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Agenda

e Overview of structural fire design approaches using computational modelling

e Fire dynamics modelling technique

Thermal response modelling technique

Structural response modeling technique

Simulation examples of fire dynamics, thermal response and structural response model from RIFS project
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Structural fire design approaches

e Design process to determine the performance of the structure exposed to fire using

computational modelling.

Sprinkler’s model

Using FDS as
computational
tool ( CFD) }

f

ﬁlm:alised fire -\
* Plume models (1)
« Fonde models (2)
« CFD (3)
* Fully developed fire
# Standaard fire test curves (1)
# Time Equivalence (2}
« Zone model (3)
« CFD (4)

{ Fire behavior
model

Using ABAQUS

tool (FEM)

\ computational

eTest data (1)

*Simple heat transfer
model (2)

*Advanced Heat transfer
model (3)

.

Thermal
( response model

/

(1)
(2)
(3)
(4)

v

I

{eMember behavior (1) A
*Frame behavior (2)
*Whole buidling behavior (3)

@ Strucutral
response model

Increase in

complexity
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e Estimation of sprinkler’s model parameters for FDS input \ﬁx

e Sprinkler’'s model

e Modelling of fire \'

e Defining ignition source and heat release rate

e Defining ignition temperature, heat release rate (HRRPUA) for combustible obstructions ( objects)

e Modelling of other structure in fire dynamics model
e Defining thermal material properties of obstruction

e Defining relevant output request ( thermocouple devices, 2D slice for temperature and similar)

|

Output: time-temperature curve

25000
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Thermal and structural analysis

Input: time-temperature curve
from fire behavior model

Preprocessing

Analysis

Postprocessing

A 4

sInput time-temperature curve from fire behavior model. h
sAbaqus/CAE or input file for modelling the 2D cross-section
sConvectiona and radiation boudnary condition with reference fire temperture curve
»Third-party preprocessor (eg hypermesh) Y
-\\\
sAbaqus /Standard
sAbaqus/Explicit can be used somtime
sTransient heat transfer analysis using Abaqus/Standard for 2D temperature analysis
Y.
~
sVisualization an post procesing of results using Abaqus/CAE
*Third-party postprocessor( eg hypermesh)
*Obtained nodal temperature for structural analysis
S
—

Output: temperature histories in
member

Heat transfer procedure

emperature
mapping

Input: temperature histories in

a
L
member
N
+Abaqus/CAE or input file for modelling the geometry
*Mapping fire tempeature histories in beam temperature points and nodes of shell elements
Preprocessing | #Third-party preprocessor (eg hypermesh) )
N
\/ +Abaqus/Explicit
FErssTE A +Apply mechanical loading to the structure
ey
\/ N
*Apply heating due to fire
e *Abaqus/Explicit
A
™
v +Visualization an post procesing of results using Abaqus/CAE
Po — *Third-party postprocessor( eg hypermesh)
stproc )

(a) load curve for mechanical loading

Stap-1 Stap-2

Load curve amplitude factor

o 1 H Tame(s)
Time(s|

‘ (b) curve for temperature loading due to fire ‘

Structural analysis procedure
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Temperature points for beam section: ABAQUS

2 2
3 % Edit Predefined Field *
N 4 [= Ok
Mame: temp_wall_column_fire
-1 -1 Type:  Temperature
ole ale Step:  fire (Dynamic, Explicit)
Region: ternp_wallcolumns fire [
Distribution: Direct specification | fix)
. 0 O - e - . )
1 2 Section variation: Defined at shell/beam temperature points

1

Beam in a plane

Beam in space

Beam in a plane

Beam in space

Y

Temperature points: =
Section Data

Temperature A

1 0.9
2 0.9
o |2 3 1.1 v
Amplitude: temp_wallcelumn_flange_fireside |~ ni
|-
3 Note: Temperature variation in the section definition must
- 1 be set to piecewise linear. The number of values
F 2 in the section definition should be less than or equal
1 to the number of temperature data peints given for this
. q|® field. If the number of values is less, the last value

will be repeated to match the number of temperature
rata nninte.

OK Cancel
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Thermal response analysis modelling techniaue

e Fire test: Concrete infilled steel column
and topped steel beam

e Thermal analysis tecnique validation

Cooke, G.M.E, Latham, D.J. (1987). The inherent fire resistance of
a loaded steel framework. Steel Construction Today, 1, 49-58.

||||||||||||||||||||||
NN EEE AN RN

(a) frame column cross section

- = - measured web

(a) simple frame column cross-section mesh

\‘-.

— = =TUnexposed surface side

= = = Surface exposed to fire

=08, a=25W/mK

(a) FE model

Temperature (°C)

0 5 10 15 20 25 30

Time (min)

(a) temperature histories in frame column cross-section

(b) Comparison of FE results and fire
test
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Structural response analysis modelling technique

e Fire test: Concrete infilled steel column

and topped steel beam \
B ( % Symmetry BC 552 kN C

e Structural analysis technique validation Aol ave kN
o] T i
—— Abaqus fy=350 I! <
£ 100 Abaqus fy=275 | ;' 100
£ ] 5
= a0 / < 8
Cooke, G.M.E, Latham, D.J. (1987). The inherent fire resistance £ & £ o
: ook H -
of a loaded steel framework. Steel Construction Today, 1, 49-58. axial restrain sp 8 4 S
20 i 20 ——Abaqus fy=350
—_— ~——Abaqus fy=275
0 = 0 T
° 5 i 15 20 25 0 5 1 15 20 25
Time (min) Time(min)
¥ . -
() solution by explicit method (d) solution by explicit method
L.
A & Pin support Figure 32 Mid-span vertical displacement and axial compression response of beam

using the implicit and explicit solution of beam element model.
(a) beam element model

Figure 31 FE models for simple frame

(a) FE model (b) Comparison of FE results and fire
test
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Simulation examples of fire dynamics, thermal response
and structural response model

e Examples from Risk-informed Fire Safety of sustainable sprinklered buildings using
computational modeling (RIFS) project.

e Example structure 1: Lightweight Steel Framed (LSF-frame) residential building with sprinklers
e Example structure 2: Warehouse

e Fire scenarios: without sprinkler (case 1) and with sprinklers (case2)

computational domain 15m x 10m
apartment size 12m x 7m
mesh 10cm

warehouse 41m x 31m
Extended computational 41m x 35m

Figure 1 Overview of the 3-bedroom apartment. -
mesh size 20cm
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frame) residential building with sprinklers
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e Sprinkler’'s parameters estimation for FDS input

e Modeling of fire using heat release rate (HRR)

e Defining ignition of fire starts in the middle of living room with heat release rate per unit area.

e Modelling the combustible fuel on the struture using FDS default simple chemistry reaction model

e Fire dyanmics

e Thermal analysis of LSF wall panels

e No sprinkler’s case

e Structural analysis of critical LSF wall panels

e No sprinkler’s case
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Example strcuture 1: Location of sprinklers,
thermocouples and devices placed in FDS model

Figure 10 Location of sprinklers. thermocouples and devices placed in FDS model (bule
dots represent the sprinklers. yellow dots reprisent the thermocouples).

Light partifion wall

(x, y)= (00
External Wall US11/US13

Figure 12 Location of thermocouples below the ceiling

apartment.

g

(a) Tyco resident sprinkler LF11 series

Picture: https://www.tyco-fire.com/produj

Cts-and-solutions/sprinklers-nozzles-and-

Figure 2 Configuration of the pipe array and the position of sprinklers within the

ccessories/residential
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Example strcuture 1 : Estimation of sprinkler model

parameter for FDS

Sprinkler, 2" (50 mm) Deflector-to-Celling

12'x 12" (3.7 m x 3.7 m) Maximum Coverage Area
13 GPM (49.2 LPM) Flow

Figure 3 Wall wetting pattern for selected sprinkler LF11 K83.5 sprinkler (Serries LF11
johnsoncontrol.com, 2022)

7P N e T L R e oot i T ¢
14.8 GPM [ B e e N -
esear) | T / .\-‘\\ N
(56.0 LPM) S/ VT AN N
/ ANERN \10% .1
e EEEIVENENE)
M 50% - 20% -zoaﬁaﬁ-
|

Figure 4 Assumed spray profile pattern for selected sprinkler LF11 K83.5 Serries
johnsoncontrol.com, 2022

Table 2 Input parameter for spray table based on Figure 4.
Flow Velocity Elevation Elevation Azimuth Azimuth
fraction (m/s) angle 1 (%) angle 2 (%) angle 1 (%) angle 2 (%)
0.5 10.5 0 51 0 360
0.2 10.5 51 63 0 360
0.2 10.5 62 81 0 360
0.1 10.5 81 89 0 360

vel
(m/s)
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Example strcuture 1: Estimation of sprinkler model

parameter for FDS

Sprinkler, 2" (50 mm) Deflector-to-Ceiling

¢\, o O . T

=

12" x 12" (3.7 m x 3.7 m) Maximum Coverage Area 3 . . ~
13 GPM (49.2 LPM) Flow (b) Lagrangian particle paths of

. \ water droplets

(a) wall wetting ‘\ P

ampun
{kg/m2)

| ST S

(c) AMPUA (Accumulated mass per unit area) in the wall wetting. The dotted box is the
area shown equivalent figure (a).

Figure 5 Wall wetting pattern from TYCO documents and FDS simulation when initial
velocity v=10.5 m/s

Table 4 Summary of input parameters used in FDS to model sprinklers.

Description/Comments

Temperature link

Residential link

Activation 68°C From manufacture document
temperature
Activation Response Time Fast response from Viking [1]
Index 50 (m/s)!?
(RTT)
C factor | 0 (m/s)"? (default)
Ejected particles Water particles
Flow rate
Operating pressure K-factor
83.5 From manufacture document
0.52 bar . .
L/min.atm”1/2
Calculated flow 60 L/min Calculated using equation K \/;
rate
Jet Stream
Spray Calculated from equation 1 based
model 4.33 m/s on the minimum required
Initial velocity operating pressure 0.52 bar
10.5 m/s calculated by Iclividing the volume
flow by the orifice area
Offset Stream type
Offset: assumed based on cell size
0-1m Spray Table Spray table: According to Table
S
Droplet per second 10000 Assumed. default in FDS 1s 5000
Size distribution
Median diameter 1161 um Calculated from equation 2 and
! round up
Water N Rosin-Rammler- | default
. Distribution
particles lognormal
Minimum diameter 20um default
Max diameter Infinity default
Gamma D 24 default
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HRR (kW)

[ 10 0 0 40 s0 @0 0 30
Time (min)

Example strcuture 1: Case 1 and Case - =

VSK Surface temperature and inside wall iemperature
T T T

1500

VSKI11 SURF BR2
—¥5KI11 SURF BR3
WEKI11 SURF LB

WVSKIINT BR2
———¥SKI1 INT BR3
————WEKIl INT LB

o 1000

C

Temperature (1

500

Time (min}

(b) HRR and temperature without sprinkler

600 HRR of spr effective with differnt flow
p—r—y o VPLIb, VSKILand USH Sarface wall temperature 0 VPLL, VSKLL and US11 Surface imside wall tcmperature
——cCase3 —— VP11b SURF BRI ) VPIIB INT BRI 7
500 F SIS ENN S Cased]| | 160 —— VPi b SURF Bt VLB INT BB -
VElIb U L Vi Lk |
—— VP1ILSURF BR —— VPIIb INTBRI /
- 140 \:\KH SURF BR2 VEK11 INT BR
400 1 4 — TR ey
5 LS N i
z J— e —isiiwrin
; 300 1 A / 1
£ /
] =E7a
200 off N
100 | ‘UN‘_“_“——— 7 ;
JH'J 1o Z‘U ,A‘L' 1‘\‘ 0 0 “(h 80 .‘C\I, 2 4 L] 8 10 12 14 16
o \ I Time (min) Time {miny
o 100 200 300 400 500 600 700 BOO 900 1000
Time (s) . ) ) . .
(@ Figure 21 Comparison of surface and inner temperatures of ceiling VP11b. internal wall
VSK and external wall US11 from Case 2 fire scenario.
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Case 1: No sprinkler’s

Cavity
radiatio
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Example strcuture 1: Structural response model

Structural response of critcal LSF wall panels

Collapse time =
55 min
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Example strcuture 2 : Warehouse

e Sprinkler’'s parameters

e Modeling of fire

e Defining ignition of fire starts in the middle of living room with

heat release rate per unit area

e Modelling the combustible fuel on the struture using FDS
default simple chemistry reaction model. HRR of a typical
wood pallet (SFPE Handbook 2016).

e Fire dyanmics
e Thermal analysis member (2D thermal analysis)

e Structural analysis of wareouse as tubular frame solutions

800 800

Picture: SFPE Handbook 2016
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Example strcuture 2: Estimation of sprinkler model

parameter for FDS

Spray Profile Patterns
15 PSI

96.8 GPM

(1 BAR)
. (366.4 LPM)

ampua
(kg/m2)

= 50% Flow Inside
50% Flow Outside

70% Flow Inside
30% Flow Outside

90% Flow Inside
10% Flow Outside

=—=100% Flow Inside

Table 2.

o —r——— 0
— H--“-_""'--...
HH‘H“"--.‘H ~-l_ : 1
05- \ T~
o - T 9
\ \ N
S, 13
E1.I'.'I \ 10‘%) 3
£ \ \ tE
1.5 1 \,H N 5
500 0% 12006 e
2.0 50 /0 \ \
II \ 7
25 | 8
3.0 25 20 1.5 1.0 0.5 0 1 2 3 4 5 (5 7 8 g 10
meters feat

Picture: https://www.tyco-fire.com/products-and-solutions/sprinklers-nozzles-and-accessories/storage

Input parameter for spray table based on figure 3.

Flow fraction Velocity (m/s) Elevation Elevation Azimuth angle | Azimuth angle
90 deg —atan
! angle 1 (°) angle 2 (°) 1(°) 2(°)
0.5 14.7 0 42 0 360
. 0.2 147 42 64 0 360 90 deg—atan
0.2 14.7 64 81 0 360
0.1 14.7 81 86 0 360 90 deg —atan

2.7
atan - =41.987 deg

1.45
—\ =64.204 deg
5 )

l
(%) =80.538 deg
(%] =86.186 deg
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Example strcuture 2: Estimation of sprinkler model
parameter for FDS input

e Tyco Storage sprinklers
Model ESFR-25

e 25.5 K-factor Pendent
Sprinkler

e Early Suppression, Fast
Response

Picture: tyco-fire.com

Table 4.

Summary of input parameters used in FDS to model sprinklers.

Description/Comments

Temperature link

Storage

Activation temperature

100°C

From manufacture document

Activation Response Time index Fast response from Viking [1]
50 (mfs)'2
(RTI)
C factor | 0 (m/s)"2 (default)
Ejected particles Water particles
Flow rate
Spray Operating pressure K-factor
model 1 bar | 362.9 L/min.atm"1/2 | From manufacture document
Calculated using equation K.
Calculated flow rate 366.4 L/min \/;
Jet Stream
Calculated from equation 1 based on
6 m/s the minimum required operating
Initial velocity pressure 0.52 bar
calculated by dividing the volume flow
14.7 mis
by the orifice area
Offset Stream type
Offset: assumed based on cell size
0.17 m Spray Table
Spray table: According to Table 2
Droplet per second 8000 Assumed, default in FDS is 5000
Size distribution
) . Calculated from equation 2 and round
Median diameter 1520 ym
up
Water o Rosin-Rammler- default
Distribution
particles lognormal
Minimum diameter 20um default
Max diameter Infinity default
Gamma D 2.4 default
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Example strcuture 2: Location of sprinklers,
thermocouples and devices placed in FDS model

L By
HE .
N
L By B
L By B )
[ By
L by |
L By I B
Ly B )
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Results: Case 1 simulation vidoes
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Results: Case 1 and Case 2

HRR fire scenario Case 1 1000 Horizontal Location 1 trussframe 3
o 500! “ase : T : ' . :
T T T T —e—THC |
900 |-|= =+ - THC 6
s=g==THC 11
2L _ 800 F THC 16
- THC 21
700 |- =@ - THC 26
3) —0—THC 31
oS . < 600 |~ THC36 1
= ) THC 41
- 2 s <+ - THC 46
& 500 1= THC 46| |
< 1 1 £ 400
e
300
05T 7 200
100
0 \ \ . . . 8 | ‘ ‘ | |
0 10 20 30 40 50 60 70
Time (min) : ’ 0 10 20 30 40 50 60 70
Time (min)
110 Horizontal Location 1 trussframe 1
18000 ‘ HRR Iﬁre scenario Case IZ
16000 q
14000 4 -
—6—THC 1
o -~- THC6 |
2000 )
_ 12000 s —*—THC 11
= 5 THC 16 |
Z 10000 E —— THC 21
i~ £ - -3 - THC 26
; 8000 % —o—THC 31| |
6000 ] 5 - = - THC 36
= THC 41 |7
4000 - =& - THC 50
2000 .
0 L L L - L J © £ ﬁ‘l’i‘ -
0 10 20 30 40 50 60 70 I S|
Time (min) 0 10 20 30 40 50 60 70

Time (min)
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Structural model

Example strcuture 2: Structural response

Structural response model case 1

Collapse time =
38 min

Structural response model case 2

No Collapse
time
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Thank you for you attenion!
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Research Engineer, Steel Structures, Principal Research Scientist and Research Group
HAMK Tech Research Unit Leader in Steel Structures

Hame University of Applied Sciences HAMK Tech Research Unit

dilip.neupane @hamk.fi Hame University of Applied Sciences

Mobile: +358 50 5174 996 zhongcheng.ma@hamk. fi

Mobile: +358 50 4361383
Visakaarre 9, Hameenlinna, Finland
P.O. Box 230, FI-13101 Hameenlinna, Finland

Visakaarre 9, Hameenlinna, Finland

P.O. Box 230, FI-13101 Hameenlinna,
Finland


mailto:dilip.neupane@hamk.fi
mailto:zhongcheng.ma@hamk.fi

