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Abstract 8 

Profiled composite walls (PCWs) are regularly used in construction because they provide enhanced ductility, 9 
shear resistance and damage tolerance when compared to traditional reinforced concrete walls. Although 10 
much research has been conducted to understand the structural performance of PCWs at ambient 11 
temperature, studies into their performance at high temperatures remain limited. In this work, a 12 
comprehensive set of experiments has been conducted to investigate the performance of PCWs at both 13 
ambient and elevated temperatures. A heat source comprising of radiant burners and 1MN MTS machine 14 
were employed to deliver known and actively controlled thermal and structural boundary conditions on the 15 
PCW samples. The experiments were conducted to understand the effects of an incident heat flux when 16 
combined with loads. The results from this study have shown that (i) the axial load capacity of PCWs 17 
decreases as the temperature increases; (ii) the PCWs tends to exhibit ductile failure modes when cold but 18 
brittle failure at high temperature; (iii) due to thermal bowing, the failure plane of the PCWs subjected to 19 
one-side heating shifts closer to the heating source; and (iv) applying a load in an eccentric manner can 20 
compensate for the effect of temperature gradient. 21 

Keywords: temperature gradient, failure modes, failure plane, axial load capacity, profiled composite wall. 22 

NOMENCLATURE 23 

Nu
amb:  axial load capacity of the PCW at ambient 24 

temperature (kN); 25 
Nuc

amb:  axial load capacity of the concrete core at 26 
ambient temperature (kN); 27 
Nus

amb:  axial load capacity of the steel sheet at 28 
ambient temperature (kN); 29 

P20:  an initial compressive load of 0.2Nu
amb; 30 

P40:  an initial compressive load of 0.4Nu
amb; 31 

E10:  eccentricity of 10 mm from the centroid 32 
axis; 33 
HF42:  incident heat flux of 42 kW/m2; 34 
HF60:  incident heat flux of 60 kW/m2;35 

 36 

1. INTRODUCTION 37 

Profiled composite walls (PCWs) were developed as a variant of the concept of using a profiled steel sheet in 38 
a flooring system [1, 2]. PCWs consist of two skins of profiled steel sheets with an in-fill concrete core. The 39 
composite interaction between the steel sheets and concrete core can be enhanced through the use of (i) 40 
the crest and embossment system on steel sheets and (ii) intermediate fasteners [3]. Compared to a 41 
traditional reinforced wall with similar load-carrying capacity, a PCW is typical of smaller thickness and 42 
lighter, thereby reducing the total dead load on the foundation [4]. Besides, PCWs are ductile and exhibit 43 
higher shear resistance and better damage tolerance in the concrete core during service [3]. It is clear that 44 
PCWs can replace traditional reinforced concrete walls as structural elements to withstand various loadings 45 
(axial, cyclic, lateral, impact or combined loadings). 46 

Research in the performance of PCWs at ambient temperature has been widely conducted using 47 
experimental, analytical and numerical studies [1, 2, 5-13]. Wright [9] conducted 13 tests to investigate the 48 
axial behaviour of PCWs, and demonstrated the efficiency of PCWs compared to conventional reinforced 49 
walls in terms of stability and the prevention of global buckling. Similarly, Hossain and Wright [11] conducted 50 
several tests on PCWs with normal strength concrete infill under cyclic loading to highlight the effects of using 51 
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embossment and intermediate bolts on the shear interaction between the profiled steel skins and concrete 52 
core. The enhanced structural performance of PCW’s over the conventional reinforced wall at ambient 53 
temperatures [1, 2, 7] has resulted in this type of composite wall being used as not only non-load-bearing 54 
but also load-bearing elements in low-rise residential, industrial and high-rise buildings [1, 6, 13]. A further 55 
advantage of PCWs is that the steel sheets can act as permanent formwork during the construction stage, 56 
thereby reducing the time and cost associated with the labour-intensive construction [2]. Thus, PCWs 57 
enhance the speed of construction without compromising structural performance at ambient temperatures 58 
[9]. 59 

In many cases, non-load bearing and load bearing walls are required to deliver structural performance in the 60 
event of a fire. The expectation for a wall is that they will contain the fire by remaining undamaged and 61 
fulfilling their intended function. Thus, the relevant objective is to retain adequate performance while 62 
subjected to one side heating. Despite this requirement, research on thermal behaviour as well as on 63 
understanding the combined thermal and structural behaviour of PCWs remains somewhat limited [3, 7, 13-64 
15]. The report by Hu and Nicholls [16] indicates that the structural performance of prefabricated PCWs at 65 
high temperatures has been neglected in fire tests. Consequently, the true structural performance of such 66 
PCWs at high temperature remains largely unknown.  67 

Study conducted by Taormina and Hossain [14] seems the only experimental research that investigated the 68 
structural behaviour of PCWs at elevated temperatures. In their experimental program, the residual load 69 
capacity, load-deflection behaviour, concrete cracking, buckling of the steel sheets and overall failure modes 70 
were explored in a systematic manner. Their paper reveals similar behaviour at an elevated temperature 71 
between PCWs and other concrete/steel composite systems; nevertheless, their findings remain essentially 72 
qualitative.   73 

Other studies exploring the high temperature performance of concrete/steel composite systems such as 74 
concrete-filled steel tubular columns have established different areas of potential interest for PCWs. During 75 
the heating process, the gap between the steel sheet and concrete core is believed to significantly affect the 76 
performance of these composite systems at elevated temperatures [17]. A change in gap size influences not 77 
only the heat transfer between the steel sheets and the concrete core but also the buckling of the steel sheets 78 
and the confinement to the concrete core. Therefore, neglecting the effect of the gap conductance and gap 79 
size can lead to an inaccurate estimation of the temperature and temperature gradient in the composite 80 
wall, and consequently, an incorrect prediction of its structural fire performance [17-19]. These effects 81 
remain inadequately examined and quantified for PCWs. 82 

When subjected to high temperatures, the properties of both steel and concrete are generally reduced at 83 
different rates [20]. Furthermore, the difference in the expansion behaviour of both concrete and steel 84 
materials under a combination of thermal and structural loads introduces coupled effects of stress and 85 
thermal expansion that potentially govern the overall stress and strain development [21]. Again, such effects 86 
have not been properly examined and quantified for PCWs. 87 

The temperature gradient within the cross-section may shift the effective centroid towards the colder region, 88 
thus increasing the bowing of the sample towards the heating source. These effects have been shown to 89 
result in different failure modes at elevated temperatures for other types of structural systems [22, 23]. 90 
However, there have been no reported studies that properly consider these combined effects on PCWs.  91 

The experimental study reported in this paper sought to understand and quantify the structural behaviour 92 
of PCWs when subjected to combined axial and thermal loadings. A unique novel test setup was used in this 93 
research, including (i) reliable structural boundary condition using 1MN MTS machine, (ii) reliable thermal 94 
boundary condition using a novel burner system, and (iii) reliable thermal-structural information captured 95 
throughout the testing process. The data collected were analysed to examine and quantify the effects of 96 
combined axial and thermal loadings on PCWs.  97 
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2. SAMPLE FABRICATION AND EXPERIMENTAL SETUP  98 

2.1. Samples preparation 99 

Normal strength concrete with a 28-day compressive strength of 25 MPa was used as the in-fill material for 100 
the PCWs. The binder was Ordinary Portland Cement, and the maximum aggregate size was 10 mm. 101 
Cylindrical samples were cured under the same conditions as the test samples to ensure consistency of the 102 
concrete properties at ambient temperature. 103 

Cold-rolled mild steel with a thickness of 0.95 mm was used to fabricate the steel sheets. The steel sheet has 104 
a tensile yield strength of 280 MPa and Young’s modulus of 200000 MPa. All mixing and casting were 105 
conducted in accordance with Australian standards [24, 25].  106 

After casting, the samples were kept moist continuously by covering with damp cloths. At seven days after 107 
casting, the PCW samples were de-moulded and wrapped in plastic to ensure negligible moisture exchange 108 
between the concrete and surrounding environment. The PCW samples were then wrapped until the testing 109 
day. 110 

Nineteen small-scaled PCWs, with nominal dimensions of 290 mm (width) × 400 mm (height) × 80 mm 111 
(thickness), were designed to behave as short walls, as shown in Fig. 1. Two crests on a steel sheet with 112 
dimensions of 25 mm × 20 mm × 15 mm (Figs 1 and 2)were made to create a self-interlocking mechanism 113 
between the concrete and steel sheet after casting. 114 

 115 
Fig. 1. Details of profiled composite wall. 116 



 

4 
 

 117 
Fig. 2. Photo of samples Series 2. 118 

2.2. The experimental setup 119 

2.2.1. Mechanical loading system 120 

Fig. 3 shows a schematic of the compression tests conducted on the PCW samples. The critical components 121 
of the setup are summarised as follows: 122 

- A 1MN MTS machine was used to generate compressive loads with two water-cooled systems above 123 
and below the test specimens.  124 

- Two spherical seats were located at the top and bottom of the samples to generate the pinned-125 
pinned supports.  126 

- During testing, the data were recorded by a data logger embedded in the MTS testing machine.  127 

 128 
a) Front view                                          b) Side view 129 

Fig. 3. Mechanical loading test setup. 130 

2.2.2. Compressive loading at different eccentricities  131 

Fig. 4 is a schematic of the setup for applying compressive loading at zero and 10-mm eccentricity on the 132 
samples. Two stainless steel caps, placed at the top and bottom of the samples, are bolted to the water-133 
cooled platens. 134 
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 135 
a) Zero eccentricity                                               b) 10-mm eccentricity 136 

Fig. 4. Details for applying compressive loading at different eccentricities. 137 

2.2.3. Radiant panels and heat flux calibration 138 

The incident heat flux on the surface of each sample was controlled by using a set of four small radiant panels, 139 
as shown in Fig. 5. The burner system has a width of 300 mm and a height of 400 mm. The consistency and 140 
repeatability of the incident heat fluxes generated by this system have been established and reported [26-141 
28]. The target incident heat fluxes were chosen at 42 kW/m2 and 60 kW/m2 in this study, based on reported 142 
values for typical compartment fires [29].  143 

 144 
Fig. 5. Radiant burners and test sample. 145 

The heat-flux was calibrated using a Schmidt-Boelter sensor using the following procedure: 146 
• The Schmidt-Boelter heat flux sensor was placed along the axis going through the centre of and 147 

perpendicular to the radiant panel (Point A in Fig. 6(a)). The distance between the burners and the 148 
calibration plane was then adjusted to obtain the incident heat flux profile as a function of distance. 149 
As shown in Fig. 6(b), for the incident heat fluxes of 42 kW/m2 (HF42) and 60 kW/m2 (HF60), the 150 
corresponding distance was determined as 31.0 cm and 24.7 cm, respectively. These distances were 151 
used for corresponding samples in subsequent tests. 152 
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• To assess the possible non-uniformity of the heat flux distribution on the surface of each sample, the 153 
incident heat flux was also measured at eight other points beside the central point, as shown in Fig. 154 
6(a). A heat flux map (Fig. 7) was produced for both heat fluxes of interest (HF42 and HF60), showing 155 
that the samples were heated in a symmetric manner and within a range of ± 5 kW/m2 from the 156 
average value for more than 80% of the sample area. 157 

 158 

 159 
a) Burner and its calibrated positions        160 

 161 
b) Variation of incident heat flux with distance from 

the surface of the burner 
Fig. 6. Heat flux calibration procedure and results.  162 

2.2.4. Water-cooled and thermal insulation system 163 

Due to the small size of the test sample and its proximity to the radiant panel system, the distance between 164 
the MTS actuator and the radiant panel system was less than 300 mm. The heat transferred from the radiant 165 
panels by convection and radiation, and from the samples by conduction, can compromise the MTS actuator, 166 
the oil temperature of which is required to be lower than 40°C. Also, too high temperature increase can result 167 
in excessive thermal expansion of the MTS actuator and MTS columns, compromising the quality of the 168 
obtained data. It is thus critical to provide proper thermal insulation to ensure that the MTS actuator and 169 
columns remain at below 40°C. 170 
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 171 
                                   a) For 42 kW/m2                                          b) For 60 kW/m2 172 

Fig. 7.  Incident heat flux distribution over the sample surface for two cases.  173 

 174 

Fig. 8.  Key details of the thermal insulation system to protect the MTS. 175 

  176 
Fig. 9. Water-cooled system attached to the top and bottom surfaces of the samples. 177 
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To achieve such insulation, two stainless steel sheets were attached to the heads of the actuator to block the 178 
convective heat from the burners (Fig. 8). Two Rockwool mattresses with a thickness of 50 mm were also 179 
tied to the stainless-steel sheets to enhance their insulation capacity. Additional plasterboard was then 180 
attached to the bottom surface of the top stainless-steel sheet to enhance the insulation capacity. Also, the 181 
Dynabreeze 750 mm Industrial Pedestal Fan was used to blow away the hot air on top of the actuator and 182 
thereby ensure the hydraulic lines remain cool. Care was taken to adjust the fan direction to minimise the 183 
possible effects of the fan on the convective heat loss from the surface of the sample. The MTS columns were 184 
covered by Rockwool mattresses with a thickness of 50 mm. Trial tests were then performed, which proved 185 
the effectiveness of the above arrangement for thermal insulation. 186 

In addition, a water-cooled system (Fig. 9) was placed at the top and bottom of the samples to minimise the 187 
heat transferred to the loading system. Aluminium was used to fabricate the water-cooled loading platens. 188 
The water channels were fabricated outside the loading zone to ensure uniform load transfer from the 189 
actuator to the samples.  The water flow rate was controlled to ensure that the temperature of the loading 190 
heads remained below 30 °C and no water dripping from the load platens to the samples.  191 

2.3. Test procedure 192 

The experiment was conducted in two stages: (i) heating stage, and (ii) loading stage; as detailed in the 193 
following. 194 

2.3.1. The heating stage 195 

Series 1 and 2 samples were subjected to the same heating stage. Series 1 samples were used to characterise 196 
the temperature profiles and gap size increase during the heating stage. Series 2 samples were first subjected 197 
to different structural boundary conditions before the start of heating. After being heated by 90 minutes, 198 
Series 2 samples were subjected to the loading stage. Series 2 samples were placed on the bottom disk, and 199 
then the top disk was moved down to contact the sample surface. The initial compression load was chosen 200 
as 0%, 20% or 40% of the axial load capacity of PCW at ambient temperature. The axial displacement of the 201 
actuator was fixed before and during the heating stage. The distance between the sample’s heated surface 202 
and the radiant panel was set at 31.0 cm for the heat flux of 42 kW/m2 and 24.7 cm for the heat flux of 60 203 
kW/m2, as detailed in Section 2.2.3. 204 

As the radiant panels require about 3 minutes to reach their stable thermal condition, test samples were 205 
covered by a foil-faced Rockwool shield during this period to ensure they were subject to the target incident 206 
heat flux level during heating. 207 

2.3.2. The loading stage 208 

A loading rate of 1 mm/min was chosen for all samples, both at ambient and high temperatures. After 90 209 
minutes of heating, the radiant panels were turned off and moved away from the samples. The compressive 210 
loading was then applied within two minutes after turning off the radiant panels to minimise possible heat 211 
losses. If spalling occurred during the heating stage, the radiant burners were immediately turned off, and 212 
the loading was then applied. 213 

2.4. Testing conditions 214 

Two types of tests are conducted, and therefore the samples are split into two groups labelled as Series 1 215 
and Series 2. The details of each series are provided as follows: 216 

- Series 1 has four samples, used to characterise the temperature profiles on the cross-section of the 217 
samples and the steel sheets. Furthermore, the evolution of the gap formed between the concrete 218 
and the steel was captured in this series. Details of the thermocouples and methodology used to 219 
characterise the gap size are provided in Section 2.4.1. 220 

- Series 2 has 15 samples, used to investigate the structural performance of PCW’s under different 221 
thermal and structural boundary conditions. None of the samples had thermocouples.  222 
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2.4.1. Thermal characterisation 223 

Fig. 10 shows the thermocouple positions in Series 1 samples. Seven thermocouples located at seven depth 224 
levels were used to determine the internal temperature profiles on the cross-sections of the samples. The 225 
thermocouples (named TC1 through to TC7, respectively) were located at the interface between in-filled 226 
concrete and the heated steel sheet (TC1), at 10 mm (TC2), 20 mm (TC3), 30 mm (TC4), 40 mm (TC5), 60 mm 227 
(TC6) and on the backside of the unheated steel sheet (TC7). The distance between the adjacent wire 228 
thermocouples was 30 mm. Additional thermocouple (TS) was attached on the surface of the heated steel 229 
sheet before the start of heating. This thermocouple was covered by aluminium foil to reduce the radiation 230 
heat from radiant panels, while maintained the physical contact with steel sheet to measure the temperature 231 
evolution of the heated steel sheet correctly (Fig. 17). 232 

Three thick thermocouples (LVDT1, LVDT2 and LVDT3) were designed to simultaneously record the gap size 233 
increase between the heated steel sheet and concrete surface and the temperature of the heated steel sheet. 234 
To ensure their sufficient rigidity, thick thermocouples were used. Details of these thermocouples, together 235 
with the schematic of the system using these thermocouples for simultaneous measurement of the gap size 236 
and temperature of the heated steel sheet, are shown in Figs. 11 and 12. The objective is to ensure the tip 237 
of the three thick thermocouples in continuous contact with the surface of the heated steel sheet during the 238 
entire heating procedure. To achieve such continuous contact, three steel springs were used for each thick 239 
thermocouple. The length and stiffness of the steel springs were chosen to ensure insignificant compressive 240 
forces by the thermocouples on the heated steel surfaces. The tail ends of the thick thermocouples were 241 
attached to three LVDTs to capture the horizontal displacements, which allowed to examine the gap size 242 
increase during the heating procedure. The displacement results are discussed in Section 3. 243 

In order to place thermocouples LVDT1, LVDT2 and LVDT3 in the correct positions, three TC’s channels (5 mm 244 
diameter) were created by installing plastic rods into the samples before casting. The plastic rods were 245 
lubricated by WD-40 to minimise the bonding between concrete and plastic rods. The plastic rods were then 246 
removed from the samples 3 hours after casting. The three channels constructed for the thick thermocouples 247 
exchanged heat with the concrete; nevertheless, they were believed to have an insignificant effect on the 248 
temperature distribution of the samples. During the heating stage, these TC’s channels (5 mm diameter) 249 
were filled by the thick thermocouples (4.5 mm diameter). Thus, the actual gap of the channel was relatively 250 
small and thus providing a thermal barrier to the concrete. Therefore, the amount of heat, water and vapour 251 
escaping through the channels was deemed as negligible. Hence, the temperature increase in Series 1 252 
samples was representative of the temperature increase in Series 2 samples.  253 

 254 
Fig. 10. Thermocouples’ positions in Series 1. 255 
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 256 
Fig. 11. Thick thermocouples for simultaneous measurement of the gap size and temperature of the heated 257 

steel sheet. 258 

 259 
Fig. 12. Schematic of the system for simultaneous measurement of the gap size and temperature of the 260 

heated steel sheet. 261 

2.4.2. Mechanical testing 262 

Table 1 summarises the testing conditions for all 19 samples in this study. The following tests were 263 
conducted: 264 

- Series 1 samples (Tests 1-1 to 1-4) were heated for 90 minutes at two incident heat fluxes (42 kW/m2 265 
and 60 kW/m2). There were two samples for each incident heat flux and the temperature evolution 266 
and gap size between the steel sheet and concrete surface with time were recorded.  267 

- Test 2-1 and Test 2-2 samples were axially loaded until failure at ambient temperature. These tests 268 
allow to evaluate the axial load capacity (Nu

amb) and load-deformation diagram for the PCWs at 269 
ambient temperature. 270 

- Test 2-3 and Test 2-4 were uniaxially compressed until failure at ambient temperature with loading 271 
at an initial eccentricity of 10 mm from the neutral axis. The data collected from this test is used to 272 
assess the effect of eccentricity on the axial load capacity of PCWs at ambient temperature. 273 

- For Tests 2-5 through to 2-15: During heating, the axial displacement was kept unchanged while the 274 
thermal reaction force was recorded. The test was stopped either after 90-min of heating or after 275 
the occurrence of explosive spalling in the concrete core, whichever occurred first.  276 

o Four tests were heated with top and bottom end surfaces fixed but with no initial 277 
compressive load. Two samples were subject to HF42 (Tests 2-5 and 2-6) and the other two 278 
to HF60 (Tests 2-11 and 2-12).  279 

o Two samples (Tests 2-7 and 2-8) were subjected to 0.4Nu
amb with no eccentricity before 280 

heating. The samples were then subjected to HF42. 281 
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o Two samples (Tests 2-9 and 2-10) were subjected to a 0.2Nu
amb

 load applied with a 10 mm 282 
eccentricity in the direction of the heating source. The load was applied before heating. The 283 
samples were then heated by HF42. 284 

o Three samples (Tests 2-13 to 2-15) were subjected to a 0.2Nu
amb load applied with no 285 

eccentricity. The load was applied before heating. The samples were then heated by HF60. 286 

Table 1. Test schemes. 287 

Series Sample ID 

Initial 
compressive 
load  
(% of Nu

amb) 

Initial 
eccentricity 
(mm) 

Incident heat 
flux at the 
heated steel 
surface 
(kW/m2) 

Number of 
replicate 
samples 

Series 1 

Test 1-1 
Test 1-2 0 0 42 2 

Test 1-3 
Test 1-4 0 0 60 2 

Series 2 

Test 2-1 
Test 2-2 0 0 0 2 

Test 2-3 
Test 2-4 0 10 0 2 

Test 2-5 
Test 2-6 0 0 42 2 

Test 2-7 
Test 2-8 40 0 42 2 

Test 2-9 
Test 2-10 20 10 42 2 

Test 2-11 
Test 2-12 0 0 60 2 

Test 2-13 
Test 2-14 
Test 2-15 

20 0 60 3 

 Total samples 19 

3. RESULTS OF THE THERMAL CHARACTERISATION: TEMPERATURE AND GAP SIZE INCREASE 288 

This section presents the thermal characterisation of the samples. Only Tests 1-1 to 1-4 are used for this 289 
purpose. It was assumed that the temperature profiles obtained from these tests were consistent with those 290 
of Series 2, as discussed earlier. To avoid any effect of the thermocouples on the mechanical behaviour of 291 
the samples, none of the samples of Series 2 included temperature measurements.  292 

Figs. 13 and 14 show the time evolution of in-depth temperatures for specimens when heated by HF42 and 293 
HF60, respectively. As can be seen from these figures, the temperature of the steel sheets rapidly increases 294 
in the first 15 minutes for the case of HF42 and 10 minutes for HF60. At this point there is a noticeable change 295 
in the slope of the steel temperature (TS); thereafter, the temperature increases at a much slower rate from 296 
around 450°C to 550°C within 75 minutes (HF42) and from around 500°C to 680°C within 80 minutes (HF60). 297 
At the transition point, the steel temperature (TS) shows that heat transfer through the steel to the concrete 298 
also changes. The thermocouple readings also show a change in slope, but in the case of the concrete surface 299 
(TC1), the rate of change in temperature increases.  300 

The thermal conductivity of concrete (~1.8 W/mK) and that of steel (~40 W/mK) are significantly different, 301 
resulting in a discontinuity in the in-depth temperature gradient at the interface between both materials. 302 
Nevertheless, if both materials act as a composite, the discontinuity does not manifest itself in the 303 
temperature histories. In contrast, the formation of small air gaps creates a region of low thermal 304 
conductivity (thermal resistance) that leads to a temperature difference between the concrete (TC1) and the 305 
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steel (TS). Fig. 15 shows that the temperature difference (TS – TC1) between the steel plate changes in time. 306 
Given that the two thermocouples are separated, there was always a difference in temperature. If the heat 307 
flux is assumed constant, then the more extensive the temperature difference, the lower the effective 308 
thermal conductivity of the material between the thermocouples. If the concrete is adhered to the steel, only 309 
the steel plate separates the two thermocouples. Because of the high thermal conductivity of the steel, at 310 
the onset of heating, the difference is very small. As observed in Fig. 15 the temperature difference starts 311 
increasing until it reaches a maximum. The increase in temperature could be linked to a decrease in the 312 
effective thermal conductivity associated with the formation of a small gap. The small gap was filled with 313 
stagnant air and given that air has a very low thermal conductivity (~0.02 W/mK), the temperature difference 314 
increased significantly. As the deformations continue to increase and the gap gets larger and a critical length 315 
scale that defines the onset of buoyancy-driven convection is attained. Convection is a much more effective 316 
mode of heat transfer resulting in a decrease in the temperature difference. After 1.5 hours of heating, the 317 
temperature difference between the steel sheet and concrete surface disappears in the case of an incident 318 
heat flux of 42 kW/m2. In the case of 60 kW/m2, the temperature difference between the steel sheet and the 319 
concrete surface remains around 50°C.  320 

In this test, the three thick thermocouples and springs system were used to capture the increase of the gap 321 
size between the heated steel sheet and concrete core surface. The temperatures recorded in these thick 322 
thermocouples are, however, not reported in this paper because of their poor qualities due to the 323 
thermocouples’ direct exposure to the moisture escape through the prefabricated channels. The gap size 324 
increase collected from this test is plotted in Fig. 16. It is apparent from this figure that the magnitude of the 325 
gap as recorded by LVDT1, LVDT2, and LVDT3 needs to be carefully analysed. For HF60, the gap size measured 326 
by LVDT2 increased up to 6.5 mm while the gap size of LVDT1 increased only to 2 mm. The gap size at LVDT2 327 
seemed to increase rapidly since the beginning of the heating stage, then stabilized at its maximum value of 328 
around 6.5 mm while the gap measured by LVDT3 was consistent with that by LVDT1 throughout the heating 329 
process. Similar behaviour was observed for HF42 but with a gap dimension never exceeding 2 mm. The gap 330 
measured by LVDT2 increased first while LVDT1 and LVDT3 measured an increase of the gap to a similar 331 
magnitude at 35 min and 60 min, respectively. It should be noted that the lateral deformation of the heated 332 
steel sheet surface was visually observed to be non-uniform and evolve with time; and, by inference, so was 333 
the gap size between the heated steel sheet surface and concrete core (Fig. 17).  334 

 335 
Fig. 13. Temperature development at eight positions of thermocouples in the samples heated by HF42 (Test 336 

1-1). 337 

Gap magnitude measurements, in-depth temperature measurements and visual observations are all 338 
consistent in describing the effects generated by the separation of the steel from the concrete. While these 339 
observations should be treated as qualitative, they provide a clear phenomenological explanation of the 340 
effect of heat on the interaction between the concrete and the steel. 341 
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 342 
Fig. 14. Temperature development at eight positions of thermocouples in the samples heated by HF60 (Test 343 

1-3). 344 

As heat is transferred in-depth in the concrete core, each location in the concrete the temperature reaches 345 
a water evaporation plateau at around 100 – 150°C (Figs. 13 and 14). Previous studies have identified this 346 
plateau for other experimental set-ups [30] and with the current set-up by Le et al. [27]. The plateau becomes 347 
more evident deeper in the sample because of the migration and condensation of moisture toward the colder 348 
region in the heated sample. The range of 110°C and 200°C seems to be consistently quoted as the critical 349 
temperature of physically and chemically bound water inside concrete [30]. The absorbed energy firstly 350 
serves to evaporate the accumulated pore water, after which the concrete temperature increases again. 351 
Thus, the temperature closer to the heated surface (where the supply of heat is greater) stays for a shorter 352 
time on its plateau. Also, the temperature plateau on the back surface of the samples dropped to around 353 
100°C because of the accumulation of re-condensed water vapour. In Series 1 tests, a significant amount of 354 
vapour was observed through the three prefabricated channels of thick thermocouples, while an insignificant 355 
amount of water accumulation was observed on the top and bottom faces of the sample. In Series 2, the 356 
moisture evaporation from the samples cannot be observed clearly because these samples have no channels 357 
for thermocouples, but given that similar water migration/bleeding can be clearly observed on the top and 358 
bottom surfaces of samples, the behaviour of the samples is assumed similar. 359 

 360 
Fig. 15. The temperature difference between heated steel sheeting and concrete surface in samples heated 361 

by HF42 and HF60. 362 
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 363 
Fig. 16. Gap increase captured from the samples Series 1 heated by HF42 and HF60. 364 

 365 
Fig. 17. Typical deformation of the steel sheet on the heated side: (a) during the initial period of heating; (b) 366 

during the later stage of heating; and (c) in cases of spalling of in-filled concrete. 367 

Fig. 18 shows the temperature profiles in the samples at different heating times (15, 30, 60 and 90 minutes). 368 
Given that the tests with HF60 are receiving more heat flux than those exposed to HF42, it is expected that 369 
the gradient at the surface is greater in the higher the heat flux. Indeed, as shown in Fig. 18, that is only the 370 
case for the first 15 min of heating when there is adhesion between steel plate and concrete. This evolves 371 
once this initial period has past and while the concrete absorbs more heat, the higher the heat flux, the 372 
difference between the gradients diminishes with time. While it is not clear what the gradients are very close 373 
to the surface, and it is likely that they are higher for higher heat fluxes, the prior statements apply to the 374 
greater part of the cross-section. The resolution is given by the position of the thermocouples, and it is very 375 
difficult to place several thermocouples very close to each other. The water evaporation (re-condensation) 376 
front most likely also has an effect on the in-depth temperature distribution.  After 90 minutes, the samples 377 
heated by HF60 have attained an average temperature of 342°C as compared to the average temperature in 378 
samples heated by HF42 of 291°C. However, the temperature gradient within the samples’ cross-section 379 
heated by HF42 and HF60 remain almost identical.  380 
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 381 
Fig. 18. Temperature profiles of the samples heated by HF42 and HF60 at 15, 30, 60, and 90 minutes. 382 

4. THE TEST RESULTS AT AMBIENT TEMPERATURE 383 

This section describes the test results at ambient temperature. Four samples were displacement-controlled 384 
loaded at the rate of 1 mm/min until failure: two samples with zero initial eccentricity (Tests 2-1 and 2-2) and 385 
the other two with an initial eccentricity of 10 mm (Tests 2-3 and 2-4). The purpose of these tests was to 386 
establish the baseline behaviour of the cold PCWs.  387 

 388 
Fig. 19. Load- axial displacement behaviour of Series 2 samples under compressive loading at ambient 389 

temperature. 390 

The results from Tests 2-1 to 2-4 give confidence to the reliability of the overall experimental program 391 
because of the high consistency of the axial load capacity of samples tested under the same loading 392 
conditions. Once the compressive load was increased in samples through the displacement controlled of the 393 
actuator, the load-displacement behaviour of the samples followed the curve shown in Fig. 19. The difference 394 
of the axial load capacity was negligible (527 kN and 524 kN) in samples tested in concentric loading 395 
condition. When the samples were loaded with an eccentricity of 10 mm, the load capacity was less than 5% 396 
difference of 513 kN (Test 2-3) and 492 kN (Test 2-4), respectively. In the cases with an initial eccentric load, 397 
an unsymmetrical failure of the steel sheets and concrete core was observed. For the samples loaded 398 
eccentrically, the displacement at the ultimate load was approximately 2.8 mm while for the axially loaded 399 
samples, it was approximately 3.3 mm. These minor differences could be linked to the non-uniform 400 
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distribution of compressive stress generated by the eccentricity on the cross-section of the samples. After 401 
reaching the ultimate load capacity, the compressive load in the samples significantly dropped to around 150 402 
kN, then gradually decreased when the displacement was further increased.  403 

Figs. 20 and 21 show the failure modes at ambient temperature when the samples were subject to axial 404 
loadings at either ‘zero initial eccentricity’ or ’10 mm initial eccentricity’. For the zero initial eccentricity 405 
loaded samples, buckling of the steel sheets was symmetrical. Fig. 20 shows the buckling occurred 406 
simultaneously and at almost the same height on both sides of the sample when the load was applied axially. 407 
Shortly after the buckling of steel sheets on both sides, the crushing of the concrete core occurred. When the 408 
samples were eccentrically loaded, failure was unsymmetrical (Fig. 21). The steel sheet in the high 409 
compressive stress region exhibited the local buckling earlier followed by the crushing of the concrete, while 410 
the steel sheet on the other side remained undeformed during the heating stage. Importantly, all samples 411 
experienced a ductile failure, as evidenced by the long post-break plateau in the load-displacement response 412 
(Fig. 19). As discussed in Section 1, such ductile failure is among the significant advantages of PCWs.  413 

It should be noted that the steel sheet does not provide an improvement due to confinement.  The samples 414 
do not have intermediate fasteners embedded; therefore, the bond between the steel sheet and concrete 415 
surface is weak and subsequently, the effect of confinement on the load capacity of the PCW is small.  416 

 417 
Fig. 20. Failures of Series 2 samples subjected to ‘zero initial eccentricity’ at ambient temperature. 418 

 419 
Fig. 21. Failures of Series 2 samples subjected to 10 mm initial eccentricity of load at ambient temperature. 420 
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5. TEST RESULTS FROM THE HEATED EXPERIMENTS 421 

5.1. During the heating stage 422 

As explained in the previous sections, heating of the sample led to an increase in temperature and the 423 
formation of thermal gradients. The temperature increase resulted in thermal expansion while the gradients 424 
induced curvature and eccentricity. Fig. 22 shows the evolution of the compressive forces of samples heated 425 
by HF42 and HF60, where no initial compressive load was applied. As can be seen from the figure, heating 426 
results in a steady increase of the measured load in Tests 2-5 and 2-6. The figure presents two identical tests, 427 
one resulted in only minor spalling after approximately 60 minutes (Test 2-5) while for the other minor 428 
spalling occurred after 10 min and then major spalling after 65 min (Test 2-6). Spalling results in a sudden 429 
reduction of the load but further heating leads to a continuous increase of the load at a rate slightly more 430 
extensive than that of the non-spalling sample. This is very noticeable in the Tests 2-5 and 2-6 that if spalling 431 
is significant, while it is almost unnoticeable if spalling is minor. For both samples, spalling (minor and major) 432 
occurred consistently when the force induced by thermal expansion reached 50 to 60 kN. It is important to 433 
note that this is approximately 10% of the ambient load capacity of the samples. At the moment of explosive 434 
spalling, the steel sheet on the heated side was pushed toward the heating source due to the impact loading 435 
created by the concrete debris. After 90 min of heating time, the thermal expansion forces in these samples 436 
were around 55 kN for the spalled sample and 70 kN for the less spalled one. 437 

Fig. 22 also presents the thermal expansion force for the two samples heated with HF60 (Test 2-11 and 2-438 
12). The increase in load follows the same pattern as the samples heated with HF42 but, as expected, the 439 
load builds faster. Spalling once again occurred when the thermal expansion load reached approximately 50 440 
kN, but Test 2-12 seems to build up the load slightly faster (Table 2). As indicated in Table 2, spalling occurs 441 
approximately with a 5 min difference between the two repeats. The reason for this difference might be a 442 
slight variation in the gap formation that results in a different heat transfer rate from the steel to the 443 
concrete. Given that the samples do not have thermocouples, it is not possible to precisely ascertain what 444 
the differences are, nevertheless, the differences are minor, and so the two tests confirm the patterns of 445 
behaviour.   446 

 447 
Fig. 22. Thermal expansion forces developed in samples heated by HF42 and HF6 and P0. 448 
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 449 
a) Series 2 samples heated by HF60 and P20.       450 

 451 
b) Series 2 samples heated by HF42 and P40. 452 

 453 
c) Series 2 samples heated by HF42, P20 and E10. 454 

Fig. 23. Thermal expansion forces in Series 2 samples during the heating stage. 455 
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Table 2. Time of explosive spalling and thermal reaction forces.  456 

Sample ID 
Time of spalling 

since start of 
heating (min) 

Recorded maximum 
compressive load (kN) Force increment 

during heating 
until spalling (kN) 

Extent of 
spalling Before 

spalling 
After 

spalling 
Test 2-5 63 54 52 54 Minor spalling 

Test 2-6 10 
69 

13 
60 

11 
36 

13 
60 

Minor spalling 
Major spalling 

Test 2-7 31 270 195 70 Major spalling 

Test 2-8 28 
31 

249 
252 

247 
208 

49 
52 

Minor spalling 
Major spalling 

Test 2-9 No spalling 
Test 2-10 No spalling 
Test 2-11 19 58 50 58 Major spalling 
Test 2-12 15 55 52 55 Minor spalling 
Test 2-13 13 161 160 61 Minor spalling 
Test 2-14 26 205 164 105 Major spalling 
Test 2-15 No spalling 

Fig. 23 shows the evolution of the thermal expansion force for samples that had been pre-loaded. Fig. 23(a) 457 
show two cases where the heating rate (HF42 and HF60) and loading (P40 and P20) are different, but the 458 
load is applied axially. The load results in some variability on the time and thermal expansion load magnitude 459 
when spalling occurred, while the load ranges from approximately 49 kN to 105 kN (Table 2), most tests 460 
showed spalling within the range of 50 to 60 kN. When the load was applied eccentrically by 10 mm toward 461 
the heating source, no spalling was observed. The thermal expansion force in Test 2-9 and 2-10 could then 462 
fully develop for 90 minutes of heating, as shown in Fig. 23(c). 463 

These results demonstrate that PCWs behave consistently when subjected to the same testing conditions. 464 
Consistent results were observed for the compressive load built up within restrained samples during heating 465 
and when explosive spalling occurred. Explosive spalling seemed to have a tendency to occur when the force 466 
increment due to restrained thermal expansion during heating reached about 50 kN.  467 

5.2. During the loading stage 468 

Figs. 24 and 25 show the load-displacement profiles of samples that were loaded until failure during the 469 
loading stage as soon as the heating stage ended. The start of the loading stage was fast enough to minimise 470 
the decrease in the samples’ temperature. In general, all the samples behaved in a similar manner when 471 
loaded. A sample case of Test 2-5 and 2-6 is used to describe the process. Fig. 24 shows the relationship 472 
between the compressive load and the average displacement direction when a sample heated with HF42 was 473 
loaded (Tests 2-5 and 2-6). The hot load capacity for this sample was approximately 525 kN with a 474 
corresponding axial displacement of 3.3 mm.  475 

Table 3 summarises the results for all tests. It can be seen that Tests 2-7 and 2-8 and Tests 2-14 and 2-15 are 476 
outliers, all the other tests have similar residual load capacity that averages 505 kN with a standard deviation 477 
of 42 kN. After reaching the hot load capacity, these samples consistently showed brittle failure, indicating 478 
the limited contribution of the steel sheet to the performance of the PCWs. The load-displacement behaviour 479 
was generally consistent despite the different levels of spalling (minor or explosive) that occurred during 480 
heating. This means both minor and significant spalling occurrence during heating exposure could have 481 
similar effects on the load capacity after heat exposure of these samples. This similarity can be explained by 482 
the fact that the applied compressive load was significantly higher than the force due to restrained thermal 483 
deformation during heating. Therefore, despite the difference in damage levels of samples due to varied 484 
extent of spalling at lower load level, the damage would have limited influence on the load-deformation of 485 
samples at high load levels. 486 
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The load-displacement curves for the remaining 9 tests are presented in Fig. 25. It can be seen that while 487 
ductile failure can be observed for the Tests 2-7, 2-8, 2-13 and 2-14, the brittle failure mode was exhibited 488 
by the Tests 2-9, 2-10, 2-11, 2-14 and 2-15. From Table 3, it can be established that the steel temperatures 489 
for Tests 2-7, 2-8 and 2-13 were much lower than those in Tests 2-5 to 2-10. It is likely that the steel for these 490 
tests still had sufficient influence on the failure behaviour.  491 

 492 
Fig. 24. Load-axial displacement behaviour of Series 2 heated samples in Test 2-5 and 2-6. 493 

Table 3. The axial load capacities, displacement and failure modes of tested samples. 494 

Series Sample ID 
Axial load 
capacity 
(kN) 

Axial 
displacement 
(mm) 

Steel 
temperature on 
the heated side 
when start of 
loading (oC) 

Failure mode* 

Series 2 

Test 2-1 
Test 2-2 

527 
524 

4.03 
3.73 

25 
25 

Ductile 
Ductile 

Test 2-3 
Test 2-4 

513 
492 

3.04 
2.82 

25 
25 

Ductile 
Ductile 

Test 2-5 
Test 2-6 

523 
533 

3.32 
3.35 564 Brittle 

Brittle 
Test 2-7 
Test 2-8 

291 
384 

0.73 
1.24 471 Ductile 

Ductile 
Test 2-9 
Test 2-10 

503 
558 

1.25 
2.00 564 Brittle 

Brittle 
Test 2-11 
Test 2-12 

406 
450 

1.94 
1.95 

549 
538 

Brittle 
Brittle 

Test 2-13 
Test 2-14 
Test 2-15 

491 
366 
521 

1.76 
1.10 
1.49 

528 
570 
686 

Ductile 
Ductile/Brittle 
Brittle 

* The failure mode is defined as brittle if the slope after failure becomes negative instantaneously, while 495 
ductile failure is defined when the slope gradually decreases to zero before becoming negative. 496 

Among Tests 2-13 to 2-15, Test 2-14 experienced only 26 minutes of heating by HF60 that resulted in 497 
explosive spalling. The surface temperature was among the highest, and the residual load capacity was one 498 
of the lowest. The initial failure was brittle, which is consistent with samples with similar temperatures and 499 
spalling. Nevertheless, the initial brittle failure was followed by a final ductile decay. This behaviour can be 500 
explained by the contribution of the steel sheet, whose the temperature of which remained below 80°C (Fig. 501 
14) during heating. 502 

For the tests where the load was eccentrically applied (Tests 2-9 and 2-10), the samples exhibited a highly 503 
consistent load-displacement behaviour. Both samples exhibited the brittle failure mode when the 504 
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compression load was around 500 to 550 kN. There is no clear difference between these tests and Tests 2-5 505 
and 2-6. There were slight differences in the load-capacities between two samples (503 kN and 558 kN), but 506 
the displacement at the maximum load-capacity was approximately double in the case of Test 2-10 (1.2 mm 507 
and 2 mm).  508 

 509 
a) Samples subjected to HF60, P0, and zero eccentricity. 510 

 511 
b) Samples subjected to HF42, P40 and zero eccentricity. 512 

 513 
c) Samples subjected to HF60, P20 and zero eccentricity. 514 

 515 
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  516 
d) Samples subjected to HF42, P20 and 10-mm initial eccentricity. 517 

Fig. 25. Load-axial displacement behaviour of Series 2 samples. 518 

 519 
a) Failure of Series 2 samples subjected to HF42, P0 and zero eccentricity. 520 

 521 
b) Failure of Series 2 samples subjected to HF42, P20 and 10-mm initial eccentricity. 522 

Fig. 26. Failure planes of samples subjected to different thermal-mechanical load combinations. 523 

Observation of the failed samples showed obvious and consistent modes of behaviour. All samples loaded 524 
axially exhibited a failure plane close to the heated area (Fig. 26(a)). In contrast, all samples loaded in an 525 
eccentricity manner showed the failure plane displaced towards the unheated side (Fig. 26(b)). These failure 526 
modes are distinctively different from those of the ambient temperature reference tests. At ambient 527 
temperature, the increment of the axial compressive load resulted in a symmetrical failure (Fig. 20) while the 528 
eccentricity displaced the failure towards the side where the load was applied (Fig. 21). 529 
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The initial eccentricity of the load toward the heating source seems to have significant effects on the failure 530 
plane in the samples at high temperatures. The axially loaded samples resulted in a failure plane at the 531 
surface between the concrete and steel sheet on the heated side. This is consistent with the more significant 532 
expansion closer to the heated surface. In contrast, the eccentrically loaded samples toward the heating 533 
source showed a failure plane at the surface between the concrete and steel sheet on the unheated side. 534 
The shift of the failure plane is linked with the combined effect of the initial load eccentricity and thermal 535 
gradient within the cross-section of the sample. When subjected to a thermal gradient, the effective centroid 536 
tends to be shifted towards the colder region [23]. Thus, the eccentricity was naturally increased during 537 
heating. Consequently, the moment created by the compressive load during the loading stage was increased, 538 
and the sample was likely subject to increased bending, which resulted in tensile stresses on the unheated 539 
side of the samples. Meanwhile, the temperature gradient caused bending due to bowing [22]. Due to the 540 
large load eccentricity in this test, the bending curvature on the unheated side due to compressive load was 541 
far greater than the curvature created by the temperature gradient. Thus, the combination of these two 542 
counteracting effects resulted in the failure plane closer to the steel sheeting on the unheated side. Although 543 
the failure mode was more likely brittle for both concentrically and eccentrically loaded samples after 544 
heating, the failure plane of eccentrically loaded samples was in the opposite direction to the failure plane 545 
of the sample under concentric loading, where the effect of the temperature gradient was likely dominant. 546 

6. STRUCTURAL PERFORMANCE OF PCW: DISCUSSION 547 

At ambient condition, the results showed that the following sequence for the failure mechanism could be 548 
observed: the steel sheets buckled first, followed by the concrete core crushing. It can be clearly seen from 549 
Fig. 20 that this mechanism lead to the symmetric global buckling of the steel sheets, while Fig. 21 shows an 550 
unsymmetrical buckling of the steel sheet. When the samples were subjected to an eccentric load, the steel 551 
sheet closer to the load experienced local buckling, and no global buckling of the steel sheet was observed. 552 
These results are in agreement with those obtained by Wright [9], Mydin and Wang [31]. A possible 553 
explanation for the local buckling of the steel sheet is due to a high height-to-thickness ratio of 400 mm and 554 
0.95 mm of the steel sheet. Also, local buckling tends to occur in the plate when it is fully supported, which 555 
is similar to the condition of the steel sheeting in the PCW samples. The steel sheet could not buckle inwards 556 
as it was restrained by the concrete core. Thus, only the outward buckling of the steel sheet was observed. 557 
At the onset of concrete crushing, the released energy and concrete debris caused symmetric global buckling 558 
of the steel sheets, thus split two steel sheets into opposite directions as they were not welded at the middle 559 
line (Figs. 20 and 21). A similar explanation can be used for the samples loaded eccentrically. The steel sheet 560 
in the high compressive stress region tended to be subjected to local buckling first, and the concrete in the 561 
high compressive stress region was crushed. 562 

In terms of the axial load-axial displacement response, there is a slight discrepancy between the samples 563 
tested with different eccentricities (Fig. 19). The displacement at ultimate load capacity was smaller for the 564 
samples tested under the loading at an eccentricity of 10 mm. The failure modes of the samples under 565 
uniaxial and eccentric load conditions were both ductile. This finding is consistent with the test conducted by 566 
Rafiei et al. [13], where mild strength steel sheets were used, leading to yielding prior buckling, and hence 567 
ductile behaviour. As can also be observed in Fig. 19, the load capacity of the samples did not drop to zero 568 
after further displacement. This behaviour proves that the steel sheets can carry loads in the post-buckling 569 
regime. This finding is in good agreement with the test results conducted by Wright [9], Mydin and Wang 570 
[31], Rafiei [32]. The axial load capacity of the sample should thereby account for the effects of both the 571 
concrete core and steel sheets. 572 
 573 
To verify if the current analytical model can correctly capture the load capacity of PCWs at ambient and 574 
elevated temperatures, the axial load capacity of PCWs the model proposed by Uy et al. [4] is used to evaluate 575 
the load capacity of the PCW. The axial load capacity of PCWs can be calculated as: 576 

𝑁"#$% = 𝑁"'#$% + 𝑁")#$%  (1) 

where, Nuc
amb is the axial load capacity of the concrete portion, and Nus

amb is the axial load capacity of the 577 
profiled steel. Nuc

amb and Nus
amb can be calculated as follows: 578 
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𝑁"'#$% = 𝑘 × 𝜎' × 𝐴'./00  (2) 

𝑁")#$% = 𝜎) × 𝐴)./00  (3) 

where, k = 0.6 – 0.73 is a correction factor for concrete stress; and Ac-eff and As-eff are the effective cross-579 
sections of the concrete core and steel sheet, respectively. The details of the effective cross-section 580 
calculations for the concrete core and steel sheets could be obtained from Uy et al. [4]. The axial load capacity 581 
of the tested samples can then be determined as: 582 

𝑁"#$% = 𝑁"'#$% + 𝑁")#$% = 324 + 177 = 	501	𝑘𝑁 (4) 

The load capacity and displacement in the uniaxial test (525 kN, 3.88 mm) and eccentric test (502 kN, 2.93 583 
mm) are very similar. The results show good agreement between model and experiments at ambient 584 
temperature. 585 

At high temperature, the results showed that as the incident heat flux was increased, the axial load capacity 586 
of PCWs decreased. This finding is in agreement with reported tests with different structural elements such 587 
as columns subjected to high temperature [33]. The reduction in axial load capacity is linked to the magnitude 588 
of the temperature and temperature gradient within the cross-section. The material properties of the steel 589 
and concrete (i.e., Young’s modulus, ultimate stress) are reduced with temperature increase [20]. After 1.5 590 
hours of heating, the average temperature of the sample’s cross-section reached 291°C for HF42 and 342°C 591 
for HF60. The reduction factor for both concrete and steel at these temperatures is very close to unity, 592 
explaining why the load capacity in most of the tests remains similar to the combined load capacity of the 593 
steel and concrete at ambient (Table 3). This indicates that despite the temperature and mechanical changes, 594 
the PCWs still behave as a composite system and the model remains applicable to approximate the 595 
experimental results. 596 

When a compressive load was applied to the samples, followed by a one-side incident heat flux, the 597 
mechanical properties of concrete and steel are unevenly reduced as a function of the temperature and its 598 
gradient [20, 27]. As a result, the steel sheet and concrete fibres on the heated side enter the inelastic region 599 
earlier because of the presence of compressive stress. Thus, the ratio of stress to the strain of the concrete 600 
and steel is much smaller than those in the elastic region [23]. The effective centroid of the samples is 601 
therefore no longer at the same location as the geometric centroid but moves toward the colder region. The 602 
applied compressive load thus resulted in a moment  that created higher compressive stress on the heated 603 
side of samples. When the compressive load is increased, the concrete and steel on the heated area are likely 604 
to fail, thus creating the failure plane closer to the heated side of the samples. The heavily loaded samples, 605 
thus, deliver the lowest load capacity. The magnitude of the load capacity is comparable to that of the 606 
concrete, showing that the composite behaviour of the PCW might have been affected. 607 

Given the small range of incident heat fluxes (42 kW/m2 and 60 kW/m2), the fixed heating time of 1.5 hours, 608 
discrete initial loads and a single eccentricity, caution should be taken to extrapolate these observations to 609 
real fire conditions.  610 

7. CONCLUSION 611 

The performance of PCWs was investigated at ambient and elevated temperatures. The conclusions drawn 612 
from this experimental study can be summarised as follows: 613 

• The PCWs exhibit the ductile behaviour at ambient temperature, but generally become more brittle 614 
at elevated temperatures; 615 

• The increasing gap size resists the heat transfer between the steel sheet and the concrete core; the 616 
thermal resistance due to the gap is reduced when the temperature of the steel sheet increases; 617 

• The axial load capacity of PCWs decreases with an increasing incident heat flux levels and heating 618 
time;  619 

• The restrained condition during heating of PCWs increases the thermal expansion force developed 620 
therein, thereby increasing the possibility of explosive spalling due to thermal stresses; 621 
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• A load eccentricity of 10 mm toward the heating source has insignificant effects on the axial load 622 
capacity of PCWs at ambient temperatures. However, it shifts the failure plane of the PCWs from 623 
heated side to the unheated side of the PCWs, serving as compensation to thermal bowing;  624 

• The contribution of initially non-uniform compressive stress and temperature gradient could affect 625 
the movement of the effective centroid, thus significantly changes the failure plane of the concrete 626 
core in the PCW. The combination of load and temperature gradient should be further investigated 627 
to control the failure of the PCW at elevated temperatures. 628 

Overall, this study demonstrates the benefits of using PCWs in building construction. The findings shed new 629 
light on the understanding and designing these types of structural elements at both ambient and high 630 
temperatures. A limitation of this study is that the effects of intermediate fasteners, which are used in 631 
practical design, have not been investigated. Also, the tests with an eccentric load, even if the impact at 632 
ambient temperature is negligible, highlight how the eccentricity compensates thermal bowing. Thus, a more 633 
extensive study that includes a broader range of incident heat fluxes, as well as the direction and eccentricity 634 
of the initial compressive load, should also be investigated. A further study could also assess the length of 635 
the heating time, and the magnitude and eccentricity of the initial compressive load. Despite the inevitable 636 
limitations of an experimental study of this nature, the data collected from this test offers insight into the 637 
development of double-skin composite structures.  638 
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