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Conflicts in using timber material Qab

Sustainability and aesthetics

Global Carbon Neutrality —  Potential

Green City

Flammability characteristics

Barrier — Additional fire load

B CLT ceiling.

Bl Ay g g i
Fire safety problems ' - ) e




Cross-laminated timber (CLT) QQb

Odd layer with symmetry

Uniform strength properties (Elimination of defects in individual timbers)
Good earthquake-resistant performance (light weight)

Better acoustic performance

Thermal insulation and humidity regulation

Prefabricated components (cost-efficient)

Fire resistance? (Naturally combustible properties)

Mainly based on test

l <—— High test cost, large investment of human, time consumption

Numerical simulation

l

Open System for Earthquake Engineering Simulation (OpenSees)

[« Material library, element types
* Nonlinear processing, static and dynamic analysis, and structural section research

» Faster calculation

v
OpenSees for fire * High simulation accuracy

(Purposed for modelling structures in fire) - Easy convergence in the analysis of complex structures




Process of modelling timber members in fire

—

(1) Heat transfer model for timber

(2) Constitutive model for timber

_ Thermal responses
mmmm) Heat transfer analysis =m0 h0rature distribution, char depth and layer distribution)

Thermal load

=)  Static load analysis at ambient temperature — m—)

i Develop the heat transfer model for timber
' (TimberHTMatrial)

Develop the constitutive model for timber
(TimberECThermal)

______________________________________

Assignments:

Thermo-mechanical responses
(Stress-strain curve and deformation)

A




Contents 7 QQ

—

® Development of layer-based heat transfer model for timber in fire
» Case 1: Timber section exposed to fires

® Development of thermo-mechanical model for timber members in fire

- . Y
» Constitutive model for timber , NG
Y|
. . . 74 SN\
» Mechanical properties of timber at elevated temperature N 7 - f& | "\eﬁ l_\
S0 RGN 7 T
» Zone-based thermal action for timber beams 4l N ez QRNEh 5‘ &\4\1\\

» Modelling procedure in OpenSees for fire for timber members in fire
» Case 2: Fire resistance of timber members exposed to fires
® Demonstration

» Case 3: The composite member (Timber concrete composite floor system, TCC) in realistic fire scenarios




1. Development of layer-based heat transfer model for timber in fire Q@b

—

Specific heat model only considers heat consumption

Widely adopted:
Recommended for standard fire cases only

—Suitable for non-standard fire scenarios

A

Include heat effect due to timber combustion -Layer-based heat transfer model

| Record real-time layer state. It can re-enter charring after cooling |

EC 5 type Microscale Very detail model: Gpyro model
models models

Not easy to integrate with FEM tool

Modified from EC5 model, without heat generation




1. Development of layer-based heat transfer model for timber in fire

—

Exposed Surface st
¥ Ash Layer o 150 —— 0
L S| £ Thermal conductivity S ® Bumt. out
-y -~ Combustion layer % E 1.20 8‘
Char.Layer Q x 5
Black char layer g -.E‘ 0.90 =
© 5 300°C
3 char oxidization
§ 0.60 (heat release)
®
g E 030 Ksoo : ;
100°C Evaporation g Koo 1 39Ke00 @g . Ti
W Sl T o000 Lo . TO08Kn S R Evggiation - me (S)..
Stwang- Wet wood layer 0 200 400 600 800 1000 1200 * Wet wood =D‘rv wou-; Char layer ~ Ash layer g
Temperature (°C) (0) (1) (2) (3)
O Layer model O Layer thermal properties model (k, p, C,) O Charring heat model
 Wet wood . Temperature dependent ° During the timber charring
* Dry wood - Layer state dependent + Releasing heat
» Char layer * Most heat to environment

« Ash layer




Case 1 — Timber section exposed to fires | égb

Tcl interpreter

l

Heat transfer module

Parameters for modelling thermal response of Timber sections:
* Element Size
* Moisture content

l + Density

Mesh tool L] |
l L e
HTDomain | e . |
! Standard fire -
HT_Materials | B dealised < :
. Uniform Fires e |
! Fire=10 Parametric fire: .
HT_Elements : ~ > More parameters considered: fuel load, ventilations :
! Fire model librar ! »._. and compartment dimensions :
HT BC < ; Y 7 L — :
_ : = =~ Localised fire model [7]: :
1 - s .
HT_Analysis : _ | \ f Alpert ceiling jet model -
! u ldealised | }M EC1 localised fire model (Hesami model) :
! Non- Uniform Fires < - g !
1 i hpn i 1
: ket \ W// o Natural fire model [8]:
| Farfield  Nonimpinging \\\ N {'u'f,e i. “’“1'1 e Localised, travelling !
L____________________________________________:-:____Al.ziAm.al_lm_od_l_icuig_d_fm_mzdi _____ L_l_ueﬁﬂ_h_d_f_emud_l ________________________ :




2. Development of thermo-mechanical model for timber members in fire QQb

Sress 0 [ReflO]

2.1 Constitutive model for timber fiEnaioi)

CA . - " 1 Strain €
[Ref.9] Grain direction _«"n . (shortening)
SL( _________ = : -
Strain &
ST R 8 (elongation)
St sldtin
& 7 |5 =
3
2 | Sk Sress o
Eg * g ) (compression)
Longitudinal
E, . 4
""""""" PLle F Node Strain Stress (MPa)
1 g = 085 X feo o, = 0.85X [,
E,
. . . 2 &g =0.925 X g, 0y = feo
A constitutive model for timber 3 107 x s =]
3 = L. 0 3 c,0
* Typical anisotropic material (Stress direction) 4 . — 1700 x £ 0, = 0.85 X f.
4 . Qo ' c,

* L, R, Tdirection 5 & — 001 0. = 0.85 X .
* Elastic-plastic damage (Compressive zone)
* Brittle damage (Tensile zone)

Constitutive model developed by Glos [11]
* Linearisation of the compressive zone (By Hartnack [12])
Rapid decline of tensile stress within a small strain range
(Considering computational convergence)

,




2. Development of thermo-mechanical model for timber members in fire

—

2.2 Mechanical properties of timber at elevated temperature

[Ref.10]
- ! -
5 ——Tension ‘:\ — — —Tension
= 09 _ 0.9 = .
< — Compression = = =Compression
et p—
S 08 x 08 \ N 100, 0.65
Y ] A ~
E 0.7 s 07 \\ N
et o
3] a
= 06 1 . = 0.0 s
E //00’ [] 50 s N ~ .
= -~
L = ~
o 05 0.5 ~
£ 3 .
2 04 T 04 e
s ; = N
— -
3 0.3 sc 03
e E = ~
> (02 = 02 Te~s RN
E U} T= - = b
-g 0.1 0.1 - ~ o
3 ‘ : il B - S s -
= 0 0 <3s
100 120 140 160 180 200 220 240 260 280 300 0 120 140 160 180 200 220 240 260 280 300

Temperature (°C)

Eurocode 5 Annex B3
* Reduction factors
* Before drying and after charring

Temperature (°C)

*  Maximum temperature co-works with the heat transfer model to prevent backward state

change of timber layers when temperature declines

* Limitations induced by the limited test data and the linear interpolation imposed

10



2. Development of thermo-mechanical model for timber members in fire

| [Temperature data from heat transfer module]

lThermaI action

L

Section Temperature
profile (from HT)

(a)

|

BeamThermalAction3D

2.3 Zone-based thermal action for timber beams

(developed)

[Thermal—mechanical element] [

Timber beam and column with
multiple sides of fire exposure

Z3 li IN

Z2

21

i Y2 V3

o All assigned as T1

Ya

Adjustable zones

(b)

gﬂberLo(\. fiberLoc,)

¥y 21)

o

(ﬁberLor_\. z)

1

1

1

1

1

I
T(1~S'|6p le-\J

(fiberLoc, z,,)

O zi0)

Cell interpolation

©

T(xos'rl)

a) Temperature profile of timber beam with three-side fire exposure
b) Zone-based thermal action
c) Cell interpolation for timber fibre temperature

Heat transfer analysis on timber section

Temperature data files

|

5 coordinate values along y and z, respectively

25 temperature values at the grid composed of
l coordinate positions

Function (geninterpolation) will be automatically performed to
determine the fibre temperature within each cell of the grid

(

fiberLocy, — y;_4

Tzi—1 = T(iyssj—6) T (

-

Yi = Yi-1

fiberLoc, —y;_4

Tzi = Tiitssj—s) T (

Vi = Yi—1

Tfiber
\

fiberLoc, — z;_4
=11+ _
Zi —Zj—1

) X (Tiissej-5) = Ttitse)))

) (Tzi - Tzi—l)

) X (Tivsej—1) — T(it5+j-6))

It is interpolated first along the y-axis and then along the z-axis to calculate :

the temperature at the fibres

[Ref.10]



2. Development of thermo-mechanical model for timber members in fire

2.4 Modelling procedure in OpenSees for fire for timber members in fire [Ref.10]
Currently, the Tcl interpreter as a default choice is employed to interpret the input script to modelling procedures of OpenSees.
1
! AT .

=
! &
Set Analysis type L 1 O
(2D or 3D analysis) Thermo-mechanical analysis * 50 mm *
T « >
u 25 mm
Define nodes Thermal Action L Temperature .
(Nodal tags, coordinates) BeamThermalActionZone, data file Fl nite el ement mo d el
SheliThermalAction B . . . .
} 5 | ‘ O Uniaxial tension and compression test
Define timber material model Heat Transfer Analysis i i i i
e e s Ambient loading analysis . O Ambient loading and fixed temperature loading
. . (beam load, nodal load)
' i l HT BCs }‘ ‘ Fire models ] Stress (MP&]
Define sections T
(Thermo-mechanical fiber-based section) Define output [ Define SimpleMesh }
(nodal recorders, elemental recorders) *
T | HTMaterial Timber |
Strain .
0.610

(Layer-based slab section)

L ]

Define boundary condition
(single-point, multi-point constraints)

\ Define HTEntity

Define elements (beam-column, shell)

l

(eleTag, nodal tags. section tags)

l

Ambient loading analysis

Heat transfer analysis

l

Thermo-mechanical analysis

-60
Material degradation of timber fibers
——
12




Case 2 — Fire resistance of timber members exposed to fires Q@b

/‘7 ~
a

*

o ¢
§I Specimen size e N
%I [ 1 1
B 7 Ambi i
7% mbient loading test
6 kN/m
v v v v . v ! 1

2T L% @_ Side A

Furnace fire test

CLT panel tests [13]
« Size: Cross-section of 600 mm x 150 mm
* Moisture content: 12% Enough for heat transfer analysis
« Density: 452 kg/m3
« Layers: Five layers (odd) and the thicknesses were symmetric, 42 mm (L), 19 mm (T), 28 mm (L), 19 mm (T), and 42 mm (L)
« Loading method: Two-point loading (uniformly distributed load of 6 kN/m)
« Fire condition: Standard fire furnace heating at the bottom
» Layer Material: Spruce (C24 strength grade)

Cc24 Ultimate compressive ensco Elastic modulus Elastic modulus under Ultimate tensile
grade strength (MPa) P under tension (MPa) compression (MPa) strength (MPa)

L layer 52.74 4.93¢73 12564 12564 41.80

T layer 5.30 3.50e 2 120 120 4.20

13



3. Demonstration 42

Case 3 — The composite member (TCC) in realistic fire scenarios

(@) (b) 06

1071s | 2040's

—TEr ‘ The fire development is simulated using a
—METeorieodBex ) model in Fire Dynamics Simulator (FDS).

0.4 Initiation

* Inspired by the experiments of Hadden et al. [14]

Mass loss rate (kg/s)
o
w

02 : » Wood cribs were replaced by burners
g ! * Definition of MLR follows the Alpha test data
' Burning of i Dominated by Smoke * Simply-supported slab assembly
TCC slab 00 floor wood block “ . |
) 0.0 600.0 1200.0 1800.0 2400.0 3000.0 3600.0
Time (s)
20 —— IS0 834 10 -4 ‘
s bparesen 5 [P B N The time-variant gas-phase temperatures and adiabatic temperatures
T e = (Main task: Non standard fire development history)
0 R N rd '
g e % “$5 10 15 20 25 30 35 _40 _45 50 55 60 &b
i.; 600 g \\\\ e i o s
2 b 1 k¥ SRR <" .
£ o g e - HT analysis
——10mm" ~ N7 . . . . .
£ —domm T . Concrete slab (One-side fire exposure), Timber beam (Three-side fire exposure)
20 | R0
e E — - =180 mm -~ 7
° o 600 1200 1800 2400 3000 3600 -25 ~ - -200mm — ‘

Time, t (s)

Thermo-mechanical analysis
Under uniformly distributed load (UDL)

\

Thermo-mechanical responses
+ Central deflection of the slab under different UDL
» Timber stresses at different locations of midspan section

t,=1500s t;=2149s t,=2875s

S o D P N s s W R )
G & S P W s &

P B S P P PR LI P ¥ v §
Width (mm) Width (mm) Width (mm) Width (mm)
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