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ABSTRACT

Cross-laminated timber (CLT) is a comparatively novel engineered material consisting
of timber boards that are arranged in layers of alternating directions and bonded with
adhesives. It is increasingly the material of choice to realise mid height to tall timber
buildings; however, because timber is a combustible material there are concerns with
respect to its fire safety when used for tall buildings. As an engineered material the
configuration of CLT can be varied in multiple ways, with currently unknown implica-
tions for its fire performance. While a vast body of knowledge exists for the structural
behaviour of sawn timber, it is unknown whether this knowledge can directly be ap-
plied to CLT, which is utilised in the form of factory produced large floor slabs and
wall panels. Structural fire resistance for CLT panels has so far mostly been assessed
in furnace testing following standard temperature time curves, and there remains a
paucity of data on the structural fire performance of CLT walls. The understanding of
how specified adhesive types and board configurations influence the fire performance of
CLT elements is lacking. The research presented in this thesis studies how two adhesive
types and two ply configurations may influence the response and load bearing capacity

of CLT walls (and other elements) through all stages of a fire.

Three experimental series have been completed, all investigating different loading and
heating conditions at different scales for CLT that was sourced from one producer but
with two variants in adhesive type and ply lay-up. This results in four different CLT
configurations being considered. The first series assessed the axial compressive strength
of CLT at small scale when heated to non-charring temperatures of up to 220 °C. The
median strength retention upon heating in small scale compression experiments was
observed to be 9 % less for CLT specimens bonded with the polyurethane (PU) adhesive
type than for those bonded with melamine formaldehyde (MF) when only transient
experiments or those with remaining moisture in the timber were considered. The

influence of migrating moisture was observed to be the driving mechanism weakening



timber in compression, and ultimately inducing failure.

The second experimental series investigated the flexural behaviour of CLT beams under
slow transient heating to non-charring temperatures of up to 150 °C at two applied
load ratios, and illuminated the significance that shear stresses and the resulting shear
strains at the adhesive bonds exert on the deflections of the different CLT configu-
rations. Mean heat induced deflections were observed to be 40 % higher for speci-
mens which utilised a polyurethane adhesive type compared to those using melamine
formaldehyde; this effect was amplified for CLT made up of three plies compared to five
plies. Through heating and subsequent cooling these experiments also demonstrated
that heat induced deflections in bending for CLT are dominated by creep, and are

irrecoverable.

A third experimental series subjected CLT wall strip elements to a radiative heat flux,
representative of conditions that might occur in a real fire, under equal constant load
ratios. Walls that were bonded with the PU adhesive type failed significantly earlier
(20 percentage points) than the mean failure time for all specimens. Samples consisting
of three plies exhibited shorter (17 percentage points) failure times than the overall
mean failure time. These occurred at similar char depths and with good repeatability,
and were attributed to accelerated deflections due to increasing shear deflections in
these samples causing exponentially increasing bending moments from P-Delta effects
and subsequent buckling failure. In addition, heating and additional cooling of samples
highlighted the propensity of CLT walls to fail in the decay phase of a fire, due to the
tendency of heat to transfer deeper into the timber even after the primary heat source
is removed. Numerical simulations of the wall strips with a wide range of mechanical
input parameters highlighted the importance of accounting for weakening glue lines at
elevated temperatures to predict failure in fire numerically. The simulations also showed
that the failures in the fire decay phase could not be explained solely by redistribution
of elevated temperatures through the cross-section; instead they were likely caused by

creep due to changes in moisture content.

The findings in this thesis are novel and have significant potential to aid manufacturers
and designers to assess and improve their products’ response to fire in the production
stages. The results and their analysis presented herein raise questions regarding the
applicability of standardised fire resistance furnace tests in qualifying CLT for use in

tall timber buildings; instead more holistic approaches are advocated.

Overall this thesis describes novel experimental set-ups that have been used to assess

the response of CLT in previously unknown detail with a unique materials stock that

vi



allowed variation of two experimental variables whilst keeping the underlying timber
quality and manufacturing constant. The results consistently demonstrated that adhe-
sive type had no discernible influence on the load bearing capacity at ambient reference
temperatures, but the PU adhesive type was found to significantly reduce the struc-
tural performance of CLT exposed to heat or fire. This was especially evident for CLT
walls, where additional deflections caused by weakening of the bond lines led to earlier
global buckling failures. Failure of CLT walls in the fire decay phase, as presented and
investigated in this thesis, should be a concern for all engineers that work on tall timber
buildings. The potential for structural collapse after burnout of the fuel load is shown
as a real possibility and engineers and architects working with and advocating for tall
timber buildings should be aware of the limits of their own knowledge and the limits

of the state of the art on these issues.
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LAY SUMMARY

This research project investigates the ongoing capacity of engineered timber elements
to carry load when exposed to fires in buildings. Modern timber building use engineered
timber to carry loads comparable to steel or concrete buildings. Engineered timber is
made up of individual pieces of timber that are pieced together using glue or fasteners.
For cross-laminated timber (CLT), boards of lumber are stacked crosswise to each other
resulting in a large piece of wood with alternating strong and weak layers which are
held together by glue, which can be selected from a variety of different types of glues.
In its essence this work investigates whether the load bearing performance of CLT in
fire is simply the sum of its parts, or if the effect of heat and fire will result in different
outcomes depending on the thickness of the layers and the glues that are used to bond

them together.

Three different experimental series with different loading and heating conditions were
completed for different sizes of CLT that varied in its configuration of layers, and were
bonded together with one of two possible types of glue. For the layers, CLT consisting
of three and five plies was tested, and for the glue, a polyurethane and melamine urea

formaldehyde adhesive type were used.

The results from the different test series show very clearly that the chosen adhesive
has a significant effect on the overall structural capacity of CLT in fire. CLT that was
bonded with the polyurethane glue, consistently experienced larger deflections when it
was heated and these deflections ultimately led to earlier structural failure and therefore
an earlier failure of the fire safety strategy. In addition, it was found that CLT elements
with three layers and thicker layers on their outside were more affected, structurally,

by the effects of fire than the those consisting of five layers.

The experimental results also show that structural failure of CLT walls can occur after

a fire is extinguished due to accumulated and delayed effects of heating in the timber as



a zone of elevated temperatures continued to heat up previously cold timber even after
any external heat sources were removed. Calculations showed that the failure after a
fire could not be explained by a redistribution of heat alone, and it is suggested that
the effects of changing moisture content of the timber will also weaken it further. Once
a sufficient amount of energy had been supplied the timber was observed to continue
to generate its own heat, even where no flames were visible; this will further weaken
timber structures after an initial fire. This creates a potential for timber structures
to collapse after a building is perceived to have survived a fire and could have grave

consequences for occupants and fire and rescue services.

These findings are not currently accounted for in the design of timber buildings, which
are being proposed and built to ever greater heights. They highlight that the current
state of the art with respect to fire safety in timber buildings is not developed suffi-
ciently. There is a tendency within the construction industry to simplify the risks from
fires in buildings made from engineered timber products; this introduces the possibility
that unknown risks are placed into the emerging building stock, and this could com-

promise the sustainable development that timber buildings are supposed to represent.
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1.1 Motivation

The population on earth has increased exponentially over the last decade and is pro-
jected to grow further throughout this century [1]. At the same time, the proportion
of people living within urban agglomerations has increased to over 50 % [2, 3]. This
has created shortages of housing in economic centres and the requirement to construct
affordable housing in a short time frame. With limited resources and an increased con-
sideration of global warming, sustainability has become an important aspect for urban
building designs to be considered by architects and engineers alike. Engineered timber
has emerged as a credible addition and alternative to traditionally utilised construction

materials like steel and concrete.

Engineered timber is produced by connecting multiple machined pieces of timber into
a custom section. Most commonly the connection is achieved through adhesives, as is
the case for what are probably the most widely utilised structural engineered timber
products: Cross-laminated timber (CLT) and glue laminated timber (glulam). For
cross-laminated timber boards are aligned into layers of alternating direction which are
bonded to form slabs and panels and can therefore be used as floor and wall elements.
The prefabrication process allows for accelerated and off-site construction in dense
urban areas and as a renewable material timber is generally considered to have a better

carbon balance than steel or concrete.

By 2015 the global production volume of CLT was estimated as 700,000 m? [5]. Re-
search suggests that there is further future growth potential for the use of CLT as a
construction material in the American market [6]. Similarly, in Japan, the government
is actively pushing for increased uptake of CLT in construction through subsidies, in
order to reduce costs and fully utilise the potential of the national timber industry
[7]. The height of timber buildings has traditionally, in many jurisdictions, been re-
stricted by fire safety concerns and limitations in size of sawn timber, however, the
raised confidence in engineered mass timber products has recently led to proposals of
increasingly higher multi-storey buildings utilising engineered timber for their primary
structural members [8]. The term ‘timber-skyscrapers’ has been used to describe this
development. One example of a recently constructed high rise timber building is the
14-storey ‘Treet’ building in Bergen, Norway [9]. It utilises a glulam truss system for
the majority of load transfer and CLT for the elevator shaft. CLT is also increasingly
used for high-level architecture on prestigious projects in a variety of countries. Several
proposed sites for the 2020 Olympic and Paralympic Games in Tokyo are proposed to

utilise elements of CLT [7]. Architects have shown increasing interest in utilising CLT
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Figure 1.1. Factory production of CLT [4].

for more complex forms, which has included form finding of origami like folded shell
structures of CLT plates as building envelopes, leading to more robust and aesthetically
pleasing structural forms [10, 11]. Despite this recent rapid growth in the mass timber

industry, concerns over the fire safety of tall timber developments remain.

1.2 General problem statement

1.2.1 Combustibility of timber

Because of its combustibility, and historical precedence of large fires in cities which
were predominately made up of timber buildings [12, 13] (e.g. see Figure 1.2), timber
has a problematic reputation with regards to its fire performance when compared to
non-combustible building materials like steel, brick or concrete. The divergence be-
tween a rising population and falling occurrences of mass conflagrations for cities in
developed countries from 1850s onwards, denominated as ‘fire gap’ by Frost and Jones
[14], is in large parts attributed to the more widespread use of non-combustible building
materials. Therefore there are concerns that a ‘timber renaissance’ will close that fire

gap and lead to more and more destructive fires.
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Figure 1.2. Depiction of the Meireki fire in 1657 in Edo (modern day Tokyo), one
of many mass conflagrations in timber cities that occurred internationally before the

widespread use of non-combustible building materials [15].

The fire performance of building products is an important criterion for many architects
[16] and a lack of knowledge and confidence in its fire behaviour is seen as a limiting
factor for the full implementation of timber, especially for high rise buildings, where
fire protection regulations are more stringent [17]. This means that more guidance and
knowledge about the fire resistance of CLT is required to ensure it can be utilised to its
full potential [6]. Fire safety has been identified as a key obstacle to the development
of multi-storey timber buildings [18] and a key research area for tall timber building
design [19]. In most countries the use of timber and exposed timber as a structural
material is restrained by building regulations by limits on the number of storeys or the
overall height [20-22].

As stated above, the reputation of timber in fire is poorly perceived due to its com-
bustibility. Yet, for large mass timber sections, the structural capacity can be main-
tained in a fire for an extended period of time [23] and in series of tests timber columns
have been observed to perform better in fire than their steel counterparts, with com-
parable working loads applied [24]. Similar sentiments have been reported by firemen
in Victorian Britain, who felt that the fire resistance of iron columns was too short and
unpredictable, [25]

“whereas good solid timber posts endured for a long time and the men
being able to reckon their term of duration, felt more confidence”
James Braidwood 1853 [25]

Fleischer [26] related the fate of two similar warehouses, one made of timber and one

of non-combustible construction. Both buildings experienced large fires and while the
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timber one was operational after minor repairs, the non-combustible one suffered com-
plete collapse and required complete demolition and a clean-up operation over multiple
months. Similarly, Walford [27] relates a discussion on the difference between the
combustibility of a material and its ability to withstand fire, with cast iron columns
in warehouses as an example. Of course the instances described above are anecdotes
and not science. Nevertheless, they highlight that it is the construction detail and
not the necessarily the combustibility of the material that determines the structural
performance in case of fire. Overall a discrepancy of opinion on the fire performance
of timber exists. Its combustibility is seen in opposition to its relatively predictable
structural resistance in fire. In a real fire these two aspects are linked, although their

assessment is currently mostly done separately.

The current structural fire safety engineering approach for building approval and cod-
ified guidance relies on a fire resistance duration which elements of construction have
to achieve in a standard fire test [28]. The origin of fire resistance time as measured
in a standard fire is based on equivalence of severity compared to complete burnout of
compartment fires with varying fuel loads (as expected for different occupancies) [29].
This initial definition of fire resistance time equivalence did not account for contribu-
tion of the structure to the fire. In the construction industry the prevalent approach
to the fire resistance of timber seems to be the encapsulation of exposed timber sur-
faces in non-combustible construction, such as gypsum plasterboard. The total fire
resistance is then sometimes taken as the summation of the fire resistance of the en-
capsulation and the fire resistance of timber, based on a defined charring rate [30].
The problem with this approach is that it takes the initial assumption of burn-out,
implicit in the fire resistance, but also accounts for the encapsulation to fail, thereby
involving the combustible surfaces and adding to the fuel load, increasing the required
time to burnout, potentially until the affected compartment structure or the building
itself is completely consumed. Alternatively encapsulation can be provided to ensure
that timber will not contribute to the fuel load during a fire; in this case the fire re-
sistance rating will mainly be provided by the encapsulation system, as long as the
timber substrate maintains its structural capacity. This research need is also driven in
part by the desire of architects and developers to leave some timber in compartments
exposed, driven by both aesthetic and financial considerations. In a building with ex-
posed timber the structure interacts with the fire dynamics [31] and in order to achieve
an equivalent level of safety to non-combustible construction, an appropriate design
solution will have to achieve self-extinction after the burn out of moveable combustible

material [18]. Therefore there is an urgent need to better understand the load bearing
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capacity of mass engineered timber elements both when timber is exposed to a fire,

and during the cooling phase after a fire extinguishes.

The structural durability of heavy timber in fire, mentioned above, can be attributed
to the formation of a char layer, which causes a steep temperature gradient underneath
the wood-char interface and thereby protects the uncharred timber underneath. Below
this interface the wood temperatures will be elevated, causing a partial loss of strength
and stiffness but interior timber will remain at low temperatures for considerable du-
rations. Most modern design recommendations for heavy timber in fire only address
the temperature behind the char through simplified assumptions, like a zone of zero
strength, or an accelerated charring rate. The proposed values for this, were often
derived from limited standard fire tests on glulam beams in bending. As engineered
timber products become more complex and designers aim for more holistic approaches
these simplifications of the zone affected by elevated temperature may no longer be
appropriate. The effect and extent of the heated depth below the char layer must be
better understood and quantified in order to promote safe and efficient design of tall
timber buildings. The work herein explores the effect of varying heating conditions
in order to further the understanding of the potential consequences of fire or high

temperature exposure on the load bearing capacity of engineered timber.

1.2.2 Structural behaviour of compression elements

In theory the structural behaviour of elements in pure compression is rather simple,
as the stress can be derived from the applied force and the cross sectional area. In
addition a majority of traditional materials behave favourably in compression compared
to tension or bending. Most readers will be intimately familiar with this structural
engineering concept when considering ancient buildings (or their remains), which are
mostly made of masonry or concrete (two materials that should primarily be used in
compression) as this constituted a simple workable solution to available construction

methods.

More slender (i.e. longer and/or thinner) compression elements tend to require far
more complex analysis than tension or bending elements for one reason: Instability.
This is manifested in lateral deflections, which will cause large bending stresses, that
eventually exceed the material strength. Since fire exposed timber elements will reduce
in cross-section, their slenderness ratio will increase as a fire progresses, reducing the
resistance against buckling. In addition one sided fire exposure will cause eccentricities

and P — A effects which will exasperate the probability of buckling failure. A ‘known
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unknown’ in this case is the contribution of additional deflections in engineered timber
members, due to their specific make, that are not easily detected in a pass or fail
scenario like fire resistance testing. The heightened complexity of failure of timber
members due to instability is manifested in the difficulty to develop a reliable model
to predict the fire resistance of CLT compression members [32], whilst the focus of
recent simplified modelling efforts was limited to bending elements [33]. Part of this
project will therefore investigate the propensity of timber columns and walls to buckle
and aim to provide improved models describing the physics of instability failure and

its conditions.

1.3 Optimisation considerations

Modern buildings have to fulfil a number of criteria concerning feasibility, safety and
sustainability and engineered timber products can be fathomed to a multitude of con-
figurations. It is therefore logical to vary the latter in order to achieve optimal improve-
ments for the former and thereby maximise the potential of engineered timber. For the
case of CLT and Glulam this means for designers and producers to be able to optimise
the properties of the finished material for the needs of the construction industry, from
timber as simply a raw material input. For CLT, optimisation can be applied to the
overall geometry, the lay-up configuration of the lamellae, the quality of timber used,
and the adhesive holding the plies together. For example, the performance of adhe-
sives is driven by environmental considerations and the release of formaldehyde but an
optimised adhesive should equally yield fast production times whilst maintaining the
required load bearing capacity for all likely scenarios. In a fire scenario the adhesive
will have to continue to perform its function in order to maintain the composite action
between the layers. While research is and has been undertaken to understand the in-
fluence of these parameters on the structural performance for normal use [5, 34, 35],
there is a paucity of data available on the influence of the layers and the adhesives
on the structural fire performance of CLT (not to be confused with the influence of
the layers and adhesives on the fire dynamics). This work will investigate the influ-
ence of adhesives and layer thickness on the load-bearing capacity in fires and for CLT
subjected to high temperatures and aims to advance the fundamental understanding
behind the contribution of bonding to the structural fire performance. This will help

to drive optimisation considerations in design as early as the specification of materials.
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1.4 Specific project objectives

The aim of this work is to provide a new insight into the effects of production parameters
on the load bearing capacity of engineered timber products, specifically for CLT, to
assess the suitability of available design tools in relation to CLT, and to equip engineers
with the required knowledge and tools to design cross-laminated timber structures to

acceptable levels of safety in case of fires.

e (Collate and disseminate existing knowledge on laminated timber compression
elements in fire and assess its suitability for the determination of the load bearing
capacity of CLT wall elements in fire and the influence of high temperatures on

the strength and effective stiffness of engineered timber products.

e Supply data on compression strength and stiffness reduction of CLT with increas-
ing temperatures with consideration of the influence of lamellae configuration and
adhesives. So far all studies on the strength and stiffness of structural timber with
increasing temperatures have focused on sawn timber but have not considered
how commonly accepted reduction models might vary for cross-laminated timber
(or other engineered timber products). This work incorporates the first series of
compression experiments on CLT exposed to varying heating conditions through

control of the gas phase temperatures.

e Assess suitability of existing mechanical models for heated timber with respect

to engineered timber, with a focus on CLT.

e Experimentally assess the load bearing capacity of of slender CLT compression
elements subjected to fire, with a special focus on stability and the effect of shear
and increasing P-Delta effects thereupon. This will also include novel experiments

on the load bearing capacity during the decay phase of a fire.

e Assess influence of the adhesive line through different loading and heating con-
ditions, thereby illuminating the influence of shear stresses on the bond line for
different scales, loading conditions and thermal penetration depths through mul-

tiple series of novel experiments and the application of novel analytical tools.

e Develop a thermomechanical model for CLT compression design with a special
focus on the effect of P-Delta deflections in context of loss of composite action
between CLT plies due to the progression of heat. This model will be assessed
against the generated experimental data and recommendations made to move to

close emerging knowledge gaps for the buckling behaviour of CLT systems.
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1.5 Thesis outline

Chapter 2 provides a literature review to critically highlight the current state of the
art for structural fire safety engineering of engineered timber. An overview of wood
as a raw material is given and its use in the building sector as timber is described.
The concept of engineered timber is illuminated, as is the assessment of its structural
load bearing capacity at ambient temperatures. The background of fire dynamics in
timber lined compartment and the burning behaviour of timber is described. Finally,
the engineering background is given for the load bearing capacity of engineered timber
when it is exposed to fire or high temperatures. The most common concepts and
codified methods are explained and reviewed. A meta-analysis is performed to assess

common methodologies against available fire test results.

Chapter 3 describes measurements to characterise, at ambient temperatures, the cross-
laminated timber for fire safety related experiments in this thesis in order to establish
a baseline of physical and mechanical characteristics and to introduce the main pa-
rameters that are investigated in this thesis: adhesive type and ply configuration. Ex-
perimental determinations of both density and moisture content are provided, and the
results are assessed statistically in the context of the changing scales of the following
experimental chapters, and the different CLT configurations (i.e. adhesive and number

of plies).

In Chapter 4 the experiments and results from heated compression experiments on
CLT on a small scale are described and analysed. The reduction of strength and elastic
modulus is assessed against temperature and the different CLT configuration, yielding
reduction factors that are compared against the commonly used factors for timber that
is not cross-laminated. Both transient and steady state heating are considered for
this chapter when the ultimate load bearing capacity is assessed in compression, thus

providing an insight into the effect of moisture movements.

Chapter 5 describes experiments on full scale CLT beam elements under four point
bending when slow, controlled heating is applied. In this heating scenario no charring
is observed and the bending and glue line behaviour of CLT at low temperatures with
a low temperature gradient are investigated. Both heating until failure as well as time-
limited heating with a subsequent measurement of the recovery of strength and stiffness

are performed in a bespoke combined heating and loading set-up.

Chapter 6 describes the assessment of the structural endurance of loaded CLT wall

strips of varying ply number and with different adhesives when exposed to a number
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of differing heat flux scenarios from one side. The bespoke experimental set-up is
described as is the deflection behaviour for high heat, time-limited and low heat flux
exposure. The findings from this chapter will enable engineers to make more informed
decisions for CLT wall elements in buildings with regards to their fire safety and how

different fire scenarios need to be considered.

The findings from the experimental results in previous chapters are used in Chapter 7
to describe how the structural load bearing capacity and deflection of cross-laminated
timber walls can be assessed with engineering methodology through incorporation of
the temperature profile and the consideration of increasing eccentricity and P-Delta
effects with advancing fire duration. This chapter also includes an identification of

knowledge gaps that hinder accurate numerical simulations of CLT wall systems in
fire.



This page is intentionally left blank.



CHAPTER 2

Literature Review



This page is intentionally left blank.



2.1 Timber 15

This chapter provides an overview of previous work on the structural fire engineering
performance of engineered timber. It summarises the most important basic charac-
teristic properties and peculiarities of timber, before giving a more in-depth review
of current design practices in timber and how these are applied to fire design of tim-
ber elements and structures. As part of a meta-analysis of available design guidance
methodologies for the determination of the fire resistance of cross-laminated timber
walls this chapter assesses these methods against available experimental results within
the literature. As the structural fire and burning behaviour of timber are intertwined,
the review also highlights the most important concepts and research for the fire dynam-
ics in compartments with exposed timber surfaces. The purpose of this literature review
is threefold: (1) to equip the reader with the required knowledge to place the following
chapters into the appropriate context, (2) to appropriately recognise the previous work
undertaken in this field and (3) to demonstrate a sufficient level of understanding by

the author of the subject matter.

2.1 Timber

Timber describes a range of products which are sourced and produced from the wood
of trees. Wood itself is a composite, made up of a multitude of materials that form
cells and sections that fulfil specific natural functions. As a building material, timber
is mostly sourced from the stems of trees, which function as the main load bearing
structure of trees. The three major constituents of timber are cellulose, hemi-cellulose
and lignin. The compressive strength of timber is mainly provided by lignin, which acts
as a binding agent for the cellulose and hemi-cellulose portions of timber [36, 37]. An
increase in lignin correlates with an increase in the crushing strength of timber [38]. On
a material scale, timber can be seen as a composite of the natural materials it is made
of, each providing a different mechanical function. In compression, the failure mode is
manifested as buckling of the wood cells [39, 40], which propagates and causes plastic
failure [41]. This is most influenced by the lignin in the timber [36, 42], which acts as
a bonding material between the cellulose fibres. Breaking of these bonds is assumed to
lead to failure by buckling of the fibres [39]. The mechanical properties of timber are
closely related to its density, and density is therefore often treated as an indicator to

estimate the mechanical properties of timber [38].

Due to its natural origin and the functionality of its various cells, timber is orthotropic
and shows great variability in physical properties in different directions. The recognised

orientations of timber are (1) parallel to the grain in a longitudinal axis along the stem,
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Figure 2.1. Buckling of timber fibres and cell walls in compression, adapted from

Tiemann [40].

(2) orthogonal to the growth rings on a radial axis from the stem centre to the bark and
(3) tangential to the growth rings [36, 38]. For mechanical considerations in practice,
the two latter orientations are generally treated synonymously so that only parallel
and orthogonal to the grain axes are considered as relevant orientations for design [34].
Similar to mechanical properties, the thermal properties of timber also vary with the
principal directions. The thermal conductivity of timber in the grain direction falls
in a range between 0.38 and 0.88 W/mK (depending on moisture content) [43] and is
estimated to be between 2.25 to 2.75 times higher as compared to across the grain,
and the conductivity in the radial direction is up to 10 % higher than in the tangential
direction [38].

2.1.1 Moisture content and movement in timber

The cells and fibres of timber can absorb moisture from the surrounding environment
and chemically bind them. The rate and limit of the moisture exchange will depend on
the temperature and moisture content of the surrounding medium. For most timbers,
a moisture content of around 27 to 30 % [43] will constitute a limit of the amount
of chemical bound (i.e. not free) water in timber. This point is often referred to as

fibre saturation point and any additional water will exist as free water in the cavities
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between cells causing a seemingly higher bulk moisture content [40]. From the technical
definition of moisture content as evaporated water mass divided by dry mass, timber
can theoretically have a moisture content above 100 %, as many timber species are
less dense than water, so the mass of timber can be less than the mass of water in the
timber [43]. The proportional moisture content of lignin is lower, relative to cellulose
and hemi-cellulose [43]. With decreasing moisture content the failures in timber become
increasingly brittle, with splitting along fibres as an additional potential failure mode
[40].

The change in moisture content in timber leads to swelling with increasing moisture
content and shrinkage for decreasing moisture content. It is therefore recommended
that, before it is installed, timber should be seasoned, meaning the moisture content
should be altered to a range that can be expected in the built environment. Large
changes in size due to shrinkage can induce cracking or warping of the timber [44],
as well as damages to building components attached to the timber [25]. As with
mechanical and thermal properties, the dimensional changes in timber due to changes
in moisture content vary with direction, it is larger (by a factor of 40) perpendicular
to the grain, compared to parallel to the grain [38, 43, 45, 46]. In their natural state
(i.e. in a tree) the fibres of timber allow for water to be transported from the roots to
any other part of the tree. As a consequence, the permeability (i.e. the flow of fluids
through the timber) is about four orders of magnitude faster along the fibre orientation,
compared to crosswise [36, 43]. In thick timber sections, the outside will dry faster than
the inside and in some drying conditions this can cause casehardening, where a hard
shell of outer dried timber essentially locks moisture into the centre of the timber [40],
thereby causing gradients in moisture content through a cross-section, which will also
change the strength and stiffness through the cross-section and make surface moisture

content readings unreliable indicators for the overall moisture content.

2.1.2 Timber construction types

There are two types of timber construction that can be differentiated. Light timber

frame construction and heavy timber construction.

2.1.2.1 Light timber frame

Light timber framing refers to construction of walls and floor systems from individual

studs of timber which form the framework for planar elements to be attached. This
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method leaves large cavities in the wall system which are often filled with insulation
materials. Light timber frame is suitable for manual construction, where only few or no
machinery is available to aid the construction process. The comparatively large number
of light timber parts requires more work input (i.e. more hands) than work with larger
prefabricated elements. Its ease of use and cheap cost has made light timber a dominant

form of construction for housing since the 18th century [23].

2.1.2.2 Heavy timber

Heavy timber (also referred to as mass timber) describes larger sections of timber, either
cut directly from a tree or engineered timber, which is created by connecting multiple
boards or parts of timber to form customised sections (refer to Subsection 2.1.6). Con-
nectors can be adhesives, dowels, nails or screws. The research and analysis presented
herein will exclusively cover engineered mass timber, and any reference to timber will
refer to engineered timber. Contrary to light timber, heavy timber usually requires
some form of heavy machinery to assist with the construction process. The reduced
availability of mechanised construction aides in the 19th century, made the construc-
tion of heavy timber a complex and laborious process, thereby driving up its costs [23].
Nowadays, the widespread availability of cranes enables heavy timber buildings to be
erected with a small amount of labour [47]. Engineered timber, such as CLT and Glu-
lam is less prone to cracking, compared to sawn lumber, when stored in conditions that
cause shrinkage and swelling [44]. A common hazard for light timber framing projects
are fires during the construction phase. Unlike light timber, heavy timber construction
does not necessarily rely on encapsulation for its ”fire resistance”, and the fire risk

during construction is therefore widely considered to be reduced [48].

2.1.3 Recent timber construction development

The height of structural timber buildings has traditionally been restricted by fire safety
concerns and limitations to its load bearing capacity, however, increasing confidence
in engineered mass timber products and improved active and passive fire safety mea-
sures [49] have recently led to proposals of increasingly higher multi-storey buildings
utilising timber for their primary structural members [17, 18, 21, 49-52]. The term
‘timber-skyscrapers’ has been used to describe this development and a global overview
of what can be considered tall timber construction is shown in Figure 2.3. One example

of a recently constructed high rise timber building is the 14-storey ‘Treet’ building in
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Bergen, Norway [9]. It utilises a glulam truss for the main structural frame and CLT for
the elevator shaft in combination with concrete floors. Timber has also been suggested
as the main structural material for super tall buildings with a height of 300 m [§],
however, these super tall timber proposals are admittedly provocative and should be
seen as thought exercises rather than actual building proposals. Smith and Frangi [49]
proposed that maximum heights between 60 and 80 m will be feasible where seismic
and wind loads will be the limiting structural factors. The following subsections high-
light the advantages of building with timber and therefore in part explain the recent

eagerness of architects and developers to promote mass timber concept buildings.
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Figure 2.2. Construction site of a mass timber building in London, UK [50].

2.1.4 Advantages of timber construction

This section describes some of the advantages that arise for constructors, owners and
residents from building with timber and in part explains the drive by architects and

developers for more and taller timber buildings.

2.1.4.1 Strength to weight ratio

Timber has an excellent strength to weight ratio, compared to steel and concrete, which

enables ease of construction as well as savings on foundation costs [5, 8, 53, 54]. This
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Figure 2.3. Tall timber projects across the world by status and number of storeys.

high strength to weight ratio of timber makes it especially suitable for structures where
the construction material itself constitutes a significant portion of the overall mass, e.g.

high rise buildings or bridges [37].

2.1.4.2 Ease of use

Due to the precise prefabrication, the construction with engineered timber products,
like CLT, allows quick erection [16, 17, 47, 52, 54, 55] through the use of simple fast
connections, resulting in buildings with good air tightness [55, 56]. Being a relatively
novel material for high rise buildings, contractors tend to trial new construction meth-
ods to enable fast and safe assembly of CLT buildings [47, 54], and it can therefore be
assumed that the currently observed construction speed will increase as best practice
solutions emerge from increased experience and familiarity with the material. As an
engineered material, CLT and glulam can be modified during the production processes
to meet the needs of design, for example steel bars can be embedded within CLT [52],
thereby offering increased strength and higher flexibility for specialised applications.
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2.1.4.3 Cost

Laguarda Mallo & Espinoza [16] presented a case study showing that CLT can be cost
competitive with traditional steel/concrete construction systems when labour, mate-
rial and connection costs are considered. Similar findings are presented by Green [17],
for comparison of a benchmark multi-storey concrete and timber buildings. He notes
that the detailing level and the fire safety requirements will push the price of the tim-
ber building up, if encapsulation is required. From comparable case studies between
traditional construction materials and mass timber construction, Smith et al. [54] de-
termined that mass timber projects are likely to cost more (up to 43 % additional cost
per m?) than traditional construction if the project is a pilot project, i.e. if the associ-
ated design and the construction team have not worked with mass timber on a similar
scale before, yet, on average, their study found that mass timber construction can lead
to cost savings of 4.2 % compared traditional construction. For large timber projects,
incorporating engineered mass timber, a lack of experience can drive up projects costs
[17] and this lack of intimate knowledge causes architects to be reluctant to utilise mass
timber, and this has been observed especially with regards to unfamiliarity of the fire

safety requirements and code intent for tall timber [6].

2.1.4.4 Sustainability

Plants sequester carbon dioxide from the atmosphere and carbon is stored in the wood
as trees grow, which means carbon is ‘locked’ into the timber during its life time.
Generally more carbon is stored in growing young trees that replace the trees which
were taken to be used for construction [37, 57, 58]. In addition, the harvest of timber
products is described as using only a fraction (as low as 10%) of the energy required to
produce other building materials and results in less residual waste products compared
to mining operations (which are required to source raw materials for steel and concrete)
[18, 46]. This means that timber buildings, from properly managed forests, can achieve
carbon savings, by locking carbon into the structure. This is only sustainable if the
building has a sufficiently long lifespan and experiments on disused timber columns
have shown that they can retain a majority of their strength after a service life of over
50 years [59]. At the end of its lifespan, CLT panels can be recycled into other timber

products or used as fuel to be converted into energy [55].

Van de Kuilen et al. [52] estimate that a 40 storey building incorporating CLT walls

and floors can reduce CO2 emissions by 50,000 tons, compared to a concrete building.
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A report by Skidmore, Owens & Merill [18] estimates that the use of a mass timber
structure in high rise buildings can save between 60 and 75 % of embodied carbon
emissions compared to concrete or steel construction. It is important to consider that
active measures need to be taken to ensure that timber is sourced responsibly, otherwise

illegal logging can have devastating effects on forests and the communities within [60].

Due to the selective grading of the individual boards for the composition of CLT, the
timber can be sourced from low quality forests, which might not otherwise be suitable
for timber production [6]. There are increasing efforts on research to validate the
strength and stiffness of local timbers for CLT production [61], which will open up
more species for the use in timber construction and therefore increase the available
supply as well as reducing transportation costs. Additionally, more variety of timber
species uses, will offer more opportunities for bespoke timber products to be used in

construction [37].

2.1.5 Drawbacks of timber construction

Like all materials, timber exhibits certain drawbacks for its use as a building material,
most of which originate from wood as an organic living material. Since timber is made
up mostly of polymers, it is combustible, meaning it will burn when supplied with suf-
ficient heat and oxygen, and thereby contribute heat and flames, as well as emit toxic
gases. The combustibility of timber and its burning behaviour is discussed in more
detail in Section 2.3. From a structural perspective, the high variability of timber is
a major drawback. Because it is a naturally grown material, timber exhibits a large
spread of strengths [36, 41]. Knots, which originate from junctions between branches
in the tree, cause a reduction in strength as they constitute a localised area of cross-
grain and an accumulation of knots will therefore reduce the load bearing capacity of
structural timber members [38, 43, 62]. In steel and concrete, designers and producers
have significant influence over the material properties through the fabrication or mix-
ing process. This enables engineers to obtain the distributed material properties of a
population through tests on a sample. Since timber is a bio-based material, less con-
trol is attainable and significant variation within populations occur. These variations
include tree genetics, applied forest management and environmental conditions during
the growth period. This means that variations in strength and stiffness vary between
scales, from regions of timber growth down to variations within the same tree [36, 63].
This variability of timber is addressed through grading of each board into strength

classes based on either visual or machine grading.
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Because of its anisotropy, failure in timber is best described by a weakest link theory,
where a weaker area of material in a cross section will cause failure of the member.
Therefore, it is more likely for a weak spot to reach its ultimate capacity if the whole
cross-section is exposed to pure tension stress, compared to bending where the ten-
sion and compression stress within a member varies. Therefore, for timber, the stress
distribution within a member will also influence its ultimate stress capacity [64, 65],
and the modulus of rupture (MoR), which is also referred to as ‘bending strength’, is
used to assess its structural load bearing capacity. These bending strengths are derived
from bending tests, and are therefore empirical, rather than pure material properties.
In design, the use of the bending strength prohibits the utilisation of the plasticity
of timber in compression. This means that in complex engineered timber products,
which are strengthened in the tension zone, the full stress distribution and moment
resistance cannot be exploited [66]. In bending, the dominant failure mode will be due
to brittle tension failure, and the size effect factors used for visually graded softwood
lumber have therefore been shown to be consistent between tension and bending [41].
Additionally, in design, reduction factors can be utilised to account for the variation in
strength as the length or cross section size of lumber is increased. These reduction fac-
tors are usually based on strength Weibull distributions and theoretically allow scaling

of experimental data to widen its applicability [41, 64, 65].

For CLT, as an engineered product, additional levels of variability can occur (1) between
producers, (2) between different batches by the same producer, and (3) within any batch
by the same producer [67]. Damage from insects, like termites or beetles, must be
considered for timber buildings in some parts of the world, meaning its use is restricted
or additional measures (e.g. chemical treatment) must be taken to ensure longevity
[38, 51, 53, 68].

2.1.6 Engineered timber

Engineered timber describes timber for which sawn lumber boards are combined either
with other boards or incorporating supplementary materials to form composite sections
with favourable mechanical properties. Some engineered timber products don’t rely on
boards but chips of timber (e.g chipboard). Currently the two most prominently used
engineered timber products are glue-laminated timber (glulam) and cross-laminated
timber (CLT). For the former, solid timber boards are stacked on top of each other and
adhesively bonded to form engineered and custom sized structural members, which can

be utilised as beams, columns or tension members. For CLT, timber boards are aligned
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in horizontal layers, which alternate in the direction of their fibres as they are placed on
top of each other. This forms large plates of timber comprised of layers (between 3 and
7) of alternating orientation that can be utilised as load bearing floor or wall elements.
While glulam has been produced and used in buildings for a relatively long time, CLT
only emerged in the 1990s as a building material in its own right [5]. As a consequence,
many certification and calculation procedures that are well defined for sawn lumber
and glulam are not yet fully developed and investigated for CLT and values for glulam
are often substituted where specific data on CLT is lacking and work on this area is
ongoing. For example, Fink et al. [67] recently performed a simplified reliability analysis
to demonstrate that the currently recommended partial safety factor of 1.25 that is
applied to glulam can be applied to CLT as well to achieve a target reliability index
B of 4.2, especially if further harmonisation of production requirements is considered.
Until further and similar studies such as these are completed, there remains uncertainty

in the use of CLT with regards to defined target reliabilities.

Additional engineered timber products include laminated veneer lumber (LVL), parallel
laminated timber, nail laminated timber, dowel laminated timber, chipboard and many
more [36, 43]. This thesis will focus on CLT as it requires the most research attention
due to its rapid rise in prominence, with occasional comparisons to glulam, due to its

similarity as a composite of boards bonded with polymeric adhesives.

2.1.6.1 Adhesives and bonding

The bonding strength between timber laminates is an important construction parame-
ter and will influence the loading response of CLT, along with the appropriate methods
of analysis. Most prevailing structural calculations of bending are based on the assump-
tion of ‘plane sections remaining plane’. However for reduced bond strengths, shear
deformations between the layers will render this assumption invalid and will influence

results from structural calculations.

Different adhesive formulations offer different advantages and disadvantages for man-
ufacturers. Costs and effects on construction and service life performance will have
to be considered when adhesives are chosen for the manufacture of laminated timber
products. Timber itself is a variable material while adhesives have been devised and
manufactured under tight production requirements and can therefore be assumed to
have lower variability. On the other hand, research into timber has been more exten-
sive historically and for adhesives uncertainties are introduced due to the wide range

of possible formulations, even within one adhesive type, and the constant development
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of novel, application specific adhesive types. This means that while the mechanical
characteristics of timber and its constituent are well investigated, there is a lack of
data on some adhesives in that regard [69]. The ability to develop and vary adhesives
also presents opportunities to engineer adhesives for specific uses [70, 71]. For the
production of cross-laminated timber two adhesives types are favoured by most major
manufacturers: (1) polyurethane (PUR) and (2) melamine urea formaldehyde (MUF).
Similar to MUF, some manufacturers use MF, which is melamine formaldehyde, i.e.
MUF without added urea.

Polyurethane (PUR) glues, are attributed advantages such as short hardening times,
easy application without heat, a colourless glue line and utilisation of moisture from
the timber for its activation [71-74]. PUR is favoured for its lack of formaldehyde
emissions, since there are requirements to limit its emission concentrations in many
jurisdictions [71, 75, 76]. PUR adhesives are also considered highly versatile with
scope to change the behaviour based on changes in the formulation [71, 76]. Note
that all reference to PUR in this work will imply one component PUR, as these are
mostly used for the manufacture of engineered timber. MUF and MF adhesives are
highly cross linked polymer chains and therefore exhibit a high elastic modulus and
rigidity, as well as a low creep factor [69, 74] and, like PUR, are also favoured due to its
invisible bond line [74]. While thermoplastic PURs exhibit elastic-plastic stress strain

behaviour, thermosetting MUF adhesives are elastic with brittle failure mode [76].

PUR forms CO4 as it reacts and therefore foams and can display a high porosity
[69]. The formation of bubbles in the bond line will weaken the bond and therefore
sufficient pressure is required in the production to suppress foamed bond lines [74].
Failure to apply sufficient pressure during production will lessen the bond quality and
structural calculations will be non-conservative if they do not account for reduced
bond strengths, as experienced in experiments by Vilguts et al. [77]. In addition to the
pressure, the moisture level must be controlled during production as they will influence
the bond strength and sub optimal manufacture conditions can increase the probability
of lamellae separating from each other, which is referred to as delamination. This has
been reported for CLT panels, bonded at uncontrolled moisture levels and without the
required pressure by Hindman and Bouldin [61]. Moisture will generally influence both
the timber as well as the adhesive present in a bond line and lead to softening of both
[70, 76]. No relevant difference between PUR and MUF glues has been identified with

respect to the influence of moisture during the manufacturing process [70].

The production of engineered timber also provides the opportunity to utilise multi-

material composites. While MUF and PUR are most widespread to bond wood on
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wood, epoxies (EP) have been proposed for the use of bonding between wood and

non-wood materials, e.g. carbon fibre reinforced polymers (CFRP) [73].

The actual bond between two adjacent pieces of timber is reliant on the interface be-
tween adhesive and timber, where the adhesive seeps into cavities and cell walls of the
timber. This means that it is difficult to test the actual performance of specific adhe-
sives in absence of the timber. Nano-indentation has shown good correlation between

microfilm of adhesive polymers and timber adhesive bond lines [69].

Debonding or peeling of plies can occur when interfacial shear and normal (peeling)
stresses exceed the shear and normal strength of adhesive. Smith & Teng [78] have
described the governing equations as well as general solutions, which can be adapted
for various boundary conditions, to calculate the interfacial shear and normal stresses
in the adhesive layer, subject to the following assumptions: linear elastic behaviour,
stresses do not vary throughout adhesive layer thickness, curvatures are assumed to be
the same. Plastic yield deformation in the substrate (i.e. timber) will cause excessive
deformation in the bond line and lead to a break of the bond [71].

The shear stress within an adhesive layer can also be determined from simple beam
theory, assuming full composite action, although this approach tends to underestimate

stresses near the edges of the bonded layers [78].

2.2 Cross-laminated timber at ambient temperatures

This section describes a series of methodologies and techniques that can be used to
analyse the structural behaviour of CLT at ambient temperatures and how these ac-
count for the variation in strength and stiffness between the layers in CLT panels or
slabs. Special focus is also given to rolling shear, as it is a peculiar failure mode for
CLT subjected to out of plane loads.

2.2.1 Effective Cross-section method

For bending, compression and tension, or a combination thereof, the possibly simplest
method of analysis is to use a transformed (also often referred to as effective) cross-
section [79, 80]. In this method an equivalent cross section with a uniform Young’s
modulus is created by expanding or reducing the width of different layers of the cross

section based on the ratio of the stiffness of the layers involved. This is based on
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the assumption that strain throughout a cross section varies linearly and that result-
ing stresses in the different layers vary according to the layer’s stiffness. In its simplest
form, this cross-sectional transformation can be used for Euler-Bernoulli bending, com-
pression and tension of beams, however, it does not account for shear deformations or

variable bonding strengths.

The ratio of elastic modulus between parallel and

P — cross-wise oriented layers in CLT is often assumed
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to be around 30, for calculation and grading pur-
poses [81, 82]. The transformed section can also
be used to account for variability in elastic modu-
lus between parallel layers only [83], if the strength
and stiffness contribution of crosswise layers is ig-

nored.

The principle of the transformed section concept

Figure 2.4. Schematic CLT sam- a0 be derived by considering a piece of cross-
ple in compression. laminated timber (or any other other compos-
ite material with layers of varying stiffness) in
uniform compression or tension, as schematically
shown in Figure 2.4. Assuming no shear deformation and perfect bonding, all layers
must deform by the same amount, therefore the strain e in all layers will be equal,
but the load share of the layers, and therefore the stress o will vary according to
Equation 2.1, which, when inserted into Equation 2.2 can be formulated to yield an
expression for the effective stress of one orientation through transformation into an

effective area.
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It can therefore be assumed that the normal stress, o in each layer will vary, depending
on the elastic modulus and that an effective cross section can be achieved by scaling

the cross section areas by the ratio between the elastic moduli.

A drawback of the effective cross-section method is that it is based on an assumption
of the ratio of the elastic moduli between the crosswise and parallel boards. In an
experimental setting, in order to measure the elastic modulus, this assumption will
influence the final determined elastic moduli. This can only be avoided if the moduli of

the individual boards are known, however, this information is unlikely to be available.

2.2.2 Composition method

The Composite theory takes its name from a range of composition factors, which are
used to obtain effective strength and stiffness values, depending on loading situation,
the relationship of stiffness between parallel and crosswise layers and the depth of the
layers [84, 85]. These composition factors (as shown in Figure 2.5) can then be used
to calculate the effective bending and axial stiffness of the CLT element and stresses
in the different layers. The composite theory does not take shear deformations into
account and should therefore not be used for short beams with a span to depth ratio
below 30, which is often used (along with 20) as a cut-off value, above which shear

deflections are assumed to become negligible [36, 86]

2.2.3 Gamma method

The theory of mechanically jointed beams and columns is given in EN-1995-1-1 (EC5)
[87] and recommended by Wallner-Novak et al. [83] to analyse and design CLT mem-
bers. This method is also often referred to as ‘Gamma method’ [83, 85, 88, 89], based
on a factor v, which describes the efficiency of the shear transfer between the CLT lay-
ers. 7y is taken as unity for rigidly connected or glued layers [85]. The use of a factor v
enables the calculation of an effective stiffness (see Eq. 2.4) for the whole cross-section,
whilst implicitly accounting for shear deformations, which can arise between the paral-
lel layers, due to the low shear resistance of the crosswise layers [83]. Equation 2.4 can
be used for the common, symmetrical three and five layer CLT build ups, whereas for
any higher number of laminations a matrix approach, as outlined by Wallner-Novak

et al. [83], should be used to account for the influence of shear deformations between
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Figure 2.5. Composition factors for CLT panels [84].

layers.
Npa

Eljr =Y (EiAi +7EiAia;) (2.4)
i=1

In the Gamma method in EC5 [87], only the strength and stiffness of the layers with
the grain running parallel to the loading direction is utilised for the determination of
load bearing capacities. It should be noted that the Gamma method was originally
derived for sinusoidal distributed loads on slabs in bending [90], and therefore has to
be treated with caution when it is applied to other loading scenarios, as it has not
been assessed whether the reduction in second moment of area is directly transferable

to different shear or moment distributions.

In CLT of more than three layers, some manufacturers will place longitudinal layers
with higher material stiffness in the outer layers compared to longitudinal layers closer
to the centre of the CLT element. This will cause the stress to consist of a local and
global component [85]. The assumption for these is that the CLT element bends as a
whole, causing global stress and that the individual layer bends itself. The stresses can

be calculated as shown in Eqs 2.5 and 2.6 The maximum bending stress o, will occur
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in an extreme fiber of an outer layer as the summation of 0j,cq and o giopar-

0.5E;h; M
Olocal = #flf (25)
e
Eia; M
Oglobal = VZE} ;f (26)
e

2.2.4 Shear Analogy

This method, developed by Kreuzinger [90], is considered to be more accurate in pre-
dicting deformation and stresses in beams compared to the other methods outlined
above [84, 85]. It is based on creating two virtual beams, A and B, which are con-
nected by perfectly rigid rods to ensure that they have the same deformation. Beam
A is utilised to calculate any stresses and deformations that arise from bending, and
Beam B is used to calculate stresses and deformations arising from shear flow. The
bending stiffness of Beam A can be calculated as the sum of the individual bending
stiffnesses of each layer:

[Ela= Eib-L (2.7)

The bending stiffness of Beam B is calculated as the sum of tension and compression

stiffness and the neutral axis distance of each layer:

[Ellp =) EiAiz} (2.8)
i=1

Additionally Beam B is assigned a virtual shear stiffness, calculated from the outer
and inner layers, which accounts for connection slips via a factor ¢;, as shown in Equa-
tion 2.9. For a completely bonded glued connection ¢; is taken as unity and reduced

for flexible or slipping connections.

n—1

n—1
11 1 hy hi han
S cﬂ{;[ci + 20151] + Z[Gibi + 2ann]} (2.9)

The bending stresses in the layers can then be calculated individually for both virtual
beams A and B and the summation of these bending stresses then gives the overall

bending stress in each layer.
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According to Kreuzinger [90] this approach can be used in hand or spreadsheet calcu-
lations and is therefore less computationally intensive than a finite element model yet
at the same time it is supposed to be more accurate than the y-method or k-method
described above. Outside of work by Kreuzinger, or mentions of this method in sum-
maries on CLT [85], it does not actually seem to experience a lot of use. This could be
due to the fact that many of the original articles on shear analogy were published in

German and other methods have seen wider distribution internationally.

O’Ceallaigh et al. [91] compared results from the composition method, v method and
the shear analogy and found that the resulting differences for the modulus of rupture
and the rolling shear strength were between 1 and 1.4 %, even where shear deflections

are expected to occur, and can therefore be considered negligible.

2.2.5 Rolling shear

Rolling shear has been observed as a failure mode in CLT and other laminated products.
Rolling shear can be described as crack formations normal to the tangential and in
direction of the radial direction and vice versa respectively [92], and therefore it is
generally observed to initiate in layers with fibres orientated crosswise to the direction
of the load [93]. In rolling shear the sheared fibres of a crosswise orientated layer
start rolling across each other, causing material failure and an analogy of a row of
toothpicks, being rolled by adjacent stiff plates can be made for visualisation of this
failure mode. Rolling shear strains contribute to deflections in beams and plates loaded
out of plane [36, 86, 94, 95]. There are multiple factors influencing the occurrence of
rolling shear failure and deflections. Finite element simulation results from Aicher &
Dill-Langer [94] as well as tests from Erhart et al. [95] have shown that the rolling
shear modulus is not purely a material property, but dependent on a cross section’s
size, geometry and the sawing pattern with respect to the pith. The apparent rolling
shear modulus and strength are increased with the ratio of board width to thickness
[95]. It varies between species and it is estimated that most data from manufactures is
overly conservative [95]. Kreuzinger [90] indicated that the propensity for a CLT plate
to fail in rolling shear increases with increasing usage due to fatigue. Multiscale finite
element modelling by Flores et al. [92] demonstrated that edge gluing can increase the
rolling shear resistance of CLT slabs, as debonding cracks in the lamellae interface are
prevented. Additionally they found that an increasing span to depth ratio will reduce
the rolling shear resistance and change the nature of the crack formation. This finding

is in contrast to the shear deflection, which increases with a reducing /d ratio. The
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authors do not offer an explanation for this, however, the reduced failure load could be
explained by the fact that as the span is increased, the bending moment and therefore

the rolling shear in the slab will increase.

Due to the multitude of determining factors on rolling shear strength and stiffness,
there is uncertainty regarding the data available. The rolling shear modulus for spruce
was measured to lie between 40 and 80 MPa and was determined to positively correlate
with the density of the timber [86]. The Eurocodes [87], recommend a rolling shear
strength as twice the tensile strength, perpendicular to the grain, which results in 0.8
MPa for all strength classes [96]. Within batches from various producers, rolling shear
strength was found to vary less than bending strength by Fink et al. [67], who also
found a positive correlation between the elastic modulus and the occurrence of rolling
shear in bending tests on CLT slabs (i.e. for a higher quality raw material, there is a

higher probability of rolling shear occurring before tensile failure of outer lamellae).

2.2.6 2D plate behaviour of CLT

The purpose of CLT structural elements, as opposed to glulam members, is to use it as
floor slabs and wall panels. The correct assessment of the two dimensional load carrying
behaviour is complex and is therefore seldom utilised in design [34, 82] as a simple one-
directional load carrying design approach is simpler and is generally assumed to yield
conservative results [85]. In practice, the use of 2-way acting CLT slabs is currently
restricted by the requirements for moment transferring connections between adjacent
panels [18, 82, 97].

To investigate the load response of timber plate elements, Stiirzenbecher et al. [34]
compared several theories for varying loading conditions, lamination configurations
and thickness to assess their predictive capability with their respective increasing com-
plexity. They found that shear stresses and shear deflections become less important
for increasing slenderness ratios. A zig-zag pattern in stress and deflection between
the different lamellae of the investigated plates was observed to reduce for an increased
number of lamellae. Additionally a comparison with experimental results demonstrated
that, for vertical out of plane deflections, errors between different plate theories and
experimental results are small and do not differ much between the applied models. For
the normal stresses in the layers the errors between the theories amongst themselves
and the experimental results were found to be considerable. Doyle et al. [82] used sim-
ple analytical models and experimental results to demonstrate that significant (over

50 %) additional load bearing capacities and effective stiffness can be achieved when
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two-way action is utilised in CLT. Especially in fire, when charring renders CLT lay-
ers ineffective, the two-way action and the associated load redistribution can provide
significant additional load carrying capacity in the ultimate limit state. This can be
assessed in terms of the stiffness ratio between the two load directions. From their
experiments they also specified that, because the two way action in fire arises from the
loss of exposed lamellae, slabs should be made of at least five plies in order to achieve
reliable two-way action in fire, since the stiffness ratio between two remaining plies

from an original three ply slab is too high to redistribute load into two way action [82].

2.2.7 Influence of layup

CLT can be manufactured with varying layer numbers (at least three) of varying thick-
ness. The variation of the thickness of the parallel and crosswise lamellae and their
configuration within CLT walls and slabs gives manufacturers an opportunity to, in
theory, design their product to the requirements of the market, engineers or even a
specific building. An increase in timber orientated parallel to the main direction of
loading can increase the overall structural performance, especially if it is located at a
distance to the neutral axis. On the other hand, thick outer layers will make it harder
to achieve an aesthetically satisfying finish as the cost of a high surface quality reduces
with increasing board thickness. Research by O’Ceallaigh et al. [91] on the influence of
the layup configuration showed that the rolling shear strength reduced as the overall
panel thickness was increased. They also found that the variance of both the modulus
of rupture and the rolling shear strength was reduced for five ply CLT, compared to
three ply panels.

For pure compression the strength of the connection between the layers should not vary
much, however for bending problems, like buckling of slender compression elements,
the second moment of area I of a section will vary by n? between a perfect and no

connection for elements made of n; equal layers [98].

2.3 Fire safety

2.3.1 Regulatory guidance

The regulation of fire safety for buildings and infrastructure has evolved over thou-

sands of years, often reacting to changes in construction techniques and material or
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after catastrophic fire events [27]. Legislation today is anchored in building regulations,
setting out broad performance criteria, which mostly focus on the safety of inhabitants
and fire fighters. Within the European Union the distribution of construction products
is harmonised and regulated through Regulation No 305/2011 [99]. The safety in case
of fire for construction works legislates that in the outbreak of fire (1) the load bearing
capacity must be maintained for a specific period of time, (2) the spread and genera-
tion of fire and smoke is limited, (3) the spread of fire to neighbouring construction is
limited, (4) the safe escape and/or rescue of occupants is enabled and (5) the safety
of rescue teams is guaranteed. The requirements of this directive are then enacted
through legislation in the individual member states. In England and Wales the Build-
ing Regulations [100] are orientated on the five requirements above, although phrased
in more detail and in slightly different order. One difference is that the Building Reg-
ulations require buildings to maintain stability for a reasonable period of time, while
the EU directive [99] requires load bearing maintenance for a specific period of time.
This distinction is interesting, as it implies that for the directive collapse of buildings
is acceptable after a fixed amount of time, while the building regulations leave more
room for interpretation and reasonable could be interpreted as minimising the failure
probability to values approaching never (although zero failure probabilities would be
prohibitively expensive to achieve) for important buildings with reasonably worst case
envisaged fires, which aligns more closely to the original intent of fire resistance for
buildings to survive a burnout of the fuel load. These legislative requirements can be
achieved in any manner as people undertaking construction see fit, although guidance
documents are provided which provide means presumed to adhere to the requirements
for buildings that are assumed to be common. For elements of construction these guid-
ance documents will generally aim to ensure that the fire growth and spread is limited

through adequate compartmentation.

2.3.2 Timber decomposition and charring

Wood is mostly made up of polymers and, like most other bio-based materials, it
decomposes when exposed to heat by releasing volatile pyrolysis gases and leaving
behind a char residue [101]. When mixed with oxygen in the right proportions the
pyrolysis gases can ignite and thereby provide heat feedback to the pyrolising surface,

causing sustained burning.

The decomposition process can be subdivided into multiple phases and while there

is broad agreement on the phases and their wider working, there is disagreement on
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the temperature ranges in which each phase occurs, most likely resulting from the

variability of timber and its species.

Jonsson and Pettersson [46] have translated and
transcribed the charring of timber from Fredlund
[102] as a process in multiple zones of differing
temperatures with charring occurring at tempera-
tures as low as 95 °C while flaming ignition, due to
a limitation of release of sufficient pyrolysis gases,
does not occur below 280 °C. The formation and
growth of a char layer in timber at around 300 °C
will limit the flow of heat to underlying timber.
Above 500 °C the char begins to oxidise on its
surface and therefore regresses. The ranges above
are corroborated by results reported by Emberley Figure 2.6. Compartment fire ex-
et al. [103], showing that pyrolysis of wood occurs Periment on a CLT compartment.
between 280 and 380 °C and that oxidation occurs

between 400 and 600 °C whereby all solid char is oxidised above 600 °C.

There are varying values for the decomposition temperature ranges for cellulose, lignin
and hemi-cellulose (the three main components of wood). Mikkola [104] states, that
lignin, cellulose and hemicellulose all begin to decompose between 160 and 180 °C,
while Browne [105] summarises ranges of 240-350 °C, 280 to 500 °C and 200 to 260 °C

for the decomposition of cellulose, lignin and hemi-cellulose respectively.

Char generally has negligible mechanical strength or stiffness. It is highly porous
and experiences high radiative heat losses on its surface. Through this it acts as an
insulator and reduces the heat exposure of underlying timber as well as reducing the
flow of pyrolysis gases to the surface. It is therefore often said to act as a sacrificial
protection layer for timber in fire and thereby reduces the thermal penetration depth
and burning rate [104-106]. For test and analysis purposes it is often assumed that the
300 °C isotherm is a reasonable indicator for the position of a char line and there is a
wide ranging consensus for this assumption [46, 56, 107-109]. However, other values,
like 280 [110], 288 [111, 112], 260 [113], 265 [114] or 360 °C [104], have been utilised or
calculated as the char layer isotherm and some researchers have identified temperatures

of 200 °C and above to mark zones of complete charring with zero strength [115].

Since char has negligible mechanical properties, the progression of the char layer into

the timber is of paramount importance to quantifying the structural behaviour in fire.
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This is expressed as a charring rate, the progression of char per unit time. The char
formation of timber and therefore the charring rate varies with a variety of factors.
However, in Europe it is often assumed that a single averaged char rate can be applied
to all timber species, while in North America, charring rates are taken as species and /or
density dependant [107]. Research by Fahrni et al. [116] showed that the charring rate
of timber is negatively correlated to its density and this was also shown in a review of
available literature by Bartlett et al. [117, 118].

Lie [119] proposes a rate of 0.6 mm/min and Stanke et al. [120] calculated an average
charring rate of 0.695 mm/min for their experiments on glulam columns following
a standardised cellulosic time temperature curve within a range between 0.6 and 0.8
mm/min [44]. Haksever’s [121] test results on glulam columns also confirmed an average
charring rate of 0.7 mm/min in standard fire exposure. Peter and Gockel [114] also
obtained charring rates in a range between 0.6 and 0.77 mm/min. Technical Report
10 (TR 10) [111, 112] assumes a base charring rate of 0.635 mm/min, which can be
adjusted to account for longer burning durations where the average charring rate is
reduced. In Australia and New Zealand, for the purpose of verification of fire resistance
through calculation, the nominal charring rate is dependent on the density of the
timber, as shown in Equation 2.10 [122]. For timber with a density of 550 kg/m?>
this results in a charring rate of 0.65 mm/min. These provisions do not account for
CLT and thereby ignore potential char rate increases due to the potential for char to

fall off at the glue lines, which is explained in more detail in Subsection 2.3.4.

2
Bn =04+ (Qio) (2.10)

For full scale furnace tests of loaded CLT panels, Goina [123] reported varying charring
rates for different tests, between 0.37 mm/min and 0.79 mm/min. These rates were
inferred from the remaining cross section depths and the charring rate increased as
the remaining cross section depth reduced, i.e with the exposure duration. From com-
partment fire experiments with exposed cross-laminated timber surfaces Li et al. [124]
found an average charring rate of 1.22 mm/min. Johansson and Svenningsson [125]
describe varying charring rates throughout the duration of their furnace experiments
(set to simulate various fire curves) on CLT, with an accelerated rate of charring of up
to 1.5 mm/min at the start of experiments, which reduces towards 0.65 as the duration
of burning continues and a char layer has formed. The rate of char oxidation influences
char regression and therefore the depth of char above timber undergoing pyrolysis,

thereby influencing the overall rate of charring. It can therefore be assumed that the
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charring behaviour will differ between different ventilation conditions.

Both Bartlett et al. [117] and Hasburgh et al. [75] describe the acceleration of char along
grooves and gaps in the timber due to increased permeability for pyrolysis gases. This
introduces local variability of the charring behaviour, which can make the determination
of the load bearing capacity in fire more uncertain and also negatively affects the
integrity fire resistance criterion. These accelerated charring rates can also be observed
in timber where the grain is orientated perpendicular to the main exposure plane [117].
This can occur where the sawing patterns of lumber boards result in ’open’ tangential
patterns. Hasburgh et al. [75] found that, as a consequence, the ply configuration
(independent of the thickness of the individual boards) influences the overall charring

pattern and rate.

2.3.3 Burnout and self-extinction

For situations where fire fighting interventions are

difficult or not possible (e.g. high rise buildings),
a defend in place fire strategy is often needed in
which the fire is contained in its compartment of

origin for a ’reasonable period of time’. The de-

Mass loss rate

velopment of fire resistance times was based on

this concept and requires that the combustible J

contents of a compartment will eventually all be
consumed, causing the fire to extinguish without Exposure duration
intervention as it is starved of fuel. For compart- Figure 2.7. Schematic mass loss

ments with significant surface areas of exposed rate of timber exposed to a con-

timber this condition may never be met, as the
stant heat flux

timber (and therefore the compartment boundary

itself) supplies additional fuel to fire. If this extends the fire to the point of a structural

or integrity failure of the compartment boundaries, then the defend in place strategy

has failed and the damage and loss from the fire will increase significantly and the

building itself may be lost.

The mass loss rate of burning timber, and therefore its heat release rate and charring
rate, generally experience a peak shortly after ignition before reducing to a quasi-
constant value as the char layer reaches a steady state thickness [105, 126]. The
schematic mass loss rate, with an early peak and subsequent reduction during heat

exposure is shown in Figure 2.7. At low external heat fluxes the mass loss rate will
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reduce until it reaches a critical value and self-extinction will subsequently occur as not
enough pyrolysis gases are produced to sustain flaming. A useful analogy for this is the
burning of logs in a fire place. A single log will eventually extinguish, while multiple
logs can provide each other with sufficient heat feedback to continue burning [105].
The critical heat flux for ignition of timber has been reported to be between 10 and
13 kW /m? [105, 109]. For non piloted experiments in the cone calorimeter, Quiquero
et al. [127] reported a critical heat flux for autoignition above 30 kW/m?2. Crieelard
et al. [126] reported extinction as the cessation of smouldering and found, from cone
calorimeter experiments, that this will occur for heat fluxes below 6 kW/m?2. They
also observed an influence of airflow on extinction, with flow speeds of 0.5 m/s aiding
extinction through cooling and flow speeds of 1 m/s accelerating smouldering through

the additional supply of oxygen.

Compartment fire research investigates the burning behaviour in built compartments
with predetermined fuel loads and varying ventilation parameters. Frangi and Fontana
[128] performed a series of post-flashover compartment fire experiments on wooden ho-
tel modules. They found that, for exposed timber surfaces, the external flaming was
more severe compared to non-combustible interior surfaces, due to the contribution
of the timber as additional fuel, however, the authors did not quantify this increased
severity of external flaming. Since most of this additional fuel burned outside the com-
partment opening, the authors concluded that the interior temperatures did not vary
significantly (without quantification of this significance) between exposed and non-
exposed timber construction. Li et al. [124] performed multiple experiments on timber
compartments with exposed and unexposed timber surfaces. They found an increase
in total heat release rate of up to 80 % for an exposed CLT compartment fire, where
they observed that a majority of the additional heat was released from pyrolysis gases
burning outside the compartment opening and that therefore the gas phase tempera-
tures inside the compartment for fully developed fires did not vary by more than 100 °C
between exposed and non-exposed experimental cases. They concluded that the fire
performance of elements of construction will differ between compartment fire experi-
ments, for which the temperature development is a function of the available fuel and
the ventilation conditions, and standard fire tests, for which temperatures are forced
to follow a standardised temperature time curve, and are explained in more detail in

Section 2.4 in the context of fire resistance ratings.

Hadden et al. [129] performed a set of CLT compartment fire experiments with different
numbers and types (wall or ceiling) of timber surfaces exposed, specifically to look at

the necessary conditions to achieve auto extinction in timber lined compartments. The
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results from these experiments showed that extinction is possible for an exposed timber
ceiling and wall, as long as char-fall off (see Subsection 2.3.4) can be avoided. This
was confirmed by an experiment by Emberly et al. [130], who also achieved burn out
and auto extinction in a CLT compartment fire. In addition, multiple large scale
experiments on the fire dynamics in full scale timber compartments were performed
at the National Institute of Standards and Technology (NIST) and described by Su et
al. [131] and during the same time (highlighting a rising interest in the fire safety of
CLT in North America) multiple CLT burnout experiments were reported by Zelinka
et al. [132]. Both of these experimental series concluded that auto extinction can
be achieved under the right conditions, depending on the amount of exposed wood,
the ventilation, and the integrity of the glue lines bonding the timber lamellae of the
CLT when heated. Medium scale work on CLT compartment fire dynamics has been
undertaken by Bateman et al. [133], which showed that the moveable fuel load has a
critical influence on self-extinction of timber compartments, as has the configuration,
with two walls exposed posing a more adverse scenario for auto-extinction than a wall
and a ceiling. Gorska et al. [134] describe laboratory scale experiments on scaled down
CLT compartments and found that the critical incident heat flux on timber surfaces
for auto-extinction is much lower than in large scale testing. They postulated that this
was caused by a change in the temperature gradient through the CLT, which could be
attributed to the change in scale and the change in heat losses through the compartment

boundaries as the surface to volume area changes.

2.3.4 Delamination/Fall off of char

Because CLT is made up of multiple lamellae, which adhere to each other through
the use of adhesives, it is susceptible to delamination in fire. This process, which is
also denoted as a ‘loss of stickability’ by some authors [135], describes the fall off of
charred lamellae as the char front reaches or passes the glue lines (shown in Figure 2.8).
The char, by virtue of its high insulation capacity, performs a protective function for
the underlying timber and its loss therefore has consequences for the fire dynamics
and the subsequent rate of charring and the temperature development in the timber.
Experiments on CLT floor slabs by Frangi et al. [56] showed that the falling off of
charred layers will temporarily increase the charring rate of the underlying timber
layers, resulting in higher average charring rates over the duration of a furnace test. It
was also highlighted that for horizontal slabs, made of fewer thicker boards, the average
charring rate will be reduced, as it takes longer for the heat to penetrate to the first

adhesive line and therefore for the boards to fall off, as compared to thinner lamellae.
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This was confirmed by Osborne et al. [136], who performed tests on CLT walls made of
varying ply thickness and found an increased charring rate for thinner plies. A similar
behaviour was found by Suzuki et al. [113], and from their experiments they postulated
that the effect of thicker lamellae ceases to be significant above a layer depth of 27 mm.
Considering these findings, a three-layer CLT panel can show improved fire behaviour
than a five-layer panel of the same overall thickness, but only if the rate of charring is

considered as the main performance indicator.

The orientation of CLT is also considered to influence the potential of delamination,
with vertically orientated panels, as would be used in walls, experiencing less pro-
nounced delamination than horizontal ones [136, 137]. This results in an overall re-
duced charring rate, compared to horizontal CLT slabs [135]. Still, Emberley et al. [138]
reported the occurrence of delamination of vertically orientated samples at bench scale
in mass loss cone testing, which was deemed to cause a subsequent increase in mass loss
rate and flaming. Crieelard et al. [126] also observed delamination of CLT in vertical

wall elements in small scale compartment fire experiments.

Figure 2.8. Char fall-off (delamination) as observed after a fire in a compartment

with polyurethane bonded CLT, from experiments by [129].

The choice of adhesives in CLT production will affect the potential for delamination,
which complicates comparisons between different tests. It has been reported that CLT
panels bonded with Polyurethane reactive (PUR) adhesives will experience delamina-
tion [126], while those with Melamine-Urea-Formaldehyde (MUF, or the related MF)
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will show reduced or no delamination at all [88, 139]. Similarly, Klippel and Schmid
[135], for their assessment of a proposed charring model, assumed that MUF and phe-
nol resorcinol formaldehyde (PRF) adhesives do not experience char fall off, however,
they note that this assumption is not strictly valid for all MUF or PRF tests. Has-
burgh et al. [75] performed standard furnace tests on CLT slabs with different adhesives
and found that the fall off of charred timber was significantly lower in MF and PRF
bonded slabs, compared to slabs manufactured with PUR and emulsion polymer iso-
cyanate (EPI) adhesives. Fackler [140] reported delamination on a glulam column using
melamine based adhesive. Test on vertical CLT elements in Japan [113] demonstrated
that APIT glues will lead to approximately 10 % higher charring rate than the use of
PRF adhesives. Johansson and Svenningsson [125] performed a study of the delami-
antion potential of different adhesives where they attempted to replicate the conditions
in a CLT compartment fire described by Su et al. [131] in a furnace. They observed
delamination of the CLT bonded with regular one component PUR but did not ob-
serve delamination with any of the other adhesives, one of which was an one component
PUR adhesive that had been formualted specifically to avoid delamination. The other
assessed adhesives were MF, PRF and EPI.

Delamination in CLT will also heavily influence the compartment fire dynamics as it
exposes ‘fresh’ timber below char layers and adds to the overall fuel load in a compart-
ment. This can delay the onset of self-extinction of the timber after all the moveable
combustible load within the compartment has burnt out [103]. Su et al. [131] reported
secondary flashover due to delamination of the PUR adhesive used in their timber com-
partment experiments. Product requirements for certified CLT in the USA and Canada
requires adhesives to be assessed to maintain their adhesion up to 220 °C as well as not
show char fall off in a compartment fire test to a specified burnout heat release rate

induced by a gas burner, in order to minimise delamination of the end product [81].

2.3.5 Temperature Distribution

To analyse the thermomechanical response of structurally loaded timber elements, the
temperature distribution underneath the surface must be known. It is generally as-
sumed that the char layer, through high insulation properties and a reduced flow of
pyrolising gases, protects the virgin timber underneath and reduces the so called “ther-
mal penetration depth” [104, 106]. Ostman et al. [137], as well as Klippel and Schmid
[135], state that the temperature affected properties in CLT exposed to cellulosic stan-

dard time temperature curves will be located along a depth of 35 to 40 mm below
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the char layer, which is confirmed by findings of experimental studies [141]. Similarly,
Frangi and Montana [106] measured mean thermal penetrations depth between 25 and
35 mm below the char layer, for various engineered timber products (solid, glue lam-
inated and nail laminated timber) exposed to cellulosic standard time temperature
exposure. In initially protected timber slabs, the temperature gradient has been found
to be lower, causing a deeper temperature penetration from a lower heating rate [142].
At 100 °C an arrest in the development of temperatures is usually observed due to

latent heat required to evaporate moisture in this temperature range [75, 143].

The determination of timber temperatures below the char is an ongoing field of research
and is complicated by the pyrolysis of timber when heated. Reszka and Torero [144]
employed a semi-infinite solid model and determined that at exposure heat fluxes of
10 kW /m? or lower timber can be treated like an inert material. Above this heat flux,
self-heating from exothermic reactions has to be accounted for. Poncsak et al. [143]
reported exothermic heat generation in timber at temperatures as low as 150 °C. The in-
ternal conduction heat flux in timber samples has been determined to peak at 6 kW /m?
and to reach 3 kW /m? as the timber reaches a steady state phase of burning [103]. EC5
[145] provides material properties to calculate the temperature evolution within tim-
ber elements from advanced calculation methods, however, these values are effective
values that have been determined through calibration of standard furnace tests and
therefore should not be applied to natural fires [107]. Scheer et al. [146] presented an
empirical model for the temperature at the centre of the cross section of a structural
timber member from which they calculate the strength and stiffness reduction of the
remaining cross section, however, due to the temperature gradient, the temperature at
the centre is often not of high relevance compared to temperatures closer to the char
timber interface. In addition it is unlikely that such an empirical model is applicable

to a wide range of timber sizes and heating scenarios.

White and Woeste [147] commented that the temperature profile during the cooling
phase in real fires is likely to be flatter and of longer duration than for standard fires
and this must be taken into account to assess the post-fire damage from thermal degra-
dation of timber. In a similar note, Hopkin et al. [148] have identified that current
considerations of temperatures and their distribution are only accounting for the dura-
tion of burning, but do not consider the contribution of heated or smouldering timber

after burn out of a compartment.
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2.3.6 Fire retardant treatments

There is a widespread perception that the addition of certain surface covers and impreg-
nations can reduce the flammability of timber and therefore increase the fire resistance
[7], however, these treatments often only delay ignition of timber; it remains com-
bustible and the fire resistance is usually not improved through these measures [26,
105, 122, 149, 150]. The effect of chemical treatment, which encourages early onset of
charring, has been found to have no influence for large cross-sections of timber members
[151]. Chemically treated timber might not be converted to energy at its end of life, due
to an increased toxicity of released pyrolysis gases, thereby reducing the sustainability
of a building project [37, 58].

2.3.7 Encapsulation

A commonly used method to deal with the combustible nature of timber is to cover it in
non-combustible insulation, thereby preventing or delaying its involvement in the fire.
This approach has a long history and especially after large timber conflagrations the
idea of completely fire proof buildings often advocated either a complete replacement
of timber with non-combustible material or to cover timber with plaster [152]. Su et
al. [131] reported complete encapsulation of timber, using three layers of plasterboard,
as an effective means to prevent structural timber elements to become involved in the
fire and to ensure burnout of the moveable fuel load. This will of course vary for
different fuel loads, and three layers of plasterboard should therefore not be seen as a
panacea for the fire safety of CLT for situations other than the ones bounded by the
described experiments. The application of three layers of plasterboard is also unlikely
to be cost effective as it adds material and labour costs to timber projects, in addition

to additional weight, and a reduction of the effective internal floorspace.

Hasburgh et al. [153] found that an air gap between gypsum boards and the encapsu-
lated CLT will increase the time to fall off of the encapsulation but will subsequently
lead to a higher rate of charring of the first CLT layer. Similarly, their study found
that for two or more gypsum boards the onset of charring was delayed compared to
one layer of gypsum board (as would be expected) but the resulting charring rate was
higher, which the authors attribute to the higher gas temperatures in the furnace when
the encapsulation fails. The increase in charring rate of the first timber ply between
an unprotected panel and a panel with three layers for gypsum board was reported

as 18.7 %. The best encapsulation performance was reportedly achieved by spray on
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non combustible materials [153], although these are not commonly used in practice for
timber. On the contrary to the findings by Hasburgh et al. [153], Li et al. [124] found
that a tight fit of encapsulation with no air gap, where encapsulation was attached to
CLT, produced a better protective performance than plasterboard on a timber frame
with air gaps between the timber studs. This highlights that there are still knowledge
gaps regarding the quantification of the protection provided to timber by plasterboard

or simialr noncombustible covers.

Many standards and guidance documents for the calculation of fire resistance treat the
contribution of encapsulation as additive to the fire resistance [122, 137] and this ap-
proach is therefore utilised by developers to meet a required fire resistance ratings [55].
The inclusion of encapsulation in the calculation of fire resistance is often accompanied
by a recommended increase in the charring rate of the encapsulated timber for the de-
termination of its fire resistance. In Australia and New Zealand the nominal charring
rate (refer to Eq. 2.10) should be increased by 10 % to account for the accelerated char-
ring after the failure of encapsulation. The involvement and contribution of initially
protected timber in the fire after encapsulation has fallen off is self explanatory and
has been well documented in literature [128, 129]. With the considerations of burn out
in mind, it should be obvious that relying on additive fire resistance and incorporating
the fall off of encapsulation into the fire design of timber compartments is potentially

a recipe for disaster and should be avoided in most cases.

2.4 Structural fire safety

This section describes the current state of the art of determining and designing for
structural fire resistance. The fire resistance approach is generally described within
the standardised fire resistance framework. The meaning of fire resistance for timber
elements is discussed and past tests on glulam columns and CLT walls are presented
alongside codified guidance approaches to demonstrate fire resistance through calcula-

tions.

As the concerns regarding structural collapse of buildings affected by fire rose in the
19th century [25], building systems began to compete with each other in their capac-
ity to withstand building fires. Comparative tests were required in order to rely on
quantitative rather than anecdotal evidence on the relative fire performance of differ-

ent systems. Reports on non-quantified comparative fire testing can be traced back as
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early as the 1790s, but it was not until the 1880s that fire resistance tests became in-
creasingly utilised in various countries [154]. The thermal exposure utilised by various
test stations varied but were all based on either a limiting maximum gas temperature
or an initial rise followed by a maximum gas temperature that tested structures had
to withstand. The required temperature increase was formalised into a standard time
temperature curve in 1917, which has remained almost unchanged since then in most
national and international standards assessing fire resistance. This temperature curve
was not based on actual building fires, but rather the capacities available at that time
to generate the temperature curves that building elements were thought to be required
to withstand [155]. The exact provisions for the determination of fire resistance by
means of standard testing vary between jurisdiction. For example there are differences
in the specific set-up and the pass-fail requirements between the ISO 834 [28] and the
ASTM E119 [156] fire resistance time temperature curve. However, for timber in prac-
tice, as Janssens and White [157] have pointed out, these differences do not cause any
significant variation in the thermal response (i.e. charring depth and thermal pene-
tration) of timber members. The advantage of determining fire resistance based on a
standard temperature curve in a furnace is that it allows a direct comparison between
building elements without having to consider the complex fire dynamics that influence

the severity of a real building fire.

In contrast to a standard fire curve stands the burnout fire, which incorporates a cool-
ing phase as the fuel load in compartment is consumed by a fire. Experiments on
burnout fires led Ingberg [29] to propose the original intent of fire resistance ratings as
a measure for equivalence of fire severity on the exposed elements of construction. The
idea was to relate the complete burnout (including the cooling phase) of the fuel load
in a compartment to an equivalent fire duration in a standard fire furnace. This was
proposed to be achieved through an equivalence in area under the curve between a base
line temperature of 150 or 300 °C and the two temperature curves considered. From
a series of compartment fire tests with varying fuel loads the required equivalent fire
resistance was determined for a range of fuel loads (representing different occupancies,
e.g. office or record room). Ingberg himself recognised that the proposed methodology
of a temperature time area could not satisfy the underlying physics of the heat transfer
between the compartment and the elements of construction. In addition, there were
large margins of error for the required fire resistances based on the choice of a baseline
temperature. The approach was acknowledged as deficient, yet the author had ‘so far

found no better measure of comparison that can be conveniently applied’ [29], indicating
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that a better approach might arise in future. With further development of the knowl-
edge of fire dynamics it was recognised that ventilation is another critical parameter
that determines the temperatures inside a fire compartment. Thomas [158] describes
that the requirement for construction elements to withstand the effects of fire until
burnout is dependent on the fuel load, as well as the available ventilation openings. He
points out that most codified guidance documents do not account for this properly, but
rather assign required fire resistance based on building category and that this should
not be seen as an adequate approach for engineers. Similarly, Harmathy and Mehaffey
[159] stated that fire resistance requirements have generally been inflated (without pro-
viding quantification thereof) in order to account for the known shortcomings of the

original fire resistance concept based on fire loads.

From the reviewed sources above it can be summarised that fire resistance ratings arose
from a necessity for a comparative analysis of building elements in fires[25, 154], and
were initially defined by technical limitations in generating sufficiently hot temperatures
[155] before the concept was codified with respect to different fuel loads and a required
fire resistances to reach burn out of the initial fuel loads [29]. The underlying principle
of fire resistance ratings have not changed in the last 100 years, which has, at times,
attracted criticisms from the fire science community [158, 159]. In lieu of testing, the
comparative structural fire performance can also be obtained through calculation of the
expected reduction in load bearing capacity in fire; this requires detailed knowledge of
the effects of fire and elevated temperatures on the mechanical material properties of

timber, which are reviewed in the following chapter.

2.4.1 Structural properties of heated timber

The effect of heating on the mechanical properties of timber must be considered to
assess the load bearing capacity of timber elements and systems in case of fire. For
compression elements the most important mechanical properties to consider are the
compressive strength and the elastic modulus. The elastic modulus at ambient tem-
peratures is generally assumed to be the same for tension and compression (parallel
to the grain), however, upon heating the elastic modulus in tension and compression
shows a different reduction with increasing temperature and moisture. Any advanced
constitutive models must account for this by consideration of their strain distribution
[160, 161]. The changes in the mechanical properties can be attributed to chemical
and physical changes in the timber. Schaffer [162] postulated that at least three reac-

tion processes are responsible for the deterioration of compressive strength in timber
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and that, while thermal and mechanical (stress induced) degradation of timber are
linked, both processes can reduce the chemical bonds of various timber components

independently of each other.

Multiple authors have published detailed experimental work on the compressive strength
of heated timber. A non exhaustive overview is shown in Table 2.1 to highlight the
varying experimental conditions that past experimental series have applied to investi-
gate the compression strength and stiffness of timber when heated. It can be seen that
the employed heating methods have varied between samples, including oven heating,
heating in hot water baths and conductive heating with hot plates. This will change
the temperature and moisture content distribution in the samples. This explains the
variable outcome that can be seen for the normalised reduction with increasing tem-
perature in strength and elastic modulus in figures 2.9 a) and b) respectively. The
following paragraphs give a more detailed overview of the influence of experimental
variables on the strength and elastic modulus in heated timber. To the knowledge of
the author no targeted studies currently exist on the effect of heat and moisture on

cross-laminated (or similarly engineered) timber.

Table 2.1. Overview of selected experiments for heated timber in compression

Source Timber Species MC (%) Experimental method
Van Zeeland . Aluminium heating platens for conductive
Pinus Contarta 10
et al. [163] heating during load.
Young and Steel plate heating of samples to target
& Pinus Radiata 12 P i P . &
Clancy [62] temperature followed by loading.
Oven heating to target
Glos and
o Spruce 8 & 12 temperature followed by
Henrici [164] ] o .
loading with infra-red heating.
Figueroa . Oven heating 180 minutes followed by
Pinus taeda 12
et al. [165] loading in environmental chamber.
Oven heating between 15 and 60 minutes,
Kundson and . . . e
o Douglas Fir 12 followed by loading. Elastic excitation
Schniewind [166] . o .
experiments with simulteanous heating.
Sano [167] Ash, Spruce 13-15  Heating and loading in hot water bath.

2.4.1.1 Species

Different researchers have focused their research on different timber species, however, it
has been proposed that, as the proportion of lignin and cellulose is comparatively simi-

lar for most timber species, the reduction in strength and elastic modulus when heated
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can be determined from select species and then applied to a wider range [62]. This
is confirmed by results from Sano [167], who found the slope of the reduction curves
of samples for both ash and spruce to be similar upon heating, thereby deducing that
that the relative loss of mechanical properties can be treated independent of species.
In contrast to this, Gerhards [170] remarked that a multitude of studies he reviewed
had found variations between species when it came to changes in strength or stiffness,
and has called for more fundamental research on the physical changes in the material
rather than the changes itself. His views are supported by Figueroa et al. [165], who
performed heated strength reduction experiments on three timber species under con-
stant uniform temperatures in an environmental chamber. The three species exhibited
different reduction factors for strength and it was also observed that the modes of
failure for all species changed with increasing temperatures through a variation in the

observed angle of the shear failure plane that arose on failure of the wood fibres.

2.4.1.2 Moisture content

Gerhards [170] published an in-depth literature review on the effect of mechanical
properties when the moisture content and the temperature are changed. He reported
that a correct assessment of the strength reduction is made difficult experimentally, as

heating and heating times will affect the moisture content and an increased moisture
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content was deemed to amplify the effects of heat for most of the assessed properties.
As a counterpoint, Tiemann [40] stated, that rather than an increase in temperature,
it is an increase in moisture content of the cellulose fibres that is the primary driver
in weakening and softening timber and that temperature will exasperate this effect
through its lowering of the fibre saturation point. In his experiments he found that an
increase in moisture from ambient levels (12 %) to saturated timber will reduce the

strength by a factor of up to 2.4 and the elastic modulus by a factor of up to 1.6.

“Moisture has more effect on the strength of wood than any other ex-
trinsic condition.”
Harry Donald Tiemann 1906 [40]

Van Zeeland et al. [163] conducted their own strength reduction tests for timber and
found that a majority of models they reviewed against their experimental data, did
not accurately account for the strength reduction they observed. They highlight the
fact that, due to the complex interaction of moisture, heat and strength for timber,
the experimental conditions will heavily influence any empirical findings on strength
reduction. The elastic modulus in compression has been found to reduce drastically in
moist timber samples, compared to dried ones, upon heating [62]. There is much debate
about the correct reduction in elastic modulus with temperature and it is likely to be
influenced by the method of measurement employed. While an increase in temperature
will reduce the elastic modulus, a reduction in moisture will increase it according to
Stanke et al. [120]. The difference in moisture content and movement can be seen in
the curves in Figure 2.9 a). Reduction factors by Young and Clancy [62] and Figueroa
et al. [165] show an increase in strength around 100 °C, which can be attributed to
their use of steady state heating, which causes the samples to dry before loading is
applied and therefore increases the ultimate strength. Other researchers like Van Zee-
land et al. [163], who utilised transient heating on samples subjected to a constant
load, found more severe reduction factors, especially above 100 °C. The most severe
reduction curve for timber compression strength by Konig and Walleji [108] originates
from inverse modelling on timber studs in fire resistance experiments and considers
moisture implicitly. This reduction curve is widely used through its association with
Eurocode 5 [145] which is thought to be based on this work.

2.4.1.3 Duration of combined heating and loading

Creep has been implicated to cause additional deflections in compression experiments,

requiring an assessment of deflections of heated timber elements over time [62]. Schaffer
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[162] found that the remaining compressive strength at elevated temperatures increased
after two hours of heated creep loading compared to immediate heated loading. A sim-
ilar development was found for the failure strain. He attributed this to the production
of phenol resin in the timber, causing new bond formations and an increase in lignin.
Knudson and Schniewind [166] found that the time used for heating small scale com-
pression test samples had only a minimal effect on the resulting strength reduction.
They also found that the residual compressive strength after heating, cooling and re-
conditioning to the original moisture content will be higher than the original strength
for temperatures up to 150 °C, after which the residual strength was reduced. As
for Schaffer’s [162] research, the increase in strength is attributed to changes in lignin
content. Jong and Clancy [168] found in experiments that creep constitutes a signifi-
cant proportion (up to 75 %) of deflections for heated timber samples in compression.
The measurement of mechano-sorptive creep has been attempted previously, however,
the results have been found to be inconsistent as the internal moisture distribution
within samples is difficult to control [168]. For constant temperatures, Armstrong and
Kingston [171] found a twofold increase in relative creep under constant bending loads
with decreasing moisture content, and further experiments by Armstrong and Chris-
tensen [172] showed that increase in moisture content from a dry state to saturation
increased the measured deflections of constantly loaded beams by a factor of about
2, and that subsequent reduction of the vapour pressure to dry conditions further in-
creased the deflections by an additional factor of 0.5 of the initial elastic deflections.
Additional cyclic changes between dry and saturated vapour pressure increased the
creep ratio to 11, which maintained a ratio of 9 upon unloading and only recovered

upon recondition to initial moisture contents.

The heating and loading history is also relevant when considering the residual strength
and elastic modulus after heating has occurred. This is relevant not only to assess
the remaining strength of members after a fire but also to assess the remaining load
bearing capacity during a fire event, due to the progression of heat into deep timber
sections in the burnout stages of a fire [173]. Heated, non-charred sections of timber
will continue to lose strength, but this strength may be partially restored upon cooling
[36, 149]. Any continued smouldering or transfer of heat will continue to increase the
temperature and thereby reduce the capacity to resist loads [148]. Irreversible changes
to the strength of timber have been reported at temperatures as low as 65 °C [109, 174].
This is also dependent on the exposure duration, and for exposure of hours (as would
be expected in most fires) White and Woeste [147] assume that irreversible damage

occurs at temperatures above 100 °C. Thermal treatment (to enhance the aesthetics
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and durability of timber) studies [143] on birch timber have shown that the residual
modulus of rupture (MoR) after heating and reconditioning to ambient moisture levels
will experience a slight decrease around 120 °C before recovering beyond ambient values
and experiencing a sharp drop above 200 °C. This effect is exacerbated by a low heating
rate and increased holding time, indicating a negative effect of the duration of heating
and exothermic chemical reactions within the timber. For the elastic modulus the
reductions above 200 °C were found to be less pronounced and there was no effect of
heating rate. Tiemann [40] found that timber that is dried and then reconditioned will

reduce in strength and stiffness compared to their original values before drying.

2.4.1.4 Comparison of influence on tension and compression

One peculiarity of timber compared with steel or concrete is that both the retained
fraction of strength and the elastic modulus are affected differently from the effect
of heating in tension and compression [118, 160, 170, 175, 176]. This is illustrated
in Figure 2.10 for the recommended reduction curves from EN-1995-1-2 (EC5) [145].
This adds additional complexity to the structural analysis of timber elements in fire
(or heat) subject to bending forces as the temperature profile within the member will

influence the location of the neutral axis and therefore the internal stress distributions.
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2.4.2 Structural influence of adhesives under heating

Engineered timber relies on adhesion of adjacent lamellae to create composite action.
This is achieved through the use of adhesives (although there are options for non-
adhesive engineered timber, for example dowel laminated timber, which are not dis-
cussed in this work). The adhesive performance is already reviewed in Subsection 2.3.4
with respect to delamination of char. This section deals with debonding, which should
not be confused with delamination, although the terms are sometimes used interchange-
ably. Debonding describes loss of composite mechanical action between lamellae, with
both plies still theoretically capable of performing a significant load bearing function,
while for delamination the char only retains and insulating function and its conse-
quences therefore primarily affect the fire dynamics and only affect the load bearing
capacity through secondary effects like the extension of the burning duration. Building
timber elements bonded with adhesives are considered to experience no interlayer slip

at normal use conditions [98].

It has been proposed by Emberley and Torero [177] that a reduction of strength of the
glue lines for CLT below the charring temperature of 300 °C will lead to slip between
the layers, reducing the composite action of the CLT, leading to increasing deflections
and eventually failure of the whole system. A change in failure mode from failure of
the timber to failure to the glue line in single-lap heated shear tests has been described
by Emberley et al. [93] for temperatures between 80 and 100 °C [178] for PUR bonded
timber. They also performed a structural bending test on CLT beam elements, heated
with a low heat flux of 6 kW/m? to temperatures below the charring temperature
for timber. The heated beams experienced debonding failures and the recorded mid
span deflection at failure increased more than threefold compared to ambient tests.
Rolling shear failures were observed in regions where discontinuities began to form in
the bond line, propagating to full timber failures. This can can be attributed to the
occurrence of elevated shear and normal stresses at the edges of bonded plates [78].
Increased deflection due to a reduced effective stiffness could be critical in combined
bending and compression as it magnifies P-Delta effects and will propagate to local or
global instability of a member. Another experiment by Emberley et al. [138] showed
debonding along the glue line and subsequent fall off of timber lamellas for vertically

orientated samples subjected to a constant heat flux, which is shown in Figure 2.11.
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Figure 2.11. Debonding, charring and pyrolysis shown on a CLT sample in vertical

orientation exposed to a constant heat flux. Adapted from [138].

2.4.2.1 Adhesives in heat

Differences exist in the performance of different adhesives at elevated temperatures [72,
83]. This is to be expected as adhesives are organic polymers and will therefore exhibit
a change in strength and stiffness over a range of temperatures [71]. The following
section provides an overview of available findings on the strength stiffness of adhesive
glue lines for elevated temperatures. The focus is on studies involving PUR, MUF
or MF adhesives, as these are preferentially used in the CLT manufacturing process.
Shear tests on PUR glued timber pieces by Frangi et al. [72] have shown that even
within a narrowly defined group as one component PUR, the reduction in cohesive
strength of the glue will vary significantly between different products. Care should
therefore be taken not to generalise experimental observations on glue line behaviour
from one formulation to all related adhesive products. Serrano and Kéllander [74]
describe variation between PUR compositions but also variation in failure time for
different samples with the same PUR formulation. Richter and Steiger [73] found an
accelerated reduction in shear modulus (also called G-modulus) of PUR bonded beech
surfaces in Dynamic Thermomechanical Analysis (DTMA) compared to solid wood

samples. This effect was especially pronounced as the thickness of the bond lines was



54 Literature Review

increased.

For the heat induced weakening of glues a distinction can be made between cohesive
failure and adhesive failure of the glue. It has been found that for PUR adhesives, the
shear resistance of bonded connections experiences a steep strength loss up to tempera-
tures of 70 °C and that cohesive failures become more likely at increasing temperatures
[72]. Similarly, from a review of multiple studies, Stoeckel et al. [70] identified PUR to
be subjected to relatively large losses in stiffness at elevated temperatures, while MUF
was found to only suffer minor performance losses in this regard, most likely due to
its high cross-linking. Clauf et al. [174] performed lap shear tests on beech samples
bonded with different adhesives at temperatures between 20 and 220 °C. The adhesives
used were MF, UF, MUF, PRF, EPI as well as three different formulations of PUR.
The results showed that for MUF, UF and MF adhesives the percentage of timber
failure remained close to 100 % up to the highest applied temperatures, indicating a
good thermal stability of these adhesives. For the PUR samples, one PUR, adhesive
performed equivalent to the melamine and urea adhesives while the others experienced
a high degree of adhesive failure even at moderate (between 50 and 150 °C) tempera-
tures, highlighting variability in the thermomechanical performance of different PUR
formulations. The PUR that performed well had a longer curing time and slower re-
activity. Niemz and Allenspach [179] found from lap shear tests that for increasing
temperature both a PUR and an urea formaldehyde based adhesive showed a reduced
wood failure percentage in the cross-sections, although this effect was more pronounced
for PUR. No tangible difference was found for the shear strength of the specimen at
elevated temperatures. Quiquero et al. [127] assessed the residual strength and stiffness
of glulam samples bonded with PRF and PUR at small and large scale. From shear
experiments on samples heated in the cone (and subsequently reconstituted) they found
that the strength and stiffness of the adhesive line reduced by more than would be ex-
pected if only the effect of the char depth was considered. This was also confirmed from
experiments on glulam beams that were either charred by fire, or had material carved
out manually. In the shear region the charred elements performed worse, suggesting
underlying permanent heat induced damage to the adhesive line. They could not iden-
tify a significant difference between PUR and PRF samples. Richter and Steiger [73]
found that the effect of temperatures should also be considered where timber is bonded
to other materials. For the bonding of CFRP to wooden surfaces, using EP adhesives,
temperatures of the bond line up to 50 °C were considered non-problematic, while

temperatures above this value can significantly reduce the bond strength.
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When assessing the performance of adhesives at elevated temperatures, the glass transi-
tion temperature (7)) would come to mind as a critical parameter. Detailed information
on glass transition temperatures on individual adhesives is not widely published and
therefore not readily available for most cases. Verdet et al. [180] found a T of 86 °C
from DMA tests for a PUR adhesive that conforms to Type 1 in EN 301 [181], which
is also the requirement that is met by both adhesives that were used to bond the CLT
for the experiments described in this thesis. Verdet et al. [180] also found that there
was no correlation between the glass transitions temperature and the performance of
glued in rods in pull-out tests. They attributed this to the fact that both strength
and stiffness of the adhesive deteriorated before the glass transition temperature (from
separate DMA tests) was reached. Multiple authors working with PUR adhesives have
cautioned not to attribute too much importance to the glass transition temperature
with respect to performance; Klausler et al. [76] stated that the glass transition tem-
perature T for most PURs used in timber construction are below room temperature
and that this does not inhibit their use. Similarly, Burchhardt [71] gives the example of
a PUR that has a glass transition temperature of -53 °C but provides continuous long
lasting performance in wind shields at temperatures far above this 7. At the same
time he describes a PUR adhesive with a T, of 57 °C, thereby highlighting the wide

range this value can take within the same adhesive group.

A lot of research into the elevated temperature behaviour of adhesives is not explicitly
carried out in the context of structural fire safety bur rather with durability concerns
or the use in special environmental conditions. In a fire, rapid temperature changes will
not only increase the temperature but also cause changes in the moisture content within
an engineered timber product and its glue lines. Therefore, the influence of elevated
relative humidity or wet conditions should also be considered for the fire performance

of adhesives.

2.4.2.2 Moisture content

In addition to elevated temperatures, moisture is another environmental variable that
can negatively influence the material properties of adhesives. Klédusler et al. [76] as-
sessed the tensile strength and elastic modulus for PUR, MUF and PRF adhesives when
conditioned to varying levels of relative humidity, ranging from 5 to 95 % as well as
immersion in water, and found that both PUR and MUF experience a linear reduction
for both assessed parameters. MUF adhesives experienced the largest reduction (up

to 75 % of elastic modulus) but its absolute strength and elastic modulus remained
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higher than for PUR, which experienced a more moderate decrease for both. A high
relative humidity was observed to have more severe effects than water immersion, which
indicates that water vapour can be more critical to the performance of adhesives than
liquid water. All these reductions were found to be reversible upon reconditioning of
the sample pieces. Similarly Klausler [182] reported that timber bonded with a PUR
adhesive, of a similar formulation to the one investigated in this thesis, exhibited wood
failure percentages that were about three times lower than samples bonded with a MUF
adhesive in lap shear tests; he also found that inclusion of additives in the PUR adhe-
sive can improve its moisture performance. Niemz and Allenspach [179] performed lap
shear experiments on common beech samples bonded with PUR (which was reinforced
with chalk) or a urea formaldehyde (UF). The investigated influencing variables were
temperature and relative humidity (at ambient temperature). They found that the
percentage of wood failure increased for UF with increasing moisture content, while
a drastic reduction was observed for the PUR adhesive, indicating a plastification of
the glue at elevated moisture levels. The effect of moisture on adhesives and their
bond strength is of potential importance for adhesive bonded engineered timber in fire
and for the cross-laminated timber samples studied in this thesis, because water in
fire exposed timber will move away from the heating front and deeper into the timber,
where elevated moisture concentrations can occur. Konnerth et al. [183] tested the ten-
sile shear strength and wood failure percentage under increasing moisture contents for
three adhesive types on nine different timber species, thereby varying both the adhesive
and the adherent. They found that, for a combination of spruce and a PUR adhesive
that corresponds to the timber and adhesive used for experiments described in this
thesis, the shear strength and wood failure percentage reduced by 22 and 20 % more

in wet conditions, respectively, than for a combination of spruce and MUF adhesive.

2.4.2.3 Consequences of debonding

From full scale fire resistance tests Malhotra and Rogowski [149] found a mean reduc-
tion of 10 minutes in fire resistance duration with 90 % confidence for casein compared
to phenolic glues; this was attributed to the lower (unquantified by the authors) decom-
position temperature for casein compared to phenolic adhesives. Other large scale test
series on glulam columns found that the glue has no statistically significant influence on
the fire resistance [120]. Fackler [140] did not observe differences in the fire resistance
between two glulam columns, where one used a melamine based glue and the other
was bonded using a urea formaldehyde based adhesive. From numerical simulations of

standard fire exposure, Klippel and Klippel and Frangi [184, 185] have concluded that
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bending stresses rather than shear along the glue line, will be the governing failure
mechanism for glulam beams in bending, thereby indicating that weakening of the glue
line is less influential on the structural capacity than the deterioration of the strength
of timber. From experimental results of fire resistance tests and small scale elevated
temperature tests Klippel [184] concluded that a significant adhesive strength loss in
elevated temperature tests is not an indicator for a reduced fire resistance performance
due to the steep temperature gradients in standard fire tests and a similar stance has

been expressed by Serrano and Kéllander [74].

2.5 Meta-Analysis of available codified guidance method-

ologies

This section presents available data from fire resistance experiments on cross-laminated
timber walls and reviews available methods for the determination of fire resistance
through calculations. For a meta analysis, the input values are sourced from available
research and fire testing papers on CLT walls and then used as input values in the
reviewed calculations models to allow a comparative assessment between the calculated
and achieved fire resistance. Note that some of the methodology and results presented
in the following sections have already been published by Wiesner and Bisby [32], which
also contains an extended look at laminated timber compression elements and non-

codified methodologies.

2.5.1 Fire test and experimental data on CLT walls

Multiple authors have previously investigated the load bearing capacity of timber com-
pression elements in fire, in most cases subjected to standardised temperature-time
curves. However, due to the relative novelty of CLT as a construction material (com-
pared to steel, concrete, masonry, or sawn timber) the publicly available experimental
data on the structural behaviour of CLT walls in fire is limited. In addition, due to
the low number of completed large CLT projects there are no observations and reports
from real fires in buildings utilising cross-laminated timber. The following paragraph
describes the results from reviewed experiments and fire resistance tests on CLT wall

elements.
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2.5.1.1 Fire resistance tests

Osborne et al. [136] tested three loaded CLT walls in furnaces to determine their fire re-
sistance. From deflection measurements they observed a continuous increase in midspan
out of plane displacement, which ultimately led to a global buckling failure of the walls.
The three wall panels consisted of one three and two five ply configurations bonded
with a PUR adhesive (Purbond). Schmid et al. [186] describe a series consisting of
seven furnace tests of constantly loaded cross-laminated timber wall elements at mul-
tiple scales which were exposed to a standard cellulosic temperature time curve [28].
For these tests fire resistance durations between 48 minutes, for a proportionate design
load of 34 % and 140 minutes for a load ratio of 7 % were reported. The results showed
that, due to the potential for instability failures, the authors’ own models for the load
bearing capacity of CLT walls were sensitive to small changes in the size of the resid-
ual cross section of only a few millimetres, especially where the residual cross section
was close to a boundary between parallel and crosswise orientated plies. Klippel et
al. [187] report on six wall tests on CLT with ply configurations of three (2) and five
plies (4) with varying structural boundary conditions. The deflection measurements
in these tests vary between positive and negative deflection measurements (i.e. walls
bending away and towards the fire respectively). Since all tests were stopped before
structural failure occurred and because no pattern could be recognised in the deflection
response, no clear conclusions can be drawn for the structural capacity in fire for these
tests. Suzuki et al. [113] describe eight tests with four different load levels of CLT walls
made up of five and seven plies (four each) of Japanese cedar and bonded with an API
adhesive. They found that, as the char and heated front moves through the crosswise
orientated plies, the rate of deflection decreases significantly (effectively to zero) until
the strength and stiffness of the next parallel ply is compromised by the heat travelling
through the timber. However, this plateauing of the deflection was not observed for
higher load levels, highlighting the complex interplay between mechanical and thermal
response of CLT.

In addition to peer reviewed published research projects outlined above there are also
data available from commercial fire resistance tests on CLT wall elements. The Cana-
dian Wood Council [188] commissioned a standard fire test on a Type X gypsum board
protected three-layer CLT panel, which, with 200 kN /m axial load applied, experienced
gypsum board failure after 45 minutes, and achieved a standard fire resistance rating of
66 minutes, with structural global buckling failure as the structural failure mode. A 175

mm thick, five-layer CLT wall panel with Type X gypsum board protection was tested
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with 127 kN/m axial load applied by the American Wood Council: the gypsum board
was reported to have failed after 28 minutes, and the wall achieved a fire resistance
rating of 186 minutes, after which the wall panel failed structurally [189]. Since fire
resistance testing is a requirement to approve a building product it is likely that manu-
facturers of CLT have more data on fire test results available, however, these are often
subject to non-disclosure agreements and therefore constitute non-accessible data. The
fire resistance durations for the experimental and commercial testing reviewed in the

paragraphs above are shown in Figure 2.14.

2.5.1.2 Experimental work

Wiesner et al. [190] performed experiments on CLT wall strips exposed to a constant
radiative heat flux at their centre for three and five ply CLT bonded with MUF ad-
hesive and loaded to two different equivalent load levels of 10 % and 20 % of their
ambient nominal loading capacity. They found that all samples failed in buckling due
to progressive increase in lateral deflection caused by the eccentricity induced by one di-
mensional heating as well as secondary moments from a P-Delta effect. They observed
that three ply samples performed worse (i.e. failed earlier) than five ply samples, which
is attributed to the fact that in a three ply configuration more parallel orientated tim-
ber is placed on the outside and therefore the overall load bearing capacity is reduced
faster. Similar to Suzuki et al. [113], Wiesner et al. also observed an arrest in the
deflection for the five ply samples as the heat moved through the cross-wise samples,
however, this arrest was less pronounced, which can be explained by the thinner plies

used for Wiesner et al.’s experiments (20 mm compared to 30 mm for Suzuki et al.).

2.5.2 Guidance methods for fire resistance of CLT walls

Multiple calculation methodologies are presented in the literature to enable design-
ers to predict the structural fire resistance of mass timber compression elements (i.e.
columns and walls) for standard fire exposures in furnace tests. The available meth-
ods are reviewed and described in this section. For the calculation of CLT, all of the
methodologies are underpinned at least partly by engineering mechanics; some of these
were explicitly developed as prescriptive design guidance, and are therefore inherently
conservative, whilst others were developed to predict fire resistance rather than yielding
inherently conservative outputs. The predictive performance of the respective models

is compared in Section 2.5.3 against the available test data found in the literature.
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2.5.2.1 Method requirements

The available methodologies need to address multiple aspects of structural timber in
fire in order to predict the load bearing capacity in fire or the fire resistance duration.
The two most critical aspects concern the reduction in the mechanical properties of the
timber. As timber chars (as described in Subsection 2.3.2) any timber that completes
pyrolysis and is turned into char and should be considered to have zero strength and
stiffness (readers who ever squeezed a piece of char from the remains of a camp fire will
be familiar with this). This is generally addressed through a prescribed charring rate
that calculates the char depth at a required time. In addition to the mechanical losses
in the char layer, a gradual loss of strength and stiffness must be accounted for in the

heated timber below the char layer (see Subsection 2.4.1).

In addition to the effect of heat and fire on the timber, most guidance methods should
also incorporate a structural model to assess the load bearing capacity of mass timber
elements after the effects of fire have been accounted for. For CLT these calculation
methods must be able to account for the reduced strength and stiffness in the crosswise

layers relative to the lamellae orientated parallel to the main loading direction.

2.5.2.2 Reduced cross-section method

The reduced cross-section method (RCSM) is one of the most widely recommended
approaches to assess the fire resistance of structural timber elements. In its essence,
it relies on the removal of heated timber cross-section below the char layer by a finite
amount (lumped into an assumed depth of zero strength) and the remaining (reduced)
cross-section is then generally treated in calculations as virgin unaffected timber and
ambient temperature calculation procedures are applied. This is schematically shown
in Figure 2.12. The details of the exact amount of cross-section to remove from cal-
culations as zero strength vary between codes and jurisdictions but can generally be
summarised as all the char plus either a distance proportionate to the char depth or a

fixed distance below the char layer to account for heated timber.

The original zero strength layer of 0.3 in (which today is most commonly translated
as 7 mm) was developed for solid wood or glulam beams in bending in the 1980s from
simulated results and only validated against one beam in a fire resistance test [191].
Since then this value has been implemented in multiple codified guidance documents
globally [122, 145, 192, 193]. Its use has recently been challenged with the advent of
CLT (and other engineered timber products) and a realisation that a ZSL of 7 mm
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does not suffice to represent the strength losses in CLT under standard [194, 195] or
non-standard [141, 190] fire conditions. Schmid et al. [194] studied existing literature
results of CLT and proposed that the cross-wise nature of CLT requires an increased
zero strength layer to account for the fact that the timber with loading crosswise to
the fibres has much lower strength than when parallel orientated. They suggested that
varying zero strength layer values are required for different loading situations and since
then a multitude of values have been proposed for the depth of the ZSL [137], however,
none have been formally accepted by the scientific community as a whole and some
authors have suggested that the ZSL might be an overly simplified concept to be used
for a complex material like CLT in fire [190]. In addition to CLT, and as a consequence
of the renewed interest in engineered timber products, the zero strength layer concept
associated values have also been critically questioned for structural glulam members.
Hopkin et al. [196] proposed that the ZSL of 7 mm, which was originally conceived
for bending members, should not be applied to uni axially loaded members, especially
in compression. A recent investigation of the zero strength layer for glulam beams,for
which the mechanical properties were very well characterised at ambient temperature
conditions, in four point bending yielded a wide scatter of possible zero strength layer
depths ranging between 1.5 mm to 11.8 mm with a coefficient of variation of 67 %
[116], thereby highlighting significant uncertainty in the accurate determination of the
ZSL even for the relatively simple timber products and load cases it was originally

determined for.
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Figure 2.12. Reduced cross-section concept schematic drawing
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2.5.2.3 EC5 method

The procedures outlined in the harmonised guidance in EN 1995-1-2 (EC5) [145] are
not strictly applicable to CLT elements in fire, yet it is likely that practising engineers
may apply them to these cases regardless. EC5 [145] advises designers to use the RSCM
to determine the remaining effective cross-section of wood based structural products
(e.g. glulam or LVL) during standard fire exposures. A ZSL depth of 7 mm is currently
suggested in EC5 [145] for use with the RCSM. The remaining residual cross section
is, for calculation purposes, assumed to be at ambient temperature, and the ambient
temperature design guidance for timber structural elements from EN-1995-1-1 [87] is
used to determine its capacity. In addition, EC5 also contains a reduced properties
method, which reduces the strength and stiffness of heated timber based on a section
factor. This method is due to be removed from future editions of EC5 and is not
permitted in some jurisdictions. In addition, it is considered less accurate and cannot
be applied to walls or slabs [107]. Because of these limitations it is therefore not

considered in the meta analysis presented herein.

ECS5 [145] assumes an average one dimensional charring rate of 0.65 mm/min for solid or
glued-laminated timber. If corner rounding is to be expected (i.e. for glued-laminated
timber columns exposed from more than one side) the charring rate is increased to
a notional charring rate of 0.7 mm/min. An extended charring model for CLT has
been proposed by Klippel et al. [161] and this model is intended to be implemented
in the upcoming revision of EC5. This model is therefore used for the meta analysis
herein to calculate charring rates for CLT walls. The charring rates are calculated
from the multiplication of numerous k factors, which take into account the gap width,
orientation, and expected falling off of charred layers [135, 161]. It is assumed that all
considered CLT panels in this study have a gap width of 2 mm or less. Therefore the
charring rate for CLT walls constitutes 0.65 mm/min where only the outermost layer

is charred and 0.8 mm/min where charring progresses past the first layer.

If protective gypsum board claddings are used, additional calculations in EC5 can be
added which assume that the applied protection delays charring until a calculated fall-
off time of the gypsum board, and the charring rate is increased thereafter. For gypsum
board of types A and H the fall off time is assumed to be equal to the time to onset of
charring of the timber behind it, which (for one layer of type A, F, or H gypsum board
with thickness h,) can be calculated using Eq. 2.11.

tep = 2.8h, — 14 (2.11)
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To account for buckling in the structural capacity evaluation, EN-1995-1-1 [87] im-
poses a reduction factor, k., which is applied to the ambient temperature compressive
strength of the timber. This factor is dependent on the element’s slenderness and
the relationship between its strength and its flexural rigidity. Additionally, the re-
duction factor is influenced by a variable, herein denoted ¢, to implicitly account for
inherent (accidental) load eccentricities depending on the type of timber used. For
glued-laminated timber ¢ is 0.1 in EC5 and is multiplied with the difference between
the relative slenderness and 0.3, to determine the k.; the higher c is the lower k. will
be. It is assumed that the value of 0.1 for ¢ for glulam can also be applied to CLT (in
the absence of specific guidance stating otherwise). This is derived from a constitutive
relationship proposed by Ylinen [197] that accounts for deviation from Hooke’s Law
in the relationship between stress and strain in the inelastic range. To achieve this,
the ‘straightness factor’, ¢, is taken as a function of the proportional limit, the elas-
tic modulus, and the yield strength of the material. EC5 does not currently address
CLT explicitly and therefore does not provide details on how the reduced strength and
stiffness should be accounted for. Secondary literature [83] implies that the gamma
method (refer to Equation 2.4) should be used for ambient temperature calculations
to obtain a reduced ‘effective’ stiffness to account for the effect of the reduced stiffness
of the crosswise layers. Wallner-Novak et al. [83] state that the consideration of shear
deformations is only applicable to serviceability criteria and that the calculation of

scaling factors can therefore be omitted for the calculation of fire resistances.

2.5.2.4 The Fire Safety in Timber Buildings (FSTB) method

The Fire Safety in Timber Buildings (FSTB) report [137] was produced as an unof-
ficial technical guideline for Europe that provides amended guidance to EC5 for the
determination of fire resistance for various timber products. The additional guidance
relates to protective encapsulation, as well as weakening through a compensation layer
(analogous to the zero strength layer described for the RCSM) of CLT in standard fire
exposures. For the progression of the char front FSTB [137] states that char ablation
(i.e. falling off) is less pronounced for vertical elements as compared with horizontal
elements, and can therefore be ignored for walls or columns, although the experimen-
tal evidence for this design approach appears to be somewhat limited [137]. The ZSL
(called a ‘compensation’ layer) for CLT in the FSTB report is assumed to depend on
the element type (floor or wall), the loading condition (tension or compression side),

and the overall thickness and number of lamellae. For example, for an unprotected
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five-layer wall, the depth of the ZSL is determined using Eq. 2.12:

ZSL = % +10.5 (2.12)

where h is the overall thickness of the slab. For a fixed value of h, the ZSL increases
as the number of layers increases and with the addition of protective claddings (as the
heating through protective claddings can occur before the onset of charring, thereby

leading to deeper thermal penetration).

In addition to the guidance on protective claddings in EC5 [145], FSTB [137] alterna-
tively offers the calculation of fall-off and start of charring times based on a database
of gypsum board test results from across Europe. Since FSTB is considered as a com-
panion document to EC5 [145], all other required calculation aspects (e.g. structural
assessment) are assumed from EC5 [87, 145] in the meta analysis presented herein. As
for the EC5 method the extended charring model by Klippel et al. [161] is considered
for the FSTB method.

2.5.2.5 NDS method

The National Design Specifications (NDS) [111] for wood construction in the USA rec-
ommends a mechanics-based calculation model in which the remaining load bearing
capacity in fire is assessed against the applied load for CLT and glulam amongst other
wood products. The NDS method [111, 112] assumes that the average charring rate is
dependent on the total burning duration (i.e. the fire resistance duration in this case),
with a baseline one-hour charring rate of 0.635 mm/min. This approach attempts to
implicitly account for the charring rate peak experienced during the early stages of a
fire, however it fails to account for the initial accelerated loss of cross section. This
would only affect outcomes for smaller structural elements or fire resistance ratings
of less than one hour, which are unlikely to apply for tall timber construction. Ad-
ditionally, the NDS [111] provides empirically derived equations that can be used to
adjust the charring depth, a., to account for the influence of falling off of charred of
CLT lamellae during heating; this (Eq. 2.13) depends on the number and thickness of

lamellae as follows:

ny ny
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where n; is the number of lamellae, h; is the depth of each lamella, and ¢4 ; is the
time taken to char through a lamella to the glueline. To account for the strength loss
of heated timber, the NDS approach [111] artificially increases the charring rate 20 %
above the applicable nominal charring rate, to implicitly account for the loss of strength
of heated timber; this 20 % increase is also assumed to implicitly account for corner

rounding [112].

Similarly to EC5 [87], the NDS method reduces the strength of the remaining cross
section (assumed to be at ambient temperature since heating is accounted for implicitly
through an increased charring rate) by multiplication by a factor, k., to account for the
effects of instability. This factor depends on the slenderness, the ratio of strength to
stiffness of the assessed wall or column and a straightness factor ¢, which is given as 0.9
for both glued-laminated timber and CLT. Due the manner in which the equations are
formulated the influence of ¢ of 0.9 on the buckling capacity in NDS is the same as for
of a value of ¢ of 0.1 in EC5 [87] , i.e. 10 %, for both methods. If all partial safety and
adjustment factors are stripped out of these equations, k., is equal for the NDS and
EC5 methods, as shown in Figure 2.13, which also shows that the reduction is more
severe for higher strength-to-stiffness ratios. The NDS [111] only provides a method
for predicting the fire resistance of exposed (i.e. unprotected) timber members. This
is a form of the RCSM for which the ZSL is varied proportionally to the char depth.

2.5.2.6 CSA method

The Engineering Design in Wood guidance of the Canadian Standards Association
(CSA) [193] employs a mechanics-based approach to verify the structural fire resistance
of glulam columns and CLT slabs and panels at a specified time of fire exposure. The
calculations relating to fire exposure of timber structural members given in CSA [193]
are part of an informative annex. The charring rate for glued-laminated timber is given
as 0.65 mm/min for one-dimensional charring. For CLT), it is suggested that the one-
dimensional charring rate should be applied if the char front remains in the first lamella
during the fire. If charring progresses into any subsequent layers, an average charring
rate of 0.8 mm/min is recommended for the full fire resistance duration, which is a
very similar approach to the charring model proposed for CLT for future EC5 editions.
For heated timber below the char, CSA recommends use of the RCSM with a ZSL of
7 mm. To account for instability, a buckling reduction factor, k., is multiplied by the

compressive strength, which as for EC5 [87] and NDS [111], depends on the element’s
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slenderness ratio and strength-to-stiffness ratio.

Structural failure is then determined using a linear interaction equation between the
compressive load capacity ratio and bending capacity moment ratio. For CLT protected
with gypsum board, the CSA guidance suggests that the fire resistance rating can be
increased by a nominal fixed value, depending on the thickness of encapsulation applied.
For example, 12.7 mm of Type X gypsum board is assumed to increase the calculated
fire resistance by 15 min; the interaction between encapsulation fall off and delayed

and/or accelerated charring is not explicitly considered.

2.5.2.7 Instability parameter

For timber, due to varying inherent eccentricities the buckling behaviour can either
approach the idealised Euler buckling load closely or can show significant deformation
as the load is increased and P — A effects increase [98]. All of the methods that are
reviewed for this analysis address instability implicitly through a factor that reduces
the compressive strength. Figure 2.13 shows the buckling reduction factor, k., for the
different methods as described above. Shown are the factors that designers should
apply to the compressive strength to account for the fact that structural elements that
experience instability cannot reach their theoretical compressive strength. It is clear
that more reduction is applied for all methods as slenderness increases. Additionally,
the EC5, NDS and CSA methods increase the reduction for increasing strength-to-
stiffness ratios, since buckling depends on the stiffness of a member rather than its
material strength, and a strong column with a low elastic modulus is more likely to
experience instability. At low slenderness, failure by crushing is expected and k. tends
to 1.0.

2.5.2.8 Advanced methods

This paragraph introduces additional analytical and numerical methods that have been
introduced in literature. Due to either a reliance on data that is not generally available
from fire resistance testing, or their numerical complexity, these methods cannot easily
reproduced and are therefore not included in the meta analysis in Subsection 2.5.3.
Tavakkol-Khah and Klingsch [198] proposed an advanced calculation model to deter-
mine the ultimate load bearing capacity of structural timber elements in fire. This
included the calculation of the charring depth and temperature distribution for timber

members exposed to a standard fire through an numerical model, although the given
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Figure 2.13. Normalised strength reduction curves with slenderness and strength-to-
stiffness ratios for laminated timber compression elements in fire for EC5, NDS and
CSA. The CSA lines correspond to the same strength-to-stiffness ratios as the EC=NDS
lines [32].

details of this procedure were not provided by the authors. The proposed model then
calculates the equilibrium between applied load and load carried for each time step
until failure is computed from divergence of deformations. The proposed calculation
iteratively accounts for the changing location of the neutral axis (due to plastification
and a differing reduction in stiffness for tension and compression). This method cannot
be assessed in the meta analysis due to a lack of details on the numerical heat transfer

model to calculate the temperature profile.

Suzuki et al. [113] suggest to calculate the critical buckling load for a fire-exposed
CLT wall using a secant formula (Eq. 2.14), which is derived from the Euler buckling
equation, with the additional consideration of load eccentricity caused by the loss of
effective cross-section (refer to Subsection 2.2.1) due to charring and in-depth thermal
gradients. To model the reduction of strength in heated timber specifically for CLT
walls, Suzuki et al. [113] propose a simple effective cross-section analysis (not to be
confused with the RCSM), wherein the widths of small horizontal slices of a CLT wall
panel are reduced according to their current temperature and resulting local reduction
in elastic modulus. In this approach, layers with different elastic moduli are scaled
in width according to the ratio of elastic moduli, which are determined from linearly
interpolated experimental in-depth temperature data, in conjunction with the reduction
curve proposed by Kaku et al. [169] (refer to Figure 2.9 b)). The critical buckling load

and deflection of the wall can then be calculated using an analytically derived secant
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formula, shown in Eq. 2.14.

B oyA
1+ ec/r? sec (5+/Per/P(T)

(2.14)

cr

where P, is the critical buckling load, o, is the compressive strength of timber, e and
¢ are the eccentricity and location of the neutral axis from the edge of the remaining
cross section respectively, r is the radius of gyration, and P, is the Euler buckling
load of the transformed (based on the temperature profile) section. Since the reviewed
datasets for tests on CLT walls do not give information about the temperature profiles

in the walls, this method cannot be included in the meta-analysis that follows.

Many more methodologies have been proposed for timber columns although the major-
ity of those cannot easily be translated into meaningful application to CLT walls and
are therefore omitted here. Interested readers are referred to Wiesner and Bisby [32]

for further information on calculation procedures for timber columns.

2.5.3 Meta analysis

Where tests were performed with exposure to a standardised time temperature curve,
these can be used to assess the accuracy of guidance documents to calculate the fire
resistance of load bearing CLT elements. While there are minor differences between
standardised temperature time curves and their applications, they are similar enough

that they are treated as equal in this assessment.

Calculations for CLT walls require consideration of axial load and moment interaction,
and the assessment criterion for failure therefore require bending strength or bending
moment resistance to be weighed against bending stresses or moments. In timber,
bending strengths (also often called moduli of rupture (MOR)) are nominal values
determined from failure at the tensile fibre in beam bending tests [41, 42]. For CLT
in fire, the theoretical bending resistance in fire varies between the compressive and
tensile faces of walls in fire due to movements of the neutral axis and the changing
elastic moduli of the various lamellae. Because bending strength values originate from
tensile ruptures in beam tests, any bending resistance in the analysis presented herein
is derived at the outermost tension fibre, which is assumed to lie on the unexposed side
of walls (i.e. it is assumed that CLT walls under initially concentric loading can be

expected to buckle away from their fire-exposed face [190]).
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2.5.3.1 Meta input values

One issue with historical datasets is that it is often difficult to obtain and verify essential
mechanical input parameters that are required to perform structural fire calculations.
Both Simpson [199] and Schmid et al. [195] have previously highlighted the significant
challenges in obtaining and assessing historical data from standard fire tests (or any
other fire or heated tests) on timber structural elements. The importance of imperfec-
tions is relevant to the load bearing capacity in fire. Structural fire resistance tests on
sawn timber columns experienced failures near imperfections in four out of five tested
cases in a study by Neale [200]. This adds additional difficulty to experimental deter-
mination of the load response in fire for structural timber. Since fire resistance ratings
obtained through furnace testing are random variables (due to variability in the test
specimen, as well as the furnace) [159], it is not unexpected to see some variability in
the results. In an ideal case input values are given by the authors from reference tests
at ambient temperatures (as done by Schmid et al [186] and Suszuki et al. [113] in Ta-
ble 2.2). Where this is not possible, the mechanical properties can be back calculated
from the strength class and the associated characteristic values. To obtain mean from
characteristic values a log-normal distribution of values is assumed in combination with
a CoV of 15% for the strength and 13% for the elastic modulus, as recommended by
the Probabilistic Model Code [201] for timber.

Where no information is given in the source publications regarding the strength or
elastic modulus of the timber used, these are inferred from the permissible stresses
of the strength classes used in the country of origin at the time that the testing was
undertaken, as outlined by EN 1912 [202] and taken from EN 338 [96].

Input parameters from structural fire resistance tests, which are described in more detail
in section 2.5.1 are shown in Table 2.2. These input parameters constitute the main
parameters that are required to implement the methods described in Subsection 2.5.2.
The ratio of applied load to Euler buckling load is given, since the buckling load is a
commonly well defined theoretical upper limit for the structural capacity of compression
elements of differing effective length and therefore provides a common comparative

variable across different CLT configurations.

The value of a meta analysis comes from comparing outcomes of calculations results
without safety factors and based on mean values. While design methods should gen-
erally return ‘safe’ design solutions, they should also not be overly conservative (i.e.

inefficient), and should therefore be able to reasonably predict test results. When no
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Table 2.2. Key input parameters from datasets for furnace tests on CLT walls.

Initial . ) Mean

# of Effective Mean Elastic ) # of P/P,

Authors Slenderness Compressive b
Tests . Length [mm] Modulus [MPa] Lamellae [%]"°

Ratio \? Strength [MPa]

Schmid et al. [186] 7 49-78 2040-2470 9070-12320 43-46 3-5 7-22
Suzuki et al. [113] 8 43-49 2150-3300 4200-4670 25-31 5-7 14-48
Osborne et al. [136]* 3 53-88 3048 10190-12450 16-28 3-5 7-24

CWC [188]* 1 88 3048 9520 17 3 25

AWC [189]* 1 53 3048 12340 28 5 3

& mean mechanical property values back calculated from reference data
b based on parallel layers only
¢ P, taken as Euler buckling load, P as applied load
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Figure 2.14. Meta-analysis plots comparing measured and predicted fire resistances
for CLT compression elements for: a) the EC5 method [145], b) the NDS method [111],
¢) the CSA method [193], and d) the charring and ZSL model as outlined in the FSTB
[137] method (in combination with structural considerations in EC5). Fitted means

are forced through the origin.
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safety factors (i.e. material or member reduction factors) are included in the calcula-
tions, the methods should ideally provide an accurate prediction of the unity line in
Figure 2.14, with as small a mean percentage error (MPE) and mean absolute percent-
age error (MAPE) as possible. MPE and MAPE were chosen as a relative measure
of forecast accuracy between the assessed methods since the measured fire resistance
data naturally does not contain zero or negative values and MAPE offers a simple,
easy to read comparison for these cases [203]. One potential pitfall of MPE and MAPE
as measures of forecast accuracy is that negative errors can be weighted heavier than
positive errors, however, this should not constitute a significant shortcoming for the
comparison presented herein as all the measured fire resistance values are fixed and
do not change between the assessed methods. Assuming that the residual data points
are normally distributed about the mean, the meta-analysis comparisons can be used
to statistically quantify the performance and level of conservativeness of each of the
assessed models in light of the available test data. Normality of the residuals is demon-
strated across methods in Figure 2.15, with only few minor outliers near the extreme
quantiles. Since all material input parameters used in the calculations were, to the
extent possible, adjusted to reflect mean values, a ‘perfect’ model would have a mean
slope of one and an MAPE of zero. This assumes that the assessed models aim to

provide accurate prediction of the unity line.

Table 2.3. Summary of meta-analysis comparisons for CLT walls

Method Best MAPE MPE # of R? of Mean f; at
Fit Slope (%] [%]  Conservative Results [%] Fit Failure® [mm/min]
EC5 [87, 145] 1.2 25.1 18.4 79 0.76 0.92
NDS [111, 112] 0.59 94.2 -88.8 12 -0.18 0.86
CSA [193] 1.11 27.7 19.6 73 0.74 0.82
FSTB [137] 1.44 37.8 374 90 0.58 1.24

& Taken as the rate of loss of cross section (including heated timber at failure), for exposed timber tests only

For CLT walls the EC5 and CSA methods result in similar MAPE values, as well
as similar levels of conservativeness. While the accuracy of the EC5 method returns
the lowest MAPE value (25 %), the majority of the individual data points lie out
with of one standard deviation from the mean, highlighting a level of inconsistency for
this method (or, perhaps, for the test results themselves). A similar observation can
be made for the CSA method, where most of the results from protected CLT walls
lie within one standard deviation from the mean yet the majority of data points for

unprotected specimen fall outwith one standard deviation.

The alternative zero strength layer model proposed in the FSTB method yields more
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Figure 2.15. Quantile-quantile plot of the residuals for the reviewed methods.

conservative results than the EC5 method; this is expected since the FSTB approach
essentially increases the effective loss of cross section compared to the EC5 method.
The NDS methodology yields non-conservative results 88 % of the time. The NDS
methodology considers an increased charring rate for the fall off of lamellae, yet its
assumed effective charring rate at calculated failure times .y are only slightly lower
than for EC5. The reason for the limited predictive capability is therefore thought to
be due to the mechanical aspects of the model. For instance, the nonlinear design in-
teraction equation that is used to assess failure may not be appropriate. Indeed, Wang
et al. [204] performed experiments on eccentrically loaded CLT walls and concluded
that nonlinear interaction equations are non-conservative for some load cases for CLT,
and should be replaced with a linear interaction equation (as is now used by the CSA
guidance [193]). Additionally, the NDS uses a slenderness factor, ¢, of 0.9; however,
Zahn and Rammer [205] state that this value was never validated and should probably
be reduced (i.e. the influence of slenderness increased). However, changing the slen-
derness factor in the NDS analysis does not significantly change the results, since its
influence on the compressive strength of a column or a wall is limited to ~10 % (for a

generic assumed relative slenderness).

Considering the results in Figure 2.14 b), it is evident that the NDS methodology
makes reasonable predictions for the results from Schmid et al. [186] and Osborne et
al. [136], but is badly non-conservative for the tests by Suzuki et al. [113]. For the
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data from the latter, two differences can be identified as compared to the tests by
the former. First, half of the experiments were performed on seven layer CLT (rather
than five layer CLT). Second, the elastic modulus from reference tests in Suzuki et
al. [113] is, on average, 37 % less than what standards would recommend for the lowest
strength grade in Europe [96]. With up to 48 % (as a proportion of the theoretical
ultimate buckling load) these tests imposed a higher load level than most tests from
the other test series considered. This suggests that the loading interaction equation in
NDS should perhaps be revisited for ‘high’ loads at larger eccentricities, and for CLT
with five or more lamellae. The high MAPE for the NDS method should also be taken
as a cautionary tale of validating a model against a limited dataset (in this case the
results by Osborne et al. [136].

The average MAPE for all methods applied to CLT walls is 46.2 % (30.2 % if NDS
is excluded as an outlier) with a minimum MAPE of 25 % and a maximum of 94 %.
The forecast accuracy is therefore less than for a similar analysis of glued-laminated
columns presented by Wiesner and Bisby [32]. This is not surprising since the structural
and thermal boundary conditions for CLT walls are less well defined (e.g. fall off of
layers) than for glue-laminated columns. In addition there are significantly fewer test
results available for CLT walls compared to glulam columns. It is noteworthy that
the calculations performed herein are based on mean input parameters, and while
design methods should give safe results, they will lead to uneconomical designs if their
predictive capability errs too far on the conservative side as a consequence of failing to
capture the relevant physical realities. Structural engineering methods for CLT wall
elements in fire at high loads (as could be expected as timber buildings increase in
height) will need to be improved, and more reliable tools to produce economical and

safe designs will need to be developed.

For the EC5 method [145], a reasonable correlation is observed for protected CLT walls
in Figure 2.14 a), suggesting that the current model for the delay of charring by gypsum
board protection, and the subsequent increased charring rate once gypsum board falls
off, may be adequate for the range of test results considered to date (although only
seven data points are available). A similar observation can be made for protected tests
assessed using the CSA [193] method. However, while the agreement of these results
may be interpreted as beneficial with regards to the power of the these methodologies,
there is an obvious and dangerous flaw in the philosophy of relying on additive fire
resistance of non-combustible encapsulation. As explained in Subsection 2.3.7 a fall-off
of plasterboard during a fire will involve newly exposed timber as additional fuel load

and potentially extend the burning duration to infinity.
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From the method requirements and the scatter in the results of this meta analysis it
becomes obvious that there is a concerning level of variability in the calculation of
fire resistance of CLT walls. For the European market alone engineers have a choice
between two different guidance documents and multiple different charring models and
applications of the zero strength layer, which will likely be further revised for the next
version of the Eurocodes. This means that clear guidelines for practising engineers
are currently missing to design cross-laminated timber to a quantified level of risk in
standard fire exposures. No codified approaches were found for CLT wall elements
exposed to non-standard fires, highlighting a serious barrier for the use of performance
based design with regards to the fire safety of a material that does not fit very well

into established norms and procedures.

2.6 Literature review conclusions

This review gives an overview of timber as a construction material and its engineering
use at ambient temperatures before explaining the basic concepts of fire safety and
highlighting the peculiarities arising from having combustible timber in compartments.
Special focus was given to the requirements and existing research on the structural
performance of cross-laminated timber in fire and a meta analysis was performed to

assess commonly used calculation methodologies against available test data.

While much of the early fire resistance work focussed on non-combustible construction,
there have been recent increased efforts to better understand the fire dynamics inside
compartments with exposed timber surfaces from engineered mass timber elements.
However, many of these did not focus (or even consider) the structural fire endurance
requirements. This means that, while there is a greater understanding in the need and
the means to achieve burn out, the structural capacity is often still assessed within
the fire resistance framework through furnace tests, which was developed without the
consideration of significant additional fuel contribution from combustible exposed sur-
faces. Especially for wall elements of CLT a paucity of data was found in the literature
review, leaving a significant knowledge gap. The limited available data resulted in one
methodology in a meta analysis being assessed as non-conservative in a majority of
cases, which could in part be attributed to a limited dataset that was originally used
to calibrate and assess said methodology. It was also identified that many widely used
codified guidance documents either do not address the particularities of CLT explicitly
or users are expected to patch knowledge gaps through the use of secondary publica-

tions and literature. This can in part be explained by the fast uptake of CLT by the
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construction industry and the fire engineering community having to play catch up with
a fast developing market. Instead of empirical solutions, like the zero strength layer,
the focus of the research presented in the following chapters is therefore on an under-

standing of the underlying mechanical issues of CLT walls when subjected to heat and
fire.

The reduction in compressive strength and stiffness of timber when heated was reviewed
and a wide range of potential reduction curves was found, with differences identified
to be most likely caused by the heating method and the accompanying movement
of moisture through the sample. All reviewed reduction curves were derived from
timber boards and no studies were performed on CLT to assess the applicability of
these reduction curves to a composite material like CLT. This applicability of known
reduction factors for the strength and elastic modulus is therefore investigated in this
thesis in Chapter 4 for both steady state, as well as transient heating conditions for

small scale cross-laminated timber samples.

Only few studies investigated the structural influence of the laminations and previous
studies on the effect of different adhesives were limited to connection details for glulam
products. Studies on the bonding performance at elevated temperatures and moisture
contents generally showed a reduced performance of PUR adhesives compared to MUF
formulations, however, the large variability within PUR adhesives makes a definite
comparison difficult. Two studies described the performance of the same PUR adhesive
type that is used for experiments in chapters 4, 5, and 6 and in each of these studies, this
adhesive showed a lower wood failure percentage (i.e. a reduced adhesion) than reference
MUF bonds. No targeted studies into the effect of adhesives on the overall load bearing
performance of cross-laminated timber in fire exist. The research presented in the
following chapters of this thesis thus sets out to close this significant knowledge gap

with a series of unique experiments across scales and with varying heating conditions.
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3.1 Motivation

The intent of this chapter is to introduce the reader to the CLT material that is used for
all experiments in the following chapters, and to characterise basic ambient temperature
properties which are of potential relevance to the thermal and mechanical assessments

in subsequent chapters.

3.2 Sample description

The cross-laminated timber samples in this study were all manufactured by the same
company [88], with four different configurations arising from variation of two production
parameters, (1) the adhesive type and (2) the number of plies. Hence, it can reasonably
be expected that a comparative analysis of the effect of heat and fire on the load bearing
capacity of these samples can be performed with respect to the four configurations. The
timber of the samples was spruce (picea albies) and at least 90 % of the boards will
conform to a C24 grading with an admissible share of 10 % C16/L17.

The adhesives used to bond the samples were a one-component polyurethane (PU) and
a melamine urea formaldehyde (MF) formulation which was applied in combination
with a hardener. The applied pressure for the CLT bonding process was 0.6 to 1 MPa
for both adhesive types. The recommended press duration for the MF adhesive can take
up to 5.4 time the recommended time for the PU adhesive, however, this is strongly
dependent on the ratio of hardener and MF adhesive, as well as moisture content of
the timber and ambient relative humidity. The PU and MF adhesive conform to the
requirements of EN 14080 [206] and EN 301 [181], respectively.

The ply configurations are 20-20-20-20-20 and 40-20-40 mm of timber boards in the
typical orthogonal CLT configuration, with boards on the outside arranged so that
the grain direction runs parallel to the main longitudinal (loading) direction. The ply
configuration for the three ply samples represented a case where a majority (80 %)
of the timber is placed in the parallel outside plies. This was chosen deliberately
to further investigate the effects of thick outer plies based on research by Wiesner et
al. [190] which had shown that this constitutes a detrimental factor for the load bearing
capacity in fire, as early loss of a majority of parallel orientated timber shortened the

time to failure.
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3.3 Scales

Three different scales (sizes) were used in the experimental series described in the
following chapters. These consisted of small, medium, and large scale samples. For
the small scale the dimensions are 200, 100, and 100 to 150 mm for height, width,
and depth, respectively. The depth for these was varied to accommodate the strength
limits of the testing apparatus used. The medium scale samples were wall strips with a
height, width and depth of 1700, 300 and 100 mm respectively. The large scale samples
were CLT beams with length, width, and depth of 3000, 300, and 100 mm, respectively.

The three scales are shown in comparison to each other in Figure 3.1.
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Figure 3.1. Comparative drawing of the different sizes of elements investigated for
this study. Note that the medium and large scales are shown for three ply CLT and

the small scale sample for five ply.
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E Small scale
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Figure 3.2. Side-by-side comparison of experimental specimen scales in climate con-

trolled storage room.

3.4 Density

The probability density distribution of the bulk density of all specimens in this study
for the various scales is shown in Figure 3.3. In addition, the distribution of the density
values for the different lamellae configurations and adhesives is shown in Figure 3.4.
From these visualisations it can be seen that the distributions across all scales approxi-
mate normal distributions (with some extreme outliers), and it appears that the median
density across scales, adhesives and layers does not vary with statistical significance;
this is confirmed by p-values of 0.7, 0.2 and 0.08 from analysis of variance (ANOVA)
for scales, adhesive type, and number of plies, respectively. This is an important con-
sideration for the comparative experimental analysis that is presented in the following
chapters because density is considered an indicator for mechanical properties [43] and
influences the propagation of heat into a sample (charring rates have been observed
to correlate negatively with density [116-118]). Significant variation in density across
adhesives and lamellae would constitute a compounding factor for the assessment of
the influence of these variables on the load bearing capacity in fire and when subjected
to heating. One noticeable aspect of Figure 3.4 is that the density of five ply samples
exhibits less deviation from the mean than the three ply samples, with a coefficient of
variation (CoV) of 3, and 6 % for five and three plies, respectively. This is likely due
to the fact that for five plies, any boards with an extreme density will not influence
the bulk density as much as for the three ply samples. The overall mean density is
460.6 kg/m? with a standard deviation of 22 kg/m?, resulting in a CoV of 4.8 %.
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Figure 3.3. Probability density plot of bulk density with randomly jittered (i.e. shifted
by a random amount vertically) data points for three scales of CLT. Bandwidth 6.75.
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Figure 3.4. Violin plots of bulk density for the two main variables in this study.
Individual measurements are shown by scale and jittered (i.e shifted randomly) hori-

zontally.
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3.5 Moisture content

As highlighted in Subsection 2.4.1, the moisture content of timber has a non negligible
effect on the mechanical properties of timber, especially when paired with heating, with
reducing compressive strength and stiffness as moisture content increases. The timber
samples for all test series presented herein were stored in a designated conditioning room
with temperature between 18 and 22 °C and fitted with a dehumidifier to maintain
a quasi-steady state relative humidity, which was observed to vary between 40 and
65 %. Hand-held moisture meters (which infer moisture content from resistivity) are
not considered reliable [43, 45] for the determination of moisture content of thick timber
as they only provide spot moisture content measurements at the surface. The moisture
content of the samples was instead determined by proxy from destructive tests on
sacrificial samples that were stored in the same environmental conditions as the samples

that were used in the experiments described in the following chapters.

The moisture content was determined for timber from various offcuts or spare samples
for all four assessed variables (two adhesive types and two ply configurations) in accor-
dance with EN 322 [207] for which wood samples, which do not contain any adhesive,
are dried in an oven at 103 °C and repeated mass measurements were taken until the
change in mass within six hours was recorded as less than 0.1 % of the mass of the sam-
ple. The moisture content (mc) was then calculated in accordance with Equation 3.1,

where my is the final, dried, and myg the initial mass.

My — Mo

me = 100 - (3.1)

mo
The moisture content in Figure 3.5 can be seen to vary for different dates of testing,
which can be attributed to seasonal changes that cannot be fully compensated through
the dehumidifier. In addition the controlled storage space is used by a multitude of users
and it has been observed at times that some users will switch off the humidity control,
which could explain some of the observed variation between dates. No significant
variation in moisture content can be observed between the samples for different layers
or adhesives, as would be expected. Overall the variation across dates is not considered
sufficient to cause concerns regarding its influence on the parametric studies in this
study, especially since experimental series on each of the three scales were performed
within limited time frames and the seasonal variation in moisture content between
repeats and paired samples can therefore be considered negligible. The mean moisture

content from all samples was 9.04 %, with a standard error of the mean of 0.08 %, so
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moisture content can be expected to fall between 8.88 and 9.20 % with 95 % confidence.

Within buildings the moisture content is generally expected to not exceed 12 %.
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Figure 3.5. Sample moisture content measurements from oven drying to constant
mass at different dates. Individual measurements shown by adhesive type and number

of plies. Individual markers are jittered horizontally for improved clarity.

3.6 Conclusions

In this chapter the CLT materials for subsequent studies are described and characterised
in terms of relevant common parameters. Four configurations of CLT were used, varied
by adhesive and number of plies. The adhesives used are a one component polyurethane
(PU) and a melamine urea formaldehyde (MF'). The density across scales was not found
to vary significantly between either adhesive or ply number, with an overall mean den-
sity and standard deviation of 460.6 and 22.0 kg/m? respectively. Since density is con-
sidered to be positively correlated with mechanical properties of timber this should give
increased confidence that the timber forming the CLT can be expected to have similarly
distributed mechanical properties across the investigated variables. While some varia-
tion in sample moisture content was observed with time of testing, the overall variation
in moisture content can be bound into a 95 % confidence band between 9.0 & 0.2 %. The
available CLT therefore presents an unique opportunity to study the effects of adhesive

and ply number on the structural performance under exposure to fire and/or heating.



CHAPTER 4

Uniformly heated material scale tests
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4.1 Motivation

This chapter describes the observations and measurements taken on small scale stocky

CLT samples in axial compression at ambient and elevated temperatures.

The motivation for the research presented in this chapter is the lack of available ex-
perimental data for cross-laminated timber products and the unknown influence of the
glue and lamination configuration on the mechanical properties of heated laminated
timber in compression. Compression failures in wood loaded in parallel to the fibre
direction propagate as buckled fibres due to breaking of bonding material between the
longitudinal cells [39]. For laminated timber products, and CLT in particular, disconti-
nuities arising between lamellae could alter this behaviour and thereby the compressive
failure mode and load. In addition the results from the experiments described in this
chapter will help to complement the available recommended reduction curves of tim-
ber strength and stiffness when heated (refer to Subsection 2.4.1). Currently it is not
known with certainty whether codified strength and stiffness retention curves for el-
evated temperatures, or those arising from past experimental work on sawn timber
apply to the strength and elastic modulus of cross-laminated timber (or other engi-
neered timber products that consists of lamellae bonded with adhesives). Furthermore
the investigation of the compressive loading behaviour at the material scale will aid the
interpretation of results for the larger scale experimental series described in chapters 5

and 6 for which CLT is subjected to more complex loading and heating scenarios.

4.1.1 Experimental overview

This chapter first describes and analyses reference experiments at ambient tempera-
ture, and subsequently conveys the details of experiments on specimens loaded in axial
compression at elevated temperatures. From both ambient and elevated temperature
experimental series, the effects of heating in conjunction with effects of adhesive type
and number of lamellae are analysed and discussed. For all four cross-laminated tim-
ber configurations considered (described in Chapter 3) the strength and stiffness of
samples is assessed for steady state and for transient heating. In steady state heating
the samples were heated to a uniform temperature before loading was applied, and
for transient heating the samples were loaded to a proportion of their ambient capac-
ity before heating was applied. The experimental matrix for this chapter is shown in

Table 4.1 and encompasses a total of 143 experiments. At ambient temperatures the
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samples consisted of ten and twelve specimens for three and five lamellae configura-
tions, respectively. For heated samples three repeats were tested for each configuration
at each distinct sample group and for some samples an additional specimen was tested
where the initial three specimens were inconclusive. The increased number of speci-
mens for ambient compared to heated experiments arose from (1) the desire to obtain
reasonable confidence in the ambient temperature reference capacities and (2) the rel-
ative speed of experiments at ambient temperatures where multiple experiments can
be performed in the same day compared to heated experiments which generally took
one whole (working) day to conclude. The upper load ratio of 50 % for experiments
with transient heating conditions was chosen to lie sufficiently below the mean ambient
temperature capacity (in order to avoid picking heated samples that fail as load was
applied and before any heating was applied) yet large was large enough to ensure that
failure would occur before drying of the specimens occurred. The lower load ratio of

25 % was chosen as half the upper load ratio.

4.1.2 Significance

The performed experiments described herein are unique in their experimental set-up
and in their scope as no previous studies have assessed the axial compressive strength
of cross-laminated timber when exposed to either steady state or transient heating
conditions below 300 °C. While studies on elevated temperature performance for both
adhesives and sawn timber exist no detailed studies have been published assessing
the influence of the number of lamellae, the different adhesives types, and heating
scenarios for cross-laminated timber as a combined building product of timber bonded
with different adhesives types. This study therefore constitutes a novel and significant
research insight into the importance of cross-laminated timber configurations on the

mechanical performance at elevated temperatures.
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Table 4.1. Experimental matrix for small scale ambient and heated CLT samples.

. Steady Transient Target Heating Load Number of
Adhesive Layers . )
heating heating temperature rate ratio® specimens
Srewe - - : el EN :
S3MF020 MF 3 X - 20 0 0-100 10
S3PU020 PU 3 X - 20 0 0-100 10
S5MF020 MF 5 X - 20 0 0-100 12
S5PU020 PU 5 X - 20 0 0-100 12
S3MF050 MF 3 X - 50 5 0-100 4
S3PU050 PU 3 X - 50 5 0-100 4
S5MF050 MF 5 X - 50 5 0-100 3
S5PU050 PU 5 X - 50 5 0-100 4
S3MF100 MF 3 X - 100 5 0-100 3
S3PU100 PU 3 X - 100 5 0-100 3
S5MF100 MF 5 X - 100 5 0-100 3
S5PU100 PU 5 X - 100 5 0-100 3
S3MF150 MF 3 X - 150 5 0-100 3
S3PU150 PU 3 X - 150 5 0-100 3
S5MF150 MF 5 X - 150 5 0-100 3
S5PU150 PU 5 X - 150 5 0-100 3
S3MFE200 MF 3 X - 200 5 0-100 3
S3PU200 PU 3 X - 200 5 0-100 3
S5MF200 MF 5 X - 200 5 0-100 3
S5PU200 PU 5 X - 200 5 0-100 3
TX3MF MF 3 - X - 5 50 3
TX3PU PU 3 - X - 5 50 3
TX5MF MF 5 - X - 5 50 3
TX5PU PU 5 X - 5 50 3
TX3MF MF 3 - X - 0.5 50 3
TX3PU PU 3 - X - 0.5 50 3
TX5MF MF 5 - X - 0.5 50 3
TX5PU PU 5 - X - 0.5 50 3
TX3MF MF 3 - X - 5 25 3
TX3PU PU 3 - X - 5 25 3
TX5MF MF 5 - X - 5 25 3
TX5PU PU 5 - X - 5 25 3
TX3MF MF 3 - X - 0.5 25 3
TX3PU PU 3 - X - 0.5 25 3
TX5MF MF 5 - X - 0.5 25 3
TX5PU PU 5 - X - 0.5 25 3

aSamples at ambient and steady state temperature are exposed to load increases

until failure is observed.
For transiently heated samples a proportion of the mean failure load

at ambient temperatures is applied.
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4.2 Ambient reference experiments

4.2.1 Experimental set-up

To assess the axial compressive strength of the samples, they were placed between
two rectangular loading platens which are part of an Instron 600LX loading machine,
which was used to apply loading for the experiments described in this chapter. This
apparatus is a reaction frame with a hydraulic piston at its base and a load cell at
a cross head above, as shown in Figure 4.1, allowing for compression and tension of
samples via movement of the piston. It was chosen as it allows accurate displacement
control and is also fitted with a bespoke environmental chamber which was used for
the heated experiments described in this chapter in Section 4.3. The two custom made
rectangular loading platens were screwed onto push rods which are connected to a
load cell and a hydraulic actuator. The samples were then placed between the platens
and loaded to failure in axial compression using displacement controlled loading with
a deflection ramp of 0.5 mm/min. The stroke movement of the piston was continued
after peak load was reached in order to collect data on the post failure response of the

samples.

4.2.2 Sample sizes

The cross-laminated timber samples for this study were sawn to a depth of 150 mm, a
height of 200 mm, and (from manufacturing) had a thickness of 100 mm. After all of
the three ply samples and two five ply specimens were tested it was determined that
high peak loads and out of plane movements of the push rods caused damage to the
threads of the platens and the loading frame. All subsequent specimens were therefore
sawn to a reduced depth of 100 mm before they were tested, thereby reducing the peak

loads.

4.2.3 Instrumentation

The stroke of the Instron and the corresponding loads were recorded throughout each
experiment. In addition, a camera was used to record images at an interval of 5
seconds (i.e. a crosshead stroke interval of 0.042 mm) of the front face of the samples
(i.e. showing the gluelines) in order to obtain digital image correlation data from which

displacements (and subsequently strain) of the front face could then be computed.
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Figure 4.1. Elevation, plan and isometric view of the experimental set-up for material

scale cross-laminated timber samples in compression.

4.2.4 Experimental results
4.2.4.1 Displacement stress response

The available area of timber with fibres orientated approximately parallel to main
direction of loading varies between the two types of lamealle configuration that are
investigated in this thesis. Hence, to obtain a comparable normalised parameter of
the stress in the material as the load increased with increasing cross-head stroke, the
effective compressive stress is calculated according to Equation 4.1, where P is the
measured load, th is the thickness, d is the depth of the sample and subscripts 411, pa
and . denote overall, parallel and crosswise layers, respectively. This equation accounts
for the varying dimensions of parallel and crosswise layers through an effective section
theory (as outlined in Subsection 2.2.1) by reducing the contribution of crosswise layers
based on an assumed ratio of 30 [201, 208] between the parallel and crosswise elastic
modulus. This enables a comparison of the stress response between sample sets made
of three and five ply CLT as this effectively determines the stress in the strong layers.
Any reference to the stress or strength (i.e. the peak stress) in this chapter refers to
the effective stress or strength determined from the effective section theory. The load
responses versus increasing crosshead stroke for ambient temperature experiments are

shown as supplementary information in Figure A.1.
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P
Oeff = T (4.1)

hCS
Tod - d - (thype + %g)

It can be seen that the three ply samples experienced larger compressive deflections,
as it was decided to reduce the ultimate imposed crosshead stroke for the five ply
samples. This was motivated by the fact that no valuable additional information was
gained at extreme crosshead stroke values for the three ply samples. In addition,
at high deflections the out of plane movements of the loading rods contributed to
damage to the threads of the machine and the loading platens. Overall it can be
observed that the stress for each sample configuration increases with little deviation
with increasing imposed stroke until the peak load is reached and strain softening
occurs. A slight decrease in the slope of the loading curve, highlighting plastification,

can also be observed before the peak stress (i.e. ultimate strength) is reached.
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Figure 4.2. Stress response against imposed deflections for small scale CLT samples
at ambient temperatures for the four configurations assessed.
4.2.4.2 Ultimate compressive strength

The ambient compressive strength (i.e. the ultimate compressive stress) of the trans-

formed section is plotted against each specimen’s bulk density in Figure 4.3. A Pearson
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correlation coefficient between density and effective compressive strength can be deter-
mined, and this is shown in Table 4.2, along with the mean and standard deviation
of the compressive strength of the samples for all four experimental configurations. A
Pearson correlation coefficient of 1 indicates perfect correlation, meaning the ranked
density values correspond to the ranked strength values, i.e. the highest strength is

measured for the specimen with the highest density.
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Figure 4.3. Ultimate ambient compressive stress of transformed sections against den-

sity for all experimental configurations.

It can be seen that the mean ultimate strength of the 3MF series is slightly higher
than the 3PU series and that both the five ply sample groups exhibit higher ultimate
strength values than the three ply series. The statistical significance of these differ-
ences in ultimate strength is discussed further below. It can be seen that a possible
correlation that might be seen in Figure 4.3 is driven only by the 3PU sample and the
correlation coefficients for all other samples and the overall correlation are found not

to be statistically significant.

4.2.4.3 Elastic moduli

Determining the elastic modulus for timber samples in compression is more challenging
than determination of strength values, as has been noted by previous researchers [40].
Strain gauges cannot be used in this setting since any adhesive they rely on would
be softened in the heated experiments and thereby invalidate the results. In addition,

a material like CLT is made up from different boards, and a spot measurement (as
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Table 4.2. Compressive strength, standard deviation and correlation with bulk density

at ambient temperature.

Oeff sd(aeff) COV(O’eff) COI‘I"(,0,0’eff)

Exp. series [MPa] [MPa] [%] []
3MF 37.7 4.1 10.9 -0.05
3PU 35.6 3.8 10.7 0.82
SMF 43.5 2.2 5.1 0.05
5PU 42.6 3.4 8.0 0.26
All 39.7 4.5 11.3 0.17

provided by strain gauges) would therefore only provide a sample of the overall global

stiffness response of the specimens as the load is increased.

For the specimens described herein two methods are available to determine the elastic
moduli: (1) The measured crosshead stroke of the displacement controlled piston in
combination with the recorded load response, and (2) the displacement values of the
surface of the samples as determined from digital image correlation (DIC) [209]. For
the former, a major obstacle is that the stroke does not only incorporate the deforma-
tion of the specimen but also any deflections of the loading frame itself. Large frame
deformations were observed visually, which is also shown in Figure 4.5, where the top
load platen can be observed to visibly move between zero and the ultimate load. This
causes movements of the frame to be included in the strain calculations and therefore
reduces the calculated elastic modulus accordingly. As a consequence, mean elastic
moduli values determined from the stroke only are lower by a factor of about 3.8 than
the expected value, which is 11,000 MPa for timber boards of grade C24 [96].

The second option, DIC, can give more realistic values of the elastic modulus since it
allows an insight into the actual strain state on the specimens’ surface, independently
of in plane movements of the loading frame. Like the stroke method the use of DIC also
has some disadvantages that must be considered. Its results can be corrupted by out
of plane movements of the sample and it can be difficult to interpret results due to a
potential to offer too much data, since a high number of possible locations are available
for the determination of strain (and therefore elastic modulus). A description of the
use of DIC for the determination of the elastic modulus is provided in the appendix in
Section A.2; this also includes a description of possible sources of errors for the DIC
analysis. The review of the DIC data concludes that, while DIC can give good and

insightful results in some instances, it cannot be relied upon to yield consistent results
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for all specimens that were tested.

In light of the arguments presented above, it was decided, for the sake of consistency,
to use the stroke data for the determination of the elastic modulus. In addition to the
stroke data, the movement of the frame was mitigated to some extent by subtraction
of movement of the top of the sample, which was obtained from DIC results (note that
displacement of DIC points are less susceptible to error than the strains resulting from
them).

The ambient elastic moduli, obtained from the stroke data, are plotted against density
in Figure 4.4 and summary statistics are given in Table 4.3. As for the ultimate
strength, no significant correlation can be identified between the elastic modulus and

the bulk density of the sample.
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Figure 4.4. Elastic modulus at ambient temperatures of transformed sections against

density for all experimental configurations.

4.2.4.4 Failure modes

At ambient temperature the first failure mode for this experimental series was consis-
tently observed as a buckling of the timber fibres in one of the plies. Subsequently
failure was observed to propagate to the next adjacent parallel lamella visually (skip-
ping the crosswise oriented ply in between) with a continuous angle of the failure plane

visually obvious, as shown in Figure 4.5.
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Table 4.3. Elastic modulus, standard deviation and correlation with bulk density at

ambient temperature.

E sd(E) COV(E) corr(p,E)

Exp. series [GPa] [GPA] (%] []
3MF 4.07 0.46 11.3 -0.06
3PU 4.26 0.37 8.7 0.43
5MF 6.40 0.80 12.5 0.08
5PU 5.65 0.87 15.4 0.42
All 5.09 0.63 12.4 0.22

Buckling of |
fibres

il

Figure 4.5. Failure mode of a 5-ply polyurethane specimen, as a representative failure

mode, in comparison to intact sample before loading commences.

4.2.5 Discussion and analysis of ambient reference experiments

The ultimate compressive strength and the elastic moduli for the four investigated
variables are shown as box plots in Figure 4.6. p-values from analysis of variance
(ANOVA) are summarised in Table 4.4. It can be seen that for the strength there
appears to be a difference between the three and the five ply experiments; This is
confirmed by a p-value of 7.2 - 1077 between these sample groups. While PU samples

on average have a lower ultimate compressive strength, this difference is not judged as
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being statistically significant, with a p-value of 0.26 between PU and MF sample groups.
For the elastic modulus three ply samples also have lower median values than five ply
samples, and with a p-value of 1.2 - 10719 the difference is statistically significant well
below a 5 % threshold. Between the adhesives no significant difference can be observed

for the elastic moduli and the corresponding p-value is 0.15.

Table 4.4. ANOVA p-values summary for investigated variables at ambient tempera-

ture.

Adhesives Layers
Compressive strength ~ 2.56E-01 7.21E-07
FElastic modulus  1.46E-01 1.20E-10

In addition the statistical inference for the influence at ambient temperature of both
the adhesives used and the ply numbers can be investigated between the individual
test series themselves. The p-values for unpaired two sample t-test with assumed
unequal variance between the series are shown in Table 4.5, from which it can be seen
that, if a 5 % significance threshold is applied, the null hypothesis of equal means of
ultimate transformed stress between the populations of the configurations is upheld
when comparing between adhesives but is rejected between the number of lamellae for
strength. For the elastic moduli the null hypothesis is not confirmed between the two
adhesive types, indicating that both adhesives can not be assumed to be sampled from
the same elastic modulus population; with a p-value of 0.04 the statistical significance
is very close to the 5 % threshold and the significance is therefore debatable, especially
when the p-value is compared against those between layers of different test series,
which is much smaller. As for strength, the elastic modulus between layers does vary

significantly between the sample groups, if a 5 % threshold is used.

There are two concerns that need to be addressed for this statistical analysis: (1)
the relatively small sample size and (2) the assumed distribution of populations of
the configurations. The small sample size should not be a major issue, considering
that Student’s ¢-test and distribution were developed specifically for small sample sizes
[210, 211]. A normal distribution of the population is assumed for applying the ¢-test to
sample data, however, for the strength of CLT, the population is (in general) assumed
to be distributed log-normally [201], yet this can still be assumed to fall within the
required 'cooked hat’ density plot type as assumed by Student [210]. It should also be
noted that p-values cannot be treated as a panacea and their use (and abuse) has in
recent years revived discussion about the meaning of statistical significance [212]. In

this instance what is prominent is the difference in p-values when comparing the effect
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of layers and adhesives on the strength and, to a lesser extent, the elastic modulus.
This indicates that variation in the effective strength of the underlying population is
more likely to occur for a change in the numbers of lamellae but more likely caused by

chance for adhesives.

The elastic modulus values, from crosshead stroke data, at ambient temperatures were
determined to lie significantly below an expected mean value of 11,000 MPa [96]. How-
ever, mean values of elastic moduli are obtained from flexural tests, and some stan-
dards [213] specify lower values of elastic modulus in plane of 6,100 MPa. Like the
results in this chapter, this indicates that the elastic modulus in compression is lower
than what is determined from flexural tests; this is also supported by results published
by Suzuki et al. [113], who measured values of compressive elastic modulus in CLT in a
range between 4,200 and 6,600 MPa, but did not provide details on the procedure. On
the other hand, Goina [123] reported elastic modulus values between 12,200 and 13,400
MPa from linear displacement transducers in direct compression tests on CLT. For the
investigations in this chapter the actual absolute values at ambient temperatures are
not critical since the main interest is in the reduction with elevated temperatures and

therefore consistency is more important than adherence to expected values.

The coefficients of variation (CoV) in tables 4.2 and 4.3 can be compared to those
given by the JCSS Probabilistic Model Code [201]. For the ultimate strength the
CoV values are significantly less than the 20 % recommended by JCSS, especially
for five ply samples. The lamination effect can therefore increase the confidence of
engineers in their material. For the elastic modulus no significant difference to the
JCSS recommended value of 13 % can be identified.

From the analysis presented it can be concluded that, at ambient temperatures, there
is no significant difference in strength between samples using different adhesives, i.e. it
can be assumed with reasonable confidence that any samples used for heated tests in
this chapter are drawn from a population with the same mean strength value if the only
variation is the adhesive type. For a change in ply numbers a different mean strength
can be anticipated. This can be explained by a lamination effect, where deficiencies in
individual boards of timber are compensated by the presence of other boards, which
has previously been postulated from Monte Carlo simulations at ambient temperatures
[35]. For the elastic modulus of the samples no significant variation in mean population
values was found between adhesives, and, as for the strength, a statistically significant

difference was found for a variations in the number of plies used.
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Figure 4.6. Box plot comparison of a) ultimate compression strength and b) elastic

moduli for adhesives and number of lamellae.

Table 4.5. p-values between test series for unpaired two sample t-test with assumed

unequal variances.
(a) Compression strength (b) Elastic modulus

3MF 3PU 5MF 5PU 3SMF 3PU SMF 5PU

3MF 1 0.322
3PU = 0.322
SMF
5PU

3MF 1 0.331
3PU  0.331 1
SMF
5PU

4.3 Heated small scale compression experiments

4.3.1 Experimental set-up

4.3.1.1 Heating conditions

The cross-laminated timber samples in this study were tested in both steady state
and transient heating conditions. For steady state heating conditions the samples

were heated until the temperature gradient through their cross-section was deemed
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sufficiently small to assume uniform temperatures throughout and the samples were
subsequently loaded to failure. For transient heating, the samples were subjected to a

fraction of the their ultimate capacity and then heated until failure occurred.

Heating of the samples was achieved in a heating chamber that was attached to the
Instron test machine and incorporates the support platens and rods. The heating cham-
ber enclosed the ambient set-up (refer to Figure 4.1) to enable heating and loading to
occur simultaneously and is shown in Figure 4.7. The chamber encompassed electrical
heating elements at front and centre, an interlock and a fan which was separated from
the heating chamber via a mesh and a steel sheet with a circular cut-out to circulate
hot air uniformly through the chamber. For samples heated above 150 °C an external
extraction system was installed to remove potentially harmful gases into a fume extract

system. An annotated image of a heated experiment is shown in Figure 4.8.

Four target steady state timber temperatures were chosen to assess the effect of elevated
temperatures on the compressive response of CLT: 50, 100, 150 and 200 °C. The heating
was imposed through an increase of the chamber gas temperature, which is controlled
by a gas phase thermocouple within the oven and switches the heating elements on
and off as required. Due to the comparatively low thermal conductivity of timber,
the gas temperature was set as 110 % of the target solid phase timber temperature,
i.e. 55, 110, 165 and 220 °C. The gas phase temperatures for the heating regimes are
displayed in Figure 4.9. For all steady state experiments the gas phase heating rate
was set to 5 °C/min until the required gas temperature was reached. For transient
heating the 200 °C heating regime was used. Additional slow heating rate experiments
were performed with a reduced gas temperature heating rate of 0.5 °C/min. This
slower heating rate was chosen to investigate a possible effect of the heating rate on the
loaded response of transiently heated timber as the temperature increase in timber in
fires can vary through the fire duration as well as throughout the depth of an heated

timber element.

4.3.2 Thermocouple placements

The placement of thermocouples is shown for a five ply sample in Figure 4.10. The
location of the thermocouples with respect to the surface of the timber were the same
for three ply samples, as this ensures that the temperature gradients at the point of

testing can be evaluated consistently.
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Figure 4.7. Drawing detailing front, elevation, section and isometric views for the

experimental set-up for heated compression experiments on CLT samples.

4.3.2.1 Steady state heating

For steady state heating the samples were fitted with three evenly spaced thermo-
couples located between the surface and the centre of the sample at mid-height. In
addition, a thermocouple was placed to measure the gas phase temperature in front
of the surface of the section of the specimens that contained the thermocouples of the
sample at mid height and one thermocouple was placed to measure the surface tem-
perature of the timber at mid height. The sample was placed between the two loading
platens and the piston was adjusted to secure the sample between the platens without
applying any significant load. The mean initial load for all test series was 0.9 % of the
respective ultimate load at ambient temperatures. The gas temperature of the oven
was increased at a heating rate of 5 °C/min using a Eurotherm temperature control
system. The temperatures in the sample were monitored during the test and calcu-
lations of the temperature gradient and the rate of change of the temperature at the
centre of the sample were continuously performed at each time step. Once a steady
state temperature distribution through the sample was observed, a displacement stroke
ramp of 0.5 mm/min was applied to the sample until a displacement of 15 mm was
achieved, i.e. resulting in an experimental loading duration of 30 mins. The final stroke
displacement during testing was reduced to a maximum of 8 mm for five ply samples

since no significant insights were observed for very large deflections but these were
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Figure 4.8. Annotated image of configuration for heated compression experiments.

deemed detrimental for the durability of the experimental set up.

Due to the relatively low thermal conductivity of timber (compared to steel) and the
relatively large specimen size of the CLT samples (compared to smaller timber spec-
imens tested in compression or tension) the time taken to achieve true steady state
temperatures throughout the cross-section of the samples varied for different target
timber temperatures. True steady state thermal conditions can take a long time to
achieve, or might never truly be achieved since internal exothermic heating can cause
the internal temperatures to rise above the external ones. Therefore, instead of waiting
for a specific temperature target, steady state was assumed to have been achieved in
a sample when the normalised linear slope of the temperature in the sample achieved
a predetermined value of -0.003, meaning steady state was assumed to occur when
the linear temperature slope through the sample was 0.3 % or less. An example of
the evolution of this value throughout the heating phase is shown in Figure 4.11. This
method, and the value of 0.3 %, were chosen essentially arbitrarily but provide a consis-

tent means to ensure equivalent heating conditions independent of target temperature
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Figure 4.10. Thermocouple positioning and depths for a five ply sample. ETCI to

ETC3 were only used for experiments with transient heating conditions.

between experiments. A linear slope is a poor representation of the temperature gra-
dient at the start of heating, yet as the internal temperatures approach the desired

steady state temperature their distribution with depth can be treated as essentially
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linear. One shortcoming of this chosen method is that specimens with a different tar-
get temperature and to a lesser extent specimens with the same target temperature
were subjected to different heating durations and this would have changed the amount
of moisture and its distribution within the specimens. While this is likely to have had
an effect on the results, the main purpose of steady state heating experiments was to
investigate the effect of elevated temperature and additional transient heating experi-
ments, which are described below, were performed to illuminate the effect of transient

moisture states of the samples further.
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Figure 4.11. Exemplary temperature gradient through CLT depth normalised against

target heating temperature to determine steady state heating conditions.

4.3.2.2 Transient heating

For transient heating the specimens were fitted with three internal thermocouples as
well as a surface and a gas thermocouple at the same locations as described for the
steady state heating. Three additional thermocouples (labelled ETC in Figure 4.10)
were placed at 10 mm from the bottom of the specimen at the same depths as the three
mid-height thermocouples. These additional TCs were placed since multiple failures
near the bottom loading platen were observed for the first set of transient heated

specimens.

For transient tests the specimen was placed between the loading platens and loaded
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to 50 % and 25 % of the mean ultimate compressive load at ambient. The load was
applied via a loading ramp so that the targeted load was reached in 10 and 5 minutes
for 50 % and 25 % respectively. The applied load was then held at a constant value
and the specimen was heated until failure occurred. Two different heating rates of the
gas phase were used for the transient heating experiments: 5 °C/min and 0.5 °C/min,
as shown in Figure 4.9. For both heating rates, 220 °C was chosen as the limiting gas

phase temperature to try to avoid charring or ignition of the specimens’ surface.

4.3.3 Experimental results
4.3.3.1 Steady state heating

The temperature development of the heating phase (including loading until failure) is
shown in figures 4.12, 4.13, 4.14 and 4.15 for the different target temperatures. In ad-
dition, the temperature histories are split between number of lamellae. The arithmetic
temperature mean for each thermocouple is taken for all specimens of that particular
combination and is supplemented by one standard deviation at each time step, which
is normalised against the heating time required to reach steady state temperature con-
ditions (as explained in Subsection 4.3.1). This way the heating of the samples is
compared on the same normalised time axis, even where differences in total heating
duration exist, due to different target temperatures of the samples or varying densities

(and thereby thermal inertia) of the specimens.

Despite the fact that the three ply samples were larger than the five ply ones (with a
depth of 150 mm, instead of 100 mm), the normalised heating development appears
to be reasonably consistent between sample configurations. For all heating scenarios
it can be seen that (as expected) the solid phase thermocouple closest to the surface
heats up faster than the two deeper ones, which both follow a similar pattern of heating.
This creates a temperature gradient within the samples which reduced as more heat
was transferred into the interior. For heating above 100 °C a plateau can be observed
around 100 °C for the deeper temperatures as the evaporation of water acts as a heat
sink through the use of thermal energy in the phase change. One peculiar observation
that can be made is that the heating of the five ply samples appears to be more
consistent between specimens than the three ply samples. This can be attributed in
part to the fact that the three ply samples were larger, and therefore required more
heat to store significant energy to raise the solid phase timber temperatures in the

heating chamber.
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Figure 4.12. Mean and =+ one standard deviation summary for thermocouple readings
of different samples at fixed distance from the timber surface in experiments with a

target temperature of 50 °C and a) three plies and b) five plies.
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Figure 4.13. Mean and =+ one standard deviation summary for thermocouple readings
of different samples at fixed distance from the timber surface in experiments with a

target temperature of 100 °C and a) three plies and b) five plies.



4.3 Heated small scale compression experiments

Temperature [°C]

200

150

100

50

0 0.2

a) T=150 C° L=3

107

b) T=150 C° L=5

Distance from surface

0mm
16.7 mm
33.3mm

0.4

0.6

0.8

1

0

0.2 0.4

Normalised heating duration [-]

Figure 4.14. Mean and + one standard deviation summary for thermocouple readings

of different samples at fixed distance from the timber surface in experiments with a

target temperature of 150 °C and a) three plies
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Figure 4.15. Mean and =+ one standard deviation summary for thermocouple readings

of different samples at fixed distance from the timber surface in experiments with a

target temperature of 200 °C and a) three plies and b) five plies.
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| Deflections | The effective compressive stresses with increases in crosshead stroke
for the different configurations at different steady state timber temperatures are shown
in Figure 4.16. It can be seen that the higher ultimate stresses, which were observed
for five ply samples in comparison to three ply samples at ambient temperatures (refer
to Table 4.2 and Figure 4.2), were also present for elevated steady state temperatures.
The stress versus crosshead stroke curves follow the same pattern as those for the am-
bient temperature reference experiments (see Figure 4.2), with an elastic loading phase
observed until an ultimate stress limit is reached and subsequent plastic behaviour fol-
lows with strain softening. The ultimate strengths reduce with increasing temperatures
but then increase between 100 and 150 °C; this is likely linked to the removal of mois-
ture from the samples at these temperatures. For 200 °C samples the retained strength
reaches a minimum, indicating that at these temperatures thermal degradation of the
timber offsets any strength gains due to drying. From the stress versus stroke plots
no discernible difference can be observed for the slope of the elastic response at the
different target temperatures, i.e. the elastic modulus, especially in comparison to the

differences that arise in ultimate compressive strength, with increasing temperature.

| Failure mode | For lower temperatures the typical failure mode of the steady state
heated specimens was observed to be similar to the ambient temperature failure mode
shown in Figure 4.5, with fibre buckling failure in parallel lamellae occurring at the
peak load in a defined failure plane. For higher temperatures the failure mode became
more brittle (with more splinters forming rather than wood fibres buckling) and the
plies failed in a less interdependent manner than was observed for ambient temperature
or low temperature steady state heating. A typical annotated failure mode is shown for
a three ply polyurethane adhesive sample in Figure 4.17, where the two observed wood
failure points occurred at different loading stages. In addition, a relative movement of
the plies can be visually observed from the applied speckle pattern that is highlighted
between the two images. A debonding crack can be observed between the left vertical
and centre crosswise plies. The observed brittleness for samples at higher temperatures
can likely be linked to the loss of moisture in the cell walls and the onset of material

degradation due to pyrolysis.

4.3.3.2 Transient heating

| Temperatures | The measured temperatures for the experiments where transient

heating was applied to constantly loaded samples are shown in Figure 4.18. It can
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Figure 4.16. Stress response against imposed crosshead stroke for small scale CLT

compression samples at elevated steady state temperatures for the four different ply

and adhesive configurations assessed.

be seen that the standard error and therefore the deviation of temperatures between
different experiments was small. A difference between the three thermocouples can be
identified, however, as would be expected considering their positioning at the edge of
the specimen, the difference is only marginal and far less obvious than for the centrally

located thermocouples that are shown in Figure 4.12 through Figure 4.15.

| Deflections | The measured stroke deflections for all transient experiments are
shown in Figure 4.19 against the mean temperature in the failure region. For this the
mean temperature at failures of thermocouples in the vicinity of the visually observed
failure zone were calculated. The failure zone refers to either the row of thermocouples
at mid-height of the specimens, or the additional sensors that were placed near the

bottom (refer to Figure 4.10). The display of these results is organised by heating
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Figure 4.17. Typical failure mode for samples steady heated to 150 °C or higher, here
shown for a three ply polyurethane sample heated to 200 °C. Observed wood failures
are highlighted as well as relative movement between lamellae as shown by shear shift

in speckle pattern.

rate and load applied (refer to Table 4.1 and Figure 4.9). As expected, it is observed
that, for the higher loading ratio of 50 % of the mean ambient temperature capacity,
runaway deflections and failure occur at lower temperatures than for the lower loading
ratio of 25 %. The differences between the failure temperatures for the two assessed
heating rates is less pronounced than the difference between the temperatures at failure
for the different load ratios. For the higher loading ratio the stroke rate increases until
failure occurs while the samples loaded to 25 % experience a reduction in the rate of
stroke after an initial increase. For the faster heating rates it can be observed that the
samples bonded with polyurethane adhesive tend to fail at lower temperatures than the
samples bonded with melamine formaldehyde (MF) adhesive. While this also seems
to apply to some individual samples subjected to slow heating, this effect cannot be
confirmed without a more thorough investigation of the failure loads and temperatures;

this is done in Subsection 4.3.5.

| Failure mode | The failure mode for the transient samples varied depending on

the heating and loading conditions. For samples that failed during the heating phase
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Figure 4.18. Mean and 95 % confidence interval of measured timber temperatures
from additional thermocouples 10 mm from specimen bottom (refer to Figure 4.10) for

fast and slow gas heating rates.

and before the sample dried out, the failure mode mostly occurred locally near the
bottom of the sample where moisture accumulated and softened the timber (due to
the tendency of cellulose to become more pliable with increasing water content of the
cell walls [40]), which led to crushing and subsequent propagation of failure along the
lamellae interfaces. This ’soggy bottom’ failure mode was confirmed by examination
of the sample immediately after termination of the experiments. An example of this
failure mode is shown in Figure 4.20 alongside the loaded sample before any heating
was applied. Samples which dried out before structural failure was observed and sub-
sqeuently failed in dry conditions showed the same typical failure modes as steady state

samples, as shown in Figure 4.17.

4.3.4 Additional experimental observations
4.3.4.1 Mass loss

The mass of all heated samples in this experimental series was measured before and
immediately after each experiment. The percentage of mass loss in terms of the final

weight was then calculated according to Equation 3.1, and is plotted against the mean
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Figure 4.19. Stroke deflection with temperature of transiently heated CLT samples

under constant load.
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‘Soggy bottom’
failure

Figure 4.20. Typical failure mode for transient samples with softening of fibres due to
moisture accumulation. Shrinkage cracks can be observed in the crosswise layers. Note

that blue chalk was used on these samples to increase contrast for image correlation.

timber temperature at failure in Figure 4.21, which also shows the expected mean mois-
ture content as described in Chapter 3. Because the mass loss percentage is calculated
based on the same principle as the moisture content (i.e. as a fraction of ’dried” mass)
the plot can be interpreted as the moisture content at the end of the experiment and
any values above the expected moisture content indicate mass loss beyond the evapo-
ration of moisture. It can be seen that the expected moisture content approximately
divides the mass loss into two regimes. An exponential increase in mass loss up to
100 °C followed by a linear increase in the mass loss with increasing temperatures for
samples heated to 150 °C or above. From this it can be postulated that mass loss up
to 100 °C is driven by the loss of moisture, and for samples heated above 100 °C the
expected moisture content mass loss is caused by pyrolysis in the timber, which can

therefore be considered to act in specimens heated to 150 °C or above.

4.3.4.2 Self-heating

At high experimental solid phase temperatures the measured temperatures at the cen-
tre of some the samples continued to rise beyond the set gas phase temperature and

continued to do so even as the oven was switched off and the samples were removed
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Figure 4.21. Mass loss of samples due to heating versus mean measured timber

temperatures.

from the environmental chamber. This is shown for experiment TX3PU_11 in Fig 4.22.
It can be seen that the internal temperatures in the timber keep rising above the set
gas temperature, indicating that self heating is occurring in the timber. This was also
confirmed from the observation of pyrolysis gases emerging from the specimen centre
after the sample was removed from the environmental chamber. The self heating of
timber that led to thermal runaway at its centre has previously been documented by
Cuzzillo [214], who observed self heating at oven temperatures of 200 °C for wood cubes
of 89 mm, hence the conditions observed herein can be viewed as equivalent or even
more favourable to induce thermal runaway. Babrauskas [215] previously also sum-
marised reports that indicated that self-ignition of timber can occur at temperatures
as low as 77 °C, although he also stated that these cases of relatively low temperatures
occurred under different thermal and chemical considerations than what was consid-
ered by Cuzzillo and that the time scales in this case would be months or even years.
While the occurrence of smouldering in timber is neither the focus of this study nor
for this thesis, this should be seen as a reminder that timber is not an inert material
and once heated to sufficiently internal temperatures pyrolysis and smouldering will
contribute additional heat energy to the timber, which poses additional challenges for

the structural integrity as well as for extinguishment.
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Figure 4.22. Temperature measurements for experiment TX3PU_11 (transient heat-

ing of 3-ply polyurethane bonded CLT) showing internal self heating.

4.3.5 Ultimate compressive strength

The effective ultimate compressive strength of samples is plotted against the solid phase
temperature for each adhesive type and number of lamellae in Figure 4.23. Note that
the temperature values for ambient experiments are jittered (i.e. shifted randomly)
by up to £ 5 K for visual clarity, but the nominal assumed temperature for these
experiments is 20 °C for all ambient temperatures. The temperature at failure is taken
as the mean temperature measured at the time of failure (i.e. peak strength) in the
region where failure was observed to initiate. The errorbars denote the minimum and
maximum measured temperature in the timber solid phase. As the temperatures are
plotted in absolute terms, it is not surprising to see increasing temperature variations
for increasing steady state temperatures and the largest temperature variations for
transient heating. Overall the errorbars are sufficiently small to justify the use and
distinction of mean temperatures from the thermocouples where failure was identified.
It can be seen that the increased strength of the five ply samples that was observed
for ambient reference experiments is also present for higher steady state temperatures,
however this lamination effect does not seem to influence the results from transient

heating.
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Figure 4.23. Measured ultimate effective compressive strengths for increasing tem-

peratures, arranged by adhesive and number of plies.

An improved comparison of the effect of heating on the axial compressive strength of
CLT can be made by normalising the results with respect to their ambient capacity. For
this, the mean ambient strength for each configuration (see Table 4.2 is calculated and
used to normalise all other data points in this configuration. The resulting normalised
compressive strength is plotted against the mean failure solid phase temperature in
Figure 4.24. Note that the error bars denoting temperature ranges are omitted for
clarity since they are not expected to change with normalisation and can be observed
in Figure 4.23. The commonly used reduction curve from EN 1995-1-2 (EC5) [145] for

strength of timber in compression is shown for comparison.

Multiple observations can be made from the normalised strength plot in Figure 4.24.
The steady state results are clustered relatively closely together and no obvious effect
of either glue or ply configuration can be seen to influence the strength with increasing
temperatures. It can be seen that the effect of temperature on the steady state results
is non linear and that an increase in normalised strength is observed for temperatures
above 100 °C. This can be attributed to the removal of moisture as steady state temper-
atures are approached within the sample and water is driven out of the cell walls. The

steady state results are in contrast to the transient results, which follow a significantly
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different path. At very high temperatures the transient results converge onto the same
path as the steady state specimens. This occurs for transient experiments with a low
load and a long heating duration, meaning that if the combined effects of moisture and
heat do not sufficiently weaken a transiently heated sample to the point of failure the

sample will dry out and effectively act as a steady state sample.
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Figure 4.24. Normalised ultimate effective compressive strengths with increasing

temperatures for both steady state and transient heating.

4.3.6 Elastic modulus

The absolute elastic moduli with increasing timber temperatures for the four configu-
rations tested are shown in Figure 4.25. Note that, due to the variation in temperature
in transiently heated samples it is not possible to obtain meaningful values for the
elastic modulus from transient heating experiments. For steady state samples tested at
elevated temperatures it can be seen that for samples bonded with melamine formalde-
hyde the values are somewhat erratic and it is difficult to identify a clear pattern with
heating. As for the ambient values, the specimens consisting of five plies have a higher
elastic modulus at elevated temperatures than those with three plies. For the speci-
mens bonded with the MF adhesive an initial reduction in elastic modulus is followed

by an increase above 100 °C, which is likely linked to the removal of moisture at these
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temperatures. This increase in elastic modulus with drying is not evident for the spec-
imens using the PU adhesive type as bonding agent, and also the initial decrease is not

as severe as for the MF bonded samples.
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Figure 4.25. Measured elastic modulus for increasing temperatures, arranged by

adhesive and number of plies.

The combined plot for the elastic moduli normalised against the configuration mean
for samples heated to steady state is shown in Figure 4.26. As could be expected from
the absolute values it is difficult to discern patterns from the data. The majority of
data points appear to follow a linear reduction that is less severe than the proposed
reduction in elastic modulus from EC5. This is not suprising since the recommended
reduction is based on transient heating to implicitly account for moisture movement

[108] whereas the assessed data herein is based on steady state heating.
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Figure 4.26. Normalised elastic modulus with increasing temperatures for steady

state heating.

4.4 Discussion of results

4.4.1 Effect of temperature on strength

Considering the combined results of the steady state and transient tests it becomes clear
that transient heating has a more detrimental apparent effect on the load carrying
capacity of timber than steady state heating. The major factor causing this is the
movement of moisture within the timber. It is known that an increase in moisture will
reduce the strength and stiffness of timber significantly, especially in combination with
heat [40, 170]. The following section investigates the effect of increasing temperatures
on the strength of timber with a special focus on the influence of adhesives and number
of lamellae for CLT.
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4.4.2 Statistical analysis of temperature effects
4.4.2.1 Multivariable regression analysis

Multivariable linear regression analysis can be used to investigate the changes in strength
retention (the normalised stress) with increasing temperatures, and to assess the va-
lidity of the resulting model in statistical terms. A first regression analysis can be
described by Equation 4.2. This formulation assesses the influence of temperature and
the effect of its possible interaction (denoted by ¢: ‘) with three other explanatory vari-
ables on the normalised compressive strength. The resulting adjusted R? value of this
model is 0.72 and the resulting statistical output is shown in Table 4.6. It can be seen
that there is a significant reduction in retention of compression strength with increasing
temperature, with a p-value of 1.6 %. It can also be seen that as temperature increases
there is a negative effect on strength retention if polyurethane is used as adhesive and
no effect if five instead of three layers are used, however, neither of these effects is
statistically significant, which is also highlighted by the relative sizes of the respective

standard errors for these two parameters.

Norm.Strength ~ T + T': Adhesive + T': Layers + T: Density (4.2)

Table 4.6. Multiple linear regression on all data
Estimate Std. Error t value Pr(>|t|)

(Intercept)  0.9568 0.0201  47.67  0.0000

T  -0.0041 0.0017  -245  0.0156
T:AdhesivePU  -0.0002 0.0002  -1.15  0.2533
T:Layers5  0.0000 0.0002 024  0.8078
T:Density  0.0000 0.0000  0.74  0.4608

The resulting linear reduction is shown in Figure 4.27. It can be seen that the con-
fidence interval for this fit is large and the fit is therefore not very useful to describe
the reduction in normalised strength with increasing temperatures. This also serves
as a reminder that a relatively high R? value and statistical significance cannot au-
tomatically denote a model as ‘good’. There are two problems with the fit shown in
Equation 4.2: (1) the fit uses all the available data, despite the fact that transient
and steady state results clearly differ in response as heating progresses, and (2) the fit
attempts to model the data through a linear regression when the data clearly shows

a multi linear pattern. Note that if the explanatory variables for adhesive and layers
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are omitted from Equation 4.2 then the confidence interval for the regression against
temperature shrinks significantly, however, there is not much information to be gained
from such a model beyond what is already known: that timber loses strength when
heated.

Instead of focusing on all the data, the reduction in strength can be better assessed if
steady state heated samples are separated from transient data points. Below 100 °C
the steady heated samples still contain moisture and these samples will therefore be
included in the transient data analysis that follows. Steady state samples heated to
100 °C or above will not be considered further for regression analysis as these conditions
are unlikely to occur in practice and the results are therefore of lesser interest than the
data points which capture the transient effects of moisture in the timber. While the
duration of heating for steady state samples heated to a target temperature of 50 °C will
differ from transiently heated samples they will still contain moisture (see Figure 4.21,
and will therefore to some extent capture the interaction of heat and water in timber

cells, and are therefore included in the following analysis.

There is not a wide range of suitable subroutines available for a bilinear regression fit.
Multiple linear regression splines (MARS) are overly complex where only one output
variable is fitted and the results are not readily open for interpretation. One alternative
option is the ‘segmented’ package [216] in R, however, from exploratory analysis of this
model, it appears to be more suited for models with multiple unknown breakpoints,

rather than one predetermined breakpoint.

4.4.2.2 Bilinear breakpoint assessment

For a bilinear model concerning the strength reduction with heat there are some limi-
tations that are not adequately captured by the regression approach presented above.
The reduction in strength should only onset above ambient temperatures (herein taken
as 20 °C) and at 300 °C the strength should be zero, since char is assumed to have
no mechanical strength. Shape Prescriptive Modelling [217] allows linear or higher or-
der fits over multiple predetermined segments and is therefore used in the following to
create bilinear fits for the compressive strength data. This is paired with a bootstrap
approach to determine the variance of the determined parameters. For a bootstrap the
same data is sampled with replacement in repeated calculation steps and for a sufficient
number of repetitions this allows for an estimation of the mean and confidence intervals

of the underlying population.
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Figure 4.27. Linear regression fit for normalised compressive strength data according

to Equation 4.2.

A bilinear fit for the available data is forced through break points at 20, 100, and
300 °C with retained strength fraction set to zero at 300 °C. The breakpoint at 100 °C
is determined for the four configuration variables in this study from repeated bootstrap
samples. A generalised flowchart of this procedure is shown in Figure 4.28. The
resulting histograms for the breakpoints, which denote the strength retention at 100 °C

are shown in Figure 4.29.

The resulting breakpoints are normally distributed and it can be seen that, a potentially
statistically significant difference exists between PU and MF samples. This can be
confirmed by assessing the difference between the two variables through subtraction of
the PU data from the MF data. This returns a range of values with a median of 0.087
and 95 % confidence bounds of 0.003 and 0.186. Since these bounds do not contain zero,
it can be stated with a 95 % confidence that a difference in strength retention between
polyurethane and melamine formaldehyde adhesives exists at 100 °C for the imposed
bilinear reduction. This assessment does not hold for the 99 % confidence interval. For
the number of layers of the CLT, five ply samples have a slightly reduced retention
factor, however the confidence for this difference reflecting the underlying population
data lies below 50 % and this is therefore more likely caused by random variation

betweens specimens rather than a systematic property of the underlying population.
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Figure 4.28. Flowchart detailing process for bootstrap distribution of size z.

The correlation matrix for the data in Figure 4.29 is shown in Table 4.7 and it can be
seen that no correlation exists between the variables and therefore that no compounding

interactions are expected between the data.

Table 4.7. Correlation matrix for breakpoint data.
MF PU Three Five

MF 1.00 -0.03 -0.00 0.01
PU -0.03 1.00 -0.00 -0.01
Three -0.00 -0.00 1.00 -0.02
Five 0.01 -0.01 -0.02 1.00

The determined reduction curves for the two adhesive formulations are plotted along-
side the data against temperature in Figure 4.30 with ambient temperature data points
jittered between 15 and 25 °C for visual reasons. As determined it can be observed that
the PU reduction leads to a lower strength retention at 100 °C with minimal overlap
of the confidence intervals. The reduction in strength retention as recommended in
Eurocode 5 [145] is plotted for comparison and it can be seen that it provides a lower
bound below the 2.5 % percentile for the PU samples.

It is not entirely clear why the adhesive should have a significant effect on the strength
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Figure 4.29. Histogram of strength retention factors at 100 °C (i.e. breakpoints)
determined from a 5000 sample bootstrap by a) Adhesive and b) No of lamellae in
CLT samples.

of heated CLT in this compressive experimental set-up. Past research [70, 174] has
identified that polyurethane adhesives often perform worse in terms of shear strength
and creep compared to melamine based adhesives. However, from a structural engi-
neering point of view, even if the bonding of the adhesive ceases to act completely, the
individual layers should continue to displace at the same rate, thereby maintaining the
same strain and stress, since the individual cross-sectional areas resisting the applied
forces do not change. The second moment of area, on the other hand, for a specimen
with no adhesion between lamellae left is significantly lower than for a fully bonded
sample, so the occurrence of small bending moments or buckling in the samples could
explain the failure at lower temperatures for PU samples compared to MF ones. Inter-
nal moments could be caused by non-uniform heating, as is the case for the transiently
heated samples, however, this does not explain why there is also a difference for the
steady state samples heated to approximately 50 °C. Another possible explanation,
independent of the occurrence of moments in the specimen, could be the loss or weak-

ening of the lamination effect, which is shown to significantly improve the strength for
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five plies at ambient capacity. There also remains a slight probability that the reduced
strength retention for polyurethane is driven by chance, especially when considering

that only a limited number of data points are available at each temperature.
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Figure 4.30. Reduction in retention factors with 95 % confidence intervals as shaded
areas for different adhesive formulations determined from multi-linear fits with fixed

boundary conditions at ambient temperature timber and fully charred conditions.

4.4.3 Effect of temperature on elastic modulus in compression

The normalised reduction of elastic modulus is shown in Figure 4.26. Due to the visible
large scatter of the results any advanced statistical analysis will be inherently flawed
and is therefore omitted herein. For the accurate determination of elastic modulus
a stiffer reaction frame is recommended to reduce the influence of movement of the

supporting structure thereby also inducing out of plane movements of the sample.

4.5 Conclusions

This chapter described the set-up, execution, results, and analysis of tests on 143 small

scale CLT samples that were subjected to different loading and heating conditions in
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axial compression. From ambient temperature reference experiments it was shown that
neither for compressive strength nor for compressive elastic modulus did significant
differences exist at ambient temperature between samples bonded with one of two
different adhesives types. For a difference in the number of lamellae used in the sample
it was found that samples made of five plies were able to sustain higher ultimate

compressive stresses before failure occurred.

For samples subjected to heating, either through steady state heating followed by load-
ing to failure or transient heating on samples subjected to constant load, a significant
difference was observed in the strength reduction between steady state and transient
heated experimental conditions. For the former, an initial reduction in strength was
followed by an increase for temperatures around 100 °C. No significant differences in
the reductions in strength or elastic moduli with increasing temperature were observed
for steady state heating. Samples that were heated transiently were observed to fail
at comparatively lower temperatures than steady state samples for samples loaded to
50 % of their ambient capacity, while the majority of lower loaded samples (load ratio
of 25 %) dried out and subsequently failed at temperatures in line with reductions
observed for steady state heated samples. This differing trend between transient and
steady state samples was attributed to the movement and accumulation of moisture
since the failure mode in transient samples was likely caused by the accumulation of

water at the edges of the sample, causing localised softening and failure.

A bilinear model with a predetermined breakpoint at 100 °C was fitted to transiently
heated samples as well as steady state sample with remaining moisture and a difference
in retention factor was found to lie in a 95 % confidence interval between the two as-
sessed adhesive formulations with polyurethane adhesive having a median breakpoint
of 0.09 lower than melamine formaldehyde adhesive samples. From the available ex-
perimental data, the underpinning mechanical forces causing this effect could not be
identified.

The currently recommended strength reduction curve from EN 1995 1-2 [145] was
observed to provide a conservative lower bound for most samples in this experimental
study and is therefore likely suitable for use on laminated timber systems subjected to

either transient or steady state heating conditions.

For the elastic modulus only samples heated to a steady state temperature were as-
sessed and a reduction with temperature was observed, although the wide scatter of the
data, which is in large parts attributed to noise induced, prevented meaningful deeper

analysis.
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The following chapter will aim to illuminate the effect of layers and adhesives at elevated
temperatures further through experiments in bending, with an explicit focus on shear

and shear deformations.
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CHAPTER 5

Effect of transient slow heating on

cross-laminated timber in flexure
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This section describes an experimental series performed on uniformly heated cross-
laminated timber (CLT) beams in bending in order to better describe and understand
the effects of shear between plies in CLT and its consequences both for the deflec-
tions induced by combined load and heat, and the load bearing capacity. Debonding
describes the loss of bond between two adjacent timber plies due to the combined in-
fluence of heat, shear forces and/or normal ‘peeling’ forces (see also Subsection 2.4.2).
This should not be confused with delamination or ‘loss of stickability” which describes
fall off of charred timber and therefore only has secondary (increased charring rate)

effects on the load bearing capacity.

5.1 Motivation

Due to the prevalence of fire resistance compliance testing trough standard time tem-
perature exposure in furnaces, there is little understanding on the occurrence and
consequence of debonding in laminated timber elements when shallow thermal gra-
dients lead to elevated glue line temperatures. Debonding will reduce the composite
action between adjacent timber plies and thereby reduce the effective stiffness and load
bearing capacity of the element. The experiments described herein imposed slow and
spatially uniform increases of the gas phase temperature surrounding the CLT beams
in order to induce heating of the timber with a relatively shallow thermal gradient at
temperatures less than those required for charring, and that minimise pyrolysis of the
timber so that the effects of elevated temperatures of the adhesives, as well as prolonged

heating of the timber, can be assessed.

This study is the first to look in detail at the structural consequences for CLT with
different adhesive types and ply depths at elevated temperatures. A detailed three step
experimental series helped to illuminate the roles that adhesives and their bond strength

play in the deflection of cross-laminated timber in bending at elevated temperature.

5.1.1 Experimental overview

The experimental matrix detailing the 25 experiments that are described and analysed
in this chapter is outlined in Table 5.1. As with the other experimental series described
in this thesis the specimens were grouped into samples by the different ply number
and by adhesive type used, as described in Chapter 3. In addition, the samples were

separated by the temperature exposure (either ambient reference or transiently heated)
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and the applied load level. The applied load levels are marked as high (H) for 50 %
applied mean failure load and low (L) for 30 % applied mean failure load. For the high
applied mean failure load the heating was applied until failure was observed, which
did not occur for all experiments from this series. Therefore, since failure would be
less likely to occur for the lower loaded samples, it was decided to heat for a fixed
time period of three hours, followed by a cooling phase of three hours for the low
loaded experiments. This was done to better understand the potential for recovery of

deflections in heated beams.

For each combination of loading, heating, and CLT configuration type two repeat
experiments were performed. An additional experiment was run for the heated 5PU
sample with high loads, as the initial two specimens for this sample showed a clear

deviation from one another.

Table 5.1. Experimental matrix for beam elements subjected to four point bending.

Heati Load Numb f
Adhesive Layers Temperature eating oa umber o

duration ratio® specimen
Group Name - - [°C] [h] (%] -
B3MF020 MF 3 20 - 0-100 2
B3PU020 PU 3 20 - 0-100 2
B5MF020 MF 5 20 - 0-100 2
B5PU020 PU 5 20 - 0-100 2
BTX3MF_H MF 3 150 to failure 50 2
BTX3PU_H PU 3 150 to failure 50 2
BTX5MF_H MF 5 150 to failure 50 2
BTX5PU_H PU 5 150 to failure 50 3
BTX3MF_L MF 3 150 3 30 2
BTX3PU_L PU 3 150 3 30 2
BTX5MF_L MF 5 150 3 30 2
BTX5PU_L PU 5 150 3 30 2

aSamples at ambient temperatures are subjected to load increases until failure is observed.
For heated samples a proportion of the mean failure load at ambient temperatures is applied.
5.2 Ambient reference experiments

To assess the effects of elevated temperatures on the bending behaviour of CLT beams,

it is first necessary to characterise this behaviour at ambient temperature for the CLT
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configurations in this study, and thereby to generate baseline data. This section de-
scribes four point bending experiments performed on eight CLT beams (two repeats
for each configuration) at ambient temperature and presents and analyses the obtained

results.

5.2.1 Experimental set-up

Four point crosshead stroke controlled loading was applied to CLT beams with di-
mensions of 3000, 300 and, 100 mm of length, width, and thickness respectively until
failure was observed. The free span of the beams was 2700 mm and the constant mo-
ment section at the longitudinal centre of the beam was chosen as 500 mm. Note that
this constituted a relatively small section of constant moment in the midspan region
relative to the free span. This was chosen to favour a bending failure mode by tensile
rupture rather than rolling shear failure in the shear region at ambient temperature. A
drawing of the plan and elevation views of the beams is shown in Figure 5.1. The con-
nections were designed to act as pinned connections at all contact points; these consist
of steel rollers contacting steel plates, and the stroke was imposed via a 250 kN Instron

servo hydraulic actuator [218] with a set crosshead deflection rate of 2 mm/min.

5.2.1.1 Instrumentation

The imposed crosshead stroke displacements were logged through the Instron system.
A built in load cell was used to determine the applied load at each stroke increment.
A linear potentiometer (LP) was placed at midspan to record vertical deflections. At
midspan and near the support a speckle pattern was added to the side of the beams to
enable digital image correlation (DIC) [209] to be performed based on images recorded
by two cameras at five second picture intervals of both the midspan section and the
vicinity near the support; this allowed for complementary deflection measurements and
was also used to monitor the strain states on the side surface of the timber. For the
first beam the DIC tracking pattern was applied with blue chalk, since this had previ-
ously provided satisfactory correlation to track pixel clusters in small scale compression
elements without obscuring details of the timber surface. However, due to vibrations in
the beam during testing, the chalk was observed to fall off the timber, thereby making
tracking after either local or global failure less reliable; for all subsequent beams in this
series the speckle pattern was therefore applied as white (eggshell) paint speckles on a

matt black spray paint substrate.
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BS EN 10219-2 200x200x10 BSI 305x89x42

Figure 5.1. Elevation and plan view of the experimental set-up for ambient CLT

beams in four point bending.

5.2.2 Experimental results
5.2.2.1 Load — deflection curves

The load applied to the eight tested CLT beams is plotted against the midspan deflec-
tion obtained from DIC data in Figure 5.2. The deflection data from DIC was chosen
as it did not run out of travel, which was observed for some of the LP data at large
deflections. For all beams a similar behaviour can be observed: an initial linear elastic
loading response is followed by slight non-linearity, likely caused by plasticity of the
compression zone (Tiemann [40] previously related the elastic limit to the compression

stress), and a sudden drop in load due to brittle failure. Most of the curves follow a
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near identical initial load deflection path, however, for each of the ply numbers, one of
the specimens displays a significant lower elastic stiffness than the other three; no ob-
vious explanations for these reduced stiffness values could be made, other than timber

being a variable material.

Since, for the three ply samples more timber was placed with fibre direction orientated
parallel to the main stress direction these samples were able to sustain higher loads
before failure. One interesting point of note can be observed for Specimen 1 for the
five ply melamine formaldehyde configuration (5MF _01). The load drops at a deflection
of around 40 mm before resuming to increase and reaching its ultimate load. This
can be attributed to the fact that the strength and stiffness of the individual boards,
even though they are attributed to the same strength class, are random variables. If
an individual board fails the overall load carrying capacity reduces but load can be

redistributed across different boards and different layers.
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Figure 5.2. Load response of CLT beams with increasing midspan deflections for a)

three ply and b) five ply configurations.

5.2.2.2 Mechanical properties

The modulus of rupture (MoR) can be computed according to Equation 5.1 which
results in a comparable measure of bending resistance by accounting for the different
lamellae layup of the three and five ply beams through calculation of the second moment

of area (I). It should be noted that MoR is a simplification of the actual stresses in
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timber beams at failure, since the stress distribution will be influenced by plasticity
in the compression zone, which are assumed to be equal to the ultimate linear elastic

stress at failure in the tension zone.

oy, = My/I (5.1)

The elastic modulus can be calculated from the measured midspan deflections as shown
in Equation 5.2, where m is the load deflection slope, [ is the span of the beam between
the supports, a is the distance between the supports and the load points and I is the
effective second moment of area. The elastic modulus is calculated between 20 and
50 % of the peak load.

E=m- E“I - (312 — 4a?) (5.2)
The modulus of rupture and the elastic moduli for the ambient beam samples are
shown in Figure 5.3, grouped by adhesive and ply number with underlying calculations
based on assumption of an effective cross-section (see Subsection 2.2.1). For the MoR
values it can be seen that the medians between different adhesives and different ply
configurations do not differ by much and that the difference observed is likely due to
natural variability of the timber. This can be confirmed numerically by performing an
analysis of variance (ANOVA), the results of which are shown in Table 5.2. It can be
seen that, for the MoR, the null theory is not rejected for either adhesives or layers,
meaning that no difference in the underlying populations should be expected between
these parameters. From Figure 5.3 a) it can also be seen that the variability of the
MoR for MF samples seems to be smaller than those for PU samples; from the limited
sample size no obvious reason for this increased variability can be identified and it

could simply be coincidental.

For the elastic modulus in Figure 5.3 b) no significant difference can be discerned
between median values for the adhesive types and this is confirmed by Table 5.2,
however, a statistically significant difference (at the 5%ile significance level) in elastic
modulus can be observed between three and five ply sample groups. This does not
necessarily reflect the material properties of the timber but rather the experimental
conditions. For the three ply sample the effective length to depth ratio is smaller and the
cross-layer in the centre is subjected to higher shear stresses, hence it is reasonable to
expect that the shear deflections and therefore the overall deflections are larger for these

beams. For this analysis it should be remembered that each group in Figure 5.3 consists
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of four specimen only and the statistical power is low, i.e. there is chance for type II
errors to occur. For comparison, to determine a large effect size (according to Cohen) for
ANOVA with a target power of 0.8 and a targeted significance level of 0.05 the sample
size is recommended as 26 samples per group, i.e. 52 experiments would be required to
reach a power of 0.8, which is not feasible for ambient reference experiments of this scale.
The presented p-values should therefore be considered with the appropriate scepticism
in light of the relatively small sample size. The quantification of the p-values still offers
valuable insights, especially when considering the relative magnitude between them,
indicating that adhesives do not significantly influence the ambient behaviour and that
the effective elastic modulus is affected positively by an increase in layers, with a 31 %
increase in median elastic modulus measured for five compared to three layers. Both of

these effects can also be expected based on consideration of the underlying mechanics.
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Figure 5.3. Box plot comparison of a) modulus of rupture (MoR) and b) elastic

modulus (E) for different sample configurations of CLT beams

Table 5.2. ANOVA p-values summary for beams at ambient temperature.
Adhesives Layers

Modulus of rupture 0.68 0.73
Elastic modulus 0.74 0.03
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5.2.2.3 Bending strains

Digital image correlation at midspan can be used to determine the longitudinal strain
that was induced with increasing curvatures from bending. This is shown in Figure 5.4
with the computed strains superimposed on the surface of a specimen. In addition
the longitudinal strain distribution is plotted along the distance from the neutral axis
at midspan in Figure 5.5. It can be seen that the strains follow a linear gradient,
increasing towards to extreme fibres of the beams, with a neutral axis of zero strain
near centre. This shows that ‘plane section remain plane’ and that beam theory can
be supposed to apply to CLT in bending where no excessive shear strains act. It can be
noted that the tension (positive) strains in Figure 5.5 reach higher magnitudes than the
compressive strains; this is caused by an apparent shift in the neutral axis away from
the geometrical centre of the beam, which can be seen in Figure 5.4 to appear closer
to the top compressive edge than the bottom tension edge of the beam. The exact
cause for this is not clear, it could be due to an uneven distribution of the mechanical
properties of the boards, since boards should adhere to the same strength grade but

will naturally show some deviation within this grade.
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Figure 5.4. Longitudinal strains at midspan at 50 % of ultimate load for CLT bonded

with melamine formaldehyde adhesive type and five plies.
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midspan for strain distribution shown in Figure 5.4.
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5.2.2.4 Shear strains

From the DIC measurements shear strains were calculated via linear strain triangles
that are fitted between the pixel clusters in each image (refer to Section A.2 for a more
detailed description). The absolute shear strains with increasing load for a three and
five ply beam are plotted in Figure 5.8a and Figure 5.8b, respectively. For both beams
the shear strains can be observed to increase as the load and the midspan deflections
increase. It can also be observed that the shear strains were concentrated in the plies

that are orientated perpendicular to the main loading direction, as expected.

It should be noted that, while these shear strain surface plots are a useful qualitative
tool, they can be difficult to interpret quantitatively because the data is spread over a
large number of points, and it is difficult to summarise these area measurements into
spot measurements; an attempt to quantify these values against the theoretical shear

strain distribution in the CLT cross-sections is described below.

The shear strains in Figure 5.8 can be compared with the theoretical shear distributions
that arise in CLT cross-sections where shear acts. Figure 5.6 a) and b) show the
shear stresses at ultimate load for the three ply beam in Figure 5.8a and the five
ply beam in Figure 5.8b respectively; the shear stresses are calculated in accordance
with Equation 5.3, where V is the applied shear force, A* is the area above or below
the cross-section depth where shear strain is evaluated, 7 is the distance between the
centroid of A* and the effective cross-section centroid, b is the width of the beam and
I, is the effective cross-section second moment of area. From the shear stresses the
shear strains can be calculated through Equation 5.4, where 7 is the shear stress and
G is the shear modulus, which varies between parallel and cross-wise orientated plies.
For the parallel plies a shear modulus of 690 MPA [96] is assumed and the rolling
shear modulus of the cross-wise boards is taken as 100 MPa [95]. The coefficient of
variation is assumed as 0.13 for the lognormal distributions of both the elastic modulus,
and the shear moduli, and they are assumed correlated by a factor of 0.6 [201]. The
resulting shear strain distributions are shown alongside the DIC results in Figure 5.7
and agree well with the pattern of high shear strains in the cross layers that can be
seen in Figure 5.8. The respective magnitudes of the theoretical shear strains also seem
to provide reasonable agreement with those measured by the DIC. Both the three and
five ply theoretical shear strains appear to underestimate the measured shear strains.
The theoretical shear strains are of course subject to uncertainty, as the real shear
modulus is not known for these specimens. In reality the properties will also vary

between different boards, introducing local strain discontinuities at the bond lines.
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5.2.2.5 Failure modes

The majority of beams failed due to rupture of one or two boards on the tension
side, and a typical failure mode is shown in Figure 5.9; this tensile rupture was often
accompanied by rolling shear failures propagating from the tensile rupture into the
shear spans. For some samples compression failure was observed after the experiment
in the fibres on the compression side, and this explains the plastic load deflection
behaviour that can be observed in Figure 5.2, as the ultimate load is approached.
However the ultimate cause of failure (denoted by a steep drop in load) was still a
tensile rupture of timber in the layers on the tension side. The plastic deformation
of timber in the form of buckled wood fibres on the compressive side is shown in
Figure 5.10. One sample failed in shear and the shear crack was observed to propagate

along a glue line across the shear span of the beam.

5.2.3 Discussion of results

The mean ultimate loads of the CLT beams at ambient temperature for the four point
bending experiments described were measured as 26.3 and 34.3 kN, with standard de-
viations of 6.3 and 5.2 kN, for five and three ply beams respectively. No significant dif-
ference was observed between the two adhesive types; therefore these loads can be used
to determine applied loads for beams subjected to heating, i.e. the loads applied to the

heated beam experiments are distinguished by ply number, but not by adhesive type.

The shear strains shown in Figure 5.8 were concentrated in the crosswise plies of the
CLT beams. This is to be expected, as the rolling shear modulus, or G-modulus of the
crosswise plies, is generally assumed to be significantly (between 7 to 14 times [95, 96])
lower than the G-modulus of timber in the parallel direction. It can also be observed
that the shear strains in the beam consistent of three plies are up to three times higher
than the strains in the five ply sample. The three ply beams have a crosswise layer at

their centre and it is therefore unsurprising to see the shear strains there to be larger
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Figure 5.8. Absolute shear strains v at 50%, 80% and 100% of ultimate load near
support for CLT with polyurethane and a) three plies and b) five plies.
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Figure 5.9. Typical failure mode in bending, here shown for a five ply polyurethane

sample, with rupture of fibres in tension, followed by a propagation of shear failure

along glue lines and rolling shear in cross layers.

Figure 5.10. Compressive yielding indicated by buckled fibres on compressive (top

surface) of a three ply melamine formaldehyde sample.
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than for the five ply, as beam theory suggests that shear stresses are largest at the centre
of a cross-section. This also explains why the three ply samples experience higher shear

deflections and therefore a reduced effective elastic modulus (see Figure 5.3).

5.3 Heated beam experiments

This section describes the experimental configuration used for elevated temperature
experiments on 17 CLT beams with the same dimensions and loading conditions as
the ambient temperature reference experiments presented in the previous section. The
experimental set-up for simultaneous heating and loading, and the installed instru-
mentation, is explained, followed by a description of the experimental outcomes, which
encompass measured temperatures, deflections, shear strains, and experimental obser-

vations.

5.3.1 Experimental set-up

CLT beams with dimensions of 3000, 300 and 100 mm of length, width and thick-
ness respectively were placed in a custom thermal chamber, loaded to a proportion of
their expected ambient failure load and subsequently heated either to failure or for a
predetermined time period with a subsequent cooling phase; this was done in order
to instigate shear between the lamellae, and to observe the flexural consequences of
slow uniform transient heating of the timber. Part of the beam was observed through
a large glazed viewport, allowing digital image correlation analysis to be undertaken
to monitor the deformation of adjacent plies, and to measure shear strains near the

supports. An annotated photo of the experimental set-up is shown in Figure 5.11.

5.3.1.1 Heating chamber

The main piece of equipment used for the experiments described in this section was a
bespoke heating chamber that was built around a large reaction beam to expose con-
struction elements with lengths of up to 3000 mm to elevated gas phase temperatures.
Drawings of this set-up are given in Figure 5.12. The heating chamber was previously
constructed to both cure and assess the bond strength of carbon fibre polymers used as
strengtheners for steel beams [219] and was refurbished for the experiments described

herein. It was fitted with two heaters at each end which were placed in line with a
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Figure 5.11. Annotated experimental set-up of heating chamber.

closed circulation system that was driven by an external fan. The heaters were con-
trolled by a PID temperature control system connected to a resistance thermometer
(RTD), which provided temperature readings at mid height above the specimens in
the centre of the chamber, thereby controlling the gas phase temperature within the
chamber. The chamber boundaries were constructed from plywood, followed by a layer
of PIR insulation and one layer of gypsum board. At one end, two view ports were
fitted consisting of two panels of glass each (i.e. providing a form of ‘double glazing’).
The chamber was built around a reaction beam, which was part of an Avery loading
set-up that also encompasses a large reaction frame and a hydraulically driven floor
plate. The pinned supports of the reaction beam were exposed within the chamber.
The box was opened or closed via four ceiling panels constructed in the same way as
its walls and floor. The panels contained small holes through which instrumentation
and loading can be applied. Holes that were not used for instrumentation were closed

using mineral wool insulation.

5.3.1.2 Loading

The beams were loaded at two load points, 250 mm from midspan, in four point bend-

ing using the same spreader beam as the ambient reference experiments shown in
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Figure 5.1. The load was applied via a hydraulic jack that was fitted within a slot in
the 1000 kN Avery load frame. The reach of the hydraulic jack was elongated using
a bespoke extension rod that was threaded into the cylinder of the jack. This loading
arrangement ensured that loads could be applied to the beams whilst the cylinder of
the jack remained outside the heating chamber and not exposed to direct heating. The
hydraulic jack was driven by an electric hydraulic power pack which was ramped up to
a target pressure that was subsequently held constant during heating (and cooling); as
a consequence, when the beam deflected, additional hydraulic fluid was pumped into
the cylinder to maintain the pressure. Similarly, pressure was reduced when additional
loads increased, either due to strength recovery of the timber in cooling or due to ther-
mal expansion of the loading rod. In addition to the pressure regulation the pump was
also fitted with a pressure relief valve, which was set to a maximum pressure, thereby
guaranteeing that a set maximum pressure, and hence applied load, could not be ex-
ceeded. The application of the load followed a target loading rate of 3 kN/min, which
was achieved through alignment of pressure increases with readings from the connected

pressure transducer.

Two sets of experiments were run. One with a high loading ratio of 50 % of the mean
ambient ultimate load capacity and one with a lower load ratio of 30 % of the mean
ambient load bearing capacity. For the 50 % loaded samples the experiments were run
until structural failure was observed or until the hydraulic jack exceeded its maximum
travel distance due to excessive deflections. For the 30 % load ratio, the samples were
heated for three hours and then subsequently cooled for three hours in order to gain

insights into the recovery of deflections in the beams as they cooled.

5.3.1.3 Thermocouple placement

Both gas and solid phase temperatures were read throughout the experiment at multiple
locations. For gas phase measurements fibreglass sheathed K-type thermocouples (TCs)
were placed at multiple heights at the longitudinal centre of the box. In addition one of
these gas phase thermocouples was placed around 100 mm above the beam at either of
its ends to determine the longitudinal distribution of the gas phase temperatures in the
box. For the solid phase measurements, inconel sheathed 1.5 mm K-type thermocouples
were placed at the longitudinal centre at a depth of 50 mm and spaced at 75 mm along
the width of the sample. At the end of the beam close to the view port thermocouples
were placed at varying depths from the surface (17, 33 and 50 mm) 200 mm from the

longitudinal the beam edge, spaced 15 mm longitudinally along the centre line. The
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positioning of the drilled holes for the TC placements both at midspan and near the

support are shown in Figure 5.13.

5.3.1.4 Displacement measurements

The displacements at midspan were measured using a string pot gauge that was ex-
tended into the heating chamber using Invar wire, an alloy with a very low thermal
expansion coefficient of approximately 1.2- 107K ~!, thereby minimising the influence
of thermal expansion of the wire on the deflection measurements; This low thermal ex-
pansion coefficient meant that the estimated maximum thermal expansion of the Invar
in the chamber was 0.1 mm, and thermal expansion was therefore ignored in any of
the following measurements and their analysis. The string pot itself was mounted on a
piece of timber that was fastened on top of the lid of the heating chamber and a pulley
over a small hole (refer to Figure 5.11) was used to ensure that the Invar was guided
vertically onto the beam and that it could run freely. As a backup measurement an

additional string pot gauge was attached to one end of the spreader beam.

Two cameras (one on either side of the heating chamber) were placed next to the view
ports to take pictures during the loading and heating phase in order to utilise DIC to

investigate strains near one support.

5.3.1.5 Heating regime

For both sets of experiments (i.e. high load and low load) the PID, which controlled
the heaters on both sides of the chamber, was set to 150 °C with no ramp specified.
No ramp was chosen because the large thermal mass of the beam was a limiting factor
in heating up the chamber and the beam and the temperature ramp was therefore as
fast as possible. Example gas temperature development is shown in Figure 5.14 for
two experiments, a) one with a load ratio of 50 % and b) for a load ratio of 30 %
with a cooling phase. Curves labelled C' denote gas phase temperatures at the centre
of the heating chamber at corresponding heights in cm from the base of the heating
chamber. In addition the temperatures for the gas phase above the beam at the view
port end and at the inlet end are shown. It can be seen that a difference in temperature
exists with height for the centre temperatures, with the highest temperatures closest
to the top of the box. These vertical temperature differences are small enough to be
negligible and it can therefore be assumed that the thermal boundary conditions of

the beams do not differ much as far as their top and bottom faces are concerned. The
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Figure 5.13. Drawing of solid phase thermocouple hole position, depth and bore

diameters along heated beam experiments.

temperatures near the inlet of air closely followed the centre temperatures and it can
therefore be assumed that the halves of the beams that were facing the inlet were
subjected to similar thermal conditions than the midspan regions. It is obvious that
this assumption does not hold for the sides of the beams that were facing the view
port. The gas temperatures for this region were significantly lower than the other gas
temperatures. There was no certain explanation for this; one option could be heat
losses through the view ports, as they are less insulated than the rest of the box and
heat losses occurred there, however, since the air is mixed, these heat losses should (in
theory) be distributed through the chamber. The gas temperatures at this section also
appeared more erratic, hinting at different mixing conditions of the gas phase. As the
centre gas phase temperatures reached 150 °C it can be seen in Figure 5.14 that they
became slightly more erratic, which is due to the PID control turning the heaters on

and off, as required to hold the temperature at a quasi steady state.
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Figure 5.14. Gas temperature development at multiple positions in the heating cham-
ber for a) an experiment loaded to failure and b) an experiment with low applied load

and a fixed heating and cooling time.

5.3.2 Experimental results
5.3.2.1 Heating of timber

The mean of the measured timber temperatures for each thermocouple for the exper-
iments loaded to 50 % until failure are displayed alongside one standard deviation in
Figure 5.15. As would be expected, considering the gas temperatures in Figure 5.14,
the timber near the support heated up more slowly than timber at midspan, the extent
of which can be seen by comparing the temperatures at 50 mm between Figure 5.15 a)
and b). The deviation in temperatures between experiments was larger for temperature
measurements near the instrumented support, however, overall the deviations are not
large. Small jumps in the temperature development can be seen for the measurements
near the support. These arose when individual beams failed and the experiments ended,

thereby causing a shift in the calculated mean temperatures.

For the experiments loaded to 30 % of the ambient temperature capacity the temper-
ature increase in the timber above ambient temperatures are shown in Figure 5.16 for
the heating and cooling phases of three hours each. Similarly to the high load experi-
ments the increases in timber temperatures at the instrumented support was less than

at midspan, due to either suspected heat losses through the view ports or uneven gas
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mixing conditions. As would be expected the temperatures closer to the surface of the
timber increased more rapidly in the heating phase and cooled down more rapidly in
the cooling phase. It can also be observed that the variation in temperatures for the
heating and cooling phase near the support was less across experiments, as compared
to the highly loaded experiments, especially for the thermocouple at 50 mm depth.
The reasons for this difference in variation are not clear. One potential explanation
could be that for the high loads the deflections were larger and that this influenced and

coincided with variable mixing conditions in the chamber, however, this is conjecture.

5.3.2.2 Applied loads

The pressures applied to the hydraulic jack by the hydraulic power pack were mea-
sured throughout each experiment by a pressure transducer, and this pressure was
then translated in combination with the cross-sectional area of the hydraulic jack into
the load applied to the beams. The applied loads are shown in Figure 5.17 as smoothed
lines + one standard deviation of the load magnitude throughout the experiments. It
can be seen that the applied loads were consistent between the different ply numbers
and targeted load levels. Cyclic variation in the loads arose from the weakening of
the beams and therefore a drop in the applied pressure until a minimum set pressure
was reached and the pump again increased the pressure to the set maximum. From
the magnitude of the standard deviations it can be seen that the cyclic load variations
were within reasonable bounds considering the applied load levels. For one 5PU speci-
men under a constant high load, a decrease in load can be observed for the first eighty
minutes; this can be attributed to the pump not reaching its minimum set pressure
and the automatic pressure regulation was therefore not activated for that time period.
This error was rectified when it was noticed, which brought the applied loads to com-
parable levels for the remainder of that experiment. For the five ply samples at the
lower load ratio an increase in the mean applied loads can be observed after around
120 minutes of heating. This is caused by a stabilisation of the applied pressure that,
for the remainder of the experiment remained close to the set upper limit without any
cyclic reduction in pressure, thereby causing a slightly increased average applied load.
While this should not unduly influence the overall results, it is not exactly clear what
is causing this phenomenon as it occurs about an hour before the heating is switched
off and only occurs for five ply samples subjected to a low load ratio and none of the

other sample configurations.
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Figure 5.15. Mean and one standard deviation of solid phase temperature increase

above ambient for samples loaded to 50 % of ambient capacity for a) temperatures

above the support at different depths and b) temperatures at midspan at 50 mm depth
through the width of the beam.
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temperature capacity.

5.3.2.3 Deflection curves

The measured midspan deflections in the heating chamber for samples loaded to 50 %
of the mean ambient capacity are shown in Figure 5.18 versus the time from the start of
heating and versus the temperature at the centre of the beam at midspan in Figure 5.19.
For all specimens it can be observed that heating caused the beams to deflect. For some
of the specimen sudden increases in deflection can be observed, highlighting local timber
failures. While these failures increased the deflections the load bearing capacity was
maintained and deflection continued to increase at a seemingly steady pace until a total
loss of the load bearing capacity led to runaway deflections. Note that two specimens
(one 3MF and one 5MF) did not exhibit any failure in the observed experimental
duration and had to be terminated as the experiments could only be run during official
lab opening times and were therefore subject to a time limit. One of the 5PU specimens
could be observed to deflect at the highest rate and failed earliest; this sample was
observed to contain visible material defects (timber missing in a finger joint on the
compressive surface) before the experiment and its behaviour was therefore unlikely to

be representative of intact specimen of this configuration group. An additional repeat
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was run for this configuration and did not exhibit this early onset of failure. The defect
5PU specimen will not be included in any analysis or commentary in the following

sections.

The highest deflection rates and earliest failures can be observed for the two three ply
CLT specimens that utilised polyurethane as adhesive. All other specimens initially
followed similar deflection paths before they were distinguishable by the occurrence of

localised material failures.

The midspan deflections plotted against time and against temperature for the beams
loaded to lower load ratios and subjected to a three hour heating followed by a three
hour cooling phase are shown in Figure 5.20 and Figure 5.21, respectively. The de-
flection paths for each of the repeat experiments for the four configurations closely
follow each other; and the different configurations appear grouped by adhesive type
and ply number. Apart from one of the 3PU specimen, which failed a few minutes
before the cooling phase was instigated, none of the other specimens experienced struc-
tural failure and deflections remained constant as the temperature was reduced. For
all specimens a sudden increase in midspan deflections was measured at the onset of
the cooling phase. This was likely caused by the sudden inflow of ambient temperature
air into the thermal chamber and resulting rapid cooling of the compression surface of
the timber; the deflections caused by this are negligible in the context of the overall

measured deflections

5.3.2.4 Shear strains

As for the ambient temperature reference experiments, the shear strains on the surfaces
of the beams near the support were measured using DIC. The obtained absolute shear
strains near the support of beams subjected to the lower constant load level of 30 % of
the mean ambient structural capacity are shown in figures 5.22 and 5.23 for three and
five ply CLT respectively. For each number of plies the shear strains are shown for CLT
bonded both with a) polyurethane adhesive and b) melamine formaldehyde adhesive
types. It can be seen that the shear strain distributions are not as clear as those for
ambient temperature tests in Figure 5.8; this can be attributed to a multitude of effects:
(1) the heated experiments were of longer duration, so changing light conditions have
a larger effect, (2) the images were taken through the glazed view ports, which showed
reflections and accumulations of dust, and (3) the timber did not only deform physically
but also changed its colour and moisture content, which led to water drips and later

drying cracks on the surface of the timber. All of these effects are challenging for the
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Figure 5.18. Midspan deflections against heating time for CLT beams loaded to 50 %

of their ambient temperature capacity.
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beams loaded to 50 % of their ambient temperature capacity.
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DIC strain calculations as they show change in the taken photographs that are not

actually strain related.

For all specimens a similar pattern to the ambient shear strains can be observed, with
crosswise orientated layers clearly marked out by higher strains. It should be noted
that the maximum shear strains on the colorbars have been increased to 0.025 for the
heated beams compared to 0.015 for the ambient temperature cases in Figure 5.8. This
was necessary to capture the distribution of the higher shear strains for the heated

beams properly.

It can be observed that for both the three and the five ply CLT samples the specimens
bonded with the PU adhesive type experienced larger shear strains. This is to be
expected, since these samples also experience higher deflections with increasing heating
(see Figure 5.20). On closer inspection it can also be observed that for the PU bonded
specimens the shear strains were more concentrated in specific locations. While rolling
shear strains still occurred in the crosswise layers these shear strain concentrations

appeared more prominently around the adhesive line.
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Figure 5.22. Absolute shear strains v near support at midspan centre temperatures
of 25, 50, and 80 °C for three ply CLT with a) polyurethane (PU) and b) melamine
formaldehyde (MF) adhesive type.
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Figure 5.23. Absolute shear strains v near support at midspan centre temperatures
of 25, 50, and 80 °C for five ply CLT with a) polyurethane (PU) and b) melamine
formaldehyde (MF) adhesive type.
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5.3.2.5 Failure modes

The heating chamber required high thermal insulation to sufficiently heat the CLT
samples; therefore it did not allow for visual observation of ongoing experiments, other
than through the view ports near one of the supports. Therefore the determination of
local and/or ultimate timber failure could only be approximated from sounds from the
chamber (which were also diminished due to the high insulation), from observations of

the failed samples, or from the deflection measurements.

Inspection of samples after the experiments and their removal from the box showed
bending failures due to tensile rupture for most of the specimens near their midspan.
These tensile ruptures either occurred in knots or other defects, or in finger joints (as
shown in Figure 5.24). These failures were, in some instances, accompanied by debond-
ing failures propagating along the failure cracks and causing rolling shear failures of
the crosswise layers. It cannot be determined with 100 % certainty which failure mode
was the original failure mode; however, since these bending failures occur mostly at
midspan, (where shear forces are expected to be zero), the bending failures were more
likely to be the cause of failure for the beams and the shear failures were further con-
sequences from the bending failures. Independently of the respective material failures,
debonding was observed after the experiments at ply interfaces; an example of this is
shown in Figure 5.25. This was observed to occur for both adhesive types and ply

configurations.

For the samples loaded to 30 % of the mean ambient temperature ultimate capacity
structural failure (denoted by a drop in load and run away deflections) occurred only
for one specimen. All other beams deflected but continued to carry load throughout the
cooling phase. The only visible ‘damage’ to these samples was a permanent curvature.
The one sample that did fail structurally (BTX3PU_L_02), failed due to tensile rupture

accompanied by rolling shear, similar to the samples loaded to 50 %.
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Figure 5.24. Combined timber and adhesive failure in a finger joint for a five ply

polyurethane sample.

Debonding
propagation

Figure 5.25. Debonding between lamellae observed after heating for a three ply
polyurethane sample subjected to 50 % load.
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5.4 Discussion of results

5.4.1 Influence of glue and lamination configuration set-up on bend-
ing stiffness and flexural capacity at elevated temperatures

From the results in figures 5.18 and 5.20 it is clear that a difference in deflection
rates with increasing temperatures exists between the assessed configurations. Samples
bonded with polyurethane adhesive type consistently perform worse when heated than
their respective melamine formaldehyde counterparts. Since this effect was not evident
for the ambient reference samples, it is very likely that the effect of heat on the adhesion
between plies contributed to the deflections, potentially due to a reduction in composite

action between plies.

For the samples with low load ratio the measured deflections are distinguishable by the
configuration groups, but for the highly loaded experiments this distinction is harder
to make (apart from the 3PU specimens). This can be explained by the fact that, at
50 % load, small defects in the timber were more likely to cause material failure as the
timber was weakened by increasing temperatures, while for the 30 % loaded samples no
material failure occurred and the response was therefore not influenced by local timber
defects and this allows a better focus on the driving mechanisms. From a design point
of view this might be interpreted to the extent that the different configurations are
of less relevance to the load bearing capacity in heating as indicated by Figure 5.20
as material failures and accompanying collapse are more important in fire cases than
accelerated deflection rates [83]. However, for some loading scenarios an increase in
deflections will also ultimately cause earlier failures due to the creation of additional
stresses from P-Delta effects. This is further investigated in Chapter 6 where CLT wall
elements are exposed to heating from one side and the lateral deflections ultimately

lead to earlier failure for samples with a higher deflection rate.

The deviation in deflection between the different sample groups are larger than the
deviations amongst specimen of the same configuration. This means that the observed
differences are systematic and that the observed deflections are dependent on the adhe-
sive and lamellae configuration. A clear hierarchy of performance (with the assumption
that less deflection indicates a better performance) upon heating can be identified in
Figure 5.21 for the configuration groups. This is summarised in Figure 5.26, which
shows the heat induced deflections in beams subjected to the lower load level after
180 minutes of heating. The 3PU specimen that failed structurally is not included in

this comparison, as it failed before 180 minutes of experimental duration. The clear
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difference in flexural behaviour between the adhesive types can be observed with a
40.6 % reduction in mean deflections for MF bonded specimens compared to those
bonded with PU. For the layers the difference between mean deflections was 15.0 %;
this suggests that these heat induced deflections were mainly driven by the adhesive
type. The ANOVA p-values in Table 5.3 show that both the effect of the adhesive type
and of the number of layers can be considered statistically significant. In summary it
can be said that the configurations bonded with MF perform better than the ones with

PU and specimen with five plies perform better than three ply ones, in this order.
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Figure 5.26. Boxplot comparison of midspan deflections after 180 minutes for beams

subjected to 30 % of their expected ambient load bearing capacity.

Table 5.3. ANOVA p-values summary for influence of adhesives and ply numbers on

fraction of deflection after 180 minutes of heating for beams subejcted to low load level.

Adhesives Layers
Pr(>F) 2.41E-04 5.48E-03

5.4.2 Occurrence of debonding

Debonding between adjacent lamellae (for which grain angles vary by 90 ° in this CLT)

was observed in beams after the experiments were terminated for both adhesive types.
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This separation of adhered timber surfaces along bond lines can be caused by either
weakening of the adhesion due to heat, rupture of the bonds due to excessive shear
stresses, or a combination of these factors. An alternative cause of debonding can
be differential shrinkage parallel and perpendicular to the longitudinal timber fibres,
which can occur at temperatures around 100 °C as moisture in timber cells evaporates

and/or migrates to cooler regions.

From DIC images in figures 5.22 and 5.23 it could be observed qualitatively that shear
strains predominately occurred in the cross-wise orientated plies for CLT specimens at
elevated temperatures, similar to what was observed for ambient temperature reference
experiments (see Figure 5.8). It was also observed that the shear strains for specimens
bonded with polyurethane were visibly higher than for melamine formaldehyde ones
at equal temperature increases. In addition, it was observed that for the polyurethane
bonded CLT beams the highest shear strains concentrated close to the adhesive bond
lines between adjacent plies. This suggests that debonding between plies occured at
these spots of concentrated shear strains, indicating either a separation between the
plies or interlayer slip due to excessive shear deformations. If this behaviour was simply
caused by drying cracks or differential shrinking then these shear strain concentrations
would be expected to have a similar magnitude between specimens bonded with PU and
MF adhesive types. Since this was not observed for the experiments described herein,
these shear strain images suggest (qualitatively) that timber bonded with polyurethane
may have reduced adhesion between plies at elevated temperatures compared to those
bonded with melamine formaldehyde. This observation also agrees with literature
which has generally reported a higher reduction in shear resistance for PU adhesives
compared to MF ones [70, 174], and it has also been reported that the proportion
of wood failure in heated experiments is on average higher for MF compared to PU
adhesive bonded timber samples [174, 179]. These adhesion losses will reduce composite
action between the plies and thereby increase the overall deflections, which explains
why the heat induced midspan deflections in Figure 5.20 are distinct between sample

groups and higher for polyurethane samples.

One additional interesting observation is that the observed shear strain concentrations
were non-continuous along the glue lines, indicating that bonding was not lost com-
pletely (which would mean that adjacent plies could theoretically simply slide past
one another, barring timber friction) at elevated temperatures but that debonding and
interlayer slip were limited to localised portions of the glue line. Timber to timber
bond lines represent complex interactions between adhesives and wood cells, and a loss

in shear modulus in the adhesive would not automatically indicate a complete loss of



166 Effect of transient slow heating on cross-laminated timber in flexure

bond shear resistance. Instead, debonding occurs in regions of elevated shear stresses
and the resulting loss in composite action should be seen as a boundary condition that
could be placed somewhere between either perfect bonding (which is generally expected
at ambient temperature conditions), and a total loss of bonding. In addition, the pro-
vided DIC shear strain distributions can only inform about the surface conditions and
for these experiments; they give no insight into the bond line throughout the width of
the tested beams, where localised loss of adhesion could either have been more, or less

pronounced than near the edges.

5.4.3 Occurrence of rolling shear

While Emberley et al. [93] observed rolling shear as a primary failure mode propagating
from debonding cracks in slowly heated CLT beams in bending. This was not observed
for the experiments described herein. One potential reason for this difference in failure
modes is that, with a length of 1500 mm, Emberley et al.’s beams were significantly
shorter than the 3000 mm long beams from this study, resulting in a lower length to
depth ratio. In addition, the shorter beams in Emberley’s study were heated with a
radiant panel before loading was applied, so occurrence of creep from combined loading
and heating would not have been captured by their experimental set-up; this meant that
their experiment was driven by transient load increases instead of transient heating,
which might also explain why rolling shear was not observed as a dominant failure
mode for the results presented in this chapter, as deflections induced by slow transient
heating are subject to a much slower rate of deformation, compared to load controlled

experiments.

5.4.4 Mechanical properties of cooling CLT

For the samples subjected to a heating and a subsequent cooling phase, no recovery
of deflections was observed upon cooling of the timber. This indicates that either, (1)
the reduction in elastic modulus upon heating is irreversible, or (2) that the deflections
are caused predominantly or partly by creep, rather than simply a change in elastic
modulus. The achieved timber temperatures (see Figure 5.16) were significantly less
than 200 °C, which is often considered as the temperature for the onset of timber
pyrolysis (refer to Subsection 2.3.2). Therefore no significant chemical decomposition
of the material would be expected, although material changes (e.g. formation of new

bonds) may occur below these temperatures.
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The deflections at midspan of beams loaded to 30 % are shown in Table 5.4 for different
experimental stages. It can be observed that the ratio of the recovered load after
loading was removed to the maximum achieved deflection during heating is relatively
constant across all experiments, showing that a mean of 60 % of the total induced
deflection remains present for all samples, i.e. on average 40 % of the total deflections
are recovered when both heat and load are removed. It is interesting that this also
applies to BTX3PU_L_02, which experienced structural failure before the cooling phase
was induced, indicating that high flexural deflections (even to the point of tensile
material rupture) can be recovered but nearly all of the heating induced deformation

is maintained within the sample.

Table 5.4. Deflections at midspan for low loaded beams after loading, heating, and

unloading after cooling.

0 Unloadi
6 Load ¢ Heating® ¢ Unloading nloading /

6 Heat
[mm] [mm] [mm] [-]
BTX3MF_L 01  13.55 37.58 22.76 0.61
BTX3MF_L_02 15.36 37.56 20.32 0.54
BTX3PU_L_01 17.11 56.56 37.28 0.66
BTX3PU_L02  23.21 94.22 56.83 0.60
BTX5MF_L 01  13.35 32.03 19.34 0.60
BTX5MF_L_02 9.76 26.43 13.85 0.52
BTX5PU_L_01 15.14 45.89 29.41 0.64
BTX5PU_L_02 14.01 45.91 28.72 0.63

& includes deflection from loading

From previous work on adhesives (see Subsection 2.4.2) multiple researchers [70, 174]
have found a difference in shear strength and creep resistance with increasing tempera-
tures between polyurethane and melamine formaldehyde adhesive types. The practical
implications from these findings were not always clear, since a weakening of an adhesive
does not automatically translate into weakening of an adhesive bond in timber, or these
findings had previously been dismissed as non relevant for the load bearing capacity
of timber in standard fires in furnaces [185]; this was based on numerical calculations
that showed that normal bending stresses dominated the cause of failure even for an

extreme weakening of the adhesive in glue-laminated timber, because the shear stresses
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in the bond lines were calculated to remain low. These considerations did not account
for the importance of increasing deflections and resulting instability failure. From the
results presented herein there is clear evidence that heat induced deflections in CLT are
increased for samples that are bonded with polyurethane adhesive. With lower shear
resistance at elevated temperatures, the bonding strength between plies is reduced,
thereby increasing shear deflections and due to a loss in composite action the second

moment of area is also reduced, which contributes to increased deflections.

5.5 Conclusions

This chapter described experiments performed on one way spanning CLT beams with
different adhesives used to bond timber lamellae of varying thickness. From ambient
temperature reference experiments, no difference in the modulus of rupture was found
between either of the two different lamellae thicknesses or the two different adhesive
types. For the elastic modulus, reduced values were found for three ply CLT elements
compared to their five ply counterparts. This was attributed to the increased effect
of shear deflections for the three ply samples which have thicker outer lamellae and

therefore a lower effective length to depth ratio.

Experiments with transient uniform heating of the gas phase surrounding the specimens
to a maximum of only 150 °C were performed on samples that were subjected to
constant four point bending loading of either 50 or 30 % of their respective mean
ambient temperature capacity. The measured midspan deflections increased for all
samples with increasing heating. For the higher loaded samples accelerating deflections
eventually culminated in material failure due to tensile rupture caused by bending.
Some samples did not experience failure and the increase in deflections reduced with
progressing heating time until these experiments were terminated without observation

of loss of structural load bearing capacity.

For samples subjected to the lower load ratio of 30 % there was a clear difference in
deflection behaviour both between different adhesive types and the number of plies.
Samples bonded with a polyurethane adhesive type displayed heating induced deflec-
tions that were on average (mean) 40 % higher than for those bonded with a melamine
formaldehyde adhesive and samples with three plies deflected 15 % more than their
five ply counterparts. For these samples with lower applied load ratio the heating was

halted after three hours and three hours of cooling was induced. Only one of these CLT
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beams (a three ply polyurethane adhesive bonded specimen) experienced material fail-
ure and a loss of load bearing capacity during the heating phase. For all the other
samples no recovery of the deflections was observed upon cooling and only an average
of forty percent of the overall deflections were recovered after all structural loading
was removed. It was interpreted that the majority of heat induced deflections in these
beams were caused by creep and were non-recoverable. It was not clear whether the ob-
served creep deflections were caused by the timber or by the adhesive, or a combination
of both. Further studies with experiments on small scale samples are recommended to

illuminate the driving factors and conditions for these creep deformations.

A qualitative investigation of strain distributions over the specimens’ sides showed
that for CLT bonded by polyurethane adhesive types the shear strains were partially
concentrated near the adhesive lines between plies; this was not observed for speci-
mens bonded with the melamine formaldehyde adhesive. Since there were no other
variations between these sample groups, this was interpreted as a weakening of the
polyurethane adhesion causing interlayer slip and debonding between adjacent timber
plies and thereby explaining the accelerated midspan deflections for specimens bonded

with this adhesive compared to their MF bonded counterparts.

The results from this chapter clearly indicate that significant heat induced deflections
and structural failure may occur for CLT in low heating (relative to conditions that
may arise in compartment fires) conditions. It is also clear that significant influence of
the adhesives exists on the flexural response of heated CLT beams and it can therefore
be concluded that the behaviour of CLT (and likely other types of engineered timber
products) has to be considered separately from sawn solid lumber when fire safety is con-
sidered. These results may also in part explain why the often utilised zero strength layer
of 7 mm [122, 145, 191], to account for the effect of heated timber below the char layer,
does not agree well with measurements and observations on CLT [141, 186, 190]. It is
clear that either more research to understand the effects of adhesives on the fire safety of
CLT is necessary or more precautions in the form of more conservative design must be
taken, which will increase the overall project costs for structural timber buildings. Of
course the heating conditions for the beams in this chapter are unlikely to occur in prac-
tice and steeper temperature gradients are generally expected in real fires, however the
results are still relevant for heated timber below the char layer, which will be exposed
to shallow temperature gradients in a decaying fire [173]. The effect of the findings in
this chapter on the load bearing capacity of CLT walls at heat exposure more akin to

compartment fire exposure are further explored and described in the next chapter.
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CHAPTER 6

Axially loaded CLT wall experiments
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This chapter describes results and their analysis from experiments on CLT wall strips
under sustained load to a proportion of their ambient capacity and exposed to a radia-

tive heat flux over a distance of 300 mm at their mid height.

6.1 Motivation

Instability is a major consideration for the structural performance of timber compres-
sion elements in fire, especially as charring and heating of timber in a fire will increase
the slenderness and applied load eccentricity of exposed elements. The publicly avail-
able test data for CLT walls is limited (see Subsection 2.5.3) and no comparative test
results of the influence of adhesives for CLT compression elements in fire have been
discussed in the academic literature. The experimental series presented in this chapter
assesses the stability of simply supported, slender cross-laminated timber wall strip
elements subjected to one sided radiation exposure at their mid height in a novel ex-
perimental configuration. The results shed further light on the structural load bearing
capacity of CLT walls in fire and highlight the importance of a number of variables:
the heat exposure intensity and duration, the adhesive type used for bonding of the

CLT plies, and the number and thickness of the plies.

6.2 Samples used

All samples described in this section had a thickness of 100 mm, a width of 300 mm
and a length (height) of 1700 mm. Four configurations, varying with adhesive type
and lamination build up, were investigated for their response to radiative heating when
loaded.

The experimental matrix is shown in Table 6.1. Four different heating regimes, of eight
experiments each with two repeats for each configuration, were applied to the samples:
(1) ambient reference tests to failure with no heat applied, (2) exposure to a “high”
radiative heat flux (i.e. above the critical heat flux to sustain burning) until failure, (3)
exposure to a “high” radiative heat flux for a fixed amount of time and a subsequent
cooling phase with no heat applied, and (4) exposure to a “nominally low” heat flux
(i.e. below the critical heat flux for autoignition) until failure to observe the reduction
in load bearing capacity from pyrolysis of timber that is not flaming. The load for the
heated samples was kept constant for all the experiments. It should be noted that the

load ratios shown were not equivalent between the ambient and heated experiments,
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since the ambient load ratios refer to the ultimate capacity, i.e. samples were tested
until failure, and the load ratios for heated experiments thus refer to the ratio of applied
load during testing to the manufacturer recommended load capacity (which is based
on design code calculations [88]). This is elaborated further in the experimental set-up

section on heated samples (Subsection 6.4.1).

Table 6.1. Experimental matrix for wall elements subjected to compression.

] Heat flux Heating Load Number of
Adhesive Layers . . .
(approx.) duration ratio specimens

Group Name - - [kW /m? [min] (%] -
C3MF020 MF 3 0 - 0-100% 2
C3PU020 PU 3 0 - 0-100% 2
C5MF020 MF 5 0 - 0-100% 2
C5PU020 PU 5 0 - 0-100% 2
C3MF050 MF 3 50 to failure  50° 2
C3PU050 PU 3 50 to failure  50° 2
C5MF050 MF 5 50 to failure  50° 2
C5PU050 PU 5 50 to failure  50° 2
C3MF050P MF 3 50 15 50° 2
C3PU050P PU 3 50 15 500 2
C5MF050P MF 5 50 25 50° 2
C5PU050P PU 5 50 25 500 2
C3MF015 MF 3 15 to failure  50° 2
C3PUO015 PU 3 15 to failure  50° 2
C5MF015 MF 5 15 to failure  50° 2
C5PU015 PU 5 15 to failure  50° 2

& tested monotonically to failure in load control.
b based on manufacturer recommended design load load capacity. Equivalent to
25 % allowable stress design (ADS).

6.3 Ambient Reference Experiments

To understand the behaviour of CLT walls in fire situations, it is essential to first
characterise and observe the load deflection behaviour and failure modes of reference

samples at ambient temperatures.



6.3 Ambient Reference Experiments 175

6.3.1 Experimental Set-up

Two wall strip samples were loaded to failure at ambient temperature for each of the
four assessed configurations of CLT. Special mounting brackets were manufactured to
load the columns through notionally pinned connections at top and bottom. Draw-
ings of the experimental set-up are given in Figure 6.1. Load was applied through a
hydraulic jack which was powered by an electrical hydraulic power pack. Three lin-
ear potentiometers were used to measure the lateral deflections of the specimens. In
addition a speckle pattern was applied to the sides of the wall strips to track their
movements with digital image correlation (DIC); GeoPIV_RG [209, 220] was used for

DIC calculations for the ambient temperature wall experiments.
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Figure 6.1. Drawings of experimental set-up for ambient experiments on cross-

laminated timber wall strips.

The loading rate for the ambient reference experiments was set at 20 kN/min and was
controlled manually. The actually achieved loading rates (measured from a linear fit
between test start and maximum load) are shown in Table 6.2, where it can be seen
that a consistent loading rate with maximum deviation of 3 % from the target loading

rate was achieved.
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6.3.2 Ambient results
6.3.2.1 Load — deflection curves

The lateral displacements at mid height of the wall strips from digital image corre-
lation measurements are plotted in Figure 6.2 a) and b) for three and five ply CLT
respectively. For all specimens a buckling failure mode with increasing lateral runaway
deflections, culminating in a critical buckling load, was observed. The ultimate loads
achieved are shown in Table 6.2 and varied quite widely, as did the specific manner
of failure. The highest failure load of 956 kN was achieved for a three ply MF adhe-
sive sample, and for this sample the lateral deflections only increased minimally until
sudden failure occurred (note that for this sample the lateral deflection measurements
stopped abruptly, which can be attributed to the rapid deflections at failure which
were not captured by the five second data capture interval that was set for the DIC).
With almost zero lateral deflection and then a sudden bifurication of the load deflec-
tion path and failure, this specimen failed similarly to a ‘pure’ Euler failure mode.
Conversely the element with the lowest failure mode was a three ply specimen bonded
with PU adhesive, for which lateral deflections were observed to occur and follow a
non-linear path from the outset of the applied load increase until a failure load was
reached. This stark difference in the load deflection behaviour is most likely caused
by different initial eccentricities. One issue with this experimental set-up was that the
steel brackets that were used to apply load to the CLT were manufactured to fit one
size, with 2 mm of tolerance allowed for the sample thickness. It was observed that the
thickness for some of the specimens in this test series varied by up to a millimetre, and
therefore small eccentricities of up to 2 mm were introduced when the holding brackets
were fitted onto the columns. These eccentricities, in addition to built in eccentricities
due to global geometric imperfections, can partially explain the differences in the load

deflection behaviour.

6.3.2.2 Failure modes

From a structural mechanics point of view, all specimens failed in global buckling, i.e. a
loss of stability. This was accompanied by excessive lateral deflections which increased
bending stresses in the timber and ultimately led to material failure. Upon inspection
of the failed samples and review of experimental videos, multiple material failures were
observed. Some specimens showed up to three different kinds of material failures. This

is shown in Figure 6.3 with compressive buckling of timber fibres, rolling shear, and
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Figure 6.2. Midspan lateral deflections of CLT wall strips at ambient temperatures

versus increasing applied compressive loads.

bending rupture on the tension side all being visible.

The released failure energy (from observations of the failure modes) increased with
the buckling load, especially for samples where lateral deflections remained small until
buckling occurred, since for these samples a larger amount of elastic energy was stored in
the columns, and subsequently released upon the bifurcation of the load deflection path.
For one specimen (5PU020.01), this caused the column to snap in half at midspan,
where finger joints lined up on both compression and tension side. This is shown in
Figure 6.4, it can be seen that, for the finger joints on the tension side, the wooden
‘fingers’ remain intact, indicating a failure of the joint’s bond. On the compression side

timber failure can be observed in the joint.

6.3.3 Discussion of ambient results

The buckling failure loads were found to vary greatly in a range between 400 and
956 kN, and higher failure loads were measured for samples bonded with melamine
formaldehyde (compared to their respective PU counterparts). This effect seemed
to be especially pronounced for three ply samples. This finding is unexpected since
timber bonding adhesives are generally assumed to have similar properties at ambient

temperatures. In Table 6.3 the ANOVA p-values for the failure compressive stresses
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Table 6.2. Ambient wall results.

Ult. failure Compression

Load rate Density

load stress
Name [kN/min] [kg/m3] [kN] [MPa]
C3MF020.01 20.0 - 631.8 26.1
C3MF020-02 19.8 469.8 956.3 39.5
C3PU020.01 19.7 470.2 537.7 22.2
C3PU020-02 19.4 454.0 400.0 16.5
C5MF020.01 19.8 466.6 574.3 31.2
C5MF020-02 19.9 476.2 699.6 38.0
C5PU020.01 19.8 499.1 525.6 28.6
C5PU020.02 19.7 470.8 555.6 30.2

Compressive wood
fibre buckling

Rolling shear

Tensile
rupture

Figure 6.3. Multiple different material failure modes in buckled CLT wall strip.
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Figure 6.4. Multiple different material failure modes in buckled CLT wall strip.

in Table 6.2 show that the variation between both the adhesives and ply number are
above what is commonly considered as statistically significant (p<0.05), indicating
that any differences in ultimate load between the specimens is likely caused by chance,
rather than differences in the underlying populations of CLT with different adhesive
types and layer configurations. A more likely explanation for the varying failure loads,
other than differences in layers and adhesives, that can be drawn from the development
of the lateral deflections at midspan is that inherent eccentricities in the timber and
the loading brackets caused P-Delta effects, leading to excessive deflections and larger

stresses at increasing loads, thereby causing progressive global buckling failure.

Table 6.3. ANOVA p-values summary for influence of adhesives and ply numbers on

compressive failure stress.

Adhesives Layers
Pr(>F) 6.98E-02 2.04E-01

Because of the large variability in ultimate loads, these ambient reference experiments
had limited usefulness, both for the design as well as the analysis of wall elements sub-
jected to fire. For future experiments a significant improvement of the experimental
set-up could be made through the introduction of significant initial eccentricities into
the loading set-up. Such imposed eccentricities would then render effects from much
smaller inherent and unintended eccentricities less important, thereby potentially cre-

ating more uniform and less variable experimental conditions between samples.
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Note that this effect also means that the eccentricities that were observed for the
ambient experiments are unlikely to have a large effect on the experiments exposed to
one sided constant heat flux, as heating and charring of timber will create eccentricities

that are significantly larger than inherent eccentricities in the timber or the connections.
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6.4 Wall strips exposed to heat

6.4.1 Experimental set-up
6.4.1.1 Loading set-up

A bespoke steel frame was fabricated to place and load the wall strips to a sustained
fraction of their ambient temperature capacity before exposing them to different heating
scenarios. The frame was welded together from standard steel sections (SHS 120x120x8
for cross beams and SHS 80x80x4 for columns) and fitted with stands at its base to
maintain stability. The frame was the same as was used for the experiments described
by Wiesner et al. [190] in 2017 and was designed to withstand an ultimate load of
100 kN, with an additional safety factor of 2 applied. The steel of the frame facing
the radiant panels was protected by encapsulation with 25 mm layer of mineral wool.
The top and bottom ends of the wall strips were fitted with steel brackets, which were
fabricated from two L channel sections that were welded together and fitted with a
roller to act as pinned connections. The wall strips, fitted with their steel mounting
brackets, were placed on the hydraulic jack, which was equipped with a female pinned
connection section, and the hydraulic jack was extended to secure the specimen in place
in the steel frame. Drawings of the experimental set-up are shown in Figure 6.5 and

an annotated image of the set-up is shown in Figure 6.6.
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Figure 6.5. Drawings of elevation, plan, section and detailed views for the experimental configuration for the experiments

described in this chapter.
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Figure 6.6. Annotated image of the experimental set-up, showing a CLT wall in the

loading frame, faced by the radiant panel system.

6.4.1.2 Applied Loads

Due to the considerable variability in ultimate failure loads observed during ambient
temperature reference tests (see Table 6.2), the applied load for the heated wall strips
was determined from recommended loads from the manufacturer [88], rather than from
observed ultimate ambient failure loads. This recommendation is for the applied com-
pressive load on CLT under consideration of a wind load of 1 kN/m? and has been
reproduced for the two investigated configurations in Figure 6.7. The load is chosen
for a wall height of 1.7 m and a wall width of 0.3 m. The chosen load is then further
multiplied by a factor u to account for the fact that the expected fire load case will only
correspond to a fraction of the assumed ultimate failure load, based on the low proba-
bility of an ultimate loading scenario coinciding with a fire. Note that p is recommend
as 0.6 in EN 1995-1-2 [145] but herein, due to considerations of the ultimate capacity of
the loading frame, a value of 0.5 was assumed instead. From this, the ultimately chosen

applied loads for the three and five ply wall strips were 60 and 78.4 kN respectively.
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Figure 6.7. Recommended applied loads for two CLT lamellae configurations [88].

The chosen applied sustained loads can be placed into context by considering recom-
mended loads in PRG 320 [208] for a qualification test for adhesives, where a represen-
tative load is recommended as 25 % of the allowable stress design (ADS) value. If the
timber used for this study is assumed to be equivalent to a quality class of E1 in PRG
320 [208], then the recommended load would lie between 55.8 (if only parallel layers
are considered active) and 69.24 (if all layers are considered active) kN for the five
ply samples and between 74.4 (parallel only) and 81.12 kN for the three ply samples.
Hence, the applied loads can be considered broadly representative of assumed in service

loading conditions across several jurisdictions.

6.4.1.3 Thermal exposure

Three different scenarios of heat exposure were assessed in the study reported herein.
All scenarios applied a nominally constant incident radiative heat flux to a centre
section of 300 by 300 millimetres at mid height of the walls, while the remaining surface
of the walls was protected by mineral wool. The first experimental series exposed
the walls to a comparably high heat flux until structural failure of the element was
observed. This scenario is similar to the thermal assault a building element might be

exposed to in a post-flashover fire. The second series utilises the same heat flux on
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the sample but the heat flux is set to zero after a specified time. This scenario is used
to investigate the effect of stored heat in the sample and the latency of heat transfer
(i.e. the “thermal wave”) in a material with a low thermal inertia, such as wood. This
will give insight into the structural response of timber walls during the decay phase of
a fire assuming the fuel load has burned out and gas temperatures in a compartment
return to ambient temperatures. The third series, like the first series, also applies
heating until failure, but with a reduced imposed heat flux below the critical heat flux
for continuous flaming combustion. Note that for all exposures the heat flux to the
timber surface will decrease as the specimen surface recesses due to charring and as
lateral deflections increase; therefore the incident heat flux is only nominally constant

(i.e/ it is not altered with time purposefully).

All heating scenarios described herein were achieved by exposing the timber to the
same set of radiant panels, which where placed at a varying standoff distances from the
wall strips. The two radiant panels both had a height of 400 and a width of 300 mm
and were arranged next to each other, resulting in a total panel width of 600 mm. The
panels were fuelled by propane and fitted with fans to provide the necessary air supply.
Both panels were fitted with an ignition detector that automatically detected when
the panels had ignited and stopped the fitted spark igniters after ignition. The panels
used a combined 1.65 g/s of propane as fuel. The radiative heat flux on the exposed
face of the wall elements was varied through the standoff distance of the panels with
respect to the timber, i.e. for a lower heat flux, the panels were moved farther away
from the exposed timber surface. The radiative heat flux from the panels was measured
prior to the experimental series using a water cooled Schmidt-Boelter heat flux gauge,
which was attached to a modified 3D carving router in order to measure the heat flux
at different positions. This set-up is shown in Figure 6.8. The front of the CLT walls
facing the panels that was not intended to be directly exposed to radiant heating was
protected with 25 mm thick mineral wool panels that were held in place by screws and
washers. A square area of 300 mm by 300 mm of the CLT samples was left exposed
at mid height of the walls. The edges of the mineral wool panels were sealed with fire

cement to minimise the ingress of hot gases.

The measured heat flux for the high heat flux exposure, supplied by the radiant panels
at a standoff distance of 100 mm, is shown in Figure 6.9 over the exposed area of at the
mid height portion of the timber wall strips. At this relatively close distance between
panels and the timber surface two factors caused variation in the heat flux distribution
over the exposed area: (1) the angles between parts of the panels and timber that is not

directly adjacent are acute, which caused reduced close range view factors across the
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Radiant Panels

Heat Flux Gauge

Figure 6.8. 3D linear motion system used to map the heat flux from the radiant

panels used.

panels and this caused increased radiative heat flux at the centre portion, and (2) hot
air flowing past the panels created a convective flow which added additional convective
heat transfer to the upper parts of the exposed surface. The maximum heat flux was
measured to be off-centre of the exposure area;this arose from the necessity to place
the panels off-centre to the specimen due ot experimental considerations. Overall these

effects were not deemed to be critical and a coefficient of variation (CoV) of 13 % from
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the mean heat flux of 51 kW /m? was measured.

The heat flux distribution at a distance of 400 mm, which is classified herein as a low
heat flux, intended to lie below the critical heat flux for autoignition of timber (which
is reported to lie below 25 kW/m? [221]), is shown in Figure 6.10. It can be seen that,
with a mean heat flux of 15 kW/m? and a CoV of 6 %, both the magnitude and the
variation in heat fluxes over the exposed timber surface is minimised, compared to the
higher heat fluxes in Figure 6.9. The reduction in spatial variability can be attributed
to the elimination of convective flows from the panel impinging on the timber (which
was observed visually during the calibration process) as well as more uniform view
factors due to larger view angles between points on the panel and points on the timber

surface.
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Figure 6.9. Incident imposed heat flux in kW /m? over the exposed surface area of

the timber specimen at 100 mm distance from the radiant panel surface.

The mean imposed heat fluxes at the surface of the timber against the experimental
duration are summarised in Figure 6.11. The actual experimental duration varied as

experiments were terminated upon structural failure.
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the timber specimen against time of experiments.
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6.4.1.4 Thermocouple placement

Inconel sheathed K-type thermocouples (TCs) with outer diameter of 1.5 mm were
placed into the timber from the unexposed side to specified depths to monitor the
evolution of internal temperatures through the depth of the timber samples. The
bottom 8 mm of the holes had a diameter of 1.5 mm and the remaining depth was
drilled with a 2 mm drill bit. For the samples in this chapter, the holes to place the
TCs were drilled by a CNC machine that was modified to allow the drilling of holes
(instead of milling material). A low voltage spindle was equipped with a speed control
module, allowing the operator to slow down, increase or halt the speed via a G-code
feed. This was necessary to maintain precision when the drill bits were moved between
adjacent holes, as high drill speeds can induce vibrations and resonance in thin drill
bits such as the 1.5 and 2 mm diameter drill bits used for this study. The drill (see
Figure 6.12) followed a predefined grid system of holes at specified coordinates and drill
depths. This set-up allowed for rapid specimen preparation and ensured accurate and

consistent thermocouple depth and location placement across specimens.

For temperature profile measurements, an ideal measurement set-up measures tempera-
tures at varying depths through the cross-section. For obvious reasons it is not possible
to place more than one thermocouple at the exact spatial location along a line through
the cross-section when inserting thermocouples from the back of exposed specimens.
Instead the aim was to place thermocouples as close as possible to each other whilst
maintaining a minimum distance between them in order to minimise the influence of
the thermocouples on the adjacent temperature readings. To achieve a tight TC pack-
ing density it was decided to arrange TCs as circles inside larger circles; this way the
internal circles ensured a minimum spacing between the TCs. The packing was done in
accordance with optimal packing density as described by Graham et al. [222], thereby
achieving the highest possible proximity of thermocouples whilst maintaining a mini-
mum spacing. The spacing between TCs for these experiments was (in lieu of available
specific guidance) somewhat arbitrarily chosen as 10 mm. The resulting layout of the
TCs is shown in Figure 6.13, together with the corresponding depth placement from the
unexposed surface (i.e. the drill depth). The majority of thermocouples were placed in
the geometric centre of the unexposed surface, in accordance with the packing density
as described above, and two additional TCs were placed at 50 mm from the specimen
edge on either side to monitor the uniformity of heat progression along the horizontal

coordinates of the samples.
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Figure 6.12. Customised CNC router set-up for thermocouple hole drilling.
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Figure 6.13. Locations of thermocouple holes and corresponding depths on back of

exposed sample with respect to geometric centre of the exposed surface.
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6.4.1.5 Deflection measurements

The use of image analysis to determine deflections and strain in engineering is well
documented and there are powerful and complex image analysis tools available, which
are able to supply sub pixel accuracy for determination of movement between two
images, for example Geopiv_RG [209, 220], which was used to track deflections for
ambient reference walls in Section 6.3. However, due to the high accuracy, very detailed
image analysis tools experience difficulties when smoke, flames, and convection currents
are present within the area of interest. Since all of these were anticipated to occur
for the experiments described herein it was clear that DIC would not be a reliable
measurement tool. In addition, only a very small portion of the wall specimens was
visible from the side, with the loading frame obscuring the majority of the walls from
a side view. To overcome these issues, a new image analysis method was developed for
these experiments. The new method relies on the detection of circular shapes in each

image, thereby identifying the location of their geometric centre.

Images were taken at chosen intervals (here five seconds) and then analysed individually
in MATLAB [223]. Circles in each image were detected through a Hough transforma-
tion [224], which relies on the parametrisation of each point that can be distinguished in
the image based on its brightness (or lack thereof). To detect circles, three parameters
are assessed, forming cones in a three dimensional space. Intersection of these cones by
common points indicate that these points are located on the same circle. Black round
stickers were placed on the visible portions of the wall specimens and these circles were
tracked between all images to obtain their movement in pixels. At the start of each
experiment an image of a chequered board with squares of 10 mm was taken and this

image was used obtain a calibration to translate pixels to millimetres.

In addition to the “circle analysis”, two linear potentiometers (LPs) were used to track
deflections. One was placed on the side of the exposed timber surface at midspan in
order to track lateral deflections, and the other was placed on the lower connection
bracket to measure vertical displacements. One issue was observed for LPs when they
were placed on timber; since they are under a small amount of stress they tend to
make a small indent on the timber surface. When the wall then moves vertically
(i.e. perpendicular to the direction of measurement of the LP) the tip of the LP is
dragged along, thereby causing the LP to bend and thereby rendering the readings less
accurate. The LPs were therefore mainly included as a backup measurement for the
circle analysis and all following results and analysis are based on values from the circle

analysis.
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Figure 6.14. Highlighted circles for deflection measurements along the unexposed

edge of a CLT wall at a) start of an experiment and b) failure of the specimen.

6.4.1.6 Post experiment

After the experiments ended, the imposed heat flux was removed (if this had not been
done already as part of the experimental procedure). This led to auto extinction of
flaming timber in all cases. Remaining localised smouldering was then extinguished
via the application of water spray. All of the protective mineral wool was removed as
quickly as possible to prevent any smouldering below the insulation. All thermocouples
were recovered from the unexposed side of the wall strips before the samples were
removed from the loading frame. After the samples had cooled down sufficiently the
samples were sawn in half at midspan and the depth of the progression of the char

front was physically measured in the cross-sections.
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6.4.2 Temperature readings

The placement of thermocouples is described in Subsection 6.4.1.4. When analysing
the resulting thermocouple data, there are three challenges that need to be addressed
to obtain reliable temperature readings: (1) only a limited number of discrete depths
are measured, however, it is desirable to have continuous data on the in-depth tem-
perature in the sample since this knowledge will be essential to attempt to model the
change in material properties through the cross-section. In addition, there is special
interest in determining the 300 °C isotherm to infer the charring rate, and only a few
thermocouples will read 300 °C at any given moment. (2) since timber is a natural
material its thermal and chemical properties are randomly distributed variables; this
introduces noise into the thermocouple data at equal depths, which becomes increas-
ingly pronounced above 100 °C [225], and (3) the influence of high conductivity of
the thermocouples relative to the timber, which creates a heat sink and influences the
temperature readings of the thermocouple itself. (1) and (2) are common issues in data
collection and can be solved via prediction and estimation respectively. For (3) there
is a lack of ground truth (the actual temperature of the timber if no thermocouple
was present) and this is a complex problem that requires consideration of the under-
lying physics for a satisfying solution. Solutions to these problems are presented in
Section B.2. The uncertainties arising from (1) and (2) are quantified and a simplified

procedure for thermocouple corrections to address (3) is explained.

6.4.3 Results for elements exposed to “high” heat flux until failure
6.4.3.1 Deflections

Figure 6.15 shows the horizontal deflection at midspan for eight loaded CLT wall strips
(two repeats for each configuration) exposed to the incident initial radiant heat flux
shown in Figure 6.9. For the wall strips with a three ply 40-20-40 layup, the two
repeats for each adhesive type follow the same deflection trajectory. A clear distinction
between the adhesives can be observed, with the PU bonded walls failing after around
20 minutes and the specimens bonded with MF after around 30 minutes. The five
ply wall strips (20-20-20-20-20) maintained their load bearing capacity for longer than
the three ply ones. The experiment for Specimen C5MF050_1 was stopped before
failure as the insulation fell off the sample and the whole front area of the wall started
to burn. Nonetheless, reasonable agreement can be seen between the MF bonded 5

ply specimens until 35 minutes of exposure time. As was measured for the three ply
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specimens, the PU bonded five ply elements were also observed to maintain their load
bearing capacity for a shorter period than those five ply specimens that were bonded
with the MF adhesive.

6.4.3.2 Char progression

The char depths that were measured by tracking the 300 °C isotherm for this sample
group are plotted against the time of heating in Figure 6.16. In addition, the rates
of charring are shown in Figure 6.17. All specimens initially charred quickly, with a
peak charring rate visible, before the formation of the char layer caused a deceleration
in the charring rates. Overall the progression of the charring depths and the corre-
sponding charring rates does not appear to have varied greatly between the different
specimens, with C5PU050.01 being one noticeable exception, with a deeper and faster
char progression than all other specimens. This can be linked to periodic increases in
the charring rate throughout the experimental duration, which was possibly caused by
pieces of char falling-off, thereby increasing the charring rate locally. After the initial
peak charring rate the charring rates reduced and followed a trend to reach a quasi
steady rate. It should be noted that both the char depth and the charring rates were
zero for the first few minutes of the experiment, however, ignition of the exposed sur-
face and accompanying charring was observed a few seconds after the protective shield
was removed and the samples were exposed. The delayed observation of the charring
rate can be attributed to the fact that the TCs closest to the surface were located five
millimetres below the exposure area and therefore would not have registered any heat
until the heating front reached these thermocouples. Images of the char profile after
the experiments are shown for both ply configurations in Figure 6.18; apart from cor-
ner rounding that can be observed near the edges, the char profile appears essentially
continuous over the width of the specimens, although accelerated local charring had
occurred near gaps between boards (also observed by [75]). In Figure 6.18 b) the char
front can be observed to have followed the growth rings of one of the boards, which led

to a radially increased char depth.

6.4.3.3 Observations

Failure for all specimens were preceded by accelerating (i.e runaway) deflections, caus-
ing visible curvature that increased in a matter of seconds before material failure (as
shown in Figure 6.19) occurred in the form of tensile rupture on the wall side facing

away from the heat exposure.
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Figure 6.15. Mid-height lateral deflections of wall strips exposed to full radiant heat
flux until structural failure
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Figure 6.16. Char depths inferred from 300 °C isotherms for specimens heated to
failure with the high heat flux scenario.
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Figure 6.17. Rates of charring inferred from 300 °C isotherms for specimens heated

to failure with the high heat flux scenario.

Char fall-off of pieces of charred timber plies were observed for both the five ply samples
that were bonded with the PU adhesive type. Char spalling, which manifested itself as
small bits of char popping off the char surface was observed for all specimens for this
“high” heat flux. Due to the close proximity of the radiation panels to the burning
surface, it was difficult to determine the exact moment of char-fall off visually. For
specimen C5PU050_01 char fall off was observed 30.6 minutes into the experimental
duration. At this time the temperature at the first glue line (at 20 mm from the exposed
surface) was measured as 866 °C and 221 °C at the second glue line (40 mm from
exposed surface). This indicates that this observed char fall off occurred at the second
glue line (since temperatures at the first glue line indicated oxidation of the char). The
increase in charring rate for this specimen (see Figure 6.17) indicates that char fall-off
could have occurred as early as 13 minutes into the experimental duration, although
this was not observed visually. It should also be borne in mind that the analysis of
char fall-off in the context of measured temperatures is flawed, as thermocouples can
keep char in place at the location where temperatures are measured. For specimen
C5PU050_02 char fall-off was visually determined after 37.1 minutes of experimental
duration. At this time the temperature at the first glue line (at 20 mm from the

exposed surface) was measured as 747 °C and 233 °C at the second glue line (40 mm
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from exposed surface).

The key results from this experimental series are summarised in Table 6.4, which con-
firms the high repeatability for the three ply CLT configurations in this series, which
can also be seen in Figure 6.15. The charring rates in this table are calculated as the
final char depth, determined from measurements after the experiments’ divided by the

duration of the experiment (i.e. the failure time).

Table 6.4. Overview of results for CLT wall samples exposed to a “high” heat flux

until failure.

Failure Final char , Char fall
Char rate

time depth ¢ off
Specimen [min] [mm] [mm /min] []
C3MF050-01 28.5 31.0 1.09 No
C3MF050.02 28.7 28.5 0.99 No
C3PU050.01 19.7 21.9 1.11 No
C3PU050_02 19.7 20.5 1.04 No
C5MF050-01 DNF 34.5 - No
C5MF050.02 414 40.9 0.99 No
C5PU050._01 34.0 41.0 1.21 Yes
C5PU050.02 39.8 40.0 1.01 Yes

& Measured after experiment.

b Final char depth ¢ divided by heating duration.
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Accelerated
charring

Figure 6.18. Charred profile at mid height cross-section for a) a three ply and b) a
five ply sample.

Figure 6.19. Specimen C3PU050_02 after experiment end, showing the tensile rupture

on the fire unexposed side of the wall.
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6.4.4 Results for elements exposed to high heat flux with subsequent
cooling phase

6.4.4.1 Deflections

The measured mid-height lateral deflections for wall strips heated for either 15 or
25 minutes for three and five ply specimens, respectively, are shown in Figure 6.20. The
heating times were taken as approximately 75 % (rounded to the nearest 5 minutes) of
the lowest failure times for each ply number configuration from the experiments with
“high” heat flux exposure until failure. For the three ply samples it was observed that
the deflections continued to progress after the radiant panels are switched off, and that
the rate of deflection decreased shortly afterwards. Subsequently the walls continued to
deflect slowly until the experiments were terminated with no failure observed; although
given the slow but continuous deflections those wall strips might have experienced
structural failure eventually if the experiments had run for a prolonged time period,
however, for safety reasons it was not possible to extend the experimental durations
past the laboratory opening times. Within the three ply samples the two specimens
bonded with polyurethane initially experienced higher deflections than those bonded
with melamine formaldehyde, but after the heating was stopped the deflection rates
were similar. For the five ply samples it was observed that the the lateral deflections
of the walls experienced a plateau, which continued after the heat was removed before
deflections accelerated and ultimately led to structural failure of the samples. The
paths to failure can be distinguished between the two adhesive types for the five ply
specimens, with PU bonded samples deflecting faster and failing earlier than those
bonded with MF, which was observed to reduce in deflection rate before runaway

deflections occurred, causing global buckling failure.

6.4.4.2 Char progression

The char depths calculated from the 300 °C isotherm are shown versus the experimental
duration for these experiments in Figure 6.21, and the corresponding rates of charring
for the first 35 minutes of these experiments are shown Figure 6.22. It can be seen that
all specimens, independently of their configuration type, charred at a similar rate at
the beginning of the experiments. Once the panels were switched off the progression
of the char front stopped and the char depth remained essentially constant for the
remainder of the experimental duration, which was also confirmed by the charring rate

dropping to zero immediately after the radiant panels were switched off. For the five
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Figure 6.20. Mid-height lateral deflections of wall strips exposed to “high” radiant

heat flux for a specified duration of heating and subsequent cooling phase.

ply samples it can be seen that the final char depths ranged between 25 and 30 mm;
because the plies have a thickness of 20 mm, this means that the char front was located
in a crosswise orientated ply when the heating was stopped; this explains the plateauing
of the deflections in Figure 6.20 during this time period since crosswise plies contribute
significantly less to the structural capacity and loss of their individual contribution due

to progressing heat will cause lower deflections than loss of plies orientated parallel to
the direction of loading.

6.4.4.3 Observations

An image sequence of different experimental phases is shown in Figure 6.23. After
ignition a long flame was observed, indicating the relatively high burning rate that is
also evident from the initial high charring rates in Figure 6.22. This was subsequently
reduced, leading to a smaller flame, as shown in Figure 6.23 b), since the growing char
layer provided insulation for the timber and limited the flow of pyrolysis gases to the
air, where they could burn. For all specimens removal of the external heat flux caused
auto-extinction, as shown in Figure 6.23 c), and as would be expected for timber that

had already built up a char layer. Afterwards, smoke continued to be emitted from the
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specimens in some locations, indicating continuous smouldering combustion, although
this was localised to discrete spots on the charred surface were heat below the char was

provided with fresh air through small gaps.

Char fall-off was observed for both of the five ply specimens that were bonded with
polyurethane adhesive, and this occurred both during the heating (as indicated by
increases in the rate of charring in Figure 6.22), and also during the cooling phase for
these specimens. For C5PU050_01 the first visual confirmation of char fall-off was at
20 minutes. At this time temperatures of 407 °C and 120 °C were measured for the
first and second glue line, respectively. AS for the specimens heated to failure, the
charring rate (see Figure 6.22 indicates that fall-off could have occurred between 10
and 15 minutes of experimental duration. Additional char fall-off for this specimen was
observed at 49 minutes (254 °C and 130.8 °C, first and second glue line, respectively).
For C5PU050_02 the first visually observed char fall-off occurred after 20.5 minutes
with glue line temperatures of 502 °C and 137 °C at 20 and 40 mm, respectively. Mild
char spalling, wherein small pieces of char pop off the surface of the char, occurred for

all specimens.
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Figure 6.23. Sequence of different stages of an experiment for walls subjected to a
“high” heat flux for a predetermined time. a) just after heating exposure began and
auto-ignition occurred, b) just before the heat was removed and, c¢) just after the heat

was removed.
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Table 6.5. Overview of results for CLT wall samples exposed to a “high” heat flux

for 15 and 25 minutes for three and five ply samples respectively.

Failure Final char Ch , Char fall
ar rate

time depth ¢ off
Specimen [min] [mm)] [mm /min] []
C3MF050P_01 DNF 20.0 1.33 No
C3MF050P_02  DNF 19.5 1.30 No
C3PU050P_01 DNF 19.0 1.27 No
C3PU050P_02 DNF 19.5 1.30 No
C5MF050P_01 105.2 28.9 1.16 No
C5MF050P_02 90.2 29.7 1.19 No
C5PU050P_01 59.7 29.1 1.16 Yes
C5PU050P_02 53.3 29.5 1.18 Yes

& Measured after experiment.
b Final char depth ¢ divided by heating duration.

6.4.5 Results for elements exposed to low heat flux until failure
6.4.5.1 Deflections

Figure 6.24 shows the measured lateral deflections at mid height for the CLT panels
which were exposed to a nominally “low” heat flux with a mean 15 kW /m? across the
exposed area. Specimen C3MF015.01 (the first specimen for this series) was exposed
to a mean heat flux of around 20.5 kW /m?; this was done as this heat flux lies be-
low most critical non piloted ignition heat fluxes for timber cited in literature [221].
Initially, no ignition was observed for this specimen (as planned), however, after 4.5
minutes a piece of char spalled off the specimen, bounced off the radiant panels, and
ignited the pyrolysis gases as it bounced back towards the specimen surface, thereby
causing flaming combustion which sustained itself for approximately nine minutes and
approximately 7 mm of char depth progression. This ignition process introduced an
unwanted element of uncertainty, and it was therefore decided to reduce the heat flux
for subsequent specimens to the average of 15 kW /m? shown in Figure 6.10. The deflec-
tion path for specimen C3MF015_01 is therefore omitted from Figure 6.24, because its
boundary conditions differed compared to the other wall strips. Specimens consisting
of three plies and bonded with the polyurethane adhesive type exhibited the shortest

times to failure, as was observed for the deflections resulting from the “high” heat
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flux in Figure 6.15. The deflection paths to failure exhibited more deviation between
repeats than those observed for the walls exposed to a high heat flux. For the other
specimens no obvious difference in behaviour could be observed between different CLT
configurations and adhesive types, although it was observed that the MF bonded three
ply sample’s deflection decreased continuously, while the five ply sample experienced a
plateau when the heat front (i.e. hotter than ambient temperatures) passed through a

crosswise orientated ply.

~n

Lateral mid span deflection [mm]
[\
(6)]

-30 C3MF015_02

. \
a5k C3PU015_01 \ :

— — —-C3PU015_02 \ \

............. CsMF01 5_01 | \
-40 ............. C5MFO1 5_02 l‘ \\
45 = C5PU015_01 |

\
.50 1 1 ! ! ! ! L
0 10 20 30 40 50 60 70
Time [min]

Figure 6.24. Mid-height lateral deflections of wall strips exposed to a low radiant

heat flux until structural failure.

6.4.5.2 Char progression

The char depths calculated from in-depth temperature readings for experiments with
the “low” heat flux are shown in Figure 6.25 and the corresponding rates of charring for
the experimental duration are shown in Figure 6.26. It can be seen that the charring
behaviour was similar to that observed for the samples heated with a “high” heat flux,
with an early peak in charring followed by a reduction to a quasi steady charring rate.
Both the peak and the steady state charring rates were measured to be lower than
for the samples exposed to a high heat flux. For the specimens with five plies and
bonded with the PU adhesive, two spikes in charring rate were measured during the

steady state phase, which is most likely linked to char fall-off after 64 and 76 minutes
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for specimens (C5PU010-01) and (C5PU010-02) respectively. In addition ignition and
subsequent flaming through cracks in the char surface and in spots where char had

fallen-off would have contributed to this increase in charring rate.
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Figure 6.25. Char depths inferred from 300 °C isotherms for specimens heated to

failure with a low heat flux.

6.4.5.3 Observations

Apart from specimen C3MF015_01, which was, as described above, exposed to a slightly
higher heat flux and experienced flaming combustion, no significant continuous flam-
ing occurred for the specimens in this low heat flux series. For five ply specimens
bonded with polyurethane occasional flames spontaneously appeared from cracks that
had formed in the charred surface, but this flaming was localised to these cracks and
did not form a continuous flame for more than a minute (although repeated flickering
of flames in the same spot for one specimen (C5PU010-01) occurred for up to seven
minutes and this was also evident from the char depths and charring rates in figures
6.25 and 6.26, respectively, where an increase in charring rate for this specimen is vis-
ible after around 50 minutes, when flaming started to occur through gaps, as the char
front had reached the first glue line at a depth of 20 mm. Other than the measurable
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Figure 6.26. Rates of charring inferred from 300 °C isotherms for specimens heated

to failure with a low heat flux.

increase in charring rate for this specimen any other occurrence of flaming was not

deemed to have influenced the results in a significant way.

Due to the predominant absence of flaming combustion, these samples produced a
comparatively large amount of smoke and flammable vapour, especially in the first 10
minutes of the experiments, after which the established char layer reduced pyrolysis,
causing a reduction in the charring rate, as shown in Figure 6.26. For CLT specimens
made of three plies, water was observed to flow out of the thermocouple holes in the back
of the walls trips during testing. This was likely caused by water that was displaced
by the progressing heat front which then condensed on the Inconel sheathing of the
thermocouples deeper in the timber (where the drilled holes of the thermocouples were
wider than near the tip). This flow of water was not observed to occur for five ply

samples; potential reasons for this difference are discussed in Subsection 6.5.6.

CLT is made up of multiple boards which form the different plies, and for some speci-
mens in this series it was observed that the physical appearance of the charring on the

exposed surface was visibly distinguishable between different timber boards, as shown
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in Figure 6.27, however, this did not seem to influence the in-depth temperature mea-
surements, and the char depth was visually observed to be essentially uniform between
the two boards.

As for the “high” heat flux exposure, both to failure and for a predetermined time,
fall-off of char from the exposed charred surface was observed for both of the five ply
PU specimens for the “low” heat flux exposure. This occurred after around 64 minutes
for specimen C5PU(010.01 and 76 minutes for C5PU010.02. For the former, flaming
ignition at a small gap in the char layer was observed before the fall-off, which then
led to more flaming. For the latter, flames were only observed after fall-off occurred.
The occurrence of char fall-off and its effects are also highlighted in Figure 6.28, which
compares the charring pattern on the surface of five ply specimens bonded by MF
and PU adhesives; for the specimens using the PU adhesive type the char pattern was

observed to be less uniform, and large gaps where fall off occurred were identified.

Table 6.6. Overview of results for CLT wall samples exposed to a “low” heat flux

until failure was observed.

Failure Final char , Char fall
Char rate

time depth ¢ off
Specimen [min] [mm] [mm /min] []
C3MF015.01¢ 47.0 24.3 0.52 No
C3MF015_02 80.9 28 0.35 No
C3PU015.01 62.5 23.1 0.37 No
C3PU015.02 41.6 16.2 0.39 No
C5MF015.01 86.7 35 0.40 No
C5MF015_02 88.7 35.7 0.40 No
C5PU015.01 78.1 41.6 0.53 Yes
C5PU015.02 90.3 39.7 0.44 Yes

& Measured after experiment.
b Final char depth ¢ divided by heating duration.

¢ Specimen exposed to a mean heat flux of 21 kW /m?.
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Figure 6.27. Charring of CLT wall exposed to a ‘low” heat flux of 15 kW /m?. Different

timber boards are clearly distinguishable.

Char
fall-off

Figure 6.28. Comparison of char pattern of exposed timber surface for five ply spec-
imens bonded with a) MF and b) PU adhesive type after experiments with low heat
flux exposure. Char fall-off is clearly visible for PU bonded CLT but not for that with
MF.

6.5 Discussion of results

6.5.1 Influence of adhesives and ply configuration

Considering all specimens which failed structurally, it can be seen in figures 6.15,
6.20, and 6.24 that all (but one) of the CLT wall strips which were bonded with the



210 Axially loaded CLT wall experiments

polyurethane adhesive failed earlier than their respective counterparts using melamine
formaldehyde adhesive. This difference was especially distinguishable for the three ply
samples exposed to a high heat flux until failure in Figure 6.15. The paths and times to
failure for these samples are clearly separated by the different adhesive types and only
very little variation can be observed between the curves belonging to each adhesive
type. The mean time to failure for these samples was 31 % higher for those bonded
with MF, compared to those bonded with the PU adhesive type. If variation in the
mechanical properties of timber of these specimens or initial eccentricities (as postu-
lated for the ambient reference experiments) had a significant influence, this would
be expected to be clearly exhibited via larger variation in the results within the two
adhesive types. It can also be stated that the earlier failure times for the PU bonded
CLT are not caused by accelerated charring where char fall-off occurred, because no
char fall-off was observed for the three ply specimens that were bonded with PU, yet,
as described above, they failed up to 45 % earlier than their MF bonded counterparts.
This demonstrates that the adhesives used to bond the experimental wall strips had a

clear influence on the load bearing capacity in heating.

All specimens were subjected to an equivalent load ratio of their nominal ambient load
bearing capacity. For the sample groups heated to failure, those that were made up of
the 40-20-40 three ply configuration in general failed earlier than those of the 20-20-
20-20-20 five ply configuration, under the same loading ratio as proportions of ambient

temperature design load capacity.

The effect of ply number and adhesive type on the failure times can be assessed statisti-
cally by normalising the time to failure for each specimen against the mean failure time
of its exposure group, i.e. high, partial, and low heat flux exposures. This assigns each
experiment a fraction of the mean expected failure time for its group. Specimens with
a value below unity perform worse than average and specimens above unity perform
better.

The results of this analysis are shown as a box plot in Figure 6.29, from which the
findings above are confirmed: Polyurethane bonded CLT walls fail on average (median)
20 %age points earlier than what would be expected if all specimens were bonded with
an ‘average’ adhesive. Similarly, the median value for the three ply sample group is
17 %age points lower than what would be expected for a specimen with no ply influence.
Table 6.7 shows that the p-values from ANOVA lie below the often utilised threshold of
5 % and that these results are therefore unlikely to have arisen by chance, but instead
indicate differences in the load bearing capacity in fire that are inherent within the

underlying populations.
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Figure 6.29. Comparison of failure times normalised against mean failure time for

each exposure type. Assessed by adhesive type and number plies.

Table 6.7. ANOVA p-values summary for influence of adhesives and ply numbers on

fraction of mean failure time.

Adhesives Layers
Pr(>F) 4.02E-03 1.42E-03

The differences in load bearing capacity in fire between three and five ply CLT wall
strips had previously been highlighted by Wiesner et al. [190], and the results herein
corroborate this. The configuration of 40-20-40 is arguably an extreme case, with a
large proportion of parallel timber placed in the outer plies; this was chosen deliberately
by the author to illuminate the reduction in capacity compared to a ply configuration
with more, thinner, plies. For the three ply walls more load bearing material is placed
in the outer plies, which means that 50 % of the total available material that is sup-
porting the applied load is comparatively rapidly exposed to fire at an early stage. In
contrast, for the five ply samples, as the first outer layer is damaged by the heat, only
one third of the parallel timber is affected and any losses in mechanical properties in
the cross-wise layers do not contribute significantly to the overall load bearing capac-
ity, as confirmed from the deflection plateaus that were observed for five ply specimens
in figures 6.15, 6.20, and 6.24. In addition, as observed in Chapter 5, the three ply
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specimens with thicker outer layers were subjected to higher shear deflections, where
shear forces were present. As the lateral midspan deflections increased, so did the shear
forces, which would then cause additional shear deflections. This would be more severe
for three ply compared to five ply specimens. From a structural design perspective,
these observations cause a dilemma; from a an ambient temperature structural per-
spective thicker outer layers are beneficial, because this maximises the load bearing
capacity with respect to the foot print of an element and its resistance to stability
failures. From a fire dynamics point of view, thick outer plies are also desirable, since
this is likely to increase the time to char-fall off in a real fire, thereby increasing the
chances of achieving burnout and auto-extinction before char-fall off leads to a second
flash over in a compartment [129, 131]. However, from a structural fire engineering
perspective, thicker outer layers reduce the time to failure for CLT walls in a fire, as
outlined above. This highlights the opportunity for multiple parameter design optimi-
sation (and the need for compromises), and the possible advantages gained by including

fire engineering considerations at an early design stage for CLT buildings.

Considering adhesives used in CLT production it has been shown that the use of the
polyurethane adhesive type reduces the time that the load bearing capacity of a CLT
wall can be maintained under heating. One of the presumed reasons for this is a
reduction in bonding strength as the temperatures of the adhesives are increased. This
was demonstrated in bending Chapter 5 and manifested in accelerated heat induced
deflections. In the fire exposed wall strips this means that the P-Delta effects which
arise from heat induced eccentricities are likely increased due to a weakening of the glue
line, which will reduce composite action between lamellae and lower the effective second
moment of area of the wall strip. While accelerated deflections are not a primary design
concern for the fire limit stage in floor systems, they significantly lower the structural
performance of walls in fire for the reasons outlined above. This suggests that designers
of buildings incorporating CLT walls can significantly increase fire performance through
selection of the appropriate adhesive type. Current codified guidance documents do not
recommend the consideration of adhesive strength in fire, and the choice of adhesive is
currently only considered for the potential occurrence of char fall-off, and only in some
jurisdictions [192, 208]

Adhesives in the timber industry undergo constant development, and in theory this
leads to a number of available choices of bonding agent for the production of CLT. In
reality, since CLT elements are factory produced by a relatively small (albeit growing)
number of manufacturers, the choice of available CLT products can be limited and

engineers might not be able to obtain CLT with a preferred adhesive type due to a
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lack of availability. Different adhesive types result in different manufacturing set-ups
and this means that the specification of an adhesive type should be a well thought out
proposition, incorporating all aspects relevant to building design and performance. The
findings from this thesis should therefore not be reduced to ‘melamine formaldehyde
good, polyurethane bad’ but should prompt a deeper look at how the fire performance
of CLT can be improved at the production stage and suggests that adhesives should
be considered when assessing the performance in fires. As with the number of plies in
CLT, this becomes an optimisation problem, since adhesives will also have performance
criteria not related to fire safety. For example, due to health reasons many jurisdictions
limit the amount of formaldehyde that building products may contain; the acceptability
to prevent 100 deaths in fires through the choice of a different adhesive but to cause
1000 more due to cancer must be assessed. To answer these questions is not within the
remit of this thesis, but the research herein is a contribution to knowledge to enable a

better understanding of these considerations, and to make more informed decisions.

6.5.2 Charring

The average charring rates in Table 6.4 and Table 6.5 show that the charring rates
for the experiments that were stopped after a specific period of time are higher than
those that were measured until failure was observed, despite the use of the same heat
flux exposure for both these experimental series. This difference occurred because the
considered heating time over which the charring rate was calculated is shorter for the
partial exposure results, causing an initial peak in the charring rate to weigh more
heavily on the overall mean charring rate; this also explains why the mean calculated
charring rates are higher for the three ply samples in Table 6.5, which were subjected

to shorter durations of heating.

The influence of the above noted initial charring peak was observed to be less with
longer heating durations, since the charring rate stabilised to a steady state. Struc-
turally this peak is also relevant since it occurs at the beginning of the fire and therefore
rapidly removes load bearing capacity from the outer ply, which contributes most sig-
nificantly to the load bearing capacity, especially for the three ply samples, as discussed

previously.

The mean charring rate was measured as 1.06 mm/min for the samples subjected to
a “high” heat flux of 51 kW/m?, and as 0.36 mm/min for the samples subjected to a
“low” heat flux of 15 kW /m?. The ratio of the two heat fluxes was 3.4, and the resulting

ratio of the mean charring rates was 2.9. From the plots in figures 6.17 and 6.26 it can
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be seen that this difference was driven in part by the peak charring rate as the steady
state charring rates stabilised around 0.65 and 0.4 respectively. It can therefore be
postulated that the relationship between imposed heat flux and steady state charring
rate is non linear. On the one hand this can be interpreted as suggesting that there
is an upper bound for the steady state charring rate. On the other hand these results
indicate it should also be taken into account that a significantly lower heat flux would
not scale linearly to a significantly lower charring rate, unless the imposed heat flux is
below a threshold value below which no pyrolysis is expected to occur. It should also
be considered that the actual heat flux on the timber surface for the high heat flux
experiments would have been larger than the heat from the radiant panels alone, since
these experiments also maintained flaming combustion throughout the experiments,

which would provide an unknown amount of additional heat flux to the timber surface.

6.5.3 Char fall-off

Char fall-off (refer to Subsection 2.3.2), which is also often referred to as delamination,
denotes the loss of pieces of char and is suspected to occur when the heat or char
front reaches the adhesive line and thereby reduces the adhesion between char and
underlying timber. The exact temperature conditions to induce charring are unknown
but previous research [173] indicates that it could happen before the char front (denoted
by the 300 °C isotherm) reaches the glue line. While it has little effect on the structural
load bearing capacity (as char is assumed to have negligible strength and stiffness), char
fall-off is consequential for the fire dynamics and can, through the exposure of ‘fresh’
timber, prolong the fire duration, cause increased gas phase temperatures, and increase

the intensity of external flaming, in a timber lined compartment.

Char fall-off was observed for six specimens in the experimental series in this study,
all of them were five ply CLT wall samples bonded with the polyurethane adhesive.
For the three ply samples, no char fall-off was observed for either adhesive; this can be
attributed to the fact that the outer timber plies for these samples were 40 mm thick,
and the char front therefore did not reach the first glue line before failure occurred or

the heating was stopped.

6.5.4 Failure modes

The failure modes for all specimens that failed structurally (i.e. were no longer able to

support the applied load) were observed as global buckling, with rapidly accelerating
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deflections and tensile rupture on the unexposed sides of the walls. The ultimate failure
of the material was tensile rupture on the unexposed side due to secondary bending
moments arising from P-Delta effects. It is important to recognise that this rupture
ultimately failed the material, but that structural failure occurred earlier, when the
deflections grew too large to be sustained by the weakened wall, thereby causing larger
bending moments and accelerating deflections. At these deflections points of no return
were reached and from the accelerating deflections it can be concluded that the bending
moments and thereby the tensile stresses in the unexposed side of the walls would trend
towards infinity; therefore, even if the specimens had been fabricated from timber with
higher tensile strength they would have failed soon after the walls started to buckle.
From the rapidly increasing deflections before failure, which occurred with no audible
tension failures, it can also be postulated that compressive yielding (i.e. plasticity) oc-
curred in the heated timber in compression, which would lead to the failures observed
for a simply supported wall. This is important to recognise, since fire resistance for
CLT is most often determined for floor systems in pure bending, where the modulus
of rupture is a major contributing parameter to the load bearing capacity in bend-
ing, while the compression strength will often not exert a major influence as extreme
compressive stresses will only occur at the unexposed face and therefore unlikely to
be affected by heat. In addition, design recommendations [83] for CLT often do not
address finer details of deflections, as these are considered to be governing for service-
ability conditions and therefore not applicable to fire. The failures observed herein
show that excessive deflections are likely to be the primary failure cause in CLT wall
systems exposed to fire, and that the reductions in effective elastic modulus must be
considered by designers. In addition, the occurrence of shear deflections (as observed
in Chapter 5) caused by weakening of the adhesive bond lines may matter greatly since

the resulting additional deflections are likely to lead to earlier failure.

6.5.5 Decay phase

The decay phase of a compartment fire was simulated by removal of the exposure heat
flux after a predetermined time of heating, thereby inducing a cooling phase in some
parts of the timber. As shown by the results in Figure 6.20 and Table 6.5, all of the five
ply specimens eventually experienced failure after the heat flux was removed after 25
minutes of heating, while all of the three ply samples, which were heated for 15 minutes,
maintained their load bearing capacity until the experiments had to be terminated for
safety reasons. To better understand the causes of failure for these two cases, the

temperature profiles at different heating durations are shown for both the three and
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five ply samples in Figure 6.30. After 15 minutes, when the heat was switched off
for the three ply samples, the temperature profiles for all specimens followed similar
distributions within the cross-sections, as seen in Figure 6.30 a) and e). After ten
more minutes, when the heat was removed for the five ply samples, it can be seen
that the three ply samples had cooled down to between 150 and 200 °C, while the
temperature profiles for the five ply samples had shifted deeper into the cross-section,
as would be expected under the continuous heating. After 45 minutes from the start
of the experiments, (i.e. 30 and 20 minutes beyond the point that that the heat flux
had been switched off for the three and five ply samples, respectively) the uncharred
timber of the three ply samples had cooled further to maximum temperatures around
100 °C. For the five ply specimens in Figure 6.30 g) the temperature did not reduce
to the same degree. Instead, while the surface cooled significantly, considerable heat
remained within the char and pyrolysis zone; this enabled more heat to conduct deeper

into the cross-section, thereby heating and weakening previously cool timber.

From a load bearing capacity perspective the cooling surface zone is irrelevant, since this
timber had been heated to over 300 °C and therefore turned to char with no remaining
contribution to the load bearing capacity of the wall strips. After an additional 15
minutes, the temperatures within the char layer remained between 250 and 300 °C for
the five ply PU specimens, which failed or had failed at this point structurally (i.e. the
shown temperature profiles refer to the profile at failure after 59.7 and 53.3 minutes for
C5PU050P_01 and C5PU050P_02, respectively), while the temperatures for the MF
specimens had cooled down to peak temperatures around 120 °C. Despite this cool

down the five ply MF specimens went on to collapse 30 and 45 minutes later.

Their respective temperature profiles at failure are shown separately in Figure 6.31.
A continuous cool down from ~115 to 100 °C occurred between 60 and 90 minutes
for C5MF050P_02. Similarly the temperature at 60 mm into the timber cross-section
reduced from 74 to 67 °C. However, the temperature at 80 mm cross-section depth
(the deepest adhesive line) continued to increase in those 30 minutes from 37 to 45 °C.
This demonstrates the high sensitivity of the walls strips’ structural stability to small
temperature increases in previously unheated sections, and also shows the importance
of the non-recoverable heat-induced deflections that were highlighted in Chapter 5,
since the cooling at 60 mm cannot compensate for the heat increases deeper in the

timber.
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Figure 6.30. Timber temperature profiles versus distance through the cross-section
from the exposed surface. 90 % confidence intervals of the temperature profiles are

shown as shaded areas.
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Figure 6.31. Timber temperature profiles versus distance through the cross-section
from the exposed surface for a) C5SMF050P_01 and b) C5MF050P_02 at their respective
times of failure. 90 % confidence intervals of the temperature profiles are shown as

shaded areas.

From the plots in Figure 6.30 g) and h) it can be seen that the specimens with five plies
and bonded with polyurethane adhesive type retain much more heat during the cooling
phase of the timber compared to the specimens bonded with melamine formaldehyde.
One possible explanation for this could be that the PU specimens experienced char
fall-off, while this was not observed for those bonded with MF. However, any increase
in heat into the timber from char fall-off would have to occur before the heat was
removed and at this point, as shown in Figure 6.30 g), there was no evidence of a
difference in heat profile between the two adhesive types. If anything, a reduction
in char layer would aide the cooling process as it would remove insulation from the
heated zone. Two possible alternative hypotheses can be put forward for the elevated
temperatures in the PU samples in the cooling phase; (1) the polyurethane adhesive
itself contributes to heat generation in pyrolysing timber and smouldering char and
(2) the occurrence of char fall-off generates inlets for air (and thereby oxygen) to
penetrate into the char layer and aides a smouldering combustion process. At this
point these hypotheses are merely conjecture and it is not the focus of this thesis to
investigate ongoing combustion phenomena in any depth. One argument against (1)
is that if the adhesive contributed significantly to heat generation, then this would

be expected to show as spikes in temperature near the glue lines, however, this is
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not the case in Figure 6.30. Given the relatively small sample size there is also the
possibility that the observed temperature increases are coincidental. Whatever the
cause for the elevated temperatures in the PU bonded CLT is clearly not beneficial to
the load bearing capacity during the fire decay phase, and as seen above as well as in
chapters 4 and 5, samples bonded with PU already appeared to be performing worse
structurally than their MF counterparts, even under equal thermal conditions. Given
the apparent prevalence of one component polyurethane adhesive formulations in CLT
production this is perhaps an area that warrants further research on a smaller scale
to understand the thermal boundary conditions arising in polyurethane bonded timber

products during both the fire growth and decay phases.

The temperature profiles in Figure 6.30 show a reasonable repeatability between speci-
mens and also between different ply configurations and adhesive types (apart from the
already discussed deviations in the cooling phase for the five ply samples), highlighting
the suitability of this experimental set-up for comparative analysis. It was observed
that the 90 % confidence intervals of the temperature profiles were narrow, apart from
regions where rapid changes of the temperatures with depth occurred. This suggests
that drilling TC holes by robot and the location and spacing of the thermocouples is a

suitable method for experiments and analysis such as that presented herein.

6.5.5.1 Implications

The failure of the five ply specimens in cooling shows that the decay phase of a fire
should be considered by designers when the possibility of structural collapse is consid-
ered, as had been postulated by previous research [147, 148, 173]. The original intent
of fire resistance furnace tests was to generate a fire severity that implicitly accounted
for burnout, and therefore inherently for a decay phase. Modern fire resistance ratings
are based on a perceived risk factor of a compartment based on its occupancy type
and height; the decay and subsequent cooling phases of a fire are therefore not neces-
sarily considered. At 15 and 25 minutes of heating duration the heating consisted of
about 75 % and 74 % of the lowest observed failure time from experiments heated to
failure for three and five plies respectively. This constitutes a relatively long heating
duration (relative to the failure time) and it could be argued that fire resistance times
from furnace tests will have sufficient margin of safety on the fire severity to ensure
that CLT walls will survive a cooling phase. There are two counter points to this: (1)
this supposed margin of safety arising from fire resistance testing in furnaces is not

quantifiable in engineering terms, and (2) the fraction of applied heating duration for
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the five plies (which all collapsed) to the longest time to failure from the experiments
to failure (see Table 6.4) was 60 %.

It can be postulated that the fractional heating time required to induce failure in the
cooling phase is not linear to the potential failure time, since both ply sample groups
were heated to equivalent fractional heating durations but only the longer (in real time)
heated five ply samples passed a point of no return that led to failure. Clearly, a combi-
nation of thermal and structural effects makes this a complex problem to consider. As
the heating duration increases, more heat is stored in the timber and this will not only
cause heating deeper into the timber in the cooling phase but also increases the proba-
bility of smouldering to manifest and to generate more heat even after the original fire
has decayed. In addition, the occurrence of deflections penalises the load bearing ca-
pacity with interest, i.e. at later stages in the fire smaller deflection increments become
more critical due to the already existing deflected shape of the wall. The potential for
structural collapse during or after the decay phase is not unique to timber, and recent
research by Gernay et al. [226, 227] proposed to shift the focus for structural fire safety
assessment from a fire resistance concept to a burnout assessment. As seen in the results
presented in this study, this problem is considered especially critical for timber because
(1) its strength and stiffness retention is affected at relatively low temperatures (as com-
pared to concrete and steel), and (2) it is possible for a structural timber element to keep

supplying heat to itself through exothermic reactions, even where flames extinguish.

6.5.6 Moisture movement

For the samples exposed to a low heat flux, water was observed to flow out of the ther-
mocouple holes on the unexposed side for three ply samples but not for those consisting
of five plies. This can possibly be attributed to the different thickness between the two
ply numbers. For the samples with five plies, the plies had a thickness of 20 mm, com-
pared to 40 mm for the outer boards in the three ply walls. This means that a moving
moisture front encountered a cross layer earlier in a five ply than a three ply specimen.
The permeability of timber varies with grain orientation and is higher parallel to the
grain than perpendicular; in a cross ply the water was therefore given a different ‘path
of least resistance’ to drain away from the heat front rather than moving deeper in the
timber. In the absence of any moisture measurements for these experiments this theory
is conjecture, and the deeper investigation of moisture movements is not an objective
of this study. However, this indicates that the ply configuration is another factor to

consider for the detailed modelling of heat and mass transfer in CLT.
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6.6 Conclusions

This chapter presented details of an experimental series on the load bearing capacity
of CLT wall strips during severe heating. Set-up and results from samples with four

different heating exposure scenarios were presented.

The simply supported wall strips were concentrically loaded to a 50 % of their man-
ufacturer recommended load limit, resulting in applied loads of 60 and 78 kN for five
and three ply CLT respectively, and then exposed to a constant incident radiative heat
flux while the load was sustained. Due to the effect of charring and heat the samples
developed load eccentricity with increasing experimental durations, which ultimately
led to global buckling failure with runaway lateral deflections. The main findings are

summarised below.

e A statistically significant influence of the adhesive type in the CLT on the com-
pressive load bearing capacity in fire was observed. Specimens that were using a
polyurethane adhesive type consistently failed earlier than those bonded with a
melamine formaldehyde adhesive type. The median normalised failure time for
PU bonded samples was 20 % less than for a median sample with a nominally
‘neutral’ adhesive, and 36 % less than a median MF bonded CLT wall strip.
In addition, char fall-off was observed for PU bonded CLT but not for the MF
bonded samples; it is suggested that this was independent of, and did not cause,

the reduced structural capacity in fire for the PU samples.

e Specimens with three plies, which had thicker outer plies, had a reduced time to
failure as compared with five ply specimens, with the median normalised failure
times for three plies being 17 % less than the overall median failure times. This
is thought to be linked to increased shear stresses in the three ply layers. In
addition, faster deflection rates and earlier failures in three ply samples were
linked to the fact that three ply samples do not have a ‘sacrificial’ crosswise layer

that can slow down the overall loss in cross-section.

e The failure modes for the wall elements were global buckling, and runaway deflec-
tions indicated compressive yielding as a cause of failure. This highlights that a
loss in stiffness and accumulated lateral deflections, rather than a loss in material

strength, should be considered as the primary failure mode for CLT walls in fire.

e Failure in the fire decay and timber cooling phase was observed for five ply samples

but not for three ply samples, after both sample groups had been subjected
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to heating durations of 15 and 25 minutes for three and five plies respectively,
which corresponded to ~75 % of their expected minimum failure time. Structural
collapse in the cooling phase was determined as a complex interaction of thermal
and structural factors wherein prior heating both induced eccentricities, which
increased the probability of subsequent unstable behaviour, and also caused in-
depth heating which then continued to weaken the walls after the initial heat flux

exposure was removed.

The results presented in this study showcase a novel experimental approach that re-
sulted in multiple novel findings. The importance of the adhesive type is shown not
only for fire dynamics considerations but also for the overall structural capacity of CLT
wall systems. This research highlights that CLT is a complex composite system and
that its fire behaviour can be improved by careful multi parameter consideration of the

individual aspects of the system.

The failure of CLT walls in the fire decay phase was, for the first time, demonstrated
through a systematic experimental program; this highlights the need for designers to
consider the possibility of failure as heat moves within CLT and the issues arising from
an non inert material that can continue to generate its own heat in-depth, even after a

primary heat source has self-extinguished.
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This chapter contains a more in-depth investigation into the findings in Chapter 6 to
determine the importance of individual input parameters and to highlight the require-
ment for critical understanding to successfully model the structural performance of

CLT walls or columns in fire.

The chapter reviews some basic concepts of instability and how they can be represented
numerically by simplified structural models. A hybrid modelling approach is used to
estimate the bending moment and shear force diagrams in the wall strips tested in
Chapter 6; this is subsequently used to illuminate the stress distributions within the
CLT cross-sections with progressing burning duration, and to highlight areas where

additional research may be warranted.

7.1 Buckling Theory and Analysis

All the tested wall strips, both at ambient and elevated temperatures, in Chapter 6
failed due to instability, which could be identified by rapidly accelerating lateral de-
flections at mid height of the specimens. To better understand this behaviour, the fol-
lowing sections provide a summary of the mechanical considerations that cause global

buckling.

Since the boundary conditions for the tested wall strips consisted of continuous pinned
connections along their width, the behaviour of the wall strips can be approximated as
those of slender columns; the buckling of such columns is best described from the sim-

plest case: a pinned-pinned column, subjected to an axial load, as shown in Figure 7.1
a).

Due to the symmetric support conditions it is assumed that, when a critical buckling
load is applied, the column will deflect sideways to follow an alternative bifurcated
load path, and that the deflection, v, will have its greatest value at the mid-height
of the column. The equilibrium of moments along the height, z, of the column (see
Figure 7.1 b)) when buckling occurs can then be described as shown in Equation 7.1.
The solution to this second order linear differential equation is shown in Equation 7.2,

where « is a summary of the terms involved in Equation 7.1, as shown in Equation 7.3.

d’>v  Puv
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Figure 7.1. a) assumed deflected shape, and b) bending moment equilibrium in a

pinned-pinned column at its critical buckling load.

v=A-sin(ax)+ B - cos (ax) (7.2)
P
a=\%7 (7.3)

The boundary conditions of a pinned-pinned column necessitate that v = 0 at z =0

and that v =0 at ¢ = [, giving B = 0 and Equation 7.4 as possible solutions.

A-sinal =0 (7.4)

If A = 0 the deflection remains zero for all x, which refers to an unstable equilibrium
load path and is of no interest for the problems investigated in this thesis; from a
structural point of view the solution of sin @l = 0 is more relevant and this condition
is given if Equation 7.5, where n is an integer between zero and infinity, is satisfied.
Combining equations 7.3 and 7.5, and recognising that the critical (i.e. lowest) buckling
load will occur for n = 1, the so called Euler buckling load for a pinned-pinned column

can be described analytically by Equation 7.6
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al =nm (7.5)
Bl
Perit = T (7-6)

Generally speaking, varying inherent eccentricities will prevent the Euler buckling load
from being reached, as these eccentricities will induce increasing lateral deflections as
the load is increased and approaches the buckling load [65, 98]. Material failure (due to
bending moments arising from P-Delta effects) will eventually cause failure somewhat

before the Euler buckling load is reached.

The following paragraphs describe the derivation to obtain an expression for the mid-

height deflections in columns or walls subjected to eccentric loading.

Eccentricities arising in walls from a progressing heating (charring) front can be sim-
plified to an eccentrically loaded column, for which the moment equilibrium is shown
in Equation 7.7 where e. denotes the eccentricity between a concentrically applied load
and the elastic centroid of the heated section. Applying the same boundary conditions
as for the pure Euler buckling described in equations 7.1 to 7.6, the deflection along
the wall height can be described as shown in Equation 7.8.

d>v Pv  Pe,
@—i_ﬁ—’_El_o (7.7)

v=e- [tan(%l) sin(az) + cos(azx) — 1] (7.8)

The highest deflections in a buckled wall occur at its mid height, therefore setting x
equal to /2 in Equation 7.8, yields Equation 7.9, which can be used to describe the
mid-height deflection of a wall with known eccentricity and known applied load. A
variant of Equation 7.9, which is also sometimes referred to as ‘the secant formula’ has
previously been used by Suzuki et al. [113]. Equation 7.9 will be used later in this
chapter to inform and validate a proposed simplified modelling approach with regards

to the wall strips that were tested in Chapter 6.

=e.- [Sec(aé) —1] (7.9)

v
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7.2 Deflected shapes

From Equation 7.1 it is evident that eccentricities, horizontal deflections, and therefore
the deflected shape of a wall have a significant influence on its load bearing capacity.
This section therefore investigates the deflected shapes from the experiments on wall
strips presented in Chapter 6. From the tracked circles along the edge of the wall
strips (refer to Subsection 6.4.1.5) the deflected shape can be obtained for each mo-
ment in time. The positions of the tracked circles at selected time steps are shown in
Figure 7.2 for the two repeats of melamine formaldehyde bonded three ply walls under
“high” heating exposure (which consisted of a mean radiant heat flux of 51 kW /m?
see Subsection 6.4.1.3 to failure. In addition, a sinusoidal curve in the form of Equa-
tion 7.10 was fitted to the deflected shape and is also shown, including its confidence
intervals. The deflected shapes for three ply walls bonded with a polyurethane adhesive
are shown in Figure 7.3. From these figures it can be seen that the fitted sine curves
give a reasonable approximation of the deflected shapes, as would be expected from

theoretical considerations on buckling outlined in Equation 7.1.

v=a-sin(b-z+c) (7.10)

7.2.1 Bending moments along walls

From the deflected shapes it is clear that increasing bending moments will develop along
the height of the walls. These bending moments are caused by second order P-Delta
effects between the initially concentric applied load and the developing eccentricities.
Initial eccentricities are caused by the weakening of the cross-section due to heating and
charring, and these initial eccentricities are the cause of initial moments. These cause

further deflections, which then cause secondary moments, and further deflections.

The bending moments along the height of the wall strips, caused by the sum of the
P-Delta effects just before failure, can be obtained from the deflected shapes that
are displayed in figures 7.2 and 7.3. As should be expected, the bending moment
distribution at failure in Figure 7.4 follows the same sinusoidal shape along the wall
height as the deflected shape. It can be seen that, again as expected, the maximum
bending moments occur at mid-height of the columns and these range between 1.9 and
4.6 kNm. More interesting than the actual magnitudes are the shape of the distribution

of moments, since this allows an assessment of the shear forces acting along the wall
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Figure 7.2. Vertical and horizontal position of tracked points on three ply melamine
formaldehyde adhesive CLT wall and fitted sine curves at selected time steps.
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Figure 7.3. Vertical and horizontal position of tracked points on three ply

polyurethane adhesive CLT wall and fitted sine curves at selected time steps.
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strips.
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Figure 7.4. Bending moment diagrams from deflected shapes just before failure for

walls exposed to “high” heat flux exposure until failure.

7.2.2 Shear along wall height

Elements that are loaded concentrically in plane are not subject to out of plane shear
forces, however, this changes with the introduction of eccentricity due to one sided
heating. As can be seen in Figure 7.4, the bending moment changes along the height of
the wall strips. By definition, this means that shear forces are present in the wall strips
to balance forces arising from bending stresses over the height. The shear force, V', can
be calculated from the slope of the bending moment, M, along the height, x, of the wall
using Equation 7.11. The resulting shear force diagrams from the bending moments
in 7.4 are shown in Figure 7.5; it is observed that the highest shear forces occur near
the supports and that the shear force is zero at mid height, where symmetry stipulates
zero rotation. This means that the highest shear forces do not coincide with the heated
region in these tests. The highest shear forces affecting the heated cross-section occur

on the edge of the heated section with an absolute value range between 1 and 2.5 kN.

dM
V=—— 7.11
. (7.11)
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Figure 7.5. Predicted shear force diagrams from deflected shapes just before failure

for walls exposed to “high” heat flux exposure until failure.

7.2.3 Stress profiles

The reduction in stiffness of timber is generally assumed to be less severe for tension,
compared to compression (refer to Subsection 2.4.1), and this introduces additional
complexity into the analysis of timber structures; the elastic modulus distribution in a
cross-section will depend on the location of the neutral axis, which in turn depends on

the distribution of the elastic modulus in the cross-section.

From the deflected shape along the wall height the curvature x can be obtained from
Equation 7.12, where v is the lateral deflection along the height of the wall, z. Since
the applied load was kept constant throughout the experiments it can be used in con-
junction with the curvature to determine the stress profile within the cross-section of
the walls with increasing heating duration. The stress profile is found from equilibrium
of the applied forces, as shown in Equation 7.13. ¢ denotes the axial stress and is deter-
mined by Equation 7.14, where y; is the distance of each slice in the cross-section from
its geometric centre, na is the position of the neutral axis, and E; is the elastic modulus
of timber at this position in the cross-section, according to its temperature, orientation

(i.e. parallel or crosswise to the main loading direction), and stress state. Timber in
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compression is assumed to follow an elastic-perfectly plastic constitutive relationship,
i.e. the stress in fibres, where the stress is equal to or exceeds the yield strength, is
set to the yield strength, as shown schematically in Figure 7.6. The yield strength is
assumed to vary with temperature in accordance with the strength reduction recom-
mendations from the Eurocodes [145] for timber in compression. This follows a bilinear
reduction trend with a strength retention of 25 % at 100 °C and 0 % at 300 °C (char)
and above. Similarly the elastic modulus is reduced in accordance with the Eurocodes,
with a 100 °C breakpoint of 35 %. The Eurocode reduction curves were chosen over the
determined reduction curves in Chapter 4 since no reliable reduction correlation was
found for the elastic modulus. The compressive yield strength at ambient temperatures
for the stress profiles herein is assumed as 39.7 MPa, determined from experiments pre-
sented in Chapter 4. Resulting stress profiles from this hybrid modelling approach are
shown in figures 7.7 and 7.8 for a three and five ply wall strip exposed to “high” heat

flux, respectively.

d*v
= — 7.12
T2 ( )
Ns
> oi-Ai—P=0 (7.13)
i=1
oi=kK-(na—vy;)-E; (7.14)
20°C
© 60 °C
100 °C
200 °C
250 °C

Figure 7.6. Assumed stress strain relationship at multiple temperatures.
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Figure 7.7. Profiles of a) temperature and b) stress through a three ply MF bonded
specimen under full exposure at fractional times of 0, 0.5, 0.75 and 1 of the observed

failure time.
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Figure 7.8. Profiles of a) temperature and b) stress through a five ply PU bonded
specimen under full exposure at fractional times of 0, 0.5, 0.75 and 1 of the observed

failure time.
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The detailed consideration of the assumed stress profiles offers multiple helpful insights
to better understand the structural behaviour and the special considerations needed to

represent the buckling of CLT walls numerically.

7.2.3.1 Significance of stress mode for elastic modulus reduction

As mentioned above, the assumption that the elastic modulus reduction varies between
timber in compression and timber in tension excludes exact solutions and introduces
the need to iterate towards a ‘correct’ solution. From the stress distributions in figures
7.7 and 7.8, it can be seen that tension stresses only became significant towards the end
of the experiments. At the same time, the temperature profile through the cross-section
suggests that the temperature increase in the tension zone was moderate; this raises
the question whether the difference in elastic modulus retention is significant to the
overall stress distribution or if this can be considered negligible to the overall structural
behaviour. The bending moments about the cross-sections’ geometric centres resulting
from the stress distributions can be computed for two cases: (1) the consideration of
both tension and compression in the determination of the reduction in elastic modulus,
and (2) the assumption that the whole cross-section is in compression. The relative

difference between these two moments is shown in Figure 7.9 for two wall strips.

It is observed that the error between the two calculation procedures remains close to
zero for the majority of the experimental time, which has been normalised against the
test duration. At some points the error can be seen to jump before reverting to small
values again; these peaks occurred when the direction of the moments about the cross-
section centre changed, and since this happened at slightly different times for the two
procedures, large momentary errors occur. These peaks are more a numerical problem
rather than a reflection of the differences in stress, and overall the errors between the
procedures are small, suggesting that the distinction between tension and compression
for the reductions in elastic modulus can be considered negligible and that the cross-
section can be simplified to act in compression only to determine the retained elastic

modulus of heated timber.

7.2.3.2 Tensile stress development

The stress profiles from the modelling above can also be used to read and assess the
development of tensile stresses on the unexposed face of the CLT and their development

within the normalised experimental duration. The extreme fibre tensile stresses for
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Figure 7.9. Percentage errors between calculation procedures assuming only com-
pression, and separate tension and compression reduction plotted against normalised

experimental duration.

selected wall strips of the “high” heat flux exposure to failure series are graphed in
Figure 7.10. The exponential increase of tensile stresses during structural failure can
clearly be identified and correspond to the runaway deflections that were observed in
Chapter 6. The increasing tensile stresses can also be quantified in the context of
the normalised time via a slight extension of the exponential fits. A theoretical 5 %
increase in experimental duration (to a normalised time of 1.05) causes a 32 % increase
in tensile stress for specimen 3MF050_01 and a 598 % increase for 5MF050_02. These
assessments suggests that, to successfully assess failure for axially loaded CLT walls
in fire, the failure criterion should be based on the lateral deflection and compressive

yielding, rather than exceedance of the modulus of rupture or tensile strength.
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Figure 7.10. Tension stresses as exponential functions at the unexposed face plotted

against normalised experimental duration.

7.3 Local heating allocation

As shown in Equation 7.1, analytical solutions are available to calculate the deflections
of buckled columns and walls based on the underlying mechanics. However, these
solutions are limited to cases where the mechanical properties are constant along the

length of the assessed element.

In some (experimental or real) situations, a column or wall will not be exposed to fire
uniformly and its mechanical properties will therefore vary along its length or across
its surface. This was the case for the wall strip experiments presented in Chapter 6. To
appropriately model these cases it is necessary to approximate the analytical solutions
numerically; this can be achieved by dividing a column into multiple smaller elements
and then assigning each element its respective mechanical properties, i.e. damaged by

heating or assumed at ambient temperatures.

For the simulations in this thesis, the wall strips were represented by Euler-Bernoulli
beam-column finite elements; this procedure is also often referred to as a direct stiff-
ness approach. The initial lateral deflections are modelled as uniform bending mo-

ments equal to the product of the applied load and the eccentricity arising from the
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heat induced loss of elastic modulus in the cross-section. The deflections arising from
this bending moment are calculated from the global stiffness matrix and the resulting
additional bending moments are applied to the system iteratively until the arising de-
flections (and resulting bending moments) are below a set tolerance (herein somewhat

arbitrarily chosen as 0.001 mm of increase in deflection) and convergence is achieved.

The validity of this approach is assessed below for a simple case where a wall is ex-
posed to a constant rate of charring across its whole cross-section. Since the analytical
solution for this case is known, it can be compared to the numerical procedure of
incremental moments described above. The deflection paths for a theoretical load ap-
plication of 5 % of the ultimate buckling load of both a three and a five ply CLT
wall heated from one side with a theoretical constant charring rate of 1 mm/min are
shown in Figure 7.11. The load deflection paths show the close approximation of the
numerical iterative approach to the analytical one and suggests that the eccentricity
induced buckling can be approximated by the chosen numerical approach to enable the

specification of multiple elements along the height of the simulated wall strips.

50 . T T T T T T T
— — — - 3-Layer lterative
3-Layer Analytical
............. 5-Layer lterative
————— 5-layer Analytical

N
4]
T

N
o
T

w
&)
T

w
o
T

Midspan Horizontal Deflection [mm]
= = N N
o al o [6)]
T T T T

9]
T

45

Burning Duration [min]

Figure 7.11. Comparison of analytically and iteratively calculated midspan lateral
deflections for a CLT column loaded to 5 % of its ultimate buckling load.
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7.4 Model approach

7.4.1 Input parameters

In order to simulate the observed experimental deflections, input parameters are re-
quired for the model in this chapter. The three main parameters that are required
are the elastic modulus, the compressive yield strength, and the temperature profile

through the cross-section.

A distribution of 1000 possible cases has been created for the two mechanical input
parameters; it is based on the measured compressive yield strengths observed in Chap-
ter 4, which suggested a mean strength of 36.7 and 43.1 MPa for three and five ply
CLT, respectively. For the elastic modulus the recommended mean expected value [96]
of 11,600 MPa is assumed for both ply configurations. Coefficients of variance (CoV) of
20 and 13 % are assumed for strength and elastic modulus, respectively, and for both
parameters a lognormal distribution is assumed [201]. The correlation factor between
these parameters is assumed as 0.6 [201]. The resulting mechanical input parameters
are shown in Figure 7.12. Based on the observations in Subsection 7.2.3.2 it is assumed
that the failure is caused by runaway deflections and the influence of tensile stresses on
material failure is negligible, therefore no tensile stresses are assumed for the proposed

model.

The temperature profile can be estimated from the thermocouple readings at each
time step. Uncertainty in the temperature measurements is accounted for through the
bootstrap approach that is explained in Appendix B Subsection B.1.1. The simulations
herein are based on a bootstrap sample size of 1000, and for each simulation run a set
of the correlated mechanical input parameters is paired with on temperature profile

estimation, thereby accounting for uncertainty in all three major input parameters.

7.4.2 Elements

The wall strips were modelled using direct stiffness or Euler-Bernoulli beam column
elements, which are described by the stiffness matrix shown in Equation 7.15, where
FE is the elastic modulus, A is the cross-sectional area, I is the second moment of area,

and L is the length of the element considered.
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The elements themselves are subdivided into 100 slices and each slice is assigned an elas-
tic modulus, strength, and second moment of area. The elastic modulus and strength
of each slice at each time step are dependent on its temperature and orientation and
the value of EI in Equation 7.15 is then obtained as the sum of F;I; of all slices, and

the same approach is taken for FA.

For each element a B-matrix is defined as shown in Equation 7.16, where y is a vector
containing the vertical coordinates of the centroids of each slice, and z is the position
along the longitudinal axis of the element. The B-matrix is then used to relate the
nodal deflections v to the axial strains €, in each slice of the element considered, as

shown in Equation 7.17.
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7.4.3 Simulation procedure

The simplified direct stiffness approach is illustrated in Figure 7.13, which shows an
approximated sketch of the original deflected shapes of the Euler Bernoulli elements.
This is shown as an illustration and the actual simulation utilises more elements to re-
flect the heated region and its curvature more accurately. The initial bending moment,
M., due to the eccentricity from charring, e. at each time step is calculated according
to Equation 7.18. This moment, will cause additional deflection eg; along the column
height, from which further moments arise, as shown in Equation 7.19. The deflections
es at each iteration step n are calculated from the direct stiffness matrix and the nodal
loads (which contain the moments caused by the previous iteration’s deflection eg ,,—1)

are calculated according to Equation 7.20, where K is the global stiffness matrix.

M,=P-e. (7.18)
n

My = lim_ > P-eon (7.19)
=1

es,n = K_l : [P : es,nfl] (720)

After the iterations for each time step are finished and ey, is found small enough
to satisfy tolerance, the strain throughout the element at this time step is calculated
in accordance with Equation 7.17 from the total nodal deflections of each element
at this time step. The stress through the thickness of the element is then found from
Equation 7.21, where F is the elastic modulus of each slice, and is scaled from the input
value of FE according to its temperature and orientation. It is assumed that crosswise
plies have an elastic modulus that corresponds to an equivalent parallel elastic modulus
divided by 30 [82, 208].
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Figure 7.13. Direct stiffness approach schematic.

c=FE- € (7.21)

The stress through the elements is assessed against the yield strength, which is also
scaled with temperature of each slice; if any slice of any element is found to be yielding,
the elastic modulus for this elements is updated to a tangent elastic modulus, to reflect
a constant yield strength and the strain state and the deflection iterations are repeated
with the updated tangent modulus values. In light of the findings in Chapter 5, where
no deflection recovery was measured during the timber cooling phase, no recovery of

the mechanical properties of heated timber is assumed for the model in this chapter.



242 Analysis

Considering the symmetry of the measured deflected shapes in Figure 7.2 the wall strips
are modelled until their mid-height as shown in Figure 7.14, with a zero rotation rolling
support at its mid-height. For the simulations herein 17 elements of initial length of
50 mm each were used to model the wall strips. The number of elements was chosen
as the smallest possible mesh size to capture the heated region. No mesh sensitivity

was found.

Figure 7.14. mid-height symmetry boundary conditions
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7.5 Simulation/Model results

The median simulated mid-height deflections from the temperature bootstraps and
the input parameters shown in Figure 7.12 are shown alongside 90 % confidence in-
tervals, and the respective observed deflections in figures 7.15, 7.16, and 7.17 for the
“high”, “partial”, and “low” heat flux exposure experiments described in Chapter 6,

respectively.

7.5.1 “High” heat flux to failure

The simulation results for three ply CLT wall strips bonded with melamine formalde-
hyde in Figure 7.15 a) can be observed to fall within the specified confidence interval,
and the trend of the measured deflections is approximated by the median model out-
puts. For the three ply specimens with polyurethane in Figure 7.15 b) the model does
not represent the observed runaway deflections and does not predict buckling failure

within the shown 90 % confidence interval.

For the five ply specimens bonded with melamine formaldehyde the model output
initially follows the measured deflections but tends to overestimate deflections after
approximately 20 minutes. While the measured deflection rates reduce in this time
period those resulting from the model accelerate. The measured values fall within the
90 % confidence interval for the majority of the test duration, although given the extent
of the confidence interval this might be more a reflection of the uncertainty in the input
data rather than the performance of the model. For the five ply specimens bonded with
polyurethane the model results initially approximate the experimental measurements
closely. After approximately twelve minutes, the model fails to capture the accelerating
deflections that were measured in the experiments. The experimental results deviate

outside the 90 % confidence interval of the model.

7.5.2 “High” heat flux for a fixed time period

For the three ply specimens that were exposed to 15 minutes of the “high” heat flux in
Figure 7.16 a) and b) the model captures the trend of the measured deflections within
the estimated confidence interval. It does not reflect the continuing slow deflections that
were observed. The increased deflection during the heating phase of the second repeat

of the 3PU specimen can be seen to fall outwith the confidence interval, suggesting
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that the specified uncertainty in the input parameters is not able to fully account for

material variations that are apparent in the observed repeat experiments.

For the five ply specimens in Figure 7.16 c¢) and d) which were exposed to 25 minutes
of the “high” heat flux the model captures the initial trend of the deflections but fails

to predict the continuing deflections in the cooling phase.

7.5.3 “Low” heat flux to failure

The model output for the first repeat experiment of the three ply melamine formalde-
hyde in Figure 7.17 a) provides what can arguably be described as the best simulation
performance in this chapter: both the trend and the magnitude of the observed data
are reflected in the model output. On the contrary the first repeat experiment from this
series deviates significantly from the predicted confidence range. It should be noted
that this experiment was the first specimen in the “low” heat flux series and was run
with a slightly higher heat flux (21 rather than 15 kW /m?) than the other specimens
for this set-up. This should, in theory be accounted for by the increased temperatures
that are used as input parameters for the model, however, it can be seen that, while the
model predicts higher deflections than for repeat 2, the increased input temperatures
do not seem to sufficiently account for their effects on the deflections measured in the

experiment.

As noted for the “high” heat flux results, the effect of weakening of the polyurethane
adhesive is clearly visible in Figure 7.15 b), causing accelerating deflections that cannot

be accounted for the by the model or the specified uncertainty in the input parameters.
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7.6 Discussion of simulation results

“All models are wrong, but some are useful.”
George Edward Pelham Box 1979 [228]

The utilised model presented in this chapter was deliberately kept to an accessible
degree of simplicity and it was therefore unlikely that it would accurately model all of
the different deflection curves that were observed in Chapter 6. This section discusses
how the large deviations between model and reality can be interpreted in light of the

underlying engineering principles.

The 3MF specimens exposed to full “high” heating provide the simplest model case,
since the cross-lamination does not come into play and melamine formaldehyde adhesive
types are generally not expected to induce adhesive failure at elevated temperatures [70,
73, 174]. The simulated output data confidence ranges capture both the trend and the
magnitude of the measured deflections; this indicates that the basic underlying concepts

of the model discussed in Subsection 7.4.3 provide a sufficient level of parsimony.

7.6.1 Confidence levels

For all the model outputs in this chapter the provided 90 % confidence intervals can be
observed to grow larger with time and a sharp increase of the 5 %ile deflection (i.e. the
lower confidence limit) can be observed as failure is approached. The increase in the
range with time can be explained by increasing uncertainty in temperature readings
deeper into the timber, as the instrumentation density of thermocouples reduced away
from the exposed surface. Another reason for the widening confidence ranges with
increasing defections is the occurrence of yielding for lower yield strengths, causing an

increase in the deflection rate.

7.6.2 Influence of the adhesive

The comparison of modelled and measured results in figures 7.15 b), 7.16 d), 7.17 b)
and d) provide further confirmation of the influence of the adhesive on the structural
load bearing capacity in fire. Note that the model neither implicitly nor explicitly takes
adhesive type into account, so these results are not unexpected. They show that the

accelerating deflections in PU specimens were not caused by uncertainties in material
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or temperature development but by structural effects that can be considered likely to

originate from a loss of adhesion with increasing temperatures.

One major obstacle to taking adhesive behaviour in timber structures in fire into ac-
count is the fact that very little information on adhesive behaviour is available publicly.
It is unsatisfactory that one of the largest sources of uncertainty for the assessment of
timber structures in fire is not timber, a naturally grown material that is generally con-
sidered more variable than steel or concrete, but the adhesive, which is manufactured in
well controlled conditions and to specific requirements. This uncertainty does not stem
from a variability in specific adhesive behaviour itself, but the lack of information on
the adhesives used. If engineered timber buildings are to continue to grow in numbers
and heights, the adhesives that are used to manufacture the engineered timber elements
should be subject to equal scrutiny as any other material in a building when it comes
to fire safety. The recently introduced qualification requirements for adhesives in North
America [208] show that steps towards improved fire safety with respect to adhesive
performance are already being taken to minimise and prevent the occurrence of char
fall-off. A correlation between adhesive char fall-off and their elevated temperature
adhesion likely exists, and these steps are therefore also likely to implicitly improve
the structural adhesive fire performance. However, more detailed understanding of
adhesives, like the glass transition temperature or the reduction in shear strength at
elevated temperature and moisture levels, are needed for proper structural fire safety

assessment of engineered timber buildings.

7.6.3 Influence of latent heating

The simulated and observed deflection paths in figures 7.16 ¢) and d) show that the
continued deflections of the five ply specimens, that were measured after the heat ex-
posure was removed, are not captured by the model. This can have multiple causes:
(1) the deflections in the cooling phase could be caused by heating due to smoulder-
ing in parts of the timber that were not instrumented with thermocouples, however,
smouldering without an external heat source is a relatively slow process and could only
partially explain the accelerating deflections that were observed in the specimens. (2)
the reduction in strength and elasticity is not only affected by the increase in tem-
perature but also by the loading duration, which would could be explained by creep,
which has been shown in Chapter 5 to drive the deformations in timber subjected to

heating under constant load. However, the experiments on beams in Chapter 5 also
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halted any further deflections in the cooling phase, so no further deflections were ob-
served as heat was removed, despite the continuous application of constant loading.
(3) the reduction curves from the Eurocodes [145] that were used in this model orig-
inate from back calculations of timber studs in standard cellulosic time temperature
curve furnace tests, with moisture movement considered implicitly [108]. Clearly the
heating for the experiments considered here is very different from the conditions that
arise in furnace tests that follow a standard time temperature curve, and CLT, due to
the cross-wise orientation of some of its layers, is a more complex material than sawn
lumber. Rehydration of previously dried timber could be a potential reason for con-
tinuous strength losses during cooling, and this is supported by findings by Armstrong
[171, 172], which showed that both increases and decreases in moisture content can
cause creep deflections in timber under constant load. In addition, moisture should
perhaps be considered to move independently from heat during a fire decay phase as
it can be moved by momentum and pressure differences. All of these possible causes
require a better understanding of the structural properties of timber in non-standard
heating conditions. Within the current knowledge framework it can be said that the
measured temperatures are not sufficient in combination with the assumed reduction

curves to predict failure in the timber cooling phase.

7.6.4 Influence of the cross plies

One interesting observation from comparing model and measured deflections is that, for
five ply elements, the effect of the cross-plies is not accurately captured by the model.
As the crosswise orientated plies have lower mechanical properties, they should, in the-
ory, act as a sacrificial layer as the heat front passes through them and reduces their
mechanical properties. An extreme case of this is shown for the theoretical considera-
tions in Figure 7.11, where, for illustration purposes, a constant charring rate only is
assumed and any timber beyond the char front retains 100 % of its mechanical prop-
erties. This results in a reduction in the rate of deflection as the cross-wise layers are
charred, as these do not contribute significantly to the overall load bearing capacity to
begin with. With the continuous temperature profiles that were used as model input
parameters in this chapter the expected reduction in deflection rate does not appear to
be captured at the correct time (when comparing to the measured deflections) and does
not reflect the magnitude of the slowdown in deflections that is shown by the measured
data, this is especially evident for five ply specimens exposed to a “high” heat flux
in Figure 7.15 ¢) and d). This failure to properly represent the strength loss in the

cross layers perhaps suggests that the influence of temperatures is not as continuous as
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assumed herein, and that significant temperature reducing effects do not start at 20 °C

but are linked to higher temperatures.

7.6.5 Yield and failure criteria

Barring the influence of the adhesive, the trend of the measured deflections in figures
7.15 and 7.17 is described well by the confidence ranges of the model output. One
issue appears to be the correct forecasting of runaway deflections and the increase of
the slope in the deflections paths. In Figure 7.15 a) it can be observed that the shape
of the lower confidence range (i.e. the 0.05 quantile) is a reasonable representation
of the shape of the measured deflection path, while the median model output does
not accurately represent the runaway deflections. Assuming that yielding of timber in
compression is a major contributor to the runaway deflections, this suggests that the
input yield strengths were distributed around too high a yield input strength. The
input yield strengths were taken from the pure compression results in Chapter 4 and
the yield strengths in combined bending and compression should perhaps be drawn
from lower distributions, considering that they occur in the extreme fibres of one ply
and the lamination effect that was described in Chapter 4, and that was attributed to
cause elevated peak strengths for five ply compared to three ply CLT, possibly does

not apply in this case.

Overall it is clear that the presented model has a number of shortcomings, which are
mainly rooted in its simplistic approach, that prevent it from accurately predicting the
deflection paths of different CLT configurations exposed to changing heating regimes.
The most concerning of the issues identified above are the effects of the adhesives,
and the latent heat and moisture movements, because these represent fundamental
knowledge gaps either in the required input data (for the heat performance of the
adhesive), or a lack of understanding of the the drivers behind the observed effects,
as in the case of the additional deflections caused by latent heating. While the other
effects can be addressed through improved knowledge of the input parameters or more
refined simulation procedures, the effect of adhesives and the problems raised with
regards to the timber cooling phase will persist in alternative model approaches until

the underlying causes are better understood.
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7.7 Conclusions

This chapter provided a more in-depth investigation of the relevant factors that are
necessary to analytically and numerically describe the failure (by global buckling) of

the wall strip elements described in Chapter 6.

The basic principles of structural stability, and the lack thereof, were explained, and the
role of inherent eccentricities on the load deflection path was discussed. The analytical
solution for the lateral deflections of eccentrically loaded columns or walls was used to
validate a numerical approach which simulates the occurrence of instability through

the iteration of increasingly smaller moments arising from P-Delta effects.

The deflected shapes from the experiments in Chapter 6, which were found to be ap-
proximately sinusoidal, were used to determine the curvature of the wall strips through
their experimental duration. From the curvature and the estimated temperature pro-
files, the stress distributions through the cross-sections were determined. For the pur-
pose of determining the temperature induced reductions in mechanical properties, it
was shown that, since the cross-section was mainly subjected to compression stresses,
the errors arising from an assumption of compression only, compared to a combination
of tension and compression, were small enough to be considered negligible for the over-
all structural performance for the cases considered in this thesis. This simplifies the
required steps for structural analysis significantly, since it removes the need to iterate
to find the location of the neutral axis in heated compression elements. The stress
profile was also used to demonstrate that significant outer fibre tension stresses only

become critical close to failure, when they rise exponentially.

A direct stiffness model was developed to simulate the midspan lateral deflections for
the expected range of input temperature profiles. The model was compared to the
measured deflections and while it was able to capture the trend and magnitude within
its 90 % confidence range for simple cases, multiple shortcomings of the model were
determined for more complex cases. The model was not equipped to deal with the effect
of a loss of performance of the adhesives at elevated temperatures and this was reflected
in the results, for which the deflections for PU bonded specimens were under predicted,
thereby providing further confirmation that the lower structural fire performance of this
adhesive compared to melamine formaldehyde is caused by the adhesive, rather than a

difference in mechanical properties of the timber or different in-depth temperatures.

In addition to the adhesive performance, another critical error of the model was its

failure to predict the continuing deflections in the timber cooling phase that were
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observed for five ply specimens that were heated for 25 minutes. This suggested that
the available knowledge on the reduction of mechanical timber properties in timber
during a fire decay phase is insufficient to account for the observed deflections and
failures. Multiple possible explanations for this behaviour were discussed, but none
could be identified as the definite cause, and further research into the effects of creep

and moisture movement in timber are recommended to address these knowledge gaps.

This chapter showed that engineered timber is a complex system of materials that
presents multiple challenges to fire safety and that its design cannot be informed sat-

isfactory by ignoring the effects of heat on individual components of this system.
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Previous chapters in this thesis described the state of the art, the nature and com-
position of the cross-laminated timber that was investigated for this thesis, the three
experimental series that were completed, and the numerical analysis of the critical fac-
tors concerning instability of CLT walls in fires. This chapter summarises the main
findings that arose from the experiments in chapters 4 to 6, and assesses their signif-
icance within the current state of the art. Some implications of the main findings for
the design for timber buildings are communicated, and recommendations for further re-
search are put forward to address knowledge gaps that currently hinder the safe design

of mass timber buildings.

8.1 Main findings

8.1.1 Influence of adhesive type on structural capacity in fire

The adhesive type used to manufacture the CLT elements tested herein was shown to
have a significant influence on the structural capacity of CLT exposed to fire or heat.
This effect on the structural performance was independent of previously known effects
of adhesive performance on the fire dynamics in CLT compartment fires, e.g. char fall-
off. For all of the three scales, which all represented different loading conditions, no
significant difference was found in structural performance indicators at ambient tem-
peratures between adhesive types. At elevated temperatures a statistically significant
reduction in structural stiffness and load bearing capacity was measured for specimens
bonded with polyurethane adhesive when compared to those bonded with melamine

formaldehyde.

e For small scale compression elements, the strength retention in samples subjected
to the combined effects of heat and moisture was, on average, 9 percentage points
lower for PU bonded specimens compared to those bonded with MF. This effect
was not observed for samples heated uniformly to a steady state temperature
above 100 °C, which implied that the transient effects of changes in moisture

content have a significant influence on the load bearing capacity in compression.

e For constantly loaded large scale CLT beams that were heated to non-charring
temperatures, the sustained deflections in heating were higher for those beams
that were manufactured with the PU adhesive compared to those with the MF
adhesive. The deflection paths were clearly distinguishable by adhesive type, and

after three hours of heating the sustained mean deflections were 40 % higher for
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CLT beams bonded with PU as compared with those bonded with MF.

For wall strips exposed to radiant heating, as descried in Chapter 6, a significant
reduction in failure time was measured for PU bonded samples compared those
utilising MF as the adhesive. On average the failure time was 36 % lower for PU
bonded specimens. Numerical simulations with a wide distribution of mechanical
input parameters, in Chapter 7, further strengthened the assessment that heated

PU bond lines are a significant contributing factor to shorter failure times.

8.1.2 Influence of ply configuration on structural capacity in fire

The CLT assessed in this thesis was 100 mm thick, and was formed of either three

plies with 40 mm outer plies orientated in parallel to the main loading direction, or

of five plies with a thickness of 20 mm for both parallel and crosswise layers. The

ply configuration was determined to be influential to the load bearing capacity of CLT

at elevated temperatures for both beams and wall strips, but not for the small scale

compression elements.

e For small scale compression elements, a higher effective strength was observed

for five ply specimens in ambient temperature reference experiments; this was
attributed to a lamination effect wherein deficiencies in individual timber boards
were compensated by other boards. This effect was maintained at elevated tem-
peratures, i.e. no adverse effect in compression was found between ply configura-

tions at elevated temperatures.

For beams tested at ambient temperatures, a lower effective elastic modulus was
determined in four point bending for three compared to five ply CLT; this suggests
that, as would be expected from bending theory, shear deflections increase the
overall deflections for three ply beams. At elevated temperatures under equivalent
load levels, CLT made of three plies experienced 15 % larger mean deflections
than those consisting of five plies after three hours of heating under sustained

loading.

Wall strips of three ply CLT exposed to one sided radiant heat flux exposure
experienced larger deflections and, on average (median), 34 % earlier failure time
than five ply CLT specimen under equivalent nominal load levels. This was
attributed to the fact that, for a three ply configuration, the majority of load
bearing timber is placed on the outside and the overall reduction in structural

capacity therefore progresses faster than for five ply CLT.
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8.1.3 Fire decay phase effects and creep

From beams under constant load and exposed to non-charring uniform heating it was
observed that heat induced deflections did not recover upon cooling and that these de-
formations did not recover after all load and heat was removed. These measurements
suggest that the deflections were not caused by a loss in elasticity but by creep, indicat-
ing that the mechano-thermal history of CLT is an influencing factor for its structural

performance in fire, as are changes in moisture content and transport in the timber.

Five ply CLT wall strips that were heated for 25 minutes with a nominally “high”
heat flux which was subsequently removed were observed to fail during their cooling
phase. From structural modelling with the measured temperature profiles as input
values, it was determined that this behaviour could not be attributed solely to the
movement of the thermal wave into previously unheated timber, at least not within
commonly applied assumptions of the reduction in mechanical properties with elevated
temperatures. This suggests that there is a knowledge gap on how the strength and
stiffness of timber under sustained load is affected by heating and subsequent cooling,

and by associated moisture movement.

8.1.4 Failure modes

Failure of CLT wall strips exposed to one-sided radiant heat flux was observed to be
deflection dominated, with large lateral mid-height deflections preceding tensile rup-
ture. The manner of runaway deflections suggests yielding in compression; numerical
assessments of the curvature from the deflected shapes showed that the tensile stresses
on the unexposed face only became relevant when structural failure was already in
progress through loss of stability. This indicates that the focus for structural fire safety
assessment of CLT walls should be on the compressive stress and strength development,
and that the yield strength in compression is an important factor to consider to assess

structural failure of CLT walls in fire.

8.2 Implications

This section lists and assesses the implications that arise from the findings in this thesis
for the design of timber buildings that use CLT (or other engineered timber products)

as a major contributor to its load bearing capacity.
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The experimental results clearly highlight that CLT slabs and panels bonded with a
PU adhesive will maintain their load bearing capacity in fire for a shorter duration than
those bonded with the MF adhesive. Within the fire resistance framework, this will be
reflected in shorter/lower fire resistance ratings for CLT utilising PU; this highlights
an opportunity for building designers to enhance the structural fire safety performance
through selection of a targeted adhesive. At the same time, the significant differences
in performance between adhesive types should be considered where codified numeri-
cal methods are used to obtain fire resistance times through calculations. Currently
no known codified calculation methods provide means to account for adhesive perfor-
mance and, unless these calculation procedures implicitly base their input parameters
and assumptions on the adhesive with the worst possible thermal performance, the

numerically determined fire resistance will be potentially non-conservative.

In addition to the adhesive, the number and configuration of plies was shown to exert
significant influence on the time to failure, when nominally equivalent loads were ap-
plied. Thicker outer layers, orientated parallel to the main loading direction, increase
the structural capacity at ambient temperatures and also reduce the risk of char-fall off.
However, from a structural fire engineering perspective this configuration is problem-
atic as it exposes a large proportion of load bearing timber to the fire early on and the
ensuing eccentricities and deflections will bring the wall close to stability point of no
return before the heating front reaches a ‘sacrificial’ crosswise ply. In combination with
the adhesive this presents an optimisation problem, to find the best possible solution
taking into account ambient temperature loading capacity, the prevention of char fall
off, and the structural behaviour in fire. Obviously, this is a complex and challenging
task for engineers, and highlights why fundamental and novel research, such as that
presented in this thesis, is of critical importance to knowingly designing mass timber

buildings.

The structural failures that were observed in the timber cooling phase should make all
practitioners involved in the design of timber buildings consider whether their current
provisions for structural fire safety adequately take reductions of mechanical properties
in a fire decay phase and beyond into account. Some researchers and designers might
argue that fire resistance ratings obtained from furnace tests implicitly account for
further structural weakening after burn-out and associated temperature decay; however,
this cannot capture the involved physics and mechanics, and its perceived level of safety

can therefore not be quantified adequately.

While the focus of this thesis is on the structural capacity in fire, some of the findings

also reinforce why timber should be considered distinctly compared to steel or concrete;
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timber burns, and as a non-inert material it poses a multitude of challenges to fire
safety design. The fall off of char was observed for PU bonded specimens only; in a
compartment fire this can potentially extend the fire duration indefinitely. Small scale
specimens were observed to self heat beyond the set temperature in the environmental
chamber they were heated in; this emphasizes the possibility of heat generation from
the timber itself, even in the absence of flaming combustion. This issue was also
evident in experiments on wall strips; for heating with a subsequent cooling phase,
localised smouldering was observed to last for at least three hours after the externally
applied radiative heat flux was removed. The current dominance of testing elements
of construction in furnaces according to standard temperature curves means that the
contribution of timber itself to its own heating, and thereby reduction in its load bearing

capacity, are not captured adequately within the fire resistance framework.

Overall the presented results and their implications highlight a multitude of knowledge
gaps in the current state of the art with regards to fire safety of engineered timber
products; this should be of great interest to engineers working on tall timber projects.
The current practice of applying design parameters that can be traced back to a limited
number of glulam beams in the 1980s should be critically reviewed, since the results
in this thesis suggest that this approach is not applicable for more complex engineered
timber products (e.g. CLT), for heating scenarios that do not follow a standard cellulosic
temperature time curve, or for stress distributions that deviate from simple assumptions

of equal measures of tension and compression stress through a cross-section.

Tall timber buildings have been, and are currently being built or planned all over the
world. The results of this thesis, and the multitude of knowledge gaps highlighted,
should be of considerable concern to the fire engineering community. To truly enable
the use of timber as an alternative to steel and concrete for tall buildings the fire and the
timber engineering community (and this explicitly includes the author of this thesis),
as well as architects and developers, should take caution to realise that the current
state of the art is only located at the edge of the knowledge required to safely design
tall timber buildings; more research is required to ensure that the building stock that
is currently created does not deliver a level of safety that will be considered insufficient

in the coming decades.
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8.3 Recommendations for further research

A number of knowledge gaps in the state of the art for fire safety of CLT are identified
in this thesis. As engineered timber is utilised for taller buildings it is recommended
that further experimental studies are carried out to address these knowledge gaps and

to incorporate them into the fire safety design of timber structures.

e The use of different adhesives as bonding agent had a significant influence on the
structural capacity in heat and fire. It was not possible to accurately model this
adhesive influence, due to a lack of available knowledge on the heat performance
of adhesives. The historical information on available adhesives is limited and
this effect is compounded by the ongoing development of novel adhesives. It is
recommended that adhesive manufacturers provide quantified, or at least qualified
data on the elevated temperature performance of their products, if these are to

be used in timber buildings.

e The detrimental effect of moisture on the structural capacity was evident in all
experimental series in this thesis. It has long been known that elevated moisture
content reduces the mechanical properties of timber. However, for fire safety
considerations moisture is often only accounted for implicitly via temperature
estimations, where it is tied to the evaporation point of water. The temperature
development in large engineered timber sections is well documented through a
multitude of studies, however, the movement of moisture is not investigated to
the same degree. It is therefore recommended that (1) standardised methods
to measure transient moisture contents in timber exposed to fire are developed,
and (2), that these are used for detailed studies on the movement of moisture in

engineered timber and its influencing factors (e.g. grain orientation).

e The role of temperature or moisture driven creep in deflections and deformations
of timber and engineered timber in fire or elevated temperature situations should
be further investigated. The proportions and therefore the relative importance
of creep in deflections in fire should be quantified, so that designers can account
for this.
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A.1 Supplementary information

A.1.1 Load crosshead stroke response

The load responses to the imposed crosshead stroke for samples tested at ambient
temperature are shown in Figure A.1. A significant difference in peak load can be
observed between three and five ply CLT configurations. This is due to two reasons;
(1) the three ply CLT has more timber orientated parallel to the loading direction
compared to 5 ply. In addition the depth of the samples was reduced from 150 mm to
100 mm for the five ply samples in order to reduce the peak loads required to fail the
samples after damage to the threads of the load platens was detected in early testing.
This also explains why two of the 5MF samples reach distinctively higher loads than
the remaining specimen in that sample, as these two were still tested with a depth of

150 mm before the decision to resize the samples was taken.
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Figure A.1l. Load response against imposed deflections for small scale CLT samples

at ambient temperatures for the four configurations assessed.

A.2 Strain calculation from DIC

Digital image correlation (DIC) [209] provides the coordinates of a predetermined grid

of points with progressing experimental duration from photographs of a specimen’s
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surface. The movement of these points can be used to compute the strain across the
investigated grid. The use of linear strain triangles for the computation of strain is
outlined below. The gridded points are turned into triangles using a Delaunay trian-
gulation algorithm. This method computes triangles with the requirement that each
triangles circumcircle only contains points of its respective triangle [229]. The result is
demonstrated in Figure A.2, showing the DIC points amd corresponding triangles over
a CLT surface.

Figure A.2. Delauney triangulation over grid points for a CLT compression sample.

The schematic movements of a triangle based on the movement of its coordinates are
shown in Figure A.3 and it can be seen that in this example a mix of rigid body
movement and compression acts on the element. The corresponding B matrix is shown
in Equation A.1, and this can be used in conjunction with the coordinate displacement,
which is known from the application of DIC between subsequent images, to calculate
the normal and shear strains as shown in Equation A.2. The obtained strain can
the be utilised in conjunction with the stress, which is derived from the measured
applied load, to calculate the elastic modulus for each fitted triangle at different load
stages. The elastic modulus for the example herein is shown in Figure A.4 alongside
the histogram of the computed elastic modulus values. In this case it can be seen that
the distribution is relatively uniform over the assessed surface area. Empty grid points
show negative values, which arise primarily near the edges where the pixel tracking
can be difficult. The histogram for this example follows a log normal distribution, as

would be expected for the elastic modulus of timber. One major difficulty for the use
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of DIC for the determination of the elastic modulus were out of plane movements of
the push rods (and therefore the specimens), which were observed visually for some of
the specimens as the load increased. In some cases image anomalies or out of plane
movement could induce unrealistically large or, as mentioned above, negative values
for the elastic modulus. For these cases the values are limited to realistic expected
values. This is done by assuming an expected mean elastic modulus of 11000 MPa [96]
and a coefficient of variance (CoV) of 13 % [201]. It is then assumed that any values
that fall outwith the 99.995 % confidence interval are caused by DIC measurement
errors rather than the actual underlying population data. The lower limit is set to 0
for heated samples since the expected reduction and arising distribution is unknown

for these cases.

While this approach works well for most of the specimens that were tested at ambient
temperatures, it becomes increasingly unstable and unreliable once the heating chamber
is involved. The chamber narrows the view of the camera and also shades part of the
sample. In addition, the chamber’s view port is triple glazed, which increases the
probability of reflections on the view port that can then be interpreted as movement of
the sample by the DIC analysis. In addition the elevated temperatures of the timber
lead to discolouration over time which changes the point of reference for the tracked DIC
clusters, and flow of sap and water from the surface will also cause the DIC to register
strains that are not reflective of the actual deformation of the timber surface. An
example where the DIC analysis did not yield satisfactory results is shown in Figure A.5,
where it can clearly be seen that the majority of the strain triangles result in values
outwith the expected range and the bounding of the value that is described above would
only return a small proportion of the available data; this means that the bounding would
return values that are expected but that are not necessarily true and is therefore not

reliable.
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Z2,Y2

Figure A.3. Single schematic linear strain triangle element movement.
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Figure A.4. Elastic modulus distribution over CLT ambient temperature specimen

surface at 50 % of the ultimate load with histogram of values.
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B.1 Temperature profiles in timber

Thermocouples are point sensors, measuring the temperature at their tip through a
voltage generation that arises from two dissimilar metals being fused together. As a
consequence any temperatures measured will only represent point measurements. For
an assessment of the structural capacity in fire it is beneficial to know the distribution
of temperatures through the timber cross-section. To obtain a continuous temperature
profile a fit can be created from the available temperature measurements at known
depths. There are no detailed studies into best practice for this procedure, so a short
comparison and explanations of two fitting methods will be provided below. Previ-
ous studies [141, 190] have utilised 3rd order (cubic) polynomial curves to locate the
300 °C isotherm and thereby the char timber boundary. Other recent research pub-
lications [173] have relied on a smoothing spline curve fit instead. A smooting spline
curve, named after the splines tradespeople used to use to approximate curved lines,
essentially fits a series of curves to the datapoint and smoothness is controlled via
the smoothing parameter A, which scales a roughness penalty based on the second
derivative of the fitted functions [230]. A A value close to 0 will reduce this roughness
penalty and thereby cause the fitted curve to be less smooth, approximating a perfect
interpolation of the individual data points as A approaches 0. For A values close to 1
more smoothing will be applied and the resulting fit will resemble a linear least square.
Obviously this results in a trade-off between closely matching the profile of the fitted
data and the potential for over fitting.

B.1.1 Uncertainty quantification

Since thermocouples provide spot measurements the resulting measured values at each
time step can be seen as samples from a population of possible temperature measure-
ments over the assessed area. Hence, any fit of the temperature profile will provide an
estimated mean value for the expected temperatures at all fitted depths and of course
there will be uncertainty associated with this mean fit. For polynomial fits an uncer-
tainty can be associated with the associated polynomial coefficients, although these will
not capture issues of over fitting [231]. Most curve fitting algorithms in commonly used
programs for data analysis (e.g. R [232] or MATLAB [223]) will not provide confidence
intervals for smoothing spline fits, due to the complexity of the underlying stored val-
ues. For this study the uncertainty of the fits is therefore quantified via bootstrapping.

Bootstrapping is a statistical technique involving repeated sampling with replacement.
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For each of the obtained samples a fit can be provided to the drawn data and for a
sufficiently high number of fits the distribution of the fitted values can be approximated
and confidence intervals can be obtained for the distribution of the underlying popula-
tion data. This approach is taken for both the smoothing spline fit and polynomial fit
in the comparison presented below, to ensure a consistent approach is taken for both

methods.

A comparison of fitted values and their 95 % confidence intervals for both a smoothing
spline and a cubic polynomial fit at different times through the test is shown in Fig-
ure B.1 for a column heated by a high heat flux throughout and for a column subjected
to a high heat flux with a subsequent cooling phase in Figure B.2. Refer to Chapter 6

for details on the heat exposure in these experiments.

From Figure B.1 it can be seen that both fits give a good approximation of the steep
temperature gradient in hot timber above 100 °C. For the polynomial fit it can be seen
that issues exists in the colder regions of the timber and that temperatures below the
last thermocouple at 80 mm from the surface are approximated as negative and tem-
peratures between 100 and 20 °C are prone to overestimation. This issue is exasperated
for the cooling phase shown in Figure B.2 with a wide confidence interval in the region
between 300 and 100 °C for the polynomial fit. It can be seen that the smoothspline fit
also has a region of large uncertainty in the cooling phase, however this is for depths
that were previously heated to 300 °C and are therefore charred and of little interest
in a structural assessment since their strength and stiffness will be zero. From the
provided comparison it can be concluded that both methods seem to be equally suit-
able for the determination of charring depths in standard fire or (temporal) uniform
heat flux exposure but the smoothing spline is more suitable to accurately define the
temperatures at deeper positions in the timber and in the cooling phase. Hence the
smoothing spline is used for all required temperature fits for burning timber in this

work.
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Figure B.1. Fitted temperature profiles with 95 % confidence intervals at selected

time steps for a five ply polyurethane column subjected to a high heat flux.
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B.2 Thermocouple correction

Due to the large difference between the thermal conductivity of the inconel sheathed
thermocouples and both timber and char, the temperature readings from the ther-
mocouples are influenced by a temperature field distortion which is caused by the
thermocouples as they conduct heat away from the hot zone at the tip and move it
further down into colder depth of the timber [225, 233, 234] . Essentially the tempera-
tures readings obtained with thermocouples inserted from the back are therefore lower
than what the actual temperature in the timber would be without any thermocouples
present. One potential solution to this problem is the insertion of thermocouples par-
allel to the isotherms, which in an experimental setting, means that the thermocouples
are inserted from the side rather than the back of an exposed specimen. This, however,
has other negative consequences for the reliability of the temperature measurements.
If thermocouples are inserted through drilled holes from the sides, any small deviation
of the insertion angle will change the depth of the thermocouple tip relative to the ex-
posed surface [225]. In addition it is often not possible to drill small holes to a depth of
more than 150 mm and therefore this option can prevent placement of thermocouples
in large samples. As a solution to this it has been suggested to inlay thermocouples be-
tween lamellae during the production of CLT [234]. This option, however, is not readily
available to many researchers as it requires either significant equipment investment or
specified agreements with manufacturers. In addition, the placement of thermocouples
along the glue line has been shown to potentially favour delamination of char along
those glue lines [234] and if thermocouples are only placed on glue lines, it will reduce

the in-depth resolution of temperature readings.

The experiments described in Chapter 6 were performed with thermocouples inserted
from the back, and it can therefore be assumed that the measured temperatures are un-
derestimations of the real temperatures. Therefore a correction procedure was applied
which is described below. It is based on work by Beck [233] who has given a detailed
description of the problem and a potential solution to apply a correction factor. The
procedure involves the determination of a dimensionless undisturbed temperature in
Equation B.1 in a heat conducting material at a distance z behind a heated surface,
where 7 is dimensionless time and R is the radius of the thermocouple considered. The
resulting dimensionless temperature dimension is subsequently used in Equation B.2
to determine the absolute temperature disturbance from the heat flux ¢. (at a distance
z above the point where disturbance is to be calculated) and the conductivity of the

thermocouple krc. The resulting A T is then added to the disturbed temperature
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readings to obtain the corrected undisturbed temperature.

Ooo = 72 - 2ierfelr2 - (==)] (B.1)

(B.2)

The heat flux at the surface at the beginning of the experiments is known from the
radiation heat flux mapping that was obtained before the experiments were started
(refer to Figure 6.4.1.3). However, the procedure described above assumes one uniform
material in which the thermocouples are placed. In reality, as the heating progresses,
the outer parts of the timber will turn to char, which has different material properties,
and this will cause the corrected temperatures to overestimate the actual temperatures
with progressing heating duration. This problem has also been discussed by Reszka
[225], whose solutions for thermocouple corrections treated char and timber indepen-
dently. This can be corrected by scaling the heat flux ¢g. in Equation B.2 by a factor
that accounts for the change in material. For this the char depth, ¢4 is calculated from
the corrected temperatures at each time step and subsequently used in Equation B.3 to

calculate a scaling factor for ¢, where d is the overall thickness of the timber section.

fo=1-58 (B.3)
Assuming that temperature variation at similar or equal depths are caused by random
variation, the temperature profile can be estimated through a fit through the available
temperature data. For a smooth fit, bootstrapping can be utilised to estimate the
standard error (amongst other model parameters) of the fits and hence the confidence
interval of the sampled data [231] (see Subsection B.1.1).

The outcome of the applied thermocouple corrections is shown comparatively in figures
B.3 and B.4, which show the char depth calculated from a 300 °C isotherm for non
corrected and corrected temperature readings respectively. From these figures it can
be seen that the corrections provide a significant improvement on estimating the final
measured charring depths compared to the the uncorrected thermocouple readings.
The mean absolute percentage error (MAPE) between final observed and char depths
inferred from temperature readings reduces from 14.4 % to 4.2 %. Of course this does
not give an indicator on the reliability of the thermocouple corrections during the

experiments, as there is no ground truth to compare the TC readings to. Given that
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the chosen correction method is relatively simple, there are no reasons to believe that

the corrections will not induce serious thermocouple deviations in this phase.

The chosen correction model is perhaps overly simplistic and a more sophisticated
approach would be to calculate g, from the measured temperature profiles at each time
step to avoid the need to scale the heat flux g, based on the char progression. However,
this would also require a more sophisticated understanding of the changes in thermal
conductivity of timber and char through the cross-section. In addition an estimation of
the conductive heat flux based on thermocouple readings will depend on temperature
readings close to the exposed surface but will always be subject to uncertainty as the
actual surface temperature of char or timber can never truly be distinguished from the
gas phase temperature. For the temperatures in this study, the applied corrections are
deemed sufficient, although with the increasing global interest in tall timber structures
and the accompanying need for better understanding of their fire safety, it can be
anticipated that further studies will aim to provide further and more sophisticated

illumination to the topic of temperature corrections for thermocouples.
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Figure B.3. Progression of the char front for CLT specimens exposed to a surface

heat flux of 51 kW /m? from uncorrected thermocouple readings.
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Figure B.4. Progression of the char front for CLT specimens exposed to a surface

heat flux of 51 kW /m? from corrected thermocouple readings.



	cover sheet

