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Abstract 13 

A novel welded demountable shear connector for sustainable steel-concrete composite structures 14 

is proposed. The proposed connector consists of a grout-filled steel tube bolted to a compatible 15 

partially threaded stud, which is welded on a steel section. This connector allows for an easy 16 

deconstruction at the end of the service life of a building, promoting the reuse of both the 17 

concrete slabs and the steel sections. This paper presents the experimental evaluation of the 18 

structural behaviour of the proposed connector using a horizontal pushout test arrangement. The 19 

effects of various parameters, including the tube thickness, the presence of grout infill, and the 20 

concrete slab compressive strength, were assessed. A nonlinear finite element model was also 21 

calibrated against the experimental results and the validated numerical model was used to extend 22 

the validity of the experimental results and to perform further parametric studies. The 23 

experimental and numerical results show that the tested connectors have similar stiffness, but 24 

higher shear resistance and slip capacity compared to traditional welded shear studs and can be 25 

classified as ductile according to Eurocode 4. 26 
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1. Introduction 27 

The urgent need for sustainable development and the ambitious sustainability targets set by many 28 

countries recently have accelerated research efforts on the development of demountable shear 29 

connectors (DSCs) for steel-concrete composite floors. DSCs enable the separation of the 30 

concrete elements from the steel sections, thus promoting the reuse of the components at the end 31 

of the service life of a building as opposed to demolition. Reusing structural components can 32 

play a significant role to a drastic reduction of CO2 emissions, elimination of waste going to 33 

landfill, and a more responsible use of natural resources. Moreover, demountability enables a 34 

structure to be upgraded without the need to replace all the structural members, thus reducing the 35 

socioeconomic impact associated with traffic congestions in urban road networks. In addition, 36 

demountability can facilitate the efficient construction of portable or temporary structures, for 37 

example, portable buildings and bridges for military actions (Russell and Thrall 2013), humanity 38 

needs after natural disasters like floods, and temporary buildings for one-off events, e.g. Olympic 39 

games (IStructE 2017). The environmental benefits arising from the application of demountable 40 

composite buildings have been quantified in various previous research works, e.g. in (Brambilla 41 

et al. 2019; Tingley and Davison 2011). 42 

A number of different DSC types have been proposed in the literature. Most of the DSCs are 43 

based on using bolts to transfer the shear at the interface between the slab and the steel sections. 44 

Threaded studs as DSCs were evaluated in (Dai et al. 2015) and (Rehman et al. 2016) in 45 

conjunction with solid slabs and composite slabs with profiled metal decking. The threaded studs 46 

include a reduced shank at the base of the stud instead of having a welded collar. When 47 

dismantling the composite floor, threaded studs protrude out of the slab, because they are 48 
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embedded in it, and this may be problematic in reusing the slabs. In addition, threaded studs have 49 

been shown to have tolerance issues with the holes on the steel sections. Pathirana et al. (2016) 50 

proposed commercial blind bolts for rehabilitation of composite beams. Pushout tests on blind 51 

bolts showed comparable shear resistance, but less slip capacity as compared to welded studs, 52 

with some types exhibiting brittle load-slip behaviour. High-strength preloaded bolts inside 53 

drilled through-holes were proposed as DSCs in (Ataei et al. 2016). Due to reliance on friction 54 

forces, loss of shear resistance due to sudden slip was observed. In Kozma et al. (2019), pre-55 

tensioned high-strength bolts in metallic cylinders were tested, and epoxy resin injections were 56 

used in bolts with couplers to overcome the tolerance issues. Pushout tests showed higher shear 57 

resistance than traditional studs and a monotonically increasing load-slip response reaching 6-10 58 

mm of slip. Further pushout tests on bolts with couplers (Yang et al. 2018) showed that a ductile 59 

behaviour can only be achieved using 27-mm diameter bolts or larger. Note that, as per the 60 

definition in Eurocode 4 (BSI 2004), a shear connector is characterised as ductile if it can reach a 61 

slip capacity of 6 mm or more. High-strength bolts in precast slabs have also exhibited limited 62 

ductility (Pavlović et al. 2013). DSCs based on friction or using a ‘locking-nut’ mechanism were 63 

promoted for precast bridges (Suwaed and Karavasilis 2017, 2018, 2020). Two types of steel-64 

yielding DSCs (Feidaki et al. 2019; He et al. 2021) were proposed for composite buildings using 65 

precast hollow-core slab units. The steel-yielding DSCs possess very large ductility and shear 66 

resistance, but their deconstruction process can be time consuming. More recently, bolted 67 

connectors were evaluated in prefabricated steel bar truss slabs in (Du et al. 2020) and clamping 68 

shear connectors were evaluated in (Wang et al. 2019, 2020). 69 



4 

 

 

This paper presents a novel welded demountable shear connector (WDSC). The WDSC uses 70 

industry-standard techniques to install it and does not require alterations in the way a steel-71 

concrete composite floor is fabricated, i.e. no holes in the flanges of the steel sections need to be 72 

drilled. In addition, the behaviour of the proposed connector follows, in principle, the well-73 

established behaviour of the traditional welded studs with all the desirable characteristics (e.g. 74 

very high initial stiffness and no tolerance issues). Ten horizontal pushout tests were carried out 75 

in order to evaluate the stiffness, shear resistance, slip capacity, uplift capacity and failure modes 76 

associated with the new connector. A nonlinear finite element method (FEM) model, using the 77 

Abaqus software, was also created and calibrated to the experimental results. The validated FEM 78 

model was subsequently used to conduct a series of parametric studies to expand the validity of 79 

the experimental results and to further investigate the effect of various parameters on the 80 

structural performance of the WDSC. Due to the specific horizontal test setup that was used to 81 

conduct the pushout tests, relatively high uplift forces were imposed to the connectors, and the 82 

potential implications are discussed. 83 

2. Description of WDSC and deconstruction procedure 84 

Fig. 1 shows the details of the proposed shear connector, which contains two main components: 85 

a steel tube and a partially threaded stud. The tube is machined to its final shape from a solid 86 

steel cylinder. Fig. 1a shows an actual photo of the two components (next to a ruler to provide 87 

perspective) and Fig. 1b shows a 3d cut of the tube. To resist the separation of the concrete slab 88 

from the steel beam, the top part of the tube is shaped as an external ‘hat’. Fig. 1c shows 89 

indicative geometric details of a 150-mm long tube. The tube’s external diameter is 34 mm, and 90 

its wall thickness is 2 mm. Although it has a cross-sectional area equal to 85% of that of a 19 91 
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mm-diameter traditional stud, the tube’s second moment of area is 4.4 times higher; therefore, 92 

the tube is stiffer as compared to stud against flexural and shear deformations and, hence, most 93 

of the deformations will occur on the threaded stud. The height of the tube should be equal to the 94 

thickness of the concrete slab to facilitate deconstruction of the floor from above the slab. 95 

Working below the slab to release the bolts is time-consuming and is generally considered as a 96 

substandard and unfavourable practice. At the lower part of the tube, the wall thickness is 97 

increased and consists of the following parts starting from top to bottom (referring to Fig. 1c): 98 

(1) A 15 mm-long M20 threaded part that is used to connect the tube to the welded stud. (2) A 10 99 

mm-long unthreaded Ø21 mm hole to secure the M20 stud. Thus, stud threads are protected 100 

against shear and moment. (3) A 20 mm-long transition chamfered hole that is changing from 101 

Ø21 mm to Ø31 mm, to ensure uniform distribution of stresses and to give the stud space to 102 

deflect and achieve adequate slip capacity before failure. (4) Six Ø4 mm longitudinal through-103 

holes that serve as passages for flowable grout to be casted inside the tube. These holes are 104 

distributed axisymmetrically in the circumferential direction and they start from the beginning of 105 

the threaded hole and finish at the end of the transition hole. In this way, the space between the 106 

stud and the inner tube, explained in (3), will be filled with grout. 107 

The geometric details of the tube should be compatible with a partially threaded headless stud, as 108 

shown in Fig. 1. The stud consists of three parts from top to bottom: a 25 mm-long M20 threaded 109 

part with pitch of 2.5 mm (coarse threads); a 39 mm-long unthreaded blank part; and a 5 mm 110 

long conical tip equipped with a flux in the form of a press-fitted aluminium ball according to 111 

BSI (2018).  112 
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The combination of the grout-filled steel tube and the compatible partially threaded stud creates a 113 

large diameter shear connector (i.e. 35 mm) as compared to the Ø16-25 mm traditional studs 114 

prescribed in Eurocode 4. This reduces the concentrated forces that cause longitudinal splitting 115 

cracks in concrete slabs usually related to traditional studs (BSI 2004; Oehlers and Bradford 116 

1999).  117 

The WDSC can be used in both composite bridges and buildings; using cast-in-place slabs with 118 

or without profiled decking; precast solid slabs or hollow-core precast slabs. For example, 119 

according to the SCI P401 (Couchman 2014), the minimum gap between the ends of the precast 120 

units should be not less than 70 mm. Thus, the WDSC with maximum hat diameter of 45 mm 121 

can easily fit inside this gap. The welding technique used for the partially threaded stud is in 122 

accordance with BS EN 13918 (BSI 2018) and BS EN ISO 14555 (BSI 2017) for traditional 123 

studs, namely, the drawn arc welding. This technique creates a welded collar at the base of the 124 

stud as shown in Fig. 1b. From welding trials on M20 studs, the welded collar is fused to the 125 

shank of the stud in a way that the collar diameter and height are larger than the shank diameter 126 

by 5 – 6 mm. This is important because it is known that for studs with such weld collars a 70% 127 

of the shear is resisted by the collar (Johnson 2012). The welding trials also show variations in 128 

the quality of the collar of some studs which prove that professional technicians are essential to 129 

ensure a complete collar around the shank of studs. The inner diameter of the tube is larger than 130 

the diameter of the welded collar by 5-6 mm. This gap is essential for the following reasons: (1) 131 

To overcome any construction or manufacturing tolerances; (2) To create a confined space for 132 

the flowable grout (the triaxial stress of grout is several times its cube strength); (3) To promote 133 

combined bending-shearing performance of the stud and eventually increase slip capacity; (4) To 134 
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ensure that the gap is grouted to avoid a sudden initial slip under the Serviceability Limit State 135 

(SLS). 136 

Fig. 2 shows a three-dimensional view of a composite deck using WDSCs. The construction 137 

procedure of a steel-concrete composite floor using WDSCs and cast in place slab is as follows: 138 

the studs are first welded on the top flanges of the steel sections (Fig. 3a). Then, the tubes are 139 

fastened over the studs by hand until the tube base is attached to the steel flange (Fig. 3b). Next, 140 

flowable grout is poured inside the tube. Lastly, the reinforcement is placed in position (Fig. 3c) 141 

and the concrete slab is cast. 142 

The slab can be disassembled when maintenance, upgrade, or retrofit is needed, and separated 143 

from the steel sections at the end of its service. The deconstruction is achieved by simply 144 

unfastening the tubes using any suitable mechanical tool; for example, the tube may have three 145 

or four circumferentially drilled holes penetrating inside the top side of the hat and a mechanical 146 

or electric wrench with compatible geometry can be used to unfasten the tubes from the studs 147 

and remove them. Then, the concrete slab can be separated from the steel sections and main 148 

components may be reused in other sites after minor modifications. The studs (Fig. 3a) can be 149 

taken-off from the steel sections by grinding. The tubes should be cleaned from grout especially 150 

inside the longitudinal six holes; this operation is simple and does not require any special tool. 151 

However, the authors recommend that both studs and tubes are recycled and not reused again 152 

because of the possibility of high residual stresses during the service life of a composite 153 

structure. Note that the deconstruction procedure is not assessed experimentally in the present 154 

study, because the focus is on the structural behaviour of the WDSC. 155 
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3. Experimental Program 156 

Table 1 lists the pushout test specifications. The experimental program comprised thirteen 157 

pushout tests in total: ten using WDSCs and three using traditional headed studs (Fig. 4c). The 158 

WDSC specimens were divided into two groups: W-CFT specimens (Fig. 4a), which had the 159 

tube filled with grout, and W-T specimens (Fig. 4b), in which the tube was left empty. The 160 

parameters varied in the tests were the tube thickness, the grout compressive strength, and the 161 

concrete slab compressive strength. A Pilot Test was also performed, which will be explained 162 

later. Three pushout tests (S1 to S3) on traditional studs were also conducted for comparison 163 

purposes. 164 

3.1. Test Setup 165 

The test setup is shown in Fig. 5. A horizontal arrangement was used following the 166 

recommendations from various researchers (Lam 2007; Al-Shuwaili et al. 2018; Badie et al. 167 

2002; Heng et al. 2017; Lowe et al. 2020; Russell et al. 2021; Wang et al. 2019). This setup still 168 

permits the use of a two-by-two connector arrangement as recommended by Eurocode 4, while it 169 

requires a smaller capacity actuator. 170 

A hydraulic actuator containing a built-in load cell attached to a hinge then to a spreader beam 171 

was used to push the concrete slab against the steel beam, which was fixed to the strong floor, as 172 

indicated in Fig. 5. The other end of the actuator was attached to a stiff reaction frame bolted to 173 

the strong floor using eight 8.8 M28 high strength bolts. To fix the steel beam to the strong floor, 174 

four 30 mm-thick steel plates tied-down the bottom flange using M28 bolts pre-tensioned to 175 

proof load. In the longitudinal direction, the specimen was locked using two large M75 bolts 176 

linked together by 80 mm-thick plate. This thick plate was attached close to the upper flange of 177 
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the steel beam to minimize the eccentricity in loading. The spreader beam was constrained 178 

against the upward direction by two M28 bolts connected to it through slotted holes to allow the 179 

horizontal movement. 180 

3.2. Specimen Specifications  181 

Ten specimens using WDSCs were prepared as shown in Fig. 3. Welding of 4 studs on each steel 182 

section is shown in Fig. 3a; placing of timber moulds, reinforcement positioning, and tube 183 

installation are demonstrated in Fig. 3b; and casting of the concrete slabs can be observed in Fig. 184 

3c. Each specimen consisted of one concrete slab (650 × 600 ×150 mm) connected to a 1-m long 185 

steel section UB533×210×92 of steel grade S355. Tolerances accepted in specimens are deduced 186 

from BSI 4190 (BSI 2014a), for example, nominal diameter of shank = 20 mm +/- 0.84 mm. The 187 

reinforcement details are in accordance with Eurocode 4 (BSI 2004). QuickCEM was used to 188 

give the grout quick setting and hardening characteristics. 189 

3.3. Material Properties 190 

Material tests on both concrete and steel were carried out and documented in Tables 1 and 2, 191 

respectively. Standard compression tests were conducted on the concrete and grout for each 192 

specimen. Three cubes (100×100×100 mm) were taken from the fresh concrete. The concrete 193 

and grout average compressive strengths (𝑓c and 𝑓g respectively) were evaluated at the same day 194 

of the pushout test as listed in Table 1. 195 

The tube was machined from solid bars Grade 150M19-S355 according to BS EN ISO 898-1 196 

(BSI 2013) while the studs are in accordance with BS 4190 property class 4.8 (BSI 2014a). The 197 

material properties of the stud and tube were obtained from standard tensile coupon tests. The 198 

results are given in Table 2 as average values of three coupon specimens. 199 
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3.4. Instrumentation and Loading Procedure 200 

Two linear variable differential transformers (LVDTs) were used to monitor the structural 201 

behaviour of the specimens. Fig. 5a shows the ‘Slip LVDT’ that was used to measure the relative 202 

displacement between the steel beam and the concrete slab. The ‘Uplift LVDT’ shown in the 203 

same figure was used to measure the separation of the slab from the steel beam. Fig. 5b shows 204 

the ‘Loadcell’ that was used to measure the applied load of the actuator of maximum capacities 205 

of 1000 kN force and 500 mm displacement. 25 cycles between 5% and 40% of the expected 206 

maximum load were recommended by Eurocode 4 (BSI 2004) to ensure that the tested shear 207 

connector is not susceptible to progressive slip (Johnson 2012). However, the Pilot Test has 208 

showed that the WSDC is secure against such failure; therefore, the 25 cycles were omitted. The 209 

load was applied under displacement control at a rate of 0.01 mm/sec until yielding then reduced 210 

to 0.005 mm/sec until failure. 211 

4. Experimental Results 212 

4.1. Pilot Test 213 

A Pilot Test was performed at the beginning of the experimental program as a proof-of-concept. 214 

Following the procedure in Dallam (1968), the load protocol for this test consisted of six load 215 

cycles (LCs) to check the behaviour of the WDSC against premature or progressive failures. The 216 

results are shown in Fig. 6. It can be seen from LC1, and LC4-LC6 load-slip curves that the 217 

WDSC did not experience sudden slip before the SLS load level, and it can approach the 218 

Ultimate Limit State (ULS) several times in a ductile way. Fig. 6 shows that the slip is increasing 219 

drastically due to approaching the ULS several times in LC1, and LC4-LC6. However, load 220 

cycles LC2 and LC3 show that even after reaching the ULS, the WDSC is capable of behaving 221 
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elastically and without residual slips when the applied load is below ULS, which justify the 222 

aforementioned decision of omitting the 25 load cycles recommended by Eurocode 4. Finally, 223 

the results show that the slip capacity, which is defined (BSI 2004) as the slip when the load has 224 

fallen to 80% of the maximum value, is 7.7 mm which is larger than the minimum limit (6 mm) 225 

of Eurocode 4 for ductile connectors and the uplift capacity, defined in BSI (2004) as the uplift 226 

when the load reached 80% of the maximum value, is 0.7 mm which is less than the maximum 227 

limit of Eurocode 4 (i.e. 50% of slip capacity). It should be noted that the description of the 228 

WDSC in the pilot test is exactly as shown in Fig. 1c but with shorter stud (32 mm). It was 229 

decided to increase the length of the stud to 69 mm in order to amplify the bending performance 230 

in addition to the shear performance and consequently to increase the slip capacity. 231 

4.2. Behaviour of the WDSC 232 

Figs. 7 and 8 show the force versus slip responses of all specimens listed in Table 1. A typical 233 

load-slip curve can be divided into three stages. The first stage, which starts from zero slip to 234 

about 0.5 mm slip, corresponds to loads around 60 kN (i.e., about 50% of the shear resistance). 235 

The load increases almost linearly with the slip, indicating that the slab and the WDSC are in the 236 

elastic state. Fig. 7 also shows that the slip occurs immediately even at small loads. This is 237 

similar behaviour to traditional studs, and therefore full interaction of a composite beam using 238 

WDSCs cannot be assumed at the SLS. As the load further increases, the slip increases 239 

substantially due to stud bending and shearing deformations, which represents the second stage. 240 

As a consequence, the deformed stud creates a combination of compressive and shear stresses in 241 

the surrounding grout inside the tube, the adjacent concrete outside the tube, and tensile stresses 242 

in the tube itself. This reduces the stiffness of the connector, and thus, the load increases 243 
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nonlinearly versus the slip until reaching the maximum load which represents the shear 244 

resistance of the connector. The shear resistance is in the range of 115-136 kN, see Table 1, with 245 

an average of 126 kN. Stage three starts after the maximum load. The load decreases until failure 246 

by either shearing-off of all studs at the same time as seen in W-CFT5 or shearing-off of the 247 

studs one by one as seen in the rest of curves. Each staggered drop shown after the maximum 248 

load represents approximately 25% of shear resistance and corresponds to one stud. There is 249 

appreciable scatter in the behaviour of W-CFT3 in Fig. 7a which is believed to be due to the 250 

effect of nonuniform collars of some studs. Similar scatter was recorded in pushout tests of 251 

traditional studs S1, S2, and S3 in Fig. 8 which agrees with findings from other researchers who 252 

estimated the scatter to be up to ±30% of the shear strength (Oehlers 1980). Fig. 8 also shows 253 

that as the concrete compressive strength increases, slip capacity decreases (even below 6 mm). 254 

In reality, many of pushout tests on traditional studs were stopped before reaching 3 mm 255 

(Johnson 2012). It is believed that the scatter is highly affected by several arbitrary effects 256 

activated in the failure zone near the base of the studs, for example, arrangement of aggregates, 257 

existence of voids, and shape of the collar (Johnson and Young 2018). The uplift capacities 258 

account for 5-7% of the corresponding slip capacities. This proves the effectiveness of the hat 259 

(Fig. 1a) to prevent separation of the slab from the steel section. Another reason for non-260 

simultaneous fracture of all bolts is the fact that in W-T specimens, despite the fact that there was 261 

no grout in the tube, there was in some cases wet concrete leaking inside the bottom of the tube 262 

during the casting due to hydrostatic forces – the amount of concrete was not equal and so this 263 

may have resulted in some studs shearing off earlier than the others. 264 

4.3. Stiffness of the WDSC 265 
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The stiffness of WDSC, kWDSC, is based on Eurocode 4 Clause A.3.3 and may be taken as kWDSC= 266 

0.7 PRk/s, where: 𝑃Rk is the characteristic shear resistance of a WDSC and should be taken as 267 

0.9/γv of the experimental shear resistance of the WDSC, Ptest; s is the slip, determined from 268 

pushout tests (deviation of any test from the mean does not exceed 10%) in accordance with 269 

Annex B of Eurocode 4, at a load 0.7PRk; and γv is the partial safety factor for shear connection 270 

equal to 1.25. Therefore: 271 

 𝑘WDSC =
0.7𝑃Rk

𝑠
=

0.7 × 0.9 × 𝑃test

1.25 × s
= 0.504

𝑃test

𝑠
≅ 50%

𝑃test

𝑠
 (1) 

The last column of Table 1 lists the stiffnesses of all specimens. Ignoring the low stiffnesses 272 

achieved when using low-strength grout or an empty tube, the stiffness of the WDSC is ranging 273 

between 88-103 kN/mm and the stiffness of traditional studs is 90-167 kN/mm. 274 

4.4. Failure Modes 275 

Fig. 9 shows typical failure modes of the WDSC. Fig. 9a shows the weld collar side of the failure 276 

zone, and Fig. 9b shows the stud shank side of the failure zone. It can be seen from the Fig. 9a 277 

that the steel failure zone occurred immediately above the weld collar. The zone of damaged 278 

concrete can clearly be seen in Fig. 9b. This concrete failure zone was confined to a small region 279 

in front of the stud. As the load increased beyond the elastic stage, yielding of the stud 280 

accompanied with local crushing of the concrete in front of the stud base were amplified. The 281 

bottom-left photo of Fig. 9a shows that the collar of height 5-6 mm has protected the shank of 282 

the stud in a way that the shear plane occurred just above the collar. The shear plane was inclined 283 

by about 1:13 creating a wedge shape of the crushed concrete. This inclined shear plane and 284 

wedge shape concrete represent the slab sliding and riding up on the weld collar. This can be 285 

seen in Fig. 10 that shows the uplift-load behaviour of pushout test W-CFT1 which represents 286 
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typical behaviour of all tests. As it can be seen from the figure, the uplift that happened after the 287 

80% of the ultimate load was more than 2/3 of the total uplift in the test. Such uplift, however, is 288 

unlikely to occur in beam tests because the applied load counteracts the uplift in normal 289 

applications. However, under some special cases like when the load is applied on the bottom 290 

flange of the steel profile (HVAC, or suspended ceiling), supplementary anchoring devices 291 

against uplift are needed according to Clause 6.6.1.1 of Eurocode 4. 292 

4.5. WDSC versus traditional studs 293 

Fig. 11 shows comparisons in load-slip behaviour between the WDSC and traditional studs. It 294 

can be seen from Fig. 11a that the behaviour is almost identical until about 80% of shear 295 

resistance of WDSC. However, the shear resistance and slip capacity of WDSC are larger than 296 

those of studs by 21% and 46% respectively. The initial similarity in the load-slip response is 297 

because both connectors are based on welding. However, the traditional stud imposes higher 298 

concentrated stress in the concrete medium due to its smaller diameter which causes earlier 299 

concrete failure that leads to less shear resistance and slip capacity. The WDSC has a tube of 35 300 

mm diameter, which results in a larger contact area for the stress dispersion in the concrete and, 301 

thus, delays concrete failure leading to higher shear resistance and slip capacity. Fig. 11b shows 302 

that the shear resistance and slip capacity of the WDSC are larger than those of the studs by 30 - 303 

44% and 24% respectively. Comparison of Figs. 11 (a and b) shows that the shear resistance and 304 

slip capacity of studs are more sensitive to the reduction in concrete strength (from 27 to 21 305 

MPa) than the WDSC. The reductions in shear resistance in WDSC and studs were 6% and 13% 306 

respectively, while the increases in slip capacity were 17% and 28% respectively. 307 

4.6. Effect of grout infill 308 
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Four pushout tests, i.e., W-T1 to W-T4 in Table 1, were performed to quantify the effect of the 309 

grout infill on the response of a WDSC. Fig. 7b shows the load-slip behaviour and Fig. 12 shows 310 

the failure modes of the W-T specimens. The figures show that the absence of grout reduces the 311 

shear resistance and slip capacity by 14% and 15% respectively. This can be observed from Fig. 312 

12a where the concrete failure zone has minimized. Additionally, the effect of slab concrete 313 

compressive strength on the behaviour of W-T can be evaluated. W-T2 with slab concrete 314 

strength of 12 MPa has shear resistance less by 14% and slip capacity more by 64% than that of 315 

W-T1 with slab concrete strength of 23 MPa. 316 

5. Finite Element Model 317 

The tests were simulated using nonlinear FEM analyses in the commercial software Abaqus 318 

(Dassault Systémes 2014). The dynamic explicit and the semi-automatic mass scaling methods 319 

were chosen. Material nonlinearity and the interaction between specimen components were 320 

considered. Fig. 13 shows details of the FEM model of the WDSC specimen. The element size 321 

was 2 mm in average. Due to symmetry, only half of specimen was modelled. The specimen 322 

components were simulated by volume element type C3D8R, while the reinforcements were 323 

modelled as truss element type T3D2. To properly consider the interaction between various 324 

components, a surface-to-surface contact was defined. Hard contact and penalty friction 325 

formulation were used to describe the normal and the tangential behaviour, respectively. This 326 

was used for slab-tube, grout-stud, and grout-tube interfaces. The friction coefficient was chosen 327 

as 0.4 and 0.25 for the concrete–steel and steel-steel interfaces, respectively. The welded 328 

connection was simulated using tie constrains between the base of the stud and the steel flange. 329 
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The thread-to-thread interaction between the tube and the stud was also simulated using tie 330 

interaction. 331 

The boundary conditions of the FEM model are as shown in Fig. 13. Surface A has restrictions in 332 

X and Y directions, while surface B represents a fixed boundary in all directions. The load was 333 

applied under displacement control in which displacement increments were imposed uniformly 334 

on Surface C of the slab. 335 

The material model for steel was defined using an elastic-plastic constitutive law. A bilinear 336 

elastic–perfectly plastic stress-strain relationship was used for the rebars and the steel section using 337 

nominal material values. For the stud and tube, the true stress-strain curves that were constructed 338 

from the results of the uniaxial tensile coupon tests were used. Note that fracture of studs was not 339 

modelled explicitly in this study.  340 

The nonlinear behaviour of concrete and grout was represented by uniaxial compressive and 341 

tensile stress-strain curves according to BS EN 1992-1-1 (BSI 2014b). The tensile stress-strain 342 

relationship was assumed to be linear for un-cracked concrete. After concrete cracking, a 343 

nonlinear stress-crack width relationship, Eq. (2), was adopted to simulate the post-crack part of 344 

concrete: 345 

 
𝜎𝑡

𝑓𝑡
= [1 + (𝑐1

𝑤

𝑤𝑐
)

3

] 𝑒
−𝑐2

𝑤
𝑤𝑐 −

𝑤

𝑤𝑐

(1 + 𝑐1
3)𝑒−𝑐2 (2) 

where 𝜎t is the tensile stress of concrete (MPa); 𝑓𝑡 is the tensile strength (MPa); 𝑤 is the crack 346 

width (mm); 𝑤c is the crack width at the complete release of stress, 𝑤c=5.14GF/𝑓𝑡 (mm); GF is 347 

the fracture energy required to create a unit area of stress-free crack, 𝐺𝐹 = 0.073𝑓𝑐
0.18 (N/mm); 348 

the rest of constants are 𝑐1=3 and 𝑐2=6.93. 349 
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As recommended by Abaqus user manual (Dassault Systémes 2014), five important plasticity 350 

parameters were provided to evaluate concrete damaged plasticity, namely: dilation angle (ψ), 351 

flow potential eccentricity (ε), viscosity parameter (μ), the biaxial to uniaxial compressive 352 

strength ratio (σb0/σc0), and the ratio of second stress invariant on the tensile meridian to that on 353 

the compressive meridian (K). All of them had used the default values of Abaqus except ψ= 30°. 354 

5.1. Validation of the FEM Model  355 

The validation of the FEM model was assessed through comparison with experimental results. 356 

Table 3 summarizes the shear resistance and slip capacity obtained from the tests and numerical 357 

analyses. The mean Test/FEM ratio for shear resistance and slip at ultimate load (Fu) are 1.00 358 

and 1.02, with the standard deviation being 0.01 and 0.02, and coefficient of variation of 1% and 359 

2%, respectively. This indicates that the FEM model can predict the shear resistance and slip 360 

capacity of the WDSC with good accuracy. 361 

Fig 6 shows comparisons of the load versus slip responses of tests and FEM simulations. The 362 

structural responses including initial stiffness, ultimate shear resistance, and slip deformation 363 

characteristics obtained from the FEM models are in very good agreement with that from test 364 

results for all specimens except for W-CFT3, because W-CFT3 was stopped when one stud failed 365 

due to a defect of the welding resulting in lower stiffness in the pushout test. In addition, the FEM 366 

model was able to capture the failure modes that were characterised by stud shear failure as shown 367 

in Fig. 14, as well as local concrete crush, as shown in Fig. 15. 368 

6. Parametric Study 369 

The validated FEM model was used to perform a series of parametric analyses on the structural 370 

behaviour of the WDSC, considering the following parameters: the thickness of the steel tube, 371 
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the presence or not of infill grout in the tube, the compressive strength of the slab and the infill 372 

grout, and the tensile strength of the stud and tube. The base specimen was based on the default 373 

parameters from W-CFT4: stud and tube are based on the experimental material values, concrete 374 

compressive strength is 22 MPa, grout compressive strength is 45 MPa, and tube thickness is 2.5 375 

mm. The parametric study includes both experimental and numerical results. 376 

6.1. Effect of slab concrete strength 377 

Fig. 16a shows the effect of the compressive strength of the concrete slab, in the range 20-60 MPa, 378 

on the behaviour of the WDSC. The overall effect of increasing the concrete strength is to increase 379 

the shear resistance and decrease the slip capacity of the WDSC. The increase in shear resistance 380 

decreased from 6.1% at concrete strength 30 MPa to only 0.5% at 60 MPa. Slip capacity decreased 381 

from 15% at concrete strength 30 MPa to 6% at 60 MPa, since the dominant failure of the 382 

specimens changed from concrete cracking for low strength concrete slab to stud shear failure for 383 

high strength concrete slab. The shear resistance of the WDSC with current parameters is 384 

dependent on the concrete strength until about 60 MPa, no noticeable gains in shear resistance are 385 

expected when the concrete slab strength is more than 60 MPa due to the dominant shear failure 386 

of the stud. 387 

6.2. Effect of tube thickness 388 

Fig. 16b shows the effect of tube thickness (1, 1.5, 2, 2.5, and 3 mm) on the behaviour of WDSC. 389 

The shear resistance increased by 13% as the tube thickness increased from 1.0 mm to 2.5 mm, 390 

then, it decreased by 3% when the thickness reached 3.0 mm due to the lower slip capacity. 391 

However, the shear stiffness is not significantly affected (the variation is less than 5%) when the 392 

tube thickness increases from 1 to 3 mm, indicating that increasing tube thickness can improve 393 
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shear resistance to a certain degree, but has little effect on the shear stiffness. From current 394 

analytical parameters, the tube with 2.5 mm is an optimal selection in terms of shear resistance 395 

and slip capacity. 396 

6.3. Effect of Stud Tensile Strength 397 

Fig. 17a shows the effect of stud tensile strength (300, 400, 500, 623 (experimental) and 700 MPa) 398 

on the behaviour of the WDSC. The shear resistance increases almost linearly as the increase of 399 

stud’s tensile strength, and the increasing ratio was about 80%, when the ultimate strength of stud 400 

changed from 300 MPa to 700 MPa. The shear stiffness almost keeps the same for all specimens 401 

(the variation was less than 5%). Therefore, increasing the stud’s tensile strength can improve the 402 

shear resistance but does not affect the stiffness. 403 

6.4. Effect of Tube Tensile Strength 404 

Fig. 17b presents the effect of the tube strength (300, 400, 500, 653 (experimental) and 700 MPa) 405 

on the behaviour of WDSC. When the tensile strength changes from 300 MPa to 700 MPa, the 406 

shear resistance increased by 8%, but the shear stiffness is unaffected for all specimens, 407 

indicating that the tube’s tensile strength has negligible effect on the resistance and stiffness of a 408 

WDSC. 409 

6.5. Effect of the compressive strength of the grout infill 410 

Fig. 18 shows the effect of the compressive strength of the grout (fg= 10, 20, 30, 40, 50, 54 411 

(experimental) and 60 MPa) on the WDSC behaviour, with GX meaning a specimen with fg= X 412 

MPa. In the same graph, the case without grout (W-T1 denoted as G0) and the experimental curve 413 

(W-CFT4 denoted as G54) are plotted. The infilled grout can significantly improve the shear 414 

stiffness of the WDSC, e.g. the stiffness of W-CFT4 (G54) is 2.1 times to that of the W-T3 (G0). 415 
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In addition, the presence of infilled grout can enhance the shear resistance of the WDSC by up to 416 

13%. However, comparison between grouted specimens reveals that the shear resistance is 417 

improved by only 6%, and the shear stiffness is almost the same when the grout strength increases 418 

from 10 MPa to 60 MPa, indicating that increasing the grout strength has negligible effect on the 419 

shear resistance and stiffness of the WDSC. Thus, a grouted tube is recommended regardless of 420 

the grout strength. 421 

6.6. Comparison of shear strength with Eurocode 4 provisions 422 

To provide with a simple design verification, the shear resistances of the tested WDSCs were 423 

compared with the design equations of Eurocode 4 for traditional welded studs. The equation 424 

given in Eurocode 4 to predict the design shear resistance of a shear stud is (neglecting partial 425 

safety factors): 426 

 𝑃Rd = 𝑚𝑖𝑛 (0.29𝑑2√𝑓ck𝐸cm;
0.8𝑓u𝜋𝑑2

4
) (3) 

where d is the diameter of stud (mm); fck is the characteristic cylinder compressive strength of 427 

concrete (N/mm2); Ecm is the secant modulus of elasticity of concrete (N/mm2); fu is the tensile 428 

strength of the stud (N/mm2). Using the experimental values of the material properties, shown in 429 

Table 1, the first term of Eq. (3) is always greater than the second. This is because the value d= 430 

35 mm should be used in the first term, i.e. the external diameter of the tube which is in contact 431 

with the concrete slab and gives a minimum shear resistance of 200 kN for W-T2 and a 432 

maximum shear resistance of 360 kN for W-CFT3. The second term, with d= 20 mm and the 433 

measured tensile strength of the stud (623 MPa), gives a shear resistance of the WDSC equal to 434 

156 kN. Thus, the predictions based on the EC4 calculations consistently overestimate the shear 435 
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resistance of WDSC by 22% in the W-CFT group, and 40% in the W-T group, in average. The 436 

reason for this overestimation is explained in the next section.  437 

6.7. Uplift and tensile forces in the WDSC 438 

Due to the mechanics of the test setup used, concerns about excessive uplift forces were raised. 439 

The uplift observed in the inelastic range reached values of 1.5-2.0 mm, and the separation of the 440 

slab from the steel section was observable to the naked eye during the tests. Thus, the FEM 441 

model was used to quantify the uplift forces induced in the studs due to the eccentricity of the 442 

loading in the horizontal pushout tests. The contact reaction forces underneath the head of the 443 

steel tube were measured in the model at the end of each analysis along with the uplift 444 

displacement. Fig. 19 shows the relation between tension (uplift) force and uplift displacement. 445 

Similar to the load-slip relation, the tension increased almost linearly with uplift until about 1/3 446 

of the applied ultimate horizontal loading, then increased nonlinearly until ultimate loading due 447 

to the plastic deformations in the connector, and after the peak load, the tension reduced rapidly 448 

with the uplift due to the shear failure of the stud. Fig. 20 shows the relation between uplift and 449 

shear force at the ultimate state. It is shown that regardless of the test specimens with or without 450 

infilled grout, the tension forces resisted by the head of the steel tube are between 26% and 33% 451 

of the horizontal shear force or approximately equal to 20-22% of the pure axial tensile strength 452 

of the stud (defined as AstudFu,stud). This tensile force is bigger or close to the limit found by 453 

several research works on shear-tension interaction in headed studs (Lin et al. 2014; Mirza and 454 

Uy 2010; Tan et al. 2019), and it indicates that the shear resistance may have been reduced due 455 

to the induced tension. For this reason, the authors are planning to carry out standard pushout 456 
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tests to Eurocode 4 in order to verify the shear resistance of the WDSC and to propose reliable 457 

design equations. 458 

7. Conclusions 459 

A welded demountable shear connector (WDSC) was proposed for use in sustainable steel-460 

concrete composite buildings or bridges. The proposed connector was experimentally validated 461 

through ten full-scale pushout tests that were conducted in a horizontal testing arrangement. A 462 

numerical model was calibrated to the experimental results and used to carry out parametric 463 

studies. Based on the findings of the experimental and numerical study, the following 464 

conclusions can be drawn: 465 

 The experimental results show that the WDSC possesses higher shear resistance than 466 

traditional welded studs, in the range of 100-130 kN, initial stiffness comparable to that of 467 

traditional welded studs, and slip capacity higher than 6 mm. Thus, it can be characterised as a 468 

ductile shear connector. 469 

 All the WDSC specimens exhibited ductile shear failure at the root of the stud shank and 470 

concrete gradual crushing around the stud base. 471 

 The concrete slab compressive strength and the stud yield strength are the two parameters 472 

that affect most significantly the shear resistance of a WDSC. The yield strength and the 473 

thickness of the tube have a much less pronounced effect.  474 

 The presence of infill grout enhances both the initial stiffness and shear resistance of a 475 

WDSC. The grout compressive strength does not affect significantly the shear resistance of a 476 

WDSC.  477 
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 The typology with the most favourable response is the one having tube thickness 2.5 mm 478 

and the tube is filled with grout.  479 

 Uplift displacement of the concrete slab occurred when horizontal loading was applied, 480 

which induced tension in the studs up to 33% of the applied shear force; thus, the WDSC may 481 

have been subjected to combined shear and tension forces due to the mechanics of the horizontal 482 

test setup used. The authors are planning to conduct further standard pushout tests to Eurocode 4 483 

before they establish reliable design equations for the WDSC. 484 

Data Availability 485 

Some or all data, models, or codes that support the findings of this study are available from the 486 
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Table 1. Test matrix and pushout tests results 610 

Specimen 

name 

Overview 

Sketch 

Slab 

𝑓c 
(MPa) 

Grout 

𝑓g  

(MPa) 

Tube 

𝑡 
(mm) 

Shear resistance 

(kN/stud) 

Slip capacity 

(mm) 

Uplift 

capacity 

(mm) 

Stiffness 

(kN/mm) 

W-CFT1 Fig. 4a 27 45 1.5 128.9 9.5 0.5 88.5 

W-CFT2  29 45 2.0 130.3 8.3 0.4 96.8 

W-CFT3  31 45 2.5 124.2 8.6 0.4 66.1 

W-CFT4  22 54 2.5 136.2 9.7 0.7 102.9 

W-CFT5  20 50 2.0 123.1 9.7 0.6 102.0 

W-T1 Fig. 4b 23 - 1.5 113.3 8.3 0.6 54.3 

W-T2  12 - 1.5 99.2 13.6 0.7 43.3 

W-T3  19 - 2.5 121.1 11.9 0.5 47.4 

W-T4  18 - 2.0 114.8 9.8 0.4 69.3 

S1 Fig. 4c 39 - - 99.8 4.4 0.1 166.7 

S2  27 - - 107.4 6.1 0.4 114.3 

S3  21 - - 94.9 7.8 0.6 89.8 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 
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Table 2. Mechanical material properties of steel 623 

Specimen 
Modulus of elasticity 

(GPa) 

Yield stress 

(MPa) 

Tensile strength 

(MPa) 

Strain at tensile 

strength 

WDSC stud 202.5 442.0 623.0 0.058 

Tube 194.8 186.4 653.3 0.161 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 
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Table 3. Validation results of the FEM model 643 

Specimen 
Shear resistance Fu (kN) Slip at Fu (mm) 

Test FEM FEM/Test Test FEM FEM/Test 

W-CFT1 128.9 128.9 1.00  7.3 7.4 1.01  

W-CFT2 130.3 131.8 1.01  6.4 6.5 1.02  

W-CFT3 124.2 135.9 1.09  6.9 6.1 0.88  

W-CFT4 136.2 135.2 0.99  7.5 7.6 1.01  

W-CFT5 123.1 122.9 0.99  7.6 7.7 1.01  

W-T1 113.3 115.1 1.02  7.3 7.2 0.99  

W-T2 99.2 98.0 0.99  8.6 8.8 1.02  

W-T3 121.1 119.1 0.98  8.3 8.9 1.07  

W-T4 114.8 117.1 1.02  7.9 8.1 1.03  

 644 

 645 

 646 

 647 

 648 

 649 

 650 

 651 

 652 



Fig 1 Click here to access/download;Figure;Fig. 1.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711337&guid=9183e654-123d-4e8b-a997-cae6e0c757b3&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711337&guid=9183e654-123d-4e8b-a997-cae6e0c757b3&scheme=1


Fig 2 Click here to access/download;Figure;Fig. 2.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711356&guid=971a22a3-eb12-4c80-8311-403c8e7fac1f&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711356&guid=971a22a3-eb12-4c80-8311-403c8e7fac1f&scheme=1


Fig 3a Click here to access/download;Figure;Fig. 3a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711338&guid=2946f4cf-8f8a-42b3-833c-148611034e86&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711338&guid=2946f4cf-8f8a-42b3-833c-148611034e86&scheme=1


Fig 3b Click here to access/download;Figure;Fig. 3b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711339&guid=23efaea6-d8d9-4a15-9635-040487c67a9c&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711339&guid=23efaea6-d8d9-4a15-9635-040487c67a9c&scheme=1


Fig 3c Click here to access/download;Figure;Fig. 3c.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711340&guid=5436035e-9fad-4244-82d3-f06e637d7c0b&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711340&guid=5436035e-9fad-4244-82d3-f06e637d7c0b&scheme=1


Fig 4a Click here to access/download;Figure;Fig. 4a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711343&guid=b0cfc935-9821-42f8-a9c2-afff6d978804&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711343&guid=b0cfc935-9821-42f8-a9c2-afff6d978804&scheme=1


Fig 4b Click here to access/download;Figure;Fig. 4b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711344&guid=c2aaf679-34de-4580-980f-ec63a31e1afb&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711344&guid=c2aaf679-34de-4580-980f-ec63a31e1afb&scheme=1


Fig 4c Click here to access/download;Figure;Fig. 4c.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711345&guid=d1f43081-d829-4473-b94c-147745b2bdde&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711345&guid=d1f43081-d829-4473-b94c-147745b2bdde&scheme=1


Fig 5a Click here to access/download;Figure;Fig. 5a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711357&guid=faec107f-f7c4-43e5-88b6-d3d7f2fca68f&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711357&guid=faec107f-f7c4-43e5-88b6-d3d7f2fca68f&scheme=1


Fig 5b Click here to access/download;Figure;Fig. 5b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711358&guid=dc362809-4732-4614-a69e-74850ca497d1&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711358&guid=dc362809-4732-4614-a69e-74850ca497d1&scheme=1


Fig 5c Click here to access/download;Figure;Fig. 5c.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711359&guid=4cd2de95-46c8-4901-a6ae-124bb7b0e1fd&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711359&guid=4cd2de95-46c8-4901-a6ae-124bb7b0e1fd&scheme=1


Fig 5d Click here to access/download;Figure;Fig. 5d.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711360&guid=014cf18c-d421-4d2e-a49b-d66708346d39&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711360&guid=014cf18c-d421-4d2e-a49b-d66708346d39&scheme=1


Fig 6 Click here to access/download;Figure;Fig. 6.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711361&guid=8aff1b49-7278-4514-8310-db4aed1a9c9b&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711361&guid=8aff1b49-7278-4514-8310-db4aed1a9c9b&scheme=1


Fig 7a Click here to access/download;Figure;Fig. 7a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711362&guid=f4ca2e5d-8003-4a3b-ac26-79bbe317afcd&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711362&guid=f4ca2e5d-8003-4a3b-ac26-79bbe317afcd&scheme=1


Fig 7b Click here to access/download;Figure;Fig. 7b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711363&guid=ae45866d-c89e-4bfa-9e9f-7c132d149f4d&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711363&guid=ae45866d-c89e-4bfa-9e9f-7c132d149f4d&scheme=1


Fig 8 Click here to access/download;Figure;Fig. 8.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711364&guid=70e6a9ed-83d4-4c9b-9552-c8c4717a60fe&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711364&guid=70e6a9ed-83d4-4c9b-9552-c8c4717a60fe&scheme=1


Fig 9 Click here to access/download;Figure;Fig. 9.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711365&guid=bcda140b-c8b2-43ae-81b4-e0b7a5d6036c&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711365&guid=bcda140b-c8b2-43ae-81b4-e0b7a5d6036c&scheme=1


Fig 10 Click here to access/download;Figure;Fig. 10.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711366&guid=ced673b2-d7b7-4126-b423-bceafd0b4241&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711366&guid=ced673b2-d7b7-4126-b423-bceafd0b4241&scheme=1


Fig 11a Click here to access/download;Figure;Fig. 11a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711367&guid=bc1b3518-f383-452a-b377-09934a32dc72&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711367&guid=bc1b3518-f383-452a-b377-09934a32dc72&scheme=1


Fig 11b Click here to access/download;Figure;Fig. 11b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711368&guid=dd52bcab-92fb-49ce-999a-6e1362657ec7&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711368&guid=dd52bcab-92fb-49ce-999a-6e1362657ec7&scheme=1


Fig 12a Click here to access/download;Figure;Fig. 12a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711369&guid=6ae77d6b-40e5-4726-abdc-0f84f9442403&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711369&guid=6ae77d6b-40e5-4726-abdc-0f84f9442403&scheme=1


Fig 12b Click here to access/download;Figure;Fig. 12b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711370&guid=9715d06c-28b5-4fa7-97b5-2923884e04c8&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711370&guid=9715d06c-28b5-4fa7-97b5-2923884e04c8&scheme=1


Fig 13 Click here to access/download;Figure;Fig. 13.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711371&guid=59951c0a-627b-4954-8504-f83d25e3fed5&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711371&guid=59951c0a-627b-4954-8504-f83d25e3fed5&scheme=1


Fig 14a Click here to access/download;Figure;Fig. 14a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711372&guid=ab046ef0-c644-4006-8cc7-40f9df5a6fb2&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711372&guid=ab046ef0-c644-4006-8cc7-40f9df5a6fb2&scheme=1


Fig 14b Click here to access/download;Figure;Fig. 14b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711373&guid=099d8075-43b2-4e53-af44-e26b388a25da&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711373&guid=099d8075-43b2-4e53-af44-e26b388a25da&scheme=1


Fig 15 Click here to access/download;Figure;Fig. 15.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711374&guid=a40607ab-7b0a-4246-807d-4f957fabc8aa&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711374&guid=a40607ab-7b0a-4246-807d-4f957fabc8aa&scheme=1


Fig 16a Click here to access/download;Figure;Fig. 16a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711375&guid=db5f6185-5389-4c95-bdec-33957b9ce733&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711375&guid=db5f6185-5389-4c95-bdec-33957b9ce733&scheme=1


Fig 16b Click here to access/download;Figure;Fig. 16b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711376&guid=a5fed7a5-3600-4e2e-b861-548285598246&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711376&guid=a5fed7a5-3600-4e2e-b861-548285598246&scheme=1


Fig 17a Click here to access/download;Figure;Fig. 17a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711377&guid=b8e9f922-1f21-4655-8ac0-fbaeefce2aea&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711377&guid=b8e9f922-1f21-4655-8ac0-fbaeefce2aea&scheme=1


Fig 17b Click here to access/download;Figure;Fig. 17b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711378&guid=08f543b7-4357-43bd-8c1d-f3b801b70117&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711378&guid=08f543b7-4357-43bd-8c1d-f3b801b70117&scheme=1


Fig 18 Click here to access/download;Figure;Fig. 18.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711379&guid=82263638-8282-47bc-bcc0-76d04cd05040&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711379&guid=82263638-8282-47bc-bcc0-76d04cd05040&scheme=1


Fig 19a Click here to access/download;Figure;Fig. 19a.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711380&guid=fc33e879-a174-4846-8307-50bf8291bbf6&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711380&guid=fc33e879-a174-4846-8307-50bf8291bbf6&scheme=1


Fig 19b Click here to access/download;Figure;Fig. 19b.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711381&guid=741131cc-16ec-4d6a-8dd7-614606e2e7c7&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711381&guid=741131cc-16ec-4d6a-8dd7-614606e2e7c7&scheme=1


Fig 20 Click here to access/download;Figure;Fig. 20.tiff

https://www.editorialmanager.com/jrnsteng/download.aspx?id=711382&guid=f6d83d7c-cf95-4cdd-83af-c7899bfeac09&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=711382&guid=f6d83d7c-cf95-4cdd-83af-c7899bfeac09&scheme=1


Fig. 1. Geometric details of the WDSC: a) photo of tube and stud, b) 3d cut of the tube, and c) 1 

exploded view of a section through opposite longitudinal holes. 2 

 3 

Fig. 2. 3D demountable steel-concrete composite floor/deck. 4 

 5 

Fig. 3. Installation process of WDSCs. 6 

 7 

Fig. 4. Overview sketches of a) W-CFT, b) W-T, and c) S specimens 8 

 9 

Fig. 5. Test setup and instrumentation. 10 

 11 

Fig. 6. Six load cycles in Pilot pushout test. 12 

 13 

Fig. 7. Load-slip behaviour of a) W-CFT, and b) W-T specimens and comparison with FEM 14 

results. 15 

 16 

Fig. 8. Load-slip behaviour of traditional stud pushout tests. 17 

 18 

Fig. 9. Typical failure mode of WDSC: a) upper flange, and b) concrete slab 19 

 20 

Fig. 10. Uplift behaviour of W-CFT1 pushout test. 21 

 22 

Fig. 11. Comparison of load-slip behaviour between WDSC and traditional studs at: a) 27 MPa, 23 

and b) 21 MPa concrete strength. 24 

 25 
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Fig. 12. Failure mode of WDSC when one tube without grout: a) specimen W-T1, and b) 26 

specimen W-T2 27 

 28 

Fig. 13. Details of the FEM model of the WDSC specimen. 29 

 30 

Fig. 14. Validation of stud failure mode in the FEM model: (a) without and (b) with grout. 31 

 32 

Fig. 15. Validation of concrete failure mode of FEM model: (a) without and (b) with grout. 33 

 34 

Fig. 16. Effect of a) concrete strength and b) tube thickness on the behaviour of the WDSC. 35 

 36 

Fig. 17. Effect of a) tensile strength of stud and b) tensile strength of tube on the behaviour of 37 

WDSC. 38 

 39 

Fig. 18. Effect of grout presence and strength on the behaviour of WDSC. 40 

 41 

Fig. 19. Tension versus uplift responses: a) W-CFT specimens, and b) W-T specimens. 42 

 43 

Fig. 20. Tension versus shear responses. 44 




