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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance ate
describefd in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO document should be noted. This document was drafted in accordanee with the
editorialrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

[SO drays attention to the possibility that the implementation of this document may.involve the u
of (a) patent(s). ISO takes no position concerning the evidence, validity or applicability of any claimg
patent rights in respect thereof. As of the date of publication of this document, 4SO had not receive
notice of| (a) patent(s) which may be required to implement this document. However, implementers a1
cautione(d that this may not represent the latest information, which may be,obtained from the patel
databasg available at www.iso.org/patents. ISO shall not be held respornsible for identifying any or 3
such patgnt rights.

== 0 o

Any trade name used in this document is information given for the.Convenience of users and does n¢t
constitute an endorsement.

For an ¢xplanation of the voluntary nature of standards, the meaning of ISO specific terms and
expressipns related to conformity assessment, as well "as information about ISO's adherence fo
the Worlld Trade Organization (WTO) principles inthe Technical Barriers to Trade (TBT), see
www.isd.org/iso/foreword.html.

This doqument was prepared by Technical Committee ISO/TC 92, Fire safety, Subcommittee SC 4, Fire
safety engineering.

Alist of 3ll parts in the ISO 24679 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body.|A
completg listing of these bodies Caii'be found at www.iso.org/members.html.
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Introduction

This document provides an example of the application of ISO 24679-1. The procedure described in
this document is intended to follow the principles outlined in ISO 24679-1. It therefore preserves the
numbering of subclauses in ISO 24679-1, omitting numbered subclauses for which there is no text or
information relevant to this example.

The example provided in this document is intended to illustrate the implementation of the steps of
fire resistance assessment, as defined in ISO 24679-1, and to demonstrate how ISO 24679-1 can be
hplied to different building regulatory systems. It 1s not intended to demonstrate full conformance of
alperformance-based fire engineering design seeking approval. Therefore, only a limited namfer of fire
dpsign scenarios and structural assessments are presented.

o8]
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Fire safety engineering — Performance of structures in

fire —

Part 5:

anmple of 2 timber huilding in Canada

1l Scope

This document provides a fire engineering application relative to the fire resi§tance asses
a|multi-storey timber building according to the methodology given in ISO 24679-1. In an af
dcilitate the understanding of the design process presented herein, this doghiment follows 1
step-by-step procedure as that given in ISO 24679-1.

The fire safety engineering approach is applied to a multi-storey timber building with respe
r¢sistance and considers specific design fire scenarios, which impact the fire resistance of st
members.

Alcomponent-level (member analysis) approach to fire perfgrmance analysis is adopted in thi
kample. Such an approach generally provides a more conservative design than a system-levg
structural) analysis or an analysis of parts of the structure where interaction between compot]
bE assessed. An advantage of the component-level approach is that calculations can be done wit]
of simple analytical models or spreadsheets. Advahced modelling using computational fluid d
iy presented to replicate an actual office cubicle\fire scenario and for assessing timber contril
fire growth, intensity and duration, if any. The thermo-structural behaviour of the timber elg
assessed through advanced modelling using-the finite element method.

D

—3

he fire design scenarios chosen in this-document are only used for the evaluation of the struc
r¢sistance. They are not applicablefor assessing, for example, smoke production, tenability cd
of other life safety conditions.

2 Normative references

The following documents are referred to in the text in such a way that some or all of thei
c

uhdated references, the latest edition of the referenced document (including any amendments)
[0 13943 Kire safety — Vocabulary

140 23932-1, Fire safety engineering — General principles — Part 1: General

sment of
tempt to
he same

ct to fire
ructural

t worked
1 (global
lents can
h the use
ynamics
bution to
ments is

tural fire
nditions

content

pnstitutes requitements of this document. For dated references, only the edition cited applies. For

applies.

180°24679-1, Fire safety engineering — Performance of structures in fire — Part 1: General

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 13943, ISO 23932-1 and

[SO 24679-1 apply.

ISO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

© IS0 2023 - All rights reserved
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4 Design strategy for fire safety of structures

4.1 General design process for fire safety of structures

The built environment used in this example is a medium-rise office building. To accommodate tenant
office functions, the building is separated into multiple compartments by floors and walls. Given that an
office space typically consists of several office workstation or cubicles, it is likely that a fire will spread
to neighbouring elements and eventually across the entire floor surface. As such, a fully-developed
compartment fire is expected in each office suite of the building.

The stryctural elements are of glue-laminated timber beams and columns, where portions of the
primary|structural timber elements are left exposed for aesthetic purposes. The secondary straetaral
elementg are protected against fire using fire-resistance rated gypsum boards.

The fire [development was studied using computational fluid dynamics (CFD) modelling; ‘with specifjic
considerptions for capturing the potential fuel contribution from the structural timber elements.
Time-terpperature curves were produced, as well as relevant key events during the fire development
(growth| flashover conditions, consumed fuel load, etc.).

Simplifigdd and advanced models have been used to define the thermal actions applied to the timbgr
elementg. The thermomechanical behaviour of the main structure of theJoffice building, based dn
simplifigd and advanced methods, is carried out as a function of the actual thermal actions defingd
previoudly.

4.2 Prpactical design process for fire safety of structures

Refer to|ISO 24679-1 for more information about the various steps and parameters to be considerqd
when ass$essing the behaviour of structures subjected to<ire exposure.

5 Qugntification of the performance of structures in fire
5.1 Step 1: Scope of the project for fire safety of structures

5.1.1 Built-environment characteristics

The builf environment consists (©f;a 6-storey office building constructed with a timber structure. The
floor arefa of each storey is approximately 960 m? for a total floor area of 5 760 m2. Access to each flogr
is provided by two reinforced concrete exit stairs located at each end of a public corridor. An elevatir
shaft mdde of reinforced-goncrete is also provided and is located near the centre of the floor arep.
Figure 1|illustrates the'structural framing of the building. Every floor has a clear interior floor/ceilifjg
height of 3,0 m. These floor assemblies are required to form a fire separation with a fire-resistange
rating n¢t less thian '1 hour. Load-bearing walls and columns are required to provide a fire-resistange
rating ngt less.than that required for the supported elements and assemblies.

Accordinjgtto the applicable national prescriptive provisions,[4] a 6-storey office building using a timbgr
structural system 1s required to be fully protected by an automatic sprinkler system conforming to
NFPA 13.13] It is also required to have fire detection and fire alarm systems.

The primary and secondary structural elements consist of glued-laminated timber beams and columns
of the 20f-E and 12c-E Spruce-Pine (SP) stress grades.lelZ] The floor structure is made of traditional
visually-graded solid-sawn double tongue-and-groove plank decking, of the Spruce-Pine-Fir (SPF) No.2
visually-graded lumber grade.[8] The plank decking is laid perpendicularly to the supporting secondary
beams, which are spaced every 2 m (centre to centre). All timber elements conform to the national
lumber grading rules.[2] The structural engineering design, for ambient/normal conditions, conforms
to the relevant design standard.[8]

Concealed connections between the primary and secondary structural elements are used, in which
metallic components such as self-tapping screws driven at 45° are fully embedded into the wood
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members to limit potential thermo-mechanical degradation from fire exposure. Figure 2 illustrates the
floor structure and location of load-bearing elements. Figure 3 illustrates the connections and their
embedment into the load-bearing elements. The characteristics of the load-bearing elements assumed
in this example are given in Table 1. The dimensions of the main elements are greater than required
for structural purposes due to the embedment of the load-bearing elements; they need to be able to
provide sufficient bearing lengths to the embedded main and secondary beams. The chosen elements
considered for demonstrating the procedure of ISO 24679-1 are a main beam, B1, located above the fire
source and its supporting column, C2, towards the exterior wall.

[

a) Isometric view b) Front view

Figure 1 — Structural frame
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B2 (typ) i
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Figure 2 — Typical floor structural configuration
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b) "After" frame asé}%bly

\

a) "Before" frame assembly

Figure 3 — Detailing of the connections

N

Table 1 — Load-bearing elements characteristics — PrellmmaQr 9es1gn (ambient conditions)
DlmensanV
Element Type \\ Gypsum board
mm
B1 Glulam 20f-E 265 ©5322 None
B2 Glulam 20£-E 175'% 456P None
c1 Glulam 12c-E .0 418 x 365 None
c2 Glulam 12c-E ' 342x365 None
Decking S-P-F No.2 I 89 x 133 1 x 16 mm Type X
Partitions Wood studs ,.‘\\Q" 38 x 89¢ 2 x 13 mm Type X
2 At 8000 mm centre-to-centre (c/c).*)
P At2 000 mmc/c. )
< At600 mm c/c. (')O

orms a cavity filled with non-combustible insulation for providing the
class (Figure 4). The exposed ceiling consists of a single layer of 16 mm
fire-ratef gypsum b e.g. Type X) fastened to the secondary beams in conformance with nationpl
specificdtions.[10].[11 h this specific configuration, a limited portion of the primary beams and
columns|are left sed and can thus contribute to fire growth and severity.

The dropped-ceiling asse
required sound transmi

from wood stud walls are used to separate the office suites and the public corrid¢r

on both 51des of the studs, prov1d1ng al hour f1re re51stance ratlng when tested by a standard flre-
resistance test.[12] The inside cavities of the stud walls are filled with 89-mm thick non-combustible
insulation in order to provide both the prescribed fire-resistance rating and the sound transmission
class.

According to the applicable national prescriptive provisions, these partitions are not required to be
constructed as a fire separation and are not required to provide a fire-resistance rating because the
building is entirely protected by automatic sprinklers and the maximum travel distance from any part
of the floor area to an exit is not more than 45 m. Assessment of the fire performance of the partitions is
therefore beyond the scope of this document.
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a) Isometric view

Key

1| 89 mm x 133 mm plank decking with double tongue-and- IQ)VE
2| concealed spaces filled with non-combustible insulatio@

3

\‘Q\Q)

N

Flgurg\ﬁ— Floor assembly

16 mm type X gypsum board

®)
br the purpose of this document, t s(§1’fice suite to be analysed is located on the second flloor and
¢presents the compartment of fir ‘&lgin. Itis a 192 m2 open-space office suite in which cubifles with
pmputers, desks, chairs and fili.ngﬂabinets are uniformly distributed across the floor area (Figure 5).

O =
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Key

1 W%l’ldOW 1 \\S\Q)
2 window 2 $

3  window 3 A‘\Q)

4  window 4

Figure 5 — Isometric vie@& office suite (compartment of fire origin)

5.1.2 Fuelloads O®
O

Fire loads consist of the total@ergy content of combustible materials in a building, a space or an arga
including furnishing and @tents within a compartment (i.e. moveable fire load) and combustible
materialg used as stru elements, interior finishes or installed in concealed spaces (i.e. fixed fife
load). The office sui ere the fire is assumed to start consists of an open-space configuration with
28 cubicles and a ineered hardwood flooring of 13 mm in thickness, see Figure 5. Each cubic|e
measures 1, 8@ m (3,24 m2). The typical combustible materials found in cubicles are paper, woof

plasticapd t

An avemg%)noveable fuel load density of 420 MJ/m? is typically assigned for an office space.[13-15]
However, it is typically recommended to use the 95th percentile value for fire design purposes. A 95th
percentile value of 760 MJ/m? is suggested for offices in Reference [14]. Zalok[16] found 95th percentile
fuel loads of 8 822 MJ] and 15 666 M] for small floor area cubicle offices (11 m?2) and large floor area
enclosed offices (25 m?), respectively. It was also reported that offices with large floor area result
in lower fire load densities (626 M]/m?), when compared to that of smaller floor areas (802 MJ/m?2).
Given the large floor area of this example (192 m2), a value of 735 MJ/m? is deemed appropriate, and
consistent with that provided in References [14-16].

The National Institute of Standards and Technology (NIST)IZl evaluated the heat release rate
(HRR) of a single workstation covering a floor area of 1,93 m x 1,63 m (3,15 m?) as well as multiple
workstations (4 workstations assembled in similar manner as the single workstation). A total fuel load
mass of 273,2 kg was measured for the single workstation. Assuming an effective heat of combustion
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of 18 MJ/kg, a total energy of 4 917 M] is estimated for a single workstation. The HRR obtained in the
NIST study is illustrated in Figure 6 a). The workstation HRR development curve used for performing
the computational fluid dynamics (CFD) modelling in Fire Dynamics Simulator (FDS) version 6.7 is

shown in Figure 6 b). The workstation HRR development curve is further explained below.

Y
3 500 gttt — i Y
i 5 1 7 000
3000 -
i 6000 I\
2 000 f 4000
1500 3000
500 1000
[ 0 ! I I X
0 & = Gt e, T T ey 0 600 1200 1800 2400
0 400 800 1200 1600 X
a) HRR, as presented in Reference [17] b) HRR implemented in FDS
Key
X| time (s)
Y| heatrelease rate (kW)
Figure 6 — Heat reléase rate of a single workstation
Fpr the purpose of this document, the moveable fuel load energy density, FLED, is comprised of a
tgtal of 28 cubicles uniformly distributed along the 192 m? floor area, FLED ;0. and the hardwood
flooring, FLED,oyine- I @n attempt'to replicate a uniform fuel load density of 735 MJ/m?, each cubicle
hhs been set to 4 08% M]. The ¢ubicle individual HRR development growth has been kept simildr to that
shown in Figure 6 b). The 13=mm thick hardwood flooring density is assumed to be 600 kg/m¢} with an
effective heat of combustion of 18 MJ/kg. A resulting moveable FLED value of 735 MJ/m? is pbtained
uping Formula (1).

FLED = FLED({gting + FLED ypicles 69}
The total fuel'mass, my,,;, can be estimated from the fire load energy density (FLED), the tqtal floor
afea, A, 0f192 m?2, and an effective heat of combustion, Hg, of 18 MJ/kg (wood equivalernt), using
Fprmuta~(2):

A -FLED @

Mrotal =—

o Hegr
The total fuel mass of 7 840 kg is required for determining the design fire curve, as presented in 5.4.2.

The moveable fuel load density calculated in Formula (2) does not include the potential contribution
from the timber structural elements. The latter will be explicitly considered when performing CFD

modelling, as described in 5.4.3.3.

© IS0 2023 - All rights reserved
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5.1.3 Mechanical actions

According to the applicable national design requirements,l18! the load combination, P, for a rare/
accidental event such as a fire is taken as shown in Formula (3):

P=1,0 D+(aL + 0,25 5) 3)
where
D ) t}lC }JCI 1uaucut }chd,

a Istakenas 1,0 for storage areas, equipment areas and service rooms, or 0,5 for other occupanciefs;
L s thelive load due to occupancy;
S Isthe snow load.

For an offfice space, a minimum live load of 2,4 kPa is prescribed in the national desigh provisions.!18]

Given thpt the low probability that all floors of a multi-storey building would\be structurally loadgd
to its ful| live load simultaneously, a live load reduction factor can be usedd®ased on the tributary arg¢a
supportgd by columns. For a column supporting a tributary area greaterthan 20 m?2 and for this type pf
buildingfoccupancy, as with the case of column C2 (32 mZ2) in this office building, the applicable nationpl
design r¢quirements(18] allow the applied live load to be multiplied/by the value shown in Formula (4)}

9,8
B

0,34

where Blis the tributary area of the supporting column (m?2).

While pgst-earthquake fires can occur, fires and earthquakes are both considered as rare events and
thus dedmed not to occur at the same time. Therefore, horizontal actions due to wind and seismjc
forces ate typically not considered for structural fire-resistance, unless specifically stipulated in the
applicable building code.

5.2 Step 2: Identifying objectives, functional requirements and performance criteria fqr
fire safety of structures

5.2.1 Qbjectives and functional requirements for fire safety of structures

Conducting a rational fire safety design of structures requires the establishment of fire safety objectives
and fundtional requirements. With respect to fire resistance of structures, the qualitative objectives
typicallyl relate tothe fire safety of occupants as well as the fire protection of the building.

From thg applieable national building code, the objective for fire safety is to limit the probability that, gs

aresult ¢fthe design, construction or demolition of the building, a person in or adjacent to the building
will be eTepesed—Ge—an—&naeeep&able%Lsk—eﬁnj&pyLdae@—ﬁpeeaused—by:—

a) afire impacting areas beyond its point of origin; and

b) collapse of physical elements due to a fire.

Similarly, the objective for fire protection of the building is to limit the probability that, as a result of the
design, construction or demolition of the building, the building or adjacent buildings will be exposed to
an unacceptable risk of damage due to fire caused by:

a) afire impacting areas beyond its point of origin; and

b) collapse of physical elements due to a fire.

8 © IS0 2023 - All rights reserved
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In addition to these objectives, functional requirements are typically provided and linked to the
objectives to clarify the intent. With respect to structural fire resistance, the functional requirements
(also called functional statements in the applicable national building code) are to retard the effects of
a fire on areas beyond its point of origin and the retard failure or collapse due to effects of the fire. The
pairing of the functional statements and the objectives results in the following statements of intent:

a) to limit the probability that materials, assemblies or structural members will have insufficient
resistance to the spread of fire, which could lead to harm to persons;

b) to limit the probability that materials, assemblies or structural members will have insufficient
resistance to fire, which could lead to their tailure or collapse, which could lead to harm to[persons;

c] to limit the probability that materials, assemblies or structural members will hayg ingufficient
resistance to the spread of fire, which could lead to damage to the building; and

d) to limit the probability that materials, assemblies or structural membersAvill have ingufficient
resistance to fire, which could lead to their failure or collapse, which coulddead to damage to the
building.

Ip satisfying the functional requirements, it is essential to take into‘censideration the exijtence of
Ctive and passive fire control systems and their effectiveness.

QO

9]}

2.2 Performance criteria for fire safety of structures

)

brformance criteria are used to determine whether the objectives and functional requirements for the
ire safety of structures have been satisfied.

—

f]is stipulated in a national design standard that structures are to be designed to prevent cqllapse of
lhe structure itself and to exhibit adequate load-béaring capacity and capability to maintain s{ructural
itegrity for a sufficient time.[22] According to Reference [19], ensuring structural integrity for fomplete
irn out of the moveable fire load of any fire/compartment is only required for tall (high) buildings. In
lhe context of this worked example, a 6-storey office building does not classify as a tall (high) puilding,
5 defined in the applicable national préscriptive provisions, and is therefore not required t¢ achieve

mplete burnout of the moveable fuel'content.

nm""c""""'

=

herefore, the performance criterion used in this worked example is taken as the time at which the
mpinging heat flux on the exposed surfaces of the timber elements reduces below 5 kW/m?2. B¢low this
reshold, it is assumed that the moveable fuel load will most likely be consumed and that smquldering

ber elements will stop.charring and no longer contribute to the fire heat release rate.[20] A feduction
1 the net emitted energy to the exposed timber surfaces results in a reduction in the mass prpduction
F volatiles, which-will result in extinction if such reduction is sufficient (i.e. flaming will cedse at the
iimber surfaces)~Moreover, auto-extinction of flaming combustion of Spruce with a density of 425 kg/
n}3 has been fouird to occur if the timber mass loss rate reduces below 3,93 g/m?-s and the héefat flux is
ldss than 43,6’ kW/m2.[21.22] This threshold has been found to be dependent upon the timber sp¢cies, but
npt the densityl22],

- O = ot =

The ob]ectlves and functlonal requlrements are deemed to be satlsfled when the 10ad -bearing function,

rate are reached The proposed performance cr1ter1a are con51dered as reasonable assumptlons based
on scientific knowledge available at the time of writing this document. Other performance criteria
could be used as new evidence is made available, provided they are supported by technical test data.

5.2.2.1 Performance criteria to limit fire spread (compartmentation)

The compartmentation of a built environment in order to prevent or to limit the fire spread can be
achieved by load-bearing elements such as walls and floors, or by non-load-bearing elements, such as
partition walls, doors, windows, etc. These elements need to satisfy functional requirements related to
integrity, insulation and mechanical resistance or stability.

©1S0 2023 - All rights reserved 9
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Separating elements used to compartment a building are required to achieve the following two
performance criteria, as found in ISO 834-1.

— Insulation criteria: the assembly is required to prevent the rise in temperature of the unexposed
side of separating (load-bearing and non-load-bearing) elements from being greater than 180 °C at
any location, or an average of 140 °C, above the initial temperature.

— Integrity criteria: the assembly is required to prevent the passage of flame or gases hot enough to
ignite a cotton pad or through gaps formed through separating (load-bearing and non-load-bearing)
elements.

The perfprmance criterion is that no spread of fire occurs beyond the compartment of fire origin,until
both the|impinging heat flux on the exposed surfaces of the timber elements and mass loss rate‘reduge
below tHe thresholds cited in 5.2.2. The insulation and integrity criteria are to be fulfilled for thjs
entire pqriod of time. The performance criteria provided herein are assumed to be acceptable;’based dn
scientifi¢ data and engineering principles. Other performance criteria can potentially be“used, providgd
they aresupported by technical test data.

5.2.2.2 | Performance criteria to limit structural damage (structural stability)

Load-bedring elements used in a building are required to achieve the follo&ing performance criteriop,
as found|in ISO 834-1.

— Load-bearing criterion: the load-bearing elements used to provide the structural stability are
reqyired to maintain the applied loads during the complete duration of the fire including the decay
phage, or a specified period of time.

Even in he absence of collapse, deformation can still affectexit paths, endangering life safety, and cqn
cause cohsiderable property damage. As such, prevention.of collapse and/or limitation of deformatiqn
are essential for load-bearing structural members and for load-bearing barriers, which also provide
fire conthinment.

The perfprmance criterion is that no excessive deflection and no structural collapse of any load-bearing
element will occur until both the impingingheat flux on the exposed surfaces of the timber elements
and mask loss rate reduce below the thrésholds cited 5.2.2. The performance criteria provided herein
are assumed to be acceptable, based on scientific data and engineering principles. Other performange
criteria ¢an potenially be used, provided they are supported by technical test data.

5.3 Step 3: Trial design plan for fire safety of structures

The trial] design plan for_fire safety of structures is an elaboration of the strategy for fire safety pf
structurps and consists of a set of design elements for the fire safety of structures, such as stability
and comipartmentation: For the purpose of this document, a preliminary design was carried out In
normal (foom) conditions to determine the dimensions of the various structural timber components, gs

that will fulfil the load- bearlng functlon at both ambient and flre condltlons
5.4 Step 4: Design fire scenarios and design fires (thermal actions)

5.4.1 General

Design fire scenarios and design fires are an important step in the assessment of the performance
of structures in fire. It is noted that a design fire scenario is a specific qualitative description of the
development of a fire whereas a design fire (thermal actions) is a quantitative description of assumed
fire characteristics within a design fire scenario.
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5.4.2 Design fire scenarios

Figure 7 shows the event tree of 4 fire scenarios for office buildings.[23] It can be observed that the
scenario where sprinklers do not activate and where fire department response is 20 min has the lowest
probability of occurrence (P =0,011). However, this design fire scenario would become more challenging
for a structural frame within a relatively small compartment if the fire were to become fully-developed.
The most likely scenario to occur is when sprinklers activate and the fire department responds rapidly
(P =0,801). These scenarios are selected for further analysis.

Fire Sprinkler  Response time of Scenario
TITitTation activation fire dcpcu trrent 1528 U‘uabi‘xiﬁy
(P1) (P2) (P3) P=Py x P, xP3
11 min . 0,801
0,90
Yes
0,89
20 min 0,089
-
0,10
1,00
11 min - 0,099
0,94
No
e
0,11
20 min - 0,011
0,10

where:

P is the scenario probability;

P; isthe fire initiation probability;

P, isthe sprinkler activation probability;

P, is the responsetime of the fire probability.

Figure-7 — Event tree of an office building, as presented in Reference [23]

—

he following four scenarios are chosen for analysis in the present example. Some rationalg for the
s¢lection.is also provided for each scenario.

1) CScenario 1: HRR development of medium and fast t2-fires assuming the maximum ventilation
factors (glass from all windows 1s assumed to be open/broken) In which fuel contribution from
structural timber elements and the effects of sprinkler activation on fire growth and the response of
the fire department are ignored. This scenario would represent the comparison basis for verifying
that the assumptions and parameters used in the CFD modelling are sufficiently conservative.

2) Scenario 2: fully-developed fire in which fuel contribution from structural timber elements and
the effects from sprinkler activation on fire growth and the response of the fire department are
ignored. This scenario represents the comparison basis for verifying and quantifying timber
contribution to fire growth, intensity and duration using a CFD modelling.

3) Scenario 3: fully-developed fire in which fuel contribution from structural timber elements
is considered, but the effects of sprinkler activation on fire growth and the response of the fire
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department are ignored. The results from the CFD modelling of this scenario are compared to that
of the CFD modelling of scenario 2.

4) Scenario 4: same as scenario 3, but with consideration of the effects of sprinkler activation on fire
growth but without the fire department response.

The floor configuration overlooked in this document results in having the cubicle of fire origin located
directly beneath the mid-span of a timber beam to facilitate ignition of that beam. However, as previously
indicated, this document is not intended to demonstrate full conformance of a performance-based fire
engineering design seeking approval. Therefore, only a limited number of fire design scenarios are
being prrsented and evaluated to demonstrate how the design process given In 150 24679-1 can he
applied in this situation. However, in a design that will be submitted to the authorities for appfovdl,
multiple|scenarios are to be considered by the designers.

5.4.3 Design fires (thermal actions)

As mentjoned in ISO 24679-1, actions for consideration when assessing the behaviouref a structure |n
fire inclyde thermal actions or design fires from realistic fire scenarios. Typically, thermal actions ¢r
design fifes are given either as time-temperature relationships or as time-heat flux relationships. Whegn
estimatihg the temperature or heat flux effects on separating and structural(elements, both convectiye
and radiative heat effects are to be considered.

In this jexample, design fires are determined using simple analytical formulae and numericpl
calculatipns from computational fluid dynamics (CFD) modellingSeenario 1 serves in determinir
a simple| representation of an office fire using t2-fires. Scenari6/2”is produced using CFD modelliy
without [consideration of timber elements contributing to fire:xgrowth and intensity and without ay
intervention from fire fighters or automatic sprinklers. The résults are compared to those of scenar
1, namelly with respect to growth rate, flashover condition’s, ventilation conditions and heat relea
rate. Scehario 3 is the same as scenario 2, but with consideration of timber elements when they reachs
critical cpnditions for ignition and combustion. Scenarjo 4 is only used to demonstrate the effectiveness
of automfatic sprinklers on fire growth and heat release rate.

Q. @ © <09 0q

5.4.3.1 | Design fire for scenario 1 (t?-fire)

A desigr fire typically includes an incipient phase characterized by a number of sources, a growth
phase ranging from fire propagation.te flashover conditions, a fully-developed phase characterized hjy
a steady|burning rate based on yéntilation conditions, a decay phase where fire severity declines ar{d
lastly th¢ extinction where no more energy is produced. Events such as automatic sprinkler activatign
and win]low glass breakage will influence the development and growth of a given design fire scenarid.

As detailed in ISO/TS 16738-2, the maximum heat release rate following flashover of a design scenarjo
can be taken as the lessér of the ventilation-controlled and fuel-controlled heat release rates, Q,, and

quel respectivelys\The maximum ventilation-controlled heat release rate can be estimated using
Formula|(5).

Q, 515004y JHy $)

where

Ay is the sum of the area of all openings, in m?;
Hy is the average height of openings, in m.

The compartment has 4 openings, 6,7 m in width by 1,8 m in height, for a total area, Ay, of 48,24 m2. All
windows are the same dimensions. The average height, Hy, is taken as 1,8 m, resulting in a maximum
ventilation-controlled heat release rate of 97 MW.
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As presented in ISO/TS 16733-2, an office building can be modelled using a medium growth t2-fire, a
taken as 0,012 kW/s2. The growth period, Ty;qy is then calculated as 2 844 s (47,4 min), according to
Formula (6):

Torowth = Qma% (6)
During the growth phase, a mass of burned fuel, myqp,, of 5 114 kg is determined according to
Formula (7):

J'TgrowthQ'dT 3
m _ Y7 _ o Tgrowth (7)
th = -
o Hegt 3 Hef

et

tlis typically assumed that 80 % of the remaining fuel at the start of the steady-stateperiod is gyrolized
iring this period. As such, the duration of the steady-state period, Tsteady is taken as 404 s (6,7 min),
hlculated according to Formula (8):

[<I=Y

0,8 (mtotal ~Mgrowth )
Qmax /Heff
Alconservative assumption is to consider that the decay follows a-linear relationship until full purn-out

[ the fuel content. The decay phase is initiated after 54,1 miny( h *+ Tsteady)> and its duration, Tyecay,
4 calculated as 202 s (3,4 min), using Formula (9):

T

(8)

steady —

@]

Tgrowt

—

- _ 0,4 (mtotal - mgrowth )
decay — :
Qmax / H eff

he total duration of this design fire, 7, 5325 min, taken as the sum of the growth, steady-gtate and
pcay periods according to Formula (10).

Tfire = Tgrowth T Tsteady T ¥decay (10)

)

o -

Aln additional t2 design fire wsing a fast growth rate was also modelled and intended to feplicate
the potential contribution-efithe timber elements to fire growth, intensity and duration.|The key
characteristics for both mhedium and fast t2 fires are given in Table 2 and the resulting d¢sign fire
irves are shown in Figure 8. A discussion with respect to these t2-fires compared to CFD moflelling is
glven in 5.4.3.2 and 5#4.3.3.

(@)

Flirthermore, wheif windows can become a part of the ventilation areas (openings) as a function of time
(¢.g. due to glass breakage from heat or extreme pressure), it is recommended to conduct a s¢nsitivity
halysis where both a high and low percentage of broken windows is assumed. Figure 9 shows|the HRR
flom the-4.different ventilation factors provided by the opening of 1, 2, 3 and 4 windows and ajmedium
t1-fire.\t can be observed that the scenario in which all 4 windows are opened/broken proyides the
mostsevere fire in terms of maximum heat release rate. The scenario in which only 1 window is|lopened/
broRem presents the fonger fire duration. T e Maximuin heat Telease rates are estimated as 24,3 MW,
48,5 MW, 72,8 MW and 97,1 MW for the scenarios having 1, 2, 3 and 4 windows opened, respectively.
For the case of 1 window open, it is thought unlikely that the heat release rate would be sufficient to
significantly challenge the timber structural elements.

jo5)

Further details on other factors to be considered are provided in 5.9.
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Table 2 — t2 fires characteristics
Medium t2 Fast t2
Characteristic
(@ =0,012 kW/s2) (@ =0,047 kW/s2)
Growth period
Tgrowth 47,4 min 24,0 min
Mgrowth 5114 kg 2584 kg
Steady-state period
Tsteady 6,7 min 13,0 min
Mgteady 2181 kg 4205 kg
Decay period
Tecay 3,4 min 6,5 min
Mgecay 545 kg 1051 kg
Total duration
TTotal 57,5 min 435 min
Mrotal 7 840 kg 7 840 kg
Y
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Figure 8 — Design fire HRR curves from medium and fast t2-fires (scenario 1) according to
simplified formulae
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Figure 9 — Design fire HRR curves as a function of window openings (scenario 1) accorlding to
simplified formulae

9]}

4.3.1.1 Flashover.eonditions

Aln important plienomenon occurring during a fire is the transition to flashover conditions wjithin the
bmpartmentief-fire origin. According to ISO 24678-6, the heat release rate for flashover conditions is
¢ached when the measured temperature at the hot layer ranges between 500 °C to 600 °C angl radiant
pat fluxte’ the floor surface exceeds 20 kW/m2. At these conditions, it is presumed that [common
bmbustible materials will ignite after a short time.

QD= o

I‘ e O lce 00 2 a S Il7 ars alala ars Noe QO - I‘ll‘l Cl 2 eCl 0 a

C beye ange of exp or ddveloping
McCaffrey’s formulation, the latter is assumed applicable for this example. His empirical correlation
assumes that flashover occurs when an upper layer gas temperature reaches 600° (refer to
ISO 24678-6:2016, A.3.4). The heat release rate for flashover conditions, Qf,, calculated using

Formula (11), is 20,7 MW.

. A
=740./h T _aJH 11
Qfo T A\/ﬁ ( )
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A is the total area of openings (48,2 m?);

H is the average height of all openings (1,8 m);

hy is the average heat transfer coefficient (kW m=2 K1);

Ap is the total area of the enclosure excluding area A, (527,8 m?).

Formula
surfaces

IS USed to estimate the average elfective heat transier COerficient, /iy, of the Interl
taken as 0,022 8 kW m2 KL,

(kpc
(kpc
t

C

Accordin
and 11,1

5.4.3.2

CFD modlelling was performed using Firé-Dynamics Simulator (FDS).[24] The design fire assumes

represer
the floon
initiated
This flod
span of g

being an
several @

Awe [(RPO)ye 4 [(Rpo); o
AT tc AT tc

is the area of the walls and ceiling protected by Type X gypsum board (384 m?2);

is the floor area consisting of hardwood flooring (192 m2);

we 1S the Type X gypsum board thermal inertia used on the walls'and ceiling (0,593 kWZ2s/m*K9);

¢ isthe hardwood flooring thermal inertia (0,196 kW2s/nm*K?);

is the characteristic time for flashover occurrence{1 000 s).

g to the design fire curves shown in Figure 8; Qfo is reached at 21,9 min (medium ¢2-firg

min (fast t2-fire).

Design fire for scenario 2 (CFD modeling)

tative distribution of the fuel load based on a uniform distribution of the 28 cubicles acro
area and the engineered hardwood flooring. All CFD modelling scenarios assumed that fire
by a cubicle located near the centre of the floor area, as shown in Figure 10.

r configuration results in having the cubicle of fire origin located directly beneath the mi
timber beam. It répresents one specific scenario of which the effects of the resulting fire aj
hlyzed. A detailed)performance-based fire engineering design would require the evaluation
ther floor configurations and their impacts on the structural elements.

r
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—
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Key
1| cubicle of fire origin

Figure 10 — Floor configuration showing cubicle of fire'origin, as displayed in FD

scenario 2, the fire is characterized by the actual contribution of all 28 cubicles igniting one

g
i
:
s
¢
b
¢
4

after the

being the first item ignited, each cubicle was set to ighite afterwards when its surface tem

erature

other, following their own respective HRR as shown in Figure 6 b). Except for the cubicle of f}e origin

r¢ached 380 °C. A NIST study conducted on single office workstations reported office co
ignition temperatures ranging from 290 °C to 407<C, with an average value of 370 °C.[25]

ponents
However,

the average ignition temperature increases to 385°°C when neglecting the carpet ignition temperature

of 290 °C. The flooring in this example is made’of engineered hardwood flooring. As such, an
temperature of 380 °C is deemed appropriatefor the CFD modelling.

ignition

The resulting HRR curve from the CFBimodelling is shown in Figure 11. It can be observed thalt the fire

dpvelopment curve is similar to a-medium t2-fire curve when following the scenario 1 met}
owever, the peak of HRR is much-Higher using a t2-fire (with 4 windows open) when comparg
provided from CFD modelling‘The CFD modelling results in a peak HRR slightly higher than 6

odology.
d to that
) MW.

The CFD modelling of scenario 2 provides a total energy of 110,595 M], representing a consumed fuel

lgad density of 576 MJ/m2. This value is much lower than the design FLED of 735 M]/m?, sy
at the fire is undetr-yentilated during its development phase and thus does not result in a

(@)

(but potentiallynoutside). The CFD modelling is nevertheless more consistent with a mediu
presuming only 2 or 3 windows opened, as shown in Figure 11.

ggesting
Complete

pmbustion of theZpyrolysis gases produced by the available combustibles within the fire compartment

m t2-fire
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Figure 11 — Design HRR fire curve for,scenario 2 according to CFD modelling and the
compdgrison to HRR fire curves defined for medium t2-fires according to simplified formulae

5.4.3.2.1 Flashover conditions

In attemjpts to evaluate the time at' which flashover occurred during the CFD modelling, 6 radiatiye
heat fluy devices and 6 hot layer.temperature devices were simulated across the floor area (Figure 1
and Figure 13). The radiativ’e heat flux sensors were positioned upward at the floor level and the h¢t
perature deviceSyvere set to measure the upper layer temperature. Table 3 provides the timgs
at which|20 kW/m?2 was pecorded by the heat flux devices at the floor level and at which the upper layer
reached p temperature of 500 °C and 600 °C.

[S)

The CFD|modeHling provides minimum and average times to reach 20 kW/m? of 21,5 min and 25,4 mih,
respectiyelys At these times, the HRR of the design fire is 23,8 MW and 37,7 MW, respectively.

The minbmdgm anﬂ average t times Fnr rnar‘]«Ing an-upper ]aynr tomnerature nF Cnn °C waere 1A 3 min

Termp ottt

and 20,2 min, corresponding to HRR of 7,3 MW and 17 1 MW, respectlvely The minimum and average
times for reaching an upper layer temperature of 600 °C were 20,2 min and 21,6 min, corresponding to
HRR of 17,1 MW and 23,9 MW, respectively.

Given the large open floor space, the range of times to reach a given temperature threshold can
be quite large, as observed through this CFD modelling. As such, it can be argued that determining
flashover conditions using the 20 kW/m?2 criterion is likely to be more reasonable. The minimum time
of 21,5 min for reaching flashover conditions is a conservative assumption and is consistent with the
calculated value of 21,9 min, assuming a medium t?-fire. The HRR rates at these times to flashover
conditions were 23,8 MW and 20,7 MW when determined from the CFD modelling and a medium t2-fire,
respectively. These times and HRR ignore any contribution of the timber structural elements to the fire.
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Figure 12 — Heat flux sensor at floor level
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Figure 13 — Layer probe for temperature of upper layer
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Table 3 — Flashover conditions from CFD modeling (scenario 2)

5.4.3.2.2

Figure 1
CFD mod

expecteq
peak val

Moreove
obtained
CFD moq
compare
floor arg
and (10
CFD mod

Floor radiative Upper layer
Device heat flux sensor temperature
Time to 20 KW/m? Time to 500 °C Time to 600 °C
1 24,4 min 20,7 min 22,6 min
2 26,0 min 20,2 min 20,2 min
3 33,7 min 26,0 min 29,1 min
4 21,5 min 19.0 min 21,9 min
5 21,5 min 16,3 min 20,3 min
6 33,7 min 26,0 min 27,3 min
Minimum time 21,5 min 16,3 min 20,2 min
pRR atminimum 23,8 MW 7,3 MW 17,1 MW
Average time 2 25,4 min 20,2 min 21,6 min
HRR at average time 37,7 MW 17,1 MW 239 MW

a  Average times are taken from the average radiative heat flux from all 6 sensors and average
temperature profile shown in Figure 14.

Temperature profile

L shows the upper layer temperature recorded by the 6 hat layer temperature devices from th
elling. Given that the fire originated at a location clgser'to the temperature devices 1 to 4, it
that the temperatures measured at these locations'were to be higher and would reach the

hes faster than devices 3 and 6.

I, it can be observed that maximum temperatures in the range of (1 000 - 1 300) °C aj
, with an average maximum temperature'of 1 200 °C. The temperatures generated from t}
lelling appear to be reasonable for largé open plan room fires, while being more severe whe
d to test data. Large-scale fire testing of compartments with exposed timber surfaces an
as of 83 m2[28] and 42 mZ2[27] observed ceiling temperatures in the range of (900 - 1 000) {
DO - 1 100) °C, respectively. It istherefore assumed that the temperatures resulting from th

elling are reasonable.

is
ir

o OQsS oo

20
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Figure 14 — Upper layertemperature (scenario 2) according to CFD modelling

5/4.3.2.3 Window glass breakage

Djuring the CFD modelling, all windows were initially closed and their glass was set to open/br¢
temperature sensorlocated at the top of the window reached 500 °C or when the fire becam|
y ventilation,[28) whichever occured first. This would automatically change the ventilation

the bottom in an attempt to supply enough air to the fire and facilitate its growth. Table 4
e times:at which each window reached 500 °C, as well as the HRR at that time. It can be

at winndows 1 and 2 broke at approximately the same time when flashover conditions were
indow 4 broke shortly after flashover conditions, while Window 3 broke while the fire deve

a
b
alfunction of ¥ime during the CFD modelling. In the CFD modelling, the windows were 0,2 nj shorter
a
t
t

ak when
e limited
factor as

provides
bbserved
reached.
tlopment

A 1 1
WASTITICS SLEAUY=51dLE PIIdSCE.

Table 4 — Breakage time of window glass from CFD modelling (scenario 2)

Window Time to 500 °C HRR at time to 500 °C
1 22,9 min 24,8 MW
2 21,4 min 20,7 MW
3 33,6 min 58,5 MW
4 24,9 min 33,2 MW
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5.4.3.2.4 Fall-off of gypsum board

In the event that combustible structural elements become exposed to fire, they can ignite and contribute
to fire growth and severity. In this example, a limited portion of the primary beams and columns are
initially exposed for aesthetic purposes. The secondary elements are protected by a single layer of
16 mm Type X gypsum boards (i.e. fire-resistance rated gypsum boards).

When performing the CFD modelling, the gypsum boards are assumed to be falling-off when their
back-surface temperature reaches 600 °C.[29] At that time, the non-combustible insulation inside the
cavities would also be falling-off, suddenly exposing secondary structural elements and decking to fire.
Figure 1p illustrates the position of the 16 temperature devices used to record the temperature at-the
interfacq between the back-surface of the Type X gypsum boards and insulating material in the cavitiels.
Figure 16 illustrates the temperature profiles recorded at the back-surface of the gypsumrbeards.
Table 5 grovides the times to reach 300 °C and 600 °C as well as the maximum temperaturesireached ft
each back-surface of the gypsum boards. From the CFD modelling, no gypsum board wouldshave failgd
during the entire fire duration. However, all temperatures were beyond the wood charring temperature
of 300 °(, suggesting that secondary timber beams (B2) had potentially started to-char shortly after
flashover conditions were reached. However, charring that can have started onthe'Secondary beans
would bg considerably reduced due to the thermal protection afforded by the gypsum boards that
remainedl in place. The predictions are consistent with actual large-scale mass timber compartments
fire testy where failure (fall-off) of gypsum boards was also not observed;}261.130] The transient heat
transfer [through the Type X gypsum boards was performed using thesimplied heat transfer proces$s
of the CFD modeling and assumed constant thermal properties. Using constant thermal propertigs
typically] results in conservative predictions as they do not explicitly consider moisture migration and
calcinatipn of the gypsum core.

1-16 temperature.devices

Figure 15 — Gypsum board (ceiling) configuration
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Figure/16-— Temperature at back-surface of Type X gypsum boards (scenario 2)

Table 5 — Thermal performance of gypsum boards from CFD modelling (scenario
Maximum tempera-
pa L 4 i onnor ture at back-surface
sypsumooara PR of Type X gypsum
boards
1 26,5 min 375°C
2 25,9 min 387°C
3 25,2 min 395°C
4 25,3 min 386 °C
5 25,6 min 385°C
6 24,4 min 406 °C
7 23,3 min 405 °C
8 23,2 min 393°C
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Table 5 (continued)
Maximum tempera-
Gypsum board Time to 300 °C ture at back-surface
of Type X gypsum

boards
9 27,8 min 386 °C
10 27,4 min 419 °C
11 27,0 min 411 °C
TZ 28, Tmin 394°C
13 36,5 min 371°C
14 36,1 min 379 °C
15 35,7 min 380 °C
16 35,6 min 385°C

Design fire for scenario 3 (CFD modelling)

3 is essentially the same as scenario 2, characterized by the actual contribution of Il
es igniting one after the other, following their own respective HRR’as shown in Figure 6b). In
the contribution from the structural timber elements is considered and thereby increasing
| fire load density. During the CFD modelling, the reactiongroperties of the timber elements
a HRR contribution based on cone calorimeter test datal3ll and an ignition temperature
, as calculated per[32l,

Iting HRR curve from the CFD modelling is shown in‘Figure 17. It can be observed that the fite
hent curve remains like a medium t2-fire curve wiltén following scenario 1 methodology, until
reaches approximately 16 MW, which is before-flashover conditions are reached. After that
HRR increases at a faster rate, approximately half-way between a medium and fast t2-fire. The
R is estimated at approximately 65 MW, which is about 5 MW higher than scenario 2, as shown
 18. Globally, the full fire development«is’similar for both scenarios, with a slight difference In
ate and peak HRR, which can be attributed to the timber contribution explicitly considered |n
3.

modelling of scenario 3 prowvided a total energy of 116,486 M], representing a consumed fugl
ity of 607 M]/m2. This represents an 5 % increase when compared to scenario 2. Nevertheless,
e remains lower than thé design FLED of 735 MJ/m?, suggesting that the fire is under-ventilatgd
s development phasejand thus does not result in a complete combustion of the available
ibles. The differenée’between both scenarios is also deemed reasonable given the low amount
bd structural timber elements in the office suite (+3 % of the total area of the compartmert,
> openings).

24
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Figure 18 — Heat release rates: scenario 2 compared to scenario 3

5.4.3.3.1 Flashover conditions

The samk 6 radiative heat flux deyvices and hot layer temperature devices from scenario 2, as well gs
their locaition within the compartment, are used to assess flashover conditions from the CFD modelling
of scenafio 3. Table 6 provides the times at which 20 kW/m?2 was recorded by the heat flux devices at
the floorlevel and at whieh the upper layer reached a temperature of 500 °C and 600 °C.

The CFD{modellingprovides minimum and average times to reach 20 kW/m? of 19,4 min and 19,6 mip,
respectiyely. At these times, the HRR of the design fire is 20,6 MW and 26,3 MW, respectively. Flashover
conditiofs are feached faster than in scenario 2, where the minimum time was 21,5 min and the average
time wa$ 25/4min. At the minimum times to reach flashover conditions from both scenarios 2 and B,
the HRR| Wwere 23,8 MW and 20,6 MW, respectively, which is consistent with the calculated value pf
20,7 MW reached at 21,9 min, when assuming a medium t#-fire. When comparing the HRR at the average
times to flashover conditions from both scenarios 2 and 3 (37,7 MW and 26,3 MW, respectively), it can
be observed that it takes 5,8 min longer to reach that HRR in scenario 2. The HRR for both scenarios,
as shown in Figure 18, suggests that timber elements considered in scenario 3 started contributing to
fire growth and intensity shortly after 12 min, the time at which both curves start deviating from each
other. Figure 19 shows the graphical representation of the fire obtained from the CFD modelling.

The minimum and average times for reaching an upper layer temperature of 500 °C were 14,6 min and
17,3 min, corresponding to HRR of 10,1 MW and 11,5 MW, respectively. The minimum and average
times for reaching an upper layer temperature of 600 °C were 19,0 min and 19,7 min, corresponding to
HRR of 15,9 MW and 31,7 MW, respectively.
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As observed from the CFD modelling of scenario 2, the range of times to reach a given temperature
threshold can be quite large. It can also be observed that determining flashover conditions using the
20 kW/mZ criterion is likely to be more reasonable approach rather than using a temperature threshold.
The minimum time of 19,4 min for reaching flashover conditions is a conservative assumption and is
consistent to the calculated value of 21,9 min, assuming a medium t2-fire. The HRR at 19,4 min from CFD
modelling and at the calculated time of 21,9 min are 20,6 MW and 20,7 MW. These values are considered
to be reasonable, given that Scenario 3 considered a greater fuel load (607 MJ/m?) when compared to
that of Scenario 2 (576 MJ/m2). A shorter time to flashover conditions is thus to be expected.

Fable-6—Flashover-conditions-from-€FbD-modeHing{seenario-33
Floor radiative heat Upper layer
Device flux sensor temperature
Time to 20 KkW/m?2 Time to 500 °C Time te. 600 °C
1 20,8 min 17,3 min 194 min
2 24,3 min 16,2 min 19,8 min
3 25,3 min 20,9 min 22,9 min
4 19,4 min 16,3 min 19,3 min
5 19,6 min 14,6 min 19,0 min
6 25,1 min 21,8 min 23,7 min
Minimum time 19,4 min 14,6/min 19,0 min
HRR at minimum 20,6 MW 10,1 MW 159 MW
time
Average time 2 19,6 min 17,3 min 19,7 min
HRR at average time 26,3 MW 11,5 MW 31,7 MW
a  Average times are taken from the averdge radiative heat flux from all 6 sensors and average
temperature profile shown in Figure 20.
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Figure 19 — Graphical representation from CFD modelling (scenario 3)

5.4.3.3.2 Temperature profile

The same 6 hot layer temperature devices from scenario 2, as well as their location within the
compartment, are used to assess the temperature of the upper layer temperature from the CFD
modelling of Scenario 3 (Figure 20).

As with scenario 2, it can be observed that the maximum temperatures obtained from the CFD
modelling are in the range of (1 000 - 1 300) °C, with an average maximum temperature of 1 200 °C. The
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temperatures appear to be more severe when compared to test data, as previously discussed in 5.4.3.2.2.
It is therefore assumed that the temperatures resulting from the CFD modelling are reasonable.

Figure 21 shows the average upper layer temperatures for scenarios 2 and 3. It can also be observed that
the upper layer temperatures are similar until flashover is reached. After that point, the temperature
for scenario 3 exhibits a faster increase, most likely due to the timber contribution to fire growth.
Nevertheless, the peak temperatures are in the same magnitude for both scenarios. The decay period
for scenario 3 appears to be initiated earlier than that of scenario 2 and be following a similar decay
rate.
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@ure 20 — Upper layer temperature (scenario 3) according to CFD modelling
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Figure 21 — Upper layer tempetatures: scenario 2 compared to scenario 3

5.4.3.3.3 Window glass breakage

Followinjg the same temperature ctiterion as scenario 2, the times at which the windows are presume
to break|are presented in TablevZ It can be seen that windows 1, 2 and 4 break at approximately 20 mi
which c¢incides with the time at which the HRR development curve (Figure 17) showed a fastq
when flashoverCeonditions were reached. Window 3 breaks after flashover conditions wel

hnd while the,fire development was in its steady-state phase.

kel

T

increase
reached

Table7— Breakage time of window glass from CFD modelling (scenario 3)

Window Time to 500 °C HRR S%tot?(‘:‘e to
1 19,6 min 26,3 MW
2 19,1 min 17,3 MW
3 25,2 min 52,4 MW
4 20,7 min 37,8 MW

5.4.3.3.4 Fall-off of gypsum board

Figure 22 illustrates the temperature profiles recorded at the back-surface of the gypsum boards.
Table 8 provides the times to reach 300 °C and 600 °C as well as the maximum temperatures reached at
each back-surface of the gypsum boards. From the CFD modelling, no gypsum board would have failed
during the entire fire duration. However, all temperatures were beyond wood charring temperature
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of 300 °C, suggesting that secondary timber beams (B2) can have started to char shortly after
flashover conditions were reached. The predictions are consistent with actual large-scale mass timber
compartments fire tests where failure (fall-off) of gypsum boards was also not observed.[261.[30] While
the temperature profiles suggest that no failure of the gypsum boards is occurring, it is essential to
validate whether the screws used to fasten the gypsum boards remain sufficiently penetrated into the
underlying timber throughout the time domain.
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Table 8 — Thermal performance of gypsum boards from CFD modelling (scenario 3)

Maximum tempera-
Gypsum board Time to 300 °C tlfl;:ea;ft,llf;pbea;l;;;f'
sum boards

1 22,9 min 395 °C
2 22,4 min 399 °C
3 21,8 min 402 °C
4 21,7 min 394 °C
5 23,5 min 394 °C
6 22,5 min 419 °C
7 21,5 min 416 °C
8 21,1 min 402 °C
9 25,7 min 407 °C
10 24,9 min 428°C
11 23,3 min 419 °C
12 23,6 min 406 °C
13 28,1 min 395C
14 27,8 min 399 °C
15 27,7 min 399 °C
16 27,5 min 397 °C

5.4.3.4 | Design fire for scenario 4 (CFD modelling)

When automatic sprinklers are installed and activatésthey will likely have an impact on the heat releage
rate of the developing fire by either controlling fire'growth or, less likely, extinguishing the fire.

According to ISO/TS 16733-2, when sprinklers-activate at a heat release rate greater than 5 MW, thgy
are assumed to have no effect on the fire'unless experimental data otherwise supports an impact pf
the sprirkler on the fire. When sprinklers-activate for a fire size of below 5 MW, it can be assumed that
the HRR|of the design fire remains«constant at the value of HRR at time of sprinkler activation for|a
period of 1 min, reduces to one-third of the HRR at the time of sprinkler activation for another period pf
1 minutd and remains constant atthis latter level thereafter.

In the CHD modelling, two-atitomatic sprinklers were positioned near the cubicle of fire origin, at 5 cm
below the gypsum board<Ceiling level (Figure 23). Each sprinkler was set to activate at a temperatuge
of 68 °C,|with a respense time index of 80 (m-s)0.5. During scenarios 2 and 3, the automatic sprinklers
rapidly 4ctivated atian average time of 2,1 min and 2,2 min, respectively. At that time, the heat releage
rate and|temperature of the fire are 0,5 MW and 71 °C for both scenarios. It is noted that only the time
of activafion was monitored in the CFD modelling. The effect of water suppression was not considered.

Such fir¢ ‘conditions are insufficient for flashover to be reached and for windows to break due o
excessive temperature and pressure from hot gases. These conditions are also insufficient to challenge
the gypsum boards ceiling and the structural timber elements. Figure 24 shows the heat release rate of
scenario 3 without sprinklers and the resulting HRR from sprinklers’ activation as per ISO/TS 16733-2.
Scenario 3 with sprinklers’ activation provided a total energy of 1,184 M], representing a consumed
fuel load density of 6 MJ/m?2. This represents less than 1 % of the presumed FLED of 735 M]/m?2.

Given the efficiency of the automatic sprinklers at considerably reducing the fire HRR, flashover
conditions, windows breakage, upper layer temperature and fall-off of gypsum boards are not further
discussed herein, as they do not occur.
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Figure 24 — Heat release rate of scenario 3, with and without activation of sprinklers
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5.5 Step 5: Thermal response of the structure

5.5.1 Charring of timber

When exposed to a sufficient heat source (e.g. fire), timber will experience pyrolysis and ultimately
charring. Charring is a fundamental property for timber and is the main parameter used to estimate the
load-bearing capacity of structural timber in fire (i.e. residual cross-section method). Piloted ignition
of timber occurs at temperatures ranging from (350 - 365) °C for softwoods and (300 - 310) °C for
hardwoods.[33] It can also occur when the timber is exposed to a constant heat flux between (10 - 13) kW/
m?2 [34,35sarithh5 Barrerlies ted-eritical-heatfhrforpiotedtenitionof 2 Ani—Asentionad
) vviIilil A \,UllllllUlll)’ a\,\,\.y\,\,u CIILICATI TICAU ITITUA TUIL tJllUL\/\A lsllll—lUll Ul 1 4L,J l\VVI I . 730 TIICITIVIVUITY
in 5.4.2,]an ignition temperature of 343 °C was assumed in the CFD modelling of scenario 3 whgn
evaluating timber contribution to fire growth and intensity.

The ratelof charring depends on a number of parameters such as timber initial moisture conteft, density
and temperature.[33] The external heat flux (both convective and radiative) impinging/on)the timbe¢r
surface glso plays an important role and dictates the speed at which wood is converted\into char.

Butler[39l reported charring rates as a function of a wide range of radiant heat fluxes (20 kW/np?
to 3 000|kW/m?2). The data were obtained using timber slabs having sufficient thickness to behave as|a
thermally-thick solid. A linear regression was provided, as shown in Formula (13):

B=2,2x10"% G,y (13)

where

B Is the charring rate, in mm/min;

Graqls the radiant heat flux imposed to the timber surface, in kW/m?2.

e range of radiant heat fluxes studied by.Butler fits for the hot layer temperature predictgd
by the JFD modelling, the drawbacks reported)would exclude it from being a suitable method for
calculatipg charring rate in this document. It was reported by Babrauskas[37] that this linear regressiqn
is arguable given that some of the charring.data was indirectly obtained from mass loss data and that
the residual char density was assumed-as being nil. Babrauskas[37l also mentioned that the linegr
regressipn over-estimates the charrihg rate when exposed to high levels of heat flux, suggesting that
charringrate is not linearly proportional to the heat flux level.

MikkolalP8] evaluated the parameters affecting charring of timber, such as density, moisture content,
externallheat flux and oxygen concentration of the surrounding air. Among others, Spruce specimeins
with denjsity of 490 kg/m3-and a 10 % moisture content were subjected to external heat fluxes of 25 kW/
m2, 50 kV/m2 and 75 KWy m? and exhibited charring rates of 0,56 mm/min, 0,80 mm/min and 1,02 mn)/
min, respectively. Thé.author suggested that a linear relationship exists between the charring rate ar{d
the external heat flux in the early phase of charring (first 20 min after ignition) when the protectiye
char layqr is in its'growing phase. When the char layer reaches its maximum thickness, the effect of the
externallheat flux is less pronounced and the charring rate decreases considerably, as observed in sonje
room firg tests.[39] Formula (14) shows the linear relationship, which fits well with the test data.

B~0,2G,+5 (14)

where
B isthe charring rate, in mm/min;
g. isthe external heat flux imposed to the timber surface, in kW/m?2.
It is also reported by Mikkolal38] that oxygen concentration during a cone calorimeter can be taken as

the normal concentration (21 %), while it is drastically reduced to 8 % - 10 % in a standard furnace
test such as in ISO 834-1. A greater oxygen concentration results in an increased charring rate. White
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pine exposed to an external heat flux of 40 kW/m?2 and oxygen concentrations of 21 %, 10,5 % and 0 %
were reported[38] and showed that the mass loss rate decreases by 20 % and 50 % when the oxygen
concentration decreased from 21 % to 10,5 % and 0 %, respectively. As such, as the fire grows within
the compartment and the oxygen concentration reduces, it is expected that the charring rate will
decrease.

White and Tran[40 further evaluated charring rates of various wood species exposed to constant
radiant heat fluxes ranging from 15 kW/m? to 55 kW/mZ2. Redwood (Sequoia sempervirens), pine (pinus
sp.), red oak (Quercus sp.) and basswood (Tilia sp.) with average densities of 309 kg/m3, 450 kg/m3,
682 kg/m3 and 408 kg/m3, respectively, were evaluated. Specimens were conditioned to a moisture
ntent of 8 % to 9 % prior to testing. Similarly to the linear relation suggested by Mikkolt,[@] the
apithors found that the charring rate is proportional to the ratio of external heat flux over dehsilty (oven-
dry mass and volume), according to Formula (15).

(o)

/3:5(‘”73“}0,374 (15)

where

B isthe charring rate, in mm/min;
raqis the radiant heat flux imposed to the timber surface, inkW/m?;
p s the timber initial density, in kg/m3.

gure 25 shows the charring rate as a function of theradiant heat flux, as per Formula (13)|and test
hta from References [38] and [40]. It also shows the*predicted charring rates using White apd Tran’s
odel#9] at higher heat fluxes for pine and red oakassuming a density of 450 kg/m3 and 68 kg/m3,
¢spectively. Butler’s model(3¢] indeed seems to_gver-estimate the charring rate with an increaping heat
x exposure, as reported in Reference [37]>A clear deviation between Butler’s correlation|and test
dpta is observed even with exposure as lowaas 40 kW/m2. Figure 26 shows a comparison between the
charring rates from test data to that predicted using Formula (15), suggesting a good prediction of the
charring behaviour of timber as a function of the external heat flux.

5 o

= —

a result, a charring model based on heat flux and density using Formula (15) is deemed repsonable
and is used in the context oftthis example. Also, given that scenario 1 was solely used for yerifying
that the assumptions and parameters used in the CFD modelling are sufficiently conservative,|and that
s¢enario 2 was not considering the potential fuel contribution of the timber elements, only scepario 3 is
being analyzed hereafter.
E

ktinction is deemied to occur when the impinging heat flux at the surface of the timber elements and
the mass loss rdtelreduce below the thresholds cited in 5.2.2.
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Figure 26 — Charring rate as a function of heat flux — Test data compared to Formula (15)

5(5.2 Description of the thermal properties

Timbetrexposed to fire can ignite and contribute to fire growth and intensity. As discussed|in 5.5.1,
thecharring rate is influenced by the impinging heat flux, which will influence the rate of heaf| transfer

dy i1 i —The transi heat tran within g i aterial sy s timber,
can be numerically expressed by the 3D partial differential formula that satisfies Fourier’s law of heat
conduction, shown by Formula (16).

0 oT \ 0 oT \ 0 aT \ . oT

—l ky— H+=—| k,— [+—| k, — =pc— 16

ax( X ox J+By( Y 0z )+az( 2 0z j+Q pe Jt (16)
where

T isthe temperature, in K;

kX

y,7are the thermal conductivities in directions x, y and z, in W-m-1.K-1;
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(Q is internally generated heat by the rate of heat consumption per unit volume due to chemical
reactions (pyrolysis) and the heat to evaporate water per unit volume, in W/m3;

p isthe density, in kg/m3;
¢ is the specific heat, in J-kg1-K1;
t isthetime,ins.

In an attempt to reduce computational time, mass transfer within the timber, heat of reaction due

to pyrolysis and surface degradation due to cracking of the charred layer are typically ignored in
numerical modelling. As such, timber thermal properties are effective values determined from) tept
data and that implicitly consider heat and mass transfer, as reported by Kénig and Walleij.[4hTFable|9
summarjzes the timber thermal properties for standard and parametric fire exposures such,as thoge
found in|EN 1991-1-2[13],
Table 9 — Timber thermal properties, as presented in References [41]and [42]
Thermal conductivity Specific heat Ratio of density to dry
Tempfl'ature W-m-K-1 k]-kg1-K1 density
q Parametric Standard Parametric | Standard Parametric | Standard
20 0,12 0,12 1,52 1,53 1+MC 1+MC

10p 1,76 177 1+MC 1+MC

100 13,50 13,60 1+MC 1+MC

120 13,50 13,50 1,00 1,00

120 1,64 2,12 1,00 1,00

200 0,15 0,15 2,00 2,00 1,00 1,00

200 1,28 1,00

250 1,62 0,93

300 0,71 0,76

350 0,07 0,07 0,00 0,85 0,71 0,52

400 1,00 0,38

450 0,00 0,71

45D 0,69 0,71

500 0,09 0,09

600 1,40 0,28

800 0335 0,35 0,69 1,65 0,71 0,26

1000 0,69 0,71

1200 1,50 1,50 0,00 1,65 0,00 0,00
NOTE 1 Linearinterpolation between values is permitted.
NOTE 2 MC'="moisture content.

5.5.3 Scenario 3

5.5.3.1 Beam B1

Given the beam configuration and dimensions, only a portion of the bottom of beam B1 is left exposed
and can ignite and contribute to a fire. According to the criteria detailed in 5.5.1, ignition is deemed to
occur when the heat flux emitted at the beam surface exceeds 12,5 kW/m?2 and charring stops when it
reduces below given heat flux and mass loss rate thresholds.

Devices for recording the surface temperature and the radiative heat flux, as detailed in Reference [24],
were placed throughout the compartment, in particular underneath the mid-span of beam B1. Given
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that the surface temperature and the upper layer gas temperature are almost identical, as shown in
Figure 27, it is assumed that the convective heat flux has little influence and is therefore neglected
when determining the surface net heat flux.

From the CFD results, ignition and charring of beam B1 located above the fire origin occurs after 4,6 min
and stops after 86,3 min. At 86,3 min, the incident heat flux is 6,12 kW/m?, the surface temperature
is 306 °C and the charring rate has reduced to less than 0,45 mm/min (corresponding to a mass loss
rate <4 g/m?2-s for a timber element of 525 kg/m3). These are considered adequate conditions for
self-extinguishment of the timber beam B1. Figure 28 illustrates the heat flux impinging the bottom
of beam B1 near its mid-span as well as the oxygen concentration at that location, as predicted from
the CFD modelling. The magnitude of the predicted incident heat fluxes obtained from CFD;njodelling
e reasonable, although higher than that obtained from full-scale standard and non-standafd furnace
tests.[431[44] During the rapid increase in temperature following flashover, the CFD modelling gredicted
afradiative heat flux of 105 kW/m?2 and 169 kW/m?2 underneath the mid-span of bearfy B1 when surface
t¢gmperatures were 838 °C and 998 °C, respectively. A maximum value of approxithately 300 kW/m? is
Fedicted when the surface temperature approaches 1 230 °C. Ranger et al.l43ymeasured a heat flux
[ 100 kW/m? at the ceiling when the furnace temperature reached approximately 850 °C. Jultan[44]
r¢corded a heat flux of approximately 150 kW/m? during standard wall &nd floor furnace tefts when
the furnace temperature reached approximately 1 000 °C.

jo5)

o T

The resulting charring rate at the bottom of beam B1 is determtined using Formula (15)|and the
¢duction effect due to oxygen concentration, as reported by Mikkola.[28] Between the period df 4,6 min
nd 86,3 min, a char depth of 64 mm is estimated (Figure 29}, which is 4 mm above the 15,9 jnm Type
X|gypsum board ceiling. The char progression as a function of time is consistent with the gpproach
sfiggested in Reference [45]. Given the shallow portion of*€xposed beam below the gypsum c¢iling, no
side charring is assumed on beam B1 as the gypsum. boards remained in place underneath beams B2
anhd the estimated char depth is approximately of the same position.

O =

Fpr structural calculations, it is common practice to subtract an additional thickness to account for the
hpat-affected layer underneath the char layersFor standard fire exposure, this additional thigkness is
linearly developing over a 20 min period, ranging from 0 mm at 0 min to 7 mm after 20 min of ¢harring.
[81.142] The same principle is used in thisstudy where an additional 7 mm is added to the calculgted char
depth of 64 mm, for a total of 71 mmi:-As a result, for the analytical calculation method, the[reduced
effective cross-section dimensiops used for evaluating the load-bearing capacity of beanmp B1 are
eftimated as 265 mm (width) by 461 mm (depth).
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27 — Radiative heat'flux and surface temperature underneath beam B1 (at mid-span)
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Figure 28 — Heatflux and oxygen concentration underneath beam B1 (at mid-span)
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Figure 29 < Char depth of beam B1 as a function of charring rate

software\packagel46]l and using the thermal properties for a parametric fire, as shown |n
[he heatflux, g”, applied at the exposed surfaces of beam B1 was made using Formula (17), for

r considering the radiative, q;ad, and convective, q

60 70 80 90 100 110 120

charring rate (B1 at mid-span)
¢har depth (B1 at mid-span)

tony » Neat fluxes.

q"=Grad +dconv :‘I)efgsG(Tg4 _TS4 )+h(Tg _TS)

(17)
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where

@ isthe view factor;
& isthe fire source emissivity, taken as 1,0;
is the material surface emissivity, taken as 0,80, according to Reference [42];

o isthe Stefan-Boltzman constant;

1 1s the gas temperature;

is the surface temperature;

1

dotherm) was reached at 49 mm from the bottom, which represents 1,3 laminations being c}

[T

prtions of the sides of the beam, a light corner rounding effect is experienced, as expected,

|5 0T

M approach.
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h s the convective heat transfer coefficient (taken as 35 W-m2-K-1, accordingte-Referenfe [13].

gure 30 illustrates the temperature profile of beam B1. The maximum charredddepth (taken at 300 °C

arred. It

if also slightly below the level of the gypsum ceiling. However, due to the applied heat flux to the lower

and this

kceeded locally the level of the gypsum ceiling. Figure 31 illustrates/the position of the chlar depth
¢lative to the Type X gypsum board ceiling, as well as the residuahcross-section of beam B1 fising the
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44

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=a98cfbfe9d449ef2ec2f3e4e13ac7919

ISO/TR 24679-5:2023(E)

s

a) Analytical approach b) FEM appreach
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beam B1 - 265 mm x 532 mm (original dimensions)

Figure 31 — Reduced cross-section due to charring: Beam B1

—

t{ is noted that the charring period between 4,6 min and 86,3 min represents the time to fonsume
the moveable fuel load inside the office space, which is only a requirement for tall (high) buildings
a$ determined in the applicable national prescriptive provisions. It is therefore not appljcable to
the 6-storey office building studied\in this example. It can be rationalized that charring ocdqurs only
far 1 h, as prescriptively required for a 6-storey office building. After 1 h, the calculated chiar depth
if estimated as 53 mm. For structural calculations, the zero-strength layer of 7 mm is to be pdded to
the char depth and the reduced effective cross-section dimensions of beam B1 would be estimated
5 265 mm (width) by 472.mm (depth). It is therefore acknowledged that evaluating the fire performance
fqr the entire burning'period of the fuel load is a conservative approach.

o)

If is also noted that the applicable design standard prescribes a notional charring rate of 0,70 mm/
nlin and a 7 mnyzero-strength layer for glue-laminated timber exposed from 3 sides. For 4 1-h fire
re¢sistance rating, a char depth of 49 mm is calculated, which is similar to those obtained from [FEM and
this specific'fire design scenario.

5/5:3.2 Column C2

Similarly to the main beams, interior and exterior columns are partially exposed for architectural
purposes. As such, only a portion of the columns can ignite and contribute to a fire. The performance
criteria detailed in 5.5.3.1 for beam B1 are used for evaluating the time to ignition of column C2 and the
time when charring stops.

From the CFD results, ignition and charring of column C2, supporting beam B1, occurs after 7,5 min and
stops after 69,8 min. A charring rate lower than 0,45 mm/min was first reached after 57,8 min. However,
at that time, the incident heat flux was 7,54 kW/m?2 and the surface temperature was 348 °C. These
are considered inadequate conditions for self-extinguishment of the timber column C2. A temperature
criterion of 300 °C is thus used as a criterion to determine the end of charring of column C2. This
occurred at 69,8 min when the incident heat flux was 6,17 kW/m? (Figure 32 and Figure 33) and the
charring rate was 0,43 mm/min (Figure 34), as predicted from the CFD modelling. The magnitude of
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the predicted incident heat fluxes obtained from CFD modelling are reasonable, although higher than
that obtained from full-scale standard and non-standard furnace tests.

The resulting charring rate at mid-height of column C2 is determined using Formula (15) and the
reduction effect due to oxygen concentration, as reported by Mikkola.[38] Between the period of 7,5 min
and 69,8 min, an effective char depth of 51,8 mm is estimated (Figure 34), which is before the position
of the face layer of gypsum board of the exterior walls as shown in Figure 36 a). As a result, for the
analytical calculation method and considering the 7 mm zero-strength layer, the reduced effective
cross-section dimensions used for evaluating the load-bearing capacity of column C2 are estimated

as 365 mm (width) by 283 mm (depth).
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Figure 32 — Radiative heat flux and surface temperature of column C2 (at mid-height)
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Figure 34 -=-Char depth of column C2 as a function of charring rate
Similarly to beam B Ja‘transient heat transfer has been performed for column C2, using the thermal
propertips for a parametric fire (Table 9) and the surface temperature (T,) obtained from the CFD.
Figure 3} illustrates the temperature profile of column C2. The maximum charred depth (taken at 300 {C
isothern

being ch|

) was'reached at a depth of 43 mm from the exposed surface, which represents 1,1 laminatiogls
prred. It is also slightly before the position of the face of the walls’ gypsum board. Howevdr,

due to the applied heat flux to a portion of the sides of the column, a light corner rounding effect is
experienced, as expected, and this exceeded locally the level of the gypsum board. Figure 36 illustrates
the residual cross-section of column C2 using the FEM approach.
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a) Analytical approach b) FEM approach
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Figure 36 — Reduced cross-section due to charring: column C2

As previpusly mentioned, designing for a full burn-out of the moveable fuel load is not applicable {

a 6-storg¢y office building which is not considered as a tall building, as determined in the applicab

national

prescriptive provisions. By rationalizing that charring occurs only for 1 h, a char depth

55 mm i$ estimated.

Using th

e notional charring rate of 0,70 mm/min and a 7 mm zero-strength layer, as prescribed

CSA 084[8] a char depth of 49 mmis calculated for a column exposed from 3 sides. This char depf
of 49 mm is consistent with those obtained from FEM and this specific fire design scenario.

5.54 Temperature beyond the char layer

As previ
thermal
within a

usly mentioned; timber will experience charring when exposed to sufficient heat. Given the lo
conductivity-of char and the underlying timber beyond it, there is a steep temperature gradiel
charring\timber element,[4Z] as presented by Formula (18). The heated zone beyond the ch{

layer is fakentas 35 mm.[8L148] Typically, the base of the charred layer is taken at the 300 °C isother

and ther
the pyro

e is a.visual distinction between char and uncharred wood. The zone above 200 °C represen

w

\r

ysis zone where the timber is experiencing thermal dpgrndnfinn At 100 °C_moisture is bein

| on S

evaporated and the timber is converted into its dry state.

2
T:TO+(Tp—T0)(1—fj (18)

50

a
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where

T isthe timber temperature, in °C at a position x beyond the char front, in mm;

T, isthe timber initial temperature, in °C;

ISO/TR 24679-5:2023(E)

T, isthe timber temperature at which charring occurs, taken as 300 °C;

a isthe thermal penetration depth for timber acting as a thermally-thick solid (taken as 35 mm).

o8]

r-r‘»-n

q

=

>

Sssuming an 1nitial temperature I, of ZU ", the ZUU "L and 1UU "L isotherms would D

bproximately 7 mm and 16 mm beyond the char layer, respectively.

gure 37 illustrates the temperature gradient beyond the char layer using Eormula
mperature data predicted by the transient heat transfer FEM modelling. The, FEM pre
ermal gradient reasonably well, which is hereafter used for evaluating the mechanical reg

Ie timber elements.
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Figure 37 — Temperature gradient within a timber element

.6 Step 6: Mechanical response of the structure

When timber is exposed to fire, pyrolysis can be initiated at the surface and charring will occur. As a
result, the cross-section of a timber element reduces due to charring of the surfaces exposed to fire,
which results in a change in its section properties as a function of time. As such, the applied stress
is increasing with time, regardless of whether it is a bending element (beam) or axial compression
element (column). Structural failure is deemed to occur when the applied stress exceeds the residual
strength or excessive deflection is reached.
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5.6.1 Description of the mechanical properties

Timber mechanical properties reduce when heated, as shown in Figure 38. The temperature gradient

beyond the charred layer was detailed in 5.5.4.

Pyrolysis occurs at approximately 200 °C while the remaining timber converts afterwards to char at
a temperature of 300 °C. As mentioned in 5.5.4, the base of the charred layer is taken at the 300 °C
isotherm. The charred layer is assumed to provide no strength and stiffness to the residual cross-section.
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Figure 38 — Mechanical properties of timber, as presented in EN 1995-1-2[42]

inated timberelements, required to provide a fire-resistance rating, are manufactureg
b a specificilayup, typically stipulated in applicable national manufacturing standards. For
tance rating of 1 h, as with this example, one core lamination is to be removed, the tensig
zone is moved,inward, and the equivalent of one additional 38 mm thick outer lamination is addg
ttom (Figure 39). This manufacturing requirement allows for calculating the structural fiJ
fe -af these elements using the specified strengths and modulus of elasticity values in th

o 0D o

applicable design standard. This requirement essentially allows the additional 38 mm thick outer
tension lamination to be fully charred after 1 h of standard fire exposure, without modifying the

remaining layup of the residual cross-section.
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Figure 39 — Glue-laminated timber manufacturing layup for fire-resistance

edicted, which falls in the second outer tension lamination{shown in Figure 39 b). Given it i
e additional 38 mm outer tension lamination, an advanged evaluation of the residual streng
be required based on the actual strength and stiffness.of each lamination. However, a calcy
the effective modulus of elasticity (MOE) using the @ctual stiffness of each lamination resu
MOE of 10 461 MPa, whereas the applicable desigm,standard assigns an MOE of 10 300 MK
ybtracting the 71 mm effective char depth at the.bottom tension laminations, this results if
of 10 419, which is still greater than the assighed value of 10 300 MPa. As such, for simplifi
this example, it is assumed that the specified‘strengths and stiffness of a 20f-E glue-laminate
bpam are applicable to the entire cross-section (i.e. a single value of 10 300 MPa is used throu
eyaluating the mid-span deflection).

g=)

VIhen using the analytical approach and charring rate from Formiila (15), a charred depth of {

=

%)

The load-bearing function of beam B1 is analytically determined using the procedures set fo
applicable design standard and taken as the lesser of M; [Formula (19)] or M, [Formula (20)]:

M1 =9(foKpKuKg, K1 )SKszbg
M, =9 (foKpKKspKT )SK, Ky,

where

¢ <Sthe resistance factor in bending, taken as 0,9;

Outer compression Outer compression
Inner compression Inner compression
Inner compression Inner compression
Core Core
Core Core
g Core g Core
g Core 1S Core
P Core S Core
L Core w Core
Core Core
Core Inner tension
Inner tension g Inner tension &
Inner tension g Outer tension ({ &
Outer tension | 3] ion, I
a) Unrated beam b) Beam with 1 h fire<resistance raf

ing

b4 mm is
5 beyond
th would
lation of
Its in an
a. When
an MOE
cation in
d timber
thout for

th in the

(19)

(20)

,6 MPa;

f,» s the specified bending strength for a 20f-E Spruce glue-laminated timber, taken as 21

Kp is the duration of load factor, taken as 1,15 - short-term duration, according to Reference [49];

Ky is the system factor, taken as 1,0 - no system effect;
Kg, is the service condition factor for bending, taken as 1,0 - dry service conditions;
K; is the treatment factor, taken as 1,0 - no treatment;

is the section modulus of the cross-section;

K, isthe curvature factor, taken as 1,0 - no curvature;
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