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ABSTRACT

One of thanainreasons thdtindermore utilization of combustible material, such as wood, as the
primary construcon material in tall buildings is the required duration a structure must withstand
applied loads under fire exposure without losing its structural integrity, which is refereed to the
fire resistance rating required by applicable building cadesiever, heincreased availability of
crosslaminated timber(CLT) sections in Canada and its successful use in mass timber

construction have generated interest in its properties and performance when subjected to fire.

Floor systems in mass timber buildings t@more robust and span longer distances by adding a
top layerof concretdo form timberconcrete composite (TCC) floor systems when adequate shear
connections are utilized. The primary technique for shear connections in TCC systems is a wide
variety of metal connectors, with the s&pping screws (STS) being one of the most usearshe
connectorsTherefore, proper design guidelines and methodologies are needetéiminethe
accurate fire resistance of TCC floor syste@Gsrently, there is no design procedure forTiaC

floor systems included in the Canadiangineeringdesign inwood standard CSA 08619) but

isimplemented in other international design codes, such as the European codes.

The experimental program tiis researctstudyinvolves fire testing of fulsize oneway TCC

floor slabs that utiliz&TSas shear connectorBhe main objective of thistudy is to investigate

the influence of the insertion angle of the STS on the fire performance of TCC sections comprised
of 143 mm thick, 5ply CLT panels and 9énm thick normal strength concrete layer. A total of
four full-size TCC floor assemblidsave beenestedunder standard fire exposutavo of which

have their STS orientated at 456m the horizontal, while the other two assemblies have their

STS orientated at 30°. Each TCC assembly has a clear spadOofrs0 and a width of 900 mm.



The 5ply CLT panel composition was chosen to investigate how its listethaunefire resistance

rating can be increased to two hours by developing a composite action between the added concrete
top layer and the supporting Clpgnel. While applying a foypoint flexure bendingnthe TCC

floor slabs, test assemblies were exposed to elevated temperatures that followed the CAN/ULC

S101 standard fire tim@mperature curvéiroughout the fire tests

The experimental results shahat all test assemblies achieved the-twar fire resistancwith

an average residual wood thicknessbleastt0 mm. This remaining uncharred thickness of the
CLT panels allowed the TCC floor slabs to safely sustain the applied load for the required two
hour fire resistance tim@he results of this new experimental study on-sigke TCC floor slabs
exposedto stamlard fire allow better understanding of how such composite floor systems can
behave undeappliedloads when exposed to fire within the framework of mass timber buildings
in CanadaMost importantly, the unique experimental data of this new study will fill someeof t
knowledgegapregardingthe missing experimental data on TCC floor systems needed to develop

fire resistance design guidelines for mass timber buildings in Canada.
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CHAPTER 1: INTRODUCTION
1.1 Background

A key aspect of structural engineering research and design is looking at the optimization of sections
and finding more efficient solutions to fundamental behaviours. That is the primary motivation
and reasoning behind the design of composite structuralberemThey are maximizing the
strengths of materials and compensating for the weaknesses. While many composite members can
be designed, TimbeaConcrete Composites (TCC) sections are of great interest, with the timber

material in the tension side and conerm the compression.

They were initially studied extensively from 190030 during postvorld war times, with the
inflated price of steel looking at alternative solutions. TCCs were commonly used in bridge
construction as the concrete slab acted as a barrier and protectedbtiiecomponents from
weather effects. In recent years there has been a new surge of interest and study with the
introduction of Engineered Wood Products (EWP) and building tall mass timber structures. TCC
sections are an excellent solution for both neucsures in the design and restoring existing timber
construction since a fundamental improvement is in service for vibration and drastic change
possible for fire resistance rating requirements in current building codes and design standards.
Thereby incrasing the possibility of not only building tall with timber but also leaving the material
exposed, impacting the architectural concept of the structure, and increasing the useasf &WP

design solution.

It is typical in mass timber construction to p@uconcrete layer on top of timber floor slabs to
improve the vibration and acoustic characteristics as well as to provide a space for conduits to run

electrical and plumbing utilities. However, this practice is a missed opportunity to improve the
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section'sfire resistance and structural performance. There is the behaviour of three different
materials in TCC sections (i.e., timber, concrete, and shear connectors), and it becomes more
complicated at the interface between materials. Therefore, with the ordgsen, adding
concrete without shear connectors is not improving the strength properties and ultimate capacity
but rather adding concrete as a dead weight to the supporting timber material. In contrast, TCC
sections have the materials working togetheeach respective strength and altering the location

of the neutral axis to the interface.

There are two ways that these sections can be usedstipparmssembly and sldippe assembly.

In the beartype assembly, the timber section is in the form of beeonsiected to the above
concrete slab, giving a moreskction design. While in the skiype assembly, the timber is an
entire slab component, providing a rectangular section design. According to the available
literature, the beartype assembly is much me extensively researched than the sigde

assembly. TCC sections are also more studied in ambient condition than elevated fire temperatures.

When designing such sections, there are two methods to followgrtteghod and the Elasto

Plastic Method (EPM)The former is the more common and original design concept. At the same
time, the latter is relatively new and explicitly implemented for ductile connectors gsitinod
assumes elastic behaviour before the point of yielding. When EPM is within thie pdenge and

after, the shear connectors begin to yield. Both design methodologies need to be checked, but EPM

is critical to the design of TCC sections for shear connectors with less stiffness.

One of the three fundamental aspects of the design ofSECtibns is the shear connectors used
to connect the two materials, giving the location to transfer stresses between the different materials.

This results in many possible connectors that can be used, with their pros and cons in quantity
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required, level oskilled labour for insulation, cost per unit, availability, and research studied with
validated results and behaviour in ambient and fire conditions. Therefore, to advance the
understanding of TCC sections need more testing of the various shear coninefiiyrscale

testing setup to capture-gitu conditions and the overall performance of the sections.
1.2 Problem Statement

Thedesign of allstructuralelements includes a considerable factor of safety when accounting for
ambient and elevated temperatur@skey difference in design approaches is that fire follows
ultimate limit states and is concerned about the maximum duration of structural integrity, giving
time for evacuation and safety for firefighters. At the same time, ambient temperature design is
restricted to serviceability limits and considers comfortability to occupants. The difference in
approach lends to a typical pattern that the structural utilization doubles comparing ambient design
to fire resistance design. An ambient design with a higherentage of section utilization leaves

no allowance for safety in fire scenarios with additional fireproofing or insulation. Therefore, from

a structural design for fire resistance point of view; design should always consider fire exposure

before elememngizes are finalized.

Contrary to popular belief and hesitation when considering mass timber materials for construction,
they have excellent fire resistance and perform well undertbigperature conditions. Although
without verified test results, it caes a limitation of the industry's progression and possibilities
when considering building tall in timber and options to have elements left exposed. Research and
analysis in developing knowledge of TCC sections are vital, as they can create new opgmrtuniti
for growing the industry and opening new possibilities when using BEW® a structural and

architectural point of vies/



There are many advantages to studying the behaviour of TCC sections, although the problem is

the need for more experimental reésukspecially when considering fire conditions. While those

TCC sections have been studied both in Canada and Internationally, there remains a research gap
before being able to be implemented into our building codes and design standards. Therefore, this

thesis aims to begin closing this gap and develop a deeper understanding of the fire performance

of TCC sections to provide design recommendationsifoncomposite sections using CLT slabs.
1.3 Scope and Objectives

In the study presented in this theslse fire performance of TCC sections utilizing CLT panels

and STS as the shear connectors were studied to better understand the influence of the inclination
angle of screws and how it affects the overall behaviour of TCC floor assemblies. Additionally,
thepossibility of providing more experimental results and analysis can enhance the understanding
of the behaviour of TCC sections. This can allow more expansion of the ES#Rlbecause of
improving their structural fire resistamcompared to standalone timber elements. This provides
valuable knowledge required to develop the framework of TCC section design in Canada with
more focus on the performanbased design approach. A total of four -ite, oneway floor
assemblies werdested with duplication of each study parameter, giving validation and
confirmation of results and findings. All specimens were exposed to elevated temperatures
following the CAN/ULGS101 standard fire timmperature curve. During fire exposure, both
themal and mechanical behaviours were monitored and analyzed. Afterwards, the exposure
charring time, rate, and depth were evaluated to determine the actual residual secfioe post

exposure.



The main objectives of this unique experimental study aeliselow.

1. Achieving a 2hour Fire Resistance Rating (FRR) for the TCC floor assemblies studied,
thereby increasing the fire performance of the CLT panels utilized instead of being used as
a flooring system separately.

2. Studying the influence dfifferent anglesof inclination of the seltapping screws utilized
in the studied TCC floor systems as shear connectors.

3. Enhancing the understanding of TCC floor systems behaviour and framework in Canada.

4. Verifying the actual charring rates and behaviour of Qianhels under ordimensional

heat transfer.
1.4 Research Methodology

The research project presented in this thesis began with a quantitative literature review on the topic
of TCC sections, aimed to examine the design of composite sections when testbém anmd

fire conditions, with a focus on sections that utilized CLT panels as the timber component.
Information was reviewed using secondary data to evaluate other imenedearchexperimental

results, and areas of limited focus. Such sources werafm scientific articles published and
become accessible in the available literature. Little research has been conducted in Canada, so
TCC sections are only considered on a performdased design; however, more extensive design

procedures and recommextihns can be found in European and Australian publications.

By conducting a content analysis, thereby identifying patterns and conclusions across each study
was completed to learn of research gaps in knowledge and to validate continued work that is
required to better understand the goal of improving the framework of TCC section design in

Canada. The experimental programs that were shown varied in terms of their assembly types,
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materials, testing scale completed, and the number of specimens studied. Ahmauyg of the

same conclusions were drawn, the results were consistent to so extent. This suggests certain degree
of the validity of the experimental outcomes sincellabed experiments cannot consistently be
replicated especially considering the changeshe different types of material used and the

assembly type.

After conducting a comprehensive literature review, it was clearly shown that while there is
sufficient coverage on the topic and TCC section behaviours in ambient condition, there is lack of
research studies on their fire resistance design and behaviour. Therefore, the research project of
this thesis was designed to reduce this gap in understanding with a focussizefakperimental

fire testing including both thermal and mechanical pentorce of TCC floor assemblies utilizing

CLT slabs and STS as shear connectors. This is a one project of a more extensive research program
aimed at investigating the fire performance of these TCC floor systems being conducted at
Lakehead University Fire Tesg and Research Laboratory (LUFTRL). The larger research
program being conducted at LUFTRL involves comprehensive experimental and numerical studies
with varying parameters and types of shear connectors to enhance the fire performance of those

TCC floorsystems.

The experimental project presented in this thesis involved the complete design, fabrication, and
testing of four fullsize, oneway TCC floor slabs using STS as shear connectors. The study
examined the thermal and mechanical behaviours, focusmgharring performance and
deflection values, of the experimentally examined floor assemblies. The experimental study

includes a qualitative analysis of the obtained results and comparison between all test assemblies,



thereby allowed new observations aoadusions that resulted in providing recommendations on

the current study and future work.
1.5 Thesis Structure

The structure of this thesis includes five distinct chapters. First, an introduction gives an extended
summary of background information orettopic of TCC sections and structural fire design, the
problem statement and current research gap, an overview of the objectives and scope of the
research program, and a brief overview of research and experimental methodology. Following in
Chapter two i comprehensive literature review including a summary of CLT panels, a discussion
of the purpose and motivation for mass timber construction, a study of how each material behaves
under fire exposure, and an extensive examination of TCC sections anagdseittaviour during
ambient and elevated temperature conditions. The third chapter covers the research methodology
and details of the experimental program, including shear connection design procedure,
instrumentation and data collection details, and spatifabrication and testing sap. Chapter

four includes the experimental results for thermal and mechanical performance as well as detailed
discussions on resulting behaviours of interest, with particular focus on the development of
temperatures throughbthe section and ensuing deflections. While the most part of Chapter four
represents the direct results and outcomes of the experimental program, the last section of this
chapter present detailed discussion of the behaviours and observations on STi®] {Dklilation

layers. The final chapter, Chapter 5, concludes the current study with a summary of the most
important obtained results and provides a few recommendations regarding research impact and

future work.



CHAPTER 2: LITERATURE REVIEW AND BACKGROUND RESEARCH

Engineeredvood products (EWP) such as Crassninated Timber (CLT) have been gaining
popularity since they were first introduced in the early 1990s in Europe. Not initially examined in
Canada until 2007, and not until 2017 when it was fully implementedd8A-O86 Engineering

design in woodtandard (CSA 2019). CLT panels are mass timber sections made by gluing and
pressing wood lamellas with alternating fibre direction80{) (Mindeguia et al., 2021)The

panels shall have an odd number of lamellae (Typ. 3, 5, 7, or 9) arranged symmetrically around
the centre layer, with the thickness of each layer rangamg 20 to 45 mm. A typical crossection

of Nordic X-Lam CLT panel is shown in Figure 2.1.

Figure 2.1: Nordic X-Lam CLT panel.

Recent changes in provincial and national buildougiesand wood desigrstandads have
amplified the desire téurther understand mass timber produd®esearch, experimentallgnd
analytical studies have resultéa this shift in needingto build greener and use renewable

resources.lt increaseddemand forthe construction of midise residentialand Industrial,



Commercialandinstitutional (ICI) buildingautilizing engineered wood produc#hile CLT has

been used in many countrigbereare still limits to use ando better understand its behaviour
Further research is still needed wighfocus on the fire performance LT panels, as fire
resistance is one of the control variables limitingdesigns of structure$his leads to increased
researcharound TimberConcrete Composite (TCC) sections utiigiCLT panelswhich are
comprised of three aspectthe timber material located in the tensile zone, concrete in the
compressive zonand a type of shear connector joining and transferring forces between the two
materials. The addition of concretdop layer and shearconnectorscarries a key benefit of
improvingthe fire performance of the timber secti@y.betterunderstandinghe behavior of CC
sections we can further develop the use and possible application for CLT panels while
simultaneously expamy the framework for TCC sectionSlilizing such innovative structural
systems has many key advantages, sudsiag sustainable and renewable construction materials
like wood and CLT panels witbxcellent acoustic, thermal, and seismic performance, AT
specifically offers dimension stability since the crosswise laminations control the changes due to

swelling and shrinkagéschmid et al., 2018)
2.1 CLT Manufacturing and Grading

From a manufacturingerspective, engineeradod products are very advantageous to the growth
and expansion of designing structural systems with timber matedalpared tdheir steel or
concrete counterpartis the1990swhen CLT wasnitially introduced in Europet was motivated
by the desire for the sawmill industty createa more profitable use for the smaltleboards

(Brandner et al., 20167 he development dblued-Laminatedlimber(Glulam)and CLT resulted



from utilizing smaller sectionsf timber thatwould be ejectedlue to size or poor mechanical

properties.

2.11 Grading

CLT panelsare manufactured and certifieg ANSI/APA PRG 320, Standard for Performance
Rated Cros$.aminated Timbe(CSA 086 2019, p. 96). Utilizing two methods, machingtress
rated(MSR or Erated) lumber and visually graded lumberr@ted).While graded visually has
been the practice for mardecadesMSR has been used for mapgarsin highly demanding

engineering applicatiorsuch as truss manufacturing

The panels are graded in two distinctive ways, grades forlaaalaand grades for the overall
panel. The lamellaare further separatetbetween longitudinal and transverse directions. The
minimum grades of lumber in the longitudinal direction of the CLT panel (the major strength
direction) permitted are visuglgradel lumberNo.1/No.2 (stress grad&1 andV2) or machine

stress gradediinber1200f1 .2E MSR $tress grad&l, E2,andE3). Theminimum grade in the
transverse direction (minor strength direction)the visualy gradel lumber No.3. Thereby
yielding five primary CLT stress gradder the overall paneléEl, E2, E3, V1 and V2). Stress
grades E1, E2 and E3 consist of MSR lumber in all longitudinal layers and visually graded lumber
in the transverse layers contrast, stress grades V1 and V2 consist of visually graded lumber in

longitudinal and transverse layers.

In addition to grading the panels in terms of mechanical properties and grading process, there is
an appearance grade given to the pafietfustrial Appearance and Architectural Appearance
These requirements are based on the appearance at the time of the manuf@dtrdiny

Structures, 2020)
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2.1.2 Wood Species

Different wood species and gradesmn be used in manufacturing depending on design
requirements and regional availability. CLT is manufactured from any sodtlwonber species

or species combinations recognizedhwyCanadian Lumber Standards Accreditation Board under
CSA O1l4ilstandard CWC, 2020, p. V21035 andhasa minimum density of 0.3§/cn?. Species
include Larch,Fir, DouglasFir, Pine, or species combinatiossichas Sprucé’ineFir (S-P-F).
From an economic and availability point of viewPS- is most used as it can be found across the

entire Canadian geographic region and encompass a wide varggsuoé,Pine, andFir species.

Different species can be used for alternate layers within the panel, but the same lumber species or

species combinations are usectuerysingle layer of CLT CSA 086 2019,p.96). Usinglower
mechanical propertiesf timber is due to the solid composii and homogenization of the board
properties within CLT(Brandner et al., 2016Y hereforejt simulates growth in the industry and

makesuse of otherwise disregarded lumber.

2.1.3 Finger Joints

Finger jointsare formed by adhesive bonding of machinechplementary interlockingrdfiles at
the ends of consecutive pieces of lumbbegure2.2. Theyare acrucial part of manufacturing
engineered wood products as including them alfmwkengtheningieces of lumber and ndbeing
limited by the length of thdree sizeThis is required asNordic StructuresCLT panels can be
manufactured at a maximum of 2.i#0in the major strength direction and up to 185n the
minor strength direction. In additiothey allow the removal oftrengthreducingcharacteristics,
resulting in bette use and conservation of wood fiereCanadian fingejoined lumber is
manufactured in conformance withe National Lumber Grades AuthorityNLGA) Special

Products Standards SPSFInger joinedStructural Lumber, SPS Bjnger joinedi Ver t i c al
11
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UseOnl y 0 L u mb eFinger joimedM8chRiite Gdaded LumbdCWC, 2020p. V2-912).
The final step in forming these joints must be bonded with adhesitksed in NLGA Speial
Product Standards. Which states what types of adhesives can be used in B83 an8 SPS 4

finger-joined lumberas well as the test standards that those adhesives must meet.

Figure 2.2: Typical CLTfingerjoint.

2.1.4 Adhesives

Structural adhesives used in bondlaginations are required to meée requirements of CSA
011210 standard Evaluation of Adhesives for Structural Wood Products (Limited Moisture
Exposure)and ASTM D724 &tandardor heat durabilitf CWC, 2020, p. V2L036).In addition,
adhesives are elmted for heat performands Section 61.3.4 of Voluntary Product Standard

PS 1, Structural PlywoodHeat durability requirements aino assessthe likelihood of
delamination characteristicBelamination is described as the sudden failure and falling sf ply
before the point of being charred. Either on a local or global scale, with local being minimal
locations of the ply prematurely falling or global where the majority of ply across teéfphimg

at the same time. Delamination is a characteristic of the adhesive types used and have profound
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impacts on the charring rate and behaviour, discussed further in sectiokn@ter critical
parameter when designing CLT members is for them kp la® in dry service conditions due to

the type of dhesivesand behaviour of the panel.

PRG 320standard ANSI/APA PRG 320, 201prequiresthatend jointsor edge and face joints in
laminationsmeet requirements specified for strength, wood failure anabdity perSection 9 of
CSA Ol77standardCWC, 2020, p. V21036).Faceglued lumber is formed by using adhesive to
bondthe pieces of lumber along their longitudinal facesthe grain of the laminations remains
parallel. CLT panels from Nordic Strugtes usea onecomponent polyurethane (PUR) adhesive
with a primer for surfacesr face gluing specifically Henkel Loctite/Purbond HB (PUR) with

PR 3105 Primer. While for the finger join& polyurethane emulsion polymer (PEP) adhesive

specificallyAshland Isoset UXL60/WD3A322 (PEP)is used

While it is possiblealso to edgelue the pieces that make up the lameliaes nota common
practicedueto the extra manufacturing cost amue to producethe panelsPanels used in this
study from Nordic Structurdsave not edgedlued panelsWhile not edge gluing has &esonomic
advantageit influencesstructuralperformanceespeciallyduringfire conditions Withoutanedge
gluing CLT panels are more susceptible ttelaminationwhen subjected to firelf higher
performance is requirethenedge gluing thpieceswithin the outer layeyis a morecosteffective

method(CWC, 2020,p. V2-999).

2.1.5 Manufacturing Process

The typical manufacturing process of CLT panetan be divided into twaessentialsteps:
preparation and treatment of the primary material and arranging and tjleibgsic material. The

first includes the first three stgpshich involves dryinghe raw timber matéls, CLT moisture
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tolerances of therimary material are 12 + 2 %. Thesthe gradingof raw materiahs discussed

in Section 2.11 with how which panel is gradddr all CLT from Nordic Structuresncluding

ones examined in this study of Grade Hhe last stage in the preparatioprocessis the
longitudinal joining of the lamellgeachievedby utilizing finger joints, as discussed in Section
2.1.3. After completion of finger joints, lamellae are finally cut to the dimensions needed for the

fabricationof CLT elements.

Firstis arranging the panel in terms of panel dimensionstaedumber ofply and applying
adhesive on all faces of theards. As mentioned previousilyis uncommon to glue the edges of
the boards during manufacturing due to the erttpenseand time required. After adhesive
application the assembly pressing follows. If hydraulic jacks are ubedvalues range from 0.10
to 1.0 N/mni. While the coresponding values vary from 0.05 to 0.10 N/or vacuum jacks,
and the values range from 0.01 to 0.20 NAton pressure exerted by bolts, clamps and nails
(Jel el e. Regardless, othedm@thodl Jsed for applying pressutiee most important is
uniform and even distribution, allowirall the small boarslto act as one overall pané&he final
step is cutting and final machining of thangls to be made to ordspecificationan terms of

dimensionsandgeometrical corrections.

2.1.6 Mechanical Properties

Now that CLT is included i€SA 08619: Engineeringdesign inwoodstandard (CSA 2019), the
Wood Design Manual (CWR020 includegables of specified strengths and moduli of elasticity
of laminations for primary CLT stress grades (E1, E2, E3,antlV2). In addition,a design
checklistmust be meto pull values directly from the talddisted in WDM The load duration

factor (Ko), service condition (K), and treatment factor (K must all be equal to one, as well the
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thickness ofll plys must be 35nm. If these conditions are not met, thka following equations
are required to determine the custom panel's moment and sheatycdpacept forload duration

canbemodified fromthe table values corrodingly féreshort or long duration instead of standard.

The flatwise factored bending moment resistancg, M CLT panels

Equation 2.1: CLT - Bending MomenResistancén theMajor Strength Direction

T 7 aamm 55

where:
%o  TIBO
O Quuu L
where:
fo = specified bending strength of laminations in the longitudinal layers

(MPa)

where:

00y = effective flatwise bending stiffness of the panel in the major
strength direction (NAmm2)

E = specified modulus of elasticity of laminations in the longitudinal layers
(MPa)

h = thickness othe panel (mm)
O 5 T&U
Equation 2.2: CLT - Bending MomenResistancé theMinor Strength Direction

T Aafamm S
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where:
%o TS
O MQUuUUU U
where:
fb = specified bending strength of laminations in the transverse layers

(MPa)

where:

00 = effective flatwise bending stiffness of the panel in the minor
strength direction (Nnm2)

E = specified radulus of elasticity of laminations in the transverse layers
(MPa)

heo = thickness of the panel without the outer longitudinal layers (mm)
0 5 p8t

The factored flatwise shear resistancg, ¥f CLT panels

Equation 2.3: CLT - Shear Resistange theMajor StrengthDirection

F vl

Equation 2.4: CLT - Shear Resistande theMinor Strength Direction

T - ﬂvl

where:
%0 TIBO

O QL UL UL VL
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where:

"Q specified strength in rolling shear of laminations in the longitudinal
layers (MPa)

0 j = gross crossectional area of the panel measured perpendicular to
the major strength direction (including all layers) (fim

0 j = gross crossectional area of the panel measured perpendicular to

the minor strength direction (not including the odisters) (mn)

Theseequations can determine moment and shear resistim@ny panels witlthedifference in

layup thickness and distribution of gly Provided the CLT layup is balancaad manufactured

with sawn lumberthepanels are of constantath. Also following other provisions, such as PRG

320 stipulate that the laminations' actual dry thickness in both major and minor strength directions
at the time of gluing should not Iess than 16nm or more than 5nm. SeeTables2.1 and2.2

for the technicalspecificsof the CLT panels manufactured from Nordic Structures. Taldle
showsthe material design propertiegputtedinto the above equatiomsd Table2.2 with resulting

design properties for CLT when under flexure bending
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Table 2.1: Material Design Propertigadapted from Nordic Structures, 2020)

CLT Stress Grade El

Layers
Orientation Longitudinal Transversal
Species Combination SP-F SP-F
Stress Class 1950 T 1.7E MSR No. 3/ Stud
Bending at Extreme Fibre, (MPa) 28.2 7.0
Longitudinal Shear,f(MPa) 15 15
Rolling Shear, §(MPa) 0.5 0.5
Compression Parallel to Graig(MPa) 19.3 9.0
Compression Perpendicular to Graig,(MPa) 5.3 5.3
Tension Parallel to Grain, (MPa) 15.4 3.2
Modulus of Elasticity, E (MPa) 11 700 9 000
Shear Modulus, G (MPa) 731 563
Rolling Shear Modulus, §MPa) 73.1 56.3
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Table 2.2: Floor Slabg Design Propertiegadapted from Nordic Structures, 2020)
CLT Stress Grade E1(L=1950 k1 1.7E SP-F MSR and T-No.3 / Stud SP-F)

Layer Combination 1053s 1435s 1755s

Bending about the Major Strength Axisyy

Bending Moment ResistancerM10° N-mm/m) 38 65 87
Shear Resistance,.) (10° N/m) 31 43 52
Bending Stiffness, (E&xy (10° N-mn?/m) 1081 2 514 4140
Shear Rigidity, (GAYtzy (10° N/m) 7.3 15 15

Bending about the MindBtrength Axis (xx)

Bending Moment Resistance: M10° N-mm/m) 1.3 5.0 11
Shear Resistance,.% (10° N/m) 10 22 31
Bending Stiffness, (Ed&kx (10° N-mm?/m) 32 261 832
Shear Rigidity, (GAr 2 (10° N/m) 9.0 11 18

2.2 Motivation for Expansion in Mass Timber Construction

2.2.1Building Tall Mass Timber Building

The vast portfolio of available sections with varying thicknesses and numhsysmfreases the
difficulty of understanding how CLT panels will behave intracture since the layers that make

up a CLT panesignificantly affecthe performance and structural capacity of the sections. This is
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particularly true considering fire exposure and the change in measured temperature profiles,

charred depth, and m&pan deflections observed during experimental testing.

Knowing howthese changes influence the panestructural performance can assist in meeting

the appropriate standards. Therefore, extensive experimental testing is crucial as the need and
desire to bud tall mass timber buildings grows in North America and worldwides objective

of the National Building Code of Canada (NB@Q20 is to limit the probability that combustible
construction materials within a story of a building will be involved in g fadeich could lead to

the growth of the fire, which could lead to the spread of a fire within the story during the time
required to achieve occupant safety and for emergency responders to perform their duties, which

could lead to harm to persons and dantagée building (NRC, 2015).

Advanced understanding is requiteddevelop furtheand increase the practice @dnstructing
mass timber buildings and the evolution of design standaneritical limitation when designing
such structuresatisfiesthe fire safety requirements by ensuringrégnimum of two hours fire
resistancerating is achievedOver the last decade, there have been extensive changes with
increasing the overall height allowéat buildings primarily made of woodnd thedevelopment
of performanceébaseddesign standardsAlthough building taller mass timber structuress
possiblebefore the recent release of the NBCZD2Q following a performancéased design
provided evidence that the method is safe concesimgtural and fire designBefore2015 this
limited wood structures to no more than four stgrieen,with NBCC 2015 it increased teix
stories, then with the recent release of NBCC 2@#6 was doubled ttwelve stories. However,
this significant change in height became possiblg integrating a design protocé&hown as

Encapsulatetflass Timber Construction (EMTChheoverall objective is to limit the probability

2C



that the mass timber elements significantly contribute to the fire spread andmwias fire
incident(Su, 2018) Or, when following the ASTM E119 standard for fire resistatesting there
are qualification criteria related to their structural resistance, integrity, and insulation for the

assigned fire resistance time.

2.2.2Encapsulatedvass Timber ConstructiofeMTC)

Thereleaseof NBCCin 2020 incorporated a type of construction known as Encapsulated Mass
Timber Construction (EMTC)whichis an alternative solution for tall wood buildings to meet the
code objectives and functional statements pertinent to the requiremehesnoin-combustible
constructionSu, 2018) EMTC s defined as a type of construction in which a degree ofdifety

is attainedusingencapsulated mass timber elements with an encapsulation rating and minimum
dimensions for the structural timber members and other building assemblies PO(). V1-

773). Themass timber elements amet directly exposed bumsteadprotected (typicallyType X

gypsum boards), thereby delaying the effect of fire on the timber element and increasing the fire

resi stance. An example is seen in theAttheBC Br o

time of completion in 204 was tle tallest hybrid woodbased building, having 18 stories with an
overall height of 5 m (Connolly et &, 2018) This shows not only that building tall wood

buildings is possible but also how to ensure fire resistance requirements are met.

The plan of the said buildingncluded CLT slabs directly supported ginlam columns without

any beamsThis meanshe whole structuratkeletorwas made from mass timber prodidhpart

from two exceptions: the foundation/first story and the staircase and elevator shafts were concrete
to providelateral stabilityfrom wind and earthquake loading\dditionally, to ensure a safe fire

design all but the top floor incorporated EMTCeavingthe top floor exposed was to showcase
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the novel construction methods used and inspiration for future tall mass timber buldiagss
esentialto understand ithatfire can only spread upward. Thereby leaving only the top floor left
exposed means it doewt interfere with fire safety and thprotocolsfor leaving exposed

combustible structural elements.

2.2.3Exposing Mass Timber Element

An advantagevhen designing Mass Timber buildingghe architecturatoncepif the structure.
However,the developmerdnd useof EMTC in the latest release of the NBCGmeat the cost

of losing the appearance and natural beauty of the protluetefore there needs to Herther
knowledge and framework developed on exposing mass timber elerfentaood is a
combustible produandhavingit makeup alargepercentagef a compament fire surface area

it can increase the fire load and significantly affect the room's fire dynamicsverall structural
system Such effectsncluderaising heat release rates, incirg€ompartment gas temperatures,
higher incident heat fluxes giructural elements, prolonged fire duration (longer fully developed

fire stage), more serve external flaming, etc.

Another concern that needs to be considered is whether the fire resistance of a building element
obtained from the standard test might rejiresent its fire performance in natural/compartment
fires (Li et al., 2015). As with natural firedye timetemperaturecurves are hotter and shorter
compared to a standard fire with distinct stages of growth, fully developed burning, and eventual
decy stages In comparison, standard fires have no decay but-iegegasing furnace
temperatures wittemperatureip to 1260C atan8-hour duration. This means tperiodof higher
temperaturesxperienced in natural fire testing could have sizeable effects on the panels' structural

performance as it directly correlates to how quickly the timber burns and the loss of structural
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resistanceT hefire performance of CLElabsunder naturafire wasstudied byMindeguia et al.

(2021), Wiesner et al. (2020), and Li et al. (201bgreby realistic conditions with consistent

results having higher charring rate values tthersegiven in Eurocode SAdditionally, Lineham

et al. (2016) concluded the nekfor developing and validating a more detailed and rational
procedure to model and predict the structural fire response of CLT elements exposed to non
standard fires. The current guidance in Eurocode 5 is used to determine the standard fire resistance

of timber elements and may not be directly applicable testandard testing.

| Standard fire curve |

. ——— S - -
Lo 3§ o i

— —
_—
— —

Temperature
™

;Sprinkler )
.‘r activation

Tirme

Figure 2.3: lllustration of a general compartment fire, a sprinklentrolled fire and the standard
fire (adapted fronZhang et al., 2012)

Limits on havingexposed combustible materials in NB@@der section 3.1.6.4, shown in Table

2.3. To permit some exposed mass timber in EMTC with the understanding that ituntikédy

increase the fire risks significantly tbe life and property(Su et al., 2021)Therefore,having

exposed mass timber elements is possiBldl, to increase these valuethe implicationand

change in fire dynamicsust be well understooals structures musexpectsurviving burnout

while consideringheimpact on fire development, the ability to undergo-sa&tinction, and the

23



ability of thesystemto support the applied loading during and beyond the fire €t4apkin et
al., 2020)

Table 2.3: Proposed Limits for Exposed Surfaces in EMif@n NBCC

Permitted Codé’rescribed Scenarios for )
Limit of Proposed NBCC (2020) Section 3.1.6

Exposed Surface(s)

Wall(s) only
1 35% of total suite perimeter wall area
(facing one direction)

Wall(s) (facing oe direction) Wall(s) at 35% total suite perimeter wall are:

2 + +
Ceiling (FSR 150) ceiling at 10% total suite ceiling area
10% of total suite

3 Ceiling only or
25% of total suite

10% of total suite ofire compartment perimete
4 Beams/Columns/Arches only
wall area

B/C/A at 10% of total suite or fire compartmel
Beams/Columns/Arches '
perimeter wall area

5 +
+

Ceiling (FSR 150) N . .
ceiling at 10% of total suite ceiling area

B/C/A at 10% of total suite or fire compartmel
Beams/Columns/Arches '
perimeter wall area

6 +
+

Ceiling (FSR 75) - . .
ceiling at 25% of total suite ceiling area

Flame Spread Rating (FSR): is an index or classification indicating the extent of-spifteade on the surface of a material or an assgrobl
materials as determined in a standard fire test as prescribed in this Code
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Recent studies have attempted to expand the knowledge base on the passéxptysing mass
timber elements irthe structure.One such was conductebly the National Research Council
Canada, which included a series of compartment fires of five different scettaeapand the
understanding and technical basis for exposed mass timber elements in EMTC buildings without
a significant increase in fire senty. Testing included five different scenarios, the fistsfully
encapsulated to provide a baseline and four different scenarios with unique combinations of
amount and type of exposed elemeiitse amount of exposure andstresults shown in Table

24.

When examining the influence of exposed CLT ceiling behaviour need to compare scenarios two,
four and five. Test Two has a 10% of ceiling area and all of Wall A. Test Four has the entire ceiling
exposed and a glulam beam running from Wall A to Wall t wne intermediatglulam column.

Test Five has the ceiling fully exposed along with both Wall B and Wall C. The opening in Wall
C was kept consistent for all tests, giving a ventilation factor of 03 Tinis value was chosen

to compare with a previsuproject where two ventilation factors were used, 0.83and 0.06

m'2. The lower ventilation was picked for this project as in previous observations, the two values
resulted in similar peak temperatures; however, the duration of the fully developedafyje
increased with a lower ventilation factor. Thereby creating a more severe fire exposure to the mass
timber elements inside the compartment. Three wood cribs, made of 38 mm x 89 mm x 900 mm
spruce pieces with a total weight of 360 kg, were usdtieafuel load for each test, providing a

fire load density (FLD) of 550 MJ/frin the room.(Su et al., 2021Tests were carried out until

one of the criteria was met, efthtotal burnout to sekxtinguishment or an elapsed duration of 4

hours (240min).
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Table 2.4: Mass timber room compartment and fire test results (adapted from Su et al., 2021)

Component Test 1 Test 2 Test 3 Test 4 Test 5
CLT Wall A 3 GB Exposed 2GB 2GB 2GB
CLT Walls B and D 3 GB 2 GB 2 GB 2 GB exposed
CLT wall C 3GB 2 GB 2 GB 2GB 2GB
CLT Ceiling 3GB 10% expose 2GB exposed exposed
90% 2 GB
Glulam Beam - - Exposed Exposed -
(327 mm x 457mm) (454 nf)  (2.46 n?)
Glulam Column (457 - - Exposed Exposed -
mm x 457 mm) 9.62m) (481 m)
Results Test 1 Test 2 Test 3 Test 4 Test5
Flashover (min) 6.4 4.7 7.0 4.9 4.8
GB back reaching ceiling walls ceiling walls|ceiling walls | ceilin walls| ceilin walls
300C g g
face layer (min)16-19 1520 20 16-2120-22 1923 - 1525 - 1823
mid layer (min) 30-35 51-54| - - - - - - - -
base layer (min] Nr  Nr 4856 50-53/51-60 43-68 - 4466 - 4448
GB fall off time ceiling walls ceiling walls|ceiling walls | ceiling walls | ceiling walls
face layer (min)16-36 Nfo | 95 7090/ 86- Nfo - Nfo - 230
135 125
mid layer (min)| Nfo Nfo - - - - - - - -
base layer (min] Nfo Nfo | Nfo Nfo | Nfo Nfo - Nfo - 250
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Table 24: Mass timber room compartment and fire test results (adapted from Su et al., 2021),

Continued
Results Test1 Test 2 Test 3 Test 4 Test5
Test duration (min) 167 247 245 240 250
Wall A CLT char (mm) 0 50-95 38-56 17-45 3887
Wall B CLT char (mm) 0 2543 4855 2535 81-109
Wall C CLT char (mm) 0 3-42 30-79 34-40 50-90
Wall D CLT char (mm) 0 35 30-50 24-38 8388
Ceiling CLT char (mm) 0 8-50 (45 0-66 47-66 70-90
63)*
Glulam char from each - - 89-161 63-82 -

exposed side of beam

(mm)

Glulam char from each 92-162 62-94 -

exposed side of column

(mm)

3GB: 1 layer of 15.9 mm thick Type X gypsum board + 2 layers of 12.7 mm thick Type X gypsum board
2GB: 2 layers of 12.7 mm thick Type X gypsum board

Nr: Not Reached 30@C

Nfo: No Fall Off

- Not used in Test Setp

()* Exposed Ceiling Area

The study's main objective was to determine the fire performance of CLT panels manufactured
with a thermakesistant adhesive and how this altered behaviour and ability to resist the char layer
fall-off. Whetler this char layer falls off or remains intaitthas a significant effect on the fire
performance of €LT panel. Although it is important to note that no loading was applied to the

compartment during testing, meaning loading was limited to thevesdfht of the materials. After
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this test series, there was no delamination of the CLT, even when the char proceeded past the bond
line. Ultimately leading to a reduced charring rate as the char acted as a layer of protection to the
inner layers. Tests 1, 2, and 4 Halll self-extinguishment of the fire, with all fires having similar

peak temperatures to the baseline with complete encapsulation. However, the fully developed fire

stage was more prolonged for Tests, 2s the exposed timber added more fuel load tothras.

The mainoutcomef this study are first that the type of adhesive used has significant effects on

the panefs behaviourand that it is possible to avoidadverseeffects that come withthe
delamination of CLT. Second, the results indicate tiwtcurrent limits prescribed in the NBCC

could be expandedror example, Test 4 had much more exposed mass timber elements than the
current proposed limit, yet it still achieved fire burnout aettextinguishedAs Test 2verified

thelimits of exposedvall and/or ceiling surface($)om Scenarios 1, 2 and 3 (Refer to Tablé)

in NBCC. While Scenarios 3, 4, 5 and 6 for limits of exposed beatomnarch and/or ceiling

surface(s) are demonstrated by Te¢84.et al., 2021y husly,the amount oéxposecombustible

structural elementased in the study waslikely to cause a significant increasefire risk as

results werehighly comparable to Test 1. Therefore, fuathesting is requiretb expand our
knowledge andevelop the framework f@xposingcombustiblenaterials Currently, the building
codehasincomplete informatiom n t hi s r e g ar da naeanthgful wag t® avaldatep r o v i
or demonstrate safetyShowng that while these materials add to the fire load within a
compartmentt hi s doesnét necessarily correlate to a

expose mass timber prodsi@nd maintain the required level of safety during fire events.
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2.3 TCC Sections Background Research

Timber Concrete Composite (TCC) sections Haeen lesextensively researched when subjected

to fire as compared to normal temperatures. The idea of the composite sections is, astinew
stemsfrom using each material in a way that exploits the strength ofreatérial(Hozjan et al.,

2019) Many different composite sections havesn engineered using combinationsvafious

building materials. The most common systsrthe combination of steel and concrdiat other
composites include steel and timber, and timber and concrete (TCC). As the name ,sTGgests
sections are composefl lmoth woodand concrete aspectSoncretes used to resist bending and
compressive forces, and timber resists bending and tensile forces. Meaning TCC sections are

designed to have treection's neutral axlscated near the interface of the materials.

Fromahistorical perspectivehe concept of TCC first came during po&ir reconstruction when

the cost of steel was inflated. In the United States of America (USA), when hundreds of bridges
were constructed usiraicombination of concrete and timb&heconcrete slab protects thwod

from water leakingand the structural durability can be strongly enharfbiggiyen et al., 2020)
Nowadaysthe motivationfor using TCC sections is building tall timber buildirgsthey ae an
economically efficient solution for optimizing the floor performance, horizontal diaphragms, and
the vertical bracing systerfAuclair et al., 2016) The main incentive to understanding these
sections is being able to build taller timber structures than what is currently allowed under the
code.However,further testing is still requideto verify and make design recommendatitors

such sections. The main factor prohibiting taller timber buildings is the required duration a
structuremust withstand fire without losing structural integrityherefore understanding and

developing proper design regulationsistassociate a correct and reliable fiesistanceating of
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TCC floorassembliesCurrently, TCC floors are only beingised in Canada's performarzased
design However, TCC sections have beaed in other countries and are included in the European

Code.

2.3.1Types of Sections

The first important facton understanding the fundamentals of the behaviour of TCC sections is
understanding how the materials are usedthacdavailable different asmbly typesEachtype
carriesadditionalattributes that dictate the behaviour and response of the floor. The key reason for
implicating such a flooring system is using multiple materials to exploit the strengths and minimize
the weakness. As each constion materialhasbenefits, TCC floors are always designed with

concrete in compressive zones and tinibesile zoneso usethese strengths.

For TCC sectionstwo key assembly types of sections banusedbeamtypeassembly andlab
typeassembly. Fst, thebeamtypegroupas shown in Figurg.4 (a). It consists of a concrete slab
supported by timber beams made of either mass timber or engineered wood products, typically
Glulam A thin wood layer can aldoe placed between the concrete and beamg &sgermanent
formwork. The second type is teabtype assemblyas shown in Figur@.4 (b). It consists of a
concrete slab connected to a solid mass timber panel. While there are different options for the
timber section, nail laminated timber (NLT),maated stranded lumber (LVL), and cross

laminatedtimber (CLT) panels, the most common is using CLT panels.
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(a) Beam Type Assembly (b) Slab Type Assembly

Figure 2.4: Schematic of assembly typestimhberconcretecompositesections

An important distinction between the two assembly typesides the timber components being in
either the shape of beams or slabghe exposure of the concrete to the fihen considering
the beam type assembly, both the timber sections and the calaletealirectly exposed to the
fire. While in theslabtype assemblythe CLT panels act as a protective layer for the concrete
thereby changing the temperature exposure to the cormer@tesultingn different fire responses
of the floor system depeling on which type of assembly you are designirgs research will be

focused on thslabtypeassembly sections and utilizing CLT panels for the timber component.

2.3.2Purposeand Advantages of Sections

Such sections can be used to retrofistoengthen existing floor systerasdin new construction

of either residential or public building floors, bridges and prefabricated floors and(adisir

et al., 2016)Compared to traditional timber floors, the advantages of TCC floors inclacased
load-carrying capacity, reduced floor depth, reduction in floor weight, improvedustic
behaviour, ancenhancedire performanceBenefitsover traditional concrete floonsiclude a
decreasein floor weight, increased renewable and sustainable materials, faster construction

processes, and reduciedmwork required.
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2.3.3Design of Coanections

The key to benefitting from composite sections is understanding how to achieve composite action.
The behaviour of TCC structures under bending is complexfamider complicated by the
phenomena ofhe nontlinear behaviour of the material and oections(Auclair et al., 2016)
Therefore,for TCC floors to be successful comes dowrthe understanding of the connection
used. It is the crucial component of tmgbrid system, and it must be strong and stiff enough to
ensure an effective composite act(blozjan et al., 2019)When it is notdequately designethe

two different materials would be working indemlently of each otheand both materials would
experience tensile and compressive forces while not being designed in such a way to have the
capabilities to absorb and resist such stresses. Therefore, the conmesstibe rigid to minimize

the slip andgstrong enough to transfer the shear stresses through the interface between the materials.
If this is achievegthen the section is forced to act as,ared there will be minimal tensile forces

in the concrete and minimal compression in the timber sections

The stiffness of the connection is how this behaviour is controlled, thigrilogncingtotal stress
distribution across the overall section. Theoretically, there are three possibilities: without
connection, semiigid connection, and perfectly rigicbnnection. First, without connectipthe
section is not acting as a composite section, but rather the concrete is a dgdacleddlirectly

on the CLT slab. While having concrete slabs poured over &ielbeing done to improve
serviceability concerns with vibration and deflection. By having no connection, it is a missed
opportunity to take advantage of the possibilities of TCC sectionsarehse the floor system's
efficiency. This option results in theWwest bearingapacityof the crosssectionwith the most
significant possible total normal stresses and deflecti@grin and Hozjan, 2021) The exact

opposite would ba perfectly rigid connectiomwith no horizontal slip between the two materjals
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which meanshat the shear load is fully traferred an@chievesull composite actionAt the same
time, this is the most desired type of connection as it results mdasésignificanbearing capacity
and most efficient use of the materials cresstions having minimal total normal stressed an
lowest possible deflection. However, achieving thigractically impossible. Of the different
connection types, the onpossibilitywould be a glued connection, though these are not typically
useddueto the sudden and brittle failure mode. Thereftreresulting connections that are used
lie betweenthe two extremes and are semdiged. Eachconnection typénasdifferent degrees
between no connection and perfectly ridged differencesan failure mechanisms between more

ductile or brittle failure.

2.3.3.1Types of Connections

As previously mentioned,designingthe connection is an essential aspect of designing TCC

sections suitablgndthe variance in the different types. The ideal connection should be:

i) Strong enough to transmit the shear forces developed at the interface
i) Stiff enough to transmit the load with limited slip at the interface
iii) Ductile enough to allow full load distribution and avoid failure on the fasteners

iv) Other variables include connection cost, feasibility in practice or complexity.

Currently available and studied connections can only partially satisfy the requiremenideazlan
connection. As slip cannot beglectedor most TCC assembliesimple models are inefficient
in the calculation procedurelherefore, depending on the amount of slip at the inted#feets
the design of the connection atite system in its engty. The choice of the connection will
significantly influence the system's overall performameeboth ambienttemperaturesand

especially considering fire conditioristerature on the design of TCC sections from the European
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codegroups the various coeation types into four principal categories: dowel type fasteners,
notches, notches combined with steel fasteners and other systemsafepiates, direct gluing,
glued steel mesheslfrom Figure2.5, it can be seen the research distributodrihe different
connection types. Assessmafithe studies vas mainly quantitative with work thatexamined

the mechanical properties of the connection and provided data suitable for aRrajyse2.5 (a)
shows the main principal groupand the (b) through Jds the further division within the main
groups. It is clearlyshown thatdoweltype fastenersccupy the largest percentage next to notch
type connections with/without steel fastenétewever, it isessentiato note that this distribution

is when examming completed research in the field asdhot necessarily reflective of use in
construction practice. Igives the picture of which connection types have the most scientific

knowledge available when studying behaviour designingfor TCC slabs.

o Dowel type fasteners
- 22% s
r Dowels
/ Notches 30% 2
o 45% Screws
B Nails

Notches combined with Inclined screws
18% steel fasteners . 41% Other metallic connectors
® Other connection systems 13%
15%
(a) (b)
1%
; Notch
36% 40% 14% Direct glueing

64% Other connection systems

(c) (d)

Figure 2.5: Distribution ofresearctstudied(adapted fronCOST Action FP1402, 2018)
Values from Figure.5 (b) showthat the use of screveominateghe use of differenlowettype

fasteners, including screws and inclined scréite screw is the most used fastener type out of
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the group due to its high axiaload-bearing capacity (COST Action FP1402, 2018Yhis is
important for two key reasons. Firtite axialload-bearingcapacitycouldbenecessaryo improve

the shear load transté8econdo avoid thechanceof separation betwedhe materialsTherefore,
thisencouragesisingscrewsas the method of connection fo€C assemblieslhis researclwil |

focus on the use of inclined screws for the connection ,tygpecifically how the degree of
inclination affectsthe behaviour of the slab while exposed to fire conditions. As this relationship
is well understood and researched in ambient temperahere is littleinformation considering
elevated temperaturefs with steeper screw embedment angleée screw is exposed to the

temperature increase earlier, thereby reducing the shear capacgyapidly.

2.3.3.2SelfTappingScrews (STS)

SeltTappingScrews (STSarea commonly used type of connection in timber structuvbsther

as a type of connection tw strengthera connection. They can either fudl -threadedor partial
thread while in this applicationthe fully threadedis the preferencas this results in a more
uniform load transfelbetween the screw and the timbaaiterials angrovides a better withdrawal
resistancethereby influencing the strength and stiffness of the connectiors tBaGare fully
threadeds hardened to produce a high yield moment, tensile, and torsional strevigtd the
large threads provide reliable embedment in the timber eleif@etiser, 2016)A benefitof therr
inherit designis that typically no pralrilling is required, meaning they are faster to install than
their counterpartdt is makingthem costfficient connectors requiringignificantly less quality

control measures and skilled labour during inatadh.
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2.3.4 Method of Calculation
When designing CC sectios, two fundamental approaches must be checked: the tradigonal

method angmore recentlythe Elasto Plastic Method (EPNgfer to Figure.7. The first for when
the appliedloadto theconnection remasiin the linear elastic region until the wooedmponent
fails. However, if the connectors reach tHead-carryingcapacity, the outer connectors will begin
to deform plasticallythus,the EPM needs to be consider&uthis casea nonlinear behaviour
mustbe consideredasthe section isubjected tdfailure from combined bending and tension
Furthermoreeachmethodis more accuratdepending on theonnectiortype and behaviour. The
g-method idor when the shear connectorg anore brittle or not allowed §oeld. More accurately
for stiff notched timber, mechanical and glued connections but inappropriate in the case of flexible

connectorsin contrastEPM was developed faloweltypefasteners as it is more appropriate for

shear connectors that are ductile and allowed to yield.

Load

Deflection

Figure 2.6: Calculationmethodgadapted from Auclair, 2020)
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Additionally, te initial assumptions of tHePM are tle following:

i) Thetimber is subjected to combined tension and bending, resulting in betii@viouy
therefore, linear elastic materta¢haviours assumed,

i) The timber portion of the TCC floor fails before the conceete h i aisticks@aviour
therefore, a lineaglastic model for concrete is used,

iii) The concrete in tension is neglected,

iv) In a fully composite section, the connection between the timber and the concrete is rigid,

v) The loadslip behaviourof the shear connectoisrigid-perfectly plastic.
2.4 CLT Behaviour under Fire

2.4.1 Research Methods

According to the reviewed articles, the research methods used while studying the fire performance
of CLT panelscan be seen in Tab5. Thetable provides a summarized breakdown of each
study'sexperimental and numerical workRhe critical difference is the type of testing, fire
scenarios investigated, objectives, and modelling techniquessiEeilfire experiments are more
desirableasusing larger specimens for fire resistance tests is meatistic and allows capturing

the actual performance of structural components and assemblies under fire exposure. However, it
is not always possible to perform such tests due to cost and laboratory capabilities and constraints.
Therefore, some researchg@erformed smallescale tests. One such benefit is having samples
with the same test parameters, thereby providing consistency in yesdtis investigating the

effects of different fire scenarios;omparing the influence of standard fire and natural

compartment fires is very beneficial.
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Figure2.7 illustrates the different testing schematics for the natural fire conditions adopted in the
experimental study conducted Bindeguia et al. (2021)Figure 2.8 shows a general fire
resistance test setup adapte the experimental research conductedang et al. (2020), which

is alsoa typical schematic for standard fire tests of CLT floor assemblies. Most of the fire testing
completed when studying the behaviour of CLT floor slabs followed standard firegtest
conditions. It is the most straightforward appromttomparing results with different parameters

or materials for equivalent fire severity. However, studying test specimens under natural fire
conditions allowsa more accurate representation of finea realistic setting. The key benefit of
natural fire exposure is adjusting for different ventilation conditions. This mainly affects the fire
growth rate, as when a fire reaches the point of flashover, this influences the duratisteddiie
stateburning stage of the fire. The studies conducted by Mindequia et al. (2021) and Wiesner et
al. (2020) were both part of the Epernon Fire Tsigrammea multipartner collaborative
research project launched in 204r7d focussed in its studies on the congmm between natural

and standard fires in theaffects on buildings.

Table 2.5: Summary of experiments conducted in the reviewed articles
(Frangi et (Mindeguia et (Schmid et al., (Wang et al., (Wiesner et

al., 2009) al., 2021) 2018) 2020) al., 2020)
No. of Test 11 5 25 10 5
Type/Size of Small scale Full scale Small scale, Small scale Full scale

(comparison to

Test large scale tests
performed
IVALSA)
Dimension 1.15x0.955.90 x 3.90 nSpansof 0.9 mar 1.8x1.2m 5.90 x 3.90
1.5m
m m
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(Frangi et (Mindeguia el (Schmid et al., (Wang et al.,, (Wiesner et
al., 2009) al., 2021) 2018) 2020) al., 2020)

Total All60 mm All165mm 95 mm and 150 All 105 mm All 165 mm
Thickness mm

Number of Varying 5plyof33 5plyofl9mm 3plyof35mm 5 ply of33

Pl yo6 from3to5 mm mm

and series with 5 ply of 21 mm
(Changing (42+19+28+19+4
) thicknesses

thickness o
ply.)
Fire Standard fir Standard fire Standard fire Standard fire  Standard fire
Scenario and natural (some ambient (some ambient and natural
Fire temperature test temperature test: Fire
conducted) conducted)
Material Spruce Spruce boarc C24 strength Canadian Spruce
Type boards C2¢ C24 boards Hemlock grade boards C24
El
Relationship Measured Temperature Residual cross  Temperature In depth
s that are temperature fields, sections, distribution,  temperatures
studied , Charring charring rates  temperature charring rate, fire , deflection
during behavior, mid-span  measurements, resistance, mid response,
experiments deflections  (IVALSA test span deflection load bearing
compared charrir capacity

rates, temperatui

profile)
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(Frangi et (Mindeguia el (Schmid et al., (Wang et al.,, (Wiesner et
al., 2009) al., 2021) 2018) 2020) al., 2020)

Type of Only Model basec 2 Step Process ( 3D Finite Semt
Modeling compared ondé Z e r residual cross Element Method: Probabilistic
results Stiffness  section, (ii) load looking at Structural
existing L ay er 0 bearing capacity relationship of Model to
Simplified is of partly heated wood, colesive predict

Bilinear complemente residual cross  elements, heat reductions in

model y to section transfer and flexural
adopted by conventional thermomechanic  capacity
EN19951-6zer o al
2 |l ay el

To demonstrate the importance of ventilation conditions andagmod understanding of the fire
dynamics is necessary fwedict the behaviour of the material being tested, the researchers
followed the three different scenarios shown in Figtiile All scenarios have different-gepth
temperatures and structural behaviour recorded. Another important distinction betwées the
experiments presented in the cited articles was the design and setup of the experiments and how
the change of study parameters was altered. For the studies conducted by Frangi et al. (2009) and
Wang et al. (2R0), the primary study parameter was ofjiag the thickness and number of plys

used in the composition of the CLT panels, as well as the corresponding changes in the temperature
profile and charring rate of their test specimens. In the study conducted by Mindeguia eflal. (202

the structural gaacity of the CLT panels was investigated, while Wiesner et al. (2020) examined
the thermemechanical behaviour of the CLT panels. All four studies mentioned above compared

how the respective structural behaviourtlof CLT panels in question changed dgridifferent
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fire scenariosin the study ofSchmid et al. (2018), the focus was on the simulation through

computer modelling of the CLT behaviour to develop simplified design equations.

Scenario 1 Scenario 2 Scenario 3
0=0144m 0=0.050m" 0=0032m

252m 2m
25m

& m (internal)

Figure 2.7: lllustration of compartment configurations and corresponding opening factors for

three different natural fire tests (adapted from Mindeguia et al., 2021)
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Figure 2.8: Geneal fire test setup for CLT floor slabs (adapted from Wang et al., 2020)

2.4.2Measured Temperatures

As with studying the fire performance of any construction material, it is crucial to understand the
development and progression of heat transfer witld@nrtaterial. It is even more critical with CLT
panels and other engineered wood products, such as glulam, LVL, etc. Such products are not

homogenous, and their composition involves adhesives, even in relatively small amounts. Having
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accurate temperature gags throughout the sections is criticas this information is essential to
determine the actual charring rates and depliliermocouples’ installation procedure and
orientationmay considerably influence the-depth temperature measuremef\gang et al.,
2020) This means that poorly placed or improperly used thermocouples could affect thermal

measurements arnbe resulting design calculations.

It should be noted that the thermocouple locations include different depths into eablenelyy
allowing temperaturehange tracking throughout the lamellas. This is important as the char line
between charred and heated wood is determined when the B¥P€rmsarereached in the
crosssection (Frangi et al.,, 2009)Thus, knowing when specific depths of the cresstion
reached this temperature, it is predictable how much of the panel is still uncharred and able to
sustain the applied loadingr a particular fire duratianThe measured temperatures are also
necessary to compare different test paramelieisa very effective way to determine equivalent

fire severity, especially when similar specimens are expetatig tested under both standard and
natural fire scenarios. It is worth mentioning talidnaturalfire scenarios (refer to Figu&7) had

much higher heating rates than those of the standard fires. This is justifiable as heating rates are

directly corelated to opening factors sinemaller opening factors cause less oxygen availability

2.4.3Charred Depth

An important characteristic when determining the fire performance of timber materials is
evaluating the loss of cross section due to charring. Wheod is exposed to increasing
temperatures, a process of thermal degradation (pyrolysis) occurs, producing combustible gases
anda mass losgFrangi et al., 2009)When fire contacts wood, a charred layer on the side of

contact is formed, and as the heat continues to grow, the thickness of the char layer increases.
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Advantageously, this char layproteds the remaining uncharred core of g/@sssectionthat is

not yet exposed to fire. However, there is still a reduction in the-ssxd®n area sustaining the
applied loads. When studying the fire performance of CLT panels, a significant differg¢hee in
crosssectionoverall fire resistance is whether the charred layer falls off or remains intact. If the
charred layer falls off, the protective functibgives is lost; thus, a new char layer starts forming

When these layers fall off, there is anrease in the charring rate as the temperdtuttee inner

layersis exposedo greater than the initial temperature at the beginning of the fire test. A similar
relationship is seen when a structural element has a fire protection layer sgmpdi®chen sch a

layer is removedpyrolysis increased his behaviour in CLT panels is mainly dictated by the type

of adhesive used during the manufacturing of the CLT panels, as there are adhesives that are less

sensitive to temperatures.

Accordingly, itis necessy for CLT panels to study the difference between local and global layers
falling when subjected to firelhis results in a different strength capacity and charring rates;
however, when locally charred pieces fall, dtffs difficult to identify since tle thermocouples can

only measure temperatures at the locations they were installed. In general, the nominal charring
rate of solid and glueminated timber sections under esienensional standard fire exposure is

0.65 mm/mingiven by Eurocode 5.

As expected,the results from Wiesner et al. (202for the estimated char deptbkthe fires with

higher heating rates initially had more rapid charring raassseen in the three natural fire
scenarios (Scenarios 1, 2 and 3). However, the first natural fire scenario (Scenario 1) experienced
the earliest and most rapid decay, halting the char progression in the second ply of the panel at a

depth of 45 mm. Whilén the second natural fire scenario (Scenario 2), the char layer progressed
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through the second ply and continued slightly into the third ply with a final char layer depth of 74
mm. Whereas in the third natural fire scenario (Scenario 3), the char lsgecad further through

the third lamella during the decay phase of the fire until reaching a depth of 85 mm. While due to
the specific profile of the standard fire tir@mperature curve witverincreasingtemperature,

the char layer depth in the testedT panels under standard fire exposure was 99 mm and 93 mm,
for standard fire scenarios (Standard 1 and Standard 2), respectively. This suggests that the

charring rate alone is insufficient for predicting the residual loading capability of CLT panels.

The different burning durations primarily cause the char layer depth at fdimever, it can also

be attributed to the varying charring rates throughout the burning dur@tibesner et al., 2020)

While for the study conducted by Wang et al.A@Qthe charring rate wdsund to be higher than

the nominal charring rate (0.65 mm/min). This is belidvechus¢he CLT panels used in the said
experiments were not edged glu@the gap between the lamellas gradually increased as the fire
progressed, leading to local twdimensonal (2D) fire exposurandincreased charring ratBased

on the developed timemperature curves of those experiments, it was also condhdethe

locally falling off might be the dominant condition for the figly CLT panels. Frangi et al. (2009)
focused in their study on how the thickness of the lamellas altered the behaviour of the CLT panels.
According to theiresearchthe conclusion is that thicker layers are more favourable regarding fire
performance than sections with thin layers. CLT panddh thinner layers lead to reduced time at
which the fire exposed layéalls off, causing the next inner layer to become exposed to increased
temperature once the external layer falls off. Therefore, the char layer depth recorded by each
group of rese&hers is an important parameter as it influences the residual strength of the CLT
section that remains after fire exposure to sustain the applied loads without collapse. While, in

general, the values agree reasonably well with the standard value fronoéifpthere is still
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some difference¢Mindeguia et al., 2021)The charring rate was calculated at 0.71 and 0.75
mm/min for the CLT slabs exposed to the two standard. #ethe sane time,the slabs exposed

to the three natural fire scenarios were less well predicted. Other variances in experimental results
included a change in the manufacturing procass the results of the study conducted by Wang

et al. (2@0), or a change irme adhesive type useakin the results from the study conducted by
Frangi et al. (2009). In summary, the char layer depth is an essential parameter for CLT sections;
however, it is also important to base design recommendations on additional, faetbes those

shown by comparing the effects of standard and natural fire scenarios on CLT panels.

2 4.4 Deflection

Deflection is a crucial parameter during experimental testing of structural elements under flexure
bending and is often used as the control variable. Meaning tests are not carried datalintil
collapse but when the specimens can no losgstain the ggied loads. Or, when a patrticular
deflection increasing rate has been reached, which for the study conducted by Wang et al. (2020),
a deflection increasing rate of/R000d = 4.2 mm/min (with L is the clear span of the CLT panel,

and d is its total thickess) was used as the failure criterion. It should be noted that the acceptable
level of deflection is much greater during a tinenat ambient temperatur@here serviceability

limits restrain structural elements’ deflectiomder flexure bending. This unlike the situation in

the fire where the main objective is to allow enough time for occupants to evacuate the building

and for firefighters to extinguish the fire.

FromMindeguia et al. (2021the CLT panel midspan deflectioate correlated well witthe rate
of temperature increase. This good agreement is believed to be a consequence of the steep thermal

gradients developed during the early stage of fire tests. It is also important to note that the third
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natural fire scenario (Scenario 3) deviateghsicantly earlier than all other fire scenarioginly

due to the progression of heat through the CLT panel, which resulted in its collapse at 108 minutes.
The CLT panel exposed to the third natural fire scenario (Scenario 3) hadastesignificant
increase in temperature, leading to the early deflection increaseltreahtrastthe CLT panels
exposed to the first and second natural fire scenarios (Scenarios 1 and 2) did not collapse. Although
the CLT panel exposed to the second natural fire sce(fecenario 2) did not collapse during the

fire development or the initial decay phase, it did experience a total collapse after 29 hr from the
onset of heating. Due to the continued internal smouldering, which is a behaviour that needs to be
studied furher. It should be noted that no water was ever applied to the test assembly before failure

occurred.

The midspan deflection values achieved by Wang et al. (2019) increased with time but formed a
plateau after approximately 20 minutes in fire tests, agal, tithey continued to increase again but

in more of an exponential trend. This can be attributed to the fact that the charring of the first
strong layer (in the major strength axis) led to an upward shift in the location of the neutral axis of
the CLT cros-section. As the char layer progresses into the second layer (in the minor strength
axis), this delays the fire influence on the third strong layer (the very top layer in the case of a
threeply CLT panel). It is worth mentioning that the flexure benditrgngth of the CLT panels
tested in the cited studies is governed mainly by the strong layers that are in the major strength
axis, which in this case are aligned with the panel span, instead of the weak layers that are in the
minor strength axis which ane the transverse direction of the CLT panel. Therefore, the increase

in deflection is at a plateau as the char front progresses through the weak lamellas, which is why
Wang et al. (2020) suggest that thphe CLT panels should be avoided in the desifjalements

subjected to flexure bending with relatively high load levels. In other words, once the char front
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has passed the first ply, there is not enough strength remaining in the CLT panel to sustain the
applied loads as the CLT panel is basically ddevonly the top ply in the case of the thyzeg

panel.

2.4.5Behaviour of Adhesives

Although using wood products instead of mass timber have benefits imode economical, one

of the disadvantages is the factors in determining their fire performamctodhe behaviour of

the adhesive used. That is why there is difficultymodelling the fire performance of these
sections due to the lack of knowledge on the behaviour didhéwhen exposed to fire. One such
study is by Okuni and Bradfor@020), who studied the behaviour of adhesives used on CLT and
worked on developing the modelling of the temperature performance. It involved three wood
species: Douglas Fir (DF), Southern Yellow Pine (SYP), and Spruce Pine Fir (SPF). As well
included three differaradhesives: melamine formaldehyde (MF), phenol resorcinol formaldehyde

(PRF), and polyurethane (PUR).

Looking at the thermadtructural behaviour of the different wood species with the increase in
temperature. The purpose of this was to act as a control experiment and to be able to compare with
the results from the different adhesives. It is important te tlwat when designinBWP like

Glulam and CLTthey are designed to hafaledin the wood before failure occurs in the adhesive
which meansunderstandinghe best adhesive to ysge mustknow the strength that they must
succeedComparing howthe maximum stresand strainreduces with théemperature increase

When examining the maximum stress 8P having the greatestlues followed by DF and

SPF.Comparatively when studying strain versus temperg@iehadhigher values followed by
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DF ard SYP (Okuni and Bradford, 2020) Showing that different tree species have different

thermalstructural propertieand this need to be considered when designing members.

Next, look at the thermastructural behaviour of the different adhesives when exposed to fire
conditions.Likewise the maximum strain reduces with the increasgaemperature, with PRF
having the highest valug®llowed by MF and PURThestress response of D§ also plotted to

show that all adhesives are greater than the wood species. Thereby verifying that the failure will
occur in the wood before the adhesiviesaminingthe differences in stress value can determine
that MF and PRF have better thermal stuadt propertieshan PUR and therefore should be
recommended in the production of CLT panels (Okamd Bradford, 2020) FurthermorePUR

has the highest strain, followed by PRF and MF. This implies that there are higher chances of
delamination occurringor PUR than for PRF and MF. Therefore, the recommendation of types
of adhesiveso useis either MF or PRF as they have better thermal propertiesuatess likely

of delamination occurring.

2.4.6 Numerical Analysis

The ability to simulate the fire behaviour of CLT panels through computer modelling is a
challenging task to perform with a high level of accuracy. However, such an alternative approach
to studyingthe fire behaviour of CLT panels gtal as fire testings a very costly and time
consuming task to undertake. Through verified accurate simulations, it is possible to optimize the
design of various CLT panels with different layup and thicknesses in fire conditions. Another
advantage of finite element (FE) comer models is that they can be specific for each purpose
and provide structural engineers with a performarased approach in designing floor systems

for mostrapidly growing tall timber buildingsdNevertheless, the FE modelling of timber sections
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is a @mplicated procedure due to the natural imperfections that are possible in the wood material
and how this can influence the behaviour of timber members. Wood can also be characterized by
three orthogonal planes of material symmetry: longitudinal, tandgeatid radial. While this
behaviour can be modelled, it is difficult to determine its mechanical parameters, and they usually
have a wide variance in values. This is getting more complicated when dealing with the unique
layup of each CLT panel with lamedlan opposite directions, accurate representation of charring
rate, and behavioural changes due to the type of adhesive used. Two critical methodologies are
available: (a) The Reduced Properties Method (RRMhjch uses modification factors; and (b)

The Efective CrossSection Method (ECSMWwhich uses the zerstrength layer. Studies carried

out by Schmid et al. (2018), Mindeguia et al. (202hd Wiesner et al. (2021) all concluded that
ECSM is favourable for CLT panels as the RPM can lead to uneconl@sign in many cases.

The zerestrength layer is a thickness added to the char layer tatygviember a total thickness

that needs to be neglected when performing strength calculations due to fire exposure. Although
the material next to the char frontshaotentirely burned its strength has beguo degrade
significantly. It is worth mentioning that the study conducted by Mindeguia et al. (2021) proposed

a modification to this by considering a zero stiffness Layer.

The general structural analysis proseand the bending capacity of the heated esestion of

CLT paneldollows a typical procesas illustrated by Schmid et al. (2018). The first to determine

in that process is the temperature field of the thermal analysis and how heat transfers tierough th
CLT crosssection. Next is applying the material properties to the layers in the major strength axis.
As the strength and stiffness of the transverse layers (in the minor strength axis) are set to be
negligible, it is assumed that the longitudinal lagecount for the total flexure resistance of the

CLT panel in the major strength axis. This assumption is justified due to the low wood strength
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values in tension perpendicular to wood grain and the low rolling shear capacity. Next is the
calculation of thearea, and when the temperature in the CLT panel reache€ %0Barring
temperature)the charred crossection area of the element is set to zero. When a segment is
charred, it has lost almost all its strength and consequently can no longer sustati¢ddaads.
Lastly, the distribution of strains of all elements is calculated with respect to the equilibrium of the

applied stresses and areas in the tension and compression sides of the CLT pasettonoss
2.5 Concrete Behaviour under Fire

Thereare many factors when considering what type of concrete should be used when making TCC
sectionsasmany different adjustmentsan be made in the mix design of the concrete matis

these decisions that dictate the behaviour of the slab under fol#icos. Meaning the behaviour

of the concrete is dependent on thermal, mechanical, and deformation properties and the
phenomenaf fire-inducedspalling. The thermal properties determine the extent of heat transfer
to the structural membemn contrast,iiemechanical properties of constituent materials determine
the extent of strength loss and stiffness deterioration of the member. The deformation properties
in conjunction with mechanical properties, determinentfagnitudeof deformations and strains

in the structural member. In additidire-induced concrete spallingan play a significant role in

the fire performance of reinforced concrete (RC) mem@&vdur, 2014)

2.5.1Thermal Properties

The thermal properties that influence the behaviour of the concrete include thermal conductivity,
specific heat, and mass loss. These properties are significantly influenced by the aggregate type,
moisture content, and compositionté concrete matrix. iFst, thermalconductivity is defined as

the rate at which heat is transferred by conduction through a unitsgctssn area of a material.
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The variation in the data is mainly attributed to moisture content, aggregate, test conditions, and
measurement thniques used in the experimgiiodur, 2014) In general, can conclude that
thermal conductivity decreases withe increase in temperature, and the amount of decrease

depends on the concrete's mix design

The second thermal property is specific heat, defined as the amount of heat required to raise the
temperature of a material by a degh®en concrete is exposetlfire, it is susceptible to physical

and chemical transformationA factor is the moisture content as one of the many transformations
includes the vaporization of free watefl@0 C. The specific heat of concrete changesordingly

with the waterto-cement(w/c) ratio usedThe aggregate types albave significant effects, as
different minerals and rocks havariousheat capacities. Carbonate aggregate concrete has a high
heat capacitywhich helps minimize spalling and enhance structural membergdsistance
(Kodur, 2014) Specificheat isrelatively constant ugo 400C followed by a steep incline ithe

700C range.

The last thermal property to consider is mass loss controlled gotiwete's density, and the
concrete's densitydecreases with increasing temperatures. However, atigregate type
significantly influence the mass loss in concretes. This is shown by comparing the behaviour of
concrete made with carbonate and siliceous aggregates. For siliceous based aggregé#tenmixes

is minimal mass loss even @00 C. While with carbonatbased aggregatethere issignificant

mass loss once the temperature passe6@8éC mark. This is attributed to the dissociation of

dolomite in carbonate aggregate at aro6@d C.
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2.5.2Mechanical Properties

The mechanical properties that influence the behaviour of the conoobtele compressive
strength, tensile strength, and streBsin response. Unlike the other properties, mechanical
properties have been extensively researched and studied under fire conditions. However, a
difficulty with these studies ihatunlike tesing in ambient temperature with specified specimen
sizes as per the standartte testing completed for fire performanceasductedn a wide range

of specimengKodur, 2014) This is due to the lack of standardized testing when studying

mechanical properties under fire conditions.

The first mechanical property that should be studiezbmapressive strength behawr. This is
important to understands the advantage of using concrete is its high compression resistance
capabilities.There is a greateqariation when looking at HS€ompared to NSC. The reason for
this is believed to be eithdire-inducedspalling which will be discussed latesr the testing
apparatus's limitationsThese variations can aldme explained by the wide range of testing
procedures and the changeghe heating, loading rates, specimen size and cuwrorglitionsat

thetesting(Kodur, 2014)

The second mechanical property when looking at the effects of fire on concrete is tensile. strength
It is well known that concrete has approximately 10% tensile strength compared to compressive
strength.TCC sections are designed with concrete only in the compression zahe, Isgs in

tensile strength should nintffluencethe design. However, that on the condition that the section

acts as a composite, meaning it is still important to understand the changes in tensiletstrength

understand the section and material fulgpecially considering that the cracking that occurs in
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concrete is typicallgue to tensile stresses and the structural damage of the member in tension is

often generated by the progression in microcracking (Kodur, 2014).

Furthermore, this behaviour can become critical when Fire Induced Spalling behaviour occurs.
Studies completedn NSCandHSC and the variation in results from various researclikese

the loss in tensile strength is mamdualfor NSC due to weaker microstructure allowing cracks

to form. While with the HSCthe loss develops quicker because of the much stronge

microstructure resulting in the builth of pore water pressure causing spalling effects.

The final mechanical property that needs to be considered when studying the fire performance of
concrete is the stressgrain response. This is importantsasessstrainrelations are often used as

input data when designing models for evaluating the fire resistance of concrete structural members.
Typically, with the decrease in compressive strength and increase in ductility of concrete, the slope
of the stresstran curve decreases with increasing temperatures (Kudor, Z0iglgurves begin

with a linear relationship followed by a parabolic response until reaching the peak stress and then
a quick descent until t he poi rhetemnderatirareaches e .
U Tt € the peak stress reached before the descent is similar. Assthellincreasen temperature,

the peak stress corresponds to an increased amount of strain, esf@fllyand higher.
Therefore, it can be concluded that thtressstrain response is highly influencég increasing

temperature for both NSC and HSC.

2.5.3Deformation Properties

The deformation properties that influence the behaviour of the concrete include thermal expansion,
creep, and transient strains. Whigre all highly controlled by the chemical composition, the type

of aggregate, and the chemical and physical reactions that occur in the concrete during heating
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(Kodur, 2014) The first of these properties is thermal expansion which is defined as the@bility
matter to change in terms of shape, area, volume, and density, in response to a change in
temperature. When concrete is subjected to fire condjtibngenerally underges thermal
expansion due to the aggregates and the cement egstejallybetween the range &0-700 C.

Many factors changthe effect thermal expansion has on congrie@uding moisture content,

chemical reactions, and microcracking resulting franuniform thermal stresses.

The other deformation properties that should be considered are creep and transienwktchins,

are highly enhanced at elevated temperatures under compressive stresses. Creep is defined as
deformationunder a sustained loaddaa longterm effect. Meaning that the older the concrete
structure is when it experiences fire conditions will influence the behaviour controlled by creep. It

is influenced by the movement of moisture in the concrete métisaccelerated mainly by tw
processes: (1) moisture and dehydration of concrete due to high temperatures and (2) acceleration
in the process of breakagetbébond (Kodur, 2014)while transient strains occur during the first

time of heating and not during any successive healimgse strains are caused by different factors
includingthe chemical composition of concrete and mismatches in thermal expdhatteadto

internal stresses amdicro crackingn the concrete constituents (Kodur, 2Q14lthough there is

limited reseach and information into how these factors affect concrete during fire conditions.
Likely due tohow these deformations form and theing-term effects when studies are typically

analyzed irshorttermduration.

2.5.4 FirelnducedSpalling

Fire induced sghng is a phenomenon that is unique to concrete and can be the governing factor

in determiningthefire resistance of the section. It is definedesaking up and falling off layers
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of concrete wheexposed to rapidly rising temperaturAs.previously @scussed, it is much more

of a concern in the behaviour of the betype assembliebecausdahe concrete slab is more
exposed. Although there are studies completed on understanding this propgyare still
conflicting statements. Some experimentsorgga explosive spalling occurringvhile others
reported little spalling observed. It is believed that the reason for this is the high number of factors
and interdependency that control this behaviour. While there is no exact ansxptamration,

thereare two broad theories to explain this behaviour.

The first is pressure buHdp of the pore pressure during heating caused by the vaporization of
water, and the vapour cannot escape due to the high compactness of the matrix. It is theorized that
this explains fire induced spalling because when the effective pore pressure exceeds the tensile
strength of concrete, chunks fall off from the structural mengkedur, 2014) which means
following this theory as permeability decreases it effectively increases the effect of spalling. The
second theory considers restrained thermal dilatation close to the heated $hifdeads to the
development of compressigtresseswhich are releasedausing brittle fractures of the concrete

or spalling.However,the onset of the instability is controlled by the pore pressure in the form of

explosive thermal spalling (Kodur, 2014).

Thereforemanyresearchers seem to conclude thapit@ary causes arthelow permeability of
concrete and moisture migration in concrete at elevated temperatures (Kodur, 2014). Additionally,
the effects of fire inducing spalling are significantly increased when exagniSC compared to

NSC. This is because HSC has a lower permeability due to the dense microstasdtudees not

allow moisture to escape, resulting in a greater pressuldup of pore pressur&/hendesigning

HSC, asignificantdecision and factas the fire performance because of the dramatic results that
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spalling can cause. Lastly, i1itds i mportant
not include the effect dire-inducedspalling when examining TCC sectior&till, observéons

have been made when running experiments.
2.6 TCC Sections Behaviourat Ambient Temperature

The majorityof currently completed stues are TCC sectionsstudied in ambient temperatures.
With the vast portfolio of different TCC sections that are fbssh terms of sectionsthertimber
andEWPs and connectionshereis an enormouamount of research on the topic. Howewetly

a few investigations have been completed recently after streamlining to focus on sections utilizing
CLT panels and STs&asshear connector§able2.6 lists four studiesconductedwithin the past

six yearsMany factors influencéhe design of thecrewtype connections: overallimensions
embedmentangle andspacing. Those decisioakerthestrengthstiffnessandgenerabehaviour

in flexure bending.
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Table 2.6: Research oscrewconnections in TCC utilizing CLT

(Gerber, 2016) (Higgins et al., (Mirdad & Chui, (Salemand
2017) 2019) Virdi, 2021)

Type of

Assembly Slab Type Slab Type Slab Type Slab Type

FlexureBending,
Orthotropic

Stiffness,
Shear Tests anc Shear Testing  Shear Testing
Flexure Bending Fy|l-ScaleSysterr
Performanceand

Long Term Cree|

Test Method

Dimension of - 54 x 200 mm : 400 x 200 mm 1000 x 600 mm
Shear Tests

Dimension of — ~14 \ 600 mm 3048 x 610 mm ;
Bending Tests

c Wood CLT and others CLT CLT andothers CLT
omponent
.WOOd. 3 ply, 99mm 5ply, 175mm  5ply, 175mm 3 ply, 105mm
Dimension ’ ’ ’ ’
ancrete 70mm 57mm 75mm 50mm
Thickness
Design: 30 MPa Design: 34.4 MP
28-day Strength Tested: 39 MPa Tested: 30 MPa
Tested: 4% MPa Tested: 37.5 MP
Steel Wire mesh for #3 reinforcing b_ar Wire mesh for
. . . spaced at 12 in. . . -
Reinforcement tensilecracking ocC tensile cracking
30JIn line with  45J1In line with 30]Pairs
A Screw t bending profile, bending profile, 45]
rrangemen i
g 45] Pairs 45] Pairs
Spacin 150mm High
pacing Shear, 300mm 305 and 610mir ; 150 and 200mm
Longitudinal
Low shear
2 SCrews:
400mm
Transverse 200mm 305mm i
Spacing 3 screws:
250mm
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Table 26: Research oscrewconnections in TCC utilizing CLT, Continued

(Gerber, 2016) (Higgins et al., (Mirdad & Chui, (Salemand
2017) 2019) Virdi, 2021)
Screw Length 240 219 mm 150 and 200 mn 100mm
Screw
Embedment 100, 110, 150 133 mm 80 and 100 mm 65 mm
Length
Screw Diameter 8 and 10 mm 8 mm 11 mm 8 mm
Soundproofing
Foamular® G200 layer made of
Insulation Layer  extruded ] polyester felt anc ]
Examined  polystyrene rigid elasteplastomer
25mm bitumen
0,5, 15 mm

2.6.1 Shear Testing

As previously mentioned, when studying TCC sectipres highly influential factor is the

connection's behaviour in the system's succ@ééighout first examining the various types of
connectionsi t  wo ul d n &d desige thepovesal Sedtidn éor in situ loadinggerly. But

it is not just deciding betweanultiple types of connectors but the design specifications of each
connector that influence the result. For STifere are many design considerations, mainly the
overall dimension in terms of length and diameteclination angle, longitudinal and transverse

spacing, and inclusion of an interlayer between the timber and concrete material. Each has different

pros and cons in the assemblies' behaviour and performance.

Work completed by Gerber in 2016 includedeatensive experimental program studying different
types of connections used different timber materials antksting variances of each type of
connector. Sections including STS can be seen in FRle with (a) screws at 30 degrees, (c)

screw pairs a#l5 degrees, and (e) screw pairs at 45 degrees with an interlayereSalt@l in
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separate loadisplacement curves Figw2.10: (b), (d), and (f). The research included different
screw lengths, two screw diameters, two inclination angles, and the amcloisan interlayer.
Alternatively, the work completed by Mirdad and Cf019)can be seen in Figug9. The study
included threedifferent parameters. From the legenelachtest was given a title naming the
parameters, an example being H8845 , whee (L) is the embedment length of the screw in the
timber, (1) is the thickness of the insulation layer used, and lastly the degree of inclination to the
horizontal. Figur&.9 shows hownuch variancelepend®n which STSs used and confirms the

importance of understanding the relevasationships

L80-10-45°
----- L80-15-45°
— —L80-115-45°

L80-10-30°
----- L80-15-30°
— —L80-115-30°

Load (kN)

L100-10-45°
L100-15-45°
—— L100-10-30°
----- L100-15-30°

Slip (mm)

Figure 2.9: Load1 Slip curves(adapted from MirdacandChui, 2019)
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2.6.1.1 Overall Screw Dimensions

A starting point when designing STS connections for TCC sesi8dhe overall dimension of the
screws. This comes down to two key parameters: the screw diameter and embedment length in the
timber. The mfluence of screw diameter is examined in work completed by GE0&6) It was

found that the stiffness at the serviceability load levels was not impactful; however, the increase
in strength was significant when increasing the screw diameter. Whitashger screw would

be higher, it is expected to be ceé$fective by installing fewer screws correlating to a reduction

in labour hours. At the minimum would be able to break even by choosing a more expensive screw

because of morefficient installation.

Like the effects the screw diameter has on the assembly's behaviour, the connection's strength is
more sensitive to embedment length than stiffness. The two studies had separate observations for
effect on stiffnessWhereasserber only observed a significant increase in stiffness at ULS levels

of deformation. Figure.10 (b) showsthe variance in peak load for each specimen; when
embedment length equals 180n, the peak load is 27.9 kN compared to 2hénh and peak load

33.5 kN. This mears having a 40% increase theembedment length equalled a 20% increase in

the peak load. At the same time, Mirdad and CKR019) noted a significant influence on
serviceability stiffness in all casdsigure2.9 and Table2.7. The discrepncy could be related to

the effects of the two different screw inclinations and arrangements. As for tests completed by
Gerber(2016) the screws were single screws at 30 degrees, while Mirdad anq20t9j had

pair screws placed at 30 and 45 degreegaRlless, the difference there is a shown difference

when altering the embedment length both for strength and stiffness. This is logical as it directly
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correlates to extra length into the timber component and increases the withdrawal resistance. A

greateroad is required for the connection to fail and for the screw to be pulled out from the timber.

However, it is essential to note that other factors must be considered when choosing an embedment
length.Firstly, the angle at which the screw is to be dnivAs with a shallower angle, you gain
greater embedment length for less embedment depth. Thereby affecting the strength and the
stiffness of the connection. Secondly, donoét
component. Especially whewmsidering fire, as when the screw is exposed to the fire, the shear
resistance provided is reduced proportionally to the remaining screw in uncharred timber. Thereby,
a safe fire design would want adequate material between the end of the screw anthefoot

the section for the screw to protect against the damaging effects of fire for an appropriate duration

in the fire event.
2.6.1.2Screw Inclination Angle

From the completed research, the effects of altering the inclination angle can be seen. Three
different arrangementserecomparedSTSsinclined to match the anticipated shear flattoth
30 and 45 degrees from the horizontal and STS screw pairs at 45 degrees with one driven in both

tension and compression directions.

First, to compare the twoftirent insertion angles. When single screws are used at each location,
they are orientated to carry loads in tension and driven to follow the deflective shape of the floor.
The results of the work completed by Mirdad and GR0iL9)show that as the inden angle is
decreased (closer to horizontal), the ultimased-carrying capacity of the connection increases,

regardless of the embedment length. Although connections included an insulation layer (15 or 115),
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the increase was much more insignificant wh®ere was no insulation. Note that for tests, =100

30 had weaker concrete than L1858 , which explains the variance in results.

Results from Mirdad and Ch(2019)when studying stiffness on the first and second loading cycle
show the serviceability iffiness anaverage 38% increase when the angle is 30 degrees compared
to 45 degrees. This indicates that the overall stiffness of the connection is more sensitive to the
angle rather than the strength. This is opposite to the influence of the diameter and screw
emba&ment length, where strength is more influenced. Therefore, a smaller angle is a benefit as it

increases the withdrawal strength and stiffness of the screw.

Secondly, the results comparing the difference between using two screws as composed to one can
be seen in the work completed by Gerlfg016) Screw pairs mean there is no normal force
generated between the materials. Thus, the stiffness and strength of the coraregiioely
controlled by the proportioning and spacing of the connectors. Also,ghaunah an arrangement
simplifies the installation procesasit is not necessary t@nticipatethe shear flow at every
location. However, as previously mentioned having the screws at 45 degrees makes less efficient
load-carrying capacity for a screw whigmultaneously increasing the embedment depth for the

corresponding embedment length.
2.6.1.3 Screw Spacing Arrangement

A decision when designing TCC connections is the overall layout and placement of the screws,
both in the longitudinal and transverseedtions choosing between reducing spacing or increasing

the number screws to provide a safe design. Each has reasonable limitations in terms of spacing
and end distances that need to be accounted for. In addition, would want to achieve the most

economial design possible to keep the number of screws required at a minimum, considering the
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cost per screw and the labour required for installation. Work completed by Salem an{@04ddi
examined three parameters: longitudinal spacing, quantity in the @éraessirection, and age of
concrete Where spacing was reduced from 2061 to 150mm, increasing the quantity per row

from two screws to three screws and concrete age at 14 and 28 days.

The maximum load was achieved with the three screws and the shistéarcd of 150mm.
However, what was interesting was reducing the spacing or increasing the number of screws in the
row resulted in a similar difference in maximum load. When you change from three screws to two
screws at 200hm spacing, the difference inaximum load is 5&N. While keeping two screws

and decreasing the spacing from 200 to 150mm, the difference in maximum load is kM.

Proving minimal difference between the two alternatives. Although the authors recommended
increasing the number of gws over decreasing the spacing as this allawsore uniform

distribution of the shear stresses in the transverse direction of the composite section.

2.6.14 Influence of Interlayer

The motivation behind using insulation in composite slabs is stronglglated to the advantages

of the TCC section utilizing CLT panels instead of CLT panels on their own. That is the increased
acoustic and thermal response. The resulting behaviour of the section depends on which type of
material is used as the interlay&hile both Gerber(2016) Mirdad and Chui(2019) used
interlayers in their respective studies, the findings were different as the behaviour is material
dependentBoth studies, the screws were drilled through the insulatios interlayer was a

complete lrrier between the CLT panels and the concrete.

Work completed by GerbgR016)used Foamular® 200 extruded polystyrene rigid insulation

with a thickness of 2B5n1m. The arrangement for the screws was theletiee pairs; although
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shown not the most efilent angle of inclination, having the compression screw means no
additional compressive stress coming from the axial load in the screw, which tends to crush the
insulation (Gerber, 2@6). The difference is not significant by comparing results from the 45
degree cross pairs without and with insulation. Fig@.0 (d) and (f) can see a reduction of
approximately 29.6% in peak load by including insulation. But while there is strength loss, it is
relatively similar. Adding insulation between the material improves acoustic performance and
effectively increases the stamoment arm of the elements relative to their centroids. This results

in a stiffer overall panel with aveight reductioncompared to an assembly without insulation,

contingent on the connector maintaining reasonably similar strength and stjeebsr, 2016)

Mirdad and Chu{2019)completed an wiepth study focused on the effect of having an interlayer

in TCC assemblies. However, their research used a soundproofing layeohpadyester felt and
elastoplastomer bitumen. Each has a thicknessmfrg and three different amounts were studied:

0 mm (no interlayer), 5nm (single layer), and 1Bim (three layers). Results can be seen for
strength and serviceability stiffness ogas in Tabl.7 and previously in Figur.9. Table2.7,

the reduction percentage is due to the presence of an insulation layer. The respective reduction is
increased as the thickness of the insulation is increased. The strength is reduced on average by
17% for 5mm and 34% for 1nm. At the same time, stiffness is reduced by¥68% for 5mm

and 5560% for 15mm. Results show that the stiffness of the section is more influenced due to the
presence of the interlayer than strength. The exact relationdigovtthe inclination angle affects

the STSsand the opposite of embedment length and screw diameter.

Therefore, the materials used for these two studies were different in material and corresponding

mechanical properties, thereby the results are not ljirectnparableNeverthelessexamining
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this layer's influence on the section is essential to develop a complete understanding of the makeup
of TCC slab assemblies. There are definite benefits of including interlayers in the design but must
consider the typ of material and not allow the section to be compromised in terms of overall and

connection stiffiess and strength.

Table 2.7: Connectiortest results per pair of screadapted from MirdadndChui, 2019)
Specimen Strength K(0.4)1 Stiffness K(0.4)2 Stiffness

Fut (kN) & o quce (%) (kN/mm) Reduce (%) (kN/mm) Reduce (%)
CLT-L80-10-45  33.61 0% 24.71 0% 56.35 0%
CLT-L80-15-45~ 27.70  15% 14.70 41% 31.78 44%
SSL_T L8OIS 57 g 11.05 55% 25.89 54%
CLT-L80-10-30" 41.88 0% 45.76 0% 92.76 0%
CLT-L80-15-30° 31.55  25% 25.88 43% 52.49 43%
g(')-_T L8OLS o4 0% 18.02 61% 43.79 53%
Z'S-_T -L10010- 44 53 0% 36.57 0% 80.45 0%
Z'S-_T L1005 oo g 190 17.21 53% 38.42 5206
g(')-_T -L10010- 39 66 0% 47.37 0% 83.27 0%
g(')-_T L1005 56 07 9% 27.31 42% 53.15 36%
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2.6.2 Flexure Bending

After the successful completion and understanding of the shear connectors, the subsequent step in
testing is studying fulkcale specimens under flexure bending. To replicate in situ loading and
induce forces in the slab to observe behaviour. In termiimfatie strength capacity and compare

load vs. displacements curves. In Tablg the experiment specifics can be seen for two studies
that completed Flexure Bending programs. Gerber, in 2016 after extensive research of shear tests,
used an efficiency e@tion to determine the relative achievement of composite action. With such,
choose 9 with efficiencies in the 8% range and tested undeur-point flexure bending.
Including a TCC section using CLT with screws at 30 degrees orientated in the dioéciwar

flow; referto Figure2.10(a) and (b) for shear test results. The spacing in the longitudinal direction
alters, with a spacing of 158m in the high shear zone and 3@t in the low shear zone. Refer

to Figure2.12(a) for a schematic of the bend specimen. Higgin et a{2017 also conducted

flexure bending tests as a part of their program. However, their samples were testatragder

point flexure bending. They utilized a screw connection with screws at 45 degrees orientated in
the shear flo direction with two separate spacing arrangements. First, referred to as closely spaced
screws where all spacings are kept at 808, Figure2.11 (a). The second was widely spaced
screws, where high shear zone spacing was equal tm80&nd low shear wa&l0mm, Figure

211 (b).

While both types oflexure bending are widely used, tloeir-point flexure bendings often more
favourable. As withhe threepoint flexure bendingthe maximum bending stress occurssanall,
concentrateghoint under the lading point. As forthe fourpoint flexure bending, the maximum
region is spread between the two loading points. Common practice typicallihagbseepoint

flexure bendingwhen materials are homogenous aridur-point flexure bending when
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norhomogeneous, such as wood and composites. Regatutdéissaare accepted forms of testing

the flexure behaviour of the sections.

2.6.2.1 Bending Stiffness

While each previous parameter influences the strength and stiffness of the overall composite
sectionand is necessary to design the composite properly, it ultimately comes down to the
performance in flexure bending and the corresponding bending stiffness from the load
displacement curves. Results from Ger{#9516)can be seen in Figur&l2 (b) and (c).The

figure to the left is loaded up to service level, and to the right is the load applied until failure occurs.
The test was duplicated, with the first reaching a peak load of 74.4 kN, while the secaontl did

fail until 93.1 kN. This difference in ultiate values and loadisplacement curves indicates the
need for further testing and validation before being able to predict behaviour and the maximum

capacity of the section.

Test results from Higgins et gR017) can be seen Figure2.11(c). The testesults for closely

spaced screwarein blug and widely spaced screwgein green. Other tests of note are-CBT1

and CBCLT2 in red, as these are the same tests on plain CLT panels, not TCC sections. To provide
a direct comparison between variancesannectors and all the benefits of designing TCC sections
themselves. However, the two specimens exhibited different stiffness and strength, showing the
need for further testing. As for the results from the TCC sections, the values to the right of the
figure show peak load and displacement at the time of peak load. Showing consistency between
the repeated tests and minor differences in the spacing arrangements. The closely spaced screws

increase the ultimate load by 14.9% from the widely spaced specimens.
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Figure 2.11: Flexurebendingresults(adapted from Higgins et al., 2017)
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Figure 2.12: Flexurebendingresults(adapted from Gerber, 2016)

2.6.2.2Failure Mode

The final parameter studied during any experimental testing is recording the failure mode of the
section. Knwing the section's capacity is mandatory, but it is also essential to understand the
failure mode. Typically, TCC sections, especially when considering slabs that utilize CLT panels
and screw connections, resulting in a brittle failure mode. As observieste completed by
Gerber(2016) all flexure bending specimens using screw connections and CLT have a brittle
failure, specifically a timber facture. However, the author noted that the specimens that failed due
to a brittle failure (concrete crushingtensile fracture) occurred at much more significant applied

loads than the sections that exhibited ductile failures (connector yielding or screw withdrawal).
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This is important as while the panels did fail in a brittle manner, it would also be unlikeéhefor
panel to reach such a load in a realistic loading condition, thereby providing safety in the overall

design.
2.7 TCC SectionsBehaviour under Fire

While TCC whenunder ambientonditions,is more extensivity researched and studied both in
terms of experimental and numerical analytsisre is lackingnformationwhenthefire conditions

are involved. As previously mentioned the need for furthemvestigationwhen studying CLT
panels whemxposed to firethe same goes for TCC sectso\s for any TCGlabtypeassembly

the behaviour of the overall floor is hightependenbn the behaviour of the timber component
and theconnections Unlike the beam type assembly where both the timbercandrete are
directly exposed to the fire and need to examine reactions in both maiéredtab typas where

the concrete is protected from direct exposure to the fire until the timber material isngoost

fire evens, the temperature in conceetvouldnot considerably changes studies have shown
minimal heat transfer from the connectottesurrounding concretd herefore, when assemblies
that utilize CLT as the timber materiatee principlesof design arebuilt from the core
understandingf how the panel react8Vhena fire is consideredthe material'sability to resist
forcesis affected due to the increased temperaturaeddcedimber area fronthecharring area.

This loss in strength leads to a shift in the location ohthéral axis andnore crucially the loss

of stiffness from the connectio@omplex thermal and mechanical responses must be considered
when examining TCC sections exposed to finerebyincreasing thehallengeto develop both
simple analytical methodand advanced numerical procedures to quantify the fire resistance

according to the relevant codg$ozjan et al., 202). However to develop such models, there is a
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demand for more results to run comparative anatgsigrify the reliabiliy. Beforeforming such
products ther@eedsto be more material tesg and morelargescalefire experiments on TCC
sections.Table 2.8 summaisesthe completed research on screw connections in TCC assemblies
when exposed to Fire. Notkat limited datais available, as there are numerous ways to design
TCC sections especially considering the type of sections, differeod materials, and various

shearconnection types.

Table 2.8: Research o8TSin TCC exposed thre (adapted from Shi et al., 2022)
(Frargi etal.,, (Caldovaet (Osborne, (Du etal,, (Shephard et

2010) al., 2015) 2015) 2021) al., 2021)
(Dagenais et
al., 2016)
Timber Type sawn and glular GLT CLT, LVL GLT CLT
Connection Screw(i6x Screw[(7.3 STS(8x Screw(i12) Fullythreadec
150/100) oriente  x 150) 180/100) oriented at 45screw {1 9.35 x
at 45] oriented at oriented at 45 200) oriented ¢
45] Truss Plates, 45
and lag screw
(13 x 152)
Type of Test Shear tests of Fire Fire resistanct Bending tests Fire resistance

TCC specimens resistance tests of TCC of TCC beam tests of TCC

bending tests o tests of TCC floor floor
TCC slab floor
Calculation  Modification - - Modification -
Method for factor factor
Connection
Fire Numerica - 3-D FE  1-D FE model 3-D FE model -
Modelling model
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2.7.1 TCC with Screw Connections utilizing CLT PangiglerFire

Limited research focused on the study of TCC sections using STS screws and having the timber
componenCLT. Two critical studies, from FPI Innovation and research completed by Shephard

et al.(2021).See Tabl.9for details of the assembligacluding $ecifics on each component of

the TCC sectioand the relationshipsxamined in the researdResults from each study show that

usingscrews as the shear connector in TCC sestsoaffective.

Table 2.9: Research orscrewconnections in TCGlabsutilizing CLT when exposed thre
(Osborne, 2015and(Dagenai (Shephard et al., 2021)

et al., 2016)
Type of Assembly Slab Type Slab Type
Test Method Flexure Bending Direct Shear-and Flexure
Bending
Dimension 4800 x 1829mm 4800 x 1200mm

Wood Component CLT CLT

Wood Dimension 5 ply, 175mm 5 ply, 175mm
Concrete Thickness 89 mm 57.2mm

28-day Strength 30 MPa 34.5 MPa

Screw Arrangement 457 In line with bending profili453 In line with bending profil¢

Spacing Longitudinal 406 mm 305mm
Transverse Spacing 102mm 305mm
Screw Length 180mm 200mm
Screw Embedment Length 100mm 150mm
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Table 29: Researclon screw connectiona TCC utilizing CLT when exposed fae,

Continued
(Osborne, 20159nd(Dagenais (Shephard et al., 2021)
et al., 2016)
Screw Diameter 8 mm 9.53 mm

NLT with Truss Plates
Other TCCsections NLT with Truss Plates
LVL with Lag Screws

Fire Curve CAN/ULC-S101 ASTM E119 Standard Fire

Distributed service load of 3.¢

Loading Applied Selfweight+ 2.4 kPa P
a

_ _ _ ) ~ Temperature Profiles, Charrir
Relationships that are studieTemperature Profiles, Charrir o
Deflection, influence of Pane

duringexperiments Deflection, Heat Transfer )
to-Panel Joint
Failure Criterion Deflection Deflection
Duration of Fire 214 min 187min

2.7.1.1 Temperatur®ata and Charing Behaviour

When studying any material or structural system exposed to tfieecritical data collection is
temperature. Measuring tineat transfer ratieom the side exposed to the top of the section. It is
particularly ineresting in TCC sections and learning to what level the connection tramsétite

the surrounding concretés previouslydiscussedfresearch when examining CLT behaviour
under fire when considering TCC utilizing CLT panetise problem is as compleBefore
confidently knowing the precise failure time, charring rate, or delamination effects, there still
needs further investigatiomMowever,comparing research done on either CLT panels alone or on

TCC sections showsnmistakablesimilarities in behavioww and patterns.
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For the panel studied by Osbor(2015) three key depths aienportant to notethe interface
bet ween the @B5nmms 70mm, HESmm). Thelfingtdply was charred at 60 min,
beginning to fall at 90 min, giving a char rateddB2mm/min. The second ply was charred at 105
min, falling at 120 min, givin@ charring rateof 0.68 mm/min Then the third ply was charred at
150 min, falling at 180 min, giving a charring rate of On@&/min. Since the slab reached failure
due to defletion at 187min, thetesting was terminated.herefore the charringrate begarike

that of the accepted European standard of m&¥min but as theply fell and delamination
occurred the charring rate further increased. Ottemperaturesf interestare at the interface
where there was only a slight increase of aBOUE and only 5C at themid-depthof the concrete.
Last is the temperature of the screwhich increased by 98, but it 6s i mportant
di dndt o clocation dithe $aew tip tedcleed a temperature of I00The heatuickly
transferred through the screw from the tip to the teatlincreased much more rapidly once the
wood fell around the tip of the scramdwas directly exposed to the fire. Although the temperature

in the screw wagaisedthere was neglectable heat transfer to the concrete.

Similar patterns can be sear the assembly studied by Shephard ef28l21).The heat transfer
from the exposed deto the interface (5€) and into the concrete (A2) wasmore significant
The charring rate since the first ply was 0.88n/min, and subsequent plys were Orn/min.
Greatercharring rates also lead sogreaer loss of section wittan averagelepth renaining 25
mm, which would be only the very top ply of the CLT panel. Unlikegreviousstudy, where
both the fourth andifth ply remained. One reason for the difference couldhbéthe adhesive
that each panel is manufactured withk previously disessedaffectsthe delamination occurrence.

Althoughthe placement of the screws and corresponding spacing is diffégrientould causa
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difference in the composite actibehaviour and deflection, not the charring rate of the CLT panel.
Another possiliity is the influence that the parel-panel jointaffectsthe performance of the
floor. Thisis an area for future researcksthe connection is the weak point when designing
structural systemdf it is proven that having a pangl-panel jointdecreasethe fire resistance
time, then that would simultaneously affect the fire resistance femtiveflooring system, which

is amuchneededopic for further exploration.
2.7.1.2 Deflection

Like testingCLT when exposed to firevhen running tests on TCC section failwr@erion is
defection Astests were not carried out until complstaucturalfailure but wherthe sections were
no longer load bearing\dditionally, for Shephard et a{2021) this wastwo distinct times, first
at 105 min when the loading was removed and #ti87 min when thdéloor could no longer
carry self-weight From Osborn€2015) the maximum defectiohefore failure was % mm but

rapidly increased to ZImm afterthe structurafailure occurred at 18win.
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CHAPTER 3: RESEARCH METHODOLOGY

While TCC sections have been studied for many years across various countries, limited testing and
verification are completed in Canada. This shows that the possibility of TCC sections being
implementd into the Canadiaikngineeringdesign inwood standard (CSA O86) requires more
extensive experimental testing, computer modelling, and numerical analyses. Currently, TCC
sections have only been designed using perforraased guidelines, as the prescriptive methods

are still lacking in many of theublished wood design standards.

After more data is obtained, trends can be studied and crossed examined. Thereby showing how
the physical, mechanical, and thermal properties affect the structural behaviour of the TCC section
and its overall desigprocedure. As previously discussed, several design parameters can affect the
TCC sections' behaviour both at ambient and in fire conditions. For instance, assembly type, timber
material, concrete properties, and shear connection type and dimensions @tantngesign
parameters. With such a wide variety of TCC sections having accurate design models not only
simplifies the design procedure for structural engineers but is alseftiogtnt, as experimental
testing is expensive in terms of time and maleriaspecially when considering fire testing, there

is a faction of labs equipped to examine structural elements when exposed to fire. Therefore, when
more experimental results are available, they can be used to validate computer models and
analytical outpts, making it possible to exploit further and increase the use of TCC sections for

floor systems in mass timber buildings across the country.

The reviewed literature highlighted a lack of research on TCC section's fire behaviour, especially
when designedtilizing CLT panels as the timber component and STS as the shear connectors.

Therefore, the experimental prograntled current study was developed to investigate the
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behaviour of TCC floor assemblies at elevated temperatures. The research carri¢ghdi®ut in
thesis is part of a larger reseapriogram being conducted on mass timber innovative structural
systemsat Lakehead Universitifire Testing and Research Laboratory (LUFTRL}tudy their
behaviour when exposed to fire. This includes examininglifferent types of shear connectors
utilized in TCC floor systems to enharibefire resistance of such mass timber floor systems
Thereby providing comparative experimental results for further analysis and enriching the

knowledge base for TCC floor systs in Canada.

3.1 Experimental Program

Following typical fire resistance design procedurB€C floor assemblies were subjected to
monotonicloading before being exposed to standard fire. Each floor assembly was exposed to
CAN/ULC-S101 standard fire timemperature curve fothe fire tests of the research study
presented ithis thesis. In Canada, a minimum fire resistance rating of 45 minutes is required for
structural timber components. However, considering thearewf erectingtall wood buildings

ard the introduction of EMTC, the goal has bedrangedo achieve a minimum fire resistance
rating of 2 hourdor buildings of more than six stories in heighterefore, to accomplish the

research objectives tis study, the following goals havesén identified.

1. Achieving a 2hour fire resistance for the TCC floor assembli&élzing STS as shear
connectorsthereby enhancing the fire performance of the CLT panels instead of being
used separately as floor slabs.

2. Enhancing the understanding of thehaviour of TCC floor systems and their applications

in Canada.
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3. Verifying the actual charring rates and behaviour of CLT floor panels under one

dimensional heat transfeecause ofire exposure.

3.1.1 Elevated Temperatw€esting

Fire endurance téeg was carried out at Lakehead Universiye Testing and Research
Laboratory (LUFTRL) located on the Thunder Bay campus, Ontario. Theasttte-art facility,

shown in Figure 3.1, accommodates a large custesigned furnace with two natwgas fel
burners that can raise the furnaceds temperat
panel that can be set to follow any fire thibeenperature curve. The furnace compartment is within

a large loadinfpupporting steeframed structureFigure 3.2. The walls of the furnace include a
strengthened heassteel plated exterior with thick Fiberfrax blankets lining the intefagure

3.3. The furnace is constructed so the large fdootr and roof panels can be removed using the

1-ton jib cranemstalled inside the facility. Thereby, allowing to install and then load different test

specimens and assemblies with various configurations.

The roof panel is comprised of three separated strips that are joined together. As for this research,
each of th®00-mm wide TCC floor slab wgdaced instead of the middle roof strip, thereby acting

as a roof and being exposedstandard fire and thusubjected to ondimensional heat transfer

from underneathFigure 3.3. The overall dimensionsafy TCC floor assemblare 5300 mm by

900 mm, with a clear span of 5000 mm. As the furnace itself is notleadng, the TCC floor

slab rests on simple supports placed on the transverse beams of the exteriofslgautanting
steelframed structure. Thereby, not the entire span (5000 mm) of the floor slab was exposed to
fire, but rathem middle length equivalent to the interior length of the furnace chamber (3750 mm).

This allowed 75% of the floor slab length todagosed to fire as well as guaranteed keeping the
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supports of the test specimens outside the furnace. Meanwhile, undiEutimint flexure
bending applied othe TCC floor slabs, the locations of the greatest shear, moment and deflection

were always witin the furnace chamber.

Addi ti onal vent s on the furnaceos floor and
instrumentation and setup of fire tests. These furnace features allogvéice tests to follow a

similar experimental setup and methodolag/ that used during ambient temperature testing.
However, for this experimental program, all instrumentation were installed from the top of the

floor test assemblies and thereby located out of the furnace and not directly exposed to the increase

in temperéure.

Figure 3.1: Lakehead University Fire Testing and Research Laboratbty=TRL (Courtesy of

Dr. Salem)
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Figure 3.3: Interior ofthetesting furnace witlone of the TCC floor test assemblies installed.
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Figure 3.4: DAQ systems utilized.

3.2 Data Collection

To accomplish the objectives of this experimental study, measurements and experimeatal data
required to evaluate and quantife performance of TCC sectewhen exposed tstandardfire.
Additionally, to studythe behaviour of the STS connections utilizing the two different inclination
angles and howvell they affectultimate behaviourThereareextensive stuésexaminng TCC
floor assembliesat ambient temperaturenowever,the influence of elevated temperatien

T C Cbebaviour isstill lacking.Also, itis essentiato provide reference and insight into recorded
visual observations of tHe®or assemblies akeywere designed to achieve a fiesistanceating

of 2 hours Thus, firetess wereterminatedshortly after reaching thiéire resistance time mark
The critical data that needed to be captuvetemainly temperatureneasuremenindtheoverall
deflectons of thetestassemblyasthe midspandeflection was used as a control variable during
experimental testing witthe firetest being terminatedncethe assembt can no longesustain

theapplied loadingr the 2hr duration has been achievédiditiondly thermal temperaturegere
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monitoredto terminatethe testonceTC5 which is located at the interfabetweenthe third and
fourth ply of the CLT panel reachdbe wood charring temperaturéi.e., 30@C). Thermal
measurements included furnace temperatures, external wood temperatures, internal wood

temperatures, concrete temperatures, and screw temperatures.

3.2.1 Elevated Temperatw&esting

Test assemblies were loaded to the design load, includingP2.@éadoad (in addition to sel

weight) and 2.4 kPa livéoad to be representative of in situ loading for typicalgsidenial
occupancyoading Test assembliesere then exposed &devated temperatures of tBAN/ULC-

S101 standard fire timemperatire curve in the largsize fire testing furnace at Lakehead
Universityods Fire Testing and Research Labora
achieve a zhr fire resistance, thereby doubling the fire resistance of the CLT panel as a standalone
element as reported by the manufacture, Nordic Structures. The design di&aspecimen and

its sheaiconnection was determined by adopting the clauses and equations in the Canadian Wood
Design Handbook (2020), Design Guide for TCC Floors in Canada (AW0&0), and European

Design Code for screw capacity.

For thefire resistance testing, the failure criterion was determined wiemidspandeflection

rate exceeded an acceptable rate. For this study, whemithepandeflectionrate reachedan
exceednce 0fL%9000d = 11.92nm/min or test duration exceededhfire duration thefire test

was terminated. Therefore, it was essential that loading and corresponding deflection data were
collected accurately to determine when Ti@&C section failed. In addition, during fire testing, the
applied load must remain constant with respect to time. This way, the assembly would represent

realistic conditions, defleanore because of the fire exposure, and show the decrease in load
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carrying capcity. Due to the highly elevated temperasumacing any displacement transducer
inside the firetesting furnace at temperatures that could easily reach 80®°C in about 30
minutes is impossible. Instead, displaceragm@remeasured at three locat®along each slabt
the midpoint and at the location of the tpoint loads using three drawire displacement

transducers installed above the furnace away from the elevated temperatures.

In addition to the mechanical measurements, thermal measusemesit be captured during fire
endurancetess. The furnaceds <contr ol panel uses th
compartment to control the fire and allow the test to follow the corresponding standard fire time
temperature curye-igure 3.5. It opettas by taking the temperatures frahe thermocouples

installed in the furnace. This data in turn controls the flow of gas to lower or raise the temperature

to regulate the temperature in the furnace compartment to follow the profilesmiogrammed

time-tem peratureurves.

:‘5 Lakehead Horizontal Test Furnace %“ﬂ%

UNIVERS ITY

Fire Testing & Research Laboratory - Dr. Satem r 01:49:18 PM 1026/722)

Indicates TC used for Fumace Process Control, Touch TC to Toggle

Figure 3.5 HumanMac hi ne | nterface (HMI) touch screel

(Courtesy of Dr. Salem)
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Additional temperature measurementsre requiredto monitor the tempetures of each test
assembly. Thudyigh temperaturasulatedType Kthermocouplesvereused at specific locations

in the CLT panelconcreteslab, and on the STS connectitmtotal therevere37 thermocouples
inserted into each slab at specified depths #ihadiscussed in the following section$ this

chapter This data provides information on the transfer of heat through the specimen and the
temperature adifferentcomponents at a givemrte during the test antlus,can be used to observe

the relationship between time, temperature, thedlepthinto the floor assemblycrosssection.
Measuring the temperature throughout the section is even more critical when studying EWP
compared taoncrée or steel specimens, as it is needed to examine thenghyate and loss of
area resisting appl i ed | oceharmedsgctiors|germhanektly losht h e r

not just a reduction in mechanical performance, thereby leading to a sighifdss in strength

and stiffness.

(a) Mechanical Measurements (b) Thermal Measurements

Figure 3.6: DAQ systems setup
3.3 Materials

When designing TCC sectigrthe proper desigmf its three components significanityfluences

the overall section's behaviodiat being the timber, concrete, aidarconnection components.
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Each affects the design of the other components simultaneously, and all must be considered before

reaching a final design of tHeCC section.

3.3.1 CLT Paanls

Designing TCC sections starts with a selection of timber material and assembly type. As previously
mentioned, this research projetilized CLT panels supplied by Nordic Structures. The principal
mechanical properties of the sections summarized ihe$&®2 and2.3 in section 2.1.6 of this
thesiswere provided by the manufacturer and verified by the Canadian Construction Materials

Centre (CCMC) in Evaluation Report CCMC 13854CCMC, 2022).

While there are many differences in layup thickness andtijes for CLT to choose from, it is
clearly shown in the literature review that when considering fire desigily Br greater is
recommended due to charring behaviour and strength resistance provitdeblyyorientedin

the major strength directionTherefore, a $ly CLT panel was chosen when considering the
experimental setup, overall specimen dimensions, and applied loading. As Nordic Structures
provides two Eply CLT panels, one with all ply thickness beingr8h, giving an overall depth

of 175mm, and one with major strength plys 88n while the minor strength direction plys are
19mm, giving an overall depth of 148m. The slenderer one was chosen to align with the research

objectives.

The primary motivation is to achieve @Bfire resistancéme using TCC sections instead of only
having the CLT panel. Figure 3.7 shows the fire resistance of panels provided by Nordic Structures.
Showing the 175 mm panel already achieves-mB0fire resistance rating considering specimen
dimensions and loadin(clear span of 0 mm, 1.0 kPa dead load, and 2.4 kPa live load). While

the 143 mm panel only reaches arBih fire resistance rating; therefore, taking the slender CLT
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panel and designing it for2r fire resistance rating results in doubling the timetfie panel as a
standalone. This simultaneously meets the other research objectives as it improves the framework
for the TCC sections in Canada and verifies the panel's behaviour while under standard fire

exposure.

Live load = 2.4 kPa - Simple Span

24 kPa - Sim omn | comn  IETTNEEETINN
Layup combination selection
Dead
b, g}
load @ L (m)
(kPa) 250 275 300 325 350 375 400 425 450 475 500 525 550 575 6.00 625 650 675 7.00
1.0 89-3s | 105-3s
| 105-3s 143-5¢
15 8935 | 105-3s 10538 143-5s -
14 17
20 89-3s 10530 range 1435 555
25 89-3s
3.0 89-3s
143-58 17558
35 197-7 21371 Zoil
-8

17558
4.0 105-3s 17558 197-Ts 213-n
4.5 244-Ts  244-T1

105-3s 175-5¢ 197-7s 21371

5.0 213-T1 244-Ts  244-71

Figure 3.7: Fireresistancéime ofthe CLT panelsproduced byNordic Structuregadapted from

Nordic Structures, 2020)
3.32 Concrete

After determining the timber aspect of a TCC segtihe next stepvasevaluating the concrete
portion. Howeve, for thisit is essentiato not only design for strength properties but alsesider
the overall design of the sectiddow the material best work together and dimensiorikedhear
connectosto be able to provide adequate cover. Thereforampadful parameter is the thickness
of theconcreteslab that is useddased oriheliterature reviewor TCC sections with ST&s shear

conneobrs typical concrete thickness ranged from&Dmm, withan average value of 66m.

When deciding oroncrete thicknesswo essential aspects of the design oftB€ section must
be consideredFirst, he overall concept of TCC sections is to have the concrete |osatieely
in the compressive zone and timber in the tensile zone. Therefore, commeenstates that the

section's neutral axibe situatedat the interface between the twmaterials However, while
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studying fire conditionsit is favoured to have the neutral axis locatedhe timber material
However, vihenthe char front progressebe neutral axis is shifted upward due to¢hesssection
loss If consideringelevated temperaturegs is recommended to have the neutral axisnbelow
the interface.Second is the type and dimension of #iearconneacbrs used. As previously
mentionel, theshearconnecbrsused in this research is STi8eaning that concrete cover needs
to be considered at the eadd from the top of the slab. Therefaitee screw dimensions need to

be compared against not only the embedment into the timbatdoutto the concrete.

The concrete used in this research is normal strength cangeetd able3.1 for mix design for
lone cubic meter of concrets wellasits design properties. Coarse aggregates wetemite
based with a maximum aggregate sizel6fmm ard a nominal diameter of 18m. Smaller
diameter aggregatesecommon in TCC secti@as it allovs for the mix toadequately flow and
bond around the shear connectdféatercementratio used was approximately 0.56 and no
additives were used in tleencretemix. Additionally, the minimum reinforcement ratio of 0.002
of the concretelabcrosssectionswas achieved by placing a wire mesh with & gid of 6

mm steel.This is mainly b control tension cracking due shrinkage.

Table 3.1: Concretemix design

Component Quantity (kg)
Coarse Aggregates 1121.2
Fine Aggregates 852.5
Cement 310
Water 175.7
Compressive Strength 30 MPa
Modulus of Elasticity 25000 MPa
Density 2400 kg/nd
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Additionally, due to the seen benefit of including insulation layer at the interface with respect to
increasing the moment arm between the timber and concrete components, decreasing overall
weight, and increasintpethermal and vibratiooharacteristicsa layer of irsulation was adetito

all four specimens. However, due to the less desirable effects when placirgjr&gtty through

the installation layer with the decrease in strength and stifimees¢ise screw tends to twist and
buckle theinsulationwas only placedh between the screws rowigure3.8 Also, the thickness

of the concrete layer was reducglderetheinsulationlayeris locateclhoweverthe concrete layer

full thickness was maintainet theshear connector3.herefore, the thickness of concret®@s

mm aroundhe STS, 65mm overtheinsulationlayer, with average concrete thickness ofrvién.

Type of insulation waBOAMULAR CodeBord XPS Insulation cut to strips of 20@n wide and

placed intermediate between screw rows.

S Rl e e

T e e T e A S e e e T e e

T e e T e A S e e e T e e

T T

L

Figure 3.8: Insulationlayout(top view).
3.33 Self-TappingScrews

The properties of the screws investigated in this research are shdwahl@8.2 and Figure3.9.
The product evaluation report provides the technical specifications of the screws (CCM€E 13677
R, 2020).Screws were inserted at two different inclination angles to comparerttheence on

thefire performancef the different TCC flooassembliesThe first two slabs had screws at 45

8¢



and theothertwo had them at 3Qmeasured to the horizontal)hereby giving a difference in the

vertical and horizontal projection of the screw into each of the mageeialconcrete and timber)

Table 3.2: STSpropertieCCMC 13677R, 2020)

_ Concrete Wood Bending Tensile Shear
Diameter
( Length (mm) Embedmen Embedmen Strength  Strength  Strength
mm
Length (mmLength (mm  (MPa) (kN) (MPa)
8 240 90 150 1015 18.9 641
Concrete Embedment (mm)
45 Degrees 30 Degrees
Horizontal Projection 64 78
Vertical Projection 64 48
CLT Embedment (mm)
45 Degrees 30 Degrees
Horizontal Projection 106 130
Vertical Projection 106 75

Figure 3.9: SWG ASSY VG plugylindrical head

3.4 DesignCalculations

As previously mentioned, two calculation methods need to be considered when designing TCC
sections: thegrmethod and the EPM. While the first is more appropriate for brittle connectors, and
EPM is designed for ductile connection, both need to be calculatddtermine the minimum
estimated value. Both methods result in three equations for determining bending moment capacity
and four equations for shear resistance. All must be calculated during ambient temperatures for

standard and long durations and firenditions for short durations. Thaesign calculation
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procedure followedvasfrom the Design Guide for TCC Floors in Canddaiclair, 2020)and

European Code to determine screw capd€9ST Action FP1402, 2018)

3.4.1 Screw Cajmity

The shear resistance of tI®TS connector significantly impacts tinequantity and layout
arrangementWhen designing connections using STS, calculations were completed following the
Design of timbeiconcrete composite structures by COST Action FPAHE, that utilized
equations from EN 199%1 and ETAi 13/0029 to determinthe Load-Carrying Capacity per
ASSY plus VG screw and a check to verify the behaviour of screws in the transverse direction.
Table3.3has the final calculation results with therews orientated at 4&nd 30 andatambient

and fire conditios. Refer to Section 3.4.4.2 for adjustments required for determining the shear
resistance of screws when exposed to elevated temperatures. EgBdtitmeugh 3.5how the

calculation proedure that is required to follow.

Table 3.3: Calculated Bearresistance pescrew

, 45 30
0wy . — . —
Ambient Fire Condition Ambient Fire Condition
) Temperature 2.y Duration Temperature  2_pr Duration
14.44 6.59 15.49 9.99
Difference in 45.6% 64.5%

Resistance

Note:"O is from Euro Code 5 standamd;;  is from (Auclair, 2020, both are Shear resistance of a single connector in the span direction

Equation 3.1: Load onscrews in a ro(EN 19951-1)
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where:

where:
Q = Shear stiffness of a singtennector in the span direction for
serviceability limit state
¢ = Number of screws rows thetransverse direction
i = effective spacing of the connector
L = clear span distance (mm)

‘O = Young modulus of timber component (MPa)

0 = Cros-section area of timber component (Aim

&
where:
‘00 =Auxial stiffness of concrete layer (Nefer to Equatior3.7
‘00 = Axial stiffness of timber layer (N)
i ™Q o T™®Qy
where:
0 = Effective gap between the concrete and the timber layer
(mm).

rp

s =spacing of the connector along the span (mm)
‘00 = Effective Bending Stiffness (Mn¥), refer to Equatiors.7

Equation 3.2: Characteristic LoatCarrying Capacity per ASSY plus VG scréam A-13/0029)
O | ETO{hOj
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where:

a=30 ora=45

O j WE T |° QW0 f; 1

Or wEIP "1 QK j
where:

* = Friction coefficient; for direct contact between timber and conctrete
0.25; otherwise =0

Ofin — —
where
"Q = Withdrawal Parameter (refer to Taldel)
d = Screwdiameter in mm

‘O =is the embedment depth of the ASSY plus VG screw in the
timber member in mm

" =is characteristic timber member density in kij/m
"Q = Tensile Capacity (refer to TakBed)

Table 3.4:Properties of ASSY plus VG Screiadapted from ETAL3/0029, 2017)

ASSY plus VG Screw Diamete = 8 mm Diameter = 10 mm
Yield Moment M,k (Nm) 20 36
Tensile Capacityidnk (KN) 7 32
Withdrawal Parametegsfk (N/mn?) 11 10

Equation 3.3: Effective Number of Screws (EN 19951)

€ g8

where:

€ = number of screws per location; 1 of single and 2 for pair arrangements

Equation 3.4: Design Load Bearing Capacity of the Screws in a row

0
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where:

‘Q =Referto EN 1993-1 Table 3.1
"O = LoadCarrying Capacity per screw (Refer to Equatod
[ =Refer to EN 1998-1 Table 2.3

Equation 3.5: Verification of Fasteners

— P
Note that connectors need to be checked at both serviceability and ultimate limit states for
standard/short and long duration, as well as ifdigea difference in screw spacing or significant

changes in shear load profile.

3.4.2Bending Moment Resistaac

After knowing all the behaviour properties of the three components: timber, concregiheand
conneobrs it is possible tacalculate the overall behaviour of the section under flexure bending.
Following thegmethod must check with timber being theiling factor (Equatior8.8) and the

other when concrete (Equati@®) is the limitation. Then an additional analysis following EPM
(Equation3.10 where the connector has assumed to be yielded. After conducting all three
investigations, the final momengsistance is the minimum value from the three equations
(Equation3.6). The calculation results can be seen in T@BIBand3.6, and equation details for
g-method in section 3.4.2.1 and EPMsiction3.4.2.2. Calculatinghe sectiorEffective Bending

has been studied both in terms of duration and for Serviceability Limit States (SLS) and Ultimate

Limit States (ULS), athe overall deflection must be checked following SLS.

As for moment resistance, both short/standard term -termg, and fire conditios have been

examinedThe section utilizatiofactorfollows standard design procedure wherkre conditions
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typically the utilization factor of the section is almaktublel compared to thdbr the ultimate
designcapacity of the secticet ambient conditiorNote that the values for the equations following
theg-method are equal for both screw insertion angles, as the equations are not relatstkiar the
connection's properties but the timber and conpregertiesIn contrast, EPMansiders the shear
resistance of screws and alters the moment resistance when it changes. The reason for the

difference as the screw orientation changes will be discussed later in detail; refer to section 3.4.4.2.
Equation 3.6: Bending moment resistance of the composite section
0 [ ET0 55N0 £5N0 &

Table 3.5: Calculated effective bending stiffness of composite section
Effective Bending StiffnessO'0  (N.mn¥)

Serviceability : . Ultimate . Fire Conditions
Serviceability Ultimate Ultimat
Short and Standard Lona Term Short and Lona Term Imate
Term 9 Standard Term 9 Short Term
7.4138x 1012 2.713 x 102 6.326 x 102 2.350 x 102 1.5303 x 102
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Table 3.6: Calculated bending moment resistance of composite section

Bending Moment Resistan®e (kNm)

Screw Short and Standard Fire Conditions
) . Long Term _
Orientatior Term 2 hr Duration
U mh 118.52 65.00 51.18
U ph 91.99 107.77 30.47
0 f 137.29 108.90 37.71
45 0
i EJ 91.99 65.00 30.47
0 26.23 19.14 18.29
0 0 % % N
U mh 118.52 65.00 51.18
U pph 91.99 107.77 30.47
0 f 113.97 113.29 52.20
30 0
i ET 91.99 65.00 30.47
0 26.23 19.14 18.29
0 0 % % N

3.4.2.1gMethod

Equation 3.7: Effective Bending StiffnessO O
FRER TR TS BT Ar—a
where:

rop

[ , refer to Equatior.1

0060 00Q;

96



where:

‘O = Young modulus of concrete (MPa)
@ = width of concret¢mm)

Qp | | Q ¢Q ¢o | Q

where:

"Q = height of concrete (mm)

"Q = height of timber (mm)

00 '0—*"

where:
I ™MQ o T™®Q
where:
0 = Effective gap between the concrete and the timber layer
(mm)
« Distance between the centroid of timber and the neutral axis of the concrete

layer, refer taEquation3.1

Equation 3.8: Bending moment resistance BEC usingl -method limited bytimber layer

h h

h h

where:
‘00 = Effective Bending Stiffness (Minv) refer to Equatior8.7
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“Y; = Tension resistance of the timber element (N)
0 j = Bending moment resistance of tiraber element (N)

[ Nondimensional factor for composite action for timber layer, refer to
Equation3.1

® Distance between the centroid of timber and the neutral axis of the concrete
layer, refer to Equatio8.1

‘00 = Axial stiffness of tinber layer (N)refer to Equatior8.1

0O0= Bending stif Pefeste EqodtioBllayer ( NAmm

Equation 3.9: Bending moment resistanoé TCCusingl -method limited byconcrete layer
0 5 TBPh QY

where:
%o = Resistance factor of concrete

"Q = Specified compression strength for the concrete

v

8 K
where:
‘00 = Effective Bending Stiffness (Kin¥) refer to Equatior.7

'Q;, = Effective height of the concrete layer by neglecting the concrete in tension,
refer to Equatior.7

roop

® = Distance between the centroid concrete and the neutral axis of the concrete

layer, refer to EquatioB.7

3.4.2.2 Elasté’lastic MethodEPM)

Equation 3.10: Bending moment resistance DEC section calculatéwith theEPM

98



where:
O a0 I ETY; Nk QO
where:
m = Number of connectors between the zero moment and the @rbsakection
"O = Characteristic Loa€arrying Capacity, refer to Equati@®
"Q = height of timber (mm)
0= Height of @p between the concrete and the timber layer
"Q = height of concrete (mm)

"Qr, = Effective height of the concrel@yer by neglecting the concrete in tension,
refer to Equatior3.7

h

b p8t —

where:

“Y; = Tension resistance of the timber element (N)
0 p = Bending moment resistance of the timber element (N)
@ = width of imber (mm)

Qp, Q

h

where:

‘O = Young modulus of timber component (MPa)

"Q = height of timber (mm)
‘O = Young modulus of concrete (MPa)

& = width of concrete (mm)

@ %.Q

f
3.4.3Shear Resistance
The next step iso calculae the shear resistance of the crgsstion. Resembling determining

bending moment resistance, there are equations follapamethod and EPM. However, both have
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two equations where the timber limits thestf and the other is limited by concrete. Which means
what is expected to fail first between the materials. Following the predicted behaviour of the
section and failing due to the timber component before the concrete. The overall shear resistance
can be dtermined usingquation3.11, with calculation procedure fgrmethodas perlEquations

3.12and3.13and EPMEquations3.14and3.15

Values from each of the equations can be seen in Babhleonsidering short/standard, loteym,

and 2hr fire duration. Shows that the equations limited by timber are critical considering either
method. Additionally, as previoustgentionedheg-method is consisteat ambientconditionbut
different considering elevated temperatures, unlike EPM, which changes regafdhesthermal
environmentThis gain relates to the variables in the equations and the differencegwinethod

is for theshearconnectors in elastic behaviour, while EPM is after the connecbemdyyielded

andbecomes within itinelasticbehavour region.

Equation 3.11: Shear resistance of the composite section

®w | ElosgpNwqaMos fNws &
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Table 3.7: Shearesistance of composite section
Shear Resistanes (kN)

Screw Short and Standard Fire Conditions
Orientatior Term Long Term 2-hr Duration
Wik 57.68 34.92 52.30
Wf R 190.97 243.49 80.87
WhH | 59.41 41.11 34.18
45 Wi f 268.75 320.35 181.58
o | E 57.68 34.92 34.18
@ 20.98 15.31 14.64
W W n W M
Whh 57.68 34.92 52.30
Wh i 190.97 243.49 80.87
O § 60.08 41.77 44.85
30 Wi f 245.49 315.82 96.53
w | E 57.68 34.92 44.85
@ 20.98 15.31 14.64
0 n N N

3.4.2.1gMethod

Equation 3.12 Shear resistanaesingl -method limited bytimber layer

WF f 5 WF
where:
‘00 = Effective Bending Stiffness (Mm?), refer to Equatior8.7
0O0= Bending stiffneds of timber | ayer
[ Nondimensional factor for composite action for timber layer, refer to
Equation3.1

‘00 = Axial stiffness of timber layer (N)
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"Q = height of timber (mm)

® Distance between the centroid of timber and the neutral axis of the concrete
layer, refer to Equatio8.1

W Shear resistance of timber layer

Equation 3.13 Shear resistanaesing’ -method limitedoy concrete layer

Op TR fho_ QO'Q

where:

%0 = Resistance factor of concrete

"Q = Specified compression strength for the concrete
_=1 for Normal strength concrete
@ = width of concrete (mm)

"Q = heightof concrete (mm)

3.4.2.2 Elasté’lastic MethodEPM)

Equation 3.14: Shear resistance of the composite section calculated wilEPlREimited by
timber

where:
Wy Shear resistance of timber layer
& = Number of connectors between the zero moment and the criticalseigmn
Wp "O = Characteristic Loa€arrying Capacity, refer to Equati@®
0 = Length between the criticatosssection and one point of zero moment
"Q = height of timber (mm)
0= Height of gap between the concrete and the timber |ayen)
00 OO0 00

where:

00 ——
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where:
‘O = Young modulus of concrete (MPa)

@ = width of concrete (mm)
"Q = heightof concrete (mm)

0O0= Bending stiffnedds of timber | ayer
i - L 0

where:

‘Q;, = Effective height of the concrete layer by neglecting the concrete in

tension, refer to Equatia®6

Equation 3.15: Shear resistance of the composite section calculated wilEPlREimited by
concrete

Refer to Equatior3.12

3.44 Elevated Temperaturgsonsiderations

When considering elevated temperatures for calculating the shear and moment resistance of the
composite section, two key differences must be understood and calculated: the CES gitemet!
capacity and the reduced sheeapacity of each screw in the connection. The design would be
unsafe and unrealistic in situ conditions without reducing the timbershedr connector

components.
3.44.1 CLTapacity

As discussed in Section 2.4 with CLT behaviour under fire, manghlas influence the panéls
behaviour, particularly the charring rate and delamination of lamellas. Additionally, the inherited

design properties of the panels with the ply in the major strength direction, taking a significant

10¢
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portion of the applied load@) influence how to design for CLT under fire. Therefore, following
the WDM, the capacity of CLT under fire is determined by first calculating the moment of inertia
of the panels only in the direction of applied stréiss, d: and d) aftersubtracting the expected
loss of crossection (x) due to charring ¥ and heated wood layef[x Figure 3.1Q After
determining this, the corresponding moment, shear, and tensile resstancbe calculated.
These values are then input into the catahs from the previous section to evaluate the
performance under firexposuresince each fire time relates to different char depihaus,
evaluation of lamellas remaining in the major strength direction to determine the moment of inertia
and correspondg resistances for the sectibecomes importantor this researchtudy, when
performingthe desigrtalculations, a charring rate of 0.F8n/min was usedjased orthe average
charring rate from the previously discussed studies when CLT is expossdnttardfire.
Although it exceeds the standard from the European Code ofnn@Bnin, it accounts for

delamination and provides an additionargin ofsafety.

Ny
Y

Unit width

A
d,
=

1L =g

L f o

Figure 3.10: CLT in fire condition calculatio (adapted fronCWC, 2020 p. V1-882)

For moment and shear resistance equations refer to SectiorEgjdaéions2.1 and2.3.
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Equation 3.16. CLT - Tensile Resistance in the Major StrenBihection

Y & %000

where:

%o 1

0 = Net crosssection of CLT, of remaining timber in both major and minor
strength directions

O Qu LUV UV
where:
ft= specified tensile strength of laminations in the longitudinal layers

(MPa) (refer to Tabl@.2)

3.44.2 ScrewCapacity

As previously discussed, it is critical to know the resistance of the shear connectors when designing
TCC sections, especially whenpssed to fire. From values for both bending moment and shear
resistance of the section, a clear difference can be seen depending on if the screws are orientated
at 45 (Slabsl and 2) or 30(Slabs3 and 4). The reason for this is as follows; when detengin

shear resistance per screw, it is multiplied proportionally to the percentdhe agpth of the

screw remaining in the CLT panel from the original screw embedment length. Logic follows as
Slabsl and 2 have a steeper angle and, therefore, greatiealprojection into the CLT (Table

3.2) that the screws at 4%ill be exposed to fire firstompared to those at 30Approximately

51 min into the fire, the screws iBlabs1l and 2 will start beingaffected by the increased
temperature compared to therews irSlabs3 and 4that would nountil around the 9&1in mark.

This is a huge difference in fire resistance atndcturalperformance. Therefore, at the goal of 2
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hr fire resistance timethe shear resistance per screw 5 for the 45 inclined screws while
at 64% forthe 30 inclined screwsThisis a significant difference in the strength of the connection
design. Accordingly, while the shear resistarscef the STS at thetwo insertion anglesre
comparable at ambient conditiotiney are greatly influenced when considering fiexposure

especially for longer durationsuch as 2 hours

a8
I I .
“‘g\, = \\on
(a) 45° STS Orientation (b) 30° STS CQrientation

Figure 3.11: Screwsexposed t®-hr standardife.

3.5 Fabrication Processind Details

Due to the complex nature of TCC sections, it is a rstdp process that must be followed to
fabricate eaclestsample. Both before, during, and after cast concrete on the CLT pandteand
STS sheaconnectios. Special care was taken to ensure adeungeasurements tiie thermal

data during testing. This step is vital as it directly reflects results and conclusions drawn. Slabs 1

and 2 have 45STS orientation, and Slabs 3 and 4 haveS0S orientation.

£

- xv“\‘&x \ : «<A‘?\@\ e SO

‘-
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(a) 45ASTS Orientation (b) 30ASTS Orientation

Figure 3.12 TCC dab crosssectiors.

10¢



3.5.1 Thermocoup_ayout andnstallation

(a) (b)

Figure 3.13: Thermocouplenstallationprocess

Thermocouples located in the CLT panel:

1 Used aportable electricaldrill with a drill guide to ensure holes were straight and
perpendicular to the surface of the CLToleswith nearthe diameter of a typical Type K
thermocouple wirg

1 Three thermocoupldse were used, left of center, centerline, and right of center

1 Specified depths were selected at the interface between each ply and-ttepthidf the
major ply,

1 This resulted in a total of 21 thermocouples located in the CLT forteathpecimen.
Thermocouples located at the interface:

1 At each of the three thermocouple lines (left, center, right), there were two thermocouples
stapled to the interfac&lotethatthermocouples weri@astalledprior to casting concrete
9 This is a critical location; thefere, the reason for the duplication

1 This resulted in a total of 6 thermocouples located at the interface between material
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Thermocouples located in the concrete:

1 At each of the three thermocouple lines (left, center, right), a thermocoupstuwedsd at
the same depth of concrete where the steel mesh was plabidh was miedepth of the
concrete over the layer of installatidwiotethatthermocouples were placed prior to casting
concrete

1 Additionally, one thermocouple is located at tbp of the concrete, only in the center of
the slab

1 This resulted in a total of 4 thermocouples located in the concrete for each slab
Thermocouples located on th&TS connectors:

1 At each of the three thermocouple lines (left, center, right), theretwerdtermocouples
located on the screwBlotethatthermocouples were placed prior to casting congcrete

1 Theleft and right lines were placed on the outside screws (transverse direction) that were
in line with the other thermocouples

1 For the center, @bere are no screws located on the center line, thermocouples were placed
on the middle screws on the ones just left and right of genter

1 This resulted in a total of 6 thermocouples located orsiffeconneabrsfor each slab.
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{TC12} Top of Concrete, only Middle Section

ATC10, TC11} Shear Connectors

@8mm, 240mm VG STS . ayd {TC9} Midpoint of Concrete
Inserted at 30 e -
Congrete Slab. {TC8F, TC8B} Interface between materials
90mm typ
{TC7} Midpoint of 5th ply
5 ply CLT slab- {TC6} Interface between 4th and 5th ply
143mm typ {TC5} Interface between 3rd and 4th ply

{TC4} Midpoint of 3rd ply
{TC3} Interface between 2nd and 3rd ply
{TC2} Interface between 1st and 2nd ply
{TC1} Midpoint of 1st ply

Figure 3.14: Thermocoupléocations Front View

(a) Left & Right Thermocouple lines (b) Middle Thermocouple lines
Figure 3.15: Thermocoupldocations’ Side View

3.5.2 Screw Connectisn

3.5.2.1 45 Screw Connectisiinstallation

1 Using aportable electricadlrill and drill guide adjusted to 45with a small diameter bit, a
guide hole was first made at each of the screw locatiigare3.16(a),

1 All screws were taped to mark the embedment depth of the screw in the CLT. Note that the
tape was removed after installation to provide good bondage of the concrete to the screws

1 Using aportable electricadlrill with the guiding arm placed at 48he screws were drilled

partially into the CLT Figure3.16(b). Note that this tool cannot i the screws at full
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depth but ensure they are inserted at the correct fnnglertion of the targeted embedment
length

For the final distance, aglectricalimpactdrill was utilized, providing enough torque and
power to place the screws at the fuBlOImm embedmentlepth in the CLTFigure3.16

(),

Figure3.16(d) shows the screws were placed with an acceptable level of tolerance from

the 45.

(© (d)

Figure 3.16. 45 screwconnectioninstalhtion
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3.5.2.1 30 Screw Connectisiinstallation

1 30 connection was more challenging to install due to the shallow angle to the horizontal
anddrilling tools could not be adjusted to an inclination angks than 45 Thereforethe
installationmethodwasslightly altered

1 The drill guide was set at 6@nd entirely rigged to be rotated to 9Uhereby having the
drill bit adjusted to insert at 30With a small diameter bit, pilot hole was first made at
each of the screw locatiorfsigure3.17(a),

1 All screws were taped to mark the embedment depth of the screw in the CLT. Note that the
tape was removed after installation to provide good bondage of the concrete to the screws

1 Dependent on thgilot hole aportable electricadrill was used to partially insettie screws
into the CLT, Figure3.17(b). Note that the previous tool for this stage could not be set to
30,

1 For the final distance, aglectricalimpactdrill was utilized, providing enough torque and
power to place the screws at the full ath embedmentlepth in the CLTFigure3.17
(c),

1 Figure3.17(d) shows the screws were placed with an acceptable level of tolerance from

the 30.
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(@) (b)

(©)

(d)
Figure 3.17: 30 screw connection installation

3.5.3 Concrete PreparatiandCasting

Concrete preparations

1 Temporary formwork was attached to each slab set to the required concrete depth of 90

mm, Figure3.18(a),

1 Insulation boardswere cut in strips of 200nm width and placed in intermediate spaces

betweerthe STSows andhenglued in place to prevent movement when casting concrete.
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Note that cut ofs were made arounthe thermocouplewires to avoid noise irthermal
readings durindire testing Figure3.18(b),

Wire mesh6-mmgauge steel with 15¢0150mm grid, was placed and securecgoone of

the installed ST%o prevent uplift and shift in concrete. Mesh was placed at approximately
57 mm from the CLTsurface which is middepth of the concrete over thesufation layer
Figure3.14c),

Steel threadedds were inserted at the corners of the slab to act as supports during concrete
casting/curing and used as the lift points to move the slab. tNateéhe saidods were
secured to the CLT with nutnd thickwasherdrom underneathFigure3.18c), before
castingconcreteandFigure3.19(e) after curing

Additionally, two eyébolts were placed just to the side of the outer thermocouple lines to
connect safety chainsecured betweethe slabandthe loadingsupporting steeframe

duringfire testing Figure3.18(e) before castingandFigure3.19(f) after curing
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Figure 3.18 Preparation foconcretepour.
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Casting concrete details:

1 Figure3.18(f) shows slabs ready for concrete casting. Nlwt#?2 & 4 @ieceswvere placed
across the slabs to wrap ttleermocouples around, keeping them safe and dry during
casting

f Concrete was cast for each slab separagelgh with approximately 0152 of concrete

9 Casting concrete followed the standard procedure for pouring concrete slabs: mixing,
slump measuring, digbuting evenly, vibrating, and smoothing accordingly

1 For each slab, three compression cylinders were taken for both 7 adaly 2@sting
Figures 3.19(a) through 3.19d). Additionally, density bucket was taken and measured

1 Slabs were covered with plasto aid in moisture retention and prevent rapid shrinkage in
the early stages of curing. Additionally, slabs were watered for initial days and formwork
was removed after 7daysigures 3.19(d) through 3.19f),

1 Minimal shrinkage was evident after remowdlformwork, on average-2 mm on the

sides.
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(©) (d)

(e) i)

Figure 3.19: Concretecasting
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3.6 Test Setup and Procedure

The testsetup schematic can be seen in Fig@t2Q with a top view of théurnaceanda general
specimerplaced showingthe dimension and placement af mechanical and thermal measigy
devices. As previously discussed, there are three thermodmgslevith 12thermocouplesn the

left, 12 on theight, and 13atthecenter Figures3.14and3.15 Thus, aotal of 37thermocouples
were installed in each test specimen to capture the temperaturet andnitor the overall
performance ofthe specimen Additionally, three drawrwire displacementransducerswere
installed at the location of the twamint loads andt the center. Comparing the left and right to
each other and the center wherernteximumadeflection is located can determine if the slabs are

deforming symmetrially aboutits center.

\lme K Thermocouple Locations

Load Application Location
?p\acemem Tranducer >/

Fumace Roof—/

Steel Beam Supports

Figure 3.20: Testsetup with a general tesssemblyplacedi Top View Schematic
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Figure 3.21: Testsetup with a general tesssemblyplaced.

The total load was applied four increments25% each,andthen wasnaintained for at least 30
minutes before the start of the fitest in conform withCAN/CSA-S101 fire endurance testing
standard. Accordingp the current testing capabilities, it was only possible to apply the desired
load over two-equal line loads to follow that of foynoint flexure bending. However, in situ
conditions, the load would be uniformly distributed (UDL) for floor slabs. To @mecthis
difference and test to realistic situations, loading was chosen to create equal moment magnitude

from that of a UDL but be applied as a te&qual point loads.

The standard fire exposure was controlled and monitoreahibyMI system that allows anto
follow the desired firetime-temperaturecurve. During testingdeflections and temperature
changesthroughout the sectiowere monitored. All tests were terminated when either TC5
(located betweethethird and fourth ply) reachdatiecharring tempeture orexceeded theritical

deflection rate Additionally, as each slab was duplicatedverify experimental resultshe fire
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test wasterminatedsoon after the -Ar time mark However the otherduplicated specimen
continued to show behaviotivatdoesnot dramatically droguickly after the 2hr fire exposure.
As posttest analysighe charreadvood layersn the specimenseveremovedthereby uncovering
the remaining CLT panel with structural integrity. Only slabs that were exposed to-bintgs2
duration were examindd determineghe critical value of residual sectiafter charringThereby

giving comparative results to previous researchtaednfluenceof theinclination angleof the

STS onthe charring rate of the CLT slabs.

Figure 3.22 TCC section with CLT exposed to standard.fire



CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSIONS

All TCC floor assemblies were exposed to @hmensional heat transfer due to elevafieel
temperaturesvhile being subjected to foyooint flexure bending. Loading was maintained
throughout the duration olfiefire test to follow standard fire endurance testing procedure, noting

that the loads applied throughout fire testing were specified loads (nakefdicto

Measurements recorded included vertical displacements at the location of point loads and midspan

and extensive thermal readings throughout three sections along the length of each test assembly.
Experimental results can evaluate the thermal and meaigperformance of TCC sections with

CLT and STS shear connectors throughout the test duration. Meaningful relationships to study are

the measured temperatures with respect to time, the charring behaviour of the CLT panel and how
this influences the TCGection, and overall deflection. Four samples were tested, with the first

two having STS orientated at 4&nd the last two having STS orientated atf8@m the horizontal.
4.1 Concrete Testing

Before completing fire testing on specimens, the concretgepties were examined, including

slump, density, and compressive strength at seven addy2&sting. As each slab was casted on

a different day from separate batches, the consistency shown is essential. The mix and TCC
sections were designed considercancrete with compressive strength equal to 30 MPa. Test
results show an average sexday strength of 29.86 MPa and-88y strength of 38.27, each with
minimal standard deviation. As the fire testing did not occur until about five months on average
after casting, the concrete compressive strength continued to increase during this time. However,
from previous research studies, the rate concrete compressive strength increases after the concrete

age passed the 28 days is significantly reduced. Thus, tday2&sting achieves most of the
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concrete compressive strength; although the inherent nature of concrete, the strength will continue
to increase as time progresses. From separate testing on the same concrete mix design, the strength
would have increased @approximately 4 MPa by the time of fire testing (approximately after

five months).

It is important to note that although the concrete strength is higher at the fire testing time and that

of the original design, it would not influence the fire resistaofdde TCC section. As previously
discussed, when calculating bending moment and shear resistance, there are multiple calculations
following theg-method and EPM. Each considers the limiting property being either the timber or
concrete components. Increas the strength of concrete could make the design not limited by

t hat equation but doesnét increase the over al

not been altered.

Table 4.1: Concretestrengh properties

Sample Number 1-45° 2-45° 3-30° 4 -30°
Slump (mm) 45 120 70 65

Density (kg/n?) N/A 2440 2467 2430
Compressive 27.98 29.36 30.40 31.84
Strength 28.87 29.62 32.65 26.78
/-Day (MPa) 29.06 29.20 31.61 31.00
Average 28.64 29.39 31.55 29.87
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Table 4-1: Concretestrengthpropertiescontinued

Sample Number 1-45° 2-45° 3-30° 4 -30°
Compressive 38.34 35.46 39.23 40.29
Strength 39.15 38.35 37.86 40.08
2&Day (MPa) 37.67 40.50 34.87 37.40
Average 38.39 38.10 37.32 39.26
Strength 75% 7% 85% 76%
Comparison
Curing Time 169 159 161 151

4.2 Measured Temperature

During any fireenduranceesting on structural elements, it is essential to monitor and study the
thermal behaviour of the sect®reven more so when considering combustible materials like CLT
or any other EWRo understand the rate of heat transferred and clgaofithe section. Unlike
other materials where structural integrity is only diminished, with wood products, this occurs in
addition to the loss of crosction. Thereby significantly influencing the ultimate capacity and
loss that is unrecoverable. Exaimnigg CLT when exposed to fire conditions is complex but
extremely important to designing TCC with skgipe assemblies and providing adequate

reliability in fire conditions.

Samples wergestedfollowing the CANULC S101fire endurance testing standard and its time
temperaturecurve to provide equivalent exposure timd@hus comparing behaviours and
performance of various assemblies and materials, including results from this research, and able to

relate with other experimental programs. Figure 4.1 shbgvactuafire time-temperatureurves
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appliedthroughoutthe four firetess, and a direct comparison to the stand@mtk-temperature

curve that was followed Thereby establishing consistency and validity of tive curves used

during testing with the standafide curve as all profiles nearly overlap. Figures 4.6 through 4.9
show theaveragd thermocouple readings and the fiiene-temperaturecurve corresponding to

each test (which will be discussed in greater detail in section 4.2.1). Exhibiting the development

of temperature corresponding to the fire curve and heat transfer through the slabs against time.

Time-Temperature Curve Comparison
1200.0

1000.0

800.0

Slab1
600.0 —5Slab2

Slab3

Temperature (°C)

—Slab4

——CAN/ULC 5101
400.0

200.0

0.0

0 20 40 60 80 100 120
Time (min)

Figure 4.1: Timel Temperature curve comparison

Results were analyzed in two distinct ways. First compared the slabs against themselves by looking
at the overall sections and studying the differences with tbe g@parate thermocouple locations:

left side, midspan, and right side. The left and right lines are just offset from the location of the
point-loading application. Then next is comparing the slab against each other, tracking if duplicate

samples are corstent and studying differences when comparing Slabs 1 and 2 with Slabs 3 and
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4, where the inclination of the STS for shear connectors chalRgéat.to section 3.5.1 and Figures
3.14 and 3.15 for specifics of the thermocouple layout. Concisely, thermesol@IL to TC7
were in the CLT panel, TC8 at the interface between materials, TC9 at tlueeptidof concrete,

TC10 and TC11 around the STS, and TC12 on the concrete surface.

4.2.1 Temperature Profiles

Temperature profiles were developed for each slam fstudying all figures, they are in good
agreement with each other and very comparative in terms of rate and heat transfer through the
slabs. The first five thermocouples are the most critical, with TC1 being 17.5 mm inward, TC2
being 35 mm, TC3 being 5m, TC4 being 71.5 mm, and TC5 being 89 mm, as they are first to
experience the effects of fire, and the rate at which they heat dictates the overall performance of
the TCC floor assembly. Additionally, TC5 was used as a test termination to protect ds utm

major strength ply of the CLT panel.

All slabs safely achieved the threshold of #haur standard fire exposure, with Slab 1 and 3 tests
being terminated at 125 min, while Slab 2 and 4 continued until 145 min. Thereby, all slabs were
able to sustaire applied loads for the time required, if not exceed, and have a minimum-of two
hour fire resistance rating. Furthermore, charred depths and behaviourlaiumnstandard fire
exposure were determined to show that failure does not occur shortly afspetiic twehour

time mark.

Figures 42 through 45 show the entire test duration and measurements of all thermocouples
implemented in each test specimen. Comparing the trends in how each of the different depths and
locations increases temperature ceal@ate how the specimens were burning. Each thermocouple

number is the same colour, with the three separate locations having different line types: left side
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dotted, middle solid and right side dashed. Having multiple locations can have a better
represent@on of the slab and be able to distinguish if it is burning at similar rates across the
furnace. This is further demonstrated when examining the charring rate and depth discussed in
subsequent sections. While Figuredthhrough 49 show temperature prddis of data averaged for
thermocouple numbers to better examine the overall performance of the slabs and compare them
against each other more simply. All presented tiemperature curves show relatively smooth
profiles with a more gradual increase in tamgture, i.e., no sudden jumps in increased
temperature. This is attributed to the very minimal delamination experienced by the CLT panels
during fire tests. As there are no sudden spikes in thermal behaviour, no significant amount of
charred timber fell dring testing on the furnace floor. Delamination is a critical issue for CLT

panels in fire conditions.

It should be noted that Figuress4and 49 are for the fourth slab and have shown gaps in the
thermal data resulting from a testing complication dredibability to run the test continuously.
Complete data was stitched together, showing the time and duration of the stops. The HMI setup
allows staggering the starting point of the standardized fire curve. Therefore, the slab was still
tested following te same standard tirtemperature curve. There is a minimal difference when
comparing the results from the previdestas it is only needed to consider that the time in fire
and total duration are not equal. The temperatures changed more during tepisafter the

point of charring as the thermocouples would be fully exposed to the fire and more influenced
when the furnace stopped. Compared to still being in the timber material, even when the fire
stopped, it did not extinguish the timber; instehéyé was continuous burning and smouldering.
Thereby, not giving a difference for the short durations of the time stops. For this test, the two

hours of fire exposure occurred at 148 min into the total duration.
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Figure 4.2: Slab 1comparison of temperatures
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Figure 4.3 Slab 2comparison of temperatures
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Figure 4.4: Slab3 comparison of tempatures
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Figure 4.5: Slab 4comparison of temperatures
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Figure 4.6: Slabl average temperature readings
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Figure 4.7: Slab2 average temperature readings
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4.2.2Critical Thermocoupléemperature€omparison

The most critical thermocouple (TC5) was carefully monitored throughout fire tests. The
measurements of the said thermocouple were used to terminate the fire test. The said thermocouple
(TC5) is located at the interface between the third and the fourth ply of the CLT panel, thereby
having this thermocouple not reaching the charring temperature allowed for thisstnerath

direction ply to protect the utmost and final magtrength diretton ply. As previously stated,

only the majorstrength direction plys resist the applied loading and were used in determining the
strength properties of the CLT panel under fire exposure. Therefore, it was critical to ensure that
the very top ply remainei ensure the integrity of the TCC floor assembly and the safety while

removing the firedamaged assembly from the furnace after terminating the fire test.

As can be seen in Figured@through 4.8, the temperature profiles for thermocouple (TC5) from
each location: the left, the right, and the middle; additionally, the averaged profile for each slab
are shown. After examining the profiles at the fire test'sttaar duration, the measurements of
TC5 reach approximately 1060 C. Therefore, the location is undoubtedly experiencing the

effects of the fire but not at the point where full strengths of wood were lost.

It should be noted that the temperatures continued to increase for all test specimens after the two
hour mark, everfor the first and third slabs with a test duration of 125 min. This is the effect of
internal smouldering of the CLT panels and shows that once a combustible material ignites, even
though the fire is stopped does not directly correlate to the extinguishofiehe sample.
Furthermore, due to the test setup and procedure, it took, on average, another 15 minutes to
extinguish the samples after the furnace was shut off. Therefore, the thermocouples that were

directly exposed to the fire, i.e., TC1, TC2, ar€@3T as seen in previous figures had sudden drops
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in temperature due to the dramatic change in the fire environment by shutting off the furnace and
removing the fuel supply to the fire. However, more internal thermocouples still protected by

previous charre layers remained insulated and continued burning and charring upward.

Figure 4.10: Slab 1ltemperature examinatiaf TC5.

Figure 4.11: Slab 2temperatur@xaminatiorof TC5.
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