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 1 
Large scale fire test: the development of a travelling fire in open ventilation conditions 2 

and its influence on the surrounding steel structure  3 

Ali Nadjai1, Naveed Alam1, Marion Charlier2, Olivier Vassart2, Stephen Welsh3, Antoine Glorieux2, 4 
Sjostrom Johan4 5 

 6 

ABSTRACT 7 
In the frame of the European RFCS-TRAFIR project, natural fire tests in large compartment were conducted 8 

by Ulster University, involving steel structure and aiming at understanding the conditions in which a 9 

travelling fire develops, how it behaves and impacts the surrounding structure. During the experimental 10 

programme, the path and geometry of the travelling fire was studied and temperatures, heat fluxes and 11 

spread rates were measured. The experimental data is presented in terms of gas temperatures recorded in the 12 

test compartment at different positions and levels. The influence of the traveling fire on the surround 13 

structure is presented in terms of the temperatures recorded in the selected steel columns and beams. The 14 

scope of the experimental work is extended using CFD modelling with FDS software, which demonstrate a 15 

good agreement with measurements. The temperatures in the test compartment were dependent on the 16 

positioning of the travelling fire band as well as the height from the floor level. The non-uniform 17 

temperatures in the compartment lead to transient heating of the nearby structural steel elements, resulting in 18 

a reduction of their resistance which may influence the global structural stability. The results obtained will 19 

help to understand the behaviour of travelling fires and their influence on the structural members. This 20 

knowledge will help to reduce the travelling fire associated risks in future. 21 

 22 
Keywords: Travelling fire tests; Natural fire tests; Steel Structure; Large-scale compartment tests; CFD 23 
Modelling 24 
 25 

1 INTRODUCTION 26 
The response of a structure subjected to fire is dependent on the fire exposure conditions. Small 27 

compartment fires behave in a relatively well understood manner, usually defined as a post-flashover fire 28 

where the temperatures within the compartment are considered uniform. However, with modern architecture 29 

there is an increase of open large-floor plan spaces, for which the assumption of post-flashover fire does not 30 
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hold and there is instead a smaller localised fire that moves across the floor with time. The current fire 31 

exposure conditions were developed using extrapolation of existing fire test data. The existing data comes 32 

from small compartment tests for which a uniform distribution of gases and temperatures fits well. In case of 33 

large compartments, this assumption of uniform temperatures does not hold. Travelling fires have been 34 

observed and investigated in several structural failures especially from 2000 onwards: The World Trade 35 

Centre Towers [3] in New York City in 2001, the Windsor Tower [4] in Madrid in 2005, and the Faculty of 36 

TU Delft Architecture building [5] in Netherlands in 2008. From the detailed investigations conducted on 37 

such fire events that occurred over the last two decades in large compartments, it is understood that such 38 

fires have a great deal of non-uniformity. They generally burn locally and move across floor. This 39 

phenomenon generates non-uniform temperatures in the compartment and transient heating of the 40 

surrounding structure. This type of fire scenario is idealized as the travelling fire [1,6].  41 

Although majority of the fire exposure scenarios provided in the design codes consider uniform 42 

temperatures within the compartment, there is also some guidance available related to non-uniform 43 

temperatures.  In the EN1991-1-2 [2], two models are provided which consider a non-uniform temperature 44 

distribution: the localised fire model and the advanced fire models (zone models and computational fluid 45 

dynamic models). Nevertheless, the localised fire method considers a static fire which does not translate the 46 

effect of a travelling fire. For zone models, the situation starts as a two-zone model which is based on the 47 

assumption of accumulation of combustion products in a layer beneath the ceiling, with a horizontal 48 

interface. Uniform characteristics of the gas may be assumed in each layer and the exchanges of mass, 49 

energy and chemical substance are calculated between these different zones [2]. Although this model 50 

considers a non-uniform temperature distribution within the compartment, it does not translate the travelling 51 

nature of a fire. The CFD (computational fluid dynamic) models enable to solve numerically the partial 52 

differential equations giving in all points of the compartment, the thermo-dynamic and aero-dynamic 53 

variables. These models are consequently complex and imply a high computational cost. The recent years 54 

have seen growing interest in investigating travelling fires which underlined the inadequacy of uniform 55 

heating in large compartments [7-14]. Further research efforts are needed, especially to extend the 56 

experimental data related to such fire scenarios which is scarce, limited, and partial. 57 
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 58 
 59 

2 THE EXPERIMENTAL PROGRAMME 60 
During the experimental programme, three large-scale fire tests were conducted in a compartment with 61 

different ventilation conditions having similar fire load. The compartment was a representative of a modern 62 

office layout and was used for travelling fire tests multiple times. Detailed instrumentation was employed 63 

during the tests. This paper provides the details of the first fire test which was conducted with open 64 

ventilation conditions. 65 

 66 

2.1 Details of the Test Structure 67 
 68 
The floor plan between the outer gridlines of the test structure was 15 m x 9 m while the level of the ceiling 69 

from the floor finish surface was 2.90 m as shown in Figure 1 (b). The test compartment is a representative 70 

of a modern office building and represents a part of an open layout office building. The structure was made 71 

of steel beams and columns as the main structural frame while hollow-core precast slabs were used for the 72 

construction of ceiling, Figure 1 (a). A solid concrete wall was built along one of the shorter sides while 1.0 73 

m down-stands were provided along the longer dimensions of the test compartment as seen in Figure 1 (b) 74 

and (c). 75 

The structural steel frame of the test compartment was built by Saverfield Ltd, local partner to FireSERT. 76 

The steel columns were separated into two categories, the structural columns, and the dummy columns. The 77 

structural columns were part of the main structural steel frame while the dummy columns were only 78 

provided for data acquisition purposes. All columns were fixed to the pre-existing reinforced concrete 79 

flooring via anchorage bolts. The structural columns were fixed to the concrete floor using four anchorage 80 

bolts. All the structural columns were 3.5 m extended beyond the roof. The connections between the 81 

structural columns and beams were designed as fin-plates.  The distance between the structural columns 82 

along the longer direction of the test compartment was 5.0 m while the same along the shorter direction was 83 

3.0 m. The structural frame was laterally restrained using four diagonal bracings, two each along the longer 84 

and the shorter directions. 85 

 86 
 87 
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(a) 

 
(b)  

 

 
(c) 

Figure 1: Details of the test structure: (a) Structural steel frame and concrete slabs: (b) Schematic view of the test compartment: 88 
(c) Test compartment with 1 m down stands  89 
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 90 
The dummy columns provided for data acquisition purposes were erected between the concrete floor and the 91 

roof beams. The dummy columns were fixed to the floor and the bottom flange of the beams using two 92 

anchorage bolts. The steel used for the construction of the test compartment (including the dummy columns) 93 

was grade S355. Both the structural and dummy columns, as well as the beams provided along the longer 94 

direction of the test compartment, consisted of HEA 200 hot rolled steel sections (see Table 1). On the other 95 

hand, the beams in the shorter direction consisted of HEA 160 hot rolled steel sections. The roof of the test 96 

compartment consisted of 120 mm thick hollow-core precast concrete slabs which were provided along the 97 

shorter direction of the compartment. As the test compartment was intended to be used for multiple fire 98 

tests, the structural columns of the steel frame were protected using intumescent coating (R60) in order to 99 

maintain the structural integrity during the fire tests. It is seen in Figure 2 (b) and (c) that only the structural 100 

columns were protected while the dummy columns are kept unprotected for data acquisition purposes. A 101 

summary of the steel frame used for the test is given in Table 1. 102 

 103 
 104 

Table 1: Summary of the steel frame and fire protection details 105 

Description Sections Section  
Factor (m-1) 

Length 
Height (m) 

Protection 
Applied 

Structural columns HEA 200 211 3.5 Yes: R60 
Dummy columns HEA 200 211 2.7 No 
Long beams HEA 200 174 4.8 No 
Short beams HEA 160 192 3.0 No 

 106 

2.2 Details of the Fire Load 107 
The fuel load used for the travelling fire tests was determined to be a representative of an office building 108 

following the recommendations of the Eurocode 1 [2]. As the test compartment was representative of an 109 

office building, Eurocodes provide a medium fire growth rate (tα = 300 seconds) and a fire load density of 110 

511 MJ/m2 for such occupancies. In the frame of TRAFIR-RFCS project, Gamba et al. [11] performed a 111 

series of fire tests with uniformly distributed cellulosic fire loads, aiming at defining an arrangement 112 

representative of an office building according to Eurocode 1. This work led to devise a well-established 113 

methodology, used to define the fuel load for the experimental campaign described in this paper. To achieve 114 

a medium fire growth rate for the office building and reach a fire load density of 511 MJ/m2, 9 layers of 115 

wooden sticks with an axis distance of 120 mm (90 mm intervals) were provided in three different 116 
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directions. The wood sticks were 30 mm wide and 35 mm deep. The first layer of the wooden sticks was laid 117 

at 60° angle while the second layer was laid at an angle of 120°. The third layer was at 0° or 180° and the 118 

process was repeated in such a way the 6th layer of the sticks laid at 0° or 180° had a lateral offset of 60 mm 119 

with respect to the third layer as shown in Figure 2 (b) and (c). The final layer (the ninth layer) of the fuel 120 

wood was at 0° or 180°, such an arrangement helped to visually observe the travelling behaviour of fire from 121 

one stick to another. The fuel load arrangement was kept the same during all three tests while the ventilation 122 

conditions were varied from one test to another. 123 

 124 
The fuel wood source consisted of the species “Picea abies” with an average density 470 kg/m3 having a 125 

moisture content of 15.22%. The fuel wood was provided along the centre of the test compartment. The fire 126 

load was 14 m long stretching along the longer dimension of the test compartment. For convenience, a gap 127 

of 500 mm was maintained between the walls and the edge of the fuel bed at both ends as seen in Figure 2 128 

(a). The width of the fuel bed was 4.2 m and was aligned with the centre line of the compartment. Such an 129 

arrangement of the fire load resulted in a distance of 2.4 m from the edge of the fuel bed to the centreline of 130 

the columns provided along in the longer dimension along gridline Ⓐ and Ⓓ. The wood sticks were 131 

provided on a platform constructed using concrete blocks and gypsum fireboards as shown in Figure 2 (b) 132 

and (c). The platform was at height of 325 mm from the concrete floor finish level. The point of ignition was 133 

selected at mid-width of the fire load and was located at  0.5 m from its edge, i.e., at a distance of 1 m from the 134 

back wall and at a distance of 2.1 m from the edges of the fuel bed along the longer direction.  135 

 136 
 137 
 138 
 139 
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(a) 

 
(b) 

 
(c) 

Figure 2: Fuel load arrangement and steel columns: (a) Schematic view of fuel wood: (b) fuel wood provided in the test 140 
compartment: (c) Front view of fuel wood 141 

 142 

2.3 Details of the Instrumentation 143 
The purpose of these large-scale tests was to investigate the dynamics of the travelling fire and to record fire 144 

related data. The recorded data during the test included the compartment temperatures, temperatures in the 145 

structural steel components, the heat fluxes, and the mass loss of the wooden fuel. For data acquisition 146 

purposes, intensive instrumentation was applied, which consisted of thermocouples, heat flux gauges, thin-147 

skinned calorimeters, anemometer, and the load cells. Details of the instrumentation are provided in the 148 

following sections. 149 
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2.3.1 The Temperature recordings 150 
The gas temperatures in the compartment were recorded using thermocouples provided at different levels as 151 

an individual sensor and in groups as thermocouple trees. The details of the thermocouple positioning are 152 

shown in Figure 3 (a). In this paper, details of the thermocouples provided along the centreline of the test 153 

compartment have been provided. The thermocouples along the centreline of the test compartment were 154 

provided using five thermocouple trees, TRL-4 through TRL-8 in Figure 3 (a) represent these thermocouple 155 

trees. The first thermocouple tree, TRL-4, was positioned at 1.5 m from the back wall while the remaining 156 

thermocouple trees, TRL-5 through TRL-8 were positioned at 2.5 m intervals All five trees were equipped 157 

with six thermocouples at different levels. The positioning of the first thermocouple from the floor finish 158 

level was 0.5 m (L1). The thermocouples at levels 2, 3, 4 and 5 were at 1.0 m, 1.5 m, 2.0 m, and 2.5 m 159 

respectively. The last thermocouple provided in each tree was at 2.7 m from the floor finish level (L6) as 160 

shown in Figure 3 (c). Such arrangement of thermocouples allowed temperature recordings at different 161 

locations along the length as well at different heights and levels of the test compartment. 162 

To analyse the influence of the travelling fire on the surrounding steel structure, intensive instrumentation 163 

was conducted to record the temperatures in the columns and the beams. Although temperatures were 164 

monitored in different columns, details of the instrumentation and recorded temperatures in the dummy 165 

columns located along the centreline of the travelling fire have been provided in this article. These columns 166 

are identified as C11 in Figure 3 (a) which are adjacent to thermocouple trees TRL-5 and TRL-7. 167 

Temperatures in the columns (C11) were monitored at five levels: L1 to L5 as show in Figure 3 (b). 168 

Temperatures in the columns at each level were recorded using three thermocouples. Two thermocouples 169 

were provided the flanges while the third thermocouple was provided in the web as shown in Figure 3 (d). In 170 

total, 15 thermocouples were employed to record the temperatures in each column positioned along the 171 

centreline of the test compartment within the fuel wood. These thermocouples have been identified as 1 172 

through 15 in Figure 3 (d). 173 

Temperatures in the steel beams were monitored in the middle adjacent to the thermocouple trees. In this 174 

paper, the discussion has been focused on the central beams between gridlines Ⓑ and Ⓒ provided along the 175 

gridlines ② and ③. The selected beams are adjacent to thermocouple trees TRL-5 and TRL-7, Figure 3 (a). 176 

Temperatures in each beam were monitored via three thermocouples. The first thermocouple was provided 177 
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in the bottom flange (B-16) while the second thermocouple was provided in the web (B-17). The last 178 

thermocouple in the beams (B-18) was provided in the top flange as shown in Figure 3 (e). 179 

 180 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 

 
(e) 

Figure 3: Details of thermocouples, (a) positioning of thermocouple trees (b) thermocouples in beams and columns, (c) 181 
thermocouples in large thermocouple trees; (d) thermocouples in columns, a closer view; (e) thermocouples in beams, a closer 182 

view 183 

 184 

2.3.2 The Mass Loss Recording 185 
One objective of this experimental work was to record the mass loss of the fuel wood during the travelling 186 
fire test. The mass loss of the fuel wood was monitored in the middle of the compartment between gridlines 187 
② and ③ using a steel platform shown in Figure 3 (a). The steel platform was 5 m long x 3 m wide and 188 
was supported on four load cells a shown in Figure 4. The load cells were connected to the data acquisition 189 
system to record the data. To avoid any damage to the steel platform during the fire tests, fire blanked was 190 
wrapped around each part. In addition to the steel platform, the load cells and the cables of the data 191 
acquisition system were also protected using the fire blanket as shown in Figure 4. On top of the steel 192 
platform, two layers of gypsum fire board were provided to support the fuel wood. The area of gypsum fire 193 
boards supporting the fuel load for mass loss recording purposes was 4.2 m x 3.6 m as shown in Figure 3 (a). 194 
The top surface of the gypsum fire board layers was at 325 mm distance from the floor finish level, aligned 195 
with other fire board panels used to support the fuel wood. Although the fire boards supporting the fuel 196 
wood above the steel platform were at the same level from the floor, these were intentionally separated from 197 
the rest of the floorboards to ensure accurate measurement of the fuel load during the fire test. 198 
 199 

 

Figure 4: Mass load recording frame with load cells and fire protection arrangements of the steel frame used for mass loss 200 
recording 201 

 202 
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2.3.3 The Data Acquisition System 203 
All the assigned sensors were connected to the data logging system through extension cables. The extension 204 

cables were stretched along the roof and were connected with the data loggers stationed in the site office as 205 

shown in Figure 5. A layer of fire blanked was provided under these cables to evade any damage from the 206 

heat during the test. Due to higher number of sensors applied, multiple data loggers were employed for data 207 

recording purposes.  208 

 209 

 210 
Figure 5: Extension cables for data sensors and data loggers 211 

 212 

3 RESULTS AND DISCUSSION 213 
The results from the first travelling fire test are presented in the following: 214 
 215 

3.1 The Fire Behaviour 216 
The source of ignition was kept at 1.0 m from the back wall and 0.5 m from the edge of the fuel wood. After 217 

ignition, the fire developed and a rise in temperatures was record by the thermocouples closer to the fire. It 218 

is seen in Figure 6 (a) that the highest temperatures are recorded by thermocouples provided in TRL-4 while 219 

the lowest temperatures are recorded by thermocouples provided in TRL-8. This was evident as the 220 

positioning of the travelling fire was closer to the TRL-4 while the remaining thermocouple trees were 221 

outside the flames as shown in Figure 6 (b). As the fire travelled ahead, a rise in temperatures were recorded 222 

in TRL-5 after 30 minutes from ignition. At this point, temperatures recorded by TRL-4 and TRL-5 were 223 

higher as compared to the rest of the thermocouple trees as shown in Figure 6 (c). The positioning of the 224 

flames is in between TRL-4 and TRL-5, Figure 6 (d). 225 

 226 
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(a) 

 
 
 

(b) 

 
(c) 

 
 
 

(d) 

 
(e) 

 
 

(f) 
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(g) 

 
 
 

(h) 

 
(i) 

 
 

(j) 

 
(k) 

 
 

(l) 
Figure 6: Recorded temperatures at different levels and photos; (a) &(b) after 15 mins; (c) & (d) after 30 mins; (e) & (f) after 45 227 

mins; (g) & (h) after 60 mins; (i) & (j) after 75 mins; (k) & (l) after 81 mins 228 

 229 
 230 
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The fire continued to travel along the length of fuel bed and got closer to the middle of the compartment 231 

after 45 minutes from ignition. This resulted in a decrease of the recorded temperatures at TRL-4 while a 232 

small rise in recorded temperatures in TRL-6 was observed as shown in Figure 6 (e). The recorded 233 

temperatures are highest at TRL-5 after 45 minutes as this thermocouple tree is engulfed in flames (Figure 6 234 

(f)).  After 60 minutes from ignition, the fire has got closer to gridline ③, as a result, an increase in the 235 

temperatures in TRL-7 has been recorded, Figure 6 (g) and (h). At this point, the temperatures recorded at 236 

TRL-8 are still very low. The temperatures recorded at TRL-4 and TRL-5 have reduced significantly and are 237 

below 500°C. After 75 minutes from ignition, TRL-8 positioned closer to the fore-end of the test 238 

compartment is completely engulfed in fire as seen in Figure 6 (j). This is reflected in the recorded data as 239 

highest temperatures are recorded in the compartment at TRL-8 (given in Figure 6 (i)). With the 240 

consumption of fuel wood, recorded temperatures in the test compartment reduce except for TRL-8 which is 241 

still under the influence of the travelling fire as shown in Figure 6 (k) and (l). 242 

The behaviour of the travelling fire was also observed by monitoring the distance between the fire front and 243 

the burnout at its back end, along the longer dimension of the test compartment. This distance has been 244 

referred to the fire band width in this paper. The maximum band width of the travelling fire observed during 245 

the test as well as that observed through videos and pictures of the fire test is given in Figure 7. The 246 

“travelling” behaviour of the fire (i.e. when the back end of the fire begins to travel) starts at 28 minutes 247 

from ignition for the test. This evolution suggests a fairly constant fire band width of around 3.0 meters, 248 

with the lowest value occurring when the fire reaches the central part of the test compartment.  249 

 250 
 251 
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Figure 7: Fire band width at different intervals during the fire 252 

 253 

3.2 Gas temperatures recorded in the Test Compartment 254 

The evolution of gas temperatures in the test compartment along the longer dimension, parallel to the 255 

travelling fire, are presented in terms of recorded data via thermocouple trees TRL-4 through TRL-8 in 256 

Figure 8. The positioning of the thermocouple trees was presented in Figure 3 (a) which shows the first 257 

thermocouple tree (TRL-4) positioned in the middle of Zone 1B at 1.5 m from the source of ignition. The 258 

remaining thermocouple trees were positioned at 2.5 m centres and were equipped with six thermocouples 259 

each as discussed previously. It should be noted that the thermocouple provided at L1 in each thermocouple 260 

tree was at 0.5 m from the floor finish level and lies within the fuel load.  261 

The following observations were made during the fire test: 262 

• The gas temperatures recorded in TRL-4 present strong variations. Some extreme values (maximum 263 

and minimum) are measured for a very limited period of time (almost instantaneously) and should 264 

not be considered when evaluating the global profile of the curve. The TRL-4 also presents a 265 

strongly non-uniform temperature distribution along its height (lower temperatures are met for higher 266 

levels). Also, it can be seen in Figure 8 (a) that the thermocouple from TRL-4 L1 went deficient at 267 

around 30 minutes. 268 

• With the fire band travelling towards the next thermocouple tree (TRL-5), the temperatures recorded 269 

at TRL-4 reduce while the temperatures at TRL-5 increase, illustrating the travelling nature of the 270 
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fire. Temperatures recorded at TRL-5 reached 900°C after 38 minutes of the ignition. Similarly, the 271 

maximum recorded temperatures using TRL-6, TRL-7 and TRL-8 at L2 were 995°C, 975°C and 272 

1000°C after 50 minutes, 57 minutes and 70 minutes from ignition respectively as shown in Figure 8 273 

(b). 274 

• The gas temperatures from TRL-4 & TRL-5 positioned close to the ignition source are globally 275 

lower than the ones from other TRL’s placed away further in the compartment away from the 276 

ignition source. This phenomenon is even more noticeable for upper levels. This could be explained 277 

by the fact that at these locations, the fire is in the developing phase for the initial part of the test. 278 

Indeed, the fire reaches the entire width of the fuel bed after 23 minutes from ignition and the 279 

temperature peaks in TRL-4 after around 20 minutes.  280 

• The curves from TRL-4 & TRL-5 also present a shorter “plateau” of maximum temperatures (i.e. the 281 

period of time for which higher temperatures are maintained) as compared to those for other TRL’s. 282 

For the TRL-4 and TRL-5, a sharper growth and decay are measured, with a short-lasting plateau of 283 

around 10 minutes.  284 

• The maximum gas temperatures recorded in TRL-6 to TRL-8 are in the same order of magnitude: 285 

around 1000°C. 286 

• During the test, one of the thermocouples malfunctioned at L6, this has been omitted in Figure 8 (f). 287 

 288 

 
(a) 

 
(b) 
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(c) 

 
(d)  

 
(e) 

 
(f) 

Figure 8:  Evolution of gas temperatures in TRL-4 through TRL-8 at 5 different levels 289 

 290 

3.3 Temperatures recorded int the Steel Structure 291 
As stated previously, temperatures during the test were recorded in the selected beams and dummy columns. 292 

In this paper the columns and beams along gridline ② and ③ positioned between gridlines Ⓑ and Ⓒ have 293 

been selected for data presentation purposes. The selected columns and beams are adjacent to thermocouple 294 

trees TRL-5 and TRL-7, refer to Figure 3 (a). The test data is presented in terms of the recorded 295 

temperatures at different thermocouple positions shown earlier in Figure 3 (d) and (e). During the test, it was 296 

observed fire was concentrated near TRL-5 and TRL-7 after around 40 and 60 minutes respectively, as it can 297 

be observed on the graphs from Figure 9. The temperatures recorded in the compartment adjacent to the 298 

selected columns and beams, using thermocouple trees TRL-5 and TRL-7, are presented in Figure 9 (a) and 299 

(b), respectively. The temperature rise at higher levels L5 and L6 initiates earlier as compared to that at the 300 

lower levels. The temperature rise at L4 is earlier as compared to the remaining lower levels while it is 301 
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slower in comparison with levels L5 and L6. This is due the hot gases rising in the compartment, 302 

establishing in the upper part. For the bottom three levels, the increase in temperature is rapid as 303 

temperatures rises from 100°C to 1000°C within a few minutes as seen in Figure 9, translating the direct 304 

contact with the flames. For TRL-5, thermocouple provided at L6 was faulty, hence data is not included in 305 

Figure 9 (a). 306 

 307 
 308 

 
(a) 

 
(b) 

Figure 9: Gas temperatures recorded at, (a) TRL-5; (b) TRL-7 309 

 310 

3.3.1 Temperatures recorded in the steel columns 311 
The temperatures recorded in the flanges and the web of the steel columns adjacent to TRL-5 and TRL-7 at 312 

all levels are presented in Figure 10. The label “LHS-F” corresponds to the flange closer to gridline Ⓒ (i.e. 313 

thermocouple numbers 1, 4, 7, 10, 13 in Figure 3 (d)) “WEB” corresponds to the web (i.e. thermocouple 314 

numbers 2, 5, 8, 11, 14 in Figure 3 (d)) and “RHS-F” corresponds to the flanges closer to gridline Ⓑ (i.e. 315 

thermocouple number 3, 6, 9, 12, 15 in Figure 3 (d)). During the test, some thermocouples were found 316 

faulty, these have not been included in Figure 10. The temperatures at L1 start to increase after 30 minutes 317 

for column adjacent to TRL-5 while the same for column adjacent to TRL-7 start after 55 minutes from the 318 

start of the test. For column adjacent to TRL-5, temperatures at L2 increase after 17 minutes while the same 319 

at L3 and L4 the rise in temperature initiates after 15 and 12 minutes respectively from the start of the test as 320 

shown in Figure 10 (b), (c) and (d) respectively. Similarly, for column adjacent to TRL-7, the temperatures 321 

at L2 rise after 52 minutes from ignition while those at L3 and L4 rise after 20 and 15 minutes as seen in 322 
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shown in Figure 10 (b), (c) and (d) respectively. For column near TRL-7, the rise in temperature at L4 for 323 

first 15 minutes is slow while it rises significantly as the wooden fuel near the column starts to burn. The 324 

temperatures recorded across the section of the columns at each level can be considered as uniform. At L5, 325 

the rise in temperature starts after a few minutes from the start of the test for both columns as shown in 326 

Figure 10 (e). It is interesting to see that for lower levels, the ascending part of the curve is steeper as 327 

compared to the descending branch. Further, the temperature recorded in the columns have similar profiles 328 

to the gas temperatures recorded in the adjacent columns provided earlier in Figure 9. 329 

 330 
 331 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

Figure 10: Evolution of steel temperatures in steel columns C11 adjacent to TRL-5 and TRL-7 at, (a) Level 1; (b) Level 2; (c) 332 
Level 3; (d) Level 4; (e)Level 5 333 

 334 
The Figure 11 presents the temperature distribution along the height of the steel columns adjacent to TRL-5 335 

and TRL-7 at 40 minutes and 70 minutes. For the column adjacent to TRL-5, it can be seen from Figure 11 336 

(a) that at 40 minutes from ignition, the recorded steel temperatures are non-uniformly distributed along its 337 

height. At this time, the column is engulfed into the fire and higher temperatures are measured at its lower 338 

part. The bottom part of the column reaches 600oC, while 520oC and 470oC are recorded at mid-height and 339 

closer to the ceiling level, respectively.  At 70 minutes from the test, when the fire travels ahead and away 340 

from the column adjacent to TRL-5, high temperatures are maintained at L4 and L5 (at 2 and 2.5 meters) but 341 

temperatures at lower levels (at L1, L2 and L3) are relatively low with an average temperature of 410oC.  342 

In case of the column positioned adjacent TRL-7, it can be seen in Figure 11 (b) that at 40 minutes fire 343 

duration (i.e., when the flames have not reached the column yet): steel temperatures are quite low. At 70 344 

minutes, steel temperatures exceed 700°C at lower levels (L1 and L2) while the temperatures at higher 345 

levels are approximately 650°C (at L3, L4 and L5). Such transient heating of the columns (and decrease of 346 

steel mechanical properties) should be considered when analysing the stability of a structure subjected to 347 

travelling fires.  348 

 349 
 350 
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(a)  

 
(b)  

Figure 11: Temperatures recorded at different levels in steel columns C11 adjacent to, (a) TRL-5; (b) TRL-7 351 

 352 
 353 

3.3.2 Temperatures recorded in the steel Beams 354 
The selected beams were instrumented with a set of three thermocouples, one on each flange and one on the 355 

steel web, as shown previously in Figure 3 (e). The beams considered for data presentation purposes consist 356 

of hot rolled steel profiles HEA-160 provided along gridlines ② and ③ located between gridlines Ⓑ and 357 

Ⓒ. The gas temperatures in the compartment adjacent to the thermocouples in the beam were recorded at L5 358 

and L6 (in TRL-5 and TRL-7 given earlier in Figure 9). For each beam, the temperatures are presented using 359 

three curves, B16 - BF corresponds to bottom flange, B17 – WEB corresponds to the middle of the web 360 

while B18 – TF corresponds to the top flange in Figure 12. Temperatures in the beam adjacent to TRL-5, 361 

being closer to the point of ignition, increase significantly after 12 minutes from the start of the test. 362 

However, for beam adjacent to TRL-7, a slower increase is recorded until the 45th minute. Once the 363 

travelling fire gets closer, a sharp increase in temperature is recorded as seen in Figure 12. It can also be 364 

observed that the decrease in temperatures starts in the beam adjacent to TRL-5 earlier than the beam 365 

adjacent to TRL-7 as the fire travels ahead towards the fore end of the test compartment. It is interesting to 366 

note that the temperatures measured in the bottom flange, web and the top flange are non-uniform: the 367 

temperatures in the top flange are significantly lower as compared to those recorded in the bottom flange. 368 

The maximum steel temperatures reached in the bottom flange, the web and the top flange are 605°C, 600°C 369 

and 500°C respectively for beam adjacent to TRL-5. Similarly, the maximum temperatures recorded in the 370 
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bottom flange, web and top flange for beam adjacent to TRL-5 are 700°C, 675°C and 595°C respectively as 371 

seen in Figure 12. These results not only show non-uniform temperatures in the test compartment, but they 372 

also highlight the transient heating of the surrounding structure for travelling fires. 373 

 374 
 375 

 
Figure 12: Evolution of temperatures in beams along gridlines ② and ③ adjacent to TRL-5 and TRL-7 376 

 377 

3.4 Mass Loss of the Burning Fuel 378 
 379 
The mass loss data recorded during the test is presented in Figure 13 (a). As observed during the test, a 380 

decrease in the mass of the fuel wood supported on the platform is seen once it starts to burn fire after 37 381 

minutes from ignition. After 39 min onwards until the 58th minute, a uniform decrease in the wooden fuel 382 

mass is recorded. After 58 min from ignition, a slow reduction in the mass loss is recorded due to non-383 

uniformity of the burning fuel. The mass loss recordings also comply with the observations made during the 384 

test where most of the fuel wood provided on the platform was consumed after 64 minutes.   385 

 386 
 387 
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(a) 

 
(b) 

Figure 13: (a) Recorded mass loss; (b) Approximation of the RHR, derived from the mass loss measurements 388 

            389 
The mass loss rate [kg/s] is the variation of the solid fuel mass during the combustion process. It is possible 390 

to deduce the rate of heat release from the mass loss rate, since these two parameters are linked by the 391 

equations (1) and (2), Hu being the net calorific value of the fuel [MJ/kg] and m being the combustion factor 392 

(considered equal to 0.8, following Eurocode 1). To evaluate the mass loss rate from the continuously 393 

measured mass, a backward finite difference scheme must be applied, which requires the definition of a 394 

fixed time step. There is no unique correct value for this time step; but the following consequences should 395 

be considered: a more important time step implies a smoother curve, while a less important time step 396 

translates in a more precise way the measurements but might provide unrealistic peaks (noise and outliers). 397 

Finally, a time step Δ𝑡𝑡 = 60 seconds was considered as an acceptable compromise.  398 

𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) = 𝑅𝑅𝑢𝑢. 𝑚𝑚. 𝑀𝑀𝑀𝑀𝑅𝑅(𝑡𝑡)                             (1) 399 

𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) = −𝑅𝑅𝑢𝑢. 𝑚𝑚. 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑅𝑅𝑢𝑢. 𝑚𝑚. ∆𝑑𝑑
∆𝑑𝑑

           (2) 400 

 401 

As the mass loss rate is the derivative of an experimental signal, noise and outliers (for example negative 402 

values) are quickly generated. One method to cope with this is to filter the curve using,  403 

for example, a Savitzky–Golay filter. This digital filter that can be applied to a set of digital data points for 404 

the purpose of smoothing the data, that is, to increase the precision of the data without distorting the signal 405 

tendency. This is achieved, in a process known as convolution, by fitting successive sub-sets of adjacent 406 

data points with a low-degree polynomial. The simplest form of this approach, called running average, 407 
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consists in computing the average for each subset. This approach is commonly used with time series data to 408 

smooth out short-term fluctuations and highlight longer-term trends or cycles. The RHR [kW] obtained by 409 

derivative of the mass loss using a time step of 60 seconds, the filtered RHR obtained with smoothing 410 

parameters of 10 and 20 are depicted in Figure 13 (b). The filtered RHR with parameters 10 and 20 show 411 

maxima values of 8140 kW and 5850 kW, respectively. It must be noted that some discrepancies can be 412 

noticed with wooden fuel load, at the end of the combustion process. Indeed, the heat of combustion of 413 

wood is not perfectly constant: it is higher at the end of a test when only embers are left.  414 

 415 
 416 

4 CFD SIMULATIONS (SIMPLIFIED APPROACH) 417 
 418 
Several CFD simulations were launched with FDS software to calibrate the model representing the large-419 

scale tests. These CFD simulations consider a simplified representation of the continuous fire load 420 

consisting of discrete volumes based on a regular arrangement [16]. Simplification was targeted, as 421 

modelling the exact wood stick size in CFD requires a very fine mesh and therefore a very significant 422 

computational time for real building dimensions. The proposed approach can allow for both an acceptable 423 

representation of the travelling fire in terms of fire spread and steel temperatures while being less 424 

computationally demanding than modelling the exact geometry of the fire load, making it more desirable for 425 

practical applications. The modelled compartment is represented in Figure 14. The steel temperatures which 426 

were recorded at five different levels in the column next to TRL-7 are compared with numerical results: In a 427 

first simplified step, the CFD output 'THERMOCOUPLE' was used to evaluate the related steel temperature 428 

using the incremental formula from EN1993-1-2 [15]. In a second and more complex step, a coupling 429 

between CFD (FDS software) and FE (SAFIR® software version 2019b0 [17]) was used. Radiative 430 

intensities and gas temperatures calculated by FDS have been used by SAFIR® to calculate the temperatures 431 

in the steel column. The Figure 15 and Figure 16 present the steel temperatures in column close to TRL-7, 432 

from L2 (1.0 m from the floor level) to L5 (2.5 m from the floor level). The inspection of the temperatures 433 

obtained via FDS-SAFIR (see label “SAFIR” on Figure 15 and Figure 16) shows that the global profile 434 

versus time is well captured, even though steel temperatures from lower levels are higher than the ones 435 

measured. More details are provided in Charlier et al. [16]. 436 
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 437 
 438 

 
Figure 14: Modelled compartment in FDS (example with 0.32 m size cubes) 439 

 440 

 
Figure 15. Steel temperatures in column close to TRL7 during test n°1 (a) at level 2; (b) at level 3 [14] 441 

 442 

 
Figure 16. Steel temperatures in column close to TRL7 during test n°1 (a) at level 4; (b) at level 5 [14] 443 

 444 

5 CONCLUSIONS 445 
 446 
Three large scale natural fire tests were performed in a building with large dimensions. A fire load 447 

representative of an office building, defined according to a well-established methodology was used for the 448 
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three tests, only the ventilation was varied to assess its influence on the fire behaviour. The main objectives 449 

of this experimental campaign were to understand in which conditions a travelling fire develops, as well as 450 

how it behaves and impacts the surrounding structure. Instrumentation was installed to measure 451 

compartment temperatures, surface temperatures, heat fluxes and temperature in the steel columns, and 452 

beams. This article presented details only of the first fire test in terms of gas temperatures recorded in the 453 

central part of the compartment, along its length. The details related to the maximum flame thickness, steel 454 

temperatures in selected central beams and columns, as well as mass loss data were also provided. Following 455 

are major conclusions from the travelling fire test. 456 

• For the fire initiating at a single point, its developing phase consists of increase in the volume of fire 457 

in all directions making a circle around the point of ignition. Once the fire is well developed, it 458 

continues to travel along the fuel bed. In the case of the test conducted during this research, the fire 459 

travelled in the forward direction towards the fore end of the compartment. However, the fire could 460 

travel in any direction depending upon the availability of the fuel. 461 

• The rise in temperatures at higher levels starts at the initial stages of test while the rise at lower levels 462 

starts once the fuel wood starts to burn locally. The temperatures in the compartment were found to 463 

be dependent on the positioning of the travelling fire. The parts of the compartment around the fire 464 

are hotter while the parts away from the fire were at lower temperatures.  465 

• The results obtained from the fire test demonstrated the non-uniform temperature distribution, 466 

leading to the heating of the nearby structural steel elements, resulting in a reduction of individual 467 

members’ resistance, which could influence the global structural stability. Such transient heating of 468 

the columns should be considered when analysing the stability of a structure subjected to travelling 469 

fires.  470 

• All the connections and steel members performed well and showed no signs of failure during the fire 471 

test.  472 

• The results obtained from the CFD modelling were quite similar to those obtained during the test 473 

with the main difference being the maximum temperatures. The steel temperatures obtained via CFD 474 
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modelling generally displayed a good agreement with the test but underestimated the descending 475 

branch. Further, the temperatures predicted near the fuel were also high.  476 

 477 
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