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INTRODUCTION 23

In Europe, building materials are subjected to standardized tests which allow classification according 24 to their reaction to fire. [START_REF] Lemta | The single burning item (sbi) test method-a decade of development 357 and plans for the near future[END_REF] One of the most widely used tests in reaction to fire is the Single Burning Item 25 (SBI). [START_REF] Standard | 13823: 2013 reaction to fire tests for building products-building products excluding 359 floorings exposed to the thermal attack by a single burning item[END_REF] The SBI test is an intermediate-scale test between bench-scale tests such as Fire Propagation Ap-26 paratus (FPA) test and full-scale test such as ISO Room Corner test. [START_REF] Iso | International standard-fire tests-full-scale room test for surface products[END_REF] This test simulates a single burning For the normative test, the two panels exposed to the burner do not have the same dimension. There 106 are one short panel (50 cm × 150 cm) and one large panel (100 cm × 150 cm). This arrangement makes 107 it possible to observe the horizontal spread of the flame during the test. Nevertheless, it was shown by 108 Zeinali et al. 7 that the flame spread on the long MDF panel never exceeds 50 cm, i.e. less than the short 109 panel width. So, for this study, two identical panels having a 50 cm width were used. A similar configura-110 tion was also chosen by Chaudhari et al. on PMMA panels. 17 Additionally, in the present configuration, 111 the remainder of the wall on the large panel side was completed by a 50 cm wide calcium silicate panel 112 to remain in the same configuration to the original SBI test and ensure an air supply similar to the tests 113 carried out in previous works. For the sake of clarity, the labels "large panel" and "short panel" denomi-114 nations will be still used in the paper as shown in Fig. 1. The spruce panels were exposed to burner HRR 115 values of 15, 20, 30 and 50 kW for exposure times of 15, 20 and 30 minutes.

116

Temperatures inside the wood were measured with K-type thermocouples during the tests. However, de-117 pending on how the thermocouples are implanted in the wood sample, the measured temperature can vary 118 by up to 400 • C for some experimental conditions, as shown in. [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF][START_REF] Fahrni | Correct temperature measurements in fire exposed 400 wood[END_REF][START_REF] Fahrni | Investigation of different temperature measure-403 ment designs and installations in timber members as low conductive material[END_REF] A precise measurement method 119 was developed recently, [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF] consisting in embedding very thin (0.1 mm diameter) wire thermocouples in- side the sample, along the isotherms parallel to the exposed surface. This method was validated at the 121 small scale with cone calorimeter tests and is implemented here, at the SBI scale. For that, the wood panel 122 was cut perpendicularly to the exposed surface, and then square-grooves with 0.2 mm depth and 0.2 mm 123 width were precisely machined at the desired locations. Then, wire K-type thermocouples composed of 124 alumel and chromel wires were welded by autogenous electric welding and put in the square-grooves.

125

Finally, wood panel was glued with Melamine-Urea-Formaldehyde (MUF). More details concerning the 126 protocol of the thermocouple implantation in the wood sample are presented in. [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF] At the scale of SBI, 127 implanting the thermocouple wires in this way takes four hours per sample from grooving to bonding 128 and thermocouple welding. The temperature was only studied for the short panel. Figure 2 suggested by Reszka and Torero, [START_REF] Reszka | In-depth temperature measurements in wood exposed to intense radiant 406 energy[END_REF] the sheathed thermocouples were spaced by 20 mm in order to limit their mutual disturbance.

138

The cone calorimeter 139 As introduced by previous studies, [START_REF] Hansen | Prediction of time to flashover in the iso 9705 room corner test based 378 on cone calorimeter test results[END_REF][START_REF] Delichatsios | Application of upward flame spread for the prediction of sbi and iso room 380 corner (and parallel wall) experiments and classification[END_REF][START_REF] Hakkarainen | Application of a one-dimensional thermal flame spread model 383 on predicting the rate of heat release in the sbi test[END_REF] comparisons between the cone calorimeter [START_REF] Iso | Reaction-to-fire tests -heat release, smoke production and mass loss rate -part 1: 363 Heat release rate (cone calorimeter method) and smoke production rate (dynamic measurement)[END_REF] and the SBI 2 140 are very useful for the understanding of the fire behavior of materials. The HRR evolution or the time-141 to-ignition are among the most often used data to identify the correlation between the two scales. In the 142 present work, the char depth positions in the two scales were compared over time. Following the standard 143 ISO 5660-1, the wood samples in the cone calorimeter tests were wrapped with two layers of aluminum 144 foil, and the distance between the heater and the tested samples was 25 mm. For these experiments, the 145 cone heater and wood samples were oriented vertically like for SBI tests, without a pilot flame or spark.

146

The spruce wood material of the cone samples (10 cm × 10 cm × 5 cm) was identical to that tested at (Gardon type from Captec). This heat flux sensor was placed in holes with a diameter equal to that of 158 the fluxmeter (i.e., 2.5 cm), previously drilled on the short panel at various locations. Figure 3 shows the 159 locations of the gauge and the corresponding mapping of the measured heat fluxes for different burner 160 powers. The free holes were blocked with plugs from the same materials as the panel to prevent any gas 161 flow through them. The heat flux was measured on the small panel at a total of 22 points with locations 162 ranging from 15 to 105 cm along the height and from 0 to 40 cm along the width. For each burner 163 power and measurement point, the heat flux was recorded for 2 minutes. When the burner is ignited, it is The heat flux maps illustrated in Fig. 3 show that the heat flux received at the wall increases locally 169 with the power of the burner. For a 50 kW burner power, the measured heat flux is at least 30 kW.m -2 170 over a large area (20 cm wide and 85 cm high). Beyond 105 cm in height and 30 cm in width, the heat flux was not measured (except in position 22) but the heat flux does not exceed 5 kW.m -2 there. These The measurements indicate that the heat flux received by the wooden panel is systematically higher 182 than that received by the incombustible panel for the same burner powers (see Fig. 4). For a 15 kW burner 183 power, the heat flux is increased by 85 % for the wood panel, compared to the inert panel, but only 3 % for 184 the 50 kW burner power. This shows that the difference tends to decrease as the heating power increases.

185

Indeed, for a low power of the burner, the heat flux received on the panels is mainly radiative since the 186 burner flame is too small to stick to the panel surface (more precisely at the fluxmeter's location). For For higher burner powers, the flame of the burner is large enough to stick to the panel surface so a 192 convective flux coming from the burner flame is also present. In this case, the pyrolysis gases feed the 193 burner flame but its thickness does increase any further. Moreover, the combustible panels in this case also 194 experience the so-called "blowing effect", i.e., reduction of convective heat transfer to the surface due to 195 the opposite flow of pyrolyzate mass. [START_REF] Zeinali | Experimental study of 366 corner fires part i: Inert panel tests[END_REF][START_REF] Drysdale | An introduction to fire dynamics[END_REF][START_REF] Quintiere | Fundamentals of fire phenomena[END_REF] Accordingly, as the burning rate of the panels increases with 196 higher burner powers, the convective heat transfer to the surface decrease, just as reported in. 7,[START_REF] Zeinali | Flame spread and fire behavior in a corner configuration[END_REF] This As illustrated in Fig. 5, it is possible to define three zones of degradation: (A) the zone next to the For a given exposure time, the propagation of the char front at the surface increases with the burner 219 power. There is also an asymmetry between the degradation patterns of the short panel and those of the 220 large panel. This observation is also confirmed by the char depth, which generally shows that the short 221 panel is more degraded than the large one. This observation concerning the in-depth temperatures and 222 heat fluxes was also observed by Zeinali et al. [START_REF] Zeinali | Experimental study of 366 corner fires part i: Inert panel tests[END_REF] and Zhang et al., [START_REF] Zhang | Assessment of fire dynamics simulator for heat flux 368 and flame heights predictions from fires in sbi tests[END_REF] and is expected to be due to the air 223 supply pattern in the setup which favors flame spread on the short panel. [START_REF] Zeinali | Flame spread and fire behavior in a corner configuration[END_REF] Indeed, this phenomenon 224 leads to higher temperatures of 100 • C 5 as well as 1 to 5 kW.m -2 larger heat fluxes [START_REF] Zhang | Assessment of fire dynamics simulator for heat flux 368 and flame heights predictions from fires in sbi tests[END_REF] on the short side. embedded thermocouples temperature measurements). [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF][START_REF] Tran | Burning rate of solid wood measured in a heat release rate calorimeter[END_REF] The results are presented in Fig. 11. The in-depth char front positions determined via direct measurements are in good agreement with 259 those estimated by the 300 • C isotherm measurements made using the embedded thermocouples, just 260 as observed by Terrei et al. [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF] The char front reached the depths of 10.5 and 18 mm after the exposure 261 times of 15 and 30 min, respectively. It appears that the propagation of the char front slows down with 262 time according to a power law, as showed in Fig. 11b. The curve shows that the charring rate is not 263 constant during the experiment. It starts at 1.5 mm.min -1 and decreases rapidly to 0.7 mm.min -1 after 264 10 minutes of exposure. Subsequently, the charring rate becomes more or less constant, staying between 265 0.6 and 0.7 mm.min -1 , and such values comply well with those obtained in previous studies performed 266 with spruce wood through cone calorimeter tests [START_REF] Terrei | In-depth wood temperature 394 measurement using embedded thin wire thermocouples in cone calorimeter tests[END_REF] and standard fire resistance tests. 25, 26 267 The in-depth char front propagation was measured for the entire width of the short panel as well as the 268 large panel by cutting the panels at every 5 cm height after each test and making direct measurements regarding the different thermal exposure on the small and large panel. Indeed, the average char front 276 depths in the small panel are always slightly higher than those in the large panel, indicating that the short 277 panel receives a slightly stronger thermal exposure, and this holds true for the entire panel width. The 278 char front contours in Fig. 14 are based on experimental measurement (see protocol in Fig. 12). Thus, In Fig. 15a, where the reference of heat flux is based on inert panels, the char depth positions in SBI The SBI was used to study the fire behavior of spruce wood at various burner powers and exposure 318 times, i.e. beyond those defined in the standard of SBI. [START_REF] Standard | 13823: 2013 reaction to fire tests for building products-building products excluding 359 floorings exposed to the thermal attack by a single burning item[END_REF] Correspondingly, a total of 22 tests were per- an incombustible panel. For the highest burner powers, the total heat flux measured over the combustible 326 panels was predominantly due to the burner power, rather than the burning of the panels themself. This For the charring rate, a quasi-steady-state plateau between 0.6 and 0.7 mm.min -1 was found while the 340 propagation of the charring front on the exposed surface increased according to the exposure time and the 341 burner power. In addition, it was found that the surface area of the highly degraded region varies linearly 342 with the burner power for a fixed exposure time.

343

The comparison of the char front depth in the cone calorimeter and the SBI setup showed a good agree- 

  bottom of a room corner (like a burning trashcan) using a propane burner to test construction products and to classify them according to their fire reaction. The performance is evaluated over a period 29 of 20 minutes with visual and non-visual observations. During the experiment, visual observations are benefit of such an implantation.

Figure 1 :

 1 Figure 1: SBI experimental setup.

  shows the 129 position of the thermocouples in the wood sample. The thermocouple junctions (red points in Fig. 2) are 130 placed at 9 cm from the corner line and 45 cm from the bottom of the panel, at a location where the panel 131 should be severely affected by the burner flame.

  132

Figure 2 : 6 F

 26 Figure 2: Diagrams showing the in-depth thermocouple measurement points (red circles) inside the wood panel. The top view of the panel is shown to the left, while the side view of the measurement panel is shown to the right.

  147 intermediate scale. The incident heat fluxes for the cone calorimeter tests were chosen in order to match 148 the SBI heat fluxes measured both with the wood and the incombustible panels.

  presents the results of the SBI tests conducted with incombustible calcium silicate 151 panels (average density: 870 ±50 kg.m -3 and 12 mm thickness), followed by the test results of spruce 152 wood panels in SBI and the cone calorimeter, discussing the heat fluxes, in-depth temperatures, char front 153 on the exposed surface and char front depth in the samples. 154 Total incident heat fluxes on incombustible panels in SBI 155 First, an inert calcium silicate panel was exposed to the burner powers equal to 15, 20, 30 and 50 kW, 156 while the total incident heat fluxes were measured with a water-cooled (around 12 • C) heat flux gauge 157

  for approximately 30 seconds before reaching a steady state. As a result, the average 165 of the flux value and its standard deviation were only calculated for the last 90 seconds. The acquisition 166 frequency being 5 Hz, the average was taken over approximately 365 measurements. Figure3presents a 167 map of the heat fluxes obtained for each burner power.

Figure 3 :

 3 Figure 3: Contour plots of total heat fluxes obtained using burner powers of 15, 20, 30 and 50 kW on the incombustible short panel. The measurements were made using a water-cooled heat fluxmeter at the locations shown on the diagram to the right.

172Figure 4 :

 4 Figure 4: Comparison of the total incident heat fluxes measured on an incombustible panel (squares) and that with a spruce wood panel (triangles) as a function of the burner power.

187a

  combustible panel, the burning of the panel produces an additional convective heat flux on the panel 188 surface, as the pyrolysis gases feed and widen the burner flame. Therefore, the heat fluxes received by 189 the combustible panels are significantly larger than those received by the inert panels. This explains the 190 large differences in the irradiance of the two types of surface for the 15 and 20 kW tests.191

  the convergence of the heat fluxes of combustible and incombustible panel tests as the burner 198 power increases at the position where the heat flux was measured. 199 Surface char front propagation on the wood panels 200 After each test, the wood panels were extinguished with water in order to stop the wood combustion 201 and degradation. The inspection of the samples after the tests shows that the power of the burner plays 202 an important role in the degradation of the wood. Figure 5 presents spruce wood samples after tests at 203 different burner powers for an exposure time of 15 minutes. For the same exposure time, the quantity of 204 char increases with the imposed power. 205 (a) 15 kW. (b) 20 kW. (c) 30 kW. (d) 50 kW.

Figure 5 :

 5 Figure 5: Photos of test specimens after 15 minutes of testing with burner powers ranging from 15 to 50 kW.

Figure 6 :

 6 Figure 6: Degradation zones of wood samples for tests conducted with a 20 kW burner power. The error bars indicate the magnitude of one standard deviation across the tests.

Figure 6

 6 Figure 6 also indicates the standard deviation in the positioning of the boundaries of zones A, B and

  30 minutes exposure time.

Figure 7 :

 7 Figure 7: Evolution of the surface char front in zone A for different burner powers with exposure times of 15 min (left) and 30 min (right). The error bars indicate the magnitude of one standard deviation across three tests.
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Figure 8 Figure 8 :In-depth panel temperatures 232 Figure 9 Figure 9 :Figure 10 : 15 F

 88232991015 Figure8shows how the area of zone A increases as a function of the imposed burner power.226

  In-depth charring rate.

Figure 11 :

 11 Figure 11: Comparison of the in-depth char front propagation (left) and the deduced charring rate (right), determined either on direct measurements of the char layer thickness (square symbols) or estimated by the 300 • C isotherm measurements made using the embedded thermocouples (circle symbols), with a burner power of 30 kW.
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  Fig. 13 and 14 in the form of contour plots for tests with burner powers of 10, 20, 30, and 50 kW and 271

Figure 12 :

 12 Figure 12: Steps for cutting the burning wood panel and measuring the location of the char front.

Figure 13

 13 Figure 13 presents a comparison of the spatial profiles over the width of the char front depths on the

Figure 13 :

 13 Figure13: Comparison of the spatial profile over the width of the char front depths in the small and large panels after 30 minutes exposure to a 30 kW burner power.

279Figure 14 :

 14 Figure 14: Contour plots of char front depths on a spruce wood panel (left) and contour plots of total heat fluxes on an incombustible panel (right) for burner powers of 15, 20, 30 and 50 kW.

  Comparison based on heat fluxes measured with the inert panels. Comparison based on heat fluxes measured with the wood panels.

Figure 15 :

 15 Figure 15: Comparison of the char front position between the cone and the SBI as a function of time, for different heat fluxes measured at position 9 shown in Fig. 3. The error bars indicate the magnitude of deviation across three repeatability tests, and the symbols indicate the average values.

303

  and cone tests are in good agreement for the highest heat flux (showing differences less than 2 mm), 304 although the two tests involve very different scales. Nevertheless, for the lowest heat fluxes (20 and 28 305 kW.m -2 ), the char front positions are no more comparable since for these burner powers the heat flux 306 measured on a wood panel differs significantly from the heat flux measured on an inert panel, as shown 307 in Fig. 4. This explains the extended char depth in the SBI tests. In Fig. 15b where the reference of heat 308 flux is based on wood panels, the comparison of the char front positions obtained at the SBI scale and at 309 the cone scale shows better agreement between the two scales. The deviations for each heat flux are less

319

  formed with measurements including char depth, heat flux, in-depth temperatures with very thin thermo-320 couples (0.1 mm diameter) embedded inside wood panels as well as position of the char on the exposed 321 surface. The heat fluxes measured with inert panels provided data about the distribution of total inci-322 dent heat fluxes over the panels for different burner powers. Accordingly, it was quantified how the heat 323 flux distribution over the surface of the panels is non-uniform, with heat fluxes ranging from 1.5 to 50 324 kW.m -2 . The measured heat fluxes with wood panel were up to 85 % higher than the heat fluxes with 325

327 22 331

 22 causes the heat fluxes to converge to those observed with incombustible panels. Indeed for these burner 328 powers, the flame has already reached its maximum thickness and thus the heat flux cannot increase 329 further. Moreover, high burner powers induce strong opposite flow of pyrolyzate mass over the surface, 330 causing a so-called 'blowing effect' that leads to convective cooling. As demonstrated in some recent studies, the in-depth temperature can be underestimated when the ther-332 mocouple is not fixed in an appropriate way. Very thin thermocouples implanted along the isotherms 333 were used in this study to quantify this underestimation and to accurately measure the in-depth temper-334 atures. As a result, it was found that the thermocouple wires implanted along the isotherms are faster to 335 detect the rise of temperatures compared to the sheathed thermocouples placed in holes drilled from the 336 back side, with up to 75 • C difference in the temperatures obtained using the two methods. Moreover, 337 the position of the char front deduced from the 300 • C isotherm was found to comply very well with the 338 direct measurements.
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  higher by nearly 100 % at an exposure time of 15 min, albeit the difference decreases to approximately 50[7] D. Zeinali, S. Verstockt, T. Beji, G. Maragkos, J. Degroote, and B. Merci, "Experimental study of 371 corner fires part ii: Flame spread over mdf panels," Combustion and Flame, vol. 189, pp. 491-505,
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ment for the higher heat fluxes. However, for the lower heat fluxes measured with an inert panel, there is 345 a significant difference between the char front depths in SBI and cone tests, namely those of the SBI are
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than 2 mm between the SBI and the cone tests. These comparisons show that it would be more accurate 311 to consider the heat flux with the wood panel for studying the scaling effect. However, results also show 312 that for heat fluxes measured on the inert panel greater than 43 kW.m -2 , it is possible to consider that the 313 positions of the char front will be similar between the two scales. At lower heat fluxes, the modification