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Abstract: Flat plate concrete structures are easy to construct and cheap to build. However, they are 

susceptible to a type of brittle failure known as “punching shear”, where columns punch through the 

floor leading to progressive collapse. This is a particularly dangerous type of failure as it occurs 

suddenly and without warning. A finite element model was developed and validated based on the 

author’s previous tests for a square slab with a single column stub. This arrangement simulates the 

type of column to slab arrangement found in many office buildings. The failure mechanics were 

examined and the model gave a good agreement with the experimental results identifying the 

correct crack pattern and the failure loads.  

 A 2-d axisymmetric model was then developed representing a circular column to model the 

punching crack propagation in detail. This was done using the extended finite element method 

(XFEM). The XFEM results showed the good agreement between crack location and areas of 

highest principal strain and were able to capture crack propagation and the effect this has on the 

stress state under punching failure. It is concluded that explicit modelling of fracture is beneficial in 

order to capture the full response of the slab and that continuum models are insufficient to do this. 
 

1 INTRODUCTION 

Flat plate concrete structures, where a floor 

plate is connected directly to columns without 

the aid of beams (Figure 1), are widely used in 

buildings such as offices because of 

advantages including reduced storey heights, 

rapid construction and the ability to place 

columns at arbitrary locations [1].  A key 

failure mechanism that must be guarded 

against in flat plate design is “punching shear”, 

where an area of floor plate fails in shear in the 

vicinity of a column (Figure 1). This form of 

failure is brittle, and hence highly dangerous, 

but not fully understood. There have been 

several failures in recent times due to 

punching shear, some resulting in fatalities [2].  

 

The collapse of several buildings due to 

punching shear means it is important to fully 

understand the mechanics involved. Since 

failuret is known to result from cracks, the 

mechanics cannot be fully understood using 

the normal finite element method, which does 
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Figure 1 Schematic diagram of a flat plate structure and 

the punching shear failure mechanism. 

not model discrete cracks well. To address this 

problem, this paper presents an analysis of 

punching shear behaviour using extended 

finite element method (XFEM), which is able 

to capture crack initiation and propagation.  

Previous attempts at numerically modelling 

punching shear behaviour are limited, 

probably due to the inherent difficulties in 

effectively representing the behaviour of 

reinforced concrete numerically. Finite 

element modelling of punching shear 

behaviour has been studied by several 

researchers [3,4] who were able to identify the 

stress and strain states induced by punching 

behaviour but, due to the inability to model 

cracks, could not identify the failure 

mechanisms. 

XFEM captures the main cracking modes 

including opening, sliding and anti-plane 

cracks [5]. Punching shear cracks can be 

considered a combination of opening cracks 

and sliding cracks since the crack will began 

from bending cracks (opening cracks) before 

propagating into shear cracks (sliding cracks), 

forming the famous cone shape of punching 

shear [6] (Figure 1). Therefore, XFEM may be 

expected to offer a suitable means of 

modelling punching shear . 

Using XFEM to model concrete cracking in 

structures has had limited application 

previously and concentrated mainly on the 

shear behaviour of beams [7–9]. In this paper, 

the use of the XFEM is adopted to simulate the 

more complicated phenomena that occur in 

slabs for the first time.  

2 MODELING APPROACH  

2.1 Model validation 

To validate the general modelling approach a 

non-XFEM model was developed to simulate 

the punching shear behaviour seen prior to 

failure in recent tests [10] (Figure 2) using the 

finite element package Abaqus.  The model 

used 8-noded hexahedral solid elements with 

reduced integration for all concrete parts of 

test specimens (Figure 3), together with truss 

(axial forces only) elements to represent the 

steel reinforcement. Full bond between the two 

materials was assumed [10].  

 

 
Figure 2 Punching shear test. 

Concrete was represented using the damaged 

plasticity model provided with Abaqus [11–

13] with the uniaxial compressive stress-strain 

relationship taken from Eurocode 2 [14]. 

Uniaxial tension behaviour was taken from 

Wang and Hus [15]. The main parameters used 

for the damage plasticity model were taken 

from Lubliner et al. [11] [12] [16] [17].  Steel 

behaviour was taken from measured behaviour 

in coupon tests and modelled using a von 

Mises yield criterion. The concrete damage 

plasticity parameters were chosen according to 

relevant literature; where the dilatation angle 

for concrete should be between 15° to 40°, the 

shape factor of the yield surface (K) is between 

1 to 2/3, the eccentricity of the dilation of 

concrete related to wide range confining 

pressure and in this case was taking as 0.1 and 

f
b
/f
co

 stress ratio should be between 1.12 to 

1.16 [3,11,13,18]. 



Rwayda Kh. S. Al Hamd, Martin Gillie, Yong Wang and Asad S. Albostami  

 

 4 

 
Figure 3 Model layout. 

Abaqus offers two numerical methods to 

analyse unstable nonlinear models: a general 

static analysis and a Riks static analysis [13].  

Both types of analysis were used to validate 

the numerical model against experimental 

results as shown in Figure 4. Both produced 

good comparisons but due to the numerical 

scheme, the general static results were not able 

to capture structural softening behaviour. 
 

 
Figure 4 Load - central deflection curve for validation 

models. 

Figure 5 shows the maximum principal strains 

predicted by the model, which indicate high 

strains near the column-slab connection, as 

expected for punching shear development. 
 

  
Figure 5 Compression face and a cut through the 

thickness for the validation model. 

After this validation, a similar but 

axisymmetric model was developed to 

understand the stress state in the connection; 

XFEM behaviour was included in this model 

as detailed below.  

2.2 XFEM assumptions 

Modelling cracking using XFEM in Abaqus 

uses the method developed by Belytschko and 

Black [19] who proposed local enrichment 

functions to incorporate the presence of a 

discontinuity caused by the cracking of a 

material. In Abaqus, crack propagation 

depends on the nodal displacements of the 

elements near the crack tip. The approximation 

for the vector function for the displacement is 

[13]:  
 

u = ∑N1(x) [u1+H(x)a1+ ∑Fa(x)b1
a

4

a=1

]

N

I=1

 (1) 

Where; 

u : displacement vector 

N : shape function  

H : jump function 

a1: nodal enriched degree of freedom vector 

f
a
: asymptotic crack-tip functions 

b1
a: nodal enriched degree of freedom vector 

A cohesive segments approach is used in this 

simulation which is a numerical method to 

represent the crack as several sets of cohesive 

segments overlapping[20] shown in Figure 6. 

 
Figure 6 Cohesive segments approach. 

The prediction of the initiation of a crack is 

based on the maximum principle stress; crack 

initiation occurs if: 

f = 
|σmax|

σmax 
°  (1) 

Where; 

σmax 
° : Maximum allowable principle stress  

σmax: Maximum normal principle stress  

 

|σmax| = {
2,             σmax < 2

σmax,        σmax ≥ 2
 

(2) 
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Equation 3 implies that the purely compressive 

stress state does not initiate damage[13].  

2.3 XFEM model  

The 2-d axisymmetric model developed to 

capture crack propagation model is shown in 

Figure 7. The model is half scale; the slab 

dimensions are (560 mm x 100 mm thick) and 

the column dimensions are (60 mm x 320 

mm).  

The same concrete material was used in this 

model with the steel rebar represented as a 

truss element embedded in the concrete. 

 

 
Figure 7 Axisymetric model. 

The stress distribution is complicated in the 

slab column connection and this stress state 

produces several cracks.  

It has been observed experimentally that 

punching shear cracks start from a bending 

crack then develop into a shear crack, causing 

the famous cone shape of punching shear [6]. 

To capture this numerically, the area shaded 

red in Figure 8 had XFEM cracking control 

applied. The blue areas were not able to 

develop XFEM cracks to ensure numerical 

stability.   

 
Figure 8 XFEM zone. 

A mesh size of 10 mm was adopted in this 

model because the concrete used had an 

aggregate maximum size of 10 mm and the 

mesh size should not exceed the aggregate 

maximum size according to fib MC [21] 

(Figure 9). 

 
Figure 9 Mesh size. 

3 RESULTS  

3.1 Crack propagation  

To check that XFEM model is working as 

expected, load-deflection predictions for the 

model together with those with the same 

comparable non-XFEM model are plotted in 

Figure 10, where good agreement is seen. 

 
Figure 10 Load deflection curve. 

Since the maximum principal stress is main 

controlling parameter for the approach taken in 

this simulation and the governing factor in 

initiating shear failure physically, it is plotted 

as contour plots for various stages of the 

analysis in Figure 11 to Figure 14. It can be 

seen from these plots that the crack is 

predicted to start as a bending crack and then 

develop into shear crack, in line with the 

critical shear crack theory proposed by 

Muttoni [6]. 

 

0

10

20

30

40

50

60

70

80

90

0 2 4 6 8 10 12

L
o
a
d

, 
k

N
 

Deflection, mm 

non-XFEM

XFEM



Rwayda Kh. S. Al Hamd, Martin Gillie, Yong Wang and Asad S. Albostami  

 

 6 

 
Figure 11  Maximum principal stress at 5% of 

maximum load. 

 
Figure 12 Maximum principal stress at 80% of 

maximum load. 

 
Figure 13 Maximum principal stress at 90% of 

maximum load. 

 
Figure 14 Maximum principal stress at 100% of 

maximum load. 

The principal stress crack initiation criterion 

occurs when the plastic strain exceeds zero. By 

plotting plastic strain (Figure 15) the location 

of the cracked area can be seen in a similar 

manner to Figure 5. 

 
Figure 15 Maximum principal plastic strain. 

3.2 Stress Analysis 

The maximum principle stress and the shear 

stress are plotted along the cracking path as 

shown in Figure 16. This path was taken as 

45°, which represents the principal shear stress 

line.  

 
Figure 16 Cracking Path. 

It can be seen from Figure 17 and Figure 18 

that the crack development has a significant 

effect. This is important because punching 

shear design relies on the development of 

certain stress states in the cracking region, so 

accurate numerical predictions are needed in 

numerical models are to be used to aid design. 

  
Figure 17 Maximum principal stress along cracking 

path. 
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Figure 18 Shear stress along cracking path. 

4 CONCLUSIONS AND RECOMMENDATION 

1- A fracture mechanics approach based on 

the XFEM method can capture crack 

propagation leading the punching shear.  

2- The modelling approach gives good 

agreement with the test results and a non-

XFEM approach prior to crack 

development. 

3- Significate differences are seen in 

predicted stress states after cracking 

occurs. This may be important if results 

are used for design calculations. 

4- There are some limitations for using 

XFEM approach for predicting punching 

shear in the model presented.  Notably no 

account is taken of steel-concrete 

interaction and aggregate interlock, both 

of which may be important for shear 

behaviour. Future work will address these 

limitations. 
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