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But first...

I like to give a short presentation on my university and background
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Our mission

"DTU will develop and
create value using the
natural sciences and
the technical
sciences to =@
benefit society.” - 3

H.C. Orsted
Founder of DTU
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B campuses
O research facilities
test facilities
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Education

upper secondary education/

Year 1
8

Bachelor of Eng
3%2-year programme

high school

2

3

4 5 6 7

BSc Eng MSc Eng
3-year BSc 2-year MSc

3-year PhD

BEng BSc Eng MSc Eng
Programmes Programmes Programmes joint international MSc programmes

in collaboration with partner universities
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countries

Total enrolment
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Women
in our BEng, BSc
and MSc programmes
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* International students are defined as students with an entry-level degree from abroad
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DTU Civil Engineering
Department of Civil Engineering

Test Facilities, Laboratories and Workshops

DTU Civil Engineering has a number of test facilities:
Large experimental halls for testing full-scale building structures
Fire laboratory for reaction-to-fire testing of materials

Small laboratories with electron microscopes for materials studies

Outdoor test stands for testing of solar panels, etc.

The facilities are widely used for experimental studies
and PhD projects, but also for teaching and research
purposes.
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Strategic research areas

Development Areas

=

e Focus: To address major challenges currently faced by society with sustainable

development as the overall theme.

e Aim: To enhance activities in the area of innovation and research-based public

sector consultancy.

Current Development Areas:

Danish Building Academy ZeroWaste Byg

vy

Aims to create a platform
that strengthens the
innovation between
companies, teaching and
research.

Aims at an innovative and
untraditional approach to
redesigning structures and
construction materials
towards a zero waste
society.

Sustainable Light
Concrete Structures

b

Aims at a cross-disciplinary
rethinking of building
structures in a context of
application where the
relevant functional
requirements are considered
simultaneously.
26. oktober 2016



DTU Civil Engineering
Department of Civil Engineering

Research

DTU Civil Engineering conducts research within a defined number of academic focus areas of key importance to
construction processes, buildings and structures.

The department produces 12-17 PhD graduates a year within a wide range of focus areas.

Focus areas

Structural Engineering
Bridge Structures, Structural Design, Stability and Fatigue, Safety
and Risk Analysis, Wind Technology, Glass and Glass Structures

Building Energy

Sustainable buildings, Solar heating systems, Building energy Simula-
tions programs (CDIO), Smart cities, Hydrothermal building physics,
Energy renovation

Indoor Climate and Building Physics

Indoor Environment and its Impact on Human Comfort, Health and
Performance, Ventilation and Air Conditioning, Hospital Ventilation,
Aircraft Cabin Environment, Thermal Comfort

26. oktober 2016
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DTU Civil Engineering
Department of Civil Engineering
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Research

Geotechnics and Geology

Oil Extraction, Hydro Power, Wind Turbine Foundations,
Geotechnics, Deep Excavations and Tunnels

Building Design and Materials

Fire Safety Engineering

Building Information Modelling (BIM)

Building Design in Greenland

Sustainable Light Concrete Structures

Construction Materials:

e Concrete

e General Physical and Chemical Properties,

e Moisture Transfer and Moisture Fixation.

¢ Fire safety of bio-composit materials, polymers, wood, a.o.

Pr.1.1.2018 arctic technology is part of building design and materials:

Arctic Technology, Construction in Greenlandic Permafrost Areas, Arctic Waste Management, Building Design in
Greenland, Renewable Energy Sources in the Arctic, Social and Educational Conditions in Greenland, Raw Materials
and Mining in the Arctic, Redesigned sustainable materials

26. oktober 2016
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System safety
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A Case from daily life - is it probable?

A shopkeeper regularly threw packing waste by the back door of his shop as he quickly stocked the
shelves after a delivery.

His workers sometimes opened the back door to have a cigarette break outside.

One week he'd left the pile of rubbish for several days and a discarded cigarette butt caused it to catch
fire.

By the time the fire was spotted and put out, it had caused substantial damage to his back door and his
shelving units.

There was a significant cost in damaged stock and repairs.

How the fire could have been prevented ?

This fire could have been easily prevented if the shopkeeper had completed his risk assessment and taken
simple steps to control the risks.

From Fire safety guide HSL: <http://www.hse.gov.uk/toolbox/fire.htm>
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What is risk management?

Risk management scans the uncertain
future ahead of us, trying to pick out the
main features, both good and bad. In this
way we can steer away from things that
might harm us (threats), and aim towards

things that might help us (opportunities).

— ——

T -
I,f’f Unwwanted
Preferable \ Futures .
Futures e 5

Probable Futures

POSSIBLE FUTURES

it

Alternative futures relevant for risk management

The role of risk management is to ensure that Preferable Futures are possible and are among

Probable Futures while Unwanted Futures are moved from the Probable zone into the Possible Futures

Zone.

14
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Risk is everywhere

The world we inhabit is unpredictable, strange,
incomprehensible, surprising, mysterious,

awesome, different, other.

We neither know nor understand everything,

and we cannot control everything.

Mov AT sAY THE _
GOJEMRMNAMERT 158 T Tyl
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View: Risk is a social construct

2K RISK
| Pe2CEPTIoN | ASSESSMENT

(Slovic, 1999)

There is no such thing as a "real risk” or
"objective risk”.

Risk is a social construct insofar that ‘human
beings have invented the concept risk to help
them understand and cope with dangers and
uncertainties of life’

16 11BO05 Fire Risk Management - Frank
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Uncertainty

17
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The nature of uncertainties

It describes the inherent variation
associated with the physical system
or the environment under
consideration.

It derives from some level of
ignorance, or incomplete
information about the system / the
surrounding environment.

stochastic uncertainty (variability)
irreducible uncertainty

inherent uncertainty

subjective uncertainty
reducible uncertainty

model form uncertainty.

11BO05 Fire Risk Management - Frank
Markert
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Estimation of Aleatory uncertainties

are accessible by mathematical procedures :

> Characterized by probability distributions or
other probability measures.

» Models for deriving probability distributions and measures are available within
the mathematics of probability

19 11BO05 Fire Risk Management - Frank 26. oktober 2016
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Estimation of Epistemic uncertainties

The mathematical representation of epistemic uncertainty has proven to be
challenging.

A number of newer theories that capture (parts of) epistemic uncertainty are
available. For example:

> possibility theory,

fuzzy set theory,

evidence theory and

the theory of imprecise probabilities.

vV V V

Real risk assessment problems typically present a mixture of the both types of
unceriainty.
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A general (fire) accident model
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A general accident model

SOCIO-TECHNICAL CONDITIONS

RAC DT R O O O
EMERGEMNCY SUPPOE

LA TA D e T ]
R el AHY BRLPL

Exposure to vulnerable
ohbjects
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Mitigation in emergency situations

Under a UFOE situation emergency support is needed. The model regards six universal emergency
measures to prevent or mitigate exposures of the vulnerable objects. These are:

move vulnerable objects:

— evacuate plant stuff, evacuate neighbors, stop traffic to areas, remove valuable objects
modify energy:

— water curtain, sprinkling
redirect flow:

- lead water form fire fighting away from sensitive areas, collect water from fire fighting
(portable spill basins), build interimistic dams

control source:
— extinguish fire, cover leak
encapsulate moving energy:
— cover with foam
establish negative source:
- lead spill to sewer, add chemical agents to bind dangerous substances

23 26. oktober 2016
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Human & organisational factors

SOCI0-TECHNICAL CONDITIONS

[Ty p—— e
HAZARD CONTROL EM

Exposure to vulnerable
objects

Root ) Cal..lsal
cause 1 chain 1
Root N Cal..lsal
casue 2 chain 2
Root N Cal..lsal
cause 3 chain 3

24

GOVERNMENfT R
afety Reviews
Laws \J/ /]\ Accident Analyses

REGULATORS, BRANCH ASSOCIATIONS
Regulations \J/ /]\ Incident Reports

COMPANY
Policy \J/ /]\ Operations Reviews
MANAGEMENT
Plans Logs & Work reports
\ET?\FF
Action Observatios, Data

Work and Hazardous Processes
Influence the
Chain of Events

] Flow of
g

Effects

e  Critical event e Flow of

Effects

— Flow of
—>

Effects

Loss of control of
major energy balance

Flow barriers

Target
victim

Target
victim

Target
victim

Public
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Swiss cheese model

25

P

Risk Control System

O

O :
s«
Major Accident |

Risk Control System (o

b

Trajectory
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e —
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Heinrich Triangle

Major accidents

Minor accidents

Dangerous occurrences

78
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Statistics are important
From Heinrich Triangle and various other reasons it is obvious that statistics are needed!

Statistics - where to get the numbers?

Incident Data
Tables, reports, Statistical Bureau, Insurance companies

Field Inspection Data
Laboratory Data and Simulation Data

Statistics are meaningless at the time of a critical event

It is important to be critical to the values and sources.

75
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Accidents vs Risk

Accidents Risk
e Past e A statement about the possible future states
e Source of knowledge and experience e synthesis of all available knowledge

(including, but not limited to, knowledge
from past accidents)

1. Data from the past may not be applicable (new technology, new hazards)

2. A single accident can neither validate nor invalidate a risk analysis

28 11BO05 Fire Risk Management - Frank 26. oktcher 2016
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Quantitative Risk Assessment

e Originally developed for nuclear industries
e With great success applied in chemical industries
e Over time all or parts are applied to many other situtions in our society
— Air traffic
— Health sector
— Rail traffic
— Maritime industries
— Many other industries
e Fire risk assessment fit natural into this framework

29
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Fire Risk Assessment

30

Systems
analysis

Risk Assessment

Safety
Management

Risk Analysis

Hazard Identification

Hazard & Scenario Analysis

T~

A

Likelihood Consequence

\/s

Risk — Expected loss

Risk-reducing
measures

A~ 1

Risk Evaluation

— .

A

Risk acceptable?

Safe operation

11BO05 Fire Risk Management - Frank
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Hazard identification

*Checklists

*‘HAZOP

‘FMEA

-FTA

*ETA

*Bow-tie

-SBD

31

- good for well defined systems

- Hazard and Operability Study : good to find hazards in a flow system

- Failure Modes and Effects Analysis: good to find hazards by components
- Fault Tree Analysis : good to analyse for the root cause of failures

- Event Tree Analysis : good to analyse the progression of events

- Combination of FTAand ETA

- Safety Barrier diagrams: good to analyse the appropriateness of safety barriers

26. oktober 2016
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Semi —qualitative ranking: Criticality

e Risk Priority Number RPN =S x O x D
- S: Severity
— O: Probability

- D: likelihood of detection (low number->high likelihood)

32

Probability Class

Frequent, probability of occurrence: Pi> 0,2

Probable, probability of occurrence: 0,1 < Pi< 0,2

Failure
mode 1

Occasional, probability of occurrence: 0,01 < Pi< 0,1

Remote, probability of occurrence: 0,001 < Pi < 0,01

Improbable, probability of occurrence: 0 < Pi< 0,001

Failure
Mode 2

Severity Class

11BO05 Fire Risk Management - Frank

Markert
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Traffic light diagram

Probability of occurence———»

Normal area

33

Extent of damage

| | Intermediate area

Intolerable area
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Traffic light diagram considering uncertainty

Probability of occuren

Cassandra

Extent of damage

Classes of risk
O Boundary indicates the uncertainty levels
E Intermediate area
Pandora risk classes

- Intclerable area Assumptions can only be made
|:| Beyond definition for probability of occurence and
extant of damage

[:I Normal area

Redrawn from Renn, Klinke, European Molecular Biology Organization EMBO reports 5 special issue 2004
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Probabilit
xtent of oF y

Management Risk class Eamage e Strategies for action

eReducing disaster potential
eAscertaining probability

: Damocles High Low : .
Science-based : : eIncreasing resilience
Cyclops High Uncertain : :
ePreventing surprises
eEmergency management
eImplementing precautionary
principle
oracautionapy | PYhia Uncertain Uncertain *Developing substitutes
Y| Pandora Uncertain Uncertain eImproving knowledge
eReduction and containment
eEmergency management
eConsciousness building
: : Cassandra | High High oConf|denc§ I?U|Ic!|ng
Discursive ePublic participation
Medusa Low Low

eRisk communication
eContingency management

35 26. oktober 2016
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Event tree

Fire starts

Fire not detected

Alarm not work

Sprinkler not work

Resultant event

NO

Limited damage

36

YES

Extensive
damage, people

escape

Limited damage,
wet people

i

Possible fatalities,
extensive damage

Possible fatalities,
extensive damage

e AAANAAA

Smoke
Detector ;‘

/

Sprinkler System Alarm f‘f
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Construction of event trees

starts with the defining the initiating event and the collection of all relevant heading events. The
next step is to put the heading events in the right order

Example. Suppose you want to read a book (initiating event is I want to read a book”) for which
you need a reading lamp and your reading glasses. A spare lamp and one more pair of old glasses
can also be available. So the events can be put in the following order:

I wantto | The book |Thelamp | No spare Glasses Old

read a is missing | is lamp are ERSES
book defective missing missing

A B C D E F

37 11BO05 Fire Risk Management - Frank 26. oktober 2016
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Example: "1

want to read a book”

| wantto | The book | The lamp | No spare | The The old Event Conse-
read a is missing | is lamp glasses glasses Combi- guence
book defective are are nations
missing missing
A B C D E F
ABCE Normal
reading
Reading
ABCEF with
headache
ABCEF No reading
ABCDE Normal
reading
NO T Reading
ABCDEF | with
headache
ABCDEF | No reading
YES \l/
ABCD No reading
AB No reading

38

11BO05 Fire Risk Management - Frank
Markert

26. oktober 2016

iE



it

Fault tree
TOP event e Four combinations or sets of BASIC events that can
lead to the TOP event:
-Setl1:1,2
(AND gate) ~Set2:1,2,4
- | - Set3:1,2,3
Fault Event 1 Fault Event 2 -Set4:1,3,4
e Both Set 2 and Set 3 are supersets of Set 1; that
is, Sets 2 and 3 each contain Set 1 as a subset.
Once these supersets are deleted, the remaining
| sets are the minimal cut sets for our example fault
’ ' tree:
BASIC BASIC BASIC — Minimal Cut Set1: 1,2
e p et Erent 2 Brent 4 - Minimal Cut Set 2 : 1,3,4
| 1~17
@ OR gate)
T
BASIC BASIC
Event 2 Event 3

39 11BO05 Fire Risk Management - Frank 26. oktober 2016
Markert



Example - Fire Protection System

Detector
alarm actuator
(DAA) J(
Y 2 2
—— Injection nozzle 1 (N;)
Water % 7N 7N
tank Vi, = Vio
(T)
" & Injection nozzle 2 (N,)
T A~
PR Vo s
Offsite P

power \ 4

- O
(OSP)  Diesel Local fire
ge(nDeéa)tor /K department (LFD)

102 11BO05 Fire Risk Management - Frank 26. oktober 2016
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Example - Fire Protection System -

On-site fire protection
system fails

Failure of primary
injection path 2

A

L-

Failure of primary
injection path 1

)

fT\J

/ Isolation Isolation Isolation lsolatm
No0.336-2 J\ Pump 2 Tank N0.336-1 | | Pump 1 / Tank
\unavailable Vv 22 failure valve 21 | { ynavailable/ \unavailable) | VaIVe 12 failure vaive 11 | { ;available
k closed closed w)sed Qosy
N Vs / Vas T N, Viz Vi, T
) ”
(S e
| i | No power |
to pump 2
Operator No power 1 No power
failsto | Pump2 ) Detector/ to pump 2 £ Pump 1 | to pump 2
start /| unavailable alarm/actuator unavailable
pumy / failure
1 P,
OP; P, 1

103

MAA

Off-site
power
unavailable

OosP

DG\

unavaij?te]

DG

Detector/
alarm/actuator
failure

MAA

11BO05 Fire Risk Management - Frank
Markert

26. oktober 2016

=



Bowtie principle
prevention 1 mitiggation 1 SAMNSECUENCE,
prevention2 prevention 2a IncCicent mitiggation 2 CANSEUEnCE,
prevertion 3 mitiggation 3 CANSEUencE,
42 11BO05 Fire Risk Management - Frank 26. oktober 2016
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Safety Barrier diagram warehouse fire scenario

Wrong storage conditions, Escalation of Domino effect, ignition Developing fire
decomposition, heat decomposition, damage of part of the storage
generation to packing materials
Smoke Sprinkler On-site
detection emergency
operation
Fully developed fire, Harm to people Fatalities
damage to building,
release of toxic fumes ﬁ—'|:|_.
Alarm, police Evacuation Hospitals,
and fire ambulances
brigade
Long term
environmental
damage
Cleaning of
contaminated
areas
Dysfunctional
;ﬂ plant
Build new
storage

43 26. oktober 2016
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Complete safety barriers

44

Detect — Diagnose - Act

X T DX
] u

_Level  gignal Alarm Button Signal  Powered
indicator valve
Operator
(N J — J
Y Y

Detection — " Diagnosis @ —— Action

11BO05 Fire Risk Management - Frank
Markert
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Classification of safety barriers

45
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How many barriers?

!
:
:
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Dynamic approach

Physical
phenomena

Detection &
response

Escape &

evacuation

Time

47
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The term "dynamic risk assessment”, is interpreted differently
((Hakobyan et al. 2008):

» Methods for periodic updates of an Probabilistic Risk Analysis
(PRA) to address any changes in a plant configuration

« Updates to account for the ageing of equipment
« Approaches that include explicit deterministic modelling of

dynamic processes combined with stochastic modelling to
describe a systems evolution.

26. oktober 2016



Approaches to prevent /mitigate accidents

e Seveso directive —named after the accident near the Italien town Seveso - dioxine release
e Atex directive - regulation /standard to prevent ignition in work places. (fuel - oxygen - ignition

e Theoretical models :

48

source)

Process Risk
Management
Strategies

Inherent
safety

Inherently Safer Design

Strategies

Passive
barriers

Minimize

Active
barriers

inherently safer systems and Haddons principles

Procedual
barriers

Substitute

Moderate

Simplify

26. oktober 2016
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Haddon: Energy Damage and the Ten Counter-Measure
Strategies

Prevent the release of this energy

Modify the rate of spatial distribution of the energy from its source
Separate the susceptible structure in space or in time

Use separation by interposition of a “barrier”

Modify the contact surface between source and susceptible structure

N oA W

49 11BO05 Fire Risk Management - Frank 26. oktober 2016
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Building regulations

50
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Danish Regulation & Guidelines: e
BR10 and supporting documents -

e
SE — —
Oemae errerens ans Conttou Tuan Auvess s

Building Regulations 2010

Eksempelsamling
om brandsikring af byggeri

Information

om

11BO05 Fire Risk Management - Frank 11 January 2018
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ISO- performance based approach

"The application of engineering principles, rules and expert judgement based on a scientific
appreciation of the fire phenomena, of the effects of fire, and the reaction and behaviour of

people, in order to:

- save life, protect property and preserve the environment and heritage;
— guantify the hazards and risk of fire and its effects;

— evaluate analytically the optimum protective and preventative measures necessary to
limit, within prescribed levels, the consequences of fire"

52 DTU Civil Engineering, Technical University of Denmark 11 January 2018



Inter-jurisdictional Regulatory Collaboration
Committee (IRCC)

—a group comprising lead building regulatory agencies of more than 13 countries (see
www.irccbuildingregulations.org), has been exploring this for a number of years and has
proposed a structure for how risk concepts might be more explicitly reflected within
performance-based building regulations

(Meacham et al. 2005).

i

— Many of the concepts in the IRCC approach were contemplated by the International Code
Council (ICC) in the USA during the drafting of their model building code, the ICC
Performance Code (ICCPC) for Buildings and Facilities (1CC 2001; Meacham 2001).

— Since then, the Australian Building Codes Board (ABCB) and the Department of Building
and Housing (DBH) in New Zealand have considered the concepts embodied in these
approaches and have explored these and other approaches to better linking ‘tolerable
risk” to ‘tolerable performance’ in their respective building codes.

53 DTU Civil Engineering, Technical University of Denmark 11 January 2018



Performance-based vs. prescriptive

("...the term 'performance-based’ is used to reflect a focus on the intended function or outcome
of a regulatory requirement

rather than on

how that function or outcome is to be achieved, which is described as ‘prescriptive’ or
‘descriptive’.”)

Suggestion:
Building design uses risk-informed criteria = create risk-informed performance based building
codes

(Meacham, Journal of Risk Research, Vol. 13, No. 7, October 2010, 877-893)

54 DTU Civil Engineering, Technical University of Denmark 11 January 2018



IRCC-hierachy

o
Provide an environment reasonably free from injury and death :z

Tier-1 | Goal (Safety) >
Tier-2 | Functional Statement » Provide suitable measures to reasonably protect building occupants
(Fire / Life Safety) from the effects of fire.
Tier-3 | Operative Requirements » Means of egress shall be designed with adequate capacity and
(Egress) protection
» Provide time to reach a place of safety without being unreasonably
exposed to untenable conditions.
Tier-4 | Performance/Risk Groups » Primary uses of the building and its general characteristics, etc.
» Importance of the building
» Occupant risk characteristics associated with the primary uses of the
building
» Types of Hazard event and their impacts the building and occupants
are expected to withstand (design loads)
Tier-5 | Performance Levels > Levels of Tolerable Impact and Protection.
Tier-6 | Performance Criteria » Tenability (Heat Flux, Temperature, Radiation, Visibility, Toxicity)
» Structural Stability Safety Systems
Tier-7a | Deemed to Satisfy Prescriptive
Solutions
Tier-7b | Performance-Based Solutions
Tier-8 | Verification Methods > Tests, Standards, Models

Lit.: Meacham; Journal for Risk Research (2010) http://www.tandfonline.com.proxy.findit.dtu.dk/doi/pdf/10.1080/13669871003703260

57

DTU Civil Engineering, Technical University of Denmark
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IRCC - hierachy:
detailed approach

58

DTU Civil Engineering, Technical University of Denmark

Buildings shall provide occupants
with a reasonable level of safety
from natural and technological
hazards,

Tier |: Goal

\_\\ //
Provide appropriate measures to
protect occupants not intimate with

the initial materials burning from the
negative effects of unwanted fire,

JL

Tier ||: Functional statement

Primary uses(s) of the
building, general building

characteristics, etc, i

Importance of the building

Qccupant risk
characteristics as
associated with the primary
use(s) of the building

Type of hazard event and
magnitude of hazard event |/
the building and occupants
are expected to withstand

(design loads)

e

Means of egress shall be designed
such that cccupants not intimate
with the initial materials burning are

provided with adequate time to
reach a place of safety without being
| unreasonably exposed to untenable
\ conditions resulting from the fire,

Tier |||I: Operative requirement

I'.I:I J \7

Performance/Risk groups

Tier IV: Performance/Risk
{e.q,, PGI, PG|, PGIIl, PGIV)

groups
A

| \\ o

Performance levels/
Levels of tolerable impact

Tier V: Performance levels
(e.g,, mild, moderate, high, severe)

Tier VI:
Gas Thermal Smmoke €O level Stfgjilmu;:al Performance
temp. radiation density above e
criteria
Fa Tiers VII & VIII:
Installation nalytios or , Solutions and
Test methods computational Design guides BT
standards verification
models
methods

Figure 3.

IRCC hierarchy with linkages (adapted from Meacham 2008).
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Tier |: Goal

Buildings shall provide occupants
with a reasonable leve| of safety
from natural and technological

hazards,

IRCC - hierachy:
IT
Tier |I: Functional statement

Provide appropriate measures to
protect occupants not intimate with

|
detailed approach
the initial materials burning from the
negative effects of unwanted fire,

s

Means of egress shall be designed
Frimary uses(s) of the such that occupants not intimate
building, general building with the initial materials burning are
characteristics, etc. ! provided with adequate time to Tier |||: Operative requirement
reach a place of safety without being
unreasonably exposed to untenable
conditions resulting from the fire,

Tier IV: Performance/Risk

Importance of the building |
oh
groups

\ Performance/Risk groups
(e, PGl, PGl PGIII, PGIV)

Occupant risk f .'|I
"'\.-“I l\.\- l// o

characleristics as
associated with the primary| |
Tier : Performance levels

use(s) of the building

Performance levels/
' Levels of tolerable impact
(e.g., mild, moderate, high, severe)

Type of hazard event and
magnitude of hazard event
the building and cccupants
are expected to withstand
(design loads)
r T
T

_—4-'_'_#—'-'-#

DTU Civil Engineering, Technical University of Denmai
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IRCC - hierachy:
detailed approach

unreasonably exposed to untenable
conditions resulting from the fire.

Importance of the building
iy

1
JL

Tier IV: Performance/Risk

Performance/Risk groups
(e.g., PGI, PGI|, PGIIl, PGIV) groups

Oecocupant risk
characleristics as

associated with the primary

use(s) of the buildi

JT
'\\ \ ./-{-{‘ -

I"Ig |
Tier \: Performance levels

FPerformance levels/
Levels of tolerable impact

Type of hazard event and
magnitude of hazard event |/
the building and occupants

are expected to wi

(e.g,, mild, moderate, high, severe)

thstand
s)
Tier V|

(design load
Structural
Gas Thermal Smoke :
temp, radiation density CO level failure Pe rrcfrm?nc'e
criteria
A | ical Tiers VI & VI
Installation nalyucal or , Solutions and
Test methods computational Design guides : .
standards verification
rmadels
methods
Figure 3. IRCC hierarchy with linkages (adapted from Meacham 2008).
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Key risk factors to address

e Number of persons using the building
— occupying, visiting, employed,...
e The amount of time people are in the building
e People sleep in the building
e Are the building occupants expected to be familiar with the building layout (egress paths)?

e Are a significant percentage of the building occupants members of vulnerable population
groups? (disabled, elderly, patients,...)?

e Have the people in the building close social relations (family, job hierarchy,...)?

e Expected fire loads in the building
¢ Building is of great importance
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Priority: safe evacuation of people

e Well designed egress paths

e Assuming that the fire resistance of fire walls etc. is not compromised during evacuation

63 DTU Civil Engineering, Technical University of Denmark 11 January 2018



Evacuation time

64

ASET

Required safe egress time

s

Untenable
conditions
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Egress time RSET

e The required safe egress time may be calculated from simple flow models. In case of many
people (sports event) more complex models should be used.

e RSET provides the normal time to reach an safe area in side or outside the building
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Fire growth rates — ASET determination
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Tenability limits — ASET determination

Available safe egression time- time until the

Temperature under smioke:lager first tenability limit is reached.
> 80 °C for egress paths

evt. (no cloud) measured in 2m height
height below smoke lager : <1.6 m + 0.1H (H = height of the room)

Visibility at 2 m

Rooms < 150 m2:> 2.0 dB/m equal to 5 m distance
Rooms > 150 m2:> 1.0 dB/m equal to 10m distance
(same is valid for egress paths)

Radiation:
short termed (<4s) > 10 kW/m?
long termed > 2.5 kW/m?
\/ total energy > 60 kJ/ m? additional to a radiation of 1kW/m?
VA
e
67 DTU Civil Engineering, Technical University of Denmark
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FN-curve

IF ASET is smaller than RSET:

Evacuation not complete-> fire victims may occur

FN curve shows the number of fatalities vs.
probability, e.g. 100 victims or more are
expected with a probability of 1e-8 pr. Year

Acceptance criterion based on risk aversion -
accidents with many fatalities should have a
much lower probability
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Second priority - resistance to fires of structures

e Evacuation /egress in early stages of fire development
— Fire location still confined within e.g. single room (fire compartment)

e The structures are designed to resist the fire to enable the firefighters to extinguish the fire
e On emergency response it is likely that the fire has reached flash over

— Maximum fire impact on structures (walls, fire doors, windows, etc.)
— Fire load is an important factor 2 duration of impact to structures

69 DTU Civil Engineering, Technical University of Denmark 11 January 2018



How to predict structural resistense to fire?

e Especially important for emergency response to secure fire fighters

e But how can this be estimated?

e How can the safety performance be compared for different fire engineering solutions?

70

Code prescribed _
Fire Resistance Level (FRL) Sprinkler

LD
R g Ny
G e e sl
£

is the safety
performance
the same ?

Code-complying building Alternative solution with sprinkler
protection and reduced FRL
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Probabilistic analysis using
the structural reliability theory

i

Fire severity S

the structure will be exposed to different
fire loads giving different fire curves and
fire durations

A Code prescribed
> Fire Resistance Level (FRL)
%
C
3 Fire resistance level, R |
Z Fire severity, S
=
re S
E Code-complying building
= . >

Time
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Probabilistic analysis using
the structural reliability theory

A deterministic average

based approach would Code prescribed
imply sufficient safety Fire Resistance Level (FRL)

>

Fire resistance level, R

Jr(®)

Fire severi

Probability density

Code-complying building

Time
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Modeling of R’ and §’

Changing of the probability density function by sprinkler protection.

n Case sprinkler works

A
2 Fire severity, S’
2]
Sprinkler é
m{\ 2 || Js)
— — Case sprinkler does not work
QO
®
QO
®)
-
Alternative solution with sprinkler al
protection and reduced FRL K

Time
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How to compare the safety levels?

Code prescribed

Fire Resistance Level (FRL) Sprinkler
is the safety \/ I
performance
the same ?
Code-complying building Alternative solution with sprinkler

protection and reduced FRL

Comparing in terms of probability of failure

i

e The structural reliability theory provides methods to assess the probability of failure, e.qg.:

- a building element does not resist fire if:

fduration,fire = fduration,resistens

Probability density

»

A

Fire resistance level, R
Fire severity, §

N

- The result is the overlapping area for the fire severity and the fire resistancTém%listribution
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The comparison for both cases

e Code complying solution vs. alternative solution with sprinkler protection and reduced FRL.

i

N
2 Fire severity, S’
n
c
5 f (t) Fire resistance level, R’
> S’
:': ‘\
3 Lf(t
3 e
S . /R
— \
& “\
~ : >
Code prescribed . .
Fire Resistance Level (FRL) Time Sprinkler
is trfhe safety
thasame?
Code-complying building Alternative solution with sprinkler

protection and reduced FRL
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