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Abstract. Estimation of design fires and thermal exposure conditions is an impor-
tant step in structural fire engineering procedures. Mass timber, as a combustible

material, may contribute to the fire intensity, yet there lacks methods to estimate
design fires in compartments with exposed timber. This paper summarizes available
experimental data on the contribution of exposed timber to heat release rate,

describes a simple analytical method to evaluate this contribution, and discusses the
effects on time–temperature curves and required firefighting resources based on a case
study. Results show that the total heat release rate in compartments increases with

the surface of exposed timber. This total heat release rate can be conservatively esti-
mated using empirical relationships for ventilation-controlled burning rate and char-
ring depth. In estimating gas temperature–time curves, both external flaming and
extended fire duration combustion models can be applied to obtain an envelope of

fire severity inside the compartment and for external spread. The proposed assess-
ment approach provides a method to evaluate realistic design fires in timber buildings
and to estimate the water supply required to put out these fires. Accurate modeling

of the contribution of timber to fire severity is important for the design of mass tim-
ber construction as well as for the safety of firefighters.

Keywords: Fire safety engineering, Mass timber, Cross-laminated timber, Heat release rate, Design fire,

Firefighters

1. Introduction

The recent development of engineered wood products, including cross-laminated
timber (CLT) panels and glulam framing members, has opened opportunities to
build tall timber buildings, which attract increasing interest due to their environmen-
tal and aesthetic benefits. Completed projects include an 18-story student residence
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in Vancouver, a seven-story office tower in Minneapolis, the 18-story Mjøsa Tower
in Norway, while many more are under consideration across the world. Due to the
combustibility of timber, its use as a building material has traditionally been limited
by restrictions in building regulations, but some jurisdictions are relaxing these
restrictions to allow the use of mass timber for higher and larger buildings [1, 2].

All tall buildings pose specific challenges for fire safety. Evacuation and fire-
fighting activities are complicated due to the building size, height, and/or occu-
pancy. Therefore, egress strategy, firefighting operations, and consequences of
failure for the building and the neighboring structures, need careful consideration.
With mass timber construction, the fact that wood is a combustible material
which may become involved in the fire needs to be accounted for when assessing
the fire safety strategy. As empirical data on the fire behavior of tall mass timber
buildings is missing, the successful implementation of mass timber in large urban
constructions requires application of adequate fire safety engineering methods.

Current understanding of fire performance of timber structures is mostly restric-
ted to standard time–temperature exposure, which is consistent with the approaches
used for the majority of all buildings of all materials. Although the use of stan-
dard fires to determine fire resistance is the overwhelming majority of construction,
it is insufficient to gauge the structure behavior under real fire conditions [2–7]. The
design approach most commonly used in practice, based on standard fire resistance
and sacrificial char layer, is not adequate to address the fire safe design of tall mass
timber buildings, because it does not capture the possible contribution of timber to
fuel the fire, disregards the vulnerability during the cooling phase, and fails to con-
template the issues of self-extinction and continued charring and smouldering.
Herein, self-extinction refers to the intrinsic quality of timber when the flame heat
flux is not sufficient to sustain its own flaming [8, 9]. Even in the case of self-extinc-
tion, glowing combustion and smouldering can occur. Researchers have raised con-
cern that timber elements in tall wood buildings can increase the fire load, affect the
fire growth rate, and potentially overwhelm fire protection systems in buildings,
thereby generating more severe conditions for occupants and responding firefighters
and increasing the threat of damage to adjacent properties [10]. Yet, data and meth-
ods are still lacking to address questions such as the ability of fire brigades to con-
tain and extinguish a severe fire in a tall wood building and the risks associated with
fire spread within the building and toward nearby structures.

In recent years, research on the fire performance of timber structures has inten-
sified. In the US, a white paper was published by NIST in 2014 [3] to discuss a
performance-based framework for the fire safety design of multi-story mass timber
buildings. A multi-year project funded by the United States Forest Service on the
‘‘Fire Safety Challenges of Tall Wood Buildings’’ was carried on by the NRC
Canada and RISE Sweden, and included CLT compartment fire tests conducted
at the NIST [10] and engineering methods developed by RISE [11]. In Europe and
Australia, experimental fire tests were conducted on CLT panels [12–15] and CLT
compartments [16–19]. The Epernon fire test campaign improved understanding of
the contribution of combustible construction material to the heat output in a stan-
dard fire resistance testing setup [13] and in large-scale compartment fire experi-
ments [18]. Reduced-scale fire tests were conducted in Australia to explore the
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factors that govern the fire behavior in mass timber open-plan compartments [17].
The behavior of timber under non-standard fire exposure has recently been stud-
ied by several research teams [20–25], including the issue of stability until full
burnout [26]. Self-extinction of CLT and engineered wood products was also
investigated [27–29], as well as specific issues such as glulam connectors [30–33].
Reflecting the broad and current interest, the fire safety challenges of tall timber
buildings have been discussed in recent letters to the editor [34, 35] and profes-
sional publications [36].

Estimation of design fires and thermal exposure conditions in mass timber com-
partments is important to enable performance-based fire design. A better under-
standing of the impact of exposed timber on the fire development also informs the
water supply and water flow requirements to support the safety of fire brigades.
However, previous studies have highlighted the inadequacy of the conventional
compartment fire framework in describing fire development in mass timber com-
partments [11, 37–42]. Researchers have used Fire Dynamics Simulator (FDS) to
study the damage caused by fire in mass timber compartments [42], and improved
its ability to model such fire by incorporating CLT pyrolysis models with charring
criteria into it. Such expanded FDS fire-modeling techniques have been bench-
marked against prior test results [43]. However, more efforts are needed to
improve the accuracy of the simulation. Methods based on zone models have also
been proposed to predict the heat release rate and gas temperature in a mass tim-
ber compartment [39–41]; and pragmatic design methods based on the parametric
natural fire models were also proposed for predicting the evolvement of gas tem-
perature in a mass timber compartment [11, 37]. The method in [11] is iterative in
nature and based on the parametric fire model in Eurocode [44], while the method
in [37] was built on the parametric fire model developed by [45].

This paper describes an analytical method to evaluate heat release rate (HRR)
in timber compartments, accounting for the contribution of exposed timber and
compares the results with available experimental data. The model is based on the
simplified combustion models of content fuel load in [46] and the wood charring
model for parametric fire exposure in [47]. Based on the validated HRR model, a
case study is conducted to investigate the impact of exposed timber surface on the
severity of a mass timber compartment fire and its corresponding demand on fire-
fighting sources. The fire safety design of a mass timber building includes layers of
fire protection. However, quantifying the fire dynamics when other layers fail is
crucial to assess the structural fire response, which has been indicated in the recent
fire tests on large and open-plan compartments by a collaborative team of Impe-
rial College, Arup, and CERIB [48]. Therefore, the case study in this paper will
focus on the worst-case scenario where active fire safety measures fail.

2. Review of Existing Tall Mass Timber Buildings

Existing mass timber buildings in different countries were reviewed to evaluate the
volume of timber used in these buildings. The volume of timber was obtained by
reviewing documentation about the projects, such as press releases and technical
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publications. Table 1 provides the ratio of the timber volume over the gross floor
area. The gross floor area is defined as the sum of the building footprint of each
story built in timber (i.e., for buildings with a concrete podium, the surface area
of the concrete story is not counted). The ratio ranges between 0.14 and 0.64 m3/
m2, with mean of 0.31 m3/m2 and coefficient of variation of 0.45.

The fuel load corresponding to the volume of timber used in existing mid- and
high-rise timber buildings, listed in Table 1, is evaluated by considering the den-
sity and heat of combustion (i.e., calorific value) of the timber products. For
CLT, the most commonly used species is spruce with a density from 480 kg/m3 to
500 kg/m3 [49]. Combining a timber density of 490 kg/m3 with the mean timber
volume per square meter of 0.31 m3/m2 yields a mean timber weight per square
meter of 152 kg/m2. The fuel load can then be estimated as Qfi ¼

P
Mi � Hc;net;i �

Wi (according to Eurocode [44]), with Mi the amount of combustible material in
kg; Hc;net;i the net calorific value (taken as 17.5 MJ/kg for wood) [21]; and Wi the

optional factor for assessing protected fire loads. The fuel load density is given by
qf ¼ Qfi=Af , where Af is the floor area of the fire compartment. The evaluation is

made here for the highest bound, obtained with Wi ¼ 1 and no application of
combustion factor. Therefore, the mean value of the fixed fuel load, resulting
from the timber as a construction material, in the reviewed mass timber buildings
is given by Equation 1:

qf ;tmb ¼ 152kg/m2 � 17.5 MJ/kg� 1 ¼ 2660 MJ/m2 ð1Þ

This estimation should not be taken as an exact estimate of the energy that would
fuel a real fire in a completely engulfed mass timber building, but rather as an
order of magnitude of the maximum available energy embedded in the structure.
The actual contribution of the timber in a real fire would necessarily be less than
this value due to the protection of gypsum boards, the existence of active fire-pro-
tection measures, and the fact that timber members would not be entirely con-
sumed. However, if some of the timber from the structure are exposed and will
become involved in a fire, it appears necessary to develop methods to account for
this contribution in the fire safety engineering assessment.

3. Contribution of Exposed Timber to the HRR: Available
Experimental Data

When timber elements are not shielded from the fire by insulative protection (e.g.,
encapsulation), these elements contribute to the fuel load, altering the fire dynam-
ics by increasing the duration and intensity of the fire. This is particularly signifi-
cant for lining elements with large surface area, such as CLT floors and walls.
Several experimental studies have been conducted in the past decade on the fire
dynamics in CLT compartments. The tests by Hevia [86], McGregor [43], and Su
et al. [10] are further reviewed here to study the contribution of timber to the heat
release during a fire.
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Figure 1 shows the heat release rate (HRR) measured in the five tests by Hevia
and McGregor [43, 86]. The tests were performed on an identical room, with
varying degrees of protection for the timber members. The room was 4.5 m long
by 3.5 m wide by 2.5 m high with a single opening of 1.07 m by 2 m. The average
content fuel load from the furniture was 535 MJ/m2. The degree of exposed (i.e.,
unprotected) surface of the timber members varied from 0% exposed (McGregor
#2 and 4) to 100% exposed (McGregor #5) with intermediate values of 21%
(Hevia #3, one wall exposed, 4.5 m by 2.5 m), 37% (Hevia #1, two adjacent walls
exposed, 3.5 m by 2.5 m and 4.5 m by 2.5 m) and 42% (Hevia #2, two opposite
walls exposed, 4.5 m by 2.5 m and 4.5 m by 2.5 m). The HRR was measured by
the oxygen consumption calorimetry method, including the heat released both
inside and outside the compartment. Figure 1 shows that as the exposed surface
of CLT increased, the HRR increased. The test with 100% exposed timber surface
yielded the highest HRR peak and overall heat released. Delamination occurred in
all tests with 37% or more exposed surface, due to failure of the polyurethane-
based adhesive when charring progressed to the interface layers, leading to re-igni-
tion of the fire compartments (occurrence of second HRR peak in Hevia #1 and
#2 and in McGregor #5). These tests were ended by the application of water. In
contrast, the test with 21% exposed surface (Hevia #3) achieved self-extinction. In
tests with 0% exposed surface (McGregor #2 and #4), the HRR curves continued
to decay at a steady rate until the test ended.

Figure 2 shows the HRR measured in the six tests by Su et al. [10]. Six com-
partments of 9.1 m long by 4.6 m wide by 2.7 m high were tested. The inside of
the compartments was fully or partially lined using multiple layers of 15.9 mm
thick Type X gypsum board. Real residential contents and furnishings were used
to provide a fuel load density of 550 MJ/m2. Two baseline tests (Tests 1–1 and 1–
2), with all CLT surfaces protected in the compartments (0% exposed) but of dif-
ferent ventilation configurations, defined the contribution of the moveable fuel
load to the compartment fires and provided baseline data for quantifying the CLT
contribution to the compartment fires in the other tests. Test 1–1 had an opening
of 1.8 m wide by 2.0 m high while Test 1–2 has an opening of 3.6 m wide by
2.0 m high. The ventilation configuration of Test 1–3 is the same as that of Test
1–2 while the ventilation configuration of Tests 1–4, 1–5 and 1–6 is the same as
that of Test 1–1. However, Test 1–3 has an exposed wall (W1, 9.1 m 9 2.7 m,
23%); Test 1–4 has an exposed ceiling (9.1 m 9 4.6 m, 37%); Test 1–5 has an
exposed wall (W1, 9.1 m 9 2.7 m, 22%); Test 1–6 has a combination of exposed
ceiling (9.1 m 9 4.6 m) and wall (W1, 9.1 m 9 2.7 m); the total percentage of
exposed timber surface for Test 1–6 is 59%. In the tests, the exposed CLT sur-
faces exhibited heat delamination, which led to one or more periods of significant
fire regrowth after decay in three of the tests, and no decay of the fire prior to
suppression in the sixth test. The ventilation conditions had significant impact on
the fire development in the compartments, as well as on the CLT contribution to
the fire.

The total heat release in the tests of Figures 1 and 2 have been calculated over
a reference duration and plotted in Figure 3. For Figure 1, the total heat release is
evaluated over the first 26 min. For Figure 2, it is evaluated over the first
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110 min. These totals are normalized by the total heat release in the case of the
reference test with 0% of the timber surface exposed. The heat release from
Hevia’s Tests 1, 2 and 3 and McGregor’s Test 5 are normalized by the average of
McGregor’s Tests 2 and 4. The heat release from Su’s Tests 1–4, 1–5 and 1–6 are
normalized by that of the Test 1–1; while the heat release from Su’s Test 1–3 is
normalized by that of Test 1–2. Figure 3 shows that as the area of the exposed
timber surface increases, the total heat release increases with almost linear trend.
However, the slope varies between the different test sets, indicating a dependence

Figure 2. HRR in the fire compartment tested by Su et al. (2018)
[10]. The percentage indicates the relative surface of timber
exposed.

Figure 1. HRR in the fire compartment tests by McGregor [86] and
Hevia et al. [43]. The percentage indicates the relative surface of
timber exposed.

Effect of Exposed Timber on Structural Fires’ Severity and Firefighting 2697



on factors such as the dimensions and ventilation conditions of a fire compart-
ment, and the movable fuel load.

The test data was further analyzed to derive the HRR contributed by square
meter of exposed CLT. The HRR attributable to the CLT for the tests discussed
above is obtained by taking the difference between the total HRR of the consid-
ered test and that of the corresponding baseline test in which the timber was fully
protected (0% exposed). As the area of exposed timber surface increases, the con-
tribution of CLT to the total HRR increases. This contribution can reach 7 MW
in the first set of tests and 10 MW in the second. Then, the HRR contributed by
timber per square meter of exposed CLT is obtained by dividing the HRR con-

Figure 3. Effect of exposed timber surface on the total heat release
(over a reference duration) during fire tests on mass timber
compartments.

Figure 4. Timber contribution to HRR per exposed surface of CLT
panels, from tests [10, 43, 86].
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tributed by the CLT by the surface area of the exposed timber (Atmb). It is noted
_qf ;tmb and is plotted in Figure 4. In Figure 4, the circles on the plots indicate the

start of delamination. The HRR attributable to the exposed timber mostly ranges
between 0 kW/m2 and 100 kW/m2 of exposed CLT panel. Extreme values of
300 kW/m2 and -100 kW/m2 are observed temporarily. The temporary occur-
rence of negative values is likely due to the adopted method to evaluate CLT con-
tribution by difference of two tests rather than by direct measure, with the
uncertainties and approximations that this entails. It is also noted that volatiles
contributed by CLT may be transported away and not combusted [43]. In most
tests, as the delamination of CLT begins, the _qf ;tmbwill regrow, as shown in Fig-

ure 4. In the calculation of _qf ;tmb, the initial value of the exposed timber surface is

used, which may lead to large values at the later stage of some tests when addi-
tional timber surfaces get involved due to failure of fire protection, which signifi-
cantly increases the HRR (such as the Test 1–5 by Su in which, during the last
10 min, all walls and ceiling surfaces were burning). Based on Figure 4, a conser-
vative estimate of the HRR per square meter of exposed CLT, sustained over a

reasonable duration, is: _qf ;tmb ¼ Qtmb=Atmb¼ 100 kW/m2.

4. Contribution of Exposed Timber to the HRR: Simple
Evaluation Method

4.1. Description of the Method

As discussed in Sect. 3, the additional heat release rate (HRR) contributed by
exposed timber can be measured from tests. The HRR contributed by square
meter of exposed timber can also be evaluated analytically. The fire dynamics of
timber compartments is a very complex issue that is still the focus of much
research efforts [15, 48, 87–90]. In this section, simplifying assumptions are adop-
ted to allow a reasonable analytical evaluation of the heat output from burning
timber in mass timber buildings; while the empirical data of Sect. 3 serves as a
benchmark. The following simple evaluation method is only suitable where a CLT
panel has bond line integrity and encapsulation is in place for the full duration of
a fire.

In fuel-controlled conditions, the EN 1991-1-2 [44] evaluates the maximum
HRR associated to the movable content fuel in different occupancies as Af :RHRf ,

where Af is the floor area of a fire compartment and RHRf is the maximum heat

release rate density of movable content fuel loads (given in Table E.5. of the EN
1991-1-2 [44]).

However, for ventilation-controlled conditions, the combustion is limited by the
availability of oxygen, and the maximum HRR inside the compartment Qventð Þ is
estimated by Equation 2:

Qvent ¼ Hc;eff � _m ð2Þ

Effect of Exposed Timber on Structural Fires’ Severity and Firefighting 2699



where Hc;eff is the effective heat of combustion of fuel (MJ/kg) and _m is the burn-

ing rate (kg/s). The effective heat of combustion is given by: Hc;eff ¼ m:Hc;net,

where Hc;net is the net calorific value (17.5 MJ/kg for wood) and m is the combus-

tion factor (0.8). An empirical relationship for the ventilation controlled burning
rate is given by Equation 3 [91]:

_m ¼ kp � Av �
ffiffiffi
h

p
ð3Þ

where Av is the total area of wall openings (m2); h is the weighted average height
of openings (m); and kp is the combustion factor (pyrolysis coefficient) which can
be estimated by Equations 4 and 5:

kp ¼
1

148 � Fo2 þ 3:8
ð4Þ

Fo2 ¼ Av �
ffiffiffi
h

p
=AT2 ð5Þ

where AT2 is the total internal surface not including openings. The relationships of
Equations 4 and 5 are equivalent to EN1991-1–2 (E.6) when the factor kp is
approximated as 0.10.

In ventilation-controlled conditions, the products of pyrolysis cannot be entirely
consumed in the compartment at the time they are released due to lack of oxygen.
Two models are typically adopted in structural fire engineering to account for the
energy contained in the unburned pyrolysis products: an external flaming combus-
tion model and an extended fire duration combustion model. The external flam-
ing combustion model assumes that there is external burning, meaning that the
total pyrolysis rate of a compartment fire remains unchanged but the extra pyr-
olyzed fuel burns outside (Figure 5a). The extended fire duration combus-

Figure 5. Combustion models for ventilation-controlled compartment
fires [46].
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tion model supposes that the total mass of fuel is burnt inside the compartment
under the ventilation-controlled maximum heat release rate Qvent, meaning that the
curve of the HRR is extended to correspond to the available energy given by the
fire load (Figure 5b). This is the most conservative assumption from the stand-
point of the maximum amount of energy inside the compartment. Observations
from compartment fire experiments with exposed timber show that the contribu-
tion of timber results in both increased heat released outside and increased burn-
ing duration inside the compartment [13].

For ventilation-controlled compartments with exposed timber, the two models
of Figure 5 can be adapted to account for the heat output from the timber sur-
faces. In theory, the maximum possible HRR is equal to the sum of that of the
content fuel plus that of the exposed timber as given by Equation 6:

Qmax ¼ Af � RHRf þ Qtmb ð6Þ

The maximum HRR inside the compartment is limited by Equation 2, while the
excess HRR can be released outside (Figure 5a) or can extend the fire duration
(Figure 5b). Figure 6 presents the HRR in ventilation-controlled compartments
with exposed timber. The envelope HRR curve in Figure 6a shows the maximum
possible HRR (assuming that timber charring begins when the fire comes to flash-
over). The red curves represent the HRR inside the compartment. In the external
flaming model (Figure 6a), the maximum HRR, Qmax, is reached but part of it is
released outside the compartment. The blue area is the energy contributed by the
movable content fuel, equal to qf ;mc � Af . The yellow area is the energy contributed

by the exposed timber surface, equal to qf ;tmb � Atmb. Here, qf ;mcis the effective fire

load density from movable contents relative to floor area ðAf Þ, while qf ;tmb is the

effective fire load density from the exposed timber surface relative to the area of
exposed timber surfaces Atmbð Þ.

The HRR and fuel load contributed by the exposed timber surface can be eval-
uated from wood charring models. The charring depth is evaluated as a function

Figure 6. Combustion models for ventilation-controlled fires in CLT
compartments.

Effect of Exposed Timber on Structural Fires’ Severity and Firefighting 2701



of time according to the model in Eurocode 5 part 1–2, Annex A for parametric
fire exposure [47]:

dchar;t ¼ bpar � t t � to ð7Þ

dchar;t ¼ bpar � 1:5t � t2

4to
� to

4

� �

to < t � 3to ð8Þ

dchar;t ¼ 2 � bpar � to t � 3to ð9Þ

bpar is the initial charring rate, calculated according to Equation 10:

bpar ¼ 1:5 � bo �
0:2

ffiffiffiffi
C

p
� 0:04

0:16
ffiffiffiffi
C

p
þ 0:08

ð10Þ

where bo is the one-dimensional charring rate corresponding to standard fire resis-
tance tests following ISO 835. The one-dimensional charring rate corresponding to
softwood is 0.65 mm/min according to most design standards [11]. C is the heat
rate/time factor, the calculation of which refers to the parametric fire model in the
Eurocodes [44]. The time period with a constant charring rate, to, is calculated in
minutes as to ¼ 0:009:qt=O, where O is the opening factor, the calculation of
which refers to the parametric fire model in the Eurocode [44]. qtis the effective
fire load density relative to the total surface area of the enclosure AT1 (including
openings) (note: it is different fromqf ).

The final thickness of the char layer, given by Equation 9, is reached when the
time reaches 3to; it is noted dchar;3to . The final total fuel load density contributed

by the exposed timber surface, relative to the exposed timber surface, is estimated
by Equation 11. Equation 11 is only applicable where a CLT panel has bond line
integrity for the full duration of a fire.

qf ;tmb 3toð Þ ¼ r
dchar;3to

0

a1ddchar ð11Þ

where a1 is the heat release per square meter per mm of charring depth.
The HRR per square meter contributed by the exposed timber, _qf ;tmb tð Þ, at any

time is then obtained by time derivation of Equation 11, where dchar;3to is replaced

by the charring depth of timber at any time, dchar;t:

_qf ;tmb tð Þ ¼ dqf ;tmb tð Þ
dt

ð12Þ

The maximum HRR corresponding to the exposed timber, Qtmb, is then evaluated
as:
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_qf ;tmb;max ¼ max _qf ;tmb
� �

ð13Þ

Qtmb ¼ Atmb � _qf ;tmb;max ð14Þ

4.2. Validation of the Method

The analytical method has been applied to predict the total HRR in the eleven
compartments tests by Hevia, McGregor and Su et al. In the tests by Hevia and
McGregor, the ratio of exposed surface to the total surface of the timber CLT
panels was 100% (Test 5 by McGregor), 42% (Test 2 by Hevia), 37% (Test 1 by
Hevia), 21% (Test 3 by Hevia), and 0% (Tests 2&4 by McGregor). All of those
tests by Hevai and McGregor have the same compartment size (4.5 m long by 3.5
wide by 2.7 m high) and opening size (1.07 m by 2 m) (Noted as Group 1). These
tests by Su et al. have the same compartment size (9.1 m long by 4.6 m wide by
2.7 m high) but have different opening sizes: Test 1–1 (0%), Test 1–4 (37%), Test
1–5 (22%) and Test 1–6 (59%) have an opening size of 1.8 m by 2 m (Noted as
Group 2) while Test 1–2 (0%) and Test 1–3 (23%) have an opening size of 3.6 m
by 2 m (Noted as Group 3). The method is applied with the external burning
model assumption (Figure 6a).

The EN 1992-1-1 provides fire growth ratse (‘slow’, ‘medium’ and ‘fast’) and

maximum heat release rates produced by unit area of fire RHRf
� �

for different

occupancies. In real scenarios, these two parameters vary, depending on many fac-
tors, e.g., fuel types. In this section, we use the baseline tests with 0% exposed
timber surface to calibrate those two parameters, and then use the same calibrated
parameters for all others tests in each group. The calibrated tests are shown in
Figures 9(d), 10(a) and 11(a). The calibrated fire growth rate is ‘‘fast’’, ‘‘medium’’,
‘‘medium’’ for Group 1, Group 2, and Group 3, respectively. The corresponding
time to reach a heat release rate of 1 MW is 150 s for ‘‘fast’’ and 300 s for ‘‘med-
ium’’. The calibrated RHRf is 250 kW/m2, 150 kW/m2 and 200 kW/m2 for Group

1, Group 2 and Group 3, respectively. Here, it is assumed the combustion factor
for the movable fuel load is 0.8.

Based on the calibrated parameters for the fire growth rate and RHRf , further
calibration on the burning of exposed timber surfaces is conducted. Figure 7 com-
pares the experimental and predicted evolution of charring in the tests by Hevia
and McGregor. The dash lines in Figure 7 are the measured evolution of charring
in the exposed timber surfaces while the solid lines are the values predicted with
Equations 7–9. For Test 1 by Hevia, the analytical model can well predict its ini-
tial charring evolution. However, the measured charring rate decreases signifi-
cantly at 20 min, which cannot be captured by the analytical model. For Test 2
and Test 3 by Hevia and Test 5 by McGregor, Equations 7–9 can reasonably pre-
dict the measured charring. Therefore, no calibration is conducted on the parame-
ters in these equations. In Equation 11, the parameter a1 is defined as the heat
release per square meter per mm of charring depth. a1 is assumed to be 2.7 MJ/
m2mm at the beginning and then linearly increase to 5.39 MJ/m2mm until the
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charring depth is 10 mm in [39], as shown in the blue line in Figure 8. In real sce-
narios, this parameter is a function of many factors, such as the external heat flux,
the gas velocities and the degree of turbulence at exposed surfaces [92]. Sensitivity
studies shows that 70% of the proposed a1 shown in Figure 8 (orange line) can
reasonably predict the contribution of exposed CLT to the final HRR curve in
most tests.

Figures 9, 10 and 11 compare the experimental (orange dash lines) and analyti-
cal (blue solid lines) HRR curves. For tests where delamination occurred, the time
of first observation of delamination is marked by a circle on the plot. The pro-
posed analytical method for prediction of HRR with contribution from timber
only applies up to occurrence of delamination. The figures show that the analyti-
cal method can capture the increase in HRR resulting from an increase in exposed
surface. For most tests by Hevia and McGregor, the initial increase rate of the
HRR is accurately predicted. In the tests by Su et al., the experimental HRR

Figure 7. Comparison between measurements and analytical
predictions for char depth.
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increases relatively slowly at the very beginning of the ascending branch, which
cannot be captured by the analytical method. However, the analytical method can
catch up to the experimental results around 10 min. The peak value of the HRR
curves is reasonably predicted for most tests, especially for Test 5 by McGregor
and Tests 1–3 and 1–5 by Su et al. Besides, the analytical method reasonably pre-
dicts the descending branch of the HRR curves before the delamination of CLT
panels begin, especially for Test 2 by Hevia and Tests 1–3 and 1–5 by Su et al.

The experimental studies by McGregor have also calculated the total energy
contributed by the movable fuel load is 366 MJ/m2, which is much lower than the
value estimated by the content, 535 9 0.8 MJ/m2 (estimated average movable fuel
load of the five tests by Hevia and McGregor multiplied by a combustion factor
0.8). If 366 MJ/m2 is used as the efficient movable fuel load to calculate the HRR
curves for the tests by Hevia and McGregor, the analytical results are closer to
test results, compared to the results based on the estimated efficient movable fuel
load (as shown in the dash blue lines labelled ‘‘Analytical*’’ in Figure 9).

5. Evaluation of Required Firefighting Resources

In the previous section, a method was provided to quantify the additional heat
contributed by exposed timber in a fire. Part of this heat will remain in the com-
partment increasing the severity of the thermal exposure conditions for the struc-
ture, while part of it will be released outside the building which may put
neighboring structures at greater risk of ignition. In both cases, this contributed
heat has implications for fire brigades. In firefighting, enough water should be
supplied to absorb the heat generated from a fire at a rate that can control and

Figure 8. Heat released per square meter per mm of charring depth.
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Figure 9. Comparison between the measured HRR in the
compartment tests by Hevia and McGregor and the predictions using
the analytical method (opening size: 1.07 m 3 2 m).
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finally extinguish a fire effectively. This consideration governs the requirements for
fire flow (in L/s) and total water supply (in L) to fight a fire. The evaluation of
the required quantity of water to effectively control the fire is a primary consider-
ation for firefighters, with consequences on needed resources and implementation
of tactical operations. This evaluation relies on a balance between the heat-ab-
sorbing capacity of water and the heat generated by the fire.

Most existing methodologies for evaluating fire flow and water supply are
empirical or physical-empirical methods. Those methodologies consider the impact
of building geometries (including volume, floor area, height, or non-divided devel-
oped surface area of a building). The method proposed by Iowa State University
only considers the geometry of a building. The ISO method [93], NFPA 1142
method [94], Ontario Building Code method [95] and UK National Guidance
Document on the Provision of Water for Firefighting method [96] consider more
variables, such as construction materials, surrounding environments (distance
between buildings, properties of exposure building, hazard exposure, communica-

Figure 10. Comparison between the measured HRR in the
compartment tests by Su et al. and the predictions using the analytical
method (opening size: 1.8 m 3 2 m).
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tions between buildings, etc.) and fire-safety measures (e.g., whether a building is
sprinklered), in addition to occupancy type and dimensions of a building. The
International Fire Code (IFC) and NFPA 1 methods [97, 98] are tabulated values,
based on a simplified ISO method. Yet, the methods discussed above do not allow
evaluating the specific influence of the contribution of exposed timber on the
water requirements.

A physics-based method is proposed in the New Zealand SFPE Method TP 2004/
1 [99]. This method is used in this study to evaluate the impact of exposed timber on
firefighting water requirements. According to this method, the required fire flow, F
in L/s, to fight a fire is given by Equation 15. The equation numerator is the effective
heat from a fire that is retained in the compartment, where Qmax is the maximum
heat release rate of the fire (MW), and kF is a heating efficiency factor which can
conservatively be estimated as 0.5 [99]. The equation denominator is the effective
heat-absorbing capacity of water per unit volume. Qw is the absorptive capacity of
water at 100�C (MJ/L), including the energy to heat water from ambient tempera-
ture to the boiling temperature of 100�C and the energy to convert water to steam.
Water has a specific heat capacity in liquid form of 4.18 kJ/kgK and a heat of
vaporization of 2.26 MJ/kg, resulting in Qw equal to 2.6 MJ/L. The factor kw is the
heat-absorbing efficiency of water, which is conservatively estimated as 0.5 [99]. The
latter accounts for losses when applying water from a fire main to fight a fire.

F ¼ kF � Qmax

kw � Qw
ð15Þ

The New Zealand SFPE Method TP 2004/1 does not specify how to calculate
Qmax. Adopting the external flaming combustion model (Figure 6a), the maximum
HRR, Qmax, can be calculated using Equation 6. This value of Qmax for the fire
flow estimation is conservative, as it includes the heat released both inside and
outside the compartment. While heat released outside should not be included
when assessing the temperatures in the fire compartment, this heat may be rele-
vant to the firefighting efforts and affect the amount of water needed to fight the
fire. Indeed, fire accidents in tall buildings have shown the importance of actively
controlling the spread of external flame along the façade. Meanwhile, if the fire is
fought from outside, the heat from the external flames will need to be taken into
account in the energy balance against water. Finally, the accurate assessment of
the HRR inside a timber compartment depends on the complex interaction of
many variables such as the ventilation conditions and geometry of the room,
which will vary from case to case, hence it is reasonable to adopt an upper bound
estimation. Therefore, it is chosen to conservatively adopt Qmax from Equation 6
in the evaluation of the fire flow from Equation 15. This yields Equation 16 for
the evaluation of the upper-bound fire flow in fire compartments constructed from
mass timber:

Fupper ¼
kF ðQmc þ QtmbÞ

kw � Qw
ð16Þ
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where Qmc is the maximum HRR associated to the movable content fuel in differ-
ent occupancies, equal to Af � RHRf (referring to Table E.5 in the EN 1991–1-2

[44]); and Qtmb is the maximum HRR associated to the exposed timber, estimated
by Equation 14.

Adopting a similar reasoning, a method is provided in the New Zealand SFPE
Method TP 2005/2 [100] for the total water supply. The total water supply (in L)
can be approximated by expressing the balance between the total (effective) heat-
ing potential of the fuel load in a compartment and the (effective) heat-absorbing
capacity of the water for unit volume. This yields:

S ¼ kF � E
kw � Qw

SM ð17Þ

where E is the total (effective) fuel load (MJ) (with a combustion factor of 0.8),
and SM is a safety coefficient recommended as 1.3 [100]. The upper-bound total
water supply is thus estimated by Equation 18, where the energy E accounts for
the contribution of the effective exposed CLT surfaces (yellow area in Figure 6)
plus the effective movable fuel load in a compartment (blue area in Figure 6):

Supper ¼
kF � qf ;mc � Af þ qf ;tmb 3toð Þ � Atmb

� �

kw � Qw
SM ð18Þ

where qf;mc is the effective movable (content) fuel load per square meter of floor

area accounting for the combustion factor (m), 0.8, as recommended by Eurocode
[101]; and qf ;tmb 3toð Þ is the effective fuel load per square meter of exposed timber

surface, contributed by the exposed timber surface, estimated by Equation 11.

Figure 11. Comparison between the measured HRR in the
compartment tests by Su et al. and the predictions using the analytical
method (opening size: 3.6 m 3 2 m).
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It is worth mentioning that if it is a high-rise fire, external firefighting is nor-
mally not carried out as the height is beyond the capability of firefighting equip-
ment. If firefighting only occurs internally, Qmax in Equation 15 is replaced by the
maximum heat release rate in a compartment and E in Equation 17 is replaced by
the energy that burns internally.

6. Case Study

A 10-story mass timber residential building is considered as a case study. The
floor plan of the building is shown in Figure 12. The story height is 3 m. The fire
is assumed to occur in compartment C1 at the second story. The ratio of opening
area to the total enclosure surface of C1 (opening ratio Av/AT1) is 0.03, with
opening height of 1.5 m; here AT1 is the total area of the enclosure surface of a
compartment, including the floor area and the opening area. The enclosure ther-
mal insulation parameter b is 770 J/m2s1/2 K [11]. The movable fuel load density
is 550 MJ/m2 (movable fire load density used in most previous mass timber com-

partment fire tests [10, 43, 86]), and the effective movable fire density qf ;m
� �

is

0.8 9 550 = 440 MJ/m2. It is assumed that the fire growth rate is ‘‘medium’’ and
RHRf for movable fuel load is 250 kW/m2. The density of timber (q) is 490 kg/m3

and its net heat of combustion (Hc,net) is 17.5 MJ/kg. The effect of sprinkler sys-
tems is neglected, as the case study focuses on the worst-case situation to quantify
the fire dynamics when active fire-safety measures fail. This is crucial for assessing
the structural fire response as a necessary layer of the fire safety strategy for those

Figure 12. Floor plan of the building.
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scenarios where fires grow uncontrolled due to the failure of active fire-protection
measures. No active fire-protection measure has 100% efficiency. Such worst-case
scenarios also exist in some extreme events, e.g., post-earthquake fire. Earth-
quakes can damage both passive (e.g., gypsum boards) and active fire safety mea-
sures (e.g., sprinkler system) and meanwhile cause dozens of building fires in a
community [102].

6.1. HRR

Five different percentages of exposed timber are considered, 0% (fully protected),
25%, 50%, 75% and 100% (fully exposed), relative to AT2. Here AT2 is the total
area of the enclosure surface of the compartment C1 minus the floor area and the
opening area. The HRR calculation is conducted using both the external flaming
combustion model and the extended fire duration combustion model, to capture
the boundaries of the expected behavior. This results in a total of 10 configura-
tions. It is assumed that the fire remains contained in the compartment of origin
and that CLT panels have bond line integrity and encapsulation is in place for the
full duration of a fire.

Results of the HRR calculations are plotted in Figure 13. The HRR inside the
compartment is bounded by Qvent (Equation 2). In a ventilation-controlled fire,
the energy from the timber is either released outside (external flaming), or remains
in the room and extends the duration of the fire (extended duration); or a combi-
nation of both. The total fuel load contributed by the exposed timber is repre-
sented by the yellow area. The final charring depth of timber dcharð Þ is calculated
according to Equation 9 and then the fuel load per square meter of exposed tim-
ber surface qf ;tmb is calculated according to Equation 11. As the percentage of

exposed timber surface increases from 0 to 100%, the peak HRR calculated based
on the external flaming combustion model increases from 16.25 MW to
23.82 MW, which is relatively high compared to the results from small mass tim-
ber compartment fire tests but is close to those from medium mass timber com-
partment fire tests. For example, in the tests by Zelinka et al. (Af = 84 m2) [103],
the peak HRR value is close to 25 MW.

For the case with 50% of CLT exposed, the calculated HRR per square meter
of exposed CLT, _qf;tmb;max, is equal to 0.048 MW/m2. The final charring depth is

equal to 46.9 mm. As a result, the effective fuel load contributed by the exposed
CLT is 167 MJ/m2 of exposed surface (202 MJ/m2 relative to the floor area) for
the compartment C1.

6.2. Time–Temperature Curves

The effect of the contribution of exposed timber on the gas temperature in the com-
partment was evaluated next. Gas temperatures in the compartment were evaluated
using the zone model software OZone developed at Liege University [104]. The
HRR from Figure 13 were used as input in the calculation. The results for the evolu-
tion of the gas temperature are shown in Figure 14. Ten curves are plotted corre-
sponding to the ten configurations, i.e., five ratios of exposed timber and either the
external flaming combustion or extended fire duration combustion model.
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The initial phase of the fire does not depend on the contribution of exposed
timber. The temperature rises steadily for about 32 min until reaching a peak of
about 1200�C. Thereafter, the gas temperature rises at a slower rate until eventu-

Figure 13. HRR for a fire in compartment C1 for different amount of
exposed surfaces of timber lining, assuming that CLT panels have
bond line integrity for the full duration of a fire.
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ally reaching a cooling phase. However, the duration of the fully developed phase
of the fire increases significantly with increasing ratios of exposed timber. With the
external flaming combustion model, the duration of the maximum temperature
phase increases from about 39 min to 47 min when the ratio of exposed timber
changes from 0% to 100%.

For the scenario with all the CLT panels protected, the temperature curve
based on the extended fire duration combustion model is only slightly extended
compared to that based on the external flaming combustion model. As the per-
centage of timber surface increases, the heating phase of the temperature curves
based on the extended fire duration combustion model becomes significantly
longer than that from the external flaming combustion model. This is because,
with the exposed timber, there are more combustible gases released in the com-
partment that cannot react immediately with the oxygen, but burn later once the
content fuel load is burned out. The maximum compartment temperature based
on the extended fire duration combustion model is also greater than that based on
the external flaming combustion model. Therefore, the assumption regarding the
location of consumption of the products of pyrolysis in the oxygen-deprived com-
partment has important impact on the fire severity in the compartment. The real-

Figure 13. continued.
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ity likely lies in between the boundary cases of external flaming and extended
duration [13]. Overall, the durations of the heating phase of the curves range from
39 min to 64 min.

The temperature curves in Figure 14 are based on the assumption that the mov-
able fuel load is 550 MJ/m2, which is lower than the average fuel load density for
dwelling recommended by Eurocode [44]. If the movable fuel load is equal to the
average fuel load density for dwelling, 780 MJ/m2, the compartment temperature
curves are shown in Figure 15. All the peak temperatures are greater than 1400�C,
which are not very significantly different from the peak values in Figure 14. How-
ever, the fire duration increases with the increase in content fuel load, ranging
from 49 min to 86 min.

The peak gas temperature is higher than 1300�C in Figure 14 and higher than
1400�C in Figure 15. Such a high peak temperature has also been observed in
some mass timber compartment fire tests. In the tests by Pope [19], the peak gas
temperature at some locations is close to 1400�C. Such a high temperature is due
to the relatively large Qvent value for those case studies. In those case studies,
Qvent is equal to 12.52 MW, which is higher than those tests in Sect. 4 (4.13 MW
for tests by Hevia and McGregor; 8.20 MW for Tests 1–1, 1–4, 1–5 and 1–6 by
Su et al.; and 10.32 MW for Tests 1–2 and 1–3 by Su et al.). According to the
Equations 2–5, Qvent is a function of opening size and the net calorific value of
the fuel. Those case studies assume the majority of the movable fuel load is wood
and Hc;eff is 14 MJ/kg (the net calorific value of wood of 17.5 MJ/kg multiplied

by a combustion factor of 0.8). Those values are recommended by Eurocode [44].
However, the tests by McGregor has shown that the net calorific value of mov-
able fuel in their tests are only 12.1 MJ/kg [41, 43]. If Hc;eff is equal to 12.1 MJ/

kg, the corresponding Qvent is equal to 10.82 MW. Assuming the total fuel load is

Figure 14. Compartment temperature curves for different amount of
exposed surfaces of timber lining (Movable fuel load density is
550 MJ/m2).
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550 MJ/m2, the corresponding peak temperature will decrease to 1250�C based on
the external flaming combustion model and 1337�C based on the extended fire du-
ration combustion model for the scenario with 100% timber surface exposed.

6.3. Required Water Supply and Fire Flow

The evaluation of the required firefighting resources to put out a fire in the mass
timber building was conducted next. The fire flow and water supply were evalu-
ated using Equations 16 and 18, respectively. It is assumed that the fire is confined
in the compartment C1. The movable fuel load is 550 MJ/m2. Five percentages of
exposed timber are considered, 0% (fully protected), 25%, 50%, 75% and 100%
(fully exposed). It is also assumed that CLT panels in this compartment have
bond line integrity and encapsulation is in place for the full duration of a fire.

The HRR for the five cases are shown in Figure 13. Here, only the external
flaming combustion model is considered. The required fire flow and water supply
are evaluated with the method of Sect. 5. The results are plotted in Figure 16.
Blue bars represent the contribution of the content fuel load. Yellow bars repre-
sent the contribution of the exposed timber. The summation of the two presents
the required fire flow or water supply if heat both inside and outside a burning
compartment needs to be considered. The values of the orange lines represent the
required fire flow or water supply if only the heat inside is considered. Finside was
calculated by replacing Qmax with Qvent in Equation 15 and Sinside was calculated
by replacing the energy enclosed by the dash line in Figure 13.

If both heat inside and outside need to be considered, the required fire flow and
water supply increase as the exposed timber surface increases. This is because the
maximum HRR and the total fuel load contributed by the exposed timber

Figure 15. Compartment temperature curves for different amount of
exposed surfaces of timber lining (Movable fuel load density is
780 MJ/m2).
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increase with the increase of exposed timber surface. As the exposed timber sur-
face increases from 0% to 100%, the required fire flow increases by 47% and the
required water supply increases by 91% to balance the additional heat contributed
by the burning timber.

If only the heat inside the compartment is considered, the required fire flow
does not change because the fire is controlled by ventilation, and having exposed
timber does not increase the peak HRR in the compartment. However, the
required water supply still increases by 72% as the exposed timber surface increa-
ses from 0% to 100%, reflecting the fact that exposed timber will lengthen the fire
and add to the total energy released in the compartment.

Figure 16. Required fire flow and total water supply for the
different scenarios, as a function of the amount of exposed surfaces of
timber lining.
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The scenarios plotted in Figure 16 had an opening ratio of Av/AT1 = 0.03. In
Figure 17, the required fire flow and water supply are evaluated for an opening
ratio Av/AT1 of 0.06. The exposed timber surface is 50%. The additional HRR
attributable to CLT increases from 0.048 MW/m2 to 0.060 MW/m2, indicating the
influence of ventilation on the HRR. If both external and internal firefighting is
required, the increase in opening ratios leads to a slight increase in the required
fire flow, as shown in Figure 17a. However, the total water supply decreases by
13%, as shown in Figure 17b, because the increase of opening ratio leads to a

Figure 17. Required fire flow and total water supply as a function of
the opening ratio, for compartments with 50% exposed timber
surface.

Figure 18. Potential compartmentation failure.
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decrease in charring depth (e.g., the final charring depth decreases from 46.9 mm
to 29.3 mm for the compartment C1), thus a decrease in the total fuel load con-
tributed by the exposed timber surface. If only the internal firefighting is required,
the required fire flow is controlled by Qvent that is a function of opening ratio. As
the opening ratio increases from 0.03 to 0.06, the required fire flow increases by
22%. In addition, the required water supply decreases by 8%. This reflects the
fact that increasing ventilation would lead to a more intense fire (peak HRR
increases in the compartment), but of shorter duration.

It should be noted that a compartment fire may spread to adjacent compart-
ments due to the failure of in-story compartmentation (e.g., the failure of the joint
connecting CLT wall panels or the burning through of CLT wall panels) or the
failure of compartmentation along the height of a building (e.g., fire spreading
through external flaming to the upper stories, burning through of CLT floor pan-
els, or failure of the joints connecting CLT floor panels), as shown in Figure 18.
Fire spread will increase the demand on the water supply and fire flow dramati-
cally.

7. Conclusion

This study investigated the effect of exposed CLT surfaces in mass timber com-
partments on the heat release rate, fire severity, and water supply requirements for
fire brigades. Existing tall mass timber buildings contain fixed fuel load from tim-
ber embedded in the structure. As part of this fixed fuel load may become
involved in an uncontrolled fire, it is important to have engineering methods for
assessing design fires that account for this contribution. Furthermore, experimen-
tal data on compartment fire tests showed that the presence of exposed timber
increases the heat release rate and total energy measured, when compared with the
same compartments where all timber is protected. The HRR contributed by the
exposed CLT may reach the order of 100 kW/m2 of exposed CLT over a sus-
tained duration.

A method was presented to evaluate the contribution of exposed timber to the
heat release rate in a compartment fire. The method relies on empirical and ana-
lytical approaches to assess the ventilation-controlled burning rate and charring
depth of the exposed CLT panels. The total HRR is obtained by summing the
contributions from the content fuel load and the exposed timber. While the peak
HRR in the compartment is limited at any time by the available oxygen, the
excess may either be released outside (external flaming combustion model) or at a
later time inside the compartment (extended fire duration combustion model). Gas
temperature–time relationships can be derived based on these two assumptions to
capture the boundaries of possible design fires. In addition, an energy balance
method was proposed based on the New Zealand SFPE TP to quantify the water
supply required to put out the fires accounting for the contribution of the exposed
timber.

A case study of a multi-story mass timber residential building showed applica-
tion of the proposed methods. The duration and severity of a compartment fire
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increased with increasing proportion of exposed CLT surfaces. The potential for
heat output outside the compartment, with possible consequences for façade
spread and radiation toward neighboring structures, also increased significantly as
more of the timber surface was left unprotected. Assuming active fire-safety mea-
sures do not work, for a building where the opening ratio is 0.03, 25% of the
CLT panel surface is left exposed and the movable fuel load is 550 MJ/m2, the
duration of heating phase of the fire could increase from 39 min to 46 min. If
both internal and external firefighting is required, the required fire flow could
increase by up to 12% to balance the additional heat contributed by the burning
timber, while the required water supply could increase by up to 23%. If only
internal firefighting is required, the required fire flow does not change while the
required water supply could increase by up to 19%. These numbers increase fur-
ther as more of the timber panels are left unprotected. Therefore, this case study
illustrates the practical significance of including the contribution of exposed CLT
panels when assessing fire scenarios and quantifying thermal exposure conditions.
The methods proposed in this paper can be used to incorporate this timber contri-
bution into design fires used in the performance-based fire design of mass timber
buildings, with benefits for safety of occupants and fire brigades.
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