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Abstract

The design of wooden load-bearing elements for the effects of fire is a necessity when designing timber structures.
Therefore, ongoing research focusing on the behavior of wooden elements in fire conditions in this area is still
important. The paper focuses on the study of a carbonized layer of wood beams differing in geometric cross-
section shapes: square cross-section, square cross-section with cut edges and round cross section (log). The
carbonized layer was evaluated by the calculation according to STN EN 1995-1-2 [1] and at the same time, by a
medium-scale test, in which the samples were unilaterally loaded with radiant heat source. The obtained results
were supplemented by results of computer simulation in Ansys 18.1 program, the result of which is the graphical
depiction of the degree of wood beams carbonization in time of 30 min. The depth of the carbonized layer formed
during the experiment corresponded to the calculated value for the square cross-section and the square cross-
section with the cut edges. In the experiment, the round cross-section showed the highest depth of carbonization,
which was also confirmed by the results of computer simulation. The results showed that thermal degradation and
carbonization proceeds faster in the beams of the log. This must be considered in their static design for the effects
of fire.

Keywords: wood beam, radiant heat source, medium-scale test, carbonized layer, computer simulation

1 Introduction 1 Uvod

When wood is burning, there occurs the Pri horeni dreva dochadza k termickému
thermal degradation of bindings of its basic rozkladu vazieb jeho zikladnych komponentov
components and the change of their chemical a zmene ich chemického zloZenia za vzniku
composition leads to the formation of many mnohych produktov [2]. Podl'a Kucera a kol.
products [2]. According to Kucera et al. [3], [3], Osvald [4], Leéko a Lopusniak [5]3
Osvald [4], LeSko and LopuSniak [5], Vavruskova aLokaj [6], Kuklik [7], pri
Vavruskova and Lokaj [6], Kuklik [7], a tepelnom namahani sa na povrchu dre\{a vytvara
carbonized layer is formed on the surface of the zuholnatena vrstva. Tato vrstva brani pristupu
wood. This layer prevents air from entering the vzduchu do vnutornych Casti prierezu prvku,
internal parts of the element cross-section, tlmi horenie ama dobré tepelnoizolacné
diminishes the burning and has good thermal vlastnosti.  Stefko akol. [8], VavruSkova
insulation properties. Stefko et al. [8], a Lokaj [6], Kozelouh [9], Blass [12] uvadzaju,
Vavruskova and Lokaj [6], KoZelouh [9], Blass ze tepelna vodivost’ zuhol'natenej vrstvy je asi
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[12] indicate that the thermal conductivity of the
carbonized layer is about 1/6 of the thermal
conductivity of the wood. As a result, the
residual cross-section temperature of the
element remains unchanged at small distances
[7]. The structure of a wood cross-section,
which is exposed to fire (see Fig. 1), also briefly
described by Vavruskova and Lokaj [6]:

e  Carbonized layer - the inner surface of
the carbonized layer has a temperature of about
300°C,

e Layer of wood affected by the
temperature - a part of the layer with a
temperature above 200 ° C is called the
pyrolysis layer because it involves intensive
thermal decomposition associated with gas
release and is characterized by color change and

weight loss,
e Residual cross-section - virtually
unaffected by the temperature that is

diminishing in time with the progressive fire.
According to Kucera et al. [3], Konig [11],

Osvald [4], the position of the carbonizing range

corresponds to the isotherm position of 300 ° C.

1/6 z tepelnej vodivosti dreva. V dosledku toho
zostava teplota zostatkového prierezu prvku uz
v malych vzdialenostiach nezmenena [7].
Skladbu dreveného prierezu, ktory je vystaveny
ucinkom poziaru (vid’ Obr. 1), struéne popisali
aj Vavruskova a Lokaj [6]:

e zuholnatena vrstva — vnutorny povrch
zuhol'natenej vrstvy ma teplotu okolo 300 °C,

e vrstva dreva ovplyvneného teplotou —
Cast’ tejto vrstvy steplotou nad 200 °C sa
nazyva vrstva pyrolyzy, pretoze v nej dochadza
k intenzivnemu tepelnému rozkladu, spojenému
Suvolfiovanim plynov a vyznacujicim sa
zmenou farby a stratou hmotnosti,

e zostatkovy prierez —
neovplyvneny teplotou, ktory
S postupujucim poZziarom zmensuje.

Podla Kuceru akol. [3], Koniga [I11],
Osvalda [4] poloha hranice zuhol'natenia
zodpoveda polohe izotermy 300 °C.

Z vyssie uvedeného vyplyva, Ze na povrchu

prakticky

sa v Case

drevenej  konStrukcie  nechrdnenej pred
ucinkami  poziaru  dochadza  ktvorbe
zuhol'natenej vrstvy. AvSak uz v malych

vzdialenostiach od povrchu exponovanej strany

char layer / zuhol'natena vrstva

char base / hranica uhol'natenia

pyrolysis zone / vrstva pyrolyzy
pyrolysis zone base / hranica pyrolyzy

normal wood / neposkodené drevo

Fig. 1 Wood cross-section during fire exposure [6]
Obr. 1 Dreveny prierez vystaveny uc¢inkom poziaru [6]

It follows from the above that the surface of
the wooden structure, which is not protected
from the effects of fire, produces a carbonized
layer. However, the temperatures are
unchanged at a small distance from the surface
of the exposed side. According to Buchanan
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su teploty nezmenené. Drevené konStrukcie si
podl'a Buchanana [12] vo vnutri svojho prierezu
zachovavaji svoje mechanické vlastnosti bez
podstatnych zmien a poziarnu odolnost’
konstruk¢ného prvku je mozné urcit’ na zaklade
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[12], the timber structures maintain their
mechanical properties within their cross-section
without any significant changes, and the fire
resistance of the structural element can be
determined on the basis of the residual cross-
section. Therefore, it is necessary to dimension
the structure in order to maintain its load
capacity even in case of fire. The rules for the
design of structures made of wood or wood-
based materials for fire effects are summarized
in STN EN 1995-1-2 [1]. It is possible to design
a wooden structure for the effects of fire,
according to Kuklik [7], Teretiova [13] in
several ways, but in this case the most efficient
method is the effective cross-section method, i.
e. by reducing the cross-section exposed to the
fire.

The aim of the medium-scale test was to
determine whether the geometric shape of the
cross-section of wood horizontal beams
exposed to the radiant heat source for 30
minutes affected the depth of the carbonized
layer, and whether the carbonized layer found
would correspond to the carbonized layer
calculated by the effective cross-section method
according to STN EN 1995-1 -2 [1].

Another objective was to simulate the
formation of the carbonized layer on the given
samples under the same conditions of thermal
loading using the Ansys 18.1 program and to
compare the results obtained.

2 Methodology

Medium-scale test method

The test samples, represented by horizontal
beams with different geometric cross-sectional
shape, have undergone experiments. Based on
the results obtained through the medium-scale
test, we determined the depth of the carbonized
layer formed on the tested samples. The samples
were loaded with a radiant heat source for 30
minutes using a ceramic radiation panel. The
heat source characterizes the following data:
dimensions of the radiant surface - 480 x 280
mm, maximum power of radiant surface - 50.5
KW / m?, radiant surface temperature - 935 ° C.
We placed the heat source 30 cm away from the
sample to produce as much radiation to sample
as possible. The device was connected to the gas
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zostatkového prierezu. Preto je potrebné
konstrukciu nadimenzovat’ tak, aby si zachovala
nosnost’ aj v pripade poziaru. Pravidla pre navrh
konstrukcii vyhotovenych z dreva alebo z
materidlov na baze dreva na Gcinky poziaru st
zhrnut¢ v STN EN 1995-1-2 [1]. Navrhnat
dreven1 konstrukciu na U¢inky poziaru je
mozné podla Kuklika [7], Teretovej [13]
viacerymi sposobmi, avSak v tomto pripade je
najvhodnejsia metoda ucinného prierezu, t.].
redukciou prierezu namahaného poziarom.

Cielom vykonaného strednorozmerového
testu bolo zistit', ¢i geometricky tvar prierezu
vzoriek drevenych vodorovnych nosnikov,
vystavenych salavému zdroju tepla po dobu 30
minat, ma vplyv na hibku zuholnatenej vrstvy
aci zistend zuholnatend vrstva bude
zodpovedat’ zuholnatenej vrstve vypocitanej
metddou ucinného prierezu podla STN EN
1995-1-2 [1]. Dal§im ciel'om bolo za rovnakych
podmienok tepelného zatazenia nasimulovat’
vznik zuhol'natenej vrstvy na danych vzorkach
pomocou  programu Ansys 18.1. a ziskané
vysledky navzajom porovnat’.

2 Metodika
Metodika strednorozmerového testu

Experimentu sme podrobili skuSobné
vzorky, ktoré predstavovali vodorovné nosniky
Sroznym geometrickym tvarom prierezu.
Prostrednictvom vysledkov ziskanych
strednorozmerovym testom sme zistovali hibku
zuholnatenej vrstvy, ktord sa vytvorila na
skusobnych vzorkach. Vzorky boli zat'azované
salavym zdrojom tepla po dobu 30 min
prostrednictvom  keramického  radia¢ného
panelu.  Tepelny  zdroj  charakterizuju
nasledovné udaje: rozmer radiacnej plochy —
480 x 280 mm, max. vykon radiacnej plochy —
50,5 KW/m?, dosahovana teplota radia¢nej
plochy — 935 °C. Zdroj tepla sme umiestnili 30
cm od vzorky tak, aby na vzorku posobilo ¢o
najviac ziarenia. Zariadenie sme zapojili na
plyn cez prietokomer tak, aby sme mohli
redukovat’ prietok a aby bol pri kazdej vzorke
rovnaky. Prietok sme nastavili na 13 I/h. Tento
prietok bol konstantny pri kazdom merani, aby
sme dosiahli rovnaké teploty salavého tepla.
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through the flowmeter so that we can reduce the
flow rate and to assure to be the same for each
sample. We set the flow rate to 13 | / h. This
flow rate was constant for each measurement to
achieve the same radiant heat temperatures.

The fire loading tests have undergone the
following prisms of spruce wood:

e 3 samples of square cross-section with
dimensions of 60 x 60 mm,

e 3 samples of square cross-section with
cut edges with dimensions of 60 x 60
mm and

e 3 samples of a round cross-section with
diameter of 60 mm.

We chose the dimensions in a 1:4 scale
compared to the real 240 mm dimension, which
is the standard diameter of the load bearing
elements with round cross-section in practice.
The sample length was of 1.2 m. The test
samples are shown in Fig. 2. The overall
diagram of the device for performing the
medium-scale test is shown in Fig. 3.

Zatazovym  skiskam  sme  podrobili
nasledovné hranoly zo smrekového dreva:

e 3 vzorky §tvorcového prierezu 60 x 60
mm,

e 3 vzorky Stvorcového prierezu so
zrezanymi hranami 60 x 60 mm a

e 3 vzorky okruhleho prierezu priemeru

60 mm.
Dané rozmery sme zvolili zmenSené
vpomere 1 : 4 vporovnani so skuto¢nym

rozmerom 240 mm, ktory je Standardnym
priemerom nosnych prvkov okrahleho prierezu
v praxi. Dizka vzoriek bola 1,2 m. Skusobné
vzorky su zndzornené na Obr. 2. Celkova
schéma  zariadenia  pre  uskutocnenie

strednorozmerového testu je zobrazena na
Obr. 3.

Fig. 3 Test samples
Obr. 2 Skusobné vzorky

Fig. 2 Devices arrangement
Obr. 3 Usporiadanie zariadeni
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Effective cross-section method

The effective cross-section should be
calculated by reducing the original cross-
section by the original cross-section by the
effective depth of carbonized layer (der), see Fig.
4:

def ::d

Where:

dchar Designed depth of carbonization for

unidirectional carbonization,

ko Coefficient which modifies the thickness of
the zero strength layer do depending on the
duration of the fire (ko = 1.0, according to
Table 4.1 of EN 1995-1-2 [1] for t > 20
min.),

do 7 mm (for a fire lasting > 20 min: do=7 mm,
according to EN 1995-1-2 [15]).

char

Metoda ucinného prierezu

Ucinny prierez sa ma vypocitat’ redukciou

povodného prierezu 0 ucinn hibku
zuhol'natenia det (vid'. Obr. 4):
+k,.d, (1)
Kde:
dehar navrhova  hlbka  zuholnatenia  pre
jednosmerné uhol'natenie,
ko sucinitel’, ktorym sa upravuje hriibka vrstvy

nulovej pevnosti do V zavislosti na dobe
trvania poziaru (ko = 1,0 podl'a tab. 4.1 STN
EN 1995-1-2 [1] pre t > 20 min.),

do 7 mm (pri poziari trvajicom > 20 min. je do
=7 mm podl'a STN EN 1995-1-2 [15]).

Fig. 4 Definition of effective cross-section [1]
Obr. 4 Definicia efektivneho prierezu [1]

Carbonized layer depth calculation

Carbonization rate for unidirectional
carbonization according to STN EN 1995-1-2
[1] should be taken as constant in time. The
design depth of carbonization (dcharo) is
calculated according to:

Vypoéet hibky zuhoPnatenej vrstvy

Rychlost uholnatenia pre jednosmerné
uhol'natenie v zmysle STN EN 1995-1-2 [1] sa
ma brat’ ako konstantna v Gase. Navrhova hibka
zuhol'natenia sa vypocita podl'a vztahu:

dchar,O = ﬁo-t 2

Where: Kde:

Po Design rate of unidirectional carbonization Bo navrhova rychlost jednosmerného
when exposed to the normalized fire uhol'natenia pri vystaveni
(according to the Tab.1) normalizovanému poziaru (Tab. 1),

t Fire exposure time. t ¢as vystavenia poziaru.
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Tab. 1 Design rates of carbonization (f) of wood, laminated veneer lumber (LVL), wood panels, and

wood-based panels [1]

Tab. 1 Navrhové rychlosti uhol'natenia (fo) dreva, vrstveného dyhového dreva (LVL), drevenych dosiek

a dosiek na baze dreva [1]

B
(mm/min)

a) Softwood and European beech / Mikké drevo a buk
Glued laminated wood with a characteristic bulk density > 290 kg / m? 0,65
Lepené lamelové drevo s charakteristickou objemovou hmotnost'ou > 290 kg/m?®
Raw wood with a characteristic bulk density ~ >290 kg / m® 0.65
Rastené drevo s charakteristickou objemovou hmotnost'ou > 290 kg/m?®
b) Hardwood / Tvrdé drevo
Raw or glued laminated wood with characteristic bulk density of 290 kg / m® 0.65
Rastené alebo lepené lamelové drevo s charakteristickou objemovou hmotnost'ou ’
290 kg/m?
Raw or glued laminated wood with characteristic bulk density > 450 kg / m® 0.50
Rastené alebo lepené lamelové drevo s charakteristickou objemovou hmotnostou >
450 kg/m?®
¢) Laminated veneer lumber (LVL) / Vrstvené dyhové drevo
with characteristic bulk density > 480 kg / m? 0,65
s charakteristickou objemovou hmotnost'ou > 480 kg/m?
d) Panels / Dosky
Wooden panels )
Drevené dosky 0,9
Plywood
Preglejky 1,0°
Wood-based panels other than plywood 09

Dosky na baze dreva iné ako preglejky

2 The values are valid for the characteristic bulk density of 450 kg / m® and a thickness of 20 mm.
a Hodnoty platia pri charakteristickej objemovej hmotnosti 450 kg/m?® a hribke 20 mm.

For other characteristic bulk densities (o) and
panel thicknesses (hy) less than 20 mm, which
are introduced in Tab. 1, the rate of
carbonization must be calculated according to:

Pri inych charakteristickych objemovych
hmotnostiach px a hrubkach dosiek h, mensich
ako 20 mm, ktoré su uvedené v tab. 1, sa ma
rychlost’ uhol'natenia vypocitat’ podla vzt'ahu:

ﬁO,p,t :ﬂO'kp'kh (3)

(4)
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Where:

So Design rate of carbonization according to Tab. 1,
pk Characteristic bulk density (kg/m?),

hp Panel thickness (mm).

Simulation methodology

When studying the behavior of wood beams
exposed to thermal loading, the finite element
model in Ansys 18.1 program were used. The
change in material properties was set in the
simulation according to the requirements of
STN EN 1995-1-2 [1]. Thermal loading
consisted of two components: radiant heat, the
source of which was the radiation panel and the
flame that was formed after ignition of the
released gases generated by thermal
degradation of the wood beam. The radiation
panel was set to a power of 50.5 KW / m?,
corresponding to a temperature of 935 © C. The
total emissivity was set to value of 0.9. As a
consequence of the enclosed room, only natural
air flow resulted from the difference in
temperature of the heated gases and
surroundings. The heat transfer between the
wood beam and the air varies depending on the
temperature. The aim of the computer
simulation was to reproduce the conditions of
the medium-scale tests and to compare the
obtained results with the results of the computer
simulation.

Geometry and discretization

Each simulation consisted of a transient
thermal analysis. In the simulation, the
following types of elements, available in Ansys
18.1: SOLID90 and SURF152, were used as
thermal elements used to simulate heat transfer.
SOLID90 is a 20 noel thermal element
providing conduction, while the SURF152 is a
4 node element providing [18]. SURF152
covers SOLID90 to simulate convection and
radiation from the area of heat loading. The
beam model was meshed by an Ansys program
to a number of approximately 10,000 nodes.
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Kde:

po navrhova rychlost’ uhol'natenia podl'a Tab. 1,
pk je charakteristickd objemova hmotnost’ kg/m?®,
hp je hrabka dosky v mm.

Metodika simulacie

Pri skimani spravania sa drevenych
nosnikov vystavenych tepelnému namahaniu
bol vyuzity model kone¢nych prvkov
S pouzitim programu Ansys 18.1. Zmena
materidlovych vlastnosti bola v simulécii
nastavena v zmysle poziadaviek STN EN 1995-
1-2 [1]. Tepelné namahanie pozostavalo
Zdvoch zloziek, salavého tepla, ktorého
zdrojom bol radiacny panel a plamena, ktory
vznikol po zapaleni uvolnenych plynov
vzniknutych pri tepelnej degradacii dreveného
nosnika. Radia¢ny panel bol nastaveny na
vykon 50,5 KW/m?, ¢omu zodpovedala teplota
935°C. Celkova emisivita bola nastavena na
hodnotu 0,9. V dosledku uzavretej miestnosti
dochadzalo len k prirodzenému pradeniu
vzduchu  dosledkom rozdielnej  teploty
ohriatych plynov a okolia. Prestup tepla medzi
drevenym nosnikom a vzduchom sa v zavislosti
od teploty menil. Ciel'om pocitacovej simulacie
bolo napodobnit’ podmienky
strednorozmerovych testov a porovnat’ z nich
ziskané vysledky s vysledkami z pocitacovej
simulacie.

Geometria a diskretizacia

Kazda simulacia pozostavala z dynamickej
termickej analyzy. Pri simulacii boli pouzité
nasledovné¢  typy elementov, dostupné
v programe Ansys 18.1: SOLID90 a SURF152,
ako termalne elementy sluziace na simulaciu
prenosu tepla. SOLID90 je 20 uzlovy termalny
element zabezpecujuci kondukciu, zatial' o
SURF152 je 4 uzlovy element zabezpecujuci
simulaciu kondukcie, konvekcie a radiacie
(ANSYS Mechanical APDL Thermal Analysis
Guide). SURF152 pokryva SOLID90 pre
simulaciu konvekcie a radiacie z priestoru
tepelného namahania. Model nosnika bol
nasietovany programom Ansys na pocet
priblizne 10000 uzlov.
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3 Results

Carbonized layer calculation

Thermal stability of wood is affected by the
density and chemical composition of wood. The
density of tested samples was in range of p =
380 + 8,4 kg/m?.

For this wood density value we calculated
the design rates od carbonization fo, ,, : using the
equation (3) and further the depth of
carbonization layer dcaro:

Lo, p,1 = 0,40 mm/min; deparo = 12 mm, (fo = 0,65
z Tab. 1).

Based on the results, we can state that the
depth of the carbonized layer should be less than
12 mm.

Medium-scale test results

The measured depth values of the
carbonized layer are shown in Tab. 2, with two
measurements being made for each of the nine
samples. The resulting values of the depth of the
carbonized layer are the average values of these
two measurements. The graphical
representation of the results is shown in Fig. 5.

Tab. 2 Measured values of the carbonized layer depth
Tab. 2 Namerané hodnoty hlbky zuhol'natenej vrstvy

3 Vysledky

Vypocet zuhol’'natenej vrstvy

Termicka stabilita dreva je ovplyvnena
hustotou dreviny a chemickym zlozenim [14].
Hustota testovanych vzoriek bola v rozmedzi
p =380+ 8,4 kg/m?®.

Pre uvedenu hustotu dreva sme navrhovu
rychlost’ uholnatenia fo, , ¢ vypocitali podla
rovnice (3) anasledne hibku zuholnatene;
VIStvy dcharo podl’a rovnice (2):

Lo, p,t = 0,40 mm/min; denaro = 12 mm, (fo = 0,65
z Tab. 1).

Ztychto  vysledkov vyplyva, e hibka
zuhol'natenej vrstvy by sa mala pohybovat’ do
hodnoty12 mm.

Vyhodnotenie strednorozmerového testu

Namerané hodnoty hibky zuholInatenej
vrstvy su uvedené v nasledujucej Tab. 2, pricom
pre kazdu z deviatich vzoriek sme urobili 2
merania. Vysledné hodnoty hibky zuhoI'natenej
vrstvy s priemerné hodnoty z tychto dvoch
merani. Grafické znazornenie vysledkov vidime
na Obr. 5.

Sample number and cross-
section shape / Cislo vzorky a
tvar prierezu

Depth of carbonized Depth of carbonized  Average value
layer 1 (mm) / Hibka ]
zuhoPnatenej vrstvy  Hlbka zuholP’natene;j

layer 2 (mm) / (mm)/
Priemerna

1 (mm) vrstvy 2 (mm) hodnota (mm)
1 square cross-section 9 9 90
1 Stvorcovy prierez '
2 Vsquare CI"OSS.-SECIIOI'] 7 8 75
2 $tvorcovy prierez
3 Vsquare C[’OSS'-SECtIOH 6 8 70
3 §tvorcovy prierez
1 cut edges cross-section 11 9 10.0
1 zrezané hrany
2 cut edges cross-section 17 16 16.5
2 zrezané hrany
3 cut edges cross-section 8 9 8.5

3 zrezané hrany
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Tab. 2 Measured values of the carbonized layer depth (continue)
Tab. 2 Namerané hodnoty hlbky zuhol'natenej vrstvy (pokra¢ovanie)

sample number and cross-  PePth of carbonized Depth of carbonized  Average value
P - layer 1 (mm) / Hibka layer 2 (mm) / Hibka (mm)/
section shape / Cislo vzorky " . R . . .
a tvar prierezu zuhol'natenej vrstvy 1 ~ zuhoP’natenej vrstvy 2 Priemerna
P (mm) (mm) hodnota (mm)
1 Round cross-section
10kruhly prierez 19 18 18.5
2 Round cross-section
2 Okruhly prierez 20 19 19.5
3 Round cross-section
3 Okrthly prierez 15 15 15.0
20
g’g 18 2.
EE 16
5 2
E ? 14
g7 12 1
c e 10 £ 2
O = )
s — 3.
g5 °
5% 6
S s
22 4
=
= 2
0 L~
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Fig. 5 Graphic depiction of the depth of the carbonized layer
Obr. 5 Grafické znazornenie hibky zuhol'natenej vrstvy

In the calculations according to STN EN Vo vypoctoch podla STN EN 1995-1-2 [15]
1995-1-2 [15] we found that the depth of the sme zistili, e hibka zuholnatenej vrstvy je 12
carbonized layer is 12 mm. These values were mm. Tieto hodnoty boli jednozna¢ne
clearly exceeded in case of round cross-section prekrocené u vzoriek okruhleho prierezu
samples with diameter of 55 mm. The v priemere 05,5 mm. ZvySené zuholnatenie
increased carbonization rate was also observed sme zaznamenali aj pri vzorke €. 2 so zrezanymi
in case of sample no. 2 with cut edges. hranami, ¢o vSak bolo spésobené vzniknutou
However, this was caused by the crack in the prasklinou pri hréi vo vzorke. Na Obr. 6 je
sample. Fig. 6 shows the carbonized layer of znazornena zuholnatend vrstva jednotlivych
individual samples. vzoriek.
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Fig. 6 Carbonized layer a) round cross-section, b) cut edges cross-section, ) square cross-section
Obr. 6 Zuhol'natena vrstva a) guliae, b) zrezané hrany, c¢) §tvorcovy prierez

Simulation results

The result of the simulation is the graphical
depiction of the degree of carbonization of
wood beams over 30 minutes. In Fig. 7 are
shown the simulated beams without a layer of
carbonized wood, the area shown in the middle
of the samples represents the range of the
carbonized layer.

Vysledky simulécie

Vysledkom simulacie je znazornenie miery
zuholnatenia drevenych nosnikov Vv ¢ase 30
min. Na Obr. 7 su zobrazené simulované
nosniky bez vrstvy zuhol'nateného dreva, oblast’
znazornena v strede vzoriek predstavuje
hranicu zuhol'natenej vrstvy.

125,00

250,00 500,00 (ram)

375.00

Fig. 7 Beams carbonization range
Obr. 7 Hranica zuhol'natenia nosnikov
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The length of the carbonized layer in the z-
axis direction is almost the same in all three
cases, reaching about 500 mm. However, the
depth of the carbonized layer in the "x"
direction is different. For a square cross-section,
the average depth of carbonization was of 9.4
mm, for the square cross-section with cut edges
of 8.8 mm and 10.1 mm for the round cross-
section. In Fig. 8 is shown a profile of the beams
and their carbonization in 30 min at a distance
of 600 mm from their edge.

Square cross-section
Stvorcovy prierez

D: Timbers
Temperature 2
Type: Temperature
Unit: *C

Time: 1800
11/12/2018 2033

345.86
281.63
2174

1537

24.713 Min

25,00

Cut edges cross-section
Prierez so zrezanymi hranami

Dizka zuhoPnatenej vrstvy Vsmere osi
2 je vo vSetkych troch pripadoch takmer
rovnaka, dosahujuca rozmery okolo 500 mm.
Hibka zuholnatenej vrstvy v smere osi ,.x“ je
vSak rozdielna. Pre S§tvorcovy prierez bola
priemerna hibka zuholnatenia 9,4 mm, pre
Stvorcovy prierez so zrezanymi hranami 8,8 mm
a pre okruhly prierez 10,1 mm. Na obr. 8 je
znazorneny profil nosnikov a ich zuholnatenie
v ¢ase 30 min. vo vzdialenosti 600 mm od ich
okraja.

Round cross-section
Okrahly prierez

2503

Fig. 8 Beams profile and their carbonization
Obr. 8 Profil nosnikov a ich zuholI'natenie

The outer part on the right side of the cross
section of the beams (Fig. 8) is a carbonized
layer, the shape of which is different in each
beam. Colored fields divide the beam exposed
to the effects of fire into the following layers:
the green color (number 3 in Fig. 8) shows the
carbonized layer and the boundary of
carbonization, the light blue color (number 2 in
Fig. 8) shows the layer of pyrolysis, the dark
blue color (number 1 in Fig. 8) shows thermally
undamaged wood.

The degree of carbonization adversely
affects the value of fire resistance of beams. In
Tab. 3, there are shown the areas of the
carbonized and non-degraded wood layer of the
tested wood beams. An important indicator is
the ratio of non-degraded and total cross-
section area of the wood beam as it represents

VonkajSia Gast’ z pravej strany prieéneho
prierezu nosnikov na Obr. 8 predstavuje
zuholnatenti vrstvu, ktorej tvar je v kazdom
nosniku odlisny. Farebné polia rozdel'uju
nosnik namahany ucinkami poziaru do
nasledujucich vrstiev: zelenou farbou (Eislo 3 na
Obr. 8) je znazornena zuholnatena vrstva
a hranica uholnatenia, svetlomodrou farbou
(Cislo 2 na Obr. 8) je znazornena vrstva
pyrolyzy, tmavomodrou farbou (¢islo 1 na Obr.
8) je znazornené termicky nepoSkodené drevo.

Miera zuholnatenia negativne vplyva na
hodnotu poZziarnej odolnosti nosnikov. V Tab. 3
su uvedené plochy zuhol'natene;j
a nedegradovanej vrstvy dreva skumanych
drevenych nosnikov. Délezitym ukazovatel'om
je pomer nedegradovanej a celkovej plochy
prierezu dreveného nosnika, pretoze znazoriuje
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the area of the beam in a cross-section that is
fully capable of transmitting the loading.
According to the simulation, the beams with a
square cross-section and with cut edges showed
almost the same results. Significant difference
was achieved mainly in comparison of the
beams with square and round cross-section,
where the rate of degradation and carbonization
of the logs is higher.

plochu nosnika v priereze, ktora je v plnej miere
schopna prenaSat’ zatazenie. Podl'a simulacie
nosniky so Stvorcovym prierezom a SO
zrezanymi hranami obstali takmer rovnako.
Signifikantny rozdiel je hlavne v porovnani
Stvorcového profilu a gulatiny, kde rychlost’
degradacie a zuholnatenia gul'atiny je vyssia.

Tab. 3 Surface dimensions of non-degraded and carbonized wood layers
Tab. 3 Plosné rozmery vrstiev nedegradovaného a zuhol'nateného dreva
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Square cross-section 3,600 565 2173 60.36

Stvorcovy prierez

Square cross-section

With cut edges 3,505 530 2,084 59.46

Stvorcovy prierez so

zrezanymi hranami

Round cross-section 2.827 606 1,357 48.00

Okruahly prierez

The cross-section area of the non-degraded
wood affects its bearing capacity and the fire
resistance value. It is because the wood losses
its mechanical properties in process of its
thermal degradation. Based on the results, we
can state that the round shape cross-section
losses its mechanical properties in the cross-
section more rapidly than the square cross-
section. It is because of the mass loss in the non-
degraded part of the wood.

4 Discussion

Based on the results of the medium scale
test, we can state that the depth of the
carbonization increased depending on the shape
of the sample cross-section. In the case of the
square cross-section, it ranged from 7 to 9 mm
in diameter. The depth of carbonization of
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Plocha nedegradovaného dreva v priereze
ma vplyv na jeho nosnost’ a hodnotu poZiarnej
odolnosti, a to vdosledku toho, ze drevo
vplyvom tepelnej degradacie straca svoje
mechanické vlastnosti. Z vysledkov sa da
vyvodit, ze okruhly profil straca v dosledku
ubytku nedegradovanej Casti dreva v priereze
svoje mechanické vlastnosti v porovnani SO
Stvorcovym prierezom rychlejsie.

4 Diskusia

Na zaklade vysledkov strednorozmerového
testu moZeme konStatovat, Ze hibka
zuhol'natenia sa zvd¢Sovala v zavislosti na tvare
prierezu vzorky. Pri §tvorcovom priereze Sa
pohybovala v priemere od 7 — 9 mm,
pri priereze so zrezanymi hranami v priemere
od 85-10 mm (ak neuvazujeme chybnu
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cross-section with cut edges ranged in interval
of 8.5 to 10 mm on average (if we do not
consider the wrong sample 2) and in case of the
round cross-section we recorded an average
depth of carbonization in range of 15 to 19.5
mm. The depth of the carbonization layer of the
square cross-section and the cross-section with
the cut edges experimentally determined
corresponded with the depth of carbonization
dehar, 0= 12 mm calculated according to STN EN
1995-1-2 [1].

The geometric shape of the material
significantly influences the possibility of
ignition, the rate and intensity of the burning
process [15]. In the case of a rounded cross-
section, in case of flame burning, the flame
occurred on the opposite side of the sample
from the radiation panel. For samples with cut
edges cross-section, the carbonized layer was
formed at rounds at the top and bottom of the
sample (Fig. 6 b). For samples with sharp edges
(square cross-section) we noticed flame burning
and formation of the carbonized layer only on
the side facing the radiation panel (Fig. 6 c). The
differences in carbonization in individual
samples were due to the fact that the extent of
the loaded area was different in case of tested
sample cross-sections, depending on their
geometrical shape, while the intensity and area
of radiation of the radiant heat source was not
changed. The samples with rounded cross-
section and the cut edges cross-section showed
more intense flame burning and thus a greater
depth of the carbonization layer.

The issue of the depth of the carbonized
layer was also focused by Martinka et al. [16],
but for its determination the authors applied
different methodology. They tested the wood
samples of Norway spruce and Scotch with
dimensions of 100 x 100 x 50 mm. The loading
of the test samples was performed with a conical
calorimeter for 10, 20 and 30 min. After a
predetermined time of heat loading, the test
sample was extinguished and placed in a water
container. The test samples were dried and cut
in the center.. The depth of the carbonization the
authors calculated as the difference between the
original cross-sectional width and the width of
the residual cross-section. The authors obtained
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vzorku ¢&. 2) apriokrihlom priereze sme
zaznamenali priemernt hibku zuhoP'natenia od
15 — 19,5 mm. Hibka zuholnatenej vrstvy
Stvorcového prierezu a prierezu so zrezanymi
hranami zistend experimentalne je v zhode
s vypo¢itanou hibkou zuholnatenia deharo = 12
mm podl'a STN EN 1995-1-2 [1].

Geometricky tvar materidlu podstatne
vplyva na moznost zapdlenia, rychlost
a intenzitu procesu horenia [15]. Pri okradhlom
priereze sa pri plameiiovom horeni vyskytol
plamenl aj na odvratenej strane vzorky od
radiacného panela. Pri vzorkach so zrezanymi
hranami sa zuholnatena vrstva vytvarala pri
zaobleniach na hornej aj spodnej strane vzorky
(Obr. 6 b). Privzorkach s ostrymi hranami
(Stvorcovy  prierez) sme  zaznamenali
plameiiové horenie a tvorbu zuhol'natenej
vrstvy iba na strane otocenej k radiacnému
panelu (Obr. 6 ¢). Uvedené rozdiely
v uholnateni boli pri jednotlivych vzorkach
sposobené tym, Ze velkost’ namahanej plochy
bola pri jednotlivych prierezoch vzoriek
rozdielna, v zavislosti od ich geometrického
tvaru, pricom intenzita a plocha vyzarovania
salavého zdroja tepla sa nemenila. Pri okrtthlom
priereze a zaoblenych hranach vzoriek tym
dochadzalo k intenzivnejSiemu plamenovému
horeniu atym aj ku vzniku vicsej hibky
zuhol'natenej vrstvy.

Hibkou zuholPnatenej vrstvy sa zaoberali aj
Martinka a kol. [16], avSak pre jej stanovenie
autori zvolili ini metodiku. Experimentu sa
podrobili skusobné vzorky smreka obycajného
a borovice lesnej rozmerov 100 x 100 x 50 mm.
Zat'azenie skuSobnych vzoriek sa vykonavalo
konickym kalorimetrom po dobu 10, 20 a 30
min. Po vopred stanovenom case tepelného
namdhania bola skasobnd vzorka uhasena
a vlozena do nadoby s vodou. Skiisobné vzorky
boli vysuSené avstrede prerezané. Hibku
zuhol'natenia autori dostali ako rozdiel medzi
povodnou Sirkou prierezu a Sirkou zostatkového
prierezu.  Autori  dospeli Kk nasledovnym
vysledkom pre skiiSobnt vzorku zo smrekového
dreva (vysledky po 30 min):

e pri tepelnom toku 20 kW/m?bola
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the following results for the Norway spruce
wood samples (results after 30 min):

e At a thermal flow of 20 kW / m? the
depth of carbonization was of 22 mm,

e At a thermal flow of 30 kW / m? the
depth of carbonization was of 28 mm,

e At a thermal flow of 40 kW / m? the
depth of carbonization was of 33 mm,

e At a thermal flow of 50 kW / m? the
depth of carbonization was of 36 mm.

In this test [16] and our test, the same type of
wood was used, the geometric shape of the test
specimen, the loading time of the test sample
and the heat flow (50 KW / m?). In our test, the
depth of the carbonized layer for the square
cross-section test sample was in range of 6 and
9 mm. Martinka et al. [16] reached the
carbonized layer depth of 36 mm after 30 min.
Differences in the results obtained are due to the
different thermal loading of the test samples and
the methods used.

The results obtained by simulation of the
medium-scale test confirmed the results
achieved in the experiment. Although the depth
of carbonization in case of the round cross-
section reached lower value (10.1 mm)
compared to the depth of carbonization
achieved by the test (15 - 19.5 mm), the share of
the non-degraded and the total cross-section
profile area of the round cross-section was 48%,
i.e. the lowest value of the tested samples.

Fonseca and Barreira [17] assessed the depth
of carbonization by experimental and numerical
methods. For the numerical method, they chose
the Ansys program, which they described as a
program for analyzing the behavior of wooden
elements that are loaded by high temperatures.
In the experimental method, 9 samples had
undergone the thermal loading. During the
experiment, the temperature course was
measured at five points of the test sample (10,
20, 30, 50 and 250 mm far from the exposed
side). The authors divided the samples into the
zone of the carbonized layer, the pyrolysis zone
and the non-degraded wood, and came to the
following conclusions:

e At a distance of 10 mm from the
exposed side, after 33 min, a carbonized
layer is formed with a characteristic
temperature of 700-800 ° C (until the
experiment is completed),

e At a distance of 20 mm from the
exposed side, a carbonized layer is
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hibka zuholnatenia 22 mm;

e pri tepelnom toku 30 KW/m? bola hibka
zuhol'natenia 28 mm;

e pri tepelnom toku 40 kW/m? bola hibka
zuhol'natenia 33 mm;

e pri tepelnom toku 50 kW/m? bola hibka
zuhol'natenia 36 mm.

Pri tomto teste [16] anaSom teste bol
totozny druh dreviny, geometricky tvar
skuSobnej vzorky, doba namahania skuSobnej
vzorky a tepelny tok (50 kW/m?). V naSom teste
bola hibka zuholnatenej vrstvy pre skigobnu
vzorku s ostrymi hranami medzi 6 — 9 mm.
Martinka a kol. [16] dosiahli po 30 min. hibku
zuholnatenej vrstvy az 36 mm. Diferencie
v dosiahnutych  vysledkoch st v dosledku
rozdielneho tepelného namahania skuSobnej
vzorky a v pouzitych metodikach.

Vysledky dosiahnuté simulaciou
strednorozmerového testu potvrdili vysledky
dosiahnuté experimentom. Aj ked hibka
zuholnatenia pri okrithlom priereze dosiahla
simulaciou nizSiu hodnotu (10,1 mm)
v porovnani s hibkou zuholI'natenia dosiahnutou
testovanim (15 - 19,5 mm), podiel
nedegradovanej a celkovej plochy prie¢neho
profilu okruhleho prierezu bol 48 %, cize
najniz$ia hodnota z testovanych vzoriek.

Fonseca a Barreira [17] posudzovali hibku
zuhol'natenia prostrednictvom experimentalnej
a numerickej metoédy. Pre numerickil metodu
zvolili program Ansys, ktory popisali ako
program pre analyzu spravania sa drevenych
prvkov, ktoré su naméahané vysokymi teplotami.
Pri experimentalnej metéde sa 9 skuSobnych
vzoriek podrobilo tepelnému namahaniu.
V priebehu experimentu sa sledovali teplotné
priebehy v piatich bodoch skusobnej vzorky
(10, 20, 30, 50 a250 mm od exponovanej
strany). Autori rozdelili jednotlivé vzorky do
zony zuholnatenej vrstvy, zony pyrolyzy
a neporusen¢ho dreva a dospeli k nasledovnym
zaverom:

e vo vzdialenosti 10 mm od exponovanej
strany sa po 33 min vytvori
zuholnatena vrstva aje pre nu
charakteristicka teplota 700-800 °C (az
do ukoncenia experimentu),

e Vo0 vzdialenosti 20 mm od exponovanej
strany sa po 42 min vytvara
zuholnatena vrstva, pricom teplota
v tomto mieste po 60 min. je 400-600
OC,
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formed after 42 min, a carbonized layer
is formed, while the temperature in this
place id in range of 400 — 600 ° C after
60 min,

e At a distance of 30 mm from the
exposed side, there is no carbonized
layer formed, the temperature is less
than 300 ° C,

e At a distance of 250 mm from the
exposed side, there is the thermally
non-degraded wood. The temperature
in this place is 16 ° C after 60 min.

These results correspond to the results

introduced in Fig. 8, according to which the
temperature at a distance of 30 mm from the
exposed side of the square cross-section and the
cross-section with the cut edges was in range of
24.7° Cto 88.9 ° C. In case of the round cross-
section the temperature was of
153.17°C-281°C.

Conclusions

The results of the measurements and
calculations confirmed that the geometric shape
of the cross-section of the wooden bearing
elements (beams, bearers, ceilings) affects the
depth of the carbonized layer. The carbonized
layer detected by the medium-scale test for the
individual cross-section shapes of the wood
beams corresponded to the calculated values
according to STN EN 1995-1-2 [1], with the
exception of the round cross-section, where the
depth of carbonization was about 5.5 mm higher
on average. These results were also confirmed
by simulation of the medium-scale test in the
Ansys 18.1 program. The carbonized layer of
the beam with square cross-section and of beam
with cut edges cross-section had approximately
the same depth. The round cross-section beam
also reached the highest depth of carbonization,
although lower than in the experiment. The fact
that the round cross-section of the wood beams
is the most vulnerable to the formation of the
carbonized layer, also confirmed the results of
the evaluation of the non-degraded and the total
area of the tested samples transverse profile.
According to the simulation, the beams with a
square cross-section and the cut edges cross-
section reached the share of 60%, whiile the
round cross-section of about 12% lower,
indicating that the degradation and
carbonization of the log is faster.
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e vo vzdialenosti 30 mm od exponovanej
strany  nedochadza  k vytvoreniu
zuhol'natenej vrstvy, teplota je pod 300
OC,

e vo vzdialenosti 250 mm od
exponovanej strany je termicky
nedegradované drevo, teplota v tomto
mieste po 60 min. je 16°C.

Uvedené vysledky koresponduju
s vysledkami podl'a Obr. 8, podla ktorého
teplota vo vzdialenosti 30 mm od exponovanej
strany Stvorcového prierezu a prierezu so
zrezanymi hranami sa pohybuje od 24,7 °C —
88,9 °C. Pri okrthlom priereze je to 153,17 °C
—281 °C.

Zaver

Vysledky vykonanych merani a vypoctov
potvrdili, Ze geometricky tvar prierezu
drevenych nosnych prvkov (nosnikov, tramov,
stropnic) ma vplyv na hibku zuholnatene;
vIStvy. Zuhol'natena vrstva zistena
strednorozmerovym testom pre jednotlivé tvary
prierezu drevenych mnosnikov zodpovedala
vypocitanym hodnotam podl'a STN EN 1995-1-
2 [1], svynimkou okruhleho prierezu, pri
ktorom vznikla hibka zuholnatenia v priemere
0 5,5 mm vysSia. Uvedené vysledky sa potvrdili
aj simulaciou strednorozmerového testu
programom Ansys 18.1. Zuholnatena vrstva
nosnika so S§tvorcovym prierezom a SO
zrezanymi hranami mala priblizne rovnaku
hibku, okrthly prierez dosiahol aj v tomto
pripade najvyssiu hibku zuholnatenia, aj ked’
niz§iu ako pri experimente. Skutocnost’, Ze
okrahly prierez drevenych nosnikov je na
tvorbu zuhol'natenej vrstvy najzranitel'nejsi,
potvrdili aj vysledky vyhodnotenia podielu
nedegradovanej a celkovej plochy prie¢neho
profilu skimanych vzoriek. Podl'a simulacie
nosniky so Stvorcovym prierezom aso
zrezanymi hranami dosiahli uvedeny podiel 60
%, pricom okruhly prierez o 12 % nizsi, z coho
vyplyva, ze degradacia a zuhol'natenie gul’atiny
prebieha rychlejsie.

Dosiahnuté¢  vysledky ukazali, ze pri
navrhovani konstrukénych prvkov drevostavieb
na U¢inky poziaru je potrebné klast’ va¢si doraz
na nosné prvky zgulatiny, pretoze su
nachylnejsie na plamenové horenie a na tvorbu
zuhol'natenej vrstvy a tym aj na stratu svojich
mechanickych vlastnosti.
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The results obtained have shown that when
designing structural elements of timber
structures for the effects of fire, greater
emphasis has to be placed on the bearing
elements made of logs because they are more
vulnerable to flame burning and to the
formation of the caronization layer and thus to
the loss of its mechanical properties.
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