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This research is done as a part of a larger scale project investigatinghgrgnat properties of
Cross Laminated Timber (CLT) panels in external wall assemblies, done in Tallinn University of
Technology (TalTech), Estonia. During the research the awhsrassisted b¥arly Stage
Researcher Villu Kukk and professor Jaan Kesgeyerous share of knowledge and time.

The main aim othe research was to investigate the hygrothermal performance in CLT wall
assemblies, by comparing walls with 3 different insulation types, different initial moisture
contents of CLT and location eifd¢ 2y { 2dzi KSNYy 2NJ b2NIKSNY Tl ce
measurements, there were made computer simulation models of each wall, where t
calculation results were compared with measured data ahd model was calibrated
accordingly. Measurements gave four paraers to analyse temperature (T), partial pressure

(R), relative humidity (RH) and heat flug).( Temperature and relative hudity in certain
arrangement gives favourable conditions for mould growth. As the risk of mould growth is
briefly analysed ihe discussion part, these are only presumptions which need to be further
investigated, by considering material sensitivity classebexposuretime.

The frst part ofthe thesis is a literature review, where the CLT is introduced as a material and
is descibed its production processfollowed by hygrothermal properties, where there are
analysed thermal conductivity, moisture transsion and air permeability of plain wood and
CLT as crucial factors influencing hygrothermal performance of whole wall agséntiniief
introduction of requirements for Nearly Zero Energy Building (NZEB) are given, mentioning how
the CLT can be applieddre and what insulation types can be used. In the end of this chapter,
the main objectives and hypothesis of this thesis dweq.

Paragraph of Method describes used specimens, equipment, wall types and conditions of field
measurements, followed ba short description of hygrothermal modelling. In results there are
described final results of field measurements and calculatec ddtall wall types and all
parameters, giving brief comparison of average differences between calculated and measured
resuts.

Discussion part gives an insight of which wall types and which locatitdmswall assembly are

the most crucial, how thesesults relate to other studies, reasofts differences in calculated
results and how a possible improvement of future reséacan be done.

Conclusion summarizeéke whole research and points out the answers on proposed research
guestions.

Keywords:CLTHygrothermal modelling, Mould growtlrield measurements



List of abbreviations and symbols

Symbols
d ¢ thickness
P, ¢ water vapour partial pressure
g ¢ Heat flux
Rc¢ Thermal resistance
RH¢ Relative humidity
T¢ Temperature
U ¢ Heat transfer coefficienfthermal transmittance)
<¢ Thermal conductivity
> ¢ Water vapour resistance factor

" ¢ Density

Abbreviations

1CGPURg One component polyurethane
CLT¢ Cross laminated timber

(EMC¢ (Equilibrium) moisture content
EWc¢ Exernal wall

FSR; Fibre saturation point

NZB ¢ Nearly zero energy building
W, - Short-term absorbability

W, - Longterm absorbability

UF¢ Urea formaldehyde

PVAc Polyvinyl acetate

PIR- Polyisocyanurate

EPI¢ Emulsion polymer isocyanate
MUF¢ Melamine uea formaldehyde
Ave. diff.¢ Average difference

Std. d.¢ Standard deviation

m
Pa
[WmK]
[m2K/W]
[%]
wcC

2KYy
[W/mK]
[]
[kg/m?]
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As the CLT is stdlcomparatively new building material in the industry, there a lot of fields to

be investigated and testedne of themisits behaviour in term of moisture affection, where

the current supply of remarches done concerning moisture affection to CLT wall assemblies is
not enough and this hopefully would be useful research paper to describe this topic.

In the first part of this paper there isvgin a literature review of relevant topics and aimslaét
research, in chapter of method there are described specimens, conditions and hygrothermal
modelling. In the final parts there is given an analysis of results, discussion and a conclusion.

Additional appendicesare attached to provide a better understding ofthe experiment.

1.1 CLT as a product

1.1.1 Composition

Cross laminated timbgiCLT)s a laminated solid wood product for structural laggearing use,
consisting of three, five or seven layers gluedether crosswise (orthogonall{figure 1).Due

to cross lamination, the properties of CLT compared to single wood board or a frame are
improved. CLT main mechanical properties are good bending and shear str&ygtiross
lamination there is improved dinmesional stability, which allows prefabrication of long and wide
floor slabs and single storey walls.

Performance of CLT in bending is venych affected by the grade of the outer layers and their
strength and stiffness, thus CLT can be customized forreliffekinds of uses.As a strength
graded timber must be used for panel productioagenonly C24 grade is used for homogenous
lay-up and ina O2 YO AYSR /[ ¢é¢ [ mck/ my 3INI RAhsel, RONF dza SR
According to European standard EN 16351, wood based panels fulfilling requiremards for
service class 2 or 3 can be used, built up of at least 3 orthogonally bonded layers (at least 2 of
them timber layers) and may hawalditional layers bonded parallel to graiEstonian Centre

for Standardisation, 2015)
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This makes CLT a ca@simpetitive and sustainable wodahsed solution which can complement
or replace such currently used materials as concrete, masonry or, sieglcan bea great

addition to weltknown light frame woden structures.

Parallel Layer Perpendicular Layer

Strength Axis of CLT

Figurel. Cross section €L T.Karackéeyli & Douglas, 2033

1.1.2Raw material

CLT is mostly made of softwood and the main spred is Norway spruce (Picea abies). Other
species used are Scots Pine (Pinus sylsvestris), European Larch (Larix deciduzg, Fougl
(Pseudotsuga menziesii) and Swiss StBime. Species arearefully arranged according to
standards and requirements, often having better looking boards in outer layers. Use of
hardwoods is also possible, however its use is still under researchearedopment.(Ansell,
2015)In order to complywith European standard CLT has to be madeoafferous species or
poplar(Estonian Centre for Standardisation, 2Q15)

Wood stores C&which is anajor advantage compared to other building materials, especially
concrete, which instead of storing carbon, malkegreat amount of emissions while being
produced, transported and installed. Timber materials are often a good choice alsonis oér
using alocal material, specifically for Northern Europe, in this way encouraging local economy

and reducing transportation costs.

1.1.3Manufacturing and technologies

Manufacturing of CLT panels is usually donéneyfollowing steps:
1) Boardselection
2) Boad grouping
3) Baardplanning

11



4) Boardor layer cutting to length
5) Adhesive application

6) Panel layup & pressing

7) Product cutting

8) Surface machining

9) Marking &packaging

The ley of success for a full production is lumber quality and control of adhesive bond
manufactue. Assemblyrocess of one panel can take-88 minutes, depending on equipment
and adhesive use@Karacabeyli and Douglas, 2013)

Boards used in production usually hau€of 12%¥g % which prevents dimensional variations
and surface crackin{Karacabeyli and Douglas, 201Bpwever, a little vertical shrinkage of
around 3mm per storey, when used in Hitstorey buildingshave been observe(Espinozat

al., 2018. It is recommended that the max difference MIC between adjacent pieces to be
joined together does not exceed%. The temperature in manufacing rooms may also affect

some parameters of CLT panel during open assembly curing time. That is why it is recommended

forittobel N2 dzy R mp ¢/

Board thickness varies frommm veneers to 8@nm boards, howeveEuropean standard sets
different requiremens - timber layers of 45 mm, except 6anm for the inner layer of three
layered CLTEg$onian Centre for Standardisation, 201B)ue to shear streses between CLT
layers,a minimum width of four times the thickness is recommended.

Boards are graded in two major categori@mnstruction grade and appearance gragiehere
the latter one isused in outer layers of CLT providing specific vishalacteistics. Grouping of
lumbers isdone according to MC level and visgabracteristics. All panels in mayor strength
direction will be required to havéhe samemechanical propertiesBesideghat, according to
European standard each timber layer shall bade of boards of one strength clagkstonian
Centre for Standardisation, 2015)

Prior to applying adhesives, planning is done in order to actithéeewood and to reduce
oxidation for improved gluing effectiveness. Adhesive application should be done shortly after
planning. There are two main types of adhesives currently used in matnufag ¢ melamine
ureaformaldehyde (MUF) and one component pakgthane adhesives (ARURY, both of them
being nearly colourless. Polyurethane adhesivesRWUR) are free from formaldehyde and due
to swelling on curing, provide some internal pressureimy bonding. The other adhesive,

melamineureaformaldehyde (MU); provides gagilling properties and has a better

12



performance at higher temperatures. Parameters that have to be controlled during
manufacturing are the applied quantity of adhesive, bogdimmessure and curing procedures in
order to keep good quality ahaterial. These previously mentioned adhesive types are both
approved by European standard, however there is another tgpadhesive permittedg
emulsion polymer isocyanate (EPI), whichasthat commonly usedKaracabeyli and Douglas,
2013)

Boards are finger jointed in order to obtain greater lengths and quality of timies. psition

of finger joints ca be edgewise (fingers visible on the face) or flatwise (higiseal/quality and

increased airtightness¥eeHgure 2.

Figure2. Edgewise (left) and flatwise finger joints. (Brander, 2013)

Boards are then laid up side by side to be glued and pre&isthnce between boards cannot
exceed 6mm to comply with European standdidwever, for some manufacturers there is an
intermediate stage of board edggluing, where they are glued by sidesath board into single
lamellas. This has advantages such as lower pressure in bonding to adjacent panels and smaller
board width to thickness ratios, bat the same time increasing production cesBesides gluing,

nails or wooden dowels can also be udedattach the layers, which also meets European
standards.

Layup of layers can be made homogenous where one layer follows another one layer
orthogonally or can be made in symmetrical build up, vetigvo layers havéhe same direction,

but the structure $ symmetricalseeFgure 3 which provides specific structural capacities.

Pressing of layers is a critical point of manufacturing, which accounts for proper bound
development and CLT quality. Theaire two types of pressinghydraulic press and vacuum

press. Bonding pressure is required to overcome roughness of the surface or warp/twist and
achieve a complete wetting of the surface with adhesive. Hydraulic préssnsost expensive

and mostly ued by bigger producers. With this method thicker lamettas be used and an

edge pressure can also be applied (to bond gaps in outer surfaces). Vacuum pressing is used by

smaller producers, where boards are often placed manually and adhesive appliedanhime.

13



On thecontrary to hydraulic pressing, with this method curved or shapede@rients can be

made.

7,

Figure3. Layup of CLT. Upperhomogenous layp, bottom¢ five-layered symmetrical layer with
double outer &yers. (Brander, 2013)

After sanding CLT is moved @mputer Numerical Control (CNC) machines, where precise
openings for windows, doors and service channels can he cut

One of the advantages of Cpioduction is an efficient material use, where there are also used
small boards from outer layers of a logiafwould be otherwise rejected. In this way now the
use ofthe whole log is efficient. For Clpfoduction there carbe used also a lower quality
juvenile wood which is usually less desiredhi@ wood industry, bringing it to the inner layers
of CLT, leamg higher quality boards for outer layeksowever, according to European Standard,
no rewsed timber or wood basepanels can be used for Cpioduction. (Estonian Centre for
Standardisation, 2015)

Panels can be produced in lengths up 28 m, with a width up t03.5 m according to
Y|y dzF I O G d4NIFHNARGIvoo®R IBitiderholz, StoraEnBanensions, however, are often
limited because of transportation limits. Thickness depends namaber of glued boards, with

a 7-ply CLT it makes up to 400m thicknessAccordng to European standard, the overall

thickness of CLT can be up to 500, witk | Y E  R@rdv 2%iok rdryfinakthickness

14



(Estonian Centréor Standardisation, 2015)\n advantage of CLT panels is that there carube c
very precise holesral openings using CNC machines.

CLThas been found to be in compliance with European labelling programs in terkslatfle
organic compoundVOC) emissits (Bucur, 2011)What is more, thinkg of future of CLT

constructions, the panels are also reajk.

1.2 Hygrothermal properties

Hygrothermal properties of wood are referred as heat, air and moisture transport farrai
Moisture content, oxygen supply, temperature in certain arrangemettiésenvironment for
development of wood degrading organisifiebow and White, 2007That is why a knowledge
is requiredof how each of the paraeters are mutually related in order to achieve conditions

where wood degradation can be avoided.

1.2.1 Thermal conductivity

Thermal conductivitys,[W/mK], also called lambda valus a material property that states its

steady-state ability to conduct heat. lather words,the value indicating@Y' I G SNA | f Q& Ay & dzt

capacityg the lower the value, bettertie material holds the heafhermal resistanc&® [m2K/W]

is an inversevalue of hermal conductivityR=1/U) describing heat conductivity of a material
per unit thicknessThermal transmittance parameter is used to describe the insulating capacity
of a bulding envelope, for example, external wall structure.

According taGlass and Zelink2010) thermal conductivity oplain softwoodsvariesfrom 0.09

to 0.17 W/mK, depending otheir moisture content. &8 A Y ONBIF aAy3 622RQA&
density and temperature, thermal conductivity even increases. For example, according to
AlSayegl2012F F2 NJ I RNZE kb/in3), made gf Sptuceawood,% measured thermall
conductivitywas 0.1020.104 W/mK, which iwer than for regular CLdbming from a factory.
According to manufacturer spéications(StoraEnso, KLH, Binderhplagrmal conductivityof

CLT panels ranges from 0:Q1.3 W/mK.

Although the CLiffers from a plain wood with an adhesive layer in between the lamellas,
several authorgRajiet al., 2009; AlSayegh, 2012; Byttebier, 20bh8ye mentioned that glue
does not have angffect on thermal conductivity As the thickness of adhesive layer is only
around 0.1mmcompared tothe thickness of 1414 cm of the whole CLT panel, the adhesive

thermal properties are very insignificafByttebier, 2018)

15
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1.2.2 Moisture transmission

Wood is a hygrecopic materialwhere it gains or releasesoisture like a sponge, depending on
the surrounding environment. These presses are classified ather adsorption or desorption
(Hgure 4). Adsorption isa process,in whichmoisture is added or absorbed &nmaterial until
steady state is reached, whereas desorption is when moisture is released back into \Wikikair.
adsobing or desorbing water, the wood is in a hygroscopic range, wiesetprocesses cause
either swellhg orshrinkage of wood and may affect mechanical performarices easier for
wood to gain moisture than to lose it, which also affects the drying m®asthe whole
assemblyByttebier,2018)

25 1
20 1

15 1

10 1

Desorption
Absorption

Equilibrium moisture content (%)

0 20 40 60 80 100
Relative humidity (%)

Figured. Sorption curve resulting from the average adsorption aedadption isotherms for six species
2F ¢ 2 2 R(Ddmbne mmd dli¢to, 2010)

Wood cells contain free and bound water. Tinee water is held in cell lumen and the bond
water is located in the cell walls. disture content of wood is affected e surrounding
environment, especially the relative humidity. In general, faes dir is more moist, wood gets
more wetas welj however there is a point wherthe cell walls are completely saturated as a
bound water, and there is no free water in cell lumetjchis calledibre saturation poin{FSP).
For wood, theFSRHs typicaly at around 3GMC (Wood and Misture | The Wood Databake
Relative humidity affect¥Cof wood only until theFSHs reacheglafterwards, when the water

is also in the cell lumen, th&Cis not afected. The capillary (free) water has no dimensional

impact on woodZillig, 2009)
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Similar to hermal conductivity, the mass of glue lines between layers ofi€isignificant
towards the total panel weight, which makes it negligible in terms of water adsorption
(Byttebier, 2018)

On a surface of a large CLT panel, there may be variations in MC, as it is more affebted by
surroinding environment, while the inner layers of Qib@ly respond to MG@hanges slower
(Gagnon, Pirvu andPnovations (Institute), 2011)

Moisture content, where wood neither gains nor loses the watelong as the temperature and
relative humidity of surroundings ameot changedliscalledequilibrium moisture conten(EMGQ.

By raising the RH, the EM€wveood also increases, although thdaton is not linearA visual
illustration of this relation can be seen ligure 5,where above 85% of RH, the line goes up
more rapidy, which means the wood swells more. Isotherm stopsraund 27% of EMC, as

that isalmostthe FSP, where #hcell walls are saturated and the wood stops swelling.

Softwood adsorption and sorption isotherms in literature
30

25 /
/

20 a
X //
. A
Q 15 5
i T
/5/
///
///
5 /;//
_—
///
/
0
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
RH, %
—e—{ 2NLJiA2y3X 222R |+FyRo22]1 oDflaa IyR

—o—! R&2NLIGAZ2YST wlkaAa StGdltd dHnndo G

Figure5. Softwood adsorption and sorption isotherms at ambient temperatures in literature (based o
AlSayegh 2012)

A moisture movement in up to 9% RHis considered as water vapour transmissiaich is
called a diffusion, where water vapour under a pressure gradient moves fronhlyhig
concentrated to low concentrated zones to achieve equilibrium. To describe diffusion there is a
parameer of vapour permanence or vaporesistance, where the firss the materials ability

to let through the air or vapar and accordingly resistanceability to resist air or vapour flow

through the material(Byttebier, 2018)
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The vapur diffusion resistance af material decreases by increasing the moisture flowhen

RH reaches above 9% RHit is @mnsidered a liquid water transport, where the moisture
movement through the material &ffected by condensatiofAlSayegh, 2012Pue to hydraulic
pressure by the wier and the negative suction pressure, moisture transport is fg$80 15148,
2002)

Vapour permeability in wood is higher in a longitudinal direction. Similarly, wood also absorbs
moisture faster paralleto grain. That is why when considering CLT position in building, the
longitudinal surfae should not be exposg@dISayegh, 2012)

A relation for vapour resistand® RHfor plain wood and CLT paneétstangential and radial
direction is shown inFigure 6. By increasing RHa Y I G SNA I f Q& LISNXSIF oAt AdGe
resistance decreases, as they ameersevaues. InFgure 6 it can be noticed that the vapour
resistane for a CLT, or wood with adhesive laye&®wer than for a plain spruce wood, which
might mean that the addiion of adhesive layers decreasthe resistance to vapour diffusion.

By higher RH, the results froBLT and plain wood even out.

Water vapour diffusion resistance
700.00

600.00
500.00
400.00 L]
300.00

200.00

Vapour diffusion resistance

100.00 L]

0.00
0 10 20 30 40 50 60 70 80 90 100

RH, %

=— Spruce [Wu 2007] —=— CLT [Alsayegh 2012]

Figure6. Vapour diffusion resistance in literature (based ottéyer, 2018)

However, thee are different opinions of adhesive presence hindering the vapour transmission
or not. Volkmeret al. (2012) states that for a high IR, vapour diffusion resistancef PUR
adhesive is larger than for other adhesigs~, PVAc,, EPI, MUB)t the resistance value is
rather unrelatedto MC of wood. At the same time,several sourcegRaji et al., 2009;
Sonderegeret al,, 2010)mention thatthe presence ofinadhesive layer slows down the water

transport, where the glue is acting as a seal, reducing the diffusion of moisture.
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1.2.3 Air permeability

Air permeability camefer to air flow through the specimen at different pressure differentials
across the specimen. The performancetiloé material can be described in air permeance
(kg/m?Pa s)(AlSayegh, 2012)

Apart from causing negative effect on acoustical performance, fire safety and thermal comfort,
air movement through amaterial also causes a mawent of moisture and heat. Accordingly

the breathability ofamaterial carmaffect its thermal performance. If the building envelope is not
airtight, it also might not meet the energy requirements.

Wu (2007)held measurements of various materials, including a spruce, where he concluded that
spruce at lege thikness in dry conditions can be considered airtig{®.CLT is mostly made of
spruce, also a composed panel of spruce boards and adhesives, where the panel thickness is
around 100140mm, can be considered airtigtByttebier, 2018)Other experiments have found

that adhesives only deease pemeability, however, again, the properties of adhesives
compared to high thickness CLT board are almost insignifjBajiet al., 2009)

Nevertheless, attention must be paid panel quality itself and the joints between the boards.

In low-quality panels, there milgt be clacks even on the boards themselves, whitiviously

can bea cause of air movement through materidlouwet and Van Trich2017)held a test of
permeability of 3, 5-, and Fayered panels, where the CLT panels were initially airtight. After
the ovendrying, the results showed thahe CLT panel remaineithpermeable, but theair
tightness @&creasedwhich was most likely caused Wwider gapsbetween the boards after the
drying, because the wood shrinks and gaps between boards increase. This means that the joint
quality and the glue continuity is important to consider for overall CLT parntgghdiness
properties. What is more, no less important is to properly seal the joints between the panels

also on site, when installing elementsabuilding.

1.3 Fields of application

As CLT is called the building materialhaf 215 century and has obviously gath@opularity in
constructions for various purposes, more and more examples of successful buildings are
discovered. There are several benefilsusing CLT, but one of the most important is being
envionmentally friendly, whih is an emerging issue nowadaySLT is also preferred due to

health comfort andhe pleasant internal atmosphere it provides to its users in CLT buildings

19



1.3.1Buildings

CLT can be a lighteight replacement of steel and concrete for mride and higkrise building
structures(Figure?). The lightweight factor, reducing the building weight B89-70 % may be
also helpful in seismic zones, where it can easily absorb the impact of sudden shifts. What is
more, lighter panels give opportunity to use smaller foundations, which accordinglysaease

of smaller cranes, in this way also reducing taution costs.

=

" !
o (R |

Py

= =—

Figure?. Proposal of 1atorey building of CLT panels, Rand, USAvwww.dezeen.com2017)

Easy handling during construction and high level of prefabrication leads to fast project
completion. To ensure a smooth delivery and installation, elements have to be delivetes in
correct sequence in order to be able to install elensedirectly from lorry to a place ithe
building. After installation, services, ceilings, wall finishes, insulation and cladding are fixed to
CLT panels, usually using screws, whietalso quickeand easier to fix compared to concrete
structures. Usagef CLT provides also increased safety, less demand of skilled workers on site,
less distribution tdhe surrounding environment and less waste, as the material is prefabricated
and requires less itallation work on site.

Outer layers of CLT in walls arsually parallel to gravity loads in order to maximize a vertical
load capacity of the wall. Likewise, in floor and roof systems outer layers run parallel to mayor
span direction At the same time, hanks to cross lamination, there will always be lamination
which resist loadn the perpendicular direction as well. To resist lateral loads from wind and

earthquakes, CLT structures are made in wall and floor systems as shear walls and diaphragms.
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At the same time no less important factorare proper fastenerinstallation, shear strength of
CLT panel initials and connections.

Connections playn important role to maintain good properties of constructi@nstrength,
stiffness, stability, ductility. Consegntly, this requires detailed attention by designers &sidjn
proper solutions before the actual construction starts. Traditional systems of connections are
dowels, wood screws and nails, however, there can be used joints where panels are connected
themselves, using tongue and groove joints, and additionalgdfiby metal screws and brackets.
CLT can be jointed to any other mateigdight wood frame, kavy timber, steel and concrete
(Van De Kuilest al.,, 2011)

Awell-known highrise residential building using a combination of CLT panels, glulam and light
weight frame ighe 53mHtall Treet in Bergen, Norway. Howev€@l_Tis also known in Estonia,
where the frst net zero energy building was built iplfPa inthe year 2013, using CLT as its main
construction materia(Reinberget al, 2013)

As the CLT panels provide some level of therrimgulation themselves, as mentioned in
paragraph 1.2.1, heat is stored during the day and released domghg-time. This means also
lowering use of energy to cool or heat up the building.

However, wood is aygroscopic material and it is very much aff&t by moisture and water
content both inside the structure and in surrounding environment. So are the CLT panels,
however, they absorb and dry out the water much slower than light frame constructions. A key

to a sustainable and durable construction ig¢éaluce wetting and to promote drying.

1.3.2Minimum requirementsand desigrfor NZEB

According to Minimum requirements for energy performan@918)a nearly zereenergy
building(NZEBis characterized as a building that is built according to best possible construction
practice, which uses energy efficient solutions and renewable energy technologies and whose
total energy performance indicatoneets class A requiremén

According to Bropean directive on the energy performance of buildif2810) by December

31% of 2020, all new buildings shall DBZEB (energy classax)d after 31 December 2018, new
buildings occupied and owned by public authorities are NZHEB makes architts and
designers aware of demands to follevinen designing a building envelofme residential, public,
educational, health care buildings and officelewever, listorical,religious, shorterm usage,
industrial buildings with no livinpremises and bulings with areaip to 50nt are not required

to comply with these minimum energy performance requireme(fepublic of Estonia Ministry

of Economic Affairs and Communications, 2015)
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The current limit value®r energy perfornance for NZEB are listedTable 1

Tablel. Limit values for energy efficiency figures for NgE&public of Estonia Ministry of Econami
Affairs and Communications, 2018)

Limit value for
- ener
No EUNENTE, fets efficiency%i{:]ure,
kWh/mz2a)
1 [{YlIff K2dAS 6AGK KSIGSR &dzNF 145
Small house with a heated surfaceof #2211 Yu | ¥y R
2 | house 120
3 |SmallhousewitkK S § SR adzNF I OSH HHA Y] 100
4 | Apartment building 105
5 | Barracks 170
6 | Office building 100
7 | Accommalation building 145
8 | Commercial building 130
9 | Public building 135
10 | Commercial building and terminal 160
11 | Education buildingPre-school child care institution building 100
12 | A treatment building 100
13 | Warehouse 65
14 | Industrial building 110
15 | High energy building 820

When talking about the building envelopesstimatedthermal transmittancevalues forNZEB

vary in a range of 08 ¢ 0.14 W/m2K depending on architectural design and other energy
performance measured.he values have beentesated in different regions, including Estonia,
Southern Canada, Finland and for overall European clindate.NdzYN3IA |y R YI | YSS:
Asaee, Ugursal and Beauso®i2 NNA &4 2 Y X  ina andp Parkér,(2013; Saniedo al,

2019)

However, as the Clphnels alone do not meet the energy requirements for buildings, additional
thermal insulation has to be added in order to improve the thermal resistance of whole
construction. For example, ¢hthermal transmittancgU) for CLT alongd=100Y Y'Y <T n ®mMH
w/mK)is 1.2 W/mK, whereas, when adding a 300 mm of a mineral wosl ' 1 @51 0,the 2 K YY 0
overall thermal transmittance is decreased to 0.11 \Amwhich is about 10 times lower aiwd

sufficient tomeet theenergy requirementss it is in the range of estimateglues mentioned

before.
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There are several types of insulation which can be used with CLT. As mineral wool & often
more preferred materigl there are other types such as polyisocyanuré®@R), expanded
polyurethane (EPS) or extruded polystyrene (XPS).

Mineral wool is used the most often, considering aspestshas good thermal conductivity
6 < T n ®n o, Tavetage Yric® category and good performance in a wall construction as the
water vapourresistance is very low > dhduithallows the wall construction materials to dry
out. According tovitanen et al(2011)it is medium resistant to mould growth

Foilfaced polyisocyanurate insulatids expected to act similar to XPSPAR XPSand EP&re
not natural insulation materialand the water vapour resistards very highX I' m jtheyare
not actingtoo well when in contact with wood if it has higher moisture contesimply because

it does not letit dry out well. That is why it should be used only when wood iediout(McClung

et al, 2014) Nevertheless, PIR insulation is classified as resistant to mould gditainen,
Ojanen and Peuhkuri, 201 Blthough the adjoining wooden surface is still in a highafiskould
growth. A benefit of using PIR may be thisie insulation layer in construction can be decreased,
as the thermal conductivity is very lai®.022 W/mKand the necessary thermal transmittance
can be achieved with using less insulation than, faneple, mineral wol.

It is possible to use also a cellulose insulation, which, however, is more sensitiaikd risk
(Viitanen, Ojanen and Peuhkuri, 201Gan mineral wool or PIRAs the thermal conductivity is
slightly higher than mineral wo@.039 W/mK)it requiresaneven thicker layer of insulation in
a wall construction. However, a benefif using cellulos insulation may be that similarly as
mineral woo] it allows the wood to dry out=2.05) but still holds the moisture better iterms

of buffering thewater vapourthroughout the insulation, instead détting it all through and
allowing it to accumulate in one point of wall construction.

Nevertheless, in all cases of insulation typeyedl-ventilated claddingsystemis important.

1.4 Problem statement and objectives

Moisture affection to CLT wall assemblies is crucial in termgpo$sibé mauld growth risk and
affection to properties ofadjoiningmaterials in a wall structure, especially insulation, which
should provide a drgut of CLT panel.

Moisture from weathering; rain, snow, humidity affecting the CLT panel during constiion

and installation period is called exceed moisture. This may be causedpbyper covering of
panels and installation during high humidity conditions, so that the panel installed is actually

wet, having exceed moisture andC is higher than requiredThat acordingly affects the
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insulation properties and thermal conductivitytbie wall in general, by the increase of moisture
content, proportionally increasing the thermal conductivity of insulation, respectively, lowering
the insulation heat keepingapacity (Karamanos, Hadiarakou and Papadopoulos, 2008;
Sandberg,200®) ! & /[ ¢ Aa adtAftf ySé YFGSNARIFIE Ay (KS
and analysed. There have been done similar studies using CLT in an external wall structure,
however, this research is considering 3 different insulation typésssame conditions and the
computer simulation model will provide a platform for further agais also in different
conditions.
Considering these issueshe main problem this researchaddressesis the insufficient
information about hygrothermal performance GLT concerning risk of mould growtlvo main
objectives of this thesis are given betow
3) To evaluatethe impact of builtin moisture insulation type and location of tHeuilding
envelopeto the hygrothemral performance of Clwall assemblies in cold clinea
conditionswith warm summers and snowy winters
4) To create validated simulation modefor further investigation to evaluate thask of
mould growth inCLT walhssemblies
Considering these aspecthge author has established a hypothesis:
1. Wallassemblies witlCLTpanelsof high builtin moisture, with a low vapodpermeable
insulationand located in théNorthern directionhavea greater risk of mould growth.
In order to answer the proposed problenachieve objectivesnd confirm or discuss the
hypothesis an experimental workvasdone,using CLT wall assemblies with different insutatio
types, initial MC and placement in building. Based on filed measurements there were created
simulation models using Delphin softwarewtver, the final conclusitsof mould growth risk
can be done only after the experiment is fully carried,aginga mathematical mould growth

model, considering material sensitivity classes amg of exposure
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Experimental part of this thesis was startedlanuary 2018 and the fatlmeasurements were

held until March 2019As in the whole experiment therer@installed and tested six types of
wall assemblies, a scope in this thesis is made only on three types of tesuribed in
paragraph 2.1.1.

The studyis focusing on moisture behaviour through parameters of temperature, partial
pressure of water vapousnd relative humidity between each material layer in wall assembly
and heat flux through whole wall section. The results provide a conclusion of affectioitial

MC of CLT to wall structure and possiblestitrof mould growth on materiaurfaces.

Atthe same time, a computer simulation was done to compare the results gained from installed
sensors in wall assemblies to calculated, simulatiate resuls and enable to do simulations

with new parameters.

2.1 Field measurements

2.1.1Specimens

The main specimenaf the experiment are CLT panels consisting of five crosswise laminated
layers (Figure 8). Panels weremade of spruce (Picea) boards and produced in Estonia by
I NOg22R 0t § Sisingbne bfdbe inosthcemmon adhesived GPUR.Panels had

average dnensions of 850x850x100mm, with an average initial weight of 34.28 kg

Figure8. Example of bonded CLT parsty://hybrid -build.co/wp-content/uploads/2013/03/CLT2.jpg
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As mentioned before, there werested three types of walls, where the only variable material
was the insulation ¢ mineral wool, cellulose insulation and PIR
(polyisocyanurate) Desciption of three wall assembly types and their structure is given below
(Figures 9L1).

1) EW1

Ij\' Y ‘
|

o [~ } EW-1.2 (U= 0,10 W/(mZ2K))
'-;__" | | CLT panel (5 layers) 100mm

o [ | |initial MC =12-14%
';_ ‘ Mineral wool (A 0,037 W/(mK)) 200mm
(- ‘ Timber studs 45x95mm, s.600mm/  100mm

» u:i*' ‘ /mineral wool (A =0,037W/(mK))
- | Wind barrier Isover RKL 31 30mm
(A 0,031 W/(mK))

" |~ | [Distance battens 28x70 mm C/C 600_28mm
= } Painted external timber cladding 21mm
I><':.: , |

j" I>_;- - ) ‘
|\-‘: s ‘
(.~ |

28 30100 100

Figure9. Wall type EWL.2 (Technical drawing by V.Kukk, adjusted by author

Structure:

1 CLT panelouter layers made of C24 quality timber, MG1¥®%6 or 2527%

f Mineral wool insulatiorE K<< n ®n 0T 2 KO0 YYU0 nuMpfrposetise), Hort-1 3aA O noc
term absorbability, W >X kag/m?, longterm absorbability, W > kg/m?, diffusion
NEaAadgryO0S FFEOG2NI > I wmo

1 Wooden studs / mineral woo[same type)

f Wind barrierL & 2 @S NJ ¢ Y/ @ oovE  Jsermiedbiity<80 *MOENJ Yw Kk Yat | =
the product is not hygroscopic (the product does not bind to humidity)

9 Distance battens

1 Painted facade cladding
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2) EW2

EW-2.2 (U= 0,10 W/(m3K))

\

\

\

\

\

\

| | CLT panel (5 layers) 100mm
| |initial MC =12-14%

| Cellulose insulation (% <0,041W/(mK)) 330mm
\

\

\

\

\

\

\

\

|

Wind barrier Isover RKL 31 30mm
(A =0,031W/(mK))

Distance battens 28x70 mm C/C 600 28mm
Painted external timber cladding 21mm

FigurelO. Wall type EW2.2 (Technical drawing by V.Kukk, adjusted by author

Structure:
1 CLT panelouter layers made of C24 quality timber, MG1¥2% or 2527 %
f Cellulose insulatiord 2 S NNE ) 2/2di onZm <? kesistaNce coeffieiit §7RPa
s/m?
f Wind barrierL & 2 @S NJ ¢ Y/ @ oavE  Jsermiedbility<80 *MOENJ YrmsPa,
the product is not hygroscopic (the product does not bind to humidity)
9 Distance battens

1 Painted facade cladding
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3) EW3

o] !

|
|

4 |
: EW-3.2 (U= 0,09 W/(mZ2K))

4 | | CLT panel (5 layers) 100mm
| initial MC =12-14%

> b | PIR Kingspan TP10 (A =0,022W/(mK)) 200mm
| Wind barrier Isover RKL 31 30mm
| (A 20,031W/(mK))

A Distance battens 28x70 mm C/C 600 28mm
: Painted external timber cladding 21mm

4 |
|

™ |
|

- . |

28 30 200 100
Rl VdVd Vs L~ |/

08 AAN Al 1

Figurell Wall type EWB.2 (Technical drawing by V.Kukk, adjusted by auxhor

Structure:

I CUpanel, outer layers made of C24 quality timber, MG1¥2%6 or 2527 %

1 Polyurethane foam insulatiordo YA Y 3 & LI X memnE 2<k 0 Y Y bhigh / 2 NB Y|
performance rigid thermoset polyisocyanurate (PIR) insuldating made oflow
emissivity composite fb Water vapourresii YOS xmnn abdak 3o

f Wind barrierL & 2 @S NJ X Y/ ® /joainE  paeniedbvity<80 *HMOENI Yw k Yat | X
the product is not hygroscopic (the product does not bind to humidity)

1 Distancebattens

1 Painted facade cladding
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Besides thalifferent wall constructionsfor each wall type there were used two kinds of CLT
panels with different MC. That is why some of panels were moisturised on purpose in order to
see the difference of different MC affection to the same wall corcstoun.

Firea MC of panels used were with an initial MC, when recefvah manufacturer, which varied
between 1114 %. In order to gain the other MC, some panels were wetted (soaked) by putting
them in a seHmade pool, located outdoors to gain MC of25%. Howeverbefore any wetting,

all the panels were weighted to calculate what mass has to be achieved in order to get the
desired MC of 227 %. Panels gained the desired MC approximately in a mdndble 2). A

graphical visualizatioaf moisture gain can be seémAppendix 1.

Table2. Moisture content change in a time inteneahd initial MC for the dry panels

Wall No Panel No | Initial MC, % Final MC, % Days Interval
EW 1.1 Nwet) P13 14.18 26.15 24 13.11:6.10
EW 2.1 Nwet) P18 13.51 25.39 24 13.116.11
EW 3.1 Nwet) P15 14.76 25.28 24 13.116.12
EW 1.2 N (dry) P24 13.57 - - -

EW 2.2 N (dry) P23 14.66 - - -

EW 3.2 N (dry) P22 14.46 - - -

EW 1.1 Swet) P17 13.72 26.10 30 13.11:12.12
EW 2.1 Swet) P16 14.83 26.40 24 13.11:6.12
BW 3.1 Swet) P14 14.31 25.80 24 13.116.12
EW 1.2S (dry) P19 13.23 - - -

EW 2.2S (dry) P8 12.73 - - -

EW 3.2S (dry) P6 13.37 - - -

The poolwas madeo moisturizehalf of the panels as a simple construction of plywood board
frame, placed orthe agphalt outdoors. Then the plastic was put in to make a grosundace of

pool and the water waadded.(Figurel?2)

To prevent a drput of moisture from narrow sidesf panel, aBlower proof liquid brush
(mastics)Hgure 13), polymerbasedpasteq was pairted on narrow side surfaces of CLT panels,
forming a flexible, permanent, continuous airtight seal layer in order to block the drying out in

these directions. Damp diffusionsistance factor> I o p dc T @
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Figurel2. Pool for wetting the CLT panefdeniyi, 2019

Figurel3. Blower proof liquid brush (masticgAuthor's photo)
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After the CLT panels weready for installation, the wall assemblies were constructed according
to planned structuresand prepared fotinstallation ¢ adding the moisture resistant plywood
frame andsealingthe edyesof materials (around the frameMeanwhile, there were also

instdled the sensors both in the materials and in between the material surf@&apsre 14).

Figureld. Left¢ Temperature and relative humidity sensors and airtight tape to seal around t
edges of CLT. Righéensorinstallation in CLT and in cellulose insulation. (Author's photos)

The constructed wall assdities were installed in a frame BIZEB building. The plan of rsmiis

showed adHigure15.

= T 57 \( T = =
EW-61 N EW51 N EW41N| EWSiN = EWR2IN  EWIIN B
EW-62 N  EW52N EW4ZN| EWS2N EW22ZN  EWI12N ==
-

7
Testroom —
10.0m*
S ) =)
\_J e
o ) o
4 is
3 Bathroom / ::5
2 i
Technical room 3.7m’ =
9.5m* 5 — =l
N L) B
9 =S
Testroom -{z
E 30.7m? [
oo =
: =5
a = — = = = — = = =
Testroom
2
10.4m g
Testroom
10.0m* %s(
EW61S EWSiS EW:is | EW31 S EW21S EWI1S§ L]
EW-62 5 EW-525 EW-425 | EW328S EW-22 5 EW1.2 8§ A-1 -
. I o
AR e AT R, &y 3Kk A
TERAR 1 TTTIRE & moo - R IHEETTILT0S oAy MY i L

Figurel5. Plan of the NZEB (investigated wall types marked with red rectangle). (Technical drawi
V.Kukk, adjusted by authpr
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Layout of wall assemblies from inside and from outside showé&jures16 and 17.

Figurel?. Placement of wakissemblies from outside (Author's photo)
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2.1.2 Equipment

In the exgriment there werecertain parameters to be measured for specimen properties and
during their performanceén the field mesurements. For measuring the weight of CLT panels,
there were usedscales(KERN DE 150K20D Weighting range Max 6d@56eadout, d=20/50
g) and for MC measurements there was used an electmisture meter(GANN HYDROTEST
LG 3).
For field measurementthere wereused three types sensors toeasuretS Y LIS NJ & dzNJB
relative humidity (RH, %) and heat flux (W)m

1 Forsurfacetemperaturesthere was used digital temperature sensor DS18B20 (Uniflex),

accurac® ¥ 5 n dpmit /¢ TREMe pdleft) /| @

6¢c X/

1 For temperature andelative humidityc Omnisensédm > | OOdzN> Oé 2F pndo c

cn c¢c/ o004 aSyaz2Nl || Yy RHsemso)Figite 1F, Ngaty n 22 (2

Mnan

f Forheatfluxl dzZl 8S¥f dzE | Ct nmZ dzy OSNJI (Figwel®) 2F Ol f A6

Sensors were marked in a certain systé&xplanatiorgiven below.
HF/t&RH/ts_L/S1where:
1 HF/t&RH/ts ¢ measured quantity (HFheat flux, t&RH temperature and relative
humidity, ts surface temperature)
I L/S1c¢ location of the sensor (L stands for laymmmber where sensor is placed, S1
meansinner surface orS2¢ outer surface)
In each wall therevere placed sensorg on surfaces, between the layers and one inside the CLT

panel,seeHgure 18. Theplacement ofasensoron a CLT surface is showedFRigure 19.

2 1| | HF_EW-1.2_inner surtace
A IR

. it } t&RH_EW-1.2_layer 4
V) g
A 'k“ | t&RH_EW-1.2_layer 3
iy \

4 |1 t&RH_EW-1.2_layer 2
ARa \

N i t&RH_EW-1.2_layer 1
ANl

N \ ﬁ | t0_EW-1.2_inner surface
""\ /\ ‘
75 | t5_EW-1.2_outer surface

7 A \
ol

@ b /:c X \ @

|
iy |
Y \

Figurel8. Example of sensor placement in a wall assembly XE)MTechnical drawing by V.Kukk, adjusted by auth
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Figurel9. Pla@ment ofthe heat flux and surface temperatusensos on the inner surfaceof the test wall
(Author's photo)
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2.1.3Conditions

Wall assemblies were installed NZEB building, located in TalTech campus in Tallinn, Estonia.

(Hgure 20) Each type of walls asexposed both on North and Sthufacades.

Figure20. NZEB building in TalTech campus, Tallinn, Estonia (Author's photo)

The internal environment of house is quite constastm/c 6 Hnc / Ay adzYYSNDL I wl
3040 % and up to 63% in summer. As the experiment was first held for one year, it was
experiencing external environment of Estonialimate conditions through all four seasons.

Graphical illustrations of relative hudily and temperature changes inside and outside the test

room are shown ifHgures21 and 22 Test room 7, Northand inFgures 23 and 24 (Test room

8, South¥or a perial of 13 months where the outdoor RH is measured by local weather station

in TallinnHarkuand the outdoor temperature measured on outer surface of wind barrier.
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Figure21. Boundary conditions, indoor and outdolative humidityin test room No7 (Northtp 6 ! dzii K 2 ND &
illustration)
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2.2 Hygrothermal modeling

In order to analyse thelata, there were gained results from computer modelling program

Delphin5.9.4, which were afterwards calibrated by the actual results, collected from sensors

concerning the same parametersemperature, relative humidity and lz¢ flux. Partial pressure

data was also gained by modelling, however the actual partial pressueevelss calculated

manually using measured data of temperature and relative humidity.

Delphin is a simulation program for the coupled heagisture, and water transport in porous

building materials to analyse moisture movements, temperature, relative ditynand other

parameters both inside the structure and on the top surfaces (boundalti@syior surface of

the modelled walls had thermaksistance Rof 0.125 niK/W and water vapour diffusion
NBaAadill ye&8. F& ®xtenor surface the thermal resistancg:®Ras 0.04m?K/W and
g1 G4SN @I L2 dzNJ NShri Rodaadh yhaiSial a8f the wail there were inserted their

properties shown inTable 3 A schenatic illustration of what datis insertedandanalysed and

final outputs are shown iRigure 2.

The program provides a graph and the numerical data, which can be exported to Microsoft Excel

where it can be furtheanalysed

Table3. Properties of materials used in calculation model

Material | Thickness, Bulk density,| Thermal Water Water Moisture
d, mm " ¥ B 3| conductivity, vapour uptake storage
{ = 2 K0 resistance | coefficient, | capadty,
Tl Ol 2| Kg/(m’s) | RH 80%,
m3/m3
Spruce 100 418.8 0.11 474.725 0.0132732 | 6.26110?
(CLT)
Mineral 300/200 | 37.0 0.035 1.0 0.00 6.7810°
wool (0.037)
insulation
Mineral 30 100.0 0.033 1.0 0.00 6.7810°
wool wind (0.031)
barrier
Cellulose | 330 65.0 0.039 2.05 0.562862 |6.3310°
insulation
PIR 200 38.0 0.022 104.0 0.0001 M PLa
Kingspan
insulation

* In brackets indicated initial valuesfore adjusting
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( )
Inputs Modeling |
«Material balance equations
properties uMoisture mass
ubensity balance
ohermal wConvective liquid
conductivity water flux
wWater uptake wConvective water
coefficient vapour flux
wWWater vapar uDiffusive water
diffusion vapour flux
resistance wAir mass balance
factor oConvective air
uBoundary mass flux
conditions uEnergy balance
awindoor & outoor aHeat conduction
temperature wComponents of
windoor &

\_ outdoor RH

moisture balance

J

Outputs

wl'emperature
profile

oRH profile

wWWNater vapour
partial pressure
profile

Figure25. Scheme of data input, equations and outputs in model{fgthor's illustration)

2.2.12D simulation

As the 1D simulation did not give satisfying results, the wall structures were changed in 2D,

adding an aigap, which was also an influential part of result change. For 2D modelling there

was used a Delphin 6 versi¢ifigure 26).

%] Delphin 6.0.20 - 2D_EW_1.1_24.04.2019_lambda spruce_MC17.d6p - a
File Edit View Window Tools Help
[ 1 I e (| Fgl vin 7= =7 B2 i P Materials 85 X
3 ﬁ (] ﬂ 'j—é‘ TR AT S I == | Ll ﬁ E 1 @ @ = = P
; B+s0—-828 iz
Hi I Spruce Radial
— I I Mineral Wool 031 Wind barrier 0.033
y Mineral Wool_0.039
» Materials | OutputFies | Output Grids |
Ll fSuths/Bo\ndanes & X
(Y] IR *F 7 V=-FF b & A
W 00010250 Left
[0, 24, 0] - [0, 25, 0] : Left
'E M 1108001 - [108, 25 0]: Right
47,0, 0] - [48, 0, 0] : Bottom
7/
| cimate Conditions | Boundary Conditions [———
% Initial Conditions 2 x
+72 V=8 =
I itio! MC 103 ~
. W -itia! MC 20%
B
] I R
L (I RH L3
~ RH L4 v
@ Dmensions: [ —| | —|mm  selecton: |— - Coordnate Range: [— || it conc fact Condi.. | Sources/.. | Sche..
& X

Application Log

Reading material file 'Altbauzi
Reading material file 'Altbauzi

Check for monotonic liquid conductivity function failed for material 'Old Building Brick Tiwoli Berlin {outer brick 1)'.

Reading material file 'AltbauziegellivoliBerli

Figure26. Screenshot of De

egel2_S47.m6".

Iphin 6 simulation program.
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2.2.2Indoor and outdoor pressure difference

When camsidering the general air movement through wall assemblass,intense
ventilation may create an underpressure in the test rooms, which accordingly causes a
pressure difference from indoors to outdooi&s the pressurés different it tends to
eventhe vdue between inside and outside, which then causes air movements through
wall assemblies. A higiressure difference causes an air flow, which accordingly creates
convectional moisture transport (moisture movement by air), which explains why values
of RH inlocation 3 behaves similar to indoor environment. Calculation model, however
considers only moisture diffusion (movement caused by vapour pressure through
material cellular structure) from indoor to outdoor environment.

In order to assure an assumign of pressure difference between indoor and outdoor
environment, which caused high differences between measured and calculated data of
partial pressure and RH, there were held measurements for indoor and outdoor
pressure differences. A schematic drawiagd a picture of measurement points is
visible inFigures Z and 28.

In the graph of result¢Figure ®), there are showed measurements in 4 points, 2 of
them in test room 7 and 2 in test room 8. In each room there is one measurement point
in the upper levet; in the middle of upper wall assembliesand one in lower leve] in

the middle of lower wall assenfibs.Upper measurement point (MP) in test room 7 was
held for a longer period of time, only after 10 days the rest of measurement points were
added.

UPPER MEASUREMENT POINT

EW-1.2 s EW-2.2 EW-8.2 [ vs4.2 | EW-5.2 i EW-6.2

EW-1.1 EW-2.1 EWS.1 i EW-4.1 i EW-5.1 | EW-6.1

]

Figure27. Schere of measurement point placement in test room. (Technical drawing by V.Kukk, adjus
author)
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Figure28. Picture of measurement point placement in test room. (Author'stph

At first the measurements were held for 5 days, to see if there is an actual pressure
difference. When the assumption was confirmed (average difference 19.6 Pa), the air
flow rate was decreased on November 18th, by reducing both inletaatlgt of air,
which already caused a decreased pressure difference and an average vélug B4,
where a higher pressure was in the test room.

On 2249 of November, when the other measurement points were added, the difference
was still high, so the opémgs (inlet and otlet) were closed, in that case there was be
no air flow at all.

As it is seen in the graph, from the final stage froni 28 November until 2 of
December, the differences are decreased a little, but are still high. When looking at th
average valueshe smallest pressure difference is in the test room 7, the upper MP, and
the biggest differences are in the test room 8, the upper MP.

As the differences are still high, the ventilation has to be stopped not only in test rooms,
but alsoin the whole teshouse, as the air still travels through some small openings. The
goal is to reach a difference e Pa, which would be acceptable in order to even the
measured and calculated resulids the pressure difference for entireeasurement
period is unknownfor modelling it was decidetb useas a constant pressure difference

of -20 Pa.
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Figure29. Graph of presge difference between indoor and outdoor conditions (Author's illustration)

2.2.3 Evaluationcriteria

To reach conditions beneficial for mould growth, there are 2 parameters to consider,
temperature has to be in a ranged/50c / Y R O NFhinfidiylis estiv&ed lagiah @ S
function of temperaturgViitanen 2007)(Equation 4.1):

YO TG X ™ @ o Y p narh
VMEY ¢ N
UTB'MEY (1 e

To visually show how close to mould growth risk are the RH and T resuits céie be created
graphical illustrations using the described function (4.1), showing a criticadgieen line in
Figure 30) above which a riskfanould growth starts. All wall types are analysed this way in
paragraph 4.1In this analysis, however,ale is not considered the exposure time and material

sensitivity.
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Figure30. Overall conditions favourable for mould growth on wooden material as a mathematical
model (Hukka and Viitanen 1997)
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The resultsggained from simulation model (CALC) were exported inlggaphere the values

were compared to actual measured data (LAB) for temperature (T), partial pressure (P), relative
humidity (RH) and heat flux parametery.(Graphs of T, Pand RHshow data of gmed either

from sensors or simulation, placed in certémcations (L1; L2; L3; L4yhere L1 is most inner

and L4 is most outer location. Tigavas only measured on inner surface of each test wll.

average differences between calculated and measuesdlts are given idppendix 2

3.1 Test walls insulated wi mineral wool (EWL1)

3.1.1Field measuremergand simulation of Northern side walls with
initial MC of 13% (EW 1.1_N)

Temperature graph of EW 1.1 (Rigure31) shows a comparison of measured acalculated

data, where all locations follow up through all periofi time with no major differences,

however, the least of differences are in location 1, having average difference8af 0.6 2 S NJ (i K S
SYGANB YSIF adz2NAy 3 LISNA 2 R376 faidkn lokatich 8, bvg. iff. BRS RS JA | { A
c/ g AUKF &B3poRmbd RIBNBH BSNJ RATFSNBYyOSa 6SNBEL 20aSNBS
c/ S6AGK a6FRPSRIFR AT FROIECHN 2 W AMK ladGSew RSTIHDD 27T
Whenlooking at the close ups, theverage differences in warm period term align better, the

ave. diff. of temperature varies from B¢ (std.dp BMto 091c / 0 & B NeReahtheless,

in the cold period deviation in location 4 reaches 2008 d.fLIPardd 1.92c /| G EUTIRMPIR O

in location 3. In L1 and L2 the veduare still similar as through the whole periodiofe, location

M KI @AYy 3 | @Ystd.dR0e.1H)Em lo@affon 2y ave. diff. @92 c (std.d.g0.17).

As thelocation 4 is the most outer position of the wall, the temperature fluctuates frbhBc /

to +30c /where the lowest temperatures are during January to March and the highest during

July and August, which can also be observed in the close ups.

Temperaturan locations 13 fluctuates from+15c to +30c following the same pattern, whe

the highest temperatures are observadlocation 1, as the most inner one.
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Figure31l. Temperature at locations-4, EW 1.1_NAuthor's illustration)

Figure32 shows data of partial pressure where calculated and measurealtdad to align more

only from the second half of the experiment period. However, the locations 3 and 4 act similar

all through the period of time, especialtile location 4 where the average difference is the
aYFttSadz mnnonc t I and Atdokatioh GcRI4.71R8 BtbkS8B)FForp MMt |
locations 1 and 2, the differences are even higher and almost the same, location 1 having ave.

diff. of 21574t I A GK &0RD RSRO {2TOIgHRRY H | OS® RAFFD 2
which is alsoaused by high differences from the beginning until May.

The highest partial pressure can be observed in July, aroundZBI®Pa and the lowest during

the winter months when it decreases to around 25200 Pa if the second period of

measurements is corgdgred.
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Figure32. Partial pressure at locations4l EW 1.1_N (Author's illustration)

The results ofelative humidityare shownin Fgure 33, where almost all the locations show
quite different data from measured to calculate@he most aligning dataconsidering the
fluctuations isin location 4,however the average differences are the highe®&.73 %RHvith
std. d. ofp6.23%RHLocation 3 also shows quite similar data all through the period of éinte
has the least of the fferences between calculated and measured daB91%RH (std.g3.05),
althoughthe measured data fluctuate much motkan the calculatedLocationsl and 2 show
quite different data from measurements, especially in the period until Jhky.overall aveage
differences are almost as high as in b&g. diff. in L2 is 8.5%0RHstd. d.p m n )damdifor L1 is
7.98 %RH (std.gr.43).

When looking at the close ups, the differences quée different, except for location 4, where
average difference for botlwarm and cold period still stays in the range of 8%RH (std.d
ppPpc Wk PPHERPR ppdPpcO P

During the warm period, the mosimilar data is at L2vhere the ave. diff. i$.76%RH with std.
d. ofpl.11%RH, therocation 3,4.17 %RH (stdgR.81) andfinally L1 which is almost the same
through all the period; 7.18 %RH (std.g4.59).

During the cold period, differences ircktions 2 and 4 are the highestherein location 2the
ave. diff. now is 7.3%RH (std.@1.11). Difference in L3 is almoste same as through the all
period, having ave. diff. of 357wl O0&0UR®R® pHPYyMO | YR GKS
difference ave. diff. 1.3% wl O &0 R®PRPD® pn Ppy O @

Lowest values of Rate reached during February to June, where the lowest RH is itidoc3,
around 30 % and around!0-70 % in location 4. The same tendency seems to repeat starting
from October, when theoutdoor temperature is also decreasing. Highest values are reached

during July to October, when the values generally vary fro8@%.Highest RH is in location

46



4, where it constantly exceeds 80 of RH, which is critical for mould growth. The rest of the

locations mostly do not exceed %0 of RH.
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Figure33.Relative humidity at locations4, EW 1.1 _N (AuthorlBustration)

When talking about the graph of Heat flux of wall EW 1.{H§ure 34), the calculated results

vary muchmore than the measured ones, where the LAB values tend to increase in time, but

the calculated values slightly decreasethe same time Average calculated is 3.28W/m?

(std.dp o P wipile averageneasured value is almost 2 times smafér.92W/m? (std.dg M PH T

and the average differenameasured and calculated dais 188 W/mé(std.dp m ¢ galculated

g reaches values up to 25 amden 30W/m?, while measured values reach only maximum 7

W/m2,

When consideringhermal transmittance fromqg values,average thermal transmittance of

calculated data is 842 k Y @ ¥ (i R ¢ORahd of medapred datg0.232 K YuY O0&d 0 RPRDP n o
where LABVf dzS A& Of 2aSNJ G2 AyAGALFfEte& OFfOdzZ F ISR (K€

materials and wall thickness.
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Figure34. Heat fluxof EW 1.1_N (Author's illustration)

3.1.2Field measuremergand simulation of Northern side walls with
initial MC of 25% (EW 1.2_N)

Results of temperature values of EW 1.Rgure ) show quite precise alignmentith no

major difference®f calculated and measureathta Generallythe highest variations trough all

period arein location 4 with an ave. diff. &f06c / ¢A G KOG RD® R@faReBdy SR 0 &
minor differercesof 0.5¢ 6 & (i R&@Rrdagation3,0.49¢c / G A (1 K &20R/P Ry Sfd2 @IF G 2D
1 and an ave. diff. of @8¢c 6 a (i R2ZORat Iggation?2.

When looking at the close upayerage differences vary only in arange from @20 ¢ A 0K A0 R®
dev. 0f0.29c t0 062c / 0 & BRidad bcationsDuring the cold period, highest ave. diff.

of 1.35¢c Mith std. dev. of 0.28 is in location 4en, halfas littlein location 3, ave. diff. of 0.67

c/ OpUTPamiR.5c /  0.& M Riipcation 1Almost no difference, 09c / O B DM PR ®

in location 2.

Similarly, as for EW 1.1 _N, the results of location 4 fluctuate the most and varyffgomnto

+30c¢ /where the lowest temperatures are reached during Januaryléoch and the highest

during Jme to September. Meanwhile the locations31follow the same pattern and vary

around +15¢ to +30c Megrees as they are located more towards indoors.
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Figure35. Temperature at locations-4, EW 1.2_N (Author's illustration

Figure36 shows the results of measured and calculateduesof partial pressure, where the
measured and calculated results align better than in EW 1,.hahing no major difference in

the starting period. However, the avage differences are the sanamd even biggelocation 3

t | 8996P4 R PR
6 a ( Rsp)Rndocation 1 andollowing more or less the same patterrRartial pressure in L4

and 1 align the most, having S ® RAFTF @

also follow the same fluctuationsowever, the difference istill high, ave.diff 0f118.33Pa

6 & ( R2DRGsults in location 2 also follow the same fluctuations, but the difference is quite

constant all through the period, ave\dt ¥+ & 2 ¥+

In generalthe partialpressure values vary from 28D00Pa, having the most fluctuations in
location 4 and the highest values for all locations are reached during the period of June to

September, when it reaches aroun@@0-3000Pa. Lowest values are registered during winter

2F¥T mMmmnandop

HMT ®y vy

periods, when partial pressure does not exceed 1280
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Figure36. Partial pressure at locations4l EW 1.2_N (Author's illustration)

ToanalyseRH of EW 1.2_N@ure J), in all the locations measured and calculated resutisem

or less align, although the fluctuations are different, generally measured data istidss.

Greatest average difference all through the period is in location 2, &M with std.d of
3.94%RHThen, already smaller difference is in location 4, difé.6.77 %RH (std.d. 87) and
similardifferences in locations 3 and 1, having ave dif§.@7: w1 ¢ 3.63RrbRandave.

diff. of 3.41 wl 0 RBRIPR. O 5

To look at the close upayerage differences change more onljdnation2. Durhng the warm

period highest difference is iMLave. diff.7.32> wl 0 3408, ®Rralmgst the same
differences in2, ave. diff. 06.49: wl 0 alvRapkId3ave. diff. 51372 wl 0 BRRPR P 5
andfinally L1 withave diff. 0of3.47> w1l 0 &L{B4R tblasto Ipe noted that during the warm

period locationl lacks more than half of data, which might also change average differences.
During the cold period, differences stay the same for laceti3 and 4, but are much higher in

L2, ave diff. of 108> wl O0&a0R®PR pndoc0 I YR YdzOKRHsvldf { SN Ay
pNPNnpoOd

In general, locations-3 do not exceed 750 of RH, while results in location 4 constantly goes

above 80 andreach up to 996 of RH.
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