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Introduction

Background

Energyperformancerequirements, better understanding of moisture safety and higher

demands by users have created the need to find solutions to upgrade the envelope of
KSNAGIF 3S o0NXO|l o izhvdluRnleytBeahggrotheFmally Kafer ekteriorl R S
insulation is not a acceptable solutionFjgurel). At the same time, traditional interior

insulation solutions using mineral wool with or without vapour barrier are risky due to

possible mould hazard and moisture accumulation caused by diivén rain6 | N dzLJt

Si tdX wnnpT aDB ¢SNI HyIRI G INIaByys tuSikvo 00 2 RS
and structural problems in wooden beam ends which are supported by the wall.

Figurel Exteriorinsulation is the most appropriate solution to reduce heat losses through walls for
most of the buildings built during the second half of thé @htury (left). However, it cannot
be used if the facades are valuable (right) and one of the alternatitres liygrothermally
NAale AYOGSNA2NI AyadzZ FdA2yd {2dNDS 2F LK2(2
CCB¥BA3.0EE.

During the last 15 yeartheso-Ol £ £t SR aOF LAt f I NB | OGA @S¢ Aya
used in Central Europe to mitigate tledorementionedrisks. However, as part of the
functioning principle of these systems is to tolerate higher moisture content than usual,
their performance in colder climate cannget be warrantedq frost damage risk and
effects of moisture loads can be a lobre pronounced thereAs the effects of interior
insulation can take a long time to manifest themselves, it would be much more efficient
to use hygrothermal modelling to predict the performance of different solutions
compared to measurements onl@n theother hand, relying solely on modelling, can
result in underestimation of risks due to soragpectaot considered by the usemnd/or
model. By combining both measurements and modellblogmitigate such issueghis
thesis aims to study the suitability @ LJ2 dzZNJ 2 LISy G OF LIAf € I NB | OG A
solutions to Estonian climate and compare them to the vapour tight approach that has
been used thus far.



Research questionand methods
The main research question$ the thesisare:

RQ1 Is heat, air and moisture (HAM) modelling reliable enough to assess
hygrothermal performance of interior insulation in cold climate and h
humidity loads?

RQ2 Is the capillary condensation redistribution (CCR) test relevant to mat
characterizak 2y 6 KSy Y2RSttAy3 aOI LA 1
solutions?

RQ3 Are capillary active insulation systems frost sensitive? If yes, what couli
suitable performance criterion be?

RQ4 Which interior insulation approaches function properly in B0 climate and
buildings?

The methods to answer these questicae:;
i field studiesg on-site hygrothermal measurements
i laboratory studies¢ freezethaw cycling, hygrothermal and tensile
strength measurements, measurement of basic material properties
i hygrothermal modellingg comparisons to measurementgarametric
modelling with long term climate dataset for suitability assessment.

The thesis is based on pemviewed journal articles and conference papers.
Publication HIl involved insitu measurements of different insulation solutions in real
buildings. Publication 1V used a study in a climate chamber to investigate the
performance limits of the capillary active insulation systems by subjecting them to
freezethaw cycles tdifferent moisture contentevels

In publications VI the measurements are compared to hygrothermal modelling
results. Asnoisture content levels wersignificanty underestimatedwhen modelling
insulation systems near their performance limdsring ron-isothermal wetting the
method for optimizing the liquid and vapourconductivity curves of the insulation
materialsbased on the CCR testproposed irpublication V.

Publication Vipresents and employs the improved liquid and vapour conductivity
curves for 2 insulation materials (generated using the tool proposeglislication V) in
parametric modelling with longerm weather data to identify the effect of different
insulation solutions and other parameters (bricks, indoor and outdoor humidity loads,
etc.) and recommends the approaches that are on the safer side.

Pub. LIl Pub. IV Pub. ..V Pub. vV & VI Pub. VI

Suitability
assessment

Hygrothermal and mechanical

HAM modelling accuracy verification
measurements

Figure2  Main structure of the thesis.
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Limitations

1 The hygrothermal modellingpresentedin publication VI uses theutdoor

climate data from 197@2019 from Tartu. Future climate and its impact are not

considered in this thesis.

Wooden beam ends or other 2D/3D detdilsvenot yetbeenstudied.

Cost energy efficiencyecological footprint VOC emissions and reaction to fire

were notanalysed in this work the focus was on determining the hygrothermal

impact of the interior insulation.

1 The performance limits of the wall enclosures depend highly on the specific
materials. For example, different bricks have different frost resistaritiisis
still an actively evolving topic witlesearch results suggesting that frost damage
is dependent onthe degree ofmoisture saturation and frost temperature
(Feng et al., 2019)Furthermore, attemfs to derive such data from basic
material properties has so far failed. Beside frost resistance, the unknowns also
include mould growth inside the structure, exact hygrothermal properties of
building materials, etc. Conservative conclusions basati@available data are
therefore drawn in this thesis.

=a =4

Novelty and practical application

New knowledge gained from this research includes:

1 Comparisons betweermodelling and measurements showedignificant
underestimation of moisture content level2 ¥ & Ol LIAf € I NB F OGA @S
materialsin overhygroscopienoisture rangevhen subjected to nofisothermal
wetting through vapour diffusion. Relative humidity hygroscopic rangeas
underestimated during wetting and overestimated during drying pesiod
(hinting at unaccounted for hysteretic effects).

1 a2RSttAy3a gAGK aO2y@SyiaArzylfteeg OKINIOG:
overly optimistic assumptions of the hygrothermal performance of the
GOFLIAEELINE FOGABSE Ay Sshhodedithaityfiala | GA 2y
sense to include thecapillary condensation redistribution CQCR test in
material characterization procedure§ublications IV, VI).

9 Insight into frost resistance of the interior insulatiorystems(publication IV):
autoclaved aeratd concrete AAQ, which was presumed to be frost resistant,
showeda reduction of its tensile strength after freezbaw cycling. Expanded
perlite showeda similar performance as AAC, while no statistically significant
loss of strength was detecteidh unsaturatedcalcium silicate @aSitest wall.

Frost caused damage in watsaturated CasSi.
1 Parametric modelling campaign usiag9-year Estonian climate data and mass
brick masonry walls showed the following:

0 CCPRoptimized CaSi and AAC exhibitedincreased frost risk ithe
cold side of insulation, interior plaster and glue layer compareth#o
G022y @Sy ildAaz2yl ffeé¢ @OKthoddnGtiakngkthée SR YI G SN
test into account)

o frost in the insulation layer can be an issue for both AAC aa8iC
insulation systems in certain cases;

0 theexterior layer of masonry must tolerate higher ice saturation levels
and freezethaw cycles regardless of the insulation type;

11



o0 old interior plaster should be removed before applying interior
insulation;

0 mould irdexes behind the insulation were highemphasis should be
put on achieving airtight installation of both vapour tight and vapour
2LSy aOFLAEfLFNEB | GolakodSdanvedtighdezind G A 2 y
the insulation and possible contamination of indoor; air

o while the chances of success are good when using interior insulation,
acaseby-case approach is necessary to avoid critical combinations.

The applications of the results include:

il

Frost resistance performance criteriare suggested for AAC, perlite a@@Si
insulation systems (maximum ice saturation degreel&tto-mn c/ 0 ® ¢ KS@
be used to assess both HAM modelling and measurement res(gtshlications

IV, VI).

AAC and CaSi material datlaat take capillary condensation redistribution test
into acount are created; a more reliable modelling of those materialsvhen
applied as interior insulation is now possible (publication TH)s is important
as material data characterized without the CCR {astusually found in HAM
software databases) resulis underestimated moisture content leve¢specially
near performance limits of the insulation systems.

The tool to derive the liquid and vapour conductivity functiongrough
generative inverse modelling (publication ). can be usedfor material
characterization for hygrothermal modelling while incorporating results from
experiments such as CCR, drying, cup tests, water uptake, etc.

The decision treegiven in the supplementary material of publication VI can be
used toassess thesuitability of interior insulation solutionsand combinations

of indoor moisture loads and original brick types.

Measurement resultswere collected from 3 field studies and 1 laboratory
study¢ in total incorporating 3 wall types and 6 different insulatiorsteyns.
They can be used aseference datasets for hygrothermal model
validation/calibration (publications ¢lil, V).

12



Abbreviations

AAC
avg.
CaSi
CCR
Cmu
ET

EU
F/T cycle or FTC
HAM
IBK
IBP
iQT
MC
MP
MRC
MRY
MW
PE
PIR
PUR
RH
th.
TT

WDR
WTA

WWII

Autoclaved aerated concrete

Average

Calcium silicate

Capillary condensation redistribution (test)
Concrete masonry unit

(Epasit) Epatherm, an insulation system based on a calcium sil
board
European Union

Freezethaw cycle

Heat, air and moisture (modelling)

Ly adaddzi TFoNNS OK yoxlaE GKYS GIAYIA O S N.
(Fraunhofer) Institute for Building Physics

(Remmers) i herm, an insulation system combining a PUR bc
with capillary active channels
Moisture content

(Ytong) Multipor, autoclaved aerated concréiesulation board
Moisture retention curve

Moisture reference year

Mineral wool

Polyethylene

Polyisocyanurate

Polyurethane

Relative humidity

thermal

(Knauf) TecTem, an insulation system based on an expa
perlite board

Wind-driven rain

Wissenschaftliclt SOKyYy A 48 OK S I NDSAGa
Bauwerkserhaltung und Denkmalpflege / International Associa
for Science and Technology of Building Maintenance
Monuments Preservation

The Second World War
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Symbols

Aw
Gﬂat
d
Da

frsi
g
hy
Kg
K
Ky
M

Pc
Pg

2 GSNI I 0&A2NLIA2Y*02STFAOASY Gz |
Relative mould decline coefficient (used in Finnish mould model),
Dimension, mm

2 GSN) @I LJ2dzNJ RAFTTFdzAAGAGE Ay ad?
Temperature factor;

a2AaddNB Yl aa FtdzEZ 13ko6Yui
Specific enthalpy of water vapor, J/kg

ax
C-

DF& LISNXYSIoAftAGeS & orf 13Iko6Yi ai
[AljdzZAR 6+ GSN) O2yRdzOGAGAGEesT & ol
2 §SNJ @I L12dzNJ O2y RdzOUGAGAGesS & ol

Mould index (according to Finnish mould model),

Capillary pressurePa

Gas pressure, Pa

Pressure in liquid phase, Pa

Water vapour partial pressure, Pa

I SFG FtdzEZ 2kYu

CKSNXYIE NBaraidl yOST Yui Yk?2

DFa O2yadlyd 2F FANE Wko]13IiYD
Relative humidity, %

Critical relative humidity which shoultbt be exceeded, &&

Interface resistance, m/s

DFa O2yadlyid 2F 61 GSNI @I L2 dzZNE \
Saturation degree (water or ice volume divided by pore volumey, %

Relative water vapour diffusion resistance of a layer (equivalent air e
thicknes3, m
Temperature, K

¢SYLISNF GdzNBE ¢/

CKSNXYIFE GNIyavYAGOHEFYyOSsS 2koYui YU
Specific internal energy of gas phase, J/kg

Specific internal energy of liquid phase, J/kg

a2AadalddNBE O2yaSyidsx {3IkYuw

Wall factor (used in ISO 159372009),-

Watervapour diffusion resistance factor,

Moisture excess (difference between indoor and outdoor air moisture
O2yGSyiduvsz 3IkYuw

CKSNYIf O2yRdzZOGAGAGES 2KOYi YO
5SyaArdesr ({3IkYuw

a2Aaiddz2NE O2yGSyid oeé @2fdzyYSzI Yuwe
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1 Background

1.1 Existing wall structures

While a large share of buildings built before 1950s in Estonia had wooden structure,
masonry structures were considered more desirable due to being fire resistant and more
GSEOf dzAA @S¢ ® 5dzS (2 KA 3IKS Ntominht Buidings¥ahda 2 y NB
today most of them are under heritage protection in one form or another.

In the early 20" century, it was acknowledged that massasonry walls had too high
thermal transmittance and would also be moist and caasendesirable indor climate
(Veski, 1935)To overcome that, an air cavity would be added, however, it would be
located neathe interior surface (se€igure3walls 13, 1gmy 0 ® CNRB Y (2RI & Qa
the exterior cavity is more desirabéethe majority of the wall would be protected from
driving rain and wooden beam ends lie in drier conditions.

During the era othe firstindependerte period of theRepublic of Estonigl 918&;1940)
the multi-layered walls (se€igure3d walls 9;11) were promoted as more economically
efficient and hygienic than mass masonry walls. 2 cavities were recommended, as the
inner one was to be filled with insulation such as peat, dlaxaw dust mixed with lime
(Grauen1935)

Concrete masonry units (CMU) were also a novel technology at that time and products
with different shapes and properties appeared (degure3 walls 11, 12, 15, 16, 20).
CMUs with cavities filled with peat were advertised as simpler and cheaper alternative
to multi-layered walls made of solid bricKEiltsen, 1932)

The vall with an exterior cavitpecame one of the main masonry structures during
the Soviet occupationi1944¢1991) ¢ seeFigure4. The introduction of masgroduced
standardized apartment houses (Khrushchyovkas) in 1955 markadden drop irthe
aesthetic quality of new residential buildings. In the latter case, those facades are not
mainlyconsidered preservatioworthy 6 a Ny R S faddtharefanedheé use of exterior
insulation should be preferredA decade later, the concrete large panel construction
method started todominateand masonry was again reserved fbe more prominent
GalSOAlItE o0dAt RAYIaAD

In conclusion, for every wall type and construction, there are buildings for which the
interior insulation can be the only choice. However, the issue is most pressingas m
masonry structuresg thermal transmittance is highessurface temperatures lowesind
wind driven rairflux is not interrupted by a cavity.

15
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Figured The Soviet occupation (1944...1991) introduced théviick cavity wall as one of the main
masonry wall types. Metal wire (left) or bricks (righiere used to tie the leaves together, the
cavity could be, but is not always insulated with mineral wool which is covered with bitumen
sheet for rain protection. Reproduced frofi =~ ; . _ | (I983)_o o e

1.2 Main interior insulation approaches

The issues with dampness, mould and low thermal comfort in existing mass masonry in
Estonia were recognized back in the 1930s and recommendations to overcome them
included:

i to preventrising damp drainage, slopes on ground, waterproofing of foundation
walls(Veski, 1935)

1 to prevent rainwater penetration: plastering and hydrophobization of the
exterior surface§Veski, 1935p WN NHESBZ)claBng¢d that the main means
for the rain to wet the masonry are cracks, not necessarily the capillary flow in
bricks and recommended repointing the mortar joints;

I to preventcondensation on interior surfacesproper ventilationof the rooms
and sufficientinsulation of the wallswere deemed necessarzrauen, 1937;
WNNHBSYag2ys mMdpnHO

1 wooden beam endsvere recommended to be separated from the wall with an
air cavity (on the tip and on the sides) to preventéoWNNB Sy a2y X MdpnH T 4
1929)

On one handWN NHE 1942 @ligr dew point calculations akin the later welkknown
method byGlasen(1958, 1959)which showed condensation in muléiyered brick walls
and emphasized that the proper location for vapour tight layers is near the interior
surface On the other had, he recommended interior insulation of brick walls with
vapouropen reed and limewood strand boards(which, according to dew point
calculations, should cause interstitial condensation).

During the intervening 70 yearshe technologyand understandingof interior
insulation has developed, and today, the main approaches can be split into (beee
alsoFigure6, where theirpresumed performance isompared:

¢ KS & NVvaRourdighagprofch reducing the water vapour flux into
the wall using vapour barriers or insulation materials with high vapour
diffusion resistance.
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E.g.: mineral wool insulation with vapour barrier, polyisocyanurate (PIR)
insulation boards, foam glass boards, spray foam insulation, etc.

T 21 LJ2dzNJ 2LISy & OF LIA f:f theNfore btrddiuke 206 ¢he | LILINE |
insulation material has fine capillaries, which allows the excess moisture at
wall-insulation interface to be redistributetbward the interior surfacésee
Figureb). Due to its vapour open nature, wind driven rain can allegedly also
dry towards the inside reducing the maisé content of the wall compared
to the vapour tight approach.

E.g.: calcium silicate (CaSi) boards, autoclaved aerated concrete (AAC)
boards, wood fiberboardexpandedperlite boards etc.

1 Hydrophobisation combined with either of the previous approaches.
The approachs based on impregnating and/or coating the exterior surface
of the wall to reduce the water uptake while aiming to preserve owap
conductivity. However, the material propertiesare one of the major
unknownsg thereare a multitude of producers and productehilethe effect
of hydrophobizatiorisalsodependent on the substrate material (i.e. original
masonry)and might degrade over tim@gHansen et al., 2018This is a subject
of research on its own thusnot covered in this thesis.

Tmortar = medium
RHmortar = hlgh
| pvmorar = medium

S @
Texterior = low Tinterior = hlgh
RHexterir = medium RHinterior = medium
Prv.exterior = low . P.interior = hlgh
Vapour flux - -

g}
3
5 I . h \
2 ; Pos::::: ]’T Redistribution of water \
=] [ H |
T £ ,b through capillary forces /
58 damage /

Moisture transfer in a pore of the
insulation layer

Cold Warm
side side

Tmorar = medium Tinterior = high
- Vapour flux .
RHmorar = high - RHinterier = medium

Pvmortar = medium e Pvinterior = high
) e i
Sorption Desorption

Figues5 ¢ KS TdzyOlA2yAy3a LINAYOALX S 2F @I Ll2dNJ 218y aC
conditions. Based on Zirkelbach e{2011)and Plaggg2011)

18



PRINCIPLE COLD SEASON WARM SEASON PROS/CONS

Vapour open drying towards

insulation interior not
restricted

e.g. mineral wool

condensation and
mould risk behind

insulation
Vapour open indoor humidity
insulation + loads mitigated

vapour barrier

e.g. min. wool +
PE foil

air leakages can
cause problems
condensation risk
in summer
moisture
accumulation risk

Vapour tight indoor humidity
insulation loads mitigated
e.g. PIR, XPS air leakages can
ﬁah gla‘ss ’ cause problems

drying towards
interior restricted -
moisture accumu-

lation risk
"Capillary active™ drying towards
vapour open interior not (much)
insulation restricted
; indoor humidity
e.g. calcium 3
silicate, aerated loads still affect
the wall
concrete
LEGEND Dry Wet

Figure6 Comparison of different interior insulation approaches and their impact on a mass masonry
wall subjected to windlriven rainBased of2A NJ St 6 OR01H Y R YNy T St

There are also other products and concepts which combine different aspects of these
approaches Examples othem which have beemmore thoroughlystudied include
hydrophilic mineral woob t I @t N1 Sd I f ®3 & mimemTwodt foxtd y S i
wrapped with vapour barrier and a moisture transporting wigkode et al., 2020)
multi-layered wood fibre board wit embedded moisture control laygiereecken and
Roels, 2014and a PUR board with capillary active chanfidasen, Odgaard, et al., 2020)
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1.3 Performance criteria

1.3.1General
Even if most accurate measurement and modelling data is availdgles is little to do
with them if the performance criteria are missing/TA MerkblattE6-56 YNy T St S
2012)sharessomeguidanceto achieve properly functioning interior insulatioMainly,
the following goals can be summarized:
1 avoid accumulation of moisture;
1 avoid microbial growth (mould, bacteria) on the intergurfaces;
91 avoid accelerated degradation of the structure;
1 avoid mould and rot.

In addition, several other risk&n be summarizedowever, they are outside the scope
of this study

1 2D and 3D detailpints ¢ interior insulation also affects neighbouring
structures (e.g. exterieinterior wall joints, wooden beam ends supported by
the original wall, etc) and theenovationsolution has to take into account
the possible risks there.

1 Reduction of thermal mass of the interior surfacess the interior inswtion
materials have lower density and hence lower thermal inertia, the rooms are
quicker to overheatduring heat wavesHowever, it also means thdhe
rooms are easier to heat up if intermittent heating is us@tereecken, 2013)

1 Salt efflorescenceBeside the original wall, in right conditions the salt
crystallization can also damage the interior insulation material calcium
silicate(Poupeleer, 2007)

9 Higher (hygro)thermal stresseslarger temperature amplitudesand
therefore higher thermal stresses/strains can be expected in the masonry
due to the thermal influence of the insulatio(Vereecken, 2013)

1.3.2Frost
I 002 NR A y 01l FrosybBhhdaSinterior insulation system should be avoided
It was suggested thatemperature atthe insulationoriginal wall interface should be
above-p (cdnsidering dissolved salts and capillary pressure which reduce the freezing
point) and relative humiditybelow 95%mn This very much restricts the thickness of
interior insulation that can be applied, especially so in colder climates on walls with high
thermal transmittance.

WTA Merkblatt 666 YNy T St  SdcommeéndsIakingnersatubation degree of
the material pores into account, it should staglow 30%at. That allows more freedom
compaed to the previous criterion. Study o@anadian bricks by van Straaté2014)
corroborated thatmost of the bricks had their critical saturation degree above 20%

Scheffler(2013) tested lightweight AAC insulation at 97.4% froze it at-m p ¢ / T2NJ

20 cyclesand detected no loss of compressive or tensile strength. Based on the moisture
retention curve inlBKDelphin database, the respective saturation degree at which no
damage occurreth AAC insulation ¥%at.

Based on a study by Feng et(@019) thecritical saturation degree is a function of
temperature ¢ the lower the frost temperature, the lower the maximum allowable
saturation degree. Experiments conducted by Feng €é2alL9)and AFOmari et al(2015)
suggest that the main damage the material takes place during the first freetteaw
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cycles with additional cycles being less significkehg et al(2019)also demonstrated
that frost resistane predictions made usingwo existing modelsbased on simple
material parameters (capillary and saturated porosity, water uptake, etc.) didanatlate
with the measurement result©verall, he main issue witthe more detailed frost damage
models is the lack of experimental datdhe results are materiadlependentand further
studies are required.

1.3.3Mould
Several modeldor mould growth assessmengexist. Within the scope of this thesis,
the Finnish / VTT moulehodel (Hukka and Viitanen, 1999; Ojanen et al., 2010; Viitanen
et al., 2011)is useddue to its versatility and applicability tboth measurement and
modelling resultsThe model offerdwo methods to assess the situatianthe critical
relative humidity above which mould growth is possible ambuld index Theformer
depends on material sensitivity and temperatyseeFigure?, left), the latter considers
the material characteristics, temperature, relative humidity dineldurationof conditions
favourable for mould grwth and returns themould indexvalue from 0 (no growth) to 6
(extensive mould growth) seeFigure7, right

The recommendations by the developers of the mould model suggest that if the
analysed surface is in contact with indoor air, the mould index valg2sdrrespond to
the upper limits & the safe functioning of the structur@Viitanen et al., 2015)

100 Mould index Growth rate
S Mould growth possible: 0 11l el
T 05 | | 1 Small amounts (microscope)

E‘ o 2 Several colonies (microscope)
= for all sensitivity classes . o
T 90 ‘ 3 Visual findings (< 10% coverage) or
g < 50% coverage (microscope)
ﬁ 85 1 — 4 Visual findings (101 50% coverage) or
> v sensitive & > 50% coverage (microscope)
% 80 - RHC,/it very sensitive 5 Plenty of growth

12 (> 50% visual coverage)

75 ‘Moulfi grO\(\/th nfjt p0§S|bI? 6 Heavy and tight growth

40 0 10 20 30 40 50 60 (& 100% visual coverage)

Temperature t, AC

Figure7  Left: critical relative humidity (R above which mould growth is possible accordintp¢o
Finnish mould modeBased on Viitanen et a2011) Right: mould indexes along with
corresponding descriptions of growth rate azwlors denoting acceptability on surfaces in
contact with interior air (greeq acceptable; yellowg warning; redq unacceptable)Based
on Viitanen et al(2015)

I 002 NRA Yy 3 (2002 mduldygiosth is prevented and contaminants are
contained if the whole surface dhe insulation board is glued to the walHowever,
this dependson the quality of the workmanship, as it is possible to leave air pockets
behind the insulation (too dry mortar, uneven subsurface, etc), and unfortunately has
occurred inpracticé Yt p OSA 1 2 | y R 2N YAS S &SR Thengiowd, TS N
it is still sensible to consider the mould index at least as an indicator of how serious the
conditions behind the insulation are and how flawless the workmanship should be.
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1.4 Hygrothermal modelling

The dew point / Gaser(1959)/ EN ISO 1378&ethod, which has been widely used since
its introduction, has severe limitations. For example, it dogsonsidediquid conduction,
wind driven rain, hygroscopicity, air convection, moistdependent material properties
and dynamicboundary conditions and igerefore only applicable wher¢hese factors

are irrelevant.In case of interior insulation of mass masonry walls, neglecting the wind
driven rain can result in overly optimistic results and conclusion

In recent decades the accessibility and use of hygrothermal modelling tools (e.g. IBP
Wufi, IBK DelphinDTU MATCH, Hamtopleas grown noticeably. Compared tohe
calculations made using the dew poimtethod, complex problems involving dynamic
boundary caditions and combined vapour and liquid water transfer can be solved.
The pemise is, thatlesign decisions can be made without expensive and-toresumirg
in-situ or laboratory tests.

Numerous studies by different research groups as well as engineers and architects
have employed such tools to analyse the impact of interior insulation on the
KEINRGKSNYIf LISNF2NYI YOS 2 F(200xpiotichetl yha Sy Of 2
performance of a 600 mm masonry wall in Amsterdam and concluded that the use of
vapour tight cellular glass insulation would lead to moisturéddup and the destruction
2F (GKS &aGNHZOGdzNBE gKAES GKS AYLIFI OGO 2F aOF LA
more tolerable. Modelling results of several interior insulation solutions in Norwegian
climate by Knarud et al2014) show that CaSi has lower relative humidity behind
insulation than vapour tight systems. Vereecken e{2015)conducted a probablilistic
modelling study of a 150 cmthick brick wdl using outdoor climate data from Germany.
They concluded that of the studied solutions the vapour open calcium silicate is
preferable for buildings which are sensitive to frost damage and with wooden beam
ends, whilst vapour tight solutions are more appriate in those buildings where these
aspects are not important. A modelling study using Swedish climate(da@ul Hamid
FYR 2 £t S yeuhdiysthe risk mfrmicrobiological growth and an increased
corrosion rate of reinforcement if vapour tight solutions are used. At the same time,
calcium silicate shows a lower mould risk and can even retheceorrosion rate and its
combination with hydrophobation is reported to perform best. In recent years, the
RIBuild project has made valuable contributions to the field through experiments and
Y2RSttAy3 | tA]1Sd C2 NI (DE0dstddhirked tiabof theSidied . 2 | NI D:
solutions, only CaSi and CaSi+PUR systems with hygrophobic treatments would be robust
enough to withstand the future climate.

However, the accuracy of hygrothermal modellinggisamong correct boundary
conditions, propespedfications of the structurgetc.¢ largely dependent on the reliability
of the material properties.The main equations and relationships that govern the
hygrothermal processes ithe HAM modelling software IBK Delphi@runewald, 1997;
Nicolai et al., 2009re given irFigure8. Compared to the dew point method, which only
required thermal conductivity and vapour diffusion resistance fector describe the
materials, the experimental dataset neededo understand the behaviour and
interdependence of material properties is now much widarrthermore, the processes in
over-hygroscopic moisture range are difficult to measure and material properties harder
to determine. Unfortunatelythis is the moisture content rangdéat mass masonry walls
4dz0 2SOGSR (2 6AYR RNAGSY NI Ay alspRacht OF LA £ | NE

Conventionally, water uptake and drying tests are used to determine the water vapour
and liquid conductivity curves in the higher moisture contemge(Krus, 1996; Scheffler
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and Plagge, 2010\ssessing the share between the flows in these experiments is based
on assumptions as both have the same direction and are subjected to rather extreme
conditions (water contact and full saturation).

Iterative solver (finite volume method)

Figure8
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The main equationand relationships governing the hygrothermal processes in the finite
volume mesh of IBK Delphin. Some of the experiments used to create the material property
functions (right) are also givemhepresentedmaterial properties are based on A4Based

on Feng and Janssen, 2021; Nicolai and Grunewald, 2006; Scheffler, 2008; Scheffler and
Plagge, 2010)
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To gain more information on this, Binder et@010, 2013, 2014jroposed a capillary
condensation redistribution (CCR) test, where vapour amaidi flows are in opposite
directions. In this tes{seeFigure9), a temperature difference causes a condensation
plane insidethe material sample whil the mass change and moisture profitd the

sampleare monitored.
9L
PP

iz i

|
AL

DATA
LR R e ok Sp LOGGER
L7177 P77 Tl 7L 77 7777 L7777 7 P77 707 7770723,
_Q(F* COOLING ‘

COOLING ELEMENT - -
9 = Vv
7‘9RL
7] MATERIAL SAMPLE 9. AIR TEMPERATURE
== SEALING ¢  RELATIVE HUMIDITY
] INSULATION CASING Sor SURFACE TEMPERATURE
ZZ SAMPLE CARRIER 9t» BOUNDARY LAYER TEMPERATURE

9w INGOING TEMPERATURE
[—> WATER VAPOUR DIFFUSION 9r. OUTGOING TEMPERATURE
Ci) LIQUID TRANSPORT

Figure9  Setup of the capillary condensation redistribution (CCR) testdour and liquid conductivity
determination Reproducedrom Binder et a2013)

In their preliminary example comparisons Binder e{2014) Publications V and VI
(covered inchapter 4 of this thesis)and Hirsch et al(2020)indicated thatmodelling
with material propertiesusing conventional material characterizati@re. without taking
the CCR test into accountyignificantly underestimated moisture contentin
non-isothermal experiments where wetting due to vapodiffusion and possible
capillary redistribution were concernedvhile CCRptimized material data managed to
better reproduce the measurement resultSurthermore,the conditions in the CCR test
are much closertothe redl A FS | LILI A OF BA 2yO UATISEK S y@a @zt LINITA2]
than a wetting experiment with sudden water contact an isothermal dryingtest.
Should the performance criterion be a critical moisture content of sdkirel, then in
those conditions thainderestimation of moisture conterievels usingt O2 Yy @Sy G A2 y I £
characterized(i.e. without taking the CCR test into accountaterial dataresults in a
non-conservative errar
However,as of writingthis in2021, only a handful of materials in IBP Waifid lately
also in IBK Delphidatabasehave been characterized based on the CCR Tés$ raises
the question whether the conclusions drawn from previous modelling in high moisture
range while using conventional material characterization are still v@lik of the aims
of the thesisis to gather further measurement and modelling datastady the impact
of the CCR test on the modelling results of interior insulation solutions.
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2 Experimentalstudies

2.1 General

The simplest way to assess the suitability of the interior insulation solutiontd be to
install the solutions in a building and then wait for the masonry to freeze, wooden beams
to rot or mould to grow However, whilethe most probable subjestof the interior
insulation are valuable buildings and allowing them to be damagedtiseeeptable,
such processes can also take decades to exhibit thems&hesterterm measurement

of hygrothermal conditions inside the wallsan shed the light on the state and trends

of temperature and humidity, which can be used to assess the ingfatie insulation

and help predict the longerm outcome.

At the start ofthe experiments listed in this thesis (in 2012}situ experimentaising
GOF LIAT £ NB IhédioalWnSen cohdlictedzin ICéntiBRrgpean countriesAs
Estonian colder climate can possibly causgre severe conditions in the insulation and
original wall, local measurements were deemed necessary to study the hygrothermal
performance of the interior insulation solutiongcquiring firsthand experience in
working with the materials was also vital.

To determine thefrost resistanceof it KS & O LIAf £ I NB | OGthdpS ¢ Ay ad
of a wallmockupswassubjected to freezeghaw cycling ira climate chamberlong with
tensile strength andhygrothermal measirements

2.2 Methods

2.2.1Hygrothermal sudy of 4 different insulation solutions under typical
apartment conditions Gpordi 2 KohtlaWN NIJ S 0

Studied

wall N
area

Figurel0 View of the studied school building.
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To compare the hygrothermalerformance of different internal insulation materials
and to developan energy renovation solution for historic school building the exterior
wall was insulated with four materiglwhile the fifth section was left uninsulateas a
reference(seeFigurell).

Materials were selected so that diffusion open, capillary active, and vapour tight
materials were used:

1 calcium silicate (CaSi): capillary active material with very high open porosity and
low vapour diffusion resistance;

1 aerated concrete (AAC) with high open porosity, lower capillary activity and
thermal conductivity;

1 polyurethane board with capillary active channels-{ll@combines low thermal
conductivity andsomecapillary activity;

1 polyisocyanurate board (PIR) with closed pores: low thermal conductivity and
relatively high vapour diffusion resistance forming a vapour barrier in itself.

The original brick wall was @385 cm thick, composed of thrdwicklayers with air and
insulation (pat) layers between them. The thicknessof the insulation layes were
selected to represent typical products and to avoid large thermal transmittance
differences between the walldzigure12 shows different stages of the insulation and
sensor installation.

N / Plan
, 750 4350 1630
r
o |
o 1
~ .
PIR | 1Q-T | AAC | Casi HReference:
g8* — || 30mm |50mm 60mm | 50mm | uninsulated 5
1200 1000 , 1000 _ 1000 wall
S Controller
g | Heater | Humidifier ‘
fi Av e
te . te y,
JEHI[MECh- ventilation e l
Section B-B
1200 1000 _ 1000 , 1000 1630
Bl I 1
1&RH 1&RH 18RH | 1&RH
- . PIR1 IQ-T3 | AACS5 | CaSi7
Original exterior wall
Exterior plaster 10...20 mm %
Brick 250 mm ¢ * . - . —
Air layer 30 mm t&RH t&RH 8RH | t&RH t&RH ™
Brick 2120 mm PIR2 QT4 | AACE | CaSi8 Ref 9, 10
Peat 20 mm PIR 1Q-T | AAC | CaSi ||Reference;
Brick 120 mm 30mm | 50mm | 60mm | 50mm | |uninsulated
Interior plaster 10...20 mm wall
I | | -

Figurell Plan and section/view of the studied test walls.
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Figurel2 Top row: test wall before (left) and after (right) the installation of insulation and measurement
equipmentBottom 3 rows: different stages of the process.
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Each test wall was equipped with two temperature and relative humidity (RH) sensors

S§G6SSy AyaddliAazy FyR (KS 2REAEOQUNI GBfE 0P

0
5 mjand heat flow plates (Hukseflux HFE01 I O O B#fldn @he intgrnal surface of
insulation. Internal and external surface temperatures were also measured.

LYR22NJ OftAYIFGS 61Fa KSIGSR 6A0GK GKS asi

keep the moisture excesg difference between indoor and outdooriramoisture

Li2 A

contentyof 2346 3Ik YwE G2 NBLINBaSyid G4KS I @SNr3aS 02y

humidity loads(Kalamees, 2006Figurel3 shows the values of moisture excess plotted
againstoutdoor temperature.
The climatization of the test rooisan attempt to imitate a typical renovation process:
1 period 1 (P1): internal insulation works and starting to heat the room:
27.03.20124.07.2012pAbn dm; K Y w

T PSNA2R H O6tHOY &0GFNIAYy3I (2 KdzZYACRATFE F

6.08.2012 to represent time period between the renovation and moving

back in, high humidity loaginbH ®0 Ik Yw 6 KdzYARAFASRO

1 period 3 (P3): humidifying period t@s the influence of different humidity
loads ornthe hygrothermal performance of test walls, medium high humidity
l0ad:6.08.201Z2y dmMn Outem@d; PK Y W

1 period4 (P4): medium humidity load, 8.10.204®24.12.2012npAbn ®H I K Y W

(humidified)
1 period5 (P5): with low humidification (from 14.12.2012) to see drying out
potential of differentwallspAb i ®p Ik Yw 6 KdzYARATASR

I 002

1 period 6 (P6): medium humidity load, 22.01.2Q43c @1 H bm e T I Y w

(humidified);

1 period 7 (P7): higthumidity load, 16.02.2013 T ® M N1 dMbiovddcT Fhk Y w

(humidified);

Indoor and outdoor temperatures as well as temperatures between the insulation and

the original wall are shown iRigure25 (top). Indoor air temperature stayed the same
throughout the heating period (+240.5¢ / @utboor air temperaturesangedfrom +17
to+30c/ Ay WdzZ & gAlK /Iy ¢SS afEGnETaddattgprd n
mild, with an average of +5¢4/ Ay b2@SYOSNJ I YR YAYA Xdzy
on severaloccasions.

7
6 Period 7 Period 6  Period 4  Period 3  Period 2. B
— - \ \ [

) B % RS <
E 5 v \ s
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zZ 3 /.;;"7"
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Q
wx 1
o
g 0
a -1
o
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-3 : :
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Exterior temperature f,,°C

Figurel3 Indoor moisture excess dependentartdoortemperature during the experimeat Spordi
2, KohtlawN NJ@r8biped data fromublicationlandY £ p OS A(2023a)S G | £ ®
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2.2.2Hygrothermal sudy of AAC insulation in an office buildiny@baduse

@ N t 2 Tallinn)

+1 0 Rdza S wdibterdffite buildirfpailt i 1932 Figurel4left). As it is heritage
protectionlisted> F f G SN} GA2ya (2 (Durifig preliniebrRSudiésNE T 2 NX
the wall structure was opened, itimensions and materialsere specifiedand material

samples were collectedFigure 15 and Figure 16). Due to the wall structure being

complex and previous experience showing the need for caution, a field study was carried

out.

n =
iinnn hnunnn ' Insulated walls and 35 T
§ihnnn window jambs I
nNunnn VieAwl 7 }
nmuwnn 1 0 [ f . }
Insulated Uninsul. | 3
rll'l_l_,"_l inn nunnn test room ref.room ||
|
(RN || - ‘
AL R nmuw . .
T J nln ‘ ~__ 519 o) S5 3,30
L T TR ‘ T
£ Studied’rooms o | 8 ?

Figureld R cel RS 2 ¥ buildicg (leR) dndzbtak & fhe test rooms (right)

The feld study consists of monitoring an insulated test rodigure 14) and its
neighbouring uninsulated reference room. Both are situated on tHefl@or and are
north-facing

Based on initial hygrothermal simulations a 50mm layer of autoclaved aerated
concrete (AAC) insulation Ytong Multipor was chosen to cover the walleaa of the
two radiator niches. Due to space restrictions, window jambs were insulated with
d=12.5mm and 20mm XPS insulation boards (Tycroc TWHQure 15 shows the
insulation and measurement setup. Insulation and monitoring equipment were installed
during the period of 28.07.2014(Figure16 bottom row). The following measurement
devices were used in monitoring of the hygrothermal performance of the built&fH
probes: Rotronic HygroClip HC2n p 6 | O QNI >0ed; heat flux plates:
| dzl 8 S¥t dzE | Ct5%)mdata logy€rdaxaht Bguirrgl SQ2020 1F8 (accuracy
pndnp: 2 F 0RBW Rirahde) dag logger Grant Squirrel SQ2010 (accuracy
pnoOmM: 2F DB4 6 Nangel tersperature probes: Onset Hobo CBWD
Ol OOdNISORERIR G £ 233ISNEY hyaSid | 262c/, mu | YR
b 2.5¢3.5%H. Measurementand logging intervadf 1h was used.
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Figurel5 Mew at the insulated test wall from the insid@lacement of sensors and insulation scheme
(top). Middle part of the test wad wall structure, placement of sensobettom).

30



Figurel6 Sampling of the original wetb specify its structuréop left). Original wall after sampling
(top right). It is relatively easy to leave air channels behind the insulation due to bad

workmanship, wrong tools, too stiff mortar etc. (bottom Idfistallation of insulation boards
(bottom right).

Figurel17 (left) gives the indoor and outdoor temperatures as measured on site.
Minimum outdoor temperature during the winter of 2014/2015 wakl.1c / 6 A (i K
average of +1.8 / 0 ™M drinGBRGL5),mahich is higher than usu@he winter of
2016/17 was similarly mild, while 2015/2018nd 2017/18 also showed lower
temperatures (minimumm T @ @nd-mh ®y ¢/ NE/&ragSiduock tengpéradture
in the measuredrooms was 26¢ / ® Baditerniit@nt heating scheme the indoor
temperature had a daily amplitude of4c /Figurel? (right) gives the moisture excess

in the studied rooms and shows that moisture lsaturing the measurement period
wererelatively low.
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Figurel7 Indoor and outdoor temperatures (left) and indoor air moisture excess during the

measurement periodrigures initiallypublished inPublication llare updated toshow the
whole duration of measurements.
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2.2.3Longterm hygrothermal gudy of PUR foam and CaSi boards in dfice

(1l ol Rdza S,T@Imhﬁ)al- 1 wmn

This study took place on the last floor of ast8rey office building (built in 1936; cultural

heritage; sed-igure20). Existing interior insulation (gypsum board, PE foil, min. wool)

exhibited excessive mould damage and a renovation solution had to be fodtedain

challenges werelow surface temperatures, high thermal transmittance and avoidance

2F TFdzidzNBE o0A2t23A0Ff RSOF&d t NBEAYAYFNEB | &

AAAAA

F2LY AYy2SOGSR AydG2 AN Or@AGASa 2F GKS Yl az

|
|

=H= ‘e

i
A
ii

Figurel8 B cel RS 2 F (i K Steshroodzi® HeSighaten eith th&dashét red line.

Vertical and horizontal sections of the studied wall are giveRigure20. The wall
structure, renovation solution and sensor placement are also shown. Sensors and their
positions were selected both to assess the hygrothermal situation after the insulation
and to have enough reference points to calibrate the HAM modEigure19 shows
different stages of the insulation and sensor installation.

The following meas@ment devices were used&RH probes: Rotronic HygroClip
HC2 np o OOBdzNIA%& Tp KSI G Tt dzE LI I GS&Y5%)dz] 4 STt d
RFEGF £233SNJDNFyd { | diAddNSE X W uNBiAR awCFa o OOdiz
temp. probes & logge®nset Hobo UX12006M & TMCA 5 ¢ | O O.dadl GBH p
RFEGEFE t£233SNBY hyaSid 12062 02Iimh Z26¢%5%).! - mnn
Measurementand loggingnterval: 1h.
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Figurel9 Installation of PUR foam (top left). Aihannels can exist in the glue mortar due to bad
workmanship, wrong tools, too stiff mortar, uneven subsurface, etc. (top right, middle left).
CaSi insulation before (middle right) and after plastering (bottom Méasurement devices
on the interior surface (bottom right).
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(=)
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\\" "z:iv [Mortar -20mm __ Legend:
\-T&RH3 Brick - 270mm @ Temp.&rel.hum. sensor
Cavity -100mm ® Temperature sensor
{ Brick - 130mm I Heat flux sensor

Figure20 Vertical and horizontal sections of the wall showing sensor placement and wall layers.

The measurements took place from March 2015 Miarch 2018 and includk
installation, dryout and use phasdadoor and outdoor temperaturesre giverin Figure
28. Moisture excess during thmeasurement period in the test room was very low (close
to moisture class 1 according to #80 13788 A.2), as a wklhctioning HVAC system
was installed.

2.2.4Hygrothermal and mechanical study of AAC, CaSi and expanded perlite
systems in climate chamber

2.2.4.1Testsetup
Ly GKA&a &addzRé o RAFFSNBY(d GF LIR2dz2NJ 2LISYy & O LI
Ytong Multipor autoclaved aerated concref@AC)in 50mm and 60mm thicknesses
(designated as MP50 and MP60 respectively), 50mm Knauf Tectem expanded pérlite (TT
and 50mm Epasit Epatherm calcium silicate (ET). All the insulation boards were attached
to the base structure using systespecific glue mortar and covered with plaster and
paint. The goal of thetudywas not to imitate the exterior wall exactly as ibuld appear
in real life but to achieve similar moisture content in the insulation systemst@mnekst
them for frost resistance. Thus, to shorten the duration of the cycle, a base structure with
low thermal mass was selected. This consisted of timberifrgnwood particleboard,
PE foil and Knauf Aquapanel cemdibreboard The view and section of the wall are
given inFigure21l. The materials in the & wall were selected so thahe majority of
them would be represented irHAM software IBKDelphin database to reduce
uncertainties Figure22 shows different stages of the study.
Temperature, relative humidity, moisture content and heat flux sensors were installed
in the wall Figure21top and bottom). The following sensors and devices were used:
1) temperaturesensors (inside the wall and on surfaces): Onset Hobo TMIO1&
loggerUX12i nc a o | @AsSeNIode §
2) t&RHsensors (boundry conditions in chambers and inside the wall): Rotronic
HygroClipHC2/ np 0 I O03BdzNIJI%k& & A/D converter: Siemens SM331
6ES7334kf02n | 6 n O OdxMyl O&
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3) KSI{G FfdzE aSy&az2NBY BuyloagdeTGrazESquing®Q202a o |
MCy O OCmaNE:082 Ff NBI RAYy3Iaz p nodnup: 2F NIy
4) backupt&RHsensors for int. and ext. chamber climate: Onset Hobo U030
5) balance: Vibra AJBR0O0OCE (e0.1g, d=0.019);
6) oven Venticell 111.

Also, gravimetric measurement of moisture ¢ent from different drill core layers
were used (sedigure23). Samples were dried at @0/ dzy G At O2yaidl yid YI 2
achieved.

View from the interior chamber
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Knauf TecTem | ! : | | ! : | ! : | ! : Epasit Epatherm
50mm (TT) I (ET)
} 1710 L 1710 }
! 3595 }

Section A-A

1 I [ I I I

&) D — Detail 1
Detail 1
@ Timber framing 180x50mm, MEASUREMEMNTS
s600(h)x 800(v)mm t&RH= | ) —
Exterior air: t&RH
= Exterior surface: temp.
Ty -y e % Glue: t&RH, moisture content,
4 1&RH; o L temp. at timber frame
HF. t Interior surface: temp., heat flux
@ " t&RH [TEST WALL IN CLIMATE CHAMBER Interior air: t&RH
Particleboard - 22mm

Break between

insulation systems PE foil t=0.1mm -0.1mm
50x95mm timber, Knauf Aguapanel Qutdoor - 125mm
_PE foil, 15mm PU foam Glue mortar acc. to system - 6..8mm
Insulation board - 50/60mm
Plaster acc. to system - 37mm

Silicate paint acc. to system

Figure21 View to the test wall from the interior chamber (top), horizontal section (middle), detail of
the layers (bottom)
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Figure22 Top left:sensors behind an insulation system. Top right: installation of an insulation board.
Middle left: smoothing the interior plaster and the reinforcement mesh. Middle right: cutting
the insulation systems in preparation for pofl testing and gravimetricmoisture

measurements. Bottom left: ptdff testing of the insulation system. Bottom right: view at
the test wall after the final series of sampling.
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D~84mm

LAYERS FOR MOISTURE
CONTENT DETERMINATION

Knauf Aquapanel Outdoor -12.5mm
Glue mortar -7..8mm
Exterior part of insulation ~6mm
Middle part of insulation ~34/44mm
Interior part of insulation ~10mm

Figure23 A typical drill corandlayersfrom which moisture contentasgravimetrically measured.

2.2.4.2Boundary conditions
Temperature and relative humidity in the indoor and outdoor chambers had 5 main
periods (sed-igure24):

1) dry-out without artificial climate control;

2) humidification in the indoor chamber and cooling in the outdoor chamber.
Theboundary conditions were chose so that the insulation systems waxthéeve
similar moisture content as a 380mm brick wall with 100mm autoclaved aerated
concrete or calcium silicate interior insulati@tcording to modellingvith a
43-year climatiadataset obtainedrom Tartu, Estonia;

3) drying ¢ the measured moisture contg levels were far higher than the
hygrothermal models predicted and it was decided to reduce them;

4) second humidification period;

5) freezethaw cycles. A typical freezbaw cycle irthe exterior chamber consisted
of afreezing periodt(F -29¢c / = R daNa5h) andayhavéng period(F & h =
duration ca. 11h), whilethe interior chamber temperature was kept aconstant
20c¢ /Ddring the freezing cycléeemperatures in the insulation glue layer dropped
toca-15¢-7c/ RSLISYRAY 3 sfemand Boisturg Sodint G A 2 y
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Figure24 Temperature and relative humidity in indoor and outdoor chambers.

2.2.4.3Freezethaw resistance assessment

At 0, 11, 26 and 53 freezbaw cycles 10 test samples of each insulation system were
testedfor adhesion/tensile strengtth | ¢ ¢ H -driff Was QsBd\id the separation of

GKS al YLX Sa o NBadz (A yhaseviesetesied pitfiaProgegdBYNAY Sy & 0
Z PulOff tester.Moisture content was sampleiditially from1 and later2 drill cores per

system per seriesAlthough other methods have also been used for frost resistance
assessment (e.g. compressive stren(ficheffler, 2013)dilatometry (Mensinga et al.,
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2014) dynamic elasticit modulusas used in EVBN 141462004) mass loss, visual
inspection etc), tensile strength was deemed suitable as the whole system was under
studyand changego any layer would become apparent

2.3 Results and discussion

2.3.1Hygrothermal performanceof the interior insulation solutions

2.3.1.14 different insulation solutions under typical apartment conditions (Spordi 2,

KohtlaWN NJ3 S 0

Measured temperature and relative humidity between the insulation and original wall

are given inFigure25. Although the outdoor air temperature stayethder-10c /  F2 NJ vy

days in December, none of the sensors detected temperatures below 0 RA NB OGf & 0S¥
the insulation.

Drying finished fastest in the case of CaSi (24 days), AAC section dried to the same
level in 38 days, whereasiQreached the lowedRHof 86% at the start of humidification
(3 months after the installation).

In the case of PIR tleeiticalRHfrom Finnish mould growth modé¢Djanen et al., 2010;
Viitanen and Ojanen, 200Was used to assess the possibility of mould growth, as the
side whichwasin contact with the original waWascovered with paper. The limiggiven
in Figure251 aRH¢éa y ng:Ndeasured relative humidity values behind PIR insulation
exceeded ts critical limitfrom August b October in 2012 and from June the end of
measurements in October 2013

After the initial dryout, the relative humidity in the K section stayed around the
limit of 95% which is also thengewhere the capillary transport of humidity increases
significantly. Th&RHsensor malfunctined after ca 5 months of use anteasured values
between Oct. 2012 and Jan. 204& missing

Due tothe lower vapour resistance of AAC and CaSi, relative humlzbtyveen
insulation andthe original wallreacted more quickly and drastically to the changés
indoor humidity. While the absolute humigifevelsstay practically the same, the lower
thermal resistance of CaSi layer causes higher temperatures and lower relative humidity
levels compared to AAT case of AAC, the 9&&timit is occasionally exeded.
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Figure25 Measured temperaturétop)and relative humiditybottom)between insulation and original
wall. Combined data frorRublication lany £ p OS A(2023b)S U I £ @

Thermal transmittanes were calculated based on heat flow and surface temperature
measurements for the period of 1.09.20428.12.2012. The period was chodegrause
of itslow temperature fluctuations and solar radiation. The average values for thermal
transmittance are giveimn Figure26. Thethermal transmittances of all systems dropped
F o2 RdZNAYy3 GKS LISNA2Z2R 6A0GK2dzi KdzYARAFAOI GA
The average values of surface temperatin November stayed within 19;29.8c /
and the average for the uninsulated reference wall was t7/3he @verage indoor
temperaturewas20.9c / 0 ® 5dzNAy 3 GKS O02f R LISNA2R Ay 5S0
of the reference wall dropped to an averagel@.1c / = gKAf S GKS aSOiAz2ya
stayed 4c / K xh@ KvBrage ihdoor temperaturvas19.0c / 0 RSLISYRAy 3 2y
material. A potential issue were low surface temperatures at the metal fasteners of PIR:
the temperature factoifrsimeasured at the fastener was 0.72, while the respective value
at PIR surface was 0.92 and on the reference wall 0.82.
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Figure26 Average thermal transmittances calculated from measutesht fluxesand surfaces
temperaturedduringthe period of 1.09.20%28.12.2012.

23121 1/ AyadzZ FGA2Yy Ay Ly 2FFAO0S o0dzAif RAy3 0
The measured temperature and relative humidity values at various points in the test wall

are given irFigure27. The dryout to stableelative humiditylevels tookca.1.5 months.

Data from all sensors show that hygrothermal conditions during the measurement period
stayed well below the safe performae limits of the system. On one hand this can be
attributed to relatively low thermal conductivity of the historic aerated concrete (when
compared to other masonry structures) attie air cavity between outer brick leaf and

interior layers, which reduce$é ingress of driving raitdowever, itmustbe noted that

indoor humidityload in the test room was lowComparison of heat flux data from HFP1

(on insulated wallanda similarly placed sensor dhe reference wall revealed over two

fold reduction of themal transmittance Urrp1=0.502 K 60 Y 4 UX=.1B&XK 6 Yui YO O ®
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Figure27 Temperature (top) andefative humidity(bottom) behind insulation layeCombined data
from PublicationllandY f p OSA 1 2  |(2¢1B) extehdedneaduément period is now
alsoshown
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2.3.1.3Longterm study of PUR foam and CaS8sulationAy 'y 2FFAOS o0+l o6k R
10, Tallinn)

The emperatures behind CaStigure28top, sensors TRH1, 3, 4) were closest to limits
during the winter of the first year. At sensor TRH4 (concrete section) they fell to as low
as-25c/ X odzi y2i0 NIk O ieyFsoriykséctiod N ténipéddtuies
were higher due to PUR insation adding further thermal resistance. Consequently,
sensors on the exterior side of PUR (TRH2 shown here) measured far lower temperatures
than between CasSi arttie concrete bond beant-igure28 (bottom) gives the measured
relative humidiy levels Dryout of the buikin moisture to stable levels took about
2.5¢3 months.RHvalues between exterior brick leaf and PUR (sensor TRH2) were quite
stable (fuctuating about 5%+throughout the year) after the dryout ahe CaSi builin
moisture.

Analysis of measured data hints theapour concentrationof air in the pores of
exterior masonry leaf are governed the outdoor climate while laggingehind byabout
halfaweek. £43 k Y w Wpoar8ondentratiorompared to indoor and outdoor air
in autumn (midAugto Oct.) is pronounced, possibly due to rain. However, moisture does
not seem to be accumulating in the wall over time, which could be tise @ath vapour
tight interior insulation and heavy wind driven rain loads. Sensors behind CaSi insulation
measuredvapour concentratiomuite close to that of the indoor air throughout the year.

A lag of a couple of days was detected.
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Figure28 + I 6 RdzAS @Nf 2l 1 wmnY YSI Aad2NBR yiiéselshifon) G dZNBa 0
throughout the monitoring period.

Temperature indexes/factorsfis) were calculated from surface temperatures to
assess mould and condengm risk on the walD durface. The worst situation was
detected atthe wall-floor intersection frsi= 0.79) and athe concrete bond beam
(frsi= 0.83). None of those results should indicate a risk, however, as indoor moisture
load was lowfrsivalues athe rest of the intersections were also considerably higher (i.e.
safer).

Average heat flux and temperature data from 1. Nov. 2255 Feb. 2016vere used
to calculate the thermal transmittanse(U) of the insulated wall (se€&igure20 for
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placement of the sensors). At tie bricks (HFBZ) n®pH 2kO6Yui YO 61 & Y
between tie bricks (HFP1) the value wasI ndom 2koO6Yui YO® HS5 G(GK
modelling of the insulated structure results an average thermal transmittance of

U=0.392 KOYui YOI doilAddictiorh dompared do the uninsulated case

U=1142 KO YUi YOO O®

s (D

2.3.1.4Study onfreezethaw cycling of 3nterior insulation systems iraclimate chamber
A typical freezg¢haw cycle inthe exterior chamber consisted of freezingHt-H ¢oc / X
duration ~25h) and thawing peris@tFH nc / £ R dzNJ { AhRiyiteri6raharkbers ¢ KA f S
temperature was kepat a consantH nc/ ® 5 dzNRA y 3 (itKeSempekdBi@i A y 3 LIS
inside the glue layer dropped to as low d6to -10c/ RSLISYRAYy3 2y (KS
system (sed-igure29). Due to relatively high moisture conteof the insulation systems
the effect of freezing and thawing is evident i@ temperature chart. It can be said that
FNBST Ay3 &adil oMMRE0 and MBE@BAQRRd&t aroentim XA ¢/ F2NJ ¢ ¢ |
ET(CaSigystems. This is higher thane x-pc/ GSYLISNIF G dzNBE t AYAG 7T
derived from thermodynamicé & Y Kegiil)&nid suggests that larger pores are filled
with water. Using porositiefrom the Delphin databaseind measured densities,
the saturation degrees were calculated from the measured moisture content at the end
of each puloff test cycle (Figure36). The saturation degree in insulation reached the
highest in ET(CaSi;20%a) and stayed the lowest in MPAAC)and TT insulations
(10X M Mg). In the case of the substrate (cement fiberbogarthe trend was reversed
the lowest saturation degree wastine ET(CaSiand TT section2{X H dagd vs MPAAC,;
36X37%sat). Thehighest saturation degree in the glue wagtie TT (41%) and lower in
the MP (AAChNd ET section€@SiH p X osa)i z
Figure30compares the moisture contemf the cold layer anthe mean of the whole
insulationlayerto the mean thermal conductivity of the insulatidayer.As the moisture
content is not uniform along the thickness and between the insulation systems,
the correlation betweenhe mean thermal conductivity arttie moisture contentievels
is different.Also, it should be considered that ice has higherth& conductivity than
water and the insulation was partly frozen during some stages of the sTUthET (CaSi)
was better at redistributing moisture towards the warm side than e.g. MP (AAG)Ilsmd
continued to accumulate moisture throughout the testhe former hada more notable
increasg(ca 30%j)n the mean thermal conductivity than the lattéca 10%)

y
2
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Figure29 Measured and modelled temperatures behind the insulation layer during a typical freezing

cycle.
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cold side of the insulatiom)easured during the climate chamber experiment. Combined data
from Publication IyVarda(2017) and Publication \/I
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2.3.1.5Discussion

A factor influencing the accuracy of direct comparison between the Spordi 2a and
+ I 0| Rdza SefafeNde &nld nsulatedall sections could be air flows in cavities and
non-uniform distribution of insulation in thexasting wall (in Spordi 2a casé). Spordi

2a, the total thickness of the multi layered wall was high (caif) and 1000 mnawide

test wall sections are probably not wide enough to give a complete comparison on the
effect on the exterior layers betweemé systems that aim to be vapour tight and those
that are more vapour operHowever the impact on the insulatiororiginal wall interface

can still be judged.

Asala @ aG SYa dziAy 3 hadarfsimmayeddi dlue mdrtar Rc@oyding to
installation instructions, the amount of water addetsidethe wall was largely the same.
OnIQT, the topmost plaster level was thicker than on the otegstemg10-15 mm vs
2 mmon CaSi and 5 mmon AAC)

The moiture added during the retrofit works can cause long periods of Righf the
renovation works are done during the period when the outdoor and indoor conditions
are not suitable for the drying out or the moisture is not dried out before the rooms are
taken into use again. The results show tltle timing of the renovation works owhen
the rooms are put into use agaimeed to beconsidered Thelength oftime after the
renovation works is most critical for the {Q while for CaSi and AAC it is consideyabl
shorter.Beside specific insulation material, the dryout time is dependent on the indoor
and outdoor conditions and the original wall too, as showral8sold difference in its
length whencomparingCaSi systesin different case studie€ven longer drout time
was measured byensen. 2 | Nf aD@021)when corkinsulation plaster was used
in that case, the whole insulation layer was initially nearly saturatid water.

In general, direct comparison with works by other researchers is difficult as the indoor
and outdoor climate loadsnsulation thicknessesnaterial properties, wall structures
and studied details (some concentrated on wooden beam ends) Heratit. However,
like in current case studie# the indoor humidity load is governed by the users naturally,
the performance of the interior insulation systemsis ggodd NdzLJX Sd | f ®X wnnn
2013)and if artificial humidificationis used, the measuredefative humidityis higher
658 aSia S IftdX unmtT WSy daBlyefal,2820id D> S
might exceed the basic 9%4criterion.

2.3.2The effect offreezing and thawingn the tensile strength othe insulation

systems

The ensile strengthevelsof the insulation systems before and after freebaw cycling

are given irFigure31. Testing showed quita high spread. In TT & ETaSipystems the

rupture appeared in insulation layer near the glue in all cases. With MP50 and MP60

(AAC)it occurred in the middle athe insulation layer during the base (0 cycles) and 11

cycle cases. Howevefter 26 and 53 cycles (especially with MP50), the drill cores mostly

separated from the base structure (cement fiberboaadp the glue layeinterface
Comparing the base cases to ttemsile strengths at 53 cycles, independent samples

1-tailed t-tests showedh statistically significant drop in tensile strengths for all insulation

systems (< 0.05) except for E{fCaSi)In case of MP50 and MPERAC) the deterioration

was significant already at 26 cycles. However, as statistical equivalence of the results

from different cycles was not tested for, it cannot be said tha{E&ASi)s frost resistant.
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Figure31 Tensile strengths of dridbres: sample and mean values oh&® Multipor (MP50, top left),
60 mm Multipor (MP60, top right), 5&m Tectem (TT, bottom left) and 50mm Epatherm (ET,
bottom right).

2.4 Chapter onclusions

Theinterior insulation had the expected positive effethermal transmittanceswere
reduced and interior surface temperaturesincreased The studied solutiongut the
thermal transmittances 8-fold, which shows potential for energy savings. The surface
temperatures on the insulation systemgere considerably higher #n those o the
uninsulated reference wallshus improving thermal comfort However, the metal
fasteners penetrating thePIR insulation sgem hadan even lower interior surface
temperature thanthat of the reference wall andhey could become a problerim high
indoor humidity loadsThe fact thain none of the case studies the temperature behind
GOFLIATELINE |OGAGSE AyadzZp (d/2 yi ANBASKIER RNR 2 iz
taken for granted and can be attributed to mild winters and favourabl#é gteuctures.

Thedryout time of built-in moisture A Yy KSNBy &G G2 GKS aOF LIAE f I N
systems is considerable (especially in the case of more vapour tightsigdtem) and
should be accounted for when planning the retrofit. On the other handtailation
works of PIR insulation did not introduce additional moisture to the wall.

In low indoor humidity loads6 2 F FA0S aSdiGAy3IT =+ 61;RdzaS ON
Y2AAUdINBVFSmOPad yR v Hikertested\sBlitiads getiokn@dS ek
and were not close to exceeding the 9&9performance criteria.

The results from the test witthumidity loads similar tohigh population density
apartments (Spordi 2a, KohttVN NI & 2 A & (i dzNB 1§ E O 3)skiowed thal w
95%HLISNF 2 NY I yOS ONARGSNRA2Yy 2F aOFLATEINE | OGA
evenin a rather mild wintey insulatinga favourable masonry wall (2 cavities, one of
them insulated) with modest interior insulation thicknesses i@t AAC exceeded the
criterion, 50 mm CasSi was on the limi§onsideringhat the outdoor weather can be

45



colder, wind driven rain more pronounced and thermal resistance of the original wall
lower, the 95%w limit is probably quite hard to fulfil. Therefordyigher allowable
humidity/moisture content levels behind the insulaticare needed According to the
Finnish mould model, the relative humidity behind all insulation systems was high
enough for mould growth initiation, howevEr G KS & OF LIAT £ I NB | OG0 A @S¢
as mould resistant and their glue layer should not leave any space for the mould to grow
Still, it is questionable if using a papavered insulation (PIR system) in contact with the
original wall is a wise choice.
Climate during the measurement periodss quite mildand all tested walls had some
favourable properties. Thusarf reaching conclusions cannot be drawn from these
measurements only. To assess the performance in more severe climatic conditions,
modelling could be used. Howevats results sbuld have tobe accurate or at least
conservative in its errorg also in the overhygroscopic range.
Freezethaw cycling of the insulation systemm the climate chamber study at ca
10%atand ca-10c fevealedthat the tensile strength of AAC anttle expanded perlite
insulation systemarereduced.These resultshow that damage can possibly occur much
earlier thanthe maximum allowable 308% saturation degreerecommended byWTA
Merkblatt 65 6 Y 2éet al., 2012)In the CaSi system, damage occurred in saturated
al YLX Sad ¢KAa YSlIya GKFEG GKS AyadzZ A2y Yl
NBaAxadlyGagég o0& RSTFI df G

46



3 Comparison of hygrothermal modelling and measurement
results

3.1 General

While the results of previoushapterdemonstratedthat in case studies in real buildings
the insulation solutions performed rather well, thpyobably did not yet have to endure
the most severe climatic loads of their lifetime. Also, the resdtisnot automatically
reflect on other masonry structures. To overcome these limitations, hygrothermal
modelling can help rapidly test the solutions in different conditions. Inc¢hapter, the
measurements are compared to modelling results check the accuracef these
predictions.There were two main reasons for that comparison:
I to acquire a better understanding of the hygrothermal performance of the
internally insulated brick walls;
1 to validate the simulation model for future simulations with different initad
climatic conditions as well as with different dimensions of the building envelope

3.2 Methods

3.2.1Model setup

Hygrothermal simulation software IBK DELP{@Ninewald, 1997; Nicolai, 20083rsions

5.8.1¢5.96 were used fothygrothermal modellingTo take the phase change enthalpies

FYR FNBSTAy3 LRAyld RSLINBaarzy Ayid2 | 002dzyiz=
(2001) implementation by Nicolai and Sont3013)) ¢ | & (i dzNY S/Bbadaisey ¢ A Y
@GNt 2 lapd climate chamber studies2D models were used where appropriate

(I 0 Rdza S frathNHe &indow to the center axis of the columseeFigurels;

+ | 0| Rdza S: fréh\tiedd btick ta the center of the cavjtgeeFigure20) ard were

also compared to respective 1D models.

3.2.2Material properties
Material properties fromlIBKDelphin database were used as much as possibletdue
them being comprehensively studied and calibrated TU Dresdenlf the specific
materials were not presenthistoric bricks, plasters, mortars, insulation materials ,etc)
best of the matchesbased on basic material properties (open porosity, absorption
coefficient of water,and densitythat were measured in the laboratoyyvere selected.
The material propertis of the unknown materials (e.g. brick) were calibrated against
measured temperature, relative humidity and heat flux data within the range of
measurement results of thbasic parameters.

The main properties of materials usedSpordi 2a KohtlaWN Ndddy are shown in
Tablel. Thepropertiesof the peat layelin the interior cavitywere based on literature
OWNNBSYyaz2ys wmMdbdnHT Ydzia FyR { KSAYéangthe mdpcp T
oblown in cellulosé materialin the databaseTable2 gives the respective materials in
the Delphin database fat I 6 | R dza S Taflimhfstedy. it 76 R dza §0, T@llwb 2 | |
the Delphin database ID 543 and 569 were used for brick and conegpectively), PUR
foam properties were finduned according tdhe limits given in its datasheet (based on
ID 195; following changes were madd: o ¢ $=BQ¥=nXPnHH 2 Keédsi YO O @
of the material IDs fronthe Delphin database used in modelvere 464, 143, 424, 21,
230.
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Tablel  Spordi 2a, KohtVN Na&triél propertiesisedfor HAM modelling.

Original wall materials Insulation materials
Property RH i F
Exterior| ok | peat | MO | pRr | QT | AAC | casi
plaster plaster
Material ID 145 531 580 148 193 438 596 424
Dry density , 1270 | 1800 | 150 | 1800 | 35 49 126 | 297
1 Ik Yuw
0% 0.55 0.70 | 0.0740.09| 0.82 0.020 | 0.029 | 0.045 | 0.067
Thermgl 33% 0.56 0.70 | 0.07-0.09| 0.82 | 0.020 | 0.029 | 0.046 | 0.071
conductivity<,
WH(md) 75% 0.58 0.70 | 0.07-0.09| 0.83 | 0.021 | 0.029 | 0.047 | 0.075
2 93% 0.59 0.71 | 0.07-0.09| 0.83 | 0.022 | 0.030 | 0.054 | 0.077
. 33% 11 4.8 9.1 2.3 0.49 0.27 1.3 16
Moisture
contentw, 75% 57 6.4 18 9.2 0.96 0.35 3.4 21
IkKY
13k 2 93% 75 13 42 25 4.4 1.4 16 26
0% 12 25 2 12 400 51 6 11
Vapor
diffusion 33% 12 25 2 12 400 51 6 11
resistance 75% 14 25 2 13 400 51 6 11
coefficient>, -
2 93% 14 26 2 13 400 51 6 11
Water
absorption 0.0003 | 0.055| 015 | 0.127 | Y®1%| 0,013 | 0.0036| 0.39
coefficient
A 1 3%
Table2 + I 0 Rdza STalhrhagiiafprogerties used for HAM modelling.
Material Equivalent in Delphin database
Brick Old Building Clinker Hamburg Holstenka(tip528)
.FaSR 2y 4 AIKIDBYABR (a ORIy
Aerated concrete (13 OEDRYNB G Sé
Plaster Lime plasteID629)

AAC insulation board (Ytong Multipor) Mineral Foam Multipor (from 2011)D595

Glue mortar/plaster for AAC insulatiol . .
6. G2y3 [ SAOKGY! NI S Glue Mortar (For Mineral Insulation Boaytp77

Glue foam for XPS (Ceresit CT84) Polyurethanefoam, ID195

XPS insulation board (Tycroc TWP) Polystyrene Board Extruded(ID189)
Wood Spruce SW Radi@D460)

Concrete Concrete(ID569)

Cork InsulationClayCorkFW(ID801)

The models of testvalls inthe climate chamberuse material properties from the
Delphin database. Exact matches existed for all materials except for the Epasit Epatherm
glue and plaster layers, which were selected basetheir basic parameters'(- , < >,

Aw). Alsothe definite properties of 0..Jnm PE foil and 2&im particleboard are not yet
known. The effect of particleboard on the insulation systems is largely thermal and
its properties in the models were adjusted using the heat fluxes and temperatures.
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The thickneses of the layers were based on measurements of the drill cores. Based on
theYl ydzF I OG dzZNBNRA RFGF 3 | ysaF0RFRiwahsaddéd td thed | LI2 dzNJ
interior surface to take the silicate paint into account.

3.2.3Boundary conditions
The following kmatic boundary conditions were used: indoor and outdoor temperature
and relative humidityc measured on site; precipitation, wind speed, wind directipn
measuredca 10 km awayat Wp K @ ATallinnFBrku weather statios of Estonian
Weather Servicg diffuse and direct radiationq measuredca 150 km awayl (i ¢ p NI @S NB
weather stationof Estonian Weather Servic&he ime step for the data was 1 hour.

In the case of the climate chamber study, the boundary conditions comprised of
temperature and relativehumidity measured in indoor and outdoor chambeasd
surface temperatures measured 5-minute time steps.

3.3 Results and discussion

3.3.1Hygrothermal study of 4 different insulation solutions under typical
apartment conditions (Spordi 2, Koht'/N NI S 0

Modelled and measured relative humidityalues (which include both thermal and
moisture modelling errorshehind the insulation are given iigure32 and Figure33.
Further comparisons (temperature, vapour pressure and relative huyriiditthe whole
YSIadaNBYSy (i LISNR2RU (2014yWhieSnod#i&dSayid niegburedt p OS A { ;
temperatures correlated well, discrepancies were found when looking at humidity data.
Satisfactory agreement was achieved with the more vapour tight solutions PIR dnd iQ
However as the simulated RH levels for both CaSi and AAC wesidayably lower than
measured valueduring the wetting periogda safety margin of-20%+should be used
when analysing future simulation resultf0ssible sources of deviations include
ventilation in the air cavity (air could mix between different waattions), evenness of
peat layer and material propertie#As the humidity levels are underestimated during
wetting and overestimated during the drying period, hysteresisnaterials(which IBK
Delphin does not currently account for) is also an appaceityrit.
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Figure32 Relative humidity between the insulation and original wall: PIR board (left) ahdright);
periods of humidification.
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Figure33 Relative humidity between the insulation and original wall: AAC (left) and CaSi (right); periods
of humidification.

3.3.2Hygrothermal study of AAC insulation in an office building (Vabaduse
OGNt a2kl 1T ¢lLfttAYyyoD

Because monitoring sensors cover the axis HHRH3THR7 besthe measurement and
simulation results Kigure34) from the position of TRH&8re compared hereDifferent
types (temperature, relative humidity, heat flux water vapour pressujeof data allow
for finer assessment of the simulation accuracy.
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Figure34 Measurements compared to modelling results at TRH3 (between interior insulation and
original AAC masonnBeformatted figures from Publication Il (changedakis limitsof top
left fig.; removederroneous modelling results starting from March 2015).

The models were calibrated hieratively finetuning the propertiesof the historic
aerated concretavhile comparing simulation results with measurements from all relevant
sensors. While good agreement was mostly found, larger discrepancies exist in measured
and modelled heat flux data. Although opening of the structure and data from TRH4 gives
ground to belief that some ventilation took place in the air cavities, they weodelled
as unventilated. This and uncertaintiesncerningthe original wall material properties
could cause the differences. Comparison of 2D and 1D models showed that in this
position (TRH3he results from the models differed only slightly. Temperaterror of
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both models at TRH3 was noonservativei(e. the modelled temperatureswe®@ o ¢ /
higherat indoor-outdoor n' T 30K) and should beonsideredvhen doing frost avoidance
assessment. Water vapour pressure and relative humidity errors wergecaative(lower

than measured)

At a hygrothermally more critical position TRHEhind insulation at the edge @t
concrete columnhumidity and temperature coincided better with measurement results
and both errors were found to be conservati{ee modelled humidity higher and
temperature lower than measuredBetweenthe old cork insulation andhe concrete
column (TRH23n underestimation of temperature and overestimation of water vapour
pressures occurred. This resultedan RH modelling error fo+10%m+during the winter
period making calculation in this position conservatitmreliable material data for
existing cork insulation could be th@sgsible cause for errothere.

3.3.3Hygrothermal study of PUR foam and CaSi boards in an office (Vabaduse
@ ik 10, Tallinn)

Results from the models which achieved the best fit and positions that are most relevant
to the assessment criteria are presented hdfgyure35shows data from TRH2 (between

CaSi and tie brick) and TRH4 (between CaSi concrete bond beam). Relative humidity is
given as it integrates the errors in thermal and moisture calculations.

100 . . ~2D
\51[90 | TRH3 (CasSi, tiestone) - H’. 13 1
= 80 -
(14
>70 1
B 60 A
£
S 50 A
<
" 40 E
(&)
30 -
20

Jun.2015 Oct.2015 Feb.2016
Meas. Calc.1D Calc.2D Time, mmm.yyyy

e T PUR

Vert. section

=
o
o

Concrete
beam
CaSi
PUR

TRH4 (CaSi, concrete) 1D

[0 (o]
o o
L L

1D/2D

e e

'4T&RH3

a o
o O

Relative humidity RH, %gy
~
o

40 T T
Jun.2015 Oct.2015 Feb.2016

Calc. 1D Meas. Time,mmm.yyyy

nT e

Figure35 Comparisorof measured and modelled relative humyditvelsat TRH3 (between CaSi and
tie brick; top right) and TRH4 (CaSi insulation on top of concrete; bottom left).

The ayreement of calculated and measured temperatures (TRH3 2D model; TRH4 1D

Y2RSt 0 o1&/ 6 XF@KX Y28 U asdverestihSiortoSémyaratuiies gy
2to3c/ Ay adzYYSNJ 6LI2&aaArofe RdzS G2 RSTFAOASYOA
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wall). TRH3 1D model exhibits too low temperatures which results in higher than measured
RH.Likein previously described studies, theodelled RH values exhibit less fluctuation

in all cases¢ again, as wetting periods are underestimated and drying periods
overestimated, this could point at hysteretic effects currently not considered by the
modellingtool. Hn K | @3 KSI G FtdzESa Ay Yl &agyne
(ca. 5¢10%) difference for most of the heating period using 2D model; in case of 1D
models, the errors wereaB times higher.

Beside the lack of hysteretic modelling othmrssiblesources of errorgould be:the
material data (limestone aa location specific and inhomogeneous material; only basic
parameters were measured for brick), unknasvconcerning the actual wall structure,
wind driven rain modelling, solar radiation modegjifAt concrete beam (TRH4) only 1D
model through concrete was used, while the location also has interaction with the brick
layer and the exact dimensions of the cornice could not be determined.

The correlation between measurements and modelling was deesadsfactory.

For performance assessmenttbe CaSi insulation the 1D model of the masonry section
might be good enough ake relative humidity was generally overestimated during the
comparison period However, as wind driven rain could cau$e accumuation of
moisture in the exterior masonry lead,2D model is also necessary.

3.3.4Hygrothermal and mechanical study of AAC, CaSi and expanded perlite
systems in climate chamber
As the relative humidity inside the glue layer was otrey measurementangeof RH
sensors for most of the study, the comparison can be given for the initial phaisesd
36 bottom right). The trend coincides with previous studigsere measured relative
humidity levelsexceeded the modelled valuas higher hygroscopic rangand when
sharp rises were concerned again, this can point at hysteretic effects which the
modelling tool currently does not account for

Gravimetric measuments give a more accurate indication of moisture content of the
material compared to RH measurements. Almost all hygrothermal models underestimated
the moisture content during humidification periods. Typically,¢B-fold differences
occurred inthe glue and exterior pagof the insulation layers. The exception was cement
fiberboard Eigure36 top left), where TT and ET models achieved best caticels.
Theory of underestimated moisture content is asserted by freeze ttyaling wherghe
delay in temperature drops and rises is not apparent in modelled dataRgpee29).
It has to be born in mind that the detailed glue and plaster material d@t&T system
was notavailableandit influences the modelling results.
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Figure36 Gravimetrically measured volumetric moisture contents in different parts of drill cores
and comparison to modelling results: cement fiberboard (top left), glue mortar (top
right) and exterior part of insulation (bottom left). Bottom right: measured andetied
relative humidiy levelsinside the wall (glue layer) during the first stages of the test
(readings were over range for the rest of the study)
NB1: measuredvol. moisture contentf glue layerswas calculated using respective
densities fronthe Ddphin database; NB2: detailed hygrothermal material data for ET
glue and plaster layers was not available and their modelling results should be treated
with caution.NB3: compared to Publication 1V the measured vol. moisture content of
cement fiberboardand exterior part of insulation have been recalculated according to
measured dry densitiezs in Publication \fhstead of using Delphin database values.

It is certain that errors were made sampling the data during this study (sensor
accuracy flaws in ctting, weighing, drying, etc). However, as large deviations, repeated
sampling, duplicated sensors and previous studies show, the trend is probably still the
same. Beside measurement errors, the other possibility is that the model might have its
weaknessesDeviations in material production might induce errors. Janssen Gl5)
raiseddoubtsabout the Delphin'sapproachto over-capillary moisture rang according
to which, the slow secondary phase in capillary absorption experiments is caused by low
capillarityinstead of the widely acceptetbncept ofair entrapment. Théatter held true
in experimentsby Janssen et a(2015) However in this study,only AAQMP50 & 60)
reached such moisture contentvhile the issues with correlation are present with other
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materials too¢ thus, it cannotbe the reason for deviations between modelling and
measurementsDynamic effects too have been identified influencthg hygrothermal
processegJanssen et al., 201@)ut are not yet reliably described by the modéimally
the methodsand experimental datasefor deriving the moisture dependent liquid
conductivity K) function might be the causaf inconsistencieas indicated by Binder et al.
(2010, 2013, 2014)

3.4 Chapter @mnclusions

The nodelling accuracy2 ¥ G KS aOF LIAE £ NB | O( dle@rfedl Ay & dzf |
satisfactoryin the lower hygroscopicange however, above c80%+ the modelling

results begin to underestimatbumidity levels Similar discrepancies are alspparent

in a studesby De Mets et al(2017)andWSy a Sy = . @020)dn BtterSase | £ @

an automated script was used to calibrate the models to the measurements, but RH

between CaSiand original wall was still underestimated by ca £Q%while
measurementsndicatedF M mIE’:

Busser et al(2019) analyseddozens ofstudies comparing numerical predictions to
experimental data and found that especially if hygroscopic matefila¢tsuding calcium
silicate and aerated concretaye usedgcurrentmodelshave issues with predicting mass
transfer knetics, especially with varying load. The results also showed that metelh
take hysteresis effects and temperature dependency of the moisture storage capacity
into account agree better with measured valuéfysteresis in this context means that
the equilibrium moisture content depends not only on the ambient conditions
(temperature and relative humidity), but also on the histqrgesorption processes have
higherequilibriummoisture content than adsorptiorf-or example, Mualer{i1984)and
Pedersen(1990)proposed and applied methods to account for the phenomenon in HAM
modelling.Busser et al2019)also suggested that some other phenomena (advection of
air, nonequilibrium state and microscopic effects) are currently not considered and could
explain the discrepancies.

In the climate chamber studywhile having the most reliablenaterial data, controlled
boundary conditions and various measurement methad$ie discrepancies are most
apparent asthe overhygroscopianoisture rangeis concerned There, themoisture
content levels in the insulation glue and cold side of the inswati board are
underestimated roughly -old. The latter becomes a reason for concern when freezing
temperatures are allowed; the modelling resultscan leave an impression that the
maximumrelative humidity ormoisture saturation degree is not exceeded, lhin
reality it might belt will also affect the accuracy of how the performance of neighbouring
layers and components are modelledbr example, the rate of wood decay in beam ends
can be underestimatetbo.
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4 Optimizing the liquid and vapour conductiwtcurves based
on anexperimental dataset which includes CCR test results

4.1 General

Previous researcloy Binder et al.(2010) and results inchapter 3 indicated that in
over-hygroscopianoisture content range, the modelling results csimow much lower
moisture contentthan there actually ig should such modelled values be used to assess
e.g. frost resistancethe errors would benon-conservative. Usually, water uptake and
drying test are used to determine the water vapour and liquid condhitgtcurves irthe
higher moisture content rangérus, 1996; Scheffler and Plagge, 20E®sessing the
share between the flows in these casediased on assumptions as both have the same
direction and are subjected to rather extreme conditions (water contact and full
saturation). To gain more information on this, Binder ef24110, 2013, 2014)roposed

a capillary condensation redistribution (CCR) test. There, a condensation plane inside a
material sample is caused kaytemperature difference whilehe mass change and
moisture profile are monitoredseeFigure9).

Taking the CCR test results into account has so far been ebgispp iterative
process(Binder et al., 2014)which adds to the already existing high work load when
conductingthe material characterization. Thehapterinvestigates the application of a
generative optimization tool GenOpt to counter that ateadncrease theeliability of the
modellingresults.

Thischapterpresents the optimization tool from Publication V and updated methods,
reference data and esults from Publication VIThe main changes compared to
Publication V are the use of monotonically decreasing vapour conductivity functions and
the inclusion of CCR data for CaSi from Hirsch(@0&0)(now the whole CaSi dataset is
measured from the same material). To show the effect of including thet€&C the
NEFSNBYy OS RIWBSYIAT Sifa&isvibwicBmpkredtto the functions
optimized without the CCR test instead of the properties from the Delphin database (to
exclude the influence of different users and tools and which created th€n@material
functionsoptimized without the CCR test preged in thischapterstill exhibited similar
hygrothermal performance as the respective files in the Delphin database.

4.2 Methods

The proposed workflow incorporates optimization tool Gen@ytetter, 2001)and
hygrothermal modelling software IBK Delpli@®runewald, 1997; Nicolai et al., 2028)
search forthe best fit of the water vapour and liquid conductivity curves of interior
insulation materials based on experimental @&tom material tests. This work is a further
development of the toolby Freudenberg et al(2017)used tocalibrate hygrothermal
simulations according to measurements.

The operating principle of the optimization tool is given Higure 37. Moisture
dependentwater vapour (logf6 -) and liquid water conductivity (Iokp -) éurves are
defined by having a certain number of points at fixed moisture content values while
GenOpt varies their conductivities. As GenOpndles all optimizable variables
independently, the Python script checks if the liquid conductivity curve is monotonically
increasing. In the case of vapour conductivity, the curve should increase untii patht
is expected to falfrom point j (both can be defined). Penalties are applied if previous
conditions are not met.
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Figure37 Operating principle of the optimization tool based on GenOpt, Python and Ce@hin

This chapter presents optimization cases with autoclavedrated concrete (AAC;
mostly large macropores and fine capillaries) and calcium silicate (CaSi; mostly fine
capillaries) insulation materials as exangpl&he tests currently incorporated in the
optimization tool are:capillary condensation redistribution (CCR; moisture content
profile atthe end of the experimentavg. moisture content over time), drying (avg.
moisture content over timeWwet cup (moisture flux at wet cup boundary conditioasd
water uptake tests fie latter was currently used for CaSihable3 summarizes the
sources of material test data that were used to characterize the materials described in
this chapter. The frst point of thek, curve was fixed to conductivity determined from
dry cup measurementshe vapour conductivity curve was forced to be monotonically
decreasing and vice versa for the liquid conductivity curidiee end of the liquid
conductivity curve was set according to the saturated flow t@gttimization limits were
selected wide enough to keep the process unbiaskie aerage absolute difference
betweenthe measured and modelled data is used as a costtfan that GenOpt tries to
minimize using Particle Swarm Optimization combined witd Generalized Pattern
Search method implementation tfie HookeJeeves algorithm (GPSPSOOG@HHer,
2016) Weighting factos were applied tothe teststo take different scales into account
and tokeep the optimization balancednotherset of material functions was optimized
without the CCR testwhich resulted ina similar hygrothermal performance as the
respective files in the Delphin database

Finallythe CCRoptimized andd O2 y @Sy (i A 2 Y Isivefe udettdin®oekwof TFAE S
different studies(Spordi 2a, Koht®VN NI S > 42323 and thelclinda2 y¥hamber
study, see sectio.2.4) and are compared to theespectivemeasurement results.
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Table3  Source of material test data for conductivity function optimization.

Source
Test Usage AAC CaSi
Desiccator test Moisture retention curve of the
pressure plate test material
Drvi Reference for liquid and vapour  TU Dresden IBK  TU Dresden IBK lal
ying test S e 4
conductivity optimization lab data for data formaterial
iqui material ID595 ID571
Water uptaketest* Refergnge f(_)r Ilqu_ld anq vapoaond.
optimization (highmoist. cont)
Saturated flow test Liquid conductivity near saturation
Dry cup test Vapour conductivity of dry material In-house In-house
o measurements, measurements,
Wet cup test Referegcet,f‘?tr "quld ?‘”dt,"apour TU Dresden IBK TU Dresden IBK lal
conductivity optimization lab data for ID595  data for ID571
Reference for liquid and vapour Binder et al. .
CCR test conductivity optimization (2014) Hirsch et a(2020)

* ¢ water uptake test was used for optimization of CaSi

4 .3 Results and discussion

4.3.1 Optimization results
The optimized material datd-{gure38row 1) shows notably reduced liquid conductivity
in the moisture content range of 0. ®mMp Y wk Y w ti@zofled dyinized (i 2
based on @onventionakexperimentaldataset Similarly to Binder et a)2014)and Hirsch
et al. (2020)an ideal combination of material functions that would dit the reference
tests fFigure38rows Z4) could not be found, the main contradiction being between
the CCR and drying tests and, in the cagheélightly hydrophobic dry AAC, water uptake
too. Moisture content levels ithe drying test are overestimated by the GGRimized
material functions once the moisture content levels reach those described by the CCR
test. This could be due to vapour conductivity actually being higher, but being restricted
to be monotonically decreasy by the optimization tool.
As described bycheffler(2008) the drying test helps to describe the conductivity
curves after transitioning from the initial linear mass decrease phase (which is
characterized by surfagmasstransfer coefftient and boundary conditionsyhe results
are thus presumed to be more reliable in the range between ®H Y wk Yw FyR Yy
saturation where reference data is availablEhe decrease in mass change rate during
the drying testindicaes the critical moistte content where a significant change in liquid
conductivity takes placévVos and van Minnen, 1966Based on the drying testhe
FLILIUNREAYLFGS @Ftdz§a FNB ndo Yuwk Yuw(althgugh n ®dH Y w
high air velocityexaggerates themMoisture content at the end of th€CR tedor both
AAC and Ca@ire below these valugswhich agrees with the shape of theorsture
content profilesprovided in the literaturg¢oo (Binder et al., 2010, 2013, 2014; Hirsch et al.,
2020)¢ a more uniform distribution would be expected should the opposite be true.
Here ¢ while not being a universally applicable approagimore preference was
placedon achieving better correlation with the CCR tdsin the drying experimen@s
the fomerRSAaONR O Sa GKS O0SKIF@A2dzNI 2F GOl LA € I NB
scenariosand at performance limits bettefFurthermore, in sense of possible moisture
and frost damage in the interior insulation systetie error caused by failing to
reproducefasterdryingwould overestimate the riskwhile failure to capture the wetting
processegakin tothe CCR testwould leave possible risksinoticed.
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4.3.2Comparison to measurements

In a laboratory study with a high moisture logd described in sectidh2.4), the moisture
content in the cold (exterior) part of the AAC and CasSi insulation boards increased about
2.5¢3 times and therefore dramatically improved the correlation withasurement data

(see Figure 39). Similarly to the drying test described in sectidr8.1, the moisture
content lewls during the dryout phases are overestimated using the-G@iRiized
material files.The deviations in the courses of modelled and measured m/c of the whole
AAC layerRigure39 bottom left) at the final phases of the experiment can be explained
by the loss of capillary contact between the insulation and base layers (also shown by the
loss of tensile strength iffigure31). It should be noted that while CaSi achieves quite
good correlation with measured average moisture content of the whole insulation layer
(Figure39, bottom right) and during the initial wetting phases in the cold layegre

39, top right), itstill fails to capture the increasing trend during the second wetting phase
This probably hints at overestimated capillary conductivity at thosesture content
levels and redistribution of moisture within the insulation layer (similarlyFigure38,

row 3 right). This implies a risk of undstienating the moisture content in further
modelling at similar conditions.

In the case of more realistic moisture loads in a real buildasydescribed in section
2.2.1), the difference of RH on the cold side of the insulation was small (conventional vs
CCRoptimized properties) and did not improve nor worsen the correlation between
measured and modelled data noticealigeeFigure40). The discrepancies the second
study can be attributed to a lack of detailed material data, but alsdysteresis and
dynamic effects(Bianchi Janetti and Janssen, 2020; Janssen et al) #0hd and
desorption processes.
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Figure39 Comparison of measurement results to modelivith CCPRoptimized and conventionally
OKI N} OGSNAT SR Y G SNXShdy 1 (hitiBroiSuxklichnfedt; climétes k 2/ / w
chamber),avg. moisture content of cold side of insulation (top row) ard. ofthe whole
insulation layer (bottom row). The G@Rimized material shows about2-fold increase in
max. moisture content and coincides bettwith measurement data. Measuremerftom
Pub.lV, modelling from VI.
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It is worth bearing in mind that the CaSi materials used in the studies were not the
same specific product as optimized in thisapter, while the CClest data for the AAC
material could have ben measured using a different product. However, they all
belonged to their respective families of similar products and the improvement to the
modelling ability to reproduce higher moisture contents in study 1 outweighs the
possible uncertaintiegn their intended usein this thesis¢ to model the materials as
interior insulation solutionsvhere higher moisture content levels can also occur

4.4 Chapter mnclusions

The proposed material characterization tquwbved capable of creating the conductivity
cuvesdzZA Ay3d RAFTFSNBY(d SELISNAYSyidlf RIFEGF&aSHA
Although the variation limit boundaries were kept large and different initial values and
curve resolutions were used for optimization, the resulting optimized curveg wwea
relatively similar range.

Still, as the CCR test data for AAC was taken from literature and the exact tested
products and boundary conditions were not disclosed, it is quite possible that the CCR
andtherest of material data were measured from @ifént products. Thimay introduce
mismatches in moisture retention curves and the optimization algorithm trying to
compensate for it through conductivity curves.

Comparisorwith case study results show that for both AAC and CasSi, the optimized
materials fow better correlation to measured data the high moisture content range
(especially so for AAGCaSi still underestimated the moisture content at the cold
side), hinting at the value ofthe CCR testThe improvementsn better reprodudng
non-isothermalwetting phase come at a cost thoughthe moisture contentlevelsin
lower overhygroscopic drying phases are now overestimated acceptable in current
intended use but should be kept in mind when interpreting the modelling results
In hygroscopic range, the optimized properties perform similarly to their default
counterparts¢ as Delphin has shown to be quite reliable in that range, it could be
considered a good result for the algorithm.

These results underline that there are still many unknowns when dealing with
overhygroscopic moisture contents caution is advised when drawing fseaching
conclusions fronthe modelling results in thatange As the CCR and drying experiments
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follow different moisture retention curves (adand desorption respectively) but are
currently modelled and optimized according to desorption curve only, there are bound
to be inherent errors introduced by that approach.

Future work could includapplying it to a mdelling tool which incorporates hysteretic
modelling, developing better user interfacea wider experimental base for optimization
and defining stricter rules/boundaries for the conductivity curves. Currently, the results
are less reliable above moistupentent levels reached ithe CCR test the share of
liquid and vapour transfer is hard to determidee to the drying test having both fluxes
in the same directiorand being useful as a reference after first drying phasiso,
the CCR test could enhanced with relative humidity sensors in the samples to gain
more reference data from the hygroscopange
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5 Parametric modelling with longerm dataset

5.1 General

In their preliminary example comparisons Binder e(2014)and Hirschet al. (2020)
along with results ithapter4 indicated that themodellingusing conventional material
characterizatiorunderestimated moisture content levelaspecially near the performance
limits which might not be reached in laboratory orditu tests that have been used to
calibrate the HAM model3his could mean that frost or moisture damage risks might be
left unnoticedand raises the question whether the conclusions drawn from presio
modelling inthe high moisture range while usirgconventional material characterization
are still valid.

By using a parametric study of different interior insulation solutions and a-tiemgy
real weather dataset (a preferable choice over Referen@@srer mean years thatave
beentypicallyused in previous studies), thikiapterhas two main aims:

1 To quantify the difference ithe modelling results caused by conventional and
CCPRoptimized material characterization processes.

1 To assess the suitabjlibf vapour open and vapour tight insulation approaches
Ay O2fR OftAYIFGS YR G2 RSUGSN¥YAYS AF GKS
with corrected liquid conductivity curves still have the advantages as described
in the literature.

5.2 Methods

5.2.1Calculation models

IBK Delphin 5.9.6Grunewald, 1997; Nicolai et al., 208@&s used for HAM modelling.

Delphin uses the implementation of the ice modelNigolai andSontag(2013)to take

the phase bange enthalpies and freezing point depression (model dy dzLJt FyR - dz
(2001) into account.

A 51 cm thick masonry wall was selected to represent a typical Estonian massynason
structure. Thinner walls would have a lower thermal resistance and moisture capacity
(hence making them more critical), however, they are not common. Thicker walls,
in contrast, are less critical and usually have an air cavity, which further redwcegeit
of wind driven rain.

Figure41 describes the structure of models used in the current study as modelled in
IBKDelphin. Two dimensional base models were created: a section through brick layer,
intersected with a vertical mortar joint (base model B), and a section through a horizontal
mortar joint itself (base model M). Twaedimensional models were chosen insteaida
single 2D model due to modelling speed, which also allowed more variations in
parameters to be included. Preliminary modelling showed that the difference in results
between the 1D and 2D models was small, which corroborates the findings of Vereecken
and Roel$2013)

Two different insulation approaches were consideredapour open capillary active
autoclaved aerated concrete (AAC) & calcium silicate (CaSi) and a more vapour tight
polyisocyanurateHIR) insulation with a 9 mm gypsum board on top of it as a finishing
layer. The vapour open systems were presumed to have hydraulic contact with the
original wall as glue mortar is used for installation, while a 3 mm air cavity was assigned
between the orginal wall and the PIR insulation system (to account for unevenness of
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interior plaster was retained under the insulation layer.

The thicknesses of the insulation layers (30 mm PIR, 60 mm AAC and 90 mm CaSi) were
selected to represent real products avala on the market while achieving similar
thermal resistance. The largest differences were betwgenCaSi and PIR: the thermal
resistance of the PIR system was ca 1/10 higher than that of the CaSi one, while thermal
transmittances of the whole walls déffed by ca. 5%. To minimize the frost risks in cold
climates, the layers were intentionally thin.
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Figure4l Schematic of the 1D wall models and their boundary conditions utgidelphin.
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