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 This paper numerically studies the punching shear response of flat slabs strengthened 

by shear bolts with two kinds of end anchorages. The anchorages of shear bolts involve 

small and large anchorages on slab surfaces. The study intends to provide distinctive 

numerical modelling techniques for modelling and analysing shear-reinforced flat slabs 

using shear bolts. Moreover, it intends to investigate the proper arrangements of shear 

bolts for resisting punching shear. The numerical analyses were conducted using the 

concrete damaged plasticity (CDP) in ABAQUS software. For validation and 

assessments, eight interior tested junctions from a previous study were selected. One of 

them was without strengthening, while the others were strengthened against punching 

shear using shear bolts. The study presented and compared maximum failure loads, the 

behaviour of both flexural and shear reinforcements, and crack patterns with the test 

outcomes. The numerical results revealed that employing beams and solid elements to 

model shear bolts and their anchorages, respectively, was the optimal choice. 

Additionally, the numerical results showed that adopting a radial arrangement of shear 

bolts with large anchorages was optimal for punching shear reinforcement. The 

obtained numerical data were compared with the predicted failure loads from the design 

codes. 
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1. INTRODUCTION 

 

Slab-column junctions in flat slabs without shear 

reinforcement are highly susceptible to punching shear failure, 

a kind of brittle failure that occurs without prior warning signs. 

In certain cases, the punching shear strength of these junctions 

may be insufficient due to many circumstances, including 

changes in building usage, design or construction mistakes, 

reinforcing corrosion, and concrete degradation. Typically, 

this failure occurs when the externally applied shear stresses 

surpass the tensile strength of the concrete. Therefore, it is 

essential to recommend appropriate shear reinforcement for 

this purpose. Numerous researchers over years have proposed 

and investigated various punching shear reinforcements for 

new and existing flat slabs. 

Numerous researchers performed experiments in testing and 

evaluating different kinds of shear reinforcements for the new 

flat slabs, such as stirrups, bent-up bars, shear studs, truss-

shear reinforcement, and shear heads. Shear reinforcement can 

be added around the column where bending and shear stresses 

are at their highest levels to enhance the shear resistance and 

ductility of the slab. Shear reinforcement is positioned to 

intercept the inclined cracks within the slab depth. Bent-up 

bars were utilised by references [1, 2]. Closed stirrups were 

examined by references [3-7]. Shear heads were examined by 

references [8-10]. Shear studs were utilised by references [11, 

12]. Pre-assembled truss bars were deeply investigated by 

reference [13].  

There are three distinct approaches to strengthening existing 

flat slabs: 1) By expanding the supporting territory, hence 

increasing the critical section around the column [14-16]. This 

would improve the flexural capacity of the slab. Nonetheless, 

the slab-column connections demonstrate comparatively more 

brittle behaviour. 2) Implementing post-installed shear 

reinforcements [17-21], including shear bolts and concrete 

screws. This method considerably enhances the ductility of 

slab-column connections. Typically, the slab will fail before 

the complete activation and shear bolts. 3) Enhancing the 

flexural tension reinforcement by adding an additional layer of 

concrete or affixing an external reinforcement composed of 

carbon fibre-reinforced polymers (CFRP) or steel [22-24]. 

This approach increases the effective depth of the slab, hence 

increasing its flexural strength; nevertheless, it concurrently 

leads to increased brittleness in the slab-column connections. 

The shear bolt strengthening system with small end 

anchorages on slab surfaces, an innovative kind of punching 

shear reinforcement invented by reference [25], was then 

deeply investigated by reference [19] in the interior slab-

column junctions. The references [17-20] conducted several 

investigations into this kind of strengthening strategy and 

proved its effectiveness in resisting punching shear in flat 

slabs. The existing literature lacks a thorough numerical 
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modelling and analysing of shear bolts with two anchorage 

strategies: small and large anchorages on slab surfaces. 

However, limited numerical studies conducted by 

Genikomsou and Polak [26, 27] modelled and analysed 

reinforced flat slabs with shear bolts incorporating small end 

anchorages on slab surfaces. They discovered that the best way 

to model shear bolts is with the beam element type (B32). To 

avoid concrete failure at anchorages, they also simulated the 

small end anchorages of shear bolts using assembled beam 

elements with a size larger than the actual anchorages, 

provided that they overlap with each other (see Figure 1). 

However, the current literature still lacks numerical studies 

related to modelling large anchorages of shear bolts. This 

approach relies on  assumptions that complicate the modelling 

process, while other simple and reliable techniques have not 

yet been investigated. Investigating these simpler techniques 

may provide valuable insights and lead to more precise results. 

Furthermore, there are a few recent studies concerning the 

utilisation of diverse configurations of shear bolts, particularly 

in conjunction with large-end anchorages. All previous studies 

concentrated on shear bolts with small end anchorages. 

 

 
 

Figure 1. Assembled truss/beam for shear bolt modelling 

[26] 

 

In this study, the concrete damaged plasticity (CDP) model 

in ABAQUS is used to numerically calibrate eight interior 

slab-column junctions shear-reinforced by shear bolts with 

large and small anchorages to slab surfaces originally tested 

by reference [28]. The study proposes numerical modelling 

approaches for representing the end anchorages of shear bolts 

and assesses the efficacy of the strengthening method for 

ultimate capacity, failure mode, ductility, stiffness, and energy 

absorption. Besides, it investigates the various arrangements 

of shear reinforcements around the supporting region and their 

impact on the structural integrity. The numerical results are 

ultimately compared to the applicable design code standards 

to assess their consistency and identify potential areas for 

improvement. 

 

 

2. TEST SLABS  

 

2.1 Description of tested slabs 

 

Eight large-scale slabs representing interior slab-column 

junctions were prepared and monotonically tested to failure by 

reference [28]. Seven specimens were strengthened using 

post-installed vertical shear bolts, while the last one was 

examined without any shear enhancement to serve as a 

reference slab. The slabs were square in shape, with side 

dimensions of 1800 mm and a depth of 120 mm. They 

represent the region surrounding a column of an interior slab 

panel up to zero moment lines (contraflexure). The upper 

flexural reinforcement (tension side) consisted of reinforcing 

bars of 10 mm spaced at 200 mm with concrete cover 20 mm, 

while the lower flexural reinforcement (compression side) was 

reinforced with 6 mm steel bars spaced at 200 mm with 

concrete cover 10 mm. The average effective depth and 

reinforcement ratio were 91 mm and 1.124%, respectively for 

all tested slabs. The material properties of all shear bolts, 

reinforcing bars, and concrete are illustrated in Table 1. 

Each specimen was subjected to central monotonic static 

loading until failure, using a hydraulic jack positioned under 

the slab, utilizing a square steel plate of 200 × 200 mm² and 

50 mm in thickness. The slabs were anchored to the strong 

laboratory floor at eight points using four steel tendons and 

spreader beams, as shown in Figure 2. The loading was 

implemented in two successive steps. The slabs were first 

subjected to about 60% of the experimental ultimate load of 

the reference specimen (R), then released, and shear-

reinforced throughout the cracking stage.

 

Table 1. Material properties of all tested slabs [28] 

 
Specimen  R M8A M8 M8S M8SE M6 M6S M6SE 

Anchorage type   L L S SE L S SE 

Bolt type   M8 M8 M8 M8 M6 M6 M6 

Bolt initial force 

on (kN) 
  1.3 5.9 5.5 6.0 3.5 2.7 2.7 

f’c (MPa)  41.70 50.90 50.66 41.14 28.47 50.66 38.59 28.47 

f’t (MPa)  2.13 2.35 2.35 2.11 1.76 2.35 2.05 1.76 

Ec (GPa)  35.51 39.24 39.14 35.27 29.34 39.14 38.59 29.34 

M6 fy/f0.2 (MPa)     523 586  523 
 ft (MPa)     618 696  618 

M10 fy/f0.2 (MPa)     529 467  529 
 ft (MPa)     653 597  653 

M6 f0.2 (MPa)      421 530 530 
 Ew (GPa)      197 195 195 

M8 f0.2 (MPa)  523 523 587 587    
 Ew (GPa)  200 200 217 217    

S: small end anchorage; L: large end anchorage; SE: small embedded anchorage 

' 0.33 't cf f=
 

5500 'c cE f=
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Figure 2. Support details and test geometry [28] 

 

2.2 Strengthening procedure 

 

The strengthening method is succinctly described as the 

drilling of 16 small circular holes arranged radially around the 

loading area (200 mm × 200 mm). The diameters of the drilled 

holes were 13 mm, 11 mm, and 9 mm for specimens reinforced 

with shear bolts 10 mm, 8 mm, and 6 mm, respectively. The 

space between the shear bolts and the drilled holes remained 

unfilled. Subsequently, the shear bolts were inserted and 

tightened against the anchorages on slab surfaces. The end 

anchorages of shear bolts on slab surfaces are divided into 

three types small embedded anchorage (SE), small anchorage 

on surface (S), and large anchorage on surface (L), as 

illustrated in Figure 3. The punching shear reinforcement 

consisted of sixteen vertical shear bolts placed in radial rows 

adjacent to the column. The initial row was positioned around 

0.5 d (50 mm) from loading zone, while the next layer was 

situated about 0.75 d (75 mm) from the initial layer. Figure 4 

shows the details of the anchoring plates and anchorage zone. 

 

 
 

Figure 3. Types of end anchorages of shear bolts on slab 

surfaces [28] 

 

3. FINITE ELEMENT MODELLING 

 

3.1 Common modelling parameters for all slabs 

 

Three-dimensional non-linear analysis was conducted using 

the finite element ABAQUS software on slab-column interior 

junctions strengthened by shear bolts. The CDP model was 

utilised to study the non-linear behaviour of concrete slabs, 

encompassing inelastic deformation, crushing, cracking, and 

the degradation of stiffness. The damaged concrete plasticity 

model was previously employed in the analysis of slab SB1 

without strengthening [29]; the same procedure is used herein 

for modelling all slabs. The parameters used for the damaged 

plasticity model are listed in Table 2. 

 

 
 

Figure 4. Measurements of anchorage plates of specimens 

(a) M6, M8a, and M8; (b) M6SE and M6S; (c) M8SE and 

M8S; and (d) anchorage end zone detail [28] 

 

Table 2. Damaged plasticity parameters used for modelling 

 
Damaged Plasticity Parameter  Value 

Concrete Poisson's ratio (ν) 0.2 

Dilation angle (ψ°) 40 

Steel Poisson's ratio (ν) 0.3 

Ratio of stress invariants (Kc) 0667 

Ratio of initial equibiaxial to initial uniaxial 

compressive yield stresses (σbo/σco) 
1.16 

Viscosity parameter (μ) 0 

Eccentricity (ε) 0.1 

 

The concrete was modelled using 8-node hexahedral brick 

elements (C3D8R) with reduced integration [30-32]. Both the 

compression and tension responses of the concrete were 

modelled with the use of the Hognestad parabola and the 
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stress-crack displacement relationship, respectively. The 

tensile behaviour was defined by a bilinear tension-softening 

response, necessitating key concrete parameters, including the 

maximum tensile strength f't and the fracture energy Gf. The 

parameter Gf denotes the area beneath the tensile stress-crack 

displacement curve, which is affected by the size of the 

aggregate and concrete’s quality. The CEB-FIP Model Code 

1990 [33] was adopted for estimating Gf as follows: 

 

𝐺𝑓 = 𝐺𝑓𝑜(𝑓𝑐𝑚/𝑓𝑐𝑚𝑜)
0.7 (1) 

 

The steel material, including reinforcing flexural bars, shear 

bolts, nuts, washers, and loading plates, were modelled 

utilizing truss elements (T3D2). They were defined using the 

uniaxial stress-plastic strain relationship. Their plastic 

behaviour was outlined using a data table that included yield 

stress and the corresponding plastic strain. The embedding 

technique was used to mimic an ideal bond between 

reinforcing bars and concrete. Compression and tension 

damage criteria were ignored due to monotonic loading. The 

tie constraint was used to delineate the interaction between the 

surfaces of the loading plate and the concrete. This kind of 

restriction effectively inhibits movement between two sets of 

surfaces, despite their differing mesh sizes. 

Due to all slabs having identical geometry, a quarter of each 

was considered for analysis. The test slabs were analysed via 

quasi-static analysis in ABAQUS. This method necessitates 

applying a low velocity to guarantee precise outcomes. 

Thereby, all slab models were displaced at 20 mm/s, which 

gradually increased according to a smooth amplitude curve 

from 0 mm/s to 40 mm/s. The slab models were restrained 

against vertical displacement at their perimeters. Figure 5 

depicts the typical geometry and boundary conditions for the 

slab models used in the simulations. The slab vertical 

deflection 𝛥 was measured at the centre of each slab.

 

 
 

Figure 5. Depicts the typical geometry and boundary conditions for the slab models used in the simulations 

 

A finite element sensitivity analysis was conducted on 

reference slab model (R) using mesh sizes of 15 mm, 20 mm, 

and 30 mm. Based on this study, a 20 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 presents a sensitivity 

analysis for slab model R for three different mesh sizes (15, 

20, and 25). 

 

 
 

Figure 6. Sensitivity analysis for slab model R 

3.2 Modelling of shear bolts 

 

The strengthening strategy against punching shear involves 

using shear bolts with different end anchorages (small, large, 

and SEs on slab surfaces). Three types of elements in the 

ABAQUS material library could be used for modelling shear 

bolts and their anchorages; these elements involve beam, shell, 

and solid elements. The truss element type was excluded 

because it resists only compression and tension forces, 

contrary to the beam element. To study different kinds of 

modelling approaches for shear bolts, the test slabs (M8S and 

M8) were selected to represent the slabs with small and large 

end anchorages, respectively. The goal is only to identify the 

best element type for shear bolts and their anchorages that 

would apply to other slabs. For simplicity, a flowchart was 

designed to illustrate the modelling techniques used for shear 

bolts, as shown in Figure 7. 

For shear bolts with small anchorages, four different 

modelling approaches were considered. Solid elements for 

shear bolts and anchorages (model S1), beam elements for 

shear bolts without anchorages (model S2), and beam elements 

for shear bolts with solid anchorages. In the last kind, the joint 

between the shear bolt and its anchorages was modelled once 

constrained (model S3) and once unconstrained (model S4). 

For the constrained type, the coupling constraint type was used 

(Ux = Uy = Uz = 0). More details are listed in Table 3 and 
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shown in Figure 8. 

For shear bolts with large anchorages, seven modelling 

methods were presented. Assembled beam elements for both 

shear bolts and their anchorages (model L1), two types of sloid 

element systems for shear bolts and their anchorages (models 

L2 and L3), two types of shell element systems for shear bolts 

and their anchorages (models L4 and L5), and beam elements 

for shear bolts and solid elements anchorage (models L6 and 

L7). In the last kind, the joint between the shear bolts and their 

anchorages was modelled once constrained and once 

unconstrained. More details are listed in Table 3 and shown in 

Figure 9. 

 

 
 

Figure 7. Flowchart of the used modelling strategies of shear bolts for slab models M8S and M8 

 

 
 

Figure 8. Modelling techniques for shear bolts with small anchorages for slab model M8S 

 

 
 

Figure 9. Modelling techniques for shear bolts with large anchorages for slab model M8 
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Table 3. Details of modelling strategies for shear bolts and their anchorages 

 

Anchorage 

Type 

Modeling 

Strategy 

Adopted 

Slab 

Used Elements 
Join Between Shear Bolts 

and Anchorages 

Contact Between 

Anchorages and Other 

Surfaces 
Shear Bolts Anchorages 

Small 

anchorage 

S1 

M8S 

Solid Solid Integrated Tie constrain 

S2 Beam - - - 

S3 Beam Solid Coupling constrain Tie constrain 

S4 Beam Solid - Tie constrain 

Large 

anchorage 

L1 

M8 

Beam Beam Integrated Embedded method 

L2 Solid Solid Integrated Tie constrain 

L3 Solid Solid Integrated Tie constrain 

L4 Shell Shell Integrated Embedded method 

L5 Shell Shell Integrated Tie constrain 

L6 Beam Solid Coupling constrain Tie constrain 

L7 Beam Solid  Tie constrain 

 

Table 4. Ultimate failure loads and central deflection for all proposed modelling strategies 

 
 Slab Model M8S Slab Model M8 
 Vmax, exp = 352.3 kN Vmax, exp = 381 kN 

Modelling strategy S1 S2 S3 S4 L1 L2 L3 L4 L5 L6 L7 

Vmax, FEA 349 338 344 349 392 386 393 401 397 373 371 

Δmax, FEA 19 19 20 19 19 21 23 21 22 21 21 

 

3.3 Optimal modelling strategy for shear bolts  

 

Eleven modelling strategies for shear bolts and their 

anchorages, both small and large, were proposed and 

examined. Figure 10 indicates that all proposed strategies 

demonstrated satisfactory performance in the load-deflection 

behaviour relative to the experimental slabs (M8S and M8). 

Additionally, all strategies generated similar crack patterns on 

the tension surfaces when compared to the corresponding test 

slabs (M8S and M8). The ultimate failure loads and their 

corresponding central deflection for all proposed modelling 

strategies are illustrated in Table 4. 

 

 
 

Figure 10. Numerical load-deflection behaviour for slab 

models (a) M8S and (b) M8 for various shear bolts modelling 

strategies 

 

For the slab M8S (shear bolts with small anchorages), the 

modelling strategy S4 (beam elements for shear bolts and solid 

elements for anchorages) showed optimal performance in 

terms of load-deflection response, crack pattern on the tension 

surface, straightforward modelling, and less computational 

time. The other modelling strategies (S1, S2, and S3) 

demonstrated acceptable results regarding the previously 

mentioned criteria. However, while modelling strategies S1 

and S3 showed acceptable results, they required more time for 

both modelling and computation. Furthermore, the modelling 

strategy S2, which uses shear bolts without anchorages, 

showed results that were below the required level when 

compared to the other modelling strategies. 

 

   
 

 
 

Figure 11. Load-deflection curves for strengthened slabs 

with large anchorages using modelling strategy L7 

 

Regarding the slab M8 (shear bolts with large anchorages), 

the model strategy L7 (beam elements for shear bolts and solid 

elements for anchorages) revealed superior performance in 

terms of load-deflection response, crack pattern on the tension 

surface, straightforward modelling, and computational time. 

Other modelling strategies (L1 to L6) exhibited satisfactory 

outcomes concerning the aforementioned criteria. 

3680



 

Nevertheless, whereas these modelling strategies achieved 

satisfactory outcomes, they necessitated more time for both 

modelling and computation. 

 

 
 

Figure 12. Load-deflection curves for all strengthened slabs 

with small anchorages using modelling strategy S4 

 

 
 

Figure 13. Load-deflection curves for strengthened slabs 

with SEs using modelling strategy S4 

 

 
 

Figure 14. Crack patterns on tension surface for all slab 

models  
Notes: Cracked regions are presented via the blue contours 

The modelling strategies S4 and L7 are most effective for 

modelling shear bolts and their anchorages in slabs 

strengthened with shear bolts featuring small and large end 

anchorages, respectively. Consequently, these two modelling 

strategies are implemented on the remaining strengthened 

slabs. Figures 11-13 present a comparison of the load-

deflection curves of all strengthened slabs for large, small, and 

SEs, respectively. Figures 14 and 15 depict the crack patterns 

observed on the tension surfaces of all slab models and the test 

slabs (M6, M6S, and M6SE). Obvious cracks formed within 

the enhanced zone for slab models M6, M8a, M6S, M6SE, and 

M8SE. Consistent with the test findings, these slab models 

failed in punching mode within enhanced zone [17]. The other 

slab models failed in the flexural mode linked to punching 

failure outside the enhanced zone. The consistency between 

the finite element analysis and the experimental findings 

regarding load-deflection responses and crack patterns refers 

to the verified models' ability to evaluate additional 

parameters. 

 

 
 

Figure 15. Top view (left) and bottom view (right) of 

specimens (a) M6, (b) M8S and (c) M6SE [28] 

 

 

4. PROMETRIC STUDIES 

 

Parametric analyses were conducted to examine various 

essential parameters concerning the thickness of end 

anchorages and the potential configurations of shear 

reinforcements. Three groups of shear-reinforced slabs were 

established in this context. Group I consists of shear-

reinforced slabs with various thicknesses of large anchorages: 

8 mm, 10 mm, and 12 mm for slab models M8-8 mm, M8-10 

mm, and M8-12 mm, respectively. Group II consists of shear-

reinforced slabs featuring different arrangements of shear bolts 

with large anchorages. Group III comprises shear-reinforced 

slabs with various arrangements of shear bolts with small 

anchorages. Figure 16 illustrates the arrangement of shear 

bolts for all parametric slab models in established groups I, II 

and III and the critical control perimeter based on ACI 318 and 

Eurocode 2. Slab M8 was selected to represent the 
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strengthened slab in groups I and II, while slab M8S was 

designated to represent the strengthened slab in group III in 

terms of geometry and material properties.  

 

 
Group I 

 
Group II 

 
Group III 

 

Figure 16. Parametric slab models of Groups I, II and III and 

their punching shear control perimeter based on design codes 
Notes: —(in red) Control Perimeter according to ACI 318; —(in blue) 

Control Perimeter according to Eurocode 2 

 

 

5. FINITE ELEMENT RESULTS 

 

The slab models (M8-8 mm, M8-10 mm, and M8-12 mm) 

in Group I demonstrated similar behaviour in terms of load-

deflection and failure mode. This suggests that augmenting the 

anchoring thickness has not affected the punching shear 

strength. The reason is that the increasing the anchoring 

thickness kept the critical section unchanged. Nonetheless, 

increasing the anchoring thickness somewhat improved the 

punching capacity by about 3% relative to slab model M8-

FEA, as seen in Figure 17(a). Increasing the anchorage 

thickness resulting in increasing the confining pressure 

between them. Thus, these slab models exhibited a marginal, 

almost imperceptible enhancement in initial stiffness, 

ductility, and energy absorption relative to slab model M8-

FEA. Moreover, all these slab models recorded ultimate 

strength higher than the specified flexural strength of the 

unenhanced slab (Vflex = 328 kN). Hence, all these slabs were 

failed in flexural mode, which is finally associated with 

punching failure outside the shear-enhanced region. The crack 

pattern on the tension surface was similar to that crack pattern 

formed in slab model M8-FEA, as shown in Figure 14(e). 

The slab models M8-2, M8-6, M8-7, and M8-8 in Group II 

exhibited satisfactory outcomes concerning punching capacity 

and failure mode. The enhancement in punching capacity for 

these slab models was approximately 3%, 4%, 5%, and 18%, 

respectively, compared to the slab model M8-FEA, as depicted 

in Figure 17(b). This is attributed to the supporting zone being 

well expanded when adopting such arrangements. 

Additionally, if compared to the other slab models in the same 

group, the slab model M8-8 recorded an increase in energy 

absorption and ductility of about 164% and 25%, respectively, 

over the slab model M8-FEA. This is attributed to the 

increased confining pressure resulting from the presence of 

radial placement of shear bolts. Besides, all the slab models in 

this group exhibited well-defined crack patterns on the tension 

surfaces, as shown in Figure 18. However, the punching 

capacity of the other slab models (M8-1, M8-3, M8-4, M8-5, 

and M8-7) in this group was inferior to that of the slab model 

M8-FEA. Moreover, all of the slab models in this group 

recorded a flexural failure mode associated with punching 

shear outside the shear-enhanced zone except for slab model 

M8-3, which failed in punching mode beyond the shear-

reinforced zone. This failure occurred due to the placement of 

the shear bolt within a distance equivalent to d = 50 mm 

(within the critical section). Additionally, the ultimate strength 

recorded by all slab models exceeded the flexural strength of 

the unenhanced slab (Vflex = 328 kN), except for slab model 

M8-3. Moreover, the slab model M8-6 exhibited a better post-

failure response compared to other slab models. This 

phenomenon is attributed to the slight confining pressure 

applied between anchorages, resulting from the absence of the 

radial placement of shear bolts. 

 

    
 

 
 

Figure 17. Load-deflection behaviour of parametric slab 

models in a) Group I, b) Group II, and c) Group III 

 

The slab models M8S-2, M8S-4 and M8S-7 in Group III 

demonstrated satisfactory outcomes regarding punching 

capacity and crack patterns on the tension surfaces. The 

enhancement in punching capacity for these slab models was 

on average 7% compared to the slab model M8S-FEA, as 

depicted in Figure 17(c). These configurations embrace and 

beyond the critical section around the supporting region, 
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signifying their effectiveness. The other slab models in this 

group recorded punching strength equal to slab model M8S-

FEA, except slab models M8S-5 and M8S-6, which recorded 

punching strength lower to slab model M8S-FEA. Only the 

slab model M8S-4 failed in flexural mode, which is finally 

associated with punching shear outside the shear-reinforced 

region. Except for slab models M8S-5 and M8S-6, which 

failed in punching shear within the shear-reinforced zone. 

Indicating to insufficient amount of shear reinforcement 

around the supporting zone. The others failed in punching 

shear mode outside the shear-reinforced zone before attaining 

the ultimate flexural strength (Vflex = 378 kN). The evidence 

suggests that these arrangements are unfavourable. Figure 18 

displays the crack patterns on the tension surface for all slab 

models in this group.  

 

 
 

Figure 18. Crack patterns on tension surfaces of parametric slab models 

 

The radial arrangement of shear reinforcement had 

substantial outcomes, especially for the ultimate strength and 

failure mode, in contrast to other arrangements. The radial 

arrangement of shear reinforcement provided a better 

enhancement to the flexural reinforcement, extended the 

critical section surrounding the support region, and alleviated 

stress concentration at column corners, particularly in case of 

adopting shear bolts with large end anchorages.  

Shear bolts with large anchorages demonstrated superior 

mobilisation for flexural reinforcement compared to shear 

bolts with small anchorages. The large anchorages not only 

enhanced the flexural reinforcement but also amplified the 

critical section around the column. Furthermore, the flexural 

reinforcement commenced activation at a deflection of 2.4 mm 

across all reinforced slab models. 

Small stresses were detected in the shear bolts until the 

maximum load of the slabs was attained. Only the first bolt 

commenced activation at a deflection of 10 mm. Typically, the 

bolts of all slabs began to engage at loads above the ultimate 

load of the specimen devoid of shear reinforcement (R), since 

cracking occurred at comparable load levels for all slabs with 

and without shear reinforcement. The first row of bolts 

endures more stresses than the following rows because of the 

shear cracks located near the column. 

 

 

6. CODES EVALUATION  

 

Flat slabs generally experience failure due to flexural or 

punching shear. Punching shear strength is calculated by 

delineating the critical section (control perimeter) around the 

column. This perimeter is positioned at 0.5 d and 2 d (where d 

= effective depth of the slab), respectively, from the column 

face in unstrengthened slabs, as per ACI318 [34] and 

Eurocode 2 [35]. Additionally, both codes necessitate the 

evaluation of punching shear outside the shear-enhanced 

region, with control perimeters established at 0.5 d and 1.5 d 

from the shear-reinforced zone for ACI 318 and Eurocode 2, 

respectively. The parametric slab models exhibited two major 

failure modes: either punching shear outside the enhanced 

zone or flexural failure associated with punching shear failure 

beyond the shear-reinforced zone. The only exception to this 

rule was the slab models M8S-5 and M8S-6, which failed due 

to punching shear inside the enhanced zone. So, the used 

equations for calculating punching shear strength inside and 

outside the shear-reinforced zone based on design code ACI 

318-25 are given in Eqs. (2) and (3), respectively. 

 
𝑉𝑛,𝐴𝐶𝐼 =

0.75 ∗ 0.33𝜆𝑠𝜆√𝑓𝑐
′𝑏𝑜𝑑

⏞              

𝑉𝑐,𝐴𝐶𝐼

+ (𝐴𝑣𝑓𝑦𝑡𝑑/𝑆)
⏞      

𝑉𝑠  (2) 

 

𝑉𝑜𝑢𝑡,𝐴𝐶𝐼 = 0.17𝜆𝜆𝑠𝑏𝑜𝑢𝑡𝑑√𝑓′𝑐  (3) 

 

where, Vn, ACI: nominal shear strength of slab within the shear-

reinforced zone; Vc, ACI: shear strength provide by concrete; Vs: 

shear strength provide by shear bolts, Av: area of shear bolts 

within the control perimeter; fyt: yield strength of shear bolts 

(≤ 420 MPa); s: spacing between shear bolts; λ: modification 

factor of lightweight concrete (for normal weight concrete, λ = 

1); λs: size effect modification factor equals (2 / (1 + 0.004 d)0.5 

≤ 1); bo: control perimeter inside the enhanced zone; f’c: 
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compressive strength of concrete-based cylinder test; d: 

effective depth of the slab; Vout, ACI: punching shear strength 

outside shear-reinforced zone; bout: control perimeter outside 

the enhanced zone. 

Table 5. Punching shear predictions according to design codes ACI 318 and Eurocode 2 

 

Group Slab Model 

ACI 318-19 Eurocode 2 
VFEA 

(kN) 

VACI/ 

VFEA 

VEC2/ 

VFEA 
Failure Mode bout 

(mm) 

VACI 

(kN) 

bout 

(mm) 

VEC2 

(mm) 

Group I 

M8-8 mm 2071 228 2693 339 381 0.60 0.89 Flexural/punching outside 

M8-10 mm 2071 228 2693 339 381 0.60 0.89 Flexural/punching outside 

M8-12 mm 2071 228 2693 339 381 0.60 0.89 Flexural/punching outside 

Group II 

M8-1 1702 187 2185.68 275 358 0.52 0.77 Flexural/punching outside 

M8-2 2126 234 2185.68 275 382 0.61 0.72 Flexural/punching outside 

M8-3 1467 162 2028.08 256 327 0.49 0.78 Punching outside 

M8-4 1892 208 2188.4 276 357 0.58 0.77 Flexural/punching outside 

M8-5 2035 224 2313.68 292 364 0.62 0.80 Flexural/punching outside 

M8-6 2883 317 2313.68 292 385 0.82 0.76 Flexural/punching outside 

M8-7 2185 241 2646.72 334 397 0.61 0.84 Flexural/punching outside 

M8-8 3104 342 3056.44 385 448 0.76 0.86 Flexural/punching outside 

Group III 

M8S-1 1764 175 2185.68 257 343 0.51 0.75 Punching outside 

M8S-2 2613 259 2185.68 257 367 0.71 0.70 Punching outside 

M8S-3 1942 193 2482.84 292 358 0.54 0.81 Punching outside 

M8S-4 2841 282 2912.72 342 389 0.72 0.88 Flexural/punching outside 

M8S-5 1164 327Eq (2) 1,943.52 343 Eq (4) 317 1.03 1.08 Punching inside 

M8S-6 1164 327 Eq (2) 1,943.52 343 Eq (4) 313 1.04 1.09 Punching inside 

M8S-7 2830 281 2312.92 272 374 0.75 0.73 Flexural/punching outside 

Average 0.673 0.834  

Standard of deviation  0.160 0.111  

 

Likewise, the used equations for calculating punching shear 

strength inside and outside the shear-reinforced zone based on 

design code Eurocode 2 are given in Eqs. (4) and (5), 

respectively. 

 

𝑉𝑛,𝐸𝐶2 = (0.18𝑘(100𝜌𝑓𝑐𝑘)
1 3⁄ 𝑏𝑜𝑑 ≥ 𝑉min = 0.035(𝑘)

3 2⁄ √𝑓𝑐𝑘𝑏𝑜𝑑)
⏞                                    

𝑉𝑐,𝐸𝐶2

 

+ (1.5𝐴𝑠𝑒𝑓𝑦𝑡𝑒𝑑/𝑆)
⏞          

𝑉𝑠𝑒
 (4) 

 
𝑉𝑜𝑢𝑡,𝐸𝑐2 =

0.18𝑘𝑏𝑜𝑢𝑡𝑑(100𝜌𝑓𝑐𝑘)
1 3⁄ ≥ 𝑉min = 0.035(

𝑘√𝑓𝑐𝑘𝑏𝑜𝑢𝑡𝑑)
 (5) 

 

where, k: size effect factor (k=1+√200/𝑑 ≤ 2); ρ: flexural 

reinforcement ratio; fck: characteristic compressive strength of 

concrete; Vn, ACI: nominal strength of slab within the shear-

reinforced zone; Ase: area of shear bolts within the control 

perimeter; Vse: shear strength provided by shear bolts; fyte: 

effective design strength of the shear bolts (fyte = 1.15 (250 + 

0.25 d) ≤ fyt). Table 5 compares punching shear predictions 

based on the design codes considered. 

 

 

7. CONCLUSIONS  

 

Finite-element simulations of shear-reinforced concrete flat 

slabs using shear bolts were conducted using the CDP model 

to investigate ultimate load, cracking propagation, and central 

deflection of shear-reinforced interior slab-column junctions. 

Accurate numerical predictions require proper modelling 

process, and the calibrated CDP model adopted from Slab SB1 

without shear bolts has been shown to reliably capture the 

structural responses of shear-reinforced slabs. In this study, 

shear bolts and their end anchorages were represented as 

beams and solid elements, respectively, and various modelling 

strategies were explored to simulate their behaviours. Eight 

flat slabs from previous experimental work were numerically 

examined in ABAQUS, considering different shear bolt 

arrangements and end anchorages (small and large). 

Furthermore, the study evaluated the impact of various 

arrangements of shear bolts and the thickness of their 

anchorages on punching resistance by conducting a parametric 

analysis. This study draws conclusions only from numerical 

findings, as follows: 

1. The numerical calibration results pointed out that the 

optimal modelling strategy was to use beam elements for shear 

bolts and solid elements for their anchorages, regardless of 

whether the anchorages are small or large, and an 

unconstrained (coupling constraint is overlooked) joint 

between shear bolts and their anchorages. This method 

established a dependable baseline for simulation; however, its 

applicability remains confined to the static loading conditions. 

2. The other modelling strategies for shear bolts and their 

anchorages have shown acceptable representations in terms of 

load-deflection responses and crack patterns. But these 

modelling strategies are complex and require a lot of efforts 

and computational time. Furthermore, using shear bolts solely 

without anchorages demonstrated unacceptable behaviour 

compared to other modelling strategies. 

3. The majority of the strengthened slab models exhibited a 

flexural failure mode associated with punching shear beyond 

the shear-reinforced zone. The probability of such a failure 

mode escalates with the increasing quantity of dispersed shear 

bolts around the column. However, the radial arrangement of 

shear bolts with large anchorages demonstrated enhanced 

performance for load-deflection responses and deformation 

capacity. 

4. Certain slab models either experienced failure due to 

punching shear outside the shear-reinforced zone (slab model 

M8-3) or failed in punching shear inside the shear-reinforced 

zone (slab models M8S-5 and M8S-6). This suggests that the 

shear reinforcement was not properly arranged. This 

highlights a critical area for future refinement in design 

guidelines. 

5. Shear bolts with larger anchorages enhanced the 

mobilization of flexural reinforcements. The effect is evident 
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in the crack propagation towards the slab edges and corners. 

This highlights the importance of designing the shear bolts' 

anchorages for better structural performance. 

6. Both the design codes demonstrated conservative 

predictions; ACI 318 was more conservative than Eurocode 2. 

However, both of them overestimated punching shear 

resistance for the slab models M8S-5 and M8S-6. Indicating 

that these design codes may. 

7. Future research needs to expand this analysis to include 

dynamic loading conditions for assessing performance during 

seismic or impact events, and to explore a broader spectrum of 

geometric and material parameters to provide more 

generalised design recommendations. 
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