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Abstract: To investigate the pre- and post-punching failure performances of flat slab-column 9 

joints with drop panels and shear studs, static loading tests were conducted on three joint 10 

specimens subjected to in-plane restraints. The pre- and post-punching failure modes and load 11 

capacities of the joints were analysed. The test identified successive punching failures at two 12 

critical regions (column perimeter and slab-drop panel interface) in all three joints. Compared 13 

with the specimen with a drop panel only, installing shear studs within the drop panels 14 

contributed to improving the punching shear strength. Although the post-punching capacity 15 

was not significantly improved, utilisation of shear studs effectively increased the ductility of 16 

the joints, rendering the punching failure around the column area more ductile. Punching shear 17 

strength validation against the international design codes reveals that they are conservative for 18 

the specimen with a drop panel only but overestimated for specimens with drop panels and 19 

shear studs. 20 
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pre- and post-punching strength 22 

 23 

1. Introduction 24 

Reinforced concrete (RC) flat plate system is a slab and column structure without the use of 25 

beams. Flat slab structures are flat plates with drop panels and column capitals at the slab-26 

column joints. They represent a very simple form of construction in which slabs are supported 27 

directly on columns [1]. These types of structures are increasingly used in high-rise residential 28 

and office buildings and car parks because of their pleasing architectural style, easy 29 

construction formwork and low construction cost. However, compared with frame structures, 30 

slab-column joints in flat plate structures are prone to brittle punching failure, resulting in a 31 

low deformation capacity. Due to their beamless structural style, the surrounding slabs provide 32 

alternative load paths (ALP) after the initial punching failure taking place at one or more slab-33 

column joints. Consequently, gravity loads on the slabs are redistributed to the adjacent intact 34 

joints through ALP, escalating the risk of subsequent punching failure there. Failure 35 

propagation may finally trigger a progressive collapse of such a structure, either completely or 36 

a large part of it [2]. Progressive collapse events of RC flat plate structures are catastrophic and 37 

always accompanied by a tremendous loss of life and property. For instance, the collapse events 38 

of Sampoong Department Store in South Korea in 1995 [3] and the Surfside condominium 39 

building in the U.S. in 2021 [4] caused more than five hundred and nearly one hundred deaths, 40 

respectively. However, international design codes for preventing and mitigating progressive 41 

collapse of various configurations of flat plate structures are still inadequate [5-6]. It is 42 

therefore vitally important to investigate the progressive collapse behaviour of these types of 43 
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structural systems, in particular, the ultimate strength and deformation capacity of the critical 44 

slab-column joints. 45 

 46 

Progressive collapse is a mechanical behaviour of the structural system at the large deformation 47 

stage, in which slab-column joints typically undergo three deformation stages: flexural stage 48 

and punching failure stage in small deformations, and post-punching stage in large 49 

deformations. Specifically, slab-column joints transfer the load from slab to column, exhibiting 50 

an initial flexural behaviour provided by the combined effect of the concrete and reinforcing 51 

bars (rebars) in the flexural stage, a subsequent tensile membrane action provided by the rebars 52 

passing through the column in the post-punching stage [7]. Currently, most published studies 53 

related to the mechanical behaviour of slab-column joints mainly focus on their performance 54 

in the small deformation stage under gravity and seismic loading scenarios. For instance, some 55 

investigations [8-10] only highlighted flexural and punching failure mechanisms, whereas the 56 

suspension mechanism in the post-punching stage was ignored [11-14]. However, in-depth 57 

studies on progressive collapse require more attention on the entire deformation stages, 58 

particularly, the post-punching stage. All of these stages have significant impact on the collapse 59 

mechanism of the flat plate structural systems. In addition, the applied boundary conditions for 60 

the slab-column joints in the existing studies also restrict the scope of the research findings. In 61 

some experimental work [14-15], the boundary of the tested joints was set as simply supported. 62 

This does not truly reflect the continuity conditions in a real flat plate structure where joints 63 

are confined by the surrounding slabs. Therefore, certain degrees of in-plane restraints should 64 

be applied to the boundary of isolated slab-column joints. Simplification of the boundary 65 
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conditions may cause underestimation of the punching strengths and prevent the suspension 66 

mechanism to be activated in the post-punching stage [16-20]. The latter can yield considerable 67 

post-punching resistance provided by through-column rebars. Therefore, thorough 68 

investigations on both pre- and post-punching failure performances of the slab-column joints 69 

with in-plane restraints are in an essential need for a comprehensive understanding of the 70 

progressive collapse behaviour of flat plate systems. 71 

 72 

To improve the ductility and punching shear resistance of slab-column joints, a large number 73 

of strengthening methods have been proposed and tested by researchers, such as using ultra-74 

high-performance concrete or ultra-high-performance fiber reinforced concrete in place of a 75 

part of normal concrete [21-22], applying prestressing tendons [23], adding shear 76 

reinforcement together with the rebar mesh, etc. [12-13]. In addition to all these, drop panels 77 

have also been popularly used in flat slab structures as a feasible strengthening method owing 78 

to their notable advantages in cost-saving and strength improvement [24-26]. Note that for a 79 

flat plate slab-column joint, punching shear failure occurs in the vicinity of the critical 80 

perimeter cross-section around the column. For a slab-column joint with a drop panel in a flat 81 

slab structure, on the other hand, an additional punching failure section close to the slab-drop 82 

panel interface is also of critical concern. In order to fully utilise the material strength, the 83 

design punching shear strength at the column critical perimeter is normally required to be 84 

greater than that at the drop panel interface. The mechanical behaviour of slab-column joints 85 

with drop panels becomes more complicated because two potential punching and post-86 

punching failures require attention at the flexural, punching and suspension stages. Relevant 87 
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research on both punching and post-punching failure mechanisms of slab-column joints with 88 

drop panels is still scarce. Experimentally, Qian and Li [27] tested six one-third-scaled flat slab 89 

substructures with or without drop panels under corner column removal scenarios to evaluate 90 

the effectiveness of the drop panels in resisting progressive collapse. Test results revealed that 91 

specimens with drop panels acquired a higher punching shear resistance, initial stiffness and 92 

energy dissipation capacity. However, punching failure was not observed in specimens with 93 

drop panels. Further, Qian and Li [28] compared the performance of two 2×2 bays flat slab 94 

substructures with and without drop panels under a middle column removal scenario and it was 95 

found that the drop panels can effectively prevent the generation and propagation of punching 96 

failure at the slab-column joints. Numerically, Weng et al. [29] investigated the load 97 

redistribution capacity of flat slab substructures in resisting progressive collapse. Their 98 

proposed models were validated by experimental test results [28], and based on which the 99 

parametric studies consisting of varying boundary conditions, integrity reinforcement ratios, 100 

slab thicknesses and upper floor effects were performed to explore their influences on the 101 

progressive collapse resistance. Both experimentally and numerically, Qian et al. [30] studied 102 

the dynamic response of flat slab structures with drop panels subject to a single interior column 103 

removal and both interior and edge column removal scenarios. These previous studies have 104 

successfully assessed the progressive collapse resistance of flat slab structural systems under 105 

normal design load and the effectiveness of drop panels in improving load-resistant capacity. 106 

Limited studies, however, have addressed the post-punching mechanism subsequent to two 107 

punching failures at both critical column perimeter and slab-drop panel interface regions, 108 

especially the latter. 109 
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 110 

In recent years, some progressive collapse accidents of flat slab structures with drop panels 111 

have been reported in China because of overloading during the construction phase. In these 112 

accidents, overloading only triggered punching shear failure at a few individual joints, yet the 113 

internal load redistribution led to more widespread subsequent failures. In addition to drop 114 

panels, shear studs are also recommended by the international codes as an effective 115 

strengthening method to improve the punching shear strength of slab-column joints. The ease 116 

of installation and anchorage allows them to work effectively with the drop panels to further 117 

improve the ductility and punching shear resistance of the slab-column joints. Langohr et al. 118 

[31] and Seible et al. [32] carried out a series of experimental tests to investigate the 119 

enhancement of punching shear strength and ductility of slab column joints under different 120 

shear stud arrangements. It was found that the best enhancement results were achieved when 121 

the shear studs were arranged in orthogonal and radial patterns. Indeed, shear studs are often 122 

arranged in an orthogonal pattern or a radial pattern in practice. The former is broadly applied 123 

in North America whereas the latter is preferred in Europe. Birkle and Dilger [33] specifically 124 

investigated the effect of two shear stud placements (orthogonal or radial) on the punching 125 

shear resistance of slab-column joints for varied situations (i.e. spacing and coverage of shear 126 

studs). Their test results showed that the slab-column joints with two placements resulted in 127 

the same punching shear strength under the same situation. The orthogonal placement was 128 

recommended due to its simplicity in installation. On the contrary, Broms [34], and Dam and 129 

Wight [35] reached opposite conclusions. In their studies, shear studs in the radial pattern 130 

performed better than the orthogonal pattern in improving punching shear resistance and 131 
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ductility of the slab-column joints. To this end, mixed findings are resulted from the existing 132 

studies as which arrangement performs better. In addition, these experimental studies did not 133 

examine the post-punching performance and appropriate in-plane restraints were not 134 

considered. Therefore, investigations on the load-resistant and deformation capacities of slab-135 

column joints with drop panels and shear studs during the entire deformation stage, especially 136 

in the post-punching stage, are still insufficient to date. 137 

 138 

To fill this research gap, an experimental study on three scaled-down flat slab-column joint 139 

specimens with proper in-plane restraints was conducted. One specimen had a drop panel only, 140 

and two other specimens had shear studs, arranged in either the orthogonal or the radial pattern. 141 

The load-displacement responses, failure modes, and material strain growth patterns were 142 

discussed in detail. Moreover, the punching shear capacities of the three specimens were 143 

predicted by the American (ACI 318) and European (EC 2) building codes [24-25]. The 144 

underlying reasons causing the discrepancies between the experimental and code predicted 145 

results were also discussed.  146 

 147 

2. The experimental program 148 

The prototype structure is a three-storey RC flat slab underground car park structure with drop 149 

panels which was designed according to the Chinese code [26]. Improper stacking of backfill 150 

during its construction resulted in overloading and caused initial column damage at a single 151 

slab-column joint, which in turn triggered progressive collapse of a large part of the car park 152 

area. Typical planar layout of a standard story in the prototype structure can be simplified as 153 
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shown in Fig. 1, in which the span length (l) is 8100mm, column size is 600mm×600mm, slab 154 

thickness is 350mm and the concrete cover is 25mm. The dimension of the drop panel is 155 

4050mm×4050mm with a linear variation in depth (maximum depth of 450mm at the column 156 

edge and minimum depth of 250mm at the drop panel edge as presented in Fig. 1). The tested 157 

specimens were based on the initially damaged joint in the prototype and were designed and 158 

cast with a part of surrounding slabs. As a result, appropriate boundary conditions can be 159 

applied to the specimens. Based on the theoretical calculation [1], the contra-flexural lines in 160 

the slab are located 0.56l away from the centre of the initially damaged column. For ease of 161 

transportation and fixation in the laboratory, the boundary of the specimens was chosen at a 162 

distance of 0.5l extending two directions from the column centrelines, approximately matching 163 

the contra-flexural lines [11-13]. 164 

 165 
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Fig.1. Plan view of the simplified prototype structure (unit: mm). 
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A total of three specimens were tested and reported. The control specimen (Specimen DP) was 167 

directly extracted from the prototype, that is, keeping the reinforcement type, reinforcement 168 

ratio and concrete grade constant with the prototype but scaled down in geometry with a ratio 169 

of 1:4. To the approximate whole numbers, the slab dimension of DP was of 2000mm×170 

2000mm, the slab thickness was 90mm, the column dimension was 150mm×150mm and the 171 

concrete cover was 6mm. The drop panel in DP had a dimension of 1000mm×1000mm, and 172 

the maximum and minimum depths were 110mm and 60mm, respectively (Fig. 2). The flexural 173 

reinforcement (FR) at the slab top consisted of 8mm and 10mm HRB400 bars, the integrity 174 

reinforcement (IR) at the slab bottom and the reinforcement in drop panels were both made up 175 

of 8mm HRB400 bars. More details about the rebar distributions and reinforcement ratios can 176 

be found in Table 1 and Fig. 2. 177 

 178 

Table 1. Reinforcement configuration details in specimens. 179 

Location Distribution Reinforcement ratio 

Slab 

Bottom 

(IR) 

Zone I R8@120a 0.62% 

Zone II R8@110a 0.6% 

Top 

(FR) 

Zone III R8@200 & R10@200a 0.86% 

Zone IV R8@120a 0.48% 

Drop panel Zone V R8@200 & 1R8b 0.28% 

Note: “R” represents hot-rolled ribbed bars; the superscript “a” donates reinforcement being extended to the 180 

boundary beams; “b” means reinforcement serving as stirrup. 181 

 182 

 183 
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(c) 1-1 sectional view 

Note:   , strain gauges, which were installed on the same half of the slab. ▲, linear variable differential 

transformer. Rebars A1, A2, D, E, F, G, H were in outer layers, rebars B1, B2, C were in inner layers. 

Fig.2. Reinforcement details (unit: mm). 

 184 

To investigate the effectiveness of the slab-column joints with drop panels strengthened by 185 

shear studs, specimens SSR and SSO were designed and constructed by adding shear studs in 186 

DP [33-35]. SSR had a single row of shear studs arranged along the orthogonal and diagonal 187 

directions forming a radial pattern, whereas SSO had double rows of shear studs arranged along 188 
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the orthogonal directions only in an orthogonal pattern (Figs. 3a, b and c). Shear studs in both 189 

specimens were installed covering the two critical regions, namely the column perimeter and 190 

the slab-drop panel interface. They were designed in accordance with the Chinese code [36]. 191 

The shear studs were in a double-headed style comprising three components: (1) the upper 192 

continuous steel plate on top of (2) a series of vertical steel bars, and (3) the small steel plates 193 

at the base of each steel bar. The vertical bars were made of 8mm HPB300 steel and was welded 194 

to the upper and lower steel plates (Fig. 3d). The size, steel grade and quantity of shear studs 195 

were the same for both SSR and SSO specimens. Their geometric dimensions and 196 

reinforcement details were kept consistent with DP. The material properties of the three 197 

specimens are summarised in Table. 2. 198 

 199 

Table 2. Material properties of tests specimens. 200 

Reinforcement Concrete 

Reinforcement 

type 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Ratio of 

elongation 

(%) 

Elastic 

modulus 

(GPa) 

Cubic compressive 

strength of concrete 

(MPa) 

P8 347 487 14 

205 33 R8 404 617 11 

R10 416 336 30 

Note: “P” and “R” represent the hot-rolled plain bars and hot-rolled ribbed bars, respectively. 201 

 202 
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(a) Shear stud in radial pattern (b) Shear stud in orthogonal pattern 
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(c) 1-1 sectional view 

Note:   , strain gauges, which were installed at the middle of shear studs. 

Fig. 3. Two arrangements of shear studs and shear stud details. 
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To simulate the boundary constraints on the isolated slab-column joints imposed by the 203 

surrounding slab in a real structure, rigid boundary beams were mounted at the edges of the 204 

slab. Apart from providing in-plane restraints to the specimens, the boundary beams also 205 

provided enough anchorage to the extended FR and IR in the slab, enabling specimens to 206 

exhibit a suspension mechanism after punching failure as in a real structure. As the interface 207 

between the slab and the boundary beams is approximately aligned with the contra-flexural 208 

lines in the prototype structure, the rotation and translation of the slab should be fully restrained 209 

by the surrounding slabs under the small deformation stage, whereas the slab should only be 210 

horizontally restrained in the large deformation stage. To achieve such restraint conditions 211 

during the entire deformation stage, the IR was bent up at the slab-boundary beam interface 212 

and further extended into the boundary beams (see Fig. 2c). Because no rebars were placed at 213 

the bottom of the interface to resist tensile moment, the concrete there would damage shortly 214 

after the specimens come into the large deformation stage, the rotational restraint from the 215 

boundary beams was thus released. The maximum horizontal translation of the boundary beams 216 

of the three specimens was measured to be 5.18mm, which was less than the deflection limit 217 

of 1/200lb (lb is the boundary beam length) as specified in the Chinese code [26], confirming 218 

that the boundary beam remained in an elastic state and was able to provide sufficient in-plane 219 

restraint and anchorage. 220 

 221 

The test setup is presented in Fig. 4. The specimens were supported on four rigid strands by 222 

welding and bolting to the embedded steel plates and connection steel plates on the boundary 223 

beams. The rigid strands were fixed on the strong floor in the laboratory to provide sufficient 224 
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rigidity to the specimens during the entire loading stage. Four 25mm-diameter steel rods were 225 

pre-installed in the column which were used to connect the hydraulic jack and column through 226 

a connection device. The hydraulic jack had enough stroke to supply monotonic upward 227 

loading until the specimens underwent large deformations until finally exhausted all their load 228 

resistant capacities. In this experimental program, a quasi-static loading scheme was adopted. 229 

The loading speed was controlled by the column displacement. The reaction force was 230 

monitored by the force transducer installed in the hydraulic jack. Linear variable displacement 231 

transducers were placed at the center of the column to measure its vertical displacement. In 232 

addition, strain growth in the rebars and shear studs at the critical locations (SBs, STs and SDs 233 

in Fig. 2 for bottom, top and drop panel rebars, respectively and SSs in Fig. 3 for shear studs) 234 

were recorded by strain gauges. 235 

 236 
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Fig. 4. Test setup. 238 

 239 
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3. Experimental observations and results  240 

The load (F)-displacement () curves of the three test specimens are illustrated in Fig. 5, where 241 

F and represent the reaction force and the vertical displacement of the column, respectively. 242 

Based on experimental observations and measurements, the deformation process of the three 243 

specimens can be divided into five stages: flexural stage, punching failure stages I and II, and 244 

suspension stages I and II. The flexural stage is defined as the deformation stage from the 245 

beginning of the test until the first punching failure occurs, during which the applied load on 246 

the specimens was resisted by the slab in flexural behaviour. The punching failure stage refers 247 

to the short period after punching failures took place and before re-ascending of F. The 248 

punching failure stages I and II are matched with two punching failures observed at the slab-249 

drop panel interface regions and the column perimeter regions, respectively. The suspension 250 

stages I and II denote the stages after the punching shear failure, in which the load-resisting 251 

mechanism is governed by the rebars going through column and other rebars crossing the 252 

punching cracks. Furthermore, the terminologies and key points on the load-displacement 253 

curves are described. The peak loads Fs attained before the two punching shear failures 254 

occurred are, namely, the first punching load (Fp1), or the punching strength, at the slab-drop 255 

panel interface and the second punching load (Fp2) at the column perimeter, which is also 256 

regarded as the post-punching strength. They are represented by two key points (Fp1p1) and 257 

(Fp2,p2). The load drops after punching failures and before load re-ascending are identified as 258 

the residual strengths, and the corresponding key points are (Ft1,t1) and (Ft2,t2). 259 

 260 
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Fig. 5. Load-displacement curves for DP, SSR and SSO. 263 

 264 

3.1 Specimen DP 265 

In the flexural stage, diagonal cracks initially appeared from the corners of the slab top at 266 

=5mm. When =9mm and 31mm, two square-shaped crack rings were developed on and 267 

beyond the slab-drop panel interface on the slab top, the side lengths of the rings were 1000mm 268 

and 1400mm, respectively (Fig. 6(a)). The specimen DP reached its punching shear strength 269 

(i.e. Fp1=415kN) at a displacement of 36mm. The first punching failure was in a cone shape, 270 

expanded from the slab-drop panel interface at the bottom to the larger crack ring on the slab 271 

top. This first punching failure caused a sudden loss in F (i.e. from Fp1=415kN to Ft1=219kN 272 

Thereafter, the specimen deformed into the suspension stage I during which F rose again. As 273 

the punching cone gradually separated from the slab, the surrounding concrete was severely 274 

damaged and unable to provide further resistance. In consequence, the specimen could only 275 

transfer the tensile force by the rebars going through column and other rebars crossing the 276 

javascript:;
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punching cracks. At  =132mm, the second punching failure occurred near the column 277 

perimeter, which also exhibited a distinct brittle mode of failure causing another sudden loss 278 

in F (i.e. from Fp2=310kN to Ft2=186kNAs the loading proceeded, the column was almost 279 

detached from the specimen with the only connection being provided by the through-column 280 

rebars. Due to the small quantity of through-column rebars, the load F could not regain the 281 

same magnitude as Fp2 at the second punching failure. Therefore, the post-punching strength 282 

of DP was achieved when the second punching failure occurred. In suspension stage II, 283 

through-column FR bars (rebars C and D in Fig. 2) were pulled out from the concrete. Through-284 

column rebars A1 and A2, B1 and B2, C, D (Fig. 2) were ruptured in sequence. Thereafter, the 285 

specimen exhausted all the load-resisting capacity. Typical test phenomena with their 286 

corresponding Fs and sare tabulated in Table 3. The crack patterns and final failure mode 287 

are presented in Fig. 6(a) and Fig. 7(a). Note that the cracks on the slab bottom surface were 288 

mainly in circumferential forms around the column, the slab-drop panel interface as well as 289 

along the slab edges. 290 

 291 

Table 3. Typical phenomena during the tests 292 

Typical phenomenon 

DP SSR SSO 

F (kN) (mm F (kN) (mm F (kN) (mm 

Initial cracks 137 5 193 7 194 8 

Punching crack rings  406 31 367 21 360 20 

First punching failure  415 36 425 32 465 41 
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Residual strength after first 

punching failure 
219 45 283 37 281 48 

Second punching failure  310 132 315 124 319 123 

Residual strength after 

second punching failure 
186 151 275 169 251 187 

Rebars rapture 248 260 246 259 280 240 

Note: “F” and “” represent reaction force and column vertical displacement, respectively. 293 

 294 
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Fig. 6. Crack patterns for DP, SSR and SSO. 301 
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Column punching region 
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 (c) SSO      308 

Fig. 7. The final failure modes on the slab top for DP, SSR and SSO. 309 

 310 

The strain growth patterns of the through-column rebars (rebars A2, C and G) and non-through-311 

column rebars (rebars E, F and H) at positions close to the column perimeter region or the slab-312 

drop panel interface region are shown in Fig. 8. In the flexural stage before p1, the strain near 313 

the slab-drop panel interface region (i.e., ST2, SB2, ST4, SB4) increased faster than those near 314 

the column perimeter region, indicating a relatively higher stress concentration at the slab-drop 315 

panel interface where the first punching failure occurred. In general, FRs were in tension and 316 

IRs were in compression. After the first punching failure, strains in IRs changed to tension, 317 

reflecting that the load-resisting mechanism had transformed from the flexural mechanism to 318 

the suspension mechanism. In the suspension stage I, fast strain growth was recorded in the 319 

vicinity of the column perimeter region (i.e., ST1, SB1, ST3, SB3), as a result of stress 320 

concentration moving from the slab-drop panel interface region to the column perimeter region. 321 

Strains in the through-column rebar G and the non-through column rebar H within the drop 322 

panel (i.e., SD1 and SD2, respectively) remained in compression until the second punching 323 

failure occurred, then started to transform into tension and grow further. The level of strain 324 
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growth in SD2 only slightly smaller than that in SD1, and both experienced rather small 325 

variations. This indicates that the slab resisted the load as an integrated element with only a 326 

small stress concentration along the orthogonal directions crossing the column.  327 
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Fig. 8. Rebar strain growth in DP. 330 

 331 

3.2 Specimens SSR and SSO 332 

Based on the test results, three major influences of the shear studs in SSR and SSO on the 333 

mechanical behaviour of the two specimens are identified. Firstly, shear studs could provide 334 

additional shear strength to resist the punching failure. Secondly, shear studs also offer 335 

connections between the separated concrete on either side of the punching cracks, leading to 336 

an improved integrity of the specimens. The second contribution is better reflected in the 337 

ductility of the specimens when the second punching failure occurred. Thirdly, the inclusion of 338 

shear studs, however, increased local stress concentration in the surrounding concrete, causing 339 

inconsistent deformation between the concrete and shear studs. The interaction of these three 340 
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influences renders the mechanical behaviour of SSR and SSO more complicated. 341 

 342 

Specifically, in the flexural stage, both SSR and SSO developed, on the slab top surface, 343 

diagonal cracks at the slab corners and the first square-shaped crack rings along the slab-drop 344 

panel interface at displacements = 7mm and 8mm, respectively (Figs. 5 and 6). The second 345 

crack rings at the onset of the first punching failure formed at  21mm and 20mm for SSR 346 

and SSO, respectively (Figs. 5 and 6). The size of the second crack rings in SSR and SSO was 347 

almost the same as that in DP. In addition, the punching cracks in SSR and SSO developed 348 

earlier than those in DP. This is because a high level of stress concentration existed in the 349 

concrete surrounding the shear studs. Due to the additional shear resistance given by the shear 350 

studs, SSR and SSO demonstrated higher punching strengths, i.e., Fp1=425kN and 465kN, 351 

which were 2.4% and 12% higher than that in DP, respectively. Shear studs also served as an 352 

ALP after the concrete has cracked, as reflected by the residual strengths Ft1 after the first 353 

punching failure. The values of Ft1 in SSR and SSO were 283kN and 281kN, respectively, 354 

which were on average 28.8% higher than that in DP. 355 

 356 

Shear studs were not as effective in improving the post-punching strength of the specimens. 357 

The post-punching strengths for SSR and SSO were Fp2=315kN and 319kN, respectively, 358 

which were only increased by 1.6% and 2.9% as compared to DP. This is because the vertical 359 

shear studs were ineffective in transferring the load in the large deformation stage. Instead, the 360 

post-punching strengths were primarily governed by the rebars passing through the columns 361 

and other rebars crossing the punching cracks around the slab-drop panel interface. Shear studs 362 
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were also able to improve the integrity of the specimens and enhance the confinement effect 363 

for concrete. Hence, the second punching failure around the column perimeter in SSR and SSO 364 

exhibited a more ductile manner, and milder damages of SSR and SSO were observed 365 

compared to DP (Fig. 7). Moreover, the residual strengths Ft2 after the second punching failure 366 

were 275kN and 251kN for SSR and SSO, respectively, the drops in load resistance were only 367 

32.2% and 54.8% of that in DP. Both SSR and SSO specimens displayed a similar phenomenon 368 

in the final loading stage. With the pull-out and rupture of through-column rebars and bending 369 

of shear studs, the specimens eventually failed. The typical test phenomena with their 370 

corresponding Fs and sare also summarised in Table 3.  371 

 372 

3.3 Shear studs in radial and orthogonal patterns 373 

Adding shear studs contributed to improve the punching strengths Fp1 of the slab-column joints 374 

with drop panels, and it was found that the shear studs in the orthogonal pattern performed 375 

better than those in the radial pattern. Radial arrangement (SSR) was insignificant in improving 376 

Fp1 (i.e., a 2.4% increase in Fp1 comparing to DP), whereas a 12% increase in Fp1 was found in 377 

the orthogonal arrangement (SSO). In SSO, the internal force transfer along the shortest 378 

orthogonal directions (Fig. 3(b)) was more prominent, due to comparatively more shear studs 379 

placed in these directions (compared to those in SSR) being able to better resist the shear forces 380 

together with concrete and the slab rebars FRs and IRs. This makes SSO more effective in 381 

resisting the first punching shear failure than SSR in which the shear studs were more evenly 382 

spread in radial directions. To further confirm this finding, Fig. 9(a) shows the strain growth 383 

pattern of the shear studs in SSR. It can be seen that the shear studs in the orthogonal directions 384 
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developed higher strains compared with those in the diagonal directions. Therefore, for the 385 

same amount of shear studs, installing them all in the orthogonal directions would be more 386 

effective in resisting the first punching failure. 387 
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(a) Comparison between radial and orthogonal directions in SSR  390 
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 (b) Comparison between column perimeter and slab-drop panel interface regions 392 

Fig. 9. Shear stud strain comparisons of SSR and SSO. 393 

 394 
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It is worthwhile noting that the shear studs inevitably induced local stress concentration. For 395 

SSR, local stress concentration not only caused an earlier formation of punching cracks 396 

comparing to DP, but also resulted in a sharp increase in rebar strain growth in the slab-drop 397 

panel interface (Fig. 10), eventually leading to a premature punching failure (p1=32mm) and 398 

a smaller punching strength enhancement (Fp1=425kN, a 2.4% increase from DP). For SSO, 399 

the shear studs were placed in a double-row manner. The influence of local stress concentration 400 

was offset by the additional shear resistance provided by the comparatively more shear studs 401 

in the orthogonal directions than those in SSR. Therefore, the shear forces were more 402 

effectively resisted by the shear studs in SSO than in SSR. Although the punching cracks in 403 

SSO still formed earlier than DP, the rebar strains grew slower than those in DP and SSR (Fig. 404 

10). The first punching failure was postponed and SSO was able to develop a higher punching 405 

shear strength (Fp1=465kN, a 12% increase from DP). It is observed from Fig. 7 that damage 406 

of SSO was less severe at the first punching failure (slab-drop panel interface) than DP and 407 

SSR. 408 
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Fig. 10. Rebar strain comparisons of DP, SSR and SSO in slab-drop panel interface regions. 410 
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 411 

Adding shear studs helped to transfer the internal stresses in the concrete on both sides of the 412 

punching cracks, in turn improving the ductility around the column perimeter at the second 413 

punching failure. As such, the load drops of Ft2 are more gradual in SSR and SSO, instead of 414 

being abrupt (Ft1) in the first punching failure around the slab-drop panel interface (Fig. 5). 415 

This is because the cross-sectional area of punching around the slab-drop panel interface is far 416 

bigger than that around the column perimeter, therefore placing 8 rows of shear studs had a 417 

relatively minor contribution to the first punching failure of the entire slab-column joints. 418 

Referring to Fig. 5 again, shear studs in the radial pattern performed better in improving the 419 

residual strength Ft2 after the second punching failure. Compared with SSO, SSR exhibited a 420 

lower load reduction and a relatively smoother damage process after the second punching 421 

failure. This is because the orthogonal directions of SSR had been severely damaged after the 422 

first punching failure. As a result, the shear studs positioned along the orthogonal directions 423 

lost much of their abilities to further strengthen the specimen. Nevertheless, apart from the 424 

orthogonal directions, shear studs were also arranged in the diagonal directions in SSR, which 425 

could play a major role in improving Ft2 after the second punching failure. This finding can be 426 

supported by the strain growth patterns for the shear studs in Fig. 9(b). Strains near the column 427 

perimeter regions are higher than those near the slab-drop panel interface regions, suggesting 428 

that the shear studs had a higher level of influence on the column perimeter regions. 429 

 430 

4. Validation of measured punching shear strengths against design codes 431 

Two different prediction methods for shear strengths of two-way slabs specified by ACI 318 432 
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[24] and EC 2 [25] are also applicable for calculating the punching shear capacities of the three 433 

joint specimens in this study. Both design standards indicate that the punching shear strengths 434 

should be determined at the identified critical punching sections. Their provisions of 435 

identifying the critical sections and calculating the shear strengths are discussed herein, based 436 

on which the punching shear strengths of the three specimens are estimated and compared with 437 

the test results. 438 

 439 

4.1 Critical sections 440 

The critical punching sections are considered as the sections where punching failure is likely 441 

to occur. There may exist multiple critical sections in a single slab-column joint and the shear 442 

strengths in these sections should be calculated separately. A punching failure was predicted to 443 

occur near the critical section when the minimum calculated strength was reached. Critical 444 

sections are assumed to be 45 degrees to the middle plane of the slab in ACI 318, whereas this 445 

angle is taken as 26.6 degrees in EC 2. To simplify the calculation, the critical sections are 446 

idealised to be perpendicular to the middle plane of the slab. ACI 318 requires that for slab-447 

column joints without shear reinforcement, the critical sections should be located at a distance 448 

d/2 (d is the average effective depth in two orthogonal directions) from the face of the column. 449 

If the slab thickness varies, the critical sections should be determined at a distance d/2 from 450 

where the slab thickness changes. For slab-column joints with shear reinforcement, in addition 451 

to the two critical sections defined above, another critical section is found at d/2 beyond the 452 

outermost peripheral line of the shear reinforcement. Critical sections are also defined at a 453 

distance d/2 beyond any point where variations in shear reinforcement occur (for example, 454 
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spacing). To reduce the perimeter (bo) of the critical sections beyond the outermost peripheral 455 

line of shear reinforcement, the critical sections are set as a closed-polygon shape. The critical 456 

section identification in ACI 318 is shown in Fig. 11. When designing the test specimens, two 457 

critical sections were considered for DP and four critical sections, for SSR and SSO (Fig. 12).  458 
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Fig.11. Critical section identifications in ACI 318 and EC 2. 461 
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Fig. 12. Critical sections in DP SSR and SSO. 464 

In EC 2, for slab-column joints without shear reinforcement, the critical section is identified to 465 
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be located at 2d from the column face and from where the slab thickness changes. For 466 

specimens with shear reinforcement, the critical section is also defined at 1.5d from the 467 

discontinued position of the shear reinforcement. If the shear reinforcement varies in spacing, 468 

the critical section should be determined separately. In ACI 318, the critical section at the 469 

outermost periphery line of the shear studs is a closed polygon regardless of the shear stud 470 

arrangement, but this is not the case in EC 2, as shown in Fig. 11. It should be noted that 471 

although the shear studs were arranged in the radial pattern in the SSR specimen, the 472 

identification of the critical sections for the outermost periphery line of the shear studs in the 473 

slab-drop panel interface region follows a similar pattern as SSO. This is because the distance 474 

between the outermost shear studs in two adjacent rows is much greater than 2d. The critical 475 

sections identification for the three specimens based on the rules in EC 2 is also illustrated in 476 

Fig. 12. 477 

 478 

4.2 Prediction formulas 479 

The prediction formulas given in the two building codes are based on the same theoretical 480 

framework. For slab-column joints without shear reinforcement, the shear stress in the critical 481 

section is contributed by the concrete (vc) only. For slab-column joints with shear reinforcement, 482 

the shear stress is contributed by both the concrete (vc) and the shear reinforcement (vs). Note 483 

that all the formulas are given in SI units.  484 

 485 

Considering the size effect, concrete properties and column location, the formula used to 486 

calculate vACI318 c for slab-column joints without shear reinforcement is given in Eq. 1. 487 
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where f'c  is the cylinder compressive strength of concrete (MPa); ACI318 

s  is the size effect 488 

factors,  ACI318 

s =(2/(1+0.004d))0.5≤1;  is the modification factor reflecting the reduced 489 

mechanical properties of lightweight concrete, for normal strength concrete, ;  is the 490 

aspect ratio of the column cross section, or the reaction area; s is the column location factor, 491 

taken as 40 for interior column. 492 

 493 

For slab-column joints with shear reinforcement, the contribution of the concrete to the shear 494 

stress at the critical sections is reduced, which can be calculated by Eq. 2. 495 
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 496 

Shear stress contributed by the concrete in the critical sections at the outermost of shear studs 497 

can be calculated using Eq. 3. 498 

 
'ACI318 ACI318

c s c
0.17v f   (3) 

Shear stress contributed by the shear studs can be estimated by Eq. 4 499 

 v ytACI318

s

o

A f
v

b s
  (4) 

where Av is the sum of the area of all legs of shear studs on one peripheral line that is 500 



 31 

geometrically similar to the perimeter of the column section; fyt is the yield strength of the shear 501 

studs; s is the spacing of the shear studs. 502 

 503 

EC 2 considers the influence of the tensile reinforcement ratio in addition to the size effect and 504 

the concrete strength when calculating the shear stress contributed by the concrete, as expressed 505 

in Eq. 5 506 

 
EC2 EC2 ' 1/3

 c s l c0.12 (100 )v f 
 (5) 

   

where EC2 

s  is the size effect factor; EC2 

s =1+(200/d)0.5≤2l is the parameter related to the 507 

tensile reinforcement ratio, l=(ly×lz)
0.5≤0.02 in which ly

 
and lz are the bonded tension 508 

reinforcement ratios in two orthogonal directions within the reaction area plus a 3d extension. 509 

 510 

EC2 specifies that the concrete contribution to the shear stress is only 75% effective if shear 511 

reinforcement exists. Shear stress contributed by the shear reinforcement is calculated based 512 

on Eq. 6. 513 

 
EC2

s v yt.ef o1.5( ) (1 )sinv d s A f b d   (6) 

where fyt.ef is the effective yield strength of the shear reinforcement, fyt.ef=250+0.25d≤fyt;  is 514 

the angle between the shear reinforcement and the mid-plane of the slab. 515 

 516 

4.3 Compression between code predictions and test results 517 

The results of the theoretical calculations based on the two building codes are presented in 518 

Table 4. The shear strength reduction factors were not considered in calculations as the 519 
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predictions were compared to the ultimate capacities of the specimens in the tests. The code 520 

predictions for the punching failure locations are aligned with the experimental observations. 521 

For the specimen without shear studs (DP), the punching shear strength predictions by both 522 

codes were conservative. This was safe in design, however, the material strengths may not be 523 

fully utilised. For the specimens with shear studs (SSR and SSO), both codes overestimate the 524 

punching strengths. The results predicted by ACI 318 had higher discrepancies than EC 2 with 525 

reference to the test results. This is due to the assumption in ACI 318 that the shear strength 526 

provided by the shear studs could reinforce the concrete area in a uniform manner, regardless 527 

of their arrangement. In reality, if the two adjacent rows of shear studs are far apart, the concrete 528 

between them could not be effectively strengthened. EC 2, on the other hand, considers the 529 

influence caused by uneven strengthening. When defining the outermost critical sections, if the 530 

distance between the two adjacent rows of shear studs was too large, only a part of the area was 531 

selected as shown in Fig. 11 and Fig. 12. Nonetheless, the results predicted by EC 2 are still 532 

higher than the experimental values. Furthermore, complicated mechanical behaviour in slab-533 

column joints with drop panels and shear studs may lead to premature punching failure, like in 534 

the case of SSR, which was not considered in the code predictions. More experimental tests 535 

would be required to further investigate the performance of the design codes in predicting the 536 

punching shear strengths, so as to offer more conclusive recommendations. Moreover, post-537 

punching strengths cannot be predicted theoretically, as the post-punching load-resistant 538 

mechanisms are not considered in the codes.  539 

 540 

 541 
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Table 4. Punching shear strength comparison between code predictions and results 542 

Specimen Code 

Critical section Vp,cal 

（kN

） 

Vp,exp 

（kN） 

Vp,cal/ 

Vp,exp 

Section 1 

（kN） 

Section 2 

（kN） 

Section 3 

（kN） 

Section 4 

（kN） 

DP 

ACI 

318 
421 375 N/A N/A 

415 

375 0.90 

EC 2 292 216 N/A N/A 216 0.52 

SSR 

ACI 

318 
643 735 1076 649 

425 

643 1.51 

EC 2 691 677 720 522 522 1.23 

SSO 

ACI 

318 
643 735 1042 625 

465 

625 1.34 

EC 2 691 677 577 540 540 1.16 

Note: Vp,cal and Vp,exp represent the calculated and tested punching shear strength, respectively.  543 

 544 

5. Conclusions  545 

Quasi-static tests on three slab–column joint specimens with drop panels, and with and without 546 

shear studs were conducted and reported. The specimens were subjected to appropriate in-plane 547 

restraints and were tested until large deformation stages under a monotonic upward loading. 548 

Punching shear strengths of the three specimens were also predicted theoretically the two 549 

building codes. Based on the experimental and theoretical results, the following conclusions 550 

can be drawn. 551 

 552 

1. For all three specimens, two punching failures was observed at the slab-drop panel 553 

interface regions and the column perimeter regions during the entire deformation stages. 554 

Before the first punching failure, the load was resisted mainly by the flexural mechanism. 555 
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Yet, the post-punching resistance were provided and governed by the rebars going through 556 

the columns and the others crossing the punching cracks. 557 

2. Adding shear studs can improve resistance to punching shear failure. Compared to DP, 558 

SSR and SSO had a 2.4% and 12% increase in punching strengths, respectively. However, 559 

using shear studs were not as efficient in improving the post-punching strengths, as SSR 560 

and SSO had only 1.6% and 2.9% increase, respectively. Nevertheless, shear studs could 561 

help to improve the ductility of the joints, thus the second punching failure exhibited a 562 

more ductile manner and the residual strengths after the second punching failure were also 563 

improved in both SSR and SSO.  564 

3. Shear studs may lead to a higher stress concentration in the orthogonal directions crossing 565 

the column than the diagonal directions, resulting in a rapid growth in the reinforcement 566 

strain. This mechanical behaviour affected further development of the punching strength 567 

in SSR, leading to a premature punching shear failure. Such an unfavourable effect was 568 

neutralised in the specimen SSO due to comparatively more shear studs being placed in 569 

the orthogonal directions than in SSR to resist shear. Shear studs in the orthogonal pattern 570 

were found to be more effective in enhancing punching strength. After the first punching 571 

failure in all specimens, damage along the orthogonal directions was observed to be more 572 

severe than the diagonal directions. In SSR in particular, the capacity in resisting the shear 573 

has lost much on the orthogonally placed shear studs whereas diagonally arranged shear 574 

studs were still able to resist the load. As a result, shear studs in the radial pattern are more 575 

beneficial in mitigating the second punching failure around the column perimeter region. 576 

4. Theoretical calculations based on ACI 318 and EC 2 underestimate the punching shear 577 
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strength of DP but overestimate those of SSR and SSO. Further experimental and 578 

theoretical investigations are necessary to establish a more accurate calculation method for 579 

slab-column joints with drop panels and shear studs.  580 
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