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As the utilization of mass timber gains growing interest in modern architecture and construction,
specifically the use of CLT and mass timber (Glulam, LVL, etc.), the importance of safe and reliable
structural fire design is ever growing concern in modern fire safety principles. The emphasis on
sustainability and low-carbon construction materials has led to an increase in the usage of exposed timber
in modern construction. Unlike traditional design methods, the exposed timber surfaces contribute towards
fire load and have considerable effects on fire growth, duration and decay. Therefore, adequate fire design
methods are needed to ensure structural integrity, occupant safety and the utilization of exposed timber.

This thesis presents an empirical analysis of four design methods, FprEN 1995-1-2-2023, Brandon
(2018a, 2018b), Xing et al. (2024) and Salminen and Hietaniemi (2017). The study is focused on the
evaluation of key parameters like maximum fire temperature, time for maximum fire temperature, charring
rate, charring depth and the fire load density, while utilizing the same compartment conditions for each
design method.

The analysis was performed by calculating these key parameters using Mathcad software using
parameters and equations, unique to each design method. The results provide a clear distinction between
design methodology and design approach. Salminen and Hietaniemi (2017) provides the highest fire
temperature but the shortest fire duration, with the highest charring rate among other methods, but lowest
charring depth, emphasizing its utilization of thermodynamic heat transfer and ventilation parameters.
Brandon (2018a, 2018b) and Xing et al. (2024) produced approximately similar fire duration and fire load,
but Xing et al. (2024) adopts a more refined three stage fire model in its design methodology which led to
lower maximum fire temperature and a slower charring rate compared to Brandon (2018a, 2018b). FprEN
1995-1-2-2023, while generally considered more conservative in its design methodology, provided
intermediate results between all other methods. This can be contributed towards its more simplified and
standardized design assumption rather than real-time development in the compartment.

The empirical analysis provides a key insight into the structural design process, that conservatism is the
design approach is not always reflected in higher outputs, while it is based on the underlying assumptions
that are utilized in the design methodology. The study concludes that the selection of design method for
structural fire design should be based on the context of the design under consideration, material exposure
and the intricate balance between ease of use, simplicity of the design process and safety achieved.

This study contributes to the continued development of performance based structural fire design
practices for mass timber structures utilizing exposed structural elements and a detailed design approach
is needed to study the contribution of this exposed structural timber in design methodology.

Keywords: Structural fire design, fire exposed mass timber, fire exposed CLT, fire load, charring rate,
charring depth, fire safety.
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1.INTRODUCTION

1.1 Background

Wood has emerged as one of the most versatile materials to be used in the construction industry
in recent years. Some of the qualities of wood that make it a desirable material are that its light
weight compared to other conventional construction materials like stone, bricks or concrete but
possesses comparable strength to these materials (Svajlenka & PoSivakova, 2023). The
workability and ease of manufacturing of wood is also a factor that makes it easier to use in a
variety of residential and commercial buildings and structures. The advancement in the production
of engineered timber products has also played a vital role in the resurgence of wood as a
construction material in the present day and age where more focus is put forward in making the
construction industry more sustainable as 40% of the global carbon dioxide emissions are related

to the construction industry (Kamyab et al., 2020).

The shift towards traditional and sustainable wood-based construction has been on the rise
around the world. Wood has already been used as a traditional construction material in houses
and offices, but concrete and steel has always been the dominating construction material in urban
infrastructure and multi-storey buildings. But this trend is changing with more timber multi-storey
buildings on the rise (Gosselin et al., 2016). In recent years, timber construction has increased its
market share through growing interest in multi-storey timber construction and massive engineered
timber products. From an architectural perspective, the use of wood is a matter of expression and
aesthetics. In the context of Finland, whether it is urban infrastructure or houses, the customers
appreciate the ecological, aesthetic, comforting and appealing nature of wood as a construction

material (Viholainen et al., 2020).

The wood or more technically referred to as timber in the literature, has been used in many ways
when it comes to construction material. The most popular engineered timber products that are
being used for construction are plywood, laminated veneer lumber (LVL), cross laminated timber

(CLT), glued laminated timber and different structural members like beams, columns, ceilings,



floor members and ceilings (Yadav & Kumar, 2022). When using these engineered timber
products, the surface of the products can be exposed, or it can be treated with chemicals or fire-
retardant materials to protect it from fire. This is highly subjective to the intended use and purpose

of the construction. For this study the role of unprotected timber is being considered.

The concept of unprotected timber is that the timber products or structural members that are used
in the infrastructure are untreated, and the surface of the structural members is exposed. The use
of exposed timber in multi-storey buildings is limited due to the combustible nature of the material
(Menis et al., 2019). With the increased use of exposed timber in construction, more robust design
parameters are needed to be utilized to promote the fire safety of timber construction. The
problem that exposed timber poses when it comes to fire safety is that the exposed surfaces
increase the fire load during the combustion phase in fire development. This may lead to rapid

development of fire that is not desirable where the safety of the occupants is concerned.

The fire safety in timber construction is a topic that has captivated the interest of researchers for
many years. The main challenges that timber products possess, when it comes to fire safety is
the unpredictability of material. There are many uncertainties that come into play during a fire
including the nature and composition of the material and loads on the structure and predicting the
behavior of wood is a challenging task. Designers often struggle to predict the safety risks
associated with timber construction due to the lack of knowledge of the fire performance of

engineered timber products (Richter et al., 2020).

For predicting the behavior of exposed timber, the methods range from simpler to advanced. In
the simpler methods, to calculate the fire resistance, either reduced cross section method or
reduced properties method is considered. In reduced cross section method, the reduction in the
cross section of the timber element is predicted by measuring the char depth and the fire
resistance is predicted using the residual cross section. In the reduced properties method, the
influence of internal temperature on the mechanical properties of the timber is also considered.
On the contrary, in advanced methods, finite element modeling and thermomechanical behavior

of timber are the basis for fire resistance determination (Marcolan Junior & Dias de Moraes, 2018).

Eurocode 5 provides guidelines for the fire design of exposed timber. The most important
parameters in this regard are fire load and char depth. Fire load has the main contribution in the

heat releasing rate and it is the sum of all the combustible material present inside a space and it



is expressed as MJ/m? (Dundar & Selamet, 2023). The char depth is the thickness of the char
layer that develops on the surface of the timber exposed to fire (Suzanne et al., 2023). As the
char depth increases, the load bearing capacity of the timber member reduces. Current Eurocode
5 (EN 1995-1-2:2004) does not provide guidelines for determining the contribution of exposed to
timber to fire load. However, a method will be included in the next generation of the standard. This

study examines the calculation method included in the new version of the standard.

The method that Eurocode 5 provides for the determination of structural fire resistance, which is
the time taken by the members to maintain the structural integrity before failure, is Reduced Cross
Section Method (RCSM). In the method, the charring layer and zero-strength layer is subtracted
to find an effective cross section that will be able to bear the loads. There are differences between
this method and the experimental data that is obtained by performing different fire tests (Brandon,
2016).

Effective cross-section

Zero strength layer

Char layer

d
° 1 dcharn

Figure 1. Effective cross section according to RCSM (Brandon, 2016).

1.2 Objectives

There are a variety of calculation methods that are being used to determine the contribution of
structural timber to the rate of heat release, fire load, fire temperature, charring rate and charring
depth. The problem that arises with these calculation methods is that every method provides

different guidelines and parameters for fire design. These methods are based on fire tests



performed on different exposed timber members. There are many uncertainties that may arise
due to the composition of the timber members used, the parameters of fire used in these
experiments and the experimental setup. The applicability of the results from these experimental

methods is also an issue because the results may not be applicable to bigger compartment sizes.

This thesis aims to study all four of these methods and provide a comparative study to determine
the applicability of these different methods. The Arup Guide “Fire Safe Design of Mass Timber
Buildings” is the driving force behind this research. In this guide, there are different calculation
methods that are mentioned which are used for the fire design of exposed timber. The focus of
this thesis is to study these methods by performing calculations using a standard compartment
size. The objective of this study is to determine the usability of different design methods when the

structural fire design of exposed mass timber structures in concerned.

The results obtained from the calculations will be analyzed to provide comparisons between
different calculation methodologies. The results from this research will provide understanding of
the fire safety design of exposed timber structures and the differences in the design approach

and parameters. This study aims to answer the following questions:

How does the area of exposed mass timber affect the availability of fuel load during the

progression of fire in the compartment?

e How does exposed mass timber affect the decay phase of fire?

e How to estimate/ determine the char depth and combustible fire load, considering the

involvement of exposed mass timber?

e Can the same methods be applied in the case of Cross-Laminated Timber (CLT)? What

are the issues or differences that are needed to be addressed in this case?



2. THEORATICAL BACKGROUND

To increase the understanding regarding the contribution of exposed timber in fire load, studying
the effects that timber has on the heat release rate (HRR) and fire temperatures is essential. The
heat release rate (HRR) is the measurement of the amount of energy that is released per unit
time, from the combustion of timber. HRR is crucial for understanding different properties and
behavior of timber under fire which include fire growth, intensity of the fire and the potential for

flashover (Aseeva et al., 2013).

Girompaire and Dagenais (2024) in their study to determine the heat release rate in exposed
compartmental fires utilizing mass timber structural elements, used a two-zone model approach
to estimate the HRR. The formulas from their study are given below (Girompaire and Dagenais,
2024):

The formula for HRR as a varying fuel load is provided as (Girompaire and Dagenais, 2024):
Q(t) = a.t? (1)

Where «a is the fire growth rate measured in kW/s? and time t ranges from 0 to t,,,4,, the time

taken to achieve the maximum fire temperature.

The study further provides formulas for heat release rates when discussing fully developed fire,
ventilation-controlled fire and fuel-controlled fire. These will be discussed in detail later in this

chapter when the calculation methods will be discussed.
HRR in timber can be influenced by certain factors that include:

¢ Moisture Content: Moisture content has an inverse correlation with HRR. Timber having
greater moisture content exhausts more energy for evaporation which delays the ignition
process and reduces the HRR. On the contrary, a dried-out timber having a lower moisture
content leads to faster ignition and higher HRR (Bartlett et al., 2018).

o Specific Species and Wood Density: Denser wood species provide more fuel load for
combustion, which in turn leads to more HRR. Wood species and cell structures in timber,

therefore, play a crucial role in influencing the HRR (Tran and White, 1992).



External Heat Flux: The influence of radiant heat also influences the HRR in timber.
Higher heat flux increases the rate of pyrolysis and combustion, which increases the HRR
(Aseeva et al., 2013).

Char Layer: The formation of charr layer can also influence the HRR. The formation of
char layer on the surface of the timber during combustion serves as an insulation, which
decreases the heat penetration and reduces the HRR. Wood density and specific species
have varying effects in this phenomenon (Bartlett et al., 2018).

Surface Area and Dimensions of Timber: The shape and size of the timber members
under pyrolysis can influence the HRR. Generally, greater surface areas lead to increased
HRR, while greater cross-sectional areas lead to reduced HRR (Fonseca & Barreira,
2009).

Ventilation and Oxygen Availability: The availability of oxygen during the combustion
process influences the HRR. Lower oxygen levels lead to incomplete combustion of timber
which decreases the HRR. On the contrary, higher oxygen levels and adequate ventilation
promote higher HRR (Bartlett et al., 2018).

When considering the use of exposed timber in construction, the influence of exposed timber on

the fire temperature is an important aspect in fire design. Timber is a combustible material that

can have considerable impact on the duration and intensity of the fire which leads to the need to

understand the influence of timber on fire temperatures in compartment fires. Timber can

influence the fire temperature in the following ways:

Temperature and Fire Intensity: The correlation between HRR and fire temperature is
linked with exposed timber. The exposed timber increases the HRR, which in turn leads
to higher compartmental temperatures. This phenomenon is influenced by several factors
including the surface area, the density and species of timber and the oxygen level and
ventilation conditions (Ni and Gernay, 2022). The study by Ni and Gernay (2022) provides
considerable information about the influence of exposed timber in compartment fires,
which makes it critical to estimate the design fires accurately.

Charring Rate and Thermal Degradation: During the combustion process, the timber
develops a char layer that acts as an insulator layer and influences fire temperatures.
Khelifa et al. (2024) studied the variation in thermo-physical properties and the
development of char layer, proving insight into this aspect. The simulations performed

during this study suggest that the fire temperatures increase with the duration of the fire,



before the formation of new char layers leaves the timber members structurally weaker
due to char layer fall off. (Khelifa et al., 2024).

Oxygen Availability: The availability of oxygen influences the fire temperature in a similar
manner to the HRR. Frangi and Fontana (2005) studied the behavior of timber under
natural fire conditions. The experiment suggested that the fire temperatures near the
openings were considerably higher compared to the areas farthest from the openings.
This gives the idea that oxygen levels increase pyrolysis and increase the fire temperature
(Frangi and Fontana, 2005).

Timber Connections: The type of connections that are used can also change the heat
transfer profile in timber members. Maraveas et al. (2013) conducted a study to observe
the behavior of different timber connections under fire. The studies concluded that timber
connection failures are directly related to the temperature profiles around the connections.
Thin connectors like nails and screws under fire, fail due to loss of yield strength. For larger
connectors like fasteners and bolts, charring occurs around them at elevated
temperatures, which reduces the bearing strength of the wood around these connectors
and leads to rapid failure. This study gives an idea about how different connectors can

influence the heat transfer rate and fire temperature (Maraveas et al., 2013).

Following the discussion regarding the influence of exposed timber on HRR and fire temperatures,

the literature review will explore different calculation methodologies that are used to estimate

different parameters including the ones mentioned above. The literature review will provide in-

depth analysis of the following methodologies mentioned in different research papers:

“Practical method to determine the contribution of structural timber to the rate of heat
release and fire temperature of post-flashover compartment fires” (Brandon, 2016).
“Engineering methods for structural fire design of wood buildings— Structural integrity
during a full natural fire” (Brandon, 2018a, 2018b).

“Performance-Based Fire Design of 14-Story Residential Mass Timber Building”
(Salminen and Hietaniemi, 2017)

“FprEN 1995-1-2:2023: Eurocode 5 - Design of timber structures - Part 1-2: Structural fire
design”

“Theoretical model of the three - Stage parameter fire curve considering the contribution

of combustible materials” (Xing et al., 2024).



2.1 Brandon (2016)

The primary objective of this study conducted by Brandon (2016) was the estimation of the
contribution of exposed timber and protected timber in compartment fires, with primary focus on
the post-flashover phase, for a floor area of up to 100 m?2. For this estimation, Brandon (2016)
introduced the model “SP-TimFire”. This model is a combination of a one-zone model and wood

combustion model. The algorithm of the model is presented in Figure 2 below:

Input:  HRR curve of the movable fire load

!

—> Step1l: Calculate the fire temperature
curve using the zone model

!

Step 2: Calculate the temperatures,
charring rate and HRR curve of
the CLT using the wood
combustion model

y

Step 3: Add the updated HRR curve of
CLT to the HRR of the
combustible load

Repeat step1to 3

until the HRR
curves converge

Step 4:

Figure 2. Algorithm for the SP-TimFire (Brandon, 2016).

Step 1 uses the one-zone model for calculating the fire temperature using HRR of the CLT (Cross-

Laminated Timber) and moveable fire load.

Step 2 uses wood combustion model to calculate the HRR for CLT walls and ceilings from the fire
temperature. These temperatures are exclusively based on the fire temperatures. The
assumptions used for simplification state that the oxygen level and velocity of the air does not
have any influence on the charring rate. The charring temperature of 300° C and heat release per

charring depth of 5.39 MJ/m?mm is used to estimate the charring rate and HRR/unit area.

Step 3 uses the following assumption to update the HRR curves for iterations in the algorithm:
“The heat release rate of the fire is assumed to be equal to the heat release rate of the CLT plus
the heat release rate of the movable fire load” (Brandon, 2016). This assumption is later explained
in the form of curves that provide a comparison between experimentally determined and predicted
HRR.



For a brief discussion on the one-zone model, the main goal of this model is the determination of
fire temperatures from HRR curves. The first model was introduced in 1970 which was developed
based on conservation of energy and mass, and it was further developed for parametric fire curves

in Eurocode 1.
For an under-ventilated fire, the HRR is given by the following equation (Brandon, 2016):
min (Qc + Qcicrr 5 Qcimax) = Qw + Qr + QL (2)

In equation (2) , Q¢ is the HRR due to moveable fire load in the compartment, Q¢.c.ris the HRR
due to combustible CLT structural members in the compartment, at the start of the iterations, this
value is taken as 5.39 MJ/m?mm as mentioned above and for the second iteration this value is
multiplied by the charr depth calculated in the first iteration and Qc.;qy, is the maximum HRR

inside the compartment and it is determined from the following equation (Brandon, 2016):
QC;max = a1 Tipax CA \/E (3)

Where «; is a flow constant, T,,,, is the theoretical maximum fire temperature proposed as 1325
K (Wickstrom, 1986), c is the specific heat of air, A is the area of the opening in the compartment

and, h is the height of the opening (Brandon, 2016).
Q. is the rate of heat loss through compartment boundaries.

Q, is the rate of heat loss due to the air escaping from the openings in the compartment and can

be calculated from the following equation (Brandon, 2016):
Qu=ay (T — T,) cAVR (4)

Where T is the fire temperature in the compartment in K and T, is the ambient temperature in

the compartment in K.

Qg is the HRR that represents the loss of radiant heat from the compartment openings and is

calculated by using the following equation (Brandon, 2016):
Qr=A(T/-T&) o (5)
Where ¢ is Stefan Boltzmann constant.

To determine the fire temperature Tr, equation (4) is substituted in equation (2) and rearranged

to get the following equation for T; (Brandon, 2016):
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Tf _ min (Qc + QcicLr : Qcimax )~Qw—Qr + Ty (6)

a, cAh

To make the results of this algorithm more comparable with the actual compartment fire tests,

several assumptions were made to achieve the desired outcome. The following conclusions have

been presented by Brandon (2016) based on a comparison between experimental fire test results

performed by McGregor (2013) and Medina and Hevia (2014), and the results obtained by using
the SP-TimFire algorithm (Brandon, 2016):

If the role of delamination of CLT is considered in case of fully exposed compartment
surfaces, the decay phase of the fire is not predicted during the timeframe of the fire test,
before the fire in manually extinguished, which indicates that the temperatures are
expected to rise slowly during the fire test. On the other hand, if delamination is not
considered, the SP-TimFire algorithm predicts the decay phase to commence during the
timeframe of the fire test. However, this is not happening in the actual fire tests performed
(Brandon, 2016).

The other comparison states the overestimation of HRR after flashover and delamination.
This happens due to the assumption on which the algorithm is based that states that all
the delamination that happens in CLT is happening at the same time. Practically, this is
not true as the heat or fire that is burning the CLT during fire testing may or may not be
constant. This issue can be corrected by using multiple heat transfer models that measure
delamination at different points of CLT.

This method estimates compartment temperatures considerably accurate, when only one
compartment wall is exposed to fire and the other surfaces in the compartment are
protected and the char fall-off and delamination do not occur.

When more than one compartment wall is exposed, the method determines the start of

the decay phase satisfactorily but underestimates the temperatures.

2.2 Brandon (2018a, 2018b)

This calculation method is based exclusively on unconventional mass timber buildings that refer

to buildings that are more than 16 story timber buildings. The nature of the failure is referred to as

a progressive failure, meaning that in case of a fire, one timber member may lose its strength and

then lead to failure of multiple members. This phenomenon has grave consequences for the life

of the occupants in the building and severe financial implications. The design philosophy in such
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cases is based on a compartmental fire design which involves a decay phase and self-

extinguishment in case of a fully developed fire.

As itis not possible to test such a building under natural fire conditions, analytical design approach
is used to numerically simulate the fire conditions to test the performance of the building. The
analytical design is based on parametric design fires which involve a fully developed phase and
a decay phase. Second flashover is not considered in parametric design fires, but practically it
can happen, due to the delamination in case of CLT and the failure of protective layers for fire

retardation like gypsum sheets.

For the parametric design fires, emphasis is done on the estimation of fuel load. It is not possible
to directly calculate the influence of exposed timber in fuel load. One method to make the exposed
timber resist the influence of fire is to use adhesives and fasteners that eliminate the delamination

during fire.

To calculate the involvement of exposed timber in the fuel load g4 during the progression of fire,
Brandon (2018a, 2018b), proposed an iterative method using the following equation (Brandon,
2018a):

AcLr - @1 -(deharend =07 - Ppar tinax)
AC

(7)

qggl = dms1

In equation (7), gns; represents the fire load density in the compartment given in MJ/m?, due to
moveable fire load and can be determined using Table E.5, EN 1991-1-2-2002, or using the values
used in the other research literature. For this study, the value was taken from (Buchanan &
Ostman, 2022).

Acyr is the area of exposed CLT in the compartment given in m? and can be determined directly

from the compartment dimensions.

a, is the correction factor proposed by (Buchanan & Ostman, 2022) for the boundary conditions

in the compartment and the value is equal to 5.39 MJ/m?mm.

déhur;end is the charring depth given in mm and can be calculated using the following equation
(Brandon, 2018b, Equation 13):

dchar;end =2 -Bpar -t (8)
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Where B, is the parametric charring rate in mm/min calculated using Brandon (2018b),

Equation 9 and t, is the time in min, at which the charring rate becomes constant and can be

calculated using Brandon (2018b), Equation 10.

t} .. is the duration of the heating phase of fire in h, that in which the maximum fire temperature

will be attained and this can be calculated from the following equation (Brandon, 2018b):
tmax = max [(0.2 x 1073 Gta / O); tiiml 9)

Brandon (2018a, 2018b) method is an iterative method in which the char depth is the only input
parameter that is changing in the subsequent iterations, while all the other parameters remain
constant. At each iteration, the charring depth from the first iteration is used to determine the fuel
load in the second iteration and the process is repeated until the difference between the charring

depth in subsequent iterations becomes 0.1%, at which point the iterations can be stopped.

There are many factors associated with exposed timber that can complicate the calculations. The
comparison between larger and smaller portions of exposed timber showed approximately similar
fire temperatures during the fully developed fire phase. The comparison between predicted
charring depths and actual experimental charring depths shows that the iterative method gives
more conservative values. This indicates that the conservative parametric design fires can be

used to predict the structural integrity and failure of the structures with exposed timber surfaces.

120 ] | [

[ = Exact solution

100 -— non-conservative side -—7 ———
80 ! 7 =1
/ 0 X Maximum char depth
60 | ’ | ; reported/found
0 versus predictions
S .. using eq.8 and eq.13

/n o
2 X e o

Maximum char depth

Conservative side reported/found

} ; versus predictions

0 ' using eq.9 and eq.13
0 20 40 60 80 100 120

Predicted charring depth at or near the end of a compartment test (mm)

Experimental charring depth at or near the end
of a compartment test (mm)

Figure 3. Comparison of maximum charring depths from experimental results and calculated
predictions (Brandon, 2018b).
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2.3 Salminen and Hietaniemi (2017)

The study by Salminen and Hietaniemi (2017) discusses the fire design of a 14-story mass timber
structure that was an exception to other structures because Finnish regulations only allow
buildings of this kind to be limited to only 8 stories. There are two ways to design this type of
structure in the case of structural fire design. The first one is the perspective analysis which is
based on design the structure using standard fire and design fire classes mentioned in the
regulations. The second method is to conduct a performance-based analysis by using fire
scenarios that are likely to happen in case of fire. Since the first method was not applicable due

to fire regulations, the second method was adopted for the fire design of this structure.

Considering the features of the mentioned building, the first floor was constructed using concrete
elements while all the other floors including load bearing elements and elevator shafts were
constructed using CLT and LVL. The fire design in the case of this building was based on
quantitative risk analysis. Most parts of the building were protected using gypsum boards with
25% surfaces exposed due to regulatory restrictions. The basic idea of the risk analysis is

illustrated in the figure below. The second scenario concerns this literature study.

|Steei or concrete structures, R120 L Scenario 1:

No sprinklers Probability that
load-bearing
structures fail in

L ] fire situation: p,

s

; |Sprinklers ﬂ | Scenario 2: ‘

Probahility that

| load-bearing
I Fire load ' | structures or
gypsum boards
Timber structures, R90, mostly fail in fire
protected by gypsum boards, 25'% Acceptance criteria: ﬂt_lfm_] n_p C
unprotected ———

Figure 4. Basic idea of quantitative risk analysis for fire design (Salminen & Hietaniemi, 2017).

For calculating the fire temperatures, a model developed by Harmathy (1972a, 1972b) is used.
Harmathy (1972a, 1972b) utilized a thermodynamic fire model which gave the fire temperature

as a function of time which was influenced by many factors including dimensions of the
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compartment, ventilation conditions and enclosure characteristics. From this calculation method,
the initial fire load that was calculated was 420 MJ/m? (Salminen and Hietaniemi, 2017). In the

initial fire load calculations, the roles of sprinklers, fire brigade and char layer were not considered.

The calculation of char depth using Eurocode 1 and Eurocode 5 was not possible in the fire
scenarios used in the performance-based approach, as the methods and formulas can only be
applied in standard fire conditions. For this purpose, a modified conductivity model proposed by
Hopkin (2011) was used for specific heat capacity and conductivity to satisfy the conditions of
Eurocode 5 Annex B. Salminen and Hietaniemi (2017) proposed a simpler modification by
multiplying the thermal conductivity by 1.45 to get more reliable results compared to the fire tests
that were not conducted using standard fire exposure. The char layer depth analysis was

performed in SAFIR software with design analysis assumption based on Eurocode 5.

In the study by Salminen and Hietaniemi (2017), to calculate the fire load g, an iterative model
was used which calculated the fire load first based on the risk analysis and then subsequently
calculating the fire temperatures and char depth, then adding more fire load and repeating the

iterations until the following criteria is fulfilled (Salminen & Hietaniemi, 2017):
Giv1— 4 < 1% (10)

Meaning that the fire load is correct if the difference between two consecutive iterations is less
than 1%. As mentioned in the literature, if there is too much exposed timber, the iteration model
may not be valid. Considering a 25% exposed timber in this structure, the final calculated fire load
was 820 MJ/m? (Salminen and Heitaniemi, 2017). This design method is valid only if the protected
surfaces do not contribute to the fire load. Therefore, adequate thickness of gypsum boards is
needed. The design provided a standard fire of about 60 minutes (Salminen and Hietaniemi,
2017).

The results from this method were compared with the compartment fire test conducted in Canada
by Hevia (2014) due to similarity in the testing conditions with fire load and some parts of
unexposed timber. The method accurately predicted the char depth and gave conservative
values. The tests provided the charring rate of 0.95 mm/min while this method provided a charring
rate of 1.3 mm/min (Salminen & Hietaniemi, 2017). Therefore, the method can be applied for

partially exposed timber buildings.
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24 FprEN 1995-1-2:2023

The next generation of Eurocode 5 will provide detailed guidelines for the structural fire design of
timber in standard fire and parametric fire conditions. For the sake of this research, the design
parameters for the parametric fire conditions are considered because fuel load and ventilation
influences are not considered in the standard fire conditions. As the exposed timber will contribute
toward increasing the fuel load, it is essential to consider the parametric fire conditions for

research purposes.

Annex A of FprEN 1995-1-2:2023 will provide guidelines for determining the contribution of

exposed timber to fire load. For the calculation of charring rate ., in case of unprotected timber,

the following equation is given (FprEN 1995-1-2:2023, Equation A.9):
ﬁpar =Bl 025 (11)

Where g, is the nominal charring rate calculated from FprEN 1995-1-2:2023, equation 5.2 and I
is the heat factor calculated from EN-1991-1-2:2024, equation A.2.

The formula for design charring depth d ., is given as follows (FprEN 1995-1-2:2023, Equation
A.10):

denart = 2 ﬂpar to (12)

Where t, is the time at which the charring rate is assumed to be constant and can be calculated
using the following equation (FprEN 1995-1-2:2023, Equation A.11):

to = 0.009 4Lt (13)

The design total fire load g4, is calculated by using the following equation (FprEN 1995-1-
2:2023, Equation A.12):

Qatott = qafit T dastt (14)

Where q,r;: is the design value of the fire load density related to the surface area of the
compartment and can be determined by using Table E.5, EN 1991-1-2:2024 or by using the values
used in the other research literature. For this study, the value was taken from (Buchanan &
Ostman, 2022).
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qa st 1S the structural fire load density that represents the contribution of exposed CLT or mass
timber elements to the fire load in the compartment and can be determined by using the following
equation (FprEN 1995-1-2:2023, Equation A.13):

_ Agt
Qd,st,t =60m S10 dchar,t At A_t (15)

In the above equation (15):
m is the combustion factor from EN 1991-1-2:2024 taken as 0.8.

s19 is the rate of heat release of exposed timber members per unit area related to charring rate

and having a value of 0.12 MW /m? per mm/min.
a; is the time dependent modification factor taken as 1.

Ag; is the area of the exposed CLT or mass timber structural members that are burning inside the

compartment and can be calculated from compartment dimensions.
A, is the total surface area of the compartment.

The methodology of determining the fire load q, ... due to exposed mass timber or CLT in the
compartment is similar to the calculation method of Brandon (2018a, 2018b) where the charr
depth d ... Of the first iteration is used to calculate the structural fire load density q4 .. for
second iteration. This process is repeated until the difference in charr depth between subsequent
iterations becomes less than 0.5 mm. When using equation (14) in iterations, the structural fire

load density g, ., for the first iteration is taken as zero.

When the criteria for stopping iterations have been achieved, the maximum fire temperature 6,,,,,

can be calculated using the following equation (EN 1991-1-2:2024, Equation A.1):

6y = 20 + 1325(1 — 0.324e 928" — 0.204e 17T — 0.472e~190T") (16)

The duration of the heating phase t,,,,, for maximum fire temperature can be calculated using the
following equation (EN 1991-1-2:2024, Equation A.9):

tmax = Max [(0.2 * 1073 %)  tiim] (17)
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2.5 Xing et al. (2024)

The research by Xing et al. (2024) follows the same pattern of predicting the contribution of
exposed timber to the fire load, which is overlooked by many other calculation methodologies.
Other concerns discussed in this literature come from the use of parametric fire curves being valid
only in the case of non-combustible compartments. In the case of combustible ones, the
assumption that 70% of the fuel in the compartment is burned outside is an unjustified assumption
with no theoretical basis behind it. Similarly, another point is raised where the use of Eurocode 5
to calculate the charring rates is not accurate due to the non-consideration of increased fire load.

This leads to stark differences between experimental and calculated parametric fire curves.

In the research by Xing et al. (2024), a three-stage parametric curve is presented that consists of
an ascending phase, a rapid descending stage and a slow cooling phase. Sensitivity analysis is
done considering the following parameters, ventilation height, width, exposed area and fire load
to determine which parameter is influential in case of fire development. The analysis of various
test results from different researchers in Xing et al. (2024) showed that the charring rate increases
with the exposed timber surface initially and then becomes relatively constant as the fire develops.

This is explained by the following equation (Xing et al., 2024, Equation 1):

Bexp = 29.66 — 47.51 x 0.93¢P (18)

In equation (18), By, is the rate of increase in the charring rate and exp is the percentage of
exposed CLT or exposed structural timber surface in the compartment. Based on the above
equation (18), a modified equation for charring rate for a parametric fire curve considering the

contribution of exposed timber is presented (Xing et al., 2024, Equation 2):

0.2 VT—0.04
IBpar =1.5 ,30 m X (1 + O'Ol.gexp) (19)
In equation (19), B, is one dimensional design charring rate and I is the heat rate factor. The
values obtained using equation (19) present an error of 13.25%, which is within the accuracy

requirements mentioned in Xing et al. (2024). For determining the gas temperature T, following

expression is used (Xing et al., 2024, Equation 15):

_,—0.10Q
T, = 6000 “=¢

= (20)

In equation (20), the value Q can be calculated using the following equation (Xing et al., 2024,

Equation 16).
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_ (A7—4p)
=i (21)

In equation (21), Ay is the total surface area of the compartment, 4, is the area of the openings
in the compartment and H, is the height of the openings. Equation (20) is only applicable in the
condition when the percentage of fuel burning outside the compartment is less than 65%. The

fuel load g;4 can be determined using the following equation (Xing et al., 2024, Equation 26):

Acrt @1 (Achar—" Bpar tmax) (22)

ta = Gmp + ar

Equation (22) is similar to the equation (7) used in the method by Brandon (2018a, 2018b). The

gas temperature T, calculated from equation (20) is compared with the heating stage gas

temperature © calculated according to equation (16), mentioned in FprEN 1995-1-2:2023. Then

the following convergence criteria is needed to be satisfied (Xing et al., 2024, Equation 27):

Ty~ ©

< 10% (23)

If this criterion is not fulfilled, the following equation is used for calculating the maximum
temperature, and the calculation process is repeated until the final convergence (Xing et al., 2024,
Equation 28):

Ta+ 0O
@g = gT (24)

The parameters that have the most influence on three-stage parametric fire curve are presented

in the following order:
Fire Load > Height of the Vent > Width of the Vent > Wood Exposed Area.

Xing et al. (2024) is based exclusively on the fire tests performed on CLT. Therefore, the
applicability of this method in the case of solid timber or other timber products may provide varying

results.
2.6 Summary

In this section, a summary is provided about the observations made during the review process of
the five calculation methods, and based on these observations, the differences between the
methods are analyzed. The analysis results are reported in Table 1 below. Later in Chapter 3, the

usability and results of the methods will be further analyzed using a case study and calculations.



Table 1. Comparison of different calculation methods.
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3.CALCULATIONS AND RESULTS

3.1 Compartment Details

Before discussing the calculations and the results obtained from different calculation methods, it
is necessary to describe the compartment details that were used to perform the calculations. The

plan of the compartment is given in Figure 5 below:

At 2.9 Exjiossd GLT 175 mm CLT Walls Used in

Wall without Fire Protection Compartment

r\*—l? ™7
\-7—‘-——‘ \l-L:J |

|
| —
2|

- 4.00 =i

Compartment Size 7m x 4m
Compartment Height 2.9m

( )
| |
— ‘ Window
I
20 | ‘ ‘ H 1.85m x 1.45m
- |
" e
)\I NONETR RN R I Il

Two Layers of 15.9 mm Gypsum
Board Used for Fire Protection.

Figure 5. Compartment plan used to perform calculations for different methods.
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The details of the compartment plan in Figure 5 are as follows:

e The floor area of the compartmentis 7 m x 4 m.

e The height of the compartment is 2.9 m.

o The size of the window is 1.85 m x 1.45 m (width x height).

e The size of the dooris 1 mx2.13 m

e A 175 mm thick CLT layer is utilized on all four walls of the compartment.

e One wall, 4 m wide and 2.9 m high, is left exposed while all the other walls are protected
using 2 layers of 15.9 mm gypsum board to protect these walls from fire inside the
compartment.

e The compartment consists of typical furniture that will contribute as a moveable fire load

inside the compartment and this value will be utilized in the calculations further.

3.2 Calculation Methodology

The calculation methodology explains how numerical calculations were performed. For this thesis,
there were five methods that were used to calculate certain desired parameters. The calculation

methods that were used are listed below:

e Brandon (2016)

e FprEN 1995-1-2:2023

¢ Brandon (2018a, 2018b)
e Xing et al. (2024)

e Salminen and Hietaniemi (2017)

The desired output parameters that were focused upon while performing calculations using these

methods are as follows:

e Maximum fire temperature

e Duration of heating phase for maximum fire temperature
e Charring rate

e Charring depth

e Maximum fire load

All the above-mentioned calculations use different approaches to calculate these parameters.

Some methods use simulation models and repetitive iterations to obtain the results, while other
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methods utilize formulas from literature based on experimental results obtained from fire tests

that emulate natural fire conditions.

The calculation methodology was based on using the above-mentioned methods to perform
calculations manually and then conducting a comparative analysis of the obtained results. The
software that was used to facilitate performing these calculations is Mathcad Prime version
10.0.1.0.

The details of the calculation methods are already explained in the previous chapter. This chapter
will specify the process used to perform calculations, input parameters used in the calculations
and the output parameters obtained after performing the calculation. The details of the
calculations can be obtained from the Annexes that will be compiled at the end of this thesis, for

all calculation methods.

3.3 Brandon (2016)

Brandon (2016) method is an iterative method that utilizes SP-Timfire which is a two-zone model
to calculate different parameters. The most important parameters for this method are heat release
rate of CLT and the moveable fire load that is based on the area of exposed CLT inside the
compartment. Both parameters increase as the fire progresses until the maximum fire

temperature is obtained in the growth phase of the fire.

While performing the calculations, one setback was observed. There is a parameter that needs
to be determined for calculating the fire temperature, namely the rate of heat loss through
compartment boundaries Q,,. To calculate this parameter, the following equation is used (EN
1991-1-2:2002, Equation D.5):

Qw = (At - Ah;v) hnet (25)

Where A, is the total surface area of the compartment, A, is the area of ventilation opening and

hyet is the net heat flux.
To calculate h,.; the following equation is used (EN 1991-1-2:2002, Equation 3.1):
hnet = hnet;c + hnet;r (26)

Where h,.... is the convective heat flux calculated using EN 1991-1-2:2002, Equation 3.2 and
hnetr is the radiative heat flux calculated using EN 1991-1-2:2002, Equation 3.3.
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hnet;c = 0. (eg - em) (27)
hnet;r =¢. Em-&f- 0. [(6, + 273)4 — (6, + 273)4] (28)

In the above equations (27) and (28), 6, is the gas temperature in the vicinity of fire exposed
member, 6,, is the surface temperature of the member and 6, is the effective radiation

temperature of the fire environment.

Determining these temperatures is not possible without the use of simulation software to obtain
the actual and precise values needed for calculations, as described by Brandon (2016). As the
scope of this research is based on performing calculations using Mathcad, the use of simulation
software is outside the scope. Therefore, Brandon’s (2016) method was neglected for the purpose

of performing calculations in this research.

3.4 FprEN 1995-1-2:2023

FprEN 1995-1-2:2023 provides equations for parametric fires to calculate different parameters.
The second-generation Eurocode provides additional equations for calculating the compartment
temperature T, and the charring depth d 4. Of unprotected members, which takes into
consideration the exposed surfaces inside the compartment. FprEN 1995-1-2:2023 also suggests
performing iterations in the sense that the fire load density q, ;. is selected at the beginning to
perform the calculations in the first iteration. In the second iteration, the structural fire load density
qastt is calculated and added to the previous one to obtain the total fuel load density qg4 ¢+ for
the next iteration. In these calculations, the main goal is to find the contribution of exposed timber
surfaces. Therefore, the structural fire load q, s+ is the main component representing exposed

timber in the form of combusting surface area, Ag;.

Brandon (2018a, 2018b) has concluded that approximately 70% of the contribution of the timber
combusts outside the fire compartment, for at least the duration of the fully developed phase of a
similar compartment without combustible linings. In this research, the fire load burning outside
the compartment is estimated by using the effective charring model introduced in figure A.1 of EN

1995-1-2:2004. The principle of the model is illustrated in Figure 6 below.
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1Bo
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One Dimensional Charring Rate

to tmax 3to

Time for Constant Charring Rate

Figure 6. Comparison between t, and f3,.

In the effective charring model and Figure 6, parameter t, is the time period with a constant
charring rate. The charring rate is assumed to be constant for the entire heating phase, i.e. the
fully developed phase. In this research, it is assumed that 70% of the area, defined by t, and S,,
is the proportion of the structural fire load that burns outside the compartment. The proportion of
the structural fire load burning inside can now be calculated as the ratio between the unshaded
area and the total area defined by g3,,, t, and 3t,. The unshaded area, representing the proportion

of fire load burning outside the compartment, is calculated using equation (29) mentioned below:
Remaining Area = 0.3 * 8, * t, + % * 2ty * o, = 1.3 % B, * t, (29)

The percentage of the remaining area of fire load in the graph can be calculated using equation

(30) mentioned below:

1.3%Bo*to
T
(Bo*to) + 7 2to*Po

% of Remaining Area = = 0.65 (30)

Equation (14) for the design total fire load q, .+ ¢, can now be modified to address the reduction:

datott = qaric + 0.65 qqstr (31)

The details of the calculations can be found in Annex A at the end of this thesis. Table 2 below

describes the input parameters and related equations that were used for performing calculations
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for FprEN 1995-1-2:2023 method. The output parameters obtained after performing calculations

are mentioned in Table 3 below.

Table 2. Input parameters and related equations in the FprEN 1995-1-2:2023 method

Parameter Value Unit Description Reference
Mj . , ;
da;fie 550 — Fire Load Density = Buchanan & Ostman, (2022)
m
B 0.65 mm One Dimensional FprEN 1995-1-2:2023, Table
0 ' min Charring Rate 5.4
B 0.707 mm Nominal Charring FprEN 1995-1-2:2023,
n ' min Rate Equation 5.2
p 470 k—g3 Density of Spruce Assumed for CLT
m
c 1530 J Specific Heat FprEN 1995-1-2:2023, Table
kg K Capacity at 20 °C 8.1
Thermal )
A 0.12 L Conductivity at 20 | PEN 1995-1-2:2023, Table
mK °C 8.1
4, 2683 m? Ventilation Area ~ C@lculated frl‘;rlgr?mpa”me”t
A 119.8 2 Total Surface Area  Calculated from Compartment
t ' m of Compartment Plan
h, 1.45 m Opening height Compartment Plan
o 0.028 m1/2 Opening Factor EN 1991_1_2}\2224, Equation
g 0.826 mm Parametric FprEN 1995-1-2:2023,
par ' min Charring Rate Equation A.9
Ay 28 m2 Floor Area Calculated frc;rln Compartment
an
Design Charring FprEN 1995-1-2:2023,
enar 74474 mm Depth Equation A.10
r 1.856 - Heat Rate Factor £\ 1991-1-2:2024, Equation

A2
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Table 3. Output parameters and related equations in the FprEN 1995-1-2:2023 method

Parameter Value Unit Description Reference
o Maximum Fire EN 1991-1-2:2024,
Omax 1037.636 ¢ Temperature Equation A-1

Time to achieve EN 1991-1-2:2002,

tnax 60.12 min maximum fire Equation A-9
temperature

B 0.826 mm Parametric FprEN 1995-1-2:2023,

par ' min Charring Rate Equation A.9
FprEN 1995-1-2:2023,

d har 74.474 mm Charr Depth Equation A.10
Mj Final Fuel Load FprEN 1995-1-2:2023,

Qea 140.777 m2 Density Equation A.12

3.5 Brandon (2018a, 2018b)

Brandon (2018a, 2018b) method is also an iterative method that utilizes a fire model that takes
into consideration the area of exposed CLT in the calculations. The main parameters that are
changing in every iteration are the fuel load q;4, and the charring depth dihar;end. The maximum
fire temperature in a compartment can be determined through iterative calculation. The conditions

for stopping the iterations are described in Brandon (2018a, 2018b) as follows:

e The charring depth converges which means that the difference between charring depths
in consecutive iterations come out to be 0.1%.

e The maximum time, which refers to the time needed to achieve the maximum fire
temperature in the fully developed phase, becomes continuous, which means that we
have a continuously developing phase because the maximum time keeps on increasing

after every iteration.

The details of the calculations can be found in Annex B at the end of this thesis. Table 4 below
describes the input parameters and related equations that were used for performing calculations
for Brandon (2018a, 2018b) method. The output parameters obtained after performing

calculations are described in Table 5 below:



Table 4. Input parameters and related equations in the Brandon (2018a, 2018b) method
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Parameter

Value Unit Description Reference
Mj Moveable Fire -«
Amfl 550 — Load Density Buchanan & Ostman, (2022)
A 1.6 2 Area of Exposed Calculated From
CLT ' m CLT Compartment Plan
M] . "
aq 5.39 —— Correction Factor ~ Buchanan & Ostman, (2022)
me *xmm
B 0.707 mm Nominal Charring FprEN 1995-1-2:2023,
" ' min Rate Equation 5.2
p 470 k—g3 Density of Spruce Assumed for CLT
m
c 1530 J Specific Heat FprEN 1995-1-2:2023, Table
kg K Capacity at 20 °C 8.1
Thermal .
A 0.12 W Conductivity at 20  FPTEN 1995-1-2:2023, Table
mK °C 8.1
4, 2,683 m? Ventilation Area  C2lculated frgﬁg?mpa”me”t
4, 119.8 m? Total Surface Area Calculated from Compartment
of Compartment Plan
h, 1.45 m Opening height Compartment Plan
o 0.027 ml/? Opening Factor Brandon (2018a), Equation 3
mm Parametric .
ﬁpar 0.826 p—— Charring Rate Brandon (2018a), Equation 8
Ay 28 m? Floor Area Calculated from Compartment
Plan
- 0.954 h Maximum Time for

Fire Development Brandon (2018a), Equation 4
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Table 5. Output parameters and related equations in the Brandon (2018a, 2018b) method

Parameter Value Unit Description Reference

Maximum Fire EN-1991-1-2-2024, Equation

Tf:max 1058.807 °c Temperature A-1
156.232 M Final Fuel Load g 400 (2018b), Equation 16
Qea ' m2 Density ’
Time to achieve
tinax 69.54 min maximum fire Brandon (2018a), Equation 4
temperature
mm Parametric .
Bpar 0.826 — Charring Rate Brandon (2018a), Equation 8
dchar 86.109 mm Charr Depth Brandon (2018a), Equation 12

3.6 Xing et al. (2024)

The method by Xing et al. (2024) also involves predicting the contribution of exposed timber in
fire load. In this method, an additional formula is presented for charring rate f,,, which considers
the exposed timber area in the compartment and the value of this parameter varies with the
exposed percentage of timber surface inside the compartment. The literature also provides an
additional formula for parametric charring rate f,,.. It also provides a different formula for
maximum gas temperature T, which has a separate convergence criterion to be satisfied by

performing consecutive iterations.

In short, this method further develops the formulas of parametric fires and makes them more
applicable in cases where the amount of exposed timber surfaces inside the compartment varies.
The formulas and detailed calculations are provided in Annex C at the end. Table 6 below provides
the details of input parameters and related equations used to perform calculations for Xing et al.
(2024) method. The output parameters obtained after using these input parameters to perform

the calculations are mentioned in Table 7 below.
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Table 6. Input parameters and related equations in the Xing et al. (2024) method

Parameter Value Unit Description Reference
qid 156.232 % Fire Load Density Calz;;(l)e;tgg,igoli%aé\)don
Bo 0.65 m BasicRCharring FprEN 1995-1-2:2023, Table
min ate 54
exp 10 - Exposure Value Assumed
Rate of increase in
Bexp 6.666 - Co‘;:‘:;ggg drif]tge o Xing etal. (2024), Equation 1
exposed surfaces
r 1.856 - Heat Rate Factor Calc(:gcl)e;tg(aj’igoalgt;\)don
A, 2,683 m? Area of Windows ~ Calculated frgl';r?"mpa”me“t
A, 1198 m? Total Surface Area Calculated from Compartment
of Compartment Plan
{2 35.641 - Constant Value Xing et al. (2$624), Equation

Table 7. Output parameters and related equations in the Xing et al. (2024) method

Parameter Value Unit Description Reference
o Maximum Fire Xing et al. (2024),
Ty 976.556 ¢ Temperature Equation 15
Time to achieve .
tmax 69.42 min maximum fire Xlnlg eljaatilc.)sng??‘l),
temperature q
B 0.811 mm Parametric Xing et al. (2024),
par ' min Charring Rate Equation 2
dchar 84.507 mm Charr Depth XlnIgE;qeutaatil(.)éZSSZ 4)
M . ,
Ged 156.232 Mj Final Fuel Load  Brandon (2018b), Equation

m2 Density 16
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3.7 Salminen & Hietaniemi (2017)

This method was adopted for the fire design of a fourteen-storey building that was made from
mass timber members. The methodology for the design is explained in detail prior in the
theoretical background chapter. The main formulas for the calculation of fire temperature are
taken from Harmathy (1972a, 1972b). The formulas consisted of calculating the heat flux gz and

then using it to calculate the gas temperature T,. The calculations for charring rate £, and

charring depth d.;,- are done using equations from the FprEN 1995-1-2:2023.

Iterations were performed for calculating the heat flux and fire temperatures, up to the point where
the subsequent iterations provide the most accurate values. The details of the formulas and
calculations can be found in Annex D at the end of this thesis. Table 8 below provides the details
of the input parameters and related equations used in this method. The output parameters

obtained from this calculation method are mentioned below in Table 9.

Table 8. Input parameters and related equations in the Salminen and Hietaniemi (2017) method

Parameter Value Unit Description Reference
. Calculated from
2
A, 2.683 m Area of Windows Compartment Plan
A 1198 m? Total Surface Area Calculated from
t ’ of Compartment Compartment Plan
: Calculated from
2
Ay, 11.6 m Fire Area Compartment Plan
c 1100 L Specific Heat of Air Assumed
9 kg K
G, 954.1 kg Mass of CLT Harmathy (1972a)
kg . .
Pa 1.225 — Density of Air Known Constant
m
m Acceleration Due
g 9.81 ) to Gravity Known Constant
) 9 154 kg Ventilation Harmathy (1972a), Equation

s Parameter 16
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Harmathy (1972a), Equation

l 1.698 m Flame Height 38b
u, 2.29 kg Flow Rate of Air ' 1armathy (1917723)' Equation
S
R 0.072 kg Rate of change of  Harmathy (1972a), Equation
: s mass of fuel 28a
B 1 - Constant Harmathy (1972a)
Z 1.05 - Constant Harmathy (1972a)
n 0.9 - Constant Harmathy (1972a)
T, 20 °C Ambient Assumed
Temperature
J Thermal
k. 0.15 conductivity of Harmathy (1972b)
msK Linning Material
2 . . .
1 n—6 m Thermal Diffusivity
k, 0.12*10 - of Linning Material Harmathy (1972b)
T 12419.75 sec Time of Erimaw Harmathy (1972b), Equation
Burning 443
o 5.670*108 w Stefan Boltzmann Known Constant
m2 K4 Constant
)i Heat of
AH, 26*10° o Combustion for Harmathy (1972b)
g charr layer
Ji Heat of
AH, 15*10° kg Combustion for Harmathy (1972b)

volatile gases
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Table 9. Output parameters and related equations in the Salminen and Hietaniemi (2017)

method
Parameter Value Unit Description Reference
o Maximum Fire Harmathy (1972b),
Ty 1067.754 ¢ Temperature Equation 61
kg Final Fuel Load
qid 82.25 3 Density Harmathy (1972b)
Time to achieve
. . . EN 1991-1-2:2002,
timax 36.42 min maximum fire Equation A-9
temperature
B 1.005 mm Parametric FprEN 1995-1-2:2023,
par ' min Charring Rate Equation A.9
FprEN 1995-1-2:2023,
dchar 54.874 mm Charr Depth Equation A.10

3.8 Summary of Results

Table 10 below compiles the output parameters including maximum fire temperature, duration of

the heating phase for maximum fire temperature, charring rate, charring depth and fire load,

obtained from the four calculation methods.

Table 10. Compilation of results from calculation methods

Brandon

Salminen and

Parameter Fqlr-EZNZ(’I)ggS- (2018a, Xi(nz%g‘tt)a . Hietaniemi
: 2018b) (2017)
T4 (°C) 1038 1059 977 1067
tinax(min) 60.1 69.5 69.4 36.4
Brar(r) 0.83 0.83 0.81 1.01
d par(mm) 74 86 85 55
141 156 156 82

Mj
qta (W)
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Figure 7 provides a visual representation of compartment temperatures over time for all the
calculation methods. This image is generated using ChatGPT version 4.0. The peak temperatures
and time were taken from Table 10, while the parameters for the temperature and time in the
decay phase were defined and calculated by ChatGPT version 4.0 based on the formulas of
Eurocode 5 for the decay phase of parametric fires. The shape of the curve was defined in
ChatGPT version 4.0 to generate typical inverted bell-shaped curves, common for most
parametric fire curves.

Temperature-Time Curves (Bell-Shaped)

= Brandon 2018
EN-1995-1-2-2023
1000 saiminen & Heitaniemi 2017
— Xing 2024
800
o
L 600
5
2
e
]
o
£
g 400}
200
0 -
1 L L

0 20 40 60 80 100
Time (minutes)

Figure 7. Compartment temperature vs. time curve for different calculation methods. (Al

Generated)

In addition, bar graphs are used to compare calculated charring rates and charring depths. Figure
8 provides a comparison of charring depths for all calculation methods. Figure 9 provides a
comparison of charring rates for all these calculation methods.
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Figure 8. Comparison of charring depths determined by different calculation methods.
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Figure 9. Comparison of charring rates determined by different calculation methods
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4. ANALYSIS AND DISCUSSION

4.1 Introduction

Structural fire design for mass timber structures and members utilizing CLT components presents
a complicated task of balancing the safety of the structure, precision in the design processes and
compliance with the regulations for fire safety design. The analysis compares four key methods
discussed previously namely Brandon (2018a, 2018b), FprEN 1995-1-2:2023, Salminen and
Hietaniemi (2017) and Xing et al. (2024). This analysis considers the background literature and

calculation results from these methods to discuss the following key parameters:

e Differences in input parameters

o Methodological framework

o Reasons for Divergences in Results

o Exposed mass timber vs. CLT

o Area of Exposed Timber vs. Fire Load

o Exposed Timber vs. Decay Phase

4.2 Differences in input parameters

When considering the structural fire design of timber structures and specifically in case of
performing calculations, the methods are highly sensitive to the input parameters being used.
While some of the input parameters remain the same in most of these methods, all four calculation
methods utilize unique input parameters that reflect on the design philosophies of these methods.
Careful consideration of these input parameters is essential to understand the variability of the

output parameters obtained.

4.2.1 FprEN 1995-1-2:2023

As a prescriptive design approach, FprEN 1995-1-2:2023 relies on standardized tables and
formulas. The charring rates are specific to the material being used, specifically the nominal
charring rate 8, whose value is taken from Table 5.4, FprEN 1995-1-2:2023. The fuel load density
g:qgcan be taken from EN 1991-1-2:2024 using table E.5, or it can be taken from the National



36

Annexes. In this research, the fuel load density is taken from Buchanan and Ostman (2022). In
the case of FprEN 1995-1-2:2023, it is assumed that 70% of the structural fire load burns outside
the compartment during the fully developed phase. FprEN 1995-1-2:2023 minimizes the need for
geometric specifications of the compartment by limiting the calculations to the parameters of the

exposed fire area and ventilation parameter in the form of an opening factor 0.

4.2.2 Brandon (2018a, 2018b)

This design method is a combination of empirical and iterative analysis, where the main driving
factors are based on compartment specific temperatures. This is reflected in the moveable fuel
load density q;4, Which considers the combustible contents of the compartment as well as an
addition to the structural elements. The calculated charring rates and opening factors are in line
with the results of FprEN 1995-1-2:2023 method. In comparison to FprEN 1995-1-2:2023, the
provision of 70% of the fire burning outside the compartment is considered in the iterative formula
for fuel load, where the factor (0.7 * B4, * tmax) Signifies this phenomenon. This method also
introduces the constant «; which is a correction factor for the boundary conditions of the

compartment.

4.2.3 Xing et al. (2024)

One specific distinction of this method regarding input parameters is that is takes the fuel load
density directly from Brandon (2018a, 2018b) method. While some of the parameters for this
method are also derived from FprEN 1995-1-2:2023, what makes Xing et al. (2024) different is
the specific focus on modifying the formulas from FprEN-1995-1-2:2023 to account for the role of
exposed timber in calculations. This is indicated by the factor S.,,, which represents the
percentage increase in the charring rate related to the exposed surface and then provides a

modified equation for the calculation of parametric charring rate.

4.2.4 Salminen and Hietaniemi (2017)

The design approach for this method is based on a combination of Eurocode 5 and Harmathy
(1972) Part 1 and Part 2 for heat flux modelling. This method specifically considers the
thermodynamic characteristics of the compartment, which is why the input parameters are unique

and different from other calculation methodologies discussed previously. The ventilation
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parameters @, directly considers the airflow in the compartment and flame development. The heat
flux calculations utilize the radiative exchange in the compartment boundaries which comes with
unique input parameters like flame height [, flow rate of the air entering from the lower third of the
compartment opening U, and the rate of change of fuel mass R. Material properties like the density

and specific heat of the air are input parameters unique for this method.

4.3 Methodological Framework

The core methodology behind each fire design method is essential when discussing the predictive

behavior of these methods and sensitivity to Input parameters.

4.3.1 FprEN-1995-1-2:2023

This calculation method is based on the parametric fire model, which utilizes equations from
Annex A of FprEN 1995-1-2:2023 and EN 1991-1-2:2024 to determine key output parameters
such as charring rate, charring depth, fire temperatures and the time taken to achieve the

maximum fire temperature.

In the first iteration, the method starts by determining the parametric charring rate g,,., then
moving towards the calculation of fuel load density, which is calculated or taken from the
respective tables of Eurocode 1 and 5. Then the charring depth d...., the time for the fully
developed phase of the fire t,,,, and the maximum fire temperature 6,,,, is calculated. In the
next iteration, the structural fire load density is calculated and added into the fuel load density,
and the charring depth is calculated. These two parameters are consecutively calculated
performing iterations until the difference between charring depth converges to a difference of 0.5

mm. Then the iterations can be stopped and the final t,,,, and 6,,,, can be calculated.

4.3.2 Brandon (2018a, 2018b)

Like FprEN 1995-1-2:2023, the fuel load density and charring rate are calculated first. The key
difference between these two methods comes from the area of CLT determination A, 7. In FprEN
1995-1-2:2023, the first iteration does not take the exposed surfaces into account. In the second
iteration, the exposed surfaces are considered in the fire load, in the form of a,. While in Brandon
(2018a, 2018b) method, the area of CLT is calculated and considered in the very first iteration for

determining the fuel load density g;,. Then the iterations are performed in a similar way to FprEN
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1995-1-2:2023 for determining charring depth and fuel load density, until the charring depths in

consecutive iterations converge to a point of 0.1% difference.

4.3.3 Xing et al. (2024)

For this method, the fuel load density q;4 is directly taken from Brandon (2018a, 2018b). The
parametric charring rate is calculated by using equation (19), considering the exposure factor
Bexp- In determining the fire temperature, two fire temperatures are calculated. First, a maximum
parametric fire temperature 6,,,, is calculated using, for example, FprEN 1995-1-2:2023. Then
the fire temperature is calculated using equation (20), Xing et al. (2024). This method provides
convergence criteria for the fire temperature utilizing equation (23). If this criterion is not satisfied,

perform further iterations until the convergence is satisfied.

4.3.4 Salminen and Hietaniemi (2017)

The calculation methodology by Salminen and Hietaniemi (2017) is very different from the other
methods when it comes to the determination of fire temperature. In this method, the exposed
surfaces are regarded as the weight of the CLT or exposed mass timber, unlike other methods
that consider the area of exposed surfaces. The method specific parameters also include the

ventilation parameter @, flame height [, flow rate of air U,, and rate of change of fuel mass R.

The calculation of fire temperature is a process where at first, a fire temperature is assumed, and
then effective heat flux g5 and the fire temperature T, are calculated (Harmathy, 1972b, Equations
51 and 61). Iterations are performed consecutively till the difference between the assumed and
actual fire temperatures becomes considerably negligible. There are no specific criteria for

convergence in this method.

Another difference in this method is that for determining the fuel load density. The mass of CLT or
exposed mass timber is divided by the area of the exposed surface to get the fuel load density.
The equations from FprEN 1995-1-2:2023 can be used to determine the charring depth d.;,,- and

time for maximum fire temperature t,;,4.
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4.4 Reasons for Divergences in Results

Despite being applied to the same compartment geometry and timber material, the four methods
produce varying output parameters for fuel load, charring rate, charring depth, maximum fire
temperature and time for maximum fire temperature. These differences not only arise from the
input parameters, but the differences in the design principles that each of these methods utilize

to produce the output parameters.

A potential reason behind the divergence of output parameters in these methods is the intended
use of these calculation methods. This can be accessed based on compliance, simulation and

engineering flexibility.

FprEN 1995-1-2:2023 is designed for regulatory compliance and ease of application when it
comes to structural fire design. It provides a conservative approach to account for variable
unknowns during the progression of fire in the compartment. The basis for the results is not to be
matched with the experimental results, but rather to provide a safe upper limit for the structural

fire design.

Brandon (2018a, 2018b) method is utilized when engineering flexibility is desirable. The goal is
to provide some degree of realism in structural fire design practices without relying heavily on
deep simulation models. It modifies the Eurocode equations by introducing iterative modifiers to
account for surface protection, fuel load change and convergence behavior. Therefore, producing

output parameters that are more in line with custom simulations rather than code compliance.

Xing et al. (2024) method is an amalgamation of theoretical fire dynamics and simplified
engineering use. It provides modifiers for FprEN 1995-1-2:2023 to account for exposed surface
contributions. This balance results in output parameters that are less conservative than FprEN
1995-1-2:2023.

Salminen and Hietaniemi (2017) method is intended for realistic simulations when it comes to
research or performance-based design. The method is based on rigorous input parameters which
yield more accurate and sometimes lower charring depths, particularly in the case of

compartments that have lower flashover durations and adequate protection.
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4.5 Exposed Mass Timber vs. CLT

The calculations performed for the four methods were utilizing CLT as the structural element for
walls in the compartment. The main assumption in calculations was that there is no delamination
occurring during the progression of the fire. The effect of delamination is a variable that is very
tricky to calculate in natural fire experiments and modeling this parameter in design methodology
is a far greater and complicated task. Thus, for the purpose of simplification, the delamination is

not considered.

To draw a comparison of what changes will occur when it comes to the design approach in case
of exposed mass timber and CLT, some of the differences in fire performance in the case of CLT

and exposed mass timber are described below:

e Charring Behavior: In case of CLT, delamination can lead to char fall-off which will cause
reignition for the newly exposed lamella. For exposed mass timber, a more stable char
layer is formed which can be predicted more easily.

o Fire Resistance: CLT will have lesser fire resistance due to delamination and exposure
of new layers of lamella during fire progression while exposed mass timber provides better
fire resistance due to robustness and homogenous composition of structural element.

¢ Charring Rate: In the case of CLT, the charring rate has a non-linear progression due to
delamination and glue-line failure while for exposed mass timber it is linear and more
predictable.

e Design Complexity: For CLT, there is a need for simulative modelling for delamination
and charr fall-off while for exposed mass timber, simplified design assumptions can be
used.

e Protective Strategies: The use of CLT in compartments is limited to a certain degree
when it comes to the degree of exposure and needs encapsulation. While exposed mass

timber elements can be utilized unprotected in certain scenarios.

Considering the above-mentioned parameters, the choice of design methods when it comes to

exposed CLT and exposed mass timber can be selected as follows:

o FprEN 1995-1-2:2023: Ideal for exposed mass timber and can be used for exposed CLT

but lacks the involvement for delamination.
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e Brandon (2018a, 2018b): Ideal for exposed mass timber but limited for exposed CLT as
higher exposed areas in the compartment leads to convergence criteria not being
satisfied.

o Xing et al. (2024): Ideal for both exposed mass timber and exposed CLT as this method
accounts for decay modelling which can consider the delamination and the exposure of
new CLT lamella in time-based fuel contributions.

¢ Salminen and Hietaniemi (2017): Ideal for exposed mass timber and good for exposed
CLT as well because the thermodynamic modelling of Harmathy (1972a, 1972b) method
can handle material transitions during fire progression.

4.6 Area of Exposed Timber vs. Fire Load

To understand how the area of exposed mass timber affects the fire load during a fire, calculations
were first performed assuming that all four compartment walls are exposed, and then assuming
that only one wall is exposed. These calculations were done using the FprEN 1995-1-2:2023
method and the results are reported in Annex A. The calculation results are reported in table 11
below. It provides a comparison of output parameters between 4 walls and one wall of the
compartment exposed to fire.

Table 11. Comparison of output parameters according to FprEN 1995-1-2:2023 calculations

when one wall and four walls are exposed to fire.

Parameter Unit 4 Walls Exposed 1 Wall Exposed
0 nax °C 1299 1038
tinax min 86.9 60.1
B il 0.83 0.83
par min ' '
dchar mm 154 74
qid My 203.5 140.8
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It is evident from Table 11 that the fire load with four walls exposed is 30% higher compared to
the fuel load with only one wall exposed in the compartment. Similarly, other output parameters

also increased due to the greater area of exposure in the compartment.

Out of all the output parameters given in Table 11, charring depth d_;,, is the most concerning.
While the fire load is increased 30% when four walls are exposed, the increase in charring depth
is almost double. Keeping in mind the structural integrity of the compartment, the thickness of CLT
used for the walls of the compartment was 175 mm. A charring depth of 154 mm means that the

structural integrity of the CLT walls will be compromised, and the structure will collapse.

This comparison provides an example of how using too much exposed CLT or exposed mass
timber in the compartment has grave consequences on the structural integrity of the components

used.
4.7 Exposed Timber vs. Decay Phase

The determination of decay phase was not in the scope of this research. Out of all the calculation
methods mentioned in this study, only Xing et al. (2024) method provides an explanation of how

exposed mass timber or CLT can influence the decay phase of a fire.

The concerns raised in Xing et al. (2024) about the decay phase of a fire is that the phenomenon
of smoldering can occur during the decay phase of the fire. The smoldering temperature is less
than that of the fire temperature. The smoldering process can lead to the continuous burning of
the exposed structural components, even if the fire temperature at that instance is not enough to

keep the fire burning (Xing et al., 2024).

Traditionally, to find the fire temperature during the decay phase, the formulas that are provided
by EN 1991-1-2:2002 are mentioned by Xing et al. (2024, Equation 25). According to Xing et al.
(2024), the formulas given in EN 1991-1-2:2002 do not correspond to actual temperatures during

the decay phase. Therefore, these formulas underestimate fire temperatures.

The three-stage fire model by Xing et al. (2024) provides an equation for determining the fire
temperature during the decay phase as follows (Xing et al., 2024, Equation 30):

tl

i+1
ti

01 = —150010g () + O (32)

In equation (32), t' is the time when the average fire temperature inside the compartment is below

80% of the maximum fire temperature and 6! is the fire temperature at time t'.
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Unlike the equations of EN 1991-1-2:2002, which consider temperature calculation in terms of the
time for the heating phase, to achieve maximum fire temperature t,,,., leading to only one fire
temperature in the decay phase, equation (32) provides the opportunity to calculate the fire
temperature during the decay phase at any instance. This method of calculation of the decay
phase will provide a more accurate representation of fire temperature when it comes to exposed

CLT due to the following reasons:

e A higher fire load contribution leads to slower decay phase as the duration of fire is
increased and combustion and smoldering phenomenon may continue in the
compartment. In this case, equation (32) can be used to find fire temperature at any
instance in the decay phase of the fire. The equations of EN 1991-1-2:2002 cannot adapt
to this increase in fire load.

o Partially exposed surfaces in the compartment provide lesser fire load for fire temperature
development, which leads to shorter fire durations and early burn-out in the compartment.
The method of temperature determination during the decay phase by Xing et al. (2024),

can facilitate in this scenario as well, while the equations of EN 1991-1-2:2002 cannot.
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5. CONCLUSION

This thesis examined and compared four different design methods used for structural fire design
of exposed mass timber and exposed CLT utilized in a fire compartment. The design methods
utilized in this thesis were FprEN 1995-1-2-2023, Brandon (2018a, 2018b), Xing et al. (2024) and
Salminen and Hietaniemi (2017). The focus of this thesis was to study how these different design
methods model temperature development, charring behavior and contribution of fuel load when it
comes to exposed timber elements in the compartment. The output parameters from these
calculation methods provided insight into each calculation methodology where the parameters of

the compartment were consistent for all calculation methods.

5.1 Results

Among the above-mentioned calculation methods, Salminen and Hietaniemi (2017) produced the
highest peak fire temperature (1067 °C) but with the shortest fire duration (36.4 min), reason being
that it considers the thermodynamic modeling of heat flux and air flow. This calculation method
also produced the highest charring rate (1.01 mm/min) and the lowest charring depth (55 mm)
out of all calculation methods. This emphasizes limited fuel load during the fire progression and

ventilation driven burnout in the compartment.

The methods by Brandon (2018a, 2018b) and Xing et al. (2024) produced approximately similar
fire durations (69.5 min and 69.4 min) and charring depths (86 mm and 85 mm). On the contrary,
Xing et al. (2024) predicted a lower maximum fire temperature (977 °C) than Brandon (2018a,
2018b) (1059 °C), despite both methods utilizing the same fuel load contribution (156 MJ/m?).
The lower charring rate of Xing et al. (2024) (0.81 mm/min) predicts a more gradual fire

progression, which aligns better with this method’s three-stage fire model.

The method included in FprEN 1995-1-2-2023 produced intermediate results with a relatively
conservative charring depth (74 mm) and a relatively moderate fire temperature (1038 °C)
compared to the other design methods. Although utilizing the same charring rate of 0.83 mm/min
as Brandon (2018a, 2018b), the shorter fire duration (60 min) indicates that the assumptions of

this method lead to lower results.

The results obtained from these calculation methods reinforce the fact that the selection of method

is based on the context of the design application. FprEN 1995-1-2-2023 remains suitable for code-
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compliant design. Brandon (2018a, 2018b) method offers a more practical approach with iterative
corrections in regards of compartment specifications. Salminen and Hietaniemi (2017) method
excels when it comes to accuracy, specifically in the case of performance based structural fire
design by the utilization of heat flux and ventilation parameters. Xing et al. (2024) method bridges
the gap between practical application and theoretical implications by simulating the fire

progression using modified equations using its three-stage fire model.

Ultimately, there is not one right or wrong method when it comes to structural fire design. The
choice of a particular design method is always based on the person performing the design and
fire safety analysis. One thing that is needed to be considered is that the choice of design method
should not be based only on ease of usage and how much the method is compliant with the code,
but how well the calculation method predicts the expected behavior of fire in the structure and

degree of precision needed in the structural fire design.

5.2 Further Research

While this thesis has provided insight into the methodology and application of these different
design approaches for fire design of exposed timber, there are opportunities for further research

and development in this specific field of study.

Experimental validation of the calculation methods with full scale fire tests, especially in the case
of exposed timber and CLT would provide a stronger foundation in understanding these

calculation methods.

Integration of delamination when it comes to exposed CLT, specifically in the case of FprEN 1995-

1-2-2023 and Brandon (2018a, 2018b), will lead to more precise and accurate results.

Developing more hybrid solutions to be applied in calculation methodologies. Combining the code
compliance with the realism of thermodynamic modelling and parametric fire design, would bridge
the gap between the practicality and accuracy of fire design using these calculation methods.
Finally, expanding this analysis for multiple-room compartment and utilizing different ventilation
configurations and different protective materials to promote limited exposure for fire load
contribution, will promote practicality in the design where real fire scenarios are concerned. This

will broaden the applicability of the findings from this research.
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Annex A:

Calculations FprEN 1995-1-2:2023 method:

1) Input Parameters/ Inital Values, All 4 Walls Exposed:

1.1) Design Charring Rate:

B,:=065 FprEN 1995-1-2:2023, Table 5.4
min
k=1 FprEN 1995-1-2:2023, Table 5.3
450
kyi=A|—— FprEN 1995-1-2:2023, Table 5.3. The value of
380 380 is taken as characteristic density of Spruce
that is most commonly used in CLT in Finland.
k,=1.088
Bo=ky* k,+ B, FprEN 1995-1-2:2023, Equation 5.2
g,=0707 22
min

1.2) Calculating the factor 7

pim470
m3
c:=1530 S FprEN 1995-1-2:2023, Table 8.1
kg K
A4:=0.12 For 20 degrees temperature value.

m-K (Ambient Temperature)
1.3) Opening Factor:

A,:=1.85.1.45
A,=2.683 m"

Ap=(27-29)+(2+4-29)+(2-7+4)—(1.85-1.45) —(1-2.13)

A,=114.988 m’ Total Area of the compartment
excluding door and window
hoqi=145 m
heq .
O:=A4, EN 1991-1-2:2024, Equation A.2
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1

0=0028 m> Ranges between 0.02 and 0.20 so OK
(\/ : )2
rp=Npcd) EN 1991-1-2:2024, Equation A.2
0.04 \?
1160
5
r,=7.691 M

Now the design charring rate can be calculated from the following equation:

Brars1:= B [*% FprEN 1995-1-2:2023, Equation A.9
Bra=1.178 =
min

2) lterations:

2.1) Iteration 1:

2.1.1) Charring Depth:
Ap=28 m’

A,=114.988 m*

qa4++=550 sz Value of fire load density related to floor area taken from
m (Buchanan & Ostman, 2022)
A
qa6= Qd,ﬁ,'t'_f Design value of the fire load density related to the total
A surface area of the design fire compartment
g4s=133.928 sz
m

For first iteration, the design structural fire load density
related to the total surface area of the design fire

q =0 M compartmen is taken as zero
distt1 = 2
m

atotarr 1= Qafirt Qasee1 FprEN 1995-1-2:2023, Equation A.12
My
Ga:totar:1= 550 2
m
Ay

Qd:totalt1°= Qd:total:f1°
A4,
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My
G -totar1=133.928 —
m

The time at which a constant charring rate is assumed is taken from the following equation:

b= 0_009.%075,,51 FPrEN 1995-1-2:2023, Equation A, 11
t,;=42908 min

The design charring depth, to determine the structural fire load for the next iteration,
can be calculated using the following equation:

Detart:1°=2* Bpar;1* to1 FprEN 1995-1-2:2023, Equation A.10
dipar.1=101.086 mm

Cl

2.2) lteration 2:

2.2.1) Structural Fire Load:

m:=0.8 EN 1991-1-2:2024, Combushion Factor
S70+=0.12 M—ZV FprEN 1995-1-2:2023, Equation A.13
m
dopare7=101.086  mm FprEN 1995-1-2:2023, Equation A.10
a =1 FprEN 1995-1-2:2023, Equation A.13
Ag.=57.167 m’ Area of Combusting Surfaces, 4 wallls,
excluding door and window
Ast;] . . .
Qistt:2=060me 5150 d oy gs Ao The design structural fire load density related
A to the total surface area of the design fire
compartment
My
Qaspr2=289.473 —-
m

Gitota£:2°= Qafiet 0.65 * Qyspr2 FprEN 1995-1-2:2023, Equation A-12. The
equation is adjusted for the modification that comes
_738157 M with the limitation that 70% of the fire is burning

Qd;total:£2 - 2 . . e :
m outside the compartment. This modification is valid
o Ar when "to" is less then tmax. Meaning that the
Dd:total:;2*= dtotal::2 Z constant charring rate is achieved in the fully
M developed phase before the decay phase starts

qd,-[gtaj;[,.zz 179745 >
m
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2.2.2) Charring Depth:
£,,5+=0.009 . T2
t,»,=57.587 min

The design charring depth can be calculated using the following equation:
Depart:2= 2 * Bpar1® Loz

dpare.2=135.668 mm

2.3) Iteration 3:

2.3.1) Structural Fire Load:

Ast;]
Daistt5*= 60~ 111 51p° dchar,'t;Z * U A
t
My
Ggst3=388.502 ——
m

Qastotart 3= Qasiet 065 Qusre s

Mj
qd,-[gta[,fgz 802527 >

m

Af

Qd;totali:3'= Qd;totali£3° 7

t

Mj
9y totare:3=195.419 —

m

2.3.2) Charring Depth:
£,,5:=0.009 . Td10t3
t,3=62.609 min

The design charring depth can be calculated using the following equation:
Aepar:3= 2 Bpar1* to:3

opars=147.498 mm
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2.4) lteration 4:

2.4.1) Structural Fire Load:

Ast;]
Vajstiei4™= 60-m- s dchar,'t,‘.? ¢ gt A
t
Mj
qd,'st;[;4 =422.381 —
m

Qi -toralf4'= Qa-fieT 0.65.¢g disttd

My
qd,-[gta[;[:.4: 824548 >

m

Af

Qatotal:t: 4= Qatotal:f4° R

t

My
G -totae4= 200.781 —

m

2.4.2) Charring Depth:
£,,4=0.009 . Tttt
t,,=64327 min

The design charring depth can be calculated using the following equation:
Depart:4=2* Bpar1® Loa

dpare4=151.546 mm

2.5) Iteration 5:

2.5.1) Structural Fire Load:

Ast;]
Daistt5™= 60~ 111 51p° dchar,'t,‘4° Ay A
t
My
qd,'st;[;};: 433.971 —
m

Qastotatts'= Qasiet 065+ Qrrrs
My

2
m

9 a-totar£5= 832.081
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Ay

dd:totalt:5°= Qd:total:£5°
A t

My
G totape5=202.616 —
m

2.5.2) Charring Depth:
£, 5= 0.009 . T40atS
t,s=64.915 min

The design charring depth can be calculated using the following equation:
Aepar5= 2 Bpar1* tos

dpare5=152.93  mm

2.6) Iteration 6:

2.6.1) Structural Fire Load:

Ast;]
Vajstiei6™ 60-m- s dchar,'t,‘b' ¢ g A
t
Mj
qd,'st;[;g: 437.936 —
m

Qastotarte’= Qasixt 0-65° Qv

My
qd,-[gta[;ﬁgz 834658 >

m

Af

Qd;totalit;6'= Qd;rotalif6° 7

t

My
9 -totae6= 203.243 —

m

2.6.2) Charring Depth:
£,,5:=0.009 . T410t5
t,s=65116 min

The design charring depth can be calculated using the following equation:



dclzar;z.‘,‘é =2 :Bpar,'l * to;ﬁ

dpar6=153.404 mm

2.7) lteration 7:

2.7.1) Structural Fire Load:

Ast;]
Vaist7= 60+ m-s;p° dchar,'t;é s Ay A
t
M
qd,'st;[;7: 439.292 —
m

Qastotart 7= Qafiet 065 Qs 7

My
qd,-[gta[;[:y: 83554 5

m

Af

Qd;totalit; 7= Qd;totali7° R

t

My
9y totart:7—=203.458 —

m

2.7.2) Charring Depth:

Gitotalt
t,,7+=0.009 . 17

t,,=65.184min
The design charring depth can be calculated using the following equation:

dclzar;z.‘,‘7 =2 :Bpar,'l * to,‘7
d pare.7=153.566 mm

The criteria for stoping the iterations stated in the Eurocode is that the charring depth between
consecutive iterations should not increase more than 0.5 mm. The increase of charring depth
from lIteration 6 to 7 is 0.162 mm. Therefore, there is no need for further iterations.

2.7.3) Time for Fully Developed Phase:

tim=033 A

dd:totalit:7

lipay7~=max | 0.2 107°. s Uim|=1.449 A EN 1991-1-2:2024, Equation A.7

2.7.4) Maximum Fire Temperature:
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2

m.

5= 2041325 (1-0.324+ 7% o7 110,204 717 o 110,472 0 @710 frnr )

Oars=1298.75  °C EN 1991-1-2:2024, Equation A.1

From the analytical point of view, these iterations satisfy the criteria of convergence mentioned
in the Eurocode, but consider this in a practical manner, the CLT thickness in the apartment is
taken as 175 mm. The charring depth of 153.566 mm suggests that the structure will collapse
which is not ideal when structural fire design is concerned. This calls for a change in the input
parameters, reducing the exposed surface area to get safer design results.

3) Input Parameters/ Inital Values, One Wall Exposed (4m x 2.9m):

3.1) Design Charring Rate:

The design charring rate will remain the same as it was in the previous case where all 4 walls
were exposed.

3.2) Calculating the factor /=

Now, in this case 3 walls, the ceiling and the floor are protected. Two layers of 15.9 mm
gypsum are used to protect the exposed surfaces. So there is a modification in the form of
thermal factor that is calculated using the weighted surface area between the plasterboard and

the exposed timber as mentioned in (Buchanan & Ostman, 2022).

Timber Properties:

=470 L‘f
m
c;:=1530 A FprEN 1995-1-2:2023, Table 8.1
kg K
A;:=0.12 % For 20 degrees temperature value. (Ambient Temperature)
Yool
Ag=4+29 Area of Combusting Surfaces
Agr=116 m’

Gypsum Board Properties:

=950 &
m3
€,:=960 S FprEN 1995-1-2:2023,Table 8.2
kg K
A1,:=0.40 For 20 degrees temperature value. (Ambient Temperature)

3
>
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Apror=(2+7+2.9)+(4-29)+(2-4-7) Area of Fire Protected Surfaces

Apo=1082 m’

The thermal parameter, which is the weighted surface area between the exposed timber and
the gypsum layers can be calculated as follow:

Ther A2\ P1 €10 A+ Aprors \| P2° €20 A2

par::
At

Ther,,.=597.969

par
3.3) Opening Factor:

The opening factor will remain the same as in the case of previous calculations.

0 2
_ ( Therpa,)
27 0.04 2
1160
m-s’ « K
kg

Now the design charring rate can be calculated from the following equation:

I,=1.856

0.25
:Epar;Z:: ﬂn' FZ

Braz=0.826 =

min

4) Iterations:
4.1) lteration 8:

4.1.1) Charring Depth:

Qatotalt8= Qafiet Qasee 1

Mj
da:totalt8— 550 —
m

Af
qd,'total;[,-é’:: qd,‘tota];ﬁg' P
Al'
My
9 -tota8— 133.928 —
m

The time at which a constant charring rate is assumed is taken from the following equation:



G totalt
t,5°=0.009 . 148

t,s=42.908 min

The design charring depth, to determine the structural fire load for the next iteration, can be

calculated using the following equation:

Dopart:6°=2* Bpar;2* tos
dpareg=70.851 mm

4.2) Iteration 9:

4.2.1) Structural Fire Load:

Agr=116 m’

qd,'st,'t;9:: 60 M- 510' dd’ar’.[’,g' a’S[-

My
qd,'st;[;9: 41.169 —
m

Qastotatro’= Qaixt 065 Qasrro

My
qd,-[gta[;ﬁgz 57676 5

m

Af

Qatotalt;9*= dtotal,£9° 7

t

My
Qg totapr9= 140.444 —

m

4.2.2) Charring Depth:
£,,9:=0.009 . T4t

t,9=44.996min

As[,'Z
A t

Area of Combusting Surfaces, 4m x 2.9m
wall

The design structural fire load density related
to the total surface area of the design fire
compartment

FprEN 1995-1-2:2023, Equation A-12. The
equation is adjusted for the modification that
comes with the limitation that 70% of the fire is
burning outside the compartment. This modification
is valid when to is less then tmax. Meaning that the
constant charring rate is achieved in the fully
developed phase before the decay phase starts

The design charring depth can be calculated using the following equation:

dclzar;z.‘;9 =2 :Bpar,'z * to;9

dopare9=74298 mm
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4.3) Iteration 10:

4.3.1) Structural Fire Load:

A se2
Gastt107= 60 M+ S1p° Qoo gt A
t
My
Qast10=43172 —-
m

Qastotar10°= 9t 065 Gaser10

Mj

Ga;totaf10=">78.062 ——
m

Af
Qatotalt:10°= Qartotal£10° y

¢

Mj

dd:totalt: 10— 140.761 —
m

4.3.2) Charring Depth:
l5:10+=0.009 . ddroaal;10

The design charring depth can be calculated using the following equation:

dclzar;z.‘;] 0= 2. ﬂpar,'z' to;]O
dc[zam‘,‘loz 744‘66 mm
4.4) Iteration 11:

4.4.1) Structural Fire Load:

'_ d Ast;Z
Qastt17°=00 M+ S19° Aepare10® At y
t
My
m

GQatotarr11= it t0.65* Gugrr 1y
Mj

Ddtotalf11=578.125 ——

m

Af

A,

Qd:totalt:11°= Qd:total:f11°
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Mj
dd:totalit11= 140.776 —
m

4.4.2) Charring Depth:
£,,17+=0.009 . T0tals11
t,;;=45.102 min

The design charring depth can be calculated using the following equation:
Dopart:11= 2 Bpar2* o1

dopare17=74474 mm

4.5) Iteration 12:

4.5.1) Structural Fire Load:

ASt,'Z
Dast612°= 60-m- s dchar,'f;] 1° gt A
t
Mj
Qasti12= 43275 —
m

Gatotat12'= gt 0-65* Gusrrr2

Mj

Dadtotaf12="578.128 ——
m

Af
Qatotalt:12°= Qatotalf12° y

¢

Mj

dd:totalt12= 140.777 —
m

4.5.2) Charring Depth:
£,,17+=0.009 . T0tals12
t,1,=45.103 min

The design charring depth can be calculated using the following equation:
Depart:12= 2 Bpar2* to12

dopare12= 74474 mm
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4.5.3) Time for Fully Developed Phase:

9d:totalit:12

bpa12-=Mmax[0.2-107°+ s tim| =1.002 A

4.5.4) Maximum Fire Temperature:

2

m.

a127= 2041325 (1—0.324 - 0% iz 20,204« 717" iz 120 472 0 @710 funiz” 1)

Opax:12=1037.636  °C

The increase of charring depth from Iteration 4 to 5 is 0 mm, which means that conversion
criteria is satisfied. Therefore, there is no need for further iterations.

Now, for the case of only one wall exposed to contribute towards the fire load inside the
compartment, the final charring depth obtained is 74.474 mm. Considering the thickness of
CLT is 175 mm, 44 % of the CLT is available to withstand the fire at the fully developed phase
of the fire, which means that the structure will remain stable and will not collapse, which is
desireable considering the structural fire design. The duration of fire is also within the
acceptable range now.

5) Final Results:

3.1) Charring Rate:

mim

Boari=0.826 :
min

3.2) Charring Depth:

d,

char*

=74.474 mm
3.3) Maximum Time For Fully Developed Phase:

=1.002.60 A

tmax :

t . .=60.12 min

max

3.4) Maximum Fire Load:

My
Qupmax=140.777
m

3.5) Maximum Fire Temperature:

2

max"*

=1037.636 °C



Annex B:

Calculations Brandon (2018a, 2018b) method:

1) Input Parameters/ Initial Values:

1.1) Moveable Fire Load:

The moveable fire load in the calculations is taken from (Buchanan & Ostman, 2022), which
provides a moveable fuel load of 550 MJ/m2 in case of dwellings for the calculations using
Brandon (2018a, 2018b) method.

Ap=28 m’ Area of Floor
Ap=119.8 m’ Total Area of the Compartment
A
Gmpi="550 e Moveable Fuel Load Per Unit Surface of the
A Compartment
My
Gq=128.548 .
m

1.2) Area of CLT:

The next thing to calculate is the area of exposed CLT. In the compartment, one wall (4m x
2.9m) is left exposed and the other three walls, the ceiling and floor is protected against fire.
Then the area of CLT will be:

Agri=4+29
Ayr=11.6  m’

1.3) Charring Depth:

By=065 FprEN 1995-1-2:2023, Table 5.4
min
k=1 The thickness of CLT panel is assumed to be > 20 mm, (175 mm)
[450 -
k=A== FprEN 1995-1-2:2023, Table 5.3. The value of 380 is taken as
380 characteristic density of Spruce that is most commonly used in
k.=1.088 CLT in Finland
0, = 1.

The notional design charring rate is calculated using following equation:
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Bui=ky ke By FprEN 1995-1-2:2023, Equation 5.2
g,=0707 22
min

1.4) Calculating the factor 7

In our case, 3 walls, the ceiling and the floor are protected. Two layers of 15.9 mm gypsum are
used to protect the exposed surfaces. So there is a modification in the form of thermal factor
that is calculated using the weighted surface area between the plaster board and the exposed
timber as mentioned in (Buchanan & Ostman, 2022).

Timber Properties:

p,i=470 K€
m3
c;+=1530 S FprEN 1995-1-2:2023, Table 8.1
kg K
A;:=0.12 % For 20 degrees temperature value. (Ambient Temperature)
me
Ayi=4+29 Area of Combusting Surfaces
A,=11.6 m’

Gypsum Board Properties:

=950 K& Brandon, (2018b), Table 4
m3

=960 Brandon, (2018b), Table 4

kg K
w

A,:=0.40 Brandon, (2018b), Table 4
m-K

Apror=(27+2.9)+(4-2.9)+(2:4-7) Area of Fire Protected Surfaces

Apoy=1082 m’

The thermal parameter, which is the weighted surface area between the exposed timber and
the gypsum layers can be calculated as follow:

The Ago\[p1e €1 A1+ Apror \/pz' Coo Az

par::
At

Ther,,.=573.948

par

The opening factor O can be calculated as follow:
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A,=1.85-145
A,=2.683 m’
h,=145 m
A, .
0::7-\/11,, Brandon, (2018b), Equation 3
t
L
0=0.027 m°
0 2
( Therpar) Brandon, (2018b), Equation 2
[ 0.04)2
1160
5
'=1.856 m-s” K
kg’

1.5) Correction Factor:

The next value in the calculations is the correction factor " “al” which provides correction for
the boundary conditions in the compartment.

My
ot

a;=5.39 (Buchanan & Ostman, 2022)

mm

1.6) Charring Rate:

Brari=Bye I Brandon, (2018b), Equation 9

Bry=0826 =

min
2) lterations:

2.1) Iteration 1:

= o.oog-qiaﬂ Brandon, (2018b), Equation 10

t,;=42908 min
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Doparcend:1:= 2 * Bpar® to1 Brandon, (2018b), Equation 13
dpareng:y=70.851  mm Design Charring Depth
tmi=0.33 h Limit Value for Medium Fire
¢, i=max|02.10°° -qLO”, t Brandon, (2018b), Equation 4

tnax=0954 A

max

Now the final fuel load that includes the contribution of exposed timber can be calculated using
the following equation mentioned below (Brandon, 2018b, Equation 16). Maximum time is
multiplied by 60 to convert it into minutes and this value will remain constant throughout the

iterations.
ACLT' age <dchar;end,'1_ <07 * ﬂpar' tnax® 60>>
Al’

Qtd:1°= Gmat+ Brandon, (2018b), Equation 16

My

Qg =148269
m

2.2) lteration 2:

qia:1

t,>:=0.009-.
t,,=49.491 min

dclzanena’;Z:: 2. ﬂpar' ta,'Z

dCbal‘,‘E’nd,‘ZZ 8172 mm

ACLT' age <dchar;end;2_ <07 * ﬂpar' tnax® 60>>
Al'

Qtq:2'= Gt
My

m

2.3) Iteration 3:

9iq:2

t,5=0.009-
t,3=51.384 min
dclzar;end,ﬂ =2 ﬂpar' ta,'j’

dhar,'end,SZ 84’84‘7 mm

Cl

65



ACLT' age <dchar;end;3_ <07 * ﬂpar' tnax® 60>>

T +
qtd:3°= 9mn a,

Mj
m

2.4) lteration 4:

£,,4=0.009 . 12

t,4,=51.929 min

dclzar;ena’;ét:: 2. ﬂpar' ta,'4

dclzar;end;éi: 8574‘6 mm

ACLT' age <dchar;end;4_ 0.7 ﬂpar' Cnax® 60)

g = +
td-4*= 9 4,
My

m

2.5) Iteration 5:

iq:4

t,5:=0.009.
t,5=52.086 min

dclzar;ena’;b' =2 ﬂpar' ta,'b'

dclzar;end;b': 86005 mm

ACLT' age <dchar;end,'5_ <07 * ﬂpar' tnax® 60>>

o +
qtd:5°= 9ma a4,

Mj
m

2.6) Iteration 6:

£,.5:=0.009 125

t,s=52.131 min

dclzar;ena’;ﬁ =2 ﬂpar' ta,'ﬁ

dclzar;end;ﬁ: 86079 mm
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ACLT' age <dchar;end,'6_ <07 * ﬂpar' tnax® 60>>

P +
dtd:6°= 9mn a,

My
m

2.7) lteration 7:

£,,7+=0.009 . 12

t,,=52.144 min

dclzar;ena’;7 =2 ﬂpar' ta,'7

dclzar;end;7: 86101 mm
ACLT' age <dchar;end;7_ <07 * ﬂpar' tnax® 60>>
Qtd:7*= dmat Y,
t
M)
Gur=156228 2
m

2.8) Iteration 8:

a7

t,g:=0.009 .
t,=52.148 min

dclzar;ena’;b’:: 2. ﬂpar' ta,'é’

dclzar;end;b’: 86107 mm
ACLT' age <dchar;end;8_ <07 * ﬂpar' tnax® 60>>
Qtd:8°= dmat Y,
t
M,
Gus=156231 2
m

2.9) Iteration 9:

£,,9=0.009 . 1%

t,9=52.149 min
dclzar;ena’;Q:: 2. ﬂpar' ta,'9

dclzar;end;é': 86109 mm



ACLT' age <dchar;end,'9_ <07 * ﬂpar' tnax® 60>>
Al'

4ta:9"= Gmat
My
m

2.10) Iteration 10:

qid:9

to;]O:: 0009 .

dclzanena’;] 0= 2. :Epar' to;] 0

dclzanend;]O: 86109 mm

ACLT' age <dclzar,'end,'10_ <07 * lgpar' Unax® 60>>
A[

Qtq:10°= Gmat
My

2
m

As the iterations can be stopped now, we can find the final fire temperature and the
maximum time for the fully developed phase of the fire.

3
fmar=Max|0.2+107° % i

barr=1.159 &

2

max"

=20+1325 (1—-0.324+ e % o 70,204« 717" inosr 0,472 ¢ @710 s 1)

2

max

=1058.807 Brandon, (2018b), Equation 1
3) Final Results:

There are two criteria mentioned in Brandon (2018a, 2018b) method for stopping the iterations.
-The difference between consecutive charring depths is < 0.1%.

-The during of fully developed phase is so long that it is considered continuous, meaning the
duration of the fire keeps on increasing.

In our calculations, the iterations 9 and 10 yields the same values of charring depth, meaning
that the convergence is achieved and the difference is < 0.1%, So, the iterations can be
stopped.

The Output Parameters are:
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3.1) Charring Rate:

By=0826 =

min

3.2) Charring Depth:

d,

char*

=86.109 mm

3.3) Maximum Time For Fully Developed Phase:

t

max;fin

i=1.159.60

t 69.54 min

max;final—

3.4) Maximum Fire Load:

My
qtd,'maX:: 156232 —2
m

3.5) Maximum Fire Temperature:

2

max

=1058.807 °C
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Annex C:

Calculations Xing et al. (2024) method:

1) Input Parameters/ Initial Values:
1.1) Exposed Charring Rate %:

exp:=10 This exp value represents the ammount of exposed
surface area in the compartment. In this case, one 4m x

2.9m wall contributes to 10 percent of the total exposed

surface area in the compartment

:=29.66—47.51-0.937 Xing et al. (2024), Equation 1
exp

Beyp=6.666 This is the percentage of rate of increase of charring
rate to the exposed area of CLT
1.2) Heating Rate Factor /™
m- SS d K2
=186 ————— Calculated in Brandon (2018a, 2018b)
kg method
1.3) Design Charring Rate:

mim

£,:=0.65 FprEN 1995-1-2:2023, Table 5.4

min

1.4) Parametric Fire Charring Rate:

0.2+4/7—0.04

Bpari=15+f, -(1+(0.01-5.,,)) Xing et al. (2024), Equation 2
0.16+/7"+0.08

Bry=0811 =
min

1.5) Fire Load for the Calculations:

This method suggests using the fire load that is calculated using Brandon (2018a, 2018b)
method. Those values are already calculated, | will take the final value of fire load that was
obtained after iterations.

Gu=156.232 2 Calculated in Brandon (2018a, 2018b)

m method
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2) Calculations:

2.1) Charring Depth:

1 Calculated in Brandon (2018a, 2018b)
0:=0.027 m"* method
£,:=0.009 -% Xing et al. (2024), Equation 24

ty=52.077 min

epar'=2* Bpar* ty Xing et al. (2024), Equation 25
d.,. .=84507 mm

char

2.2) Maximum Time For Fully Developed Phase:

Ap=(2+7-29)+(2:4-29)+(2-7-4)

A,=1198 m’

Ap=7+4

A=28 m’

4m=033 h Limit Value for Medium Fire
bpaxi=Max (0.2 <1077 -%, t,,-m) Xing et al. (2024), Equation 23

tnax=1157 A

max

2.3) Maximum Fire Temperature Using Parametric Fire:

Opawi=20+1325 (1—0.324+ 7% 0,204 717 ' - 0.4720 710 "))
0,,.=1058.604 °C Xing et al. (2024), Equation 20

2.4) Maximum Fire Temperature using Xing's Equation:

(.= {119-8—2.683) Xing et al. (2024), Equation 16
2.683.1/1.5
0=35.641
(1= e . .
T,:=6000- Xing et al. (2024), Equation 15

Va2
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7,=976.556 °C
Verifying the Convergence Criteria for these fire Temperatures:

T—6 Xing et al. (2024), Equation 27
g~ Ymax

Convegence:= <10%

max

Convegencep=17.7%

The criteria state that this convergence value should be less that 10%. As the criteria is clearly
satisfied, therefore, there is no need to perform iterations.

3) Final Results:

3.1) Charring Rate:

mim

Boar=0.811 :
min

3.2) Charring Depth:
d,..—84.507 mm
3.3) Maximum Time For Fully Developed Phase:
b= 115760 h
Lnaxr—69.42  min
3.4) Maximum Fire Load:
Mj

7.=156232 —-
m

3.5) Maximum Fire Temperature:

Opasri=976.556  °C



Annex D:

Calculations Salminen and Hietaniemi (2017) method:

1) Input Parameters/ Initial Values:

The dimensions of the compartment are 7m x 4m.
Compartment Height is 2.9m

Size of Window is 1.85m x 1.45m

Size of Dooris 1m x 2.13m

As=11918 m’ Total Area of the compartment
A,=2.683 m’ Area of the Window
Ap=11.6 m’ Area in the Compartment that will contribute in the fire
a=1 Variable Quantity
Api=a+Ayf Total Free Surface Area for Fire Contribution
A,=116 m"

c,:=1100 / Specific Heat of Air

£ kg K
1.1) Mass of CLT:
The area of CLT wall of 4m x 2.9m is 11.6 metres square. Multiplying this value with the
assumed thickness of 175 mm or 0.175 m. Multiplying both of these values will provide us with

the volume of CLT which is 2.03 metre cube. Now multiplying this value with the assumed
density of CLT to be 470 kg/metres cube we get the mass of CLT.

G,:=954.1 kg Mass of CLT

1.2) Ventilation Parameter:

p:=1.293 ﬁ Density of Air
m3

a:=0.7

g:=9.8 ﬂz Acceleration Due to Gravity
S

73



h:=1.45 m Height of Opening
1 1
pi=pea-g’ A, h’ Ventilation Parameter
kg :
¢$=9.154 —= Harmathy (1972a), Equation 16
S

1.3) Flame Height:

1
1:=0.75-A4,° Harmathy (1972a), Equation 38b
1=1.698 m Flame Height

1.4) Flow Rate of Air:

U,:=0.145- ¢ Harmathy (1972a), Equation 17
U,r=2.29 ke Flow Rate of Air, Entering from lower one third of window area
S

1.5) Rate of Change of Fuel Mass:

R:=0.0062- A Harmathy (1972a), Equation 28a
R=0.072 E Rate of change of mass of fuel
S

1.6) Other Input Values:

pf=1 Constant
¢:=1.05 Constant
n7:=0.9 Constant
T,=20 °C Temperature at time t=0 or Ambient Temperature
k.:=0.15 / % Thermal Conductivity of Linning Material
e Se mz
k;=012.10"° — Thermal Diffusivity of Linning Material
S
0:=5.67-10"° ZWK4 Stefan-Boltzmann Constant
m e

AH,:=26+10° ki Heat of Combushion for Char Layer
g
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AH,=15.10° Heat of Combustion of Volatile Gases
2) Calculations:

2.1) Time for Primary Fire Development:

r-:% Harmathy (1972b), Equation 44a
f

G,
7=12419.75 s Time of Primary Burning

2.2) Calculating the Maximum Temperature:

To calculate the maximum temperature, the procedure that is proposed in the Harmathy
(1972a, 1972b) literature is to assume a temperature first and then calculate a quantity known
as effective heat flux and then use that quantity to calculate the maximum temperature.
Repeat the procedure to get more accurate values.

2.2.1) Iteration 1:

The maximum temperature assumed is 900 degree celcius.
T =900 °C

assumed*

The Effective Heat Flux can be calculated using the following formula:

1 A
9E1 ::7' R: (0932 - B 4H,—0.068 - AHC) - <Ua;f' R> * Cg* ((’ T assumed— Ta) - U'?W' <Tassumed4 - T04>
t

/ Harmathy (1972b), Equation 51
m° s

|94 =5684.159

The maximum temperature can be calculated using the following formula:

1
1\\4) 4

— (k1) ?
+|7,+ \/2 . q/f] ( a ) Gas Temperature
T

di1

Tg’.]::

c

T,;=1203.547 °C Harmathy (1972b), Equation 61
2.2.2) Iteration 2:

Ty yx= T4,=1203.547 °c

The Effective Heat Flux can be calculated using the following formula:

A

1
T (0.932+ B+ AH,—0.068+ AH) — (Uy o R) + Gy (- Tyy— T,) — O"TW- (Tpui' = T,%)
t
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J

m S

|952| =4586.07

Now, the maximum temperature can be calculated using the following formula:

1
1\\4)\ 4

. o (kyeT)?
Tg.Z:: @+ T,+ \/E qE’Z-( a T)
o k., T

7,,=986.07 °C
2.2.3) Iteration 3:

Tyoxi= T,2=986.07  °C

The Effective Heat Flux can be calculated using the following formula:

1
Gps=—r R+ (0.932- B+ AH,— 0.068 - AH) — Uy |R|) - ||+ (& Tyo— T)) — 0+ ==+ Ty = T,})

t
|955| =5423.676 /
m S

Now, the maximum temperature can be calculated using the following formula:

1
1\\4) 4

9i:3 dg:3 . ( kg T) 2

T,5= +| T, +]V2 -

. ¢ T

T,5=1151.563 °C
2.2.4) Iteration 4:

Tsxi= Tp3=1151563

The Effective Heat Flux can be calculated using the following formula:

1 A
Gpa=—r R+ (0.932- B+ AH,— 0.068 - AH) — (U, |R|) | )|+ (¢ Tyue— T,) — J.TW- (Tpsi' — T,%)

J

m S

|94 =4813.571

Now, the maximum temperature can be calculated using the following formula:
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7,4=1030.715 °C
2.2.5) Iteration 5:

Typx= Tpy=1030.715  °C

The Effective Heat Flux can be calculated using the following formula:

1
Gps=—r R+ (0.932- B+ AH,— 0.068 - AH) — Uy |R|) - ||+ (¢ Tppso— T)) — 0+ ==+ (Tppi = T,})

t
|g55| =5274.467 /
m S

Now, the maximum temperature can be calculated using the following formula:

_

1\\4) 4

T,5=1121.88 °C

2.2.6) Iteration 6:

Tysxi= Tps=1121.88  °C

The Effective Heat Flux can be calculated using the following formula:

1
Gpei=— R+ (0.932- B+ AH,— 0.068 - AH) — Uy |R|) - ||+ (¢ Tyso— T) — 0+ ==+ (Tpsi* = T,)
t
/

|96 =4935.162
m S

Now, the maximum temperature can be calculated using the following formula:

_

1\\4) 4
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T,5=1054.68 °C

2.2.7) Iteration 7:

Tyox= Tys=1054.68 K

The Effective Heat Flux can be calculated using the following formula:
1 w
G5r=—r R+ (0.932- B+ AH,— 0.068 - AH) — Uy |R|) - ||+ (¢ Ty— T) — 0+ ==+ (T = T,)
t
J

m S

|95/ =5189.973

Now, the maximum temperature can be calculated using the following formula:

1
1)\4) 4
: ko T\ 2
T, = 957 7,4+ V2 - q”-( a )
’ o0 k, T

7,,=1105105 °C

2.2.8) Iteration 8:

T,=T,,=1105.105  °C

The Effective Heat Flux can be calculated using the following formula:

1
Gp=—r R+ (0.932- B+ AH,— 0.068 - AH) — Uy |R|) - ||+ (¢ Tyr— T — 0+ ==+ (T = T,1)

t
|94 =5001.355 /
m S

Now, the maximum temperature can be calculated using the following formula:

1
1\\4)\ 4
’ kT)?
T,s= 758 74+ |\/2 - qE"g-( d )
’ o0 k, T

T,=1067.754  °C
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2.2.9) Final Result For Temperature:

The calculations present a general idea of how the change in heat flux is generating fire
temperatures inside the compartment. The idea presented in the paper mentioned that the
purpose of iterations was to follow the trend of the temperature to predict more accurate
values. The iterations suggest that the difference between subsequent iterations keep on
decreasing and the temperature values are converging, i.e. the values are becoming more
accurate. The value of Iteration 8 presents the least difference between the subsequent
iterations therefore this value is considered the accurate and final value of temperature.

Taxi= Tpg=1067.754  °C
2.3) Maximum Time for Fully Developed Phase:

The time t calculated previously that suggests the time for primary burning of fire, is the time
that represents the totality of the fully developed phase, rather the tmax value which
represents the time at which the peak temperature is attained. Therefore, to get the tmax
value, the formula from Eurocode can be used:

G,
q0i= Harmathy (1972b)
Afz
g.,=82.25 &
m
0:=A4,. \/Z Opening Factor
A
0=0.027 m"* Ranges between 0.02 and 0.20 so OK
tim=0.33 A
t i=max (0.2 .10~ -%, t,,-m) —0.607 & EN 1991-1-2:2024, Equation A-7

2.4) Charring Rate:

The charring rate will be calculated using equations from the Eurocode:

B,:=065 FprEN 1995-1-2:2023, Table 5.4
min
k=1 FprEN 1995-1-2:2023, Table 5.3
[450 ,
k=A== FprEN 1995-1-2:2023, Table 5.3. The value of 380 is taken
380 as characteristic density of Spruce that is most commonly

used in CLT in Finland
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k,=1.088
Bo=ky* k,+ B, FprEN 1995-1-2:2023, Equation 5.2
£,=0.707 mz.n Nominal Charring Rate

min
p»=550 L‘f Density of Wood, (Harmathy, 1972a, 1972b)

m

c:=2300 S Specific Heat of Wood, Harmathy (1972b)

kg K
A:=0.12 % For 20 degrees temperature value, Ambient Temperature

me

18] 2
( \V Pz Ce /1] .
F:W EN 1991-1-2:2024, Equation A.2
(1160)
5
I=4.071 mes K
kg’
Now the design charring rate can be calculated from the following equation:
Brari=Bye I FprEN 1995-1-2:2023, Equation A.9
Bry=1.005 =
min

2.5) Calculating Charring Depth:

Mj
q=8225 —-

m

The time at which a constant charring rate is assumed is taken from the following equation:
t,:=0.009 -% FprEN 1995-1-2:2023, Equation A.11
t,=27.307 min

The design charring depth can be calculated using the following equation:

Aepari=2+ Bpar* t, FprEN 1995-1-2:2023, Equation A.10

d,..=54.874 mm
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3) Final Results:

3.1) Charring Rate:

mim

Byar=1.005 :
min

3.2) Charring Depth:

d,

char

=54.874 mm

3.3) Maximum Time For Fully Developed Phase:
b= 0.607 - 60

Lnaxr=36.42  min

3.4) Maximum Fire Load:

Qrmax=82.25 ﬁzj

m

3.5) Maximum Fire Temperature:

T, =1067.754 °C
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