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Abstract 15 

Hybrid systems that combine steel beams with cross-laminated timber (CLT) floor slabs can be 16 

vulnerable to fire, given the combustible nature of timber. Specifically, when unprotected, heat 17 

from a fire can conduct through steel beams to the CLT panels, which in turn may experience loss 18 

of mechanical properties, and possible charring (and combustion) in the connection zone between 19 

the CLT panel and the steel beam. Accordingly, this paper aims to establish thermal profiles in 20 

hybrid steel-timber floor cross-sections exposed to fire through experimental and numerical 21 

investigations. Results from fire tests and numerical validation studies on hybrid cross-sections 22 

exposed to a standard fire are presented; a total of six experiments with unprotected, partially 23 

protected, and fully protected steel sections were conducted following an ISO 834-1 standard fire 24 

exposure. Furthermore, a two-dimensional numerical heat transfer model was developed using 25 

SAFIR software, to predict the evolution of temperatures in the hybrid cross-section. The results 26 

confirm that passive fire protection of the steelwork using intumescent coatings plays a key role 27 

in determining the extent of charring in the connection region between the CLT panel and the steel 28 

section. In addition, temperature predictions from the developed numerical model show reasonable 29 

agreement with the experimental measurements. 30 
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1. Introduction 32 

Hybrid steel-timber (HST) structural systems are becoming increasingly popular in modern 33 

construction due to their numerous advantages, e.g., low embodied carbon [1], reduced weight, 34 

cost-effectiveness, and flexibility. However, concerns have been raised regarding the fire 35 

performance of these structural systems [2–4]. Given the combustible nature of timber, HST 36 

structural systems are potentially vulnerable to fire. Thus, it is essential to establish their thermal 37 

response and structural integrity under fire conditions. Although many studies have been 38 

conducted on the structural performance of these systems under ambient conditions [5–14], 39 

research into their fire resistance is limited [2–4]. Consequently, there is a need for both 40 

experimental and numerical studies to better understand fire performance of HST structural 41 

systems. 42 

A limited number of experimental and numerical studies exist on HST systems exposed to fire in 43 

published literature. Malaska et al. [2] conducted two fire tests on a steel beam section consisting 44 

of a rectangular steel hollow section with a steel plate welded to the bottom flange, with the CLT 45 

panels supported by the steel plate. The bottom flange was unprotected in one of the tests but 46 

protected using a water-based intumescent coating in the other test. The results of the tests showed 47 

that significant charring occurred in the CLT panels support regions adjacent to the steel beam 48 

section when no protection was present. Furthermore, intumescent coating was effective in 49 

lowering temperature ingress into the steel section and CLT panel, thereby limiting the extent of 50 

charring. Besides experimental studies, Malaska et al. [2] also validated a two-dimensional thermal 51 

model using SAFIR [15] software against test data generated from their own experiments. The 52 

authors concluded that the agreement between the model predictions and the experiments was 53 



3 
 

generally good. In another study, Barber et al. [3] studied the temperature induced degradation in 54 

screws connecting the top flange of a steel beam section to the bottom of the CLT panels (floor). 55 

The authors developed a two-dimensional thermal model of the steel beam, screws, and CLT using 56 

LS-DYNA [16] software to assess the fire performance of the cross-section. The thermal analysis 57 

showed that screws can act as thermal bridges resulting in deeper penetration of temperatures into 58 

the CLT panel. Finally, Dellepiani et al. [4] developed a one-way CFD-FEM coupled numerical 59 

model to investigate the thermo-mechanical response of HST floors. The fire scenario was 60 

simulated using Fire Dynamics Simulator (FDS) [17] software and the transient heat transfer and 61 

thermo-mechanical analyses were conducted using the FEM software ANSYS [18] for three 62 

distinct HST floor configurations. The results predicted that a 30-minute fire exposure resulted in 63 

a 25 mm char depth on the exposed surface, measured by tracking the depth of the 300 °C isotherm, 64 

although the work was purely numerical without specific experimental validation. Furthermore, 65 

HST systems with closed cross-sections, such as U-shaped and double C-shaped profiles, 66 

performed better during fire exposure as compared to open cross-sections such as I-sections, albeit 67 

no explanation is offered for this in the paper.  68 

In the context of published literature [2–4], the thermal response of hybrid steel-timber cross-69 

sections is complex and can be influenced by several factors. These factors include the geometry 70 

of the steel beam and CLT panel sections, the arrangement of the steel beam and CLT panel i.e., 71 

CLT panels resting on the top flange or the bottom flange, and the presence of passive protection 72 

such as intumescent coatings etc. In addition, CLT present behind the bottom flange of the steel 73 

profile is likely to experience significant loss of strength and stiffness and may undergo charring 74 

and combustion. While these factors have been investigated to some extent [2–4], different 75 

geometries, insulation configurations, and passive protection need to be studied to better 76 
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characterize the heat transfer within HST cross-sections when exposed to fire. Furthermore, 77 

validation of numerical predictions of temperature distribution in CLT supported by the bottom 78 

flange of a steel beam have not been reported in any published study, to the authors’ best 79 

knowledge. To this end, this paper extends the experimental work carried out as part of a Master’s 80 

thesis [19], by validating the results against a numerical model, and evaluating the thermal profiles 81 

of HST floor cross-sections consisting of CLT panels resting on the bottom flange of an H-section 82 

steel beam, as shown in Figure 1.  83 

 84 

Figure 1. An illustration of the HST cross-section considered in this study.  85 

This arrangement allows for a relatively shallow overall cross-section as compared to a more 86 

typical arrangement with a steel section located below the CLT panels. With the CLT panels 87 

resting on the bottom flange of the steel H-section, the ends of the CLT panels are insulated from 88 

direct exposure while the steel H-section may transfer heat deeper into the cross section. Therefore, 89 

conventional fire testing and approved calculation methods for charring depth typically used for 90 

the structural fire design of CLT panels are not directly applicable for HST cross-sections.  91 

As can be seen in Figure 1, the space between the web of the profile and CLT panel is generally 92 

filled with insulation to improve the building’s thermal and acoustic performance. Nevertheless, 93 
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the impact of this insulation on the fire performance of the hybrid cross-section is not well 94 

understood. In addition, to protect the hybrid cross-section from elevated temperatures as 95 

experienced during fire, intumescent coating may be applied to a part or all the cross-section. The 96 

effectiveness of such a fire protection strategy, given the presence of CLT timber directly adjacent 97 

to expanding intumescent char needs to be evaluated since CLT starts to degrade at significantly 98 

lower temperatures than steel. More specifically, the following aspects were investigated: 99 

(i) The development of temperature in the HST cross section and charring at the interface 100 

between the two materials, i.e., steel and timber; 101 

(ii)  The influence of insulation between the CLT and the web of the steel profile on thermal 102 

response; 103 

(iii) The effectiveness of partial (and full) protection of structural steelwork within an HST 104 

cross-section in this configuration using intumescent coating on the steelwork. 105 

A standard temperature versus time thermal exposure was adopted in these experiments, despite 106 

the fact that combustible (timber) elements are present in the system. Unlike non-combustible 107 

elements, the additional fuel load from the combustible elements, potential for continued burning, 108 

significantly different thermal properties than non-combustible materials like concrete, and 109 

significance of cooling phase are crucial factors that can impact their fire performance. Therefore, 110 

standard fire testing on its own does not provide a realistic measure of fire safety for timber 111 

elements [20, 21]. Nonetheless, the experiments conducted as part of this study are repeatable 112 

thereby allowing comparison of different protection methods developed to resist standard fire 113 

exposure. Furthermore, the response parameters measured during tests made it possible for 114 

validating the developed numerical model using SAFIR [15] software for both steel and CLT. 115 
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Also, the numerical model allowed for the verification of the assumptions in a previous study by 116 

Malaska et al. [2]. 117 

2. Experimental Program 118 

Six fire experiments were conducted to ascertain the evolution of temperatures within the CLT 119 

and the steel H-section in addition to the visually obvious charring of the CLT. The steel H-sections 120 

were either unprotected, partially protected, or fully protected using intumescent coating, with the 121 

CLT panels resting on the bottom flange without any connecting screws. It should be noted that 122 

the absence of screws may not be representative of building applications and may be 123 

unconservative, however their omission was made to reduce complexity of the heat transfer within 124 

the cross-section and to ensure repeatability in these initial studies. The fire exposure consisted of 125 

a prescribed heating rate as per ISO 834-1 [22] standard temperature versus time exposure in an 126 

electrically heated furnace having internal chamber dimensions of 0.5 m × 0.5 m × 1 m (length by 127 

width by depth). The temperatures at 12 critical locations in the CLT and 20 or 24 locations in the 128 

steel H-sections were monitored and recorded in the experiments. The details of the specimens, 129 

setup, and results from the experimental program are discussed in subsequent sub-sections. 130 

2.1 Test specimens and experimental setup 131 
The test specimens consisted of three main components, CLT panels, steel beams (protected or 132 

unprotected), and stone wool insulation. The steel beam consisted of a 0.6 m long HEA 300 (H-133 

section, European, Series A) cross section having a width of 0.3 m and depth of 0.29 m. Two CLT 134 

panels placed on either side of the web being supported by the bottom flange were 0.45 m × 0.285 135 

m × 0.14 m (length by width by depth) in dimensions. The panel thickness was 140 mm, consisting 136 

of five lamellae of CLT measuring 40, 20, 20, 20 and 40 mm each, glued together using a 137 

polyurethane (PUR) adhesive. C24 strength classification spruce wood (Picea abies) timber was 138 
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used to manufacture the CLT. The density of the CLT panels was 490 kg/m3, as reported in the 139 

manufacturer specifications. It should be noted that this arrangement may not represent a complete 140 

hybrid-steel timber floor system but includes key structural components and represents a worst-141 

case scenario with respect to fire from below, given the CLT is placed as close to the web as 142 

possible and that the CLT rests directly on the bottom flange of the steel.  143 

The thickness of the mineral wool insulation between the web of the H-section and the face of the 144 

CLT panel was 40 mm. The HST test specimen was assembled as follows. Firstly, the 0.6 m long 145 

HEA 300 steel beam was placed across the 0.5 m opening of the furnace. Two CLT panels were 146 

then placed between the bottom flange and the furnace edge on each side of the H-section. Finally, 147 

the gap between the CLT panels’ vertical faces and the web of the steel H-section was filled with 148 

stonewool insulation having a thermal conductivity of 0.035 W/m-K under ambient conditions 149 

[23]. The CLT panels were vertically supported along the furnace walls. A schematic illustration 150 

of the cross-section of the test specimen assembly is shown in Figure 2. The experimental matrix 151 

summarizing the different experimental parameters is presented in Table 1. 152 

   153 

Figure 2. Test specimen assembly with a) Front view of the specimen (all dimensions in mm) 154 

and b) 3D illustration [19]. 155 

Table 1. Experimental matrix 156 

Protection design criterion 

(a) (b) 
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Experiment 

designation 

Protection 

method 

Protection 

coverage 

Temperature Fire Resistance 

Period 

1.A Unprotected - - - 

1.B Unprotected - - - 

2.A Intumescent 

coating 

Partial (Bottom 

flange) 
300 °C 

60 minutes 

2.B Intumescent 

coating 

Partial (Bottom 

flange) 

300 °C 60 minutes 

3.A Intumescent 

coating 

Full (Whole 

surface) 

300 °C 60 minutes 

3.B Intumescent 

coating 

Full (Whole 

surface) 

300 °C 60 minutes 

 157 

Three configurations of protection were applied to the steel sections. When protected, an 158 

intumescent coating was applied to the steel beams as per the different coverage areas of protection 159 

specified, having design criteria of a limiting temperature of 300 °C in the steel member after 60 160 

minutes of standard fire exposure (see Table 1). The limiting temperature of 300 °C was chosen 161 

with an aim to restrict charring in the CLT, although admittedly to restrict any charring a 162 

temperature between 200-250 °C may have been more appropriate. This choice was speculative 163 

and to some extent semi-arbitrary. The 60-minute fire resistance was selected as this is typical of 164 

secondary steel members used in floor systems. The dry film thickness (DFT) of the intumescent 165 

coating (supplied by International Paints (AkzoNobel)) was determined using manufacturer’s data 166 

based on a three-sided exposure and assuming a section factor of 126 m−1 at a limiting temperature 167 

of 300 °C for a 60-minute fire resistance rating. The same DFT was applied on the protected steel 168 

beams regardless of the coverage area. Figure 3 illustrates the differences between the protection 169 

coverage amongst the various test specimens. 170 
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 171 

Figure 3. The different protection coverage on the steel beams [19]. 172 

The testing furnace used for the small-scale experiments (henceforth referred to as the ‘mobile 173 

furnace’) was designed and developed by DBI (The Danish Institute of Fire and Security 174 

Technology) and is powered by electrical heating elements placed towards the bottom of the 175 

furnace compartment. The input power into the heating elements is controlled by a feedback 176 

control loop using Inconel sheathed type K thermocouples of 2 mm diameter mounted on four 177 

sides of the furnace placed at an approximate depth of 10 cm below the furnace opening. The 178 

boundary of the opening of the furnace was insulated using stonewool to minimize heat losses. An 179 

in-house software allows for standard or customized temperature-time curves to be programmed 180 

into the furnace. Temperatures were recorded at approximately every 2.5 seconds using this setup. 181 

2.2 Instrumentation 182 
Of the two CLT panels on either side of the steel H-section, only one panel contained all the 183 

thermocouples for measurement of temperature at different depths within the cross-section. A total 184 

of 12 thermocouples were installed at different locations in the CLT panel. Furthermore, two 185 

additional thermocouples were installed on the vertical edge of the CLT panel to measure 186 

temperatures at the interface of the CLT panel and mineral wool installed at the web of the steel 187 

H-section. The thermocouples were of type K and of 1 mm diameter. Additionally, the wires were 188 



10 
 

insulated with two layers of fiberglass. The thermocouples could be classified into two separate 189 

groups depending on their location as described in Table 2 below. 190 

Table 2. Location of thermocouples (TC) in the CLT panel. 191 

TC group TC number Distance from bottom 

surface of CLT (mm) 

Exposure of the CLT in this region 

First 

group 

TC1 5 Protected by the steel flange 

TC2 10 

TC3 20 

TC4 30 

TC5 45 

TC6 60 

Second 

group 

TC7 5 Direct exposure to the furnace 

TC8 10 

TC9 20 

TC10 30 

TC11 45 

TC12 60 

 192 

Thermocouples were installed in holes created using a drill press with a drill bit of 2 mm diameter. 193 

It should be noted that the larger hole diameter as compared to the thermocouple diameter can 194 

result in an average annular airgap of 0.5 mm which can be a source of error in temperature 195 

measurements within the CLT. Such an annular air gap generally introduces thermal contact 196 

resistance resulting in delayed temperature response and systematic underestimation of timber 197 

temperatures but was not accounted for explicitly in the present study. Nonetheless, the effect of 198 

the thermal contact resistance arising from this annular airgap is significantly smaller in 199 

comparison with other sources of error (such as thermocouple placement) [24]. For the first group 200 

of thermocouples, holes were drilled from the side surface of the CLT (closest to the stonewool 201 

insulation), along the vertical centerline of this surface. Such installation from the side ensured 202 

that the thermocouples were approximately parallel to the in-depth isotherms during fire exposure, 203 
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thereby minimizing any possible thermal disturbance errors [24]. Further details on the installation 204 

procedure can be found elsewhere [19]. The locations of the thermocouples are shown in Figure 205 

4. 206 

207 

 208 

Figure 4. Locations of thermocouples in the CLT panel a) Top view and cross-sectional view of 209 

the CLT slab, and b) Longitudinal section of CLT slab [19]. 210 

There was no instrumentation on the second CLT panel; however, a ‘chimney’ was installed to 211 

allow venting of exhaust gases from the mobile furnace during the experiments. 212 

Similar to the CLT panel, the steel H-section in each experiment was also instrumented with 213 

thermocouples to monitor evolution of temperature at different cross-sectional locations. For the 214 

first two experiments (experiments 1.A and 1.B) with unprotected sections, there were 20 215 

(a) 

(b) 
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thermocouples installed on the steel beam as shown in Figure 5a. In the case of the partially 216 

protected and the fully protected steel sections (experiments 2.A, 2.B, 3.A and 3.B), there were 24 217 

thermocouples installed on the steel beam as shown in Figure 5b. The thermocouples were welded 218 

in place prior to the application of the intumescent coating. The installed thermocouples were type-219 

K Inconel-sheathed thermocouples having a diameter of 2 mm. 220 

 221 

 222 

 223 

Figure 5. Locations of thermocouples (all dimensions are in mm) in a) Unprotected steel 224 

sections (1.A and 1.B), and b) Protected steel sections (2.A, 2.B, 3.A, and 3.B) [19]. 225 

(a) 

(b) 
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2.3 Experimental Procedure 226 
The experiments were performed by subjecting each of the test specimens to the ISO 834-1 [22] 227 

standard time-temperature curve for a duration of 60 minutes. The achieved thermal exposure for 228 

each of the experiments is shown in Figure 6. It can be seen that the furnace temperature, measured 229 

as the average of four thermocouples placed at the four walls of the furnace installed 10 cm below 230 

the specimen, follows closely the ISO 834-1 [22] cellulosic fire curve. Nonetheless, minor 231 

fluctuations in the furnace temperature occur in the range between 400 °C and 600 °C. These 232 

fluctuations can be attributed to the flaming combustion within the furnace chamber in the 233 

temperature range of 400 °C to 600 °C. Consequently, the temperature rises suddenly and then 234 

depreciates rapidly as the available oxygen is depleted and the electrical furnace’s feedback loop 235 

compensates for the increase in temperature within the furnace compartment. These deviations 236 

remained within 10 % of the intended exposure temperature as per ISO 834-1 [22], and lasted for 237 

less than five minutes such that their impact on overall experimental results is considered 238 

negligible. It should be noted that the oxygen concentration in the furnace during the experiments 239 

was neither measured nor controlled, but that oxygen concentration can influence the thermal 240 

response of combustible elements and oxidation of the intumescent char.  241 

 242 
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Figure 6. Furnace exposure for all six experiments. 243 

Once the experiment was completed, the CLT panels were removed and immersed in water to 244 

arrest any further smoldering combustion. It should be noted that while continued burning or 245 

smoldering during natural cooling is an important issue being neglected, the key focus in this study 246 

was on charring during the heating phase alone. After the test, the char layer from the CLT panels 247 

was manually removed so as not to damage the uncharred timber. This remaining uncharred timber 248 

depth was measured at every centimeter along the width of the CLT panel. A schematic of the test 249 

setup as well as a photo of an experiment in progress are shown in Figure 7. 250 

  251 

Figure 7. A schematic view of a) Vertical cross-section of the experimental setup and 252 

specimen, and b) In-progress fire experiment on one of the specimens [19]. 253 

(a) (b) 
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The CLT panels were stored in a conditioning room prior to the experiments at a relative humidity 254 

of 50 ± 5 % and a temperature of 23 ± 2 °C for at least 24 hours [25]. In addition, the moisture 255 

content in the CLT panels prior to the fire experiments was measured. A circular section of the test 256 

panel having a 52 mm diameter and 20 mm thickness was removed and weighed under ambient 257 

conditions. Subsequently, the same section of the CLT panel was placed in a drying oven, at a 258 

temperature of 100 °C for a period of approximately one week. This treatment removed any 259 

moisture from the specimens before weighing them again to determine the moisture content. The 260 

moisture content in the CLT panels was measured to be between 10 % to 11 %, as summarized in 261 

Table 3. 262 

Table 3. Moisture content in CLT panels for all six experiments. 263 

Experiment 1.A 1.B 2.A 2.B 3.A 3.B 

Initial weight (g) 23.17 24.41 24.76 18.86 25.15 26.02 

Dried weight (g) 20.9 22.12 22.28 17.03 22.7 23.49 

Moisture content (%) 10.86 10.35 11.13 10.75 10.79 10.77 

3. Results and Discussions 264 

The temperature evolution at distinct locations within the bottom flange, web, and top flange of 265 

the steel cross section from Experiment 1.A and Experiment 1.B having unprotected steel sections 266 

is shown in Figure 8. As expected, the temperatures in the steel increase monotonically as the 267 

furnace temperature increases. Furthermore, the temperatures recorded at various locations in the 268 

bottom flange depict a similar increase over time due to the high thermal conductivity of steel. 269 

Moreover, the temperatures in the web and the top flange increase at a much slower rate given the 270 

one-dimensional heat exposure from below. Therefore, the CLT panel can insulate the web and 271 
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the top flange from direct exposure from fire as expected, resulting in larger thermal gradients. 272 

However, the impact of these larger thermal gradients on the thermo-mechanical performance of 273 

the HST beam cross-section is beyond the scope of the present study. Finally, the temperature 274 

evolution for both experiments shown in Figure 8 follows very similar trends thus verifying the 275 

repeatability. 276 

  277 

Figure 8. Temperature evolution within the steel section for experiments 1.A and 1.B. 278 

The temperature evolution for the partially protected and fully protected steel sections as measured 279 

during Experiment 2.A, Experiment 2.B, Experiment 3.A, and Experiment 3.B, at identical 280 

locations as for the unprotected sections, is shown in Figures 9 and 10, respectively. The presence 281 

of fire protection in both cases limits the extent of heat ingress into the steel section. In fact, the 282 

temperatures remain below the design temperature of 300 °C in all cases except for TCS22 located 283 

on the lower surface of the bottom flange during Experiment 2.A. The temperature reaches a 284 

maximum value of 360 °C at 60 minutes at TCS22 in Experiment 2.A. However, it should be noted 285 

that the temperature at TCS22 remains below 300 °C for Experiment 2.B, a repeat of Experiment 286 

2.A, while the temperatures on the top of the bottom flange (TCS17) are substantially below 300 287 
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°C in both experiments. This indicates that the exceedance in Experiment 2.A may be due to 288 

insufficient thickness while coating the specimen with intumescent coating.  289 

  290 

Figure 9. Temperature evolution within the steel section for experiments 2.A and 2.B. 291 

 292 

Figure 10. Temperature evolution within the steel section for experiments 3.A and 3.B. 293 

Similar to the steel section, the evolution of temperatures at selected depths within the cross-294 

section of the CLT for the unprotected set of experiments, i.e., Experiment 1.A and Experiment 295 

1.B, are shown in Figure 11. As can be seen from the temperature profiles, there is a steep 296 

temperature gradient through the CLT panel. This can be attributed to the insulating effect of the 297 

Design Limit 

Design Limit 
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char layer on the ingress of heat within the cross-section of the timber. Furthermore, the rate of 298 

progression of temperatures in the thermocouple group directly exposed to fire is noticeably 299 

greater as compared to the thermocouple group that is behind the flange of the steel section. At its 300 

peak, the difference between temperatures measured at the same depth (5 mm or TC1 and TC7) is 301 

almost 400 °C at 20 minutes into fire exposure for Experiment 1.A. Thus, it can be concluded that 302 

the bottom flange of the steel section provides some level of inherent passive protection to the 303 

CLT section supported by it. Nonetheless, this inherent passive protection is more prominent 304 

during early stages of fire exposure and diminishes with fire exposure time. In fact, the 400 °C 305 

difference at 20 minutes measured at a depth of 5 mm (TC1 and TC7) diminishes to 50 °C at 60 306 

minutes into fire exposure. 307 

In addition, a significant difference can be seen between temperature progression at identical 308 

locations for the two experiments, especially for the outermost thermocouples in the CLT. This is 309 

likely due to the instrumentation- and material-related measurement uncertainties associated with 310 

the thermocouples (including their placement) and the natural variability of wood. Nonetheless, 311 

this difference diminishes with the progression of time. For instance, for the two unprotected 312 

experiments (1.A and 1.B) at the thermocouple depth of 5 mm (TC7), the maximum difference in 313 

temperature for the two experiments of about 212 °C (31 %) occurs at approximately 16 minutes 314 

which reduces to approximately 23 °C (3 %) at the end of experiments 1.A and 1.B. Although the 315 

variation between the experimental values for the two unprotected experiments varies non-316 

uniformly with time, they represent similar trends. It should be noted that the gaps in the 317 

experimental measurements represent random fluctuations in the thermocouple readings (e.g., due 318 

to poor connection or interference) and hence have been removed for clarity. 319 
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 320 

 321 

Figure 11. Temperature evolution for unprotected steel sections for a) Thermocouples further 322 

from exposed surface of CLT for Experiments 1.A and 1.B, and b) Thermocouples closer to 323 

exposed surface of CLT for experiments 1.A and 1.B. 324 

The temperature evolution in CLT for the partially and fully protected steel sections is shown in 325 

Figure 12 and Figure 13. As expected, intumescent coating restricts ingress of heat into the steel 326 

section and consequently the CLT section supported by the bottom flange. In fact, the temperature 327 

in the thermocouple groups behind the partially or fully protected bottom flange remains well 328 

below 200 °C at all thermocouple locations (see Figures 12 and 13). The maximum temperature 329 

(a) 

(b) 
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difference between the directly exposed thermocouples and the thermocouples protected by the 330 

partially (or fully) protected steel section is approximately 650 °C at a depth of 5 mm (TC1 and 331 

TC7) for experiment 3.A at 60 minutes into fire exposure. Furthermore, the temperature difference 332 

remains reasonably constant throughout the duration of fire exposure. Given that the base of the 333 

char layer is typically assumed to be at 300 °C, the intumescent coating is an effective strategy to 334 

alleviate charring in the connection region between the CLT support and the steel section. It should 335 

be noted, however, that the absence of charring does not preclude loss in the mechanical strength 336 

of the CLT in the contact region between the CLT and the steel section. In fact, temperatures in 337 

the range of 100 °C can cause the tensile strength of CLT to drop by approximately 40 % of its 338 

ambient temperature value [26]. The impact of moisture on the temperature profile, especially 339 

beyond the depth of 20 mm, is evident in Figure 12 and Figure 13. A prolonged temperature plateau 340 

at 100 °C is seen in both cases (Figure 12 and Figure 13), especially beyond a depth of 20 mm 341 

(TC3), between 40 minutes and 60 minutes into fire exposure time. The results from the two 342 

repeats for each case, i.e., 2.A and 2.B as well as 3.A and 3.B are relatively similar, confirming 343 

the repeatability of the experiments. An anomaly occurs in the thermocouple TC9 at a depth of 20 344 

mm from the fire exposed surface in the case of Experiment 3.A wherein the temperature begins 345 

to drop after 55 minutes despite increasing fire temperature. This can be attributed to a connection 346 

error in the thermocouple, hence readings beyond 55 minutes are not reliable.  347 
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 348 

 349 

Figure 12. Temperature evolution for partially protected steel sections for a) Thermocouples 350 

further from exposed surface of CLT for Experiments 2.A and 2.B, and b) Thermocouples closer 351 

to exposed surface of CLT for experiments 2.A and 2.B. 352 

(a) 

(b) 
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 353 

 354 

Figure 13. Temperature evolution for fully protected steel sections for a) Thermocouples further 355 

from exposed surface of CLT for Experiments 3.A and 3.B, and b) Thermocouples closer to 356 

exposed surface of CLT for experiments 3.A and 3.B. 357 

Besides temperature measurements, the char layers of all six experiments were measured. The char 358 

depth was measured by removing the char layer and physical measurements of remaining 359 

(uncharred) CLT thickness after the completion of the experiments.  The char depth was measured 360 

in the instrumented CLT panel by cutting along section AA’, i.e., the plane in which the 361 

temperatures were recorded, as shown in Figure 4a. The measured char depth profile along the 362 

(a) 

(b) 
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width of the CLT panel for selected experiments is shown in Figure 14. As can be seen in Figure 363 

14a, the charring depth in the region directly behind the steel flange is relatively lower than the 364 

charring depth in the region directly exposed to fire. Therefore, as indicated by the temperature 365 

profiles also, it is evident that the bottom steel flange has a shielding effect for the supported CLT 366 

slab. It should also be highlighted that, for unprotected sections, the temperature recorded at the 367 

web location (TCS12) is significantly lower than that recorded at the flange location (TCS15). 368 

Despite this, lateral heat transfer from the web of the steel section results in heat transfer from two 369 

directions resulting in corner rounding and greater char depth along the CLT surface adjacent to 370 

the web of the steel section.  Therefore, it can be concluded that the web insulation between the 371 

CLT panel and the web of the steel section can significantly influence the fire performance of the 372 

HST cross-section. 373 

 374 

(a) 
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 375 

 376 

Figure 14. Physical char depth measurements along the width of the CLT panel, a) Composite 377 

illustration of char depth for Experiment 1.A, b) Composite illustration of char depth for 378 

Experiment 2.A, c) Composite illustration of char depth for Experiment 3.A. 379 

4. Numerical Modeling 380 

A numerical model to predict evolution of temperatures within the HST cross section was 381 

developed using SAFIR [15] software.  382 

(b) 

(c) 
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4.1 Modeling strategy 383 
Two-dimensional numerical models were developed for validating predictions against response 384 

parameters measured during experiments. These numerical models consisted of linear 385 

isoparametric finite elements with temperature as the only degree of freedom. Details of the heat 386 

transfer formulation can be found elsewhere [27]. The evolution of temperatures is calculated 387 

using the implicit single scheme of the generalized central point [27]. A temporal integration 388 

parameter valued between 0 and 1, representing a completely explicit solution and a completely 389 

implicit solution, can be specified by the user [27]. For this study, a value of 0.9 was adopted to 390 

allow for an intermediate solution between a completely explicit and completely implicit scheme. 391 

The fire temperature at the boundary of the structural element is provided as an input in SAFIR 392 

[15]. In the present study, the boundary conditions were specified as the evolution of temperature 393 

of hot gases surrounding the structural cross-section. Furthermore, it was not necessary to include 394 

the delamination of CLT in the model, primarily because support from the bottom flange of the 395 

section and furnace wall prevented fall-off of the char layer and no char-fall off was observed even 396 

though the 300 °C isotherm reaches the adhesive line (located at 40 mm from the bottom face) in 397 

some locations. This implies that there could have been a risk of char fall-off to occur, especially 398 

in the region unsupported by the bottom flange or furnace edge. However, no char fall off was 399 

observed experimentally and all of the char layer had to be removed manually. This could be partly 400 

due to the lack of loading applied in these tests and the limited area that was both unsupported and 401 

had an adhesive lie that was exposed to high temperatures. A perfect contact between steel and 402 

CLT is assumed with no explicit consideration of the contact resistance between the two materials 403 

due to separation between the adjacent materials. 404 
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4.2 Material properties and discretization 405 
The thermal response of the HST section is governed by the temperature dependent material 406 

properties of both CLT and steel. These include thermal conductivity, density, and heat capacity 407 

as functions of temperature. These properties as specified in the two-dimensional finite element 408 

model are discussed in the following sub-sections.  409 

4.2.1 Thermal properties of CLT 410 
The thermal conductivity and specific heat capacity of CLT were defined according to EN 1995-411 

1-2 [26]. The initial density of the CLT was specified as the ambient density and was assumed to 412 

decrease with increasing temperature as per EN 1995-1-2 [26]. No distinction was made in thermal 413 

properties of different layers of CLT, and they were assumed to be isotropic. The convective heat 414 

transfer coefficient was assumed to be 25 W/m2·K and 4 W/m2·K for the hot (fire exposed) and 415 

unexposed surfaces respectively [28]. The emissivity of CLT was assumed to be 0.8 [29, 30]. The 416 

effect of the latent heat of vaporization of moisture present within the CLT was accounted for 417 

implicitly in the assumed variable specific heat capacity. 418 

4.2.2 Thermal properties of steel 419 
The temperature dependent variation of thermal conductivity and specific heat capacity of 420 

structural steel were assumed as per EN 1993-1-2 [31] recommendations. The density of the steel 421 

was assumed to be 7800 kg/m3 and the emissivity of steel was taken as 0.7 [31]. 422 

4.2.3 Thermal properties of stonewool insulation 423 

The temperature dependent variation of thermal conductivity of the stonewool insulation between 424 

the web of the steel section and CLT panel was adopted from literature [23] and is shown in Figure 425 

15. The density and specific heat capacity were assumed to be constant having values 37 kg/m3 426 

and 900 J/kg·K respectively [23]. The emissivity of the insulation was taken as 0.8 [32]. 427 
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 428 

Figure 15. Assumed variation of thermal conductivity of stonewool as a function of temperature 429 

[23]. 430 

4.2.4 Thermal properties of intumescent coating 431 

The temperature dependent variation of thermal conductivity of the intumescent coating was 432 

adopted as proposed by Lucherini [33] as well as Malaska et al. [2] and is shown in Figure 16. The 433 

density of the intumescent coating was assumed to be 100 kg/m3 while specific heat capacity was 434 

assumed to be 1200 J/kg -K and the emissivity 0.7 [2]. Finally, an equivalent thickness of the 435 

intumescent coating accounting for swelling with effective material properties was determined by 436 

trial and error having a value of 7.5 mm by comparing the numerical and experimental 437 

temperatures at various cross-sectional locations in the steel section. Consequently, there was 438 

reasonable agreement between the temperature evolution predictions compared to the measured 439 

values for the partially protected and fully protected HST cross-sections (because the model had 440 

effectively been calibrated to predict the experimental results). Therefore, it may not be possible 441 

to apply this modeling approach for intumescent coating unless experimental results are available 442 

for direct comparison. 443 
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 444 

Figure 16. Variation of thermal conductivity of intumescent coating as a function of temperature 445 

[2]. 446 

4.2.5 Spatial and temporal discretization 447 

The mesh consists of two-dimensional triangular elements whose dimensions varied depending on 448 

the geometry under consideration. A mesh convergence study was conducted in each case to 449 

determine the optimal mesh size. The elements had temperature as the only degree of freedom. A 450 

minimum timestep of 1 × 10-5 seconds was adopted to allow for adequate convergence in the time 451 

domain. The numerical model used for predicting temperature evolution in the HST cross section 452 

is depicted in Figure 17. 453 
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 454 

Figure 17. Numerical model developed for prediction of temperature evolution within the HST 455 

cross-section having partial protection. 456 

4.3 Model validation 457 

The developed numerical model was validated against data from the six experiments. Both the 458 

temperature profiles and the charring measurements were compared to validate the developed 459 

model. The validation of the numerical model predictions against experimental data is discussed 460 

in the following sub-sections. 461 

4.3.1 Comparison of steel temperatures 462 

A comparison of the temperature measurements in the H-section versus those predicted by the 463 

numerical model are shown in Figure 8, Figure 9 and Figure 10. In the case of the unprotected 464 

sections (Figure 8), it can be seen that the temperature predictions are relatively lower during a 465 

majority of the fire exposure time as compared to experimental measurements in the bottom flange 466 

region (TCS15 and TCS19). In fact, the maximum difference of approximately 7 % and 11 % 467 

between numerical model predictions and Experiment 1.A occurs at approximately 36 minutes and 468 

20 minutes into fire exposure for thermocouples TCS15 and TCS19 respectively. The temperature 469 
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difference between the numerical predictions and experimentally measured values from both 470 

Experiment 1.A and 1.B at thermocouple TCS12 and TCS11 is marginal (less than 6 %). 471 

In the case of the partially protected steel section (Figure 9), the agreement between the 472 

experimentally measured and predicted temperatures is relatively good as this is the case utilized 473 

to determine the equivalent thickness of the intumescent coating by trial and error. In fact, the 474 

maximum temperature difference between numerical predictions and experimentally measured 475 

values for thermocouple locations TCS17, TCS22, and TCS14 for Experiment 2.B remains below 476 

5 %. For thermocouple location TCS13 on the top flange however, the predicted temperature is 477 

approximately 20% lower than the measured temperature from Experiment 2.B at 60 minutes. 478 

Furthermore, it should be noted that the temperature measurements from Experiment 2.A at 479 

thermocouple TCS22 were not compared with the numerical predictions as they were anomalous. 480 

In the case of the fully protected steel section, the temperature predictions at all thermocouple 481 

locations are relatively higher than the experimentally measured values. This can be attributed to 482 

the complexities associated with modeling the response of the intumescent coating, such as lack 483 

of reliable thermal properties, when exposed to elevated temperatures as experienced during fire. 484 

The maximum percentage difference between the measured values and numerical predictions is 485 

approximately 15 %, 19 %, 28 %, and 37 % at thermocouples TCS17, TCS22, TCS14, and TCS13 486 

respectively at 60 minutes into fire exposure. Despite some differences, the overall trends in the 487 

numerical predictions are in agreement with the measured temperatures at different steel cross-488 

sectional locations. Also, it should be noted that the intumescent coating on the top side of the 489 

bottom flange directly in contact with the CLT panels did not activate (or expand), as it was not 490 

directly exposed to elevated temperatures.  491 
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4.3.2 Comparison of CLT temperatures 492 

Similar to the steel section, the experimental temperature measurements at different cross-sectional 493 

locations in the CLT panel are compared with model predictions for the case when steel section 494 

was unprotected, at identical cross-sectional depths, as shown in Figure 11. The temperature 495 

predictions, especially at depths less than 20 mm, experiencing greater temperature rise are 496 

conservative in nature for both groups of thermocouples, i.e., in the regions protected by the bottom 497 

flange and directly exposed to fire (see Figure 11a) towards the end of fire exposure (after 40 498 

minutes). The error between the predicted and the measured temperature varies between 12% to 499 

40% for thermocouples in the second group (see locations TC7 and TC9). For thermocouples in 500 

the first group (see locations TC1 and TC3), the error between predicted and measured temperature 501 

is relatively lower in a range of 15% to 24%.  Furthermore, the inherent passive protection offered 502 

by the bottom flange of the steel section is evident in the trends presented by the numerical model 503 

as well (compare locations TC1 and TC7 or TC3 and TC9). At cross-sectional depths of 30 and 504 

60 mm for the first group of thermocouples (see locations TC4 and TC6), however, temperatures 505 

were consistently underestimated by the model predictions (see Figure 11b) until the experimental 506 

temperature reached the moisture plateau at 100. The predictions underestimated the temperature 507 

by almost 25% to 30%. This can be likely attributed to moisture migration which appears to have 508 

a larger influence at greater depths in the CLT and is not accounted for explicitly in the current 509 

model. 510 

The predicted temperatures in the CLT cross-section for the first thermocouple group, in the region 511 

supported by the bottom flange, are compared with the experimentally measured values for the 512 

partially protected and the fully protected cases as shown in Figure 12 and Figure 13. The predicted 513 

temperatures in the outer thermocouples up to a depth of 20 mm, are conservative as compared to 514 

the measured temperatures for the partially protected case. In fact, the model predictions exceed 515 
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the measured temperatures by almost 12% to 25%. For the fully protected case, temperature 516 

predictions for the first thermocouple group at depths of 20 mm or more are underestimated as 517 

compared to the corresponding experimentally measured values after the first 30 minutes. This 518 

underestimation is of the order of 30% to 40%, reaching a maximum of 90 °C at around 40 minutes. 519 

However, this divergence begins to decrease again once the experimental measurements reach the 520 

evaporation plateau at 100 °C. Therefore, this again might be attributed to the heating within the 521 

cross-section due to moisture migration that increases the temperatures more than is expected 522 

through heat conduction within the solid medium alone. Overall, the CLT temperatures in the 523 

region above the flange measured in the experimental program and predicted through the 524 

numerical model are in agreement for the unprotected case, but noticeably different for the partially 525 

and fully protected cases. 526 

4.3.3 Comparison of charring depth 527 

Besides temperature measurements, the charring depth predictions by the model were also 528 

compared with the corresponding measured values as shown in Figure 18. Since it was not possible 529 

to extract a physical char depth from the numerical model directly, it was assumed that any region 530 

of the CLT experiencing temperature greater than 300 °C was charred. For the case with the 531 

unprotected steel section, the model predictions of 300 °C isotherm profiles behind the bottom 532 

flange as well as direct exposure to fire match well with the experimentally measured values (see 533 

Figure 18a). Similarly for the char depth predictions for the partially protected (see Figure 18b) 534 

and fully protected steel sections (see Figure 18c), there is a general agreement with the 535 

experimentally measured values. This comparison further validates the capabilities of the 536 

developed numerical model. However, it should be noted that the 300 °C isotherm predictions 537 

made using the numerical model, as well as the experimental char depths, may be unconservative 538 

as there is no load acting on the system that may result in crushing of the char layer as it forms. 539 
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Given that no load was acting on the system during fire exposure,  no visible evidence of significant 540 

char crushing at the support locations was observed in the CLT panels during these tests. It should 541 

also be noted that the marginally negative measured values in the unexposed regions of the CLT 542 

represent a minor thermal expansion resulting in greater depth than the original depth. 543 

 544 

 545 

(a) 

(b) 



34 
 

 546 

Figure 18. Comparison of 300 °C isotherm depth predictions (regions experiencing temperatures 547 

greater than 300 °C) against measured values for a) Partially protected steel sections b), and c) 548 

Fully protected steel sections. 549 

5. Limitations and Future Work 550 

A key limitation is that standard fire exposure cannot directly be used to simulate fire performance 551 

of timber elements under real fire conditions, as it is next to impossible to correlate the standard 552 

testing conditions to any real fire exposure condition [20, 21]. In addition, the effect of continued 553 

smoldering and possible reignition of the CLT panel, which may occur in timber elements 554 

following a real fire, was not studies in these tests. Smoldering is a highly localized phenomenon, 555 

which can vary significantly with minor changes in geometry, exposure, airflow, and timber 556 

properties. Therefore, to avoid any additional variability and to provide a fair comparison of the 557 

influence of the different protective coatings during heating, the CLT panel was immediately 558 

immersed in water as the fire test stopped, thereby arresting any smoldering combustion.  559 

Given the lack of realistic load application, no external stress existed across the interface or 560 

connection between the steel section and the CLT panel that would typically result in the crushing 561 

(c) 



35 
 

of the char. Therefore, the temperatures and char depths above the flange reported in this study 562 

may be unconservative in the case that charring is initiated in this region – i.e., for the specimens 563 

without protection in experiments 1.A and 1.B. Another simplification in this study is the absence 564 

of connecting screws between the bottom flange of the steel section and the CLT panel supported 565 

by it. It is expected that including connecting screws would increase heat conduction locally within 566 

the interfacial (or connection) region of the hybrid steel timber cross-section.   567 

All of these factors would be highly valuable to explore in future experimental and numerical 568 

studies. The model applied in this study could be further adapted to incorporate more realistic 569 

exposure conditions, cooling, and more complex geometry. The effect of char crushing requires 570 

further investigation to quantify the extent of geometrical changes and thermal properties of the 571 

crushed char.  572 

6. Conclusions 573 

An experimental and numerical study was conducted to evaluate the thermal response of a hybrid 574 

steel-timber (HST) floor cross-section exposed to fire. The following conclusions can be drawn 575 

based on the results of the study: 576 

• The bottom flange of the unprotected steel section may offer inherent passive fire 577 

protection to the CLT (timber) directly above it, during initial phases of fire exposure. A 578 

difference of approximately 400 °C existed between the shielded and directly exposed 579 

thermocouples at depths of up to 5 mm within the CLT after 20 minutes into fire exposure, 580 

in the configuration tested in this study. However, the value of this difference diminished 581 

with time, reducing to almost 50 °C at 60 minutes into heating. Also, charring in the timber 582 
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region supported by the bottom flange of the steel section was approximately 10% lower 583 

as compared to the region directly exposed to heating. 584 

• Given that the temperature in the web of the unprotected section reached as high as 300 585 

°C, significant lateral heat transfer occurred from the steel section to the CLT. 586 

Consequently, the insulation between the web of the steel profile and the surface of the 587 

CLT panel had a significant influence on the fire performance of the HST cross-sections. 588 

• Similar to previous research [2], protecting the steel section using an intumescent coating 589 

is effective in restricting heat transfer to the CLT. In the current study, coating the steel 590 

section partially or fully using an intumescent coating resulted in almost identical levels of 591 

protection when fire exposure was from below. Furthermore, a protection design criterion 592 

of 300 °C for 60 minutes restricted charring in the CLT region supported by the steel 593 

section.  594 

• For the cases when the steel section was partially or fully protected using intumescent 595 

coating, moisture migration effects appeared to have a significant influence, especially at 596 

greater depth in the exposed surface of CLT (20 mm or more); the discrepancy between 597 

model predictions and experimentally measured values in the CLT cross section increased 598 

deeper into the CLT, as expected.  599 

• A numerical heat transfer model developed using SAFIR software was capable of making 600 

reasonable predictions of temperature evolution (and hence predicted charring profile) in 601 

the hybrid steel timber cross-section (assuming that heat transfer through the applied fire 602 

protection can be effectively modelled). The approach to model intumescent coating as an 603 

equivalent material of constant thickness was (unsurprisingly) shown to be tunable to 604 

predict the evolution of temperatures within protected hybrid steel-timber cross-section. 605 
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