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Abstract

Wood is a highly versatilenewablematerial (with carbon sequestering propertieshat islight in
weight, has good strength properties in both tension and compression while providing good randity
toughnessandgoodinsulating propertiegrelative to typical structural materialsiengineered wood
products combine the benefits of wood with engineering Wiedge to create optimized structural
elements. Crostaminated timber (CLT), as one such engineered wood proiduat, emerging
engineering material whicprovides great opportunities for the building industry.

While building with woodasmany benefitsthere are also some concerns, peularlydecay. Should
wood be exposed to elevated amounts of moisture, rots and mouldsdamagethe productor even
riskthe health of the occupant#\s CLT panels are a relatively new engineered wood product, the
moisture characteristics have yet to be properly assessed. Consequently, the amalacagfisk for
CLT in building applications is unknown, and recommended protective actions during design
construction and operatiohave yet to be determined.

The goal ofltis research was to determine the moisture durability of CLT panels in wall assemblies and
address concerns related to buiitt construction moisture. The approach used to address the problem
was to firstdetermine selecmoisturepropertiesof CLT panelfirough experimental approaches, and

then use the results to calibrate a hygrothermal model to quantify the risks of wall assenhlesvall
assemblies wersimulated insixdifferent cities across Canad&presenting a range of climates:
Vancouver, B.CEdmonton, A.B., Winnipeg, M.B., Ottawa, O.N., Québec City, Q.C., and St. Jehn, New
BrunswickThe risks associated withoistureexposure during construction are also considered in the
simulations.

The experimental phase of the research wasted to moisture uptake test Thesdestswere utilized

to determine the liquid water absorption coefficient four different types ofull scaleLJr y St & 6 H QEH Q1
and 12 cleawood samplesThe panels were either made 8fply of WesternSPFEasteraSPF,

Hemlok-Fir, or 3ply of ageneric softwood provided byBuropeanCLT manufacturethe clear samples

were all cut from the samerominal2x6 SPfgradelumber. The panels were installed in a drying rack and
gravimetrically tracked to assess the drying rateshefppanelsFinite esources precluded more

thoroughmaterial testing, but a parametric study was conducted to determine the relative impact of

the missingmaterial dataon the final simulation results.

In the hygrothermal simulationgour main wall assenip typeswere consideredthose witheither

exterior or interior insulationand those using eitharapour permeable or impermeabbar-water

barriers Various types of insulation and vapour control were also modelled. The simulations were run
for a variey of interior relative humiditiesThe metric for comparison between the simiitens wasthe
water content of édmm thin layer on the extreme lamina of a CLT panel system.

The results of the simulation suggest tivaipour impermeable membranes, when inst@h dry CLT
panels (less than 14% M.C.) do not posssturerisks in any of the climateonsidered However,
whenhigh levels otonstruction moisture is considered, only vapour permeable membraassolled
moisture risks byallowingthe CLT panel tdry both to the interior and to the exterior.
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Chapter 1- Introduction

1.1.Introduction

Wood is a material of great importance to mankind. Concerns related to environmental pollution, global
warming, and sustainability have led to increased consideration for novel uses of wood as a building
material. Wood is a highly versatile material, lightveight that has good strength properties in both
tension and compression while providing good rigidity, toughness and insulating progéttieheon &
Jenkins, 1963)urthermore, it is widely available, renewable, low cost and easily worked anddshape
However, as wood is an inhomogeneous, orthotropic, and natural material, its properties vary widely
based on the source tree species, growing conditions, etc. Wood is susceptible to decay mechanisms via
fungal growth, and its dimensional, thermal, artcustural properties vary with temperature and

relative humidity. Consequently, the environmental conditions under which wood will or could be
exposed during service must be carefully considered such that the desired properties remain within the
acceptedimits.

Some of the problems and limitations associated with wood can be compensated through processing.
Engineered wood products, such as oriented strandboard (OSB), plywood, laminated veneer lumber
(LVL), and glue laminated structural members (glulan@ngit to do so by combining wood with
adhesives, waxes, and other additives to control dimensional stability and decay resistance while
providing increased structural capacities in desired orientations. Cross laminated timber (CLT) panels
were designed t@rovide strong structural capacities in both longitudinal and transverse loading while
minimizing dimensional changes due to moisture and temperature chafdgemnovations, 20L1CLT
panels are intended to be used as envimentally conscious substitutes for steel and concrete
structural assemblies.

1.2.Objectives

The research in this thesis was part of the research requirements for the-éisdiplinary NSERC

strategic researchletwork for EngineeredWood-basedBuilding Systems(NEWBUIldS). The work, as

part of Task Group 4, was related to uncertainty about the moisture durability of CLT when exposed to
construction moisturepredominantly from exposure of unprotected CLT panels to precipitation. The
objectives for this task gup are to quantify the sulassembly moisture characteristics of the CLT panels
and to provide recommendations to resolve the aforementioned problems, if any. However, as the
research progressed, it was found that a more holistic approach towards CLTuctinstivas required.

The objectives of this research reported herein are to determine salient moisture transport properties of
CLT paneleequired toassess the moistureelated response of CLT in a multitude of climates in various
wall assembly systemsh@ objectives of this thesis are to document and summarize the results from

the research and to present the information such a way that it is relevant and useful to designers,
builders, and other researchers.



1.3.Approach

To answer the concerns about moistuterability of CLT panels, a twwonged approach wastilized.
An experimental component was used to identify and determine the important moigtleted
properties of CLT panelsmodelling strategy was used to extrapolate the collected data and infer
durability performance of CLT panels in wall systems across Canada.

The experimental component was approached by collecting water absorption and redistribution
coefficients by testing small sample size of CLT panels. The mass of these panels were measured
through the tests to gauge the mass gain by wetting absorption and loss by drying over a period of time
using diffusiorbased calculation methods. The associated material valuedeiegmined through

correlation of mass loss with respect to the square root of time.

After the empirical testing was conducted, the salient values were used to callMidtd a
hygrothermalnumerical simulation prograrny the Oak Ridges National Labargtand the Fraunhofer
Institute of Building Physic¥he parameters were modified to obtain a range which mimics the
empirical results. Then, typical wall assemblies for residential and commercial construction are
replicated in the software and are exp@s® various climatic conditions which may be reasonably
encountered in buildings constructed with CLT walls.

1.4.Scope

Several limitations were imposed on the research. Due to time and facility limitations, only a limited
number of CLT samples could be testétis small sample size limits the accuracy of the tests. Further,
standardized tests could not be used in the testing of the CLT panels. Standardized tests, such as those
by ASTM, were designed for material testing. CLT panels areassammbly level marial- the method

of construction of these panels result in intrinsic qualities in which the standardized tests cannot
appropriately accommodate. Nonethelesise approach taken towards acquiring CLT moisture

properties are inspired by the standardizedt®, with some modifications magdas requiredto

accommodate thesamples.

Two experiments were designed to aid in the determination of the moisture response of the CLT
samples. First, a clear sample tests was devised to better understand the behaviour of wood with
respect to moisture uptake. The results of this test providest-firder assessment on the anticipated
behaviour of CLT paneBinally the CLT panels were subjected to similar testing conditions as the clear
sample test. Variations in the results provide a good indication in the variability between the material
testand the subassembly material test.

As this research forms part of a greater research effoatrt of a multiyear, multiorganization research
project), other researchers are currently studying such material properties as suction isotherms, vapour
permeability, and sorption isotherms of CLT panéisthe time of the publication of this document, the
data were not availablgzurther, full functional material properties are diffictt obtainandare

resource exhaustiveEstimates and parametric studiearcbe conducted to determine the relative

impact from the missing dat&onsequently, the research required to determine these properties was
not conducted Engineering judgment was utilized to determine appropriate values, when required.



Data, if unavailale, were inferred from literature of existing engineered wood products. A parametric
study was conductetb define upper and lower boundaridésr most CLT properties.

The modelling aspect of the research was limited to a few repregigataities for the various climate
zones across Canada. A totakofcities andfour wall types were modelled with interior climates
representative of their respective climates. The metric for comparison is the total moisture content of a
thin outer layer of the CLT panels above temperatures .4



Chapter 2- Cross-Laminated Timber and the Building Enclosure

This chapter discusses the background of CLT panels, as well as the role that it fills within the
requirements and functions of a building.

2.1.CrossLaminated Tmber

CLT panels are a relatively new type of prefabricated panel. They consist of multiple plies of boards of
wood, with the orientation of each adjacent layer perpendicular to the others, adhered together. Each
ply is adhered croswise to the adjacent oes to form a monolithic slab which may be used for a
multitude of structural rolesfrom shear walls and diaphragms to floors.

Figure2.1: 3-Ply CLT Panel Sample

The initial development of CLT took placé@ausanne and Zurich, Sgatland, in the early 1990s
(Crespell & Gagnon, 201®owever, it was not until 1996 that a joint industréadademic research
project resulted in the development of modern QCFespell & Gagnon, 201The Stadhaus building, in
Murray Grove (Architects: Waugh Thistleton), England, is one of the hallmark buildings of CLT
construction since it is one of the earliest large scale buildings made out of CLT paneksD.2.



Figure2.2: Murray Grove by Waugh Thistlen (Waugh Thistleton, 2011)

The superstructure fahis 8+1 storey building was built from CLT panels in 27 days with a crew of 4
people. The building consists of 29 apartments as a mix of private and affordable housing.

2.1.1.Benefits of Cross Laminated Timber

Recent interest in cross laminated timber arigesn the relatively minor environmental impact of the
production and construction of CLT in buildings, as the prodother than the adhesivesire made

from renewable resources. The product is also reusable and recyclable and may also be used as a carbo
sequestration technique by storing carbon stored in the wood into structures.

The literature also suggests that panelizeldTsystens also reduces waste and increases profitability by
decreasing construction times. Buildings, such as Stadhaus, werwitidtit the use of a tower crane
by a crew of only 4 carpenterSP InnovationéCrespell & Gagnon, 201€tates that the shell was
constructed at a rate of 3 days per floor.

CLT panels also have very good seismic resgésénovations, 2011 he ductility and toughness
enables the building to sway and absorb lateral and vertical earthquake loads. Any damage incurred
results in localized deformation of the nails and screws instead of largefadates(FP Innovations,
2011)

Finally despite being made of flammable material, CLT panels have excellent fire performance ratings.
As wood burns, an insulating char layer forms, protecting wood deeper within the struptandded

the structure is of sufficient dimension. Furthermore, the high temperature gradient results in an inward
motion of any remaining liquid water, further enhancing the fire performance of the wood.



2.1.2.Materials

CLT panels are built by using wood boards or composite material (such as laminated veneer lumber).
Dimensional lumber is the main input material; lower quality wood composites may be used in the
interior plies. The most common type of wood used is softwmadthough hardwoods may also be

used. Hybrid panels, made from composite wood, may use oriented strandboard (OSB), laminated
strand lumber (LSL), and laminated veneer lumber (LVL).

Figure2.5: Laminated Veneer Lumber (L\M{Boise Cascade, 2011)



The adhesives are sprayed at approximately 0.2 kgimthe CLT pane{LH, 2011)Polyurethanes are
the most commonly used adhesives, but pebeyanurates, melaminereaformaldehyde (MUF), and
phenotresorcinofformaldehyde (PRF) are also uge® Innovations, 2011Jhe boards may be either
face- or edgec glue. The former consisting of only the face of the bsardving adhesives applied to
them, whereas edge glued panels also have the sides of boards coated with adhesive as well. While
most CLT panels are attached with adhesives, some use nails or wooden dowels.

2.1.3.Production

The boards are laid flat and alignedsimch a way that the long side edges are touching. An adhesive
coating is then applied. Then, the next layer of boards is laid with the grain perpendicular to the
preceding layer. This process continues until the desired thickness is achieved. The eomabsit

put through a press or a heavy roller to firmly bond the plies togetBeice the panels are made, they
are planed and sanded and then placed in a CNC router, to cut the required holes and openings for
windows, doors, and service chann&dememanufacturers will make a cut along the edge of the
laminated boardgo induce a stress relief joirftVang J. , 2011)

Polyurethanes are a common adhesive used in CLT prodyEffomnovations, 2011The adhesives can
cure under ambient indoor environments, although more rapid curing occurs at higher temperatures.
Typical curing times range from4lhours, depending on temperature. FP Innovations uses an Emulsion
Polymer Isocyanate for the constrimn of their CLT panels. This adhesive is iseduse it is

considered to havencreasel water and fire resistace compared to other adhesivéd/ang J. , 2011)

Typically, the panels are symmetrical about the sectional axi.ighthe panels usually have 3, 5, or 7

or more layers. When installed, the panels are oriented such that the long axis of the wood is parallel to
the longer span.

2.1.4.Manufacturers

Europe has several manufacturers which are producing CLT panels. As gteyirglstill very new in
Canada, there are only a fewanufacturers.

Table2.1: CLT Manufacturers and Production QuantitiéSrespell & Gagnon, 2010)

Manufacturer Name ProductionQuantity (m?)  Country of Origin
KLH 71,000 Austria
Binderholz 25,000 Austria
Martinsons 5,000 Sweden

Stora Enso 60,000 Austria

Moelven 4,000 Norway

Nordic Engineered Wood - Canada

As demand grows, it is anticipated that new manufacturing companmiksmerge in Canada,
particularly in provinces which have a strong lumber industry.



2.2.The Building Enclosure

Buildings are designed and built to provide a space with a suitable interior environment for the needs of
the user. In many instances, it must atsdisfy human needs as watloth physiological and
psychologicaStraube & Burnett, 2005 he part of the building that helps separates the interior
environment from the exterior is known as the building enclosure. Theosar fulfills its functions by
controlling mass and energy flows from the interior and exterior environment. The many functions of
the building enclosure can be grouped into four broad categdS&smube & Burnett, 2005)

1. Supprt
2. Control
3. Finish

4. Service Distribution (a building function imposed on the enclosure)

The support function is to provide the necessary structural support for the encloSometimes,
especially in smaller or lovise buildings, the support functiorf the building is also part of the
enclosure supportThe control function is used to control or reguléte flow ofany of the
environmental effects from both the interior and exterior. The finish functiteetsaestheticneeds
Lastly, the distributioriunction, which is sometimes included in the requirements of the enclosure,
provides the means to distribute various services, and utilities that are used by the building and the
occupantge.g., electric power, water, securisystems etc.)

Some of theelements of a building may satisfy the needs of several of the functional categories at the
same time. Cross Laminated Timber is one such building material. CLT panels may provide support for
the buildingand the enclosurevhile also providing some contréunctionality(of fire, sound, heat, air,
vapour, light,etc.) and, depending on the design intent, a finish function as well.

The following sections discuss the details surrounding the functionality of CLT panels with respect to its
salient mechanismrad properties.

2.2.1.Support

For the building enclosure to be functional, it must possess the capacity to support itself against various
structural loads and transfer them to the primary structure or foundation. The support role of the
enclosure i®ften separae from the main structural support of the building, as it is only responsible for
ensuring structural viability of the enclosure, but the two may be intertwined and hence
indistinguishable, depending on the design and structure of the building. The ereclosist be able to
withstand the various forces, pressures, and loads such that its structural capacities and deflections
meet the relevant building code3 he enclosure must be abledollect and transfeall deadloads and

live loads, whiclinclude fores generated by wind, snow, earthquake, and occupants.

By virtue of its design and constituent materials, CLT panels are relatively strong and of moderate
weight. While heavier than stick framed construction, they do provide better structural performance.
Contrariwise, they do not possess the same structural performance as more massive construction
material, like concrete, but benefit from a much lighter weight.



The panels possess strong shear and moment capacities, enabling them to be used in shdbmonsglls,
diaphragms, and vertical supports. The boards in each layer are arranged such that the strong axis of the
wood, that is parallel to the grain, is oriented in the same direction as structura(ksid 2010)

A discussion of the structural merits of CLT panels is beyond the scope of this work, but further
information may be found in the Cbhandbook(FP Innovations, 2011)

2.2.2.Control

CLT panelsf usedas part of the building enclosure, also perform control functions, either as a single
component or as part of an assembly. The following lists the most common phenomena that are
typically controlled byad dzA ft RAy 3 Qa Sy Of 28 dz2NBT

Heat

Air

Moisture (precipitatbn, builtin, vapour)
Fire/Smoke

Access (e.gReoplg

Sound

= =4 =4 =4 -8 =9

Heat, air, moisture, and fire are of great significant to CLT performance and will thus be treated in
greater detail in the following sections. However, theel ofperformance of CLT panels Wwitespect to
heat, air, and moisture do not conform to performance requirements expected of modern wall
assemblies. Consequentbgdditionaldedicated control layers are requirddr many building

applications Nevertheless, when used in conjunction wddicatedcontrol layers, CLT panels may help
increase the overall performance of the enclosure.

2.2.2.1.Heat

The control of heat flow through the building enclosure is vital if thermal comfort is to be achieved while
simultaneously reducing the environmental iagt of the building by reducing the energy input
requirements to maintain the indoor thermal environment. The insulating properties of the building, in
combination with moisture, are also important in determining areas where condensation may occur and
conequently, potential areas for durability issues. It is therefore of utmost concern that the thermal
controls of the building be considered as part of the building enclosure system, and not separate from
the air and moisture control layers.

Current Canadianode requirements for minimum insulation levels vary by jurisdiction. However, an
installed insulation with thermal resistance of 3.5R&@Ris common for many residential walls in

most climates across CanafaBC, 20061 Ts typically possess a conductivity similar to wood,
approximately 0.1 to 0.14 Wh'-K" (R1.0to R1.4 per inch)Straube & Burnett, 2005However, at
thicknesses of up to 130mm (5 inches), this can result in thermalaasiss of 0.92 to 1.3RSHR to

R7.4). On its own, the thermal resistance of CLT panels is insufficient to meet code requirements and
thus alternative insulating strategies must be considered.



2.2.2.2.Air

The control of air is one of the more importduinctionsthat can be expected of a building enclosure.

Air leakage can pose a durability problem to the structure and enclosure as a result of moisture
condensation leading to various decay mechanisms. Simultaneously, the air leakage also results in
signficant heat loss. CLT panels, by virtue of their manufacturing processes, do not typically possess any
intrinsic air leakage resistan€EP Innovations, 20L1Although a significant resistance to airflow is
inherentin wood checks, cracks, and above all, panel joints will allow unacceptable levels of air flow.
Consequently, an air barrier of some type will need to be used in conjunction with CLT panels. The
exception to this is edgglued CLT panels. Testimg other researchis in the NEWBLUIlAS research
organisatioris currently under way ito assessing the air leakage resistance of egiged CLT panels

and manufacturers recommend using tape to seal the joints between all panels.

2.2.2.3.Moisture

As CLT panels aneade of organic marials, exposure to moisture may result in a multitude of
problems. Should moisture controls not be in place, decay mechanisms may start to degrade the
structure of the wood or break chemical bonds in the adhesive. In a worst case scenario, the
degradatia of the structure of CLT panels from such decay mechanisms may pesafdifg issues to
people as well as threaten the functionality and viability of the structure itself.

It is therefore of utmost importance that a layer that resists liquid moistweéngluded in the wall
assembly to control external sources of moisture, such as precipitation, ground water, addnged
sources of water (such as sprinklers).

Consideration must also be made for interior sources of moisture, either from bulk camvécim air

leakage or from water vapour diffusion through the wall assembly. Of similar importance is the presence
of in-built moisture during construction. It is the purpose of this thesis to quantify the impacts related to
the various moisture loads artd provide suggestions in managing any moisture related concerns.

2.2.2.4.Fire

Fire poses one of the greatest threats to the built environment. Tremendous efforts are undertaken to
minimize the threat of fire and to mitigate any associated damages. CLT panalfiaarenable product

and could contribute to the fire load in a building under certain circumstances. However, under most
circumstances, solid wood members are intrinsically resistant to the effects of fire. As a fire burns, the
outer layer of wood experigces pyrolysis leaving behind a char layer. This char layer helps insulate the
interior portions of the wood meaber from the heat of the fire.

A precedent has been set with regards to the use of solid wood members in structural appiictien
National Riilding Code and the relevant fire codes acknowledge that solid timber construction possesses
an intrinsic resistance to fiNBC, 2010) For high levels of fire resistance, additional fire control layers,
likely in the form & gypsum board panels or intumescent paints, can be added.

FP Innovations hasmie slight concerns with respect to tif@lure of the adhesive holding the lamina
together. An adhesive failure could result in the layers being shed from the structure, mxposi
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undamaged layers underneath. Testing for the fire resistance of CLT panels is currently underway, as of
the writing of this thesis. Preliminary results suggest that CLT panels behave similarly to solid timber
construction.

2.2.2.5.Sound

It is possible for Clganels to exceed theound transmissionode requirements in floors and walls
(Crespell & Gagnon, 2010jhe additional mass of a CLT panel relative to steel and wood stud walls will
deliver superior performance. Standard sout@mpening techniques, similar to those used for solid
structural systems, should be employed

2.2.3.Distribution

The distribution functionality must be carefully considered when it comes to CLT panels since no
interstitial space exists inside the panels to ductwork, power cables, plumbing, or other wires
through the building.

The standard construction practice to overcome this limitation is to build false drywall interior of the CLT

LI ySta dzaAAY3I y2YAYlf RAYSYAaA2ysome fitegrétécoNdothd dSd HE E
CLT panels while also creating a space to run wires and cables for power outlets, phone and Ethernet

jacks inside the drywall. However, alternative strategies must be considered if the architect desires the

CLT panel to be exped to the interior. Some such alternatives include eliminating a layer in the CLT

panel to use as a conduit for the required utilities, or underfloor distribution strate§iasn wiring

chases while practical, will impact the structural performance auplire tight coordination early in the

design process.

2.2.4.Finish

The finish function is a natural part of all enclosures, whether intentionally designed and designated or
not. The finish of the enclosure must endure environmental stresses, from both theéax{sslar

radiation, precipitation, temperature fluctuations, ef@and the interior (humidity, damage from scuffs

and scratches, spillstc.). CLT panekre frequently covered on the exterior by a cladding system, as
exposure to the elements could pose durability issues to the panels.

2.3.The Perfect Wall
The logical conclusion that is drawn from the requirements mentioned above has been dubbed the

G LIS NgFl St@siiburek, 2008)Thisenclosure designoncept was pioneered by Canadi@searchers
e.g, Hutcheon, 1963A sectional view of the perfect wall may be foundrigure2.6.
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Figure2.7: The Perfect Wal(Lstiburek, 2008)

The benefits of such a wall arrangement are that all the potentialhsénsgitive components are

protected by a cladding and all potentially temperature sensitive layers are located within the thermal
layer (and hence kept at stable room temperature). Further, all the potentially moisture sensitive
components are located inside a water control layer. By virtue of the position of the thermal layer, the
structure is maintained near indoor temperatures year rouady moisture accumulation will thus have
the ability to dry to the interior under near constant drying conditions. Further, because the vapour and
air control layers are also maintained near interior temperature conditions and are situated outside of
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the structure, the proclivity for moisture condensation to occur within the structure is minimized, due to
the dew point occurring in areas which are tolerant or resistance to moisture.

The support properties of CLT panels predispose it as an ideal buildiagah# be used as the
support function in a perfect wall system.

2.4.Wood Anatomy

Wood is a complex biological structure, a composite of many chemistries and cell types acting together
to serve the needs of a living plaf®PL, 2010 Wood has evolved over the course of millions of years to
serve three main functions in plants: conduction of water from the roots to the leaves, mechanical
support of the plant body, and storage lmbchemicalFPL, 2010)There is no property of woed

physical, mechanical, chemical, biological, or technolodicat is not fundamentally derived from the

fact that wood is formed to meet the needs of the living t{€®L, 2010Ynderstandinghe basic
requirements dictated by these three functions and identifying the structures in wood that perform
them allow insight to the realm of wood as an engineering matérlabdley, 2000)

Wood is a natural, orthotropic, @hinhomogeneous materiathat is, its properties change depending
on orientation, location within the tree, and history (i.e. previous miclimatic environmental stimuli)
(FPL, 2010)he three defined orientations that aresed to describe wood properties are:
longitudinalsectional (X)radial(R) and transverse orientationd)

Figure2.8: Transverse (X), Radial (R), and Tangential () Directions in a ood isadley, 2000)

A scanning electron microscope image of Eastern White Pine shows the differences between the three
orientations (sed-igure2.9).
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Figure2.9: Transverse Radial, and Tangential Sections of Eastern White Riteadley, 2000)
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In the above figurdéFigure2.9: TransverseRadial, and Tangential Sections of Eastern White, Rie
represents tracheids, (B) is a narrow ray, (C) is a resin canal, and D is a fusiform ray. The following
sections will further elaborate on aspects and properties of the various woad cell

2.4.1.Anatomy of Wood

The tree is composed into two main sectieti® shoot and the roots. The shoots consist of the trunk,
branches, and leaves, whereas the roots are responsible for water and mineral nutrient uptake as well
as mechanical anchoring for tisdoots(FPL, 2010he components of the tree are nicely sunmimnad

in Figure2.10.
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Figure2.10: Parts of the Tre¢Hoadley, 2000)
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The trunk consists of the following layers, from the exterior to the interior: outer bark, inner bark,
vascular cambium, sapwood, heartwood, and the pith. These layers may be foleigadiie2.11.

Heartwood

Figure2.11: MacroscopicView of aTransverseSection ofQuercus albarrunk (White Oak)FPL, 2010)

Theouter bark (ob)serveso protect the interior portions of the trunk as well as reduce evaporative
losses. Thaner bark (ib)isthe portion of the tree where the sugars produced by photosynthesis are
transported through the tree to the areas of growth, knowssecondary phloem cells. Immediately
interior of the inner bark is theascular cambium (vc)The vascular cambium serves to produce both
the inner bark (phloem), to the exterior, and wood (secondary xylem), to the interior. The next interior
adjacent ofthe vascular cambium is tteapwood or secondary xyleatomplex vascular tissue
responsible for the transport of water and minerals of a plant from the roots to the leaves. The
heartwood is nonconductive and accumulates various substances (such as oils, gums, resins, and
tannins), often giving it a different colour, decay resistance, and aromatics than sagiRaeen, Evert,

& Eichhorn, 2003)Thepith (P)isthe remnant of the early growth of the trunk.

Growth rings are a result of seasonal activity of the vascular cambium. Growth rings are categorized as
early wood and late wood, depending on the time of growth during the year. The width of growth rings
varies with environmental factors such as light, temperature, rainfall, available soil water, arehtith

of the growing seaso(Raven, Evert, & Eichhorn, 200Barly wood can be distinguished from late wood

as it is usuallydhter in colour and widerdue to some of the more favourable growing conditions. The
width of growth rings is roughly proportional to the amount of rainfall experienced in a giver{iehr

2010)

2.4.2.Sapwood

Sapwood is an area the trunk whereby the parenchyma celliving, generally thin walled cells of
variable size and forrare still alive and metabolically active. Sapwood is not only responsible for the
conduction of sap, but also for the storage and synthesis of biod#syisuch as the storage of
photosynthate typically starches and lipids. The nutrients and chemicals used to create a new flush of
leaves or needles are stored in the parenchyma cells of the sapgiid 2010)
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2.4.3.Heartwood

Heatwood is formed by the parenchyma cells along the sapwood/heartwood boundary. These cells
deposit chemicals, known as extractives, gpbyduct of cellular metabolism, by pushing them into the
dead parenchyma cells in the heartwood. These extractiveseandary metabolites, such as oils,
waxes, resins, and tannins, are believed to be inhibitory or even toxic to livingRalien, Evert, &
Eichhorn, 2003)The accumulation dahese substance results the death of the wooaell. A natural
resistance to decay mechanisms results in the accumulation of these extractvesgquently,
heartwood is more resistance to rot than sapwood.

2.4.4.The Wood Cell

A living plant cell consists of the protoplast and the cell wall, where thedpisthe sum of all living
contents that are bounded by the cell membrarelargely carbohydrate matrix extruded by the

protoplast to the exterior of the cell membrane. The cell membrane protects the cell from osmotic lysis
and provides mechanical suppdo the plant(Raven, Evert, & Eichhorn, 200Bpwever, the cell

membrane provides a much more important role in the overall function of the tree. In mature cells, to
achieve full functionality, often times the protoplast niue removed. Cells without their protoplast are
known as lumen. The lumen is a critical component of many cells, whether in the context of the amount
of space available for water conduction or in the context of a ratio between the width of the lumen and
the thickness of the cell walFPL, 2010)

Wood cells are predominantly oriented either axially, known as fusiform initials, or radially, known as
ray initials. The orientation of the cells helps in the distribution and se@qwutrients and minerals
throughout the depth and height of the tree. Consequently, there is a direct and continuous link
between the most recently formed wood, the vascular cambium, and the inner bark. Cells in the axial
system are several times longiwan wide; it provides the londistance water transport and majority of
the mechanical strength of the tree. The cells in the radial system are longer perpendicular to the
longitudinal axis and provide lateral support to the tree as well as lateralpgahsf biochemical.

The cell walls in wood give rise to the majority of the structural properties of wood. The cell is comprised
of three main regions: theniddle lamella (ML) the primary wall (P), and thesecondary wal(S)(FPL,

2010) In each region, the cell wall has three major components: cellulose microfititits

characteristic distributions and organizations), hemicelluloses, and a matrix or encrusting material,
typically pectin in primary walls, and lignin in secondary wRBisshin & deZeeuw, 198)he following

figure depits the various sectional components of a wood cell.
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Cellulose can be understood as a long sttikg molecule with high tensile strength; microfibrils are a
collection of cellulose molecules into even longer, stronger thidadmacromolecules. Lignin is a
brittle matrix material. The hemicelluloses amall, branched molecules thought to help link the lignin
and cellulose into a unified whole in each layer of the cell wall.

Themiddle lamellafunctions to bond the adjacent cells to each othieiis lignified.

Theprimary wallis characterized by a lgely random orientation of cellulose microfibrils. Microfibril
angles range from 0° to 90°. The primary wall is thin and usually indistinguishable from the middle
lamella.

Thesecondary cellvall is composed of three layers. As the protoplast forms thievwea! layers, it
progressively reduces the lumen volume. The first secondary cell wall layer that is adjacent to the
primary wall, is generally thin, and has a large microfibril angle compared to the grain of the wood
(roughly 50° to 70°). The next inngall layer is arguably one of the most important with regards to
providing the wood properties at a macroscopic lef#nshin & deZeeuw, 198®retschmann, Alden,

& Verill, 1998) The secondanayer of the secondary cell wall has a lower lignin percentage and a low
microfibril angle (5° to 30°) and it has a strong, but not entirely understood, relationship with
macroscopic wood propertig&retschmann, Alden, & Verill, 189 The third layer of the secondary wall
is thin and has a high microfibril angle (>70°), and is similar to the first lajias the lowest

percentage of lignin of all the three layers.

Pits are the means by which communication and transporti@étemicat occurs from adjacent cells in

a living plant. Pits are thin areas in the cell wall which allow mass transfer from one cell to another. Pits

are usually paired with adjacent cells, but if a pit fails to connect with the one of an adjaceittisell,

(SNY¥SR 4o0fAyRE® ¢KSNB rédpsknple] antifaBordgrediEsad, AwHa 2 F LI 0
(Raven, Evert, & Eichhorn, 2003)

Bordered pits arsonamed because the secondary wall overarches the pit chamber and the aperture is
generally smaller or differently shaped than the pit chamber, or both. The status of the bordered pits
has great importance in the field of wood preservation and can affecowimishing and adhesive

bonding.
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2.4.5 Differences between Hardwoods and Softwoods

Hardwood, classified as angiosperm wood, and softwoods, as conifer wood, are differentiated
predominantly by the lack of vessels in softwoods. Hardwood and softwood do notoefee relative
strength of each speciesome hardwoods are weaker than many softwoods, whereas some softwoods
are harder than some hardwoods.

2.4.5.1.Microscopic Structure of Softwoods
The structure of softwoods is relatively simpler than those of hardwoBdi&woods are predominantly
characterised by a high number of tracheids and few axial or radial parenchyma. Tracheids are long cells

that have an aspect ratio more than 1(d8ey are tapered and overlap adjacent cells across both the
top and bottom 20% t&0% of their length.
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Figure2.13: The Tracheid Ce(Hoadley, 2000)

From a transverse section, tracheids appear square. They are a major constituent of softwoods and
compose irexcess of 90% by volume. They serve to aid in the transport of fluid and provide mechanical
strength to the treethis is achieved by circular bordered pits that are concentrated at the long tapered
ends of the cells. Consequently, water must flow throagtigzag path as it goes from one cell to the

next via the pits. As the pits have a membrane, flow resistance is significant. Due to the resistance and

narrow diameter of the lumina, tracheids are relatively inefficient compared to the conducting cells of
hardwoods.
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Axial parenchyma structures are also sometimes present in softwoods. These are similar to radial
parenchyma cells, except oriented longitudinally. Resin canals are also found in some species of pine,
spruce, Douglafir, and larch. These aragsent axially and radially. These structures are intercellular
voids in the wood and are lined with specialized parenchyma cells that function in resin production.
Resins canals are typically produced from wounding, pressure and injuries by frost and wind
Apparently, resin production helps protect the plant from attack by fungi and bark bg&s&n, Evert,

& Eichhorn, 2003)The following scanning electron micrograph shows the boundary between early
wood and late wood in aoftwood tree, as identified by the square shape of the tracheid wood cells.

2.4.5.2.Microscopic Structure of Hardwoods

The primary difference between conifers and angiosperms is the existence of vessels in the latter.
Vessels are specialized water conductingsdalhardwoods. A second type of hardwood cells are fibers.
Fibers function almost exclusively as structural elements supporting the cells. They are shorter than
tracheids. The thickness of the fibers plays an important role in the macroscopic struefpaaltes of

the wood. Further, hardwoods have a greater number of rays, and those rays usually consist of a greater
number of cells than do those in softwoods. The following is a scanning electron micrograph of
hardwood, identified primarily by the presee of the large vessels running vertically along the

specimen.

25 mm |

Figure2.14: Scanning Electron Micrdlgraph of American ERaven, Evert, & Eichhorn, 2003)
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2.4.5.3.Reaction Wood

Reactionwood is the type of wood that is grown in branches to counter the effects of gravity.

Hardwoods and softwoods differ in their approach to reaction wood. In hardwoods, the reaction wood

is known as tension wood. This wood is produced by increased aatititg ivascular cambium on the

top side of the stem. It is recognized by eccentric growth rings in that stem. To ensure the stem is
straightened, a tension force must be generated. The top portion of the cells in tension reaction wood
are distinguished byhe presence of gelatinous fibers with very little or no lignification. The shrinkage of
tension wood rarely exceeds 1%. Compression wood, or the reaction wood generated by softwoods, is a
result of increased production in the vascular cambium on the undersf the stem. Compression

wood has more lignin and less cellulose than normal wood. Consequently, the shrinkage rates are often
ten or more times as great of that of normal wo(®aven, Evert, & Eichhorn, 2003)

2.4.6.Wood Properties

Macroscopic properties of wood such as density, hardness, bending strength, and others are properties
derived from the interrelationship of the cells that constitute the wood nake Such largescale

properties are based on chemical and anatomicaaile of wood(Panshin & deZeeuw, 1980)ith

respect to moisture, the hydroxyl groups in the cell walls are highly hygroscopic (i.e., attractive to
water). However, the presence of lignin minimizes the capacity of the cddl twaddsorb moisture.
Consequently, wood cells have a great affinity to water, but are limited in its capacity to store it within
the cell wall.

The wood structure determines the wood density. The density increases as the proportion of cells with
thick cdl walls increases. Hardwood density is dependant not only offibhewall thickness, but also

the number of voids created by vessels and parenchyma. It should be noted that the microfibril
arrangement in the juvenile wood is usually at a high angle esatpto the grain of the wood,

particularly in softwoods. This results in relatively larger shrinkage and swelling characteristics compared
to the surrounding mature wood.

2.5. Moisture Relation and Physical Properties of Wood

Wood is a hygroscopic material.dths, its moisture content varies can vary depending on the

temperature and relative humidity ofs surroundingenvironment. Furthermore, as an organic material,
$22RQa LINBPLISNIASE YR LISNF2NXYIYOS INB AYWMdiGiSR o8
reporting the moisture content of the wood, based dry mass, is expressed by equat{dn).

1. HomeTmy (1)

where,

MC= Moisture Content (%)
Mye= Wet mass of wood sample (kg)
Man,= Dry mass of wood sample (kg)
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Water exists in three states in wood: free water (inside vessels, lumen, and cavities), as bound water
(adsorbed to cell walls), and as vapour (inside veds@en, cavities). The point at which free, or bulk,
water starts to accumulate is known as the fibre saturation point. The fibre saturation point is
operationally known as a state whereby the physical properties and characteristics of wood no longer
charge as a function of moisture content. The fibre saturation point is roughlyW8Q%ut different
species, and even different areas of wood in the same tree, may flechyaa few percentage points

(FPL, 2010)There is a larggradation between the point at which bound water and free water oecur
below the fibre saturation point, some lumen may be partially, or completely, filled with water. Equally,
above the fibre saturation point, some cell walls may still be relativeladdysome lumen not yet filled
with water.

Wood experiences sorption hysterestise moisture content history of the wood impacts the rate and
capacity to absorb/desorb moisture in the future. Generally, the adsorbed/desorbed moisture content
does not varymore than by 0.8% MEPL, 2010)

2.5.1.Equivalent Moisture Content

When wood is protected from liquid water and solar radiation, the equivalent moisture content is
dependent on the temperature and relative humidity of the air surrding the wood in question.
Wood, under such contitbns, may experience both lortgrm and shoriterm changen its local
environment seasonal fluctuationfr long termeffects anddiurnal fluctuationdor short termeffects
Shortterm changes in retave humidity and temperature can only affect the outermost surface of the
wood, as neither liquid or vapour phase water can move through solid wood very quickly. The
equilibrium moisture content is a state of wood whereby there is no net gain or lossisfure in the
wood sample from interactions with the ambient environment.

2.6.Decay

Decay is the process whereby biological agents cause degradation of organic materials. The agents
usually responsible are fungi. Reasons to control fungi propagation areseif@m minimizing

structural damage, tprotectingindoor air qualityfrom toxigenicand allergenic mould spores, and even
for aesthetic reasons. The difference between mould and fungi is that mould is a subset of the fungi
domain.

Typically, moulds oplfeed on the starch and other sugars that are stored within the wood (@&dgen,
Evert, & Eichhorn, 2003Rots however, possess the capacity to break down the cellulose and lignin of
the actual cell walls. Consequently,@isT panels are structural members, maintaining adequate
structural capacity is of utmost consideration, and rot is the primary concern.

Rots are generally divided into three classes: brown rot, white rot, and soffRit, 2010Brown rots

are fungi that break down hemicellulose and celluldesaving the brown lignin behind, which is how it
was given the name. Soft rots secrete an enzyme that breaks down the cellulose in the wood, thus
leading to microscopic cavities insittee wood. Lastly, white rot isfangusthat breaks down the lignin

in the wood, leaving the light coloured cellulose behind. However, some white rots also consume the
cellulose.
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2.6.1.Conditions for Growth

Fungal growth only occursfif’e requirements are disfied: temperature, oxygen, moisture, nutrients,
and presence of sporg§Vang, Clark, Symons, & Morris, 2QIDypically, temperatures must be above
10°C but below 4€C; temperatures below EC result in much slowdaiological activity, whereas
temperature above 4%C results in dehydration of the cellad hyphaeOptimalwood decay fungi

growth was found to be in the range of 21 to°8dy some researchei@Vang, Clark, Symons, & Morris,
2010) Appropriate access to moisture is also requiregually in excess of 8@kifor the start of fungal
growth (Sedblauer, 2004However, most rots require moisture contentseiquilibrium with over
95%RHfor successful piiferation (Viitanen & Paajanen, 1988)s an example of the strong influence of
the environment on fungifigure2.15 plots the germinatn time and propagation rates for a particular
mould speciess a function of RH and temperature
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Figure2.15: Relationship between Relative Humidity, Temperature, Germination time, and Growth Rate for
Aspergillus Mould SporeéSedblauer, 2004)

In general terms, if the relative humidity remains below 80% and the temperature belo®@; hibulds
and rots shoulahot present a risko wood structures.
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Chapter 3- Moisture Physics Background

This chapter reviews the moisture physics, relations, and equations which govern the various physical
phenomena of moisture storage and transport that occur within the built environment, as it pertains to
CLT panels.

3.1. The Water Molecule

The size and propges of the water molecule are important in its interrelated properties with the wood
cell and consequently, the macroscopic moisture behaviour of wood. The water molecule is composed
of one oxygen atom (O) and two hydrogen (H) atoms bonded covalemily giving its stoichiometric
identity of HO. Oxygen possesses 6 valence electrond=ggute 3.Jdemonstrates this arrangement.

+

Slightly positive
zones

Figure3.1: The Water MoleculgRaven, Evert, &ichhorn, 2003)
hEe3aSyQa KAIK St SOGNRYyS3IIGAGAGE NBadzZ Ga Ay RA&LI N
as a polar covalent bond. This results in a slight positive charge on the end with the hydrogen atoms.
The remaining four electrs are paired into two orbitals, resulting in a slight negative charge. The angle
which best minimizeelectromagnetic forces between the charged ends results in the molecule taking
the form of a tetrahedron, with an angle of 104letween each point. Thpolarity of the water
molecule plays an important role in its capacity to bond with surfaces, further enhanced by some van de
2 FfQa FT2NOS4d YR KeRNRISY o02yRAYyIOD

The average separation distance of the OH bond is approximately 0.096nm, whereas the atjuivale
ionic diaméer of the molecule is 0.282niffFranks, 1984jThese dimensions are important in the
movement and storage of water in various media.

3.1.1.Four State of Moisture

Water exists in four common states: gas, liquid, solidi adsorbed. Each state carries its own
characteristics, properties, and associated problems when interacting with the built environment. With
respect to CLT panels, the primary water states concernedyaseous, liquid, and adsorbedheT
formation, storage, and movement of ice within wood is not a concern with respect to decay as
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biological activity comes almost to a standstill below the freezing point of water. The relationship
between the four states may be seen in the following figure.
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Figure3.2: Moisture States and Phase Chang&raube & Burnett, 2005)

Under most circumstances, sorbed water will only change phases with gaseous water vapour. However,
in very small pore siseadsorbed water may reach thicknesses to the point where it condenses inside
the pores.

3.1.2.Psychrometrics (Storage of Water in Air)

Psychrometrics is the study of gas mixtune®st canmonly,water vapour in air. An understanding in
psychrometrics is required tonderstandthe relationship between vapour pressure, or moisture
content, temperature, and relative humidity and the effects these variables have on the moisture
characteristics of hygscopic materials. The psychrometric chart, as presentédguare3.3, is
frequently used to graphically depict the relationship between these variables.
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Figure3.3: The Psychrometric Cha(ASHRAE, 2009)

The amount of water vapour which can be stored in a unit volume agdiighly sensitive to the dry

bulb temperature An appropriate aalogy is to view air as a sponge which can soak up water vapour as
well as other gases. With increased temperature, the sponge gets bigger and can thus store more water.
However, at isothermal conditions, the sponge can only absorb a given amount ofbefbee it is

saturated this is known as the saturated vapour pressure. The total moisture storage capacity of a
volume of air at a specific temperature follows the Hyldldxler equation for saturated vapour

pressure over liquid water from-BOCCC(ASHRAE, 2009)

ey Fidl FoFd o Fdl Fd Fmed (2)
where,

=-5.800 220 6E+03

= 1.391 499 3E+00

=-4.864 023 992

= 4.176 476 885
G=-1.445 029 3B8
G= 6.54%67 3E+00
G=-5.800 220 6E+3
pws= Saturation pressure [Pa]
T=absolute temperature [K]
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The psychrometric chart is simply the results of plotting vapour pressure, along the vertical axis, and
temperature, along the horizontal axis, with the saturated vappressure line bounding the upper limit
of saturated water vapour in air. The relative humidityhis ratio of thequantity of vapour to the
saturated vapoupressure at a given temperature, as described by equation 3

i3 v _: (3)

= 4

where

RH= relative humidity]
pw= vapour pressure [Pa]
pws= Saturated vapour pressure [Pa]

It is often useful to express the moisture content of the aimiassterms, e.g, grams of vapour to
kilograns of dry air. The moisture content is a result of rearranging of the ideal gas |laseam
Equation 4,

b =44 (4)
where,

P= pressure [Pa]

V= volume [

n=quantity of substance [mol]

R= gas constant-K*-mol™]

T=absolute temperature [K]
The ideal gas lagquation,Equation4A & |y FYFf ALYl GA2Yy 2F [ RRBIISAXHE [ | 6
fl ¢ YR ! @23 RNRPQA fl 62X YR RSY2YyAaGNI (iSa (GKS NB¢
GSYLISNI GdzNBe | aAy3a (KS {y2e¢ftSR3IS 2F 51ti2yQa I 6=
equd to the sum of the pressures of the individual gases, we can rearfangsdion 4 as a ratio of
water vapour to dry air, as shown in the following equation:

8 Gl (5)

—y =

T4
where,

W= water content [Kgkgsi ']
pw= vapour pressure [Pa]
p= total pressure [Pa]

The 0.62945coefficient is a result of dividing the gas constant of water vapour with that of dry air
multiplied by the ratio of molecular mass for the respective gases.

The temperature of a sampl# air containing water vapour at which condensation forms on-non
porous surfaces is known as the dew point temperature. For temperahetveen OC and 93C the
dew point temperature is given by Equation 6,
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« F F) F) F? F wm® (6)

where,

te= dew point temperature’C]

h=|n o8

p.= water vapour partial pressure [kPa]
G=6.84

G=14.526

Co=0.7389

Gi;= 0.09486

C=0.4569

This equatiorbecomes important when determining the layers in a wall assembly vehiplrience
water vapour condensation, particularly with respect to air leakage.

3.1.3. Moisture Storage in Materials

I YFGSNAIFE QA FoAfAGe (G2 a2 NDy,spdcific Sudicd aiea, RBIIIS y RSy
hygroscopicity. Apparently solid materials may have significant porosity, given as a percentage of voids
within a unit volume of material, and high specific internal areas, given as an area per unit volume of
material. Thevoids in a material form an interconnected network of pathways and dead efidsire
3.4demonstrates a representative porous material.

s~ averaging volume
dead end pore -

~ solid matrix

liquid island S : o — air/fvapor mixture
Figure3.4: Representative Porous Materig&raube & Burnett, 2005)

Water can be stored in five different ways in a material, as summariZeéaite3.1, in increasig
magnitude of storage capacity:
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Table3.1: Moisture storage mechanisméStraube & Burnett, 2005)

Moisture Form Storage Location
Free water vapour In pore volume (porosity)
Adsorbed water vapour On pore walls (specific area)

Capillary condensed water  Held in very small pores
Capillary bound liquid water Held by surface tension in pore
Unbound liquidvater Held by containment

For free water vapour, the moisture exists in a gaseous mixture with air inside the pore volumes of the
material. Adsorbed water vapour results in water molecules bonding with the surface of the material
collects on the porevalls. Capillary condensed water occurs when the thickness of the water molecules
adsorbed to the surface reaches such a point that contact is made with adsorbed water on opposite
pore walls. Capillary bound liquid water is held by surface tension inatespLastly, unbound liquid

water is stored within the pores of the material. The various storage statefabelled on theorption
isothermbelow EeeFigure 3.5)

W, - supersaturation: all pores filled with water
E
W capillary saturation fen
|
D free capillary
water
W.. ; Y
« C A
< B > )
- adsorbed
R . — g water:
hygroscopic
P regime

relative humidity (%)
Figure3.5: Sorption Isotherm(Straube & Burnett, 2005)

The area marked A consists of a single layer of water molecules adsorbed to the surface; B is a

continuation of A, in that multiple layer of water molecules form on the surface walls. This is known as

the hygroscopic range. At the range indicated by C, capillary condensation occurs, and at D, capillary

suction is the dominant acting storage mechanism, in the free water ré@tgaube & Burnett, 2005)

Above the capillary satated point, indicated by E, bulk water exists within the pores of the material.

Directional arrows are required due to the hysteresis of moisture steragike and drying to not

F2tt29 GKS alryYS Odz2NBS® Ll Aa HaydetionK@sufingis® G(KFdG |y
localized high pressure area, could reduce the amount of m@dtss when the material dries.
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As the material and mechanical properties of wood chang#ifdrent temperatures, it follows that the
sorption isotherm of woodvould similarly changeAt lower temperatureswater has a higher
propensity towards condensatiomollowing the concepts of psychrometrics amdter vapour
condensation in porous networks; the corollary also holds.tH@vever, in the temperature rangéat
most building materials may experience, the variations are not significant, as can be seen below in
Figure3.6.
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Figure3.6: Temperature Dependant Sorption Isother(Straube & Burnett, 2005)

The data contained in the above plot derives from equilibrium moisture content valuesafigaod
specie irthe US FPL Wood Handbd@PL, 2010Even at very high relative humidities (i.e. 95%) and
with a 60C temperature difference (from 4240 65.6°C)the total moisture content changes by only
3.9% M.CConsequently, for simplification purposes, it@romon to assume a singulaorption curve
for many building materials.

3.1.4.Moisture Movement in Porous Media

Moisture movement in porous media is usually described by Fickian equations. Some of the driving
potentials for moisture flow include temperature,ladive humidity, water vapour pressure, water

vapour density, liquid capillary pressure, suction pressure, moisture content, and chemical potential
(Claesson, 1993; Hens, 1996here are generally three independent state variables, but when air
pressures considered to be constant, only two commonly used driving potentials remain: temperature
and water vapour pressur@albraith, McLean, & Guo, 1998y tenperature and relative humidity
(Kiinzel, 1995)The relative contributions to moisture flow from these driving potentials are not equal,
Y2NJ R2 G(GKS@& @FINER ftAYSINI&d ¢2 FdzNIKSNI O2YLRdzy
a2adSY® /2yaSljdsSyiates S moisureRidlingist PeTonsidrédSsyparatélyf Q
from a theoretical perspective, or lumped into appropriately designed empirical coefficients which
account for the multiple flow mechanisms.
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It is generally accepted that there are five mechanisms at work thatribute to moisture flow in
porous media. A summary of the transport phenomenon, their driving potential, and the affeetieal
phase may be found below &ble3.2).

Table3.2: Summary of moisture transport mechanisn{Straube & Burnett, 2005)

Mechanism Water Phase Driving Potential

Diffusion Gaseous Water Vapour Concentratiol
Effusion Gaseous Water Vapour Concentratiol
Surface Diffusion Adsorbed Relative Humidity

Capillary Transpor Liquid Capillary Suction Pressure
Osmosis Liquid Solute concentration

However,in building applicationdwo mechanismsend to dominate thecontribution to moisture
movement diffusion and capillary transport. Surface diffusion also participates in moisture flow, but
from a macroscopic perspective, it is difficult to distinguish separately from diffusion or capillary
transport. The followingidure demonstrates the relative contributions to diffusivity for these three
main transport mechanisms.

——— total effective moisture diffusivity 74
— .. — vapour diffusion /

— — — — surface diffusion i/
-- liquid transport /

) /
? ‘\/Nx/,

~

degree of saturation |

0 10 30 50 80 95 100
relative humidity

Figure3.7: Effective Hypothetical Moisture Diffusivity based on Vapour, Surface Diffusion, and Capillarity
(Straube & Burnett, 2005)

31



The general equation which describes the flow of moisture in porous material is as f(fivasbe &
Burnett, 2005)

o o ﬁﬂ Mo ¥ F!ﬂ 2Zo n © h<2 J|| M+ © ﬁﬂ T © ﬁﬂ Do (7)
where,

w= moisture content [kg-fj

, = relative humidity ]

T= absolute temperature [K]

& = mass flux densitgs a function of w, T [kg-frs’]

DI' G LI2dzNJ RAFFdzAA2Y O28FFAOASYy (s TFTdzy OlAazy 27
n” =vapour density concentration gradient {kgu-m?|

Dy, = thermal vapour diffusivity (Soret effect) fi*-s"]

D, = adsorbed diffusivity as a function of w, T{sT]

D = liquid diffusivity as a function of w, T 3rs”]

n () = moisture content gradient [kgiq-m*]

However, as thexperimental testfor the CLTsamplesvere maintained at isothermal conditionshé
temperature effects are neglected. Further, the component of surface diffusion is lumped in with the
capillary transport. Thus, the equation collapses to the following form:

o o mo¥ O0Zo e OO0 (8)

The followingsubsections discuss vapour diffusion and capillarity transport in greater detail.
3.1.4.1.Vapour Diffusion

There are two processes by which gaseous water molecules will move through a gas. Fickian diffusion is
the process whereby molecules, via Brownian motiot, sgilide with one another until entropy is
maximised. The other is Knudsen diffusion, known as effusion, whereby the water molecule will collide
with the pore wall moreso than other water molecules. However, effusion is less significant than
diffusion;consequently the remaining discussion will focus solely on diffusion.

Vapour diffusion functions under treamead Sy SNI> £ aSd 2F Sljdza G6A2ya GKIQ
Law states that the rate of flux is proportional to the concentration gradienhefsubstance. That is, a
higher concentration gradient generates a higher rate of flux. The constant of proportionality, D, is

» 2

3z

negative, as entropy increasdgjuation7A & | Y2RATFTASR OSNBRA2Y 2F CAO] Qa
water vapour diffusionn one dimension:
=0 (9)

where,
dm/d‘ = mass flow [kg"]

= proportionality constant, or diffusivity/permeability [lRg"m™.s"]
np= vapour pressure concentration gradient §3]
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Whole libraries of permeabilityalues exist for various building materials. However, these values are
aggregate diffusivities which also include the impact of surface diffusion, governed by RH, as well as
intrinsic capillarity, from free water inside the tested material.

A more detailecequation exists that considers only tkepourdiffusive componergof moisture flow.
Equation 10developed by Krugrus, 1995)demonstrates the relationship between the mass flow
density and the relative humidity:

| |
N ol N ke Sk (10)
L R Y /g7

where

n3 I Yl aa Fm2f§ RSyaride o3

g.= mass flow density [kg?s]

Do = vapour diffusion coefficient of air frs?]

> ' gl GSNJ @I LI2dzN)] RATFFdzaizy NBaradlyoS o
>F T ¢ G SINdsigr rasigtaizde) (fictional) including liquid transpert [

R = gas constant for water vapoukf'-K']

T = absolute temperature [K]

ps = saturated water pressure [Pa]

. = relative humidity,

which becomes

- (11)
- rm,

such that

T _ e (12)
A1 H KW

Equation12(12), now defines the mass flow density in terms of the moisture content concentration
gradient and a diffusion constant,.0rhe derivative of the moisture content with respect to relative
humidiy is the slope on the sorption isotherm at the specified relative humititgny of the
coefficients included in equatiofil2) are difficult to isolate and test ilboratory settingsinstead, the
experimental approach utilized to determine the vapour diffusivity is to obtain overall vapour
permeance values at specific relative humidity levisiortunately, vapour permeance testing for CLT
panels lies outside thecope of this thesidnstead, as the primary constituent of CLT panels is wood,
vapour diffusivities for the appropriate wood species were utilized.

33



3.1.4.2.Capillary Transport

Capillary suction is a result of molecular attraction between the surface and watieicules, such as
the van de Waals forces discussed in 2.2.1, within pores of equivalent diameter less than 0.1mm
(ASHRAE, 200 apillary suction is defined as,

, _ge ve (13)
>

where,

s =capillary suction [Pa]

" = surface tension of water [N']

r = equivalent radius of capillary [m]
= contact wetting angle [degrees]

Capillary suction can also be linked back to the relative humidity of the air inside the pores, as per
YSt @AY Q§HieBdndA Rajagbpalan, 1997)

M (14)

vome=rT

o al

where,

. =relative humidity

s=suction pressure [Pa]

"= water density [kgn?]

Rw= gas constant for water vapour [J'kg']
T= absolutéemperature [T]

The relationship is a result of the complex interactions of water vapour molecules and the forces
bonding the water molecules of the meniscus to the pore walls.

Suction is not the only force that acts on water flowing through pores. Friftices are also generated
with the flow of water. A parallelube approach is sometimes usé¢rischer, 1963p model liquid
water flow through an unsaturated material because it allows for the use of the Hageseuille
equation:

1 Z % Yeum (15)
r H|=I

where,

Q= fluid flow fn®s"]

r= effective pore radius [m]
Np= pore vapour pressure [Pa]
p= fluiddynamicviscosity Pas]
L= effective pore length [m]
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Equation 4can be rewritten to identify the pressure drop from fluid flow through the pore pathways:

1 H 4 (16)
Zzo |

In a transient setting, large pores will fill opre quicky than smaller pores due to the lower fluid flow
resistarce. However, as time elapsesapillary suction of the smaller pores will draw water from the

larger pores. If the large pores are still in contact with a source, these will rapidly replenish, resulting in
complex absorption behaviour for the porous magdrin the case of drying, the large pores rapidly lose
their water, whereas the smaller pores may sometimes retain the water, due to the strong capillary
forces.

3.1.4.3.Effective Diffusivity

The complexities of modelling a flow network, as well as appropriateyacterising the

interconnectedness and dimensions of the pore network, generates the desire to take a lumped,

simplified, phenomenological approach towards determining moisture flow. With the advent of nuclear
magnetic resonance imaging and gamma ragging, transient water content profiles are now capable

2F 0SAy3a 20aSNWSR Ay LBRNRBdza YSRAF® LG KIFa 0SSy ¥F2
enables the calculation of water uptake in the liquid regime with generally good agreement with

observdle phenomengKrus & Kiinzel, 1995yhe equation hinges on the determination of the water

absorption coefficient, or Aalue, and relating that to the amount of water absorbed per unit area. By

observing the moisture front profile, the-¥alue has been ceelated to the effective moisture

diffusivity of the material.

The Avalue is determined from the slope of mass versus the square root of time during a water
absorption testThe equation takes the form as follo\iisrus & Kiinzel, 1993)

O =< (17)
where,
m,= mass of water absorbed per unit area-[kd]

A= absorption coefficient [kg-frs®]

t=time [s]
The absorption coefficient can be determined by a simple test involving the placing of a porous material
in water. Hydrogatic forces should be minimized to ensure that only capilfaaitd diffusion transport

occur. This is achieved by keeping the water level not more than a few millimeters above the material
Surface. By plotting the mass gain against root time, the fatigyiot is generated:
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Figure3.8: Water Uptake Tes{Straube & Burnett, 2005)

Kunzel and Kru&rus & Kinzel, 1998pve correlated the absorption coefficient with an approximate
diffusivity for inorganic and wocellased materials by observing the shape of the advancing moisture
front. The average liquid diffusivity can be determinedusing Equation 1.8

z = (18)

[
d

T

ar

where,

D= diffusivity (rfs?)
A= absorption coefficient (kg-frs*)
w.= capillary saturated moisture content (kg*m

However, for the diffusivity at a specific water contelajuation (19) can be us€lrus & Kiinzel,995)

= (19)
r 89— 0 %

Once the Avalue is obtained and the capillary saturated water content is determined, the effective
liquid diffusivity of the material ialso determined.
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Chapter 4- Experimental Program

To assess the effects of the moisture durability of the CLT panels, two experiments were devised to
determine the moistureareadensities of the wetted and drying samples. If the moisture characteristic

of the wood samples can be categorized, in termshefrate of uptake and drying, then this information

can be input into a hygrothermal modellipgogramto run simulations in a multitude of climates and

wall assemblies. The results of these models can help determine the propensity of the wood samples to
experience environmental conditions conducive to decay. The first experiment was devised to calibrate

WUFI to a simple water uptake test for clear sections of wood. The experiment also assesses the impacts

of moisture uptake test repeatability and the effquhat cracks impose on the absorption coefficient.
The second experiment involves subjectingn ¢ Envné /[ ¢ LI ySt G2 &F GSNI |

4.1.Clear Section Test

The intent behind these tests is to assess the capacity to model moisture uptédkghifor a simplified
experiment, to determine the repeatability of moisture uptake tests, and to evaluate the impact of crack
width on the moisture absorption coefficient. The testing comprised of multiple rounds of wetting and
drying, with some of the saples being cut to mimic a natural crack between two boards in CLT panels.

The tests were not exhaustive and intended only to providindial estimateof the order of magnitude
of the effects listed above.

4.1.1.Samples
A total of 10 samples were created.el'samples consist of 2x6 SPF lumber that was stored“in a humidity
FYR GSYLISNI GdzNBE O2y iNRttSR tF6 F2NI Iy SEGSYRSR

prisms. One of the samples had a prominent knot passing through the entire depth; thisleeted for
comparison purposes.
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Figure4.1: Three Samples, Clear, 1/16", 1/8" Cut

During drying, some of the samples started to leak sap and resin. The samples which exhibited such
behaviour weresamples3 & 7.

Toreducethe experimental behaviour tone dimensioral flow, vapour and water impermeable
membranes wereaisedto wrap the samples. A polyethylefiaced bitumen membrane was first used to
seal the samples. Aluminum tape was then used to seal amig joi the first membrane.

4.1.2.Procedure

The procedure used to undertake this testing was divided into two phases, a wetting and drying phase,
each conducted in four separate rounds. The drying phase was used to dry the samples down to
comparable moistureontents. The wetting phase consisted of placing the samples in an imbibition
pool, placed in such a manner to minimize hydrostatic forces. The samples were wrapped in a vapour
impermeable and waterproof seéfdhering membrane, with aluminum tape used &akthe joints and
corners.Table4.1 provides the schedule that was followed for the testing.
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Table4.1: Testing Schaule

Round Drying Wetting Notes Purpose
1 60°C 30% MC | Samples dried without To obtain dry mass and initial
0% MC waterproof membrane. absorption coefficient.
2 30°C 30% MC | Samples dried with To determine effects of cracks and
10% MC waterproof membrane. Six | gauge influence of Aalue
samples cut according to tes| fluctuation on repeated wetting.
parameters.
3 30°C 30% MC | Samples dried with To determine repeatability of
10% MC waterproof membrane. absorption coefficient testing.
4 60°C 30% MC | Membrane removed and To determine repeatability of
0% MC samples dried to 0% MC. Ne absorption coefficient from 0% MC.
membrane installed.

4.1.2.1.Drying

To ensure comparability between the samples, and since the properties of wood vary with moisture
content, all thesamples were dried to the same level. The drying phase was further divided into low
temperature (30C) and high temperature (88) series; depending on whether the samples were

covered in a vapour tight membrane or not. The low temperature was also seélertainimize rapid
shrinking from the saturated samples; which may cause undue stress to the samples, possibly resulting
in damage. A small fan was placed inside the oven to minimize temperature stratification and to aid in
the removal of moisture from t# samples.

Thefirst round of testing exposed the samples to a high temperature drying regimen. This was utilized
to determine the dry mass of the samplessential for gravimetric measurements. The samples were
dried until two consecutive weighingsd not differ more than 0.1% of the original mass. The following
secondandthird round of testing saw the samples exposed to the low temperature drying regitoen
minimize damage to the waterproof membrane. The target moisture content was set to 10%h4C
fourth round was again at high temperature drying, but the waterproof membrane was removed. The
samples were brought back down to 0% M@empting to replicate the conditions to the first round of
testing.

The samples were weighed periodically thghout the drying phases to determine if they hit the target
mass.

4.1.2.2.Wetting
The samples were placed faced down into an imbibition pool on a support structure to ensure that the

water level was not more than-2mm above the face of the sample. This was danminimize
hydrostatic forces. The samples were weighed periodically and the values and time were logged.
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4.1.3.Creating a Cut

After the first round of testing, a series of modifications were made to the samples to attempt to mimic

cracks between the boards in CLT panels. The samples were divid#tréstoategoriesdzy Odzi = Mk mc €
Odziz I'yYR mkyé Odzi o ¢ K SasethgrQhi caldulatédiiug the sarBpieBwith St SOG S
the highest, lowest, and median A values were selected to determine repeatability in the test method to
2001 Ay GKS Y2A&0dz2NB 1 04a2NLIiA2y O2STFTAOASYIME §¢ KS N,
cut groups. The cut was made parallel to the grain to half the thickness of the sample, roughly in the

center of each sample. The peel and stick membranes were removed in the locations where the cut was

to be made. Repairs were made to the satdherng membrane where required.

tKS mMkyé 6SNB Odzi R2éy GKS OSYyi(iSNIdzaAy3a I dlofS a
bandsaw. It should be noted that the samples cut with a bandsaw did not result in a uniform depth due
to flexing of the blade.

4.1.4.Results

The data collectefrom the test were the Asalue from the samples for each testing phase. The
following table demonstrates the originalvalue from round 1 testing compared to the results from
rounds 2 through 4. The cells shaded in pink represent usenmiples, the cells in blue represent the
small cut samples, and the cells in green represent the large cut samples.

Table4.2: A-Values from4 Test Rounds in the Clear Sample Test, imikgs

Sample Rourd 1 Round 2 Round 3 Round 4
3 6.34E03 4.94E03 5.92E03 6.01E03
7 4.10E03 3.31E03 3.13E03 4.64E03
8 4.63E03 4.04E03 4.68E03 4.89E03
K 6.17E03 4.42E03 4.45E03 6.22E03
1 4.82E03 3.95E03 4.17E03 5.38E03
2 5.15E03 4.24E03 4.27E03 5.72E03
9 4.42E03 4.03E03 3.37E03 5.11E03
4 4.16E03 3.21E03 2.83E03 4.42E03
5 4.14E03 3.41E03 3.43E03 4.81E03
6 5.53E03 5.10E03 4.80E03 5.20E03

Average 4.95E03 4.07E03 4.11E03 5.24E03

Table4.2 showsthere is a decrease in thevalues in rounds 2 and 3. Since the samples were only dried
to roughly 10% MC for rounds 2 and 3, it is possible that residual water remained storedsiofoiue

pore network and created dead ends in the pore network. A visual depiction of the abovis data
providedin Figure4.2. The Avalue from round 1 was plottednothe xaxis, whereas the-&alue from

round 2 (triangle marker), and round 3 (square marker), were plotted on-frasy The line running at a

45° angle represergan unchanged\-value from subsequent testing roundsdoes not represent the

line of ageement, as some variations occur between rounds 1, 2, and 3 (such as some samples having
been cut). It is only used tdsually demonstrate deviations between rounds.
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Figure4.2: A-Value Comparisons from Roundvi. Rounds 2/3

Figure 4.5howsall data points lie below the 4%ine, e.gthe Avalue from rounds 2 and 3 are less than
the first round of drying. There seems to be no distinct pattern between rounds 2.druitBer teging
with a larger sample size would be required to determine rate&edlue degradation between
subsequent wetting and drying routines.

More importantly, the difference between round 1 and round 4, of which both samples were brought to
near zero moistug content, should more appropriately reflect the difference between the pristine
sample and the samples cut with the small and large crack. Thegasalplotted in Figure 4.3
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Figure4.3: Results from Phse 1vs.Phase 4

While the sample size is relatively small, it can be seen that all of-tledu&s from the small crack all
exceed the 45line of equality. The data also seems to suggest that the large crack samples are also
slightly higher than the pstine samples, but further testingrequiredto identifyif there is a statistical
difference.

To mathematically verify the impact of the capillary action of the small crack, the following equation was
utilized (ASHRAE, 2009)

1 m (20

where

h =capillary suction height [m]

T= surface tension of water [N"]

I= length of cut [m]

r = density of water [kgn”]

g= acceleration due to gravity [sf]
A=crosssectional area of the cut [fh

With an assumed cut length of 141mm, the cut width of 1.6mm and including an extra 2mm from the
level of the water, the effective capillary suction height is approximately 11mm. The depth of each cut is
approximately 19mm. Consequently, the net increasedace area exposed to water (excluding 2
dimensional effects) is roughly 15% higher than the pristine samples. When thsalavatedarea is

usedto determinethe A-value, the difference between the averagevélues from rounds fo 4 for the

small ca decreases from 12% to 2.8%. Insufficient capillary suction was found to occur with the 3.6mm
sample possible explanation for the marginally highev&lues is due to increased surface area for

vapour diffusion.
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4.2.CLT Panel Testing

To understand the moiste characteristics dll CLT panels, a second set of tests were devised to
ascertain these properties. Unlike the clear section tests previously conducted, the CLT panels were
selected to be sufficiently large such that the salient properties wouldeatompromised during

testing the samples include checks, cracks, pitch pockets, and other deviations from ideal conditions.

The moisture content of the samples was determined using both electrical resistance and gravimetric
methods. The gravimetric vadg are used to assess the net moisture absorbed into the samples whereas
the electric resistance pins, installed at various depths, were utilized to define the moisture profile
through the samples.

Due to the intrinsic properties of the samples, the drsiss could not be determinegermanent
deformation and damage to the sample would ocifudried down to near 0%MQConsequently, a focus
is placed instead on the rate of moisture movement instead of absolute values.

4.2.1.Samples

A total of 12 samples wemeceved from Forintek. There were fotypes of CLTs that were received

and three samples of each type: Eastern SPF (E), Western SPF (W), Western Hemlock (H), and European
69ND ® 9 OK &l Y LJdBnensibndhe thiokbeSswvariéd o tife nudibeéf glies. The E, W,

and H samples were built with 5 plies, whereas the Er samples had only 3 plies. The samples were face
glued with a polyisocyanurate adhesive in a small scale manufacturing Bigsie 4.4 and 4.5 shoav

cut-away view of the panels.

Figure4.4: Five Ply CLt Panel GAwvay
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Figured.5: Three Ply CLT Gétway

The fiveply samples have two thicknessdise first (1), third (3), and fifths) plieswere 34mm thick,
whereas the second (2) and fourth (4) were 18mm. In the tholyesamples, the outer layers were
30mm thick, whereas the central plyddmm. The samples were photographed and dioented the
followingtables summarizéhe findings.

Table4.3: Summary of Sample Observations

Sample

Observation

Eastern SPF

Western SPF

Hemlock Fir

European

Portions of the eastern SPF samples have pitch pockets (sampbeckjl

The lumber was very knotted.

Cracks between the lumber extend the full depth to the underlying ply in some
samples. Crack widths vary frahto 3mm.

Wood checks were observed and all sampseverity varies.

Western SPF samples are similar to the EasterarieR#tchpockets were found
and lumber was not as knotted.

Much heavier than the other samples
Exhibits same checking, splits, and cracking@BEand V6PF
Some cracks run tangentially (splitting along earlywood and latewood)

Muchlighter than other samples3 plies

Unknown wood some type of softwood

Deep groves were observed between the boards. Forintek stated grooves are
sometimes cut to control dimensional changes

Pitch pockets were found, as well as areas wet to the touchr(aétegng held at
21°C and 40% for several weeks).

Less cracking and checking than thleer three wood types.




Table 4 .4ists all the samples arttieir measured characteristics

Table4.4; Sample Dimensions, Mass, and Moisture Content

C.L.T. Type Sample Dimensions (mm) Mass Density Surface M.C.

Number (LHXW) (9) (kg/m®) (%)
Eastern S.P.F. E1 24081.8 491.7 7.0

E2 609.6x609.6x131.¢ 23940.1 488.8 6.9

E3 23348.5 476.7 7.0
WesternS.P.F. W-1 24479.3 499.8 6.9

W-2 609.6x609.6x131.¢ 24457.2 499.4 7.0

W-3 24521.7 500.7 6.8
Hemlock H-1 26057.6 532.0 7.0

H-2 609.6x609.6x131.¢ 25354.5 517.7 7.0

H-3 25303.8 516.6 7.0
European Erl 16449.7 335.9 6.5

Er2 609.6x609.6x115.¢ 16509.1 337.1 6.4

Er3 16982.0 346.7 6.8

L=length, H=height, W= width

It can be observed from the samples that the density fluctuates with the wood speciesigmpser

woods have a higher CLT panel density than the corresponding less dense CLT wood panel. However,
due to the intrinsic properties of the construction procedéghe CLT panels, the voids, cracks and gaps
between the boards and plies results in a slightly lower than average density for equivalent wood
species. This will result in different porosities as wall published data is currently available.

4.2.2.Apparatus

Two measuring strategies were utilized to ascertain the moisture behaviour within the wood samples; a
gravimetric method, and an electric resistance method, as discussed below.

4.2.2.1.Gravimetric Method

The apparatus consists of a large set of scales with a Bgq@.27kg)eam load cell on one end and a
counterweight on the other hand. This enables precise measurements to be taken with large sub
assembly scale samples. The resolution of the load cell is 0.25% of total-wesgting a maximum

weight error of 57g. When taken in combination of the mass of the CLT panels (in the order of
magnitude of 18000g when wetted), this yields aerror of roughly 0.03%. However, some losses are
likely to accrue by having to overcome slight amounts of static frictidineiflbearings of the lever arm in

the scales. Further errors may arise from signal noise in the data logging system and any swaying of the
counterweight upon loadinglo partially overcome some of these errosgiand 100 g calibration

weights areappliedbefore each testandthe 100g weight yields a voltage that, when converted, is
approximately equal to 100g.
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Figure4.6: FivePound CapacitBeamType Load Cell

Load cells return a voltage in response to the applied force. As the voltage is linearly proportional to the
load, it is sufficient to collect a few data points and calculated the slope and intercept for each load cell.
Each load cell was calibrated inghvay.Table4.5summarizes the slope and intercept for the linear

equation for converting voltage to mass.

Table4.5: Slope and Intercept from Load Cell Calibration (12V)

Scale Slope Intercept R
1 -0.0021 -0.4576 1
2 -0.0025 0.041 0.999
3 -0.0024 -0.1776 1
4 -0.0025 0.0212 1
5 -0.0025 0.0101 1
6 -0.0024 0.1652 1

The scale setip is best depicted ifigure 4.7
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Figure4.7: Gravimetric Scale Seip

Each load cell is connected to a Campbell Scientific CR1000 data logger. Data scans are taken every 5
minutes and an average of these readings is made every 30 minutes. Consequently, the data file
collected by the data logger is input into a spreadsheet #re required conversions are made to return

the mass loss of each sample. Changes in the counterweight mass required some maodifications to the
spreadsheet to allow for continuity of the mass loss.

4.2.2.2 Electric Resistance Method

The electric resistance metdaf moisture measuremerfunctions on the basis that the electrical
resistance of the wood changes with respect to the water content. Increase water content enables
easier flow of an electrical current; thus, the higher the water content, the lower thetrgtal

resistance. The electric field is measured using pins inserted into the wood. Due to the intrinsic
properties of wood and moisture content pins, the readings only reflect the moisture content of a small
section of the wood. Further, the existenoéany cracks, checks, vessels, pitch pockets, or resin canals
may cause disruptions in the electric field. Typically, electric resistance readémyst as accurate as
gravimetric methods. Consequentiy, this studythe electric resistance readingseansed to generate a
relative profile of the of the moisture profile throughout the specimen.

The value returned from the MC pins is an electrical resistance, given in Ohms. Higher moisture contents
have lower electrical resistance due to increase elecfltow through the material, further enabled by
the water within the pore network. Very dry wood has a very high resistance, in the range of GigaOhmes.

The electrical resistanceéalculatedby measuringhe voltage drop across a known resistor, compared
to the total voltage applied through the circukigure 4.8lemonstrates the basic setp to determine
the electrical resistance of wood.
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Figure4.8: Circuit Schematic for Electric Resistance MeasureméBtsaube, Onysko, & Schumacher, 2002)

In the above schematic,,/s the wood resistance, i a resistor to protect short circuiting, andifthe

sensing resistor. The applied voltage across the assembly is E, and V is the voltage measured across the
sensing resistor. The diode is used to restrict excess voltages in the case that a short circuit occurs
GKNRdAK (KS LIAyad !'airy3da hKyQa [leX GKIG GKS OdzNNB
inverse of the resistance, the resistance of theod@an be easily determined:

(21)

The following mathematical relationship was found by the US Forest Product Labs to tketatddctric
resistance to the moisture content (in the range e25%) for Douglakir (Straube, Onysko, &
Schumacher, 2002)

.11 8 g8 mo]me]A (22)

where

MGC,=DouglasFir moisture content [Yomass]
R,= electrical resistance returned from MC pins [Ohms]

Different species have different structures, chemical compositions, and pore networks. Further
compounding the problem is variations that temperature may playhenroisture content readings.

Thus, moisture contents returned from electrical resistance pins must be calibrated for the wood
species and temperature. Many authors have found species and temperature correlations for moisture
content. Using research dong iisarrahar{Garrahan, 1988he Equation24 wasderived
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where,

R~= meter scale reading
x= temperature of the wood’C]
a,b= species correction regression coefficients (calibrated at Z2.8

For the four wood species provided, thieee setscorrection regression coefficients used aresented
in Table 4.6.

Table4.6: Correction Regression Coefficients for Wood Spedi€arrahan, 1988)

Species Type a coefficient b coefficient Corrected Readirlg
Eastern white pine  0.821 0.556 11.48
Western white pine 0.969 -0.391 10.02
Western Hemlock  0.838 0.693 11.22

Corrected value for original reading of 10% MC at 2@.5

As the wood species are not known, it was assumed tH&PE corresponds to an eastern white pine, W
SPF as a western white pine, H&mas being Western Hemlock. The European spegis assumed to
be sufficiently close to Eastern White Pine.

As all the testing occurring at isothermal conditions, the effects of temperature are minimal. Technically,
localized temperature depressions will occur at the surface of the wood samples @uagoration, but
thistemperatureeffectis very small and can be ignored

The moisture content pins used in this experiment were created by using stainless steel nails coated in a
ceramic coating. The tips remained uncoated as well as the topmost patide shankto enable

connection to the electric circuiFor consistency, the pins were installed perpendicular to the wood

grain at various locations in the wood panels. Such locations include the board edges, bottom and top of
the panels, and at varies depths. Typically, MC pins were installed at the quarter and halfway point of

the first board, and 5mm past the adhesive edge into the second layer. Three types of pins were used
depending on the required depth of penetratidrigure 4.3lemonstrates tie depths of penetrations

used(all units in millimeters)
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Figure4.9: Moisture Pin Depth on Ply Sample

Moisture content pins were installed at a depth of 8.5mm, 17mm, and 39mm on &phesamples

these depths correspond to the quarter depth points in the outer layer, whereas the 39mm pin is 5mm
into the second layer of the panel. Extra pins were installed on some other panels to collect extra data
near the edge of edge lamina, at the bmtt of the CLT panel, and at a depth of 29mm. The intent of the
positioning of these extra pins is to determine any edge effects, the effects of gravity on redistribution,
and to obtain a further understanding of the adhesive layer in the panel.

Similarly,on the 3ply sample, moisture content pins were installed on the first two quarter points, and
5mm beyond the glue layer: a pin at 7.5mm, 15mm, and 35mm, respectively. Extra pins were installed at
the middle of the second and third lamina or¥Efat 42mmand 79mm), and on EZ, a moisture

content pin was installed at 25mm depth, 5 mm within the first gine. It is common to assume an

error of £2% moisture content with electric resistance pins.

4.2.3.Procedure

The procedure used to determine the water absaoptcoefficient is divided into threparts: 1)
preparation, 2) wetting, and 3) drying.

4.2.3.1.Preparation Phase

Prior to wetting, each sample was photographed and documertbdervations on the existence of
cracking, checks, and pitch pockets were noted. Thepsss were measured using a Delmhorst meter
to quantify their surface moisture content and their masses were taken.

Three types of water and vapour impermeable membrane systems were used. The types, explanation,
and positive and negative consequencesdiseussed below.
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Table4.7: CLT Sample Preparation Information

Series | CLT Panel | Material Installation Notes
1 W1, W2, Bakor Blueskin Aluminum tape was first used SAM=SelAdhering
H2, H1 TWEF, Aluminum to wrap theedges, corners, | Membrane.Edges peeled
Foil tape and location of SAM joints. | away as wood swelled
The SAM was installed on tof and became saturated
of the Aluminum tape. with water.
2 E1l, E2, E3| Bakor Aquabloc SAM was usetb cover the Significant solvent loss,
770, Bakor Blueskil back of the CLT panel. Liquid| but very tight bond with
TWF applied membrane was used | the wood substrate.
to seal the edges and wrappg Samples were left to dry
on to the SAM. for a period of 6 months
to ensure minimalmpact
on test results.
3 W3, H3, Bakor Blueskin, SAM was used to wrap the | Minor peeling of the SAM
Erl, Er2, | Staples/Simpson | samples. Staples or metal along the edges dhe
Er3 Strongtie Metal strapping was used to clamp | panels. No Aluminum

Strapping

down the edges of the SAM.

tape was used. Edge
effects from nail/staple
penetration is unknown,
but assumed to be small

Figure 4.1@epicts the procesim which the 8ries 1 membrane system was installed.

Step 1 Seal Corners with Al Tape

Step 2 ApplyAl Tape along Joint
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Step 3 Apply first half of selhdhering membrane Step 4 Finish membrane application
Figure4.10: Preparation Procedures foBeriesl Membrane Application

Finally the moisture content pins and a l&ye screw were installed into the panels, as sedriguire
4.11.

Figure4.11: Fully Prepared CLT Sample

The samples were weighed one last time before starting thdimgphase.
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4.2.3.2.Wetting Phase

Once the panels were prepared, they were placed in a soaking pool such that they imbibe water with
minimal hydrostatic forces. The water level was maintained at a level no greater {Bam2above the
bottom surface of each pameusing angled metal shelving to obtain the desired height. The panels were
weighed periodically while imbibing water for a petiof approximately 10 daysidgtre4.12 is a picture

of Eastern SPF, Western SPF, and-H&mmamples placed in the soakingopo

e - ; Ve
.

Figure4.12: Imbibition Poolwith Eastern SPF, Western SPF, and Hensamples

Once the samples reachd&bre saturaion, as determined by the innermost MC pin showing a MC
nearly 28%, the samplegere removed from the pool, weighed, and then hung on the scales.

4.2.3.3.Drying Phase
The drying phase consists of hanging each sample in the weighing app&igtus.4.13lepicts four

samples drying in the weighing apparatd&he laboratory was maintained about 21 C and 50%RH
during the drying period.
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Figure4.13: Samples in Gravimetric Weighing Apparatus

The data were collected every five minutes. An averaging equation was utilized and provided an
averagedvalue every 30 minutes. From the data collected during the wetting and drying phases, the
absorption values were calculated for three wood spssemples.

Previously, each load cell was calibrated such that the equivalent voltagetwtaduld be conveed
into units of mass. The mass loss was subtracted from the sample mass prior to drying and was
converted into a moisture density flux (kg?-s)

4.2.4.Results

The results are divided into two distinct phasespentionedabove. The results from wetting @vide

the water absorption coefficient, whereas the drying phase provides an estimate on the mass loss due
to evaporation Figurest.14 to4.16graphicallypresentthe perunit area mass gain and loss from the
wetting and drying phases for the various sample types.

Thesegraphswere generated bylotting the change in mass relative to the initishter content.This
was achieved by calculating the difference between twaliegs and adding it to thiotal water
content of the sampleThesame approach was utilized with tldeyingdataand wasconcatenated to
the data from the wetting phase. The exception is that the initial statelryingwould be the saturated
sample.Sorre slight modifications were made to accodat changesn the counterweight mass.
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Figure4.15: Moisture Uptake and Initial Drying for European CLT Samples
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Figure4.16: Moisture Uptakeand Initial Drying of Hend=ir and Western SPF CLT Samples

It should be noted that the first series of tests, which did not obtain sufficient data for the wetting
phase, were not included in these plots. The data from the first series of experimgrtsidedn
Appendix 2.

It can be observed that the groupifiggm all the European samples, and the two Eastern SPF samples
which were tested together, seem to have similar ranges for total moisture uptake. Confounding factors
in the wetting or preparation phase may invariably generate deviations to the resultsibRosources

of error include different hydrostatic forces or weighing procedures. Nonetheless, testing all the species
together at the same time would not have provided this revelatory bit of information.

When the uptake data are plotted against the sppieoot of time, a straight line is formed. The slope of
this line is the Avalue, or absorption coefficienkigures 4.17 to 4.18lot such lines fothe CLT samples.
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Figure4.18: Mass vs. Root Time for European CLT Samples
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The results for the A valuse summarized in Table 4.8

Table4.8: Water Uptake Coefficients

Sample Type Sample Code A Value (kg/fs'?)

R Value

Eastern SPF E1
E2
E3
European Erl
Er2
Er3
Western SPF W3
HemFir H2

0.007
0.005
0.004
0.011
0.010
0.011
0.012
0.014

0.999
0.999
0.999
0.999
0.999
0.999
0.998
0.997

From the above plots, it can be seen that despite the European samples having roughly sirailersA

as the Western SPF and Hé&iim samples, the total moisture uptake between these two groups is not

the same. It is possible that the different thicknesbeswveen the two samples may be the parameter
causing such variances. However, the resistance readings indicate near full saturation of the first and
secondary lamina, with the last lamina not experiencing any observable moisture gain, dsydgtand
5-playpanel types. It is unlikely that the saturated water content of the different wood species vary with
any major significance. Consequently, it is possible that the adhesive layer between the boards requires
a certain moisture content before bridging snaccur. Alternatively, it is possible that the vapour
impermeable membrane utilized may throttle upward moisture ingress due to increased pore pressure.
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For comparative purpose$able 4.Provides published Aalues for various woods.

Table4.9: Published Avalues for Wood Species

Species Name A-Value (kg/ms™?)
PineTransversdKrus 1993) 0.000
Pine Longitudinal 0.0163
Softwood LongitudinalCandenado & Dérome005) 0.0121

Sftwood- Tangential and Radié@Candenado & Dérome, 2005 0.0047

As can be seen in the previous tables, thealues from the CLT panels correspond roughly with
published Avalues for different wood types. However, thevAlues from the panels are all slightly
above their corresponding counterparts. From the previoistitgy, the cracks between the boards in
the laminae likelslightlyincrease theabsorptionrates of the CLT panels.

As the primary component of the panels is wood, the agreement between the obtaivetlds
indicates generally good agreement in usingadibm transverse wood species in the modelling.

When considering the moisture profile throughout the sample, plotting the electric resistance against
time for the various depths can provide insight into the transient moisture content profile through the
sample. The maximum recordable moisture content is 3@&tual moisture contents may exceed 30%
MC. The following plots were produced with this data during the wetting and drying phase for an
Eastern, Western, Hetfir, and European samples. The remainimgspior the other sampleare

provided inAppendix3.
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Figure4.20: Moisture Profile of CLT Sample W2
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Figure4.23: Moisture Profile in CLT Sample Er3

Moisture profile plots for the four selestamples showhe moisturecontent rapidly rises in not only the
outermost layer, but that the inner layers also experience quick absorption during imbibition. However,
as the samples are hung to dry, the moisture contents rapidly drop from their saturated moisture
content levels dan to below 15% MC in the span of less than 3 days.
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Chapter 5- Analysis and Calibration

To assess the durability performance capacities of CLT panels without building a multitude of field
exposure experiments across various climates, a modelling approach musiditsteised. However, as
a material property database of CLT panels has yet to be compiled, an analogue in the hygrothermal
software must instead be used and modified accordingly. This calibration, based on experimental
observations, is crucial to ensuringpresentative behaviour of the CLT in assitu scenario.

5.1.WUFI

The hygrothermal numerical prograchosento analyse the moisture flows in the wall assemblies was
WUFI. @rrent moisture flow theory has difficulty in properdgcommodating fothe inhomogeneity,
transient temperature and moisture characteristics, amdsotropic properties of woodhis is a
limitation of some softwareHowever WUFIwas programed witlthe underlying equations being
calibrated and based upon macroscopic empiriedidviour of organic and inorganic materiétinzel,
1995) This precludes the detailgdstingrequired to generatéopological material propertiege.g. pore
size distribution, frequency of checks and cracks, €fb¢ accuracy of th&/UFIsimulations havdeen
verified by the Fraunhofer Institut Bauphysik in Holzkirche, Germany, against numereacafalfield
studies of enclosures over a number of years.

WUFI possess the capacity to properly account for watpouaadsorption and the
absorption/redistribution of liquid water. The simulation is run for a given period, with the most
common time step being 1 hour, considering the effects of sun, rain, temperature, and humidity. The
guality of the results is extrente dependant on the veracity of the input material and condition data.

5.2.Procedures

The procedure used to calibrate WUFI to the data collected during the experiment was to first start with
a simplified model and then conduct a parametric study on the varoperties of this said model.

Once an understanding of the relative influence of each property and characteristic is obtained, then
new layers of complexity are added to the simplified model.

Initially, WUFI was used to model Sample #7 from the clegtion test sample #7 was selected due to

the increase number of data points collected during the first round wetting phase, that it had one of the
lower absorption coefficients of all the samples (it provides a lower bound to the problem), and because
this sample was not used to test the effects of a cut in later rounds. Once the WUFI model closely
matched the results from #7, the same calibrating procedure was applied to Sample #8, another sample
which was not cut in subsequent testing rounds, and angiffeations were made as required.

Once good agreement was found between modelling the clear section test samples to WUFI, the next
step was to attempt to model the CLT panels. The European samples were selected first due to the
decrease number of glueylars in the sample, its lower mass (a larger moisture response), and the
higher quality of materials and manufacturing. Due to the different topographical nature of the CLT
panels to pristine wood samples, another parametric study was undertaken to aiscérainfluence of

the various modelling properties in order to match the observed behaviour of the panels. Lastly, the
discoveries learned from the parametric study were applied to the remainiplg ELT panels.
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5.3. Modelling

The approach taken towards melling was to first model a clear sample wood sample to understand
the relative effects of the various phenomena acting upon the sample.

5.3.1.Climate File

To replicate the wetting process, a climate file was designed using the included Excel climate file
generdor. The excel weather file is created by assigning the salient hygrothermal properties to every
hour throughout the climate file period. The minimum parameters that must be included in the weather
file are air temperature and air humidiif no others ae included;WUFI| assumes the values are zero.
The other conditions are radiation, precipitation, air pressure, wind direction, wind speed, and cloud
index.

Thelab is maintained at a constant temperature of€land 50% Rising a PID controllefro repliate

the samples being placed in a pool of water, the amount of precipitationmifi, was set to 99.9, as
measured on the surface. This occurred for the entire period in which the samples were placed in the
wetting pool. Afterwards, the rain value wast to 0.

The file was exported as a .WAC file and uploaded into the climate category in WUFI.
5.3.2.Boundary Conditions

As discuss above, the exterior side of the WUFI model was characterized by the climakpéitaire to

air temperature, relative humidityand rain. The interior side was set to a constant temperature 8€21

and relative humidity of 50%. Since the samples were wrapped with peel and stick across the back of the
membrane, a vapour impermeable layer (Sd=100) was set on the indoor siderbtie. The surface

heat transfer coefficient was set to interior conditions.

5.3.3.Material Properties

The empirical tests only provided the basic material properties of volume, mass, absorption coefficient,
and a transient moisture content profile through thamsples. Many other properties had to be inferred
from existing materials that are analogous to CLT papelsarily, softwood lumber. The salient

material properties that deal with moisture movement characteristics are density, porosity, reference
moisture content (4o), saturated moisture content, absorption coefficient, sorption isotherm, liquid
moisture diffusivity, liquid moisture redistribution diffusivity, and the vapour diffusion coefficient. Again,
because the tests were held at isothermal condipproperties such as specific heat and thermal
conductivity were neglected.

The base material utilized to broach the first cut analysis w@grace, radialfrom the FraunhofetBR
Holzkirchen; Germany source. The base properties are listEalile5.1:
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Table5.1: Baseline Spruce, Radial, Material Properties

Property Value
Bulk Density 455 (kgm®) °
Porosity 0.73(m*m?)

Diffusion Resistance Factor 130

Reference Moisture Content 80 (kgm®)
Saturated Moisture Content 600 (kgm®)
Water Absorption Coefficient 0.0004 (kgm?s™?)

Bulk Density

The bulk density is the dry mass density of the material. Sinoel can typically contain up to roughly
200% MC, the density plays an important role in characterising the sorption isotherm of the various
wood products out there.

Porosity

The porosity determines the maximum amount of water that is capable of beingniglih the
material pores. If this value exceeds the saturated moisture content, then this implies that bulk water is
being held within voids in the material.

Diffusion Resistance Factor

The diffusion resistance factor sets the upper limit to the vapaffiusion resistance through the

material. However, WUFI enables this factor to be dependent on the normalized water content of the
sample. As wood increased in moisture content, its diffusion resistance decreases, due to opening of
some ofthe pitsandwhan A& 1Yy 26y | a-picke ofavater that gfdRcaught WitBiDaipére
structure that effectively shortcut the path that a water molecule must take by unleashing a bound
water molecule at the other end of the saturated pore network.

Reference Masture Content and Saturated Moisture Content

These two values dictate two points in the suction and redistribution curves that WUFI generates as part
of the liquid diffusivity of the material. The reference moisture content is the moisture content at a
relative humidity of 80%, and the saturated moisture content is the maximum amount of water that can
be held within the pore network through capillary forces.

Water Absorption Coefficient

The water absorption coefficient determines the rate of moisture uptala suction mechanisms. It also
indirectly affects the redistribution valueanless otherwise modified, WUFI assumes that the liquid
redistributive forces are a tenth of the suction values.

The following figures are graphs that WUFI utilizes to deteemioisture flow through a material where
the properties vary based on the normalized water content. The three most important ones are the
sorption isotherm liquid transport coefficient suction, andliquid transport coefficient redistribution.
The moistue dependant water vapour diffusion resistance factor also plays a role in water movement
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through the materials, due to the propensity of liquid water in the santgdts;its relative influence is
decreased.

Table5.2; Water Content Dependant Variables for Spruce, Radial, in the WUFI Database

Property Plot
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5.4.Calibration

To assess the relative impacttbe above mentioned properties, a parametric study was conducted.

First, a baseline WUFI model was generated for the pristine sample experiment by calibrating it to the
results from the experiment, using the collected data. Then, the procedure utilizetbviradd all the

values to those given in the WUFI database and modify one variable at a time to plus or minus 10% of
the given value. Alternatively, a range of plus or minus 30% will be used for values in which insufficient
response is observed using tfemer range. The values which were subjected to the parametric study
are: sorption isotherm, absorption coefficient, liquid water diffusivity for redistribution, the porosity,

and the vapour diffusion resistance. The primary metric for comparison i®theroisture uptake as
compared to the empirical samples. Once the relative impacts of these properties were determined, the
same procedure was applied to thepB/ and 5ply CLT specimens.
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For the values important to redistribution, engineering judgmesats used to compare the transient
moisture content simulation with the moisture profiles collected from the moisture content pins.

5.4.1.Clear Wood Sample Test Calibration

As previously discussed, the clear wood sample consists of 38mm of spruce softwood ¢tieeWUFI
database. However, as the only data accumulated was related to moisture uptake, and not the drying
process, the pristine wood sample tests were utilized to calibrate the moisture ufttade

redistribution values ([3,) were not considered as gaof this parametric study.

The baseline WUFI model was generated by comparing the results piece meal with the obtained data
from sample #7. Sample #7 was selected due to the increased number of data points collected during
the uptake testthis is due tdt having a lower absorption coefficient. Consequently, using sample #7 as
a baseline, it should provide a reasonably conservative lower bound value for all the other tests.

The first step was to model the sample using the data provided from the WUFlagatabhe following
plot depicts the WUFI simulated total water uptake versus that of sample #7.
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0.E+D0 3.E+05 5.E+05 8.E+05 1.E+06 1.E+06
Elapsed Time (s)

e Sample 7 WUFI-Baseline

Figureb5.1: WUFI Baseline Result vs. Sample #7 Total Moisture Uptake

As can be seen in the previous plot, tbéal amount of moisture uptake is far greater in the sample that
what is captured in the WUFI simulation. But this simulation was run utilizing the databadaeA

0.0004 kgn2-s*?. By changing this to the measured value of 0.0045m>-s*?, the following plot is
obtained
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Figure5.2: WUFI Avalue Corrected vs. Sample #7 Total Moisture Uptake

Thus, it is apparent that modifying thevalue by an order of magnitude has a significant impact on the
total water uptake in the sample. However, the simulation overestimates the actual water content
absorbed by sample. As wood generally has a maximum moisture content of roughly 200%, the sorption
isotherm must also be modified to more accurately reflea #ttual sample. Since the WUFI database

has the density, and consequently the sorption isotherm, set for a bulk density of 465, lend the

sample density was only 3%8m, it was hypothesized that reducing the sorption isotherm by the

ratio of thetwo densities, a total of 17%, that the total uptake would more closely match the results
obtained from sample #7. The following is the result of that modification:
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Figure5.3: WUFI Avalue and Sorption Istherm Corrected vs. Sample #7 Total Moisture Uptake
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As can be seen, the corrected model closely matches the total uptake from sample #7 from the
experiment. Thus, theesults of this comparative analysis d@hat the appropriate Avalue and density
correded sorption isotherm seem to approach the observable behaviour of the samples. This same
technique will be utilized for all the other models. However, as no data were collected on the effects of
vapour diffusion resistance, sorption isotherm, porosityptirer properties, out of prudence, these

values were left to those given in the WUFI database. Instead, they were subjected to a parametric
study, as listed below.

5.4.2.3-Ply CLT Calibration

In applying the knowledge gathered from the modelling of the clearda tests, the same routines

were applied to the three ply CLT samples. The exception in this case is that now redistribution values
were obtained from empirical testingnoisture properties related to redistribution must now also be
considered.

Within the WUFI database resides a model for a CLT material provided by the German Society for Wood
Research. This material was utilized as a baseline for calibration withglye@G.T panels. The results
from the simulation, plotted with the results from Europesample #1(Er1) is as follows:
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Figureb5.4: Baseline CLT material plotted with Er1 TTRample

Following the same strategies discovered in the previous testing, corrective measures were made to the
A-value aml to the density of the material. The new results still does not provide a sufficiently high area
density, as seemm Figureb.5.
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Figure5.5: 3-Ply Density and Avalue Corrected plotted with Erl and Baseline Data

The density used to create theRy Corrected curve subtracted the equivalent moisture content of the
sample to obtain the dry bulk density. Howevey,ibcluding the equivalent moisture content as part of

the bulk density of the panels, a more representative curve is obtained. It is likely that the same problem
was encountered in determining the dry mass of the samytlest drying to near 0% MC wouldsult in
structural damage to the panels.
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Figureb.6: 3-Ply with EMC Density plotted against Baseline and Bulk Density Data

It can be seen that there is generally good agreement between 4blg 8orrectedplot and the Erl

sample. However, a discrepancy still exists in matching the drying values between the simulated and
empirical values. As the drying process is a very complex phenomenon and little research exists in the
way of creating appropriate modele matching process is a matter of trial and error of matching not
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only the area mass of the samples, but also the moisture profile front, as collected by the moisture
content pins.

The plot for redistribution contained within the WUFI data file is shawrigure5.7.
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Figure5.7: Liquid Transport Coefficient for Redistribution of CLT Sample

For reference, the liquidiffusivity of the CLT material in the WUFI database is listed hé&hovable5.3.
However, these values are corrected for the density. The normalized water content is based on a
material porosity of 0.56.

Tableb.3: Liquid Diffusivity for Suction and Redistribution for WUFI Database-DEfsity Corrected

Normalized Water Content  Liquid Diffusivity, Liquid Diffusivity,
Water Content (kg-md) Suction (m-s?)* Redistribution (rf-s?)
0 0 0 0
0.09 53 7.6E12 5.2E11
0.11 60 - 7TE11
0.70 393 3E9 1E10

*These values were generated fraime Avalue

However, a disparity still exists in the drying rates between the simulation and the test results. Data by
Krus and VikKrus & Vik1999)suggest that in the saturated regime, a liquid diffusivity of 100 may be
used for wood. In doing so, itay be observed that a quicker drying rate occurs within the regimoe

to the same magnitude as in the test sample, but much more closely modelled than the simulation
without the highest redistribution factor.
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Figure5.8: Drying rates with Dwws set to 100 Compared to WUFI Data

Intuitively, increasing the liquid diffusivity should result in faster drying rates. However, the degree of

drying is noticeably less than when the saturated diffusivity is set to ADthe initial drying phase, it

can be seen that the rate of change of the slope is constant. This suggests that another factor is limiting

the drying of the panels. As a fan was located above the drying racks, it was posited that changing the

heat trander coefficient, and thus the moisture transfer coefficient, from 0.h#sK- W (preset for

GLI NGAGAZY 6 mMEKWYLINSEBG @2t d®npgegWN) aSEGSNYIE 41 ¢
steepen the slope in the drying rate.
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Figureb5.9: Boundary Condition Change to Enhanced Surface Transfer Coefficient
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While the total uptake now approaches that of the sample, problems still persist with the transient
moisture profile through the sample. figher liquid diffusivity in the saturated regime necessitates a
high inward redistribution as well, thus increasing the overall time to drying due to elevated water
penetration into the sample. Collected data indicates that no such rapid redistributicurs. By trial

and error, it was found that one of the biggest influences is not the maximum value of the liquid
diffusivity, but the rate of change of the liquid diffusivity that affected the overall rate of mass loss.
Thus, a value of 100%s® was kep and an arbitrary data point was selected such that the rate of drying
closely matched the actual sample.

Near saturated water contents, the boards swell to such a point that the cracks between them were
closed shut. After a short period of drying howeuhe cracks remerged. This results in a noticeable
increase in surface areapproximately 70%. However, the effective surface area would be much less
than that, due to constriction of air flow and degree of swelling of the boards. To represent the
shiinkage of the boards, the arbitrary corrective value was selected at 1Gigs® than saturated (383
kg-m®) and, through trial and error, a liquid diffusivity of-4f&¥-s* was found to provide generally good
agreement in terms of water content denskg well as transient moisture profile.
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Figure5.10: Modified Redistribution Values for Simulated Model

As can be seen in the above figFégure5.10), good agreements are achieved not only in the rate of
drying, but also in the magnitude of the water content. Further, the transient moisture profile of the
simulated model is in generally good agreement with tbgults from the moisture content pins. The
following table lists the values used for the liquid diffusivity in redistribution and the justification for its
use.
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Table5.4: Liquid Diffusivity Values for Redistribution for Modified WUFI Model

Normalized Water Liquid Diffusiity, Justification

Water Content  Redistribution (m-s?

Content (kg-n?)

0 0 0 -

0.09 53 7.6E12 Same value for the liquid diffusivity for suctior
0.18 100 2E10 (Krus & Vik, 1999)

0.68 383 1E4 This value was obtained by trial and error.
0.70 393 100 (Krus & Vik, 1999)

5.4.3.5-Ply CLTCalibration

The calibration of the Bly CLT panels follows a similar procedure as those used inrfilyeC.T
calibration experiment. A summary of the more important lessons learned from the previous two
calibration experiments can be found below:

9 Calibate the sorption isotherm to the sample densiget the saturated and reference content
values equal to those provided in the sorption isotherm

1 Set absorption coefficient to empirically derived values

i Set the interior surface heat transfer coefficientttee predefined outdoor value

f Set the saturated liquid diffusivity for redistribution to 106-8t and calibrate the slope at a
value at 10 kg-fless than saturated

1 Set the saturated liquid diffusivity for redistribution to-2Bm?-s* at 30% MC

91 Verifytransient moisture profile with data collected from the moisture content pins

To validate the procedures utilized in calibrating the material properties in WUFI for the European and
the clear section samples, the guidelines listed above should provideegtiotates for the remaining
CLT samples. The results are showrigure5.12.
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Figure5.12: Preliminary Matching oMWUFI Simulations to Empirically Obtained Data

As can be seen above, the agreement between the modelled and experimental set of curves are in
generally good agreementus validating the process used in calibrating the WUFI model. The
exceptionisthe W-SPF 3 sample. It is possible that sampl&S®RF 3 was not in full contact with the

water at the beginning of the wetting proceghis would invariably lead to a water deficit at after a
period of time, despite the problem being rectified. However, as tepsused to quantify the uptake in
the HemFir and European SPF sample provided good modelling of the uptake, it will be assumed that
the uptake portion of the Western SPF simulation would similar approach actual conditions.

In all of the above WUFI plgtis can be seen that the redistribution curve does not match the actual

samples. However, as one of the data points in the redistribution curve was obtained through trial and
error, the same process was applied to H2, W3, and E2. The results may bénfeimdae5.14.
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Figureb.13: Redistribution Modified Plots for CLT Samples H2, W3, and E2 Samples

Some slightleviations from actual conditions still exist, but the differences are slightly overestimated
(thus providing an upper bound limit on possible moisture contents in simulated WA(it) the
completion of the calibration for the four samples, modellingvall assemblies in various climates may
now be undertaken.

5.5. Parametric Study

Using the baseline WUFI model calculated above, a parametric study was employed to assess the
relative impact of the various components used in the WUFI model. The sorption isptalesorption
coefficient, porosity, liquid diffusivity for redistribution, and vapour diffusion resistance were all
modified in an attempt to set an upper and lower limit which would bound most of the experimental
samples. For simplicity, only the cleangple simulated model was subjected to the parametric study
the results should equally apply to thepBy and 5ply CLT models as well.

Density

Modifying the density does not directly change any of the water content results. Changing the density
only alta's the water content dependant variables, such as the reference and saturated water content.
As such, to appropriately conduct the parametric study, only the variables which directly affect the
water content results will be modified.

Porosity

The porositydetermines the maximum amount of water which can be held within the material.
However, as the saturated moisture content of the wood samples is set to 200% of the density, WUFI
does not allow any extra moisture to be absorbed by the sample. Thus, modHgipgrosity to 0.63 or
0.83 does not change the water uptake curves.
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Vapour Diffusion Resistance

The vapour diffusion resistance set in the WUFI database is 130. Modifying this value by 10% does not
cause a noticeable difference in the change in the watatent. Intuitively, as there is a large influx of
liquid water, a more dominant moisture transport mechanism, this makes sense. The greatest impact of
the vapour diffusion resistance would likely result in the redistribution aspect of the samyiéeh will

be tested in the 3 and 5 ply CLT sample parametric study. Since insufficient resolution is obtained by
providing a plot of the difference in vapodiffusion resistanceTable5.5 summarizes the peak moisture
content in the sample for various levels of the vapour resistance.

Table5.5: Effect of Modifying Vapour Diffusion Resistance

Vapour Percent Peak Water
Diffusion Difference Content (kgn™®)
Resistanc€m)

195 +50% 4.33

169 +30% 4.34

143 +10% 4.35

130 0% 4.36

117 -10% 4.37

91 -30% 4.39

65 -50% 4.43

4 -97% 5.35

By decreasing the vapour resistance, it can be seen that the peak water content increases. A low
resistance enables water vapour to progress deeper within the sample than a higher vapour resistance
would otherwise allow. A value &dur was selected as thiwas a value reported by Krus and kus &

Vik, 1999) However, all of these values assume that the vapour diffusion resistance remains constant
across the entire water content range. It is known that the properties of wood are moisture dependant
and thus, these results are a conservative simplification.

Sorption Isotherm

Modifying the sorption isotherm not only changes the time at which the various moisture dependant
rates change, but also limits the maximum water capacity of the samples. Withoutyimgdifie density
(which would change the automatically generated moisture dependant variables), but maintaining the
reference and saturated water content, which are density related properties, the following plot was
generated.
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Figure5.14: Impact of Parametric Modification of Sorption Isotherm on Total Moisture Uptake

The cause for such large difference is due almost exclusively to the difference in saturated water
content. As the samples are exposed to nkmitless supply of water, the sample rapidly approaches
the saturated water content, regardless of the value of the liquid diffusivity, as s€kabie5.6.

Tableb.6: Diffusivities for Different Sorption Isotherm Regimes

Curve Saturated Water Water Content (kgn)  Diffusivity (nf-s?)
Content (kgn®)
+30% Sorption 648 Reference (¢) 66 3.1E13
Saturated (¢ 648 1.5E-10
Normal 498 Reference (¢) 66 6.4 E13
Saturated (¢ 498 2.6 E10
-30% Sorption 349 Reference (¢) 66 19 E12

Saturated (¢ 349 52E10

As the saturated water content decreases, the diffusivity increasedinearly. For comparison, the
following plots provides the total water content for the outer 4mm of the sample (in red), and the
remaining 32mm of the sample (in blue) over the modliest period.
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A-~value

The absorption coefficient holds an important role in the determination of the liquid diffusivity in
suction. Compared to the other parameters that were modified, thelie has a much more significant
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role in determine the quantity of meture absorbed in the simulation. The impact, as seen by a 10% and
30% range from the originahvalue from sample #7, may be seen in the following plot.
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Figure5.18: Impact of Avalue on Moisture Uptake

It should be noted that in the pristine sample experiment, a range86f6 of the Aralue was observed
in the 10 samples. All the samples came from the same piece of lumber.
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Chapter 6- Modelling

The practical goal of this thesis is to provide recommendations for the use of CLT panels in the
construction of enclosure wall assemblies that will have little or no risk of moisture damage in the
Canadian climates.

The physical measurements documentadhe previous chapter provide an initial snapshot of CLT

material characteristics. Using assumed and measured properties, it was shown that it was possible to

estimate the moisture performance of CLT panels using the WUFI hygrothermal modeling software.

Given this modeling capacity, this chapter presents work that extrapolates the performance to a number

of different wall assemblies for a range of Canadian climates in which CLTs may be considered as a viable

building material.
6.1.Climates

A total of six cies were considered in the hygrothermal modelling program. The primary metric for
O2YLI N a2y 0S0s6SSy SIOK OAadGeqQa OftAYLFLGS Aa GKS
by summing the difference between the reference temperature of 18.8nd the daily average outdoor
air temperature, for the days in which it falls below the reference temperature. The HDD is generally
considered to be proportional to the amount of heating required for a given building. However, other
metrics were also caidered in the selection of the sample cities. Relative humidity, precipitation, and
drying capacity (i.e., the Scheffer index), combined with considerations for prospective CLT markets,
were also considered in the selection of the cities. Consideriraj @ik above factors, the following

cities (shown by black dots on Figure 6.1, and described in Table 6.1) were chosen as representative
climates.

Table6.1: City Selection for Hygrothermal Modelling

City Kdppen Climate Justification
Zone
Vancouver, British Oceanic Climate Situated in a saturated wood market. Local interest i
Columbia (Cfb) green building. Possesses a high moisture load durir
the winter.
Edmonton, Alberta Humid Continental Rapidlydeveloping infrastructure. Poses challenging
(Dfb) cold climate conditions.

Winnipeg, Manitoba Extreme Humid Very humid summers and cold, dry winters.
Continental (Dfb)

Ottawa, Ontario Humid Continental Cold winters and hot and humid summers.
Climate (Dfb) Representative climate for many Ontario cities.
Québec City, Québec Subarctic Climate Very cold dry winters, cool dry summer. Reflects
(Dfc) conditions that may be experienced in other logging
communities in Northern Québec.
St. John, New HumidContinental Located near logging communities. Possesses typic:
Brunswick Climate (Dfb) Atlantic province climate.
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Figure6.1: Canadian Map of Heating Degree Day Zones marked with Select Cities for Climate Modelling
(Environment Canada, 2011)

Summary climatic information may be found in Table 6.2. The climatic data is sourced from the ASHRAE
weatheri £ S& 2NJ FNRY (KS 2! CL WO2fR &@SIFNDR 6SIFGKSNIJ FA
6.2 is the Scheffer index, an index utilized to characterise the relative drying capacity of the local

climate. It is an aggregate product of rain fall and pemature throughout the year. Th&cheffer indices

were taken from Forestry ChronicléSetliff, 1986)
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Table6.2: Weather Data on Select Cities Across Canada

Locations Vancouver Edmonton Winnipeg Ottawa Québec St. John
HDD <18.2C 2932 5708 5750 4563 5094 4771
HDD <16C 801 2947 3552 2517 2891 2419
Mean 10.4 4.1 3.0 6.5 4.7 5.3
Temperature{C)

Max. 28.3 31.4 34.0 33.2 31.8 29.6
Temperature

(°C)

Min. 9.1 -31.7 -35.4 -27.3 -29.7 -26.4
Temperature

(C)

0.4%. Dew Point 16.8 16.3 21.0 21.5 21.3 18.6
Temperature

(°C)

99.6%. Dew -13.9 -34.7 -37 -31 -33.1 -29.4
Point

Temperature

(°C)

Normal Rain 1155 365 416 732 924 1148
(mm/year)

Scheffer Index | 52.3 32.5 34.9 41.2 48.2 40.4*

*The Scheffer index was not available for St. John. Therefore, the value for Moncton, New Brunswick,
was used.

More detailed climate information, such as wind rosettes, solar irradiation, and temperature profiles,
and other detailed meteorological data feach city, may be found in Appendix 2

6.2. Interior Climate

The interior environment of a building is intexlated with the outdoor environmental conditions.
Although a buildings heating and cooling system may control the temperature, the interior humidity
conditions are strongly dependent on the moisture content of the exterior air. Consequently, using a
single interior climate for all the cities listed above would be inappropriate, as the interior conditions of
a building in Vancouver in January would bigedént than for one in the city of Québec.

Further compounding the issue are the building characteristics (air leakage rates, mechanical ventilation
rates, etc.) and occupant behaviour (clothes drying, shower usage, etc.), both of which may have
signifi@ant impacts on the interior moisture load. Given the uncertainty around the above mentioned
factors, three humidity regimes will be considered: low, medium, and high moisture load. Each humidity
regime is governed by a sinusoidal wave, with the peak oicguan the first of August.
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Table6.3: Indoor Humidity Regimes for WUFI Simulations

Moisture Regime Low Medium High
Relative Humidity 30-55% 40-60% 50-60%
Explanation Air-leaky buildings Air tight construction Very airtight
New buildings with High humidity loads construction without
mechanical ventilation | from cooking, frequent | mechanical ventilation
Low occupancy washing, or firewood | Interior environment
activities storage maintained at higher
Building located in a Operation of a humidities (pools, greer
colder climate mechanical humidifier | house, retirement
homes,etc.)
Building located in a
humid climate

Temperature ['C]

The interior temperature was assumed to vary sinusoidally around a meari®f géaking on the*lof
August. The final result, for a low humidity regime in Vancousegglottedin Figure6.2.
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Figure6.2: Outdoor (left) and Indoor(right) Climate Settings
6.3. Wall Component

The following section discusses the various components associated with the wall being simulated. The
components extend beyond just the wall assembly; they also include information sgonfase
transfer coefficients and orientation.

6.3.1.0rientation and Surface Transfer Coefficients

The orientation and surface transfer coefficients play an important role in determining the boundary
conditions of the simulated wall. The orientation determinhe effects of winetlriven rain as well as
drying capacity due to solar radiation. The surface transfer coefficients help determine the rates of
drying of the outer and innermost surfaces of the wall assendidig. exterior surface film coefficient

was setb 0.0588 AK-W6 a SEGSNY f gLttt é &aSGdAy3a Ay 2! CLOZ
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setto 0.125m*K-Wo a LI NIIAGA 2y & f f .Nd kapoyirSeNiBtance &oatingiway appliedy
to the exterior; however it was assumed that thednor surface of the wall assembly would have latex
paint. Consequently, an Séalue of 0.3 (equivalent to a vapour permeance of about 10 US perms or 570
metric perms), was applied. The following figure summarizes the surface transfer coefficients.

Assembly/hanitar Positions | Otientation/inclination/Height | JSlHESEEINEhsenCoet | Initial Canditions

Exterior Surface (Left Side)

Heat Resistance [m2A] |0.0568 |[External Wall |
I~ wind-dependent v
Sdalue [m] |— |ND coating j
ShorWawve Radiation Absorptivity [ -] |— |No absorption/emission j
Long-wave Radiation Emissivity [-] = Details »»> |
Adhering Fraction of Bain [ - 0.7 According to inclination and construction type A
g (-]

Interior Surface (Right Side)

Heat Resistance [mEi] 0125 [External Wall)
Sd-value [m] € |User Defined -]

Figue 6.3: Surface Transfer Coefficient Settings Screen

As one of the emerging market applications for CLT panels is in midrise buildings, the rain load
calculation should be chosen to represent this type ofding. WUFI uses théguation25to calculate
the rain load on a vertical surface.

{4 +™ o0 0 08 5 o - Mmmc d

Where the coefficient FE, is the rain exposure factor, and FD, raitheeposition factor. Data by
Straube suggests that a rain deposition factor of 0.9 to 1+ may be appropriate for the edged of a
building.

(24)

Tall Building (>10m) H/W >> 1
Figure6.4: Rain Deposition Factor Values for Tall Buildir{&raube J. F., 1998)
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With respect to the rain exposure factor, the urban terrain exposure, when combined with a height
factor (wind velocities increase at higher elevations) can be used to develop an estimate.

50 i rho O
40 1+ Exposure:
—o—City Center
—O—Open Country
E —r— Suburban
= 30 O
n uts 1
3
e
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@
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=
£ 20 L e
‘D
=
10 + i}
s
"o ilud -
o £F <
D 5 1 L |L.| 1 4 L 2 1 1 4 2 | |
0.5 0.8 1.0 1.3 15 18 20

Exposure and Height Factor (EHF)
Figure6.5: Rain Exposure and Height Fact@traube 1998)

Based on Figure 6.5, for a building of a height of approximately 20m in an urban environment, a rain and
height exposure factor of 1.28 should be used.
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Assembly/honitor Positions _ Surface Transfer Coeff

Crientation Inclination

Inclination [ |30 j‘

Building Height/Diriving Rain Coefficients
¥ Rain load calculation according to ASHRAE Standard 160P

rain exposure factor (FE) |1
rain deposition factor (FOY |1.26

Mote:
Riain Load =
Fain* FE* FD* 0.2 s/m *Wind Yelocity

Figure6.6: WUFI Screenshot of Orientation and Rain Exposure Screen

While these values may be slightly elevated for a-rigid building, as the moisture sensitive material of

concern is also the primary structure of the building, gdaurain load would yield an uppé&ound on

the possible moisture effects on the building. Further, a rain adherence factor was assumed to be 0.7.
¢CKA& @FfdzS NBLINBaSyida GKS FFOG (GKFdG y20 -somé LINSOA
may splash or drip off.

6.3.2.Wall Assembly

A total of three wall assembly types were considered for simulations. These include two with outboard
insulation of varying vapour resistance and one with interior insulafi@ble6.4 and Table6.5

summarize the possible permutations and the codes used throughout the remainder tfehis to

identify specific simulationgzigure6.7: Section of SXPARtorage Cladding, Drainage Cavitis

Insulation, Permeable Membran€LT, Air Space, and GNMiliRire6.7 and Figure6.8 are sectional views

of possible wall assemblies of CLT construction.
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Table6.4: Wall Assembly Code

Wall Component Code | Definition Notes
Claddng S Storing Moisture storing wall cladding (i.e.
brick)
N Non-Storing Nonmoisture storing wall cladding (i.e
metal siding)
Exterior Insulation X XPS Vapour resisting insulation
R Mineral Fibre Vapour permeable insulation
N None No exteriorinsulation
Water Resistance P Vapour Permeable More than 10 U$erms (i.e. vapour
Barrier and Air Barrier permeable setadhering membrane)
System I Vapour Impermeable Less than 1 US perm (i.e. polyethylen
faced bituminous membrane)
Service Space A Air
B Fibre Glass Batt
Vapour Control Y Yes Less than 1 Uerm vapour control
(i.e. polyethylene sheeting)
N No
Table6.5: Boundary Condition Data Code
Component Code | Definition Notes
Climate Van | Vancouver, B.C.
Edm | Edmonton, Alberta
Wng | Winnipeg, Manitoba
Ott Ottawa, Ontario
QbC | Québec, Québec
StJ St. John, NevBrunswick
Humidity Regime H High 50-60% RH
M Medium 40-60% RH
L Low 30-55% RH
Direction N North
R Wind DriverRain Direction that presents the greatest

combined effect of wind driven rain
and solar irradiance.
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Figure6.7: Section of SXPANstorage Cladding, Drainage Cavi¥ES Insulation, Permeable Membran€LT, Air
Space, and GWB
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Figure6.8: Section of NNIBYNon-Storage Cladding, Drainage Cavity, No Insulation, Impermeable Membrane,
CLT, Batt Insulation, Vapour Control Membrane, GWB

The walls with the outbaa insulation were designed to comply with current best enclosure design

practicesi KI & A&z G2 0SS Ay O2yFT2NXIyOS gAGK GKS LINRYOA
interior insulation was selected to demonstrate an alternative insulation styapegposed by others

(this does not represent a design approach that would be recommended by building science).
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The naming convention utilized in the simulation follows upon the assembly and climate type. For
instance, a wall assembly with a mass stodlaglding (S), with extruded polystyrene insulation (X), and

a vapour permeable water and air barrier (P), with an air space (A) and no interior vapour control layer
(N) in Vancouver (Van) with a medium humidity regime (M) facing North (N) would be laBXRaN
MN-Van. The simulation schedule utilized may be foumtable6.6.

Table6.6: WUFI Simulation Schedule

Cladding | Exterior Insulation | WRB Int. Cavity | Int. V.B. | Direction
S |N X R N P |l |A B Y | N N |R
W W W W W W
W W W W W W
W W W W W W
W W W | w W W
W W W W W W
W W W W W W
W W W W W W

6.4. Modelling Procedure

The panelg¢131mm thick) were divided in to 7 layers in the simulation model. The outermost layer, as
previously mentioned, was set at 4 mm thick. The subsequent layers were 10mm, 30mm, and 43mm
the panels were symmetric about the 43mm central layer. The metricdoparing the moisture
performance of the CLT panels was the moisture content of the 4mm layer on the interior and exterior
of the panel. This 4mm sliver, if at elevated moisture contents, is a good indicator of the propensity for
mould growth. The next X8m layer, if at elevated moisture contents, is a good gauge of the capacity of
the CLT panel to dry outlevated moisture contents in this layer suggest restricted drying capacities.

The hygrothermal models were all run with an initial temperaturéQam with typical construction

moisture contentsthe moisture content of the CLT panels was set to 12% MC. The model was run until
an apparent annual equilibrium was achieved, as seéiigure6.9.
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Figure6.9: Moisture Content of the Outer and Innermost TlLayer in SXPANarnMN
Similar plots are produced for the temperature of the outer and inner lay€&idf.
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Figure6.10: Temperature of the Outer and Innermost CLT Layer in SXANMMN

As can be seen frigure6.9 andFigure6.10, equilibrium is reached rather quickly in this specific wall

assembly in this selected climate. A more detailed view of the moisture content on an &@sismay
be found inFigure6.11.
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Figure6.11: Moisture Content of the Outer and Innermost CLT Layer in SXRANMH from Sept 1 to Aug 31

The data was analyzed from Septemb&td August 3. This range was selected because typically,
moisture contents in wood products rise during the colder manthhis is both a result of condensation
of water vapour, and due to the rise of moisture content by adsorption from air with higher relative
humidity (the higher RH due to cooler temperatures). However, as can be seen in the above plot, the
CLT panel tergito dry in the winter, as opposed to gain moisture.

6.4.1.Construction Moisture

Modelling was also conducted to investigate the impact of CLT panels with higher levels of construction
moisture. To create the baseline moisture conditions, a simulation was ctedlicwhich the CLT

panel was exposed to the worst three months of rainfall for each respective climate (worst being
characterised by the most average rainfall), facing the most severe wind driven rain orientation.

The panels were assumed to have beercezd and the WUFI simulation only accounted for vertical

walls. Any horizontal panels which have been installed, for instance, in floor assemblies, would likely be
covered by subsequent floor installations and thus protected from precipitation. Furtherrtioese

panels will experience interior climates and will thus have the capacity to dry out in time. It is for this
reason that the simulation only considered vertical CLT panel walls.

To appropriately reflect construction environments, the exterior cliemags set to the identical climate
file as used in the nenonstructiormoisture simulation files. However, during the construction wetting
period the interior conditions were also set to match the exterior climate, less the precipitation. While
this is na entirely true, as the enclosure will provide a modicum of environmental separation, from

reducing wind velocity and providing a level of insulation, the difference in reality is both difficult to
predict and small.

After running the model for the periodf 3 months, a water content profile plot is obtained (see
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Figure6.12: Water Content and Relative Humidity Profile after 3 Month of Exposure in Vancouver Climate

The results of this three month simulation were converted to an average water content for each layer.

The resulting initial conditions used to start the subsequent WUFI simulation are summarized in Table
6.7.
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Figure6.13: Averaged Water Content in CLT Layers for Simulating Construction Moisture

Table6.7: Initial Averaged Moisture Content for CLT Layers due to Construction Moisture

City Period Direction Moisture Content at Specified Layer (%)
(Layers in mm)
4 10 30 45 30 10 4

Vancouver Nov 1¢c Feb 1 SE 57 55 56 55 48 17 18
Edmonton June 1¢ Sept 1 NW 36 44 47 35 13 13 16
Winnipeg June 1I¢ Sept1 W 15 24 20 13 12 13 14
Ottawa July 1¢ Oct 1 NE 54 54 37 13 12 13 14
Québec City July 1¢ Oct 1 E 44 44 36 20 16 16 18
St. John SeptlcDecl SE 33 46 51 45 24 17 18

Cells shaded in red indicate moisture contents in excess of the fibre saturation point (assumed to be
30% MC). As can be seen, construction moisture wetting can be a serious concern in some climates,
especially Vancouver (in winter), Ottawa (in summer), and St John (in the Fall).
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6.5. Modelling Results

The salient output provided by WUFI is the water content of the CLT layers. The water content is
converted into a moisture content by dividing the result by the bulk density of the material. It is known
that elevated moisture contents may cause wood-taerioration; therefore this will be the metric of
comparison between assemblies, humidity regimes, and climates.

The full schedule of simulations was run for the Vancouver climate. The data summarized in Table 6.7 is
the moisture content of a 4mm layer the outermost and innermost lamina in the CLT panel. As can be
seen, for CLT panels that start at 12% M.C., very little moisture gain occurs throughout the year once
equilibrium is reached.

Table6.8: Moisture Content in Various Wall Assemblies and Humidity Regimes in a Vancouver Climate

Wall Assembly Codg Moisture Content (%)

Low Humidity | Medium Humidity | High Humidity

Outer | Inner | Outer | Inner Outer | Inner
SXPAMNN 12.1 123 122 12.9 12.3 13.1
SRPAMNN 13.3 12.3 1133 13.0 13.3 13.2
SRPAMNR 13.3 12.3 1133 13.0 13.4 13.2
SXIANN 12.1 123 1123 12.9 12.4 13.1
NXPANN 12.2 123 122 12.9 12.3 13.1
NRPAMNN 13.7 12.3 137 13.0 13.8 13.2
SNIBWN 12.7 123 127 12.6 12.7 12.7
SNPB¥ 15.3 12.4 ]115.3 12.6 15.3 12.8

In analysing he full schedule of simulations was run for the Vancouver climate. The data summarized in
Table 6.7 is the moisture content of a 4mm layethi@ outermost and innermost lamina in the CLT

panel. As can be seen, for CLT panels that start at 12% M.C., very little moisture gain occurs throughout
the year once equilibrium is reached.

Table6.8, some patterns emerge. The first observation to make is that all of the samples remain very
dry throughout the entire simulation period. The second observation is that the outer moisture content
of the CLT panel is not particularly impacted by the interior humidity levels. Similarly, a higher exterior
moisture load does not seem to affect the intarimoisture content much either. This corroborates well
with the parametric testing conducted in previous secticist CLT panels themselves perform well as
vapour retarders.

Another pattern that can be seen is that the XPS outboard insulation functsoavapour retarder

against both moisture storing and netoring cladding system3he difference is further emphasised

when compared with a permeable outboard insulai@XPAMNM has an outer MC of 12.2% whereas
SRPANNM has an MC of 13.3%. Similarlygliference is seen between vapour permeable and
impermeable water resistance and air barrier system; the vapour permeable membrane enables inward
moisture ingress. It should however be noted that this is for samples with a starting moisture content of
12% The implications of a vapour impermeable WRB/ABS will be further discussed in the construction
moisture section.
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To minimize unnecessary simulation work, only the more significant wall assentdidgimidity
regimes were tested for the other climates$iese are highlighted in red in Table 6.8: SRRAINSXIAN
NH, NRPANIH, SNIBXH, and SNPBNH.SRPANNH was highlighted in green to represent one of the

wall assemblies which is hypothesized to perform best in all climatic conditiomas included intie

testing to confirm that hypothesishe results of the simulations for each city may be founihinie6.9.
The maximum and minimum moisture contents for each walle taken in the year of simulation, to
minimize the influence of any initial moisture-peofiling.

Table6.9: Maximum MC for Outerand InnerCLT Layer in Select Wall Assemblies

Code Vancouver | Edmonton | Winnipeg | Ottawa Québec St. John
Out |In Out |In Out |In Out |In Out |In Out |In
SRPANNH 13.3 (13.2]12.9 | 13.4|14.3 | 13.4]113.8 | 13.2|14.2 | 13.2|13.5| 13.1
SRPANRH 134 |13.2]129 | 13.4|14.3 |13.4]113.8 |13.2|14.2 |13.2|13.5|13.1
SXIANNH 12.4 |1 13.1|12.4 | 13.3|12.4 | 13.2| 12.4 | 13.1| 12,5 | 13.1| 12.5 | 13.1
NRPANNH 13.8 | 13.2]| 13.1 | 13.4| 14.7 | 13.5]| 14.3 | 13.3]| 14.7 | 13.3]| 14.0 | 13.2
SNIBWH 12.7 | 12.7| 16.3 | 17.5| 16.2 | 18.0| 16.2 | 17.4| 16.5 | 17.3| 16.5 | 16.8
SNPBWH 15.3 |12.8|14.7 | 15.3| 145 | 15.7]1 145 | 15.1| 15.7 | 15.1| 159 | 14.8

The cells highlighted in red represent somewhat elevated moisture contents, however these are still

below 19% MC, the typical maximum recommendafemoisture content for wood studs (estaliisd

to limit swelling/shrinkage, and not for reasons of decétygeneral, the vapour permeable wall
assemblies are typically drier in all climates.

6.5.1.Construction Moisture Drying Results

To approach the problem of construction moisture, the average moigtwontent for each layer was inserted in
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Table6.7). While this does not generate a smooth moisture profile through thi (kappears more
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like a stepfunction), the relevant information is that the total moisture content in the walls are
comparable.

As the most pertinent question surrounding construction moisture is the rate of drying, only two walls

will be considered fomodelling the most vapour permeable, and least vapour permeable walls,

NRPAMNNH and SNIBMH, respectivelyi-or comparison purposes, a third option is considered, a CLT
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Table6.10: Moisture Content in CLT Layers in 3 Wall Assemblies in All Simulated Climates

. Moisture Conteni(%)
CityCode 4mm 10mm | 30mm | 43mm | 30mm 10mm | 4mm
Vancouver 58 57 57 56 49 48 47
NRPAMNNH 11 13 18 21 18 14 13
SNIBYWH 49 49 49 49 48 21 16
Environment 14 18 22 24 22 18 15
Edmonton 36 44 47 35 13 13 16
NRPAMNNH 9 11 15 19 13 13 13
SNIBYNH 32 32 31 31 13 13 14
Environment 11 15 21 23 13 13 13
Winnipeg 15 24 20 13 12 13 14
NRPAMNNH 8 10 14 14 14 12 12
SNIBWH 14 14 11 13 14 12 12
Environment 11 13 14 12 12 13 13
Ottawa 54 54 37 13 12 13 14
NRPAMNNH 9 11 13 14 12 13 13
SNIBWH 27 27 11 14 17 14 12
Environment 11 14 17 14 12 13 13
Québec 44 44 36 20 16 16 18
NRPAMNNH 9 11 14 17 15 14 13
SNIBWH 27 27 12 16 20 20 16
Environment 12 16 20 20 16 14 13
St. John 33 46 51 45 24 17 18
NRPAMNNH 9 11 27 27 27 20 16
SNIBWH 33 37 14 20 24 25 23
Environment 14 20 24 25 23 17 16

The general conclusions to be drawn from gwenmarizedesultsin Table6.10is that vapour

permeable construction is preferable to vapour impermeable construction as it allows any construction
moisture to dry out over a period of several yearhis is further demorigated by comparing the

moisture density of each wall assembly. The moisareadensity is the amount of water that enters,

or leaves, the entire wall assembly, in units ofrk’@.
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Figure6.14: Water Area Density for Construction Moisture in NRPANH, SNIBYH, and EnvironmenNHin
Vancouver

Figure6.14 shows that after a brief period of time, the water content etCLT panel exposed to the
ambient environment decays to the equivalent moisture content of the local climate. After
approximately two years, the NRPAN wall dries to a greater degree than the exposed CLT wall. This
is due to the insulation and vapouomtrol strategy that was selected for this wall assembig exterior
insulation keeps the CLT panel at warmer temperatures while the vapour permeable insulation and
water and air resistant membranes enable the panel to dry out to its equilibrium moistunient. The
vapour impermeable strategy, SNIB, does not allow any drying to occur, only redistribution.
Therefore, an impermeable strategy may work only if the wall is built without excess construction
moisture (that is, if the moisture content uparosing in is less than 20% M.C. throughout the entire
wall) and that the wall is free from defects causing leaks. Similar plots for the other walls and climates
may be found in Appendix 3.

It should be noted thathe approach taken towards modelling thenstruction moisture (averaged
water content for each layer), resulted in some computation errors in WUFI, known as convergence
errors. These occur typically for extremely high moisture fluxes (for instance, drying of construction
moisture in the middle ban Edmonton winterand for unusual material propertie€onvergence errors
may result in errors in theeported water content of the vaous layers in the wall assembly. However,
in these simulations, these errors predominantly occur at the initial phas the water content adjusts
itself to the micreenvironments; the values listed rable6.10 are the longterm minimum moisture
content values and so should nog Iparticularly impactedby any initial problems in reaching a state of
moisture equilibriumThe following table lists the number of convergence errors for each associated
wall assembly in each climate.

Table6.11: Convergence Errors for Construction Moisture Simulated Walls

Number of Convergence Errors
NRPANNH  SNIBWH  Environment

Vancouver 78 48 1

City
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Edmonton 561 130 0
Winnipeg 599 1697 0
Ottawa 599 51 0
Québec 611 101 0
St. John 27 55 0

In general, NRPAN walls experienced a high number of convergence errors, due to increase moisture
flux through the wall assemblizdmonton was a particularly difficult city to model with the standard
start and end times (start of January 1, 2012). To mierthe significant moisture flux (from a wet CLT
wall to the dry, cold Edmonton winter), the start and end dates were pushed back by 6 mstaitiag

June 1. This enabled WUFI to run the simulation, albeit v&id convergence error§he high number

of convergence errors for Winnipegompared to theare unknown, but visual review of the WUFI film
data suggest that the values provide in thable6.10 are reasondle. Under typical and less
computationally intensive simulationa,range from €0 convergence errors tdnsidered to be
acceptable.

An alternativemethod to assess the effects of the convergence errors is to compare the moisture
balance of the left sie and right side of the sampldsor instance, despite Winnipeg having 599
convergence errors, the moisture balance on NRRINgoes from 2.1 to 2.4; an error of approximately
0.3kgm?, relatively small considering that the origiredter content is 9.&%gm™; an error of
approximately 3%.

Table6.12: Water Moisture Balance of WUFI Simulations
Moisture Balance (kgm™)

City NRPAMNNH SNIBYNH
Right| Left | Error (%) | Right| Left | Error (%)
Vancouver 19.5| 20.1 2.0 0.6 0.6 <0
Edmonton 9.6 10.4 4.2 0.2 0.2 <0
Winnipeg 2.1 2.4 3.2 0.3 0.6 3.1
Ottawa 5.9 6.4 3.4 0.5 0.5 <0
Québec 6.1 6.7 4.1 04 | 0.4 <0
St. John 7.4 10.1 17 0.5 0.4 0.2

The error related to the moisture balances are all very smath the exception of St. John (discussed
below). When compared to the starting water content, the greatest error occurs with 17% for St. John,
due to many rain absorption failures (55), but all the second highest is 4.2% in Edmonton.

The results from the St. Jolsimulationsare likely goroductof a rapidly drying wall.
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Figure6.15: Water AreaDensity for Construction Moisture in NRPANH, SNIBYH, and EnvironmeniNHin St.
John

The cause for the 17% error cae $een in the NRPANH-StJConstr series ifrigure6.15, a rapid drop
in the total water content of the wall. This likely represents an extreme rapid drying evertt whic
precipitated in calculations errors in the hygrothermal software. Despite this, the NiRIPESYIConstr
line trendsdownwards, drying out more than the exposed @hiel As a result, the moisture contents
provided inTable6.10 are likely no greater than the 17% calculated erralidce on the computed
error for the series does not always explain the circumstances.
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Chapter 7- Recommendations

This section is divided in to two portiores section on recommendations for designh and construction
the implementation of CLT panels in the built assembly for clitgates in Canada, and secorrd
sectionfor further research.

7.1.Recommendations for Deigin and Construction

With respect to construction moisturéhe simulationdound that the water content may become
dangerously higif uncovered CLT panealse exposed to prolonged periods of precipitati@ig.,

months) Concerns of mouldnd rotmay casequently arise. However, should these panels be installed
in a vapour permeable system, the walldl have thecapacityto reacha safeequilibrium moisture

content over the period of a few yeaby drying to the exterior and the interioOn the othehand,wall
assemblies built withvet CLT paneland vapouimpermeable membranes (either interior or exterior)
will experience high moisture contents for prolonged periods, and héikely experience some forof
bio-deterioration. This is not likely @cern for panels exposed to only a few days of wetting.

One simple and practical solution to reductwnstruction moisturgother than covering the CLT panels
until they are clad) includes installimgater and air barriermembrane systemen the CLhile still in

the factorythat become parts of the finished wall assembly. Alternatively, a temporarycésiv
hydrophobic coating (which could a@s aprimer forsubsequent membrane applicatipoould be

used Thisapproachnot only reduces the expose to moistureduring erection of the structurgbut also
ensures superior quality control of the applican of the membrane and reducetelays on the
construction site

7.2.Recommendations for Further Research

A literature survey revealed very little infoation directly related to the moisture properties and risks
of CLT panels used in wall assembli&gen less information is available for CLT panels wiwesidered
in wall assemblies in cold Canadian climaid®e research reported here is just a begimnirMuch
remains unknown, and henctyrther research in to CLT moisture performance and risk should be
conducted. A very small number of samples and wood sources / species was considered in the
experimental work. Much work should be conducted to provddgtronger statistical backing to the
results.

Theexperimental aspect of thiesearch consistedf a water uptake test, to determine éheffective

liquid diffusivity. Asimulation study to assess the relative importance of liquid and vapour transport
mechanisms in CLT was also undertakéowever, as both studies were conducted in the free water
saturation range of the material, the vapour diffusivity useaynmot accurately represent the impact of
vapour diffusiorin the hygroscopic range of the maiak, as the effect of liquid diffusivity overwhetm

and obscureany contributions from vapour diffusion. Further study should be conducted to assess the
vapour diffusivity of CLT panels in the hygroscopic ranges.

At the time of publication of this documérresearch was being undertaken by other members of the
NEWBUIldS research network in to obtaining functional material properties of CLT, such as air
permeance, vapour permeance, and sorption isotherm, among otltdsspossible that further material
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testing may be required to ascertain sabsembly level effects of CLT panels (e.g. how checks and
cracks in the CLT panel may affect sorption isotherms, capillary condensation, vapour flow, etc.).

During the simulation portion of this thesis, somgerrationswere observed in the manner in which the
liquid diffusivity for redistribution behaves compared to that of suction; as soon as the sample is
removed from a source of water, rapid redistribution of the moisture oc¢msch faster than if the
sample was exposed to the water sourc#jhile thepropertiesare modelled after experimental data,
further research needs to be conducted in refining the process and undelistanf the physical
phenomenon.
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Chapter 8- Conclusions

The primary goal of this researclasito assess the moisture durability of wadsemblies of CLT
construction and to specifically address concerns about construction moigthesexperimental
approach utilizedthat of a water uptake and drying testaschosento help calibrate a hygro#grmal
modelthat could be used to simulate typioahll assemblies ia range ofCanadian climates. The results
from the modelling may be inferred to indicate relative levels of moisture risk to the simulated wall
assemblies.

A wateruptake test was condied on twelven Q €600 x 600 mmELT panels to obtaia sub

assembly levedbsorption coefficientthat is, an absorption coefficient which accounts for natural
topological features of CLT panels, such as cracks, checks, and resin.pduketssorptin coefficients
ranged from0.004to 0.014kgm?*s™?. These values fall within the range of published data for the A
values of various wood specidaurthemore, an experiment was conducted &ssesshe effects of

small cracks between the boards and lamof the CLT panels. The results of this experiment suggest
that cracks do play a small rdlechanging the Aalue of the CLT panelsut further research is

required to determine the significance of these crattkenoisture performance

Thecalibration of the WUFI material data file generated severglartant discoverieskirst and most
importantly, utilizing the appropriatelensity andcorrelated sorption isotherm has a greater significance
on the liquid water uptake than the effects of yarg the Avalue liquid diffusivity water vapour
diffusion resistanceor the porosity Difficulties were encountered in matching the water uptake and
drying curves with thgravimetric values withoutarge, and sometimes unrealistimodifications to the
parameters.The literature suggests tharganic materials change their structure with varying relative
humidity, andthe changing structurenakes itdifficult for hygrothermal programs to modéThis
necessitateshe use ofunrealistic suction and redigbution diffusivity curvego try to reconcile the
limitations of the softwareDifferences were also observed between theisture profiles obtained by
electric resistance measuremerdad the results of the simulationslowever, as the total water
content of the samples was of greater concern, gravimetric readivere deemed more important

The major conclusiodrawn from this research is that CLT pareela bemoisture durablan wall

systemdor Canadian buildingdhis durability ariseprimarilydueto the producs high moisture

storage capacity, inherent vapour resistance, and thermal properlespite this, prolonged exposure

to certain damagingnvironmental conditions may reguh elevated moisture contentghat is,

exceedinghe fibre satwation poini{). This posesdsks of fungal decaynould growth, ancconstruction

service problems, such as difficulty of bonding of adhesives or pidtswelling of the CLT panelghe
simulation results show thaprovidedthe panelsare delivereddry, and protected from extending rain
wetting, all of the proposed wall assemblies should adequately accommodate a multitecéeoibr

Canadian climates and a range of interior conditigeptional interior conditions (e.g., swimming

pools, etc.) or extaor conditions (e.g. more than about 6000 HDD18.3C) should receive special analysis.

However, moisture risks can accrue if construction moisture is not considered. The drying capacity of
the wall assembly, when considered in its respective climate, besamg important for the moisture
durability of the CLT panel$t was found that the use of vapour impermeable membranes on the
exterior or the interior of the assembly increases the risk of moisture danfagsalled on a wet CLT
panel Specificallyapour impermeable layeisstalledoutside of the CL were shown to result in
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elevated moisture contentat the outer layer of the CLT panelgell in excess of the required moisture
content for fungal degradation. To minimize construction moisture vbk panels should either be
protected from precipitation during construction, or an exterior insulated and vapour permeable wall
assembly type should be utilized (to alléev drying). The installation of insulation and vapour barrier
to the interior d the CLT panel also has significant performance limitations and entails moisture risk.
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Appendix 1 - Climatic Data
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The following pages include the climatic data utilized in the hygrothesimallations. The data is
courtesy of Building Science Consulting, Inc.

Monthly Average Temperature, RH, and Rainfall
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Winnipeg, MB - Average Monthly Temp., RH & Rainfall
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Quebec, PQ - Average Monthly Temp., RH & Rainfall
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Wind Speed and Frequency With and Without Rain

Vancouver, BC - Average Wind Speed & Frequency
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Prince George, BC - Average Wind Speed & Frequency
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Winnipeg, MB - Average Wind Speed & Frequency
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Avg Annual Wind
Speed: 4.1 mis

Ottawa, ON - Average Wind Speed & Frequency
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Ottawa, ON - Average Wind Speed & Frequency During Rain
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Quebec, PQ - Average Wind Speed & Frequency
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Wind Driven Rain Rosette

Vancouver, BC - Driving Rain 90° Incident, mm/yr
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Solar Irradiance

Vancouver, BC - Monthly Total Incident Solar Radiation
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