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ABSTRACT 

Some reinforced concrete slabs are subjected simultaneously to concentrated loads and 

unidirectional in-plane tensile forces. This the case of the top slab of a box girder bridge where 

hogging bending moments take place at the intermediate supports. Then, the in-plane tensile 

forces may reduce the punching-shear strength under concentrated loads. 

This paper describes an experimental campaign carried out to investigate the effect of 

unidirectional in-plane tensile forces on the punching-shear strength of RC slabs. A total of 5 

slabs (1650 x 1650 x 120 mm), subjected to different levels of in-plane tensile forces were tested 

under a concentrated load up to failure. 

As observed, the punching-shear strength diminishes almost linearly as the tensile force increases, 

up to a certain point associated to concrete cracking. From that point on, the reduction of punching 
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strength is larger since the tensile force at the crack must be resisted by the reinforcement, which 

yields prematurely.  

Keywords: Punching-shear, tension, reinforced concrete, slab, tests, punching-shear failure, 

concentrated load. 

 

1. INTRODUCTION 

Reinforced concrete (RC) slabs are structural elements widely used in both bridges and buildings, 

due to their great versatility and ease of construction. However, they have the disadvantage that 

the concentration of stresses in a small area, either under the wheel of a heavy vehicle or by the 

reaction of a column, can cause the element to fail due to punching-shear, which is a brittle and 

sudden failure and, therefore, undesirable from the point of view of user safety. Figure 1 shows a 

recent punching-shear failure of a car park in Santander (January 2020) [1]. 

 

Figure 1 

 

RC slabs subjected to the simultaneous action of transverse concentrated loads and in-plane 

tensile forces can be found in continuous box girder bridges, at intermediate supports, where 

tensile stresses arise in top slab as result of hogging bending moments and may act together with 

a heavy vehicle load. Another common situation where this phenomenon takes place is on floor 

slabs supported on columns and subjected to a horizontal load, due to wind or earth pressure, on 

one of their sides. Skew compressions going from that side to the restraining columns of the 

opposite side may generate tensile stresses in the perpendicular direction, as can be seen in Figure 

2.   

 

Figure 2 
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The phenomenon of punching-shear has been extensively studied over the years, both 

theoretically and experimentally [2-15]. As far as the authors are aware, very few studies have 

been carried out regarding punching shear when there are tensile forces in the mid-plane of the 

slabs. Regan, in his report to the British Department of Transportation [16], presents the results 

of three 1.5 x 1.5 x 0.125 m slabs (BD Series) subjected to unidirectional in-plane tension and an 

out-of-plane concentrated load on its center, all of them with different support schema (Fig. 3-a).  

More recent studies have been carried out at the University of Lyon [17], regarding the influence 

of uniaxial tension on the shear strength of 2,6 x 4 x 0,3 m simply supported concrete slabs 

subjected to concentrated loads close to the support (Fig. 3-b). Both studies concluded that axial 

tensile stresses reduce punching and shear strength respectively, although the experimental 

campaigns carried out covered a limited number of in-plane tensile stress levels.  

As far as most frequently used design or codes concern, such as EC-2 [18], ACI [19] or 

Model Code 2010 [20], each one of them contemplate the effect of in-plane normal stresses in a 

different way. EC-2, in section 6.4.4, includes the effect of axial stresses on punching strength by 

including the term k1·σcp, in (1), with σcp = Nu/Ac, being Nu the axial load applied in the cross 

section, but it does not differentiate between tension and compression. However, the response of 

the concrete in one case or in the other one is radically different. 

𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 = (𝐶𝐶𝑅𝑅𝑅𝑅,𝑐𝑐 · 𝑘𝑘 · �100 · 𝜌𝜌𝑙𝑙 · 𝑓𝑓𝑐𝑐𝑐𝑐
3 + 𝑘𝑘1 · 𝜎𝜎𝑐𝑐𝑐𝑐) · 𝑏𝑏𝑤𝑤 · 𝑑𝑑 (1) 

 ACI, in section 22.6.5 (two way shear) proposes two expressions to calculate the punching 

strength of a slab with an axial load due to prestressing, but no mention is made of the case of 

axial tension. In section 22.7.5 (one way shear), it proposes an expression for the shear strength 

of members subjected to “significant” axial tension (2), but what “significant” means is left to the 

judgement of the designer. In Eq. (2), Nu is considered negative in this equation. 

 𝑉𝑉𝑐𝑐 = 0.17 · �1 + 𝑁𝑁𝑢𝑢
3.5·𝐴𝐴𝑐𝑐

� · �𝑓𝑓𝑐𝑐𝑐𝑐 · 𝑏𝑏𝑤𝑤 · 𝑑𝑑 (2) 

Finally, Model Code 2010, in section 7.3.5.3, presents an expression for the punching 

strength of slabs (3). This equation includes the term kψ, which depends on the load-rotation 

curves of the slab, whose response is different under compression or tension axial forces. 
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 𝑉𝑉𝑅𝑅𝑅𝑅,𝑐𝑐 = 𝑘𝑘𝜓𝜓 · �𝑓𝑓𝑐𝑐𝑐𝑐
𝛾𝛾𝑐𝑐

· 𝑏𝑏0 · 𝑑𝑑𝑣𝑣 (3) 

Figure 3 

In this context, an experimental campaign has been carried out at the Laboratory of 

Technology of Structures and Materials of the Universitat Politècnica de Catalunya (UPC), whose 

essential objective was to identify and quantify the effect of unidirectional in-plane tension forces 

on the punching-shear strength of reinforced concrete slabs. On the other hand, it is intended to 

provide experimental results to contribute to extend the mechanically-based punching-shear 

resistance model “Compression Chord Capacity Model” (CCCM) [21], developed by some of the 

authors, to the case of in-plane tension. 

From the 5 specimens tested, one was a control slab without tensile forces (Slab A0), while 

the other 4 slabs were subjected to different levels of tensile force. One of the slabs (Slab B1) had 

a greater amount of reinforcement in the direction parallel to the tension, with the aim of studying 

the influence of this variable. This paper presents some results of the experimental program such 

as the load-displacement relationships, crack patterns at failure and strains at the reinforcement 

parallel to the direction of the applied tension of each test. As explained, a decrease in the ultimate 

load with respect to that obtained for the control slab was observed as the external tension 

increased. A physical interpretation of the structure behavior is made. 

 

2. EXPERIMENTAL CAMPAIGN 

2.1. Specimens tested 

A total of 5 slabs of 1650 x 1650 x120 mm were cast in the lab. The dimensions of the slabs tested 

in the context of this experimental campaign are based on the punching-shear tests performed in 

[22-23]. The slabs are intended to represent a continuous building slab supported by an orthogonal 

column grid of 3.75 m of span length in the two orthogonal directions. The slabs were supported 

by 8 points placed at the vertices of a regular octagon, equidistant 765 mm from the point load 

vertical axis, applied on its center. Even though the specimens may be better suited to represent 
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deck-slab of bridges than an actual floor slab, this size was selected to give continuity to the 

experimental work carried out in [23], which have been a starting point for the present 

experimental campaign.  

The slabs were subjected to tension in their plane, in only one direction, through 10 post-

tensioning bars 25mm in diameter and 600mm in length, partially embedded in 2 opposite faces 

(5 bars on each side) (see Figs. 4 and 5). These bars were connected to the tensioning system to 

apply the tensile force to the slab. Although most of the tension was transmitted to the concrete 

by bond, anchors were placed at the embedded end of the bars for greater safety. The value of the 

external tension applied during the tests is measured in relation to the tensile force producing the 

cracking of the slab or Tcr = Ac·fct, with Ac being the composite concrete and steel area of the cross-

section of the slab and fct the tensile concrete strength. The specimens were designed so that 

punching failure takes place before flexural failure up to a value of T = 1.5Tcr, having computed 

the ultimate punching capacity using different formulations (EC-2 [18], EHE [24], CCCM [21]). 

 

Figure 4 

 

The slabs were reinforced with two steel meshes arranged on the upper and lower faces 

(Fig. 5). In the direction parallel to the external tension applied, the same amount of reinforcement 

was placed on the upper and lower faces in all the slabs (A0, A1, A2, A3, B1). This reinforcement 

consisted of 12mm bars spaced 105 mm in slabs type A (ρ = 0.011) and 16mm bars spaced 105 

mm in slab B1 (ρ = 0.0200). 

In the direction perpendicular to the applied tension, on the lower face, an assembly 

consisting of 12mm bars spaced 100 mm was arranged in all cases, (ρ = 0.013), while 12 mm bars 

spaced 200 mm were arranged on the upper face. Additional reinforcing bars were placed in the 

vicinity of the post-tensioning bar anchors, as a measure of local reinforcement. The tensile 

reinforcement ratio and effective depth of each type of slab are shown in Table 1. 
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Figure 5 

 

The large amount of longitudinal reinforcement in specimen B (ρ=2%) may give place to 

values of the aggregate interlock and dowel action contributions to the punching strength, higher 

than usual in practical cases.  However, the experimental results of slab B can be adequate to 

identify how the increment of reinforcement ratio affects the structural response and to verify how 

theoretical models account for the above mentioned effects on the punching shear resisting 

mechanisms. 

The punching load was transmitted to the slab through a 145 x 145 x 30 mm steel plate 

located in its center. Due to the configuration of the experiment, the slabs were tested face down 

with respect to their real position in a building slab, in which the reaction of the column goes 

upwards and the tensile reinforcement is arranged on the upper face. 

The slabs were cast using ready-mixed concrete from a local supplier. Normal strength 

class C30/37 with crushed limestone aggregate with a maximum size of 10 mm was used. To 

characterize the concrete before each punching test, standard compression (UNE-EN 12390-3), 

splitting (UNE-EN 12390-6) and elastic modulus (UNE-EN 12390-13) tests were performed. The 

specimens were reinforced with deformed bars of B500-S steel. Yield stress and elastic modulus 

of each type of reinforcing steel (UNE-EN ISO 6892-1) were also characterized. The results are 

shown in Table 2. 

 

Table 1 

 

Table 2 

 

2.2 Test set-up 

Four out of the five tested specimens were subjected to different levels of tensile stresses, while 

the control slab was left un-tensioned. To introduce the tensile force in the slabs, an auxiliary steel 



7 
 

structure, whose plan dimensions were 2500 x 2840mm, was built. This structure consisted of a 

rectangular steel frame surrounding the slab (see Fig. 6). 

Figure 6 

On both sides parallel to the tensile forces, the frame consisted of a single HEB 300 profile, 

while on both perpendicular faces it was formed by two HEB 300 profiles arranged in parallel 

and separated four centimeters, to allow the passage of bars (extensions) connected to the above 

mentioned bars partially embedded in the slab. On one of these faces, a passive anchor for the 

tensioning bars was used whereas they were prestressed from the other end, with the help of force-

controlled hollow jacks connected to the above mentioned extension bars (see Fig. 7). 

 

Figure 7 

 

The steel structure was set at the appropriate height with the help of four height-adjustable 

supports designed for the experimental campaign and located under each of the four corners of 

the frame. For safety reasons, once the desired external force value was reached, the bars were 

anchored and the jacks were disconnected from them. This fact caused a small loss of the test 

force during the test that was quantified by the arranged instrumentation. The theoretical loads to 

be applied and the values measured during the tests are shown in Table 3. 

 

Table 3 

 

To introduce the punching load, a hydraulic jack anchored in a loading frame, rigidly fixed 

to the floor slab, was used. Eight 120 x 120 mm load cells were placed at the slab supports to 

measure the reactions, arranged in a circle centered with respect to the center of the loading frame. 

A piece of rubber 120 x 120 x 20 mm was placed over each of the cells to allow free rotation in 
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the supports. The 8 load cells were supported on 4 rigid easels arranged in such a way that the 

distance between the mid-points of two opposite supports was 1530 mm. To cause the punching 

of the slab, a 145 x 145 x 30 mm steel loading plate was used, under which a thin layer of fine 

aggregate was placed to ensure regular contact between the upper face of the slab and the plate 

(see Fig. 8). 

Figure 8  

Due to the small distance between the bars protruding from the slabs and the steel frame, 

the evolution of the reaction force yielded by the nearest load cells to the frame was closely 

monitored in order to observe a possible interaction between both elements. Only in the test 

with the highest tensile force, and also the highest deflection, a slower increment of those 

reactions was observed close to the end of the loading stage, which may indicate some contact 

between the protruding bars and the frame. This interaction resulted in a slight decrement of 

these reaction forces, about a 5% of the mean reaction at each support, at the failure load. 

Therefore, this effect has been neglected. 

2.3 Instrumentation 

Load cells of 50 kN were used as supports of the slab in the position given in Figure 8. In 

addition, hollow load cells of 500 kN were used in the post-tensioned bars, (in both active and 

passive anchors), in order to measure the in-plane tensile force applied to the slab. To control 

the deformation and the entry of the reinforcement into plastic regime, 32 strain gauges were 

distributed throughout the slab, 24 of which were placed in the reinforcement parallel to the 

tension and 8 in the perpendicular reinforcement, also in the central section (see Fig. 9). In 

addition, a 75 mm displacement transducer was placed in the center of the lower face to 

measure the vertical displacement at the center of the slab, jointly with the internal linear 

variable displacement transducer (LVDT) of the loading frame. Finally, 8 LVDTs on the upper 

side of the slab were located, in the vertical of each support, to control their descent and subtract 

their mean value from the displacements measured in the center of the slab. 
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Figure 9 

 

2.4. Test procedure  

First, the tensile force, given in Table 3, was introduced in the slabs and, subsequently, the point 

load was incrementally applied on its center up to failure of the slab. In all cases, two levels of 

the vertical load were previously applied, one up to 20% of the predicted ultimate load (Pu) and 

another up to 40% of Pu. Both loads were maintained for 100 seconds and served to accommodate 

all the elements involved in the test and to check that the instrumentation was properly working. 

Once the second test load ended and the slab was unloaded, the test up to failure was started, 

applying the load by a controlled displacement at a rate of 0.001mm/s. Taking account of the 

stretching of bars and the loading stages, average test duration was about two and a half hours. 

In support of the experimental campaign, a finite element model was developed, using as 

reference the one developed at the University of Waterloo (Canada) by Polak et al [22]. This 

model was initially used to predict the tests results and to design the auxiliary structures of loading 

and support. 

Once the first test was performed over the reference slab A0, the numerical model was 

calibrated with the obtained results, see Figure 10, and used to predict the results of the rest of 

Type-A slabs, under different tensile force levels. With respect to the Type B slab, only a test was 

performed with a tensile force of T/Tcr=0.5. Then, since there was not reference slab of type B, 

the same numerical model was also used to predict the punching capacity of the Type B reference 

slab, as shown in Table 4. Details of the numerical simulations performed will be explained in 

Section 4.  

 

Figure 10 

 

Table 4 
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3. EXPERIMENTAL RESULTS 

3.1. Ultimate loads 

The main interest of the experimental campaign was to observe the variation of the ultimate 

punching-shear load as a function of the tension force applied to the slabs. For this purpose, the 

load-displacement curves of each of the tests are analyzed in this section, together with that 

obtained for the control slab. Table 5 shows the punching-shear failure load of each test and also 

their relationship with that of the control slab (see also Figure 11). 

 

Figure 11 

 

As can be seen, there is a notable and progressive reduction in the failure load with respect 

to the value obtained in the control slabs. The maximum reduction was 28% for T = 1.26 Tcr. The 

decreasing trend is practically linear with the applied tensile force and is accentuated in cases 

where the applied tensile force is greater or equal than Tcr. This is possibly due to the fact that 

when the value of Tcr is exceeded, cracking of the concrete occurs and, at the crack, the entire 

value of the applied external tension is resisted by the reinforcement, which increases dramatically 

its stress, reducing its contribution to the punching strength. Figure 12 shows the load vs. 

displacement at the center or slab for all type-A specimens. The previous explanation can also be 

applied to the increase in the ultimate displacement as long as the tensile force increases. The 

premature yielding of the reinforcement decreases the stiffness of the piece and, therefore, an 

increase in the deflection occurs.  

 

Table 5 

 

Figure 13 
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Figure 13 shows the state of cracking at the bottom face of the slab at failure for some of 

the tests carried out (tensile forces are in the vertical direction). As observed, the crack pattern 

area increases in the dimension perpendicular to the tensile forces, as the applied tensile force 

increases. 

3.2 Strains at the reinforcement 

In order to know the state of the reinforcement at failure, the strain was measured in gauges glued 

in the central area of the slab, in rebars parallel to the tensile force (gauges from 3 to 6) and 

perpendicular to it (gauges from 11 to 14). For the reinforcement parallel to the applied tensile 

force, it was observed that, while in the control slab yielding of the reinforcements occurred for a 

load close to the punching-shear failure load, in the tensioned specimens such yielding occurred 

clearly before failure (see Fig. 14). 

In Figure 14, it can also be seen how the rate of strain measured in the gauges located in 

the reinforcement perpendicular to the tension increases slightly after the gauges of the parallel 

reinforcement enter in the plastic regime. This indicates that there was a redistribution process 

between the reinforcement of both directions. The evolution of the average strain of the 

reinforcement located in the central zone in both directions is shown in Figure 15.  

 

Figure 13 

 

Figure 14 

 

Figure 15 

 

 

 



12 
 

4. NUMERICAL SIMULATIONS 

In addition to help in the design of the tests setup, the numerical model is being used to contrast 

the values of the punching strength obtained by the Compression Chord Capacity Model, CCCM, 

[21] extended to punching with tension, both for the tests performed and for values of tension 

forces different from those applied in the experimental campaign. The simulations of the 

experimental campaign were carried out with Simulia Abaqus software [25].  

4.1 Model generation 

Taking into account the existing double symmetry, both in geometry and loading, only a quarter 

of each slab was simulated, considering the corresponding boundary conditions in both symmetry 

planes. Given the similarity of the dimensions of the specimens tested with those of [23], the 

recommendations of [22] regarding the size of the element and the type of element used for 

concrete and reinforcement have been followed. For concrete, cubic elements of 8 nodes (C3D8R) 

have been used to reduce the computational cost and to avoid obtaining excessively rigid results 

[25], while for the reinforcing bars, linear beam elements of 2 nodes (B31) have been used. The 

reinforcing bars were considered perfectly bonded to the concrete. The size chosen for the 

concrete elements was 20 mm, so that 6 elements were arranged along the 120 mm of the slab 

edge. The supports of the slab were simulated by means of non-linear springs (SPRING A), with 

a very high stiffness in compression and practically zero stiffness in tension, thus allowing the 

partial lifting of the slab and avoiding the appearance of undesired tensile reactions (Fig. 16) The 

introduction of tensile forces was simulated in the model by applying the loads directly to the 

nodes located in the area of the anchor plates of the post-tensioning bars, while for the punching 

load, a displacement was imposed on the nodes located on the upper face of the slab, under the 

surface occupied by the load plate. 

 

Figure 16 
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Abaqus offers two different packages to perform this type of simulations: Abaqus / 

Standard, for static analysis; and Abaqus / Explicit, for quasi-static analysis. Up to a certain value 

of the applied external tension (T/Tcr ≤ 0.8), the results obtained with one or another form of 

analysis were quite similar (Fig. 17). The main difference was the time needed to perform the 

simulation, being more than 3 hours in the case of Abaqus / Standard and approximately half an 

hour in the case of Abaqus / Explicit. From T/Tcr = 1, simulations with Abaqus / Standard began 

to show convergence problems, so it was decided to conduct the study with Abaqus / Explicit. 

 

Figure 17 

 

4.2 Materials 

To simulate the behavior of concrete, the Concrete Damaged Plasticity model [26], [27] was 

chosen, which requires the definition of the uniaxial constitutive equations in compression and 

tension, in addition to the definition of a yielding surface. For compression, a linear behavior of 

up to 40% of fc (σc0) was considered. To define the elastic response, only the modulus of elasticity 

(Ec) and the Poisson ratio (ν) are needed. The modulus of elasticity is that obtained in the 

corresponding characterization test (see Table 2), while for ν, as Abaqus considers it a fixed value 

throughout the whole simulation process, including the post-cracking regime, a value ν = 0 was 

chosen. 

To take into account the non-linear behavior in compression, the Hognestad parabolic 

constitutive equation was chosen (see Figure 18-a). The values of εc0 and εcu correspond to those 

proposed in Table 3.1 obtained from EC-2 [18], with values of εc0 = 0.002 and εcu = 0.0035. For 

the tensile behavior, the model proposed in section 5.1.8.2 of the Model Code 2010 [20] has been 

used, which considers a linear behavior up to fct, and a bilinear softening branch governed by the 

fracture energy of the material (Figure 18-b). The value of the fracture energy adopted is given 

equation (4), proposed in [28] as a modification of that provided by the Model Code 2010 [20] to 

account for the maximum aggregate size of concrete, which in this case was 10 mm. 
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𝐺𝐺𝑓𝑓 = 0.028 𝑓𝑓𝑐𝑐0.28 𝑑𝑑𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑0.32  (4) 

 

Figure 18 

 

The behavior of concrete in tension must be introduced in ABAQUS trough a stress-strain 

relationship, so it is necessary to transform the stress-crack opening given by Model Code (Figure 

16) into a stress-strain curve. For this purpose, the crack opening is divided by the characteristic 

length of the element (lc), defined as the average dimension of a finite element, in this case the 

length of an edge of a cubic element. Thus, the softening of the tensile branch, is given by εct = 

εcr + w / lc , where εcr is the concrete strain corresponding to the tensile strength, fct. 

The values used to define the yielding surface were modified from those proposed in [20] 

to adjust the simulation of the type-A control slab to the results obtained in the laboratory, and 

are collected in Table 6. For the steel reinforcement, a uniaxial bilinear stress-strain diagram was 

used, considering perfect plasticity. The yield stress and the modulus of elasticity used were those 

extracted from the characterization tests and collected in Table 2. 

 

Table 6 

 

4.3 Results 

A comparison between the load-displacement curves obtained by the numerical simulations and 

those obtained in the tests is shown in Figure 19. As can be seen in Table 7, quite accurate results 

were obtained in terms of the ultimate load. 

 

Figure 19 

 

Once it was verified that the numerical model correctly reproduced the results obtained in 

the laboratory tests, simulations with reinforcement ratios corresponding to type A slabs, were 
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performed for other T/Tcr values, up to a maximum of T/Tcr = 1.5. Figure 18 shows the numerically 

obtained punching strength decrease as T/Tcr increases, where the experimental results are also 

included. As can be seen in Figure 20, the relative decrease of strength obtained for type B slab 

(T/Tcr = 0.44) fits the obtained curve quite well. Thus, no favorable effect of having a greater 

amount of reinforcement in the direction parallel to the tensile force has been observed, except a 

higher value of Tcr. 

 

Table 7 

 

Figure 20 

 

Finally, cracking patterns obtained for different values of applied external tension are 

presented in Fig. 21, where the variation thereof can be seen as the external tension is increased. 

 

Figure 21 

 

5. Conclusions 

Based on the observations made during the experimental campaign and the results presented in 

this article, the following conclusions can be drawn: 

 

1. Punching-shear strength of reinforced concrete slabs is reduced by the presence of an in-

plane tensile force. 

2. The decrease in the punching-shear strength can be well characterized by a bilinear 

function of the applied tensile force “T”. The first branch arrives up to a certain value 

“Tcr”, after which a higher reduction of the punching strength is observed.  
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3. The force "Tcr" is associated to that producing cracking of concrete under pure tension, 

after which the tensile force in the crack is fully resisted by the reinforcement parallel to 

the tensile force, which considerably increases its stress. Such increment of stress 

produces premature yielding, followed by a redistribution of stresses between the 

reinforcements parallel and perpendicular to the tensile force direction. Consequently, a 

higher reduction of the punching strength than for slabs with T<Tcr is observed. 

4. The maximum value of the reduction produced by the presence of a tensile force, for the 

tests carried out, was 28% with respect to the reference slab, for a load T = 1.26 Tcr. For 

the tensile value T = Tcr, the punching load reduction was approximately 20% 

5. No favorable effect of having a greater amount of reinforcement in the direction parallel 

to the tension has been observed. 

6. The numerical model developed, for the non-linear analysis of the tested slabs, using 

program ABAQUS with solid finite element analysis, once calibrated with the 

experimental results of the tested reference slab (T=0), has been a very useful tool to 

predict the tests results of the tests with applied in plane tensile forces and analyze 

possible local effects during the stressing operation. 

7. The reduction of the punching strength due to the effect of the in-plane tensile force 

introduced, as well as its effects on the crack patterns and on reinforcement yielding have 

been very well predicted by the numerical model.  
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Table 1. Reinforcement ratios and effective depths of the tension side reinforcement. 

  Parallel to tension  Perpendicular to tension 

Slab 

type 

 
Reinforcement 

area (mm2) 

Reinforcement 

ratio 

Effective 

depth 

(mm) 

 
Reinforcement 

area (mm2) 

Reinforcement 

ratio 

Effective 

depth 

(mm) 

A  1810 0.0108 99  1810 0.0130 87 

B  3217 0.0197 97  1810 0.0133 85 

 

Table 2. Mean values of material properties 

Concrete 

T/Tcr fc (Mpa) fct (Mpa) Ec (Gpa) d_max (mm) Age (days) 

0 37.6 3.38 29.2 10 160 

0.44 37.7 3.41 29.8 10 225 

0.69 35.9 3.05 28.3 10 204 

1.02 37.4 3.13 29.0 10 183 

1.26 36.7 3.36 30.3 10 218 

      

Steel 

Diameter (mm) fy (MPa) Es (MPa) 

10 525.9 216.3 

12 535.9 210.7 

16 536.8 201.6 

 

Table 3. Values of the tensile force applied at each test 

Test # Type of slab  
T/Tcr before 

disconnecting jacks 

T/Tcr at the test 

beginning 
T/Tcr at failure 

1 A 0.00 0.00 0.00 

2 B 0.50 0.46 0.44 

3 A 0.80 0.71 0.69 

4 A 1.10 1.09 1.02 

5 A 1.40 1.37 1.26 
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Table 4. Punching strength values of both types of control slabs 

Type of slab  
Punching shear 

strength (kN) 
Type of analysis 

A 249.1 Lab. Test 

B 263.9 FEM 

 

Table 5. Test results. 

Test Nº Slab type T/Tcr at failure Punching load (Pu) (kN) Pu/Pcontrol 

1 A 0 249.13 1 

2 B 0.44 240.4 0.911 

3 A 0.69 215.2 0.864 

4 A 1.02 198.4 0.796 

5 A 1.26 179.4 0.720 

 

 

Table 6. Parameters defined for the Concrete Damaged Plasticity. 

Dilation (ψ) Eccentricity (ε) σb0/σco K Viscosity (μ) 

37.5 0.1 1.16 0.8 0 

 

 

Table 7. Comparison between numerical and experimental results. 

Test Nº T/Tcr 
Pu (Numerical) 

(kN) 

Pu (Experimental) 

(kN) 

Pu/Pcontrol 

(Numerical) 

Pu/Pcontrol 

(Exp.) 
Δ (%) 

1 0 250.3 249.13 1 1 ------ 

2 0.44 243.3 240.4 0.922 0.911 +1.21 

3 0.69 220.3 215.2 0.880 0.864 +1.85 

4 1.02 203.5 198.4 0.785 0.796 -1.38 

5 1.26 182.2 179.4 0.723 0.720 +0.42 
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Fig. 1. Collapse of an underground car park due to Punching in Santander, Spain (2020) [1]. 
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Fig. 2. Common situations where in-plane tensile stresses and a concentrated load may act together 
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Fig. 3. Schema of the tests carried out by a) Regan b) at the University of Lyon 
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Fig. 4. Position of post tensioning bars inside the reinforcement 
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Fig. 5. Reinforcement layout of “type A” slabs. a) Tension side. b) Compression side. 
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Fig. 6. Steel frame used to apply tensile force to the slabs. 
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Fig. 7. a) Jacks placed at the active anchorage. b) Passive anchorage. 
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Fig. 8. a) Support scheme. b) Hydraulic jack used to apply the punching load. c) Fine aggregate layer. 
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Fig. 9. Position of strain gauges on the reinforcement. 
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Fig. 10. Load-deflection curve of the “A” control slab obtained in the lab test and with FEA. 
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Fig. 11. Relative decrement of the punching strength to the tensile force applied. 
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Fig. 12. Load-deflection curves of the 4 “A” specimens. 
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Fig. 13. Final crack pattern of the slabs: a) T=0; b) T=0.69Tcr; c) T=1.26Tcr (Top face); d) T=1.26Tcr. Tensile force 

applied in vertical direction in the photographs. 
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Fig. 14. Evolution of strains in the reinforcement parallel to the tensile force: a) T=0; b) T=0.69Tcr; c) T=1.02Tcr. 
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Fig. 15. Relation between strains in the reinforcement parallel and perpendicular to the tensile force. a) T=0; b) 

T=0.69Tcr; c) T=1.02Tcr. 
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Fig. 16. Modelling techniques: a) Springs simulating the supports ; b) cracks (in blue) in the slab after applying the 

tensile force (in vertical direction in the picture) at the selected nodes.  
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Fig. 17. Comparison between load-deflection curves obtained with Abaqus/Standard and Abaqus/Explicit for T=0 

and T/Tcr=0.8 
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Fig. 18. a) Uniaxial compressive stress-strain relationship for concrete. b) Uniaxial tensile stress-crack width 

relationship for concrete 
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Fig. 19. Comparison between load-deflection curves obtained with the numerical model and in the 

laboratory tests for a) T=0; b) T/Tcr=0.44; c) T/Tcr=0.69; d) T/Tcr=1.02; e) T/Tcr=1.26. 
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Fig. 20. Comparison of the relative decrement of the punching strength to the tensile force applied obtained 

numerically and in laboratory tests. 
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Fig. 21. Cracking pattern at failure for a) T=0; b) T/Tcr=0.7; c) T/Tcr=1.26; (Tensile force applied in 

vertical direction) 
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