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Abstract. Engineered timber is an innovative and sustainable construction material,

but its uptake has been hindered by concerns about its performance in fire. Current

building regulations measure the fire performance of timber using fire resistance tests.

In these tests, the charring rate is measured under a series of heat exposures (design

fires) and from this the structural performance is deduced. Charring rates are cur-

rently only properly understood for the heat exposure of a standard fire, not for

other exposures, which restricts the use of performance-based design. This paper

studies the charring rates under a range of design fires. We used a multiscale charring

model at the microscale (mg-samples), mesoscale (g-samples), and macroscale (kg-

samples) for several wood species exposed to different heating regimes and boundary

conditions. At the macroscale, the model blindly predicts in-depth temperatures and

char depths during standard and parametric fires with an error between 5% and

22%. Comparing simulations of charring under travelling fires, parametric fires, and

the standard fire revealed two findings. Firstly, their charring rates significantly differ,

with maximum char depths of 42 mm (travelling), 46 mm (parametric), and 59 mm

(standard fire), and one (standard fire) to four (travelling fire) charring stages (no

charring, slow growth, fast growth, steady-state). Secondly, we observed zero-strength

layers (depth between the 200 �C and 300 �C isotherm) of 7 to 12 mm from the

exposed surface in travelling fires compared to 5 to 11 mm in parametric fires, and

7 mm in the standard fire. Both traditional design fires and travelling fires, therefore,

need to be considered in structural calculations. These results help engineers to move

towards performance-based design by allowing the calculation of charring rates for a

wide range of design fires. In turn, this will help engineers to build more sustainable

and safe structures with timber.
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1. Introduction

Heavy timber could revolutionize the construction industry. It allows rapid, cost-

efficient, and carbon-negative construction of buildings and, in particular,

skyscrapers. For example, Oliver et al. [1, 2] estimated that a switch from steel

and concrete to sustainable timber could reduce total carbon emissions by up

31%. Architects have already proposed skyscrapers (> 300 m high) out of timber,

including the Oak tower in London (UK), the Riverside Beech tower in Chicago

(USA), and the W350 tower in Tokyo (Japan). However, all timber products are

flammable to a certain degree and fire engineering is a prerequisite for safe design.

Practitioners often struggle to assess the safety risks of timber structures due to a

lack of knowledge of the fire performance of engineered timber. Compared to

steel and concrete, the research on timber is sparse [3]. This lack of knowledge is a

major obstacle to unlocking the potential of timber as a construction material for

medium and high-rise buildings [3].

Particularly the strength decay of timber during a fire remains a major concern.

A fire safety requirement of a building is its stability during and after a fire (no

collapse) [4], but the determination of the strength decay of timber during a fire

remains a challenge. Irrespective of the fire scenario, the strength decay of timber

in a fire progresses as follows (Figure 1). The incoming heat from a fire causes

timber to undergo charring which consists of three sequential sub-processes: dry-

ing, pyrolysis, and oxidation. During drying, water molecules bonded within the

timber absorb the incoming heat and break, causing the water to evaporate. Once

the timber is dry [5], the heat breaks the long polymer chains of the load-bearing

wood into non-load-bearing char and flammable volatiles. This process is called

pyrolysis and does not involve oxygen. The volatiles diffuse towards the surface

[6], where they ignite and supply additional heat to the timber. This additional

heat causes the char layer to propagate further into the timber until an equilib-

rium point is reached. At this equilibrium point either the char layer is sufficiently

Figure 1. Sketch of the propagation of the charring front, and
oxidation front into the timber.

394 Fire Technology 2021



thick to protect the remaining load-bearing timber below (negligible charring rate)

or all timber has turned into char. In the latter case, the wood has lost all its

load-bearing capacity. Commonly it is assumed that only the volatiles contribute

additional heat, but the oxygen can also react with the char [7]. The burning of

char adds additional heat and shifts the equilibrium point towards the complete

consumption of timber. Charring is therefore the complex interaction of drying,

pyrolysis, char oxidation, and volatile oxidation. It remains, unsurprisingly,

poorly understood [8].

Historically, the complexity of charring has led to the development of simplified

methods to calculate the fire resistance of structural members made of timber. Tradi-

tionally, fire resistance has been measured by how long a structural element can

withstand the standard temperature–time curve—meant to approximate the temper-

atures of a fire in a compartment—in a furnace, without losing its loadbearing abil-

ity [9, 10]. In this approach char is assumed to have no load-bearing capacity, while

the intact timber below the char is assumed to still have most of its strength [11]. In

the current Eurocode, 7 mm are added to the char depth to account for the strength

loss of timber prior to its conversion to char. In other words, if one knows the depth

of char at any given point, one can deduce the remaining load-bearing capacity of

the timber. It follows then that the rate of charring controls the fire resistance [11].

This approach is called the reduced cross-section method and it is implemented in all

major building codes [11]. Within this framework, wood is assumed to turn into char

at 300 �C [11]. However, the standard temperature–time curve and furnace tests are

based on convention and were not conceived with combustible structures in mind

[12]. For example, when a combustible member is burning in a furnace the amount

of energy has to be reduced to follow the same standard fire curve as for combustible

members [13, 14]. Lately, there has been an increasing trend towards a more perfor-

mance-based approach in structural fire engineering, for example, by using a range

of temperature–time curves.

Temperature–time curves in a compartment are called design fires and are

intended to represent the temperatures in a compartment during the reasonable

worst-case fire. The standard temperature–time curve is an idealistic condition

that assumes uniform temperature distribution in a compartment without any

decay period, i.e. the temperature is constantly increasing. It is the same regardless

of the size, geometry, or fuel load of a compartment. For example, an empty

compartment and one filled with heptane, a highly flammable liquid, would be

assumed to burn in the same way. Parametric fires were introduced to the Euro-

code to represent post-flashover fires and address this issue by incorporating a

dependence on the compartment characteristics (i.e. geometry, fuel load, opening

factor, internal linings, etc.) as well as considering both the growth and decay

periods of a fire. Parametric fires, however, still assume a uniform temperature

distribution in the compartment with application limited to small compartments.

EN 1991-1-2 limits application of parametric fires to floor areas of up to 500 m2

[15]. For the purposes of this paper, we group standard and parametric fires into

the group of uniform/traditional fires following the nomenclature of [16].

A uniform fire may not always present an accurate fire behaviour in large open-

plan compartments (floor area > 500 m2) common in modern buildings [17, 18].
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Instead, large accidental compartment fires have been observed to travel through

the room from one point to another. To incorporate this fire spread, the concept

of travelling fires has been created [18, 19]. Travelling fires proposed in [18] are a

function of the size, geometry, and fuel load of a compartment as well as the loca-

tion of interest in the compartment. We will refer to them as non-uniform fires

following the nomenclature of [16], as the room burns non-uniformly resulting in

non-uniform temperature distributions within the compartment.

Except from the lack of knowledge of fire dynamics in timber framed compart-

ments, the rate of charring under non-uniform fires is unknown. All past works

only studied charring rates under uniform fires such as the standard fire [20],

parametric fires [21], and some others [9, 22, 23]. No study has investigated the

rate of charring under non-uniform fires. The use of charring rates derived from

uniform fires for the fire safety design of compartments which will experience non-

uniform fires is speculative. In fact, comparison of experiments of different uni-

form fires [9, 21] as well as the physical and chemical nature of charring suggests

that the charring behaviour highly depends on the fire scenario.

Here, we aim to scientifically understand the charring under uniform and non-

uniform fires under the same thermal and oxygen boundary conditions that are

equivalent to those of a standard fire-furnace.

The paper is split into six main sections including the introduction. The second

section will outline the current framework and our choice of design fires (Sect. 2).

The third section (Sect. 3) will outline the development of the model of charring

of wood together with the experiments for validations and design fires to be stud-

ied. All design fires originate from a non-combustible structure. The fourth section

(Sect. 4) will compare the charring behaviour of uniform (standard and paramet-

ric) and non-uniform (travelling) fires. The fifth section (Sect. 5) will then discuss

the applicability of multi-scale modelling to fire science and performance of cur-

rent design fires to large compartments. Sect. 6 will then conclude and summarise

the findings of the paper.

2. Choice of Design Fires

Within this study, we investigate the thermal response to a range of uniform and

non-uniform fires in the form of applied temperature time curves as boundary

conditions in a standard-fire furnace environment. As a result, all fires have the

same oxygen concentration and thermal boundary conditions unlike realistic com-

partments where these values would differ depending on the characteristics of the

compartment. These assumptions are within the current fire resistance frame-

work—the same assumptions are taken for all other building’s materials—and

they allow for a direct comparison to the outcome from a standard fire test that is

the comparative metric used in building regulations. Additionally, these boundary

conditions are well known in literature unlike the boundary conditions of realistic

timber frame compartments where experimental evidence is lacking.

Several researchers have raised concerns that furnace fire resistance tests with a

standard fire are not comparable between timber and other non-combustible
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building materials [13, 14, 24], which calls for a revision of the fire resistance

framework for timber. Some of these authors have argued that the fire resistance

framework alone is insufficient to ensure the safety of timber buildings as it

decouples charring (fuel production) from the fire dynamics [3, 25]. At the same

time, others provided evidence that the current framework is sufficient to ensure

the stability of timber buildings [26, 27]. As this debate of the applicability of

design fires, even standardised uniform fires, to timber remains yet unsolved, it

was deemed reasonable to investigate timber computationally under design fires

originally developed for non-combustible structures using the above-mentioned

assumptions. In other words, it is reasonable to stay within the current framework

of fire resistance testing and use the assumptions within that framework to investi-

gate the effect of different design fires on charring rates.

We explore the range of design fires that were developed for a generic open

plan compartment studied by Rackauskaite et al. [28]. These authors used a ther-

momechanical model to investigate the response of steel frames subjected to uni-

form and non-uniform fires. They calculated several design fires for a multi-story

steel frame that was designed in line with the American Society of Civil Engi-

neers (ASCE 7-02) standard. These design fires were chosen to study timber and

not modified because of the justifications given above. Four uniform and non-uni-

form fires (Figure 2) were investigated. The non-uniform fires are traveling fires of

four different sizes: 2.5, 10, 25, and 48%. Their size (%) quantifies the respective

floor area burning at any one given time. A travelling fire is assumed to travel

uniformly and across the whole width of the compartment in the longitudinal

direction. Due to this nature, the temperature–time curve of a travelling fire at

different locations along the fire path differs, as the fire reaches these locations at

different points. Here we investigate the charring behaviour of timber slabs along

the fire path every 9.1 m in a 45.5 m long compartment.

Figure 2. Left: Temperature-time curves of uniform fires tested in
this study with ISO 834 standing for standard fire, EC-SH for a short
and hot Eurocode parametric fire, EC-LC for a long and cool Eurocode
parametric fire, and SFPE for the Society of Fire Protection Engineers
constant temperature fire. Right: Temperature-time curves of non-
uniform (travelling) fires tested in this study as measured at the
centre of the compartment. All shown fires are taken from [28].
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3. Methods

3.1. Computational Model

In this study, we used a multi-scale model of charring of timber integrated into

Gpyro [29], that solves the physical and chemical changes of wood in the solid

phase. The gas-phase was not simulated and only approximated by design fires as

explained in Sect. 3.2. The model itself was developed by extending the across scale

approach of Rogaume [30] by introducing uncertainty quantification as well as

testing the appropriateness of the complexity of the model. The idea behind this

approach is to study different chemical and physical processes in isolation across

scales [31]. The assumption is that by studying them in isolation, the final model

will be more robust and valid in extrapolation as it is common in engineering sci-

ence [32]. The latter part is key for this study, as we will use the model to simulate

the charring response of a wood sample to a design fire for which no experimental

data exist. The complete development and validation of the model can be found in

[33–35] and will be summarised here. The model consists of a physical and chemi-

cal sub-model. The chemical kinetic model was developed at the microscale [34],

following a literature review that found that no appropriate heterogenous kinetic

model of charring existed in the literature [34, 35]. At the microscale, the model

was validated against a range of experiments with mg-samples of wood from the

literature under a wide range of heating conditions, oxygen concentrations, and

heating intensities. These experiments were selected according to the thresholds in

[36]. Following this validation, the kinetic model was incorporated into Gpyro,

which is a generalised pyrolysis solver [29], by Richter and Rein [33]. The mathe-

matical formulation of the model can be found in [33] with the material properties

described in the next section. All material properties were taken from the literature.

The model itself predicts well several experiments at the mesoscale (g-samples)

from the literature, as well as compares well to several other computational models

of various complexities available in literature. In fact, the model reproduces the

mass loss rate and in-depth temperatures of wood in different grain orientations, of

different moisture content, under different oxygen concentrations, and different

heat fluxes in experiments conducted by different authors. One can therefore con-

clude that the model is valid at both the micro-and mesoscale, and that the model

can predict experiments under different heating regimes and boundary conditions.

In this study, we will assess the performance of the model against macroscale

experiments (> kg-samples) before using the model in extrapolation to simulate

previously unstudied design fires. The results in extrapolation will be deemed valid

if the model compares well at all scales as such agreement indicates that the model

captures all major physical and chemical processes.

3.2. Mesh, Input Parameters, and Boundary Conditions

In this study, we simulate the response of one-dimensional wood samples to differ-

ent design fires in furnace like conditions (thermal and oxygen boundary condi-

tions), as shown in Figure 3. The wooden sample is assumed to behave as a solid

block, and its depth of char can be estimated by the 300 �C isotherm. The former
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assumption holds for all Cross-Laminated Timber and Glulam as long as they do

not delaminate. This set-up and choice of isotherm represents the experiment and

choice of Konig and Wallij [21], who studied spruce under the standard (90 min)

and several parametric fires. In our simulations, we will extend the heating condi-

tions to include travelling fires. Konig and Wallij studied the charring rates of

spruce using samples of 95 mm thickness by measuring the temperatures at 0,6,18,

30, 42, and 54 mm deep. All simulations assumed that each sample is 95 mm

thick. In the simulations, the samples were discretised with a mesh size of 0.3 mm

and a timestep of 0.09 s was used. These values were found to yield equivalent

results to a mesh of 0.1 mm and 0.01 s, which was previously identified as the

optimum mesh size for experiments at the mesoscale (experiments with g-samples)

[37]. The material properties of spruce were assumed equal to generic wood [33],

shown in Table 1, with only the density adjusted to the measured value of 430 kg/

m3 [21] and the moisture content to 12%. The latter was estimated based on the

experimental drying procedure [21, 38], but all simulations were also run at 5%

moisture content for comparison. Our underlying assumptions and Table 1 shows

that the model assumes that the thin layer of ash stays on the surface of the

wood, thus creating a small resistance to mass and heat transfer. This assumes

that the ash is not removed by either flow or gravity.

The boundary conditions at the front (Eq. 1) and back surface (Eq. 2) are mod-

elled as follows:

Figure 3. Computational set-up of the timber with the front surface
being exposed to the hot gases in the furnace.

Thermal Response of Timber Slabs Exposed to Travelling Fires… 399



��k@T
@z

�

�

z¼0
¼ �hc T jz¼0�T1

� �

� �er T j4z¼0�T 4
1

� �

��wqgD
@Yj
@z

�

�

�

z¼0
¼ hm;z¼0 Y1

j � Yj
�

�

z¼0

� �

P0 ¼ P1

8

>

>

<

>

>

:

ð1Þ

��k@T
@z

�

�

z¼L
¼ 0

��wqgD
@Yj
@z

�

�

�

z¼L
¼ 0

P0 ¼ P1

8

>

<

>

:

ð2Þ

where T is the temperature, z is the spatial coordinate, hc the heat transfer coeffi-

cient,�e the emissivity, �w the porosity, qg the gas-phase density, D the diffusivity, Y

the gas-phase mass fraction, P is the pressure, and hm the mass transfer coefficient.

A convection coefficient of 9 W/m2-K [39] was assumed at z = 0 and the emissiv-

ity is defined in [33]. We estimated the average heat transfer coefficient as hc ¼

9 W
m2�K

[39] for z ¼ 0 and hc ¼ 0 W
m2�K

for z ¼ L due to the insulation. The emissivity

of wood was estimated as 0.7 [40], while the emissivity of char and ash are esti-

mated to be 0.95 [41]. From the heat-mass transfer analogy [42], we estimated

hm0 �
hc
cg
¼ 9 g

m2�s
for z = 0 and hm0 ¼ 0 g

m2�s
for z = L with cg ¼ 1000 J

kg�K
. No in-

depth radiation is considered as it is negligible for wood [43]. The temperature T1
was assumed to follow the employed design fire at z = 0 and the ambient condi-

tion at z = L. The oxygen concentration within the furnace was assumed to be

8% as report by Schmid et al. [10]. Future research should explore the appropri-

ate oxygen concentration and boundary conditions for realistic fires in large com-

partments and their impact on the charring of timber. For this work the same

boundary conditions are adopted for all the design fires due to the lack of experi-

mental evidence and understanding of fire dynamics in timber framed compart-

ments.

Table 1

Material Properties of Timber for the Model Taken from [33]

Species (i) qi (kg/m
3) ki (kg/m

3) ci (J/kg-K) �e(-)

c

(mm) qsi (kg/m
3) K 9 1010 (m2)

dp
(mm)

Timber 430a 0.126 2300 0.7 0.771 1203 0.016 0.04

Char 150b 0.084 1100 0.95 0.568 842 0.016 0.04

Ash 5.52b 0.8 880 0.95 75 2500 2.78 5.28

The superscripts mean: aparameters changed from [33] and bcalculated parameters based on yield coefficient. The

symbols mean: q for bulk density, k for conductivity, c for heat capacity, �e for emissivity, c for radiative conductivity,

qsi for solid density, K for permeability, and dp for pore diameter. The subscript i stands for the species
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3.3. Uncertainty Propagation

The boundary conditions used within this study for the furnace are uncertain, and

we assess the influence of their uncertainty with Monte-Carlo simulations [44]. In

the first step, we found the plausible range for each parameter of the boundary

conditions as shown in Table 2. We then created an ensemble of sets of these

input parameters by drawing them from a uniform distribution and combing them

at random. Using a Monte-Carlo approach, we then did one simulation of the

standard fire, Konig’s parametric fire C3, and Konig’s parametric fire C4 for each

set of input parameters in our ensemble. These simulations gave us an ensemble of

predictions which we used to derive the uncertainty of our simulations. Further

details can be found in [44]. In total, we conducted 250 simulations for each

design fire.

4. Results

4.1. Predictions of Furnace Tests

The developed model predicts in-depth temperatures and charring rates of timber

slabs under several design fires well (Figures 4, 5, 6). The depth of char was here

evaluated by the 300 �C isotherm, which in turn allowed us to calculate the char-

ring rate. However, we focus on the final depth of char of different design fires as

that value quantifies the final strength loss after a fire (the key variable). In a fur-

nace, the boundary conditions of a sample are transient and uncertain. For exam-

ple, Schmidt et al. [22] investigated the oxygen concentrations in a furnace during

fire tests. They found the oxygen concentration to vary between 0 and 10%. We

accounted for this uncertainty through Monte-Carlo simulations (Sect. 3.3), which

are shown as the shadow region around the simulations. Regardless of the bound-

ary conditions (standard deviation: 2.6 mm), the model predicts the experiments

with an average error in the char depth of 2.1 mm in the standard fire (Figure 4),

1 mm in the parametric fire C3 (Figure 5), and 3.8 mm in the parametric fire C4

(Figure 6). The parametric fires C3 and C4 and their name are taken from

[21]. Noteable, König and Walleij [21] derived his parametric fires from the works

of Magnusson and Thelandersoon [21, 45].

Table 2

Range of Boundary Condition Parameters Used in the Uncertainty
Propagation

Parameter Min Max Ref. Max Ref. Min

Oxygen concentration (%) 0 21 PL PL

hfront (W m-1 K-1) 5 12 [39] [39]

hback (W m-1 K-1) 5 12 [39] [39]

ew (-) 0.35 0.95 [46] [47]

ec (-) 0.35 0.95 [48] [47]

PL stands for physical limit
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The predictions of the charring rates are always better than the predictions of

the temperature. For example, the average error in the temperatures in a standard

fire is 14% (Figure 4 left), while the average error in the charring rate is 7%,

excluding the first 2 min (Figure 4 right with t > 2 min). This result is unexpected

as charring rates are taken as the position of the 300 �C isotherm. In other words,

the char depth in the experiments and predictions are derived from the tempera-

ture profiles. The reason for this contradiction is that the predictions at low tem-

peratures (roughly< 400 �C) are very good, but greater discrepancies are

observed for higher temperatures (see Figure 6). Two discrepancies are particu-

larly large. One is the discrepancy in predicting the temperature at 6 mm in stan-

dard fire past 50 min (Figure 4). The other is the discrepancy in predicting the

temperature at 30 mm past 40 min (Figure 6). The discrepancy in Figure 4 likely

stems from a discrepancy in predicting the char oxidation, which is likely caused

Figure 4. Prediction of temperature and charring rate in a 90 min
long standard fire in comparison to the experiments from [21]. The
shadow bounds show the uncertainty region due to the boundary
conditions. The thermocouple distances are 6, 30, and 54 mm
respectively.

Figure 5. Blind predictions of the design fire C3 from [21]. The
thermocouple distances are 6, 30, and 54 mm respectively.
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by the transient and varying oxygen concentration in a furnace. This can be

deduced from the fact that the predictions work well up until 40–50 min. After-

wards (40–45 min) the model diverges from the experiments, as the model predicts

that the char oxidation front reaches 6 mm and exposes the thermocouple (heat

and mass transport is only slightly limited by ash). In the experiments, however, it

seems some char remained, causing the experimental temperature at 6 mm to pla-

teau. This discrepancy is of low concern as we predict in-depth temperatures well.

The discrepancy in Figure 6 is likely caused by cracking. In the experiment, the

thermocouples are offset from each other. If a crack forms in the wood, it short-

ens the distance between one thermocouple and the surface while leaving all other

thermocouple readings unaffected. For the parametric fire C4 (Figure 6), we pre-

dict the temperature readings at 6 mm and 54 mm well, so that it is unphysical to

observe a discrepancy at 30 mm. Hence, a crack must have been formed to cause

an unexpected rise in temperature at 30 mm. As cracking is not incorporated in

the model yet, this discrepancy is of low concern. Hence, we can judge the predic-

tion of charring rates as well, and the predictions of temperature as good despite

some discrepancies.

4.2. Comparison of non-uniform and traditional design fires

The charring behaviour of timber slabs depends on the fire scenario (assuming all

boundary conditions are the same between the scenarios). When comparing all

uniform (Figure 7) and non-uniform (Figure 8) fires, one can conclude that char

depths differ when the fire scenario differs. In a standard fire, charring only has

one stage: a relative constant increase in char depth (fast growth). This is

observed both numerically and experimentally (Figure 4). However, for intermedi-

ate size compartments (< 500 m2) parametric fires (Figure 7 b & c) are better sui-

ted which show a two stage charring behaviour: increase during heating (fast

growth) and a plateau during the decay phase (steady-state). This finding is fur-

ther supported by the experimentally measured char depths in Figures 5 and 6.

For travelling fires in large-scale compartments (> 500 m2, Figure 8), one

Figure 6. Blind predictions of the design fire C4 from [21]. The
thermocouple distances are 6, 30, and 54 mm respectively.
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observes four stages: no-charring during the far field (T< 200–300 �C), slow

increase during the arrival of the near field (T = 300–1200 �C, slow growth), fast

charring during burning (T = 1200 �C, fast growth), and plateau during the

decay phase (steady state). These qualitative differences in charring behaviour also

result in quantitative difference with the largest char depth being observed in the

SFPE (Society of Fire Protection Engineers constant temperature fire), ISO (stan-

dard fire), and EC-LC (Eurocode fire—long & cool) respectively. Hence, char

depths under different fire scenarios differ significantly quantitatively and qualita-

tively.

While we said previously that charring plateau’s during the decay phase, it actu-

ally slowly continues a little into the decay phase (Figure. 7d). Wiesner and Bisby

Figure 7. Simulations of the char depth of the four uniform design
fires, with a sketch of the set-up in (d). The black solid line represents
the char depth with the y-axis on the left-hand side, and the red
dashed line represents the gas temperature with the y-axis on the
right-hand side. The Standard Fire and SFPE fire are both assumed to
be 90 min long.
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[49] found this previously experimentally. Charring continues post-heating, and

sometimes even post-extinction, for three reasons. Firstly, the temperatures in the

surrounding environment are still high enough to cause heating (T > 300 �C).

Secondly, charring contributes to the gaseous fuel load and, therefore, potential

heat release. As explained in Sect. 2, in our simulation the fire dynamics and char-

ring are decoupled as we are using the current fire resistance framework. Sec-

ondly, the residual heat in the char will continue to advance the char front for a

while. This outcome is important, as the Eurocode [15] —leading regulation in

Europe to design timber buildings—offers a set of material properties to calculate

charring rates in advanced heat transfer models. These parameters are only valid

for heating but could benefit from extension to capture the decay phase. In our

Figure 8. Simulations of the char depth of the four non-uniform
design fires, with a sketch of the set-up in (a). The black solid line
represents the char depth with the y-axis on the left-hand side, and
the red dashed line represents the gas temperature with the y-axis on
the right-hand side.
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simulations charring during the decay phase is small (< 6 mm) while Wiesner and

Bisby [49] observed significant charring (� 20 mm). We attribute this discrepancy

to the difference in set-up (column vs. slab, and enclosed vs. open furnace), the

cooling time (2–3 min vs. 33 min), and different oxygen flow conditions (8 vs.

21% Oxygen). The above will lead to a different ratio of heat lost to heat trans-

mitted into the solid, heat flux during the decay phase, and additional heat from

char or volatile oxidation. The observed difference between the predictions and lit-

erature experiments is therefore reasonable.

Another distinction between uniform and non-uniform fires is that the latter

dependent on location of the fire (or near field) in the compartment and fire size

(Figure. 9). We found that independent of the fire location the maximum char

depth is found after 90% (after roughly 40 m) of the fire path (Figures. 9 and 10),

with the 2.5% travelling fire being the most severe. This point is unsurprising as

the 2.5% travelling fire has the longest pre-heating time before the onset of char-

ring. Hence, the sample can heat up more uniformly towards the temperature

range at which pyrolysis starts, without any heating being lost due to pyrolysis.

One therefore expects the smallest fire to be the most severe one. Surprisingly, the

smallest fire is not the most severe one at the beginning and end of the compart-

ment. At the beginning of the compartment (x = 0 m) there is no preheating

time. The burning times of all fires in one location are relatively similar. There-

fore, the fire with the highest temperature would be most severe, which is the 47%

fire (Figure. 2). At the end of the compartment (x = 45.5 m), we assume the fire

is extinguished instantaneously and cools within minutes to ambient temperatures.

Figure. 9. Illustration of char depth versus fire size at different
locations in the compartment (bottom left corner). The Symbols
represent the simulations and the lines are the trendlines.

406 Fire Technology 2021



Hence, the most severe fire is the one that strikes a balance between preheating

time (increases as fire size decreases) and peak temperature (decreases as fire size

decreases). The fire sizes 2.5–10% strike this balance. In other words, it is impor-

tant to study an ensemble of fires sizes of non-uniform fires at different location

to evaluate their charring behaviour as it depends on location and fire size.

Despite the quantitative and qualitative difference between all fire scenarios, the

standard fire represents the most severe heating in terms of charring after the

SFPE fire. The char depth after a 90 min fire exceeds the char depth of all other

fire scenarios at the end of fire exposure other than the SFPE fire. The latter is

unsurprising, as the SFPE fire represents the case of a constant flame burning

above the solid for an indefinite time. The char depth after a 90 min standard fire

is 53.2 mm (as predicted by the computational model, which is slightly lower than

the 58.5 mm given by EN 1995-1-2), while the char depths of parametric and trav-

elling fires at the end of fire exposure are up to 46 to 42 mm respectively. In other

words, travelling fires and parametric fires produce equivalent char depth up to 78

to 71 min in a standard fire (based on computational predictions). However, we

assumed a fuel load of 540 MJ/m2, which in turn assumes that the timber does

not contribute to the fuel load in the compartment. Taking the additional fuel

load of timber into account would raise the char depth in parametric and non-

uniform fires above 53 mm. In other words, a 90 min standard fire would no

longer represent the most severe heating in terms of charring. However, evaluating

the contribution of timber to the fire is beyond the scope of this study and we

focus here on a fuel load of 540 MJ/m2. For this fuel load, the 90 min standard

fire is representing the most severe heating in terms of char depth. Nevertheless,

these findings suggest that the use of the standard fire adjusted for an increased

duration to account for the increase in fuel load due to timber charring results in

conservative calculation of the charring rate within the assumptions of the stan-

dard fire-furnace.

Figure. 10. The maximum char depth of each non-uniform fire size
against the location in the compartment.
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5. Discussion on Zero-strength Layer

The strength decay of timber slabs in a fire is calculated by the reduced cross-sec-

tional method [11]. In this method, the char depth is subtracted from the original

dimension of a timber slab with the remaining section assumed to be intact. If the

remaining section can hold the load, the element is assumed safe. In this method,

the char depth is assumed to be the 300 �C isotherm. However, the strength of

wood decays well before 300 �C [11]. In order to account for the strength decay

ahead of the char front, one adds 7 mm to the char depth in the calculation.

These 7 mm are called the zero-strength layer, but the thickness of the layer has

been questioned recently [49]. Implicitly, the 7 mm zero-strength layer assumes

that the temperature rise beyond 7 mm from the char front is small so that the

strength loss is small.

We found large temperature rises well below 7 mm from the char front in non-

uniform fires (Figure. 11). If we assume, that the zero-strength layer can be

defined by a 200 �C isotherm—this is the point at which at least 50% of wood’s

strength in compression has decayed based on the measurements of several

authors [11]. The strength of timber may start to decay below this point [49] but

200 �C was chosen as it also coincides with the onset of pyrolysis. Applying this

criterion to the simulations of non-uniform fires we find the thickness of zero-

strength layer to be up to 12 mm. The largest zero-strength layer are found for

Figure. 11. Evolution of the char depth with the temperature profile
behind the char front for the four different non-uniform fires and the
location in the compartment. Each contour line represent a 30 K
interval from 0 �C to 300 �C. The solid red line represents the char
front, while the dotted line represents the location of burnout.

408 Fire Technology 2021



2.5% travelling fire (left-hand column in Figure. 11), which is expected as the pre-

heating time is the largest. In turn, the long pre-heating time should lead to the

shallowest temperature gradient and the largest zero-strength layer. Also, as

expected, the smallest zero-strength layer (3.6–7 mm) is observed for the 48%

travelling fire. Again, this is expected as larger travelling fire represent short and

intense heating, which induces large temperature gradients. These results agree

with the literature. Wiesner et al. [50] exposed timber walls to a constant heat flux

and found zero-strength layers between 15 and 22 mm. Schmid et al. exposed tim-

ber to the standard fire and found zero-strength layers of up 19 mm. These values

are close to the value found here (12 mm). In fact, a reduction of moisture con-

tent from 12 to 5% would increase the zero-strength layer to 16 mm, which high-

lights the importance of considering moisture content.

Comparing the temperature profiles ahead of the char front for non-uniform

fires (Figure. 11) and uniform fires (Figure. 12) shows that the temperature pro-

files are similar. The temperature gradients ahead of the char front are steeper and

make that region of less interest. For example, the profiles in the standard, SFPE,

and EC-LC are qualitatively similar to those of a travelling fire at 25 and 48%

fire size. The zero-strength layer thicknesses (200 �C isotherm) are smaller (5 to

7 mm) for all fires except the EC-LC (11 mm). This range changed by to 4 to

12 mm, when the moisture content is reduced from 12% to 5%. Long pre-heating

leads to shallow temperature gradients, which leads to a uniform strength loss

across the slab that potentially exceeds the one predicted by the char depth and

fixed zero-strength layer. These conditions are more likely encountered in a fire in

a large compartment (non-uniform fires).

These results indicate that the commonly used value of 7 mm for the zero-

strength layer might not be conservative for timber slabs. We deduce this based

on the temperature profiles, but further work is needed to verify this finding struc-

turally and for other timber elements. This recommendation agrees with the rec-

ommendation by Schmid et al. [11] to revisit the 7 mm zero-strength layer even

for uniform fires. As the results agree well with those of Schmid et al., it is likely

and surprising that the same zero-strength layer for uniform and non-uniform

fires can be used in the future. The results (Figure. 11) show that currently the

zero-strength layer in timber slabs under non-uniform fire depends on location

Figure. 12. Temperature profile ahead of the char front in the four
studied traditional design fires. Each contour line represents a 30 K
step. The colour bar at the right indicates the colour of the
temperatures from 0 �C to 300 �C.
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and fire size. In general, the thickness of the zero-strength layer decreases as the -

fire size ‘increases from 12 mm at 2.5% to 7 mm at 48%. At the same time, the

thickness of the zero-strength layer at one specific fire size increases with increas-

ing char depth generally but not always. For example, for the 25% travelling fire,

the maximum char depth is found 45.5 m away from the ignition location. The

maximum zero-strength layer is found 36.4 m away, and the maximum strength

decay of wood is 36.4 m away. This means that location of maximum char depth

and maximum strength decay differ, which we also observed at 5% moisture con-

tent. In uniform fires, this behaviour is not observed. It is, therefore, important to

study the char depth and zero-strength layer under non-uniform fires to correctly

locate the position of maximum strength decay. The currently employed 7 mm

zero-strength layer does not capture this behaviour or the magnitude of the

strength decay, and we therefore recommend a revision of it.

A potential limitation of the study is that we approximated a failure of a load-

bearing timber member by a thermal failure criterion (char depth). An improve-

ment on this would be to explore both a thermal and structural failure criteria

[16]. It was deemed appropriate to focus first on thermal failure in a design fire

before introducing additional complexity (structural failure criteria).

6. Conclusion

We unravelled the difference in the charring behaviour of wood between uniform

and non-uniform (travelling) fires using a multi-scale model. Both quantitatively

and qualitatively differences were found between uniform and non-uniform design

fires. Qualitatively charring under uniform fires proceeds in one or two stages,

while it proceeds in four stages under non-uniform fires. Quantitatively, char

depths after uniform fires are equivalent to char depths after 42 to 90 min in a

furnace under the standard-temperature time curve, while for non-uniform fire

that time spans only 44 to 71 min. A higher equivalent time represents a more

severe fire. Therefore, when considering only the char depth, uniform fires repre-

sent a more severe heating conditions for timber under the assumption of a fire

furnace test.

In addition, the impact of the thermal gradient behind the char line needs fur-

ther investigation. The strength decay of wood is a combination of the char depth

and the zero-strength layer. Currently, regulations assume a strength layer of

7 mm for uniform fires, but it has been recommended to re-evaluate that value to

increase it up to 19 mm. In line with these previous studies, we found the zero-

strength layer in travelling fires to be up to 12 mm (12% moisture content) and

16 mm (at 5% moisture content). Adding this zero-strength layer would make the

strength decay in a travelling fire equal to the strength decay of timber slabs in a

furnace under the standard temperature–time curve of around 80 to 90 min. Both

char depth and zero-strength layer should be considered in structural calculations.

In comparison to uniform fires, the location of maximum strength decay and

maximum char depth differ which makes the thickness of the zero-strength layer a

key parameter for timber under non-uniform fires. Hence, it is important to revisit
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the zero-strength layer for both uniform and non-uniform fires. based on thermal

failure criteria and current design fires. Our study provides, for the first time,

insight into the charring behaviour of wood under non-uniform fires, which are

expected to occur in large compartments found in most modern offices. These

results help engineers to move towards performance-based design by allowing the

calculation of charring rates for a wide range of design fires. In turn, this will help

engineers to build safely more sustainable, economical, and complex structures

with timber.
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13. Lange D, Sjöström J, Schmid J et al (2020) A comparison of the conditions in a fire

resistance furnace when testing combustible and non-combustible construction. Fire

Technol . https://doi.org/10.1007/s10694-020-00946-6
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