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Abstract

Cross-laminated timber (CLT) is an innovative wood technology currently gaining
popularity in Canada. However, there is little published information available regarding
its performance in fire. The focus of this research is on a series of eight medium-scale,
fire-resistance CLT floor tests. Parameters such as charring rate, temperature profile,
deflection, gypsum protection and adhesive performance, as well as the overall fire
resistance of the floors when subjected to both standard and non-standard fire
exposures were evaluated. The results, which compare favourably to past standard full-
scale CLT floor tests, were used to develop a numerical model capable of predicting the
performance of various CLT floor configurations exposed to any possible fire or load.
The experiments demonstrate that CLT panel constructions can be designed to possess
a fire-resistance that complies with building code requirements. The additional fire
performance data provided from the results of these tests will help facilitate the

incorporation of CLT into design standards and building codes.
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1 Introduction

In the last few years there has been considerable interest in the use of innovative wood
technologies from designers, wood and construction industries, and various levels of
government to increase the amount of wood used in the construction of residential,
office, school and commercial buildings. One such technology is the cross laminated

timber (CLT) panel.

CLT is a solid timber panel constructed by gluing or fastening together decks typically
made from nominal 2” x 4”s. However, unlike traditional glulam panels, each deck layer
is oriented 90° to the previous. The process is repeated in this fashion and panels are
constructed with anywhere from 3 to 9, or more layers (see Figure 1-1). Timber used in
each layer is composed of softwood, normally spruce, pine, or fir (SPF) and finished
panels can provide load distribution and dimensional stability in all directions due to the
oppositely oriented ply layers. This allows CLT panels to cover long spans and function
as floors, walls, or roof systems. The panels can be used to replace steel and concrete
and even act as the entire structure of multi-storey buildings, such as the nine-storey

residential building, Stadthaus, in Hackney, London [1].

Figure 1-1: Examples of Cross-Laminated Timber Panels



This type of construction was originally invented in the 1970s in Europe and industrial-
scale manufacture began in the late 1980s. It has since gained popularity across the UK,
and with the introduction of the “Wood First Act” in British Columbia in 2009 [2],
stipulating the use of wood as the primary building material in all new provincially
funded buildings. CLT has garnered significant attention elsewhere in Canada as well.
However, despite its growing popularity, there is currently little information published

on the fire performance of CLT panels.

In order to modify Canadian building codes to allow taller mid-rise wood constructions,
further research is necessary to demonstrate the safety of such buildings. To facilitate
this, a multi-disciplinary NSERC strategic research Network for Engineered Wood-based
Building Systems (NEWBUIldS) [3] has been established in collaboration with
FPInnovations, the Institute for Research in Construction of the National Research
Council, the Canadian Wood Council, and 11 universities across Canada. The objective of
this network is to advance scientific knowledge and construction technologies that will
enable wood-based products to be used in mid-rise and non-residential construction, or
integrated into hybridized construction. The research conducted in this thesis is a part of
that network and focuses specifically on investigating the fire performance of CLT floors.
Using Carleton University’s newly constructed furnace, a series of eight medium-scale,
fire-resistance tests were conducted on various CLT floor panel configurations. The tests
were conducted to evaluate a number of parameters such as the charring rate,
temperature profile, deflection, gypsum protection and adhesive performance, as well

as the overall fire resistance of the floors when subjected to both standard and non-



standard fire exposures. Four of these experiments were arranged to mirror four full-
scale CLT floor tests conducted by FPInnovations and the National Research Council of
Canada. The aim of this was to assess whether the results of medium-scale test data

was justified for use in gauging full-scale CLT performance.

As Canada, and many other countries around the world, move from prescriptive- to
performance-based building codes [4], the use of modelling tools and calculation
methods for measuring the performance of various design alternatives against the
established safety levels has become increasingly necessary. To contribute to this
progress, a numerical model was developed based on information in the literature and
the tests conducted in this thesis. The aim of the model was to predict the time that a
desired CLT floor assembly can endure when subjected to a defined fire and load. The
model was calibrated to match experimental data as close as possible and output was
compared with traditional simple calculation methods to evaluate which would be most

applicable for design analysis.

It is believed that the results of these tests will demonstrate that CLT panels are a
building technology that possesses fire-resistances capable of complying with building
code requirements. In addition, this work is hoped to help in the development of new
Building Codes that will incorporate CLT in future revisions of the National Building Code

of Canada (NBCC).



The main objectives of this research are to:
1. Provide a better understanding of the fire performance and characteristics of
CLT floors when exposed to both standard and non-standard fires.
2. Compare the performance of CLT panels when tested in medium-scale and full-
scale fire resistance tests using standard fire exposures.

3. Develop a numerical model to predict the fire resistance of CLT floors.

2 Literature Review

This chapter provides a summary of the literature referenced in this thesis. Standard fire
resistance testing, previous related research on CLT, as well as information regarding

the material properties of wood and gypsum at elevated temperatures are covered.

2.1 Standavd Fire-Resistance Test for Floors

A standard fire-resistance test for a floor assembly is a test method used as a means of
determining whether a particular construction will meet the minimum performance
criteria required in a building code or other regulation, usually quantified by a fire
resistance rating. The standard fire-resistance test used in Canada is CAN/ULC-5101 [5],
the United States uses ASTM E119 [6], and internationally many countries have adopted
the standard ISO 834 [7] directly or with some modification. For tests of floors and
roofs, an assembly is structurally loaded and a standard fire exposure is subjected to the

underside of the specimen.



The CAN/ULC-S101 standard fire-resistance test [5] has three failure criteria; structural,
insulation and integrity. The structural criterion states that the assembly must support
the applied load. Insulation failure occurs when the unexposed side of the panel
exceeds an average temperature increase greater than either 140°C from its original
temperature, or 180°C at any one location on the assembly. The integrity of the panel is
considered failed if flames or gases hot enough to ignite a cotton pad pass through to
the unexposed side. The assembly is given a fire-resistance in the form of a time
measured in minutes from the start of the test until one of these failure criteria has
occurred. The fire-resistance rating is given by this time rounded down to the highest of
the following ratings; 30 minutes, 45 minutes, one hour, an hour and a half, two hours,

and one hour increments after that.

211 Tire-Recistance Furnace and Test acoenbly

A typical fire-testing furnace consists of a large steel box lined with fire bricks and/or a
ceramic fibre blanket. The furnace has a number of burners, most often fuelled by gas or
premixed air and gas. There is an exhaust chimney and several thermocouples for
measuring furnace temperatures as shown in Figure 2-1. Test specimens are built into a
restraining frame, which is lowered onto the top of the furnace to close it off. The

desired load is then applied to the top surface of the specimen.
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There are no international or national standards for the specific dimensions of the
furnace; however ASTM E119 {6] specifies a minimum specimen size of 16 m? with a
span of at least 3.7 m, while ISO 834 recommends measurements of 3 x4 m [8]. The
National Research Council of Canada (NRCC) has a full-scale floor testing furnace that
measures 3.96 m x 4.87 m [9]. The loading system at the NRCC consists of a steel frame
carrying 30 hydraulic jacks able to apply a uniformly distributed load across the entire
surface of the floor specimen. In order to monitor the temperature in the furnace and
follow the necessary standard time-temperature curve, burners must be automatically
controlled by feedback from nine shielded thermocouples enclosed in sealed porcelain

tubes or wrought steel or iron pipe [5].



The time-temperature curves used in the various standard fire resistance tests are
referred to as standard fires and are typically defined by an equation. ASTM E119 [8]
and I1SO 834 [8] specify the most widely used standard fire curves, and as shown in

Figure 2-2, are very similar to each other.

Standard Time-Temperature Curves

1400

1200

w000 *
")
b
8 800
¥
g
3 s00 — -150 834
3
&

——ASTM E119
400
200
0
o 20 0 60 80 100 120 140 160 180
Time {min)
Figure 2-2: Canderd thme-tomperature corves

The standard fire curve in Canada, set out in CAN/ULC-S101 [5], is identical to the ASTM
E119 curve. Temperatures in this curve initially increase rapidly to about 765°C after 20
minutes before beginning to level-off. After about an hour, temperatures are nearly
900°C and around 1000°C after two hours. Unlike a real fire, the temperature in the

standard fire continues to increase indefinitely to ensure the specimen fails at some

point during the test.



Non-standard fires, also referred to as a parametric, real, or design fires, are typically
used when assessing an assembly’s performance in a specific real-fire scenario. These
fires are most often replications of compartment fires and typically only focus on the
post-flashover stage when temperatures are very high and can be considered uniform
throughout the compartment. A variety of models have been developed for design fires,
one of the most widely referenced being the ‘Swedish curves’ of Magnusson and
Thelandersson [10] shown in Figure 2-3. The opening factor is the ratio of the ventilation
area available to the fire divided by the total enclosure surface area, multiplied by the
square root of the opening height. This factor governs the amount of oxygen a fire will
receive in a post-flashover case [11]. The fuel load is the amount of combustible energy

in the contents of the compartment divided by the floor area of the compartment.

Temperature [°C]

1000 ' >
Opening factor = .04 m!
2
800
Fuel load
(MI/m?
600 totatares)
400 N \\
200 \
\T¥
e R et S —"
0 + t 1 4
0 1 2 3 4 5 6
Time [hr]

Figure 2-3: Swedish time-temperature curves for different fuel loads (reproduced from [12])



Parametric fire curves take into account compartment size, fuel load, ventilation
conditions and thermal properties of the compartment boﬁndaries. They offer a more
realistic estimate of the fire severity, which can be significantly worse than equivalent
early stages of standard time-temperature relationships. Unlike standard fires, a cooling

or ‘decay’ phase, as shown in Figure 2-4 is often incorporated at the end of the curve.
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Tests performed against a non-standard fire are typically uniquely designed for a
particular compartment or fire event, and therefore it may sometimes be difficult to
find past experiments with a comparable fire. For this reason commercial fire tests more
often involve standard fire exposures as their results can be more easily compared to

allow different products to be ranked against one another.

2.2.1 Equivaient Fire Severity

The concept of relating the results of a non-standard fire resistance test to a standard
fire resistance test is known as equivalent fire severity. it attempts to calculate the time
that an assembly subjected to a non-standard fire resistance test would last in a

standard fire resistance test. Numerous different methods of evaluating equivalency



have been proposed, one of which of most interest to this study is the ‘equal area

concept’ [8].

rurscude - Peduced (roceSecton Mothod 114

EN 1995-1-2 (Eurocode 5) [14] outlines a method of calculating the mechanical
resistance in timber members exposed to a standard fire. As a member is heated, a
heat-affected zone of about 35 to 40 mm [8] develops below to the char layer. Strength
properties and the modulus of elasticity in this zone are weakened due to the elevated
temperatures. The Eurocode outlines two simplified methods of imitating this

behaviour; the reduced properties method and the reduced cross-section method.

The reduced properties method applies to rectangular cross-sections of wood, typically
beams, exposed to fire on three or four sides. Since the experiments conducted in this
thesis involve a single surface exposed to the fire, this method does not apply and will

not be covered.

The reduced cross-section method involves subtracting a specified layer of uncharred
wood, which is assumed to possess zero-strength, from the cross-section of the
member. Charred sections of the member are also considered to have zero strength.
The thickness of the zero-strength layer is defined such that the mechanical strength of
the member, based on its total cross-section, minus the zero-strength and char layer, ,
will theoretically possess an equivalent strength to that of an actual identical member
subjected to the standard fire with the same char depth. The zero-strength layer

specified in the Eurocode is 7 mm. During the first 20 minutes of heating, this depth is

10



stipulated to increase linearly from 0 to 7 mm. If gypsum protection is present, the zero-
strength layer will increase linearly from 0 to 7 mm from the beginning of the test until
the calculated time when charring begins. This calculation is described in the next

section.

In order to determine the reduced cross-section, the char depth must be calculated
throughout the fire exposure. This can be taken as the position of the 300°C isotherr’.n in
the member. However, barring a method of heat transfer analysis, a more simplified
approach is advocated, which is to assume a constant charring rate. Different charring
rates are specified in the Eurocode depending on the type of wood (softwood,
hardwood, LVL, or paneling). For wood with a density greater than 450 kg/m> a
reduction factor is applied to the appropriate charring rate normally specified for less
dense wood. Additionally, increased charring rates are specified for members that will

experience the effect of corner rounding.

For members with fire protective gypsum boards, the start of charring is delayed by a
calculated time depending on the thickness of the boards. Unless otherwise specified,
the time at which the fire protection fails is assumed as the same time at which charring
begins. If charring is assumed to begin before fire protection fails, it is calculated at a
lower rate than the chosen charring rate until the calculated failure time of the fire
protection. This reduced rate is based on thickness of the protection layers. After the

fire protection has failed, the charring rate is doubled from the originally chosen value

11



until the charring depth is equal to either the charring depth of the same member
without fire protection, or 25 mm, whichever is less. At this point the charring rate then

reverts back to the originally chosen rate.

~

2o CLT Handboeek Fire Resistance Colcelation Mothad (51

FPinnovations has developed a peer-reviewed Handbook covering technical information
related to the manufacturing, design and performance of CLT. A section of this
handbook provides a calculation method to predict CLT’s fire performance, and more
specifically, the structural fire-resistance of an assembly exposed to the standard fire.
The method is based on the reduced cross-section method and charring calculations
from the Eurocode to calculate the moment resistance for floor and wall panels under

load.

The method assumes a zero-strength layer of 10.5 mm for floors and 15.9 mm for walls
instead of the Eurocode prescribed 7 mm, based on research conducted by Schmid [16].
The moment resistance of the panel is calculated based on the residual cross-section
and the assumption that all strength is provided from spanning plies. All cross plies are

assumed to provide no structural contribution.

The factored bending moment resistance for floors, as defined by CSA 086 [15], is
calculated at each time step using the equation below:
MT‘ = d)FbSefszbKL EQ. 2.1

Where the resistance factor, ¢ = 0.9, and F, equals:

Fp = fo(KpKyKspKr) Eq.2.2
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fo is the specified bending strength and K., K\, Kp, Ku, Ksp and Ky are the size factor in
bending, the lateral stability factor, load duration factor, system factor, service
condition factor and treatment factor, respectively. All are set to 1 as per definitions
given in CSA 086, except for the load duration factor, Kp, which is set 1.15, as specified
in the CLT Handbook [15]. The structural model is based on an ultimate limit state
approach. In this scheme, the factored bending moment resistance (M,) from Eq. 2.1, of
the remaining panel must be greater than the actual bending moment (Mf) required to
support the load, demonstrated in the following equation:

wL? I
MTZMf:_—S T 2.3

The time at which this condition is no longer met is considered the fire-resistance of the

assembly.

The effective section modulus (S.zf) of the panel is calculated based on a neutral axis

(¥) and the effective stiffness (El,fy), listed below:

5= 2 ViDiE; o sz
2iDiE; ‘
El ;= —B—QEE + » BDd?’E Fa. 2.5
eff = 12 i i Bi LG, .2
i ;
El
— e Eq. 2.6

S
o= E(Dflre y)
Where ¥, is the distance from the unexposed surface of the panel to the centroid of ply

i, D; is the remaining depth of ply i, and E; is the modulus of elasticity of ply i. d; is the

13



distance from the neutral axis to the centroid of ply i, and Dy, is the cross-section

depth, excluding the zero strength layer and char.

The Handbook also includes guidance for assemblies with gypsum board protection by
the addition of 30 minutes to the fire resistance rating for one layer of 15.9 mm type X

gypsum and 60 minutes for two layers.

Adhesive failure and subsequent ply delamination can be included for assemblies
constructed with thermoplastic adhesives. In this case, it is assumed that once the char
layer is within 12 mm of an adhesive bond line, the ply below should be considered to

have fallen off.

¢ ’

2.5 Proeviouwse CHT Five Dnperimenis and Computer Analveis Mocels

2.5.1 PPinnovations [17]

FPInnovations with the help of the National Research Council of Canada (NRCC)
conducted a series of full-scale CLT floor and wall tests. Carleton University, in
association with NEWBLuildS [3], a strategic research Network for Engineered Wood-
based Building Systems, has aligned with these research efforts to work toward a goal of
developing a design methodology for calculating the fire-resistance of CLT assemblies. A
total of eight standard full-scale tests were conducted at the NRCC fire laboratory. The
series consisted of three wall and five floor tests. Test panels were constructed with 3,5
or 7 plies of varying thicknesses while some assemblies were protected using one or two

layers of CGC [18] Sheetrock FireCode Core Type X gypsum board.
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Panels were instrumented with thermocouples and deflections gauges. Thermocouples
were embedded in-between and at mid-depth of each ply, at five different locations in
the floor assemblies. During tests with protection, thermocouples were placed at the
back surface of each gypsum board. All panels were loaded during each test with a
uniformly distributed load according to typical live loads found in the NBCC or a
deflection criterion of L/240 [17]. Data was obtained regarding; gypsum performance,
fall-off of ply layers, char depth, deflection, structural performance and the overall fire-

resistance, as per the CAN/ULC-S101 [5] standard for tests on wall and floor assemblies.

The results of these tests focused primarily on assessing charring rates in CLT panels and
future development of a calculation method for the fire resistance of CLT. All
information acquired from these tests has been used in conjunction with the research
completed in this thesis to continue to achieve this goal. Results are compared in more

detail in Section 4.

252 Frangi{19]

Experiments at Empa, the Swiss Laboratories for Material Testing and Research in
Duebendorf, Switzerland, were conducted to investigate the charring and fire behaviour
of cross-laminated timber floor panels. The main focus of the research was to determine
whether the fire behaviour of CLT is similar to that of homogeneous timber panels and
how it compares to the charring calculation method stipulated in EN 1995-1-2 [14]. This
involved looking at whether a charred ply layer would remain in place, similar to solid

timber, or fall-off. Tests were conducted in a small-scale furnace (1.0 x 0.8 m) on 11
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specimens consisting of 2, 3, and 5 layers. Layers were glued together using six different
commonly used adhesives; five of which were one-component polyurethane (PU) and
one melamine urea formaldehyde (MUF). Layers thicknesses were kept small (10, 20,
and 30 mm) as opposed to traditional layer thickness of around 38 mm, in order to

reduce the amount of time that char would take to reach a bond line.

The panels were all exposed to the standard ISO 834 [7] fire and temperatures were
measured between each layer at one minute intervals. Test results revealed ply fall-off
occurred for all panels constructed with PU adhesives when the temperature between
layers reached around 300°C. Panels constructed with MUF adhesives did not fall-off.
After a ply fell-off, a spike in the charring rate was observed. These increases in charring
rate were not constant; the later the ply fell off during the test, the higher the increase

in the charring rate. This was due to the increasing fire temperature.

Overall charring rates calculated throughout each test increased as char progressed
through all panels constructed with PU adhesives. The opposite was observed in panels
constructed with MUF adhesives and demonstrated the lowest overall charring rates at
around 0.60 mm/min at the end of these tests. Panels with PU adhesives had higher
overall charring rates, and panels with 10 mm plies had the highest overall charring
rates at around 1.0 mm/min at the end of the test. This was reasoned to be due to the

more frequent layer fall-off.

The char depth calculation used by EN 1995-1-2 [14] for initially protected surfaces was

compared to these results and determined to provide a conservative estimate of
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charring in CLT. In the Eurocode, after a ply layer falls off, the standard charring rate is
doubled (e.g. from 0.65 mm/min to 1.3 mm/min), up to a char depth of 25 mm before it
is brought back to the standard rate. Only one test involved a ply thickness greater than
25 mm and the charring rate did reduce slightly in that test, however this reduction in
the charring rate could not be completely verified since charring only continued for 5

mm.

Two fire tests were performed at the Ivalsa Trees and Timber Institute in San Michele
all’Adige, Italy, to study CLT floor panels exposed to the standard ISO 834 [7] fire. The
results of these tests were primarily used to help validate a 2D finite element model
implemented in Abaqus [21]. Both test panels consisted of 5-plies with thicknesses of
42,19, 28, 19, and 42 mm, a span of 5.6 m and a small width of 0.6 m. One of the floors
was protected with one layer of 15 mm, type F gypsum, while the other was left
unprotected. The floors were instrumented with thermocouples at various depths
throughout the panel and the back of the gypsum board. Floors were simply supported
over the furnace and a uniformly distributed load of 10 kN/m? was applied until
structural failure occurred. The unprotected floor test continued for 99 minutes, while
the protected floor failed after 110 minutes. The gypsum board on the protected floor

failed after 41 minutes. Ply delamination was not discussed in this paper.

The model was built on temperature-dependent relationships for wood properties

attained from the European code for fire design of timber structures. After around 80
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minutes into the tests, panels deflected into the furnace so much that heat was able to
penetrate the sides of the specimens. The model compensates for this by switching
from a 2- to 3-dimensional analysis at 80 minutes. To define the elastic-plastic stress
strain relationships of wood, the predefined ‘concrete damaged plasticity’ material
model in Abaqus [21] was adopted. Temperature-dependent degradation relationships

for strength and stiffness from the Eurocode were also used, shown in Figure 2-5.
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The gypsum was modelled employing thermal properties, but was assumed to add no
mechanical resistance to the assembly. Temperature-dependent relationships for
gypsum were obtained from a technical guideline from the SP Technical Research
Institute of Sweden. A criterion for when gypsum fell-off was not specified in the model.
The board was instead stipulated to fall-off after 41 minutes, as observed in the

experimental test.
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Temperature predictions in the both panels and the gypsum board produced by Abaqus
[21], matched experimental results closely. Stresses calculated in both panels

demonstrated how tension is redistributed amongst spanning plies as the panel chars.

Fire resistance predicted by the model, determined at structural failure, was very close

to experimental times, differing by only one or two minutes.

“chmid i ia]

This work focuses on developing a finite element design model using the effective cross-
section method to determine the reduction of bending resistance in CLT as a function of
time during standard fire exposures. The research also looks to determine the effect
that a slower heating rate has on CLT when protected by insulation and/or gypsum
plasterboard. The model is formulated based on the result of four fire-tests using beam
strips cut from CLT. Adequate side protection was applied in order to maintain one-
dimensional heat transfer. Two reference tests at ambient temperature were also
performed to act as a benchmark to compare against the moment resistance of the
beams tested in fire. All specimens had a span of 2.7 m and width of 150 mm, which is
considerably smaller than required for testing of CLT products. Four of the specimens
consisted of five layers of equal thickness at 19 mm with a total thickness of 95 mm. The
other two specimens had a thickness of 150 mm with irregular layer thicknesses of 42,

19, 28, 19, and 42 mm.

A constant, unspecified load was applied to the beams by a four point loading system

and deflection was measured until the load could no longer be maintained. This
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occurrence was accompanied by extensive deflections and deemed as the failure time
of the beams. Photographs were taken of the residual cross-sections and used to
estimate the residual cross-sectional area, second moment of area, and the section
modulus. Only spanning plies were considered to contribute to the second moment area

calculation.

Thermal properties for wood in the model were based on properties described in the
Eurocode [14]. Schmid based the gypsum thermal properties on research from Kéllsner
and Konig [22] and the thermal analysis was undertaken by the SAFIR 2007 [23]

computer software.

Structural analysis in the model was performed using temperature-dependent
relationships for strength and stiffness obtained from the Eurocode [14]. These were
modified to take into account the effects of moisture movement, moisture content,
creep, density and the ductile behaviour of wood at elevated temperatures. Layers
oriented perpendicular to the span were considered to contribute zero strength to the
assembly. Simulations were carried out for a wide variety of panel thicknesses, ply

thicknesses, and total ply layers.

A zero strength layer size was calculated that would produce the same reduction in
bending moment as was calculated from model results. The largest value determined
from these calculations for 5-ply panels with 20 mm plies was 10.5 mm for a fire-

exposed side in tension and 15.9 mm in compression. This is much larger than the
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Eurocode prescribed value of 7 mm. From this work it is evident that the Eurocode

method would yield non-conservative results.

Simulations of various CLT panel thicknesses that include layers of gypsum protection
demonstrate a slower heating rate, stronger panel, and small zero strength layer size,
when compared to similar panels, at similar char depths, without gypsum protection.
However, these effects were lost and heating quickly increased, creating an even larger
zero strength layer once the gypsum protection had fallen-off. Charring rates also

increase drastically in the, now, hotter fire.

26 WeodPropertices

Properties of a variety of species of wood are widely available in the engineering
literature. In Canada, the Canadian Standards Association (CSA) [24] offers a large
collection of wood mechanical properties for different grades and species of commercial
wood products. In the US, the Forestry Products Laboratory [25] offers a very complete
listing of both the strength and thermal properties of wood species grown in different
regions of the US as well as other countries. A comprehensive literature review was
undertaken by Tabaddor [26] and Bénichou [27] regarding the mechanical and thermal
properties of wood at elevated temperatures. This review compared the work of many
of the major researchers in this field including; Takeda and Mehaffey [28], Lie [29],
Janssens [30], Gammon [31], Preusser [32], Schaffer [33], Thomas [34], and Knudson
[35], as well as the Eurocode 5 [14] and experiments conducted at the Underwriters

Laboratories in the U.S. Tabaddor’s work, along with literature covered by Buchanan [8]
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on the subject, are the main references for the values incorporated into the numerical

model developed in this thesis.

As wood is heated it undergoes a thermal degradation process, producing combustible
gases and eventually converting the wood to char. The charring rate is the rate at which
the boundary between charred and uncharred wood advances and is typically measured
in millimeters per minute. This is a significant aspect of the fire resistance of wood, as
many of its thermal and mechanical properties are drastically changed when it degrades
into char. Bénichou [27] has catalogued a number of different temperatures found in
the literature that researchers have stated charring to begin at in wood, ranging from
288°C to 300°C. According to Buchanan [8, p. 277], 288°C is the commonly accepted
value in North America, however due to the rapid temperature increase associated with
wood charring, the exact value is of little importance. For the purposes of this thesis, a

temperature of 300°C has been selected as the point at which char is formed.

2.6.2 Heat-iilecied Laver

The thickness of wood beneath the char layer with an elevated temperature above
200°C [8] is called the heat-affected layer. In this layer, thermochemical decomposition
occurs in the absence of oxygen known as pyrolysis [11]. The Eurocode 5, Part 1-2 [14],
has developed an equation for wood exposed to standard fires that defines the
temperature in wood below the char layer which includes a heat affected layer of 40

mm. Janssens and White, as quoted by Buchanan [8, p. 278], show that experimental
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data is better fit to a 35 mm heat-affected zone. Wood properties in this layer are

drastically affected by the pyrolysis reaction, as described in the following sections.

In order to calculate the structural capacity of CLT as it is exposed to fire, the mechanical
properties of wood must be defined as a function of temperature. The main property of
interest for the numerical model developed in this thesis is the modulus of elasticity
(MOE). Tabaddor [26] shows that as wood temperatures increases and is converted to

char, MOE decreases and drops to zero once temperatures reach 300 to 330°C.
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As shown in Figure 2-6, all researchers, except Thomas [34], report one set of values for
MOE in tension and compression. Thomas, however, found that the modulus of
elasticity in compression loses 70% of its strength in the first 120°C. All research

regarding the MOE in tension demonstrates a similar relationship of slow linear decline
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up until 200°C. At this point, Preusser [32], Lie [29] and Janssens [30] all observed a rapid
linear decline to zero, exhibiting no strength just before 300°C. Schaffer [33] and
Thomas [34] observed a continued slow linear decline past 200°C until about 320°C
when it drops to zero, which according to Gerhards [27] may be unlikely. Based on these
results, Tabaddor [26] developed a best fit curve, shown in Figure 2-6. This curve was
slightly modified in this research to drop to zero strength at 300°C and used in the
numerical model. The modified model also more closely resembles the curve published

by Buchanan [8] and is shown in Figure 2-7.
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Grain orientation is also large aspect of the MOE, demonstrating far stronger properties
for bending parallel to the grain than in bending perpendicular to the grain. Forests
Products Laboratory [25] lists the MOE perpendicular to the grain as about 4-8% of the
MOE parallel to the grain for SPF wood. These factors have also been incorporated into
the numerical model to account for a small contribution of the cross plies for the overall

effective stiffness calculation.
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In order to develop a heat transfer model, the thermal properties of wood at elevated
temperatures must be defined. The thermal properties of wood are affected by several
factors such as temperature, moisture content, density and grain orientation. The
thermal properties of interest for this study include; thermal conductivity, specific heat
capacity and density. The relationships used for these parameters in the numerical

model are summarised in the following sections.

Tabaddor’s [26] research shows that the thermal conductivity of wood increases from
ambient temperatures up to around 200°C, then decreases linearly until around 375°C,
followed again by a continual increase. Thermal conductivity from a series of
experiments conducted on several species of wood is summarised by Tabaddor {26] and
compared to the conductivity prescribed by Eurocode 5 [14] in Figure 2-8.
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Figure 2-8: Variation of thermal conductivity with temperature for wood (reproduced from [26])
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The data from these experiments are scattered due to different species, density, and
moisture content studied, as well as the methods of data collection used. The best fit
curve in this graph, developed by Tabaddor [26], does not offer an accurate
representation of other average thermal conductivity curves developed by other

researchers, as shown by Bénichou [27] in Figure 2-9.
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These values still demonstrate some degree of variance; however, curves produced by
Takeda and Mehaffey [28], Thomas [34], Cuerrier [36], and Janssens [37], all follow
similar trends. Buchanan [8, p. 279] delineates a curve shown in Figure 2-10 that
exhibits an equivalent trend and offers a decent representation of the average
conductivity curves found in the literature. Importantly, the data from almost all of the
previous research is very similar over the first 200°C, which represents the most
important aspect of the simulation. Beyond 200°C, the wood loses most of its strength

and is converted to char at 300°C at which point it contributes no strength to the panel.
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The data represented in the graph in Figure 2-10 has been incorporated into the

numerical model in this thesis.
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Research on the specific heat capacity (SHC) of wood has yielded some disagreement. As
wood heats up and causes moisture to evaporate, a tremendous increase in SHC is
produced at a temperature range between 100°C and 200°C. There is little consistency
in the reported findings due to differences in species, moisture content and the rate at
which the wood is heated during experiments. Tabaddor [26] summarised the work of
Janssens [30], Gammon [31], Lie [29], and experiments conducted at Underwriters
Laboratories [26] and compared it with the relationship used by the Eurocode 5 {14] in

Figure 2-11.
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Peak values during evaporation vary greatly from around 8 to 14 kJ/kg°C, while some
tests do not register an increase at all; however, the majority of peaks occur at around
100°C. Tabaddor proposes a set of data that best fits the variation observed above,

which also agrees very well with a graph proposed by Kénig and Walleij cited by

Buchanan [8, p. 279]. The values created by Tabaddor [26] are listed in Table 2-1 and are

very similar to the values used in the numerical model developed in this thesis,

illustrated in Figure 2-12.
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Figure 2-12; Specific heat capacity of wood with temperature, used in the numeric model
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Wood density can range from 300 to 700 kg/m?, however as illustrated by Tabaddor [26]
in Figure 2-13, values for the density ratio of wood at elevated temperatures from
Takeda and Mehaffey [28], Lie [29], Janssens [30], the Eurocode 5 [14] and experimental
data from UL [26] are all still very similar to each other. The density ratio drops slightly
to a value between 0.9 and 0.95 at 200°C, and then declines sharply to about 0.3 at

approximately 350°C. After this point, wood density slowly decreases to zero at

temperatures above 1200°C.
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Figure 2-13: Variation of density ratio with temperature for wood
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The best fit curve generated by Tabaddor [26], has been slightly modified and adopted

for usage in the numerical model presented in this thesis. The modification used is

graphed in Figure 2-14, and is represented by the following equations:
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Gypsum Board is a common building material typically used in wall and ceiling

assemblies as an alternative to plaster due to its relative ease and short time to install. It

is made by pressing gypsum, a soft mineral, between two thick sheets of paper. Gypsum

itself is comprised of a calcium sulfate molecule, bonded to two water molecules. The

bonded water molecules, combined with the low thermal conductivity of gypsum, give

the boards much of their fire resistant properties [38]. The basis of this arises from the

evaporation of the bound water in the gypsum board when heated, called calcination,
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which absorbs a considerable amount of heat, thereby delaying temperature rise
through the system [39]. Fire-rated gypsum boards, commonly labeled as Type X or C in
North America and Type F in Europe, have glass fibers or vermiculite added to them in
order to improve the mechanical strength and reduce shrinkage as calcination occurs.
As a result, the boards remain in place longer during a fire and thus offer increased fire
resistance [40].

The changes in thermal conductivity, specific heat capacity, and density with respect to
temperature are of most interest in the development of the numerical model described

in this thesis and are discussed in more detail in the following sections.

2000 Ty Copductivity

The results of the research by Park [41] and Thomas [42] to calculate how thermal
conductivity is affected by temperature are compared in Figure 2-15 and Figure 2-16.
Rahmanian [39] developed a model based on experimentation nearly identical to results
from Mehaffey’s [41] experiments for Type X gypsum, despite having being calculated in
different ways. Calcination occurs at 100°C, and is signified by a drop in conductivity.
After this drop, very little change in conductivity occurs until temperatures reach around
400°C to 500°C, when the conductivity begins to increase again. Models used by Thomas
[42] along with research from Mehaffey [41], show a rapid increase once temperatures

exceed 800°C.
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A model based on tests conducted by Bénichou and Sultan {43] on Canadian Type X
gypsum boards, cited by Buchanan [8]; match most closely with the scattered values
found in the published literature. Due to its basis on Canadian Type X gypsum and
relatively average representation, Buchanan’s model was used in the numerical model

created in this thesis and is shown in Figure 2-17.
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Park [41] conducted experiments on the conductivity of gypsum boards during a second
heating cycle, which resulted in a different set of data from those expected during the
first heating cycle. Experiments revealed a lower initial conductivity and do not possess
the same drop observed at 100°C since all bound water in the board has been
evaporated. This effect was not included into the numerical model, as it was assumed

that all gypsum boards simulated have not undergone any initial fire exposure.

=702 SoecificHeat Capacity

Research shows that the specific heat capacity (SHC) of gypsum is around 1 kJ/kg-K for
nearly all temperatures. However, a spike of short duration, measured from 8 to over 50
ki/kg-K, is observed when temperatures are around 100°C. This is illustrated by various
researchers and reported by Thomas [42] in Figure 2-18. The spike in SHC can be

attributed to heat absorbed during the calcination reaction and evaporation of bound

water molecules in the gypsum. A second dehydration reaction occurs when
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temperatures are around 200°C, and is identified by a spike in SHC up to 20 ki/kg-K. A

similar reaction occurs at temperatures between 600°C and 700°C, yet only increases to

a value of around 3 kiJ/kg-K. These secondary and tertiary reactions are consistent

among research that exhibits them, however, they are not observed in all experiments

and largely dependent on the gypsum board manufacturer.
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Experimentation completed by Park [41] shows very similar trends (Figure 2-19), with

the first dehydration reaction at 150°C peaking at around 20 kJ/kg-K. This peak

corresponds well with results from Sultan [42]. A secondary reaction at 200°C was also

observed reaching 10 kJ/kg-K, which is about half of what Andersson [42] reported.

34



DAV
N0
< |.ﬁ\ll):‘
.
-
~ otk
L
L
L
SONK) |
('IAAAILALLIAAA 1 i PP Ny

) 100 200 3060 400 S0 600
ta Temperature ¢ O

S T B T D O R .
. R T U S S S R -

ra
‘
¢

[

Due to the large amount of variance for peak SHC values reported during dehydration
reactions, a model based on tests performed by Bénichou and Sultan {43] and cited by
Buchanan [8], on Canadian Type X gypsum boards was adopted to best represent the
gypsum being simulated in the numerical model developed in this thesis. This model
also offers a good representation of the values in the published literature and is shown

in Figure 2-20.
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Figure 2-20: Specific heat capacity of gypsum at elevated temperatures used in the numerical model
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Mass loss of gypsum when exposed to elevated temperatures observed by several
researchers follows very similar trends. Two examples of such research conducted by
Park [41] and Cramer [40], display nearly identical results, shown in Figure 2-21 and
Figure 2-22. A sharp decline in mass occurs after heating beyond 100°C due to a loss of
water during the dehydration reaction. The mass loss then slows until 400°C at which

point it begins to level-off to about 75% of the original mass at 700°C.
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Figure 2-22: Percentage of mass loss in gypsum {reproduced from {41})
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The reduction in the mass of gypsum from Park [41] was delineated and incorporated

into the numerical model developed in this thesis, as shown in Figure 2-23 below.
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28 fopsum Fall-Off Criteria

Gypsum boards fastened to assemblies exposed to a fire eventually fall-off after a
certain amount of time. This is typically caused by linear contraction and cracks forming
in boards as they thermally degrade. Park [41] observed cracks forming in Type X
gypsum when the average temperature of the board was around 600°C, which
correlates well with contraction data from the same test series. Contraction and
cracking is a precursor to gypsum fall-off, since the board pulls on the screws, cracks and
subsequently falls off its mounting. Sultan [38] looked at four different criteria to
determine the best metric for assessing when gypsum fall-off would occur; the average
of the time when the first and last piece fell-off, the average temperature of the board
at fall-off, the interpolated temperature at the average fall-off time, and the time when

a sudden temperature rise in the board was observed. From the results obtained with
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each approach, the time when a sudden rise in temperature occurred was found to be
the most accurate representative method. This method has been adopted in this thesis
for determining when gypsum fell-off in experiments.

A study done by Kénig and Walleij, quoted by Buchanan [8], states that the critical
falling-off temperature for gypsum boards used as ceiling linings is 600°C. Buchanan also
states that gypsum will fall off at about the same time that charring of the wood
beneath it begins. Results from eighty full-scale standard fire tests on lightweight frame
floor assemblies, protected with either one or two layers of type X gypsum board
performed by Sultan {38}, yield fall-off temperatures of around 600°C. However, closer
screw spacing and the addition of insulation against the gypsum board can increase the

fall-off temperature and thus offer higher levels of fire protection.

2.0 Gyvpsum Finish Rating

The Gypsum Association [44] defines the finish rating of gypsum boards similarly to the
method used in ASTM E119 [6] and CAN/ULC-5101 [5] to establish insulation failure
during standard fire-resistance tests. The finish rating is the shorter of the time taken for
an average rise in temperature of 140°C, or a maximum rise of 180°C at any single point

to occur, as measured at the back (unexposed) surface of the gypsum board.
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3 Experimental Program
This chapter provides an overview of the background, process of design and procedural

execution of the test series conducted in this report.

s ointioduction

Eight medium-scale CLT tests were conducted to determine the overall fire resistance of
CLT floor panels exposed to both standard and non-standard fires. Four of these tests
were designed to imitate four similar full-scale tests conducted by FPInnovations and
NRC Canada [17], as listed in Table 3-1 and Table 3-2. These tests were intended to
assess the accuracy of utilising medium-size test data in evaluating the fire performance
of full-scale floors. The 7-ply full-scale floor test was not reproduced on the medium-
scale furnace, due to the large loading and structural requirements that would have

been necessary in the furnace. An unprotected 3-ply panel was investigated in its place.

Trhle 3-1: Svmvrary of medivme-coole tests Tabie 3-2: Summery cf fuil-cczie tegis
coirnieted compicted by FRinnovaticns
# of Type X . # of TypeX .
. Gypsum Fire . Gypsum Fire
Plies . Plies .
Protection Protection
3 Unprotected  CAN/ULC
*3 1x 5/8” CAN/ULC 3 1x 5/8” CAN/ULC
*3 2x  1/2” CAN/ULC 3 2x 1/2” CAN/ULC
3 2x 1/2" Non-Std
*5 Unprotected  CAN/ULC 5 Unprotected CAN/ULC
5 Unprotected Non-Std
*5 1x 5/8” CAN/ULC 5 ix 5/8” CAN/ULC
5 ix 5/8” Non-Std
*Similar test performed by FPInnovations at 7 Unprotected  CAN/ULC
the full scale
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Three of these assemblies were exposed to a non-standard design fire. The details of the

non-standard fire are discussed further in Section 3.5.2.

Along with the overall fire resistance of the CLT assemblies, tests were also conducted
to evaluate a number of parameters such as the charring rate, temperature profile,
deflection, and adhesive performance. Five of the tests included gypsum board
protection to assess and compare the performance of gypsum on CLT to its performance

in traditional wood constructions, such as light frame assemblies.

The test data acquired contributed to the development of a numerical model, described
in Section 5. The program is intended to simulate and predict the performance of future
CLT tests, as well as provide insight for designers and code consultants when calculating

CLT fire design related alternative solutions.

.2 Medium-Scale furnace

The major drawbacks associated with full-scale fire tests are the high costs of purchasing
materials and operating test facilities. As a result, full-scale test series are usually limited
to a small number of tests. In order to increase the amount of experiments conducted
for this project, a medium-scale furnace was constructed at Carleton University’s fire lab

as shown in Figure 3-1.
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The furnace was designed to have the same spanning length as the full-size furnace at

the National Research Council of Canada Fire Lab [9] used for FPInnovations’ tests {17],

shown in Figure 3-3. Panels were tested in one-way bending along the spanning length.

The unsupported length of a panel in both furnaces was 4.74 m. The width of the

furnace was approximately one-quarter of the width of the full-scale furnace, at a little

over one meter. The medium-scale furnace (Figure 3-2) was constructed from 3/8” (9.5

mm) steel plates, lined with a layer of 1/2” (12.7 mm) Fiberfrax board, standard ceramic

fire bricks and finally covered with a layer of 1/2” (12.7mm) Fiberfrax blanket.
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A 36” (914.4 mm) diameter exhaust duct was attached to the end of the furnace and

connected to the laboratory exhaust system to remove products of combustion from
the burners and assemblies being tested. Air was supplied by each burner’s premixing
system and two small air intake holes on the floor of the furnace. Air was drawn through
these holes due to a pressure reduction in the furnace caused by the exhaust system.
Pressure was monitored in the furnace using a simple manometer and the exhaust fans
were adjusted to ensure that pressure in the furnace was always at least 20 Pa below

the ambient pressure in the lab.

Seven thermocouples were installed along the length of the furnace in accordance with
the CAN/ULC-5101 standard [5] as shown in Figure 3-4. Two plate thermometers were
installed, one at the center of the furnace and another three-quarters of the length of
the furnace from the front. Six commercial Carlin [45] premixed gas burners were
installed along the sides of the furnace and supplied by the laboratory propane gas line

as shown in Figure 3-5.
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In full-scale testing, a uniformly distributed load was applied by the NRC loading system
shown in Figure 3-6. This was replaced by a four-point loading system shown in Figure

3-7 and Figure 3-8 for the medium-scale tests due to budget and space constraints.

iack ucedtoapniy S-roint

~
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In the medium-scale furnace, the load was applied during the test by a hydraulic jack
fastened to the loading frame as shown in Figure 3-7. A loading beam, fitted with rollers
set apart a distance of one-third of the length of the panel, is used to apply the load
from the jack to two points on the panel (Figure 3-9). The assembly rests on supports at
either end to provide simply-supported end conditions for the additional two points to

resist the load as shown in Figure 3-8. The floor rested on wooden supports, each 70mm
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wide, across the full width of the floor. This reduced the effective span of the panels

from4.87 mto4.73 m.

Load Jack

Figure 3-9: Loading beam placed on CLT Figure 3-10: Overhead picture of furnace showing 4-point
semple hefore hoicting ento furncre iceding system in place

3.3 Medium-Scale Floor Test Panels
The test panels consisted of eight CLT floors manufactured by Nordic Engineered Wood

[46]. Four of which were 3-ply panels and four 5-ply panels (Figure 3-11), as summarised

in Table 3-1. Panels were manufactured to the dimensions shown in Figure 3-13.
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All panels were 4.87 x 1.02 m wide, with 35 mm thick ply layers. Spanning layers were
constructed with SPF 1950F, MSR nominal 2 x 4”s (38 x 89 mm) and cross layers with
SPF No.3/Stud nominal 2 x 4”s (38 x 89 mm) [47]. Layers were glued together using a
one-part, moisture reactive polyurethane adhesive (PUR).

Two tests included two layers of 1/2” (12.7 mm) gypsum board and three others had
one layer of 5/8” (15.9 mm) gypsum protection. All gypsum boards were SHEETROCK®
FIRECODE® Type X and were manufactured by CGC Inc. [18]. Gypsum boards were
fastened to the underside of test specimens using 1-5/8” (41.3 mm) drywall screws with
a 300 mm screw spacing. Panels were cut and installed in the configurations shown in

Figure 3-14 and Figure 3-15.
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Temperatures in the panels were monitored by shielded thermocouples embedded at
various depths. These were installed at three locations along the length of each panel
labeled; “Front”, “Center”, and “Exhaust”, in relation to the furnace, as shown in Figure
3-16. From these, a temperature profile measured throughout the panel depth could be

delineated as it was heated.

3L/4 »
L/2 -
L/4 -

T Y WY

Figure 3-1€: Plecement of embedded thermocouples in test essemnblies
At each location, holes were drilled into the panel for thermocouples to be set in (Figure
3-17), at 17.5 mm depth intervals from the exposed surface of the panel. This created a
measuring point at the mid-ply depth and the adhesive interface between each ply
layer, as shown in Figure 3-18. When gypsum protection was present, thermocouples

were placed at the back of each board. Thermocouples were not embedded in any plies
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beyond the third layer, since temperatures this far from the exposed surface did not

increase more than a few degrees and were deemed unnecessary to record.
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In the three tests performed using non-standard fire exposures, thermocouples were
placed at 8.75 mm depth intervals (Figure 3-19) due to concerns that the increased
heating rate from the more intense and faster growing non-standard fire would not be

captured with enough detail using 17.5 mm depth intervals.

Figure 3-19: Shieldecd thermocouples entering surface of 3-ply layup at 8.75mm intervais with 2 tayers
of gypsum
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Deflection from the load was measured at two locations on the panel; the center and
three-quarters of the length of the panel from the front of the furnace. Measurements

were taken using a linear variable differential transformer (LVDT), shown in Figure 3-20.

i DT eetunenoveine Eplyv parnel to nas s oo

All temperature, load, and deflection data were monitored in real time at one second
intervals and recorded using a program specifically developed for these experiments
with the National Instruments software, LabView. A video camera mounted at the front
of the furnace recorded each test through a small observation window, shown in Figure
3-1, and both the program and video camera output were displayed on screens beside

the control desk, as shown in Figure 3-21.

Figure 3-21: LabView program displaying temperature, load, and deflection data (top screen) ard video
camera output (bottom screen) next to the control desk
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According to CAN/ULC-S101 requirements for tests of roof and floor assemblies, test
samples must be loaded with a superimposed load throughout fire endurance tests [5].
The superimposed load shall represent either a full specified load condition or a
restricted load use condition. A full specified load condition, as defined by CAN/ULC-
$101, is “the specified gravity loads that produce a factored load effect as close as
practicable to the factored resistance of the test specimen. The factored load effect and
the factored resistance of the test specimen shall be determined in accordance with the
appropriate limit states design standard published by the Canadian Standards
Association” [5, p. 16].

Following the Canadian Standard for Engineering Design in Wood (CSA 086} [24], the
factored bending moment resistance, M, (Eqg. 3.1) and factored shear resistance, V,, (Eq.
3.2) of the panel can be calculated using the following formulas:

M, = OF,SK,,K,

Lg. 2.1
2A, L an
Vr = QFUTKZU e, .4
Where the resistance factor, ¢ = 0.9 and
Fy = fo(KpKnKspKr) Eq. 2.3
F, = f(KpKyKsyK7) Eq.3.4

Where fi, and f, are the specified bending and shear strength, respectively. A,, K, K, Kp,
Kn, Ks and Ky are the net cross-sectional area, size factor in bending, the lateral stability
factor, load duration factor, system factor, service condition factor and treatment

factor.
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Applying various loads, and checking the required bending and shear strength against
the factored resistance (Eq. 3.5 and Eq. 3.6), it is clear in all reasonable cases of CLT floor
assemblies with a 4.74 m span, that structural failure due to fire exposure will occur in
bending far before shear failure occurs. Thus the governing factor when determining the

fire resistance of a CLT panel is the bending moment resistance.

wl?
My = - < M, (governs) Fn. .8
wl [P
Vi=7 =k

Where w is the combined live and dead load and L is the span of the panel.

The superimposed live (w;) and dead (w)) loads that represent the full specified load
condition are found to produce a factored moment (M) as close as practicable to the
factored resistance (M,) of the test specimen. This process is shown in Eq. 3.7 and Eq.
3.8.

a(WL + WD)L2 <
8 - T

[}

Kel
(3
~.

8M,

Q
w
(6]

Based on the method used by FPInnovations and the statement that existing CLT
constructions tend to have a dead-to-live load ratio close to unity [17], a value for alpha
(a) of 1.375 is adopted, as specified in CAN/ULC-S101 [5, p. 55].

Panels in the medium-scale experiment from Nordic Engineered Wood had a specified
bending strength of 28.2 MPa in the spanning plies [47], which results in considerably

large moments of resistance. The full specified loads required to produce these
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moments for both the 3- and 5-ply panels were found to be very high when compared
to typical residential and office loads found in the Ontario Building Code. Loads from the
Specified Uniformly Distributed Live Loads on an Area of Floor or Roof [48, p. 427] are

compared in Table 3-3.

e D T opio o lie o e s B sty narele vty Deo e s d regioer oy T o noe
e Office Areas — . . .
Full Specified st Office Areas — Floors | Residential
X Basement & 1 ot
Live Load (w;) above 17 storey Areas
storey
3-Ply Panel 11.1 kPa
y 4.9 kPa 2.4kPa 1.9 kPa
5-Ply Panel 25.9 kPa

Imposing the required full specified loads on a 3-ply panel would produce large initial
deflections of around 70 mm during preloading and may have damaged any gypsum
boards attached before the test even began. Further, as the panel weakens in the fire
and the deflections increase, the gypsum board may crack and fall off prematurely.
There was also concern that the panel may deflect enough into the furnace to damage

the thermocouples during the test.

The required full specified loads for 5-ply panels were large enough to jeopardize the
strength capacity of the furnace structure and loading equipment. Loading the
equipment this heavily also endangered the safety of the researchers conducting the

experiments.

The full specified load condition required loads two to 13 times higher than would
normally be seen in a typical building of this construction. For these reasons the full
specified loads calculated were not used in the experiment and a restricted load use

condition was used instead.
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The CAN/ULC-5101 does not state any particular method for following the restricted
load use condition, and only insists that; “When a test is conducted with a load
condition that is less than the full specified load condition, the restricted load use
condition shall be identified and reported” [5, p. 16]. CSA-O86 [24] provides deflection
guidelines for the serviceability limit state of structural members under load
combinations, stating that deflection shall not exceed L/180 of the span. The Wood
Design Manual [49] also provides a maximum suggested deflection criteria of L/360 for
floors and L/240 for roofs. Since one of the objectives of this test series was to replicate
the full-scale tests conducted by FPInnovations at the medium-scale, the loading criteria
used by FPInnovations of L/240 was chosen as the restricted load condition for all eight
medium-scale CLT tests performed. The total load that produced a maximum center
deflection of L/240 in a 4-point loading system was calculated using Eq. 3.9 and Eq. 3.10.

_ Swpl® N aP(3L? — 4a?)
~ 384El,sf 24El,sy Eq. 2.5

Where wyp is the dead load, L is the span, Elg is the effective stiffness, P the applied
load, and g, is the distance from the*outer edge of the panel to the point of load,

illustrated in Figure 3-22. The first term in Eq. 3.9 calculates the deflection from the
weight of the dead load. The second term calculates the deflection from the applied

load from the 4-point system.

I‘—"l—.

Rl

Figure 3-22: 4-point load
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Rearranging Eqg. 3.9 for the applied load, P yields:

L Swpl*
, Bl (230~ 384Eleff) SR
- a(3L? — 4a?)

Table 3-4 outlines the loads calculated using Eq. 3.10 that were applied to both 3- and 5-
ply panels in order to produce the initial deflection criteria of L/240, or 19.7 mm for the
4.73 m spanning panels. These results have taken into account the dead load of the

panel, gypsum, and the 112 kg loading beam resting on top of the panel.

LT I T e T T

(8]

Required Required

. Gypsum Se.lf- applied Applied Load
Plies  Gypsum Thzlfkness M. Weight lozz per Egad Ratio
We point (P)  from Jack
[#] [#] [mm] [kNm]) [kPa] {kN] [kN] [%]
3 0 0 44 .95 0.577 4.70 8.31 28%
3 1 15.9 44.95 0.688 4.51 7.93 28%
3 2 12.7 44.95 0.755 4.40 7.70 28%
5 0 0 103.32 0.962 20.24 39.38 47%
5 1 159 103.32 1.073 20.00 38.90 47%

The load ratio in Table 3-4 is determined by dividing the factored moment (M)
produced from restricted load condition, by the factored moment produced by the full
specified load condition. The load ratio represents the percentage of the full specified
load that is imposed by the restricted loading condition and is displayed simply for

interest’s sake.

In order to compare the load imposed by the restricted load condition with typical office

and residential live loads, a uniformly distributed load that produces an L/240 deflection
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is calculated for a 3- and 5-ply panel without any gypsum boards using Eq. 3.11. These

are listed in Table 3-5.

L
384£Lss (775) IR
w, = - W
Toom el 2 Z Z Z cle Lz o z i N
Restricted Load 82 f:;::::':;s 1—“ Office Areas — Floors | Residential
Condition {w)) above 1% storey Areas
storey
3-Ply Panel 2.9 kPa
4.9 kPa 2.4 kPa 1.9 kPa
5-Ply Panel 11.9 kPa

The load calculated for a 3-ply panel is slightly higher than typical office loads above the
first storey and residential loads, but lower than office loads in the basement and first
storey. The load calculated for a 5-ply panel is still much higher than typical office and
residential loads. However, it should be noted that the loads imposed on a floor panel to
produce an L/240 deflection are a function of its span, such that, as the span of a floor is
reduced, the load required to produce the same deflection is increased. In practice, the
span of a CLT floor panel is limited by a deflection or vibrational criteria. As
recommended by Nordic Wood [46], a simply supported 3-ply panel, similar to those
used in the experiments in this thesis, can span up to 4.8 m under an L/360 deflection
criteria based on a typical office load. In the same way, the 5-ply panels used can span
up 7.4 m. The objective of these experiments was to reproduce the maximum stress the
panels would experience in these particular instances. Therefore, since the 3-ply panel
had a span nearly identical to the maximum recommended span, only a slightly higher
load was imposed, due to the more severe L/240 criteria, rather than L/360. The 5-ply

panel, with a much shorter span than the maximum recommended span, used a much
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higher load in order to produce the same stresses as a longer spanning floor. Again, a
more severe load was imposed using the L/240 restricted load condition rather than the

L/360.

4.7 Stordard and hensstandard Flirc binosures
Five of the eight tests listed in Table 3-1, were exposed to the CAN/ULC-5101 [5]

standard fire exposure displayed in Figure 3-23.
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The other three tests were exposed to a non-standard fire. This fire was designed to
conservatively replicate a fire that would occur in a room constructed of CLT with a
typical residential bedroom fire load. Two furnished CLT room tests were conducted by
McGregor [50] in a 4.5 x 3.5 x 2.5 m high room with a 1.07 x 2 m high door as shown in
Figure 3-24 and Figure 3-25. The walls and a ceiling in both rooms were built with 3-ply
CLT panels. The floor was laid with cement board and covered with hardwood. One of
the rooms was lined with two layers of 1/2” (12.7 mm) Type C gypsum protection, while

the other room had exposed CLT for the walls and ceiling. Both rooms had nearly
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identical fuel loads of around 560 MJ/m? involving a bed, two night tables, two dressers

and various linens and books.
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Temperature data from plate thermometers in the rooms were used to design the non-
standard fire used in this test series. Plate thermometer data was utilised over shielded
thermocouple data due to its faster response time to the actual temperatures during
the rapid heating phase at the beginning of a fire [S1]. Further to this, any fire curve
developed from plate thermometers would, in return, be required to be controlled by

plate thermometers to ensure a similar accuracy [52].

Fire temperatures observed in both room tests followed very similar curves for the first
17 minutes, shown in Figure 3-26. Growth phases during both gypsum lined and unlined
room fires were very similar, rising to just over 700°C in about two and a half minutes.
Both fires continued to get hotter over the next three minutes, yet at a slower rate, to a
temperature of around 950°C. From here both fires seem to enter a relatively steady
burning period for 11.5 minutes, during which, both fires experienced a small drop in
temperature before rising to a maximum temperature of roughly 1100°C at the end of

the steady burning phase. At this point the gypsum lined room entered a decay phase
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and temperatures dropped to 400°C over the next 30 minutes when the test was ended.
In the unprotected room, the CLT ceiling and walls became involved in the fire which
resulted in the temperature increasing to 1200°C and continuing to burn for 40 minutes.

The test was ended at this point, as it was clear that the room was not going to self-

extinguish.
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Based on these room tests, two options must be considered in the design of the non-
standard fire; a decay phase or continued steady burning. Maintaining a high
temperature, as seen in the unlined room test, is not representative of a fire that would
occur in a gypsum lined room constructed of CLT. Since CLT construction typically
involves gypsum protection, a decay phase was preferred, however the decay phase
observed in the protected room test was considered too rapid to represent a severe
enough fire to cause structural failure during the tests. Consequently, a much slower

decay phase was adopted. The temperature was decreased from 1100°C to 300°C over a
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period of two hours. The temperature was kept above 300°C for this length of time to
ensure that it was possible for charring to continue in the wood long enough to cause

structural failure to occur.

Based on the aforementioned observations, a design fire was developed to simulate real
CLT room tests, as well as to continue long enough to cause structural failure. This
involves the following stages:

e Fast growth rate to reach 700°C in about two and a half minutes.

¢ Steady burning at 1100°C for at least 11.5 minutes.

e Temperatures above 300°C for at least two hours.

500 Prediminary Non-Standard Dime-Temperatore Curve Parnooe Teste

In order to determine whether the furnace would be able to follow such a steep growth
curve, preliminary temperature tests were run using three CLT floor panels left over
from previous testing done at the National Research Council of Canada’s Fire Lab. For
each test, all six burners in the furnace were turned on and left to run at full capacity
while temperatures were recorded by the two plate thermometers. The results of the

three tests are presented in Figure 3-27.
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From these preliminary tests it was determined that a steep growth rate could be
achieved in the furnace for a little over two minutes, up to a temperature of around
630°C. After this the heat lost to the surroundings and mostly through the exhaust,
caused a visible reduction in the rate of temperature increase. From this point, the
burners were able to continually raise the internal temperature, but on average took
over 20 minutes to reach 1100°C. Based on these observations, running all six burners at
once would not be sufficient to identically match the fire growth witnessed in the room
tests. However, a close alternative can be achieved and the average temperatures found

during the preliminary tests is compared to the room test curves in Figure 3-28.
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While this is not the ideal growth rate for simulating the room fire tests, this was the
best fire curve possible with the medium-scale furnace. The non-standard fire was

developed based on this curve.

5] [P
: ;

1.5.2 hNon-Stanaard Time-Temperaaure Curve

The curve was fitted to the preliminary test data for the first 24 minutes, up to a
temperature of 1100°C. Steady burning was then simulated by holding the temperature
at 1100°C for 12 minutes, as observed in both room tests. A decay phase was then
formulated to drop from 1100°C to 300°C over a period of nearly two hours. The curve

produced can be seen in Figure 3-29.
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The curve is defined by the following equations:

T =126.446t*+18  for0<t<22 Eq. 2.12
t—24 \?
= —(—= or22<t <24
T'=1100 (1.005559) 4 -
T=1100 for24<t<36 L. 5,04
T = 1881.12 — 130.186Vt  for36 <t <200 fg. 215

2.6 Te«t Pracedure

All eight tests were conducted in a similar manner. Once the panels were instrumented
and, if necessary, gypsum board(s) fixed, the assemblies were hoisted onto the furnace.
The edges around the furnace and specimen were packed with Fiberfrax blankets to
prevent flames from impinging on the sides of the specimen during the test. The preload
was then incrementally applied, as per CAN/ULC-S101 [5] loading requirements, and left
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to settle for at least 30 minutes before the start of the test. Once all equipment and
data recording was checked, the burners were ignited (Figure 3-30) and the
temperature in the furnace was controlled by switching them on and off in order to

follow the desired fire time-temperature curve, shown in Figure 3-31 and Figure 3-32.

oo oithe inside of the furnece with thermoccoupies visikle duriag the firer “ove v Lone

cfa3-piytestwih 2 iovers of gypsum

The average temperature inside the furnace was calculated at one second intervals from
the five centermost thermocouples of the six installed and graphed on a monitor in real-
time in order to ensure the curve was followed correctly. Requirements for standard
testing set out in CAN/ULC S101 [5]; the accuracy of the furnace temperature must be
controlled such that the area under the averaged time-temperature curve must be
within +7.5% of the corresponding area under the standard time-temperature curve for
tests over 1 hour and not more than 2 hour, and +5% for tests exceeding 2 hours.

Plate thermometers were used to measure temperatures during the first 10 minutes of
all non-standard fire-resistance tests since the temperature initially increases much
more rapidly than the standard fire curve. During the first few minutes of exposure,

shielded thermocouples report lower temperatures than plate thermometers, as
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reported by Sultan [51]. This is also evidenced during testing and illustrated in Figure

3-32.
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Figure 3-32: Non-standard time-temperature fire curve and average furnace temperature for 5-ply test
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During the decay phase of the non-standard fire, water was intermittently sprayed onto

the bottom of the furnace in order to reduce and control the temperature.

Deflection and load data were recorded and monitored in a similar fashion to
temperature. A relatively constant load was maintained by manually pumping a
hydraulic jack throughout the entire test as demonstrated in Figure 3-33.
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Tests were continued as long as possible, however, no test was ever taken to structural
failure due to safety concerns for the furnace, equipment, and researchers if the panel
were to collapse. Tests were ended if deflections in the panel increased to a point where
it threatened to damage the thermocouples inside the furnace, such as in Figure 3-34. If
a rapid increase in deflection was observed combined with the sound of the panel

cracking, the test was ended since it was likely that structural failure was imminent.
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Once a test was considered ended, the load was removed, but burners were kept
running to continue following the time-temperature curve. This was done to allow
further collection of temperature data and gain additional insight into charring trends

and ply layer fall-off behaviour.

After enough data was deemed collected, burners were turned off and panels were
extinguished and removed from the furnace (Figure 3-35). The furnace was cleared of all
debris from falling gypsum board and charred wood and any damaged equipment was

repaired and tested before the next experiment.

Figure 3-35: 3-ply panel with 2 fayers of gypsum lifted off of furnace after test and extinguishment
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4 Medium-Scale Test Results and Discussion

The results of the 3-ply and 5-ply tests conducted with the medium-scale furnace are

listed in Table 4-1 and Table 4-2:

# of Type X . Load Applied Load Test
Plies Gypsum Fire Criteria Load™ Ratio Ended
Protection (kPa)
3 Unprotected CAN/ULC L/240 2.86 29% 46min
3 1x 5/8” CAN/ULC L/240 2.75 29% 74min
3 2x 1/2” CAN/ULC  L/240 2.68 29% 92min
3 o L2 N TR AR 2.68 RS S
# of Type X . Ltoad Applied Load Test
Plies Gypsum Fire Criteria Load* Ratio Ended
Protection (kPa)
5 Unprotected CAN/ULC L/240 11.7 47%  99min
5 Unpretected  Nen-Std L/240 11.9 287 20imian
5 1x 5/8” CAN/ULC L/240 11.8 47% 115min
5 in  5/8" Non-Std L/220 11.8 A7-¢ 122min

* 4-point loading for L/240 deflection actually applied in tests;
Equivalent uniformly distributed load listed for comparison purposes

L1 Gypsum Boards
Gypsum boards fixed to assemblies were monitored throughout tests via video camera,
as shown in Figure 4-1. Observations made are compared to temperature data from the

back surface of each board at three different locations to determine failure times.
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A sudden rise in temperature on the unexposed side of each board was adopted as
criteria for determining when gypsum boards had fallen off, as discussed by Sultan [38].
This trend is easily detectable as the thermocouples become exposed to the fire, as

shown in Figure 4-2.

Temperature at the Back of the Base Gypsum Layer
3 Ply, 2 Layers of 1/2" Gypsum, Std Fire Exposure

1000
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900 Center
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800 Fire Temp
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300
200
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Figure 4-2: Temperature at the back of the base gypsum layer of a 3-ply with 2 layers of 2" gypsum
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Gypsum boards never fell off the specimen all at once and would fall off in pieces over a
period of a few minutes, similar to fire-resistance tests with gypsum protection, as
documented in the literature. Times associated with each spike in temperature are

recorded and summarised in Table 4-3.

A et & ¢
Type X Face Gypsum Board Base Gypsum Board
#.0 Gypsum Fire Failure Failure Finish | Failure Failure Finish
Plies Protection Time Temp  Rating | Time Temp  Rating
{min) {°C) {min) | (min) (°C) (min)
3 1x 5/8” CAN/ULC - - - 44-50 340-390 24
3 2x 1/2” CAN/ULC| 48-53 190-334 28 64-67 250-290 55
3 Zx o 120 TloakStg 2i-27 100220 21 T8-E7 A1 0-4RD Z
5 1x 5/8” CAN/ULC - - - 36-39 273-330 23
5 i 5,87 on-Sig - - - 16-20 145-2C0 17

The Gypsum Association [44] defines the finish rating of gypsum boards similarly to the
method used in ASTM E119 [6] to establish insulation failure during standard fire-
resistance tests. The finish rating is the shorter of the time taken for an average rise in
temperature of 140°C, or a maximum rise of 180°C at a single point to occur, as

measured at the back (unexposed) surface of the gypsum board.

4.1.1 Comparison of Meaium- and rull-Scale Gyvpsum Board Performance

All gypsum boards used in both the medium and full-scale testing were Type X Firecode
boards manufactured by CGC Inc. [18]. The boards used in the medium-scale tests were
from the same manufacturer, but from a different batch than the boards used in the

full-scale tests, i.e. manufactured at different times.
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Gypsum boards in the medium-scale tests typically fell off around 5-10 minutes earlier
than was observed in full-scale testing. Fall-off temperatures observed in the medium-
scale standard fire tests were much lower than full-scale temperatures, ranging from
190°C to 390°C with an average fall-off temperature of 300°C. Full-scale test

temperatures ranged from 350°C to 700°C with an average temperature of 630°C.

When comparing gypsum board finish ratings, medium-scale boards tended to exhibit
longer finish ratings than full-scale boards, as listed in Table 4-4. Indicating that gypsum
in the medium-scale furnace heated more slowly during the initial stages of the fire, yet
still experienced sooner fall-off at lower temperatures. The exception is the 5/8” (15.9
mm) board in the 5-ply medium-scale test that lasted 11 minutes longer than the full-

scale test, although both of these boards were deemed to have fallen sooner than was

expected.
Tolh'e 5.4 Commparicen of mecium-end [Utrccie oyrrum averepe Tailure titnes end fin'th ratir o
Face Gypsum Board Base Gypsum Board
#of  TypeX Medium-Scale Full-Scale Medium-Scale Full-Scale
Plies  Gypsum t FRa t FRa t FRa t FRa
(min) (min) {min) {min) {min) (min) {min) (min)
5 1x 5/8” - - - - 37 23 26 22
3 1x 5/8” - - - - 47 24 52 21
3 2x 1/2" 51 28 65 15 66 55 77 46

ty: Average failure time, FRa: Finish Rating

In both 5-ply tests, the 5/8” (15.9 mm) board was expected to remain in place as long as
the 5/8” (15.9 mm) panel in the 3-ply tests, at around 50 minutes. In the medium-scale
test, it was believed that the gypsum fell off prematurely due to insufficient insulation

protection around the edges of the furnace. In all medium-scale tests, Fiberfrax
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insulation packed around the edges of the specimen in the furnace prevented heat from
penetrating the sides of the wood or beneath the gypsum. However, as illustrated in
Figure 4-3 to Figure 4-6, this was likely to have occurred. Heat penetrating the edge of
the assembly caused the wood to catch fire, shown in Figure 4-3. After 20 minutes,
intensified heating between the board and panel caused the gypsum here to weaken
faster than other sections of the board. The degraded section of gypsum at that edge
came free of its fastenings and fell-off prematurely. This began a chain of events that
caused the entire board to fall-off; adjacent gypsum, which still maintained some
strength, was pulled down with the weakened piece, further exposing more wood,
which was then ignited causing more gypsum fall-off. After the test, it was apparent
from the excessive charring at that location (Figure 4-6), that that section of the panel

was insufficiently protected with Fiberfrax blankets.

Observations made during the similar full-scale test indicate the gypsum failed from the
corner first, yet no further specifics were listed, other than that it was expected to
remain in place much longer [17]. Interestingly though, the finish ratings of both these
boards are consistent with both 3-ply medium- and full-scale 5/8” (15.9 mm) gypsum
board tests. This would indicate that the gypsum was not damaged or faulty and

performed as expected for the first 20 minutes of fire exposure.
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A plateau observed in all gypsum time-temperature graphs at 100°C, shown in Figure
4-8 to Figure 4-18, indicates that heat flux into the board was absorbed by the liberation
and evaporation of bound water molecules [41]. During similar medium- and full-scale
tests, this plateau appears to begin and end at consistent times. However, after all
water has evaporated from the boards, it is clear that different heating rates in the

boards occur depending on the furnace, the slower of which being in the medium-scale
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furnace. This could be the result of numerous different factors; the size of the
combustion chamber in the furnaces, the rate of hot gases being exhausted, the
proximity of the burners to the specimen, the perimeter to surface area ratio of the
gypsum boards, or the batch of gypsum boards themselves. Without a much larger test
series, it is difficult to determine which one, or combination of these factors, played a

significant role in the discrepancy in gypsum board performance.

Overall, gypsum boards performance was consistent until the dehydration reaction in
the gypsum board was complete. After this point gypsum performance did not show
completely consistent results between medium-scale and full-scale testing. Gypsum
boards in medium-scale tests exhibited a trend of longer finish ratings and shorter
failure times than those found in full-scale tests. These trends are illustrated in Figure
4-8 to Figure 4-15. Although temperatures in both furnaces were maintained to a similar
standard, it is believed that the main cause of the shorter failure times was attributed to
the larger perimeter to surface area ratio of specimens in medium-scale tests then in
the full-scale tests. Insulation protection around the edges of the panels does not offer
total protection from heat penetration on the sides of the panel and flaming was
observed to occur on the sides of all medium-scale test panels before tests were
deemed finished. This was confirmed by the presence of char that had formed on the
sides of all test panels after they were removed from the furnace. Due to the higher
perimeter per square meter of surface area in the medium-scale tests, panels were

more vulnerable to heat entering the sides of the panel, causing the wood above the
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gypsum boards to be heated at a faster rate than if only the bottom surface was

exposed. This was likely the cause of the earlier gypsum failure.

The following graphs illustrate the temperature at the back of gypsum boards in both
medium- and full-scale tests throughout fire exposures. In full-scale tests, Q1 — Q4

indicate the location of thermocouples on the panels, as illustrated in Figure 4-7.
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Sizure 4-7: Leczticn of thermocouples on full-sale test penels {repreduced from [17))
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Figure 4-S: Temperatures behind gypsum for full-scale 5-ply floor with 1 layer of 5/8” {15.9 mm) gypsum
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Temperature at the Back of Face Gypsum Layer
3 Ply, 2 Layers of 1/2" Gypsum, Std Fire Exposure

1000

front

Center . /

Exhaust

Fire Temp

800

Temperature {°C)

400

200

o

[s]

1200

1000

O 800
[0]
3
[\]

S 600
jo)
&

F 400

200

0

Figure 4-13:

Gypsum falls off when hack
temperature s 17070 to 335°C

o Gypsum falls

I froms 37 S3mn
10 20 30 40 50 €0 70 80
Time {min)
~ra S VLI feoozie Tonn A st 227
TPT e nes T
—
—-—Q2
------ C
- ---Q3
- Q4
—CAN/ULC S101 Ty

-
-
pes

0 10 20 30 40 50 60 70
Time (min)

Temperatures between gypsum layers for full-scale 3-ply floor with 2 {ayers of 12”7 (12.7
mm) gypsum

76



1000

800

700

600

500

Temperature {"C)

400
300
200

100

800

600

Temperature (°C)

400

200

Figure 4-15: Temperatures behind base layer for full-scale 3-ply floor with 2 layers of 4” (12.7 mm])
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Gypsum boards exposed to the initially more intense non-standard fire, did not perform
as well as the gypsum boards exposed to the standard fire. Boards exposed to the initial
growth phase of the non-standard fire experienced shorter failure times and finish
ratings, as well as lower fall-off temperatures. However, in the 3-ply double-layer test,
the base board remained in place much longer in the non-standard fire than in the
standard fire exposure, shown in Table 4-3. The base board in this test was not exposed
to the fire until over an hour had passed. By this time the non-standard fire had entered
the decay phase and the board was exposed to much lower temperatures than the
standard fire, resulting in a slower calcination reaction rate, allowing it to remain in

place much longer.

During non-standard tests, gypsum failure at one end of the furnace would occur
around 15 minutes before it fell at the other end. This is explained by the non-uniform
temperature observed across the length of the medium-scale furnace during non-
standard fires. The furnace involved four burners in the front half and two burners in
the exhaust half. When running all six burners at full capacity, as required for the design
fire, the front of the furnace tended to have much higher temperatures, measured at up
to 200°C higher than at the exhaust during the first 30 minutes of testing, as shown in

Figure 4-16.
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Furnace Temperatures in Mid-Scale Furnace
3 Ply, 2 Layer of 1/2" Gypsum, Non-Std Fire Exposure
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This inconsistency caused gypsum at the front of the furnace (furnace thermocouples
TC1 —-TC3) to fail sooner than gypsum at the exhaust end of the furnace (TC4 — TC6),
shown in Figure 4-17 and Figure 4-18.

Temperature at the Back of Face Gypsum Layer
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Figure 4-17: Temperature at back of face gypsum layer in 3-ply, 2-layer gypsum, non-standard fire test
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Temperature at the Back of the Base Gypsum Layer
S Ply, 1 Layer 5/8" Gypsum, Non-Std Fire Exposure
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From data gathered by Sultan [38] regarding 80 full-scale, standard floor tests on a
variety of floor assembilies; one layer of 15.9 mm Type X gypsum board typically endures
around 40 minutes of exposure, while two layers of 12.7 mm Type X gypsum typically
lasts around 65 minutes (though both of these times are subject to a large degree of

variance, up to 20 minutes in extreme cases).

The average failure times of the gypsum boards during the standard fire tests fall within

the normal spectrum of fall-off times found by Sultan, listed in Table 4-5. While test data
from medium-scale gypsum lined CLT tests are not identical to full-scale CLT test data, it

still provides some evidence that both sets of data appear to fall within times observed

in common practices. Further, this demonstrates that gypsum boards fastened to CLT
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floor panels are likely to behave very much the same as they do when fastened to other

varieties of light frame floor assemblies.

# of Type X Face Gypsum Base Gypsum
Plie Gypsum Fire Board Failure Time | Board Failure Time

s Protection {min) (min)

3 1x 5/8” CAN/ULC - 47

3 2x 1/2”  CAN/ULC 51 66

3 Ixo 1727 rion-Sud 21-37 TR-E7

5 1x 5/8”" CAN/ULC - 37

S ia 5rg NGN-STa RECEENY

Lo Pl

N LN
Potamination

Adhesive failure and ply delamination were found to occur once the temperature at the

back of each ply increased to around 200°C. Plies would not fall off as one layer all at

once, but rather broke off in very small pieces at first, on the order of a few centimeters,

which gradually increased in size as more pieces fell. This resulted in a period of time for

each ply delamination that lasted several minutes. Ply delamination likely occurred in

this way due to the lack of edge glue between individual pieces of lumber in Nordic

constructions. Floors used in this test series incorporated face glue only, thus once the

glue on the face of a specific piece of lumber failed, it was free to fall from the panel.

Ply fall-off was determined through visual monitoring via the video camera, shown in

Figure 4-19, and temperature data recorded at three locations at the back of each ply.
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Similar to gypsum failure, the time at which ply layers delaminated could also be
associated with a sudden increase in temperature at the back of the ply due to

thermocouples suddenly becoming exposed to the fire, shown in Figure 4-20.

Temperature at Back of 1st Ply vs Time
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Figure 4-20: Temperature at the back of the first ply layer of a 5-ply panel without gypsum protection
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The times and accompanying temperatures before a spike occurred at the back of each

ply are summarised in the Table 4-6.

Type X First Ply Second Ply
# of . Fall-Off Fall-Off | Fall-Off Fall-Off
. Gypsum Fire . )
Plies Protection Time Temp Time Temp
{min) (°C) (min) (°C)
3 Unprotected CAN/ULC | 64-65  195-305 - -
*3 1x 5/8” CAN/ULC - - - -
3 2x 172" CAN/ULC | 107-111 180-220 - -
3 2 Ll Nep-Std
5 Unprotected CAN/ULC | 58-70  195-285 87+ 205+
5 Lnprotecied tlon-si 5833 200-280
5 Ix 5/8” CAN/ULC 79-82 170-260 115+ 140+
5 ix  5/8" Non-Std 52-50 2¢0-240

* Test was ended and burners turned off before any ply layers fell-off
+ Indicates entire ply layer had not fallen off; complete data range was not found

In all tests, with the exception of the test marked with an (*), burners were left on to
continue following the prescribed fire curve after the load was removed, in order to
collect delamination data from ply layers still in place. In the non-standard 3-ply test
with 2 layers of gypsum, no ply layer fell, since by the time both gypsum boards had
fallen off, the fire temperature had decreased low enough that heat transfer to the

adhesive was not sufficient to cause the first ply to delaminate.

1.2.1 Compearison of Medium- and Fell-Scate Flv Delaniination

Plies in all panels were 35 mm thick and used a one-part, polyurethane adhesive (PUR)
between ply layers. The time that a ply layer was observed to begin falling off and the
time when the layer had completely fallen off, are listed in Table 4-7 along with the

associated temperature range measured at that interface. In the full-scale 3-ply tests
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with 2 layers of gypsum, and the medium-scale 3-ply tests with 1 layer of gypsum, ply
layers did not fall-off due to tests being ended prematurely. No standard full-scale,

unprotected 3-ply test was conducted.

First Ply Layer Second Ply Layer
# _°f Type X Medium-Scale Full-Scale Medium-Scale Full-Scale
Plies Gypsum t; Temp t Temp t; Temp t; Temp
(min) (°C) (min) (°C) (min) (°C) {min) (°C)
; _ 64- 195 ] ] ] ] i ]
65 310
; 1x ] ] 78 160- ] ] ] ]
5/8” 81 200
; x | 107- 180 ) ] ) ] )
1/2” 111 220
58- 195- 60- 195-
5 - 70 285 65 280 87+ 205+ 92+ 205+
1x 79- 170- 73- 190-
5 5/8" 82 260 87 235 115+ 140+ 107+ 200+

ty: Time that ply began to fall off-time that layer had completely fallen off
Temp: Temperature range measured at interface over which ply layer fell off
+ Indicates entire ply layer had not fallen off; complete data range was not found

Comparing equivalently protected 3-ply and 5-ply medium-scale and full-scale tests,
both the first and second ply layers appeared to delaminate at roughly the same time. In
all tests, first ply delaminations appeared to begin at around, or just before, the
adhesive temperature had reached 200°C. Second ply delamination only occurred in the
standard 5-ply tests. The adhesive between the second and third ply also failed at
around, or just below 200°C. All four of these tests were ended before the entire second
ply delaminated and the full time length and range of temperatures over which the

delamination occurred was not able to be determined.
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Similar to gypsum board performance in the non-standard fire, plies began to
delaminate earlier and over longer periods of time than plies observed in equivalent
tests exposed to the standard fire. However, similar to standard tests, delaminations
appear to begin at around, or just before, the adhesive temperature reaches 200°C.
Small pieces of charred wood started to fall-off at the hotter front section of the furnace
first in the non-standard fire tests due to a characteristic of the furnace. This is

explained in greater detail in Section 4.1.2.

In all medium-scale and full-scale tests, a temperature plateau at the first ply interface
was observed at 100°C and continued for about 15 minutes due to water evaporation in
the surrounding wood. This occurrence was not as prominent at the second ply
interface. Instead, a sudden decrease in the rate of temperature rise occurred once the
temperature had reached 100°C, but the temperature then immediately began to climb
again, rather than plateau. These incidents are displayed in Figure 4-21 and Figure 4-22.
Most of the water around the second interface was likely driven off before the

temperature had reached 100°C due to hygrothermal movement.
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Figure 4-22: Temperature between 2™ and 3 ply in 5-ply, 1 layer gypsum standard test
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From observations in these experiments, it is evident that the polyurethane degradation
was the underlying factor for ply delamination. In all tests, ply delamination began to
occur at temperatures around 200°C. The average fall-off temperature calculated from
temperatures found at the three thermocouple locations, in all tests, at both interfaces

is 210°C.

Char is considered to have formed at a specific depth in the wood when the
temperature reaches 300°C [8]. Thermocouples embedded at various depths in the
panel provided time stamped temperature data, from which the time when charring
began was determined. The average charring rate was calculated by dividing the depth
to the exposed surface of each thermocouple by the difference in time from the start of
charring at the surface of the panel, to when the temperature had reached 300°C at that
depth. This is illustrated for a thermocouple 35 mm from the exposed surface in the

equation below:

35 [mm] £g. 4.1

CRavg.3s = t300,35 — tzo0,0 'Min
The average charring rates for every thermocouple depth in all tests are listed in Table
4-8. Panels exposed to the non-standard fire incorporated thermocouples at depth

intervals of 8.75mm instead of 17.5mm to better capture the rapid heating that would

occur from the growth phase of non-standard fire. Blank cells in the table indicate a

depth for which there was either no thermocouple present or the temperature did not
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reach 300°C. The onset of charring is the time at which charring began at the exposed

surface of the panel after the burners had been ignited.

Tole L e T L Trite Corl o o N 5 e -
# of Plies 3 3 3 3 5 g 5 S
Type X Gypsum i 1x 2x 2x i ) 1x i
Protection 5/8” 1/2” i 5/8” 5/8”
Fire ULC ULC ULC ons 2 ULC  iontes ULC PR gs
Onset of Charring {min) 1.8 40 67 54 1.5 1.8 36 5
8.75 mm - - - Cie - DLt - LEL
17.50 mm 0.37 - 0.96 on 0.46 190 0.90 e
Ave. 26.25mm - - - : - s - S a7
Charring  3500mm 057 - 081 057 553 074 07
rate at: - e
43.75 mm - - - - - 5 - 2
(mm/min) 52.50mm - - - 0.72 0.79
70.00 mm - - - : 0.76 0.77
87.50 mm - - - - - - 0.93
Mean 0.47 - 0.88 0.23 0.63 0.&8 0.83 1.0s
o 0.14 - 0.11 C.od2 0.14 0.16 0.084 050
420 Compertcon of Medivim- ana Full-Seate Leoarring Ratles

Charring rates in full-scale tests were calculated in the same fashion as in medium-scale
tests. Charring in the full-scale 3-ply test with two layers of gypsum did not continue
long enough for the char front to reach the first thermocouple depth. However, after
this panel was extinguished, the depth of char in the panel was measured and the
charring rate was calculated by dividing by the length of the test minus the time to the
onset of charring. Charring in this panel ranged from 0.50 to 0.72 mm/min, with an
average of 0.59 mm/min [17]. This is lower than the equivalent medium-scale test,
which had an average charring rate of 0.88 mm/min, although this may have been due
to the different method used to calculate the charring rate in this test than in any other

tests. The char depth was not measured until the panel was removed from the furnace
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and extinguished, well after the test had ended. Therefore, it is likely that charring
would have continued to advance past the time the test ended. This would have caused
a larger char depth than was actually present at the end of the test, and resulted in a

lower charring rate.

No unprotected, full-scale, 3-ply test was conducted. Charring rates for the three

equivalent medium- and full-scale tests are listed in Table 4-9.

o

Scale Medium Full Medium Full Medium Full
# of Plies 3 3 5 5 5 5
Type X Gypsum ” 1x ” 1x
y’I:‘roteCZi’:)n 1x5/8 5/8” i _ 1x5/8 5/8”
Fire uLcC ULC ULC ULC ULC uLcC
Onset of Charring (min) 40 25 1.5 3 36 25
17.50 mm - 0.43 0.46 0.52 0.90 0.55
Average 3500 mm - 0.42 0.57 0.55 0.74 0.42
Charring 55 50 mm - 062 | 0.72 0.64 0.79 0.53
rate at:
(mm/min) 70.00 mm - - 0.76 - 0.77 0.59
87.50 mm - - - - 0.93 -
Mean - 0.49 0.63 0.57 0.83 0.52
c - 0.11 0.14 0.062 0.084 0.073

Charring began at the exposed surface sooner in all protected full-scale tests than in
equivalent medium-scale tests. However, charring rates calculated in all full-scale tests
are lower than those calculated in medium-scale tests. This discrepancy could be the
result of many factors, one of which being the fact that full-scale test data was collected
at one minute intervals while medium-scale test data was collected at one second
intervals. The time at which each thermocouple measures a temperature above 300°C is

taken as the time that the char front has reached that thermocouple. In full-scale tests,
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this is measured at the first full minute with a temperature above 300°C, which would
result in slightly longer times to charring and yield slightly lower charring rates at each
thermocouple depth than in reality. This measurement inaccuracy can account for up to
a 2% difference between charring rates, but differences of up to 60% are apparent

between some equivalent medium- and full-scale tests.

The charring rate of wood is affected by several factors, such as density, moisture
content, permeability, chemical composition and timber treatment [53]. Test panels in
all medium-scale experiments were supplied by Nordic Wood. All were manufactured of
spruce, pine or fir (SPF) lumber, with a density of 560 kg/ma, and moisture content of
12 + 2 % at the time of production [47]. All full-scale test panels were made from the
same manufacturer, except for two floors; the 3-ply panel with one layer of gypsum and
the 5-ply panel with one layer of gypsum were manufactured by Structurlam.
Structurlam CLT panels were also made from SPF lumber; however, they had a density
of +500 kg/m> and a moisture content of 12 + 2 % at the time of production [54]. No
treatment was applied to any test specimens, and given that they were all constructed
of the same type of wood, of the possible factors, the density and moisture content are
likely the only small influencing factors on the charring rates. A lower density typically
gives rise to higher charring rates; however, the full-scale 5-ply panel with one layer of
gypsum demonstrates a much lower charring rate than both the denser, medium-scale
S-ply panels. Moisture content may have been a small contributing factor in the
variation of charring rates calculated, but was not measured immediately before any
panels were tested and cannot be compared. Therefore, with only four tests to
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compare, it is difficult to determine the reason for the discrepancy that occurs between
medium-scale and full-scale charring rates. However, similar to the discrepancy found in
gypsum performance between medium- and full-scale tests, it is possible that the
source of error was caused by more heat transferring into the sides of the panel in the
medium-scale furnace than in the full-scale furnace due to the larger perimeter to
exposed surface area ratio of the specimens. Corner rounding observed on the edges of
all panels tested in the medium-scale furnace is evidence that enough heat had
impinged on the sides of the panel to cause charring. This was also an indication that
heat had penetrated into the center of the panel, which would have increased the rate
of char advancement into the panel from the exposed surface. While the charring rates
in the medium- and full-scale furnace differ because of this, they still demonstrate
similar trends as plies delaminated and charring rates spiked. However, charring rates
from the medium-scale furnace are likely higher and not representative of one-

dimensional charring.

4042 Charring Rates o Stendard end Wen-Standara tires

Charring rates calculated during the initial stages of the non-standard fire were found to
be higher than charring rates found in equivalent assemblies exposed to the standard
fire curve. This is expected due to the faster growth phase and higher temperatures of
the non-standard fire. Similarly, charring rates observed during the decay period of the
non-standard exposure were much lower than charring rates found in equivalent tests
exposed to the standard fire. The non-standard 3-ply test with two layers of gypsum

protection experienced significantly lower charring rates than all other tests due to the
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gypsum taking the brunt of the fire exposure. By the time both layers of gypsum had
fallen off, the fire temperature had decreased to around 600°C, causing char
progression in the panel to proceed very slowly with a steadily decreasing charring rate.
The char front did not advance to the 26.25 mm thermocouple in that test before the

temperature of the fire had decreased below 300°C and the test was ended.

The depth of char at each individual thermocouple location is plotted at the time it was
determined to occur for each test in Figure 4-23 to Figure 4-29. Charring rates calculated
between each thermocouple are annotated on these graphs which compare tests of
standard and non-standard exposures. Significant events that occur during each test,
such as ply delamination and loss of gypsum protection, are also highlighted.

Char Depth vs Time - 3 Ply, No Gypsum, Std Fire Exposure
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Figure 4-23: Char depth progression in a 3-ply panel without gypsum exposed to the standard fire
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Char Depth vs Time - 3 Ply, 2 Layers of 1/2" Gypsum, Std Fire Exposure
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Figure 4-25: Char depth progression in 3-ply panel with 2 layers gypsum exposed to non- standard fire
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Char Depth vs Time - 5 Ply, No Gypsum, Std Fire Exposure
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Figure 4-27: Char depth progression in a 5-ply panel without gypsum exposed to ncn- standard fire
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Char Depth vs Time - 5 Ply, 1 Layer 5/8" Gypsum, Std Fire Exposure
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Figure 4-29: Char depth progression in 5-ply panel with 1 layer of gypsum exposed to non- standard fire

95



e Do~ -

A spike in the charring rate is typical when a ply delaminates as uncharred wood is
exposed to the fire; however charring rates calculated between these points are not
indicative of actual charring rates occurring. Plies in these experiments typically
delaminate before the char front reaches the interface between layers, when its

temperature is around 200°C, as shown in Figure 4-30.

Figure 4-31: Fiece of delaminated layer showing exposed charred side, uncharred adhesive side, and the
few millimeters of uncharred wood in the ply
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Once the layer delaminates, the thermocouple at the interface reads a sudden spike in
temperature as it became exposed to the fire. Data analysis of this event places the char
front at the newly exposed surface of the next ply at the time of delamination. However,
as shown in Figure 4-31, there are a few millimeters of uncharred wood remaining in the
fallen ply layer, which are accounted as having been charred in the charring rate
calculation. Therefore, all charring rates calculated after such an event essentially
represent a slightly higher effective charring rate of the panel, which incorporates ply

fall-off, rather than the charring rate of just the solid timber itself.

For unprotected wood exposed to the standard fire exposure, EN 1995-1-2 [14, p. 23]
uses a one dimensional charring rate, Bo, and a design charring rate to include the

effects of corner rounding, B., as listed in Table 4-10.

BO Bn

(mm/min) (mm/min)

Softwood and beech
Glued laminated timber with a characteristic density of > 290 kg/m? 0.65 0.7
Solid timber with a characteristic density of > 290 kg/m> 0.65 0.8

Examining the unprotected 3-ply and 5-ply panels exposed to the standard fire in Table
4-8, both exhibit a charring rate of 0.57 mm/min through the first ply (35 mm), which is
lower than the Eurocode prescribed charring rate for solid timber of 0.65 mm/min.
However, the Eurocode specifies a multiplication factor to design charring rates for

wood with a density greater than 450 kg/m>. The charring rate used for denser wood

can be adjusted by multiplying the design rate by a density factor, k, = FE—Q, where py
k
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is the characteristic density, in kg/m3 [14, p. 22]. The density given by Nordic for CLT is
560 kg/m3 [47]. Applying this factor to the one-dimensional charring rate, we get a
characteristic charring rate of 0.58 mm/min, which offers a much closer fit to the
charring rate found in the first ply. However, the overall charring rate through the first
two plies of the 5-ply panel is 0.76 mm/min. This value incorporates the first ply

delamination and is expectedly higher as it represents an effective charring rate.

When gypsum protection was present, panels exposed to both standard and non-
standard fires exhibited much higher initial charring rates once the gypsum protection
had fallen-off than were observed in unprotected panels. In standard fire exposures, the
initial charring rate of the 5-ply panel with one layer of gypsum was double that of the
unprotected panel, at 0.90 mm/min compared to 0.46 mm/min. The initial charring rate
of the 3-ply panel with two layers of gypsum was more than double the rate of the
unprotected panel, at 0.96 mm/min compared to 0.37 mm/min. In the 5-ply tests
exposed to the non-standard curve, the panel with one layer of gypsum protection had
an initial charring rate of 1.68 mm/min compared to 0.89 mm/min in the unprotected
panel. Gypsum boards protect and delay the wood from initially charring, during which
time the fire temperature becomes much hotter. When the gypsum fails and the wood
is then initially exposed to a hotter fire than an unprotected and equivalently uncharred
panel would be; a more rapid temperature rise occurs at the exposed surface from the
significant amount of heat now penetrating the wood. This causes char to form quickly
producing higher initial charring rates. These elevated charring rates were observed to
continue until the char front had reached the thermocouple at the 17.5 mm depth. This
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was not the case if the gypsum layers had fallen-off after the fire temperature had
decreased, such as the case in the 3-ply panel with two layers of gypsum in the non-

standard fire.

4 . Foe ey ey vred L O R VA A A e 4 N I R s T L e 4
TSRO R DR FON AN TN S B P U Nicthaod to O PO b Ly i

The Eurocode EN 1995-1-2 [14] charring depth calculation method was compared with
char depths measured in the medium- and full-scale tests to asses it’s accuracy when
applying it to CLT. The calculation method stipulates a constant charring rate of 0.65
mm/min be used for the wood used in this experiment. A density adjusted charring rate
of 0.58 mm/min is also compared. For protected surfaces, a calculation to predict the
time to gypsum failure is included and followed by charring at twice the standard rate
for the first 25mm of char formed. After that point, the standard charring rate is then
used. Char depths calculated using this method are graphed in Figure 4-32 to Figure
4-36. This method is intended for use in standard fire exposures only. Panels exposed to

the non-standard fire in this test series were not included in this comparison.
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Mid-Scale Char Depth vs Time - 3 and 5 Ply, No Gypsum, Std Fire

80
— .65 mm/min
(.58 mm/min
70
Sply Front
Sply Center
&0 Sply Exhaust
e
-+ - 3ply Front /,—
”’
- -
50 - 3ply Center /,—
-
»  3ply Exhaust -~

Char Depth (mm)
&
o

30

20

10

0
0 10 20 30 40 50 60 70 80 90 100
Time (min)
cuio sl Cioroon oabc ctandarg e
Full-Scale Char Depth vs Time - 5 Ply, No Gypsum, Std Fire Exposure
80
—0.65 mm/min
wwwe0.58 mm/min
70
-~ Ql
- Q2
60 . Q3
ﬂ'.
»-- Q4 L
Center oo 4 ,a"
- 50
E
E
£
B 40
@
a
o
1]
£
Y 30
20
10
0
] 10 20 30 40 50 60 70 80 90 100

Time {min)

Figure 4-33: Char depth in full-scale 5 ply unprotected panel exposed to the standard fire compared to
Eurocode charring calculation method
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Mid-Scale Char Depth vs Time - 5 Ply, 1 Layer 5/8" Gypsum, Std Fire

90
—(.65 mm/min *
=e=-0.58 mm/min
80 — — 0.80 mm/min
s Front
70 + Center
Exhaust
60
3
Es
£
3
w 40
g
£
[v]
30
20
10
0
(o] 20
Time (min)
Fou olher oy vonedieeTooie Sroly pones AN w Ny cGns et dong
coompnindin Eursecee charir s coicnis e e
Full-Scale Char Depth vs Time - 3 & 5 Ply, 1 Layer 5/8" Gypsum, Std Fire
90
—0.65 mm/min
80 -===058 mm/min
-~ — 0.80 mm/min
70 » 3PlyQl
—e— 3PlyQ2
s 3PiyQ3
60
®x 3PlyQ4
E -4 3 Ply Center
E g
= - SPyQl
§ 5 Ply Q2
5 40 A- SPlyQ3
5 - SPlyQa
30 5 Ply Center
20
10
0 +
0 20 40 60 80 100 120 140
Time (min})

Figure 4-35: Char depth in full-scale 3 and 5 ply panels with 1 layer of gypsum exposed to the standard
fire compared to Eurocode charring calculation method
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Mid-Scale Char Depth vs Time - 3 Ply, 2 Layers of 1/2" Gypsum, Std Fire
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From these graphs it is apparent that the Eurocode char method does not offer a
reliably accurate approach for estimating the char depth in CLT. While the predicted
gypsum failure time is reasonably close to the actual failure times in single board tests,
double board estimates predict a fall-off time nearly 20 minutes sooner than test
results. Ply delamination tends to cause large variances in the charring rate, increasing
drastically as new plies are exposed to the fire. This effect is not conventionally captured
in the Eurocode beyond increasing the initial charring rate for a short period after
gypsum failure. However, a creative interpretation of the Eurocode, assuming each ply

layer as a layer of protection, could offer a closer approximation.

Since ply delamination is based on the failure temperature of the adhesive in these

experiments, different adhesives will demonstrate different failure times, as shown by
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Frangi [19]. Frangi also demonstrates ply thickness as a factor in delamination time and
charring rates. Floors with thicker plies take much longer to delaminate and
demonstrate a closer overall effective charring rate to that of solid timber. The adhesive
in floors with thinner plies have less protection and delaminate more quickly as well as

exhibit much higher overall effective charring rates.

A possible modification to this method to better model charring in CLT could involve the
incorporation of an effective charring rate. However, this would also require the
establishment of an empirical relationship for the effective charring rate based on
variable inputs for ply thicknesses and adhesive failure temperatures to maintain
universality of use. The formulation of such a relationship would require significant
experimentation, which has not yet been completed. However, even with an established
effective charring rate, a precise determination of the char depth in a CLT panel would
not be possible. If the effective char depth is calculated at a time just after a
delamination, it will yield a smaller char depth than the actual char depth. Whereas if
the effective char depth is calculated at a time just before a delamination, it will yield a
larger char depth. Given more experimentation, an average effective charring rate could
be calculated, however since charring does not follow a linear pattern in CLT, it would

not offer significant accuracy in its calculation.

A more accurate approach to predicting char depth in CLT is to treat each layer as an
individual layer of protection, similar to recommendations made by Frangi [19], where

he assumes a doubled charring rate of 1.3 mm/min to continue for 25 mm after a ply
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delaminates. However, from the results in this research, this method is not fully
representative of how charring continues. It is apparent from the results of Frangi’s
work and this research, that the amount the charring rate increases by is influenced by
the ply thickness, adhesive properties, and whether or not gypsum protection was
present. This method would require invoking a relationship based on ply thickness and
adhesive properties to determine a distance of uncharred wood between the char front
and the adhesive, at which the ply will delaminate. For example, an equation in the
Eurocode, cited by Buchanan [8, p. 277], offers a calculation method for the
temperature below the char layer in a wooden semi-infinite solid exposed to the
standard fire. From this equation, when the char front is 8 mm away from the adhesive,
it can be assumed that the temperature at the interface is around 200°C, and the ply will
delaminate. Similar to gypsum failure in EN 1995-1-2, a multiplication factor can be
applied to the standard charring rate when a ply delaminates. However, more
experimentation to determine how ply thickness and gypsum protection affects this
factor and for how long it should be applied before reverting back to the standard

charring rate, is required.

Once the char front reaches the calculated distance from the adhesive, the ply would be
considered fallen, the char front would then be taken at the surface of the next ply, and
the multiplication factor would be applied as necessary. This method would offer a
more accurate approximation for calculating the instantaneous char depth in a CLT

panel at a given time during a standard fire exposure.
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A temperature profile throughout the depth of the panel is delineated using data from
embedded thermocouples. A plot showing how the temperature profile changes every
10 minutes illustrates how heat penetrates the panel during a test, shown in Figure
4-37. Only temperature data that represents heated wood or char are included in the
graph. Lines not extending to the fire exposed surface of the panel represent pieces of

char that have fallen off, or plies that have delaminated.
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The average heated zone in the wood is calculated by measuring the depth of wood
with a temperature greater than 25°C (or ambient temperature, if it is higher than 25°C)
and less than 300°C. This represents the heated layer of wood that has not yet been
converted to char. The heat-affected layer is measured by making a linear

approximation for temperatures between thermocouples, as demonstrated in Figure
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4-37, and measuring the distance over which the temperature drops from 300°C to

ambient. The average heated zone calculated in each experiment is listed in Table 4-11.

Avg.
# of Type X " Heated
. Gypsum Fire
Plies . Zone

Protection

(mm)
3 Unprotected CAN/ULC 46
3 1x 5/8” CAN/ULC 45
3 2x 172" CAN/ULC 50
3 P NERSEe
5 Unprotected CAN/ULC 40
5 Lrroteted  Non-Sud L
5 1x 5/8” CAN/ULC 41
5 PR Nome St Le

AT Hestiicoedbavar in Stencdard and Nen-Standard biree

The heat-affected layer is much smaller during the initial growth phase of non-standard
fires than in standard fires and is likely caused by the rapid growth phase of the non-
standard fire exposure. Heat penetrating the wood is not able to advance into the wood
much faster than the quickly progressing char front at the exposed surface. Once fire
temperatures of around 800°C are attained and heat has had significant time to
penetrate deeper into the wood, the heated zones in both standard and non-standard
fires become more similar in size. During the decay phase of the non-standard fire, slow
heating and lower temperatures cause the heated zone to increase in size significantly.
As the fire temperature decreases, the charring rate decreases more than the rate at
which heat continues to penetrate deeper into the panel. This creates a larger overall
average heat-affected layer in panels exposed to the non-standard fire than that which

is found in panels with equivalent gypsum protection exposed to the standard fire.
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For the same reasons stated in the previous section, it would be assumed that the
presence of gypsum protection would create larger heated zones. However, no
significant trend can be observed from these tests to demonstrate that effect. Without a
larger sample size, it cannot be confirmed that gypsum boards have a substantial effect

on increasing the size of the heated zone in both standard and non-standard fires.

As cited by Buchanan [8, p. 277], Eurocode 5 offers a calculation method for the
temperature below the char layer in a wooden semi-infinite solid exposed to the
standard fire. In this equation, the thickness of the heat-affected layer is taken as 40
mm. This provides a good fit with the average heat-affected layer found in both 5-ply
tests exposed to the standard fire, at 40 and 41 mm. The average heated zone in 3-ply

tests was slightly larger, at 47 mm.

4.2 Deflection

Once the preload has been applied and settled, deflection measurements were zeroed,
the burners started, and deflection was recorded every second. Deflection data is
plotted on graphs annotated with supplementary events that occur during the test, such

ply and gypsum failure in Figure 4-38 to Figure 4-48.

4.5.1 Comparison of Deflection in Medium- and Full-Scale Tests
The LVDT’s used to measure deflection in the first three tests had a maximum stroke of
only 200 mm. Deflection in these panels exceeded the maximum stroke near the end of

the tests and continued to deflect without showing an increase in the data. This can be
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seen in Figure 4-38, where the center deflection reaches a maximum and stays there

until the load is removed.

Deflection graphs from medium-scale tests display very similar values and trends to full-
scale deflection graphs in three of the four comparable tests. The one exception is the
full-scale 3-ply test with two layers of gypsum protection, shown in Figure 4-41. All tests
with gypsum protection show a slow and gradual increase in downward deflection until
the gypsum falls-off at which time deflection begins to increase rapidly. However, in the
full-scale 3-ply test with two layers of gypsum, deflection steadily increases at a
relatively constant rate throughout the entire test. A possible explanation for this may
be the type of wood used in this panel. This was the only panel in both test series that
used Nordic’s SPF 1650F, MSR lumber in the longitudinal plies, rather than the standard
SPF 1950F, MSR [17]. Although the modulus of elasticity and bending strength stated for
SPF 1650F, MSR plies are not substantially lower than that of SPF 1950F, MSR, as listed
in Table 4-12, manufacturing practices at Nordic were still in the early stages at the time
of that test. It is possible that a problem may have occurred during the manufacturing of
this panel. Material properties of the wood used in both medium- and full-scale tests

are listed in Table 4-12.
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Type X Full-Scale Wood Properties Medium-Scale Wood Properties
Plies Gypsum Longitudinal Transverse Longitudinal Transverse
Protection Plies Plies Plies Plies
Structurlam (54] Structurlam
SPF No.1/No.2 SPF No.1/No.2
3 1x 5/8" / /
E =9,500 MPa E =9,500 MPa
f, = 11.8 MPa f, = 11.8 MPa
Nordic Wood [17) Nordic Wood
SPF 1650F, MSR  SPF No.3/stud | Nordic Wood 471 Nordic Wood
2x 1/2”
3 x 1 E = 10,300 MPa E = 9,000 MPa
f, = 23.9 MPa f, = 7.0 MPa SPF 1950F, MSR SPF No.3/stud
Nordic Wood Nordic Wood E = 11,700 MPa E = 9,000 MPa
5 SPF 1950F, MSR SPF No.3/stud
E= 11,700 MPa E = 9,000 MPa fb = 28.2 MPa fb =7.0 MPa
f, = 28.2 MPa f, = 7.0 MPa
Structuriam Structurlam
. SPFNo.1/No.2 SPF No.1/No.2
> S/8" 9,500 Mpa E = 9,500 MPa
f,=11.8 MPa f, = 11.8 MPa
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Mid-Scale Deflection vs Time - 3 Ply, 1 Layer of 5/8" Gypsum
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Full-Scale Deflection vs Time - 3 Ply, 1 Layer of 5/8" Gypsum
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Figure 4-39: Full-scale deflection versus time of a 3-ply panel with 1 layer of gypsum protection, std fire
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Medium-Scale Deflection vs Time - 3 Ply, 2 Layers of 1/2" Gypsum, Std Fire
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Figure 4-41: Full-scele deflection versus time of a 3-ply panel with 2 layers gypsum protection, std fire
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Figure 4-43: Full-scele deftection versus time of a 5-ply panel without gypsum protection, std fire
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Figure 4-45: Full-scale deflection versus time of a 5-ply panel with 1 layer of gypsum protection, std fire
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Loads applied in each test, along with the associated load ratios and the amount of
deflection from preloads, are listed in Table 4-13. A description of how loading criteria

were chosen and load ratios calculated are covered in Section 3.4,

- A e e [ S e S - o [
O N . LI Tl e lel et Ty 00l LT T T DD T

Full-Scale Medium-Scale
- * _
Ply Type X o Load Preload Load Load Preload
Gypsum Load Criteria Load Deflect . Load Deflect
Ratio (mm) Criteria Ratio {mm)
, | NBCC Office 2.4 kPa L/240 2.75 kPa
3 IX5/8" e Load 62% 223 | Deflection 299 206
" . 2.7 kPa L/240 2.68 kPa
3 2x1/2 L/240 Deflection 30% 18.6 Deflection 29% 20.6
. 11.75 kPa L/240 11.7 kPa
5 - L/240 Deflection 47% 19.9 Deflection 47% 19.7
NBCC Live Load from
" N 8.1 kPa L/240 11.8 kPa
5 1x 5/8 (-1'.\iwL +1.25wp)L°/8 80% 174 Deflection 48% 20.1
- r

NBCC: National Building Code of Canada
* 4-point load for 1/240 deflection actually applied in tests; equivalent uniformly distributed load
listed for comparison purposes

-

4.5.2 Deflectionin Standard and Non-Standard lires

Gypsum failure and ply delamination during non-standard fires caused similar changes
to the slope of deflection curves as those found in equivalent standard fire exposure
deflection graphs. However, these events occurred at different times than in equivalent
non-standard tests. Therefore, while these deflection graphs exhibited similar trends,
they produced dissimilar shapes. The decreasing temperatures during the decay phase
of the non-standard fire slowed the rate of heating into the wood, causing a more
gradual loss of strength and slower rate of deflection change. Deflection graphs of the

panels tested against the non-standard fire are included in Figure 4-46 to Figure 4-48.
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Medium-Scale Deflection vs Time
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Figure 4-47: Medium-scale deflection vs. time of a 5-ply panel without gypsum protection, non-std fire
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Medium-Scale Deflection vs Time - 5 Ply, 1 Layer 5/8" Gypsum, Non-Std Fire
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All floors in these experiments act in bending from the loads imposed on them.

Temperature (°C)

Therefore, in the 3-ply panel tests, the fire exposed, outermost ply provides nearly all

the bending resistance to the load. The middle ply provides very little strength since it is

oriented perpendicular to the direction of bending. Since the third ply alone cannot

maintain the applied loads used in this test series, when the outermost ply delaminates,

the panel structurally fails. Hence, all 3-ply tests were only loaded up until the first ply

began to delaminate, in order to prevent damage to the lab equipment.

In the 5-ply panel tests, the load is taken up by the longitudinally oriented first, third,

and fifth plies. Loading can continue beyond the failure of the first ply since the third

and fifth ply are able to maintain the applied loads used in this test series. As the first
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ply is heated, chars, and loses strength, deflection increases at a fairly high rate. This is
demonstrated in the 5-ply deflection graphs from Figure 4-42 to Figure 4-45. This
effective reduction of the first ply strength results in a large decrease in the overall
bending resistance of the panel. Once the first ply had completely fallen off, the rate of
increasing deflection noticeably decreases. This is because only the second ply, which
does not provide much of the overall bending resistance to the panel, is now charring.
However, about halfway between the time the first and second ply delaminate, the rate
of deflection begins to accelerate again. At this point, the heat-affected layer has
impinged on the third ply, causing it to begin to lose strength, thus beginning to remove
the majority of the remaining bending resistance of the panel. When the second ply
begins to delaminate and the third ply begins to char; deflection begins to run away
dramatically. All 5-ply tests were only loaded until this severe increase in deflection was

observed, to prevent structural failure that might have damaged lab equipment.

5 Numerical Model

-

5.1 Introduction

The literature review revealed that data from full-scale fire-resistance tests of CLT
panels are limited. Predicting the performance of these panels can assist fire protection
engineers when developing performance based CLT designs, and help researchers to
plan future experiments. Current CLT models utilise complex two- or three-dimensional

finite element software. This model uses numerical methods and empirical

117



temperature-dependent relationships based on previous research with wood and

gypsum.

A one-dimensional, finite difference numerical model has been developed using
Microsoft Visual Basic Express 2010 to predict the fire-resistance of CLT floor assemblies
in both standard and non-standard fires. Layers of gypsum used to protect the CLT can
also be included in the model. The purpose of the model is to provide an accurate
prediction of the fire-resistance, along with detailed information of the assembly’s
temperature profile, deflection, bending resistance, char depth, charring rate and
heated zone size throughout the entire simulation. Input parameters such as thickness,
orientation and number of laminations, ambient properties of wood and gypsum, and

the load imposed on the assembly can be modified as desired by the user.

The most common standard fires; ASTM E119, CAN/ULC-S101 and I1SO 834, along with
the Eurocode time-temperature curves for hydrocarbon fires, are included as options
for the fire exposure selection. Unique non-standard fires can also be specified by
inputting up to 30 temperatures points with associated times. To define all
temperatures across an entire user specified non-standard fire curve, a linear

interpolation is employed between known points.

The model solves the heat transfer equation for one-dimensional conduction described
in Section 5.2 to calculate a temperature distribution throughout the depth of the
assembly at each time interval. It was assumed that the temperature distribution found

throughout the depth is identical across the entire length and width of panel. The
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thermal and mechanical properties at each node are then reassessed based on the

computed temperatures at each time step.

The conduction equation for a one-dimensional, unsteady control volume is written as:

aT (x +—A%,t)

oT . aT
—kA—| + g;AAx = —kA— + pAcAx
X

dx Ox |l yinx at

Where:

k  =thermal conductivity, W-m™K*

A = surface area through which heat is transferred, m?

T = Temperature, K

x = node distance from surface, m

g; = volumetric rate of heat generation, W-m

p = density of control volume, kg:m™

¢ = specific heat capacity, J-kg -K™
t =time, s
The second term is removed as no heat is generated in the wood or gypsum and the

equation is divided by the area, A.

I oT
dx

B kaT
- dx

or(x + 55,

"

A2
o
[\

+ pcAx
x+Ax ot

In order to discretize the differential equation, the thickness of the panel is divided up
into N small control volumes of height 4x (and 4x/2 at the boundaries), with nodes x;, as

shown in Figure 5-1.
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Applying the control volume method and a discrete time step At, used by Kreith [55] we

get the following equations:

tm =mAt m=20,12,.. £y
Tim € T(x, ty) Za.
T: — T T; — T T —T:
—k im i-1im — —-k i+im im + A Lm+1 Lm Efg. 5,
Ax Ax Y

Rearranging Eq. 5.5 for the temperature at node j, in future time step of m+1, gives:

At (k
Ti,m+l = Ti,m + {Z’; (TH-l,m - 2Ti,m + Ti—l,m)} [q

pclAx

N

To avoid possible divergence, Eqg. 5.6 is modified to its implicit [55] form by evaluating

all of the temperatures in brackets at time step m+1 rather than at m. The equation is

then simplified by defining the Fourier number, Fo, as follows:

kAt

Fo, & ——— Eq. 5.7

picidx?

[9.¥)
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Substituting the Fourier number into the implicit form of the equation yields:

a;Tim+1 = biTiv1me1 + CiTicimer + d; Eq %
Where:
a; =1+ 2Fo; gLt
b; = Fo; fo. 220
¢; = Fo; Po L2l
d; = Tim S

This equation can be solved to find the temperature at all nodes (1 <i < N); however,
boundary conditions must be defined in order to solve for the temperature at the top
and bottom surfaces of the panel. At the bottom surface the conduction term from the
fire to node 1in Eq. 5.5 is replaced with the convective and radiative heat transfer terms

from the fire (subscript f), as shown in Eq. 5.13 below:

k T2,m _ Tl’m + CﬁM [N : e
Ax PE2 |

(T = Tom) + €0(Tfn = Ti) = = -

where h;, €, and o are the convective heat transfer coefficient, emissivity factor, and the

Stefan—Boltzmann constant, respectively.

Solving Eq. 5.13 for T} ;4 in its implicit form and substituting the Fourier number into

the equation yields:

1Ty me1 = b1Tomyer +d4 Eg.5.14
Where:
Ax 3
a; = 1+ 2Fo [7 (hy + €0TPmeq) + 1] Eq. 5.15
b, = 2Fo Eg. 5.16
Ax 3
dl = Tl,m + ZFOTTf,m‘Fl(hf + EO'Tf'm+1) Eq. 5.17
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The term, T13,m+1 in the coefficient a; represents the temperature at the bottom surface
one time step into the future. This temperature is being solved for, and is therefore
unknown. To avoid the complexity of having to solve a fourth order equation, an
approximation is made for this term. The surface temperature at the next time step can
be estimated by taking the average of the fire temperature at the next time step and

the surface temperature at the current time step. This gives a coefficient for a, of:

Ax T, +T, .1
a, =1+2F0[—i€——<hf+ea[—f‘m“2—m] )+1

At the top surface, the conduction term from node N to the ambient air in Eq. 5.5 is
replaced with the convective heat transfer term to the air (subscript eo). Radiation can
be neglected at this boundary since the top surface was found to never increase more
than a few degrees above the ambient temperature in all experiments. The boundary
condition at the top surface is then written as:

TNm - TN—1m
k ' » — h
Ax

fq. 518

Solving for Ty 1n+1 in the implicit form and substituting the Fourier number into the

equation yields:

anTnmer = CNTN-1m+1 T dy fa. 5.20
Where:
Ax A
ay =1+ 2Fo [Thw+1] Eg. 5.21
cy = 2Fo Eq.5.22
Ax _
dy =Tym + 2F0—k—Too,m+1hOo Eq.5.23

The initial condition applied at t = 0 assumes that all nodes of the wood and gypsum

are at ambient temperature, suchthat; T; o = T, for1 < i < N.
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In order to determine the temperatures at all nodes in the assembly at the next time

step, Eq. 5.14fori = 1,Eq.5.8for 1 <i < N, and Eq. 5.20 for i = N are rewritten in

matrix form using the previously defined coefficients a;, b;, ¢; and d;, such that:

where,

—CNn-2

0
0

[ Tl,m+1 i
TZ,m+1
T3,m+1

TN~2,m+1
TN—1,m+1

\- TN,m+1 4

ay_2
—Cn-1 Ay
0 —Cpy ay

—bn-s

dN—Z

dy-1
[ dy |

Since all the coefficients in matrix A are known along with all values of d;, the system

can be solved to find all new temperatures. The program takes advantage of the

tridiagonal matrix algorithm [55] in order to solve the system efficiently. New

temperatures calculated at each time step are used as the current temperatures in the

next time step, which are then used to update the thermal and mechanical properties of

both the gypsum and wood based on temperature-dependent relationships established

in the literature.

5.3 Gypsum Boards

One of the important aspects of modelling gypsum protection, aside from protecting the

wood from the fire exposure, is to effectively simulate the time that it remains in-place
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on the specimen. This is comprised of two main components; an accurate
representation of the thermal properties as a function of temperature, and defined
criteria to determine when gypsum boards fall off. Gypsum boards incorporated into the
model do not provide any structural strength to assemblies and therefore no

mechanical properties for the boards were included.

Equations of the thermal properties of gypsum such as density, conductivity and specific
heat capacity are garnered from the literature [38] [39] [40] [41] [56]. Graphs of the
temperature-dependent relationships for the thermal conductivity (Figure 2-17), specific
heat capacity (Figure 2-20), and density (Figure 2-23) of gypsum used in the model can
be found in Section 2.7: Thermal Properties of Gypsum. These are very important
features of the model as they define how the board heats up throughout the test and in
particular, how the dehydration reaction [56] in gypsum will be accounted for. When
the temperature of a node in the gypsum board is between 100°C and 150°C, a drastic
change in the specific heat capacity occurs. In this temperature range, the SHC increases
up to 18 times higher than its original value, before decreasing back down to just below
its original value at 150°C. This spike represents the energy absorbed during the
dehydration reaction and subsequent evaporation of the liberated water molecules.
This is an important part of modelling gypsum as it represents a significant period of
time during which the temperature of the board is held at around 100°C, effectively
delaying heat transfer to the assembly it is protecting. A similar, yet less severe, process

occurs in nodes of wood for temperatures between 100°C and 120°C.
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Although there is plenty of information available regarding how gypsum performs on
light frame wood structures, there is very little research regarding criteria at which
gypsum panels fall off CLT floors when exposed to either standard or non-standard fires.
Therefore the gypsum board fall-off criteria built into the model was designed to best
match the fall-off times that were observed in the full-scale CLT tests done by FP
Innovations [17]. FPInnovations’ work was compared to fall-off times found by Sultan
[38] for wood-frame assemblies and found to be reasonably similar. Although
FPinnovations tests are a small sample size to base the model on, Sultan’s work provides
some validation in its usage. However, as more research on the subject is completed,

the model will be updated accordingly.

S04 tiarring and Heated Zonc

Char formation in the wood is determined by all nodes with a temperature greater than
or equal to 300°C, as is the commonly accepted value in the literature. The char depth is
determined during the simulation by following the 300°C isotherm as it progresses
throughout the panel at each time step [14]. This information is then used to calculate

the charring rate.

Once a node is considered to be converted to char, it remains in place for subsequent
heat transfer calculations unless the ply it is in delaminates, just as any other node in
the assembly. The properties of wood and char are based on information from the
literature [8] [24] [25] [26] [27] and are continuously updated as the temperature of a

charred node increases. Graphs of the temperature-dependent relationships for the
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thermal and mechanical properties of wood can be found in Section 2.6: Wood
Properties. These include graphs for the modulus of elasticity (Figure 2-7), thermal
conductivity (Figure 2-10), specific heat capacity (Figure 2-12), and density (Figure 2-14).
The model does not incorporate char fall-off or regression, since information of this
nature was unavailable in the literature. However, as temperatures in nodes increase
beyond 300°C, they continually provide less and less thermal protection to the
uncharred wood above. Thermal property relationships built into the model cause
density and heat capacity values to significantly decrease while thermal conductivity
increases. By the time a node reaches 1200°C it will possess 7.5% of its original density,
zero heat capacity and a continually increasing conductivity, thus providing an

approximation of heat transfer through a regressed or fallen charred node.

The heated zone is determined by adding the distance between all nodes from the char

front to the unexposed side of the panel that have a temperature greater than 22°C.

3.5 [atlure Critevia

The CAN/ULC-5101-07 standard fire-resistance test [5] has three failure criteria;
structural, insulation and integrity. The structural criterion states that the assembly
must support the load applied for the duration of the test. Insulation failure occurs
when the unexposed side of the panel exceeds an average temperature increase greater
than 140°C from its original temperature or 180°C at any one location on the assembly.
The integrity of the panel is considered to have failed if the passage of flame or gases

hot enough to ignite a cotton pad occurs on the unexposed side.
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Integrity failure was observed to occur in full-scale experiments at the lap joint between
two panels, but never through a solid section of the panel. Joints are not included in the
model, as they would require a two- or three-dimensional analysis to simulate the

geometry and widening of a lap joint as it chars. Therefore integrity failure could not be

assessed by the model.

The model assesses the structural capacity of the assembly as well as the insulation
failure criteria at each time interval. The temperature at the unexposed side of the
panel never raised more than a few degrees, and as a result, in only very rare and
unrealistic cases would insulation failure cause a CLT test to be terminated. Therefore,
the fire resistance of the assembly in the model is essentially determined by the

weakening of the structural resistance as the panel chars.

3501 Doment Rocivtanee Calculation

Following the Canadian Standard for Engineering Design in Wood (CSA 086) [24], the
factored bending moment resistance and shear resistance of the panel are calculated.
When various loads are applied and the required bending and shear strength are
calculated, it is clear in the vast majority of cases of CLT floor assemblies, aside from
unrealistically short spans, that structural failure due to fire exposure will occur in

bending long before shear failure occurs. Thus the governing factor in the model when

determining the fire resistance of the panel is the bending moment resistance.

As a CLT panel chars, the cross sectional area decreases, effectively reducing its

mechanical strength. The bending strength of the panel is calculated at each time step
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using a slightly modified version of the procedure described in the CLT Handbook [57].
The CLT Handbook proposes calculating the char depth by using a fixed charring rate of
0.65 mm/min as specified in Eurocode 5 Part 1-2, Table 3.1 [14, p. 23]. It also instructs
using a heat-affected zone of 10.5 mm after 20 min which, along with the charred layer,
contribute zero strength to the assembly. To attempt to increase the accuracy of this
method, the numerical model instead utilises a temperature-dependent relationship for
the modulus of elasticity of wood, illustrated in Figure 5-2. Temperatures calculated at
each discrete node from the heat transfer model described in Section 5.2 are used to

evaluate the reductions in strength that occur.

Wood MOE Reduction Factor
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Cipure 5-2: Redection in woed medulus of elzcticity multiplication foctor veed in nomerical moded

All control volumes and their accompanying modified modulus of elasticity are then
used following the steps outlined in the CLT Handbook [57] to calculate an effective
neutral axis, an effective stiffness and an effective section modulus (Seg) for the entire
panel. These parameters are used to calculate the factored bending moment resistance

at each time step using Eq. 5.26, as stipulated in CSA 086 [24].
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Where the resistance factor, ¢ = 0.9 and

Fp = fb(KDKHKSbKT)
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where f, is the specified bending strength. K., K, Kp, Ky, Ksy and Ky are the size factor in
bending, are the lateral stability factor, load duration factor, system factor, service
condition factor and treatment factor, respectively. By default, all are set to equal 1, but

can be changed in the user interface developed for the model, as shown in Figure 5-3.
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The structural model is based on an ultimate limit state approach. In this scheme, the
factored bending moment resistance (M,) from Eq. 5.26, that the remaining cross
section of the panel can produce, must be greater than the bending moment (My) that is

required to support the load, as shown in Eq. 5.28.
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The simulation is terminated once this condition is no longer met.

Delcnunation of Plics

Ply delamination was observed to occur when temperatures at the adhesive bond line
had reached around 210°C in both the medium- and full-scale experiments conducted in
this study. This effect is simulated in the model when the thermoplastic polyurethane
adhesive is chosen in the graphical user interface. When other adhesives are chosen
from the predefined list, an estimated melting point appears in the box below the
adhesive name. This temperature represents the bond line temperature required to
trigger a delamination event during the simulation. Alternatively, the failure
temperature of the adhesive being modelled can be inputted by selecting the “User
defined melting point” option. It should be noted that if a melting point greater than
300°C is chosen, the model assumes a thermoset adhesive is used and delamination
events do not occur, as per Frangi [19]. Rather plies remain in place and simply char

through as temperatures increase.

Ply delamination during experiments is described in greater detail in Section 4.2.

5.7 Input Parameters

5.7.1 Loads
The type of loading applied to the panel can be selected from two options; a uniformly

distributed load, or two point loads, as illustrated in the two diagrams at the top right
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corner of the program window (Figure 5-3). If the two point loads are chosen, the
distance (a) from the end of the panel to the point of loading must be entered. A button
to automatically calculate one-third the distance of the span is available, which is typical
when applying two concentrated loads. Regardless of whether the uniformly distributed
load or two point loads are selected, a button to calculate the L/240 deflection can be
used to determine the load required to satisfy this criterion. Once all assembly details
have been entered, pressing this button will calculate the strength and weight of the
assembly to determine the applied load necessary in order to produce an initial

deflection equal to the span of the floor divided by 240.

- eme ey

2 Chicch Fadture Oriterin

A button is available to assess the strength and failure criteria of the assembly prior to
running the simulation. This button calculates the maximum moment the currently
defined panel assembly can resist, as well as the minimum moment required to support
the specified applied load. The initial deflection the specified applied load will produce is

also displayed.

5.7.3 Strength Factor to Approach Mean

The characteristic values listed for solid sawn lumber and many other engineered wood
products are typically representative of the 5th percentile as a safety and reliability
factor. This means that the strength found in 95 percent of a significantly large enough
sample of timber would be expected to be greater than the stated value. To better

represent the typical strength that would be found in real timber, an option is available

to include a multiplication factor to the bending strength to provide a closer match to
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the mean strength value of the lumber. This value is set to 1.5 by default, since this
value was found to produce data similar to that which was observed in the real tests,

but can be changed as desired in the user interface.

oemerical Maodel Proc v and Plos e
The process that the model follows when a simulation is run is outlined in the flow chart

in Figure 5-4. This process is described in greater detail in this section.

When the program is executed, the graphical user interface appears and all assembly
and test parameters are required to be input prior to running the simulation. After all
parameters have been entered and the simulation is run, the model will first use the
entered ambient temperature to calculate the initial material properties of the gypsum
and wood in the defined assembly. Based on the temperature of the all nodes in the
assembly, the model will then determine if any control volumes have been converted to
char, along with the distance and rate that the char front has advanced from the last
time step, as well as the size of the heat-affected zone. During the first time-step, these
calculations will result in nil values, assuming that the ambient temperature is
reasonably defined (i.e. less than 300°C). Next the model will calculate the maximum
bending moment the panel is capable of resisting and compare that to the minimum
bending moment required from the applied load. If the panel is not capable of
supporting the load, the results are tabulated, the simulation is terminated, and all data
and results are sent to an excel file for the user to review. If the panel is capable of

supporting the load, the simulation continues and checks if gypsum protection is
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present. If gypsum is included, the temperature at the back of each board is compared
to the fall-off criteria set in the model. If the fall-off temperatures have not been
reached, the gypsum board(s) will remain in place. If the fall-off temperature has been
reached, the gypsum board in question is then considered to have fallen off in this time
step. The model will then disregard all nodes in that board for future time steps and
continue as if they are no longer present in the assembly. The model then determines if
a ply delamination event has occurred by comparing the temperature at the adhesive
bond line between each successive ply layer, to the adhesive failure temperature
specified in the user interface. If a bond line temperature is greater than the defined
adhesive failure temperature, the ply is considered to have delaminated in that time
step and all nodes below that bond line will be disregarded in future calculations. Next
the fire temperature, defined at the current time step, along with the previously
calculated thermal properties at each node and corresponding control volume, are used
to determine the new temperatures for each node throughout the entire remaining
assembly. Once this calculation is complete, the program then loops to the next time
step and, using the new temperatures, repeats this entire process. Once the maximum
moment the panel is capable of resisting is no longer adequate support the moment
required from the loads, the program is terminated and all data and results are
tabulated and sent to an excel file. If the no failure criteria is met after eight hours have
been simulated, the model is automatically terminated and all data and results are

tabulated and sent to an excel file.
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Figure 5-4: Process completed by numerical model to calculate fire resistance of CLT
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6 Comparison of Model Predictions with Test Results

Each test conducted in this series was simulated using the numerical model. The results
of these simulations are outlined and compared with experimental test results in the

following sections.

Gypsum boards were integrated into the model based on information from full-scale
test results found in the literature and the full-scale tests conducted by FPinnovations.
Accordingly, gypsum performance in the model displays a closer fit to full-scale test

results than to medium-scale test results, as shown in Table 6-1 and Figure 6-1.

Tebic -3 Gypoors {02 CoTrn americ celane z 5
# of Type X Face Gypsum Board | Base Gypsum Board
Plie  Gypsum Fire Failure Finish Failure Finish
s Protection Time Rating Time Rating
(min) {min) (min) (min)
55 23
3 1x 5/8” CAN/ULC - - {47) (24)
{52} {21}
60 17 76 47
3 2x 1/2” CAN/ULC (51) (28) (66) (55)
{65} {15} {76} {46}
Sy /s fom-Std 40 13 Dot 37
3 e henetd 28] (211 (82) (42
54 22
5 1x 5/8” CAN/ULC - - (37) (23)
{26} {22}
. 30 17
1x /8 \on-Std
5 L X S/b Non-St (26) (17)

No parentheses indicate model results
() parentheses indicate medium-scale results
{} parentheses indicate full-scale results

Gypsum properties vary significantly depending on the manufacturer as well as the time
of production. This typically results in a low level of repeatability when conducting
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gypsum experimentation. It is therefore difficult to precisely simulate gypsum

performance in the model. However, gypsum temperatures produced from the model

still follow trends similar to those observed in full-scale experimentation, as

demonstrated in Figure 6-1.
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Mid-Scale Test Face Board
-~ --Mid-Scale Test Base Board
= - Full-Scate Test Face Board

Full-Scate Tests Base Board

e Fire TEmp

Flation

Unlike real tests, once the delamination criteria has been triggered in the model, an

entire ply will fall-off all at once, as opposed to over a span of several minutes. Despite

this limitation, ply delamination performed very well in the model; falling off at times

within, or very close to, the ranges of both medium-scale and full-scale delamination

times, listed in Table 6-2.
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Temperature (°C}

,,,,,,

Type X

# of . First Ply Second Ply
Plies Gypsum Fire Failure {min) Failure (min)
Protection
3 Unprotected CAN/ULC >7 -
P (64-65)
3 1x 5/8” CAN/ULC 86 -
{80+}
" 107

3 2x 172 CAN/ULC (107-111)
cc

3 PR oS
55 90

5 Unprotected CAN/ULC (58-70) (87+)

{60-65} {92+}

5 il ~-S- Hl g
85 117

5 1x 5/8” CAN/ULC (79-82) (115+)

{75-81} {107+}

£Q A

- ._k, :C ¥ ~ "S‘\’K ()

> - ] 54-80

No parentheses indicate model results; ( ) parentheses indicate medium-scale
results; { } parentheses indicate full-scale results
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Figure 6-2: Comparison between model and experimental temperatures found at the back of ply layers
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Figure 6-2 compares average temperatures found at the first and second ply interfaces
in the medium- and full-scale tests to delamination temperature curves produced by the
model. The figure shows the experimental data and numerical results are in good

agreement.

R

Char depth and charring rate calculations were determined every second at a grid
resolution of 0.35 mm in the model, while experimental data were measured at
intervals of 8.75 mm or 17.5 mm. This allowed for a much more detailed analysis of how
charring proceeded in simulations than in the experimental tests. Comparable results

from the model are listed in Table 6-4.

Y

P -TP VU JRPRU RS TR SN P
[EPRIRRCERS: LOTITIETY LT D UTale (elhing 126 s e, e

# of Plies 3 3 3 3 5 5 5 5
Type X Gypsum i 1x 2x Zx ) ) 1x 1x
Protection 5/8” 1/2” 1/2” 5/8” 5/8"7
Fire ULC ULC ULC orSic ULC oSt uLC NonStd
Onset of Charring (min) 2.7 31 62 44 2.5 1.5 31 21
8.75mm 087 0.44 0.64 0.5C 0.90 1.51 0.45 Coi
17.50mm 0.66 0.59 0.84 - 0.69 .04 0.60 Ae
Aveg. 26.25mm 0.55 0.55 0.70 - 057 0.8 0.56 0.58
Charring o .
te at 35.00mm 0.54 0.54 0.66 - 0.56 3.76 0.55 574
r at:
ate 43.75mm 077 076 093 - 079 105 078 056
(mm/min) 52.50mm 0.80 081 096 - 0.82 1.05 0.82 0.74
70.00mm - - - - 0.75 0.81 0.76
87.50mm - - - - 0.87 - 0.88 -
Mean 0.70 0.62 0.79 0.50 0.74 1.01 0.68 0.82
s ] 014 0.14 014 - 0.13 0.26 0.15 0.12

Model results demonstrated similar charring trends to those observed in medium-scale
tests, although the exact charring rate values produced by the simulation are not

perfectly comparable to experimental values. Differences between experimental and
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simulated charring rates are present due to the variability of the fire and wood in real
tests, in combination with the high level of sensitivity embodied in the calculation itself.
A far better method of comparing charring rates generated from the model with those

found in experiments, is to plot the char depth against time, as shown in Figure 6-3.

Char Depth vs Time - 5 Ply, 1 Layer 5/8" Gypsum, Std Fire Exposure
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From the graph, it is easier to see that the overall trend of char progression produced by
the model is very similar to that found in test results. However, due to the high
frequency of measurements of the char depth and the uniform nature of the wood
properties used in the model; a much more pronounced jump in char depth occurs

when a ply delaminates.

Charring rates can be calculated on a significantly finer scale in the model than in

experiments and the time it takes for the char front to advance to the next node in the
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model can be used to calculate a nearly “instantaneous charring rate” in the panel.

While the “effective charring rate” is the char depth divided by the time difference

between when charring began at the surface and the time until the current char depth

was reached. The effective charring rate could be calculated in the model with the same

intermittency as the instantaneous charring rate. Information regarding how the

charring rate changes in CLT panels can offer helpful insight in creating a simpler

calculation method for determining char depth. A plot of the char depth, effective

charring rate, and instantaneous charring rate produced from the model is presented in

Figure 6-4.
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Figure 6-4: Cher depth, effective charring rate and instantaneous charring rate determined by the
modelin a 5-ply panel with 1 layer of gypsum during a standard fire test

From this graph, spikes in the instantaneous charring rate, up to 100 mm/min are

caused when gypsum fails or each time a ply delaminates. This kind of detailed
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information was not possible to observe in the test series and illustrates how quickly
heat transfers into the panel after such an event. The effective charring rate and how it
changes throughout the course of the simulation provides an understanding into how
char in CLT cannot be simply modelled for practical design purposes. The graph
illustrates that a single effective charring rate would not provide a suitable substitute for

the dynamic changes observed.

croturestronie cnd Moot afiocted ey

The heat-affected layer calculated by the model exhibits a fairly close correlation with
experimental results, as shown in Table 6-4. More interestingly, a clear trend that was
assumed would occur in experiments, given more tests completed, is visible in model
results for the heat-affected layer thickness. That is, that the presence of gypsum board
protection causes the overall average size of the heated zone to increase. This trend is

evident in the 3-ply results listed in Table 6-4.

Toblag 2oty iy efaverags toat-afieted invar rorinumnicet e
Avg.
i# of Type X . Heated
. Gypsum Fire
Plies . Zone
Protection
(mm)
3  Unprotected CAN/ULC 33 (46)
3 1x 5/8” CAN/ULC 36 (45)
3 2x 172 CAN/ULC 47 (50)
3 2x  1/2" Nen-Std 54 {66)
5 Unprotected CAN/ULC 40 (40)
5 Unprotected Non-Std 51(42)
5 1x 5/8”  CAN/ULC 40 (41)

5 1x 5/8”  Non-Std 51 (49)
( ) parentheses indicate medium-scale results
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The size of the heated-zone generated in the numerical model is tracked throughout
each simulation and shown in Figure 6-5. Interestingly, it appears that the heated-zone
would continually grow in size if it were not for ply delamination, which allows the char

front to catch up to the fast advancing heat penetration into the panel.

Heat-Affected Layer Size from Model
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.5 Deficction

During the experiments, localised cracking was heard as panels deflected. These small
cracks allowed stresses in the panel to redistribute more evenly, resulting in a more
steady increase in deflection. This phenomenon was not captured in the model. The
anisotropic, yet perfectly uniform properties of wood used in the model, produced
smaller deflections and more abrupt increases when a ply delamination occurred, than
was observed in experiments. This is illustrated in the 5- and 3-ply panel deflection

graphs in Figure 6-6 and Figure 6-7.
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Deflection vs Time - S Ply, 1 Layer 5/8" Gypsum
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Figure 6-7: Ccmperison between model and experimental deflection in a 3-ply panel
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The graph of the 3-ply panel in Figure 6-7, demonstrates how much of the bending
resistance of the whole floor is contingent on the outmost spanning ply. Once the first
ply delaminates, deflection in the panel increases drastically and the floor fails soon

after.
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Non-standard fire simulations produce similar deflection predictions, although once the
fire begins to cool in the decay phase, deflection begins to slow considerably, as
illustrated in Figure 6-8. In the experiments using non-standard fires, deflection
constantly increases throughout the test regardless of the decreasing fire temperature.
This is likely caused by smouldering or flaming wood in the panel continuing to generate
heat, char and degrade the strength of the floor. A heat generation term is not included

in the model and the temperature of the wood is based solely on the temperature of
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the fire. Therefore the effect of flaming and smouldering wood is unaccounted for and
evident from the slowing of charring and deflection in panels as fire temperatures in

non-standard fire simulations decrease.

GO ovire Resi<t,

The fire resistance determined by the model is the time until structural failure occurs.
However, experimental tests were not permitted to continue until structural failure
occurred. Thus times noted for all experimental test in Table 6-5, are shorter than those

calculated by the model.

SRR SRRSNCF o . coteinic | corl e 4
# of Type X . Numerical Medium-
Plies Gypsum Fire Modelt Scale Full-Scale
3 - CAN/ULC 67 min 46 min -
3 1x 5/8” CAN/ULC 96 min 74 min 86 min
3 2x  1/2”  CAN/ULC 116 min 92 min 77 min*
3 v iz Non-Std 83 min’ 32 min
5 - CAN/ULC 104 min 99 min 96 min
5 Nen-Std 111 min 101 min
5 1x 5/8" CAN/ULC 130 min 115 min 124 min
5 Ix 5/87  Neon-Std C&min 122 min -

t Numerical model results indicate time to structural failure, rather than integrity failure
* Test was stopped prematurely due to safety concerns after base gypsum layer failed

e N i FOIVRL I E T - e Sy A= e ~ ey
Tecsts did notinsh, ind'cates time thct chorring inic the ponel stoppen

In all standard 3-ply tests, the model predicted structural failure to occur roughly 10
minutes after the first ply delaminated, while experimental tests were ended just before
the first ply fell-off. Predictions of first ply delamination from the numerical model
correlate very closely with the first ply delaminations observed in experiments. It is
likely that structural failure of real 3-ply panels would have also occurred around 10

minutes after the first ply fell off; however, from observations made in full-scale tests,
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failure is likely to occur from integrity failure, i.e. flame passage, before structural failure

OCcurs.

Model predictions of structural failure in both standard 5-ply panel tests occur around
14 minutes after second ply delamination. in physical experiments, the tests were
ended when deflection began to increase dramatically, indicating structural failure was
imminent. Model predictions of structural failure in these panels were only a few
minutes after experimental tests were ended, and therefore also likely represent a good
prediction of failure times. However, from the full-scale test results, the 5-ply panels

also failed due to flame passage, prior to structural failure.

Since the model is not capable of predicting when flames will penetrate the assembly
which, from the full-scale test series, appears to be the primary source of failure, the
fire-resistance ratings determined from structural failure are likely longer than actual

fire-resistance ratings of these floors.

Floors exposed to non-standard fires, both in the model and during physical tests, did
not fail structurally. As the design fire temperature decreased, charring and deflection
slowed and eventually stopped altogether. The times at which charring into the panels

had stopped completely are listed in Table 6-5.

During the experiments using non-standard fires, the first ply did not fall-off during the
3-ply test, and the second ply did not fall off during the two 5-ply tests. Thus structural
failure was deemed unlikely to occur. However, retrospective analysis of the data shows
that deflection in all three floors continued to increase. This is believed to be caused by
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residual flaming and smouldering of the wood in the panel. Despite retaining the last
integral structural ply, deflections in these panels increased to a point where they were
approaching damaging thermocouples in the furnace, and tests were ended. However, if
tests were continued, it is probable that the first ply would have continued smouldering
until it fell-off, causing structural failure. This amount of deflection was not observed in

model predictions.

While the model seems to predict comparable results to the standard fire tests, it did
not perform well when compared with the non-standard fire tests. This is mostly due to
the fact that the model is based entirely on empirical temperature-dependent
relationships derived from standard fire tests. This information does not encompass the
effects of decreasing fire temperatures on material properties. The current model
simply uses the material properties calculated from the highest past temperature
attained at each point in the assembly. However, residual heat from flaming and
smouldering in the wood may cause properties to continue to degrade as fire
temperatures drop during the decay phase of a real fire. In order to incorporate a set of
material properties intended for the decay phase of a fire, significantly more research in

this area is required.

6.6.1 CLT Handbook Fire Resistance Calculation
The CLT Handbook [15] produced by FPInnovations, offers a simplified method of
calculating the fire resistance of CLT panels exposed to the standard fire. This method

involves the use of design values from the CSA 086 [24], and is based on the Eurocode’s
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reduced cross section method {14, p. 30]. This method is very similar to the approach
used in the numerical model described in this report in Chapter 5. However, as opposed
to calculating temperatures via a method of one-dimensional heat transfer in order to
determine the char depth and charring rates, a constant charring rate of 0.65 mm/min

from EN 1995-1-2 [14] is used.

The method stipulated in the CLT Handbook was used to calculate the fire-resistance of
a 3-ply and 5-ply panel without gypsum protection. The results are compared with
identical panels simulated in the numerical model, shown in Figure 6-9 and Figure 6-10.
Based on a load criterion that initially produces an L/240 deflection in the panel, these
graphs illustrate the maximum moment resistance capacity each panel is capable of, and
how it reduces as the panel chars. The minimum required moment to maintain the load
is depicted by a horizontal line. Once the moment resistance of the panel is lower than

the minimum required moment resistance, structural failure is assumed to occur.

The sudden increase in the resistance of the 5-ply panel is a result of the calculation
method. When the first ply falls off, the load is transferred to the third ply, since the
second ply contributes no strength to the panel. This results in a large reduction in the
distance from the neutral axis to the outermost uncharred edge of the bending ply,
which has now moved from the first to the third ply. This causes the effective section
modulus to increase, and by extension, increases the moment resistance. In reality this
would not occur in this manner, since the load would gradually transfer to the third ply

even as the first ply was still nearly completely intact. This scenario is not as simple to
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model and requires finite element analysis software to simulate. This kind of high level
detail was avoided to maintain simplicity and speed in the model. A model that did
include this kind of analysis in the moment resistance calculation would show a more
shallow slope as the first ply charred, connecting smoothly with the nearly horizontal

line, shown in Figure 6-9, indicating the second ply is charring.
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From these graphs it is clear that the results of the two methods are not consistent with

each other, especially in the 3-ply panel. The handbook depicts a faster initial decrease

in strength than the model due the constant charring rate (0.65 mm/min) used. This

charring rate is higher than initial charring rates found in the model and real

experiments, and causes the 3-ply panel to fail much quicker than the model prediction,

at 33 minutes compared to 67 minutes.

It is important to note that the CLT Handbook method used to produce these graphs

does not incorporate ply delamination in the calculation, but rather chars through plies

completely with the inclusion of a 10.5 mm zero strength layer ahead of the char front.

In the 5-ply panel, the first ply is considered to contribute zero strength before it is
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predicted to fall-off in the model; however the char front and zero-strength layer take
far longer to reach the second ply bond line than it takes for the second ply to
delaminate in the model. While the charring rate used by the handbook is initially higher
than charring rates produced by the model, later in the test when the fire temperature
increases, the charring rate in the model increases to greater than the constant charring
rate used in the handbook. This causes the 5-ply panel to fail after the predicted failure

time from the model, unlike the 3-ply panel.

To include ply delamination into the CLT Handbook calculation, it is recommended to
assume that a ply has fallen off once the remaining ply thickness between the char front
and the adhesive is 12 mm. This distance corresponds to a temperature of 150°C at the
bond line, based on the equation from Janssens and White cited in the Handbook [15].
In order to better compare with the model and experimental results, a thickness of 7
mm, which corresponds to a temperature of 210°C at the bond line, would be required
instead of 12 mm for more accurate approximation of the real tests. Since the zero
strength layer thickness is already larger than 7 mm, at 10.5 mm, the results of the
Handbook calculation using a 7 mm delamination criterion would be identical to those

presented in Figure 6-9 and Figure 6-10.

For floors with gypsum protection, the Handbook [15] recommends a simple addition of
30 minutes to the fire resistance rating be made for one layer of 15.9 mm type X
gypsum board and 60 minutes for two layers of 12.7 mm type X gypsum. Alternatively,

the calculation outlined in the Eurocode [14, p. 23] for gypsum protection can be used.
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From this limited comparison, the method outlined in the CLT Handbook provides
somewhat similar results as the model in a 5-ply unprotected panel. However, results
are not in agreement for a 3-ply unprotected panel. It is assumed that this method
would be most compatible with CLT floors with no less than 5 plies. However,
modifications to the charring rate to more accurately simulate slower charring at the
beginning of the test and increased charring later on, would likely improve the accuracy
of using this method for both 3 and 5-ply panels. Although as it stands, the numerical
model developed in this thesis provides a more robust method of predicting the

response of different types of CLT configurations and adhesives.
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7 Conclusions and Recommendations
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The main objectives of this research were to:

1. Provide a better understanding of the fire performance and characteristics of

CLT floors when exposed to both standard and non-standard fires.

2. Compare the performance of CLT panels when tested in medium-scale and full-

scale fire resistance tests using standard fire exposures.

3. Develop a numerical model to predict the fire resistance of CLT floors.

The summarised results of the medium- and full-scale floor tests are listed in Table 7-1.

#.Of Type X Fire Medium- Full-Scale
Plies Gypsum Scale
3 - CAN/ULC 46 min -
3 1x 5/8” CAN/ULC 74 min 86 min
3 2x 1/2”  CAN/ULC 92 min 77 min*
3 2x 1727 Non-Std SRR
s - CAN/ULC 99 min 96 min
5 Non-Sid 0Ly
5 1x 5/8” CAN/ULC 115 min 124 min
5 w587 Ngon-Sid 122 min

* Test was stopped prematurely due to safety concerns after base gypsum layer failed
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All medium-scale tests were stopped when deflection began to increase rapidly,

indicating that structural failure was imminent. All full-scale tests were ended when

flames penetrated at the edges or center lap-joint in the floors. Flame penetration in

medium-scale tests was not used as the primary criteria for failure, due to the narrow

width of the floor and inability to apply protection around the edges of the panei as
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thoroughly as in full-scale tests. This caused charring at the edges to occur in medium-
scale tests, creating a small opening and allowing flames to pass out of the furnace
before any rapid increases in deflection began. Flaming was covered with insulation as it
occurred and tests were continued, since terminating tests when flaming was observed
would result in significantly less data. According to CAN/ULC S101 [5], “The area
exposed to fire shall be not less than 16.8 mz, with neither dimension less than 3660
mm”, therefore all medium-scale test results are not officially recognised fire-resistance
times. However, the overall comparison of equivalent medium- and full-scale test
assembly results revealed several very similar trends and the fire resistance times of
medium-scale tests were in fact closely representative of the full-scale fire resistance

times.

However, not all of the trends which appeared in medium-scale tests were completely
similar to those observed in full-scale tests. Higher charring rates and slightly shorter
gypsum failure times were observed in all medium-scale tests. Despite the fact that
temperatures in both furnaces followed the same standard curve, higher charring rates
may have been caused by a lower moisture content in the medium-scale floors than in
the full-scale floors, although this would not fully account for the difference observed.
Discrepancies in gypsum board performance may have been caused by a number of
different factors, although it is assumed that heat penetrating the sides of the panels in
the medium-scale furnace caused earlier gypsum board failure and was also assumed to
be the largest contributing factor for the higher charring rates. The early gypsum failure

times are reflected accordingly in the fire resistance times of medium-scale tests.
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Ply delamination times and temperatures compare favourably in all tests. Adhesive

failure was observed to begin at around 200°C for all medium- and full-scale tests.

Identical floor assemblies were subjected to non-standard and standard fire exposures
and results were compared. The non-standard fire showed a somewhat similar overall
severity to the standard fire over exposure times of about 100 minutes. This statement
is based on the similarity of the fire resistance times attained by equivalent assemblies
exposed to both fires, which were around 100 minutes each. This was true despite the
non-standard fire involving a faster initial growth phase and very high peak
temperature, reaching 1100°C much earlier in the test than the standard fire. During the
initial phase of the non-standard fire, gypsum protection did not perform as well, failing
sooner, at lower temperatures and displaying lower finish ratings than equivalent
boards exposed to the standard fire. Charring rates were also higher and ply
delamination occurred sooner. However, once the decay phase of the non-standard fire
began, all these trends reversed. Any remaining gypsum, such as the base board in the
double layer test, remained in place much longer than its equivalent board exposed to
the standard fire. Charring rates dropped significantly and ply delamination took much
longer to occur in comparison, although the adhesive failure temperature did not

change from 200°C in any of the experiments.
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Tl onviawie o eddeld

A numerical model was developed based on information in the literature along with
results from this test series with the intent of predicting the fire resistance of various
CLT constructions. The model performed very well when compared to specific trends
observed in tests using the standard fire, such as charring and ply delamination. Gypsum
failure was more in line with that which was observed in full-scale tests than in medium-
scale tests. The fire resistance predicted by the model signifies the time at which
structural failure from the load occurs, unlike the results of the experimental tests,
which were terminated before structural failure. This was reflected in the results, and
fire resistance times predicted by the model were slightly longer than the times
determined in real tests. However, based on the similarity of charring and ply fall-off
found between the model and experiments exposed to the standard fire, these times

are likely close predictions of when structural failure would occur in these floors.

The model did not perform as well in non-standard fires. This model is based entirely on
empirical temperature-dependent relationships derived from standard fire tests; it does
not accurately encompass the effects of decreasing fire temperatures on material
properties. The current model uses material properties calculated based on the highest
past temperature attained at each point in the assembly. In reality, residual heat from
flaming and smouldering in the panel itself may cause wood properties to continue to
degrade even as fire temperatures drop during the decay phase of the non-standard
fire. An update to the model to include heat generation due to combustion of the panel
itself would be a valuable contribution to its application in engineering practices.
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The following conclusions can be drawn from this test series on CLT floor assemblies
exposed to fire:

e Gypsum boards fastened to CLT floor panels behave very much the same as they
do when fastened to other varieties of floor assemblies.

e Adhesive failure is the underlying factor in ply delamination. In all tests in this
series, ply delamination begins to occur at temperatures around 200°C and
occurs before the char front reaches the ply interface.

e Experiments without gypsum protection, exhibit an initial charring rate of 0.57
mm/min through the first ply of a standard fire exposure, which is lower than
the Eurocode [14] prescribed charring rate for solid timber of 0.65 mm/min. This
is likely due to the higher density wood used in these experiments. The Eurocode
density adjustment factor applied for the density of wood used in this test series
yields a charring rate of 0.58 mm/min.

e When gypsum protection is present, panels exposed to the standard fire exhibit
approximately double the initial charring rates observed in unprotected panels
once all gypsum layers have fallen off. This occurs for, roughly, the next 17 mm
of char penetration, although this measurement is subject to high degree of
variance since thermocouple spacing is in the order of 9—- 17 mm, depending on
the test. Charring rates immediately after gypsum protection fails in panels
exposed to the non-standard fire are also higher than the initial charring rates in

similarly exposed unprotected panels, but by only a small amount.
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Due to ply delamination, for simple calculation purposes, a single effective
charring rate would not provide a suitable substitute for the dynamically
changing effective charring rate that is witnessed in CLT. As a result of this, the
Eurocode [14] char method does not currently offer a reliably accurate approach
to estimating the char depth in CLT.

A spike in the charring rate is typical when a ply delaminates, as uncharred wood
is exposed to the fire. Charring rates after a delamination in unprotected panels
exposed to both the standard fire and non-standard fire would increase an
average of about twice as high as previous charring rates. Panels with one layer
of gypsum exposed to both the standard fire and non-standard fire would
increase an average of about one and a half as high as previous charring rates
after a delamination. Panels with two layer of gypsum protection did not
produce enough delamination and char data to evaluate.

The average heat-affected layer found in both 5-ply tests exposed to the
standard fire, was 40 and 41 mm. The average heat-affected layer in 3-ply tests
was slightly larger, at 47 mm. In non-standard fire tests, the average heat-
affected layer is larger than in comparable standard fire exposure tests and is
more pronounced with each additional layer of gypsum present.

Deflection in CLT does not follow a linear trend as char progresses through the
panel, nor is the rate of deflection proportional to the corresponding charring

rate. Deflection increases dramatically when one of the load carrying, spanning
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plies, chars and loses strength; and only increases slightly as a perpendicular ply

chars.

As building codes change and the practice of CLT constructions becomes more widely
accepted across Canada, a more accurate way to approach predicting char depth in CLT
is required. From the current work, charring rates found in CLT panels are largely
affected by the time at which plies fall-off during a test. The time until ply delamination
is primarily driven by two factors; ply thickness and adhesive failure. Further research
conducted on CLT floors examining how ply delamination is affected by the use of
different adhesives and ply thicknesses would provide the necessary data to precisely
quantifying how these factors relate to the charring rates observed in CLT panels. More
research is required to accurately determine how much charring rates increase after a
delamination, and for how long it remains high. In addition, how other factors such as
the presence of gypsum boards influence this spike in charring. A more accurate char
model combined with the current fire resistance calculation outlined in the CLT
Handbook [57] would be of significant importance to designers and fire protection
engineers in being able to simply calculate alternative solutions and performance-based
designs for CLT constructions. This information would also be of great support in further

refining and validating the numerical model developed in this thesis.

Currently, the numerical model cannot accurately predict the results of CLT exposed to

real fires due to the unknown nature of material properties during the decay phase of
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the fire. In order to incorporate a set of material properties intended for the decay
phase of real fires, significantly more research in this area is required. This may involve
work to develop hysteresis loops of the thermal and mechanical properties of wood
through various temperature cycles. Knowledge of this nature properly integrated into
the model would vastly improve its range of function, and allow many types and
configurations of CLT assemblies to be analysed using a wide variety of design fires. As
an extension of this, continued testing of CLT floors exposed to real fires would provide

valuable information to help validate such future iterations of the model.

A significant target for CLT constructions in Canadian applications is to possess a two
hour fire resistance rating. This rating would give CLT constructions a much wider
coverage of applications in building constructions. From this test series, it is apparent
that a two hour rating is possible with a 5-ply, 35 mm per ply, floor panel with one layer
of 15.9 mm type X gypsum protection, as demonstrated in the full-scale experiment.
However, based on observations made during non-standard fire exposures, in real
scenarios it would be wise to instead apply two layers of 12.7 mm Type X gypsum
protection. In the 5-ply floor test with one layer of gypsum exposed to the non-standard
fire, when the gypsum board fell, the fire was at its peak temperature of around 1100°C.
At this temperature, the exposed CLT caught fire and began to contribute to fire in the
furnace. In a real construction, this type of building would require a sprinkler system;
however in the instance of sprinkler failure, this type of scenario is possible, given that
the non-standard fire used was based on a typical bedroom fuel load. In the experiment
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the temperature was controlled by cooling the furnace with water, however, if this was
not done, the exposed and flaming CLT would have continued to burn for much longer.
It is likely that the CLT would have continued to burn until the floor structurally failed,
even after the hypothetical “fuel load” in the furnace had been spent. The potential of
continued burning and structural failure poses the threat of allowing the fire to spread
to adjacent units in a building constructed of CLT. This scenario could be avoided by the
application of two layers of 12.7 mm Type X gypsum to the construction. As
demonstrated by the 3-ply panel exposed to the non-standard fire with two layers of
gypsum, by the time both layers had fallen, the fire temperature had dropped to around
600°C from 1100°C and took around 80 minutes to do so. The decay phase of the non-
standard fire in these experiments was exaggerated greatly and a real bedroom fire
would likely be smouldering at far lower temperatures than 600°C, 80 minutes after
steady burning in the room had finished. In that scenario, chances that both layers of
gypsum will fall-off and the exposed panels would ignite are very low. Thus, if the fuel
load in the bedroom was large enough to cause both gypsum boards to fail, by the time
this happens, the exposed CLT is in @ much less vulnerable position to catch fire and
cause continued damage. The application of two layers of gypsum can reduce the
potential risk of fire spread to adjacent compartments and possibly even prevent any

damage on the CLT at all if the second layer does not fail.

Ply delamination plays an important role in the fire resistance rating of CLT. Aside from
adding gypsum protection, further techniques of improving the fire resistance of CLT
panels include the use of adhesives that fail at higher temperatures or do not fail at all
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and simply char as solid timber, called thermosets. As well, increasing the thickness and
number of plies in a panel will increase the fire resistance and reduce the frequency of a
potential ply delamination. However, the use of thermoset adhesives, rather than
thermoplastic adhesives, would have the effect of extending the fire resistance times of
CLT by not allowing plies to delaminate [19]. This provides a twofold benefit in fire
scenarios; it maintains the protective char layer that has accumulated, which insulates
and slows the rate of heating and charring into the assembly, and prevents uncharred
wood from becoming exposed and reigniting after a ply layer delaminates, which has

been found to extend the duration of room fire [50].

With the use of the numerical model, these features can be adjusted and quickly
assessed to determine the most effective way to achieve a specific desired fire

resistance rating required by the building code.
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Appendix A

Summary of Medium-Scale Results

# of Plys 3 3 3 E 5 £ 5

Ply Thickness {mm) 35 35 35 B 35 : 35
Type X Gypsum Protection - 1x 5/8” 2x 1/2” - 1x 5/8”
Load Criteria L/240 1/240 L/240 L/240 L/240 .
Fire CAN/ULC  CAN/ULC CAN/ULC CAN/ULC CAN/ULC
Load Applied from Jack 8.82kN 8.44kN 8.20kN " 40.14kN PR 39.74kN
Load Ratio 29% 29% 29% 48% 48%
Test Ended 46min 74min 92min 99min 115min
Face Gypsum Failure Time - - S1min - -
Face Gypsum Failure Temp - - 275C - -
Face Gypsum Finish Rating - - 28min - .
Base Gypsum Failure Time - 47min 66min - 37min
Base Gypsum Failure Temp - 363C 275C - - 300C
Base Gypsum Finish Rating - 24min S5min - 23min
1st Ply Failure Time 64-65min - 107-111min 58-70min 79-82min
1st Ply Failure Temp 195-310C - 180-220C 195-285 C S U 170-260C
2nd Ply Failure Time - - - 87min + 115min +
2nd Ply Failure Temp - - - 205C + 140C +
f::;e' Deflection @ Stop 190mm  191mm  192mm 167mm 157mm
Onset of Charring {min) 1.8min 40min 67min 1.5min 36min
Overall Char Rate at 17.5mm 0.37 - 0.96 0.46 0.90
Overall Char Rate at 35mm 0.57 - 0.81 0.57 T 0.74
Overall Char Rate at 52.5mm - - - 0.72 0.79
Overall Char Rate at 70mm - - - 0.76 0.77
Overall Char Rate at 87.5mm - - - - 0.93
Overall Char Rate 0.59 - 0.81 0.73 T 0.93
Avg. Total Charring Rate 0.47 - 0.88 0.63 ol 0.83
Avg. Heated Zone (mm) 46 45 50 40 52 41




Appendix B

Summary of Full-Scale Results

# of Plies 3 3 5 5
Ply Thickness (mm) 35 38 35 35
Type X Gypsum Protection 1x 5/8” 2x  1/2” Unprotected 1x 5/8”
Load Criteria N?ff/g’g')ce L/240 L/240 (<NL?2C§O)
Fire CAN/ULC CAN/ULC CAN/ULC CAN/ULC
Load Applied 2.4 kPa 2.7 kPa 11.75 kPa 8.1 kPa
Load Ratio 62% 30% 47% 80%
Test Ended *286min **77min *96min *2124min
Face Gypsum Failure Time - 65min - -
Face Gypsum Failure Temp - 690 C - -
Face Gypsum Finish Rating - 15min - -
Base Gyp Failure Time 52min >76min - 26min
Base Gyp Failure Temp 700C 510C - ~350C
Base Gypsum Finish Rating 21min 46min - 22min
1st Ply Failure Time ~80min - 60-65min 75-81min
1st Ply Failure Temp ~200 C - 195-220C 190-210C
2nd Ply Failure Time - - 92min + 107min +
2nd Ply Failure Temp - - 205C+ 200C+
Center Deflect at Failure 195mm (74mfn) **32mm 129mm 156mm
403mm (86min)
Onset of Charring (min) 25min - - 25min
Overall Char Rate at 17.5mm 0.43 0.59 (9.2mm) 0.52 0.55
Overall Char Rate at 35mm 0.42 - 0.55 0.42
Overali Char Rate at 52.5mm 0.62 - 0.64 0.53
Overall Char Rate at 70mm - - - 0.59
Overall Char Rate at 87.5mm - - - -
Overall Char Rate 0.78 - 0.73 0.88
Avg. Total Charring Rate 0.56 - 0.61 0.59

? Failed when flames were observed at one of the joints
*Structurlam used SPF No.1/No.2 visually graded lumber instead of MSR lumber for

spanning plies (E = 9500 MPa and f, = 11.8 MPa)

** Test ended early due to safety concerns for laboratory equipment
** Nordic used SPF 1650F,-1.5E MSR lumber instead of SPF 1350Fb MSR lumber for

spanning plies (E = 10300 MPa and f, = 23.9 MPa)



Appendix C

Summary of Numerical Model Results

# of Plys 3 3 3 5 5
Ply Thickness (mm) 35 35 35 35 35
Type X Gypsum Protection - 1x5/8" 2x 1/2” - 1x 5/8”
Load Criteria /240 L/240 L/240 L/240 L/240
Fire CAN/ULC CAN/ULC CAN/ULC CAN/ULC CAN/ULC
Load Applied from Jack 8.82kN 8.44kN 8.20kN 40.14kN 39.74kN
Load Ratio 29% 29% 29% 48% 48%
Test Ended 67min 96min 116min 104min 130min
Face Gypsum Failure Time 60min - -
Face Gypsum Failure Temp - - 550C - -
Face Gypsum Finish Rating - 17min -

Base Gyp Failure Time - 55min 76min - S4min
Base Gyp Failure Temp 526 C 520C 526 C
Base Gypsum Finish Rating - 23min 47min - 22min
1st Ply Failure Time 57min 86min 107min 55min 85min
1st Ply Failure Temp 210C 210C 210C 210C 210C
2nd Ply Failure Time - 90min 117min
2nd Ply Failure Temp - - - 210C 210C
Center Deflect at Failure 87-429mm  92-429mm  93-428mm 133mm 133mm
Onset of Charring {min) 2.7min 31min 62min 2.5min 3tmin
Overall Char Rate at 17.5mm 0.66 0.59 0.84 0.65 0.60
Overall Char Rate at 35mm 0.54 0.54 0.66 0.56 Q.55
Overall Char Rate at 52.5mm 0.80 0.81 0.96 0.82 0.82
Overall Char Rate at 70mm - - - 0.75 0.76
Overall Char Rate at 87.5mm - - - 0.87 0.88
Overall Char Rate 0.80 0.81 0.96 0.87 0.88
Avg. Total Charring Rate 0.67 0.65 0.82 0.74 0.72
Avg. Heated Zone {(mm) 33 36 a7 40 40

* Time when charring into the panel stopped; structural failure did not occur

** Time of highest temperature at the back of board; gypsum failure criteria was not

met, however failure is likely
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