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Executive Summary

Building Regulations and Standards Division, Department for Communities and Local Government (DCLG)
commissioned BRE to carry out a project titled “Compartment sizes, resistance to fire and fire safety”. The
main aim of this project was to produce robust evidence and data based on research, experimental fire
testing, computer modelling and laboratory testing, where necessary, on a number of linked work streams
in relation to fire safety and associated provisions in Schedule 1 of Part B of the Building Regulations 2010.

This Final work stream report describes the findings of the research for Work stream 1 — Pericds of fire
resistance. The aim of this work stream was to produce robust evidence and data to explore the potential
tc adopt a more flexible approach to the specification of fire resistance periods in Approved Document B'.

The work conducted under this work stream has considered the background to the current guidance in
relation to periods of fire resistance. New performance based methods for characterising fire severity and
specifying fire resistance periods have been evaluated through a consideration of data from a large series
of full scale fire experiments. In order to consider the impact of the levels of insulation typical of modern
forms of construction on fire growth and development, a number of new fire experiments have been
undertaken. Alternative methodologies for determining compartment fire severity and specifying fire
resistance periods have been evaluated and validated as part of this work stream.

This work stream has also involved the participation of an industry Steering Group.
The conclusions of this work siream are as follows:

¢ The fire lesls undertaken as part of this work stream have demonstrated that enhanced levels of
thermal insulation result in higher peak temparatures within the compartment and higher leveals of
thermal radigtion from the compartment to adjacent buildings. it is important that this issue is
considered in any future revision of regulatory guidanse for fire safely.

= The calcuiation methods set out in BS EN 1891-1-2 and used 1o deveiop the alternative tables in
BS 8092 provide an accurate prediction of compartment peak temperature and cverall fire
duration for a range cf different paramesters and ars capable of taling into account the impact of
high levels of thermal insulation on fire growth and development as represented by the thermal
diffusivity present in modern buildings which typically range from 300 to 1500 Jim#s”*K. The
cenclusion is based on comparison with experimeantal results covering a number of different
comparnment sizes, geometries, ventilation conditions and fuel loads. However, the scope of
validation oniy covers fire compariments with a floor area up to 378 m® Beyond this value, the
parametric fire calsulations may stili be used but will tend to vield unduly conservative resulis.
This is because the paramelric appreach assumes a single zone temperature distribution with
the maximum vaiue present throughout the compariment when, in reality, there will be significant
spatial temperature varations throughout any large fire compartment.

’ Department for Communities and Local Government. The Buiiding Regulations 2010 (England). Approved
Document B: Fire safety. Volume 1: Dwelling houses (2008 edition incorporating 2010 and 2013
amendments}). Volume 2: Buildings other than dweliing houses (2008 edition incorporating 2010 and 2013
armerdmants).
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s The calculation methods in BS EN 1921-1-2 and BS 9292 are currently in the public domain and
are widely used as an alternative approach to the guidance set out in Table A2 of AD B.
Consideration could be given to making a specific reference to these approaches as part of an
overall fire engineering strategy within any subsequent revision of AD B.
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1 Introduction and Objectives

This Final work stream report is delivered as part of the Department for Communities and Local
Government (DCLG) project BD 2887, titled “Compartment sizes, resistance to fire and fire safety”, DCLG
Contract reference CPD/04/102/010. The main aim of this project was to produce robust evidence and
data based on research, experimental fire testing, computer modelling and laboratory testing (where
necessary) on a number of linked work streams in relation to fire safety and associated provisions in
Schedule 1 of Part B of the Building Regulations 2010. The project has been broken down into specific
work streams.

This report describes the findings of the research for Work stream 1 — Periods of fire resistance.

Resistance to fire is specified in terms of time periods that relate to a standard furnace test. The period
specified for a particular building is based on assumptions about expected fire severity and the
consequences of failure. Approved Document B (AD B)1 does this with a table which specifies minimum
periods of fire resistance against the intended purpose of a building and its height.

The table is, to some extent, based on the conclusions of the “fire grading of buildings” report which was
originally published in 1946. Since then, the table has been modified in a piecemeal fashion. In more
recent years, deterministic approaches to specifying fire resistance, have been developed and have
become codified in engineering standards such as Eurocode 12 (EN 1981-1-2) and in BS 9999: 2008 This
approach can offer a more cost effective approach to fire protection than the traditional prescriptive
approach but the use of BS EN 1981-1-2 requires specialist expertise to apply it

The principal ohiective of this work siream was 1o produce robust evidence and data to explere the potential
to adopt a more flexible approach to the specification of fire resistance periods in Approved Document B,

The Work stream 1 tasks were;
e Task 1.1 idenlification and engagsment of stakeholders

» Task 1.2 Review of background to existing AD B requirements

L]

Task 1.3  Review of existing fire load survey information

L]

Task 1.4 Review of large-scale fully developed fires

]

Task 1.5 Experimental programme

]

Task 1.6 Analysis and Cost Benefit Analysis

L]

Task 1.7 Reporting.

2 Programme of work

2.1 Stakeholder engagement

This work stream has involved the participation of an industry Steering Group, Satellite Steering Group A,
This group provided input during he course of he work, giving feedback on [he research methodology as
well as key deliverables and milastones. This group met three times.
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The organisations represented at the Steering Group are as follows.

« Building Regulations Division, Department for Communities
and Local Govemment {DCLG)

BRE Project team

British Constructional Steelwork Association (BCSA)

Association of Specialist Fire Protection (ASFP}

Assogciation of Building Engineers (ABE)

British Automatic Fire Sprinkler Association (BAFSA)

Business Sprinkler Alliance (BSA)

Chief Fire Officers Association (CFOA)

The Chartered Institute of Building {CIOB)

The Congrete Centre

Fire Brigades Union (FBU)

Fire Industry Association (FIA}

Institution of Fire Engineers (IFE}

LABC

National Register of Access Consultants {(NRAC)

Passive Fire Protection Federation (PFPF}

RICS Building Control Professional Group (RICS}

RISCAuthority

Scottish Building Standards (SBS)

Shore Engineering

Structural Timber Assaciation (STA)

Warwickshire FRS

Welsh Government (WG}

# & 8 & & & & # & F B 0+ F O ¥ & & ¥ »

2.2 Review of background to existing AD B requirements

A review has been undertaken of the principal doecument underpinning the current reguiatory guidance with
respact to fire resistance to understand the methodology and background to the current guidance. The
current guidanse in AD B is based largely on the findings from the Post-Wer Buliding Studies No. 20 Fire
Grading of Buildings Part 1 General Principies and Structural Precautions” published in 1946, The current
provisions are targely based on this pioneering document with fire load density {i.e. fire load divided by floor
areg) forming the principal hazard categeries set alongside the type of construction requiring elements of
structure to achieve a specified period of fire resistance. Thres hazard categories ars identified
corresponding to ‘fow’, ‘'moderate’ and ‘high' fire loads. The vaiues corresponding to these categories are
significantly higher than the corresponding figures used for the performance based design of buildings
suggesting that performance based approaches are based on more regent information such as the fire load
densitias tabulated in the CIB ¥W14 design guide for structural fire saa"ety5 {(See Section 2.3,

in the Post-War Building Sludies No. 20 report hvee calegornes of oocupancy are identified principally on
the basis of the fire load expected in each case as illustrated in Table 1.
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Low fire load < 100,000 <1134 Flats, offices, hotels etc.

Moderate fire load 100,000 < 200,000 1134 < 2269 Shops, factories etc.

High fire load 200,000 = 400;000 2269 < 4538 Warehouses and
storage

Note. For conversion from BTU/t to MJd/m?2 x 0.001054/0.092903)

Table 1 - Occupancy characteristics from Post-War Building Studies No. 20

The concept of ‘normal’ and ‘abnormal’ fire loads is used to quantify the additional risk related to ignitability,
burning rate and products of combustion of certain materials as well as the impact that certain activities
may have on the risk of fire initiation. This concept recognises that situations involving identical fire loads
may create additional risks in relation to fire initiation and propagation.

Those familiar with fire load densities used for modern performance based fire engineering design solutions
would be surprised to see that fire load densities up to 1134 MJ/m? are classified as low fire load. Typical
design values for offices and residential buildings wouid be of the order of 570 and 780 MJim?, respectively.

The refationship between fire load density and firs resistance period for cellulosic fires was identified basad
on USA dala as shown in Tadle 2.

10 48.8 80,000 807.6 1
15 732 120,000 13681.4 15
20 87.6 160,000 18152 2
30 146.4 240,600 2722.8 3
40 185.2 320,000 3630.4 4.5
50 244 380,000 4538 8
6o 282.8 43,200 5445.6 7
Mote. For conversion from [RAE? 1o kg/im® x 0.453592/0.092803.

Table 2 - Relationship bebween fire load density and fire resistance period from Post-War Building
Studies Mo. 20

The relationship in Table 2 was used to develop the categories in the Fire Grading of Buildings report, as
shaown in Tabie 3.
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< 100000 <1134 Low fire load 1
100000 — 200000 1134 — 2269 Moderate fire load 2
200000 - 400000 2269 — 4538 High fire load 4

Table 3 - Categorisation in Fire Grading of Buildings report

The concept of fully protected’ construction was developed to cover those buildings designed to withstand
a complete burm out i.e. the protection provided equals the severity anticipated.

Special requirements are included in relation to separating and division walls. It is recommended that
separating walls i.e. walls which separate different buildings should provide at least 4 hours fire resistance
(loadbearing capacity, integrity and insulation, as appropriate) regardless of the fire load. Division walls
separating different fire risks within the same building should be related to the fire load category although it
is recommended that at least 2 hours fire resistance is provided even where a low fire load is present.
External walls of 1 hour fire resistance are restricted to buildings of up to 15 m (50 ft). Above this height,
external walls should be of at least 2 hours fire resistance and 4 hours in the case of high fire loads.

Other categories were defined with a fire resistance less than that required to survive complete burn out as
showr in Table 4.

Seven categories of construction are identified ranging from fully protested structures designed (o survive a
compiete burn out of all combustible material through to combustible materials without any specific fire
resistance reguirement.

1 =4 Fully protected Large wareshouses, [arge shops,
faclories, office blocks, Diocks of

2 22 Fully protected fiats

3 21 Fully protected

4 205 Partially protecied Small shops or factories,
apartment houses

5 z 2 (external walls oniy} Externally protected

B 0 but incombustibie Unorofecled Single storey factories, garages

materials incombustible
7 c Combustible Timber houses, factories etc.

Table 4 - Categories of construction from Post-War Building Studies report
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Strict restrictions on the use of combustible material apply for Types 1-3. With the exception of fire-rated
timber doors, it is recommended that all structural parts of fully protected buildings requiring fire resistance
should be of incombustible (nowadays referred to as non-combustible — see Table A6 of AD B for definition)
material. This has important implications when considering limitations in relation to allowable heights of
buildings. The criteria in relation to fire resistance for each type of construction is summarised in Table 5.

Fully protected Design for burn out based on fire load density | Type 1, 2and 3
Partially protected Not capable of surviving a complete burm out | Type 4
construction

Externally protected Internal construction has no specified fire Type 5

resistance but external walls have z 2 hours

Unprotected incombustible | No specified fire resistance {other than Type 6
construction separating walls) but incombustible material
e.g. portal frames

Combustible construction No fire resistance Type 7

Table § - Relationship between fire resistance performance and form of construction

A surnmary of the grading recommendations giving the fire resistance requirements of the various siements
of structure for each type of construction is presented in Table 8.

Walls and columns or beams supporiing walls Floors and roofs and
columns and beams
Externai Separating Civision Other fire rasisting or supporting fioors and roofs
ioadbearing ' )

Type 1 4 4 4 4 4

Type 2 2 4 2i4+ 2 2

Type 3 211 4 2i4+ 1 1

Type 4 2/1* 4 2i4+ 1 0.5

Tvpe b 2 4 214+ 1 =

Type § - 4 2/4-+ = <

Type 7 - 4 2i4+ - -

* 1 hour for iow fire [oad occupancies in framed buildings below 50 Tt (15 m)
+ If ocoupancy is of high fire load

Table 6 - Summary of grading recommendations
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Restrictions on maximum height/floor area/cubic capacity apply depending on the type of occcupancy as
defined by the nature of the anticipated fire load and the accessibility of the building or compartment. The
restrictions on maximum compartment size in relation to height, floor area or cubic capacity were defined
based on a study of existing reguirements.

The principle of establishing an appropriate fire resistance period for a particular occupancy and height of
building is the same in the current guidance as the approach used in the 1946 document. The fire severity
is assumed to be a function principally of the type and magnitude of the fire load. The size of the building in
terms of height, floor area and cubic capacity is related to the consequences of failure and the accessibility
for means of escape and fire fighter access.

The basic methodology underpinning the fire grading of buildings is summarised in Figure 1. There is an
acknowledged acceptance that there may be cases where buildings will need to exceed the proposed limits
on floor area, cubic capagcity and height. Itis therefore clear that the recommendations were never
intended to cover all forms of construction just as the guidance in AD B does not cover all types of building.

Grade occupancy according
to fire load (Low, Moderate,
High)

¥

Categorise type of fire [oad
(Normal, Abnormal)

?’

Grade building according to

type of construction (Types
1-7)

F

Sub-divide building as
requirad

¥

Ohserve limitations on

height, ficor area and
volume as required

Figure 1 - Methodology underpinning Fire Grading of Buildings

Commearcial in confidence @ Building Ressarch Esiablishment Lid 2015
Printed on envirgnmentaily friendly paper

CLG00006277/11
CLGUUUUULI’ f_uvid
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To illustrate the similarities betwesn the approach adopted in the Post-War Building Studies Report and the
current guidance, a fire resistance period will be derived using both the recommendations of the Post-War
Building Studies and the current guidance in relation to the following cases:

« Case A, an 8-storey office building 32 m high
« Case B, a 5-storey residential building 15 m high

Case A, an office building with a ‘normal’ fire lcad type and distribution, would be classed as low fire load.
Assuming the building will need to be fully protected i.e. protected to withstand a burn out then the structure
(excluding external walls) could be designed using incombustible material to provide a fire resistance of one
hour (Type 3). However, the extemal walls and any internal compartment walls would require two hours
fire resistance.

Using Approved Document B guidance, the required period of fire resistance for such a building would be
two hours but the building would require an automatic sprinkler system. Elements not forming part of the
structural frame would only require 90 minutes fire resistance. The results are summarised in Table 7.

Walls and columns or beams supporting walls Floors and
roofs and
External Saparating Divisicn Other fire COiLmng and
resisting or beams
loadbearing supporting
floors and roofs
Fire Gradingof | 2 4 2 1 1
buildings Type
3
AD B 2 2 1.5 2 G

Table 7 - Comparison between fire grading of buildings approach and AD B guidance for Case A

Case B, a residential building (apartment biock) with a 'normal’ fire load type and distribution, would be
classed as low fire [oad. Assurning the building will need to be fully protected i.e. protecied to withstand &
burn cut, then the structure {(excluding extarnal walls) couid be dasigrned using incombustible material to
provide a fire resistance of one hour (Type 3} Howsver, the external walis and any internal compartment
walls would require twe hours fire resistance.

Thiere is also a possibility to construct the building from Type 4 or Type 5 construction. Where Type 4
construction is used, then fire resisting construction is required but it does not need to be incombustible.
Where Type & construction is used, the sxternal walls need to be incombustible, but the internal
canstruction may be combustible.

Using AD B quidance, the reguired period of fire resistance for such a buillding would be oneg hour. Tha
resuits are summarised in Tabie 8,
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Walls and columns or beams supporting walls Floors and
roofs and
External Separating Division Other fire columns and
resisting or beams
loadbearing supporting
floors and roofs
Fire grading of | 2 4 2 1 1
buildings Type
3
Fire grading of | 1 4 - 1 o
buildings Type
4
Fire Grading of | 2 4 2 ! )
buildings Type
5
AD B 1 1 ! T i

Table 8 - Comparison between Fire Grading of Buildings approach and AD B Guidance for Case B

The review has established that the guidance in the Approved Document in relation {o periods of firg
rasistance is strongly influenced by the recommendations of the Post-War Building Studies research. The
current values are a combination of statistical data (fire loads), experimental data {calorific values),
engineering calculations supported by emoirical obsarvations {time eguivalencs) and engineering
judgement influenced by sxperience of real fires, commercial considerations and political decisions.

e area which is completely absent in the work of the Post-War Building Studies research is the impact of
ventilation on fire growth and development. Fire severity is assumed to be purely a function of the fire load
and the floor area of the compartment. This is clearly a major simplification of real fire behaviour.

2.3 Review of existing fire ioad survey information

The retationship between fire load and fire severity established in the Post-War Building Studies Fire
Grading of Buildings was based on unpublished work from the Building Research Station which indicated
that the fire load of residential buiidings, hotels, hospitals, schoois and similar occupancies does not exceed
100,000 BTUAY (1,134 MJ/m?). The fire load of sheps and factories is generally greatsr than this valus and
the fire load of warshouses may be as much as 1,000,000 BTUM (11,345 MJ/im?).

Thie most comprehensive set of data relating o fire load densities yet produced was compiled as part of the
CIB W14 guide to structural fire safety”. The tabulated valuas from this document are summarised in Table
8 with respeact to variable fire load densities for various oocupancies. The values givan are approximate
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averages for each data set. The source document should be consulted for the detailed breakdown
according to the type of occupancy and for the reference to the original data source.

Dwelling Swedish 820 - - 750
European 796 860 890 642
Swiss (flat} - - - 330
USA - - - 320
Office Swedish 675-720 | - - 411
Eurppean 570 740 950 420
European 520 770 820 410
Eurppean - - - 330
Swiss - - - 580-750
USA - - - 555
USA - - - 580
Shops European - - - 478
Swiss - - - 564
Hospilals European 350 - a70 230
Swiss - - - 330
LISA 108 - -
Hotels Swedish 380 = B
European 400 470 510 310
Swiss 330
industrial buildings | Gemman (storage < 130kgim?) 2560 3480 4480 1780
Gaman (storage > 150kg/m?} 23190 33110 | 44330 | 15360
Geman (manufacture and storags < 150kgim®) | 1820 2640 3580 1180
German (manufacture and storage = 150kgim™ | 14180 18810 § 28040 | §520
Schools Swedish 340 - = 285
European 350 388 438 240
Methsrdands 365 - 550 215
Bwiss - - - 250

Table 9 - Summary of variable fire load data from CIB W14 Design Guide

These values shouid be considersd alongside tabuiated values from national and Europegan standards as
summarised in Tadle 10.
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Offices 570 670 760 420
Shops 900 1100 1300 600
Hospitals 350 440 520 230
Hotsls 400 460 510 310
Manufacturing 1800 2240 2690 1180

and storage
(< 150 kg/m?)

Manufacturing 470 590 720 300
Schools 360 410 450 285
Librariss 2250 2550 - 1560
Dweliing BS EN 1991-1-27 848 - - 780
Offices 511 - - 420
Shops 730 - - 600
Hospitals 280 - - 230
Hotels 377 - - 310
2chools 347 - - 285
Libraries 1824 - - 1500

Table 10 - Tabulated characteristic fire load densities from national and European fire engineering
codas

The codified values are very similar. The average values for each occupancy type are exactly the same
suggesting that they are both based on the same data set. PD 7974-1 specifically acknowledges the CIB
Design Guide as the sourse of the tabulated valugs. It is therefore reasonable to assume that both the
national and Eurepean tabulated fire load densities are based on these values. The values suggest that the
principal source of information is the Swedish data referenced in the CIB design guide.

Mare recent fire load surveys support the values above in relation to shopping malls and offices. Four
shopping malis were surveyed by Carmen and Chow’. The resulls in terms of the range of fire load
densities encountered are summarised in Table 11
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A 4500 320-1670
B 12300 190-2440
c 6100 100-2530
D 12500 75-1730

Table 11 - Range of fire load densities found by Carmen and Chow

A comprehensive survey of fire load densities was undertaken by the Fire Protection Research Association
in the USA® based on a sam ple size of 103 offices which compared different survey methods. The results
are summarised in Table 12.

Mean 852 530 557

80% fractils 1572 871 1077
80% fractile 1805 o8 1182
85% fractile 2090 1188 1282

Table 12 - Burvey data for offices by the Fire Protection Research Association, USA

The resuits indicate a higher fire load density than that provided in the national and Eurcpean standards.
The combination methedology (weighing and inventery} is thought to provide the most accurats resulis.

Fourteen clothing stores in Canada were survayed as part of a research project to characterise design fires
for such premisesg, The resuilts indicated a spread of fire load density between 142 and 755 MJ/m2 with a
95% fractile of 661 MIm® which is considerably ower than the labuialed values in the codes. This study
was based on a comprehensive survey of 188 slares of all lypes conducted in Canada. The survey
indicated a mean vaiue of 750 MJ/m? which is higher than the codified values.

Bukowski " presented histeric data from the USA and provided a comparison with Swiss data. He
concluded that the numbers were reasonably consistent even though they covered a time span of almost
50 years and were based on survey data from different continents. He aiso mentions that fire engineering
guideline dosuments recommend that the 20% or 95% fractile values are in the design. In the UK the 80%
fractile value is usually adopted for fire engineering design calculations.

More_up {o date survey data was presented in relation to hotels at a SFPE keynote presentation in Ociober
2012"". The data is summarised with respect o mean, 80% and 85% fractile vaiues in Table 13.
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Mean 80% fractile 95% fractile

Mean

388 453 539 535 632 753

Table 132 - Fire load survey data for hotels

While the variable fire load densities are in line with the figures from published codes and standards, the
total fire load densities are well in excess of these figures. With modern forms of construction, increasing
amounts of combustible material are incorporated within the fabric or frame of the building.

Hietaniemi and Mikkola™ have argued that increasing prosperity may result in an increase in fire load
density within dwellings. The theory is supported by comparative data from the USA in 1970 and Canada in
2004 which suggests an increase of around 30% to 40% over this thirty year period which is at odds with
the conclusions drawn by Bukowski. Based on their cbservations they provided an estimate for fire load
densities for apartments in Finland with an average value of 502 MJ/m?2 and an 80% fractile value of 575
MJ/m2. These values are averaged with significant differences between the varicus rooms comprising the
dwelling. It should be noted that these increased values are significantly lower than the corresponding
cdesign valuas from national and Eurcpean fire enginesaring codeas.

Based on a review of available fire load survey data the following conclusions can be drawn:

¢ The current guidance in reiation to periods of fire resistance is partly based on fire [oad survey
information which is out of date.

¢« The design values of fire load density adopted in fire enginesring codes and standards are based
on the survey data contained within the CIB W14 Design Guide: Structural Fire Safety. A
comparison betwesn the CIB W14 firg load survey data and the tabulated data from the codes
suggest that the values contained within national and Eureopegan standards appear {6 be based, in
particular, on survey results from Sweden.

e The values in the national (PD 7974-1) and European (BS EN 1991-1-2) codes are very similar.
itis currenlly recommended within the National Annex o BS EN 1921-1-2 that the PD 7974-1
values are adoptad for design within the UK. These values are set out in the background paper
(D 8688-1-2) thal provides nen-contradictory compiementary information (NCCH for use in the
UK with BS EN 1921-1-2 and ils UK Nalional Annex.

s The availabie data indicate & significant veriation in data sets from individual countries. This is to
ne expected as fire load density will be influenced by factors such as economic prosperity,
avaltability and cost of land for development and cultural factors.

¢ The data in national and European codes and standards are based on survey data related to
variabie (moveable) fire 10ad density and do not incorporate combpustible material which is itself
part of the fabric or structure of the building.
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24 Review of large-scale fully developed fires

A review of large-scale fire tests was undertaken to consider how the results {in relation to peak
temperature, overall duraticn and equivalent period of fire severity) tie in with predictive methods from
performance based fire engineering codes and standards such as the parametric approach set out in BS
EN 1991-1-2 or the time equivalent methodology underpinning the alternative approach to specifying fire
resistance periods in BS 2999. In order to consider the accuracy of the various design methods, it is
necessary to have access to a great deal of information on the fire including magnitude and distribution of
fire load, compartment geometry, ventilation conditions and type of construction involved. BRE has access
to a large database of full scale fire tests which has been used to ‘calibrate’ the performance based design
approaches identified above. The majority of fire tests considered either formed part of a serigs of tests
undertaken by the Joint Fire Research Organisation in conjunction with the British Iron and Steel
Federation (BISF) in the 1960s or formed part of a series of large-scale fire tests undertaken at the BRE's
Large Building Test Facility at Cardington. The tests included in the review are listed in Table 14.

1 BRE corner™ 720 720 0.183 54

2 BS corner®™ 810 1600 0.05 76

3 BRE jarge compartment’” 720 720 0.164 342
4 85 Demo® 828 1800 0.07 136
5 Europsan robustness" 720 714 0.043 77

B Shmdek™ 800 720 0.03-0.04 144
7 Hollow cors (x2)" 540 345 0.065 38

8 Conerate building'” 720 1104 0.08 225
g NFSC 2 & 3" 720 720 0.1 144
10 NFSC 1 & 8™ 720 1600 0.1 144
11 NFSC 445" 720 720 0.07 144
12 MFECB& 7" 720 1800 0.07 144
13 Steel house 17 848 850 0.037 298
14 Steed house 2% 845 850 0.045 285
15 Large compartment 1 360 15 0.062 138
16 Large compartment 27 380 415 0.082 138
17 Large compartment 3° 720 415 0.022 138
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18 Final Work Stream Report BD 2887 (D23V2) 286855

18 Large compartment 4°° 360 415 0.022 138
19 Large compartment 5°° 360 415 0.012 138
20 Large compartment 6" 360 415 0.003 138
21 Large compartment 7°° 360 377 0.05 36
22 Large compartment 8 360 732 0.057 138
23 Large compartment 9° 360 415 0.058 138
24 Large hallow core (x2)*' 585 1060 0.03 125
25 TF2000% 414 720 0.038 215
26 SIPS (x4 450 520 0.026 12
27 BISF A™ 135 1768 0.06 28.7
28 BISF B* 135 17588 0.06 287
29 BisF o™ 1080 1763 0.08 28.7
30 BisF 0¥ 270 1768 012 287
3t BisF g™ 540 1738 012 28.7
32 gisF £ 549 1768 012 28.7
33 BisFe® 270 1768 0.06 287
34 BISF H* 540 1763 0.08 28.7
35 BiSF EAQ 1788 0.06 287
36 BigF 135 1748 012 287
37 BiSF K™ 158 1763 012 287
38 BiSFL™ 1080 1768 012 287
39 BISF 3™ 540 1788 0.06 28.7
a0 BiSF N 540 1788 012 28.7
41 BiSF 0¥ 135 553 0.06 287
42 BiSF p™ 158 553 012 8.7
Commearcial in confidence @ Building Ressarch Esiablishment Lid 2015
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19 Final Work Stream Report BD 2887 (D23V2) 286855

43 BISF @** 540 553 0.06 28.7
44 BISF R* 540 553 0.12 287
45 BISF 8** 135 877 0.06 28.7
48 BISF U* 1080 1768 0.06 287
47 BISF v 1080 1768 0.03 28.7
48 BISF w2 135 1768 Q.12 28.7
49 BISF X** 270 1768 0.06 28.7
50 BISF ¥** 135 1768 0.12 28.7

Table 14 — Large-scale fire tests included in review together with relevant parameters

For all the tests in Table 14, atmosphere temperatures have been recorded allowing a comparison betwsen
measured and predicted values of peak temperature. For many tests, indicative specimens were included
to allow a comparison with an equivalent period of fire exposure to the standard fire curve. Where this data
is available, a comparison is mads with predicted and measuraed values of fime equivaience. All available
farge-scale fire tast information has been reviewed. In certain cases, such as test references 1, 2, 6 and &,
there were changes to the ventilation condition over the course of the fire test. However, this is to be
expacted in real situations where glazing will breald over the course of the fire. Estimates representative of
the range of ventilation conditions have been used in all cases where there have bean changes over the
course of the test

The comparisons in terms of peak temperature and time to pesk tempersture as predicted using the
perametric approach are ilustrated graphically in Figuras 2 to 8. In order to make interpretstion of the dats
a little essier, the BISF fire tests are considersd separstely. For both the pesrametric and time squivalent
approaches, thers are lirmits to spedific parameters outside of which the calculation is no longer valid,
Where the parameters of a particuiar fire test lie oulside the scope of validation for the predictive equation
this is identified. Figure 2 shows the vaiue of the measured (o pradicted temperature for a total of 35 large-

cale fire tests. All parameters were within the allowsable scope of the parametric equation and the
comptementary information contained within the UK National Annex with the exception of test reference 21
where the opening factor is lower than the minimum vaiue permitted. Values above unity mean that the
parametric equation under pradicts peak lemperature while values delow unity mean that the paramestric
gquation over predicts pesk temperature.

Commearcial in confidence @ Building Ressarch Esiablishment Lid 2015
Printed on envirgnmentaily friendly paper

CLG00006277/20

CLGUUUUUL Wz



20 Final Work Stream Report BD 2887 (D23V2) 286855

16

14 -

1.2 +

08 -

a7/p!

0.6 —

04

1 2 3 4 5 6 7a 7b 8 9 9b 10a 10b 113 11b 123 12b 13 14 15 16 17 18 19 20 21 22 23 24a 24b 25 26a 26b 26¢ 26d
Test Ref.

Figure 2 - Comparison between measured and peak temperatures for a range of large-scale fire
tests

Figure 3 shows the same relationship for the BISF tests.
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Figure 3 - Comparison between measured and predicted peak temperatures for BISF tests

Although all the test parameters satisfy the criteria for use of the parametric equation in relation to opening
factor and thermal properties of the compartment linings, a number of the tests [27, 28, 36, 37, 41, 42, 45,
48 and 50] have low fire loads that do not satisfy the requirement for the fire load density related to total
surface area Qg to lie between 50 and 1000 MJ/m?. If these values are removed from the comparison, the
parametric approach provides a reasonable agreement between measured and predicted peak temperature
in line with Figure 2. Figure 4 shows the correlation with the low fire load values removed.
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Figure 4 - Comparison between measured and predicted peak temperatures for BISF tests with low

fire load values removed

Figure 5 shows the comparison between measured and predicted times to peak temperature for the range

of fire tests covered in Figure 2.
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Figure 5 - Comparison between measured and predicted time to peak temperatures for a range of

large fire tests

The correlation is generally very good. Where the parametric approach under predicts time to peak
temperatures this is generally due to a pre-flashover phase. Figure 6 is a similar comparison for the BISF

experimental programme.
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Figure 6 - Comparison between measured and predicted time to peak temperature for BISF fire tests

The results show that the parametric approach provides a reasonable estimate of peak compartment
temperature and time to peak temperature for a wide range of different parameters.

Figure 7 shows the relationship between measured and predicted values of time eguivalence for the fire
experiments shown in Figure 2. The measured values are based on instrumented steel sections placed
within the fire compartment for which standard fire test data is available. The predicted values are based on
the time equivalence formulation set out in BS EN 1891-1-2 and associated National Annex and NCCI.
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Figure 7 - Comparison between measured and predicted values of time equivalence for a range of

large-scale fire tests

Figure & shows the corresponding relationship for the BISF tests.
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Figure 8 - Comparison between measured and predicted values of time equivalence for BISF tests

In Figure 8, a minimum period of 20 minutes has been assumed for the predicted period of fire resistance.
This is consistent with observed behaviour in real fires and takes into account inconsistent values due to
low fire load densities.

The results show that the time equivalent approach provides a reasonable estimate of equivalent severity
for a wide range of different parameters.

25 Experimental programme

The database of fire tests reviewed above incorporates a wide range of different parameters with
compartment floor area ranging from 12 m?2 to 378 m?2, fire load densities ranging from 135 MJ/m?2 to 1080
MJ/m? and opening factors ranging from 0.002 m™ to 0.18 m™". While a number of the fire tests have
considered the impact of the thermal properties of compartment linings on fire growth and development,
this remains an area where further work is required.

Modern methods of construction incorporate large quantities of thermal insulation within the wall, floor and
roof construction to provide the energy efficiency performance required by modern regulations. More
information is required on the impact of the thermal properties of compartment linings on fire growth and
development.

Three fully-developed post flashover fire experiments were conducted in this project in support of Work

Stream 1. A specially designed compartment was used to carry out the experiments relevant to this work
stream as well as providing additional information for other work streams within the research project. The
compartment had internal dimensions of 3.6 m long, 3.6 m deep and 2.4 m high with provision fora 2.0 m
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high, 2.0 m wide opening in one wall. The walls of the compartment were built from medium density load
bearing concrete blocks 100 mm thick (density 1400 kg/mS). The roaf of the compartment was construsted
from a reinforced concrete beam and block system supported on two of the block walls. The floor of the
laboratory was protected by either plasterboard sheets or sand.

To provide alternative levels of thermal insulation to the rig, non-combustible linings were selected to give
thermal performance equivalent to walls and ceilings used in modern buildings. The insulation options and
experimental programme are given in Table 15.

Experiment | Work Ventilation | Insulation Roof Date

number stream structure

1 1,6 Wall 1.5m” | Very high Closed 28" November 2013
2 1,6 wall 1.5m°> | High Closed 11" December 2013
3 1,6 wall 1.5m° | Low Closed 17" December 2013

Table 15 — Experimental programme for Work stream 1

The 2 m by 2 m opening provided access to the rig to change lining materials, construct the fire and to
remove debris. During each fire, the opening was partly blocked to provide the required wall ventilation.

The basic structure, prior to Experiment 1 is shown in Figure 9.

A

Figure 9 - View of the fire compartment looking in from front ventilation opening
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To assist with the location of instrumentation and other items in the rig, a reference grid was devised. This

is shown in Figure 10.

Bm

< 4
Opening
- . . ) :
e |
. . . ‘ :
e |
< 1
T 4 4 4 h
A B c o E
3.6m >

Figure 10 - Plan of rig showing reference grid and location of cribs

To provide alternative levels of thermal insulation, the rig included a non-combustible lining selected to give
thermal performance equivalent to walls and ceilings used in modern buildings. The three options are

given in Table 16.

Level | Relative Construction Thermal properties U value
degree of (W/mZK)
insulation

1 Low Walls: Block work, no lining | Conductivity 0.42 W/mK | 3.33

Thermal inertia 660
Jim?*s"K
Roof: Precast concrete Conductivity 1.0 W/mK 2.36
beam and block floor Thermal inertia 1100
Jim?*s"?K
2 High Walls: Block work, lined Conductivity 0.24 W/mK | 1.84
with plasterboard Thermal inertia 520
Jim*s"K
Roof: Precast concrete Conductivity 0.24 W/mk | 1.80
beam and block floor lined Thermal inertia 520
with plasterboard Jim?s"?K
3 Very high Walls: Block work lined Conductivity 0.02 W/mK | 0.36
with ceramic blanket Thermal inertia 54
Jim*s"K
Roof: Precast concrete Conductivity 0.02 W/mK | 0.59
beam and block floor lined | Thermal inertia 54
with ceramic blanket Jm?s"K

Table 16 - Thermal insulation
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Although it is true that higher levels of insulation produce more severs fires in terms of peak temperature
and time to flashover there is no simple correlation between the impact of U values and the thermal
properties of compartment linings. U values are used to determine heat transfer over a long period of time
under steady state conditions where all constituent layers will play a role in providing insulation. In a fire
situation the interaction between the compartment linings and the development of the fire is primarily
influenced by those materials in direct contact with the fire compartment with materials on the non-fire side

playing a less important role.

The key dimensions and material properties of the experimental rig are summarised as follows.

Intermal dimensions:

Width 3.6m
Depth 3.6m
Height 24m

Wall block thickness: 100 mm
Insulation thickness:
Ceramic fibre: 25 mm
Plasterboard: 12.5 mm

Wall opening: 2.0m by 2.0 m

Blocked to 1.5 m wide by 1.0 m high opening in Experiments 1, 2 and 3

Material properties:

Material Density | Conductivity | Specific | Thermal
() (k) heat inertia
capacity | (b =, kpc)
(c}
kg/m’ WK Jikg/K Jim?s™K
Block work | 1375 0.42 753 660
Plasterboard | 900 0.24 1250 520
Sand 1750 1.0 800 1185
Ceramic 128 0.02 1130 54
fibre

Table 17 - Thermal properties for compartment linings

For each experiment, a fire load of 570 MJ/m? (averaged over the entire floor area) has been used.
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For Experiments 1 to 3, the fire load was distributed across six woodsen c¢ribs made up of 1 m long 50 mm
square section Scots pine timber sticks with a moisture content of less than 13%. The sticks were arranged
in seven layers of ten sticks as shown in Figure 11. Figure 10 shows the locations of the cribs centred at
locations B2, C2, D2, B3, C3, and D3. The crib at location C2 was constructed on a weighting platform; this
raised its upper surface from the floor by approximately 150 mm (see Figure 11).

Figure 11 - View of cribs inside rig prior to Experiment 1

The common instrumentation for all the experiments was:
s Six thermocouple columns at locations B2, C2, D2, B3, C3, and D3.

¢ Each column had thermocouples at distances of 100, 400, 600, 1000 and 1400 mm from the
ceiling.

s Waeighting platform under crib C3.

o Two sets of three wall thermocouples (exposed side, middle, unexposed side) at grid lines A and
4.

Experiments 1 tc 3 with a wall opening included heat flux meters at 4 m from the centre of the opening (1.4
m from the floor).

Experiments 1 to 3 included indicative protected steel sections suspended from the ceiling to provide
information on the severity of the fires relative to an equivalent pericd in a standard fire test. Each sample
had three thermocouples to measure the temperature of the steel flanges and web. It has not been possible
to obtain standard fire test data corresponding to the instrumented sections so it is not possible to obtain
measured values of time equivalence. However, the results indicate that the severity of the compartment
fires was in excess of the design fire resistance of the protected steel sections.
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Experiments 1 to 3 included an array of six velocity measurement prebes and thermocouples as shown in
Figure 11. The instruments were located at on the centre line of the opening at 1/5, 2/5, 3/5 and 4/5 of the
depth from the top of the opening and one at % and % width of the opening and 1/5 from the top of the
opening.

The data were recorded using a data logger scanning each channel every 2.5 saconds.

Each experiment was recorded with at |least one fixed video camera and observers took still and video
images together with visual observation notes.

Experiment 1 - details and observations
Date and time: 28" November 2013 at 14:00

Ventilation: Wall opening 1.5 m wide, 1.0 m high, sill 0.9 m above floor.

Ventilation factor (4+/H) = 1.5 m*?

Opening Factor (“YH/, y=1.5147.5=0.032m"

Insulation: Very high (see Table 15)
Thermal inertia, b = 54 J/m’s"K
Fire load: Six wood cribs, fire load = 570 MJ/m?

Observations: Laboratory ambient temperature = 10°C prior to ignition

Time Observation

{mins: secs)

-5:00 Ignition countdown started: data logging begins

0:00 Ignition started

1:30 Ignition established, lower section of opening in place
3.00 Flames tips at sill level

7:00 Flame tips reach compartment ceiling

7:50 Flames leave compartment

7:50 Intumescent on indicative specimen activated

8:00 Flashover

10:00 Strong external flaming black smoke. Smoke from Target 1
12:00 Smoke from Target 2

17:00 Mass loss instrumentation fails

30:30 Target 1 falls from stand

40:00 Frame over sill falls away

53:00 Spalling of rocf — test terminated

57.00 Explosive failure of lintel

90:00 Data logging stopped

Table 18 - Experiment 1 observations
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Experiment 1 - results

Figure 12 shows the spatially-averaged temperature of the six thermocouples mounted 1 m below the
ceiling (at approximately the centre height of the cpening} and some of the key events during the
experiment.

Experiment 1

1400
1200
1000
800
600

Average 1m
400

Temperature { C)

200

0 20 40 60 80

Time (min)

Figure 12 - Average temperature 1 m below ceiling and key events for Experiment 1

To illustrate the severity of the conditions in the compartment, Figure 13 shows a comparison
between the average temperature 1 m below the ceiling and the standard “fire resistance” curves'.
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Figure 13 - Average temperature 1 m below ceiling and “fire resistance
curves” for Experiment 1
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Figure 14 summarises the development of the fire using a series of “snapshots” of the data at key times
during the experiment. These show an image of the fire, the vertical temperature profile at location C3
(above the back centre crib), a calculation of heat release rate based on the weighing platform data,
maximum temperature recorded and the radiation intensity 4 m from the centre of the opening. The heat
release rate data is calculated from the mass loss rate obtained for crib C2. The assumption is that the
mass oss rate from the other cribs is identical and that the heat release rate is given by a two minute time
averaged mass loss rate multiplied by the heat of combustion for timber {17.5 MJ/kg).
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Figure 14 - Time line for Experiment 1

45 minutes C3

i B

Height (m}

200 a0 B0 B0 100 1700
Temperaturs [ £}

50 minutes C3

00 400 RO BOD 1000 1300 180

Temperature [ €}

53 minutes C3

Hwight {m)

Temperature [ C}

Heat release rate
No data

Maximum
Temperature 1213°C

Radiation intensity at
4m, 10.2 KW/m’

Heat release rate
No data

Maximum
Temperature 1211°C

Radiation intensity at
4m, 9.3 kW/m*

Heat release rate
No data

Maximum
Temperature 1172°C

Radiation intensity at
4m, 7.7 kKW/im*

An indicative column element with an intumescent coating was present in the rig under the ceiling
near location C3. Figure 15 shows the temperature history at three points on the elemeant.
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Figure 15 - Indicative column element temperatures for Experiment 1

The rise in temperature after ~18 minutes indicates failure of the protective coating on the indicative
column.

After the test was terminated, during the period while the fire was being extinguished, the lintel above

the 2 m opening failed explosively. There had already been some spalling of some of the roof beams

at this time. It is not clear from video records whether the spalling was a consequence of the structure
entering a cooling phase or if fire-fighting water had come into contact with the lintel.

Figure 16 shows some images of the roof beams after the fire had been extinguished.

Figure 16 - Roof beams after Experiment 1
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Experiment 2 - details and observations
Date and time: 11" December 2013 at 10:00
Ventilation: Wall opening 1.5 m wide, 1.0 m high, sill 0.9 m above floor.

Ventilation factor (4+/H) = 1.5 m*?

Opening Factor ("VH/, )= 1.547.5=0.032m"

Insulation: High (see Table 15)
Thermal inertia, b = 520 J/im?s"°K
Fire load: Six wood cribs, fire load = 570 MJ/m®

Observations: Laboratory ambient temperature 7°C prior to ignition

Time Observation
(mins; secs)
-5:00 Ignition countdown started: data logging begins
0:00 Ignition started
1:30 Ignition established, lower section of opening in place
1:30 tc 4:30 Grey smoke issuing, buoyant plume
9:48 Flames filling compartment
10:00 Flashover
11:00 Intumescent activated
20:40 Smoke coming from 2 m wood target
23:15 Smoke coming from 3 m wood target
30:30 Lintel spalls
35:00 Top third of opening 2 m wide (plasterboard at sides fails)
41:00 Opening 2 m wide over full height
42:40 2 m wood target falls from stand
Fire left to burn out naturally
90:00 Data logging stopped

Table 19 - Experiment 2 observations
Experiment 2 — results

When clearing the debris from the fire, it was noted that much more of the fuel had been consumed at the
front of the compartment when compared to the back.

Figure 17 shows the spatially-averaged temperature of the three thermocouples mounted 1 m below the
ceiling (at approximately the centre height of the opening) on grid lines 2 and 3 and some of the key events
during the experiment.
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Figure 17 - Average temperature below ceiling and key events for Experiment 2

To illustrate the severity of the conditions in the compartment, Figure 18 shows a comparison between the
average temperature 1 m below the ceiling and the standard “fire resistance” curves.

Experiment 2
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C 1000 |
g .
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200 = Hydrocarbon FR Curve

0
0 20 40 60 80
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Figure 18 - Average temperature 1 m below ceiling and standard “fire resistance curves” for
Experiment 2

Figure 19 summarises the development of the fire using a series of “snapshots” of the data at key times
during the experiment. This shows an image of the fire, the vertical temperature profile at location C3
{above the back centre crib), a calculation of heat release rate based on the weighing platform data as

described previously, maximum temperature recorded and the radiation intensity 4 m from the centre of the
opening.
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Figure 19 - Time line for Experiment 2
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An indicative column element with an intumescent coating was present in the rig under the ceiling near
location C3. Figure 20 shows the temperature history at three points on the element.
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Figure 20 - Temperatures of indicative column element for Experiment 2

The rise in temperature after ~35 minutes indicates failure of the protective coating on the indicative
column.

Experiment 3 — details and observations
Date and time: 17" December 2013 at 15:00
Ventilation: Wall opening 1.5 m wide, 1.0 m high, sill 0.9 m above floor.

Ventilation factor {4-+/H) = 1.5 m*?

Opening Factor ("Y/, )= 1.5/47.5=0.032 m"

JA

(4]

Insulation: Low (see Table 15)
Thermal inertia, b = 660 J/m°s"?K
Fire load: Six wood cribs, fire load = 570 MJ/m?

Observations: Laboratory ambient temperature 2°C pricr to ignition
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Time Observation

(mins: secs)

-5:00 Ignition countdown started: data logging begins

0:00 Ignition started

1:30 Ignition established, lower section of opening in place

1:50 Buoyant smoke plume rising from compartment

8:28 Intumescent starts to activate

11:57 Flames just starts to come out of opening

12:50 Intermittent flames out of opening

14:28 Back of compartment visible

16:16 Back of compartment visible; appears as though one crib is out

23:00 Flashover

23:29 Fire “picking up”

28:25 Insulation went

32:35 Back of compartment visible

35:30 Test terminated due to development of severe cracks in structure of rig

90:00 Data logging stopped

Post test Due to the damage tc the experimental rig that occurred, it was decided not
attempt another experiment with exposed blockwork until the end of the
programme.

Table 20 - Experiment 3 observations
Experiment 3 - results

Figure 21 shows the spatially-averaged temperature of the six thermocouples mounted 1 m below the
ceiling (at approximately the centre height of the cpening} and some of the key events during the
experiment.

Experiment 3
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Figure 21 - Average temperature 1m below the ceiling and key events for Experiment 3
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To illustrate the severity of the conditions in the compartment, Figure 22 shows a comparison between the
average temperature 1 m below the ceiling and the “fire resistance” curves.
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Figure 22 - Average temperature 1 m below the ceiling and “fire resistance curves” for
Experiment 3

Figure 23 summarises the development of the fire using a series of “snapshots” of the data at key times
during the experiment. This shows an image of the fire, the vertical temperature profile at location C3
{above the back centre crib), a calculation of heat release rate based on the weighing platform data as

described previously, maximum temperature recorded and the radiation intensity 4 m from the centre of the
opening.
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Figure 23 — Timeline for Experiment 3
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An indicative column element with an intumescent coating was present inside the rig under the ceiling near
location C3. Figure 24 shows the temperature history at three points on the element.
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Figure 24 — Temperatures of indicative column element for Experiment 3

2.6 Analysis and Cost Benefit Analysis

The work conducted under this work stream has considered the background to the current guidance in
relation to periods of fire resistance. New performance based methods for characterising fire severity and
specifying firg resistance periods have been svaluated through a consideration of data from a large ssries
of full scale fire experiments. In order to consider the impact of the levels of insulation typical of modemn

forms of construction on fire growth and development, a number of new fire experiments have been
undertaken.

The anticipated fire severity in terms of peak temperature as calculated from the parametric approach is
compared to the measured data from the three new fire experiments conducted as part of the current
research project. The results are shown in Figure 25.

Commaercial in confidence @ Building Research Establishment Lid 2015

Printed on environmentally friendly paper

CLG00006277/47

CLGUUUUUL P _ WSt



47 Final Work Stream Report BD 2887 (D23V2) 286855

1.2

1 )
08
T
06 =
=2
5
0.4 —
02 -
0 !

nClG 1 DG 2?2 DoiG3
Test ref.

d peak

Figure 25 - Measured/predicted peak temperatures for the Work stream 1 experiments

The corresponding relationship for time to peak temperature is illustrated in Figure 26.
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Figure 26 - Measured/predicted time to peak temperatures for Work stream 1 experiments
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The results show a good correlation betwsen the predicted and measured values. The reason for the low
values in Figure 25 was mainly due to the requirement to terminate the experiment to prevent more
extensive damage to the fire compartment.

The work considered under this work stream has provided validation for design methods already in the
public domain and already in widespread use. As a consequence, there are no specific changes proposed
to either the guidance or the regulations therefore a Cost Benefit Analysis is not required for this work
Stream.

3 Discussion on structural fire engineering design

This report has considered the scope and applicability of performance based methods for characterising fire
severity through a comparison with data from full scale fire experiments. Specifically, the parametric
approach set out in BS EN 1991-1-2 and the time equivalent methodology underpinning the alternative
approach to specifying fire resistance periods in BS 9999 have been considered.

In terms of specifying fire resistance for elements of structure, the BS 9999 approach allows the designer to
choose from either a “prescriptive” specification (Table 25) that mirrors Table A2 of Approved Document B
or an alternative approach (Table 26} that requires the designer to check if ventilation conditions permit the
use of the table.

The values in Table 26 were developed by a Task Group under the auspices of the British Standards
institution. The tabulated values were derived from extensive fire engineering calsulations based upon a
time equivalent approach to specifying fire resistance periods which incorporated parametris fire
caloulations, heat transfer o protected structural steg! elemenis and a Monte Carlo method 6 incorporate a
farge number of variable parameters used as input to the initial compariment fire calouiations. The analysis
procedurs is as follows:

1. Calcuiate natural {parametric) fire curve for specific parameters (Q, b, g within a spacified range.

2. Calculate the temperature of a strustural member exposed to the natural fire curve using the
fundamental principles of heat transfer — for steel beams, the protection thickness is specified such
that the stesl temperature does not excesd 550°C.

3. Calculate the temperature history for the same member whan subject to the standard fire curve.

4. The time squivalent perigd {for this fire curve) is the time taken 1o reach 550°C under the standard
fire curve.

This procedurs s repeated many times using the Monte Carlo method to develop the cumulative freguancy
distribution.

While the fundamental calculations in relation to parametric fire exposure and time eguivalence have besn
validatad within the current project for the range of paramesters considered in the experimental werk, there
are g numbaear of issuss within the derivation of the tabulated BS 8988 fire rasistance periods that require
further consideration. Thesg inciude:

s Risk analysis. The outputs from the fire angineering analysis (cumulative plot of equivalent fire
resistance periods) ware quantified in terms of risk to life safety depending upon the height of the
buiiding. A decision was made to defermine what risk is deemed to be accaptable by relating a
specific height and occupancy type 1o & particular valug from the cumuiative plot. A ime equivalent
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period of 60 minutes was chosen to apply to an office building of 18 m height. This corresponds to
a fractile value of 80%. In this case, this corresponds to 80% of the cases considered in the Monte
Carlo analysis for that specific occupancy having a time equivalent value less than 60 minutes. This
provides a fixed point from which the risk associated with height {(and occupant awareness and
mobility) can be varied.

»  Suppression. The influence of a sprinkler system is accounted for by multiplying the fire load
density by 0.61 to provide a reduced cumulative plot of equivalent fire resistance periods for each
ocoupancy type. This factor was derived as part of the Natural Fire Safety Concept25 based on a
semi-probabilistic approach to derive an acceptable target failure probability (p) of 7.23 x 10° per
building life (1.3 x 10° per year).

»  Qccupant awareness and mobility. The tabulated values in BS 9999 incorporate the influence of
ocoupant awareness and mobility with respect to evacuation characteristics. Specifically, the impact
of sleeping risk is related to an increased fire resistance requirement by moving up a consequence
rating. A similar appreach is adopted in areas such as medical care facilities incorporating
horizontal evacuation within a place of safety. In such cases, the conseguence rating is increased
by two categories.

« New height categories. Two new height categories have been introduced at 11 m and 6C m to
provide a more rational approach to probability of fire occurrence and consequence of failure.

The current preject has provided a justification for the basic anaiytical methodelogy underpinning the
tabulated approach in BS 9998 with specific reference o the paramelric time-temperature calculations and
the concept of ime equivaience. However, the cumudative distribution curves for [he varous occupansies
have been derved based on a single “failure” temperature related (o a time taken for a prolected steel
seclion to achieve a specilic lemperature. The question arises as {0 the relevance of [his (o other forms of
canslruction. in some ways the outcome can be seen as malerial independent as it is really just a means of
guantifying severily in a comparalive manner. Certainly, the current prescriplive approach does nol allempt
to define different periods of fire resistance for different structural elements based on specific machanisms
of failure. It shouid be possibie to darive similar curvas based on a specific limiting temperature for g
spacific rainforced concrete baarm, although the heat transfer calculations would be somewhat more
complicated. Similary, thers is no reasen in principie why similar calculations could not be undsrtaken on a
protected timber floor joist with fallure” based on g specified charring rate. However, this approach would
require a great deal of effort and the current state of knowledge with regard to the performance of such
slements in fire is limitad.

One potential approach is to derive similar valuas based on a time sguivalent calculation approach.
Although the original purpose of the time equivalent methodolegy was to enable fire severity to be
evaiuated in terms of an equivalent period of heating of & protected steel member in a standard furnace
test, it has been used (within BS EN 1882-1-2) {0 derive fire resistance periods independent of the form of
construction. Such an approach would still nesd 1o incorporate probabilistic methods to take into ascount
issues such as height of the building, occupant awareness and mobility, etfc.

Trie inclusion of a new table of fire resistance periods alongside the existing Tabie A2 in AD B is not &
sensinie aporoach as designers will undoubtedly “cherry pick” the lowest values from each table. Replacing
the existing Tanle A2 (and Table A1) is one oplion. The new approach to specifying fire resistance periods
set out by the BS 9929 Task Group is a serious attempl o produce a scientifically derived methodology that
takes into account the principal paramelers influencing fire growth and development. It could be argued that
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it incorporates factors (such as thermal properties of compartment linings) that are not taken account of in
the current prescriptive approach. However, there are a number of areas that require further investigation.
A third option would be to reference the design approach within BS 2999 and that of BS EN 19921-1-2
without providing any further technical or supporting guidance. This would simply be a means of legitimising
the current situation with the possibility of including further information on the scope of applicability of the
variocus methods and the degree of competence required to apply them.

To illustrate the importance of a variation in specific parameters, the time equivalent calculation
methodology has been used to consider a limited variation in parameters for a compartment with a plan
floor area of 12 m by 12 m, a floor to ceiling height of 3.6 m and lined with plasterboard to give a value for
thermal diffusivity of 720 Jim2s”K. A variation in fire load density covering the average, 80%, 90% and 95%
fractiles for fixed conditions of a single ventilation opening with a width of 7.2 m and a height of 3.4 m was
considered. The fire load density was then fixed at the 80% fractile value and the width of the single
vantilation cpening varied and the final case considsred the influence of a reducticn in the height of the
ventilation opening.

The cases considered are summarised in Table 21 and illustrated in Figure 27.

1a 420 3.4 7.2
16 570 3.4 7.2
1c 670 3.4 7.2
1c 760 3.4 7.2
25 570 3.4 7.2
20 570 34 5.0
Zc 570 3.4 3.0
20 570 3.4 2.0
3a 570 3.4 7.2
3b 570 25 7.2
3¢ 370 1.2 7.2
3d 570 1.0 7.2

Table 21 - Cases considerad for study of influence of variation in fire load density and ventilation
conditions using EN 18814-1-2 time eguivalent calculation
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Figure 27 - Effect of variation in fire load density and ventilation conditions

In this simple study, Case 1b could be seen as the base case representing a fire load density
corresponding to the 80% fractile usually adopted for fire enginesering design calculations. Reductions to the
area of the ventilation opening increase the equivalent severity of the fire relative to this base case. Using
this method, it is possible to construct a cumulative distribution as shown in Figure 28 without recourse to
either parametric fire calculations or heat transfer to protected structural steel elements.
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Figure 28 - Cumulative distribution for limited case study using Eurocode time equivalent
calculation

The use of a Monte Carlo technique to account for the influence of design variables has a number of
advantages. It can be used to determine which variables have the greatest influence on the severity of the
fire and which are relatively unimportant. It is clear from the simple study above that ventilation has a
significant impact on calculated severity where a reduction in either the height or the width of the opening
can result in a calculated equivalent severity of more than twice the base value.

The attempt to produce a simplified table for use by those without any specialist fire engineering knowledge
is & worthy aim. However, compartment fire behaviour is difficult to predict and even small changes to
specific parameters can have a marked effect on fire severity. In terms of fire resistance, requirements
should be related to sither a known and accepted standard of reliability, as represented by the guidance in
AD B, or by an alternative procedure, supported by an understanding of the principles of fire dynamics and
a knowledge of structural fire engineering.

The existing tabulated guidance in AD B is by no means perfect and it is entirely possible that the changes
proposed in the Table 26 approach in BS 9999 are a more accurate representation of the risk in relation to
life safety. However, if they are to be used alongside AD B guidance, then designers will simply cherry pick
the lowest value for their particular circumstance. If the Table 26 values were to replace the existing
guidance then this would have a profound effect on the nature of the UK construction market and the
relative competitiveness of specific sectors of the industry.
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4 Conclusions

The principal objective of this work stream was to produce robust evidence and data to explore the potential
to adopt a more flexible approach to the specification of fire resistance periods in Approved Document B.
Alternative methodologies for determining compartment fire severity and specifying fire resistance periods
have been evaluated and validated within specific limitations as part of this work stream.

The fire tests undertaken in support of this work stream have demonstrated that enhanced levels of thermal
insulation result in higher peak temperatures within the compartment and higher levels of thermal radiation
from the compartment to adjacent buildings. Itis important that this issue is considered in any future
revision of regulatory guidance for fire safety.

The calculation methods set out in BS EN 1991-1-2 and used to develop the alternative tables in BS 9999
provide an accurate prediction of compartment peak temperature and overall fire duration for a range of
different parameters and are capable of taking into account the impact of high levels of thermal insulation
on fire growth and development as represented by the thermal diffusivity present in modern buildings which
typically range from 300 to 1500 Jim?s”K. The conclusion is based on comparison with experimental results
covering a number of different compartment sizes, gecmetries, ventilation conditions and fuel loads.
However, the scope of validation only covers fire compartments with a floor area up to 378 m2. Beyond this
value, the parametric fire calculations may still be used but will tend to yield unduly conservative results.
This is because the parametric approach assumes a single zone temperature distribution with the
maximum valuge present throughout the compartment when, in reality, there will be significant spatial
temperature variations throughout any large fire compartment.

The calculation metheds in BS EN 1921-1-2 and BS 2999 are currently in the public domain and are widely
used as an altemnative approach to the guidance set out in Table A2 of AD B. Consideration could be given
tc making a specific reference to these approaches as part of an overall fire engineering strategy within any
subsequent revision of AD B.
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Appendix A — Summary of the Research

Building Regulations and Standards Division, Department for Communities and Local Government (DCLG)
commissioned BRE to carry out a project titled “Compartment sizes, resistance to fire and fire safety”. The
main aim of this project was to produce robust evidence and data based on research, experimental fire
testing, computer modelling and laboratory testing, where necessary, on a number of linked work streams
in relation to fire safety and associated provisions in Schedule 1 of Part B of the Building Regulations 2010.

This Final work stream report describes the findings of the research for Work stream 1 — Periods of fire
resistance. The aim of this work stream was to produce robust evidence and data to explore the potential
to adopt a more flexible approach to the specification of fire resistance periods in Approved Document B.

The work conducted under this work stream has considered the background to the current guidance in
relation to periods of fire resistance. New performance based methods for characterising fire severity and
specifying fire resistance periods have been evaluated through a consideration of data from a large series
of full scale fire experiments. In order to consider the impact of the levels of insulation typical of modemn
forms of construction on fire growth and development a number of new fire experiments have been
undertaken. Alternative methodologies for determining compartment fire severity and specifying fire
resistance periods have been evaluated and validated as part of this work stream.

The fire tesls underlaken in support of this work stream have demonstrated that enhanced levels of thermal
insulation result in higher peak lemperatures within the compartiment and higher levels of thermal radiation
from Lthe compartment o adjacent buildings. His important that this issue is considered in any future
revision of regulatory guidance for firg safaty.

The calculation methods set out in BS EN 1881-1-2 and used to develop the aliemative tables in BS 9889
provide an accurate predistion of compariment pesk temperature and overall fire duration for a range of
different parameters and are capable of taking inte account the impact of high levels of thermal insulation
on fire growth and development as represented dy the thermal diffusivity presant in modern buildings which
typically range from 300 to 1500 Jim#s™K. The conclusion is based on comparison with experimental rasuits
covering a number of different compariment sizes, gaometrias, ventilation conditicns and fual loads.
However, the scope of validation only covers fire compartments with a floor area up to 378 m2 Beyond this
value, the parametric fire calculations may still be used but will tend to yield unduly conservative resuits.
This is because the parametric approach assumes g single zons temperature distribution with the
maximum vaiue present throughout the compartment when, in reality, there will be significant spatial
temperature variations throughout any large fire compartment.

Thie caicuiation methods in BS EN 1921-1-2 and BS 8889 are currently in the public domain and are widely
used as an altemative approach o the guidance set outin Table A2 of AD B. Consideration could be given
o making a specific reference {0 these approaches as part of an overall fire enginesring strategy within any
subsequent revision of AD B,
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