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Abstract: The purpose of this paper is to investigate the fire performance in a multi-storey cross-
laminated timber (CLT) structure by the computational fluid dynamics (CFD) technique using the
Fire Dynamics Simulator (FDS v.6.7). The study investigates fire temperature, heat release rate
(HRR), and gas concentration (O2, CO2). The importance of this research is to ensure that the fire
performance of timber buildings is adequate for occupant safety and property protection. Moreover,
the proposed technique provides safety measures in advance for engineers when designing buildings
with sufficient fire protection by predicting the fire temperature, time to flashover and fire behaviour.
The present numerical modelling is designed to represent a 10-storey CLT residential building where
each floor has an apartment with 9.14 m length by 9.14 width dimensions. The pyrolysis model
was performed with thermal and kinetic parameters where the furniture, wood cribs and CLT were
allowed to burn by themselves in simulation. This research is based on a full-scale experiment
of a two-storey CLT building. The present results were validated by comparing them with the
experimental data. Numerical simulation of CLT building models show a very close accuracy to the
experiment performed in the benchmark paper. The results show that the CFD tools such as FDS can
be used for predicting fire scenarios in multi-storey CLT buildings.

Keywords: computational fluid dynamics (CFD); fire dynamics simulator (FDS); fire modelling; cross
laminated timber (CLT); high-rise buildings

1. Introduction

Nowadays, there is a trend towards multi-storey cross-laminated timber (CLT) build-
ings. Due to this trend, the research needs to evolve a comparison between traditional
concrete buildings and CLT buildings. Fires and smoke in multi-floor buildings are well
known threats to individuals and property. Use of CLT as a structural element in mid-
and high-rise buildings is limited owing to its combustible nature. Many multi-storey
timber buildings have been constructed, and most of them have not complied with fire
safety or have very little data about fire performance [1]. The fire performance of the CLT
structural building can be accurately modelled by performing full-scale fire experimental or
numerical simulation using CFD tools. However, a full-scale test on high-rise CLT buildings
was never performed to obtain complete information about fire spread, heat temperature
or heat release rate. Furthermore, fire and smoke models for CLT buildings are very limited
compared to a traditional concrete building.

Understanding the modelling of the fire performance of multi-storey CLT buildings is
necessary to ensure the fire resistance capacity of timber structures is adequate for occupant
safety and property protection. This also assists engineers in designing buildings with
sufficient fire protection by predicting the fire temperature, time to flashover, passive fire
resistance and fire behaviour inside and outside the building.

During the recent few decades, more than 70% of people around the world have lived
in timber structure houses [2]. CLT is a large-scale modern engineering wood product that
involves multiple layers of lumber boards [3]; the characteristics of CLT such as rigidity and
strength, allow it to be used in high- and mid-rise buildings. Several tall timber buildings
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have been constructed globally, such as the 14-storey Treet building in Bergen, Norway,
opened in 2015 [4], the 10-storey 25 King building in Brisbane, Australia opened in 2016 [5]
and the 10-storey Forte Docklands building in Melbourne, Australia opened in 2013 [6].
Currently, the Tallest Timber building tower is Under Construction in Sydney, Australia,
which will be 40-storey once complete in 2025 [7].

Many experiments have been carried out on CLT structures to investigate and evaluate
fire performance. Su et al. (2018) [8] performed full series experiments for full-scale rooms
encapsulated using mass timber construction to provide further understanding of the
fire behaviour of mass timber elements. Emberley et al. (2017) [9] conducted small and
large-scale fire tests on CLT compartment fires; the internal walls were protected by non-
combustible board except one wall which was exposed to fire. Wood cribs were used as
fuel load. Heat flux, gas flow velocities and gas temperature were measured. Hoehler et al.
(2018) [10] investigated the contribution of CLT building elements in compartment fires,
where six large-scale fire tests were conducted. The residential contents, CLT structural
panels and furniture, were used to obtain 550 MJ/m2 of fuel. The gypsum board was
used to cover CLT exposed surfaces. The experiment’s results demonstrated that the
exposed surface of CLT and ventilation condition played a crucial effect in the experimental
data results, and that the gypsum board was capable of preventing or delaying CLT’s
participation in the fire. As a result of the experimental study demonstrating that it was
possible to minimise the delamination due to fire, it recommended the use of heat resistant
adhesives in CLT. Gorska et al. (2021) [11] carried out experiments to obtain data concerning
mass timber compartments by study the burning behaviour of timber, flow fields and gas
phase temperatures.

Despite the lack of numerical simulation studies using CFD of mid- and high-rise
CLT buildings, there are many fire studies of traditional concrete buildings using CFD.
Fernandes et al. (2021) [12] studied the radiative heat transfer in fire using FDS for an open
and a closed compartment. The liquid fuels for each model were methanol, heptane and
ethanol. Betting et al. (2019) [13] used FDS to validate the experimental study of smoke
dynamics in a compartment fire. Long-fei et al. (2011) [14] carried out numerical simulation
of high-rise buildings to analyse the spread of fire and temperature distribution. Yi et al.
(2019) [15] used FDS to simulate fire flame spread outcomes in buildings. Good prediction
results were also achieved with FDS for simulation of fire spread characteristics in several
types of overcrowded buildings such as supermarkets [16], hospitals [17], offices [18] and
theatres [19]. The CFD study of fire in CLT buildings is almost non-existent in open literature.

The present research was conducted to study the performance of high-rise CLT build-
ings under fire. The numerical simulation was performed to predict the fire spread in a
10-storey CLT building. The numerical simulation focused on the air temperatures inside
and outside the building, gas concentrations and HHR prediction of furniture and wood
cribs. The built-in pyrolysis model in FDS v6.7 was used, incorporating thermal and kinetic
parameters. The furniture and wood cribs were allowed to ignite by themselves in simula-
tion. The research aims at assessing the fire safety of CLT building. The present research
methodology and simulation data may provide a good benchmark for fire engineers and
future fire modelling research on timber buildings.

In this work, CFD investigation was performed using Fire Dynamics Simulator (FDS
v.6.7), which was developed by NIST [20]. FDS solves Navier–Stokes equations and governing
equations of combustion materials [20,21]. The software simulates fire distribution and smoke
propagation in buildings [22]. Turbulent fluid flow behaviour is included by adopting Large
Eddy Simulation (LES). The FDS modelling allows access to real time data and reliable
information that would help control all the factors present in a real-world fire situation.

2. Building Description and Simulation Details
2.1. Selected Experiment

Five full-scale fire experiments were carried out to investigate the performance of a
two-storey CLT residential building. The experimental setup has been described in full
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detail in Zelinka et al. (2018) [23]. These experiments [23] were taken as reference to
validate the present model. The original study of Zelinka et al. (2018) [23] conducted a
detailed experiment of five full-scale compartment fire tests with a principle of oxygen
consumption calorimetry on a two-story CLT building. The experiment examined the effect
of ceilings and exposed walls on a practical full-size apartment to understand the effect of
CLT under fire situations. The experiment is conducted on a two-story apartment building
with areas designated for a bedroom, utility–laundry room, living room, and a kitchen. A
corridor exists along two sides of the apartment with one end opened to the laboratory
space and the other end connecting to a stairwell. Each apartment is 9.14 m wide by 9.14 m
deep by 2.74 m high. The stairwell is 2.44 m wide by 4.88 m deep. The L-shaped corridor is
1.52 m wide and 2.74 m high. Each test was performed under different fire scenarios for a
period of time up to 240 min. The experiments represent fire in real residential apartment
buildings. The total fuel load was 570 MJ/m2 comprising furniture and wood cribs. All
dimensions and boundary conditions used in the present numerical model were taken
from the reference experiment [23]. All results from the present numerical model were
compared at the exact physical locations as in these experiments [23]. Thus, the simulation
results of the present model were comprehensively validated by comparing them with the
experimental data.

2.2. Description of Proposed Building

The proposed model is a 10-storey CLT building, Figure 1 illustrates the typical floor
plan of the building layout with major details. The walls and locations of measurement
instruments used inside the building are represented in the layout with letters (A, B, C, D,
E, F, G, H, I, J, K, N), as shown in Figure 1. Each floor has an apartment of 9.14 m length
by 9.14 m width and 2.75 m height. The corridor is 1.52 m in width and 2.75 m in height.
The staircase is 2.44 m in width by 4.88 m in length. The total building height is 30 m. Each
floor is divided into five-zone areas, including a living room, bedroom, open kitchen area,
toilet and washing room.

Fluids 2023, 8, x FOR PEER REVIEW 4 of 19 
 

 

 

Figure 1. Building typical floor plan (present work) with letter (A, B, C, D, E, F, G, H, I, J, K, N) 
designations for the walls and measurement instruments. 

The timber surfaces in the first two floors were encapsulated with gypsum wallboard, 
as per the reference experiments [23]. All stair doors and main apartment doors were kept 
closed during modelling, as per the reference experiments [23]. Windows on the first floor 
were kept open, and on the second floor were protected using gypsum wallboard (see 
Figure 2 and Figure 3b), as per the reference experiments [23]. Temperatures, heat release 
rate (HRR), 𝑂ଶ and 𝐶𝑂ଶ concentrations, and performance of the CLT building structure 
were evaluated. 

In the present simulation model, the locations of thermocouples were placed in the 
same positions as the reference experiments [23]. Figure 2a shows locations of thermocou-
ples in yellow circle points, where 218 thermocouples were used along the proposed 
building in two configurations. 1. Multiple thermocouples were placed in a vertical layer 
60 cm apart. 2. Single thermocouples were placed at various heights and locations along 
the building, as well as on the ceiling in each room on the first floor and second floor, as 
shown in Figure 2a. 

Figure 1. Building typical floor plan (present work) with letter (A, B, C, D, E, F, G, H, I, J, K, N)
designations for the walls and measurement instruments.



Fluids 2023, 8, 140 4 of 17

The timber surfaces in the first two floors were encapsulated with gypsum wallboard, as per
the reference experiments [23]. All stair doors and main apartment doors were kept closed during
modelling, as per the reference experiments [23]. Windows on the first floor were kept open, and
on the second floor were protected using gypsum wallboard (see Figures 2 and 3b), as per the
reference experiments [23]. Temperatures, heat release rate (HRR), O2 and CO2 concentrations,
and performance of the CLT building structure were evaluated.
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In the present simulation model, the locations of thermocouples were placed in the
same positions as the reference experiments [23]. Figure 2a shows locations of thermo-
couples in yellow circle points, where 218 thermocouples were used along the proposed
building in two configurations. 1. Multiple thermocouples were placed in a vertical layer
60 cm apart. 2. Single thermocouples were placed at various heights and locations along
the building, as well as on the ceiling in each room on the first floor and second floor, as
shown in Figure 2a.

According to experimental data [23], the fire scenario started on the first floor from the
kitchen by ignition source of 250 mL of gasoline, as shown in Figure 2b. However, C8H18 is
the molecular formula of gasoline. The Thermal properties of gasoline were taken from [24]
as explained in Table 1.

Table 1. Thermal properties of gasoline [24].

Fuel Heat of Combustion
kJ/g/K

Heat of Reaction
KJ/Kg

Boiling
Temperature

Soot Yield Factor
YS (g/g)

CO Yield Factor
Yco (g/g)

CO2 Yield Factor
YCO2 (g/g)

Gasoline 27.6 338.9 155 ◦C 0.181 0.067 2.33

The complete combustion of hydrocarbons with oxygen will produce carbon dioxide
CO2 and water vapour H2O as follows:

2C8H18 + 25O2 ===> 16CO2 + 18H2O (1)

Gas analysers were placed in the corridor on each floor to record CO2 and O2 concen-
tration. Estimation of HRR was based on the thermal property and heat release rate per
unit area (HRRPUA) of combustible materials is explained in Section 3.

Multiple materials were used in the model. The properties of the materials used
in the model were the same as in the reference experiment [23]. FDS uses the constant
thermal properties for the surfaces of the solid materials. The details can be found in
Hurley et al. (2015) [24]. Wood (yellow pine) was used in cribs to increase fuel load in
the living room and bedroom. The proposed model was constructed from CLT consisting
of beams, columns, walls, and ceiling. Concrete was used in the exterior surface of the
CLT ceiling and on the floor of the first floor. Thus, the model was built directly on the
concrete. Gypsum wallboards were used as interior walls between rooms in the apartment
and to cover CLT (internal and external walls, ceiling, beams, and columns) as passive fire
protection in the first two storeys, as shown in Figure 3b. The fire started in the corner of
the kitchen (see Figure 2a), as was done in the reference experiment [23]. The total fuel load,
including all furniture and the wood cribs throughout the apartment, was approximately
570 MJ/m2. The thermal properties of the furniture and construction materials used in the
building were obtained from the literature [25–27]. The thermo-physical properties of the
materials were taken as assumed in the literature of [25–27].

2.3. Computational Grid and Domain

The dimensions of the CLT building model are 14.5 m, 11.2 m and 30 m (see Figure 3b).
The building was divided into a computational grid. Grid independency tests were carried
out. A total of 2,133,243 mesh (grid) cells were used, where every cubic cell dimension
was (0.15 × 0.15 × 0.15 m). A sample of grid independency test, using 1,543,336 mesh
cells (grid), is shown in Figures 4 and 5. This grid independency test shows that a total of
2,133,243 mesh (grid) cells were good enough. This is also justified by the good agreement
of results obtained with the 2,133,243 mesh cells against the experimental data. Figure 3a
shows front view of the building with mesh blocks as used in the model. As can be seen,
the computational mesh block is consistent throughout the simulation. The computational
mesh resolution and distribution was varied until the impacts of computational mesh on
simulated results were almost eliminated. Consequently, the present mesh structure can
accurately capture the characteristics of thermal fields and flow. The numerical simulation



Fluids 2023, 8, 140 6 of 17

was performed using the high-performance computing (HPC), supercomputing OzSTAR
facility at Swinburne University which is providing computational resources to researchers.
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The computational domain was extended around the building by 0.8 m on the right
side, 1 m on the front side, 0.8 m above the roof of the tenth floor and 0.4 m on the rear
side. These extensions were made to facilitate fire spreading out of the building through
the windows on the first floor. Following the reference experiment [23], the external and
internal wall thicknesses in the proposed model is 0.175 m and 0.127 m, respectively. The
floor, walls, stairs and ceiling in the building model are made of CLT except for internal
walls, which are made of gypsum, as per the reference experiment [23].
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2.4. Boundary Conditions

At the start of numerical modelling (t = 0), the temperature and velocity of the indoor
and outdoor regions of entire computation domain were assumed to be 20 ◦C and zero
velocity, respectively. The total simulation time was 180 min. Using FDS code the numerical
time-step is modified dynamically. Following the reference experiment [23], all boundary
conditions were set accordingly. All stair doors and main apartment doors were kept
closed during modelling. Windows on the first floor were kept open. As per the reference
experiment, the door between the living room, the bedroom and the opening vent located in
the front view on the first floor were kept open to remake a well-ventilated fire scenario. The
fire scenario started on the first floor from the kitchen by igniting the fuel source of 250 mL
gasoline, which is represented in the model as a rectangular volume with dimensions
1 m × 1 m and 0.2 m height.

The furniture and wood cribs were allowed to burn by themselves using pyrolysis
model in FDS with proper thermal and kinetic parameters, where the pyrolysis of solid
surfaces and fuel materials were assumed to be specified by setting HRRPUA for every
surface material. All solid layers were designated the thermal boundary conditions and
burning rate of materials. The heat release rate profile of the fire source in modelling was
obtained from experimental report [23]. In the FDS model, the mass of wood is converted
to 82% gaseous and 18% is converted to char.

3. Pyrolysis Model

Several fire models have been used [28] to study fire behaviour in building structures,
where fire models range from simple models using maximum gas temperatures of a
compartment fire to a complicated CFD model using software such as FDS v.6.7 [28].
Pyrolysis is carried out in FDS using appropriate material properties. FDS can handle both
liquid and solid fuels [20]. Several layers of various materials can be assumed to exist on a
solid surface. FDS assumes local thermal equilibrium between the volatiles and solids. FDS
produces volatiles by converting appropriate amount solid fuels to gaseous phase under
appropriate thermodynamic conditions.

The pyrolysis in FDS model is modelled using a finite rate reaction instead of the
default mixing-controlled model. All gaseous species are identified, and the gaseous species
produced from solid-phase reactions are defined.

The mass fraction Yα of solid component α is calculated using the density ρs,α of the
solid component α, and density of composite material ρs:

Yα =

(
ρs,α

ρs

)
(2)

The densities of composite material ρs is given by:

ρs =
Nm

∑
α=1

ρs,α (3)

where Nm is representing the number of solid material components. The general equation
for a material that undergoes one or more reactions is:

dYs,α

dt
= −

Nr,α

∑
µ=1

rαµ + Sα (4)

Ys,α =

(
ρs,α

ρs(0)

)
(5)
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where rαµ (in unit s−1) is the rate of consumption of component α. The second term on
the right side in Equation (4) is the production rate Sα; it represents the sum of material
components α, produced by reactions with a yield of vs,α′µ.

The rate of reactions rαµ are a function of temperature and concentration of local mass,
representing the amalgamation of power functions and Arrhenius through of the component
material temperature (Ts), and the rate of reactions rαµ including the optional term:

rαµ = Aαµ Y
ns,αµ
s,α exp

(
−

Eαµ

RTs

)
max[0, Ts − Tthr,αµ]

nt,αµ ; (6)

where Tthr,αµ is the optional threshold temperature, which allows definitions of ignition
criteria and non-Arrhenius pyrolysis. A and E are parameters of the kinetic constants, as
shown in Equations (7) and (8), respectively, and they can specify by the link temperature
Tp and rate rp/Y0.

A =
erp

Y0
eE/RTp (7)

E =
erp

Y0

RT2
p

.
T

(8)

If Y0 is equal to 1, in a simple pyrolysis model between a single reaction with a single
component,

.
T is a heating rate (in unit K s−1). Further details can be found in the FDS

manual [20].
The rate of volumetric production for each gaseous volatile is calculated using the

production rate Sα, and initial density of the solid layer ρs(0):

m′Y = ρs(0)

Nm

∑
α=1

Nr,α

∑
µ=1

vg,αµ,yrαµ (9)

The gases were assumed to be transferred immediately to the surface material. The
surface thickness (L) was used to calculate the mass fluxes:

mY =
∫ L

0
m′Y (X)dx (10)

The heat conduction equation of the reaction material presents in Equation (11), where
qs,c is the term for a chemical source. The equation consists of the heat of combustion Hr,αµ

which provides the heat of reaction.

qs,c(X) = −ρs(0)

Nm

∑
α=1

Nr,α

∑
µ=1

rαµ (X)Hr,αµ (11)

The evaporation rate of liquid fuel using the Clausius–Clapeyron equation is a function
of the concentration of fuel vapour and the temperature of liquid above the combustible
surface material form.

X f = exp[−
hvW f

R

(
1
Ts
− 1

Tb

)
] (12)

where X f is the volume fraction of volatile combustible gas above the fuel surface, which
is a function of molecular weight (W f ), heat of vaporisation (hv) and the liquid boiling
temperature (Tb). As a result, the mass flux mi of the vapour fuel above the surface, at the
start of modelling was created first by the FDS user through specifying the initial vapour
volume flux Vi. However, in the modelling, the evaporation mass flux is updated by identi-
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fying the difference between the specified equilibrium value obtained from Equation (2)
and the predicted fuel vapour volume fraction near the surface.

mi =
Vi W f

RTa/ρ(0)
(13)

Furthermore, in the modelling of thermal conductivity, the liquid fuel is considered
a thermally thick solid. In the FDS model, convection is not taken into consideration for
liquid fuels. In predicting heat transfer, temperatures, and fire spread, the FDS user can
specify the HRR as an input parameter. This HRR of fuel is converted into fuel mass flux
(mF) [29] at solid fuel surface. This mass flux of fuel (mF) is calculated as a function of
specific time ramp f (t) and heat release rate per unit area (q), as shown in Equation (14).
Thus, the input value of HRR in FDS can provide fuel mass loss rate.

mF =
f (t) q
∆H

(14)

As a result, the input value of heat release per unit area in FDS modelling can give the
mass loss rate. The HHR of gasoline was identified as an input parameter with increasing
heating rate according to the experimental data in [23]. As mentioned by Authors of
software developers [21], in the FDS liquid fuel model will generate some issues. The
authors also figured out the obstacles in previous work [29,30].

In this paper, the numerical study focused on pyrolysis of the solid wooden fuel. The
burning rate (

.
m) of wooden material after flashover in the compartment fire is commonly

measured using Equation (15). The burning rate at the decay stage after flashover depends
on ventilation rather than fuel load. The modelling of flashover and flame spread phe-
nomenon is taken from [31], where the flashover phenomenon occurs when the upper gas
layer temperature reaches 600 ◦C under free burn conditions and then the transition from
flashover to fully developed fire occurs under favourable conditions. The details can be
seen in [32] which is taken as a reference model.

.
m = 5.5 Aw

√
Hw Kg/min (15)

where Hw is the height of the ventilation opening (m), Aw is the ventilation area (m2), and
5.5 is a typical coefficient value for wood material [33].

4. Results and Discussion

Following the experimental data [23], flashover has been taken based on thermocouple
temperature at the height of 1.83 m above the finished floor inside the apartment, when at
least two of the thermocouple’s readings reach up to 600 ◦C [23]. Table 2 shows the present
and experimental [23] flashover timings in the bedroom and living room at locations G and
H, respectively (shown in Figure 1). Table 2 also compares the present and experimental [23]
time taken for apartment door failure after fire ignition.

Table 2. Flashover incidents versus time.

Locations Incidents (FDS) Present Work
(Min)

Experiment [23]
(Min)

Living room Flashover 16:00 13:27
Bedroom Flashover 21:00 17:20

Corridor Flame spread outside
apartment 33:00 26:51

Apartment door Failure 62:00 57:54

The present prediction shows flame spread out of the apartment door and propagating
into the corridor after 33 min, whereas in experiment [23], the flame propagated into the
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corridor from the apartment after 26 min. This may be attributed to the possibility that the
fire door frame was either not fitted properly during the experiment or had inherent flaws
in it, as explained in [23]. The apartment door was closed at the start of the experiment;
it failed after 57 min in experiment [23], and it failed after 62 min in the present work.
Additionally, the failure of the automatic door to shut down properly, as explained in [23],
may be a reason for the discrepancy.

Figures 4 and 5 compare the experimental temperature at 1.83 m height in the living
room and bedroom at locations G and H, respectively (see Figure 1) against the predicted
temperatures. The figures illustrate flashover incidents at 600 ◦C. Figures also show the
reasonable agreement of peak temperature in the living room, where the experimental
value is 1100 ◦C and in the predicted value is 1150 ◦C. The peak temperature recorded
in the bedroom is 1000 ◦C for both the experimental [23] and present prediction. These
results show that the experimental and predicted temperature compared well with a small
difference in time of occurrence of the peak value.

Comparisons of temperatures, as a function of time at the height of 1.52 m along wall
B and wall D in locations J and K (see Figure 1), are shown in Figures 6 and 7. Each location
has three places at different depths, one at the wall surface and two embedded at depths
12 mm and 70 mm. The maximum experimental temperature recorded on wall B at location
J surface was 1150 ◦C and in the predicted model was 1050 ◦C, as shown in Figure 6. The
temperature curves demonstrate good agreement on the same location at 12 mm and 70 mm
depths. Temperature results on wall D at location K, also show a similar trend, where the
maximum temperature at the surface in the predicted model and experimental data was
1100 ◦C, as shown in Figure 7. Furthermore, in Figures 6 and 7, the temperature results at
12 mm and 70 mm depths did not exceed 100 ◦C and 40 ◦C, respectively.
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Figure 6. Comparisons of air temperatures between predicted model (present work) and experimental
data [23] on wall B at location J (see Figure 1) in different depths, one at the wall surface and two
embedded at depths 12 mm and 70 mm.

The predicted and experimental temperature in the living room ceiling surface at
location I, is presented in Figure 8. The peak measured temperature at the surface is the
same as the predicted value. However, the simulation time to reach peak temperature is
lower than the experimental data. The comparisons of temperature at depths 12 mm and
70 mm show good agreement. Nevertheless, it was observed that the level of agreement
between the model predictions and the experimental data is remarkable.
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Figure 7. Comparisons of air temperatures between predicted model (present work) and experimental
data [23] on wall D at location K (see Figure 1) in different depths, one at the wall surface and two
embedded at depths 12 mm and 70 mm.
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Figure 8. Comparisons of temperatures between predicted model (present work) and experimental
data [23] at location I (see Figure 1), in living room ceiling, at different depths, one at the wall surface
and two embedded.

Figure 9 demonstrates temperatures and fire spread outside the building, along wall A
(see Figure 1), where Figure 9a,b show predicted models after 14 and 18 min, respectively.
Figure 10 shows the velocity contours associated with fire spread outside the CLT building
model along wall A: (a) 14 min after the fire ignition (b) 18 min after the fire ignition. It is
evident from the velocity contours that the velocity value in the fire is in the range of 5 m/s
to 10 m/s; hence, FDS is suitable for the present study.
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Figure 9. Temperatures and fire spread outside CLT building model (present work) along wall A:
(a) 14 min after the fire ignition, (b) 18 min after the fire ignition.
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Figure 10. Velocity contours associated with fire spread outside CLT building model (present work)
along wall A: (a) 14 min after the fire ignition (b) 18 min after the fire ignition.

Comparisons of temperatures as a function of time between the predicted model
and experimental data outside the building along wall A at 3 m and 6 m heights are
presented in Figures 11 and 12, where locations of thermocouples are shown in red circular
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points. Figure 11 indicates that the maximum peak temperature recorded for both the
prediction and experimental data at height of 3 m was 1100 ◦C. At the height of 6 m, the
peak temperature was 900 ◦C for both prediction and experimental data. Figure 12 shows
comparisons at different heights (3 m and 6 m) above the bedroom, where the temperatures
predicted by FDS are almost identical to experimental results.
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Figure 11. Comparison of temperatures between predicted model (present work) and experimental
data [23] outside the building along wall A (see Figure 1) at different heights (3 m, 6 m) above living
room where location of thermocouples in red circular points.
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Figure 12. Comparison of temperatures between predicted model (present work) and experimental
data [23] outside the building along wall A (see Figure 1) at different heights (3 m, 6 m) above the
bedroom, where the locations of thermocouples in red circular points.

Temperatures outside the building along wall A, at different heights (9 m, 12 m, 15 m,
18 m) are presented in Figure 13. Red circular points show locations of thermocouples.
Predicted results show that temperature decreases from the 3rd to 6th floor by an average
of 100–200 ◦C per floor. However, above 18 m, physically from 6th to 10th floor, only a
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slight change not exceeding 50 ◦C in the temperatures was noticed not increase above 50 ◦C.
Figure 13 illustrates that the peak temperature on the 3rd floor at the height of 9 m was
500 ◦C. The maximum temperature recorded in the thermocouple on the 4th floor (15 m
height) was 300 ◦C. The figure also shows that peak temperature on the 5th and 6th floor
was 200 and 100 ◦C, respectively.
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Figure 13. Temperatures outside the building (present work) along wall A at different heights (9 m,
12 m, 15 m, 18 m).

Figure 14 shows the optimal number of grid resolutions for deriving the acceptable
curve of HRR of fire as a function of time. The proposed FDS simulation for the HRR
is compared with the experimental results. It can be observed from Figure 14 that the
curves obtained from the grid resolution of the proposed scheme shows a similar trend
of curve with the experimental curve. However, the FDS-based simulation shows some
fluctuation. The grid resolution for the proposed simulation was also varied; however, no
change was observed on the predicted value of HRR. The predicted maximum value of
HRR was 22 MW at approximately 22 min. In experimental results, the HRR peak value
was 18.5 MW at 19 min. One reason for this difference may be because the fire products
collector (FPC) which was used in the experiment was taken offline to change the gas
filter for a certain time during the experiment [23]. Consequently, the FPC hood could not
capture all combustion products.
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Figure 14. Comparison of heat release rate of the fire between predicted model (present work) and
experimental data [23].
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The comparisons of oxygen and carbon dioxide concentrations between experimental
data and the present simulation results are shown in Figures 15 and 16. The oxygen gas
analyser was placed in the same location in the corridor on all floors, as shown in Figure 1
by the letter N. The experimental result of O2 concentration on the first floor was very
close to numerical simulation, as shown in Figure 15. Figure also shows no change in O2
concentration on the second floor. The change in O2 concentration was only on the first
floor. No change in O2 concentration was observed between the second to tenth floors, due
to the fire activity occurring only on the first floor.
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Figure 15. Comparison of oxygen concentration in the corridor in the first two-floor between predicted
model (present work) and experimental data [23].
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Figure 16. Comparison of carbon dioxide concentration in the corridor in first two floor between
predicted model (present work) and experimental data [23].

Figure 16 shows that CO2 concentration increased at the same time of apartment door
failure. The door failure occurred after 62 min in the FDS simulation and 57:54 min in the
experiment, as shown in Table 2. The present prediction results and the experimental data
showed no change in CO2 concentration on the second floor, as shown in Figure 16. This
indicates that there was no fire activity on any floor above the first floor. The results show
that the present numerical approach can reliably estimate O2 and CO2 concentrations in
building fire scenarios.
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5. Conclusions

Numerical simulations were carried out to study fire scenarios in a multi-storey cross
laminated timber (CLT) building. The CFD software FDS v.6.7 was used. Predicted results
were validated by comparison with available experimental data. The experimental data
were taken from a full-scale test performed on a two-storey CLT residential building. The
fire scenarios in the predicted model were the same as in the experiment. Comparison of
temperatures in the living room and bedroom showed reasonable agreement with exper-
iments. In the living room, the flashover occurred after 16 min when two thermocouple
temperatures reached up to 600 ◦C. Results showed that the fire spread rapidly in the
period between 12–20 min, when the maximum temperature recorded by thermocouples
at 1.83 m height was 1100 ◦C. In the bedroom, flashover occurred after 21 min, with a
maximum temperature of 1000 ◦C recorded. A good agreement was noticed in the living
room on the ceiling surface; the maximum temperature recorded on the ceiling surface
reached up to 1200 ◦C, whereas at 12 mm and 70 mm depths were not exceeding 50 ◦C
and 20 ◦C, respectively. Experimental data of temperatures on wall B, wall D, and ceiling
demonstrated good agreement with the predictions. A reasonable agreement between
predicted and experimental temperatures outside the building along wall A on the first and
second floors at different heights was obtained, where the peak experimental and numerical
temperatures above the living room at height 3 m and 6 m were 1100 ◦C and 900 ◦C, respec-
tively. On the other side, above the bedroom at the same height, the temperatures were
slightly higher than in the living room, at 1300 ◦C at 3 m and 1000 ◦C at 6 m height. This
variation was attributed to fuel load in the bedroom being higher than in the living room.
Present predicted results were almost the same as experimental results. Temperatures
along wall A, from the 3rd to 10th floor, were also predicted by numerical simulation.
The predicted results showed the temperatures increased rapidly in the period between
12–20 min. At different heights 9 m, 12 m, 15 m and 18 m, the maximum temperature
recorded was 500 ◦C, 300 ◦C, 200 ◦C and 100 ◦C, respectively. The measured temperatures
in the remaining floors above the 6th floor, physically at height 21 m, 24 m, 27 m and 30 m,
were less than 100 ◦C. The predicted HRR during the fire compared very well with the
experimental data. The concentrations of O2 and CO2 were also recorded on all floors in
the corridors. The results demonstrated no change in gas concentration on the floors from
2nd to 10th, due to no fire activity occurring on those floors. The comparison of O2 and
CO2 concentrations in the corridors on the first and second floors showed good agreement.
The results indicate that the CFD tools such as Fire Dynamics Simulator can be used for
predicting fire scenarios in high-rise CLT buildings.
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