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Executive summary

This study aims to premptively address believedinevitable detrimental outcome of the necessary
move tonet-zero construction methods that may significantly raise the risk of firefighter and occupant
KENY FNRY W3IKSHISYOFINGOIsA NG {1 & Ol dzZaSR o0& RSO Of
M&E structuresin mass timber building$Such detachment of servisalso hathe capability to render
other fire protection systemgighting,detection,smoke removal, alarm, suppressionpperative,

break down passive fire boundarias large ventilation fall from their boundary interfacasd even
damagegasfuel lines

Unresolved it is believed thathis is a problem waiting to happen and as such there is a duty to act upor
this knowledge. In demonstrating and highlighting the problem, the pr@éuosto educate those who
can influence change to put in place the necessary training to reduce risk and inform on new standard
required for thespecificationof anchoring equipment and methods in timber buildings to reduce the
risk at point of source. Firefighting in buildings of combustible structure, particularly those of height,
associated with many new complekallenges for fire services. This sthecificallyaddresses a
potentiali SNNA o f S a OSy I NAVRE systemsHiNfrelwhidR tighd Befinipdssibderdsk 2 F
asses®n the spot.
In respect of FSR&TT objectives this project addresses:

a) Prevention of risks to attending firefighters, occupants and evacuees

b) Training of FRS personnel and standards makers by bringing this issue to front of centre

C) Ensuring firefighter effectiveness by highlighting a previously unknown risk, and in the longer
term putting in place the standards and infrastructure that should lead to permanent change.

The study was prompted by a coincidental finding by Dale Kirgye(BPA and RISCAuthority), whilst
investigating how pipework attachment rules for fire sprinkler systems might have to be adapted in
mass timber buildings.

Outcomes:

This study inveggated the contribution that each discreet fixing parameter made to the loss of load
bearingcapability under fire conditions including, embedment depth, diameter, material, thread, pitch
loading, fire challenge, armbntact surfacearea. Counterintuitively, whilst larger fixing had greater
native load bearing capacity, when subject to fire, their weakening was faster and moratdranan
smaller fixings.

To explain the disproportionate loss of strength in fixingsradZielapproach is presentedy way of
explanationdefined by the ability of the fixing to conduct heat along its length to impact the wood
where the thread grips.

WCFiQ CAEAY3 Y2RSt

Ly (KA&a Y2RSts GKS WF¥FFOGGSND FTAEAY3I Aa FofS (2
between the threads so there is a loss of retention strength at the grip points. Wood weakens at
surprisingly low temperatures. Whilst we recognise eabiéyloss of strength associated with charring,
lower temperatures that impact moisture content exert great influence even before the wood
undergoes pyrolysis.
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In this model, the geometry of the fixing is less capable of conducting heat deep within the wood and
the increased length ensures that the thread necessary for full retention remains in unheated wood for
the duration that it must remain effective.
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counterparts there are certain advantages in their use, specifically not requiringhpiles to be drilled,
that might greatly offset the additional efforequired to install greater numbers of fixings.

This study has shown that the assurance of fixing performance under fire conditions demands:
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evacuation of occupants, and intervention by the fire service.

An undgrstagnqlinvg of the heat uptake rate of the timber peilir]g so that the inter'facevdepth of ,the
dzy KSIF USR ¢22R Aa 1y2ey lu U0KS WONRUGAOFT UA
The selection of a fixing whose embedment of thread at depths greater than the unheated
interfgce at the criti'cal tjme assures full re'tentign of thelambiept load bearing capability of the
FAEAY3 U UKS WONRUAOIEf UAYSQ

¢tKS aStSOGAz2zy 2F GKS T Aciminimigird cdnifidiidnalbidyg tis lehgih |
The fitting is made of hardened steel and will not melt or break in fire.

Whilst other solutions to the problem are certainly plausible, such as the angling of fixings into the
timber, in conversation with suppliers and installers this simple set of requirements is practical, can be
supported by existing products, amth balancerequires little greater effort than the measures already
taken but warranting significant performance enhancement under fire.

The adoption of these simple measure#l significantly improve firefighter safeig the conduct of their
duties in the already complex environment of mass timber buildings.

For and on behalf of FSRTT and ASB& thanks are extended to:

For supply of CLT to this project

For the supply of fixings and technisalpport to this project

_, RISCAuthority For financial support to the project
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1 Background
1.1 Net-zero and fire safety

Naturalmaterials(organic, renewable, and often carb@equestering have for many yeatseen
integrated into the construction dbuildings for reasonsf material availability, the improvement of
green credentials, cost, speed of construction, and architectural embellishment. The requirement for
their use in the wholesale replacement of majoniginciplecomponents in the structure, insulation,

and cladding ofarge commercial and residential buildingspursuit of netzerg, isamuch more recent
phenomenonandbuilding codesand standardsproduced against a history of n@mombustible material
use, may currently be undeteveloped for supporting this change, and be insufficient for assuring
safetyof occupantandresponderspr securing the necessary insurance and investment provisions.

The need for reduced carbon emissions is obvenus must be supportedand it is not the intention to
repeat those reasons here. Suffice to say however that energy re@@donstructionis reported to
account for around 34% of global emissions according to the UN Global Status vemoht includes

both operational emissions (from heating, cooling, and powering building), and embodied emissions
(from materials like cement, steel, and glass in construction).

This wholesale chang® the use of combustible natural materigisesents many potentigdrotection
challenges that need to be addressed as part ofsvéch to a netzero future.A simple backo-basics
reviewmight surmise thee to be:

a. Greater fuel availability In addition to the contents of the building, the fabric of the building
may be able to participate in both the early, and later stages df.fire

b. A greater risk obuilding collapse Where the structural elements of the building are
combustible (in panel or post form), their consumption by fire could lead to collapse, greatly
impaired fire service support, reduced safety and greatly increased dédmage

c. More rapid fire developmentResearch has showthat fires in timber lined enclosures have a
greater rate of acceleration than enclosures with rombustible surfaces.

d. Greater flame projection from windowsResearch has showthat flame projection from
timber compartments through windows and other openinggrisaterand maypromote spread
to the facade and storeys above by direct flame application, and neighbouring buildings thougt
higher radiative emissions.

e. A need for a very fast and effective response to fite addition to the need to respond to
higher fire development rates, the need for fast intervention also stems from a need to prevent
fire travelling into inaccessible spaéebany natural materialsanburn in both flaming and
smouldering formallowing fires to burrow deep within the material and into inaccessible voids,
to emerge once again elsewhere as fire, possibly hours or even days later, to continue its
RSaAUNHzOUA2Y® LC FANB A& Fff26SR (2 aLlbh&al R
fire is then extinguished becomes very difficult to answéstorical fires indicate resolution
usinga range of blunt approaches including the need for internal demoliticsoaietimes

aGlobalABC, UNEP. 20Zdobal Status Report for Buildings and Construction 283a80bi: United

Nations Environment Programme.

b BUCHANAN, Andrew H. and ABU, AnthorStriictural Design for Fire SafeBnd ed. Chichester:

Wiley, 2017. ISBN 978119-341925.

©MCGRATTAN, Kevin, HOSTIKKA, Simo, FLOYD, Jasbine &afkty Challenges of Tall Wood Buildings
¢ Phase 2: CLT Compartment Fire Té$tST Technical Note 1996. Gaithersburg, MD: National Institute
dKONIG, J. and WALLEITjmber Frame Assemblies Exposed to Standard and ParametricSHres
Report 1999:50. Boras: Swedish National Testing and Research Institute (SP), 1999.
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structuralwalls to access fire in voit)gso complete demolition of the building after days of
repeated fire outbreaks.

f. A need to review which areasf the buildingneed fire protection The location of spaces
adjacent tosubstantialcombustible voids andommunicatingservice ducts might warrant
greater levels of protection.

g. A need to consider the sensitivity of many natural materials to water exposugstimates on
the quantities of water used for fighting fires in larger residential and commercial buildings by
fire services vary greaflyand range from tens of thousands to hundreds of thousands of litres
applied over periods of 30 minutes to some hours. Water exposure of natural materials can
quickly lead to both aesthetic and structural damage incurring large remediation effort and
shoud be minimised.

h. A need to consider extent of damage and methods and cost of repalhere the structure of
the building is provided by natural materials which may participate in, and be consumed by the
fire, the type of damage incurred may be difficult and disproportionately costly to repair.

i. A need to consider insurabilityagainst the background of the aforementioned new risks, un
ameliorated insurers may be confronted with being asked to cover buildingg:that

1 Are formed largely of combustible materials
May not court the same level of intervention from the fire service
May suffer more extensive fire damage that is difficult to quantify the extents of
May spread fire to other buildings
May suffer greater levels of consequential damage
1 May be more costly to repair
i. A need tosupport Fire Serviceffectivenessgiven the aforementioned challenges, is
unthinkable that, without specific measures being takehat ensure firefighter safety in this
new situation, they willnot be able to be as effective as they ane buildings of traditional
nonO2Yodzza iAot S adNHzOGdzZNE X @& S adithe®lyNdeasirer St &
that may assure the ending of the fire event
In recognition of these challengése UK insurance industryia RISCAuthority (the Uh&urance
industry research funding schems&)onsored a programme of researfdtussed on the optimisation of
fire sprinkler systems for use in the magsber environmentFire sprinkler systerdesign continuously
evolves with changing construction and storage methimdensure they stay relevant to the modern
world. In mass timber buildinggé sprinklerscan providea responsehat addresses many of the key
challenges presentedspeciallythe support of fire service intervention.
Part of thefire sprinkler system design and installatiaresetd specifies the requirements for the

attachment of sprinklepipe to ceilings and this was investigated during the stidhe result from that
study have now been publishednd form the starting point for this research as it reveaded

= 4 4 A

¢ HOME OFFICHreand Rescue Incident Statistics: Engldr@hdon: Home Office, annual publication.
Latest edition: 2023. ISBN 91&28642349.

FALLIANCE FOR SUSTAINABLE BUILDING PRODUCWMagaSBfer Insurance Playbodlondon:
ASBP, 2021. ISBN 9781645834-4.

9FIRE PROTECTION ASSOCIATRONRules for Automatic Sprinkler Installations 2015: Incorporating B
EN 12845:2015+A1:2019 and associated Technical Bulldimston-in-Marsh: Fire Protection
Association, 2015 (regularly updated).

hKINNERSLEY, R., GLOCKLING, J. and HULL, T.R. Fire spread via fixings and interfaces in timber

construction.Fire Safety Journa2023, 134, 103747. DOI: 10.1016/|.firesaf.2023.103747.
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overlooked safety issue thaif unaddressegdwould lead toa future foreseeable loss & A NS F hvasK
for reasons akin tthose of the Shirley Towefise event (see later)
1.2 Previous research
Recent research conducted by Dale Kinresrsit the Fire Protection Associationdanow published
F2NXIEfte Ay (0KS CAPNGspréat waSixings awRirdeNacds in tindogr congirdSoR
[Dale KinnersleyRichad Hull, James L D Glockling, Stuart Campheiéstigatedthe fire performance
of standard sprinkler pip&éxingswhen used under timber ceilingn importantoperational function of
fire sprinkler systems is that tHe&xings are capable of supporting the substantial weighwvafer pipe
distribution arrays can tolerateimpulse forces when in operatipand do notdetachduring fireg all
with appropriate safety factorda/Vhilst standards exist for the specification of fixing into concrete
ceilings, none exist for timber ceilings.
The structural abity of wood to withstand firas complex and impacted by:

1 Loss of material

1 Formation of a chawhich has no intrinsic strength but can insuléte underlaying wood to a
degree

1 Permanent loss cdlomestrengthif heated above a threshold temperature

1 A temporary loss of strengtifiheated up to a certain temperature threshold that drives off
moisture that can be recovered upon cooling

Lost material
DA S = e e S M= - = No strength contribution
N % AR

Charred wood
Complete loss of strength

\ \ Heated Wood

Reduced and permanentloss of strength

Heated Wood
=~ Reduced strengththat is regained on cooling

Unheated Wood
Retains original strength

Zone interfaces attime =t e

Heat Input from F

Figurel Mechanisms of strength loss in timber during fire

The study subjected a great numberagimmon fixing types to a firdesigned to mimia developed
room fire as might be expected in a mass timber buildiogstructed of Cross Laminated Timber (CLT)
The majority of tesswere conductunloadedand pultout strength tests were conducted befofiee,

and after being subjected to fire exposures of 30 and 60 minutes.

'HAMPSHIRE FIRE AND RESCUE SERMICGHe Investigation Report: Firefighters Alan Bannon and

James Shears, Shirley Towers, Southampton, 6 April2@fpshire Fire and Rescue Service, 2013.
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Figure2 Testedscrew fixing types [A][M12 HexCoachScrew [B} M10 FlangedStructural Timber
Screw[C]- M12 Stud Screw [D] & [EM10 Stud Screws [FM10 Rod Hangar

The results showed marked loss of strengtby the fixng before and after fire that was
disproportionate to theamount of surface charring of the CinTcomparison to the fixings embedment
depth in the timberWhilst char formation aslescribedn Figurel s a relatively slow processirge
screwfixings are able to conduct the fire heat deigpo the CLTio raise temperatures andieaken
g22R 201t G2 GKS FAEAYIQa aO0ONBgs GKNBIFRad ¢2
many M&E applicationsnly millimetres of heated wood and char around the threads must forforto
complete loss ofetention capacityto occuras shown irFigure3.

Figure3 Post test cutaway showing heating and charring of wood around the bolt threads

It is also intereshg to note the greater amount of heating that has occurred around the larger M12
screw than the smaller M10 screw.

A summary of all tests rus given irFigured4 showing that, in the unloaded cortwbn, strength loss is
significantand occurs on a timescale meaningful to evacuation and fire service intervention.
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Figure4 Strength reduction of all tests conducted in the unload condition before and after fire

It was identified late on in the programme that the true evaluation of performance needed to be made
under loaded conditions becausepostfire hardening of the timber may occur due ¢ooling of the
timber, cooling of the CLT glues, andber moisturerecovery

The results of thresearch concluded:

= =4 4 —a -

)l

2 KAt ad |

Fixings in wood are much weaker pdise.

There is a high risk that Mechanical and Electrical (M&E) services could fall during or after a fir
Char formation around the screw thread reduces fixing strength.

Load capacityuring fireappears to decrease with increasing bolt diameter.

Changes to fixing choice and specification could greatly improve performance under fire
conditions.

Only fire testing under load can accurately describe the retention capability of fixings during a
fire.

Fdzy QG A2y Ay 3 FLINBSG SIQINGR yA] (i 3N msyeisdiiaire/bPp:

temperaturesthe risk of early detachment dfeavyM&E systemsn the unprotected situation is all too
clearandcould result in:

1
1
1

1
1

Entanglement, crush, and electrocution risks to people
Breakdown of fire compartmentatioffi sealed systembreak on falling, such a ventilation ducts

Damage to other safety systems on falling, suchraske ventilation systemsletection and
alarmsystemwiring, emergency lighting, and fire sprinkrstem pipework.

Damage to energy bearing systems such as gas pipkslectrical cabling
Damage to water supplies that might be needed for firetiiggn purposes

1.3 Shirley Towers

The tragic fire at Shirley Towers in Southampton on 6 April 2010 led to the deaths of two firefighters,
Alan Bannon and James Shears. The incident occurred in Flat 72 ofdtweypresidential block, which
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featured a compleXcissor sectioflayout that made navigation difficult. The fire began when curtains
ignited from contact with an uplighter lamp. As crews entered the flat, they encountered extreme heat
(over 1,000°C), zero visibility, and a disorienting layout. The situation was wdrbgralling electrical
cables, which had melted from the heat and obstructed escape routes. These conditions contributed t
the firefighters becoming trapped and ultimately succumbing to the intense heat.

Following the incident, Hampshire Fire and Rescue Service launched a comprehensive investigation.
O2NRBYSNDRa AyljdzZSad ARSYGATASR YdzZ GALX S O2y G NRO
and operational challenges.Rule 48letter was issued to recommend changes aimed at preventing
future deaths. These included improved training for higte incidents, better undstanding of

complex building layouts, and national changes to fire safety regulatiesygecially regarding electrical
cable containment. One major outcome was the push for-nombustible cable supports to prevent
entanglement hazards during fireghich was implemented in theevision of the IET Wiring Regulations
(BS 7671) specifically Regulation 521.10.2@Zable Support in Fire Conditioinsthe 18th Edition,
whichcame into force on 1 January 201®mandates that:

1 Cables must be supported by firesistant fixings (e.g. metal clips or ties).
1 Plastieonly fixings are no longer allowed as the sole support method.
1 The rule applies to all wiring installations, not just escape routes.

This change directly addresses the hazard that contributed to the deaths of firefighters at Shirley
Towers, where plastic trunking melted, causing cables to fall and entangle crews trying to escape.
Inrespectof FAEAY 3 ag9 (G2 YI&& GAYOSNI OSAf Aythexaséidk S L
Shirley Towers, a traditionally constructed building, the issue was one afidiag (plastic) fixings

secured into a strong substrate (concrete). For timbeifings the fixings are very strong (steel) but the
timber substrate weakengreatlyunder the action of fireThe causes are different, but the outcome is
the same and sadly, the amendments to wiring regulations made following the Shirley Towers inciden
do nothing to protect againghis new challenge that will require further regulation change.

Page-11-of 53



2 Project specification

This project seekto put in place the research that will ultimately lead to methods and standards for the
assurance of fixings performance during the critical periods of occupant evacuation and fire service
search and rescue. The attachment of often heavy M&E servicésdimg HVAC, pipework, and fire
suppression systems, to ceilings is catered for in standards for traditional concrete floor slab structure:
(BS 8539), but not timbeihrough this work it is hopet pre-emptively prevent predicable harm to
firefighters resulting from changing building methaglan area hitherto neglected in the enthusiasm for
net-zeroconstruction.

The major objectivesof this study are

1.

2.

3.

To experimentally demonstrate and publicise the extent of the problem

1 Design and construction ofsaitabletest rig that may in future serve as the basis of a test
standard for fixings approviélrequired.

1 Generation of a dataset that shows the extent of the problem
1 Presentation of the issue through FRS, AFBRT,THSE, Bahd all stakeholder networks
To engage with industry to find engineered solutions (fire resistant fixings into timber)

1 To work with the mass timber products supply industry to find products and methods that dc
not weaken saeadilyunder the action of fire

1 To present thdindingsto British Standards in support of formalising the requirement
To educate and lobby building regulations to implement change

1 Public speaking

1 Open webinars

1 Atrticles inappropriatejournals

1 Formal paper publication

1 Presentation to BRACHSE if required

This reportforms the foundation work of the study and describes the outputs of Parlo&the
specification.
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3

Technicaldesignconsideratiors

The ability of fixings to maintain strength is complex and influenced by many factors. An appropriately
designed rig should be able to assess the impact of each of these as single variable changes:

i Fixing length (embedment depth)
Fixing diameter (conduction into the timber)

Fixing connection to metal that might act as heat sink or heat barrier to conduction (conduction
into timber)

Mass bading

Pilot hole size
Thread pitch

Fire challenge size

= =

= =4 4 A

To build upon theorevious studyand extend it to find solutions to the problethere was a need to
address perceived shortcomingéthe originalstudy. Theseare identified below:

a)

b)

d)

Rigrobustness and usability, the rig was formed of temporary materialsuch as Unistrut)
appropriate for the purposes of prototyping but not fose in a possible future standards rig. As part
of the redesignas well as firdardenirg thestructure, greaterattention was given to improving
usability, repeatability,and test sample turnaround times to reduce laboratopsts

Fire size; Reviewers of the paper noted that fire temperaturasd char rates were lower than had
been experienced in fulicale fire testinguggesting that the environment experiemntily the
fixings was potentially less onerous than it should be. To this endrtigactinggas fire sizevas
increased.

Loadedtesting of fixingsg for the reasons previously discussed, all fiximystbe tested in the
loaded condiion.

Extension ofsample suiteg to include fittings that might structurally survive fire better (hardened
steel), which will condudess heat (skinnier), and will have more of theead embedded in timber
that remains unchanged on timescales relevanéwacuation and response (longer).
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4 Testfacility, equipment and instrumentation

4.1 Testrig

The test rig was designed to allow for the simultaneous testingind&endently loadedixingsduring
each test. A crude diagram of the rig is shown below with detailed frame schematics given Annex A.

900x700x 180 mm

Sample CLT

Fixing under

test
Pulleys

1350 mm

110 nem

Movement Cable

sensor

WwiooL-0S X 009 X002 L

3080mm

Figure6 Schematic of test rig

4.2 Instrumentation
Instrumentation vasinstalled to:
1 Measure the challenge presented to the fixings
o Flame temperature
o Applied load
0 Heat flux measuremerftom wall and cding
1 Confirm repeatability
o Flame temperatures
o Gas flowrate
0 CLT temperatures
o Surface oxygen concentrations at CLT ceiling and wall samples
I Measure impact on fixing
o Cable movement sensors
I Undestand atmospheric conditions
o Air temperature
o0 Air humidity
1 Undestand timber condition
0 Moisture content
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All datawascollected by a high speed datalogger

Channel no. Location Label Description
0 Laboratory Lab_Hum Laboratory Humidity
1 Laboratory Lab_Hum_TC Laboratory Temperature
2 Fire Fire_ TC Fire temperature above burner
3 Below CLT Gas_Mid_TC1 Gas temperature near Fixing 1
4 Below CLT Gas_Mid_TC2 Gas temperature near Fixing 2
5 Below CLT Gas_Mid_TC3 Gas temperature near Fixing 3
6 Below CLT Gas Up _TC1l Gas temperature upstream of Fixing 1
7 Below CLT Gas_Up_TC2  Gas temperature upstream of Fixing 2
8 Below CLT Gas _Up _TC3 Gas temperature upstream of Fixing 3
9 Below CLT Gas_Down_TC1 Gas temperature downstream of Fixing 1
10 Below CLT Gas_Down_TCz Gas temperature downstream of Fixing 2
11 Below CLT Gas_Down_TC: Gas temperature downstream of Fixing 3
12 In ceiling CLT CLT_Mid_TC1 Timber temperature near Fixing 1
13 InceilingCLT CLT_Mid_TC2 Timber temperature near Fixing 2
14 InceilingCLT CLT_Mid_TC3 Timber temperature near Fixing 3
15 In ceiling CLT CLT Up _TC2 Timber temperature upstream of Fixing 2
16 In ceiling CLT CLT_Down_TCz Timber temperature downstream of Fixing 2
17 Ceiling CLT 02_Celling Oxygen measurement ceiling surface
18 Wall CLT 02_Wwall Oxygen measurement wall surface
19 Cable 1 Mass F1 Load cell mass on cable to Fixing 1
20 Cable 2 Mass_F2 Load cell mass on cable to Fixing 2
21 Cable 3 Mass_F3 Load cell mass on cable to Fixing 3
Cable 1 Movement_F1 Movement measurement on cable to Fixing 1
23 Cable 2 Movement_F2 Movement measurement on cable to Fixiag
24 Cable 3 Movement_F3 Movement measurement on cable to FixiBg
25 Wall HFM_Ceiling Heat flux meter pointing to fire ceiling CLT
26 Ceiling HFM_Wall Heat flux meter point up to wall CLT
27 Event Marker Event 01 Event marker (Button Box)
28 Event Marker Event 02 Event marker (Button Box)
29 Event Marker Event_03 Event marker (Button Box)
30 Event Marker Event_04 Event marker (Button Box)
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Additional measurements made manuahgre:

91 Pull out force prefire
1 Char depth post test
1 Video recording during test
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4.3 CLT specification

The CLT for the project was generoysigvided byKLH Limitedspecialists in the production and supply
of Cross Laminated Timber for the building industry. The panels were suppiadycut to sizefor
fitting to the test rigwhich greatly assistetist turnaround times and test repeatability.

The supplied panels had the following specification:

Ceiling panels: Width 700mm

Length 900mm

Thickness 180mm

Ply 5 (40/30/40/30/40mm)

Lamina Surface ply to be running across the sample width
Wall Panels Height 1200mm

Width 600mm

Thickness 100mm

Ply 3 (40/20/40mm)

Lamina Surface ply to be running across the sample width

"W«"WA e m".’ o

—

- i -d mz.xn‘rw
Lw«\maw“m S e

Figure7 CLT samples
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4.4 Fire details

During the originaFPAstudya gas fire size of 100kWas usedielivered via a 150mm x 150mm gravel
box burner to the foot of the timber walAnalysis of temperatures below the CLT were shown to peak
at around 8@°Cwhichis lower than that measured during fidtale CLT fire tesésd char formation

were alsdfound to be lower. To this end a new figas fire gravel bed of increased proportions was
produced capald of delivering around 150k\a@nd sized to involve the whole of the CLT wall width.

Gasflow was continuously monitoredsinga Bronkhaost mass flow controller calibrated to propane.

Eidht 47kg propane bottles connected in series were required to provide stable gas delivémg for
maximum design test time of 60 minutes. The gravel bed design and measurement system is shown i
Figure8.

Figure8 Gas burner design and measurement system

4.5 Gallery
Figure9 to Figure25 show images of théest equipment, rig, samples, amgeration.

Figure9 Instrumentation data logging and disple Figurel0 Datalogging system
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Figurell Gas analysis and conditioning syster Figurel2 Side view of view with wich loading
system installed

S -

Figurel4 CLT samples
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Figurel7 Loadingend of rigwith winch system  Figure18Loading end of rig with static weights
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Figure20 Loaded fixings under fire

FHgure21View of gas fire
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Figure24 Load pullbut equipment Figure25 Load pull outlose up
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5 Fixings Inventory

Fixings for the project wergenerouslyprovided by MidFixa major UK provider of M&E fixings
Pertinent to the mass timber environment three specific typese supplied

1 HexCoachxrews
1 FlangedStructural Timbe(FSTBcrews
1 CountersuniStructural Timbe(CST Screws

5.1 HexCoachrews

HexCoach &ews are not engineered specificdily deep penetration into CLT or LMlhey are ged on
0KS LINBadzYLIi A2y {aadaie extensivalyuSeNJorihi attchmiptysf V& Bl
buildings andn some caseare even specified in codes (such as those for fire sprinkler systems), but
this is against a background wée in concrete buildings

They are made of nehardened steel and are characterisieg having a coarse thread, hexagonal bolt
head, andor all but the smallest siz€#16 and belowyequire the drilling of a pilot hole. Photographs
of the ones used in this study are shownFigure26. For the purposes of testing, where shorter
samples were requiredhey were cut to size and sharpened as sh@ertheamount exposed to flame
remain constant.

[y M et B B St e il
iy oyt S . o ik
S by R s B S tp had :

ez

Figure26 HexCoachcrews

=
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5.2 Flanged Structural Timb€FSTBcrews
FSTrewsare hardened stedixings with a large diameter head suitable for the securing of channel to
timber. The thread deptlis greaterand marginally widethan that of hexcoachscrewsand are inserted

with a Torx driveool. They cover a similar size range to leeachscrewvs.

Figure27 Structural Timber Screws
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5.3 CountersuniStructural Timber@ST) Screws

CST Screwaze a high performance fixing for timber construction with high load bearing capacity. They
are made of hardened steahd require no predrilling. Inbuilt into the design, to assist with insertion of
theseoften-longfixings is a torx drive, cutter point, milling thread, and glide coating.
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6 Sample data set

This section provides a complete set of data that was collected forteatiwith associatectontent
description to aid in the interpretation dést results.

6.1 Fire temperature

The gas fire temperature is measured by a thermocoupbeinted directly above the gravel bed. Its
purpose is to define the timbetween the gas being turned on and ignitechd being turned off.

Example data - Fire temperature
800

700

Temperature (°C)

-120 a 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1580 1680 1800

Time (Seconds)

Fixing 1 Failure Fixing 2 Failure Fixing 3 Failure

——Fire TE[*C]

6.2 Under-ceiling gas temperatures

Gas temperatures 20mm under the original surface of the ceiling are measured by thermocouples
mounted down through the CLT from the top surface via pilot hdléss is a key value for determining

uniformity of fire challenge over the CLT surface and providing a key comparison valtnestatltally
conducted fullscale tests.

Example data - Gas temperatures 20mm under CLT

Temperature (*C)

-120 0 120 240 380 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800
Time (Seconds)
Fixing 1 Failure Fixing 2 Failure Fixing 3 Failure
Gas_Mid_TC1(°C] —Gas_Mid_TC2[°C] Gas_Mid_TC3(°C] Gas_Up_TC1[°C]

Gas_Up TC3[C] —— Gas_Down TC1[°C] ——Gas_Down TC2[°C] ——Gas_Down_TC3[°C]

Gas_Up TC2(°C]
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6.3 In CLT temperatures

CLT temperatures 20mfrmom the original surface of the ceiling are measured by thermocouples
mountedwithin the CLTrom the top surfacevia pilot holes. This is a key value for determining
uniformity of fire challenge over the CLT surface anderstand therate of heat absorption into the

CLT that influencestimb@&d f 2F R 6 SIF NAy3 OF LI OAGed ¢KSasS g
of the fixings under test.

Example data - CLT temperatures 20mm above original fire surface

Temperature (°C)

I H | I
0 | I I I
-120 4] 120 240 380 480, 800 720 840 960 1080 1200 1320 1440 1560 1680 1800

Time (Seconds)

Fixing 1 Failure Fixing 2 Failure Fixing 3 Fallure

——CLT_Mid_TC1[*C] CLT_Mid_TC2[°C] ——CLT_Mid_TC3[°C] ——CLT_Up_TC2[*C] ——CLT_Down_TC2[oC]

6.4 Oxygen measurement

The measurement of oxygénli G KS /[ ¢ Q& &adz2NFIF OS lFaarada sAGK
rate of burning.

Example data - Oxygen concentrations

Oxygen Concentration (%)

120 240 360 480 800 720 B840 960 1080 1200 1320 1440 1560 1680 1800

Time (Seconds)
2 Failure

02 Ceiling[%] —— 02 Wall[%]
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6.5 Load measurement

The loading of the fixings under test were made by 2 discreet methmilsg winches, that requiredn-
going adjustmentand by the application of suspended static loads. The winch system wasvhsegl
high loads needed to be applied because the rig was unable to physically accommodate suspended
weights of the size required. Testonduded at lower loads used static weights as described below.
With practice the adjustment of the winch loading laeee more accurate.

Measurement of load was made byT$peload cells connected in line widteel cable between the load
and the ceiling mounted fixings.

= 3
WINCH CONTROLS (XS)/ \
N
-
50%50 BOX S
2 v " g -
WINCHES (x3)
B el
- o
| = = — =
Al | | Ll LI | 75
! 850 | 350 | 552 | 726 ! 295 | 481

SIDE ELEVATION OF TEST RIG WITH WINCH SYSTEM

Example data - Load on fixings using winch system

Load (kg)

Gas Off

480 00 720 840 960 1080 1200 1320 1440 1560 1680 1800

Time (Seconds)
Fixing 1 Failure Fixing 2 Fallure Fixing 3 Failure
——Mass F1[kg] ——Mass F2[kg] ——Mass F3[kg]
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900X700 CLT

d =] =] =1 =] =] =]

2 /_|50x50 BOX © %
x| a'=ﬁ — i | E-
| | | H | | 75 t
! | _ss0 | 552 | 726 | 205 | 481
SIDE ELEVATION OF TEST RIG WITH WEIGHT PULLEY SYSTEM
Example data - Load on fixings

- } N
ol .
| I i
w | Fixing 3 Nominal Load :’3 E
| 1 i
| 1 i
7 I Fixing 2 Nominal Load Ei E
| H |
of | i
_ | no
2 | I
E | | \

Fixing 3 Failure

30 I
| — Fixing 1 Nominal Loac
Gas Off ~
| Fixing 2 Failure —
20 I
0 | Fixing 1 Failure —
GasOn |
0
-120 o 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680

Time (Seconds)

Mass F1[kg] =——Mass F2[kg] =———Mass F3[kg]
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6.6 Loaddisplacement

In an attempt to ascertain the mode of failure of the fiximg&ational sensors werattached toeach of
the three steel cablesiapivot bars The intention was to understand better if fixing pull out was a
gradual or suddeprocess. These results provided the most accurate timing for fixing failure.

Example data - Load Displacement

Fixing 3 Failur

Fixing 1 Failure

Movement [degrees)
B

O | e e e e e e e e e e —— ]

-120 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800

Time (Seconds)

——Move_F1[mm] ——Move F2[mm] —— Maove F3[mm]

6.7 Heat fluxes

Heat flux sensors pointed at the ceiling and W&lT sections recorded heat flux from the surface as an
aid to understanding the challenge presented and the consistency of rig operation.

Example data - Heat Fluxes from Wall and Ceiling

35
| I
| i
|
| 1
1
30 | il
| |
|
| I
| i
W )
25 " [
| W |
W |
| Fiing 3 Fail ot :
I " 1
- W 1
ot | i i
= | Fixing 2 Failute ¥ i
2 " 1
W i
Z I vl
§ I il
315 | Fixing 1F
T | H ,
W |
| 0ol
| i '
10
| " \
| " 3 Gas Off
W H
W |
W |
5 W i
h H
" Il
W :I
'
0 vJ
-120 0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800 1920 2040

Time (Seconds)

——HFM _Ceiling [MW/m2]  —— HFM_Wall [kW/m2]
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7 Test scenarioand methods

The rig enabled each test saimultaneouslycompare3 variationsof a configuration feature thought to
be important to contributing to load bearing capacity under the action of fitee intention is to
determinethe factors that exertdthe greatest influence so thalutions could focusn addressing
these areas.

The tests are presented in the order best suited to descritwrthe reader the process and outcomes,
rather than the order in which they were done as follows:

a) Characterisation dfieat transfer into the timber ceiling

b) Nontfire pullout testing of all fixings used

c) Impact of fixing embedment depth doad capability reductiofcurrent fixings)
d) Impactof fixing diameter on load capability reduction

e) Impact of baffles heat shields on load capabilitgduction

f) Impact of loading on loadapability reduction

g) Impact of pilot hole sizen load capability reduction

h) Impact of thread pitch ooad capability reduction

i) Solutiors testing
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8 Results

Only the graphs appropriate to supporting the narrative of each test are provided within each section.
8.1 Characterisation of heat transfer into the timber ceiling

To support a better understanding of tlleermal response of the CLT itsadffire the instrumentation
was initialy configured to assign all thermocouple rescaito the detailed anafsis of heat conduction
into the timber at 10mm intervals in theamehorizontal linearpositionthat the fixings would be
mounted in. This test was conducted once the repeatability of the fire challeagdeen confirmed so
the results could be considered appropriate to all test conducted under the same conditions.

The test was conducted for a full hour.

40

[ 30|

40

|30 |

40

& Locations of thermocouples R -f S s
it T

Figure28 Position of thermocouples within the CLT for detailed thermal analysis

Figure29 Wall and Ceiling samples pdstt with some char cleared for measurement
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Thermal wave & M6 Screw Embedment - CLT temps. @ 10mm intervals from fire surface (10-90mm)
500

450

Temperature (*C)
o r w w B
8 g 8 g 2

g

-
8

@
&

]

-120 0 120 240 380 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800 1320 2040 2160 2280 2400 2520 2640 2760 2880 3000 3120 3240 3360 3480 3600
Time (Seconds)

—10mm  =—20mm  ——30mm e—d0mm —50mm  e—E0mm  e—70mm  e—80mm  =—30mm

Figure30 Temperature profile within CLT for thermocouples mounted between 10mm and 90n
from the original ceiling surface

Thermal wave & M6 Screw Embedment - CLT temps. @ 10mm intervals from fire surface (10-90mm)
100

T g T
|
| : |
i
|
20 | ; |
| ; !
i |
" : ; \
i
l
i
70 I i
|
| ; ‘
| ; }
g O | ' !
b | Fixing!3 Fail |
.g 50 | Fixing 1 Fallure } }
H
g | 1 / |
2wl | ; !
| ¥ \
| h |
30 I Fixing 2 Fallure . i
i
20 | G Off
|
|
10 [ e ARFRAAM ;
(SH%Un J‘
0 1 14

-120 0 120 240 360 480 00 720 B40 960 1080 1200 1320 1440 1560 1680 1800 1920 2040 2160 2280 2400 2520 2640 2760 2880 3000 3120 3240 3360 3480 3600
Time (Seconds)

—10mm  —20mm ——30mm e—d0mm —50mm  e—f0mm e—T0mm  e—B0mm = 30mm

Figure31 Temperature profile within CLT for thermocouples mounted between 10mm and 90n
from the original ceiling surfadgoomed in)
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Thermal wave & M6 Screw Embedment - CLT temps. @ 10mm intervals from fire surface (100-140mm)

20

a0

70

60

50

Temperature (°C)

40

30

20

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
..
Gas '{ n

-120 o 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800 1920 2040 2160 2280 2400 2520 2640 2760 2880
Time (Seconds)

—— 100mm 110mm  ———120mm ~———130mm —— 140mm

Figure32 Temperature profile within CLT for thermocouples mounted betweedni and140mm
from the original ceiling surface

Notable from these results is:
1 The pause in heating at 1@Dfrom moisture being driven from the timber is very apparent

9 Within the time period of 1 hour the 100°C threshadchever reached for depths greater than
50mm

1 Above 100m depth there is no measurable change in the temperature of ther@aning that
at this timethe original hold capability of any part of a fitting at this depth would be unaltered
subject to there being no conduction of heat down the fitting.

In the context of this studthis data is very important. It is unreasonable to expect any fitting to last in a
fire indefnitely so a cut off time, relevant to the evacuation of occupaatsd attendance of the fire
service needs to be chosen. By selecting that pefrioch the above graphs, the depth tfermally
unimpacted wood becomes known and may form the basis of understanding potential fixing solutions.

8.2 NontHfire fixingload capabilityperformance

As a benchmark, the load retaining capability otedted fixings and configurations asappraised

using an industry standard ptdut tester hired for the purposes of this study. The devicevtes for a
stable attachment to the surface, a means of gripping the fixing la@adapplying force, and a load cell
to measure that force. The device records the maximum value attained before the loasifdiopving
failure anddislodgment.

6 4 4 :
Figure33 Load pull out equipment Figure34 Load pull out close up
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Tablel Ambient (no fire) putbut strengths of all fixing combinations tested with installation parameters

Fixing Type Fixing Size Fixing length  Embedment P_ilot hole  Lamina Amb.ient
(mm) depth (mm) size (mm) contacted Capacity (kg)

Hex Flanged Structural Timber Screw M12 40 30 7 1 326
Hex Flanged Structural Timber Screw M12 70 60 7 2 1040
Hex Flanged Structural Timber Screw M12 100 90 7 3 1906
Hex Flanged Structural Timber Screw M8 100 80 0 3 1295
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M12 100 80 7 3 1641
Hex Flanged Structural Timber Screw M10 100 70 5 2 1274
Hex Flanged Structural Timber Screw M10 100 70 5 2 1274
Hex Flanged Structural Timber Screw M10 100 70 5 2 1274
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3 1560
Hex Flanged Structural Timber Screw M10 100 80 5 3

Hex Flanged Structural Timber Screw M10 100 80 55 3

Hex Flanged Structural Timber Screw M10 100 80 6 3

Flanged Structural Timber Screw M10 100 80 55 3 1478
Hex Flanged Structural Timber Screw M10 100 80 5.5 3 1835
Flanged Structural Timber Screw M8 100 80 0 3 1070
Countersunk Structural Timber Screw M6 100 90 0 3 775
Countersunk Structural Timber Screw M6 120 110 0 3 989
Countersunk Structural Timber Screw M6 150 140 0 4 1019
Flanged Structural Timber Screw M10 100 80 5 3 1469
Flanged Structural Timber Screw M10 100 80 3 3 1366
Flanged Structural Timber Screw M10 100 80 0 3 1346
Countersunk Structural Timber Screw M6 100 50 0 2 571
Countersunk Structural Timber Screw M6 100 60 0 2 907
Countersunk Structural Timber Screw M6 100 70 0 2 1101
Countersunk Structural Timber Screw M6 150 130 0 4 917
Flanged Structural Timber Screw M8 100 80 0 3 989
Flanged Structural Timber Screw M8 120 100 0 3 1244
Flanged Structural Timber Screw M8 160 140 0 4 1529

Fixing load bearing capability is shown to be a strong functidoothif embedmentdepth and fixing
diameter with values ranging from 326kg162g.
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8.3 Impact ofembedmentdepth (current fixings)

The impact of embedment depth was assessed usiinmM12 Hex Coah screws cut down to size to
givethe same amount of protrusion (10mrbglowthe CLT ceiling. This is necessary to ensure that the
results are not influenced bgnydifferencesin heat colledbn from the flame zone resulting from
different protrusion lengths.

Figure35M12 embedment test Hex Coach Screw fixings

The parameters of the fixings are as shown in the thlelew along withmeasuredfailure details.

Impact of embedment depth (current | Fixing 40mm M12  70mm M12 100mm M12
fixings) Hex Coach Hex Coach Hex Coach
Screw Screw Screw
Loading Mass 150kg 150kg 150kg
Pilot dia. / depth 7mm/30mm  7mm/60mm  7mm/70mm
Embedment 30mm 60mm 90mm
Failure Time 105s 420s 1048s
Failure Mode Pullout Pullout Pullout
Ambient retention 326kg 1040kg 1926kg

Impact of embedment depth on fixing fire performance - CLT temperatures 20mm above original fire
surface

20

80

70

80

50

Temperature (°C)

40
30

20

10

i Gas Off
i !
-120 0 120 240 360 480 600 720 840 960 1080 1200 1320 1440 1560 1680 1800

Time (Seconds)
Fixing 1 Failure Fixing 2 Failure — Fixing 3Fallure

——CLT_Mid_TC1[*C] —— CLT_Mid_TC2[°C] ——CLT_Mid_TC3[*C] ——CLT_Up_TC2[°C] ——CLT_Down_TC2 [oC]
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Embedment depth failure relationship
100

90 )

80

EmbedmentDepth (mm)
3

0 120 240 360 480 600 720 840 960 1080 1200

Time of Failure at Loading (Seconds)

A clear relationship is shown of increasing retention ¢algg with embedment depttbut in every case:
1 The fixing failsvhen restraining only a fraction of its ndime measured capacity

1 CLT temperatures are low or unchangedhe time of fail suggesting that timber heating that
leads to loss of strength is occurring local to the fixing and its threads

8.4 Impact offixingdiameter

The impact ofixing diametemwas assessed using 100mn8 MM10, and M12Hex Coach screws
mountedto give the same amount of protrusio@dmm) below the CLT ceilinghe parameters of the
fixings are as shown in the table below along with measured failure details.

Impact of fixing diameter Fixing 100mm M8 100mm M10 100mm M12
Hex Coach Hex Coach Hex Coach
Screw Screw Screw
Loading Mass 150kg 150kg 150kg
Pilot dia. / depth Omm/70mm 5mm/70mm  7mm/70mm
Embedment 80mm 80mm 80mm
Failure Time 439s 913s 820s
Failure Mode Melted and Pullout Pullout
pulled
through
Ambient retention 1295kg 1560kg 1641kg
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A clear relationship is difficult to discern because shaallest diameter fixing failed through a different
mechanism to the other two, meltings opposed to pulbut (an important finding) That said, again all
fixings failedwvhilst supporing only 1/10" of their ambient (norfire) load bearing capacity. It the time
when thetwo larger diameter fixings failed timber temperature along tHemgth would have ranged
from 250°Cat their insertion point, to ambient at their tipseeFigure30). The impact of conduction
down the shank of these bolts is explored later.
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