agreement was 
observed in the linear phase of the load–deflection behavior. 
The numerical model predicts a slightly higher punching load 
(175.13 kN) and deflection (11.29 mm) compared to the 
experimental results (punching load: 164.81 kN, deflection: 
9.10 mm). 

 

 

 

Figure 20. Load–deflection response of slab S4 
 
 

Crack propagation is shown in Figure 21. Both the 
numerical and experimental models demonstrate crack 
concentration above the loaded area, with a clearly visible 
inclined crack on the side of the applied force, which confirms 
the correctly identified eccentric behavior. 

 

 

Figure 21. Cracking pattern at failure in RC slab S4 
 
For slab S5, which includes an opening adjacent to the 

column face on the same side as the applied eccentric load, 
the initial numerical analysis was performed following the 
same principles as for the previous slabs. However, the 
results showed that modeling the slab with this setup (FEM-
Gf = 0.077) significantly underestimates the punching shear 
capacity, while the deflection remains approximately equal to 
that recorded in the experimental test. For this reason, a new 
numerical analysis was carried out using a fracture energy 
value of Gf = 0.141N/mm. This resulted in a higher tensile 
strain capacity and a softer descending branch in the tensile 
stress–strain diagram. The response of the slab under load 
with the modified material properties is shown in the diagram 
labeled FEM-Gf = 0.141. This adjustment yielded a punching 
load and ultimate deflection that closely matched the 
experimental results (Table 4). 

 
Table 4. Ultimate load and deflection for slab S5 

 
FEM-

Gf=0.077 
FEM-

Gf=0.141 
Exp 

Exp/ FEM-
Gf=0.077 

Exp/ FEM-
Gf=0.141 

Ultimate deflection [mm] 6.68 6.98 6.44 0.96 0.92 

Ultimate load 
[kN] 

119.59 137.75 139.78 1.17 1.01 
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The load–deflection diagram (Figure 22) describing the 
behavior of the slab under loading shows good agreement 
up to a load of approximately 60 kN, after which the 
experimental curve changes its slope, marking the end of the 
slab’s linear response. According to the FEM analysis, linear 
behavior persists up to approximately 80 kN, which results in 
minor discrepancies in the nonlinear portion of the slab’s 
response. 

 

 

Figure 22. Load–deflection response of slab S5 
 
The crack pattern in the numerical model at the load level 

where the analysis ceased to converge is compared with the 
actual crack distribution observed after punching failure 
occurred (Figure 23). The crack propagation at ultimate load 
according to the FEM model shows good agreement with the 
real crack pattern caused by punching in the eccentrically 
loaded slab with an opening adjacent to the column face. 
Both the numerical and experimental models reveal that, 
despite the eccentric loading, cracks are concentrated in the 
area directly above the column. This occurred due to the 
presence of the opening adjacent to the column face on the 
side of the slab where the eccentric load is applied. 

 

 

Figure 23. Cracking pattern at failure in RC slab S5 
 
The results of the numerical analysis for slab S6 are 

presented alongside the experimental results (punching 
load: 218.62 kN, deflection: 7.11 mm), with the numerical 
model yielding a punching load of 226.59 kN and a deflection 
of 11.21 mm. Although the FEM analysis indicates a slightly 
greater deflection at the ultimate load, the overall behavior of 

the slab in both numerical and experimental models is 
relatively consistent across all loading phases (Figure 24). 

 

Figure 24. Load–deflection response of slab S6 
 
The change in slope of the load–deflection curve 

indicates the load at which the slab transitions to nonlinear 
behavior, i.e., the point at which cracks begin to form in the 
RC specimen. For both the numerical and experimental 
models, the linear behavior ends at approximately 100 kN. 
As the load increases, cracks begin to propagate, mostly in 
the area subjected to eccentric loading. As with previous 
slabs, the inclined crack appears only on the side of the slab 
where the eccentric force is applied. Figure 25 shows a 
comparison of crack patterns at the ultimate load in both the 
numerical and experimental models, demonstrating very 
good correlation. 

 

Figure 25. Cracking pattern at failure in RC slab S6 
 
As with slab S5, slab S7 was also modeled using two 

different descriptions of concrete tensile behavior. The S7 
slab differs from S5 only in the shape and dimensions of the 
column. Slab S7 is supported by a rectangular column with 
dimensions 15×30 cm and includes a square opening 
adjacent to the column face. The opening is located on the 
side of the slab where the eccentric load is applied. The 
numerical analysis was carried out for two values of fracture 
energy: 𝐺𝑓 = 0.141𝑁/𝑚𝑚 and 𝐺𝑓 = 0.077𝑁/𝑚𝑚. The results 

showed that using the lower fracture energy (FEM-Gf=0.077, 
see Figure 26) significantly underestimates the punching 
shear capacity. When using the higher fracture energy (𝐺𝑓 =

0.141𝑁/𝑚𝑚) a higher ultimate load was obtained, with only 
an 8% deviation from the experimental result (Table 5). 

 
Table 5. Ultimate load and deflection for slab S7 

 FEM-Gf=0.077 
FEM -

Gf=0.141 
Exp 

Exp/ FEM -
Gf=0.077 

Exp/ FEM -
Gf=0.141 

Ultimate deflection 
[mm] 

7.72 8.59 8.26 1.07 0.96 

Ultimate load [kN] 154.10 172.98 187.68 1.22 1.08 
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The load–deflection curves show good agreement up to 
a load of approximately 140 kN, after which the FEM-
Gf=0.077 curve exhibits a steep increase in deflection with 
minimal additional loading, ultimately leading to analysis 
failure. The FEM-Gf=0.141 curve closely follows the 
experimental curve up to a load of about 160 kN, after which 
small deviations appear, with the numerical curve slightly 
underestimating the ultimate punching capacity. 

 

 

Figure 26. Load–deflection response of slab S7 
 
The crack pattern in the numerical model at the load level 

where the analysis stopped converging is compared with the 
actual crack pattern after punching failure occurred (Figure 
27). The distribution of cracks at the ultimate load according 
to FEM analysis is in very good agreement with the actual 
crack distribution caused by punching failure in the 
eccentrically loaded slab with an opening adjacent to the 
column face. As observed with slab S5, both the numerical 
and experimental models show that, despite the eccentric 
load, cracks are concentrated in the area directly above the 
column. This behavior is attributed to the presence of the 
opening located adjacent to the column face on the same 
side where the eccentric force is applied. 

 

 

Figure 27. Cracking pattern at failure in RC slab S7 
 
4.3  Review of obtained results 

The punching shear process was analyzed using the 
CDP model, which was previously calibrated based on 
specimen S1. Calibration was performed by varying relevant 
CDP model parameters and the finite element mesh size. 
Among the three considered mesh sizes, elements of 20 mm 
provided the most accurate estimates of the critical 
deformation caused by the ultimate load. The obtained 
results demonstrated that this approach provides 
satisfactory accuracy, indicating that it is not strictly 
necessary to perform mesh calibration for each model 
individually. However, it would be valuable in future research 

to verify the mesh calibration on additional slabs in order to 
further confirm the model’s reliability and general 
applicability. 

To achieve a realistic linear response aligned with 
experimental data, three different concrete tensile behavior 
diagrams were investigated. The analysis showed that 
reducing the maximum tensile strength of concrete 
decreases the load level at which the slope of the load–
deflection curve changes. In other words, cracks form at 
lower loads, as expected, since the punching shear capacity 
of a slab depends on the concrete tensile strength. For this 
reason, the lowest recommended value of the parameter 
𝛼𝑐𝑡,𝑠𝑝 = 0.67 [31] was adopted in the expression for defining 

the tensile strength of concrete 𝑓𝑡 = 𝛼𝑐𝑡,𝑠𝑝 ∙ 𝑓𝑐𝑡,𝑠𝑝. 

Based on this tensile strength and the corresponding 
tensile behavior diagram, the influence of the dilation angle 
𝜓  was analyzed. The criterion for selecting the optimal value 
was obtaining a punching load and corresponding deflection 
as close as possible to the experimental results, along with 
a visually similar crack distribution. A dilation angle of 𝜓 =
38° proved to be the most adequate and was adopted for 
further analysis. 

The model calibration also included analysis of the 
viscosity parameter μ, which affects convergence during the 
material softening phase. It is recommended that this 
parameter be around 15% of the chosen time increment in 
Abaqus [30]. Given the high nonlinearity of the problem and 
the automatic determination of time increments, the optimal 
value of 𝜇 was determined by testing three different values. 
The most reliable results were obtained for 𝜇 = 0.000001. 
In addition, the influence of fracture energy on the numerical 
results was analyzed. Fracture energy 𝐺𝑓 is not entirely size-

independent in concrete and varies across different regions 
of a specimen. Boundary conditions and specimen geometry 
strongly affect the 𝐺𝑓, as the proximity of edges or free 

surfaces can constrain the development of the fracture 
process zone [39]. These variations in fracture energy are 
reflected in the observed crack propagation patterns, which 
allow the analyzed slabs to be broadly classified into two 
groups. The first group (centrally and eccentrically loaded 
slabs S1, S2, S3, S4, S6) is characterized by cracks that 
develop freely across the slab, with the highest concentration 
occurring in the region subjected to the applied load. The 
second group (eccentrically loaded slabs S5 and S7) exhibits 
cracks concentrated directly above the columns, due to the 
presence of openings in the load application region. 

Two expressions were used for calculating fracture 
energy:  

• CEB-FIP Model Code 2010 [35]: 𝐺𝑓 = 0.073𝑓𝑐𝑚
0.18

.  

This approach proved more suitable for modeling 
eccentrically loaded slabs S5 and S7. 

• CEB-FIP Model Code 90 [38]: 𝐺𝐹 = 𝐺𝑓𝑜(𝑓𝑐𝑚/𝑓𝑐𝑚𝑜)0.7 

This formula provided better agreement for slabs S1, S2, 
S3, S4, and S6. 

Once it was confirmed that the calibrated model 
accurately reproduces the experimental results for specimen 
S1, the same model was applied to all other analyzed slabs. 
A comparative overview of the numerical and experimental 
values of punching load and the corresponding deflection is 
presented in Table 6. 
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Table 6. Comparison of experimental and numerical results 

Slab 
Ultimate load [kN] 

Exp/ FEM 
Ultimate deflection [mm] 

Exp/ FEM 
FEM Exp FEM Exp 

S1 240.10 246.99 1.03 14.09 14.27 1.01 

S2 194.52 187.28 0.96 12.83 10.22 0.82 

S3 166.32 183.36 1.10 10.68 10.75 1.01 

S4 175.13 164.61 0.94 11.29 9.10 0.81 

S5 137.75 139.78 1.01 6.98 6.44 0.92 

S6 226.59 218.62 0.96 11.21 7.11 0.63 

S7 172.98 187.68 1.08 8.59 8.26 0.96 

 
 

It was observed that discrepancies in the calculated 
punching load do not exceed 10%, indicating satisfactory 
agreement. For slabs with central loading (S1 and S3), the 
numerically obtained deflection were almost identical to the 
experimentally measured ones, with a deviation of only 1%. 
Larger deviations, up to 20%, were recorded for eccentrically 
loaded slabs, except for S6. Although the numerical model 
for S6 predicted a higher deflection, the slab behavior during 
all other loading phases showed good agreement with 
experimental findings. 

Based on the conducted analysis, it can be concluded 
that applying the CDP model with carefully defined 
parameters enables reliable estimation of the punching load 
in various types of RC slabs. This approach allows for 
efficient investigation of the influence of different factors on 
punching shear capacity without the need for complex and 
costly experimental testing, thereby saving significant time 
and resources. 

5 Conclusions 

This study aimed to provide a detailed analysis of the key 
parameters required for the reliable definition of the CDP 
model within nonlinear numerical simulations of punching 
shear in flat slabs. These values provide a balanced 
representation of concrete’s inelastic behavior under 
multiaxial stress states, making the CDP model suitable for 
simulating punching shear phenomena in RC slabs. After 
completing the calibration of the model on the reference slab 
S1, the same numerical model was applied to six additional 
slabs, which differed in three main aspects: the presence of 
openings in the slab, the eccentricity of loading, and the 
geometry (cross-sectional dimensions) of the supporting 
column. Based on the obtained numerical results, the 
following conclusions can be drawn: 

• After successful calibration on one representative 
specimen, the CDP model proved reliable in accurately 
predicting the behavior of different RC slab types. 

• A mesh convergence study was conducted to 
determine the optimal finite element size for reliable 
punching shear analysis. Results showed that element 
size significantly influences numerical accuracy, 
particularly the deflection at ultimate load. The 24 mm 
mesh was too coarse, leading to unrealistic ductility, 
while the 15 mm mesh was overly fine and not 
physically appropriate. A 20 mm mesh provided the 
best balance between accuracy and computational 
efficiency and was adopted for further simulations. 

• To achieve accurate numerical correlation with the 
experimental failure load and deflection, a tensile 
strength of 𝑓𝑡 = 0.67 ∙ 𝑓𝑐𝑡,𝑠𝑝 and a dilatancy angle of 

ψ = 38° were identified as optimal. While higher 

dilatancy angles improve load prediction for lower 
tensile strengths, they produce unrealistic crack 
patterns. Therefore, the chosen parameters best 
replicate both structural response and cracking 
behavior and are adopted for further analysis. 

• The viscosity parameter μ = 0.000001 gave the most 
stable and reliable convergence behavior in the 
softening phase of the material response. 

• The analysis indicates that fracture energy 𝐺𝑓 in 

concrete is not uniform and is influenced by specimen 
geometry and boundary conditions, which affect crack 
propagation patterns. Consequently, different 
expressions for 𝐺𝑓 are better suited for different slab 

types: The Model Code 2010 [35] approach was more 
suitable for eccentrically loaded slabs with an opening 
on the load application side (S5 and S7), while the 
Model Code 90 [38] formula gave better accuracy for 
all other analyzed slabs (S1, S2, S3, S4, and S6). 

• The difference between numerical and experimental 
punching loads did not exceed 10%, confirming the 
model’s accuracy. 

• For centrally loaded slabs, numerical and experimental 
deflections were nearly identical (within 1%), while 
eccentrically loaded slabs showed slightly larger 
deviations, up to 20%. 

• Applying the CDP model with carefully defined 
parameters enables a reliable estimation of punching 
shear capacity, significantly reducing the need for 
expensive and time-consuming experimental tests. 
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