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1. Introduction 

 

Fire safety has become a significant design criterion in 

modern construction owing to increased building sizes, as 

well as the existence of various combustible materials in 

them. Several design guidelines, such as the Eurocode and 

International Building Code (ICC 2017), recommend that 

the building should withstand fire without collapsing for a 

minimum duration for the safety of the occupants and 

firefighters; the fire resistance rating depends on the 

building purpose and component type. To meet this design 

criterion, a load-bearing capacity should be higher than any 

induced load, including the effect of fire. Composite beams 

have many advantages, such as high stiffness, long span 

length and small beam depth, compared to a non-composite 

design because the material merit is maximised by a 

composite action. A composite interaction in a beam is 

achieved by a shear connection between the steel beam and 

concrete slab. Thus, the shear connector is a crucial element 

to maintain the stability of the composite beam. 

Structural performance of shear connections has been 

widely investigated using experimental and numerical 

methods. A headed shear stud embedded in a solid concrete 

slab was evaluated with various parameters such as stud 

shank damage, percentage of reinforcement, concrete 

property and number of studs (Kumar and Chaudhary 2019, 

Qi et al. 2017, He et al. 2017, Luo et al. 2016, Xu and 

 

Corresponding author, Ph.D. Student, 

E-mail: terence@kfi.or.kr 

 

 

Sugiura 2014). As the failure mechanism of the shear 

connection varies depending on concrete slab types, the 

behaviour of the shear connection with a profiled steel 

sheeting was also analysed with respect to a deck 

configuration, stud location and concrete strength (Sun et al. 

2019, Nellinger et al. 2017, Qureshi et al. 2011, Ellobody 

and Young 2006). Few studies have addressed the effect of 

temperature on shear connections to predict the structural 

stability in case of fire (Davoodnabi et al. 2019, Mashiri et 

al. 2017, Rodrigues, 2014, Wang 2012). Furthermore, 

limited experiments have been conducted concerning shear 

studs embedded in a trapezoidal deck slab at elevated 

temperatures (Shahabi et al. 2016). 

The capacity of the headed shear stud at high 

temperatures was initially investigated by Zhao and Kruppa 

(1996) using high-temperature push-out tests. The shear 

resistance was evaluated by placing each specimen on a slot 

of a furnace to simulate a fire condition. Hot gas rose from 

the furnace slot to the bottom of the specimen based on the 

ISO 834 standard fire. A total of 35 push-out tests were 

carried out by inducing heat and constant load. Most of the 

specimens used were headed shear studs embedded in a 

solid slab, and a shearing occurred around the stud root 

area. A temperature ratio of the stud to steel flange was 

investigated to express a shear resistance reduction with 

reference to the flange temperature. The stud temperature 

was measured at the weld collar, which was defined as 5 

mm above the bottom of the stud. The temperature ratio 

was decreased to around 40% at the beginning of the 

heating process, and it did not exceed 80% until the flange 

temperature approached 700℃. Zhao and Kruppa (1996) 

reported a strength reduction rate with respect to the 
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temperature of the shear stud and concrete. These findings 

were adopted in EC4-1-2 (CEN 2014b) to calculate a shear 

resistance at high temperatures; the strength reduction rate 

is multiplied by the shear resistance at ultimate limit state 

(ULS) depending on the cause of failure. 

Twenty-four push-out tests were conducted by Chen et 

al. (2012) incorporating a headed shear stud in a solid, 

parallel and transverse deck slab at both ULS and fire limit 

state (FLS). The load-bearing capacity was investigated by 

inducing a displacement load when the stud temperature 

approached a designated value, which was measured 10 mm 

from the bottom of the shear stud because the temperature 

rate of increase was different from the ISO 834 standard 

fire. The stud shearing failure was observed in the solid and 

parallel deck slab, whereas the failure mode was changed 

from a concrete rib shearing to the stud shearing at around 

500℃  of the stud temperature in the transverse deck 

specimen. The shear resistance was reduced by 60% and 

35% when the shear stud was embedded in the solid and 

transverse deck slab at the stud temperature of 600℃. 

Yasuda et al. (2008) carried out a modified push-out test 

using a specimen with a one-sided concrete slab. The 

opposite side was placed on a heating apparatus. Five 

transverse trapezoidal deck specimens having two studs in a 

rib with a staggered position were prepared. The specimens 

subjected to the ISO 834 standard fire condition while a 

constant load was applied. When the stud temperature 

reached 685℃, the shear resistance was reduced to 26% of 

its shear resistance at ULS. They argued that the most 

critical parameter to determine the shear strength in the fire 

condition is the temperature at the bottom of the shear stud. 

Steel-framed construction has been widely used in the 

UK, which has been over 65% of the multi-story, non-

residential building market for the last two decades 

(McCam-Bartlett 2019). In composite construction, a 

trapezoidal deck is commonly utilised because it plays a 

role as both a platform for stud welding and reinforcement 

bar arranging as well as a formwork during concrete 

casting. However, the analytical calculation method of the 

shear resistance at FLS in the current EC4-1-2 (CEN 

2014b) is based on the push-out tests using solid slab 

specimens. Therefore, it is necessary to investigate the 

structural capacity of the shear connection at high 

temperatures when utilising a transverse deck slab. 

 

 

 

Fig. 1 Assembly drawing of the high-temperature test set-up 

The objective of this study is to determine the influence 

of temperature on the shear resistance in a composite 

structure. Failure modes for different slab types were also 

observed. Twelve push-out tests were carried out under 

ambient and fire conditions by incorporating customised 

heating equipment. These results were compared to the 

design guidance of EC4-1-2 (CEN 2014b) and ANSI360-10 

(2010), and a new design criterion is subsequently 

proposed. 
 

 

2. Experimental program 
 

2.1 Test setup and specimens 
 

The standardised push-out test in EC4-1-1 (CEN 2009) 

is specialised for a headed shear stud embedded in a solid 

slab. There is, however, no guidance for either a trapezoidal 

deck specimen or a high-temperature experiment. Hicks 

(2009) proposed a push-out test specimen utilising a 

trapezoidal deck by enlarging the concrete slab with two 

levels of shear stud installation. The widened concrete slab 

helps to avoid cracking at the side section of the concrete 

ribs in the case of a concrete pull-out failure. The stud 

arrangement inhibits an artificial failure mode caused by the 

rotation of the rib. For this reason, the standard push-out 

test specimen of EC4-1-1 (CEN 2009) was modified to 

incorporate a transverse deck according to the 

recommendation of Hicks (2009). 

A customised electric furnace was designed according to 

the configuration of the push-out test specimen. It can 

replicate the ISO 834 standard fire by applying heat from 

both sides of the specimen, as depicted in Fig. 1. Two 

heating panels were attached to the specimen, and the top 

and bottom sides were insulated to prevent heat loss during 

the heating process. 

The Multideck 60-V2 was used for the trapezoidal deck, 

which has a height of 61 mm and an average breadth of 155 

mm. A 19-mm diameter headed shear stud with a height of 

100 mm was welded through the 1.2-mm deck to a steel 

flange using an automatic welding gun at a favourable side; 

the distance from the mid-height of the deck in the loading 

direction to the centre of the shear stud was 117.5 mm. In 

addition, the shear stud was welded directly to the steel 

flange when utilising the 0.9-mm deck, which formed a 34-

mm diameter hole at the stud location. A 1100-mm long 

Universal Beam (UB) with dimensions 350 × 350 and a unit 

weight of 156 kg/m was used as the steel section. A 10-mm 

diameter ribbed bar was placed on the deck shoulder for 

reinforcement. The size of the concrete slab was 750 mm × 

1050 mm with a depth of 150 mm. The specific dimensions 

of the specimen are provided in Fig. 2. A solid slab 

specimen was also designed to compare the stud behaviour 

under elevated temperatures; the same steel and concrete 

sections were used, and the only difference was the absence 

of the steel sheeting. Table 1 presents the specification of 

the twelve specimens. 

 

2.2 Materials and instruments 
 

The material properties of the concrete slab and shear 
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Fig. 2 Dimensions and thermocouple (TC) locations of the 

push-out test specimen 

 

 

stud were evaluated. Cylindrical concrete specimens with a 

100-mm diameter and 200-mm height were used to obtain 

the compressive strength. The mean values of the concrete 

cylinder compressive strengths 𝑓𝑐𝑚 were 51 MPa and 32 

MPa. The elastic modulus, tensile strength and 

characteristic compressive strength of concrete were 

calculated based on EC2-1-1 (CEN 2014a). The shank part 

of the headed shear stud was machined to make a tensile 

test coupon in accordance with ISO 6892-1 (ISO 2016). The 

average yield and ultimate stresses were 415 MPa and 473 

MPa with an elongation of 25%. 

 

2.3 Test procedure 
 

The basic concept of the experimental procedure follows 

EC4-1-1 (CEN 2009) which specifies an initial cyclic 

loading and measuring range of the applied load. All the 

specimens experienced a cyclic loading phase with a range 

of 30% to 5% of an established failure load to break the 

bonds between the steel flange and concrete slab and 

 

 

stabilise the specimen; the failure load was calculated by 

EC4-1-1 (CEN 2009). Then, a displacement load was 

applied immediately after the cyclic loading at ULS. The 

load-slip behaviour was measured until the applied load was 

reduced to 20% of the maximum obtained strength. In the 

case of the high-temperature experiment, a specimen was 

subjected to the ISO 834 standard fire condition by 

applying a constant load which was 20% to 60% of the 

established failure load. Although the load-slip relationship 

cannot be collected from this procedure, it is suitable to 

replicate a fire situation. A fire resistance time and slippage 

can be achieved through the high-temperature experiment. 

An applied load, relative slip and temperatures were 

measured during the push-out tests. A square plate swivel 

jig was placed between the steel beam and actuator which 

has the maximum capacity of 2500 kN. Three linear 

variable differential transformers (LVDT) were installed to 

measure the vertical and lateral displacement at each slab as 

shown in Fig. 3. A relative slip between the loading plate 

and concrete slab was obtained using LVDT 1 and LVDT 2. 

 

 

 

Fig. 3 Furnace and LVDT setup for the high-temperature 

experiment 

 

 

 

Table 1 Detailed descriptions of the test specimens 

Specimen Slab type 
Profiled steel 

sheeting thickness [mm] 

Stud welding 

method 

Concrete strength 

[𝑓𝑐𝑚, MPa] 
Test condition 

S-1 

Solid - Direct welding 51 
ULS 

S-2 

SH-1 FLS 

T1-1 
Transverse 

deck 
1.2 

Through-deck 

welding 
51 

ULS 
T1-2 

T1H-1 FLS 

T2-1 

Transverse 

deck 
0.9 

Direct welding 

through 

the deck hole 

32 

ULS 
T2-2 

T2H-1 

FLS 
T2H-2 

T2H-3 

T2H-4 
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K-type thermocouples were used to collect the 

temperatures of the web and flange. The gas temperature in 

the enclosure space between the specimen and electric 

furnace was measured at the middle height of the two levels 

of the shear stud. 

 

3. Results and discussion 
 

3.1 Temperature distribution 
 

The push-out test specimens were heated according to 

the ISO 834 standard fire condition which shows a rapid 

temperature rise initially and a gradual increase afterwards. 

To illustrate the temperature boost region, the input current 

of the electric furnace was controlled to increase the 

enclosure temperature linearly up to 540℃ during the first 

4 minutes. As indicated in Fig. 4(a), the gas temperature 

(T0) starts to increase linearly within a short period of time 

and complies with the ISO 834 fire curve after 4 minutes 

have elapsed. 

The stud temperature at the shearing position is the 

critical parameter in determining the shear resistance as the 

failure mode is the stud shearing. Although the 

recommended stud temperature is 80% of the flange 

temperature in EC4-1-2 (CEN 2014b), this temperature 

ratio can be changed according to the experimental 

conditions, such as moisture content of the concrete slab, 

heating rate and shadow effect. Dara (2015) carried out a 

modified push-out test by placing a specimen into 

 

 

 

 

a customised electric furnace. The temperature ratio 

between the shear stud and steel flange approached 90% to 

95%. In the current study, the moisture in the concrete 

section smeared out to the back side of the slab during the 

heating process as shown in Fig. 4(b). In order to avoid the 

moisture disturbance during temperature measurement, a 

thermocouple was installed at the stud root through a hole 

that was created by drilling from the inside of the flange to 

the bottom of the stud shank. A temperature ratio of around 

90% was obtained in the experiment. 

The measured temperature data for different slab types 

were presented in Fig. 4(a). The web temperature shows a 

similar value throughout all types of specimens, while the 

flange temperature of the transverse deck specimen gives a 

higher value than the solid slab specimen. This temperature 

difference was caused by the additional area exposed to hot 

gas in the transverse deck as well as thermal conduction 

between the flange and concrete slab in the solid slab 

specimen. Zhao and Kruppa (1996) also found the 

temperature difference according to the slab types in 

composite beam experiments. The upper flange temperature 

of the rib deck specimen was higher than the solid slab 

specimen, while a similar temperature was observed at the 

web and bottom flange. It can be anticipated that the shear 

stud in the transverse deck slab is more vulnerable to fire 

than in the solid slab because the higher temperature of the 

stud root area was observed under the identical fire exposed 

condition. 

 

 

 

 

  

(a) Temperature distributions (b) Concrete slab during and after the heating process 

Fig. 4 Thermal response of the specimens 

  

(a) Load-slip relationship at room temperature (b) Time-slip relationship at high temperature 

Fig. 5 Structural response of the solid slab specimens 
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3.2 Mechanical behaviour 
 

The load-slip relationship at ULS and slip-time curve at 

FLS are plotted in Figs. 5-7 according to the specimen type. 

When the shear stud was embedded in a solid slab, the shear 

resistance consistently increased until the maximum load 

was reached in the ambient condition. Beyond the 

maximum resistance, the applied load decreased stepwise 

with a loud noise due to the stud tearing in the specimen. A 

different characteristic slip was observed depending on the 

fracture of each stud of four studs installed in a specimen. A 

constant load of 40.5 kN with the ISO 834 standard fire 

condition was applied to evaluate the shear resistance in a 

fire. The bottom of the shear stud was sheared after 80 

minutes of the heating process. A negative slip was found at 

the beginning of the experiment owing to the thermal 

expansion of the steel and concrete sections, which 

indicates the thermal expansion force is higher than the 

applied load. 

Two specimens were used to investigate the shear 

connection capacity in the 1.2 mm transverse deck slab at 

ULS, which gives an average resistance of 129 kN. 

Although the slip at the peak load was different, both 

experiments showed an analogous shear resistance as 

depicted in Fig. 6(a). This slip difference came from the 

heterogeneous property of concrete because the same 

failure mode of the concrete pull-out was found at both 

push-out tests. When 20.3 kN was applied continuously 

during the entire heating process, the stud shearing occurred 

 

 

 

 

at the interlayer between the top flange and bottom of the 

stud weld collar after 81 minutes of heating. A negative slip 

was also observed during the heating process. It 

consistently increased for 40 minutes, and gradually 

decreased from 40 to 80 minutes of the heating process by 

virtue of thermal degradation of the shear connection, as 

plotted in Fig. 6(b). The slip value rapidly changes from the 

negative to positive direction at 81 minutes accompanied by 

the stud shearing failure. 

When the shear stud was directly welded on the steel 

flange incorporating the 0.9-mm transverse deck with a 34-

mm diameter hole, the average resistance of 86.5 kN was 

observed at ULS. The shear resistance reduces by 33% in 

comparison to the 1.2-mm deck specimen due to the deck 

thickness, stud welding method and concrete strength. In 

high-temperature experiments, the longer fire resistance 

time and higher negative slip were observed in the smaller 

initial load model, as shown in Fig. 7(b). The stud root area 

was sheared 77 minutes into the heating process when the 

initial loading of 30.4 kN was induced (T2H-3, T2H-4); 

both experiments show a comparable slip-time behaviour. 

Approximately 8 min of deviation was observed in the 45.6 

kN models (T2H-1, T2H-2) because of the concrete 

crushing around the shear stud. 

The obtained shear resistance was compared to the EC4-

1-1 (CEN 2009) and ANSI 360-10 (2010), as presented in 

Table 2. The design guidance of EC4-1-1 (CEN 2009) gives 

a conservative estimate regardless of the slab type, while 

ANSI 360-10 (2010) predicts a higher load in the 0.9 mm 

  

(a) Load-slip relationship at room temperature (b) Time-slip relationship at high temperature 

Fig. 6 Structural response of the transverse deck specimens with through-deck welding 

  

(a) Load-slip relationship at room temperature (b) Time-slip relationship at high temperature 

Fig. 7 Structural response of the transverse deck specimens with through-hole welding 

747



 

Ohk Kun Lim, Sengkwan Choi, Sungwook Kang, Minjae Kwon and J. Yoon Choi 

 

 

 

 

 

 

 

 

deck specimen since it does not consider the deck thickness 

and welding method. The analytical calculation of EC4-1-1 

(CEN 2009) provides a conservative estimate because a 

scattering factor is included in the characteristic shear 

resistance formula to consider the deviations among 

available experimental data based on the statistical study. 

Therefore, the deck thickness and stud welding method 

should be considered when calculating the shear resistance 

in the transverse deck applications at ULS. 

 

3.3 Failure mode 
 

The stud shearing failure was observed in the solid slab 

 

 

 

 

 

specimens under ambient and fire conditions with a 

different shearing location. The shearing occurred right 

above the weld collar, and the surrounding concrete was 

crushed in the loading direction at ULS. The overly bent 

stud shank is depicted in Fig. 8(a). In the high-temperature 

experiment, the boundary between the flange and the 

bottom of the weld collar was sheared off, as shown in Fig. 

8(b). Higher thermal degradation of the flange shifted the 

shearing location down by virtue of the temperature 

gradient in composite beams. 

Different failure modes were observed according to the 

temperature in the transverse deck specimens. The concrete 

pull-out failure was found at ULS, whereas the stud 

Table 2 Comparison of the shear resistance at ULS 

Specimen 
𝑃𝑒  

[kN] 

𝑃𝑒,𝑅𝑘 

[kN] 

𝑃𝐸𝐶4 

[kN] 

𝑃𝐴𝑁𝑆𝐼 
[kN] 

𝑃𝑒,𝑅𝑘/𝑃𝐸𝐶4 𝑃𝑒,𝑅𝑘/𝑃𝐴𝑁𝑆𝐼 Failure mode 

S-1 135 
121.5 107.5 100.8 1.13 1.2 Stud shearing 

S-2 145 

T1-1 130 
115.2 102 100.8 1.13 1.14 

Concrete 

pull-out T1-2 128 

T2-1 90 
74.7 68 100.5 1.1 0.74 

Concrete 

pull-out T2-2 83 
 

  

(a) At room temperature (S-1) (b) At high temperature (SH-1) 

Fig. 8 Failure mode of the solid slab specimens 

  

(a) At room temperature (T1-1) (b) At high temperature (T1H-1) 

Fig. 9 Failure mode of the trapezoidal deck specimens with through-deck welding 

  

(a) At high temperature (T2H-3) (b) At high temperature (T2H-1) 

Fig. 10 Failure mode of the trapezoidal deck specimens with through-hole welding 
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shearing occurred at FLS. Considering heat paths and 

thermal conductivity of steel and concrete materials, the 

stud root area exhibits a higher temperature compared to the 

surrounding concrete. This higher thermal degradation of 

the steel material is the cause of the failure mode change. 

Concrete cracking around the shear stud was observed at 

ULS when examining the sliced specimen as provided in 

Fig. 9(a). This indicates that the shear resistance is 

determined not by the ultimate stud strength but by the 

concrete cracking caused by the rotation of the concrete rib. 

The crack started from the deck stiffener and extended to 

the deck shoulder through the stud head, which means the 

deck stiffener can be an influencing factor in determining 

the shear resistance in modern trapezoidal deck 

constructions. It makes the concrete cracking surface larger 

than a deck that does not have the stiffener. The deck 

stiffener and deck shoulder were deformed in the downward 

direction because of the concrete failure surface and 

moment at the stud root. A small amount of concrete 

crushing was found near the stud root in the loading 

direction. At high temperatures, the shearing occurred at the 

bottom of the weld collar in the upper-level stud and the 

steel flange was peeled off in the lower level stud (Fig. 

9(b)) which withstands a higher load than another stud. The 

failure mechanism of the stud shearing was the same as the 

solid slab specimen. 

When the shear stud was directly welded to the steel 

flange via a deck hole, concrete crushing and cracking were 

the causes of the failure at room temperature. The failure 

mode also changes to the stud shearing as temperature rises. 

When 55% of the shear resistance at ULS was induced, the 

stud shearing and concrete crushing were observed 

simultaneously. As shown in Fig. 10(a), half of the stud 

shank was sheared because the stud shearing was 

accompanied with concrete crushing; the other three shear 

studs in the same specimen were completely detached. 

When a smaller load was applied, all the shear studs in the 

specimen were sheared off as depicted in Fig. 10(b), which 

is the same failure mechanism as the other types of 

specimens. Therefore, it can be concluded that the primary 

cause of the failure at high temperatures is the thermal 

degradation of the steel materials (stud and flange), 

regardless of the slab type. 
 

3.4 Design consideration 
 

The design guidance of EC4-1-1 (CEN 2009) provides 

formulas for calculating the shear resistance of the headed 

shear connector at ULS based on experimental 

investigations. The characteristic shear resistance in a solid 

slab can be predicted depending on the cause of failure; a 

smaller value is adopted for design among the following 

equations 
 

𝑃𝑘,𝑠𝑡𝑢𝑑 = 0.8𝑓𝑢𝐴𝑠 (1) 

 

𝑃𝑘,𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 0.29𝛼𝑑2√𝑓𝑐𝑘𝐸𝑐𝑚 (2) 

 

where, 𝑃𝑘,𝑠𝑡𝑢𝑑 is the characteristic shear resistance caused 

by the stud failure, 𝑃𝑘,𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 is the characteristic shear 

resistance caused by a concrete-dominated failure, 𝑓𝑢 is the 

ultimate tensile strength of the stud material [MPa], 𝐴𝑆 is 

the cross-sectional area of the stud shank [mm2], α is the 

height parameter of the shear stud (α = 0.2(ℎ𝑠𝑐/𝑑 + 1) 
when 3 ≤ ℎ𝑠𝑐 ≤ 4  and α = 1  when ℎ𝑠𝑐/𝑑 > 1 , ℎ𝑠𝑐  is 

the overall nominal height of the stud [mm], 𝑑 is the stud 

shank diameter [mm], 𝑓𝑐𝑘 is the characteristic compressive 

cylinder strength [MPa] and 𝐸𝑐𝑚  is the secant elastic 

modulus of concrete [MPa]. 

When a trapezoidal deck is laid transverse to supporting 

beams, a further reduction is required according to the deck 

geometry and welding method. The shear resistance of a 

solid slab specimen is multiplied by the deck reduction 

factor which is given by 
 

𝑘𝑡 =
0.7

√𝑛𝑟

𝑏0
ℎ𝑝

(
ℎ𝑠𝑐
ℎ𝑝

− 1) (3) 

 

where 𝑘𝑡 is the transverse deck reduction factor, 𝑛𝑟 is the 

number of studs in a rib (𝑛𝑟 ≤ 2), 𝑏0  is the average 

breadth of the deck [mm], ℎ𝑝 is the deck height [mm] and 

ℎ𝑠𝑐 is the overall nominal height of a stud connector [mm]. 

The characteristic shear resistance in a fire can be 

calculated incorporating the thermal degradation rate of the 

steel and concrete materials in EC4-1-2 (2014). The smaller 

value is also selected for a design regardless of the failure 

mode change which has been described in section 3.3. The 

shear resistance of the solid slab 𝑃𝑘 and transverse deck 

reduction factor 𝑘𝑡  are multiplied by the thermal 

degradation rate of materials as follows 
 

𝑃𝑓𝑖,𝑘,𝑠𝑡𝑢𝑑 = 𝑃𝑘,𝑠𝑡𝑢𝑑𝑘𝑡0.8𝑘𝑢,𝜃 (4) 

 

𝑃𝑓𝑖,𝑘,𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝑃𝑘,𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒𝑘𝑡𝑘𝑐,𝜃 (5) 
 

where 𝑃𝑓𝑖,𝑘  is the characteristic shear resistance under 

elevated temperatures, 0.8 is the empirical constant, 𝑘𝑢,𝜃 is 

the ultimate strength reduction factor of steel at elevated 

temperatures, 𝑘𝑐,𝜃  is the strength reduction factor of 

concrete at elevated temperatures and the 80% and 40% of 

the flange temperature is used to obtain 𝑘𝑢,𝜃  and 𝑘𝑐,𝜃 

parameters, respectively. 

The failure mode in the transverse deck specimen 

changes from a concrete-dominated failure such as a 

concrete pull-out and rib shearing to the stud shearing as the 

temperature rises (Chen et al. 2015). This phenomenon was 

also observed when two studs were embedded in a rib with 

a staggered position (Yasuda et al. 2008). This infers that 

the shear resistance increases with regard to the number of 

studs in a trough at high temperatures. The aforementioned 

literature and experimental results were compared to EC4-

1-2 (2014) with reference to the failure mode in Fig. 11; the 

empty dot indicates the concrete-dominated failure, and the 

filled dot represents the stud shearing failure. The Eurocode 

guidance gives a highly conservative estimate especially 

when the shear resistance at ULS is comparatively small. 

All the observed failure modes were the stud shearing when 

the stud temperature exceeded around 600℃. The stud 

shearing was caused by an excessive load at the stud root 

area that is higher than the stud tensile strength and smaller 

than the capacity of the surrounding concrete at a given 
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Fig. 12 Design considerations of shear resistance at FLS 
 

 

temperature. It also proves that the most critical parameter 

at high temperature is the strength at the stud root area, 

which is the same cause of failure in the solid slab 

specimen. 

When the high-temperature experimental data were 

compared to the analytical prediction of the stud shearing 

failure of EC4-1-2 (2014) without adopting the transverse 

deck reduction factor 𝑘𝑡 , the Eurocode guidance 

successfully predicts the shear resistance regardless of the 

slab types as plotted in Fig. 12. Although the shear 

capacities at ULS were considerably different with respect 

to the deck geometry and stud welding method, the shear 

resistance under high temperatures converges on the solid 

slab design guidance when the failure mode was the stud 

shearing. Considering this experimental investigation, the 

shear resistance calculation method of the solid slab can be 

applied to the transverse deck application when the stud 

temperature exceeds around 600℃. Thus, a modified 

equation can be used to design the shear resistance at high 

 

 

temperatures in the case of the stud shearing failure without 

regard to the slab type. Eq. (4) needs to be replaced by the 

following formula 
 

𝑃𝑓𝑖,𝑘,𝑠𝑡𝑢𝑑 = 𝑃𝑘,𝑠𝑡𝑢𝑑0.8𝑘𝑢,𝜃 (6) 
 

where 𝑃𝑓𝑖,𝑘,𝑠𝑡𝑢𝑑  is the characteristic shear resistance 

caused by the stud failure under elevated temperatures. 

The number of studs in a rib is a prominent influencing 

parameter in determining the shear resistance in a transverse 

deck slab at ULS, which has been argued regarding the 

relationship between the strength reduction ratio and the 

number of embedded studs. However, it also complies with 

the prediction of Eq. (6) when the stud shearing failure 

occurs. It can be deduced that the more a shear stud is 

embedded in a rib, the stronger the resistance of the shear 

connection at high temperatures. 
 

 

4. Conclusions 
 

The performance of the headed shear stud embedded in 

a transverse trapezoidal deck and solid slab at both ULS and 

FLS was investigated with regard to the slab type, deck 

thickness and stud welding method. Twelve push-out tests 

were conducted using a customised electric furnace to 

illustrate the ISO 834 standard fire condition, from which, 

the following conclusions were drawn: 
 

● A deck stiffener affects the shape of the concrete 

cracking surface at ULS. A larger cracking area is 

expected when incorporating a modern trapezoidal 

deck. 

  

(a) Solid slab and 1.2 t through-deck welded specimen (b) 0.9 t through-hole welded specimen 
 

  

(c) 1.2 t through-deck welded specimen (Chen et al. 2015) (d) 1.2 t through-deck welded specimen (Yasuda et al. 2008) 

Fig. 11 Comparisons of the experimental data and Eurocode guidance 
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● A relatively higher flange temperature is observed in 

the transverse deck specimen compare to the solid 

slab specimen, while an analogous temperature is 

measured at the web. Consequently, thermal 

degradation at the stud root area varies depending on 

the slab type under the same fire condition, which 

means utilising the solid slab is more robust to fire 

than adopting the transverse deck slab. 

● A stud shearing failure is observed in all the solid 

slab specimens, whereas the failure mode changes 

from a concrete-dominated failure to the stud 

shearing in the transverse deck specimen as 

temperature rises. As the cause of failure is the stud 

shearing at FLS, the thermal degradation in the stud 

root area is a critical parameter in deciding the shear 

resistance regardless of the slab type. Thus, a new 

design formula is proposed by excluding the 

transverse deck reduction factor 𝑘𝑡  based on the 

design guidance of EC4-1-2 (2014). It can be used in 

high temperature applications irrespective of the slab 

type. 

● The capacity of the shear connection increases in 

accordance with the number of the studs embedded 

in a trough in the transverse deck slab when the 

expected failure mode is the stud shearing at 

elevated temperatures. 

● Welding method and deck thickness are essential 

parameters to determine the shear resistance in 

transverse deck applications at ULS. However, its 

effect decreases as temperature rises because the 

cause of failure changes to the thermal degradation 

of the steel section. 
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