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Abstract

In this thesis, charring models of timber have been inspected and three of them are
chosen for comparison. Those are the Brandon’s model (FSUW book), Eurocode Model
(prEN 1995-1-2:20YY + EN 1991-1-2) and Combined Model (Cumulative temperature
charring model (prEN 1995-1-2:20YY) + DIN EN 1991-1-2/NA). The combined model
does not exist in current codes, it is a combination of two different codes. The com-
parison is made by using three sets of experimental data which are from FSUW book,
RISE research paper and compartment tests conducted in ETH Zurich. The first two
sets are conducted on full scale compartments, the latter one conducted in small scale
compartments.

The models’ predicted values for compartment temperature and char depth at the end
of the fire are compared with the ones measured in the experiments. Also, a sensitivity
analysis is done to see the effect of selected parameters such as combustion factor
and time dependent modification factor («). Afterwards, a new method of using two
different time dependent modification factors for the combined model is created and
compared with the older version which uses only one a value for entire duration of
fire. The results suggest that using the updated version of combined model which has
two a values gives closest predictions to the experimental measurements. However,
additional analyses with different compartment tests can be useful to get more precise
results. Further study on the topic of using more than two o values is suggested to be
an interesting and important improvement.
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charring, timber, fire modelling, fire, fire safety, mass timber
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Zusammenfassung

In dieser Arbeit wurden Verkohlungsmodelle von Holz untersucht und drei davon
sind fiir einen Vergleich ausgewéahlt worden. Dabei handelt es sich um das Brandon-
Modell (FSUW-Buch), das Eurocode-Modell (prEN 1995-1-2:20YY + EN 1991-1-2) und
das Kombinationsmodell (Kumulatives Temperatur-Verkohlungsmodell (prEN 1995-
1-2:20YY) + DIN EN 1991-1-2/NA). Das Kombinationsmodell existiert nicht in den
aktuellen Vorschriften, es ist eine Kombination aus zwei verschiedenen Vorschriften.
Der Vergleich erfolgt anhand von drei Datensdtzen aus Experimenten, die dem FSUW-
Buch enthommen, einer Forschungsarbeit von RISE und Abteilungstests, die an der
ETH Ziirich durchgefiihrt wurden, stammen. Die ersten beiden Datensitze stammen
aus Tests in lebensgrofsen Abteilungen, der letzte aus Tests in kleinen Abteilungen.

Die von den Modellen vorhergesagten Werte fiir die Abteilungstemperatur und die
Verkohlungstiefe am Ende des Feuers werden mit den gemessenen Werten aus den
Experimenten verglichen. Aufierdem wird eine Sensitivitdtsanalyse durchgefiihrt, um
den Effekt ausgewdhlter Parameter wie dem Verbrennungsfaktor und dem zeitab-
héangigen Modifikationsfaktor (a) zu sehen. Anschlieffend wird eine neue Methode
zur Verwendung von zwei verschiedenen zeitabhdngigen Modifikationsfaktoren fiir
das Kombinationsmodell erstellt und mit der &lteren Version verglichen, die nur einen
a-Wert fiir die gesamte Dauer des Feuers verwendet. Die Ergebnisse deuten darauf hin,
dass die Verwendung der aktualisierten Version des Kombinationsmodells, das zwei
a-Werte hat, im Vergleich zu den experimentellen Messungen die genauesten Vorher-
sagen liefert. Allerdings konnten zuséatzliche Analysen mit verschiedenen Abteilung-
stests niitzlich sein, um genauere Ergebnisse zu erzielen. Weitere Studien zum Thema
der Verwendung von mehr als zwei a-Werten werden als interessante und wichtige
Verbesserung vorgeschlagen.

Schlagworte

verkohlung, holz, brandmodellierung, feuer, brandschutz, massivholz
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Ozet

Bu tezde, ahgsabin komiirlesme modelleri incelenmis ve bunlardan ti¢ii karsilastirma
icin se¢ilmistir. Bunlar Brandon’in modeli (FSUW kitabi), Eurocode Modeli (prEN
1995-1-2:20YY + EN 1991-1-2) ve Kombine Model (Kiimdtilatif sicaklik yanma modeli
(prEN 1995-1-2:20YY) + DIN EN 1991-1-2/NA)’dir. Kombine model, mevcut kod-
larda bulunmamaktadir, bu iki farkli kodun birlesiminden olusur. Karsilastirma,
FSUW kitabindan, RISE arastirma makalesinden ve ETH Ziirih'te gerceklestirilen
kompartiman testlerinden elde edilen iig set deneysel veri kullanilarak yapilmistir. {1k
iki set, tam Slcekli kompartiman tizerinde gergeklestirilirken, sonuncusu kiigiik 6lgekli
kompartiman tizerinde gerceklestirilmistir.

Modellerin, yangin sonundaki kompartiman sicakligi ve kdmiirlesme derinligi icin
tahmin ettigi degerler, deneylerde 6lgiilenlerle karsilastirilmistir. Ayrica, yanma fak-
torii ve zamana bagimli modifikasyon faktorii («) gibi secilen parametrelerin etkisini
gormek igin bir duyarlilik analizi yapilmistir. Daha sonra, kombine model i¢in iki
tarkl1 zaman bagimli modifikasyon faktortiniin kullanilmasina yonelik yeni bir yon-
tem olusturulmus ve tiim yangin siiresi icin yalnizca bir o degeri kullanan daha eski
versiyonla karsilastirilmistir. Sonuglar, iki o degerine sahip olan kombine modelin
gilincellenmis versiyonunun kullanilmasinin, deneysel 6l¢iimlere en yakin tahminleri
verdigini one stirmektedir. Ancak, farkli kompartiman testleri ile ek analizler, daha
kesin sonuglar almak igin yararh olabilir. Ikiden fazla o degeri kullanma konusundaki
daha ileri calismalarin, ilging ve 6nemli bir gelisme olacag1 dnerilmektedir.

Anahtar Kelimeler

komiirlesme, ahsap, yangin modelleme, yangin , yangin giivenligi, lamine ahsap
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Nomenclature

Abbreviations

HRR; Maximum heat release rate per unit area
CLT Cross Laminated Timber

ETH Swiss Federal Institute of Technology (Eidgendssische Technische Hochschule)
FASY Beech (Fagus sylvatica)

FSUW Fire Safe Use of Wood in Buildings
FXEX European ash (Fraxinus excelsior)

GLT Glue Laminated Timber

Glulam Glued-laminated

GLVL Glue Laminated Veneer Lumber

HRR Heat Release Rate

IBK Institute of Structural Engineering, ETH Zurich (Institut fiir Baustatik und

Konstruktion)

ISO International Organization for Standardization
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LVL Laminated Veneer Lumber

MBO Musterbauordnung, code for fire protection and stability of buildings in Germany
OSB  Oriented Strand Board

QCXA White oak (Quercus alba)

QCXE Oak (Quercus petraea, Quercus robur)

QCXR Northern red oak (Quercus rubra)

RISE Research Institutes of Sweden

Upper-case Roman letters

Qnmaxd Design value of the maximum heat release rate for fire

Qmaxid Design value of the maximum heat release rate for fuel-controlled fires

Omax,f,k Characteristic value of the maximum heat release rate for fuel-controlled fires

Qmaxx Characteristic value of the maximum heat release rate for fire

Qmaxvd Design value of the maximum heat release rate for ventilation-controlled fires

Qmaxvk Characteristic value of the maximum heat release rate for ventilation-controlled

fires
As Floor area
A Surface area of the enclosing component i

A Area of enclosure surface j, openings not included
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A

Olim

Qg

Q

Qs

Qo

\Y

Total area of enclosure

Total area of vertical openings on all walls

Area of the ventilation openings

Limit opening factor

Total fire load in the fire compartment

Fire load for the phase 2

Fire load for the phase 3

Heat release rate of a possible flashover

Design fuel load for the case x

Area of exposed timber

Opening factor

Coefficient of variation of the fire load density

Lower-case Roman letters

b;

Heat storage capacity of the enclosing component i

Thermal absorptivity of layer i

Thermal property of enclosure surface j

Specific heat of layer i
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dehart Design charring depth of linear timber member at the end of the parametric fire
dehar  Char depth
" Char depth at the iteration i

h,  Average height of the ventilation openings

heg  Weighted average of window heights on all walls

K> Protection factor
ks Post-protection factor
Ky Consolidation factor

K, Density factor

k.on Connection factor

kg Gap factor

ksd  Grain direction factor

K Conversion Factor

Ky Thickness factor

ki Applicable modification factors for charring
ks;  Post-protection factor

ks>  Post-protection factor
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ksn1 Combined section and conversion factor for the fire exposed side
ksnz Combined section and conversion factor for the lateral side

qusi  Design value of the fire load density related to the floor area

qa:  Design value of the fire load density related to the total area

Qusi¢ Design compartment fire load density related to the surface area
Qusty Structural fire load density related to the surface area

Qu.ror Design total fire load density related to the surface area

grx  Characteristic fire load density

q/4  Total fire load at the (i + 1)™ iteration

gxa Design fuel load density for case x

sio  Rate of heat release of timber members per unit area related to the charring rate
Si Thickness of layer i

Sim  Limit thickness

t* Modified time

t initial time

t Time at end of the phase 1

b Time at end of the phase 2

xviil
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t3 Time for the phase 3

t, Factor describing the fire development
t Time for the phase i
to Time at which the charring is assumed to start reducing

tio  Time of a possible flashover

tx Time at end of the phase 1 for case x
to.x Time at end of the phase 2 for case x
fa.x Time for phase 3 for case x

& Time for the suggested phase 4

#

v Modified time for maximum temperature

ax  1ime at which the gas temperature starts to decline

tim Limit time

tnax ~ Time for maximum temperature

b Heat storage capacity of the entire enclosing components
b Thermal absorptivity for the total enclosure
b Width of the linear timber member

c Specific heat

XiX
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e Euler’s number

h Depth of the cross-section of the linear timber member

k Multiplication factor

m  Combustion factor

q Fire load density

dmfi Movable fire load per unit compartment internal surface area
t Time

X Decay phase factor

Upper-case Greek letters

6] Charring rate associated with standard fire resistance test
fo  Basic design charring rate

Bii Reliability index

Bn  Notional charring rate for rectangular members

Bo  One-dimensional charring rate for flat surfaces

Bpar  Parametric char rate

r Heating rate factor

lim  Limit heating rate factor

XX
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© Temperature

SN Initial temperature

O, Temperature at end of the phase 1

©,  Temperature at end of the phase 2

©3  Temperature for the phase 3

©;  Temperature for phase i

©:s Temperature for the phase 1 for fuel controlled fires

©;, Temperature for the phase 1 for ventilation controlled fires

©,r Temperature for the phase 2 for fuel controlled fires

©,, Temperature for the phase 2 for ventilation controlled fires

©.x Maximum temperature at phase 2 for case x

©ss Temperature for the phase 3 for fuel controlled fires

©s;, Temperature for the phase 3 for ventilation controlled fires

©3x Maximum temperature for phase 3 for case x

©s  Temperature for the suggested phase 4

Omax Maximum temperature

©y  Gas temperature in the fire compartment

XX1
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Lower-case Greek letters

«

Q4

Sensitivity factor

Ratio between the heat release and char depth

ag (o) Time dependent modification factor

X

fi,Q

P

Combustion efficiency

Partial safety factor

Thermal conductivity

Thermal conductivity of layer i

Density

Probability of failure

Density of layer i

Xxii
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1 Introduction & Objectives

The wood has a lengthy history as a building material, and its use as a structural
component in residential construction was common in many countries. In recent
years, there has been a resurgence of global interest in using timber as a structural and
design material for various building types. The growing demand for timber structures
can be attributed to factors such as aesthetic appeal, environmental sustainability,
prefabrication, accelerated construction, cost-effectiveness, and earthquake resistance.
(Buchanan and Ostman| (2022))

According to the International Energy Agency (IEA) and United Nations Environment
Program, nearly 40% of global carbon emissions originate from the construction process
and operation of buildings. The decarbonization of the buildings and construction
sector is not on track to reach the goals of the Paris Agreement by 2050. (IEA|(2023))
(United Nations Environment Programme| (2022))

According to the Paris Agreement, global carbon emissions need to be reduced by 50%
by 2050 compared to the global carbon emissions of 1990 to keep the global average
temperature rise well below 2 °C. (Horowitz (2016))

In order to achieve the decarbonization goal, augmenting the use of timber in built
environment is essential. However, several concerns have been raised regarding the
use of timber as a structural material. Due to its lightweight nature and status as a
natural biomaterial, issues like durability and acoustic performance in timber buildings
have been questioned, particularly in comparison to non-combustible materials when
it comes to fire safety. However, advanced engineered wood products such as cross
laminated timber (CLT) now allow for the construction of sizable and intricate timber
structures. Cutting-edge engineering methods make it possible to build timber build-
ings that were previously achievable only with concrete and steel, thus challenging the
foundations of current fire codes.
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Cross laminated timber (CLT) is a fairly recent and new mass timber material that has
been attracting interest in the construction sector (Karacabeyli and Douglas (2013)).
Originating in Europe during the 1990s, considerable research and development have
contributed to the growing adoption of CLT in construction projects globally. The
primary factors driving CLT’s increasing popularity include its technical proficiency
and eco-friendly characteristics, which enable timber to be employed in a broader array
of applications than was previously achievable.

CLT is a panel which is composed of many layers. These layers are created by placing
solid timber boards side-by-side. Then these layers are stacked crosswise with right
angles and bonded by adhesives to create a solid panel. This process can be seen in
the The dimensions of CLT panels can differ based on the manufacturer;
however, they can be produced as large as 18 meters in length, 5 meters in width, and
up to 500 mm thick. These proportions make them well-suited for use in floors, walls,
and roofs (Abed ef al.| (2022)).

Figure 1.1: The Design of Cross Laminated Timber copied from Reid Middleton (2017)

However, there are still many doubts and unknowns in mass timber such as char fall
off in CLT. The fall off occurs when the adhesive bond between the layers fail. The main
reason of this is the augmentation of temperature in glue line. Other unknown in this
tield is the phenomenon of self-extinction of the timber, there are studies conducted
in this topic. However, improvements in predicting char depth and occurrence of self-
extinction will help a lot for the practice of designing of mass timber. The motivation
of this thesis is dealing with this issue and improving the knowledge in char depth

prediction in timber.
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1.1 Objectives

In recent years, there has been a growing interest in the use of timber as a construction
material due to its sustainability and renewable nature. One of the main challenges
in the design of the timber structures is understanding their behaviour under fire,

particularly the charring process of timber.

Various models have been developed to predict the char depth in compartment fires,
but there remains a need for improved understanding and more accurate predictive
tools. This thesis aims to address this gap by investigating the charring behaviour of
timber and evaluating the performance of existing models. It will also explore potential
enhancements to these models, ultimately contributing to the safe and efficient design

of timber structures in fire scenarios.

Figure 1.2: Burning of Timber copied from |K1ippel, M. and Frangi, A.| (]201 1[)
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2 Methodology

A comprehensive literature review was conducted to identify existing research. It is seen
that there are many related papers published on the topic of charring of timber. There
are several models that has been developed to predict the char depth for a compartment
tire. The book "Fire Safe Use of Wood in Building" (Buchanan and Ostman (2022))

provides a valuable overview of this subject.

Conventional compartment fire models utilize governing equations for mass and energy,
solving them for distinct control volumes to determine fire gas temperatures and heat
fluxes within the compartment. Incorporating pyrolysis of combustible surfaces into
these calculations is considerably more complex, and there are limited models available

for fire engineers.

The Fire Dynamics Simulator (FDS) has been employed to assess the response of mass
timber structures, with its method validated against five full-scale compartment fire
tests involving exposed cross-laminated timber (Barber et al.| (2018)). The pyrolysis
model requires input of timber’s kinetic properties. In that study, char depths were
predicted with an accuracy of 20% for fully developed fires. However, the model did
not account for CLT char fall-off which is resulting from glue line failure, gypsum board
fall-off, or charring of CLT behind the gypsum board. Additionally, the computational

effort and time required were substantial.

The B-RISK zone model (Wade et al.|(2016), Wade et al. (2018) and |Wade (2019)) features
optional sub-models for calculating the contribution of exposed mass timber to deter-
mine the fully developed fire environment within a compartment with varying levels
of exposed timber on walls and ceilings. It assumes that the wood surfaces contribute
to fuel mass based on the 300°C isotherm’s position within the boundary surfaces. This
approach is similar to the Brandon’s Method which is which is discussed in
of this thesis. In Brandon’s Method the total fuel available to burn is updated at
each time step to account for the timber surfaces” additional contribution. The model
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also enables specifying the proportion of external burning to the compartment. Wade’s
validation of the model’s gas temperature predictions against 19 full-scale experimen-
tal configurations demonstrated accurate estimates of peak temperature and burning
duration. Recent developments have incorporated a detailed kinetic model for wood
pyrolysis within the zone model framework (Wade et al.|(2019))

Schmid and Frangi (2021) introduced a simplified engineering model to account for
structural timber in compartment fires. Their Timber Charring and Heat Storage model
(TiCHS-model) can evaluate the contribution of structural timber to the fire load within
the compartment. The model employs an iterative approach, focusing on predicting the
compartment environment, including temperature and gas properties. The predictions
generally show good agreement, except when the fall-off of charring layers leads to a
sudden change in combustion characteristics, causing the fire to regrow.

The chosen models for this thesis work are as below:

¢ Brandon Brandon’s method ( Chapter 3.8.1 from FSUW)

* Design model for parametric temperature-time curves ( part A.4.4 of prEN 1995-
1-2:20YY )

¢ Cumulative temperature charring model ( part A.4.3.2 of prEN 1995-1-2:20YY )

FSUW: Fire Safe Use of Wood in Buildings (Buchanan and Ostman| (2022))

prEN 1995-1-2:20YY: Eurocode 5 Design of timber structures Part 1-2: Structural fire
design (CEN (2023-01)))

The models that are used for prediction of gas temperature curve of the compartment
are as below:

¢ EN 1991-1-2 Annex A
e DIN EN 1991-1-2/NA Appendix AA

EN 1991-1-2: Eurocode 1: Actions on Structures - Part 1-2: Actions on structures
exposed to fire. (CEN|(2002-10))

DIN EN 1991-1-2/NA : The German National Annex - Nationally determined parame-
ters Eurocode 1: Actions on structures - Part 1-2: Actions on structures exposed to fire.
(NABau/ (2015-09))
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Daniel Brandon’s method and design model for parametric temperature-time curves
use EN 1991-1-2 Annex A to predict the gas temperatures inside the compartment.
However for cumulative temperature charring model there is no temperature prediction
method provided, the temperature is to be provided to the model to calculate the char
depth. So in order to provide a temperature curve DIN EN 1991-1-2/NA Appendix AA
is used with the cumulative temperature charring model.

Firstly the temperature prediction models will be discussed.

2.1 The Temperature Prediction Models

2.1.1 EN 1991-1-2 Annex A

According to the Eurocode 1: Actions on Structures Part 1-2: Actions on structures
exposed to fire Annex A ( EN 1991-1-2 Annex A) the fire curves given are valid for fire
compartments up to 500 m2 of floor area, without openings in the roof and for a maxi-
mum compartment height of 4 m. It is assumed that the fire load of the compartment is

completely burnt out.

2.1.1.1 Heating Phase

The fire curve in the heating phase is defined as below,

Oy =20 +1325 (1 — 0.324e %" — 0.204e """ — 0.472¢ ") (21.1)

where

Qy is the gas temperature in the fire compartment [ °C]

t=tT [h] (2.1.2)
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with
t  time [h]
[O/bF
r =——— [—]
(0.04/1160)
b thermal absorptivity for the total enclosure = \/pcA [J/m2s'/2K]

with the following limits: 100 < b < 2200

p  density of boundary of enclosure [kg/m?q]
¢  specific heat of boundary of enclosure [J/kgK]
A thermal conductivity of boundary of enclosure [W/(mK)]

AV \/ heq [m1/2]
A

t

O  opening factor:
with the following limits: 0.02 < O < 0.20

A, total area of vertical openings on all walls [m?]

heg, weighted average of window heights on all walls [m]

A;  total area of enclosure (walls, ceiling and floor, including openings) [m?]

It is stated that for the calculation of the b factor, the density p, the specific heat c and

the thermal conductivity A of the boundary may be taken at ambient temperature.

To account for an enclosure surface with different layers of material b factor will be
calculated as below:

—If by < by, b= by (213)
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—If by > b, a limit thickness sjin, is calculated for the exposed material according to:

3600fmax A ) . -
Sim = 1 | c—m“ with ty. given by [Equation 2.1.9, [m] (2.1.4)
101

If Sy > Sim then b = by (215)
If S1 < Sim then b = ib1 + (1 — i) b2 (216)
Siim Siim
where

index 1 denotes the layer that is in direct contact with the fire, index 2 indicates

the layer immediately following it, and so on.
s, is the thickness of layer /
b = v/(picii)
pi  is the density of layer /
¢ is the specific heat of layer i
Ai  is the thermal conductivity of layer i

To account for different b factors in walls, ceiling and floor, b = \/(pc)) should be
calculated from [Equation 2.1.7}

> (bA)

b=
A — A

2.1.7)

where

A is the area of enclosure surface j, openings not included

b; is the thermal property of enclosure surface j according to [Equation 2.1.3} [Equaf
ftion 2.1.5|and [Equation 2.1.6|
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(5) The maximum temperature ©n,y in the heating phase happens for t* = t;,

frax = tmax - T [h] (2.1.8)
with

tmax = max [(0.2-107° - gq,¢/0) ; tiim] [h] (2.1.9)
where

Qs; is the design value of the fire load density related to the total area A of the
enclosure whereby qq; = qqsi - At/ A [MJ / mz} . The following limits should be observed:
50 < gy < 1000 [MJ/m?]

Qs is the design value of the fire load density related to the floor area A [MJ / m2]
which taken from Annex E of the EN 1991-1-2

tim should be determined from [Equation 2.1.10|expressed in [h].

It should be noted that if the fire is fuel controlled the time fna« corresponding to the
maximum temperature is given by #in, . If tnax is given by (0, 2-107%. g4/ O), the fire is
ventilation controlled.

When tna = tim, [Equation 2.1.2|should be replaced by:

t =t im [h] (2.1.10)
with
[Oim/ b
Mim = —————— 2.1.11
"™~ (0.04/1160)2 (2.1.11)
where
Oim = 0.1-107° - g ¢/ tim (2.1.12)

If (O > 0.04 and q4;: < 75 and b < 1160), [ in[Equation 2.1.11{should be multiplied
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by k given by:
PR O —0.04 Qo — 75 1160 — b (2.1.13)
0.04 75 1160

In case of slow fire growth rate, ti, = 25 min; in case of medium fire growth rate,

tim = 20 min and in case of fast fire growth rate, fi, = 15 min.

If advice is needed on fire growth rate refer to the Table E.6 of EN 1991-1-2.

2.1.1.2 Cooling Phase

The fire curves in the cooling phase should be calculated from the equations, respec-

tively:

Og = Omax — 625 (t* — 7, - X) for t:,, < 0.5 (2.1.14)
Og = Omax — 250 (8 — ) (" — tha - X) for0.5 < ti, <2 (2.1.15)
Og = Omax — 250 (t* — 7, - X) fort:,, >2 (2.1.16)

where t* should be determined from [Equation 2.1.2,

max

= (02-107%-qg4/0) - T (2.1.17)

1.0, if tmax > t||m
X =

tlim . r/t:]axi lf Z‘max = tlim

By using this process given by the Eurocode 1: Actions on Structures - Part 1-2: Actions
on structures exposed to fire Annex A, the temperature inside the compartment can be

calculated for entire duration of the fire.

10
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2.1.2 DIN EN 1991-1-2/NA Appendix AA

Appendix AA of The German National Annex - Nationally determined parameters -
Eurocode 1: Actions on structures - Part 1-2: General actions -Actions on structures
exposed to fire (DIN EN 1991-1-2/NA) (NABau (2015-09)) gives a different method to
calculate temperature of a compartment fire.

By taking advantage of the temporal congruence with the heat release rate, the temper-

ature time curve of the natural fire can be described in all phases, from the fire growth
phase to the fully developed fire phase and the decay phase (see [Figure 2.1).

Figure 2.1: Schematic representation of the temperature-time curve according to the
simplified natural fire model with the points (#, ©;) described by equations and the
curve segments in between copied from NABau| (2015-09)

(ON
| | | | | !
O =(0,-0)*((t-t)(ta-t1)"*+ 0,
—fort,<t<t, T
\ /J\(tzl@z)
—
P \ 0 =(05-0)" (1~ 1Mt 1)+ 0,
P fort>t,
(10 \/
\%@3)
=(04- Ot 2+ 6, ~ ~
///forts t4 ~—_
(fo/@o)/ -
t
/ X
1 2 3

The curve sections for the three aforementioned phases are limited by distinctive points
at the times tj, t;, t; and t3, which result from the course of the heat release rate. In
determining the associated temperature values ©;, ©,, and ©3, a distinction must be

made between ventilation-controlled fires and fire load-controlled fires.

11
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In order to determine whether the fire is ventilation or fire load controlled the
tion 2.1.18]is used.

C.)max,k = MIN {Omax,v,k; C.)max,f,k} (2118)

where
Qnmaxvi is the characteristic value of the maximum heat release rate for ventilation-

controlled fires

Qmaxix is the characteristic value of the maximum heat release rate for fuel-

controlled fires

For ventilation-controlled fires in residential, office and similar uses, the characteristic
value of the maximum heat release rate may be determined in simplified form using
[Equation 2.1.19

Qmaxvx = 1.21- Ay - /hy  in MW (2.1.19)
where

Ay, the area of the ventilation openings in m?

hy the average height of the ventilation openings in m
For fire load-controlled fires in residential, office and similar uses, the characteris-

tic value of the heat release rate can be determined in simplified form using
tion 2.1.20)i

Omax!f!k =0.25- Af in MW (2120)

where

A¢ the maximum fire area in m?, usually the floor area of the fire compartment

As stated in|Equation 2.1.18} the characteristic value of the maximum heat release rate

is the smaller of the two maximum heat release rates for the ventilation-controlled fire

and the fire load-controlled fire.

12
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The design values of the highest heat release rate Qmaxvx are defined by:

omax,v,d = Qmax,v,k : Vfi,Q (2121)

Qmax f.d = Qmax 1k - ia (2.1.22)

Qmaxd = Qmax k * iQ (2.1.23)
where

7iq the partial safety factor according to|Equation 2.1.24|

N 1—-V-0,78-[0,5772 + In(— In (P (o - G5)))]
=TT V0,78 -[0,5772 + In(— In(0, 9))]

(2.1.24)

where
V The coefficient of variation of the fire load density is taken as 0.3

a The sensitivity factor (as a measure of the influence of scattering) taken as 0.6

B The reliability index is chosen as 4.2 from the depending on the use
and the consequences of damage in the event of a component failure. As no further
details are available, the values for medium damage should be used.

13
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Table 2.1: Indicative values for the reliability index 5 and the associated probability of
tailure pr (Reference period 1 year) for different uses

Damage Consequences
High Medium Small
Line Use B Ps 1€ P B P+
la 1b 2a | 2B 3a 3b
Residential building, office 47 | 1.3E-6 | 42 | 1.3E-5 | 3.7 | 1.1E-4
1 building and similar uses
Building classes according to MBO 445 243
2 Hospital, nursing home
3 Lodging establishment, hotel
! School 52| 1.0E-7 | 47 | 13E-6 | 42 | 13E5
5 Point of sale
6 Meeting place
7 Skyscraper
8 Agricultural buildings - - 42 | 13E-5 | 3.7 | 1.1E4

2.1.2.1 Ventilation Controlled Case

In ventilation controlled fires, for a reference fire load density of g = 1300 MJ/m?:

t1 = ta : \/ Omax,v,d

©1y=—-875-1/0—0.1-b+1175

e
t2 = t1 + —
Qmax,v,d

Oy = (0.004 - b—17)-1/O — 0.4 - b+2175
2. Q

t3=t2+ T

max,v,d

©3y=-5.0-1/0—-0.16 - b+ 1060

14

ins

in °C

ins

with @ =0.7 - Qg —

in°C < 1340°C

ins

with Q3 =0.3- Qd

in °C

8
3-t

«

(2.1.25)
(2.1.26)

(2.1.27)

(2.1.28)
(2.1.29)

(2.1.30)
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where
t,  is the factor describing the fire development according to

. . . . . J
b is the heat storage capacity of the entire enclosing components in s K
me - S .

according to [Equation 2.1.31]

O = Awv/hw /A  is the opening factor in m'/2

Ay is the area of the ventilation openings in m?

hy  is the average height of the ventilation openings in m

A, s the total area of the enclosing components with opening surfaces in m?

Qs = g- A, the total fire load in the fire compartment in MJ with the reference fire
load density g = 1300/MJ/m?

Table 2.2: Parameters for the fire development phase and maximum heat release rate
HRR¢ per unit area during the full developed phase for different uses (characteristic
values)

. Fire Spread | t, (s) | HRR; (MW/m?)
Line | Use
1 2 3

1 Residential building Middle 300 0.25
2 Office building Middle 300 0.25
3 Hospital (room) Middle 300 0.25
4 Hotel (room) Middle 300 0.25
5 Library Middle 450 0.50
6 School (classroom) Middle 300 0.15
7 Point of sale, shopping center Fast 150 0.25
8 Place of assembly (theater, cinema) Fast 150 0.50
9 Transportation (public area) Slow 600 0.25

15
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The heat storage capacity (b) can be calculated as an average weighted over the areas
of the enclosing components. To take into account the different heat storage capacity b;

from walls, ceiling and floor, b can be determined according to equation

b= ((Z (b Ai)> /(A - AW>) (2.131)

i=1

where

b is the heat storage capacity of the enclosing component i, in

J
m2../s-K

A is the surface area of the enclosing component i, in m?

2.1.2.2 Fuel Controlled Case

In fuel controlled fires, for a reference fire load density of g = 1300 MJ/m? :

t =ty - \/ Quaxia ins (2.1.32)
24000-k+20 in°C for k <0.04
Oyt = (2.1.33)
980°C for k > 0.04
bty ins with@ =07-Qy— i (2.1.34)
2= Omax,f,d 2T ‘ 3 ' tozz o
33000 - k+20 in°C fork <0.04
Oyt = (2.1.35)
1340°C for k > 0.04
2-Q . }
=10+ = ms with 03 =0.3- Qd (2136)
Qmax,f,d
16000- k+20 in°C for k <0.04
O3 = (2.1.37)
660°C for k > 0.04
where
Qmax fd2 )1
k = = 2.1.38
(Aw'\/hw(At_Aw)'b ( )

16
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2.1.2.3 Creating the Curve

Based on the temperature-time curve for the reference fuel load density (q = 1300
MJ/m?), temperature-time curves for any fuel load density q,4 < 1300 MJ/m? can be
determined. The rising part of the temperature-time curve during the fire growth phase
and fully developed fire phase (Area 1 and Area 2 in is independent of
the fuel load density. The time t,x at which the maximum temperature ©,, is reached
depends on the fuel load. It can be directly determined from the approach for the heat

release rate.

e For Q; < 0.7 - Qg4

(0.7- Qx,d)_— (£/(3-2))

Qmax d

ins (2.1.39)

tg’x = t1 +
The associated temperature O, is determined as follows :

(bx —t)

Os = (0; ~ O [~ S

+©; in°C (2.1.40)
where

t, is factor for describing the fire growth rate

. _
Q = 3. in MW;

«

Qud = G«a- A with gy from[Equation 2.1.41]

Oxd = X - Gik - Vg in MJ/m? (2.1.41)

where

g« the characteristic fire load density, related to the base area A of the fire compart-
ment or the utilization unit in MJ/m?;

x the combustion efficiency; for mixed fire loads typical of office, residential and

similar uses in building construction with a predominant proportion of cellulose-

containing materials, a flat rate x = 0.8 may be assumed.

17
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Tiq a partial safety factor that takes into account the probability of occurrence of a

tully developed fire in the fire compartment as well as the required reliability of the

structural components. It is calculated by [Equation 2.1.24]

e For Q; > 0.7 - Qg4

tx=+/07-Qq4-3-2 ins (2.1.42)

The associated temperature O, , is determined as follows :

(©1 —20)

7

Oay = 2,420 in°C (2.1.43)

The temperature O3 at time t; for different fire load densities g, 4 lies on a logarithmic
function from (t = 0;©g) to (f3; O3) :

t3,x
logy, <% + 1)
@3‘)( = 93 . ; in °C (2144)
3
where
06 * Q)( .
bhy=—— 4t ins (2.1.45)
Qmax ,d

In the range between t = 0 and # (Area 1 according to |[Figure 2.1) the temperature
increases quadratically

(©1 —20)

?

o(t) = -£#+20 in°C for0<t<t (2.1.46)

In Area 2, the temperature increase is described by [Equation 2.1.47|

(t—t)

o(t) = (ez,x - @1) : m

+0, in°C forty <t<t (2.1.47)

The decreasing branch in Area 3 is described by [Equation 2.1.48|

@(t) = (es,x - ez,x) : % + eg,x in OC fOI' t > tg (214:8)
3,x T R2)x

18
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The time of a possible flashover, t; g, , at which the heat release rate suddenly rises to its

maximum, can be determined by using [Equation 2.1.49|

tio=1/2-Q ins (2.1.49)

where Q;, can be determined according to|[Equation 2.1.50]

Qo = 0.0078 - A +0.378 - A, - /h, in MW (2.1.50)

2.2 The Char Depth Prediction Models

2.2.1 Brandon Brandon’s method

Brandon|(2018a) suggested an engineering method that combines parametric fire equa-
tions with an iterative procedure to calculate the char depth by modifying the fuel
density at each iteration. The char rate was based on an empirical model which is cre-
ated by using numerous parametric fire experiments. However, this suggested method
can only be applied when engineered timber lamella’s glue line integrity is maintained
and any protective board encapsulation products used to protect the timber do not fail
or become detached. An empirical relationship between the char rate and the heating
rate has been proposed by Brandon. This was based on fire experiments in modern
furnaces which are controlled by using the plate thermometers. These tests updated
a correlation previously developed by Hadvig| (1981) and the updated correlation is
currently included in Eurocode 5, Appendix A.

The parametric char rate 3,5, (mm/min) is given by

Boar = BT°?° [mm/min] (2.2.1)

where

{3 is the charring rate associated with standard fire resistance tests according to ISO 834

(International Organization for Standardization (2014)) and corresponds to either the
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one-dimensional 3, charring rate for flat surfaces or the notional charring rate 3, for

rectangular members, as described in EN 1995-1-2.

I heating rate factor that depends on the thermal properties of the compartment and

the opening factor O
( 0 \*
\/kpc>

= /= 222
0042 ] (222)
1160

where

p = density (kg/m?),
¢ = specific heat (k] /kg-K),

k = thermal conductivity (kW /m-K) of the compartments boundries

O is the opening factor calculated by

_ %\/h_v [m?/2] (22.3)
t
where

A, is the total area of floors, walls and ceiling, including openings (m?)
A, is the area of openings (m?)

h, is the weighted average height of the compartment openings (m)

At t, charring is assumed to start reducing. £, is calculated by using [Equation 2.2.4|

f = o.oog%d [min] (2.2.4)
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where

g:0 is the design fire load per unit area of internal surfaces excluding the openings
(MJ/m?).

Charring is assumed to completely stop at time 3¢,. Therefore the final char depth is
calculated as

Ochar = 2Bpar to [Mm] (2.2.5)

The gas temperature starts to decline at time t},,, which is calculated by [Equation 2.2.6|
(from EN 1991-1-2 Annex A)

tax = Max [0.0002q;q/O; tim|  [hour] (2.2.6)
where

0.333 hour (20 min) for a medium fire growth rate
fim = § 0.417 hour (25 min) for a slow fire growth rate

0.25 hour (15 min)  for a fast fire growth rate

The contribution of structural timber is calculated by an iterative process using the

following|Equation 2.2.7|where q}*] is the total fire load at the (i + 1) iteration, including

the moveable fire load gma, which is the moveable fire load per unit compartment
internal surface area, including the openings (MJ/m?). . is constant and does not

change for subsequent iterations.

" Aciray (dly, — 0.7 Boart!

qt,d1 = Qmfl + - ( CharA = ma) [mm] (22.7)
t

where

A = internal compartment surface area, including openings (m?)
Acrr = area of exposed timber (m?)
o = ratio between the heat release and char depth and is taken as 5.39 MJ/m? per mm

of char depth
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The value 5.39 MJ/m? per mm is experimentally determined by |Schmid et al. (2016).
This was derived from cone calorimeter experiments at an irradiance of 75 kW/m? flux
for char depths exceeding 10 mm.

The parameter 0.7 Bpartnax is an estimate of the energy stored in the char depth and char

depth burning outside the compartment during the fully developed stage (of a duration

fa)-

To validate the method based on a selected number of compartment experiments,
Brandon produced the comparison of the predicted and experimental char depth.
(Brandon! (2018b))

The experiments had opening factors ranging from 0.03 to 0.10 m"?, and the method
may not be applicable if the opening factor falls outside this range. Additionally, this
method can only be used when the glue line integrity of engineered timber lamella
remains intact, protective board encapsulation products shield the underlying timber
do not fail or fall off, and where the exposed adjacent wooden surfaces are not facing
each other.

Once the char depth calculation stabilizes to a stable value, the designer can consider
this to be an approximation of the maximum char depth on the exposed wood surfaces
within the compartment. However, this does not account for localized effects and hot

spots where smouldering combustion may continue which requires further analysis.

2.2.2 Design model for parametric temperature-time curves

This model is given by the part A.4.4 of prEN 1995-1-2:20YY. There it is stated that this
model shall only be applied with the model of the parametric temperature-time curves
given in EN 1991-1-2, Annex A.

Other restrictions are as below,

* The minimum distance between initially unprotected walls made of timber mem-
bers should be 3.5 m

¢ Timber members of the compartment should fulfil one or more of the following
requirements:

- products which are encapsulated for the entire fire duration
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— initially unprotected structural timber products
- initially unprotected timber products which maintain bond line integrity of
tace bonds in fire.

* The rules given in this model shall only be applied to calculate the load bearing
capacity of timber members with initially unprotected sides made of structural
timber, GLT, LVL, GLVL and CLT

* 0.02<0<0.10

® b>4. dopary for linear timber members
* h>4- dypary for linear timber members
where

O is the opening factor given in EN 1991-1-2, Annex A, in m1/2
b is the width of the linear timber member, in mm;
dehart 15 the design charring depth of linear timber member at the end of

the parametric fire according to|Equation 2.2.10, in mm;

h  is the depth of the cross-section of the linear timber member, in mm
¢ This method can be used for opening factors of 0.10 < O < 0.20 under the
condition that O = 0.10 is used consistently for all equations in this method and
EN1991-1-2, Annex A.

2.2.2.1 Design charring rate

The design charring rate during the heating phase of the parametric fire curve should
be calculated as follows:

5par = Bn - [028 (228)

where

Bn  isthe notional design charring rate according to|Equation 2.2.9), in mm/min

Bpar  is the design charring rate for the parametric fire, in mm/min

I is the factor accounting for the thermal properties of the boundaries of the
enclosure of the compartment given in EN 1991-1-2, Annex A.
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2.2.2.2 Notional design charring rate

The notional design charring rate 3, should be calculated in accordance with

using the applicable modification factors for charring k; given in and
the basic design charring rate 3, given in

Bo=]] k- Bo (2.2.9)

where

Bn  is the notional design charring rate within one charring phase, in mm/min
[Tk 1isthe product of applicable modification factors for charring k; given [Table 2.3

fo is the basic design charring rate, in mm/min given in[Iable 2.4

24



Charring Models for Timber

May 2023

Table 2.3: Modification factors for charring

. Reference
Modification ) ) . ..
Designation Description (prEN 1995-1-
factor
2:20YY)
) Effect of increased charring due to | 5.4.2.2 (3) and
Keon Connection factor
fasteners 4)
P Grain direction | Effect of increased charring parallel | 5.4.2.2 (5) and
9 factor to the grain (5)
Effect of increased charring for 7.2.3 (2) and
kg Gap factor - -
plane timber members with gap | (3)
) Effect of limited thickness for wood
Ky Thickness factor . 5.4.2.2 (7)
panelling and wood-based panels
Effect of corner roundings and
effect of cracks and fissures on the
. . . 7.2.2.(2) and
kp, Conversion Factor | surface for linear timber members 3)
and allowing the conversion into a
rectangular residual cross-section
Combined section
Ke and conversicTn Effect of corner roundings as well 7.2.4(14)
factor for the fire | g e superposition of heat flux for
exposed side timber frame assemblies and allow-
Combined section ing the conversion into a rectangu-
Ks 2 and conversion lar residual cross-section. 7.2.4(14)
factor for the
lateral side
_ The effect of the density for
k, Density factor 5.4.2.2 (8)
wood-based panels
. 5.4.2.2 (9) and
K> Protection factor
(10)
Post-protection
ks 5.4.2.2(11)
factor
Post-protecti
Ko s eshprotection 7.2.4 Table 7.6
factor
Post-protection
Ko P 7.2.4 Table 7.6
factor
Consolidation
Ky 5.4.2.2(12)
factor
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Table 2.4: Basic design charring rate 3,

Timber member or panel Bo
[mm/min]
Timber member made of softwood®<4 0.65

Timber member made of hardwood?

Beech*® 0.70

Beech® LVL 0.65

Ash! 0.60

Oaks 0.50
Panel®

Solid wood panelling and cladding, solid wood panel with only one | 0.65

layer
LVL panel® 0.65
Particleboard, fibreboard 0.72
OSB, solid wood panel with multiple layers 0.9
Plywood 1.0

a

b

Timber members according to 5.1(1)

of prEN 1995-1-2:20YY, subgroup timber members

Panels according to 5.1(1) of prEN 1995-1-2:20YY, subgroup panels
LVL and GLVL with a characteristic density of > 480 kg/ m3

Table B.2 in EN 14081-1

FASY in EN 14081-1

FXEX in EN 14081-1

QCXA, QCXE, QCXR in EN 14081-1

EN-14081-1:2016+A1:2019: Timber structures - Strength graded structural timber with
rectangular cross section - Part 1: General requirements (CEN (2019-05))

2.2.2.3 Design charring depth

The design charring depth to determine the structural fire load is calculated as fol-

lows:

Qohart = 2+ Bpar * bo (2.2.10)

26




Charring Models for Timber May 2023

with

Qu, tot ¢
ty = 0.009 - S (2.2.11)
where

dehart 15 the design charring depth to determine the structural fire load, in mm
Bpar  is the design charring rate for the parametric fire, in mm/min

O is the opening factor according to EN 1991-1-2, Annex A, in m'/2

Qowot:  is the design total fire load density related to the surface area A;, in MJ/m?

fy is the time until a constant charring rate is assumed, in min

NOTE: The design charring depth dgs4-; is the result of an iteration process

2.2.2.4 Design total fire load density

The design total fire load density should be calculated as follows:

Qd,tot,t = Qa.fi,t + Qa,st,t (2.2.12)

where
Qowot: 1S the design total fire load density related to the surface area A;, in MJ/m?

Qafi¢ is the design compartment fire load density according to EN 1991-1-2 related to
the surface area A;, in MJ/m?;

Qust:  is the structural fire load density related to the surface area A;, in MJ/ m?.
NOTE: The design total fire load density qq o for the first iteration is calculated only

with the compartment fire load density qq4 s assuming that the structural fire load

density g = 0.
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2.2.2.5 Design structural fire load density

The design structural fire load density should be calculated as follows:
Ast
Qd,st,t = M- 60 - S0 - dchar,t c Qg+ 7 (2213)
t
where
Qust:  is the design structural fire load density related to the surface area A;, in MJ/m?
m  is the combustion factor according to EN 1991-1-2

dehart 1S the design charring depth to determine the structural fire load, in mm

Sio  is the rate of heat release of timber members per unit area related to the charring
rate, Sy = 0.12, in MW/m? per mm/min

ag s the time dependent modification factor. It should be set to 1.0 unless specified
differently

As s the combusting surface of timber members, in m?

A; is the surface area of the design fire compartment, in m?

2.2.2.6 Iterative Process

The design total fire load density should be calculated iteratively by repeatedly calcu-
lating the design charring depth dgsart, until the design charring depth at the end of the

fire does not increase more than 0.5 mm.

NOTE: If the increase of the design charring depth of subsequent iterations remains
higher than 0.5 mm for a large number of iterations, the calculation suggests a long or
infinite fire duration. Design adjustments to reduce the structural fire load density, e.g.
by reduction of the unprotected timber members or/and changes to the compartment

or ventilation geometry can result in a shorter fire duration.
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2.2.3 Cumulative temperature charring model

According to the part A.4.3.2 of prEN 1995-1-2:20YY, the design charring depth of
unprotected timber members is calculated by equation below.

1
t 16
(T2)at \ ™
Gopr 1 = (115%—105 (2.2.14)

2.3 The Models

2.3.1 Brandon’s model (FSUW)

The char depth is calculated as explained in|Section 2.2.1} also the gas temperature at
time t (hours) is given by [Equation 2.3.1|(from EN 1991-1-2 Annex A).

0g =20 + 1325 (1 — 0.324e %% — 0.204¢ """ — 0.472¢ ")  [°C] (2.3.1)

A modification is done to this model in order to take account of a problem that occurred

in Test 9 which has huge opening ratio. (Section 2.4.2]and [Table 2.8)

The problem was the negative impact of exposed timber in Brandon’s method. It
occurred because the opening ratio is 0.265 which is above the upper limit of 0.10.

In order to fix that the factor for the fuel burned in external environment and the energy

stored in char is changed. Instead of taking it as constant value of 0.7,|Equation 2.3.2|is

used. This equation takes account of the opening ratio’s effect on the fuel burned in
external environment and also the energy stored in char. As the opening ratio increases
the factor decreases as more fresh air therefore more oxygen can be supplied to the

compartment.

0.7*MIN (1, (0.0002°04/O) /tim) (2.3.2)

The change occurred after this modification can be seen in the
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Table 2.5: Modification of Brandon’s model

Before After

Fire load (total area) without timber 125.24 125.24
Fire load (total area) 111.07 151.40

2.3.2 Eurocode Model (prEN 1995-1-2:20YY + EN 1991-1-2)

The char depth is calculated as explained in|Section 2.2.2} also the gas temperature at
time t (hours) is given by |[Equation 2.3.1

2.3.3 Cumulative temperature charring model + DIN EN 1991-1-2/NA

As explained before cumulative temperature charring model requires the compartment

temperature as input.

In order to get the temperature-time curve DIN EN 1991-1-2/NA Appendix AA is used.
So the cumulative temperature charring model is combined with the German National

Annex.
This combined process works as below,

1. Predict the temperature-time curve for only the moveable fuel load by using DIN
EN 1991-1-2/NA Appendix AA

2. Predict the char depth by cumulative temperature charring model

3. Predict the additional fuel load by using prEN 1995-1-2:20YY

4. Predict the temperature-time curve for the total fuel load by using DIN EN
1991-1-2/NA Appendix AA

5. Repeat steps 2-3-4 until the char depth converges

From now on this model will be mentioned as combined model in order to keep the

name simple.
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2.3.4 Comparison of Models

presents a comparative analysis of the three charring models: Brandon’s
Method (FSUW), prEN 1995-1-2: 20 YY, and the DIN EN 1991-1-2/NA model combined
with a Cumulative Temperature Charring model.

As seen in the table, each model operates based on specific input parameters and has its

own restrictions, which describe the circumstances under which they can be accurately
applied.
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2.4 Experiments
The experiments are chosen from three sources which are listed below:

¢ Fire Safe Use of Wood in Buildings, Buchanan and Ostman| (2022)

¢ Fire safe implementation of visible mass timber in tall buildings compartment
fire testing, Brandon et al.| (2021)

¢ Compartment Fires Tests conducted in ETH Zurich, (Glauser et al.| (2021)

The first two experiment sets are for full scale compartments, however the third one
is conducted on scaled down compartment. Due to this, the experiments are divided
in two groups. In first group the full scale compartment tests, in the other group the

scaled down compartment tests are inspected.

The tests are numbered separately for each group. In first group 9 tests exist, 4 of
them are from Fire Safe Use of Wood in Buildings and the other 5 are from Fire safe
implementation of visible mass timber in tall buildings compartment fire testing. In the
second group 12 tests exist, all of them are from Compartment Fires Tests conducted in
ETH Zurich.

2.4.1 Fire Safe Use of Wood in Buildings

This book is written by numerous contributors and edited by Andrew Buchanan and
Birgit Ostman. In section 3.8.1 of the book a series of experiments conducted in "Fire
Safety Challenges of Tall Wood Buildings - Phase 2: Task 4 Engineering Analysis and
Computer Simulations"(Brandon and RISE (2018)) is mentioned. The summary of these

experiments can be seen in[lable 2.7
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From these experimental results, 4 tests are chosen. The chosen tests are shown in grey
colour in the and also they are listed below,

I-3
e A2
e K3
e R2

This selection is based on the purpose of having different compartment geometries and
different opening factors. Also the tests where there has been delamination are avoided

as the prediction models’ restrictions require that integrity of laminae.

2.4.2 Fire safe implementation of visible mass timber in tall buildings
compartment fire testing

In the research study (Brandon et al.|(2021)), five compartment fire experiments were
carried out. These compartments had internal dimensions of 7.0 m x 6.85 m x 2.73
m. Four of the compartments (Tests 5, 6, 7, and 8) featured two ventilation openings
measuring 2.25 m x 1.78 m (width x height), yielding an opening factor of 0.062 m'/2.
The selection of compartment dimensions and opening factors for this study was
done by a probabilistic analysis and tall residential building data surveys. The final
compartment test (Test 9) contained six larger openings, resulting in an opening factor
of 0.25 m!/2, which is approximately equivalent to the mid-range of opening factors for

office compartments discovered in the survey.

The floor plan for Tests 5, 6, 7 and 8 is shown in The floor plan of Test 9 is
shown in

These tests will be referred as RISE tests.
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Figure 2.2: Floor Plan for Tests 5, 6, 7 and 8 copied from Brandon et al.| (2021)
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Figure 2.3: Floor Plan for Test 9 copied from Brandon e al./(2021)
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The compartment dimensions, opening sizes, and fuel load density were determined
through a probabilistic analysis aimed at testing a severe fire scenario based on real
building designs. The combination of compartment dimensions, fuel load density,
and opening factor results in the 85" percentile of expected total char damage for fire
scenarios in residential buildings where sprinklers are not activated, flashover occurs,

and there is no fire service intervention.
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The fuel used consisted of a mix of typical apartment furniture, particle board sheets on
the floor to represent wood flooring, and additional wood cribs to represent stored fuel.
The total mass of the movable fuel on the floor was measured using load cells beneath
the floor for each test, totalling 1307 £10 kg. The ignition source was a metal bin filled

with 635 g of crumbled A4 print paper.

[Table 2.8 provides information on the locations and number of gypsum board protection
layers, as well as the percentages of exposed surface areas. The figures also include
the number of 15.9 mm thick Type X gypsum board layers (GB) implemented on
interior surfaces. Schematic floor plans in a non - scaled format indicate the locations of

protected surfaces.

Table 2.8: Summary of RISE Tests

Test
Gypsum Board
name (GB) Protected Exposed wood
Window ) . P Floor plan (schematic)
Oveni interior surfaces
enin
'P & surfaces
size
. T |
—100% of ceiling, Back Will 3GB
Test 5 100% of beam,
-Two 100% of left wall,
) - Back wall and .
window 100% of right wall
. - Front wall d
openings expose
penmg protected by 3 P
—8.0 m? of i (GB -No exposed wood
ayers o
exterior y wall surfaces Column 3GB
wall open meeting in a corner = ||@| =
(91 2 m2) Openings 2 GB sides; 3GB top
) Facade 1GB + 50mm SW
—100% of ceiling,
100% of beam, %{
% Back wall Back 1.5m of
Test 6 100% ?f le;t Wallll’ 3GB right wall
78% of right wall, GB
- Two - Back wall and & 3
. 100% of front wall,
window -Back1.5m
. ) 100% of column
openings length of right exvosed
—8.0 m? of wall protected by P
: -Two exposed wood
exterior 3 layers of GB
wall surfaces | |
wall open o == I I ==
meeting in a corner Openings 3GB**
(front left and front Facade 1GB + 45mm SW
right) (96.2 m?)
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Test
Gypsum Board
name
) (GB) Protected Exposed wood .
Window ) . Floor plan (schematic)
Openin interior surfaces
_p & surfaces
size
—100% of ceiling,
1
100% of beam, Back wall 3GB
Test 7 - Back wall and 100% of left wall,
- Two - 0.7 m on the 100% of right wall,
window left and right-side 60% of front wall,
openings edges of the 100% of column
—8.0 m? of front wall exposed
exterior protected by 3 - No exposed wood
wall open layers of GB wall surfaces = 1= =
S Openings 3GB**
meeting in a corner Facade 1GB + somm SW
(97.2 m?)
Test 8 % of ceil
- Two —100% of ceiling, walls 2GB
) - All walls and 100% of beam
window
) - Column exposed
openings
8.0 P of protected by 2 - No exposed wood
o layers of GB surfaces in walls Column 2GB
exterior (53 8 m2)
wall open ' = IEI =L
Openings 2GB
Facade 1GB
—100% of ceiling,
100% of beam, .
0 i i
Test 9 100% of left wall, BacK wall
es
g 100% of right wall, 2GB
- Six
. 100% of front wall,
window - Back wall m i
, 100% of column I [
openings protected by 2 exposed = =
—31.2m? of layers of GB P
) - Two exposed wood
exterior 1 surf _ _
wall surfaces
wall open l—LH = =

meeting in a corner
(front left and front
right) (77.9 m?)

Openings 2GB
Facade 1GB + somm SW

Note: GB indicates gypsum boards, SW indicates stone wool
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2.4.3 Compartment Fires Tests conducted in ETH Zurich

This project which consists of small scale compartment tests was part of three Master
theses at the Institute of Structural Engineering (IBK) of ETH Zurich. (Glauser ef al.
(2021)) The boundaries of the compartment were either protected with fire protection

panels or exposed to the fire. In[Iable 2.10|the summary of all tests performed in the
project can be seen.

This set of experiments is chosen to analyse how the models perform in small scale
compartments. However, note that these models are not created for these scenarios,
they are created by using real full scale experimental data. So it should not be expected

to get reasonable predictions.

The temperature measurements are taken by using a thermocouple tree which is located
in the centre of the compartment. 9 thermocouples are placed along the tree in intervals
of 5 cm. In case of a large compartment, three thermocouple trees are used. However
in order to compare these measurements with the models’ predictions an average of

the measurements of thermocouples are calculated for each test.

After the tests, the char layer depth measurements have been taken.
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2.4.3.1 Standard compartment

The compartment is constructed from glued-laminated (Glulam) spruce. Each lamella
has a thickness of 40 mm and is designed in a way that prevents detachment during
a fire, with glue joints positioned perpendicularly to the specimen’s exposed surface.
illustrates the joints, dimensions, and orientation of the Glulam layers which
is denoted by the texture.

The internal measurements of the compartments are consistently 0.5 m x0.5m x0.5 m,
irrespective of the presence of fire protection. When fire protection is employed, fire
protection panels are utilized, consisting of a 1.5 cm thick gypsum fibreboard behind a
2 cm thick fire protection panel.

Figure 2.4: Standard compartment for ETH Zurich Tests (cm) copied from [Glauser et al.
(2021)

gypsum fire panel
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2.4.3.2 Large compartment

To examine the impact of compartment size, the compartment depth is adjusted from
0.5m to 1 min tests C5, C6, and C12. A diagram of the larger compartment is presented
in Despite the augmented dimensions in comparison to the standard
compartment, the materials and construction method remain identical to those of the

standard compartment.

Figure 2.5: Large compartment for ETH Zurich Tests (cm) copied from
(2021)

gypsum fire panel

S

1
25 Li 25 | 2 { 25

1.5 15 15 15
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2.4.3.3 Movable Fuel

Wood cribs served as movable fuel. There are two types of wood cribs used in these
experiments. The standard crib consists of 12 layers with 5 sticks. It is important to
mention that the modified wood crib was utilized for test C4, consisting of 18 layers,
which is one and a half times the standard number of layers. The calculated weights of
the two types of wood cribs and the resulting fuel load can be seen in [Table 2.9]

Table 2.9: Overview of fuel load for ETH Zurich Tests

Standard Modified

Weight of crib [kg] 2.2 3.3
Heat of Combustion [M]/kg] 5 5
Fuel Load [M]] 38.5 57.75
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3 Results & Discussion

As it is explained before, there are three sets of experiments that are used for the

assessing and comparing the models.
The 4 experiments that have been chosen from FSUW book can be seen in

The 5 experiments that have been conducted in RISE study can be seen in

The 12 experiments that have been conducted in ETH Zurich study can be seen in
ble 0

In order to keep this result section more understandable, first two sets of experiments
which are conducted in full scale compartments will be presented separately from the
third set which is conducted in small scale compartments. Firstly, the predictions for
char depth and temperature will be discussed. Then sensitivity analysis for selected
input parameters and an additional detailed analysis for the time dependent modifica-
tion factor () will be shown. While doing the analyses EXCEL software and Python
codes are used. To keep this section non repetitive, only one of the related graph will

be shown. The rest of the graphs can be seen in the
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3.1 Char Depth Predictions for FSUW and RISE Tests

The FSUW tests’ results are given as an upper and lower limit of char depths only.
So for the first set of experiments (first 4 tests) only an average of upper and lower
measured values is used as experimental measurement. These are shown in the
as triangles. However, RISE tests’ results are more detailed, many char depth
measurements are given. So for this set of experiments the experimental measurements

are shown by using box plots which can be seen in the

For the FSUW tests (Test 1-4), all of the char depth predictions of the models expect the
prediction of prEN 1995-1-2:20YY with « = 0.3 for Test 4 are in the safe side which means
that they are giving a prediction value which is greater than the actual measurement
from the experiments. However it should be noted that the experimental results shown
as a single value in this graph as explained before.

For the RISE tests (Test 5-9) it is seen that the models except Brandon’s Model (FSUW),
give predictions which are in the range of the experimental measurements which are
shown with box plot. However, prEN 1995-1-2:20YY with a = 0.3 predicts a lower value
than the mean of the experimental measurements. This can be explained by the model’s
low time dependent modification factor (o). When the time dependent modification
factor (o) is small it means that more energy remains stored in char. Due to this lower
temperatures are expected in the compartment which results in having smaller char
depth values. The effect of this factor can be understood more clearly when it is seen
that prEN 1995-1-2:20YY with a = 1.0 predicts a very high char depths for the Tests 5,6
and 7.

For the RISE tests, combined model’s new version (shown in the graph as DIN EN
1991-1-2/NA:2015-09 o = 0.3 & o = 1.0) which is explained in[section 3.8, predicts char
depth slightly above the experimental measurements’ mean value. This means that this
model which is created in this thesis performs as expected. The expectation from this
new version of the combined model was to get realistic char depth predictions, and a

safety factor can be added later on to these predictions accordingly.
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3.2 Temperature Predictions for FSUW and RISE Tests

In the experimental set from RISE, there exist both the temperature and char depth
measurements. But as there is no experimental measurements for temperature for
FSUW tests, only the temperature predictions for RISE tests can be compared with

experimental measurements.

The comparisons for Test 1 and Test 5 can be seen in [Figure 3.2|and [Figure 3.3

Figure 3.2: Temperature for Test 1
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In the Test 1 there is no experimental measurement. The models can be compared with
each other but a decision on performance can not be done. However, when the graph
is inspected it can be seen that the combined model’s (DIN EN 1991-1-2/NA:2015-
09 + Cumulative Charring Model) decay phase behaves differently than the other 2
models. This can be explained by the fact that this model uses German national annex
parametric temperature curve which has a curve equation defined for its decay phase
instead of a line equation which is used for Eurocode parametric temperature curve

(EN 1991-1-2).
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Figure 3.3: Temperature for Test 5
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In the Test 5, there is the experimental results also. So now the models can be compared
with measurements. It is seen in the graphs that the all three of the models predicted
the time to reach maximum temperature greater than the actual time required to reach
maximum temperature. However, their predicted temperatures at the time for the
actual maximum temperature is relatively close to the temperature at that time. In the
decay phase, the Brandon’s model and prEN 1995-1-2:20YY acts in an over conservative
way which better than being under conservative. The issue that may be caused by
being over conservative is to the negative effect on the economic concern of the design.
Having said that, the combined model (DIN EN 1991-1-2/NA:2015-09) performs less

conservative compared to the other two models. Therefore it can be said that this model

is more economic while still being safe.
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3.3 Char Depth Predictions for ETH Zurich Tests

In the experiments conducted by ETH Zurich, the char depth measurements are taken.
So for this set of experiments the experimental measurements are shown by using box

plots which can be seen in the The first six of the tests are not shown as there
is no exposed surface for those tests.

Overall, the Brandon’s Model (FSUW) and prEN 1995-1-2:20YY with « = 0.3 predicts
a lower value than the actual experimental measurements. On the other hand, the
combined model’s 2 version (these are explained in [section 3.8|)

In Test C8 and C12, Brandon’s Model (FSUW) and prEN 1995-1-2:20YY didn’t predict
self-extinction of timber. The reason of not achieving self-extinction for Test C8 is having
only ceiling as protected surface which means that all other surfaces (left, right, back
and front) are exposed to fire. Due to having more of the surfaces exposed, an increased
positive feedback with radiation occurs between these compartment boundary surfaces.
For the case of Test C12 the main reason is the compartment geometry which is shown
in Also the effect of having left and right surfaces as exposed is important
here.

However, when the Test C10 is inspected, it can be seen that it has the same fuel and
same exposed surfaces as the Test C12. Only the compartment size is different, so that is
why the compartment geometry is said to be playing an important role while achieving
the self-extinction or not achieving it. Due to this reason, an augmented care should
be given while defining the boundaries of the compartment in these char prediction
models.
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3.4 Temperature Predictions for ETH Zurich Tests

Figure 3.5: Temperature for Test C9
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In the ETH Zurich Tests, the experimental results for temperature are given. This means
that the models can be compared with measurements. It is seen in the graphs that the
two of the models which are prEN 1995-1-2:20YY and combined model predicted the
time to reach maximum temperature in a fairly close to the actual time required to reach
maximum temperature. However their predictions are around 200 °C higher than the
experimental measurement.

The other model, Brandon’s model, underestimates the fire, both the duration of fire
and the maximum temperature are predicted in a manner which is lower than the

actual fire. It can be said that the Brandon’s model is not suitable for the small scale
compartments.
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3.5 Sensitivity Analysis

In-depth sensitivity analyses can be crucial in understanding the performance and
applicability of models. By adjusting the input parameters, one can evaluate the impact
of each parameter on the overall model behaviour. This process not only helps in
identifying the key factors that influence the charring of timber but also contributes to
the optimization and refinement of the models.

For the purpose of this analysis, four key parameters are chosen:

¢ Combustion factor

¢ Time Dependent Modification Factor

* Ratio Between the Heat Release and Char Depth

* Rate of Heat Release of Timber Members per Unit Area Related to the Charring
Rate

These parameters were chosen over other potential factors, such as the geometry of the
compartment, which can vary significantly from case to case. Although the geometry
can influence the process, it does not provide consistent insights due to its variability.
Hence, focusing on the parameters that remain consistent across various cases allows
for a more standardized and meaningful analysis.

Moreover, current researches such as the recent study on quantifying the heat release
from char oxidation in timber (MacLeod et al. (2023)) which is further inspecting the
heat release from char shows the significance of the chosen parameters in the field of
timber charring.
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3.5.1 Combustion Factor

Figure 3.6: Sensitivity Analysis of Combustion Factor on Char Depth
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The combustion factor parameter is used in the prEN 1995-1-2:20YY and in the com-
bined model (DIN EN 1991-1-2/NA:2015-09 + cumulative temperature charring model)
which use[Equation 2.2.13] However, it is not used in the Brandon’s model (FSUW).

The effect of combustion factor on char depth can be seen in the The
combined model has been affected by combustion factor more compared to the prEN
1995-1-2:20YY model. The reason behind this is the difference between the char depth
calculations of these two models. The combined model’s char depth calculation directly
depends on temperature as because of its use of cumulative temperature charring
model [Equation 2.2.14{to predict char depth. However, the prEN 1995-1-2:20YY uses
[Equation 2.2.10|which depends on temperature in an indirect way.

Also combustion factor is used in calculation of gy 4 in [Equation 2.1.41|Due to these
reasons the combustion factor effects the combined model more.
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Figure 3.7: Sensitivity Analysis of Combustion Factor on Maximum Temperature
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The temperature that has been mentioned in the part above (char depth discussion), is
affected by combustion factor also because of the [Equation 2.2.13|and |[Equation 2.1.9,
The same behaviour is observed also for temperature, the combined model has been af-

fected more by the change of the combustion factor. This can be seen in the

Also note that the sensitivity analysis for combustion factor is conducted between
the values 0.2 to 1.0 of combustion factor. Because having less than 0.2 combustion
efficiency will not be physically relevant as having greater than 1.0 will not be also.
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3.5.2 Time Dependent Modification Factor (o)

Figure 3.8: Sensitivity Analysis of Time Dependent Modification Factor on Char Depth
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The time dependent modification factor () parameter is used in the prEN 1995-1-2:20YY
and in the combined model (DIN EN 1991-1-2/NA:2015-09 + cumulative temperature
charring model) which use |[Equation 2.2.13, However, it is not used in the Brandon’s
model (FSUW).

The effect of time dependent modification factor («) on char depth can be seen in
the The prEN 1995-1-2:20YY model has been affected by time dependent
modification factor («) more compared to the combined model. The reason of this can
be explained by a similar process that is used in the discussion of sensitivity analysis of
the combustion factor.
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However as it can be seen the effect of time dependent modification factor («) is more
on the prEN 1995-1-2:20YY which is the opposite of the case of combustion factor. This
can be explained by the lack of the time dependent modification factor (o) parameter

in the calculation of qy 4 in[Equation 2.1.41}

Figure 3.9: Sensitivity Analysis of Time Dependent Modification Factor on Maximum
Temperature
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In the temperature calculation which can be seen in the the effect of time
dependent modification factor («) is more in the prEN 1995-1-2:20YY.
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3.5.3 Ratio Between the Heat Release and Char Depth

Figure 3.10: Sensitivity Analysis of Ratio Between the Heat Release and Char Depth on
Char Depth
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The ratio between the heat release and char depth parameter is used in the Brandon’s
model (FSUW). However, it is not used in the prEN 1995-1-2:20YY and in the combined
model (DIN EN 1991-1-2/NA:2015-09 + cumulative temperature charring model).

The effect of this parameter on the char depth prediction can be seen in the
The suggested value of 5.39 MJ/m? per mm is also shown in the same figure. This
suggested value is experimentally determined by Schmid et al.|(2016). This was derived
from cone calorimeter experiments at an irradiance of 75 kW/ m? flux for char depths

exceeding 10 mm.
When the ratio becomes higher than 11 MJ/m? per mm, it is predicted that the auto-

extinction will not occur. That is why the char depth prediction for the region after 11
does not exist.
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However, for the ratio smaller than this limit, it is seen that as the ratio augments the
char depth also augments. The reason behind this is can be seen by inspecting the
[Equation 2.2.7| which gives the qiq value. This q;4 value is used in calculation of t,
which is used in char depth calculation, [Equation 2.2.5

Figure 3.11: Sensitivity Analysis of Ratio Between the Heat Release and Char Depth on
Maximum Temperature
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As the char depth and temperature depends on each other, the same behaviour is

seen in the temperature in [Figure 3.11, As the ratio augments the temperature also
augments.
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3.5.4 Rate of Heat Release of Timber Members per Unit Area Related to
the Charring Rate

Figure 3.12: Sensitivity Analysis of Rate of Heat Release of Timber Members per Unit
Area Related to the Charring Rate on Char Depth
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The rate of heat release of timber members per unit area related to the charring rate
parameter is used in the prEN 1995-1-2:20YY and in the combined model (DIN EN 1991-
1-2/NA:2015-09 + cumulative temperature charring model) which use [Equation 2.2.13]

However, it is not used in the Brandon’s model (FSUW).

The effect of this parameter on the char depth prediction can be seen in the [Figure 3.12
The suggested value of 0.12 MW /m? per mm/min is also shown in the same figure.

The rate of heat release of timber members per unit area related to the charring rate
parameter effects the prEN 1995-1-2:20YY more than the combined model. Because
the combined model uses this parameter only to convert the calculated char depth to
structural fuel load. Then it uses this additional fuel load to calculate the temperature

curve by using German National Annex, later the model uses this new temperature
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curve to calculate the char depth again by using the cumulative temperature charring
model. So the effect of the rate of heat release of timber members per unit area related
to the charring rate, is an indirect effect.

However, for the prEN 1995-1-2:20YY model uses the additional structural fuel load
in a more direct way. This discussion can be more easily understood if the process of
predictions for these models are inspected by step by step.

Figure 3.13: Sensitivity Analysis of Rate of Heat Release of Timber Members per Unit
Area Related to the Charring Rate on Maximum Temperature
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As the char depth and temperature depends on each other, the same behaviour is seen
in the temperature in[Figure 3.13] As the ratio augments the temperature also augments
for prEN 1995-1-2:20YY. However for the combined model the temperature stays nearly
constant after around the value of 0.01 for this parameter. This can be explained by the
equations used to create the temperature curve in the German National Annex.
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3.6 Time dependent modification factor (o) Analysis

Time dependent modification factor is an important parameter in charring models.
Unlike other parameters, such as the "Rate of Heat Release of Timber Members per Unit
Area Related to the Charring Rate", time dependent modification factor changes accord-
ing to the phase of fire and therefore over time. This is where the "time dependent" part
of the name comes from.

In order to examine the effects of different « values on the predictions, an « analysis
is conducted where the temperature predictions for a values ranging from 0.1 to 1.0
are plotted over time. For this study the combined model is used as temperature-time
curve is more easily modified in the DIN EN 1991-1-2/NA compared to EN 1991-1-2.

In the graphs below it can be seen that as the a value augments the position of the
peak temperature shifts to right. This means that for a greater a value the time to reach
maximum temperature will be greater also. Other remark from the graph is that for the
growth phase all a values nearly have the same temperature predictions. However for

the decay phase as the & augments the slope of the temperature curve decreases.

Figure 3.14: Alpha Analysis for Test 5
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3.7 Choosing time dependent modification factor (a)

As it is seen in the above section, each of the « values give different predictions which
shows similar behaviour. In order to choose one value for «, a study of comparing
areas under curves is done. The motivation behind this study is to compare the energy
release for each case. The areas are calculated for the part of the curve which is above
20 °C (Ambient temperature). The area under each a curve is compared with the
area under the curve of experimental measurement. Then the a value which gives
the closest result is chosen. The issue with this method is that it does not take into
account the time required to reach the peak temperature. Thus, the o value will be
chosen solely based on the area under the curve. Note that for this selection process the
experimental temperature-time curve is needed. However the purpose of prediction
model is to predict the temperature and therefore the char depth without doing an
actual experiment. Due to this an « value which will cover the entire selection of tests
will be determined and this o will be suggested as an input parameter for the prediction
model. The results are shown in the [Figure 3.15|below where the areas under curves
are hatched and the values for these areas are shown on the right side of the curves.
The chosen « value can be seen on the legend of the graph.

Figure 3.15: Choosing Alpha for Test 5
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3.8 Using two time dependent modification factors («)

As stated in above section the time to reach maximum temperature was not taken
account of. In order to fix this issue a new method of using different a values is used.
In this method, an « value is chosen for the period until the maximum temperature is
reached. For the period after the maximum temperature a separate o value is chosen.
After analysing the tests and predictions for each « value, the 2 a values are determined
as 0.3 for the growth phase and 1.0 for the decay phase. These values are applied
for each tests to see how the new predictions perform compared to experimental
measurements.

The results can be seen in the graphs below where the predicted temperature - time
curve for new method plotted against the older predictions which use only one « value
for the entire time period. As it can be seen that there is an overall conformity between
the predicted and experimental time to reach maximum temperature. Also for the
decay phase the predicted curve performs well.

Figure 3.16: Combined Alpha Method for Test 5
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3.9 Two time dependent modification factors («)
comparison

To compare the predictions of combined a’s method with experimental measurements,
the previously used process of comparing areas under the curves has been chosen. The
difference between the area under the predicted curve and the area under the experi-
mental curve in the two a method is similar to that in the one o method. However, the
two a method provides a better prediction of the time required to reach the maximum
temperature.

Figure 3.17: Combined Alpha Method for Test 5
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Figure 3.18: Temperatures for two time dependent modification factor for Test 5
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The difference in peaks are caused by having different q, 4 values which are calculated
by using total fuel load which is predicted by using char depth. In the updated version
which has two time dependent modification factors (), the value of gy 4 is smaller than

the one in previous version which has only one time dependent modification factor

().

The reason is that the predicted char depth is smaller when two time dependent
modification factors (a) are used. This is caused by having lower time dependent
modification factor («) for the decay phase which leads to less efficient conversion of
char depth to additional fuel load.
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Figure 3.19: Temperatures for two time dependent modification factor for Test C9
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The same discussion of having different qy 4 values applies for ETH Zurich Test C9. The
comparison can be seen above in [Figure 3.19
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3.10 Creating time dependent modification factor (o) - Time
Graphs

As it has been seen that using two a values are reasonably better than using only one
alpha, the next step is using more than two a’s. In this section a a-time curve is created
by using a process where a value is calculated for each time step. This calculation
is done by selecting the a value which gives the closest prediction compared to the
experimental temperature for that time step. As the a values are calculated from 0.1 to

1.0 the resulting graphs are rather coarse.

Figure 3.20: Alpha - Time Graph for Test 5
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It can be seen that the a value reaches to peak value of 1.0 two times, one before the
maximum temperature is reached and the other after the maximum temperature is
reached. In order to explain this phenomenon the meaning of o should be inspected. o
factor is used to take account of energy stored in char layer and the efficiency of char
layer’s combustion. For a higher a value the char combusts more compared to a case

where the « value is low.
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For example in the growth phase of a ventilation controlled fire the expected value for a
is lower, as the oxygen in the compartment will not be enough to combust the char layer
efficiently. However in the decay phase where the oxygen content gets higher again,
the a value gets higher also as the energy stored in char gets released by combustion.

In the [Figure 3.20) it can be seen that o value augments as the decay phase progresses.
This can be explained by the discussion above. Note that normally « should be zero
when the fire extincts, but as the a value of 0 is not defined previously the closest value

which is 0.1 is taken for that period.

The peaks of o value that occur in the same figure can be explained by the movable
tire load. The experimental temperature curve takes account of both the movable fire
load and the structural fire load coming from the combustion of the timber boundaries
of the compartment. However « value is defined to deal with only the latter part. So
when the a is chosen by using the experimental temperature curve, it tends to be higher
than expected. If the temperature curve for structural fire load was available and was
used, the a curve will not had this peak in the growth phase.

The other reason of these peaks is the method used to select the «, the « is chosen by
comparing the temperature predictions given by o and the experimental temperature
measurement. However if inspected it can be seen for the location of first
peak, the o 1.0 (the curve located at the bottom of the curve bundle) gives closest result.
The second peak which occurs in the early stage of decay phase can be explained in the
same way, as the curves cross each other their order according to the distance to the

experimental temperature curve changes.
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Figure 3.21: Alpha - Time Graph Zoomed for Test 5
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In order to make the a-time curve smoother an interpolation process is applied. Also
to take account of the problem of peaks mentioned previously, « is taken as a fixed
value of 0.3 for the time period from the start of fire to the 1.5xthe time to reach the
maximum temperature.

The resulting a-time curve can be seen in the [Figure 3.22
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Figure 3.22: Alpha - Time Graph for Test 5
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Note that using more than two « values to create a temperature-time curve by using
the combined model is not possible as the DIN EN 1991-1-2/NA does not permit to
use more than one « for decay phase. (For more information please review
[1991-1-2/NA Appendix AA|) However, if it would be possible to define as many as «,

then it would be possible to use these a-time curves and predict the temperature curve
which fits very well to the experimental temperature curve.
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But the experimental temperature measurement is still required for doing this. So in
order to predict the temperature without having an experimental temperature mea-
surement, a fixed a-time curve which can be used is created as seen in
below. The first part has fixed value for « as 0.3 from the start of fire to the 1.5 x the time
required to reach maximum temperature. The second part is a straight line from 0.3 to
1.0. Note that this curve is produced by using the experimental data available, if more
experiments are used this curve could be better.

Figure 3.23: Streamlined Alpha - Time Graph for Test 5
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As a last step this curve is simplified to make it possible to be used in combined
model which uses DIN EN 1991-1-2/NA. The simplified plot has two time dependent

modification factors («) as seen in|Figure 3.24|below.

This plot’s first segment which has « as 0.3 is defined from the start of fire to the 1.5 xthe

time required to reach maximum temperature.

Figure 3.24: Simplified Alpha - Time Graph for Test 5
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4 Conclusion

In this thesis, charring models of timber have been inspected and three of them are
chosen for comparison. Those are the Brandon’s model (FSUW book), Eurocode Model
(prEN 1995-1-2:20YY + EN 1991-1-2) and Combined Model (Cumulative temperature
charring model (prEN 1995-1-2:20YY) + DIN EN 1991-1-2/NA). The discussed com-
bined model does not exist in current codes, it is a combination of two different codes.
The creation of this new method is inspired by the parametric temperature curve of
German National Annex to EN 1991-1-2 (DIN EN 1991-1-2/NA). Because this paramet-
ric temperature curve’s equations are defined more detailed compared to the ones for
the EN 1991-1-2’s parametric temperature curve. Especially the decay phase in defined
by an equation which creates a curve instead of a line. However the EN 1991-1-2’s
parametric temperature curve’s decay phase is defined by a set of equations which give
lines with different slopes. Also the parametric temperature curve of German National
Annex to EN 1991-1-2 (DIN EN 1991-1-2/NA) allows to define two time dependent
modification factors. This is used to create a new version of the combined model.

The comparison is made by using three sets of experimental data which are from
FSUW book, RISE research paper and compartment tests conducted in ETH Zurich.
First two sets are conducted on full scale compartments, the latter one conducted in
small scale compartments. The models” predicted values for compartment temperature
and char depth at the end of the fire are compared with the ones measured in the
experiments. Also a sensitivity analysis is done to see the effect of selected parameters
such as combustion factor and time dependent modification factor («). It is seen that
the effect of the time dependent modification factor is important as it changes the shape
of temperature curve in the decay phase. Further modifications with this parameter are
decided to be done.
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A new method of using two different time dependent modification factors for the
combined model is created. In this new version, for the first part of the fire (defined by
1.5 x [the time required to reach maximum temperature]), the different time dependent
modification factor is set to be constant 0.3. This small value relates with the high
amount of energy stored in the char which is caused by the low oxygen content in the
compartment. But as the fire starts to decay more oxygen becomes available inside
the compartment and therefore char can combust more efficiently. But this does not
happen instantly after the decay starts, there is a required time for the oxygen content
to get higher. The 1.5 factor that used to define the 0.3 time dependent modification
factor (o) region decided according to this extra time. For the rest of the duration of
tire the time dependent modification factor is set to be 1.0 which dictates that the char

combust very efficiently.

This new version of the combined model is compared with the older version which uses
only one (o) value for entire duration of fire. The results suggest that using the updated
version of combined model which has two « values gives closer predictions to the
experimental measurements. The predictions are close to the mean of the experimental
measurements. This is the outcome that is decided why creating this model in this
thesis. A safety factor can be added to these predictions according to the specifications
of the design case such as the purpose of the building and the number of the occupants.
However, further study with different compartment tests can be useful to get more
precise results to decide on these safety factors. This model has a potential to be used
in the practice of timber building sector.

In conclusion, this thesis examines, analyses, and compares current charring models
for timber which are used in practice, with the goal of enhancing understanding in
this field. A novel approach, referred to as the '‘Combined Model,” is developed and
later refined following comprehensive sensitivity analyses. This updated version of the

Combined Model shows promising potential.
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4.1 Recommendations for future work

The discussed multiple time dependent modification factor («) for the combined model
would be an interesting topic to further improve. The author of this thesis is optimistic
and anticipates that the proposed future work will bring about significant advance-
ments in this area of study.

In order to do this an additional point can be added to the decay part of the temperature

curve as point 4 which is defined by # and ©4. The proposed updated version of the

temperature curve can be seen in|Figure 4.1

Figure 4.1: Schematic representation of proposed updated version of the temperature-
time curve according to the simplified natural fire model with the points (4, ©;) de-
scribed by equations and the curve segments in between
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A third value of time dependent modification factor («) can be assigned to the added
part which is after the point 3 which is defined by # and ©;. So now instead of one
a value for growth and one « value for decay, the model has one « value for growth
phase and two « values for the decay phase.
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To create the point 4, the t, and ©, values should be determined. This can be done by
using the experimental data. Given that the equations for the newly added part are
the same as those of the previous part, it is anticipated that an analysis for the time
dependent modification factor (o)) will suffice to determine the values necessary for

locating point 4.

Once the updated model incorporating the 4™ point is established, additional points
could be introduced to the decay phase. This improvement aims to refine the tem-
perature curve during the decay phase further. There’s no necessity to incorporate
additional points into the growth phase. This is because assuming a constant value for

a has shown to yield satisfactory results for the growth phase of the model.
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Appendix A Graphs for the Other Tests

A.1 FSUW Tests

A.1.1 Test2

Figure A.1: Temperature for Test 2
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A.1.2 Test3

Figure A.2: Temperature for Test 3
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A.1.3 Test 4

Figure A.3: Temperature for Test 4
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A.2 RISE Tests

A.2.1 Test6

Figure A.4: Temperature for Test 6
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A2.2 Test7

Figure A.5: Temperature for Test 7
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A.2.3 Test 8

Figure A.6: Temperature for Test 8
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A.2.4 Test9

Figure A.7: Temperature for Test 9
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A.3 ETH Zurich Tests

A.3.1 Test C2

Figure A.8: Temperature for Test C2
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A.3.2 Test C3

Figure A.9: Temperature for Test C3
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A.3.3 Test C4

Figure A.10: Temperature for Test C4
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A.3.4 Test C5

Figure A.11: Temperature for Test C5
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A.3.5 Test C6

Figure A.12: Temperature for Test C6
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A.3.6 Test C7

Figure A.13: Temperature for Test C7
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A.3.7 Test C8

Figure A.14: Temperature for Test C8
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A.3.8 Test C10

Figure A.15: Temperature for Test C10
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A.3.9 Test C11

Figure A.16: Temperature for Test C11
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A.3.10 Test C12

Figure A.17: Temperature for Test C12
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A.4 Time dependent modification factor (o) Analysis

A.4.1 Test6

Figure A.18: Alpha Analysis for Test 6

1200 alpha augments

1000 -
800 A

600 -

Temperature (°C)

400

200 A

0 60 120 180 240
Time (min)

— a=0.1 — a=04 a=0.6 a=0.8 a=1.0
— a=02 — a=05 a=07 a=0.9 --- Experimental Temperature
— a=0.3

98



Charring Models for Timber May 2023

A4.2 Test7

Figure A.19: Alpha Analysis for Test 7
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A.4.3 Test 8

Figure A.20: Alpha Analysis for Test 8
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A.4.4 Test9

Figure A.21: Alpha Analysis for Test 9
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A.5 Choosing time dependent modification factor (o)

A.5.1 Test 6

Figure A.22: Choosing Alpha for Test 6
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A.5.2 Test7

Figure A.23: Choosing Alpha for Test 7
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A.5.3 Test 8

Figure A.24: Choosing Alpha for Test 8
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A.5.4 Test9

Figure A.25: Choosing Alpha for Test 9
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A.6 Using two time dependent modification factors («)

A.6.1 Test6

Figure A.26: Combined Alpha Method for Test 6
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A.6.2 Test7

Figure A.27: Combined Alpha Method for Test 7
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A.6.3 Test 8

Figure A.28: Combined Alpha Method for Test 8
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A.6.4 Test9

Figure A.29: Combined Alpha Method for Test 9
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A.7 Two time dependent modification factors («)
comparison

A.7.1 Test 6

Figure A.30: Combined Alpha Method for Test 6
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Figure A.31: Temperatures for two time dependent modification factor for Test 6
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A.7.2 Test7

Figure A.32: Combined Alpha Method for Test 7
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Figure A.33: Temperatures for two time dependent modification factor for Test 7
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A.7.3 Test 8

Figure A.34: Combined Alpha Method for Test 8
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Figure A.35: Temperatures for two time dependent modification factor for Test 8
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A.7.4 Test9

Figure A.36: Combined Alpha Method for Test 9
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Figure A.37: Temperatures for two time dependent modification factor for Test 9
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A.7.5 Test C2

Figure A.38: Temperatures for two time dependent modification factor for Test C2
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A.7.6 Test C3

Figure A.39: Temperatures for two time dependent modification factor for Test C3
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A.7.7 Test C4

Figure A.40: Temperatures for two time dependent modification factor for Test C4

1400

1200

Y

o

o

(@]
1

8004

600 :

Temperature (°C)

400

200

Time (min)

DIN EN 1991-1-2/NA:2015-09 a=1.0
--------- DIN EN 1991-1-2/NA:2015-09 a=0.3 & a=1.0
—— Experiment

120



Charring Models for Timber May 2023

A.7.8 Test C5

Figure A.41: Temperatures for two time dependent modification factor for Test C5
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A.7.9 Test C6

Figure A.42: Temperatures for two time dependent modification factor for Test C6

1400

1200

Y

o

o

(@]
1

8004

600 :

Temperature (°C)

4004

200 1

0 . . .
0 15 30 45 60

Time (min)

DIN EN 1991-1-2/NA:2015-09 a=1.0
--------- DIN EN 1991-1-2/NA:2015-09 a=0.3 & a=1.0
—— Experiment

122



Charring Models for Timber

May 2023

A.7.10 Test C7

Figure A.43: Temperatures for two time dependent modification factor for Test C7
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A.7.11 Test C8

Figure A.44: Temperatures for two time dependent modification factor for Test C8
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A.7.12 Test C10

Figure A.45: Temperatures for two time dependent modification factor for Test C10
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A.7.13 Test C11

Figure A.46: Temperatures for two time dependent modification factor for Test C11
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A.7.14 Test C12

Figure A.47: Temperatures for two time dependent modification factor for Test C12
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A.8 Creating time dependent modification factor (o) - Time
Graphs

A.8.1 Test 6

Figure A.48: Alpha - Time Graph for Test 6
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Figure A.49: Streamlined Alpha - Time Graph for Test 6
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Figure A.50: Simplified Alpha - Time Graph for Test 6
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A.8.2 Test7

Figure A.51: Alpha - Time Graph for Test 7
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Figure A.52: Streamlined Alpha - Time Graph for Test 7
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Figure A.53: Simplified Alpha - Time Graph for Test 7
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A.8.3 Test 8

Figure A.54: Alpha - Time Graph for Test 8
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Figure A.55: Streamlined Alpha - Time Graph for Test 8
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Figure A.56: Simplified Alpha - Time Graph for Test 8
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A.8.4 Test9

Figure A.57: Alpha - Time Graph for Test 9
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Figure A.58: Streamlined Alpha - Time Graph for Test 9
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Figure A.59: Simplified Alpha - Time Graph for Test 9
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