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Time equivalent methoc

1400
| 268 HM Govenment .
(Tﬂblﬂ B2 Minimum periods of fire resistance 1200 - ISO-834 fire curve
Purpose group of building ~ Minimum periods of fire resistance® (minutes) in a: The Building Regulations 2010 1000 |
Basement storey* Ground or upper storey
including floor over Fire safety
800 -
Depth (m) of the lowest Height (m) of top floor above ground, in a builg APPROVED DOCUMENT
basement separated part of a building -
Morethan Uptol0 Upto5 Uptoll Up to 18 Up to 30 More than 600 !
10 30 1
1
. Residential: 400 - ' Equivalent
a. Block of flats ' time for ISO
— without sprinkler 90 min 60 min 30 min' 60 min*®  Not Not Not 200 1 | fire exposure
system permitted® permitted® permitted® ' /
— with sprinkler system® 90 min 60min 30 min' 60 min*S 60 min*S 90 min* 120 min* 0+ +
0 20 40 60 80 100 120
b. and c. Dwellinghouse Not 30 min" 30 mint 60 min® 60 min® Not Not 1400
applicablet applicable® applicablet
2 Residential 1200 - Natural fire curve
a. Institutional 90 min 60min 30 min' 60 min 60 min 90 min 120 min?
b. Other residential 90 min 60 min 30 min' 60 min 60 min 90 min 120 mint 1000
3. Office:
— without sprinkler 90 min 60 min 30 min' 60 min 60 min 90 min Not 800 1
system permitted®
_____________________ Y
— with sprinkler system® 60 min 60min 30 min' 30 min' 30 min' 60 min 120 min? 600 1
4. Shop and commercial:
— without sprinkler 90 min 60 min 60 min 60 min 60 min 90 min Not 4001
system permitted®
— with sprinkler system®™ 60 min 60min 30 min' 60 min 60 min 60 min 120 min? 200 1
0 -
0 20 40 60 80 100 120

Structural fire resistances are defined based on the ISO fire curve. The time equivalent method in structural fire
design converts a real, natural fire scenario into an equivalent duration of a standard fire (e.g., ISO 834) to determine
required fire resistance.




Compartment fire modik

Question: which natural fire model should be used for calculating the structural fire resistance?




Compartment fire mode

BS EN 1991-1-2:2002 1400
EN 1991-1-2:2002 (E)
The European Union Ry 1200 4 )
Annex A 2% EDICT OF GOVERNMENT &% ‘/' -
(informative) Il <o vt e, e e o e, ot e st v 10001 -
this legal document is hereby made available on a noncommercial basis, as it / \
is the right of all humans to know and speak the laws that govern them. / \
Parametric temperature-time curves O 8004/
" E | \
2 "
(1) The following temperature-time curves are valid for fire compartments up to 500 m® of floor area, g 600 1 \
without openings in the roof and for a maximum compartment height of 4 m. It is assumed that the fire g— \
load of the compartment is completely burnt out. ) |
400
(2) If fire load densities are specified without specific consideration to the combustion behaviour (see i
annex E), then this approach should be limited to fire compartments with mainly cellulosic type fire loads. \
200 A \
(3) The temperature-time curves in the heating phase are given by:
@,=20+1825(1-032427%" _0204e V! —0472e7 ) (A1) 0 ‘ ‘ ‘ — ;
0 20 40 60 80 100 120
. . Time [min]
Eurocode 1991-1-2: parametric fire curves
Fire Safety Journal 54 (2012) 96-112
Contents lists available at SciVerse ScienceDirect 1400
Fire Safety Journal 1200
journal homepage: www.elsevier.com/locate/firesaf
1000
Travelling fires for structural design-Part II: Design methodology o, 800
g
Jamie Stern-Gottfried *?, Guillermo Rein ** % 600
Receivedt: 18 February 2019 | Revised: 15 Jamuary 2020 | Acceptect 6 February 2020 ) R e o]
DO 101002/1am2810 Engineering Structures g
SPECIAL ISSUE PAPER WILEY Volume 33, Issue 5, May 2011, Pages 1635-1642 |q_p 400
. . . . 200
An extended travelling fire method fr:amework The influence of travellmg fires on a
for performance-based structural design
concrete frame 0 | | | |
XuDai'® | Stephen Welch! | Olivier Vassart? | Kamila Cabova® | 0 20 40 60 80 100 120
Liming Jiang® | Jamie Maclean? | George Charles Clifton® | Asif Usmani® Angus Law ' B, Jamie Stern-Gottfried ' &, Martin Gillie 2 &, Guillermo Rein & Time [min]

Travelling fire model




Compartment fire models

1400
 Compartment floor area
1200 | _
1000 | / * Compartment height
O 8004/ * Fire load density
g oo | -
‘é * Ventilation factor
2 400 | \
| ' * Thermalinertia
200 A \
0 | | - , * Fire growth rate
0 20 40 60 80 100 120
Time [min] When should we use EN or TF model?
Eurocode 1991-1-2: parametric fire curves
1400
1200

* Compartment floor area

1000 Check with the full-scale tests!
* Compartment height

O 800
s * Fire load density
© 600
2
2 400 » Fire spread rate
2001 N  Heatreleaserate
0+ . : : .
0 20 40 60 80 100 120

Time [min]

Travelling fire model
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| dentify the best-perfo

(b) »
severity (°C) fully developed fire
............................................................
2
B
=
é .................... duration (min/hr) ...
2
= %@é ] decay/cooling
& phase
E—P
iSignificant effect on structure
éﬂashover

Time




| dentity the best-perfo

(b) 4
severity (°C) fully developed fire
...........................................................
g EN parametric fire curves
B
=
é A duration (min/hr) .\ .
>}
= N decay/cooling
P phase
Siéniﬁcant effecton structure
|
?ﬂa’shover
i R

Time




| dentity the best-perfo

(b) 4 »
.Severity (7C)
P
=
[+
5
g %
gl T &S
S A
I/ .0‘?;% H
N Q
IQ@\OQ i“
- ]
?ﬂa’shover
i/

: Siéniﬁcant effecton structure

fully developed fire

EN parametric fire curves

decay/cooling
Traveling fire curves phase

\

Time

Which model is the best?

Which parameter should
we look at?




| dentity key parameters

From structural fire engineering perspective:

A
Temp.

Which fire parameter contributes the most to the
peak steel temperature changes”?

Failure temperature

R R

4

1\
y

Growth Fully developed Cooling Time




Sensitivity study ‘

Temp.

(2 12 Define referenced fire

and steel curves

(t1, T1)

(t3, T3)
Vary each parameter
for around +50%
Growth Fully developed Cooling Time
\ 4
Parameters Referenced value Range of data variation Check the variation Of
Flashover time (1) [min] 10 [5, 15]
Flashover temperature (77) [°C] 500 [350, 650] th e p ca k stee |
Curve shape [-] Linear [Linear, quadratic] tem pe rature
Peak temperature (13) [°C] 1000 [750, 1250]
Time to peak temperature (2 — ¢1) [min] 80 [60, 100]
Cooling temperature (13) [°C] 500 [350, 650]
Total fire duration (¢3 — t2) [min] 100 (80, 120]




| dentity key parameters

Temperature (°C)

Temperature (°C)

1600
Fire Temp (Referenced)
Steel Temp (Referenced)
1400 Max steel : 733 °C (+0 °C) —— Fire Temp (Current)
= Steel Temp (Current)
o  Peak Steel Temp (Current)
1200 4
1000 A
800 A
600
400 A
200 A
0 T T T T T T
0 20 40 60 80 100 120
Time (min)
Peak fire temperature
1600
Flash-over Temperature Fire Temp (Referenced)
Value : 500 Steel Temp (Referenced)
1400 Max steel : 733 °C (+0°C) —— Fire Temp (Current)
= Steel Temp (Current)
e Peak Steel Temp (Current)
1200 4
1000 A
800 1 Referenced mawgteel: 733 °C
600
400 4
200 A
0 T T T T T T
0 20 40 60 80 100 120
Time (min)

Flashover temperature

Temperature (°C)

Temperature (°C)

1600

1400 A

1200 A

1000 A

800

600 1

400 -

200

Fire Temp (Referenced)
Steel Temp (Referenced)
== Fire Temp (Current)
= Steel Temp (Current)
®  Peak Steel Temp (Current)

Fully Developed Phase Duration
Value : 80.0 min
Max steel : 733 °C (+0 °C)

0 T T T T T T T T
0 20 40 60 80 100 120 140 160
Time (min)
Total fire duration
1600
End Cooling Temperature Fire Temp (Referenced)
Value : 500 °C Steel Temp (Referenced)
1400 Max steel : 733 °C (+0°C) —— Fire Temp (Current)
= Steel Temp (Current)
e Peak Steel Temp (Current)
1200 4
1000 A
800 A

600 1

400 -

200 4

Referenced maySteel: 733 °C

20 40 60 80
Time (min)

100 120

Cooling temperature

Temperature (°C)

Temperature (°C)

1600
Growth Phase Duration Fire Temp (Referenced)
Steel Temp (Referenced)
1400 A Max steel : 733 °C (+0 °C) ~—— Fire Temp (Current)
= Steel Temp (Current)
o  Peak Steel Temp (Current)
1200 A
1000 -
800 A
600 -
400 A
200 A
0 T T T T T T
0 20 40 60 80 100 120
Time (min)
Fire growth time
1600
Growth Phase Power Law (n) Fire Temp (Referenced)
Value: n 00 Steel Temp (Referenced)
1400 4 Max steel : 733 °C (+0 °C) —— Fire Temp (Current)
= Steel Temp (Current)
e Peak Steel Temp (Current)
1200 A
1000 A
800 {Referenced mayfteel: 733 °C
600 -
400 A
200 4
0 T T T T T T
0 20 40 60 80 100 120
Time (min)

Fire growth curve




| dentity key parameters

Temp.

---: 5th & 95th Percentiles

Curve shape

(t2, T2). 11%

}]1.3%

Flashover | |
temperature | ‘ |8:8%

[

Flashover |
time

=1

(t1, T1) Cooling |

(t3, T3) temperature | I ‘

13.3%

Time to peak | ‘

15.9%
temperature |

Total fire i i ‘
duration | |

Peak w
temperature } 36.8%

25.2%

20 15 10 5 0 5 10 15 20
Temperature change ratio

Growth Fully developed Cooling Time

* The Peak temperature and Total fire duration are the most important factors in determining the peak steel temperature (> 20 %).
Total fire duration 0.252
Peak temperature ~ 0.368

* Importance:




(b)
‘ severity(°C) fully developed fire
= EN3 parametric
£ fire curves
5 . .
é. duration (min/hr) \
o
& &
g f 4
S AN Traveling
> & :Significant effect on structure fire curves
/ gﬂashover

\ decay/cooling

Time

Total fire duration [min] 100

Peak temperature [°C] 1000

Total relative error [-] -

Winner (best perfoming model)

Total fire duration  0.252
Peak temperature ~ 0.368

AN

EN parametric fire Travelling fire

Relative error [-] Relative error [-]

(95-100) /100 (80-100) /100

95 =-0.05 80 =-0.2
(950 - 1000)/1000 (1050 - 1000)/1000
950 =-0.05 1050 =0.05
p 0.252*(-0.05) + 0.368*(-0.05) ; 0.252*(-0.2) + 0.368*(0.05)
=-0.031 =-0.032

14
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Methodology

g e
Collecting fire |  Summarize test | EN/travelling fire | Relative errors of
experiments setups model predictions g fire curves

* Fire curves (122 out * Compartment floor area * Fire curves (predictions) * Maximum fire temperature

|
|

|

|

|

|

|

|

|

|

|

| * Ventilation factor

1 * Fire load density

: * Thermalinertia

1 * Fire growth rate=fast (wood)
: * Fire spreadrate=2 mm/s (wood)
. » HRRPUA =250 kW/m? (wood)
|

|

|

|

|

|

|

|

|

|

|

|

|
|
|
|
|
|
|
|
|
|
of 222 tests) * Compartment height * Fire duration after flashover 1
|
|
|
|
|
|
|
|
* Maximum fire temp. =1200°C :

Find the best
model

Back-trace inputs Derive the logistic New inputs for

T —> ?
prediction EN/TF:

A 4

of the best model | regression model




Full-scale experimen

1400 +20% deviation e 1400 - +20% deviation
+10% deviation ° e +10% deviation ° : H .
- Perfect correlation (y=x) . o oub y L ',--/ - Perfect correlation (y=x) D ata ba se d escrl ptl on: .
1200 e 'f':;" 1200 { - 122 out of 222 full-scale tests in total
0, % .
_ : - Test setups are summarized
9 GG ] o ?Oﬂ‘u} (-] . | | d
= o .’ o 3 = - Average temperature—tlme curves are collecte
S 1000 ewe " Te S 1000 o e . -
§ ‘ o, 8 o ° 3 o Teawo 0 0
L] = Y o® @ . . .
] Ny A s :°, «  Selecting criteria:
g oo A ' g 800 s 7 - Compartment floor area > 20 [m?];
=z . w °° w . g o . . !
u L5 o °° = e ° e - Fire load density > 50 [MJ/ m?];
s /' ) . .
600 i 600 1 - Ventilation factor > 0.02;
e . o - Peak temperature > 500 [°C];
Ve ) @@ o oo R
aw00] w00{ L - Include (part of) cooling phase.
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Experimental result [°C] Experimental result [°C]
(a) Peak temperature EN prediction (b) Peak temperature TF prediction
300 300 - <
+20% deviation e +20% deviation S 0.25 | ® EN
+10% deviation ] £10% deviation . & “ e TF
2501 T Perfect correlation (y=x) ) # 250 T Perfect correlation (y=x) ,,/
® yd g 5
_ ", _ o 0.20 1
k= & c - —
£ 200 ¢ v £ 200 Vs b
5 /'/ S /,-’ . 'E'
S ® it = 0.15 +
b=l - o O - @
8 150 ., Ve g 150 / &
D e Ko} e =] @
'8 o "® e 'g =
2 ® - = 'R ] @
z 100 . ° o® ( R E 100 ’ E 0.10 - P ®
. 0o ®y, @ . ° ® / 8 - L
d © ..‘."{. b 20 @do ° ¢ ¢ ® ay ] ® =
501 o] f”a';. o e 50 0g®°° oo ° 0051 @@ e o
.”.o.. ) ® . 'y &%(%go e © P ° ;". .
& o oo ©© d oo ?
0 0+ e® ®
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0.00 +
Experimental result [min] Experimental result [min] 0 50 100 150 200 250 300 350 400

(c) Total fire duration EN prediction (d) Total fire duration TF prediction Floor Area [m?]




Logistic regression

1
_______________ e 1 o EN
I 0.251 I e TF
1 * Compartment floor area | I
[ e e B e B I = |
* Openingfactor _ 020 :
ciE 1
* Compartment height = 0 |
g A5 ® 1
3 |
* Thermalinertia o o 1
§ 0107 4 o o :o °
* Fire load density ) Lo
® o q ® ® 9
0051 @e ® ]
1
&"O e »
e® 1 e
0.00

0 50 100 150 200 250 300 350 400

Inputs Logistic Regression Model EN/travelling fire model




Logistic regression

[ ——————- . o EN
; I 0.25 e TF
1 * Compartment floor areal
|
I
1 -_—
| * Openingfactor I 1 _ 1020
______________ - |0
. (=
* Compartment height I'g ! 1§
I
e Thermalinertia :'E,, \o.\
€1 - e @
‘ . I§.|D'10 PR s ®
* Fire load density :D | A
L | @ g !&\ ® e 2
~ 0.05 8o ° @ \\
&"O o \\\ »
e® ® N
0.00 - S

0 50 100 150 200 250 300 350 400

Inputs Logistic Regression Model EN/travelling fire model




LR model results

- in favour of EN model

Height { -0.154

! :in favour of TF model

Opening factor - 0.345

Thermal inertia - 0.308

Floor area 0.713

Fuel load density { -0.132

04 -02 00 02 04 06 08 1.0
Coefficient Value

Feature importance in classifying EN and TF:
1. Floor area

2. Opening factor
3. Thermal inertia

Step-1: fire model inputs:

Floor area: As

Opening factor: O
Thermal inertia: b

Fuel load density: g
Compartment height: H,

Step-2: calculate linear predictor z:

616.07—-q Ay—8992 b-846.64 O —0.060

z=-0.111+

295-H,

1905 1237 14248 01

Step-3: transform z to a logistic (sigmoid) function:
1
P= I +e=

If P>0.5->TF model; else EN model.

2.98




0.25

0.20

(=}
s
(&}

Opening factor
e
=

0.05

0.00 1,

0.9

0.8 1

o
~J

Accuracy

0.6 1

0.5 1

Opening factor

025 ° @ EN
e TF
0.20
0.151 o
e )
] e
0101 g0 ©®° ©
) J ° ® g
005 & ° 8 e,
Qe % e
0.001 ®° | L | |
0 100 200 300 400
Floor area

Logistic regression model prediction

(1) Experiments v.s. LR predictions

® @ EN
® TF
@
© [}
[}
oo °° °
°q ¢® ° °s
$ )
“‘ @ ®
o® e
0 100 200 300 400
Floor area
Experimental results
---- Mean: 0.741
0.800

0.733___0.733

Fold Number
(a) Cross-validation results

(2) LR model performance

Actual

EN

TF

Predicted
(b) Confusion matrix

Opening Factor [m®?]

0.25

0.20

0.15

0.10

0.05

0.001,

200 250 300

Floor Area [m?]

Traditional 100 [m2] method

Accuracy of the trained model: 74.1+5.3%
Accuracy in predicting EN model: 77.4%

Accuracy in predicting TF model: 83.3%

350

400
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Risk-based approach

2000 1

1500 1

Frequency

1000 1

500 1

D o
i 500 1000

1400 .
50 100 150 Fuel load density [MJ/m?]
2
Floor area [m*] 1200 4
1000 - 10
)
o 800 0.8
£ z
\/ g T 3
g 600 2z —| 0.6 _g
'— ]
E o
i [
4001 8 —| — =
E
/ 3
200 4 0.04
0.2
o 0.02 ‘
D-DD |_! I | | ‘ 0-0
Time (min) 0 20 40 60 80

Equivalent time [min]

0.1 0.2 0.3
Opening factor [m~12)




Risk-based approat

. 1200
paper: kirby ef al Offices
100
1000 — 1 % /
[ ] L ] [ B
A new approach to specifying fire [¥iox Se 0
° ® o 800 Temp :
! /
resistance periods 2 —=l _nf
= g\g =
g 600 -t = 60
g 2 50 |
Synopsis structural failure. DrB. R. Kirby E ’g o S/ | " Sprinklers
A Task Group under the auspices of the British Standards The aim of this paper is to present an overview of the BSc. PhD. CE: = 400 " ‘u: / No Sorinklers
Institution was formed to develop a new approach for | work carried out by the Task Group that has led to a new FIF?;E? » kNG, 30 P!
specifying fire resistance requirements for building | set of fire resistance periods being proposed for considera- ) . !
design for inclusion in the new DD 9999 'Code of practice | tion in the development of DD 9999. Corus Kire Engincering 20 |k
for fire safety design, construction and the use of buildings'. 200 ¥
The task group which was made up of researchers and | Development of the analytical approach G. M. 10
fire safety engineering practitioners, developed a set of | Fig 1 provides an overview of the analytical processes Newman 0 3 5 . N . s 3 )
fire resistance periods for each occupancy group and | carried out by the Task Group. This process invelved the BSc(Eng), CEng, 0 1 1 L A 4
taking into account, the effectiveness of sprinklers in | following main steps: MIStructIIE MIFi;eE Te 0 15 30 45 60 75 90 105 120 135 150
reducing fire severity where active fire protection | ¢ Engineering caleulations based upon a Time Equivalent The Steel C’ tructi 0 15 30 45 60 75 20
measures may be employed. A single table of fire approach to specifying fire resistance. Institate | aeson Time [mins] Time Equivalent [mins]
Table 1
- -
@ Firc Technology, 51, 771-784, 2015 Design Structural Reliability
£—= @ 2014 Springer Science+ Business Media New York. Manufactured in The United States
DOE: 10.1007/510654-614-0410-9 Structural reliability with:
isk d k for Ti
A Risk Based Framework for Time Buiding Design 75% Reliable 0% Reliabl 95% Reliable
Eq uivu Ien¢e a nd F ire neSiS'un‘e height (m) reliability sprinklers sprinklers sprinklers
10 35% N/A N/A N/A
20 84% 35% N/A N/A
0, L) 0,
Angus Law* and Neal Butterworth, Ove Arup and Partners International Lid, ig 320;0 ;‘1‘;/1" zg ;’ 1;'32?
Admiral House, Rose Wharf, 78 East Street, Leeds LS9 8EE, UK 20 970; 900; 740/0 489:
, o o o (]
Jamie Stern-Gottfried, Intercontinental Hotel Group, Am Hauptbahnhof 6, 60 989 939, 829 64%
60329 Frank_)‘ﬂrt am Mﬂfﬂ, Germany I 20 9994, 96%, 90% 0% I
Received: 30 January 2014/Accepted: 26 April 2014




150 . -
ey © 600 [3)
Define N stochastic 2 100 | < £400 1
) . Q
fire scenarios = o 400 2
o
© gl 2 L 200
(I L. 200 w
Pick n' fire scenario 0 ! ) ' 0 ‘ 0 . ‘
0 50 100 150 200 500 1000 0.0 0.1 0.2 0.3
Floor area Fuel load density Opening factor
] Stochastic values are generated using the Latin Hypercube Sampling
Opening factor (LHS) method to ensure all possible scenarios are considered.
o o o —
5 1000 | 510007 51000 - JA
@ & : @ /
Q. \ Q 500 - /.f’ AN
Traveling fire EN parametric fire = \ . 0 _/ | \
100 0 50 100
Time Time Time
Calculate fire ISO 834 fire curve p BS ET 1 2_91_1_2 Travelling fire curve
time-temperature curves arametric fire curve
For each scenario, converts the real (natural) fire into an equivalent duration
(t..) under the standard ISO fire curve via the peak steel temperature.
Calculate steel e
time-temperature curves
1.0
True Summarize the
n=n+1 o 1000{ equivalent times 08
5 for all fire L 06
False ® [ scenarios ) Optimized fire
- L 500 © 0471 resistance
Calculate CDF of time E—
equivalence (1ISO-834) @ 0.2
- — 0 ‘ T 0.0 | ‘ :
Find the optimized fire 0 50 100 0 25 50 75
resistance period Time Equivalent time
l With the designed structural reliability (a function of building height) from

] the Cumulative Density Function (CDF) plot, the optimized structural

{ End resistance period can be determined.
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