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This study investigates the punching shear behaviour of flat slabs using a finite element 
approach. Various truss-shear reinforcement configurations were examined to enhance 
punching shear resistance and avoid brittle failure. The flat slab models demonstrated 
non-uniform shear transmission due to the inclusion of rectangular column capitals. The 
numerical analysis indicated a significant increase of approximately 79% in punching 
strength for the shear-reinforced slabs compared to the reference slab. The shear 
reinforcements changed the failure mode from punching shear to flexural failure with 
minimal changes, resulting in enhanced ductility, stiffness, and energy absorption. The 
square truss-shear reinforcement performed better than triangular alternatives, 
providing greater stability and stronger support for the flexural bars. The diagonal 
reinforcing bars markedly improved punching shear resistance, as evidenced by 
significantly higher stresses at ultimate load. The numerically obtained results were 
compared with punching shear strengths specified in design codes ACI 318-19 and 
Eurocode 2. 
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1. INTRODUCTION

A flat slab construction system is commonly used to create
large open spaces, such as parking garages, where cast-in-
place reinforced concrete slabs are supported by either cast-in-
place or precast reinforced concrete columns with capitals, 
sometimes supplemented with drop panels. The columns are 
affixed to the bottom floor slab using steel bolts and 
subsequently enclosed in concrete for protection. Column 
capitals are positioned above the columns to expand the 
connection zone for enhancing resistance against brittle 
punching shear failure. This type of failure occurs when the 
shear stresses exceed the concrete's tensile resistance around 
the column or column capital. Different span lengths in the two 
orthogonal orientations of the flat slab cause column capitals 
to be rectangular. This design reduces negative moments 
around column capitals by shortening the span. Moreover, 
rectangular column capitals often feature rounded corners to 
minimise shear stress concentration at the corners.  

Previous studies have identified two primary limitations in 
the punching shear strength of flat slabs supported by 
rectangular columns [1-4]. Firstly, the distribution of concrete 
shear stresses over rectangular columns is not always uniform. 
As a result, the corners of the column, rather than its sides, 
experience higher shear stresses. Since the shear stresses along 
the longer sides of a rectangular column are lower than those 
at the corners, this unequal shear transmission becomes more 
pronounced in flat slabs supported by such columns. Secondly, 
shear and flexural cracks in the flat slab often manifest earlier 

along the shorter side of the column owing to elevated shear 
pressures and bending moments relative to the longer side. 
This indicates that the arrangement and configuration of shear 
reinforcement may influence punching shear resistance, 
particularly if shear transfer is inconsistent in both orthogonal 
directions. 

The provisions in ACI 318-19 [5] related to punching shear 
design are based on experimental investigations by studies [6-
8] specifically focusing on slabs without shear enhancement.
Studies [9, 10] suggested empirical equations for the European
Eurocode 2 [11]. Eurocode 2 takes into consideration both the
strength of concrete and the strength of flexural reinforcement.
ACI 318-19 only looks at the strength of concrete. Also,
Eurocode 2 defines the critical section, where shear and
bending stresses reach their maximum levels, at two times the
effective depth of the slab (2d) from the column face, whereas
ACI 318-19 specifies it at 0.5d from the column face.
Researchers have systematically investigated various shear
reinforcement types, such as bent-up bars [12, 13] and closed
stirrups [14-17], shear heads [18-20], and shear studs [21, 22].

A crucial aspect of structural design involves making sure 
that flat slabs do not fail because of punching shear. 
Traditional techniques, like stirrups and shear heads, are not 
always simple to implement. For instance, stirrups should 
engage the flexural reinforcing bars through hooks to function 
properly. This complicates installation and makes radial 
arrangement more challenging. Alternatively, truss-shear 
reinforcement (truss bars or bar trusses) represents a more 
efficient alternative [23-25]. A truss-shear reinforcement is 
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made up of horizontal top and bottom chord bars 
interconnected by transverse vertical and diagonal bars (Figure 
1). The vertical and diagonal bar trusses play a crucial role in 
preventing punching failure by intersecting diagonal shear 
cracks [26]. 

A major gap still exists. Although it is well-known that 
truss-shear reinforcement is generally effective, the effects of 
its geometry and placement on punching shear resistance and 
failure modes are still not understood. The limited 
understanding of the detailed mechanics of this truss-shear 
reinforcement concept leaves practitioners uncertain about the 
implementation of reinforcement strategies, which in turn 
hampers a broader acceptance and application of that practical 
system to engineering practice. 

This research systematically investigates the relationship 
between truss-shear reinforcement parameters and the 
structural performance of flat slabs. This work primarily 
innovates by quantifying the impact of variations in truss 
geometry and configuration on ultimate punching strength and 

the associated failure mode. This study's findings aim to 
furnish essential data for the development of performance-
based design guidelines, thereby enhancing the confident and 
efficient application of truss-type shear reinforcement in 
practical scenarios. 

Four slab specimens, deep slab with no shear reinforcement 
(DSN), deep slab with single-leg stirrups (DSS), deep slabs 
with trusses (DST1 and DST2), representing slab-column 
interior connections, were selected for this numerical study. 
They were tested by Eom et al. [26] under static loading. Slab 
specimen DSN had no shear reinforcement, whilst slab 
specimen DSS was reinforced with typical single-leg D10 
stirrups with 90° and 135° end hooks. In contrast, slabs DST1 
and DST2 were reinforced using triangular trusses. All the 
tested slabs underwent model calibration using the finite 
element simulation, serving as benchmark models for further 
parametric investigations to achieve the aims of the study. The 
numerical results were then compared with code-based 
predictions of punching shear strength. 

 

 
 

Figure 1. Details of preassembled bar truss [26] 
 
 
2. DESCRIPTION OF TEST SLABS 

 
Slabs DSN, DSS, DST1, and DST2 tested by Eom et al. [26] 

were selected as finite element benchmark models following 
proper calibration using the ABAQUS software package [27]. 
These slabs represent interior slab-column connections in a 
typical flat slab system. The slabs were subjected to punching 
shear loading through the lower column stubs and supported 
along their edges, where bending moments vanish 
(contraflexure boundaries). The column corners were semi-
circular with a diameter of 180 mm, whilst the four corners of 
the column capital were quarter-circles with a radius of 90 
mm. The top tension reinforcement ratio was 𝜌𝜌ly = 0.0163 
along the y-direction, whilst 𝜌𝜌lx = 0.009 along the x-direction. 
These reinforcement ratios were chosen to provide an ultimate 
flexural strength of 2382 kN. The average effective depth of 
the slab was taken as d = 206 mm. Figure 2 presents a typical 
geometry and details of reinforcement for the test slabs.  

The control slab DSN, as shown in Figure 3(a), was not 
provided with any shear reinforcement. Slab DSS was 
reinforced using single-leg stirrups, which engaged both the 
top and bottom flexural bars as illustrated in Figure 3(b). Slabs 

DST1 and DST2 were reinforced against punching shear using 
triangular trusses. Specifically, slab DST1 was reinforced with 
two trusses placed orthogonally in each direction around the 
column capital as shown in Figure 3(c). In contrast, slab DST2 
was reinforced with eight triangular trusses arranged radially 
around the column capital as presented in Figure 3(d). These 
trusses were positioned between the tension and compression 
flexural reinforcement mats. Other key details of the stirrups 
and trusses are illustrated in Figure 3. 

The material properties of the test slabs are summarised in 
Table 1. Since the tensile strength and modulus of elasticity of 
concrete were not reported in the original study, they were 
estimated using the ACI 318-19 approach. The maximum 
aggregate size used in the concrete mix was 25 mm. All slabs 
were tested using a hydraulic jack with a maximum stroke of 
300 mm. The slabs were supported along their edges in a 
manner that prevented the corners from uplifting throughout 
the test. Slab deflections were determined by averaging the 
readings from LVDT1 and LVDT2, which were positioned at 
the column's rounded edges. Further detailed information can 
be found in reference [26].  
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Figure 2. Typical geometry and reinforcement details of test slabs [26] 
 

 
 

Figure 3. Shear reinforcement details [26] 
 

Table 1. Material properties of the test slabs [26] 
 

Slab Elements Concrete Compressive Strength 
f’c (MPa) 

Concrete 
Tensile Strength 

f’t (MPa) 

Reinforcement 
Yield Strength fyt 

(MPa) 

Modulus of 
Elasticity Ec 

(GPa) 
Concrete (slabs DSN & DSS) 31.8 1.86* – 26.50* 

Concrete (slabs DST1 & DST2) 32.4 1.88* – 26.75* 
D10 reinforcing bars – – 595 200 
D13 reinforcing bars – – 552 200 
D16 reinforcing bars – – 614 200 
D19 reinforcing bars – – 617 200 

D10 chord bars – – 535 200 
D8 vertical/diagonal bar trusses – – 609 200 

Note: *Estimated based on the ACI 318-19 approach. 
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3. FINITE ELEMENT CALIBRATION OF TEST SLABS 
 
3.1 Calibration process 
 

A three-dimensional non-linear analysis was conducted 
using the ABAQUS finite element package to evaluate the 
response of test slabs (DSN, DSS, DST1, and DST2) under 
static shear-punching loads. The Concrete Damaged Plasticity 
(CDP) model [28-31] was employed to simulate the non-linear 
behaviour of the concrete slabs for capturing inelastic 
deformation, cracking, crushing, and stiffness degradation. 
The concrete was modelled using 8-node hexahedral brick 
elements (C3D8R) with reduced integration [32-35]. 

The compressive response of concrete was modelled using 
the Hognestad parabola, whilst the tensile response was 
defined by a stress-crack displacement relationship rather than 
a stress-strain relationship. This tensile behaviour was 
characterised by a bilinear tension-softening response, which 
requires essential concrete parameters such as the fracture 
energy Gf and the maximum tensile strength f’t. Parameter Gf 
represents the area under the tensile stress-crack displacement 
curve and is influenced by aggregate size and concrete quality. 
It can be estimated following the Euro-International 
Committee for Concrete - International Federation for 
Prestressing (CEB-FIP Model Code 1990) [36]. Accordingly, 
the fracture energy was determined using Eq. (1). 
 

𝐺𝐺𝑓𝑓 = 𝐺𝐺𝑓𝑓𝑓𝑓(𝑓𝑓𝑐𝑐𝑐𝑐/𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐)0.7 (1) 
 
where, fcm = mean compressive strength of concrete, fcmo = 10 
MPa, and Gfo is the base fracture energy that depends on the 
maximum aggregate size (dg), taken as 0.045 N/mm in the 
present study. 

All reinforcing bars (flexural bars, single-leg stirrups, and 
trusses) were modelled by using truss elements (T3D2). The 
key advantage of using such an element type is its ability to 
resist tensile or compressive loads, as they exhibit minimal 
resistance to bending due to possessing only three translational 
degrees of freedom [27]. However, a recent study used this 
element type for modelling such reinforcements [37]. The 
elastic behaviour of all these reinforcements was defined with 
a Poisson's ratio ν of 0.3 and a Young's modulus Es of 200 
GPa. The plastic behaviour was defined using a data Table 2 
that presented yield stress alongside the associated plastic 
strain. The embedding approach was used to simulate the bond 
between all these reinforcements and the concrete. The plastic 
behaviour was specified through a data table that included 
yield stress and the corresponding plastic strain.  

 
Table 2. Used damaged plasticity parameters 

 
Damaged Plasticity Parameters Value 

Concrete Poisson's ratio ν 0.2 
Steel Poisson's ratio ν 0.3 
Dilation angle ψ (°) 40 

Ratio of stress invariants Kc 0.667 
Ratio of initial equibiaxial to initial  

uniaxial compressive yield stresses σbo/σco 1.16 

Viscosity parameter μ 0 
Eccentricity ε  0.1 

 

 
In the CDP model, the default values of Kc, σbo/σco, and ε are 

0.667, 1.16, and 0.1, respectively, based on the study [27] and 
extensive previous numerical investigations using the CDP 
model in ABAQUS [30-35]. As the quasi-static analysis is 

used, the viscous regularisation parameter μ in the CDP model 
was assumed to be 0 [30-35]. The dilation angle ψ was set to 
45° [31], representing inelastic volumetric changes within the 
model. Since the loading was monotonic, compression and 
tension damage parameters were disregarded. Sensitive 
analyses were conducted regarding the mesh size and dilation 
angle, as shown in Figure 4. 

Quasi-static analysis in ABAQUS was employed to analyse 
the experimental slabs. This method requires the application 
of a low velocity to ensure accurate results. All slab models 
were assigned a displacement rate of 20 mm/s, which was 
incrementally increased following a smooth amplitude curve 
from 0 mm/s to 40 mm/s. Restraints were strategically 
positioned at the upper edges of the slabs, corresponding to the 
direction of the applied force. Figure 5 shows the typical 
geometry and boundary conditions of the slab models used in 
the simulations. The slab deflection Δ was determined as the 
average value of the deflections at the rounded edges of the 
column. A finite element sensitivity study was conducted 
using mesh sizes of 30 mm, 36 mm, and 40 mm, ensuring that 
each exceeded the aggregate size of 25 mm whilst remaining 
sufficiently small to prevent a coarse mesh. Based on this 
study, a 36 mm mesh size was selected for the calibration 
process. This decision was based on the convergence of results 
and the agreement between finite element and experimental 
observations, particularly in terms of load-deflection 
responses, cracking patterns, and flexural reinforcement 
behaviour. Figure 6 shows the load-deflection curves for all 
slab models. 

 

 
(a) 

 
(b) 

 
Figure 4. Sensitive analyses of slab model DST2 with (a) 

different deletion angles and mesh size 36 mm, and (b) with 
different mesh sizes and deletion angle 45° 
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Figure 5. Typical geometry, boundary conditions, mesh configuration, and reinforcement details of slab models 
 

 
 

Figure 6. Load-deflection behaviour of slab models DSN, DSS, DST1, and DST2 
Note: DSN: deep slab with no shear reinforcement, DSS: deep slab with single-leg stirrups, DST1, and DST2: deep slabs with trusses. 

 
3.2 Discussion of calibration findings  
 

Experimental results indicated a significant reduction in 
slab stiffness at the circular reference points, which correspond 

to punching shear crack locations. This reduction signifies a 
substantial widening of punching shear cracks at these points, 
suggesting that crack formation occurred much earlier in the 
loading process. Consequently, finite element analysis plays a 
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crucial role in visualising the early stages of punching shear 
crack development, as represented by the square reference 
points. For comparative purposes, the maximum load points 
are marked with triangles. Furthermore, the simulated slabs 
exhibited a stiffer response compared to their experimental 
counterparts due to the exclusion of temperature and shrinkage 
effects in the numerical model.  

The strains in the flexural bars were measured exclusively 
for slab DSN during the experimental campaign. Both 
experimental and numerical observations confirmed that the 
flexural reinforcing bars did not yield at failure in slab DSN, 
indicating that the failure was due to pure punching shear. Eom 
et al. [26] speculated that flexural bars in slab DSS did not 
yield at failure, whereas yielding occurred at least in the x-
direction for slabs DST1 and DST2. Finite element analysis 
indicated that specific flexural bars in slab DSS did experience 
yielding in the x-direction. In slabs DST1 and DST2, certain 
flexural bars demonstrated yielding in both the x- and y-
directions upon failure. These findings highlight the 
significance of finite element analysis as a vital tool for 
revealing crucial details that may be neglected in experimental 
investigations. 

The calibrated slab models exhibited punching shear failure 
beyond the column capital, despite the clear formation of crack 
patterns on the tension surface (see Figure 7). This is further 
supported by the presence of diagonal shear cracks, as shown 
in Figure 6. Also, the failure loads recorded for all slab models 
were lower than the ultimate flexural strength limit of 2382 kN 
assigned to them. Both slab models DST1 and DST2 
demonstrated yielding in the first two diagonal bar trusses at 
failure; the other trusses showed insignificant stresses, 
indicating their minor role in resisting punching shear. 
Compared to experimental findings, only the first two rows of 
diagonal bars in slab DST1 yielded in the y-direction at failure. 
The single-leg stirrups in slab DSS experienced elevated 
stresses in the y-direction, though they remained below the 
specified yield stress.  

 
 

Figure 7. Cracking and failure modes on the tension surface 
of slab models 

Note: DSN: deep slab with no shear reinforcement, DSS: deep slab with 
single-leg stirrups, DST1, and DST2: deep slabs with trusses. 

 
The calibrated slab models exhibited conservative failure 

loads with a deviation of less than 5%. This is within the 
acceptable range for finite element analyses (≤ 20%), thereby 
confirming the reliability of these models for further 
investigations into shear-reinforced slabs utilising different 
types of truss-shear reinforcements. Table 3 displays the 
ultimate load and deflection at failure, as determined through 
finite element analysis and experimental testing. 

Table 3. Comparison of failure loads between test and finite element analysis 
 

Slab 
Test Results Finite Element Results 

Failure Load (kN) Displacement at Failure (mm) Failure Load (kN) Displacement at Failure (mm) 

DSN 1361 8.00 1383 7.60 
DSS 1543 9.00 1560 8.60 

DST1 1939 12.7 1926 12.9 
DST2 2029 15.0 2002 15.8 

 
 
4. PARAMETRIC STUDIES 
 

Parametric studies were performed to evaluate the role of 
trusses in improving the punching shear resistance of flat 
slabs. Slabs DST1 and DST2 were chosen as reference models 
for the study because they possess identical material properties 
and boundary conditions. For this analysis, six main types of 
trusses were considered (see Figure 8). Whilst various truss 
configurations can be used for punching shear reinforcement, 
these specific types were chosen because alternative designs 
tend to be overly congested with reinforcement bars, requiring 
a substantially thicker slab. The selected trusses range from 
triangular (T) to square (S) configurations. The trusses used in 
the parametric slab models maintained the same material 
properties as those in DST1 and DST2. Consequently, the 

parametric study was categorised into four groups based on 
specific evaluation criteria. Table 4 provides detailed 
information on all parametric slab models.  

Group 1 comprises six slab models, each reinforced with 
two trusses (triangular or square) positioned orthogonally 
around the column capital, comparable to slab DST1. Group 2 
consists of six slab models, each reinforced with eight trusses 
(triangular or square) arranged radially around the column 
capital, in accordance with the configuration of slab DST2. In 
both groups, the triangular and square trusses have an 
inclination angle θl of 49.3°, with a spacing of 130 mm 
between consecutive bars. Meanwhile, the angle θt is 59.2° for 
triangular trusses and 90° for square trusses. Table 4 lists the 
detailed specifications of all slab models in Groups 1 and 2. 

Group 3 consists of four slab models. Two of these models 
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are shear-reinforced with two square trusses in each direction 
around the column capital, similar to slab DST1. The 
remaining two models are shear-reinforced with eight square 
trusses arranged radially around the column capital, 
resembling slab DST2. This group examines the effects of 
decreasing the spacing between adjacent bars. To accomplish 
this, the inclination angle θl is raised to 60° or 90° rather than 
49.3°, while θt is adjusted to 90° instead of 59.2°. The spacing 
between successive bar trusses is therefore reduced to 90 mm, 
down from 130 mm. Truss types T2 and S2 are omitted from 
this category because of difficulties in practical 
implementation. Table 4 presents the specifications of all slab 
models within Group 3. 

 
 

Figure 8. Truss-shear reinforcements adopted for parametric 
study 

 
Table 4. Details of parametric slab models 

 

Group No. Slab Model Arrangement Type Truss Type Spacing s (mm) θl θt No. of Shear Bars 
within Critical Section 

1 

DST1-T1 
(DST1-Finite Element  

Analysis (FEA)) 
Orthogonal T1 130 49.3° 59.2° 16 

DST1-T2 Orthogonal T2 130 49.3° 59.2° 16 
DST1-T3 Orthogonal T3 130 49.3° 59.2° 16 
DST1-S1 Orthogonal S1 130 49.3° 90° 16 
DST1-S2 Orthogonal S2 130 49.3° 90° 16 
DST1-S3 Orthogonal S3 130 49.3° 90° 16 

2 

DST2-T1 
(DST2-FEA) Radial T1 130 49.3° 59.2° 16 

DST2-T2 Radial T2 130 49.3° 59.2° 16 
DST2-T3 Radial T3 130 49.3° 59.2° 16 
DST2-S1 Radial S1 130 49.3° 90° 16 
DST2-S2 Radial S2 130 49.3° 90° 16 
DST2-S3 Radial S3 130 49.3° 90° 16 

3 

DST1-S1-60o Orthogonal S1 90 60° 90° 16 
DST1-S3-90o Orthogonal S3 90 90° 90° 16 
DST2-S1-60o Radial S1 90 60° 90° 16 
DST2-S3-90o Radial S3 90 90° 90° 16 

4 

I Radial S1 90 60° 90° 8 
II Orthogonal S1 90 60° 90° 8 
III Orthogonal S1 90 60° 90° 20 
IV Radial S1 90 60° 90° 8 
V Orthogonal S1 90 60° 90° 8 
VI Orthogonal S1 90 60° 90° 20 
VII Radial S1 90 60° 90° 16 

 
 

Figure 9. Different arrangements of square truss-shear 
reinforcement (type S1) 

Group 4 evaluates the effectiveness of various square truss 
configurations with inclination angles of θl = 60° and θt = 90°, 
as illustrated in Figure 9. Table 4 also provides detailed 
specifications of all slab models in Group 4.  

 
 

5. RESULTS OF PARAMETRIC STUDIES 
 
5.1 Punching strength and failure mode 

 
In Group 1, the slab models DST1-T1, DST1-T2, and 

DST1-T3, which were shear-reinforced with two triangular 
trusses in each direction surrounding the column capital, 
exhibited similar behaviour and strength at failure (see Figure 
10(a)). These models achieved an average increase of 29% in 
punching capacity compared to the control slab DSN. 
Conversely, the slab models DST1-S1, DST1-S2, and DST1-
S3, which were shear-reinforced with two square trusses in 
each direction, also displayed similar responses and strength 
(see Figure 10(b)), resulting in an average enhancement of 
46% in punching resistance compared to DSN. All slab models 

327



 

in this group exhibited shear strengths below the ultimate 
flexural strength limit (Vflex = 2382 kN), indicating that they all 
failed due to punching shear beyond the column capital. 
 

 
 

Figure 10. Load-deflection response of the slab models in 
Group 1 

 

 
 

Figure 11. Load-deflection response of the slab models in 
Group 2 

 

 
 

Figure 12. Load-deflection response of the slab models in 
Group 3 

 
In Group 2, the slab models DST2-S1, DST2-S2, and 

DST2-S3, which were shear-reinforced with eight radially 
arranged square trusses around the column capital, exhibited 
better response and higher ultimate strength compared to 
DST2-T1, DST2-T2, and DST2-T3, which were shear-
reinforced with triangular trusses (see Figure 11). Both DST2-
S1 and DST2-S2 demonstrated similar behaviour and 
achieved an approximately 71% increase in punching strength 
compared to the control slab DSN. Furthermore, the shear 
strengths of all slab models in this group remained below the 
ultimate flexural strength limit (Vflex = 2382 kN), confirming 
that failure occurred due to punching shear beyond the column 
capital. Compared to Group 1, the radial arrangement of 

trusses proved to be more effective than the orthogonal 
arrangement in enhancing punching shear resistance. 

In Group 3, the radial arrangement of square trusses (slab 
models DST2-S1-60° and DST2-S3-90°) demonstrated 
superior effectiveness compared to the orthogonal 
configuration (slab models DST1-S1-60° and DST1-S3-90°) 
in improving punching shear resistance (see Figure 12). The 
slab model DST2-S1-60° demonstrated superior performance, 
exceeding the ultimate flexural strength limit (Vflex = 2382 kN) 
with a failure load of 2478 kN, resulting in an approximate 
79% increase in punching shear strength (see Figure 12). In 
comparison to Groups 1 and 2, the radial arrangement of truss 
type S1 with θl= 60° exhibited greater effectiveness than all 
other configurations with θl = 49.3°, regarding both punching 
shear strength and failure mode. However, square truss-shear 
reinforcements performed better than their triangular 
counterparts because they have four joints instead of three, and 
the presence of four chord bars increases stability and provides 
greater enhancement to the flexural bars. 

In Group 4, slab models III, VI, and VII, which utilised 
trusses of type S1 with an inclination angle θl of 60°, exhibited 
increases in punching shear capacity of approximately 50%, 
51%, and 53%, respectively. In contrast, other truss 
configurations proved to be less effective in enhancing 
punching shear strength (see Figure 13). All shear 
reinforcement configurations in this group ultimately resulted 
in punching shear failure across all slab models. 

 

 
 

Figure 13. Load-deflection response of the slab models in 
Group 4 

 
5.2 Crack patterns  
 

All slab models exhibited distinct crack patterns on the 
tension surface upon failure. However, despite these 
variations, all models ultimately failed due to punching shear 
beyond the column capitals, except for the slab model DST2-
S1-60°, which exhibited flexural failure. It is worth noting that 
the formation of well-defined crack patterns does not 
necessarily indicate flexural failure or the full mobilisation of 
flexural reinforcement. The majority of cracks were 
concentrated around the column capitals, just like the 
reference slabs (refer to Figure 7). The failure loads for each 
slab model are provided in Table 5. 
 
5.3 Response of flexural and shear reinforcements 
 

At failure, the number of yielded flexural reinforcement 
bars in the x-direction was greater than in the y-direction for 
all slab models. This is due to the lower flexural reinforcement 
ratio (ρlx = 0.009) and the unequal load transmission caused by 
the applied load being transferred through the rectangular 
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column capital. These findings confirm that shear forces and 
bending moments are higher along the shorter sides of the 
column capital compared to the longer sides. Table 5 presents 
the percentage of yielded flexural tension bars in both 
directions at failure. The data indicate that slab models 
featuring radial truss configurations exhibited a greater 
quantity of yielded flexural bars than those with orthogonal 
truss configurations. This occurs because a greater number of 
flexural bars engage with the chord bars in radial truss 
configurations, in contrast to slabs featuring solely orthogonal 
arrangements. This heightened interaction optimises the 
distribution of shear forces and bending moments throughout 
the slab, thereby enhancing overall structural performance. 
Consequently, these findings further illustrate the efficacy of 
the radial configuration of truss-shear reinforcements. 

In slab models reinforced with truss types T1, T2, S1, and 
S2, all diagonal bar trusses oriented along the diagonal tension 
direction in the first two rows experienced yielding at failure 
across all models. Conversely, the other bar trusses had 
insignificant stresses, indicating their limited role in resisting 
punching shear. In slab models reinforced with truss types T3 
and S3, the vertical bar trusses in the first two rows exhibited 
the greatest stress levels at failure. Moreover, the chord bars 
of the truss reinforcements in all slab models experienced 
negligible stresses at failure. 

The truss-shear reinforcement was modelled based on the 
assumption that the concrete had a perfect bond with the shear 
reinforcement, which does not explicitly account for weld-
joint behaviour. This assumption is plausible because of full 

welding and excellent anchorage. However, it is 
acknowledged that neglecting weld joint behaviour may affect 
local force redistribution. The negligible stresses noticed in 
some truss bars may be partly developed due to adopting such 
an assumption. However, the detailed modelling of truss joints 
is beyond the scope of the present study. 

The numerical studies confirm the experimental findings, 
suggesting that weld joint failure may have occurred between 
the chord and diagonal bars of the triangular truss at failure. 
Furthermore, even under significant slab deflections, the 
vertical truss bars exhibited zero stress, indicating that they did 
not contribute to enhancing punching shear resistance. 
However, numerical analyses revealed that square trusses 
outperformed triangular trusses. This improvement is 
attributed to the increase in the angle θt (see Figure 1) from 
59.2° in triangular trusses to 90° in square trusses. 
Consequently, this results in the formation of four weld joints 
instead of three, allowing for greater tensile stress resistance. 
 
5.4 Stiffness, ductility, and energy absorption 
 

The slopes of the load-deflection curves for all shear-
reinforced slab models suggest that truss-shear reinforcements 
provided only a slight improvement in initial stiffness 
compared to the unreinforced slab model (DSN). This modest 
increase in stiffness is attributed to the minimal confinement 
pressure generated by the installation of truss reinforcements 
around the drop panel.  

 
Table 5. Finite element results of parametric slab models 

 
Group 

No. 
Slab 

Model 

Yielded Flexural Tension Bars 
(%) 

Failure 
Load Vu, 

FEA (kN) 

Displacement at 
Failure (mm) 

Load 
Increment 

(%) 
Failure Mode 

Energy 
Absorption 
(kN/mm) 

Ductility 
Index 
δmax/δy x-dir y-dir Total 

Ref. slabs 

DSN-FEA 0 0 0 1382 8 0 Punching shear 7619 1.9 
DSS-FEA 3 0 1 1569 9 14 Punching shear 10420 2.11 

DST1-FEA 14 5 9 1753 11 27 Punching shear 15406 2.15 
DST2-FEA 32 8 20 2002 15 45 Punching shear 23345 2.54 

1 

DST1-T1 
(DST1-
FEA) 

14 5 9 1926 11 27 Punching shear 17839 2.18 

DST1-T2 14 5 9 1855 12 34 Punching shear 15905 2.14 
DST1-T3 11 0 5 1753 11 27 Punching shear 15406 2.07 
DST1-S1 16 14 15 2047 13 48 Punching shear 19776 2.09 
DST1-S2 11 5 8 1999 13 45 Punching shear 18421 2.07 
DST1-S3 11 5 8 1999 13 45 Punching shear 18421 2.07 

2 

DST2-T1 
(DST2-
FEA) 

32 8 20 2002 15 45 Punching shear 23345 2.54 

DST2-T2 22 5 14 1859 12 34 Punching shear 16271 2.18 
DST2-T3 16 5 11 1683 10 22 Punching shear 15602 2.2 
DST2-S1 70 41 55 2366 35 71 Punching shear 70828 4.47 
DST2-S2 65 38 51 2366 35 71 Punching shear 70828 4.47 
DST2-S3 49 11 30 2051 17 48 Punching shear 26020 2.43 

3 

DST1-S1-
60o 16 27 22 2079 13 50 Punching shear 20023 2.09 

DST1-S3-
90o 22 5 14 1979 13 43 Punching shear 18075 2.13 

DST2-S1-
60o 73 70 72 2478 39 79 Flexural 82202 4.78 

DST2-S3-
90o 65 19 42 2218 25 60 Punching shear 44401 3.29 

4 

I 27 0 14 1754 10 27 Punching shear 12769 1.92 
II 22 0 11 1778 11 29 Punching shear 13446 2.11 
III 27 19 23 2076 13 50 Punching shear 19738 2.06 
IV 32 0 16 1875 12 36 Punching shear 16113 1.74 
V 19 5 12 1828 11 32 Punching shear 18243 2.01 
VI 57 19 38 2098 14 52 Punching shear 26471 2.25 
VII 73 27 50 2113 17 53 Punching shear 26471 2.57 
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Additionally, all truss-shear reinforcement types 
significantly enhanced the ductility of the slabs compared to 
the unreinforced slab model (DSN). The slab models DST2-
T1, DST2-S1, DST2-S2, DST2-S1-60°, DST2-S3-60°, and 
VII exhibited notable increases in ductility of approximately 
34%, 135%, 135%, 152%, 73% and 35%, respectively, 
relative to DSN. The ductility of the slab models was evaluated 
using the ratio of deflection at ultimate load to deflection at 
yield load (δmax / δy) [38, 39]. The ductility index is expressed 
as a dimensionless ratio, where the yield load is assumed to be 
75% of the ultimate load [40]. The ductility indexes for all slab 
models are presented in Table 5. 

Furthermore, all truss-shear reinforcement types 
significantly improved the energy absorption capacity of the 
slabs compared to the unreinforced slab model (DSN), as 
indicated by the area under the load-deflection curves. The 
slab models DST2-T1, DST2-S1, DST2-S2, DST2-S1-60°, 
DST2-S3-60°, and VII exhibited significant increases in 
energy absorption of nearly 206%, 135%, 830%, 830%, 979%, 
483% and 247%, respectively, relative to DSN. The energy 
absorption indexes for all slab models are summarised in Table 
5.  
 
 
6. CODES EVALUATION 
 

The nominal punching shear strengths Vn specified in the 
ACI 318-19 and Eurocode 2 design codes were compared with 
the ultimate failure loads Vu, FEA of the slab models. The 
nominal punching shear strength for slabs with shear 
reinforcement is defined in each design code as follows: 
 

According to ACI 318-19, 
 

𝑉𝑉𝑛𝑛,𝐴𝐴𝐴𝐴𝐴𝐴 = 0.5𝑉𝑉𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑉𝑉𝑠𝑠 (2) 
 
where,  

𝑉𝑉𝑐𝑐,𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑚𝑚𝑚𝑚𝑚𝑚 ��
1
3
� , �0.17 +

0.33
𝛽𝛽

� , �0.17

+
0.083𝛼𝛼𝑠𝑠𝑑𝑑

𝑏𝑏𝑜𝑜
�� 𝜆𝜆𝑠𝑠𝜆𝜆�𝑓𝑓𝑐𝑐′𝑏𝑏𝑜𝑜𝑑𝑑 

 
𝜆𝜆𝑠𝑠 = �2/(1 + 0.004𝑑𝑑) ≤ 1 

 
𝑉𝑉𝑠𝑠 = �𝐴𝐴𝑣𝑣𝑓𝑓𝑦𝑦𝑦𝑦𝑑𝑑/𝑠𝑠�(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑙𝑙 + 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑙𝑙)(𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑡𝑡) 

 
𝑏𝑏𝑜𝑜 = 2(𝑐𝑐𝑥𝑥 + 𝑐𝑐𝑦𝑦 − 4𝑟𝑟) + 𝜋𝜋(2𝑟𝑟 + 𝑑𝑑) 

 
According to Eurocode 2, 

 
𝑉𝑉𝑛𝑛,𝐸𝐸𝐸𝐸2 = 0.75𝑉𝑉𝑐𝑐,𝐸𝐸𝐸𝐸2 + 𝑉𝑉𝑠𝑠𝑠𝑠 (3) 

 
where,  

𝑉𝑉𝑐𝑐,𝐸𝐸𝐸𝐸2 = 0.18𝑘𝑘(100𝜌𝜌𝑓𝑓𝑐𝑐𝑐𝑐)1/3𝑏𝑏𝑜𝑜𝑑𝑑 ≥ 𝑉𝑉3/2�𝑓𝑓𝑐𝑐𝑐𝑐𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚 
 

𝑘𝑘 = 1 + �200/𝑑𝑑 ≤ 2 
 

𝑉𝑉𝑠𝑠𝑠𝑠 = �1.5𝐴𝐴𝑣𝑣𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦𝑑𝑑/𝑠𝑠�(𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑙𝑙 + 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑙𝑙)(𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑡𝑡) 
 

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 = 1.15(250+0.25d) ≤ 𝑓𝑓𝑦𝑦𝑦𝑦 
 

𝑏𝑏𝑜𝑜 = 2(𝑐𝑐𝑥𝑥 + 𝑐𝑐𝑦𝑦 − 4𝑟𝑟) + 𝜋𝜋(2𝑟𝑟 + 4𝑑𝑑) 

In Eqs. (2) and (3), d denotes the effective slab depth, whilst 
λs represents the size effect factor. The parameter λ is taken 
equal to 1 for normal-weight concrete. The variable r refers to 
the column capital corner radius, and Av represents the area of 
shear reinforcement located along the critical perimeter bo. In 
addition, s indicates the spacing between consecutive bar 
trusses, whereas ρ refers to the average tension reinforcement 
ratio of the slab in both the x- and y-directions. Finally, cy and 
cx correspond to the longer and shorter dimensions of the 
rectangular column capital, respectively. 

In ACI 318-19, the concrete contribution to punching shear 
strength is limited to 50% (0.5Vc,ACI), as expressed in Eq. (2), 
whilst the shear reinforcement contribution corresponds to the 
yield force. This implies that the punching shear strength in 
ACI 318-19 is determined based on its maximum load capacity 
after the shear reinforcement has yielded. In contrast, 
Eurocode 2 (Eq. (3)) limits the concrete contribution to 75% 
(0.75Vc,EC2) and defines the shear reinforcement contribution 
as a function of the effective yield stress (fyte). This suggests 
that Eurocode 2 evaluates punching shear strength before the 
shear reinforcement yields. Furthermore, the critical perimeter 
is defined at 0.5d from the column capital face in ACI 318-19, 
whereas in Eurocode 2, it is positioned at 2d from the column 
capital face.  

Table 6 presents the nominal punching shear strengths Vn 
estimated using Eqs. (2) and (3). The material and geometric 
parameters used in the punching shear strength calculations 
are as follows: f’c = 31.8 MPa for DSN and DSS, and 32.4 MPa 
for all parametric slab models, d = 206 mm, ρ = 0.0126, r = 90 
mm, cy = 720 mm, cx = 420 mm, αs = 40, and β = 720/420. 

For the slab model DSN, the nominal shear strength Vn was 
defined as the shear strength contributed solely by the 
concrete, expressed as Vn = Vc. The estimation of Vs or Vse in 
all shear-reinforced slab models (including those reinforced 
with trusses and stirrups) was conducted by applying the yield 
strength limits prescribed in the design codes. For slab models 
reinforced with trusses of types T1, T2, S1, and S2, only the 
diagonal bars (D8), which experienced significant stresses at 
failure, were considered in the computation of Vs and Vse, 
whilst the vertical bars were excluded due to their negligible 
recorded stresses at failure. Since the diagonal bars were 
inclined at an angle θl relative to the longitudinal direction, Vs 
and Vse were amplified by a factor of (sin 𝜃𝜃𝑙𝑙 + cos 𝜃𝜃𝑙𝑙) (refer to 
Figure 1). In addition, considering the inclination angle θt 
relative to the transverse direction, Vs and Vse were reduced by 
a factor of sin θt. Conversely, for slab models reinforced with 
trusses of types T3 and S3, Vs and Vse were only reduced by 
multiplying by sin θt. To ensure compliance with design 
standards, the calculations of Vs and Vse were based on the 
design yield stress limits (420 MPa for ACI 318-14 and 347 
MPa for Eurocode 2) rather than the actual yield strengths of 
the reinforcement. 

Table 6 shows a comparison between the punching shear 
strengths that are predicted by design codes (Vn,ACI and Vn,EC2) 
and the punching shear strengths that are numerically 
estimated (Vu,FEA). When it came to predicting punching shear 
strengths, it seemed that ACI 318-19 was more conservative 
than Eurocode 2. 

In the predictions for ACI 318 and EC2, only the diagonal 
truss bars were incorporated, as the vertical bars demonstrated 
minimal stress at failure. This signifies that the vertical bars 
did not enhance the punching shear strength, and their 
contribution is limited to adding additional stability to the truss 
system. This selective inclusion is recognised as a 
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simplification, as the formulations of the design codes 
presume that all shear reinforcement contributes. 

Consequently, the code predictions provided here should be 
regarded as somewhat conservative and indicative. 

 
Table 6. Punching strengths predicted by ACI 318-19 and Eurocode 2 

 

Group Slab Model ACI 318-19 (kN) Eurocode 2 (kN) Comparison with Test Results 
Vc,ACI Vs Vn,ACI Vc,EC2 Vse Vn,EC2 Vu,FEA (kN) Vu,FEA / Vn,ACI Vu,FEA / Vn,EC2 

Ref. 
slabs 

DSN-FEA 1073 0 1073 1183 0 1183 1382 1.29 1.17 
DSS-FEA 1073 864 1400 1183 1070 1957 1569 1.12 0.80 

DST1-FEA 1083 647 1189 1190 802 1695 1926 1.62 1.14 
DST2-FEA 1083 647 1189 1190 802 1695 2002 1.68 1.18 

1 

DST1-T1 
(DST1-FEA) 1083 647 1189 1190 802 1695 1926 1.62 1.14 

DST1-T2 1083 647 1189 1190 802 1695 1855 1.56 1.09 
DST1-T3 1083 460 1001 1190 570 1462 1753 1.75 1.20 
DST1-S1 1083 754 1295 1190 934 1827 2047 1.58 1.12 
DST1-S2 1083 754 1295 1190 934 1827 1999 1.54 1.09 
DST1-S3 1083 535 1076 1190 662 1555 1999 1.86 1.29 

2 

DST2-T1 
(DST2-FEA) 1083 647 1189 1190 802 1695 2002 1.68 1.18 

DST2-T2 1083 647 1189 1190 802 1695 1859 1.56 1.10 
DST2-T3 1083 460 1001 1190 570 1462 1683 1.68 1.15 
DST2-S1 1083 754 1295 1190 934 1827 2366 1.83 1.30 
DST2-S2 1083 754 1295 1190 934 1827 2366 1.83 1.30 
DST2-S3 1083 535 1076 1190 662 1555 2051 1.91 1.32 

3 

DST1-S1-60o 1083 1089 1630 1190 1349 2242 2079 1.28 0.93 
DST1-S3-90o 1083 772 1314 1190 957 1849 1979 1.51 1.07 
DST2-S1-60o 1083 1089 1630 1190 1349 2242 2478 1.52 1.11 
DST2-S3-90o 1083 772 1314 1190 957 1849 2218 1.69 1.20 

4 

I 1083 544 1086 1190 675 1567 1754 1.62 1.12 
II 1083 544 1086 1190 675 1567 1778 1.64 1.13 
III 1083 1361 1902 1190 1687 2579 2076 1.09 0.80 
IV 1083 544 1086 1190 675 1567 1875 1.73 1.20 
V 1083 544 1086 1190 675 1567 1828 1.68 1.17 
VI 1083 1361 1902 1190 1687 2579 2098 1.10 0.81 
VII 1083 1089 1630 1190 1349 2242 2113 1.30 0.94 

Average 1.57 1.12 
Standard Deviation 0.229 0.142 

Coefficient of variation (%) 14.61 12.71 
 
 
7. CONCLUSIONS 
 

Non-linear finite element analyses were performed using 
the ABAQUS software package to investigate the punching 
shear response of slabs supported by rectangular columns with 
attached capitals, which experienced asymmetric shear 
transmission in both orthogonal directions. Different types of 
truss-shear reinforcements were strategically placed around 
the column capitals to improve the punching shear resistance 
of the flat slabs. 

The concrete damage plasticity model in ABAQUS 
accurately predicted the true strength and behaviour of the 
tested shear-reinforced slabs, with deviations of less than 5%. 
The incorporation of truss-shear reinforcements significantly 
enhanced the punching strength, stiffness, ductility, and 
energy absorption of the flat slabs. In truss types T1, T2, S1, 
and S2, the first two diagonal bars oriented in the direction of 
diagonal tension reached their yield stress at failure, whilst the 
vertical and diagonal bars exhibited negligible stress. 
Conversely, in truss types T3 and S3, the vertical bars recorded 
stress levels at failure that were below the designated yield 
strength. 

In all shear-reinforced slab models at failure, more flexural 
bars yielded in the x-direction than in the y-direction. This was 
due to the uneven load transfer in both directions and the lower 

flexural reinforcement ratio in the x-direction. Moreover, slabs 
reinforced with radially arranged trusses exhibited a higher 
number of yielded flexural bars compared to those with 
orthogonally arranged trusses. Therefore, it is highly 
recommended to adopt a radial arrangement of trusses around 
rectangular columns and capitals to enhance structural 
performance.  

Truss-shear reinforcement proved effective in altering the 
failure mode of flat slabs from punching shear to flexural 
failure. The likelihood of flexural failure increases with a 
larger angle θl and adopting square trusses (type S1). At 
failure, all slab models exhibited distinct crack patterns on the 
tension surface around the column capitals, with most failing 
in punching shear mode. However, the slab model DST-S1-
60° was an exception, demonstrating a flexural failure mode. 

The design methods outlined in ACI 318-19 and Eurocode 
2 provided conservative estimates of the punching shear 
strengths for shear-reinforced flat slabs with truss bars 
supported by rectangular column capitals. Whilst Eurocode 2 
overestimated the punching strength for certain slabs, ACI 
318-19 proved to be more conservative overall. These code-
based estimations were derived by excluding the contribution 
of non-essential bar trusses and applying the allowable design 
yield stress for shear reinforcement. 
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