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the company, | had an external collaboration with the building physics department
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paper.

I studied urban and spatial planning at the Aristotle University of Thessaloniki in
Greece, specializing in the integration of renewables in a smart grid for medium-size
cities. Then | completed a Master's degree in energy systems with a specialization in
renewables and waste-to-energy technologies.
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ENGLISH SUMMARY

Background: Improving the energy efficiency of the building stock has been an
important goal for the European Union for at least 15 years. Given the vast numbers
of existing buildings that need to be renovated, efforts towards improving the energy
efficiency of these buildings are expected to be increased. Internal insulation of
external masonry walls is often the only alternative in existing buildings to maintain
the appearance of the facade. However, internal insulation is not considered a
moisture safe renovation measure, and wind-driven rain is a main source of moisture
to the masonry. Hydrophobization could be a measure to reduce wind-driven rain
load on solid masonry facades. Thus, knowledge regarding the application of water
repellent agents to such a building facade is required.

Obijective: The primary objective of the PhD thesis is to characterize, at the material
level, the impact and durability of water repellent agents on building materials used
for solid masonry facades: brick and mortar. The secondary objective is to evaluate,
at the component level, the impact of water repellent agents on internally insulated
solid masonry walls.

Methods & Results: The present PhD thesis is based on three journal articles, in the
following referred to as Papers I, 11, and I11. Papers | and Il focus on the material
level, paper 111 on the component level.

Paper | determines the hygric properties of hydrophobized brick and mortar samples.
The open porosity and pore size distribution were measured with vacuum saturation
and mercury intrusion testing respectively, revealing only small changes in the
storage properties after impregnation. Transport properties in terms of liquid
transport were blocked according to capillary water uptake tests. Vapor transport
remained almost the same, according to cup tests. Moreover, liquid water
impermeability improved after exposure to water as shown by repeating the capillary
water uptake tests. In addition, water uptake tests from the non-impregnated side of
the samples showed that the water repellent agent is redistributed inside the material
after impregnation.

Paper Il illustrates that the hydrophobic layer maintains its very low water absorption
performance both in brick and mortar, after artificial aging that includes exposure to
water and UV radiation. The samples were treated with two different water repellent
agents in different concentrations and capillary water uptake tests were performed.
Additionally, the findings showed that the absorption coefficient of hydrophobized
brick and mortar samples could be further reduced after aging, due to water exposure.
Subsequently, Karsten tube tests on artificially aged samples illustrated the same
water repellency performance with mock-up walls exposed to ambient conditions,
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after being hydrophobized for six years, also tested with Karsten tube. The beading
effect declined with aging, according to contact angle measurements before and after
artificial aging. However, the beading effect is just a surface property, affected by
UV radiation and does not influence water uptake. Moreover, visual inspection after
aging showed that the hydrophobized brick and mortar samples kept their appearance
while untreated samples showed signs of efflorescence.

Paper 11 evaluates the hygrothermal impact of hydrophobization of solid masonry
when combined with internal insulation. To predict this effect, it is important to
accurately model the hydrophobic layer of the masonry. The developed hydrophobic
model was able to predict the hygrothermal behavior of the hydrophobized brick,
using experimental results from Paper I. In combination with RH measurements at
the interface between masonry and internal insulation of a case study building,
simulation results indicated that it is preferable to apply hydrophobization before or
at the same time as internal insulation. Otherwise, the desired hygrothermal benefits
need more time to be achieved, due to the slower drying of the moisture inside the
masonry.

Conclusion: The results showed that water repellent agents successfully create a
water-tight but vapor-open hydrophobic layer that goes deep into the hydrophobized
material, without significantly changing its pore structure. Water uptake of
hydrophobized brick or mortar remains very low after aging. Further, it is shown that
in combination with either a capillary-active or a water-vapor-tight internal insulation
system, hydrophobization can provide a moisture safe energy renovation of solid
masonry external walls.



DANSK RESUME

Baggrund: Forbedring af bygningers energieffektivitet har veret et vigtigt mal for
Den Europziske Union i mindst 15 ar. | betragtning af det store antal eksisterende
bygninger der skal renoveres, forventes indsatsen for at forbedre energieffektiviteten
i disse bygninger at blive forgget. Indvendig isolering af murveerkets yderveegge er
ofte det eneste alternativ i eksisterende bygninger for at opretholde facadens
udseende. Indvendig isolering betragtes dog ikke som en fugtsikker
renoveringsmetode, og slagregn er en vasentlig kilde til fugt i massivt murveerk i
historiske bygninger. Derfor er det ngdvendigt med viden om effekten af at pafare
vandafvisende midler pa en sddan bygningsfacade.

Formal: Det primaere formal med ph.d.-afhandlingen er pa materialeniveau at
karakterisere effekten og holdbarheden af vandafvisende midler pa byggematerialer,
der anvendes til massivt murveerk i historiske bygninger, dvs. mursten og mgrtel. Det
sekundaere mal er pa komponentniveau at vurdere effekten af vandafvisende midler
pa indvendigt isolerede yderveaegge af massivt murveerk.

Metoder og resultater: Denne ph.d.-afhandling er baseret pa tre tidsskriftartikler,
herefter benavnt artikel I, 11 og IlI. Artikel | og Il fokuserer pd materialeniveauet,
artikel 111 pa komponentniveauet.

I artikel 1 bestemmes de hygrotermiske egenskaber af hydrofoberede mursten og
martelprgver. Den abne porgsitet og porestarrelsesfordelingen blev malt med
henholdsvis vakuumvandmatning og kviksglvporgsimetri og afslgrede kun sma
@&ndringer i lagringsegenskaberne efter impraegnering. Kapillaropsugningsforsgg
viser, at fugttransport pa veeskeform blokeres nasten fuldstendigt. Derimod er
transport af vanddamp nasten uagndret, ifalge kopforsgg. Uigennemtraengeligheden
for vand pa vaeskeform gges yderligere efter udsaettelse for vand, vist ved gentagelse
af kapillaropsugningsforsgg. Derudover viste kapillaropsugning fra den ikke-
impragnerede side af praverne, at det vandafvisende middel fordeles inde i materialet
efter impraegnering.

Artikel 11 illustrerer, at det hydrofoberede lag opretholder sin meget lave
vandabsorptionsevne bade i mursten og martel efter kunstig aldning, bestdende af
eksponering for vand og UV-straling. Pragverne blev behandlet med to forskellige
vandafvisende midler i forskellige koncentrationer, og der blev udfart
kapillaropsugningsforsgg. Derudover viser resultaterne, at absorptionskoefficienten
for hydrofoberede murstens- og meartelpraver reduceres yderligere efter sldning.
Endvidere viser forsgg med Karsten mélerar pa kunstigt &ldede praver den samme
vandafvisende ydeevne som for mock-up veegge, eksponeret for vejrliget i seks ar
efter at vaere hydrofoberet. Perleeffekten aftager med aldning i henhold til malinger
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af kontaktvinkler far og efter kunstig eldning. Imidlertid er perleeffekten kun en
overfladeegenskab, der er péavirket af UV-straling og pavirker ikke vandoptagelsen.
Desuden viste visuel inspektion efter @ldning, at de hydrofoberede mursten og
mgartelpraver bevarer deres udseende, mens ubehandlede prever viser tegn pa
udblomstring.

I artikel 111 undersgges den hygrotermiske effekt af hydrofobering af murvaerk
kombineret med indvendig isolering. For at kunne vurdere effekten, er det vigtigt
ngjagtigt at kunne modellere det hydrofoberede lag af murveerket. Den udviklede
model er i stand til at forudsige de hydrofoberede murstens hygrotermiske opfersel
ved hjalp af eksperimentelle resultater fra artikel 1. Kombineret med RF-mélinger af
forholdene i laget mellem murveaerk og indvendig isolering i en casebygning indikerer
resultaterne fra simuleringen, at hydrofobering bar ske far eller samtidig med at
murvaerket isoleres, for at opna hurtigere udterring af den fugt-I modsat fald behgves
mere tid for at opnd den gnskede effekt, fordi udterringen af murvaerket sker
langsommere.

Konklusion: Resultaterne viser, at vandafvisende midler skaber et vandteet, men
dampadbent, hydrofoberet lag, der reekker langt ind i det hydrofoberede materiale,
uden at &ndre dets porestruktur markant. VVandoptagelsen i hydrofoberede mursten
og martel forbliver meget lav efter &ldning. Det vises ogsa, at kombineret med enten
et kapillaraktivt eller et vanddamptet system af indvendig isolering kan
hydrofobering give en fugtsikker energirenovering af massive yderveegge af
murverk.
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- V. Soulios, EJ. de Place Hansen, H. Janssen, Hygric properties of
hydrophobized building materials, in: MATEC Web Conf., Prague, 2019:
pp.1-6.https://doi.org/https://doi.org/10.1051/matecconf/201928202048.
Short summary: The aim of the study was to evaluate the hygric properties
of hydrophobized building materials and was a precursor of Paper I. The
resulting open porosity of hydrophobized brick samples, derived from
vacuum saturation test, shows minimal changes in the pore structure. The
absorption coefficient of hydrophobized bricks, derived from capillary water
uptake test, was close to zero even with low concentration of the active
ingredient. Vapor permeability of hydrophobized samples was almost
unchanged after cup tests and drying tests.

- V. Soulios, E. J. de Place Hansen, R. Peuhkuri, Hygrothermal simulation

assessment of internal insulation systems for retrofitting a historic Danish
building, in: Cent. Eur. Symp. Build. Phys., 2019: pp. 1-6.
https://doi.org/10.1051/matecconf/201928.
Short summary: The aim of the study was to evaluate with numerical
simulations, the combined effect of hydrophobization with internal
insulation. The hydrophobic layer was simulated by simply neglecting rain,
and the paper is a precursor of Paper Il, where the hydrophobic layer is
modeled by using experimental input. Numerical results illustrate that
hydrophobization is vital in avoiding moisture problems induced when only
internal insulation is used.

- T.Kuvist Hansen, V. Soulios, R. Peuhkuri, Moisture-proof energy renovation

of external masonry walls in historic buildings, Copenhagen, 2019. (Internal
report)
Short summary: The aim of the study was to provide a guideline for
moisture safe internal insulation solutions of a specific historic building in
Denmark with plans of installing monitoring equipment to measure the
hypothermal performance. The results based on hygrothermal simulations
illustrate that it is moisture safe to internally insulate the building when the
facade is not exposed to wind-driven rain or it is hydrophobized.

- H.Janssen, D. Deckers, E. Vereecken, C. Feng, V. Soulios, A. Vanek, T.K.
Hansen, V. Metavitsiadis, Impact of water repellent agents on hygric
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CHAPTER 1. INTRODUCTION

properties of porous building materials, RIBuild Deliverable D2.3
(www.ribuild.eu),2020.
https://staticl.squarespace.com/static/5e8c2889b5462512e400d1e2/t/5eeb6
7ee2a7db1305c80d34b/1592485898332/RIBuild_D2.3_final.pdf

Short summary: The aim of the study was to illustrate the impact of water
repellent agents on hygric material properties as part of the RIBuild project.
The report was a collaboration between AAU, KU Leuven, Technical
University of Denmark (DTU) and Introflex. The report consists of a
literature study, numerical simulations, laboratory experiments, and field
tests. The conclusion based on the results was that hydrophobization blocks
the liquid water transport without major alterations in the pore structure, by
leaving vapor permeability untouched. Furthermore, in order to assess the
combined effect of hydrophobization with internal insulation in real
buildings, long monitoring periods were needed.

E.J. de Place Hansen, T.K. Hansen, V. Soulios, Deep renovation of an old
single-family house including application of an water repellent agent — a case
story, in SBE21 Sustainable Built Heritage: 14-16 April 2021, Bolzano,
Italy. IOP Conference Series: Earth and Environmental Science (In Press)
Short summary: The aim of the study was to present in-situ measurements
of a 145-year-old renovated building involving internal insulation and
hydrophobization. Sensors were installed in the interface between masonry
and internal insulation to monitor the development of hygrothermal
conditions. Measurements show that it takes time to get rid of the built-in
moisture due to the application of internal insulation prior to
hydrophobization. Simulations show that the order of hydrophobizing the
wall and applying internal insulation is important to promote drying of the
wall.
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CHAPTER 1 INTRODUCTION

Buildings account for 40% of total energy consumption in E.U. [1] and much of this
energy is consumed by old (constructed before 1950), poorly insulated buildings,
usually constructed with brick or natural stone [2]. Habitation needs should mainly be
covered by existing buildings, as the European building stock increases by 1-1.5%
per year [3]. In Denmark, maintaining the cultural heritage is imperative, and the
renovation of the building enclosure is an important step [4,5]. Non-insulated
buildings account for a big portion of the energy consumption and thermal retrofitting
should hence be considered. However, to sustain the architectural and cultural values
of historic buildings, thermal retrofit often implies that the facades become internally
insulated, although exterior insulation is the most efficient measure [6]. Internal
insulation may cause moisture related problems, such as frost damage at the exterior
surface, rot of embedded wooden floor beams, or mould growth and interstitial
condensation at the interface between masonry and internal insulation [7—9]. Moisture
inside the building materials may also have less thermal resistance, thus partially
compromising the thermal retrofit that is intended [8-10]. These adverse impacts of
moisture on the hygrothermal performance of internally insulated walls are closely
connected to the absorption of wind-driven rain at the exterior surface of the wall
[8,9,11,12]. Such rainwater absorption can be reduced via various means: a sufficient
overhang, an exterior render, or a paint finish. However, such measures typically
change the exterior appearance of the building, which often is neither permitted, nor
desired. In that case, facade hydrophobization could potentially avoid such moisture
problems, minimizing the water absorption by the facade materials [13].

1.1 OBJECTIVES

The aim of this PhD study is to evaluate the impact of water repellent agents on the
hygrothermal behavior of internally insulated solid masonry walls, both at the material
and component levels. In this direction, the primary objectives are as follows:

1. Characterization of the impact of water repellent agents on the hygrothermal
properties of building materials used for solid masonry facades
(brick/mortar).

2. Long term effectiveness of the hydrophobic treatment in brick and mortar.

3. Investigation of the hygrothermal performance of hydrophobized internal
insulated solid masonry walls.

Thus, this PhD thesis screens the market of commercially available water repellent
agents to categorize them according to their physical and chemical properties. In
addition, laboratory tests to measure the impact of water repellent agents on the
hygrothermal properties of brick and mortar, as well as aging tests to ensure the
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durability of the treatment and hygrothermal simulations and field tests to investigate
the combination of hydrophobization with internal insulation were conducted.

1.2 OUTLINE OF THE THESIS

This thesis consists of seven chapters. Chapter 1 describes the motivation behind the
thesis and Chapter 2 elaborates the current state-of-the-art about water repellent agents
and hydrophobization. Chapter 3 describes the methodologies used in laboratory and
numerical investigations, respectively. Chapter 4 presents and Chapter 5 discusses the
main findings of the three papers included in this thesis (Papers I-111). Chapter 6
provides conclusions based on the main findings of the thesis. Finally, Chapter 7
provides a perspective on the findings, and suggests the needs for further research.

1.3 HYPOTHESES

Internal insulation is often the only thermal retrofit option for historic buildings.
However, applying internal insulation to a solid masonry wall can lead to several
moisture-related problems. Application of water repellent agents to a building facade
(hydrophobization) reduces the water absorption of the materials, which is thus
presumed to decrease the moisture level and damage in exposed facades. Thus the
main hypothesis in this research work is that the combination of hydrophobization
with internal insulation improves the hygrothermal performance of a solid masonry
wall.

The following sub-hypotheses (SH) support the answering of the main hypothesis.
These sub-hypotheses, hereafter referred to as SH1-SH6, are tested in the papers that
encompass this research work.

SH1: By investigating the physical and chemical properties of water repellent agents,
it is possible to define indicators that characterize the product (tested in Paper I).

SH2: Hydrophobization does not alternate the moisture storage properties of brick and
mortar samples at the material level. It changes the transport properties by eliminating
the liquid water absorption; although, it allows vapor transport (tested in Paper I).

SH3: By testing brick and mortar samples, it is possible to define a specific
impregnation depth of the hydrophobic treatment (tested in Paper I).

SH4: Hydrophobized brick and mortar samples retain their water repellency
performance after aging (tested in Paper I1).

SH5: Hydrophobization reduces the moisture related problems induced by internal
insulation (tested in Paper I11).
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SH6: Hydrophobization produces energy savings as a single approach and additional
energy savings when it is combined with internal insulation (tested in Paper I11).
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CHAPTER 2 STATE OF THE ART:
HYDROPHOBIZATION

2.1 THE NATURE OF WATER REPELLENCY

Water repellent agents aim at averting liquid water from entering the treated surface
[14-16]. While waterproofing makes the treated material completely impermeable to
water, water repellency allows the material to be permeable to water vapor [17].
Moisture in porous building materials is a major reason for deterioration. Water
repellency should prevent serious moisture related damages at the material and
component levels [14].

= pore wall
polar head /— Sy,
LY I 4
non-polar tail |
AN
X

Figure 2-1 Water repellent molecules have a polar head and a non-polar tail. The polar end
attaches itself to the polar pore wall of the substrate, effectively creating a non-polar film,
which repels liquid water and allows water vapor diffusion, thus not fully impeding the drying
of the material.

Building materials usually have negative surface charges. Water, being a polar
material, is attracted by the hydrophilic surfaces of building materials. Water-repellent
molecules have a polar “head” that is attracted by the polar material and a non-polar
“tail” that covers the surface. Consequently, the treated surfaces become hydrophobic
and do not attract water molecules (see Figure 2-1) [17].

The negative charges of the pore walls of the material and the positive poles of the
water molecules create intermolecular electrical forces that induce a surface tension,
which in turn forms a meniscus with a contact angle 6<90°, causing capillary rise
(Figure 2-2a). When the pore walls are hydrophobized, the non-polar tails of the water
repellent molecules force the surface of the material to become hydrophobic. In that
case, an inverted meniscus is created with a contact angle 6>90° (Figure 2-2b). Water
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is therefore repelled, since there is capillary depression rather than capillary suction
[16].

N o

890" 1 Nesoor
2 ol NN

Figure 2-2 Simplified system with cylindrical pore a) Untreated pore - capillary rise with
0<90°. b) Impregnated pore - capillary depression with 6>90°. o: surface tension, 0: contact
angle, r: pore radius.

2.2 TYPES OF WATER REPELLENT AGENTS

The commercially available water repellent agents can be divided into three groups,
according to the type of the material. These three material groups are: i) silicon-
bearing compounds, ii) metal-bearing compounds, and iii) organic materials [17]. It
has been mentioned that water repellent products based on nanotechnology could
yield better results compared to more traditional products, but as of now, these
products are not widely available [10,18,19]. Furthermore, additional studies are
needed in order to establish the effectiveness of these nanotechnology-based products.

2.2.1 SILICON-BEARING COMPOUNDS

The most common water repellents are silicon-based systems, which can be any
product that contains a silicon-oxygen backbone; although, properties between
silicon-based products may vary significantly [17]. The silicon-based systems
hydrophobize the building material by forming irreversible bonds with the mineral
substrate [14,20]. Silicon-based water repellent agents can be classified as silanes,
siloxanes, and silicon resins.

Silanes

Silane molecules contain one silicon atom which is connected to alkyl (-R) and/or
alkoxy (-OR) groups (see Figure 2-3a). The alkoxy groups (-OR) are needed for the
compound to polymerize and to be chemically linked to the hydroxylated surfaces of
siliceous building materials such as brick, mortar, concrete, granite, and sandstone
while the hydrophobic properties of the compound are provided by the alkyl groups
(-R) [14,17]. Polymerization takes place in two steps: hydrolysis and condensation
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reaction. For hydrolysis, water is required as a reactant; a role that can be played by
the moisture content of the material. As polymerization continues, longer chains or
networks are produced and the viscosity of the product rises. Simple silanes
polymerize to siloxanes (between 1 and 5 repeating units) or oligomeric siloxanes
(over 6 repeating units) and can be cross-linked to polymeric siloxanes (over 20
repeating units) or silicon resins (over 30 repeating units), as shown in Figure 2-3b
[17,21].

| T

RO — Si—OR OR —Si— |0 — Si— | OR
| | |

a) OR b) R R

Figure 2-3 Alkyl trialkoxy silane (a) and siloxane (b). Si: Silicon, R: alkyl group (e.g. methyl),
OR: reactive alkoxy group (e.g. methoxy). n=0: silane, 1<n<5: siloxane, n>6. oligomeric
siloxane, n>20: polymeric siloxane, n>30: silicone resin.

Silanes can provide sufficient impregnation depths, even in alkaline substrates (e.g.
concrete) due to their low reactivity. Their reactivity is determined by the alkoxy
group (methoxy, ethoxy) and the functionality (difunctional or trifunctional units).
Ethoxy is a larger alkoxy group than methoxy and can be linked easier with the
substrate. Difunctional units have two silicon-oxygen backbones and are the basis of
higher-molecular chains and cyclic compounds. Trifunctional units have three silicon-
oxygen backbones and give rise to three-dimensional crosslinks between the
molecules [22]. Existence of longer alkoxy groups and trifunctional functionality
increases the reactivity of silanes.

Due to the high volatility of the silanes, high concentrations of active ingredient are
needed (25% to 99%), as per the desired outcome [23][24]. The molecular weight of
silanes influences their volatility. Shorter alkyl groups like methyl (CH3) lead to lower
molecular weight than larger alkyl groups like iso-octyl (CgH17). Siloxanes, which are
"pre-cured" silane materials, produce a faster effect compared to silanes because they
are larger.

Siloxanes

Siloxanes are oligomeric or polymeric molecules based on Si-O-Si chains and,
therefore, have a more complex molecular structure compared to silanes. Even though
their size is comparable to silanes (0.4 to 1.5 nm), it is more difficult for siloxanes (3
to 30 nm) to migrate into the substrate [14,24,25]. Reactivity in siloxanes is higher
than in silanes, and siloxane molecules cannot penetrate deep into highly alkaline
substrates (e.g. concrete) due to the fast curing process of siloxanes. Consequently,
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they are used in less alkaline mineral substrates, such as brick and natural stones [14].
Siloxanes have higher molecular weight and are less volatile than silanes and high
concentrations of active ingredient are not needed (usually no more than 10 to 15%).
Higher concentrations may also elevate the risk of surface darkening [24].

Silicone resins

Like siloxanes, the backbone of silicone resins consists of silicon and oxygen atoms,
since silicone resins are highly branched poly-siloxanes with high molecular weight
[14,22]. Insilicone resins, polymerization has already taken place and the only process
that occurs after application is the evaporation of the solvent [17]. Silicone resins have
poor solubility properties, and can darken the surface [14,17]. To achieve a sufficient
penetration depth, silicon resin products should be diluted to 5-10% [14]. Also, it is
more difficult for emulsified products to penetrate to the building material, compared
to non-emulsified silicone resins products [14].

2.2.2 METAL-BEARING COMPOUNDS

Metal-bearing compounds are not very effective for brick masonry and are mostly
used for stone treatments. The most common water repellent agent based on metal-
bearing compounds is aluminum stearate, but others exist as well such as titanium
stearate and butyl-ortho-titanate, which are used in mixtures with oligomeric siloxanes
[17].

2.2.3 ORGANIC MATERIALS

Examples of organic materials that form the basis for hydrophobization agents are
acrylics, polyurethanes, and perfluoro-polyethers. Acrylic resins can provide some
level of hydrophobicity to the treated material, but they are mainly consolidants.
Polyurethanes are polymers that usually have long molecular chains and they are also
consolidants that have some hydrophobization properties. Perfluoro-polyethers
showcase stability to light, heat, and chemicals, and are transparent, colorless, and
permeable to gases [17]. Other organic substances include natural or synthetic waxes,
generally used for marble and stone conservation. Waxes have good hydrophobic
properties, but are susceptible to mechanical damage and color variations [17,26]. In
order to provide both water and oil repellency, some organic materials can be
combined with silicon bearing materials [27-29].

2.3 PRODUCT IDENTIFICATION

Silicon-based water repellent agents are categorized according to their active
ingredient, form, type of diluent, concentration of active ingredient, alkyl group, and
type of substrate that is best suited for application (see Table 2-1) [30]. The
characteristics of the active ingredient (silane, siloxane, and silicon resin) were
described on the previous section (2.2).
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Table 2-1 Product identification (Paper I).

Product characteristic Description
Active ingredient Silane - Siloxane - Silicone resins
Product form Liquid or Cream
Used diluent Organic solvent - Water emulsion - Water micro-emulsion
Agent concentration 1-100%, Undiluted* or Ready to use
Alkyl group Octyl or iso-Octyl in commercial products
Intended substrate Mineral substrate** - Masonry*** - Concrete

*Undiluted: contain no diluent and must not be diluted before application.
**Mineral substrates: concrete, brick, natural stone, mortar, concrete blocks.
***Masonry: brick, mortar, and natural stone, but not for concrete (or concrete blocks).

Influence of the formulation and diluent

Before usage, some water repellent agents must be diluted with organic solvents [14].
This results in volatile organic compounds (VOC) being released into the atmosphere.
In order to avoid that, products with water as diluent have been developed [30]. Since
the early 2000s, paste-like or cream products that offer easy application and equivalent
performance with liquid products, have been available [10,14,31].

Water repellent agents that contain emulsifiers need longer curing time and tend to
show their performance after exposure to rain and solar radiation, while water
repellent agents that contain micro-emulsions illustrate their water repellency
performance faster (Paper I).

Influence of concentration of the active ingredient

The performance of the product also depends on the concentration of the active
ingredient. Low concentrations typically lead to lower effectiveness of the treatment,
[13,31]. The role of the concentration of the active ingredient on the effectiveness,
becomes more evident after aging [33].

Influence of the alkyl groups

The alkyl groups (-R) provide the hydrophobic properties to the silicon based
compound. The most popular alkyl groups found in commercial water repellent agents
are shown in Figure 2-4.
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methyl -CH;
ethyl -CH,-CH; or -C;Hs
propyl -CH,-CH,-CH; or -CsH;
CH
: P
iso-propyl -C\Q or -C3H,
CHs
bUt‘/I -CHz-CHz-CHz'CHg or ’C4H9
CH
/ 3
iso-butyl  -CH;-CH or -CqHe
CHs;
octyl -CH;-CH;,-CH;--CH,-CH,-CH,-CH,-CH;  or  -CgHyy
CH;
iso-octyl -CH,-CH;-CH,--CH,-CH,-CH or -CgHyy
CH;

Figure 2-4 Common alkyl groups in commercial water repellent agents.

The chemical bond between the silane and the substrate is not completely stable in an
alkaline environment like concrete. Alkyl groups responsible for the hydrophobic
nature of the agent keep water molecules away from the reactive OH-groups, which
are bonded to the pore wall of the material, and thus, the chemical bond remains dry
and stable. Longer and larger alkyl groups like octyl or iso-octyl (see Figure 2-4)
ensure that process and provide longer lifetime to the treatment, avoiding hydrolysis
and deformation of the hydrophobic layer.

In concrete and in other cementitious materials such as mortar, alkyl groups can play
arole in terms of alkali resistance. However, most products today, contain longer alkyl
groups and the substrate’s alkalinity does not cause stability problems [17,34-36]. As
a results, most water repellent agents could be suitable for both concrete and brick.

Influence of the type of substrate

The pore structure of the material determines the process of polymerization [33]. For
that reason, the water repellent agents are classified in relation to their polymer chain
length and the pore size of the substrate [15].
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2.4 HYGROTHERMAL PROPERTIES OF HYDROPHOBIZED
BRICK AND MORTAR SAMPLES

Water repellent agents alter the hygric behavior of hydrophobized building materials
in such a way that liquid water transfer is impeded and vapor transfer remains
possible. Table 2-2 illustrates the difference (in %) in storage and transport properties
between treated and untreated brick and mortar samples, including results from both
literature and industry. Storage properties are characterized by the moisture content at
capillary saturation (wep) While transport properties are characterized by the
absorption coefficient at capillary water uptake (Acyp) and the vapor diffusion
resistance factor (u) as follows.

Aca zuntreated — Aca Jtreated
Acap L (%) = =2 2 x 100 (1)
Acap,untreated

1 l (%) — Huntreated ~ Htreated x 100 (2)

Huntreated

Wcap,untreated™ Wcap,treated
Weap L (%) = 2222 P x 100 (3)
Weap,untreated

Table 2-2 Percentage change of hygric properties on hydrophobized brick and mortar samples,
involving different concentrations (conc.) of active ingredient, Acap: Absorption coefficient at
capillary water uptake, u: vapor diffusion resistance factor, weap: moisture content at capillary
saturation, derived from capillary water uptake.

Reference Type ng/':;: " Substrate A&z;z)i 1l (%) V\Ef;;)l
Carmeliet [15] silane 8.53 brick 99.7 -140 28
. silicon-based - brick 99.1 - -
Sadz}giljlene silicon-based - brick 13.7 - -
silicon-based - mortar 0.4 - -
Pavlik [38] siloxane 8.32 brick 98.1 - -
silane/siloxane 7 brick 98.6 8.6 98.5
silane/siloxane 10 brick 78.1 -14.9 3
silane 10 brick 88.8 8.3 12.2
Engel [13] silane 30 brick 98.9 5.8 97
silane 40 brick 97.3 6.9 97.5
silane 50 brick 83 0.9 82.7
silane 60 brick 98.6 21.4 95.9
Fukui [39] silane - brick - 0 4.9

Zhao [40] silicon based 60 brick - 12.9 98.8
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silicon based 80 brick - 3.1 98.8
silane 40 brick - 3.9 -
silane 40 mortar - 0.0 -
silane - brick - 7.9 -

Hanssen [41] .
silane - mortar - 28.6 -
silane/siloxane 100 brick - 9.4 -
silane/siloxane 100 mortar - 13.0 -

Momentive .
[42] silane 40 mortar 93 - -
silane/siloxane 25 brick 95.4 - -

Wacker [43] . .
silane/siloxane - mortar 90 - -
siloxane 7 brick 95 - -
siloxane 7 brick 92 - -
siloxane 7 mortar 96 - -
Dow [35] . . .

silane/siloxane 10 brick 98 - -
silane/siloxane 10 mortar 76 - -
silane/siloxane 15 mortar 81.6 - -

Storage properties

The results presented in Table 2-2 about the moisture storage properties on
hydrophobized brick and mortar samples refer to capillary saturation content (W cap)
in hydrophobized samples derived from a lengthy water uptake test. It has been
suggested that finer pores could be clogged by the polymer network that is created
after hydrophobization [15]. In order to examine whether clogging of pores occurs
after hydrophobization, vacuum saturation tests are needed to show that the porosity
between treated and untreated samples remains unchanged. Similar results from
mercury intrusion tests could confirm that the pore structure of the material is not
affected by hydrophobization.

Transport properties

Water repellent treatment prevents moisture from penetrating into the material by
changing the surface tension of the pore wall of the substrate [40]. Reducing the water
uptake can improve the resistance in low temperatures and durability of the brick
masonry [37]. When the liquid water transfer is blocked due to capillary forces in the
hydrophobic layer, drying becomes possible only via water vapor transfer. However,
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vapor transfer is less prominent than liquid transfer and the drying rate can be
seriously reduced.

According to [15] some pores can be completely blocked after hydrophobization, and
[17] indicates a 5 to 8 % reduction in vapor permeability. On the contrary, according
to [22], no clogging occurs in the pores after hydrophobization.

More recent studies provide results showing that vapor permeability remains
practically unchanged after hydrophobization [13,39,40]. These results indicate that
pores are not completely blocked after hydrophobization.

Thermal properties

Brick and mortar samples illustrate higher values of thermal conductivity when they
become wet [10]. This is an indication that hydrophobization can contribute positively
to heat loss reduction, by keeping the masonry dry and thus avoiding the increase of
thermal conductivity.

2.5 HYDROPHOBIZATION AND INTERNAL INSULATION

Field tests with 60x60 cm? walls [44] offer a preliminary insight into the impact of
hydrophobization on both uninsulated and internally insulated walls. The results
indicate that siloxane impregnation can repel rain water to such an extent that a
complete drying (below 1.5 Vol. %) of a masonry wall is possible. The uninsulated
masonry needs less than two years to reach a moisture content of 1.5 Vol.-%, from an
initial moisture content of around 8 Vol. %, compared to vapor tight insulated test
walls, which need more than five years, due the fact that drying could only occur via
the external surface.

The first attempts at combining internal insulation and hydrophobization in a
simulation environment (WUFI) agree with the statement that the hygrothermal
performance of the facade can be improved by hydrophobization [8], [45]. Moreover,
in areas with high precipitation, it may not be feasible to install capillary active
internal insulation without a hydrophobic protection of the facade, since there is an
increased risk of moisture accumulation behind the insulation [8]. Both studies show
that the risk of mould growth in internally insulated walls can be eliminated when
hydrophobization is applied on the facade.

It should be noted that, in the above-mentioned studies, the hydrophobic layer of the
facade was simulated in WUFI by reducing or neglecting completely the wind-driven
rain load; a method that produces overly optimistic results. Finken et al. [8], on the
other hand, use a weather resistance barrier with a vapor diffusion resistance seven
times greater than the one of the untreated brick [8]. In real conditions, the liquid water
transfer in the hydrophobic layer is partially or completely blocked, while vapor
permeability remains unchanged. Experimental studies indicate no difference in vapor
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diffusion resistance values between treated and untreated brick samples [13,39,40].
Therefore, the approach of using a barrier with a high vapor diffusion resistance [8]
reverses the actual drying behavior of a hydrophobized facade by impeding vapor
transfer and leaving liquid transfer unchanged. Determining the hygric properties
experimentally is crucial for representing the hydrophobic layer in a simulation
environment.

The combination of hydrophobization with internal insulation, when applied at the
same time, can be positive for the hygric performance of the wall, shown by testing
mock-up walls with different insulation systems in a container using cream water
repellent agent (Remmers FC cream 40%) [46] and in a test house using liquid water
repellent agent (Wacker SMK 2100) [47]. But the combined effect of
hydrophobization with internal insulation should be also tested in real inhabited
buildings where the condition of the facade and the moisture loads may differ.

2.6 DURABILITY OF THE HYDROPHOBIC TREATMENT

Although results from hydrophobized walls have been very promising, it is important
to ensure that hydrophobized walls can keep their hydrophobic properties for a long
time. Also, it is important to understand which factors (e.g. concentration of active
ingredient) can play a role in ensuring the longevity of hydrophobization. When the
right product is correctly applied, the literature indicates a good durability of
hydrophobization, which may remain efficient for up to 30 years [48]. The general
trend in the literature has been to suggest testing a specific type of product to a specific
type of substrate, in order to assure the effectiveness and durability of the hydrophobic
treatment. Moreover, there is not a single water repellent agent or a type of water
repellent agents that behaves better than others for building materials (brick, mortar,
and natural stone). [17,30] Nowadays, considerable attention has been paid to cream
products, due to the workability and easy application, but there is no data concerning
the durability of the hydrophobic treatment.
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CHAPTER 3 METHODOLOGY

This chapter provides information on the methods used in the present PhD study. The
investigations were conducted as a mix of laboratory and simulation studies at the
material and component levels along with field measurements at building level. In
laboratory settings, investigations were made on how silicon based water repellent
agents influence on the hygrothermal properties of brick and mortar samples, as well
as the impregnation depth of the treatment. This part of the study involved the
different silicon based water repellent agents that exist on the market. Further, analysis
was conducted investigating the durability of the hydrophobic treatment in brick and
mortar samples through artificial aging. Numerical simulations were performed
investigating the potential match between hydrophobization and internal insulation,
using as input the values derived from the laboratory tests and validated with field
measurements. In the field, additional analyses were conducted investigating the
relative humidity in the interface between masonry and internal insulation, in a high-
risk case of a Danish building where the insulation was installed two years prior to
hydrophobization. In addition, analyses of the durability of the treatment through
Karsten tube tests conducted in brick/mortar mock-up walls to connect the artificial
aging results at the material level with actual wall configurations at the component
level.

3.1 MATERIAL LEVEL: HYDROPHOBIZATION
3.1.1 TARGET BUILDING MATERIALS

Internal insulation combined with hydrophobic impregnation is an alternative retrofit
measure in cases where external insulation is not a feasible solution due to the
architectural or cultural value of the facades. These facades are often made of solid
masonry consisting of ceramic brick and lime mortar. This study including three types
of ceramic brick and three types of mortar also involves modern materials (R brick
and C mortar) shown in Table 3-1.

Table 3-1 Building materials used in the current study, characterized by their capillary water
uptake (Acap) and water content at capillary saturation (wcap) uUntreated samples, i.e. before
hydrophobization)

L Acap Weap

Name Description [kg/m®Vs] [kg/m?]
. . . 0.607 208
R brick Robusta Vandersanden Belgian Brick (0.02) 2.3)
H brick Historic Danish Brick from an old building in Copenhagen 0.399 249
(1944) (0.023) (3.9)
0.310 276

Y brick  Yellow soft-moulded Danish brick from Helligsg Teglvaerk (0.046) (19.3)
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L mortar Carbonated hydrolic lime mortar ?0'.2052% (262.2)
AL mortar Carbonated air lime mortar with aggregates of 0-4 mm 0.156 177
grain size (7.7%) (0.006) (5.87)
C mortar Cement mortar with aggregates of 0-4 mm grain size 0.152 177
(Wewers) (0.009)  (0.66)

Acap and weap derived from water uptake test (each result is an average based on five samples.
The values in () correspond to the standard deviation.

3.1.2 CLASSIFICATION OF COMMERCIALLY AVAILABLE WATER
REPELLENT AGENTS (MARKET OVERVIEW)

The existing distributors of water repellent agents provide an array of products that
are characterized according to the type of active ingredient, formulation,
concentration and type of substrate, as explained in Section 2 (see also Paper I).

In this study, 77 commercially available products suitable for mineral substrates have
been identified from 13 distributing companies, including five big silicon-producing
companies: Wacker, Dow, BlueStar, Sika, and Momentive. Companies that do not
produce silicon products, make their formulations using silicon products from the big
silicon-producing companies.

In-plant impregnations for cement, products used for wood or against rising damp,
and products that are used as admixtures in coatings are excluded, since the main focus
is water repellent agents for facade impregnation against wind-driven rain (Paper 1).

3.1.3 SELECTED WATER REPELLENT AGENTS

The basic variations available on the market of silicon-based water repellent agents
are represented by the water repellent agents shown in Table 3-2, according to the
characterization shown in Table 2-1. These water repellent agents include different
active ingredients, in liquid or cream form, water or solvent-based, with different
concentrations, and recommended for different types of substrate. A detailed
description of the water repellent agents referred in Table 3-2 can be found in Paper
I

Table 3-2 Water repellent agents used in the current study, including the concentrations used
(not in all cases as recommended by the producer)

Product Company Type Form Diluent Concentration  Substrate
SMK 2101  Wacker 90% silane  Liquid Water 6, 10, 25** % Concrete
SMK 1311  Wacker 90% siloxane Liquid Water 6, 10, 25** % Mineral
SMK 2100  Wacker Silane/siloxane Liquid Water 2% 6, 10,25**%  Mineral

SNL Remmers Siloxane  Liquid Solvent 7% Mineral
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WS Remmers Silane/siloxane Liquid Water 10 % Mineral
FC Remmers Silane Cream Water 10,*20,40,80%  Mineral
BSC Wacker Silane Cream Water 80 % Concrete

Information derived from the technical data sheets of the products.
*Concentration lower than recommended.
**Concentration higher than recommended.

3.1.4 HYDROPHOBIC TREATMENT

The substrate should be cleaned from dirt, dust, and possible efflorescence before
impregnation, as dictated by the technical data sheets of the water repellent agents
used in this study [23,49,50]. In real buildings, the facade is cleaned by sweeping,
compressed air, or even sandblasting.

For the current study, the samples were washed with deionized water and were cleaned
with a brush. Then, the samples were stored in an oven (55 °C) for drying. After drying
the samples were cooled in room temperature (T) and relative humidity (RH). For
impregnation with cream products 150-200 ml/m? were applied with a brush
(minimum recommended amount) [51]. For the impregnation process using liquid
water repellent agents, please see Paper I. After impregnation the samples were
maintained in a climatic chamber (21 °C, 53% RH) for one month before any
experiment took place.

3.1.5 EXPERIMENTAL SETUP

Six main factors that characterize the hydrophobic layer: i) change in the open
porosity (®) and the pore volume distribution (fy) (moisture storage), ii) reduction of
the water absorption coefficient (Acap) (moisture transport), iii) change of vapor
diffusion resistance factor (u) (moisture transport), iv) change in the thermal
conductivity, v) impregnation depth (dp), and vi) change of absorption coefficient as
well as contact angle and discoloration after aging (durability) were investigated as
presented in Table 3- 3 and described in Papers I-111.

Table 3- 3 Laboratory experiments.

Properties Experiments

Moisture storage

Open porosity (®) Vacuum saturation test
Pore volume distribution (fy) Mercury intrusion test

Moisture transport

Capillary absorption coefficient (Acap) Capillary water uptake test
Vapor diffusion resistance factor () Cup test
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Thermal properties
Thermal conductivity (1) Heat-flow meter

Impregnation depth

Visual inspection
Water uptake from non-impregnated side

Impregnation depth (dp)

Durability
Capillary absorption coefficient (Acap) Atrtificial aging, water uptake
Contact angle (y) Artificial aging, contact angle measurement
Discoloration Visual inspection

Moisture storage

Open porosity (@), which is proportional to vacuum saturated moisture content Wsat
[52,53], was calculated via a vacuum saturation test, according to [54] (ASTM C1699-
09, 2009). For each test, dry samples were placed in a vacuum desiccator, before being
immersed in water.

(D(%) — Msat,in air‘Mdry X 100 (4)

Msat,in air_Msat,in water

Mary is the mass of the dry sample, Msg, in air IS the mass of the saturated sample
measured in air and Mgz, in water 1S the mass of the sample, measured when immersed
in water.

A mercury intrusion test was carried out to determine the pore volume distribution of
hydrophobized brick and mortar according to [55]. According to [56], assuming a
cylindrical pore shape (radius r) and based on the capillary pressure curve, the pore
volume distribution (fy) can be determined as follows:

frr) = -2 )

0log10(Pc(7))

where w is the moisture content and pe(r) is the capillary pressure, according to the
Young-Laplace equation:

pe = 20cos(0) (6)

T

where o is the surface tension [N/m], 0 is the contact angle [°] and r is the pore radius
[m] [53].

Moisture transport

The water absorption coefficient (Acsp) Was obtained through water uptake tests, in
accordance with [57], as described in [52,58]. The time intervals for the measurement
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were 10', 30", 1h, 1h 30", 2h, 3h, 4h, 7h, 9h, and 24h. The duration of the water uptake
test for the impregnated samples was 24 hours because impregnation decreases the
rate of capillary water uptake significantly [15]. When the graph of water uptake does
not produce a straight line but a curve of some form, Ac,p is defined as the increase in
weight (Am) at 24h divided by V86400 [57]. The water uptake tests are repeated to
check the water repellency performance after water exposure.

Am

Ay = s (1)

In order to determine the water vapor diffusion resistance factor (), cup tests were
conducted in accordance with [59]. The samples were pre-conditioned, enclosed in
the lids attached to cups containing saturated salt solutions and placed in a climatic
chamber with relative humidity of 53.5 % and temperature of 21 °C. The samples were
weighed two times per week for four weeks and the p-value was calculated as follows:

_ _ Sair-4p  dair

e R C)

where p is the water vapor resistance factor [-], dair the water vapor permeability of
still air [kg-m™-s-Pal], Ap the pressure difference between inside and outside the
cup [Pa], d the sample thickness [m], g the density of water vapor flow rate [kg-m2-s-
11, and dair the distance between the sample and the salt solution inside the cup [m].

Thermal properties

In order to showcase the potential energy savings due to hydrophobization, the
thermal conductivity of dry and saturated brick samples was measured. Three types
of brick and one type of mortar were put in a heat flow meter in dry and capillary
saturated conditions in accordance with [60] and the thermal conductivity of each
sample was calculated following Equation (9) [61], where A stands for the thermal
conductivity of the sample [W/(m-K)], g for the heat flux through the sample [W/m?],
d for the thickness of the sample [m], and Thot — Tcold for the temperature difference
between the hot and cold plates [K]:

A=q-; 9)

Thot—Tcold

For the capillary saturated condition, the samples were immersed in water for 24 hours
and for the dry condition, the samples were kept in an oven at 70 °C until their weight
was stabilized.

Impregnation depth

The impregnation depth was measured by visual inspection (i.e. as the length of the
area that becomes darker due to impregnation, measured perpendicularly to the
surface), immediately after the impregnation and one month after the impregnation.
As the water repellent agent is redistributed and spread inside the specimens, water
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uptake tests were also conducted from the non-impregnated side of the samples.
Hydrophobization creates a first, strongly hydrophobized layer and a second, partly
hydrophobized layer further away from the surface [62] (see Paper 1). In this study,
“impregnation depth” refers to both the strongly hydrophobized region along with the
partly hydrophobized region.

Durability

The methodology to evaluate the durability of the hydrophobic surface treatment of
brick and mortar samples is based on artificial aging with Atlas Ci 4000 weather-
ometer, conducted at the Danish Technological Institute (Taastrup), according to ISO
4892-2 as described in Paper 1. The results of water absorption measurements are
expressed as water absorption coefficient (Acap) and derives from capillary uptake
tests. Capillary uptake tests are carried out before and after artificial aging for the
untreated samples. For the treated samples the water absorption coefficient was
measured: a) one month after the application of the water repellent agent, b) during
artificial aging (every two weeks), and c) after artificial aging. The total artificial
aging procedure consists of 635 cycles. Capillary water uptake measurements were
carried out after 165, 335, 482, and 635 cycles. One cycle (two hours) consists of:

-102 min.: Lamp: Xenon

Irradiance level: 0.5 W/m? at 340 nm (UV)

Back panel temperature: 63 °C

Chamber temperature: 38 °C

Relative humidity: 50%

Specimen spray: off

Back spray: off
-18 min.: Specimen spray: on

The rest of the weathering test conditions remain the same
The Karsten tubes are 10 cm in height (15 ml volume) and are placed on the substrate
vertically and horizontally after sealed with plasticine. The water level is recorded
every minute for 11 minutes, and water absorption in ml/min is calculated using the

average of the last ten measurements. Water is added every time 1 ml of water is
absorbed in order to sustain a steady water pressure [63] (see also Paper II).
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Contact angle measurements took place to check the beading effect. The
measurements used 3 pL droplets placed on the treated surface of the materials. The
droplet images were recorded with a CCD camera, and the results were analyzed by
DropSnake, a plugin for ImageJ software, similarly to [64].

After the artificial aging, the samples were inspected for possible discoloration.

3.2 COMPONENT LEVEL: HYDROPHOBIZATION AND INTERNAL
INSULATION

3.2.1 HYGROTHERMAL SIMULATIONS

Hydrophobic model

The hygrothermal properties measured as described in section 3.1 were used as input
for the hydrophobic model developed in Delphin (as it is shown in Table 3- 4),
resulting in adjusted versions of the moisture retention and permeability curves as
well as the vapor permeability and thermal conductivity curves. The minimum
impregnation depth reported in Paper | is used as base case. 1D simulations were
decided as sufficient since the impregnated brick and mortar samples illustrate similar
values of absorption coefficient.

Table 3- 4 Material properties of Y brick in untreated (Untd) and hydrophobized condition (FC
40 %) based on own measurements (Paper I11).

Material property (Y brick) Untd FC 40%
Saturation moisture content (W) [Mm3/m?] 0.290 0.290
Capillary absorption coefficient (Acap) [kg/m?s°3] 0.32  0.0009
Vapor resistance factor (u) [-] 119 137
Dry thermal conductivity (Aary) [W/(m K)] 0.63 0.63

Thermal conductivity at capillary saturation (Awet) [W/(M K)] 147  1.47
Bulk density (p) [kg/m?] 1643 1643

Specific heat capacity (Cp) [J/(kg K)] 942 942
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Experimental validation of the hydrophobic model

The hydrophobic model was validated first at the material level by comparing the
water uptake and drying curves obtained by experiments and duplicated in a
simulation environment in order to capture the wetting and drying behavior.

The hydrophobic model was also validated at the component level, comparing the
relative humidity and temperature at the interface between masonry and internal
insulation (iQ-Therm) of a mock-up wall constructed with Y brick and air lime mortar
in a container segment at the Technical University of Denmark (DTU), with a 1D
model constructed in Delphin software to simulate the container mock-up wall as
described in Figure 3- 1. The hydrophobization (FC 40%) was applied in the same
period as the internal insulation (March 2015). The hydrophobized brick was modeled
as a separate material as described in Paper I11.

Distance from exterior (mm)
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m hydrophobization =masonry air lime plaster iQ fix
iQ-Therm iQ top W vapor open paint

Figure 3- 1 Configuration of the container mock-up wall. Hydrophobization: 2.4 mm
impregnation depth, masonry (Y brick): 350 mm, air lime mortar: 10 mm, iQ fix (adhesive
mortar): 10 mm, iQ-therm (PUR-foam based insulation): 80 mm, iQ top (render): 10 mm,
vapor open paint: sd = 0.01 m. sd: equivalent air layer thickness (i * material thickness)

(Paper I11).

Simulation input

Three different wall configurations were studied as a base case scenario as presented
in Figure 3- 2. Based on three indicators: the average moisture content in the masonry,
the mould growth at the interface between masonry and internal insulation, and the
heat loss.
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Figure 3- 2 Wall configuration without (reference) and with internal insulation.
Hydrophobization: 2.4 mm impregnation depth, masonry (Y brick): 350 mm, lime mortar: 10
mm, insulation system: 100 mm (mineral wool or CaSi), gypsum board: 12.5 mm, vapor open
paint with sd = 0.01 m, vapor barrier (vb) sd = 70 m (only for the mineral wool (mw) system)

and acrylic paint sd = 0.18 m. sd: equivalent air layer thickness (1 * material thickness)
(Paper I11).

Parametric analysis

A parametric analysis was conducted with different orientations (N, E, W, S, SW),
climates (Copenhagen, Munich, Milan), masonry thicknesses (350, 590, 710 mm)
insulation thicknesses (60, 100, 300 mm), insulation systems (CaSi, mineral wool +
vapor barrier, iQ-Therm, XPS, Multipor, Kingspan), impregnation depths (2.4 and 40
mm), impregnation strengths (characterized by Acsp using 0.0009 and 0.033
[kg/m?s°5]), and hydrophobization before or after internal insulation represented by
initial moisture content in the wall (see Paper I11).

3.3 BUILDING LEVEL: CASE STUDY BUILDING

The case study building is a recently renovated old two-story farm house, built in 1875
and located on the coast of northern Zealand in Denmark. During the refurbishment
of the house, internal insulation and afterwards, hydrophobization were applied. The
relative humidity in the interface between masonry and internal insulation (iQ-
Therm), which was installed in 2016, was studied on different wall orientations where
the hydrophobization installed in 2018 (see also Paper III).
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CHAPTER 4 RESULTS

This chapter will present the main findings from Papers I-111.

4.1 CLASSIFICATION OF COMMERCIALLY AVAILABLE WATER
REPELLENT AGENTS

Almost all companies provide silicon-based water repellents, covering 80 % of the
market, half of them being mixtures of silanes and siloxanes, while less than 20 % are
based on organic or metal-bearing materials (see Figure 4-1). Most water repellent
agents are in liquid form. Also, most of the products use water as a diluent, especially
if they are in cream form (see Figure 4-2 left). The majority of the products are
generally recommended for mineral substrates, but some products are specifically
recommended for application in concrete and cementitious materials (see Figure 4-2
right and Paper I).

These results led to the selection of the water repellent agents used in the research,
since non-silicon based products were excluded. However, regarding the product
form, special attention was given to cream products due to their easy application,
despite there being fewer on the market compared to liquid products.

siloxanes metal bearing metal bearing
18% silicone resins 2% & silicones
4% 4%
organic &
silicones
i Jsil ‘ silanes organic siliconates
silanes/siloxanes, 21% 5% 1%

40%

Figure 4-1 Types of commercially available water repellent agents. Data from 77 listed
products (Paper I).
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Figure 4-2 Form/diluent of water repellent agents (left), Type of substrate (right). Data from
77 listed products (Paper I).

4.2 MATERIAL LEVEL: HYDROPHOBIZATION
4.2.1 MOISTURE STORAGE PROPERTIES

Hydrophobic impregnation can induce minor changes in the open porosity (®) and
vacuum saturation moisture content (Wsat), as seen in Figure 4-3 (left), for both R brick
and L mortar. After mercury intrusion test, the pore volume distribution in Figure 4-
3 (right) shows that the available pore volume space in the hydrophobized materials
did not change significantly, but L mortar was influenced slightly more compared to
R brick due to its finer pores.

—L mortar untreated
7% ~L mortar impregnated
—R brick untreated
6% ~R brick impregnated

35 350 &

£a0
e
228
g 20
2
§1s
&
5
0

Untreated SMK 2100 | Untreated SMK 2100
10% 10%
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NN W
S o &
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S @
S o
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Pore volume distribution f,

o
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Figure 4-3 Open porosity and moisture content at vacuum saturation (left) and pore volume
distribution (right), R brick and L mortar, untreated and impregnated with SMK 2100 10 %.
Each result is an average based on five samples, error bars correspond to standard deviation,
for exact values see Paper | (Paper I).

4.2.2 TRANSPORT PROPERTIES

Capillary water absorption
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Hydrophobization significantly reduces the capillary water absorption in all the
treated substrates as presented in Figure 4-4. The effect is less obvious in the case of
cement mortar, but after repeating the capillary water uptake test, as shown in Figure
4-5, the water repellency performance reaches the same level as the rest of the
substrates.

25
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20 H b untreated L m untreated
r:E 0 OO +C m untreated 0AL m untreated
=)
=15 -
0 © greee” #®R b treated L m treated
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510 o
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5 p &
E 7 o] x
x
5 3,8 = x
ok x
& x X
X "
0 5 X @ 0w | . | [ ] [ ] ®
0 50 100 150 200 250 300
time [sqrt(s)]

Figure 4-4 Capillary water uptake. R brick, H brick, Y brick, L mortar, C mortar, AL mortar,
untreated and impregnated with FC 40%. 300 sqrt(s) corresponds to 25 hours. The data
points for the treated Y brick, H brick, R brick, L mortar, and AL mortar samples fall very
close. Each point of each curve is the average value of the respective measurements of three
different samples.

Water exposure after treatment and a longer curing time increase the water repellency
performance in all types of water based silicon agents tested in Paper I. The water
absorption coefficient (Acap) is negligible compared to untreated samples regardless
of the concentration of the active ingredient, the diluent, the percentage of
silane/siloxane, the application time (10 sec, 5 min, 80 min) for liquid products,
inner/weathered surface, and duration of capillary water uptake, cf. Paper I.
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Figure 4-5 Influence of water exposure after treatment. R brick, H brick, Y brick, L mortar, C
mortar, and AL mortar impregnated with FC 40%. Water absorption coefficient at first
(Acap1), second (Acapz2), and in some cases third (Acaps) water uptake test. Between the water
uptake tests the samples were dried in an oven at 55°C and then cured at room temperature
and RH. Each result is an average based on three samples, error bars correspond to standard
deviation.

Water vapor diffusion

Hydrophobization does not block the vapor transport, cf. Figure 4-6. Although there
was a small increase of vapor diffusion resistance factor at the first cup test with
treated samples (red columns) compared to untreated (blue), the increase becomes less
obvious after immerging the samples for 24 hours in water and repeat the cup test

(green).
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Figure 4-6 Water vapor diffusion resistance factor (1) of R brick, L mortar, H brick and Y
brick, untreated and impregnated with FC 40%. Each result is an average based on four
samples, error bars correspond to standard deviation.

4.2.3 THERMAL PROPERTIES

The thermal conductivity of the tested brick and mortar types is affected by the
moisture content and becomes more than twice as high in capillary saturated state
compared to dry state in all tested materials (see Figure 4-7). This reveals potential
energy savings as a result of hydrophobization by keeping the building materials in a
dry state.
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Figure 4-7 Thermal conductivity in dry and capillary saturated building materials: R brick, H
brick, Y brick, and L mortar.

4.2.4 IMPREGNATION DEPTH

Paper | reveals that there is not a specific type of water repellent agent that penetrates
deeper in a specific building material. However, all the water repellent agents tested
tend to penetrate deeper to brick than mortar, the active ingredient continues to spread
inside the material, and the water exposure after treatment contributes to a larger
impregnation depth. Brick and mortar samples illustrate water repellency performance
even at 8 cm depth, which becomes better by repeating the water uptake test from the
non-impregnated side (see Figure 4- 8). Hydrophobization creates a strongly
hydrophobized layer and a larger area that is partially hydrophobized where the active
ingredient would spread deeper with time and water exposure (Paper I).
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Figure 4- 8 Capillary water uptake test of R brick and L mortar, in untreated state, and in
treated state from the not impregnated side of the sample including a repeated test after
drying in the oven at 55°C and one month curing at room temperature and RH. Impregnated
with FC 40%. Each point at each curve is the average value of the respective measurements
of three different samples.

4.2.5 DURABILITY OF THE HYDROPHOBIC TREATMENT

Capillary water uptake test during artificial aging

Hydrophobization retains the water repellency performance during artificial aging as
presented in Figure 4- 9 where the water uptake before aging, during aging, and after
aging of all the tested brick and mortar samples is negligible compared to the water
uptake of untreated samples.
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Figure 4- 9 Capillary water uptake of Y brick, H brick, C mortar, AL mortar, untreated and
impregnated with FC 40%. 1: 1 water uptake before artificial aging, 2: 2" water uptake
after 165 cycles of artificial aging, 3: 3™ water uptake test after 335 cycles of artificial aging,
4: 4™ water uptake after 482 cycles of artificial aging, 5° 51 water uptake after 635 cycles of
artificial aging. Each point of each curve is the average value of the respective measurements
of three different samples.

Figure 4- 10 indicates that weathering reduces further the water uptake of the
impregnated brick and mortar samples. For bricks, reduction is mainly seen at 2™
water uptake, while a more gradual reduction is seen for mortars.
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Figure 4- 10 Capillary water uptake of a) Y brick, b) H brick, ¢) C mortar, d) AL mortar,
impregnated with FC 40%. 1: 15 water uptake before artificial aging, 2: 2" water uptake after
165 cycles of artificial aging, 3: 3" water uptake test after 335 cycles of artificial aging, 4: 4™
water uptake after 482 cycles of artificial aging, 5° 5" water uptake after 635 cycles of artificial
aging. Each point of each curve is the average value of the respective measurements of three
different samples.

Karsten tube measurements

Karsten tube tests also showed that hydrophobization could block liquid water
transport in brick and mortar samples after aging and in brick and mortar joints of a
mock-up wall treated with water repellent agents six years ago (see Figure 4- 11).
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Figure 4- 11 Water absorption by Karsten tube test, Y brick, H brick, AL mortar, C mortar,
and mock-up wall, untreated and impregnated with Remmers FC cream 40%. “Sample”
refers to samples from artificial aging, “wall” and “mortar joint” refer to mock-up wall

measurements on brick and mortar joints respectively. Each result is an average based on

three measurements, error bars correspond to standard deviation (Paper I1).

Contact angle measurements

Contact angle determines the hydrophobic behavior of building materials surface. The
surfaces of hydrophobized brick and mortar samples had similar contact angles, which
were reduced after artificial aging. In C mortar and AL mortar impregnated with FC
40%, the contact angle was reduced to the point that it was difficult to be measured
(see Table 4- 1).

Table 4- 1 Contact angle measurements before and after artificial aging.

Y brick H brick C mortar AL mortar
Before aging (y°) 130 (8) 124 (3) 130 (5) 132 (9)
After aging (y°) 104 (4) 91 (15)

Each result is an average based on three samples. The values in () correspond to the standard deviation

Discoloration

Hydrophobization keeps the exterior appearance of the brick and mortar samples
tested in the Atlas Weather-Ometer while all the untreated tested materials reveal
white stains after artificial aging (see Figure 4- 12). The white stains are more evident
in the Y brick compared to the rest of the building materials.
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c)

Figure 4- 12 Untreated (above) and impregnated (below): a) Y brick, b) H brick, c) C mortar,
d) AL mortar, impregnated with FC 40% after 635 cycles of artificial aging.

4.3 COMPONENT LEVEL: HYDROPHOBIZATION AND INTERNAL
INSULATION

4.3.1 EXPERIMENTAL VALIDATION OF THE HYDROPHOBIC MODEL

Material level

The hydrophobic model captures the basic characteristics of wetting and drying at the
material level as illustrated in Figure 4- 13. The simulation results of the drying test
are on the safe side and the small difference compared to experimental results is
explained in Paper Il1I.
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Figure 4- 13 Comparison of experimental (Y brick) impregnated with FC 40% and simulation
(Sim) results. Water uptake (a). Drying test (b) (Paper I1I).

Component level
The results indicate an agreement between the measured and predicted values, as the

model predicts the peaks and troughs of both temperature and relative humidity (see
Figure 4- 14 and Paper III).
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Figure 4- 14 Relative humidity (a) and temperature (b) in the interface between
hydrophobized (FC 40%) masonry and internal insulation (IQ-therm). Comparison of
experimental (exp) and simulation (sim) results (Paper IlI).

4.3.2 SIMULATION STUDY

Average moisture content in the masonry

Adding internal insulation to the masonry significantly increases the average moisture
content. When hydrophobization is applied prior to or at the same time as internal
insulation, it can sustain the average moisture content at very low levels (see Figure
4- 15). However, when hydrophobization is applied after internal insulation in our
case five years after, the average moisture content needs some time to reach very low
levels (see Figure 4- 16). It needs additional time to be eliminated, depending on,
among other parameters, the insulation system and the impregnation depth of the
treatment. Vapor tight insulation systems like mineral wool with vapor barrier and
deeper impregnation depths increase the time needed for moisture to be eliminated.
Hydrophobization blocks liquid transport, which results in a reduced drying rate, and
moisture remains inside the masonry for a longer period when the hydrophobic layer
spreads deeper into the masonry (40 mm) compared to the impregnation depth of 2.4
mm. Since hydrophobization blocks water liquid transport, drying mainly occurs
through water vapor transport. The longer the distance water vapor has to travel, the
slower the process of drying becomes.
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Figure 4- 15 Average moisture content in the masonry in SW-oriented wall configurations,
including a reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi),
and a wall internally insulated with mineral wool and a vapor barrier (mw-+vb). In all three

cases with or without hydrophobization. Impregnation depth 2.4 mm based on the lowest
reported value of impregnation depth in Y brick from Paper I. Simulation based on climate
data for Copenhagen 2020-2024 (Paper I11).
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Figure 4- 16 Average moisture content in the masonry in SW-oriented wall configurations, in
the case of applying a water repellent agent at the same time as internal insulation (as in
Figure 4- 15) or five years after. Yellow and blue curves are the same as in Figure 4- 15,
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while olive and turquoise curves are the continuation of curves in Figure 4- 16. Impregnation
depth 2.4 mm or 40 mm based on impregnation depth values reported from Paper I. The
configurations include a wall internally insulated with calcium silicate (CaSi) and a wall
internally insulated with mineral wool and a vapor barrier (mw-+vb). Simulation based on
climate data for Copenhagen 2020-2024 (Paper IlI).

Relative humidity between masonry and internal insulation

Relative humidity on the interface between masonry and internal insulation follows
the trends of average moisture content in the masonry. It is influenced, among other
parameters, by the insulation system, the sequence of applying hydrophobization,
internal insulation, and the impregnation depth. For the vapor-open capillary-active
internal insulation (CaSi), the effect that the sequence of applying hydrophobization
and internal insulation as well as the impregnation depth have on the relative humidity
between masonry and internal insulation, is practically insignificant, as shown in
Figure 4- 17 (a) . The situation changes dramatically for a vapor and water tight
internal insulation, such as mineral wool plus vapor barrier, for which RH stays at
high levels, similar to the case where hydrophobization is applied five years after
internal insulation. In the case of 2.4 mm impregnation depth, RH reaches the same
level with the case of applying hydrophobization and internal insulation at the same
time after four years. However, in the case of 40 mm impregnation depth, the RH
remains at high levels after five years, as shown in Figure 4- 17 (b).
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Figure 4- 17 Relative humidity at the interface between masonry and internal insulation in a
SW-oriented wall configurations, in the case of applying a water repellent agent at the same
time as internal insulation or five years after. Impregnation depth 2.4 mm or 40 mm based on
impregnation depth values reported from Paper I. The configurations include a wall
internally insulated with a wall internally insulated with calcium silicate (CaSi) (a), mineral
wool and a vapor barrier (mw+vb) (b). Simulation based on climate data for Copenhagen
2020-2024.

Mould growth in the interface between masonry and internal insulation

A frequent problem in buildings in Denmark is the risk of mould growth in the
interface between masonry and internal insulation, which is significantly reduced by
hydrophobization (see Figure 4- 18).
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Figure 4- 18 Mould growth expressed as mould index in the interface between masonry and
internal insulation in SW-oriented wall configurations, including a reference wall (ref wall), a
wall internally insulated with calcium silicate (CaSi) and a wall internally insulated with
mineral wool and a vapor barrier (mw-+vb). In all three cases with or without
hydrophobization (applied at the same time as internal insulation). Impregnation depth 2.4
mm based on the lowest reported value of impregnation depth in Y brick from Paper I.
Simulation based on climate data for Copenhagen 2020-2024 (Paper III).

Moisture safe energy savings

Figure 4- 19 illustrated the accumulated heat loss after five years of simulation.
Hydrophobization has the potential of further reducing the heat losses for both
uninsulated and internally insulated walls.
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Figure 4- 19 Accumulated heat loss in SW-oriented wall configurations, including a reference
wall (ref wall), a wall internally insulated with calcium silicate (CaSi), and a wall internally
insulated with mineral wool and a vapor barrier (mw+vb). In all three cases without
(untreated) and with (treated) hydrophobization, applied at the same time as internal
insulation. Impregnation depth 2.4 mm based on the lowest reported value of impregnation
depth in Y brick from Paper I. Simulation based on climate data for Copenhagen 2020-2024.
The percentages indicate the additional energy savings due to hydrophobization (Paper I11).

Weak hydrophobic layer

Previous sections reported the potential benefits of applying hydrophobization and the
combined effect with internal insulation. However, in case of a hydrophobic treatment
that remains weak in terms of absorption coefficient (Acyp) in the long-run, the
hygrothermal performance of the wall configuration may worsen, as shown in Figure
4-20.
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Figure 4- 20 Average moisture content in a SW-oriented wall internally insulated with
calcium silicate (CaSi). Weak hydrophobization is based on the highest Acap reported in
hydrophobized samples which becomes lower after repeating the capillary water uptake test
in Paper |. Impregnation depth 2.4 mm based on the lowest reported value of impregnation
depth in Y brick from Paper I. Simulation based on climate data for Copenhagen 2020-2024.

4.3.3 CASE STUDY BUILDING

Figure 4- 21 shows four years of relative humidity at the interface between masonry
and internal insulation in the case building. Hydrophobization lowers RH peaks, but
for RH to reach lower levels, more time is needed because of the built-in moisture
caused by applying internal insulation two years before hydrophobization. The west-
oriented RH sensor at the interface between masonry and internal insulation (green
curve) is the only sensor that does not illustrate any reduction in relative humidity, but
its accuracy is questioned since the sensor in the window sill at the same orientation
illustrates a significant reduction in relative humidity (red curve) (Paper I11).
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Figure 4- 21 Relative humidity during a four-year-period (Sep 2016 — Dec 2020) in the
interface between masonry and internal insulation (iQ-Therm) in a case building. West
(green), South (grey), North (orange and light blue), and East (blue and yellow) oriented wall

configurations and in the window sill West (red).
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CHAPTER 5 DISCUSSION

5.1 MAIN FINDINGS

The present thesis examined the effect of water repellent agents on different types of
brick and mortar, both at the material and at the component levels. Water repellent
agents significantly alternate the hygrothermal behavior of brick and mortar samples
as well as hydrophobized internally insulated walls. They can create a layer
impermeable to liquid water that keeps both its performance and its appearance but
loses its beading effect after aging, without notable change in the pore structure of the
material. The layer is still permeable to water vapor with an increasing impregnation
depth over a period of time after hydrophobization through the redistribution of the
active ingredient. Further, the combination of hydrophobization and internal
insulation can create a moisture safe construction with reduced risk of moisture-
related damage and increased energy saving by keeping the moisture content and
thereby the thermal conductivity of the wall materials low. The hygrothermal benefits
of hydrophobization in combination with internal insulation can reveal faster when
hydrophobization is applied prior or at the same time with internal insulation. The
before-mentioned results are going to be discussed in the following sections of the
discussion.

5.2 MATERIAL LEVEL
5.2.1 HYGRIC PROPERTIES

5.2.1.1 Storage properties

Defining the storage properties of hydrophobized building materials faces a challenge
since liquid water transport is impeded. Results based on the current experimental
procedures should be interpreted with care, as these experiments were developed for
hydrophilic building materials. In some studies, the capillary moisture content is
defined from a free capillary water uptake (see Table 2-2). In those cases where a
significant reduction of the value is reported [13,40], it is coming from the first stage
of the capillary water uptake curve, because a second stage cannot be defined in a
strong hydrophobic layer. On the other hand, those reports of a small reduction in
capillary moisture content, and who are able to define a second stage [15,39], possibly
refer to a incorrectly applied hydrophobic layer or more probably to a hydrophobic
layer that needs water exposure after treatment and longer curing time to show an
improved water repellency performance (Paper I). If they repeated the capillary water
uptake test, they would be unable to define a second stage. In a material with a strong
hydrophobic layer, the capillary moisture content is difficult to define with the current
experimental techniques designed for hydrophilic porous building materials.
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The open porosity should be defined in a hydrophobized material, but the results are
not fully reliable as water needs a longer time to fill the pores of the material, even
with the absence of air in a vacuum saturation test. The most reliable of the current
experimental procedures to provide information about the storage properties of
hydrophobized building materials is the mercury intrusion porosimetry test (MIP)
where you intrude mercury into the pores of the material using overpressure, and
therefore the results are not affected by the hydrophobicity of the material. The results
concerning open porosity and pore volume distribution of brick and mortar samples
(see Figure 4-3 and [65]) agree that there is no significant change in the pore structure
of the material. Some small changes can occur in mortar samples due to finer pores.
The small reduction of the open porosity is also responsible for the small increase of
the vapor diffusion resistance factor presented in Figure 4-6 and some of the
references of Table 2-2 [13,40,41]. But after storing the hydrophobized samples in
water and repeating the cup test, the vapor diffusion resistance factor decreases and
comes even closer to the result of the untreated samples (see Figure 4-6). By
combining the latter with the increased water repellency performance after water
exposure (see Papers | and 1) and the redistribution of the active ingredient (water
uptake from the not impregnated side, Figure 4- 8), we can conclude that the
hydrophobic film is attached to the pore walls of the building material. Then after
water exposure and longer curing time, the active ingredient reacts again and forms
new bonds, and is spreading deeper without losing its water repellency performance
after aging (see Figure 4- 9).

5.2.1.2 Transport properties

It is possible to determine the transport properties of hydrophobized porous building
materials, i.e. capillary absorption coefficient and vapor diffusion resistance factor,
but — as for the storage properties — the absorption coefficient faces a challenge due
to the very low water uptake, which means that the results are dependent on the
accuracy of the measurements. Also, since a second stage in the capillary water uptake
curve cannot be reached, we define the capillary absorption coefficient according to
[57]. However, the clear message in this PhD thesis is that silicon based water
repellent agents tested in brick and mortar samples show significant reduction of the
absorption coefficient (Acap) When comparing untreated and treated samples (98.8 %)
and when the water uptake test is repeated (99.8 %), cf. Paper I, supporting previous
findings (Table 2-2, average reduction 92.5 %). The silicon based water repellent
agents even retain the low level of Acyp after aging, according to Paper Il. On the
contrary, vapor diffusion resistance factor remains almost unchanged with a slight
increase in both brick and mortar tested with liquid and cream water repellent agents.
The determination of transport properties (Acp and p-value) are relevant for the
hydrophobized building materials, but it is advisable to repeat the tests since these
properties can change after water exposure (see Figure 4-5, Figure 4-6, and Figure 4-
10).

58



CHAPTER 5. DISCUSSION

Itis generally agreed in the literature and in the technical data sheets of water repellent
agents that specific types of water repellent agents are suitable for specific types of
substrates. Nonetheless, silane water repellent agents originally recommended for
concrete (SMK 2101 liquid, BS creme C) perform exceedingly well in both mortar
and brick, although they may need longer curing time and after-treatment water
exposure compared to siloxanes, especially in bricks. Silanes need longer time when
applied to brick, compared to siloxanes, in order for hydrolysis and polycondensation
to occur and start the formation of longer molecules to effectively cover the larger
pores of brick.

5.2.2 IMPREGNATION DEPTH

Brick and mortar illustrate similar levels of Acyp reduction after impregnation with
silicon based water repellent agents; however, the impregnation depth is higher in the
different types of brick than in the mortar types. Both in brick and in mortar,
hydrophobization creates a first strongly hydrophobized layer as well as a larger
volume that is partly hydrophobized [40] (see also Paper I). Water uptake tests from
the non-impregnated side are particularly interesting in view of extending and
challenging our understanding of a specific impregnation depth reported in the
technical data sheets of water repellent agents [43]. Since water uptake from the non-
impregnated side in brick becomes negligible after longer curing time and water
exposure (see Figure 4- 8), it can be assumed that the active ingredient is distributed
deeper and reaches the opposite side (8 cm), even by applying the minimum
recommended amount for cream products (150-200 ml/m?). In other words, the whole
sample becomes hydrophobized. In samples with larger heights, the active ingredient
could have been spread even deeper probably. In mortar samples the active ingredient
did not reach the opposite side (8 cm), although the Acsp was lowered on the second
water uptake tests from the non-impregnated side compared to the first, leading to the
conclusion that the active ingredient spreads deeper compared to the initial
observations. It should be noted that water uptake tests from the non-impregnated side
aim not to define a specific impregnation depth but to investigate the redistribution of
the active ingredient. Moreover, it is interesting to note that both in liquid and cream
products, the water repellent agent is absorbed faster in brick than in mortar. The
impregnation depth might be increased by applying larger amounts of the agent and/or
increasing the amount of the active ingredient by using higher concentrations. These
actions could result in a higher impregnation depth both in brick and mortar, further
ensuring water repellency (see Paper I).

5.2.3 DURABILITY OF THE HYDROPHOBIC TREATMENT

Hydrophobization creates a layer impermeable to liquid water that penetrates deep
into the material, cf. sections 4.2.2 and 4.2.4, but the durability of this layer in terms
of water repellency is very important to know. The artificial aging results (Figure 4-
9) contribute to existing research on the durability of hydrophobization in brick
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samples [30] and extend this perspective to mortar samples impregnated with cream
water repellent agents. The tested concentrations of 40 and 80 %, which are typical
concentrations for cream agents [39,40], keep the water repellency performance
through artificial aging both in brick and mortar samples. The water repellency
performance of all the tested samples is improved after aging (see Figure 4- 9 and
Paper II), supporting the findings that rain exposure contributes positively to a strong
hydrophobic layer. Moreover, air lime mortar had the risk of being insufficiently
impregnated due to the chemical composition (not hydroxylated surfaces) being
different from cement and hydraulic lime mortar. But it seems that the active
ingredient of the cream agents is able to form irreversible bonds with the pore walls
of the air lime mortar, as the level of water repellency of the air lime mortar samples
was similar to the samples of cement mortar and the brick types in the first water
uptake before the artificial aging. Further, the water repellency performance of air
lime mortar follows exactly the same trend of improvement like the rest of the building
materials during artificial aging.

5.2.3.1 Beading effect

The four tested substrates showed a tendency of contact angle reduction after artificial
aging which means that the beading effect (droplet formation on the facade during
rain events) had declined (Table 4- 1). In the area that was covered by the sample
holders and thus was not exposed to UV radiation, the contact angle was not reduced
after artificial aging in any sample. This leads to the assumption that UV radiation
was responsible for the reduction of the beading effect after aging, since the whole
surface of all samples was exposed five times to water during water uptake tests. UV
radiation can cause the formation of molecules with an excess of electrons (i.e. free
radicals), which facilitates the degradation of polymeric surfaces [66]. In concrete,
UV light is known to break the chemical bonds between hydrophobic molecules and
the substrate [67]. Nevertheless, because UV light cannot penetrate deep into the
material, this only takes place at the outermost layer of the substrate [68], and
therefore water absorption performance was not worsened [67] (see Figure 4- 9 and
Figure 4- 11). Although the beading effect is not an important indicator in terms of
overall efficiency of the hydrophobic treatment and not necessarily desirable for the
building owner, it could remain for longer by applying a higher percentage of siloxane
and higher concentrations of the active ingredient (see Paper I1).

5.2.3.2 Discoloration through aging

The artificial aging reveals an additional benefit of hydrophobization as
hydrophobized samples keep their appearance after artificial aging while the untreated
samples reveal white stains (efflorescence). Both brick and mortar samples were
sprayed with deionized water during the artificial aging, so the migration of salts to
the exterior surface occurs from salts present in the materials. Efflorescence may not
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be a major structural problem of the construction, but it is an aesthetic problem to the
prestige of the building that should be avoided.

5.3 COMPONENT LEVEL
5.3.1 HYDROPHOBIZATION AND INTERNAL INSULATION

The building materials tested for artificial aging were selected to represent a typical
Danish historic building (bricks and air lime mortar) and the type of cement mortar
used for mortar joints repointing. The performance of these building materials after
hydrophobization seems quite promising at the material level, but it is equally
important to know their hygrothermal performance at the component level, especially
when combined with internal insulation, since it induces moisture problems to the
construction. Finding a solution to the moisture problems induced by internal
insulation is one of the greatest challenges faced by building practitioners today.

Numerical simulations support the view that a hydrophobic layer with properties
derived from the experimental section of the thesis improves the hygrothermal
behavior of internally insulated walls. More specifically, the numerical simulations
illustrate that hydrophobization is able to reduce the moisture content considerably in
the masonry and also the risk of mould growth formation in the interface between
masonry and internal insulation when applied before or at the same time as internal
insulation. This is observed regardless of the insulation thickness, masonry thickness,
climate, and orientation. However, when internal insulation is installed prior to
hydrophobization, moisture starts to accumulate in the masonry. The accumulation of
moisture depends on the insulation system, the duration of time before
hydrophobization is applied, the hygric properties of the masonry, the climate, the
wall orientation, the insulation thickness, and on the seasonal wetting and drying.
When hydrophobization is applied, it may allow vapor diffusion but impedes liquid
transport in the hydrophobized part of the masonry which slows down the drying. On
one hand, the wind-driven rain load is eliminated; on the other hand, the built-in
moisture dries out at a slower rate. When hydrophobization is applied in an internally
insulated wall, for a period of time, the hygrothermal performance of the wall
configuration can illustrate a poorer performance compared to the untreated wall (see
Figure 4- 16 and Figure 4- 17). This period could last from months in a wall
configuration with a vapor open and capillary active insulation system, such as CasSi,
to years with a vapor and water tight insulation system, such as mineral wool with a
vapor barrier, or XPS (see Figure 4- 16 and Paper Il1).

If a solid, south-west oriented masonry facade in Denmark or similar climate with
high rain load, which is internally insulated with more than 100 mm mineral wool and
a vapor barrier and stands for more than five years without hydrophobization, it should
be expected that the built-in moisture would need more than two years to dry out from
the moment that the water repellent agent is applied (see Figure 4- 16 ). Eventually,
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the built-in moisture dries out and, at the same time, there is no new entry of moisture
from rain events, resulting in very low levels of average moisture content inside the
masonry. Therefore, even when hydrophobization is applied after internal insulation,
the long-term hygrothermal performance would be positive.

The monitoring results from the case study building where hydrophobization was
applied two years after internal insulation are in line with the numerical simulation
results. RH in the interface between masonry and internal insulation gradually
declines from a high level following the seasonal wetting and drying.

The probability of mould formation and interstitial condensation at the interface
between masonry and internal insulation is affected from the sequence of applying
hydrophobization and internal insulation, but the wind-driven rain is not the only
source of moisture at that point. RH in the interface between masonry and internal
may reach high levels due to i) wind-driven rain transported by liquid transfer, ii)
outdoor RH, and iii) indoor RH transported via diffusion and air leakages. In a North
European climate, in the case of an exceedingly high outdoor RH during winter or/and
high internal moisture load, RH in the interface between masonry and internal
insulation can reach high values even when hydrophobization has eliminated the
incoming wind-driven rain load (see also Paper 111).

5.3.2 ENERGY SAVINGS FROM HYDROPHOBIZATION

The difference in thermal conductivity measured in dry and capillary saturated
samples illustrates a potential for energy savings when applying water repellent
agents, as shown in Figure 4-7. In Southern European countries, hydrophobization
should be mainly used for building maintenance of the structure and to avoid
discoloration. But numerical simulations illustrate that in North European countries
with high rain loads, hydrophobization could be considered as an energy-saving
measure both as a single approach and when it is combined with internal insulation,
providing additional energy savings by keeping the wall elements dry.

5.3.3 WEAK HYDROPHOBIC TREATMENT

However, it is very important to note that in order for the hydrophobized internally
insulated wall to maintain a high level of hygrothermal performance, the hydrophobic
layer should be durable in terms of a low absorption coefficient. A weak hydrophobic
layer that allows part of the wind-driven rain to penetrate may reverse the positive
impact of hydrophobization and worsen the hygrothermal behavior of the wall (see
Figure 4- 20). The weak impregnation reported in Figure 4- 20 derives from water
repellent agents that improve the water repellency performance with longer curing
time and after-treatment water exposure. So, the actual absorption coefficient for that
impregnation would be much lower, resulting in a hydrophobic layer impermeable to
liquid water as it is shown after repeating the water uptake. Moreover, it is very
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important that the artificial aging indicates that the brick and mortar could maintain
their water repellency performance during aging, as a declined performance could
threaten the long-term effectiveness of hydrophobization when combined with
internal insulation.

5.3.4 PRACTICAL RECOMMENDATIONS

The current PhD thesis illustrates that a strong hydrophobic layer in terms of water
repellency could be beneficial for the hygrothermal performance of internally
insulated solid walls constructed with brick and mortar. For other types of material,
such as natural stone, not included in this study, it is recommended to extract a sample
from the masonry and first impregnate it and test at least the absorption coefficient
before impregnating the whole building to ensure a low absorption coefficient of the
treated building material.

Further considerations to be taken into account when starting a hydrophobization
project in order to ensure a sufficient strong hydrophobic layer are as follows:

«» not to leave untreated parts of the facade such as art details, window sills,
roof corners, and overhangs constructed from porous building materials,

to give extra attention when treating close to windows and doors,

» to repair visible cracks before impregnation, and

to clean the substrate with sandblasting or brushing and water.

*

X3

*

oo

X3

*

For the cream products, rain events that occur a few hours after the treatment could
be harmful as they can remove the freshly applied cream. However, rain events that
take place after a couple of days could enhance the hydrophobic treatment, in terms
of lowering further the absorption coefficient, by washing of the emulsifiers that
permit the active ingredient of the water repellent agent to form additional bonds with
the pore wall of the building material. The findings of the current thesis suggest testing
the water repellency performance after one month of curing and then checking after
some months of rain events for improved water repellency performance. If the water
repellency on some parts of the wall is not sufficient, the treatment should be repeated
[67].
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CHAPTER 6 CONCLUSION

The numbers correspond to the previously stated hypotheses in section 1.3
Hypotheses:

SH1) It was hypothesized that the water repellent agents available on the market can
be identified by studying their physical and chemical properties. This is proven to be
true since silicon based water repellent agents can be identified through their active
ingredient, their form, the type of diluent, the concentration of the active ingredient,
the alkyl group, and the type of substrate recommended for application.

SH2) It was hypothesized that hydrophobization does not alternate the moisture
storage properties of brick and mortar samples in the material level, but changes the
transport properties by eliminating the capillary liquid water absorption although it
allows vapor transport. This is proven to be true since hydrophobization creates a layer
impermeable to liquid water but still permeable to water vapor, without major
alterations in the pore structure, according to experimental results from water uptake
tests (absorption coefficient), cup tests (u value), vacuum saturation tests (open
porosity), and mercury intrusion tests (pore volume distribution).

SH3) It was hypothesized that by testing brick and mortar samples, a specific
impregnation depth of the treatment can be defined. This was in fact proven to be
untrue since the depth of the hydrophobized layer increases for a period of time after
hydrophobization through the redistribution of the active ingredient, resulting in a
non-homogenous hydrophobic layer with a strong hydrophobized area and a larger
area that is partially hydrophobized. This was tested by investigating the absorption
coefficient from the non-impregnated side.

SH4) It was hypothesized that hydrophobized brick and mortar samples retain their
water repellency performance after aging. This is proven to be true since after artificial
aging (water spray and UV radiation) the absorption coefficient remains at low levels
in four types of building materials (air lime mortar, cement mortar, and two types of
brick) impregnated with cream products. After-treatment water exposure contributes
to further reduction of the absorption coefficient, and the UV radiation is responsible
for the declined beading effect. Furthermore, in all cases, the untreated building
materials suffered from efflorescence after artificial aging while in the hydrophobized
cases they did not.

SH5) It was hypothesized that hydrophobization reduces the moisture related
problems induced by internal insulation. This is supported by the numerical
simulations that illustrate a lower risk for moisture related problems in hydrophobized
internally insulated walls. When you apply hydrophobization before or at the same
time as internal insulation, you get all the advantages of a moisture safe construction
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immediately. If instead you apply hydrophobization after internal insulation, you need
some time to achieve a moisture safe construction. This was also shown in a case
building where internal insulation was installed two years prior to hydrophobization
and high RH values were measured in the interface between masonry and internal
insulation. However, there is gradual decline of relative humidity peaks after
hydrophobic treatment following the wetting (winter) and drying (summer) period.

SH6) It was hypothesized that hydrophobization yields energy savings as a single
approach and additional energy savings when combined with internal insulation. True.
This is supported by numerical simulations illustrating that hydrophobization shows
the potential to be considered as an energy-saving measure, especially in a North
European country with high rain loads like Denmark. Hydrophobization reduces the
heat losses of the wall configurations by keeping the building materials dry and thus
keeping a low thermal conductivity, as a single approach, and further reduces heat
loss when it is combined with internal insulation.

As an overall conclusion, this work has confirmed the main hypothesis that

hydrophobization improves the hygrothermal performance of an internally insulated
solid masonry wall.
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CHAPTER 7 PERSPECTIVE

The current thesis presents an in-depth analysis of water repellent agents and their
impact on brick/mortar samples at the material level and on brick/mortar walls at the
component level. But there is still work to be done in order to achieve a better
overview of hydrophobization and the combined effect with internal insulation to
produce robust guidelines targeting a moisture safe renovation of the existing building
stock. Initially, at the material level, the durability of the hydrophobic treatment tested
at artificial aging in the Atlas Weather-Ometer with water spray and UV radiation, the
temperature in the cabinet was set at 38 °C. There was no exposure to lower
temperatures, i.e. the risk of frost damage after hydrophobic treatment is an area still
in need of research. Furthermore, the present study focuses on different types of brick
and mortar, but other building materials like natural stone, wood, and concrete should
be tested as well as, because they are usually found in buildings and since they are
also porous building materials, hydrophobization may be effective in terms of
lowering the absorption coefficient.

The existing experimental procedures that measure the hygric properties of porous
building materials are based on the principle that liquid water is being absorbed by
capillary uptake. Hydrophobization proved to impede this liquid water transport
heavily, giving rise to thoughts that new experimental procedures should be developed
to better characterize the hygric properties of hydrophobized building materials which
should also target defining the moisture retention and moisture permeability curves.
The moisture retention and permeability curves are important to fully characterize the
hydrophobic building material and to create accurate models of the materials for
hygrothermal simulations. This is a field of study that is in the process of development
at the Building Physics department in KU Leuven.

The first extension of the present thesis at the component level should be Karsten tube
measurements of hydrophobized buildings in order to build more confidence about
the durability of the hydrophobic treatment. Hydrophobization blocks the wind-driven
rain from entering the facade. But moisture coming from the ground advances
additional risks for the construction that should be further investigated with in-situ
measurements in real buildings and numerical simulations. The same level of water
repellency between hydrophobized brick and mortar samples gave us the opportunity
to perform 1D simulations of hydrophobized internally insulated wall configurations.
However, the facade consists of both brick and mortar, and 2D simulations could
provide higher accuracy especially on the percentage of energy savings derived from
hydrophobization in the comparison with untreated samples, but also on internal
transport inside the masonry, including how the impregnation depth in a brick
masonry wall develops and especially at the interface between brick and mortar.
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Even though the present thesis reports monitoring measurements of an inhabited
building, further monitoring of hydrophobized buildings with various insulation
systems and further testing of the moisture and heat flow should be considered to
define the energy saving in a real case scenario of hydrophobization as a single
approach and in combination with internal insulation. The technical data sheets of the
water repellent agents mention to repoint all the visible cracks before impregnation.
However, repointing the mortar joints and replacing the damaged bricks is a time-
consuming and capital-intensive procedure. It should be worthy to test the effect of
repointing the mortar joints before hydrophobization on the effectiveness of the
hydrophobic treatment and to investigate the possible cracks after treatment.

After the hygrothermal assessment of hydrophobization in combination with internal
insulation presented in the current thesis, a life cycle assessment as well as life cycle
cost assessment will contribute towards a holistic view of hydrophobization.

Last but not least, taking into consideration the results of the current study and the
proposed perspectives, guidelines of how to combine hydrophobization with internal
insulation should be issued targeting to improve the energy performance of the
building by keeping it dry.
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ARTICLE INFO ABSTRACT
Keywords: Moisture that penetrates into porous building materials is a major reason for their deterioration and the sub-
Hygric properties sequent failure of the whole structure. Water repellency treatment could prevent serious damages to materials

Hydrophobization
Water repellent agents
Ceramic brick
Carbonated lime mortar
Impregnation depth

and components. Hydrophobization is a method with a long tradition for protecting buildings from wind-driven-
rain-induced moisture absorption. Nonetheless, it remains an ambiguous practice. To understand the nature of
water repellency it is important to examine how hydrophobization works, how the existing products differ from
one another, and how the hygric response of the substrate changes after treatment. The aim of this article is to
characterize the impact of water repellent agents on the properties of building materials mostly used in old
facades: clay brick and lime mortar.

The resulting open porosity and pore size distribution, determined with vacuum saturation and mercury
intrusion testing respectively, reveal only minimal change in the overall pore structure after impregnation. Our
findings also show that hydrophobic treatment is nearly impermeable to liquid water, by evaluating the samples
with capillary absorption tests, but still permeable to water vapour, by testing the samples with cup tests.
Moreover, the water impermeability grows after exposure to water. In addition, the water repellent agent ap-
pears to spread progressively in the material for a long time after the hydrophobic treatment, yielding high final
impregnation depths. These findings confirm that water repellent agents successfully hydrophobize the tested
materials, with a water-tight but vapour-open hydrophobic layer that goes deep into the material, without
notably changing its pore size distribution though.

1. Introduction [4]. Applying water repellent agents on the facades could potentially
avoid such moisture problems, since it minimizes the water absorption
1.1. General background by the facade materials [5]. However, it should be carefully examined as

it is an irreversible technique [6].
Existing buildings will have to cover human habitation needs for

many years to come, as the European building stock increases solely by 1.2. Literature overview

1-1.5% per year [1]. Historic buildings, most commonly with brickwork

or natural stone facades, account for 10-40% of the building stock and To thoroughly investigate the behaviour of a hydrophobized ma-
their conservation is therefore crucial [2]. They are responsible for a sonry facade, we should define the moisture storage and transport
sizable fraction of the energy consumption by the built environment, properties of its components (brick and mortar), as well as the impreg-

because they typically lack insulation. Thermal retrofitting should hence nation depth of the hydrophobic treatment.

be considered, for which exterior insulation is the most efficient mea- Previous studies provide experimental results on impregnation depth

sure. However, to sustain the architectural and cultural values of the of brick and mortar [7-10]. Additionally, the existence of a first strongly
edifice, thermal retrofits of such historic buildings often imply internally hydrophobized and a second partly hydrophobized region in brick
insulating the facades [3]. Internal insulation ma.y yield moisture samples has already been established [11,12]. However, the influence of
problems though, such as frost damage at the exterlo.r sur.face, rot of several characteristics of the water repellent agents, such as the different
embedded wooden floor beams, or mould growth at interior surfaces percentage of silane/siloxane and different percentages of active
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ingredient, on the impregnation depth of brick and mortar samples and
the extent of the redistribution of the active ingredient needs to be
further investigated. Whereas some previous studies examine moisture
storage properties (maximum moisture content), which derives from
free water uptake, on hydrophobized brick samples [5,8,11,13], the
present study defines the open porosity and the pore volume distribution
in order to investigate the effects of hydrophobic impregnation on the
pore structure of both brick and mortar.

The most crucial function of hydrophobization is to reduce, or avoid,
the spontaneous capillary absorption of wind-driven rain, which forms
an important moisture source for facades [14,15]. Hydrophobization
has shown to be very efficient in reducing the capillary suction of bricks
[5,8,10,11,16-18], as well as cement mortars [10,19], commonly
expressed by their capillary absorption coefficient (Acap). However,
there is a lack of similar studies on lime mortar. The question of whether
hydrophobization can eliminate driving-rain absorption by providing
the same level of water repellency in both brick and mortar still remains.
Also, the influence of the active ingredient, the form, the diluent, and the
concentration of the water repellent agent on the capillary suction, as
well as the water exposure after treatment, are factors that all need to be
investigated. Moreover, several researchers use different application
times and curing periods during the impregnation process in lab con-
ditions [7,8,11,17,20] and there has been relatively little analysis on the
effect they have on the water repellency and the impregnation depth of
the hydrophobic treatment.

Opposed to the change in the capillary suction, there seems to be no
significant change in the vapour diffusion resistance factor (p-value) of
both brick and mortar, however both increases and decreases between
untreated and treated samples are reported [5,7,9-11,13,21]. The
question of whether and to what extent hydrophobization can influence
the vapour permeability of brick and mortar requires an answer.
Moreover, whether different forms of water repellent agents (liquid or
cream) give different behaviors in the vapour permeability of hydro-
phobized materials should be investigated both in brick and mortar.

1.3. Aim and outline

The main aim of this article is to characterize the impact of water
repellent agents on the hygric behavior of building materials most often
used in historic facades: brick and mortar. Serving the above-mentioned
aim, the first section describes the physical and chemical properties of
the water repellent agents and screens the market of commercially
available products. The article continues by comparing the impregna-
tion depth between bricks and mortar and indicating the redistribution
of the water repellent agent after treatment. It also considers the influ-
ence of hydrophobic impregnation on the open porosity and the pore
size distribution of brick and mortar. Subsequently, it is investigated
how various water repellent agents employed on different bricks and
mortar affect the impregnation strength, quantified by calculating the
capillary absorption coefficient. The article concludes by studying the
vapour transport with cup tests.

2. Water repellent agents
2.1. The nature of water repellency

The main function of water repellent agents is to prevent liquid water
from entering the impregnated surface [8,22,23]. Water is a polar ma-
terial since it has a positive charge at the hydrogen ends and a negative
charge at the oxygen end. Inorganic building materials, such as brick,
usually have negative surface charges and therefore attract the positive
end of the water molecules (i.e. they are hydrophilic). A water-repellent
molecule has a polar “head” and a non-polar “tail”. The polar “heads”
are attracted by the polar material and the non-polar “tails” cover the
surface. In that way, the surface becomes non-polar and as a result, no
longer attracts water molecules (i.e. surface becomes hydrophobic)
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[21].

2.2. Types of water repellent agents

Water repellent agents that are available on the market, are primarily
based on the following types of materials: i) silicon-bearing compounds,
ii) metal-bearing compounds and iii) organic materials [21]. Although
not widely available yet, water repellent products based on nanotech-
nology claim to produce better results compared to the more traditional
products [24-26]. However, further studies are needed first to conclude
on the effectiveness and efficiency of these nanotechnology-based
products.

2.2.1. Silicon-bearing compounds

Silicon-based systems are the most popular water repellents in use.
Generally, all products that contain a silicon-oxygen backbone can be
referred to as silicones, but their properties can vary significantly [21].
When applied, the silicon-based systems form irreversible bonds with
the mineral substrate and hydrophobize the building material [22,27]. A
simple classification of silicon-based water repellent agents would
include silanes, siloxanes and silicon resins.

2.2.1.1. Silanes. Silanes are monomeric low-weight molecules that
contain one silicon atom which is connected to alkyl (-R) and/or alkoxy
(-OR) groups. These alkoxy groups (-OR) permit the compound to
polymerize and to link chemically to the hydroxylated surfaces of sili-
ceous building materials (e.g. brick, concrete, granite, sandstone),
providing anchorage between hydrophobic film and building substrate
[21,22]. The alkyl groups (-R) take no part in the polymerization but
they provide the hydrophobic properties to the compound.

The low reactivity of silanes often gives great impregnation depths,
even in alkaline substrates such as concrete. Silanes are highly volatile
though and therefore high concentrations of active content are required,
ranging from 25% up to 99% (almost pure silane) [28], according to the
preferred use and the desired performance [29].

2.2.1.2. Siloxanes. Siloxanes are similar in nature to silanes, but their
molecular structure is more complex, since they are oligomeric or
polymeric molecules based on Si-O-Si chains. Due to this complexity,
siloxanes more difficultly migrate into the substrate, although their di-
mensions are comparable to those of silanes [22,29]. The size of silanes
is 0.4-1.5 nm and of siloxanes 3-30 nm [30]. Siloxanes are more reac-
tive compared to silanes. In fact, the fast curing process on highly
alkaline substrates (e.g. concrete) does not permit siloxane molecules to
penetrate deep into the substrate. For that reason, they are mostly used
in more porous and more neutral mineral substrates (e.g. brick, natural
stones, and aged concrete) [22]. Due to their higher molecular weight,
siloxanes are less volatile than silanes, and consequently the needed
active content is usually no more than 10-15%. Also, higher concen-
trations encompass the risk of darkening the surface [29].

2.2.1.3. Silicone resins. Silicone resins are highly branched poly-
siloxanes with high molecular weight, with a backbone consisting of
silicon and oxygen atoms [22,31]. Silicone resins are already polymer-
ized and the evaporation of the solvent is the only process that takes
place after application [21]. However, silicone resins have poor solu-
bility properties, can darken the surface and provide a beading effect,
which is not always desirable [21,22]. Silicon resin products should be
diluted to 5-10% solids in solvents to achieve a better penetration depth
[22].

2.2.2. Metal-bearing compounds

Metal-bearing compounds are mainly based on aluminum stearate,
the most popular hydrophobization agent of this kind. Metal-bearing
compounds are mostly used for stone treatments, not being effective
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for brick masonry. Other metal-organic compounds, such as titanium
stearate and butyl-ortho-titanate are used in mixtures with oligomeric
siloxanes [21].

2.2.3. Organic materials

Hydrophobization agents that are based on organic materials include
acrylics, polyurethanes and perfluoro-polyethers. Waxes are also
organic substances of either natural or synthetic origin and they are
generally used for the conservation of materials such as marble and
stone. Although waxes have good hydrophobic properties, they can
easily suffer from mechanical damage and color variations [21,32].
Some organic materials are also used in combination with silicon
bearing materials in order to provide both water and oil repellency
[33-35].

2.3. Product identification

Silicon-based water repellent agents, which are the most popular in
practice, can be identified through their active ingredient, the form, the
type of diluent, the concentration of the active ingredient, the alkyl
group and the type of substrate that is recommended for application (see
Table 1) [36].

2.3.1. Influence of the formulation and diluent

During the previous decades, combination products of both silanes
and siloxanes have been marketed as more broadly applicable water
repellent agents as they combine the penetration power of silanes and
the reactivity of siloxanes. In order to be prepared as ready-to-use, these
products have to be diluted with white spirits or alcohols, in various
concentrations according to the product and the substrate [22]. How-
ever, volatile organic compounds (VOC) are released to the atmosphere
when silanes, siloxanes or silicone resins are dissolved in organic sol-
vent. For that reason, more environmentally friendly products based on
water as diluent were developed [36]. Paste-like or cream products,
developed since the early 2000s, provide alternative treatment methods,
easy to apply and with good water repellence characteristics [22,25,37].

Water-based emulsions and creams contain emulsifiers to keep the
reactive material stable in a water environment [10]. These products
perform better after rain exposure and solar radiation. Solar radiation
increases the temperature and consequently the reactivity, while rain
exposure “washes off” the emulsifiers that impede reactions with water.
Micro-emulsions do not contain classical emulsifiers and can immedi-
ately demonstrate their performance. However, micro-emulsion prod-
ucts should be applied within 24 h after dilution, so there would be no
reactions between active ingredients and water (personal communica-
tion with Hamont, Corne Van, Wacker’s representative).

2.3.2. Influence of concentration of the active ingredient

The concentration of the active ingredient is important for the per-
formance of the product. Lower concentrations generally decrease the
effectiveness of the treatment, which may lead to faster drying though

Table 1
Product identification.

Product characteristic Description

Silane - Siloxane - Silicone resins
Liquid or Cream
Organic solvent - Water emulsion - Water microemulsion
1-100%, Undiluted” or Ready to use
Octyl or iso-Octyl in commercial products
Mineral substrate” - Masonry® - Concrete

Active ingredient
Product form
Used diluent

Agent concentration
Alkyl group
Intended substrate

@ Undiluted: contain no diluent and must not be diluted before application.

b Mineral substrates: concrete, brick, natural stone, mortar, concrete blocks.

¢ Masonry: brick, mortar and natural stone, but not for concrete (or concrete
blocks).
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[5,37]. De Clercq and De Witte [20] show that the influence of con-
centration on the effectiveness of the treatment becomes more impor-
tant after ageing.

2.3.3. Influence of the alkyl groups

The alkyl groups (-R) attached to silane, siloxane and silicone resin
take no part in the polymerization but provide the hydrophobic prop-
erties to the compound. Some studies have shown that long alkyl groups
are not more effective than methyl groups and that the nature of the
substrate played a more significant role in the performance of the
treatment [21]. However, longer alkyl chains provide good resistance
against alkalinity as they create a steric shield for the Si-O-Si bonds
which are prone to hydrolysis [22].

If the hydrophobic compound is composed only of methyl groups,
the alkaline stability may not be very strong. The influence of the alkyl
group, in terms of alkali resistance, is more notable in cementitious
substrates. For brick this influence may not be that important, because
brick is a more neutral material than concrete with respect to alkalinity.
In masonry walls the length of the alkyl group may influence the
treatment, since mortar is an alkaline material. However, most formu-
lations nowadays contain longer alkyl groups so that the alkalinity of
mortar cannot cause stability problems [21,38-40].

2.3.4. Influence of the type of substrate

Compatibility between pore structure and polymer chain length can
play an important role in the effectiveness of the hydrophobic treatment
and the hygric behavior of the impregnated substrate. De Clercq and De
Witte [20] indicate that the pore structure of the substrate is the key
factor that determines the process of polycondensation. For that reason,
the water repellent agents should be classified according to their poly-
mer chain length in relation to the pore size of the substrate that will be
impregnated [8]. Thus, different water repellent agents are suitable for
different types of substrates.

2.4. Classification of commercially available water repellent agents

In order to select the products that will be used in the laboratory
experiments, it is important to obtain an overview of the commercially
available water repellent agents so that selected agents will represent a
wide spectrum of the existing products. There are several distributors of
water repellent agents, and they all provide a spectrum of products that
can be categorized according to several characteristics: type of active
ingredient, formulation, concentration and type of substrate, explained
in Section 2.3.

Water repellent agents from thirteen distributing companies were
classified, including five big silicon-producing companies: Wacker, Dow,
BlueStar, Sika, and Momentive. The rest of the water repellent agents are
selected from non-silicon-producing companies. These companies
developed their own formulations using silicones from the above-
mentioned silicon producing companies (see Table A 1 Appendix). In
total, 77 commercially available products suitable for mineral substrates
have sufficient information to be identified, although there are more
products on the market.

This study focuses on water repellent agents that are used as brick
masonry impregnation against wind-driven rain. This means that
products against rising damp, in-plant impregnations for cement,
products used for wood and products that are used as admixtures in
paints or coatings, are not included.

Almost all companies use silicon-based repellents, while some of
them also provide agents based on organic or metal-bearing materials
which may or may not contain silicones. Almost half of the silicon-based
products are mixtures of silanes and siloxanes (see Fig. 1). The majority
of water repellent agents are in liquid form. Most products use water as a
diluent, especially if they are in the cream form (see Fig. 2 left).
Although some products are recommended only for application in con-
crete and cementitious materials, most products are recommended for
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Fig. 2. Form and diluent of water repellent agents (left), Type of substrate (right). Data from 77 listed products.

mineral substrates in general (see Fig. 2 right).
3. Materials and methods
3.1. Target building materials

Hydrophobic impregnation in combination with internal insulation
is a retrofit measure for external walls of old/historic buildings with
architectural or cultural value, for which external insulation is not a
feasible solution. The external wall of such buildings is often made of
solid masonry (ceramic brick and lime mortar), at least in many
Northern, Western and Central European countries. Therefore, the cur-
rent study looks into ceramic brick (three types) and lime mortar (one

type), described in Table 2.

The Robusta and yellow soft bricks (R brick and Y brick) have been
used in research projects at KU Leuven (Leuven, Belgium) and at DTU
(Technical University of Denmark, Kgs. Lyngby, Denmark) respectively
e.g. (Todorovic and Janssen [41]) (Hansen et al. [7]) and their proper-
ties have been thoroughly examined. Samples of a historic brick (H
brick) were acquired from a building in Copenhagen constructed in
1944, in order to also impregnate the exposed to weather conditions
surface.

In relation to size, the brick samples were divided into three groups:
8x4x4 cm, 1x4x4 cm, and 3 x 8 cm (thickness x diameter) and were cut
from regular bricks. Only for the H brick the exposed to weathering
surface was kept on the sample. Samples with apparent cracks were

Table 2
Building material used in the current study. Properties of untreated samples.
Name Description Acap” [107° kg/m?/s] Weap” [kg/m®] I
R brick Robusta Vandersanden Belgian Brick 60732 (2043) 208 (2.3) 11.3(1.2)
H brick Historic Danish Brick from an old building in Copenhagen (1944) 39875 (2288) 249 (3.9) 8.70 (0.9)
Y brick Yellow soft-molded Danish brick from Helligsp and Vesterled Teglvaerk 30970 (4584) 276 (19.3) 11.9 (1.4)
L mortar Carbonated lime mortar 25820 (2041) 227 (6.6) 8.00 (0.4)

? Acap and Weap derived from water uptake test (each result is an average based on five samples), p from wet cup test [RH 53.2-97.4%)] (each result is an average
based on four samples). The values in () correspond to the standard deviation. For additional properties of R brick and L mortar see Table B 1 Appendix and for the Y

brick see Ref. [18].
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excluded in the process as cracks should be repaired before impregna-
tion according to technical data sheets of water repellent agents.

The lime mortar was selected to represent an historic type of mortar.
The relative amounts of ingredients for the lime mortar (lime Saint-
Astier NHL3.5) was 10 L of water, 12.5 kg of lime, and 50 kg of sand.
All ingredients were mixed in large realistic portions and the fresh
mortar was placed in wooden molds to form the tested mortar samples.
Mortar was kept in the molds for more than 6 months. After this period,
the samples were placed in a carbonation chamber (4.7% CO; exposure)
for 2 weeks in order to represent a carbonated historic mortar [42]. The
mortar samples were tested with phenolphthalein in order to check if
they were fully carbonated. Because of the small size (8x4x4 cm, 1x4x4
cm and 3 x 8 cm) and the composition (lime) of the mortar samples, in
10 days they became fully carbonated.

3.2. Selected water repellent agents

The selected water repellent agents (Table 3) represent the basic
variations that can be found on the market of silicon-based water re-
pellent agents according to the characterization shown in Table 1. The
selected products include different active ingredients, in liquid or cream
form, water or solvent-based, with different concentrations, and rec-
ommended for different types of substrate.

The SMK products from Wacker (SILRES BS) are micro-emulsion
water-based mixtures of silane/siloxane. SMK 2101 has a high per-
centage of silane (around 90%) and is recommended for cementitious
substrates [28]. SMK 1311 has a high percentage of siloxane (around
90%) and SMK 2100 has a balanced mixture of silane/siloxane
(approximately ratio 50/50). SMK products are available with 100%
concentration and they can be diluted with tap water (preferably
deionized) to produce any concentration [43,44]. The recommended
concentration of active ingredient for the SMK products for brick and
mortar is between 6 and 10%. In order to investigate the influence of
lower and higher than recommended concentrations, 2% and 25% are
also tested.

Funcosil Remmers SNL, a solvent-based product and Funcosil
Remmers WS, a water-based emulsion product [45,46], are both
ready-to-use. Funcosil Remmers FC cream is a water-based silane cream
that can be ordered in any possible concentration [47].

3.3. Hydrophobization treatment

According to the technical data sheets of the water repellent agents
included in the current study, the substrate should be cleaned from dirt,
dust and possible efflorescence before the impregnation [28,46,48].

The samples were washed with deionized water to avoid the ab-
sorption of extra salts and were carefully cleaned with a brush to remove
dirt and dust. Afterwards, the samples were stored for drying in an oven
(70 °C) for the absorbed moisture from the intense water exposure to
evaporate. After reaching a stable mass (4-5 days), the samples were
cooled in order to obtain room T and RH.

For the water uptake testing samples, the impregnation with liquid
products followed the test practice of Wacker where samples are dipped
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Fig. 3. Impregnation of brick (left) and mortar (right) samples by exposing
them to free uptake of water repellent agent (liquid products).

for 5 min in the liquid agent. According to Wacker this represents two to
three working operations (personal communication with Hamont, Corne
Van, Wacker’s representative). In the current study, one surface of each
sample was exposed to free agent uptake (contact time) for 5 min (see
Fig. 3). For impregnation with cream products the minimum recom-
mended amount, 150-200 ml/mZ, was applied with a brush [47].

For the vacuum saturation, the mercury intrusion, and the cup test
alternatively, the samples were fully hydrophobized, in order to obtain
homogeneous specimens. The impregnation with liquid products was
conducted via free agent uptake until the agent reaches the top of the
sample while for the cream products, a substantial quantity of agent was
applied on the top surface of the sample in order for the agent to reach
the bottom surface.

Finally, the samples were stored in a climatic chamber (21 °C, 53%
RH) for one-month curing, which is longer than the 14 days recom-
mended by Wacker; however the water repellency efficiency depends on
the curing time [11].

3.4. Experimental set-up

Four main factors that characterize the hydrophobic layer: i)
impregnation depth (dp), ii) change in the open porosity (®) and the
pore volume distribution (f,) (moisture storage), iii) reduction of the
water absorption coefficient (Acap) (moisture transport), and iv) change
of vapour diffusion resistance factor (p) (moisture transport), were
investigated as presented in Table 4.

Each result is an average based on five samples for the vacuum
saturation and mercury intrusion test both for untreated and treated
samples, as well as for the untreated samples of the capillary water
uptake test. However, for all the treated samples of the capillary water
uptake test each result is an average based on three samples. For all the
latter samples, the water uptake test was repeated. Only for a few
samples the water uptake test was repeated for a third time. The same
samples were used for measuring the impregnation depth by visual in-
spection and water uptake test from the non-impregnated side. Only for
a few samples the water uptake from the non-impregnated side was
repeated for a third time. Between each repetition, the samples were
dried in an oven at 70 °C. For cup tests, each result is an average based
on four samples for both untreated and treated samples.

Table 3
Water repellent agents used in the current study.

Product Company Type Diluent Concentration Substrate
SMK 2101 Wacker 90% silane Liquid Water 6, 10, 25%* % Concrete
SMK 1311 Wacker 90% siloxane Liquid Water 6, 10, 25** % Mineral
SMK 2100 Wacker Silane/siloxane Liquid Water 2%, 6,10, 25** % Mineral

SNL Remmers Siloxane Liquid Solvent 7% Mineral
WS Remmers Silane/siloxane Liquid Water 10% Mineral
FC Remmers Silane Cream Water 10,* 20, 40, 80% Mineral

Information derived from the technical data sheets of the products.*Concentration lower than recommended. **Concentration higher than recommended.
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Table 4
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Laboratory experiments. Test plan including measured properties, type of tests, sample size and amount, type of material, and type and composition of water repellent

agent.

Material (No. of samples) Product Form Diluent

Concentration

Study the influence of

Impregnation depth (dp) (8 X 4 x 4 cm samples)

R brick (54), L mortar (45), Y brick (6),

H brick (12) impregnated side

Visual inspection & capillary water uptake from the non-

Concentration of active ingredient, ratio silane/siloxane, form, diluent

Open porosity (@) by vacuum saturation test (1 X 4 X 4 cm samples)

R brick, L mortar (5) Untreated Substrate
R brick L mortar (5) SMK 2100 Liquid Water 10%

Pore volume distribution (fy) by mercury intrusion (dry mass: 1.5-2.5 g samples)
R brick, L mortar (5) Untreated Substrate
R brick, L mortar (5) SMK 2100 Liquid Water 10%

Water absorption coefficient (A..p) by capillary water uptake (8 x 4 x 4 cm samples)

R brick, L mortar, Y brick, H brick (5) Untreated
R brick, L mortar (9) SMK 2101 Liquid Water 6, 10, 25% Concentration of active ingredient, ratio silane/siloxane, form, diluent
R brick, L mortar (9) SMK 1311 Liquid Water 6, 10, 25% After treatment water exposure
R brick, L mortar (12) SMK 2100 Liquid Water 2, 6,10, 25% Duration of water exposure
R brick (3) SNL Liquid  Solvent 7%
R brick (3) ws Liquid Water 10%
R brick, L mortar (12) FC Cream Water 10, 20, 40, 80%
H brick, Y brick (3) SMK 2100  Liquid Water 6% Substrate
H brick, Y brick (3) FC Cream Water 40%
H brick (weathered) (3) SMK 2100  Liquid Water 6% Exposure to exterior conditions before impregnation
H brick (weathered) (3) FC Cream Water 40%
R brick (6), L mortar (3) SMK 2100  Liquid Water 6% Curing and application time

Water vapour diffusion factor (i) by cup test (8 cm diameter, 3 cm height samples)

R brick, L mortar (4) Untreated
R brick, L mortar (4) SMK 2100 Liquid Water
R brick, L mortar, Y brick, H brick (4) Untreated
R brick, L mortar, Y brick, H brick (4) FC Cream Water

Water repellent agent, substrate
10%

40%

The number inside () corresponds to the number of samples tested per material. All surfaces of brick samples were sawn except where indicated (weathered).

Hydrophobic impregnation creates a first, strongly hydrophobized
layer as well as a larger volume that is partly hydrophobized [11] (see
Fig. 4). The impregnation depth of impregnated samples was initially
measured by visual inspection (i.e. measuring the length of the surface
that becomes darker after impregnation), right after the impregnation
and one month later. In addition, water uptake tests were conducted
from the non-impregnated side of the samples to illustrate the redistri-
bution and the extent of spreading of the water repellent agent in the
samples. On this study, by “impregnation depth”, we refer to the strong
hydrophobized region plus the partly hydrophobized region.

Vacuum saturation test was conducted according to Ref. [49] (ASTM
C1699-09, 2009), in order to determine open porosity (@), which is
proportional to vacuum saturated moisture content wg,e, as described in
Ref. [41,50].

Mercury intrusion tests were carried out to determine the pore

volume distribution of hydrophobized brick and mortar according to
Ref. [51] as described in Ref. [41].

Water uptake tests were conducted in order to obtain the water ab-
sorption coefficient (Acap) in accordance with [52] as described in Refs.
[50,53]. Since impregnation significantly reduces the capillary water
uptake, the duration of the water uptake test of the impregnated samples
was 24 h and the measurement time intervals were: 10, 30/, 1h, 1h 30/,
2h, 3h, 4h, 7h, 9h, 24h. The water absorption coefficient A.,p, is the slope
of the first stage of the curve in relation to the square root of time and is
significantly decreased in a material impregnated with a water repellent
agent [8]. However, when the graph of water uptake against the square
root of time does not give a straight line but a curve of some form, the
absorption coefficient is defined as the measured increase in weight [g]
at 24h divided by v/86400 [52].

Cup tests were conducted according to Ref. [54], to determine the

Partly hydrophobized region

% Hydrophobized region

Fig. 4. Impregnation depth in H brick right after the impregnation process with a liquid product. Strong hydrophobized layer at bottom (darker surface), partly

hydrophobized region above.
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water vapour diffusion resistance factor (i). After pre-conditioning, the
samples, enclosed in the lids, were attached to cups containing saturated
salt solutions and placed in a climatic chamber. Weighing of the samples
was conducted twice per week in four weeks.

4. Results
4.1. Impregnation depth

A sufficient impregnation depth of the hydrophobic treatment is
vital, since a thin hydrophobic layer may pose a risk for water pene-
tration in the case of cracks at the exterior surface. Initially in this study
the impregnation depth of impregnated samples was measured by visual
inspection right after as well as one month after the impregnation pro-
cess. The visual inspection indicates impregnation depths (strongly
hydrophobized region plus the partly hydrophobized region) of
approximately 25 mm on bricks and of 5-10 mm on mortar, right after
impregnation with various liquid water repellent agents (for details refer
to Table C 1 in Appendix). The redistribution of the agent after one
month is visible only in R brick where the impregnation depth is around
30 mm. However, this section aims to illustrate that the redistribution of
the agent extends the measured values coming from visual inspection
and results in larger impregnation depths.

In order to thoroughly investigate the partly hydrophobized volume,
water uptake tests from the impregnated and not-impregnated sides
were conducted. Fig. 5 gives an indication of the strength and depth of
the partly hydrophobized volume by comparing the water absorption
coefficient of samples from the impregnated side and the not impreg-
nated side. The impregnated samples show water repellency even at the
not-impregnated side, as the water volume absorbed by the not-
impregnated side is significantly reduced compared to the untreated
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material. Fig. 5 also illustrates that the redistribution of the agent leads
to much larger impregnation depths than the ones measured by visual
inspection. After the hydrophobization procedure, the active ingredient
spreads further into the material, leading to a major rise in the
impregnation depth. All three brick types, when impregnated with
liquid products (SMK, SNL and WS), in all tested concentrations,
showcase water uptake reductions from the non-impregnated side that
are similar to the results for water uptake from the impregnated side
(Fig. 5). This leads to the conclusion that the brick samples become
almost fully hydrophobized, and therefore, the impregnation depth is
greater than the initial measurements via visual inspection. In the case of
L mortar the reduction of Ac,, from the non-impregnated side is also
significant but the samples do not become fully hydrophobized.

Due to the less amount of agent applied with FC cream compared to
that of liquid products, this effect is less evident. After 5 min of free
liquid agent uptake, R brick absorbs around 5-8 ml of agent, H brick 5-7
ml, Y brick 5-6 ml, L. mortar 4-7 ml. The minimum recommended
quantity of the FC cream products (150-200 ml/m?) corresponds to
around 0.5 ml per sample. When five times more cream agent is applied
(40% concentration) in R brick and L mortar, the impregnation depth
(visual inspection) is 24 and 15 mm respectively and the water ab-
sorption coefficient from the not-impregnated side is 235 and 3305
1o kg/mzx/ s)) respectively after one-month of curing.

For SMK 2100 and Remmers FC the water uptake from the impreg-
nated and not-impregnated side was conducted after one month of
curing. In the case of SMK 2101, SMK 1311, Remmers SNL and Remmers
WS, water uptake from the impregnated side was conducted after one
month of curing, while the water uptake test from the not-impregnated
side was conducted after five months. With longer curing times and
water exposure, the agent can spread deeper, hence yielding an even
better performance in R brick impregnated with SMK 2101 and WS in
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Fig. 5. Water absorption coefficient, initial (Acap1) after one month of curing, repeated after water exposure (Acap2), from not impregnated side of the sample (height
8 cm) after one month of curing (Acps), from not impregnated side after five months of curing (Acaps). R brick, L mortar, H brick and Y brick, untreated and
impregnated with different water repellent agents and concentration of active ingredients. Each result is an average based on three samples, error bars correspond to
standard deviation, for exact values see Table C 1 Appendix. All the results of Ay refer to 1 month of curing except for the SNL where it was measured after 5

months of curing.



V. Soulios et al.

35 350 7
£30 300 &
© 25 250 3
e s
820 200 &
g 2
- 15 150 &
g10 100 @
5 50 @

[}

0 0o =

Untreated SMK 2100 | Untreated SMK 2100
10% 10%

R brick L mortar

Pore volume distribution f,

Building and Environment 176 (2020) 106843

8%
—L mortar untreated

7% —L mortar impregnated
—R brick untreated

6% =R brick impregnated

5%

4%

3%

2%

1%

0%

-10.00 -900 -800 -700 -600 -500 -4.00 -3.00

log pore radius (m)

Fig. 6. Open porosity and vacuum saturation moisture content (left) and pore volume distribution (right), R brick and L mortar, untreated and impregnated with
SMK 2100 10%. Each result is an average based on five samples, error bars correspond to standard deviation, for exact values see Table B 1 Appendix.

terms of water repellency from the not-impregnated side compared to
the impregnated side with one month of curing (see Fig. 5). Moreover,
repeating the water uptake test from the not impregnated side for R
brick and L mortar treated with FC 40% and for L mortar treated with
SMK, results in further reduction of Ac,p (see Table C 1 Appendix)
building more confidence that the agent spreads deeper with time.

4.2. Moisture storage

Neither open porosity (@) nor vacuum saturation moisture content
(Wgat) seems to be significantly influenced by hydrophobic impregna-
tion, both in R brick and L mortar as seen in Fig. 6 (left). The pore
volume distribution in Fig. 6 (right) indicates almost the same available
pore volume space in the hydrophobized material both in R brick and L
mortar, that can be filled after submerging the sample and inducing a
hydrostatic overpressure in the vacuum saturation testing (see Fig. 6
(left)). The small reduction of the open porosity especially in the case of
L mortar could be due to a limited extent of clogging in the finer pores

[8].

4.3. Moisture transport

4.3.1. Capillary water absorption

A majority of the silicon-based water repellent agents significantly
reduce the capillary water absorption of R, H and Y brick and L mortar
(Fig. 5). In all cases the water absorption coefficient is negligible
compared to the not impregnated samples. Only the WS water-based
emulsion product in 10% concentration and the SMK 2101 silane
agent in all tested concentrations performed less well in R brick,
compared to the rest of the agents in the first water uptake (Acap1)-
However, repeating the water uptake tests (Acap2) results in greater
reduction of the absorbed water.

Different concentrations, diluents and percentages of silane/siloxane
illustrate similar water repellency performance but differ in the time
that is needed to reach their optimal performance. Silanes (SMK 2101
and FC cream) and water emulsions (WS) seem to reach an optimal
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Fig. 7. Capillary water uptake. Influence of application time, curing time, type of surface and duration of water exposure on the water absorption coefficient of R
brick, L mortar and H brick impregnated with FC 40% and SMK 2100 6%. Each result is an average based on three samples, error bars correspond to standard

deviation. Results for untreated samples are shown as reference.
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performance after water exposure. In R brick samples impregnated with
SMK 2101 silane 10%, Remmers WS 10% and Remmers cream 40% even
after three times of water uptake, A, is still slightly reduced (see Acaps
in Table C 1, Appendix).

The different tested substrates do not influence the absorption co-
efficient reduction, since both bricks and mortar depict similar water
repellency performance impregnated with SMK 2100 6% (liquid) and FC
40% (cream). Moreover, low concentrations of 2% for liquid products
and 10% for cream products still perform well, but not better than
higher concentrations, as it is also described by Soulios et al. [17].

Fig. 7 shows that the absorption coefficient is negligible compared to
untreated samples when studying the effect of the application time at
impregnation, curing time, type of surface (inner (i.e. sawn) or weath-
ered), or the duration of capillary water uptake.

The application time between the water repellent agent and the
material in the process of impregnation did not affect significantly the
water repellency of the R brick impregnated with SMK 2100 silane/
siloxane 6% (liquid-based) even when extreme time intervals were used
(10 s and 80 min). The excess amount of hydrophobic agent absorbed
using 80 min contact time is translated to a larger impregnation depth
and not to a stronger water repellency, compared to the contact time of
5 min, since the R brick sample becomes fully hydrophobized (8 cm
depth) in 80 min. For mortar, the performance in terms of water
repellency is slightly worse with a contact time of 10 s, compared to 5
min.

R brick impregnated with FC 40%, performs slightly worse with one-
week curing time instead of one month. The performance of hydro-
phobic impregnation in terms of repelling liquid water is not affected if
the agent — instead of an inner (sawn) surface — is applied on a weathered
surface of a brick that has been thoroughly cleaned before impregnation.
All the tested concentrations and the different percentages of silane/
siloxane seem to have almost the same performance after longer expo-
sure to water (continuing the water uptake for 1 week).

4.3.2. Water vapour diffusion

Next to capillary water absorption, another key issue regarding
hydrophobization is whether the vapour diffusion resistance factor (1) of
the material is altered after the hydrophobic treatment. The current
findings (Fig. 8) support the view that hydrophobic impregnation has a
minor effect on the water vapour diffusion resistance factor [5,7,11,13,
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21]. There is nevertheless a small increase for all materials tested both
with a liquid and a cream water repellent agent. In the case of L mortar
at high RH, hydrophobization might eliminate the liquid water islands
and the difference between untreated and treated samples is more
obvious.

5. Discussion

The present study examined the effect of water repellent agents on
impregnation depth and on the hygric properties of brick and mortar
samples. Silicon-based water repellent agents can create a hydrophobic
layer with an increasing impregnation depth over time through the
redistribution of the active ingredient, a layer impermeable to liquid
water but still permeable to water vapour without major alterations in
the pore structure.

Hydrophobic impregnation creates a first, strongly hydrophobized
layer as well as a larger volume that is partly hydrophobized [11]. Water
uptake tests from the not impregnated side of the 8 cm high samples (see
Fig. 5) extend our understanding of a well-defined impregnation depth
provided by the technical data sheets of water repellent agents [55],
indicating that the active ingredient is spread deeper inside the material
and the impregnation depth increases for a period of time after
impregnation.

Technical data sheets refer to the strongly hydrophobized region as
impregnation depth, because in the partly hydrophobized region liquid
water transfer could take place. When only the strongly hydrophobized
region is considered, the measured values (after one month) of H brick
and Y brick (9.5 and 7.7 mm respectively) impregnated with SMK 2100
fall close to the values provided for the SMK 1311 by Wacker (6-11 mm)
for ceramic brick [55]. One more parameter that affects the impregna-
tion depth of liquid products in lab environment is the application time.
Longer application time leads to more redistribution in the material, as
shown by Besien et al. [12]. Both in R brick and L mortar an application
time of 10 s (similar to experiments by Ref. [7,8]), leads to lower
impregnation depths than an application time of 5 min both in R brick
and L mortar during which larger quantities of hydrophobic agent were
absorbed (see Table C 1, Appendix). For on-site applications you flood
the wall to saturation wet on wet from top to bottom two to three times
with liquid products to ensure a large impregnation depth [46,56].
According to Ref. [6] 10-23 mm impregnation depth is sufficient with a

Untreated SMK 2100

#Hbrick mRbrick mLmortar =Y brick

Fig. 8. Water vapour diffusion resistance factor (1) of R brick, L mortar, H brick and Y brick, untreated and impregnated with SMK 2100 10% and FC 40% in different
RH range. Each result is an average based on four samples, error bars correspond to standard deviation, for exact values see Table B 2 and Table B 3 Appendix.
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maximum of 40 mm for highly absorbing porous building materials. In
cream products it is easier to work with minimum quantities per square
meter because the cream is absorbed slowly from the substrate. How-
ever, also in cream products the A¢,p from the not impregnated side is
lower when increasing the application rate from 0.5 ml to 2.5 ml,
indicating larger impregnation depth (see Acaps Table C 1, Appendix).

The different percentages of silane/siloxane and the different per-
centages of active ingredient don’t have a major influence on the
impregnation depth, especially after long curing periods and water
exposure after treatment. However, the substrate has an impact: the
active ingredient penetrates deeper in brick than in mortar, for all tested
water repellent agents. Moreover, the standard deviation of Ac,p of the
three samples for each case of L mortar treated with liquid products
(from the non-impregnated side) is significantly higher, indicating a
non-uniform impregnation of the samples in the case of L mortar treated
with the liquid products.

Another observation is that the different behavior of the hydrophobic
layer is not caused by alterations in the pore structure, since there is
almost the same available pore volume space in the hydrophobized
material (see Fig. 6 (right)) that can be filled after submerging the
sample and induce hydrostatic overpressure difference with the vacuum
saturation test. The small reduction of the open porosity happens due to
a limited extent of clogging in the finer pores [8] and/or the thin
polymer chain creation around the perimeter of the pore wall, which is
responsible along with the lack of liquid islands, for the small increase of
the vapour diffusion resistance factor presented in Fig. 8. However, the
small shift towards smaller pores in the pore volume distribution curve
of hydrophobized mortar and a more obvious change in the open
porosity than brick indicates that the finer the pores the higher the
possibility of available pore volume reduction in a hydrophobized
material.

The different behavior of the hydrophobic layer is caused by the non-
polar film (see section 2.1) that is formed on the pore-walls of the porous
building materials. This comparatively thin hydrophobic film (0.4-1.5
10~°m for silanes and 3 to 30 10~ °m for siloxanes) [30] impedes liquid
transfer, which reduces the drying speed [9,17] but allows water vapour
diffusion, since it does not completely occupy the pores of mortar (5
107% to 5 10° m) or brick (107® to 10™* m) (see Fig. 6), thus not fully
impeding the drying of the material.

The present study supports previous findings on impregnated bricks,
that reported similar reduction in the capillary water uptake with
similar water repellent agents [5,8,10,11,16-18]. However, Hansen
et al. [7] reported a high variation in terms of water repellency between
different water repellent agents tested both in brick and mortar samples.
Different conclusions could be caused by differences on duration of the
curing period, cleaning of the samples before impregnation [11], as well
as the method of impregnation and not in differences in application time
(see Fig. 7).

The results reported in this article indicate that the small polymer
chain of silane products (0.4-1.5 10’9m) [30], especially in the case of a
building material with coarse pores like brick (10’6—10’4 m) (Fig. 6),
need more curing time and longer water exposure after treatment to
reveal improved performance, due to the time needed for hydrolysis and
polycondensation to take place. Given that the silane-containing water
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repellent agents, originally recommended for concrete, need more
curing time and after-treatment water exposure but can be very effective
in both brick and mortar in terms of water repellency and impregnation
depth. In a real case scenario, wind-driven rain would represent the
after-treatment water exposure, perhaps increasing the impregnation
strength and depth due to the washing-off of the emulsifiers, which
permits the active ingredient of the water repellent agent to form
stronger bonds with the pore walls of the building material. This is the
reason why water-based products that contain emulsifiers, demonstrate
a significantly increased performance after exposure to water. Products
that contain micro-emulsions, increase their performance after water
exposure, but tend to reveal their performance faster. Even the
solvent-based product (SNL) shows a small reduction in terms of Acap
(Fig. 5) but this is the result of the long curing time between the first and
second water uptake tests (five months). However, even without
after-treatment exposure to water, the obtained Ac,p, is already close to
zero.

Although the number of samples for the investigation of the effect of
curing time in the current study were limited, combining the findings in
Figs. 5 and 7, with the findings of Zhao and Meissener [11] support the
view that with longer curing time the water repellency performance is
increased. Another interesting fact is that for all the liquid water re-
pellent agents tested in mortar samples, the active ingredient is absorbed
with a slower rate and it needs longer application time, between the
sample and the water repellent agent, than brick to be sufficiently
impregnated.

6. Conclusions

In this paper the hygric behavior of ceramic bricks and carbonated
lime mortar, treated with various water repellent agents, was experi-
mentally studied. The water repellent agents penetrate deep into the
materials, successfully blocking capillary effects, while still allowing
water vapour diffusion, without notable alterations in the pore structure
of the material. Moreover, water exposure after treatment increases the
water repellency performance of the hydrophobic layer.

Future studies should include more types of mortar, especially
mortars used for brickwork in historic buildings. Moreover, future
research would benefit from focusing on durability tests, to study the
long-term effect of the water repellency. Also hygrothermal simulations
based on experimental data and real experiments in the component level
will contribute towards a holistic view of hydrophobization.
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Appendix A. Commercially available water repellent agents

Table A 1
Commercially available water repellent agents suitable for mineral substrates identified for this study.

No Company Product Form Diluent Conc. Substrate
Silanes
1 WACKER BS CREME C Cream water 80% concrete
2 WACKER BS 1701 Liquid undiluted 99% concrete
3 WACKER BS 17040 Liquid water 40% concrete
4 WACKER BS 16040 Liquid water 40% concrete
5 SIKA 706 Thixo Cream water 80% concrete
6 SIKA 705 L Liquid undiluted 99% concrete
7 SIKA 740 W Liquid Water 40% concrete
8 REMMERS Funcosil IC Cream water 80% concrete
9 REMMERS Funcosil FC Cream water 40% masonry
10 DOW OFS-2306 Liquid solvent 96% mineral
11 DOW IE 6682 Liquid water 52,5% mineral
12 MOMENTIVE Silblock wms Liquid water 40% mineral
13 REYNCHEMIE RC SILAN Liquid solvent 98% concrete
14 PEC ENVIROSEAL 20 Liquid water 20% concrete
15 REWAH ARTISIL B10 Liquid solvent 10% concrete
16 REYNCHEMIE RC 900 Liquid solvent 10% mineral

Silane/Siloxane mixture

17 WACKER BSN Cream solvent 25% mineral
18 WACKER BS 280 Liquid solvent 100% mineral
19 WACKER BS 290 Liquid solvent 100% mineral
20 WACKER BS 39 Liquid water 25% mineral
21 WACKER BS 1001 Liquid water 50% mineral
22 WACKER BS 3003 Liquid water 60% mineral
23 WACKER BS 4004 Liquid water 50% mineral
24 WACKER BS SMK 1311 Liquid water 100% mineral
25 WACKER BS SMK 2100 Liquid water 100% mineral
26 WACKER BS SMK 2101 Liquid water 100% concrete
27 DOW 7-6689 Liquid solvent 98% mineral
28 DOW 1IE 6683 Liquid water 40% mineral
29 DOW 520 Liquid water 40% mineral
30 DOW 1E 6694 Liquid water 60% mineral
31 Facabelle Fassapearl S Liquid solvent 10% mineral
32 Facabelle Technifuge A104 Liquid solvent 10% mineral
33 Facabelle Fassapear] H Liquid water 10% mineral
34 REYNCHEMIE RCIII Cream water 40% mineral
35 REYNCHEMIE RCIV Cream water 40% mineral
36 REYNCHEMIE RC 805 Liquid water 7,5% mineral
37 SIKA 700 S Liquid solvent mineral
38 SIKA 704 S Liquid solvent concrete
39 SIKA 703 W Liquid water mineral
40 REMMERS C40 Cream water 40% concrete
41 REMMERS WS Liquid water 10% mineral
42 REWAH GELIFUGE Gel solvent 25% masonry
43 REWAH STONEGEL Gel water 25% mineral
44 Soudal Soudaclear S Liquid solvent 8% mineral
45 Soudal Soudaclear W Liquid water 6,5% mineral
46 PEC ENVIROSEAL B Liquid water 7% masonry
47 SCALP Scalpfuge 35 Liquid water masonry
Siloxanes
48 Facabelle Fassapearl-Gel Cream water 25% mineral
49 REMMERS SNL Liquid solvent 7% mineral
50 REYNCHEMIE RC IP500 Liquid solvent 10% mineral
51 DOW 1_6184 Liquid water 98% masonry
52 REMMERS SL Liquid solvent 7% masonry
53 BLUESTAR WR 224 Liquid solvent 69% mineral
54 BLUESTAR BP-9400 Liquid solvent 100% mineral
55 Facabelle TECHNISIL hydro Liquid water 10% mineral
56 REYNCHEMIE RC SILOX Liquid solvent 100% mineral
57 REYNCHEMIE RC 224 Liquid solvent 10% mineral
58 WACKER BS 66 Liquid solvent 100% mineral
59 REWAH REDISIL S Liquid solvent 10% masonry
60 REWAH RS 8 Liquid water 8% masonry
61 BLUESTAR BP 9710 Liquid water 44% mineral

Silicone resins

62 BLUESTAR RES 4518 Liquid solvent 70% mineral
63 DOW MR 2404 Liquid solvent 88,0% mineral

(continued on next page)

11



V. Soulios et al.

Table A 1 (continued)

Building and Environment 176 (2020) 106843

No Company Product Form Diluent Conc. Substrate
64 SCALP AQUAFUGE 18 Liquid water mineral
Organic
65 REMMERS OFS Liquid water mineral
66 APP ThefAPP Liquid water 3,1% mineral
67 APP APPHD Liquid water 1,9% concrete
68 REYNCHEMIE RC 808 Liquid water 10% mineral
Silicon & Organic
69 Facabelle TECHNISIL Hydro plus Liquid water 10% mineral
70 REWAH OLEOFUGE F Liquid water 10% mineral
71 Wacker BS 38 Liquid solvent 46% mineral
72 REYNCHEMIE RC 806 Liquid water 10% mineral
Metal bearing
73 SCALP OM 70 Liquid solvent mineral
Silicon & Metal bearing
74 REWAH ECONOSIL Liquid solvent 10% masonry
75 Facabelle Al101 Liquid solvent 10% mineral
76 REWAH AVT Liquid solvent 8% masonry
Siliconates
77 PEC Thoro clear special Liquid water 5,5% limestone

Appendix B. Hygric properties
Table B 1
Vacuum satruration test results. Comparison between untreated and impregnated with SMK 2100 10% R brick and L mortar.
R brick L mortar
Untreated Impregnated Untreated Impregnated
Bulk density [kg/m3] 1886.1 (35.8) 1900.7 (33.2) 1804.3 (5.7) 1830.2 (11.3)
Moisture content Wgae [kg/m3] 312.4 (14.8) 296.8 (12.9) 312.5(2.1) 248.2 (21.4)
Open porosity @ [%] 31.3(1.5) 29.7 (1.3) 31.3(0.2) 24.9 (2.1)
Matrix density [kg/ms] 2745.6 (9.8) 2705.4 (5.8) 2626.2 (2.2) 2437.6 (73.6)
The values in brackets corresponds to the standard deviation of the measurements.
Table B2
Cup tests, comparison between untreated and impregnated with SMK 2100 10%, R brick and L mortar.
R brick L mortar
Untreated, dry (11.3-53.5%) 5, [107!! kg/(msPa)] 1.7 (0.1) 1.7 (0.04)
n 11.6 (0.5) 11.7 (0.3)
Untreated, wet (84.7-97.4%) 8y [107'! kg/(msPa)] 1.9 (0.1) 3.9(0.2)
1] 10.2 (0.5) 5.1 (0.3)
SMK 2100 10%, dry (11.3-53.5%) 8, 10711 kg/(msPa)] 1.3 (0.05) 1.3 (0.1)
n 15.3 (0.6) 15.6 (1)
SMK 2100 10%, wet (84.7-97.4%) 8y [107'! kg/(msPa)] 1.5 (0.1) 1.7 (0.01)
I 13 (0.6) 11.6 (0.1)
Table B 3
Cup tests, comparison of untreated and impregnated with FC 40% R brick, H brick, Y brick and L mortar.
R brick H brick Y brick L mortar
Untreated 8y [107'! kg/(msPa)] 1.8 (0.2) 2.3(0.2) 1.7 (0.2) 2.5 (0.1)
H(53.5-97.4%) 11.3(1.2) 8.7 (0.9) 11.9(1.4) 8.0 (0.4)
FC 40% 8, [107!! kg/(msPa)] 1(0.8) 2(0.2) 1(0.2) 2(0.1)
1(53.5.97.4%) 15.1 (0.9) 9.7 (1) 13.7 (2) 9.7 (0.7)

Appendix C. Hygric behavior of hydrophobized building materials
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ABSTRACT

Hydrophobization lessens the water absorption by facade materials and is thus presumed to reduce moisture problems in internally insulated facades. However, to do
this it should retain the water repellency performance throughout aging. The aim of this study is to evaluate the impact of aging on the durability of the hydrophobic
treatment on bricks and mortars. The resulting absorption coefficient, after 635 repeating artificial aging cycles of alternating UV radiation (102 min) and water
exposure (18 min) reveals that the hydrophobic layer maintains its water repellency performance both in brick and mortar. The samples were treated with two
different water repellent agents in different concentrations and tested for capillary water uptake. Additionally, the findings show that cycles of weathering could
contribute positively to further reduction of the absorption coefficient of hydrophobized brick and mortar samples. Subsequently, Karsten tube tests on samples from
artificial aging illustrate the same water repellency performance as mock-up walls exposed to ambient conditions, six years after being hydrophobized. Contact angle
measurements before and after artificial aging reveal that the beading effect declines through aging. However, the beading effect seems to be just a surface effect
affected by UV-light. Moreover, after aging, hydrophobized brick and mortar samples, tested by visual inspection, maintain their appearance while untreated samples
show signs of efflorescence. In total, these findings indicate that the water uptake of hydrophobized brick or mortar remains very low after aging including water

spraying and UV light.

1. Introduction

Denmark is targeting to be independent of fossil fuels by the year
2050 [1]. In the EU, existing buildings represent 99% of the building
stock [2], which accounts for about 40% of the total energy consumption
[3]. 10%-40% of these buildings [4] are historical, high
energy-consuming buildings [3,5-7]. The household’s energy con-
sumption within EU-27 is dominated by space heating in a percentage of
67% [8]. Often such buildings have worth preserving solid facades,
making internal insulation the only feasible technique for thermal
insulation [9]. Internal insulation itself can reduce the heat losses of a
wall by 76% in the case of mineral wool plus vapor barrier and 63% in
the case of CaSi, in a climate like Copenhagen [10]. However, internal
insulation may lead to moisture-related problems [4,5,11-14]. The main
source of the problems derives from the accumulated moisture load from
wind-driven rain [15,16], and internal insulation negatively affects the
drying potential of the masonry wall [12,17-19]. Studies comparing the
overall hygrothermal performance of internally insulated solid masonry
walls, tend to suggest vapor open and capillary active internal insulation
systems to counterbalance the reduced inward drying [5,20]. However,
applying water repellent agent in the internally insulated wall

* Corresponding author.
E-mail addresses: vsou@build.aau.dk, v.soulios@ihu.edu.gr (V. Soulios).
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practically eliminates the absorption of the wind-driven rain [21-24].
Moisture transfer in building materials plays a vital role in the
durability and thereby sustainability of built structures [12,25,26].
Absorption of moisture is the main mechanism for the deterioration of
porous building materials and the starting point for many
moisture-related damages in the building structure potentially affecting
the durability. Moreover, absorption of moisture increases the thermal
conductivity of building components resulting in increased heat losses
[10,21]. So, water absorption that remains at low levels over time en-
hances the durability of the porous building materials and consequently
the durability of the whole structure. Hydrophobization is proven to
significantly reduce the absorption coefficient of both brick and mortar
and at the same time to allow water vapor diffusion, thus not fully
impeding the drying of the material [21,22]. But there is very little
experience in the literature about the durability of the hydrophobic
treatment of brick masonry and brick and mortar samples, especially
regarding the possible changes of the absorption coefficient of hydro-
phobized brick and mortar. Some studies however, have used Karsten
tube tests to measure water uptake on hydrophobized aged masonry [27,
28] and on aged brick and natural stone samples [29]. White efflores-
cence is widely known as an aesthetic problem of brick masonry, where
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water transport plays an essential role [30,31]. Concrete impregnated
with a water repellent agent in cream form illustrates resistance against
salt formation [32] but there are no similar studies for brick and mortar.
Each of these factors highlights the need to investigate the durability of
hydrophobized masonry and prior to that, the durability of masonry
components, i.e. hydrophobized brick and mortar samples, expressed by
the absorption coefficient, as well as the appearance of the hydro-
phobized materials after aging. Moreover, even though contact angle
measurement is not a precise indicator to assess the water repellency
performance [33], comparing the contact angle in hydrophobized ma-
terials before and after artificial aging could provide information on the
influence of the aging on the beading effect.

By providing an artificial aging test with hydrophobized brick and
mortar samples this paper aims to meet this need. It begins by describing
the building materials and water repellent agents used for this study as
well as describing the methodology for artificial aging and the experi-
ments conducted to investigate water absorption, beading effect, and
discoloration through aging. This is followed by a section presenting
how the absorption coefficient of the hydrophobized materials develops
after several rounds of repeating cycles of artificial aging. A supple-
mentary section, using Karsten tube tests, compares the water uptake of
the samples used in the artificial aging with mock-up walls constructed
with the same building materials. A subsequent section presents results
from contact angle measurements on hydrophobized samples before and
after artificial aging. It also considers the discoloration of untreated
samples after artificial aging. Finally, the paper discusses the results,
contrasting them with previous work.

2. Materials and methods
2.1. Target building materials

The building materials used in the current study were selected to
represent building materials to be found in a typical Danish building
from before 1950 (see Table 1); soft-molded brick and air-lime mortar.
Further, cement mortar was included, as it is common practice in
Denmark to perform repointing of mortar joints before impregnation,
normally with cement mortar.
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The yellow soft-molded brick from Helligsg Teglvaerk in Denmark
imitates a historic Danish brick and its properties have been thoroughly
analyzed [10,21,22,34-37]. Further, historic brick samples were ob-
tained from an old building in Denmark constructed in 1944 in order to
test a brick that was exposed to actual weathering before hydro-
phobization. Material properties of the historic brick could be found in
Refs. [10,21].

Most of the old masonry buildings in Denmark have been constructed
with air lime mortar. The air lime mortar used in this study was supplied
as ready-mix from Wewers and mixed with tap water to form fresh
mortar which was placed in molds for casting. In order to imitate the
mortar being placed towards bricks as in a brick masonry, wound
cleaning swabs were placed at both sides of the molds (top and bottom)
and the samples were placed in a climatic chamber (65% RH, 20 °C) for
one month [38]. For the air lime mortar samples to represent a historic
type of air lime mortar that has been part of brick masonry for many
years [39], the samples were placed in a carbonation chamber (1% CO,
exposure) for three months. The air lime mortar samples were tested
with phenolphthalein and they were fully carbonated.

The type of cement mortar supplied from Wewers is the one that is
usually used to repoint mortar joints in Denmark and has not been
carbonated in order to represent a fresh cement mortar used to re-point
the mortar joints before impregnation.

The size of the tested samples was 2 x 5 x 15 cm to fit the Atlas
weather-ometer (see section 2.4 Experimental set-up).

2.2. Selected water repellent agents

The selected water repellent agents (Table 2) are ready-to-use, in
cream form, as cream products are widely used nowadays due to their
easy application and long contact time that requires just a single treat-
ment [21]. Further, liquid and cream-based products are shown to have
the same effect in terms of water repellency on brick and mortar samples
[21]. Funcosil Remmers FC cream is a water-based silane cream, rec-
ommended for mineral substrates, that can be ordered in any possible
concentration [40], but commonly used in Denmark with a 40% con-
centration. The Wacker BS cream C is a water-based silane cream in 80%
concentration that is recommended for concrete [41].

Table 1
Building materials used in the current study.
Name Description
Y brick Yellow soft-molded Danish brick from Helligsp Teglvaerk

H brick
AL mortar
C mortar

Historic Danish Brick from an old building in Copenhagen (1944)
Carbonated air lime mortar with aggregates of 0-4 mm grain size (7.7%) (Wewers)
Cement mortar with aggregates of 0-4 mm grain size (Wewers)

Table 2

Water repellent agents used in the current study.
Product Company Type Form Diluent Concentration Substrate
FC Remmers Silane Cream Water 40% Mineral
BS Wacker Silane Cream Water 80% Concrete

Information derived from the technical data sheets of the products. Both water repellent agents are mainly silane but they contain small percentage of siloxane.
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Table 3
Laboratory experiments. Test plan including measured properties, type of tests, sample size and amount, type of material, and water repellent agent.
Material (No. of samples for each type) Treatment 0 cycles 165 cycles 335 cycles 482 cycles 635 cycles
Water absorption coefficient (Acap) by capillary water uptake (2 x 5x15 cm samples)
Y brick, H brick, AL mortar, C mortar (3) Untreated X X
Y brick, H brick, AL mortar, C mortar (3) FC 40% X X X X X
Y brick, H brick, AL mortar, C mortar (3) BS 80% X X X X X
Water absorption by Karsten tube (2 x 5 x 15 cm samples)
Y brick, H brick, AL mortar, C mortar (3) Untreated X
Y brick, H brick, AL mortar, C mortar (3) FC 40% X
Y brick, H brick, AL mortar, C mortar (3) BS 80% X
Water absorption by Karsten tube (1 x 2 m walls)
Y brick and AL Untreated Tested at mock-up walls,
mortar mock-up walls (3) FC 40% exposed outdoor for 6 years before Karsten tube test
Contact angle (y) by dropsnake method (2 X 5 X 15 cm samples)
Y brick, H brick, AL mortar, C mortar (3) Untreated
Y brick, H brick, AL mortar, C mortar (3) FC 40% X X
Y brick, H brick, AL mortar, C mortar (3) BS 80% X X
Discoloration by visual inspection (2 X 5 X 15 cm samples)
Y brick, H brick, AL mortar, C mortar (3) Untreated X X
Y brick, H brick, AL mortar, C mortar (3) FC 40% X X
Y brick, H brick, AL mortar, C mortar (3) BS 80% X X

2.3. Hydrophobic treatment

Samples of all types were cleaned with a brush to remove dirt and
dust and washed with deionized water to prevent absorption of extra
salts. Then, they were stored in an oven at 55 °C, so that moisture from
the intense water exposure could evaporate. When reached a stable
weight (after 4-5 days), the samples were cooled down to room tem-
perature. For impregnation with cream products the minimum recom-
mended amount, 150-200 ml/m?, was applied with a brush [40]. Only
one face (5 x 15 cm) was treated with a water repellent agent. The
opposite face was left untreated, while the four smaller faces were
waterproofed with epoxy resin. Finally, the samples were stored at room
temperature and relative humidity for one month of curing.

2.4. Experimental set-up

The durability of the hydrophobic layer was characterized by the
ability to repel liquid water and the ability to keep the substrate clean
from dirt and possible efflorescence. Table 3 describes how the study has
been conducted.

To evaluate the durability of the hydrophobic surface treatment on
brick and mortar, artificial aging was conducted, according to ISO
4892-2 [42], with Atlas Ci 4000 weather-ometer, at the Danish Tech-
nological Institute, Taastrup (Fig. 1). ISO 4892 [42] is targeted at the
durability of plastics but its key features (UV radiation and water spray)
are in line with [29], also performing artificial weathering of hydro-
phobized porous building materials in Atlas weather ometer. The sam-
ples were placed in plastic holders that cover the edges (from the 75 cm?
of the samples’ face surface, only 57.8 cm? are exposed to water spray
and UV radiation). The plastic holders were placed on a carousel, inside
a climatic chamber. The samples were exposed to sprayed water and UV
radiation only from the interior of the carousel. The water repellency
performance is evaluated by the water absorption coefficient (Acap) of
the samples, obtained via water uptake tests in accordance with [43], as
described in Refs. [44,45]. The samples were placed in a plastic
container with deionized water that covered less than one cm of the
sample, over plastic net support, for 1-D free capillary water uptake. The
mass of the sample was determined with a balance reading 0.001 g and
the samples were wiped with wet paper before each measurement. Since
impregnation decreases the rate of capillary water uptake, the water
uptake tests for the impregnated samples lasted for 24 h and the time
intervals for the measurements were: 10’, 30’, 1h, 1h 30, 2h, 3h, 4h, 7h,
9h, and 24h. When displaying water uptake in kg/m? towards +/seconds

does not produce a straight line but a curve of some form, A,y is defined
as the increase in weight (Am) in kg/m? at 24h divided by v/86400 [43].

__Am m

AC(I
Y /36400

For the untreated samples, the water absorption coefficient was
measured before and after artificial aging. For the treated samples,
capillary water uptake tests were carried out one month after the
application of the water repellent agent, during artificial aging (every
two weeks), and after artificial aging. Before each measurement, the
samples were dried in an oven at 55 °C and then cooled down at room
temperature. Each result is an average based on three samples. The
whole procedure of artificial aging consisted of 635 cycles and the water
absorption coefficient measurements were carried out after 165, 335,
482, and 635 cycles. One cycle consisted of:

102 min: Lamp Xennon
Irradiance level: 0.5 W/m? at 340 nm (UV)
Back panel temperature: 63 °C
Chamber temperature: 38 °C
Relative humidity: 50%
Specimen water spray: off
Back water spray: off
18 min: Specimen water spray (deionized): 0.2 L/min, pressure: 138-344 kPa (20-30
psi)
The rest of the weathering test conditions remained the same

The 635 cycles used in the present study were selected to represent
similar exposure hours to UV radiation and water spray as in De Witte
[29]. There is no official equivalence of the artificial cycles to actual
years.

As a first approach to translate the artificial weathering cycles to
actual years, vertical Karsten tube tests were conducted on the samples
after 635 cycles. The results were compared with horizontal Karsten
tube tests, conducted on bricks and mortar joints (covering also a small
area of brick) of mock-up walls constructed with Yellow brick and air
lime mortar at the Technical University of Denmark and impregnated
with FC 40% in February 2015 [37], about 6 years before the artificial
aging test.

Both vertical and horizontal Karsten tube tests consist of a 30 mm
diameter dome (3 cm? test area) attached to a glass tube of 10 cm head of
water (15 ml volume), a pressure roughly corresponding to double the
wind pressure of a hurricane. The Karsten tube is pasted onto the sub-
strate to be tested using plasticine as a sealing material. The drop in the
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A

Fig. 1. Test setup for artificial aging. A) Atlas Ci4000 weather-ometer and B) test specimens on carousel sample holder inside the chamber.

water level is recorded every minute for 11 min and the water absorp-
tion in ml/min is calculated by taking the average of the last 10 mea-
surements. The first minute is not taken into account, to avoid surface
wetting to be included in the results. In order to maintain steady water
pressure, the water in the tube is kept during the test by adding more
water every time 1 ml of water is absorbed [46].

Contact angle measurements took place, as an indicator for the
beading effect before and after artificial aging. The measurements were
performed on 3 pl (microliter) water droplets placed on the treated
surface of the materials via pipette. The shape of the droplets was

recorded by a CCD camera and the resulting images were analyzed by
DropSnake [47,48], a plugin for ImageJ software, similarly to Ref. [49].
The contact angles were measured immediately after the droplet fell on
the surface.

The substrates of both untreated and treated samples were inspected
visually for potential discoloration after the artificial aging.
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Fig. 2. Capillary water uptake of Y brick, H brick, C mortar, AL mortar, untreated and impregnated with Remmers FC cream 40% and Wacker BS cream C 80%. 1: 1st
water uptake before artificial aging, 2: 2nd water uptake after 165 cycles of artificial aging, 3: 3rd water uptake test after 335 cycles of artificial aging, 4: 4th water
uptake after 482 cycles of artificial aging, 5: 5th water uptake after 635 cycles of artificial aging. Each point of each curve is the average value of the respective

measurements of three different samples.
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Fig. 3. Capillary water uptake of a) Y brick, b) H brick, ¢) AL mortar, d) C mortar, impregnated with Remmers FC cream 40% and Wacker BS cream C 80%.1: 1st
water uptake before artificial aging, 2: 2nd water uptake after 165 cycles of artificial aging, 3: 3rd water uptake test after 335 cycles of artificial aging, 4: 4th water

uptake after 482 cycles of artificial aging, 5: 5th water uptake after 635 cycles of artificial aging. Each point of each curve is the average value of the respective
measurements of three different samples.
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Fig. 4. Water absorption coefficient by capillary water uptake test of Y brick, H brick, AL mortar, C mortar, untreated and impregnated with Remmers FC cream 40%
and Wacker BS cream C 80%. Acap 1: absorption coefficient before artificial aging, Acap 2: after 165 cycles of artificial aging, Acap 3: after 335 cycles of artificial
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standard deviation.



V. Soulios et al.

1.0

e o 9
N o ©

e
o

Water absorption (ml/min)
© o o o o
- N w =y (4]

o
o

0l8
of7
0/6
0f4
0.3
L

Building and Environment 201 (2021) 107994

0 0 0 0 0 0 0 0 0 0
wall sample | sample mortar | sample | sample wall sample | sample | sample | sample mortar | sample | sample | sample
joint joint
Y brick H brick AL mortar C mortar FC 40% BS 80% [ FC 40% | BS 80% FC 40% BS 80% | FC 40% | BS 80%
Untreated Y brick H brick AL mortar C mortar

Fig. 5. Water absorption by Karsten tube test, Y brick, H brick, AL mortar, C mortar, and mock-up wall, untreated and impregnated with Remmers FC cream 40% and
Wacker BS cream C 80%. “Sample” refers to samples from artificial aging, “wall” and “mortar joint” refer to mock-up wall measurements on brick and mortar joints
respectively. Each result is an average based on three measurements, error bars correspond to standard deviation.

3. Results only the treated samples. The water uptake curves of all the treated
samples were significantly reduced compared to untreated. The mois-

3.1. Capillary water uptake test before/after artificial aging ture mass difference against sqrt(s) did not give a straight line, but could
follow a curve of some form (Fig. 3).

Fig. 2 illustrate the capillary water uptake curves both of untreated Fig. 4 focuses on the water absorption coefficient of the different
and treated samples during the artificial weathering while Fig. 3 shows samples during the testing period. The untreated samples did not show
Table 4
Water droplets in hydrophobized surfaces before and after artificial aging.

FC 40% BS 80%
Before aging After aging Before aging After aging
v [
Brick " “ }
H
Brick —_—
f—! L
e v Lama 3
‘ \ | 5
g e sy
C
Mortar = >
B el Y -
AL o ——
mortar o’ "
.
. - A : .

In the case of mortar samples treated with FC 40%, after aging, it was not possible to take a picture of the droplets, since they were not forming sufficient spherical

droplets.
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Table 5
Contact angle measurements before and after artificial aging.
Y brick H brick C mortar AL mortar
FC 40% BS 80% FC 40% BS 80% FC 40% BS 80% FC 40% BS 80%
Before aging (v°) 130 (8) 128 (4) 124 (3) 123 (1) 130 (5) 125 (7) 132 (9) 130 (9)
After aging (v°) 104 (4) 111 (3) 91 (15) 121 (4) 111 (6) 109 (9)

In the case of mortar samples treated with FC 40%, after aging, it was not possible to measure the contact angle of the droplets, since it was significantly reduced. Each
result is an average based on three samples. The values in () correspond to the standard deviation.

significant changes in the water uptake after 635 cycles of aging. All
treated samples showed reduced water uptake after treatment, and the
water uptake was further reduced during the aging period.

The absorption coefficient on the first test before aging was reduced
approximately by a factor of 200 due to hydrophobization (e.g Y brick
treated with FC 40%, Acap1: 0.00104 kg/mzsl/ 2 from untreated Acap: 0.2
kg/m?s'/2) and was further reduced by a factor of more than 1000
(Acaps: 0.00016 kg/m?s/?) after aging for all the tested materials,
compared to untreated. Consequently, the ability of the hydro-
phobization to reduce water uptake is not diminished by the performed
artificial aging. The absorption coefficient seems to be positively influ-
enced by artificial aging since it is further reduced during the process of
repeated cycles.

3.2. Karsten tube measurements

The Karsten tube test, as an additional indicator, supported the
observation that hydrophobization blocked liquid water transport even
after aging in brick and mortar since the water penetrated neither
samples nor brick and mortar joints of the mock-up wall hydrophobized
six years ago (see Fig. 5). Also, the water absorption of untreated brick
and mortar samples was similar to untreated bricks and mortar joints of
the mock-up walls, as seen in Fig. 5.

3.3. Contact angle measurements

Contact angle measurements provide additional information for the
surface behavior of the hydrophobized building materials. The level of
contact angle was similar between brick and mortars but for all the
materials there was a tendency of reduced contact angle after artificial
aging. In the case of C mortar and AL mortar impregnated with FC 40%
the contact angle after aging was significantly reduced, making the
capture of the droplet image challenging (see Table 4 and Table 5).

3.4. Discoloration of untreated samples after aging

The exterior appearance of the treated substrates remains clear after
artificial aging while the untreated samples reveal a discoloration (white
stains) as shown in Table 6. The discoloration on the untreated mortar
samples may not appear clearly on the pictures but it was noticeable by
the naked eye.

4. Discussion

The present study examined the effect of accelerated weathering on
untreated and hydrophobized brick and mortar samples. The results
show that silicon-based water repellent agents in cream form can create
a durable hydrophobic layer that maintains both its water repellency
performance and its appearance through artificial aging (exposure to UV
radiation and water spray) but loses its beading effect.

The absorption coefficient of the untreated samples was not signifi-
cantly affected by artificial aging. For the hydrophobized samples, the
absorption coefficient was negligible compared to that of the untreated,
revealing more than 99% reduction for all the tested materials before,
during, and after artificial aging. However, by carefully observing Fig. 4,
the after-treatment water exposure and longer curing time appeared to

improve the water repellency performance of hydrophobized samples,
as absorption coefficient (Acap) was further reduced, in all the tested
materials, especially between first and second capillary water uptake, as
also reported in Ref. [21].

Two different types of brick, one type of air lime mortar and one type
of cement mortar, all representing materials present in historic Danish
buildings, illustrated the same behavior in terms of water repellency
during aging resulting in very low absorption coefficients. Although air
lime does not contain hydroxylated surfaces, the active ingredient was
able to form irreversible bonds with the pore walls of the air lime mortar,
since mortar also contains sand that has hydroxylated surfaces and thus
kept the very low absorption coefficient after accelerated weathering
similar to hydraulic lime mortar [21] and cement mortar (Fig. 4).

The mock-up walls were built with the same types of brick and
mortar that were used as the samples that underwent artificial aging.
Moreover, they were impregnated six years earlier (Feb 2015) with a
water repellent agent included in the artificial aging tests (FC 40%).
Both the Y brick and AL mortar samples and the Y brick and AL mortar
joints illustrated zero penetration of water when tested with Karsten
tube (Fig. 5). This is an indication that the artificial aging cycles cor-
responded to at least 6 years in real life, with the limitation that the
artificial cycles do not include frost cycles.

Karsten tube tests show that the hydrophobic layer of a lime plaster
facade impregnated with liquid water repellent agents can stay durable
and repel liquid water even after 50 years [27]. In line with these
findings, van Hees [28] reported that the effectiveness of the hydro-
phobic treatment, with liquid products, can last even more than 30 years
after testing with Karsten tube over 60 case studies in three different
countries (Netherlands, Belgium, Italy), but the effectiveness of the
treatment is quite variable even within one wall. Cream-based water
repellent agents became commercially available in the early 2000s [21],
after [40] was published but no studies on the durability of cream-based
products on brick and mortar have been reported in the literature. Fig. 5
illustrates that treatment of masonry with cream-based water repellent
agents also stayed durable and repelled liquid water in a mock-up wall
impregnated six years ago. The results depicted in Figs. 4 and 5 are in
agreement with a test of hydrophobized brick and natural stone samples
in Atlas weather-ometer [29]; their performance did not decrease with
aging, although it might decrease when concentrations of water repel-
lent agents lower than recommended were used. According to tests
including freeze-thaw cycles, which neither the current paper nor [29]
include, impregnated concrete maintained its effectiveness in terms of
water repellency, tested with capillary water uptake, after aging [50].
However, observations regarding concrete are not necessarily valid for
mortar or especially brick, since they are quite different building
materials.

Capillary water uptake and Karsten tube tests illustrated that
hydrophobization blocked the liquid water absorption of brick and
mortar and showed the effectiveness and durability of hydrophobization
after artificial aging with water spray and UV-light. The water repellent
agents used in this study contain emulsifiers that allow the active
ingredient to be mixed with water as a ready-to-use mixture. After the
application of the water repellent agent, hydrolysis and poly conden-
sation take place, requiring the presence of water. With these processes,
the alkoxy groups (-OH) of the active ingredient molecules create irre-
versible bonds with the pore walls of the building material and the alkyl
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Substrate appearance of Y brick, H brick, C mortar, AL mortar after 635 cycles of artificial aging.

Untreated

FC 40% BS 80%

Y brick

H brick

C mortar

AL mortar

Each case is represented from 3 samples placed in the sample holder as it was located during the artificial weathering experiment except the AL mortar where the

untreated and the treated with BS 80% is represented by two samples.

groups (-R) provide the hydrophobic properties to the compound. Wind
driven rain will then “wash off” the emulsifiers and the active ingredient
forms new bonds with the pore walls of the building material making the
hydrophobic layer stronger, reducing the Ac,p further and inducing
redistribution of the active ingredient deeper inside the material.
Complementary to that, water coming from rain, or as a by-product of
condensation reaction, acts as a reactant in the first part of polymeri-
zation (hydrolysis) [51]. Over time, this effect becomes less noticeable,
since there is less active ingredient to form new bonds with the pore
walls of the building material [21].

However, the four tested substrates showed a tendency of contact
angle reduction after artificial aging that caused a declined beading
effect (droplet formation on the facade during rain events). The contact
angle reduction was more obvious to the cream with a lower concen-
tration (40%) (Tables 4 and 5). The sample holders covered the edges of

the samples (4.5 mm thickness). In this area, which was not exposed to
UV radiation, the contact angle was not reduced after artificial aging in
any sample. Since the whole surface of the samples was exposed five
times to water uptake for 24 h, there was an indication that the exposure
to UV radiation and not the exposure to water was responsible for the
reduction of the beading effect after aging.

UV radiation, due to its high energy, can cause the formation of free
radicals (i.e. molecules with an excess of electrons), which can cause
degradation on polymeric surfaces [52]. The hydrophobic effect can be
broken down by UV radiation, as manifested by the gradual decrease of
the contact angle on the substrate (reduced beading effect). In concrete,
UV light has been reported to break the Si-O-Si bonds between hydro-
phobic molecules and the substrate [50]. However, this only occurs in
the outermost layer of the substrate, since UV light cannot penetrate
deeper in the material [53]. UV radiation was not critical in terms of
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water absorption performance, because the Si-O-Si bonds remained
intact in the subsurface [50] of brick and mortar, and liquid water did
not penetrate into the materials (see Figs. 4 and 5). After aging, the
exterior surface of the substrate may lose its hydrophobicity, although
the inner layers of the building material keep their hydrophobic prop-
erties. Complementary to the current study, spectroscopic and micro-
scopic techniques could be performed in order to investigate further the
influence of UV radiation to the hydrophobic treatment.

The beading effect is not necessarily an indicator of good hydro-
phobic treatment and is not always desirable for the building owner,
who wants to maintain the exact appearance and visual behavior of the
facade (personal communication with Corne van Hamont, Wacker’s
representative). However, the beading effect could last longer by
applying a higher percentage of siloxane [21] and higher concentrations
of the active ingredient (see Table 5).

Artificial aging revealed that hydrophobization acts positively in
retaining the exterior appearance of the samples since contrary to
treated samples, all the untreated samples revealed white stains (efflo-
rescence) after artificial aging (see Table 4). The migration of salts to the
exterior surface is due to salts present inside the materials since the
samples were sprayed with deionized water during the artificial aging.
Efflorescence should be avoided as it is an aesthetic problem that harms
the prestige of the building [30].

Mortar joints are regarded as the weak point of a masonry facade
[28], however, they are not easy to characterize with a Karsten tube test.
During Karsten tube tests on the mock-up wall (Fig. 5) it was challenging
to adjust the glass tube on the mortar joints without having leakages.
Especially, in buildings with concave mortar joints, it would be very
difficult to test the water uptake with the Karsten tube test. Karsten tube
is an accurate method for testing water uptake on bricks but it is more
difficult to give accurate results on mortar joints [54]. Additional in-situ
measurement equipment, not available for this study, covers wider wall
areas [55]. However, the impregnation depth is reported to be lower in
mortar samples and mortar joints than in bricks [21,28], and the pos-
sibility of cracks after treatment is higher in mortar joints, as well as in
the interface between bricks and mortar joints. Moreover, brick absorbs
the water repellent agent much faster than mortar [21]. During the
application process of the cream products, a percentage of the cream
placed in the mortar joints would be absorbed by the brick, leaving less
active ingredient for the mortar joints. Furthermore, since the beading
effect is reduced due to UV radiation exposure, the water is being
absorbed into the first mm of the substrate and during winter this water
may freeze, expanding its volume and induce spalling. If this continues
to occur and mortar joints start to crumble, cracks may reach untreated
areas after years. This could also happen to brick although less possible
as the impregnation depth is larger [21]. These observations indicate
that mortar joints should be studied further.

The impregnation depth could be increased by applying a higher
amount of water repellent agent than recommended and by increasing
the concentration of the active ingredient [21]. However, longer curing
time and after-treatment water exposure are needed to reveal an
improved performance cf. Fig. 4 and [21]. For that reason, the hydro-
phobic performance of a hydrophobized wall is expected to improve
with longer curing time and rain exposure in a period of months after the
treatment. Moreover, the water repellency performance should be tested
occasionally since re-treatment of substrates is possible [50].

It has been found that the storage properties and the vapor perme-
ability of brick and mortar samples do not significantly change after
hydrophobization, although the drying rate of the hydrophobized ma-
terial is significantly lowered due to the reduced liquid transfer [21,22,
56]. The impregnation depth is higher in brick than in mortar and the
redistribution of the active ingredient creates a first strong hydrophobic
layer and a second area that is partially hydrophobized. The active
ingredient continues to spread for many months after treatment
increasing the partially hydrophobized area, positively influenced by
the after-treatment water exposure [21]. As long as impregnation depth
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increases, the drying speed of the masonry decreases. For how long the
active ingredient could spread inside the material and whether
after-treatment water exposure continues to influence the impregnation
depth should be addressed in future work.

Material properties are very important in determining the input
parameters of hygrothermal simulations, which can be very helpful in
the decision-making process to renovate and design a building [57-61].
Hydrophobization is proven to significantly reduce the absorption co-
efficient of both brick and mortar [21,22,62]. Moreover, hygrothermal
simulations using experimental results to imitate the hydrophobic layer
illustrate that hydrophobization is the missing element for a
moisture-safe energy renovation of internally insulated masonry walls,
regardless of the insulation system [10]. But for the hygrothermal sim-
ulations to be proven true, the hydrophobic layer should be durable
through aging; the absorption coefficient of both brick and mortar
should stay at low levels. The fact that absorption coefficient remained
at very low levels after artificial aging both in brick and mortar (Fig. 4),
in combination with no water-penetration both in the artificially aged
samples and the six-year-old hydrophobized mock-up walls (Fig. 5),
builds more confidence in the results of the hygrothermal simulations
[10]. These results indicate that an internally insulated hydrophobized
wall could provide a moisture safe construction. However, high mois-
ture loads from the interior of the building could still be a risk for the
wall even when hydrophobization eliminated the wind-driven rain load.

There were two main limitations in this study: firstly, in a wall of a
building, there is the interaction between brick and mortar during the
contraction/expansion of the materials, or other factors that may induce
cracks after treatment, a scenario that is not taken into consideration
when performing durability tests on brick and mortar separately. The
second limitation is that during the artificial aging the temperature re-
mains constant at 38 'C inside the cabinet and the samples were not
exposed to low temperatures in order to investigate the risk of frost
damage which may give too optimistic outcome in this study. Moreover,
the retrofit of internal insulation increases the frost damage risk [63],
thus making the risk of frost damage a very important aspect to be
tested.

The current findings have important implications for practitioners
and policymakers since the hygrothermal benefits of the combined effect
of hydrophobization and internal insulation [10,18,64] can be obtained
only if hydrophobization maintains its water repellency performance
through aging which needs further studies involving exposure to frost to
be fully revealed.

5. Conclusions and perspectives

In this paper, the durability of the hydrophobic layer in brick and
mortar samples was experimentally studied. The water repellent agents
were proven to successfully block capillary effects while avoiding
efflorescence at the treated substrate during the process of artificial
aging. Karsten tube tests revealed zero water penetration both on
hydrophobized samples from artificial aging and on hydrophobized
mock-up walls. Moreover, UV radiation was found responsible for the
declined beading effect while the after-treatment water exposure seems
to influence the water repellency of the treated samples in a positive way
since the absorption coefficient is further reduced throughout the pro-
cedure of accelerated aging, for all the tested building materials.

Future studies could reveal the frost damage risk in hydrophobized
samples compared to untreated. Moreover, future research would
benefit from focusing on Karsten tube tests in buildings hydrophobized
years ago. Further investigation should include more types of building
materials like natural stone and concrete. The results of the current
paper and [10] could be used as input in a life cycle cost assessment of
hydrophobization in combination with internal insulation which could
contribute to a holistic view of hydrophobization.
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ABSTRACT

Buildings are accountable for around 40% of the European energy consumption. Installing thermal insulation is an effective approach to improve the energy effi-
ciency of the building envelope. Internal insulation is often the only renovation option in the case of historic buildings with worth-preserving masonry facades.
However, it can lead to several moisture problems related to the rain load, such as mould growth, wood rot and frost damage. Hydrophobizing the facade reduces
water absorption by the materials, while decreasing their drying rate, threatening the desired outcome. The paper evaluates the impact of hydrophobization when
combined with internal insulation. To understand the hygrothermal effect of hydrophobization on internally insulated walls, it is important to examine how the
hydrophobic layer of the masonry can be accurately modeled and how the hygrothermal response of the wall configuration changes after treatment. A significant
increase in the thermal conductivity of capillary saturated samples compared to dry samples was experimentally measured. The hydrophobic model is able to predict
the hygrothermal behavior of the hydrophobized brick, using experimental results from water uptake and drying tests as reference, as well as in the component level,
using as reference relative humidity and temperature measurements in a mock-up wall. The current results indicate that hydrophobization contributes positively
towards a moisture-safe construction with reduced heat losses when applied before or in parallel with internal insulation. These findings confirm that hydro-
phobization can successfully be combined either with a capillary-active or a water-vapor-tight internal insulation system, providing a moisture-safe energy reno-

vation of building enclosures.

1. Introduction

In the EU Member states, the building stock accounts for about 40%
of the total energy consumption [1], and 10-40% of the building stock in
each country consists of historic buildings (constructed before 1950)
[2]. Denmark among other countries is targeting towards the sustainable
energy-independent city of tomorrow where the maintenance of cultural
heritage is of primary importance, requiring a renovation of the building
enclosure. Historic buildings are responsible for a sizable fraction of the
energy consumption by the built environment, as they typically lack
thermal insulation. Approximately 33% of total heat loss in poorly
insulated buildings is contributed to external walls [3]. Often such
buildings have worth preserving facades making internal insulation the
only feasible technique [4].

However, internal insulation significantly modifies the hygrothermal
performance of the facade, yielding in moisture-related problems like
frost damage, wooden beam decay, interstitial condensation, and mould
growth [5,6]. In cold periods of the year, the temperature of the original
structure becoming lower due to applying internal insulation makes the
construction more vulnerable to moisture loads from inside. Preventing
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access of humid indoor air in the interface between the original wall and
the internal insulation is one of the key challenges in ensuring moisture
safe solutions. However, the moisture load from outside, and especially
absorption of the wind-driven rain, add to the harmful impacts of
moisture on internally insulated walls [7,8]. Hydrophobization of the
exterior surface may have a potential to be the unique missing element
for a sustainable moisture-safe energy renovation of historic buildings
since it minimizes the water absorption by the facade materials [9-11].

To be able to design and assess the effect of hydrophobization on the
hygrothermal behavior of internally insulated facades, the hydrophobic
layer of the facade must be modeled in a realistic way. A few attempts
have been made to include the effect of hydrophobization in numerical
hygrothermal simulation models: by modeling the simulation of the
hydrophobic layer as a water-tight surface with an additional surface
diffusion resistance of 0.2 m [12], by reducing the absorption of
wind-driven rain to 1% [13] or by neglecting the wind-driven rain [14,
15]. Further, it is indicated that small cracks (up to 1 mm) created before
impregnation, do not affect hydrophobization if thoroughly impreg-
nated [12]. All three studies conclude that hydrophobization improves
the hygrothermal performance of both uninsulated and internally
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insulated walls.

However, these attempts to model the hydrophobized layer may be
too simple as the hydrophobic impregnation significantly alternates the
behavior of a porous building material [9,11,16-20], hence creating a
“new” material with different properties. One previous attempt to
simulate the hydrophobic layer as a new separate wall element has been
made [21,22], but the modified material properties were based on
limited experimental results or speculations.

The current study presents an improved attempt to model the hy-
drophobic layer based on experimental results measuring the hygric
properties (presented in [9]) and thermal properties (presented in the
current article) of brick. These are used as input parameters to the model
and the attempt is to transfer the effect of hydrophobization from the
material level to the component level through hygrothermal simulations
in Delphin software [23].

The difference in thermal conductivity between dry and wet brick
and mortar samples is found to be much larger [3] than presented in the
thermal conductivity function in Delphin software [23]. Thus, an
experimental work to determine the thermal conductivity of dry and
capillary saturated brick and mortar samples is presented in order to
update the Delphin thermal conductivity function.

Although the temperature and relative humidity in different points of
the wall assembly of internally insulated buildings [24-27] have been
monitored, the combined effect of hydrophobization with internal
insulation has been measured only with mock-up walls [19,28,29]. The
impact of combining hydrophobization with internal insulation in real
inhabited buildings and the long term performance of such buildings
through hygrothermal simulations should be further investigated. The
average moisture content in the masonry, the risk of mould growth in
the interface between masonry and internal insulation, and the addi-
tional potential energy savings of hydrophobization by keeping the wall
dry would be important topics.

The main aim of this paper is to evaluate the hygrothermal perfor-
mance when combining hydrophobization with internal insulation and
to accurately model the behavior of the hydrophobic layer (labelled
‘hydrophobic model’). Serving the above-mentioned aim, the paper
describes the input for the hydrophobic model and presents difference in
thermal conductivity between dry and capillary saturated building
materials. Further, it is validated whether the hydrophobic model cap-
tures the basic behavior of wetting and drying by duplicating in Delphin,
the capillary absorption test and the drying test that have been con-
ducted in the laboratory. Moreover, the hydrophobic model is validated
with a mock-up wall through the comparison of relative humidity (RH)
and temperature (T) in the interface between masonry and internal
insulation. Subsequently, the effect of hydrophobization, when com-
bined with internal insulation, is investigated, quantified by calculating
the average moisture content in the masonry, the mould growth in the
interface between masonry and internal insulation, the accumulated
heat loss and the additional energy savings due to hydrophobization.
Moreover, a parametric analysis is carried out taking into account
orientation, climate, masonry and insulation thickness, hydro-
phobization before/after internal insulation, weak impregnation, and
potential risk of wood degradation. Finally, the paper presents the
measurements of RH in the interface between masonry and internal
insulation of an inhabited Danish dwelling where the water repellent
agents applied two years after internal insulation.

2. Methods
2.1. Hydrophobic model

2.1.1. Hygric properties

The complete characterization of the hygric properties of a building
material requires the definition of the moisture retention curve and the
moisture permeability curve. However, extracting the curves to a full
extent with the existing experimental procedures is impeded, since
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liquid transport is significantly reduced as a result of hydrophobization
[9-11,16-18,22,30,31]. Therefore for this study, values for hygric
properties are derived from laboratory tests performed at hydro-
phobized samples [9]. This adjustment scales the moisture retention and
permeability curves accordingly as well as the vapor permeability curve.

2.1.1.1. Storage properties. A previous experimental study [9] does not
indicate a significant change in the moisture storage properties after
hydrophobization, especially in materials with coarse pores, such as
brick. In the current model, the open porosity and by extension, the
moisture retention curve, are left untouched.

2.1.1.2. Transport properties. The transport properties change signifi-
cantly in terms of reduced absorption coefficient (Acap), whereas the
vapor diffusion resistance factor (p-value) remains almost the same both
in brick and mortar [9]. Therefore, to represent a hydrophobized brick
via a model that can be used for hygrothermal simulations, the ab-
sorption coefficient is reduced and this scales down the moisture
permeability curve, but the moisture retention curve remains un-
touched. In addition, the vapor diffusion resistance factor is slightly
modified to represent the small increase of p-value in the hydrophobic
layer and this scales down accordingly the vapor permeability curve (see
Table 1).

2.1.2. Thermal properties

The thermal conductivity of dry and saturated brick samples was
measured to illustrate the potential energy savings as a result of
hydrophobization. Three different types of brick and one type of mortar
were tested in a heat flow meter in dry condition and in capillary
saturated condition in accordance with [32]. For measurement in dry
condition, the samples were stored in an oven (70 °C) until they reach a
stable mass, while for measurement in capillary saturated state, the
samples were soaked in the water for 24 h. Although only the thermal
conductivity of Y brick (presented in Section 2.2) is used in this study,
two additional brick types: Robusta Vandersanden Belgian Brick (R
brick) and Historic Danish Brick from an old building in Copenhagen
(1944) (H brick) and one carbonated lime mortar type: Lime Saint-Astier
NHL3.5 (L mortar), described in [9], were tested as well, to build more
confidence concerning the relative difference in thermal conductivity
between dry and capillary saturated building materials.

2.1.3. Thickness of the hydrophobic layer

When simulating the hydrophobic layer, the impregnation depth is
used as thickness. An impregnation depth of 11.4 mm was reported in Y
brick impregnated with Funcosil Remmers cream 40% (FC 40%) [19],
while [9] indicates that the active ingredient is spread even deeper in-
side the material after longer curing time and water exposure. None-
theless, the minimum impregnation depth reported in [9] (2.4 mm) is
used as base case. The effect of a deeper impregnation depth (40 mm) is
also presented in section 2.5 parametric analysis.

2.2. Brick properties

The Yellow soft-molded Danish brick (Y brick) from Helligsy and

Table 1

Y brick properties in untreated (Untd) and hydrophobized condition (FC 40%).
Material property Untd FC 40%
Saturation moisture content (Wa) [m®/m?] 0.290 0.290
Capillary absorption coefficient (Acap) [kg/m?s®%] 0.32 0.0009
Vapor resistance factor (p) [-] 11.9 13.7
Dry thermal conductivity (hary) [W/mK] 0.63 0.63
Thermal conductivity at capillary saturation (Ayer) [W/(m K)] 1.47 1.47
Bulk density (p) [kg/m3] 1643 1643
Thermal capacity (Cp) [J/(kg K)] 942 942
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Vesterled Teglverk (see Table 1) was used for hygrothermal simulations
in Delphin as well as for capillary water uptake tests, and drying tests.
Furthermore, the solid masonry mock-up walls used for the validation of
the hydrophobic layer at the component level were constructed with the
same brick (section 2.3.2). It was selected due to the available Delphin
material file of the untreated brick, prepared by TU Dresden, and
experimental results of Y brick impregnated with Funcosil Remmers FC
cream 40% (FC 40%), a water-based silane cream [9]. These specific
hygric properties are used as input for the hygrothermal simulations.

2.3. Experimental validation of the hydrophobic model

2.3.1. Material level

After defining the methodology of simulating the hydrophobic layer
based on experimental results in section 2.1, the current section vali-
dates whether the hydrophobic layer is able to capture the wetting and
drying behavior at the material level.

Water uptake tests, conducted in accordance with [33,34], and
drying tests were initially performed on untreated samples of Y brick
and brick samples hydrophobized with FC 40% in the laboratory [9,10].
These tests are of high importance in relation to hydrophobization, since
they indicate the rate of wetting and drying of the hydrophobized ma-
terial compared to the untreated material. The drying test showcase the
rate of drying of an untreated saturated bottom layer of one cm and an
impregnated dry top layer of one cm (sample size 1x4x4 cm), while the
bottom and lateral sides are sealed. The water uptake and drying tests
were duplicated in a simulating environment (Delphin), aiming at
achieving comparable results using the hydrophobized brick model. The
drying conditions at the top surface of the top layer, both for the
experimental and simulation curves are 21 °C and 53% RH.

2.3.2. Component level

The hydrophobic model is also validated at the component level
using a SW oriented, hydrophobized (FC 40%) mock-up wall, con-
structed with Y brick and air lime mortar (7.7% lime adjusted mortar,
grain size 0—4 mm) to represent a Danish historic multi-story building
from the period 1850-1930, internally insulated with a polyurethane
foam with calcium silicate channels (iQ-therm). The wall (1 x 2 m) was
built in a container segment at the Technical University of Denmark
(DTU), on a test site in Kongens Lyngby, Denmark (55.79 °N, 12.53 °E)
presented in [28]. The masonry wall was constructed in September
2014, and six months later iQ-therm was installed at the interior surface
while it was hydrophobized externally (March 2015). Moreover, be-
tween December 2014 and April 2015 forced drying was performed by
heating the indoor climate to 40-50 °C, resulting in an indoor relative
humidity of 10-30%. Relative humidity and temperature sensors were
used to measure the indoor and outdoor conditions of the container and
the conditions in the interface between masonry and internal insulation.

A 1D-model was constructed in Delphin to emulate the container
mock-up wall as described in Fig. 1 and Table 2. The Delphin files of Y

0 100

Distance from exterior (mm)
300
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brick and air lime mortar were developed at TU Dresden based on lab-
oratory measurements of material properties. The Delphin file of the
insulation system (iQ-therm), the adhesive mortar (iQ fix), and the
plaster render (iQ top) are from the Delphin material database [35]. The
hydrophobized brick was modeled as a separate material with 2.4 mm
thickness, as described in sections 2.2 and 2.1.

The climatic data were collected from the DTU weather station [36].
The initial moisture content in the masonry and in the air lime mortar
layers corresponded to values close to 100% RH, as the initial relative
humidity measurements started from this value.

For the validation, the measurement data from the sensors (RH, T)
placed in the interface between masonry and internal insulation, were
compared with the corresponding output from the Delphin simulations.

2.4. Simulation input

Three different wall configurations were studied by simulating the
effect of hydrophobization (Fig. 2). The reference case is an uninsulated
350 mm masonry wall. Two insulated configurations use either a vapor-
open capillary active internal insulation (calcium silicate (CaSi)) or a
vapor-tight internal insulation system (mineral wool with vapor bar-
rier), both with a thickness of 100 mm. As interior finishing, the refer-
ence wall has 10 mm of plaster and acrylic paint. The plaster layer was
kept in the configurations with an insulation system, i.e. placed in the
interface between masonry and internal insulation. As interior finishing,
the CaSi configuration has 12.5 mm of gypsum board and a vapor open
paint, while the mineral wool configuration has a vapor barrier, 12.5
mm of gypsum board, and acrylic paint. Table 3 describes the properties
of materials that were included in the simulation.

Since all simulations are one-dimensional, some aspects of the con-
struction, like mortar joints and wooden beams, were neglected. The
masonry wall was thus presumed to be composed of one (untreated
walls) or two (treated walls) layers of isotropic brick materials.

The climatic data were based on the Climate for Culture project [37]
which contains estimations for future climate. The duration of the
simulations was five years, starting January 1, 2020 (12:00 a.m.).
Copenhagen was chosen as location and an south-west (SW) oriented
facade was simulated as being worst-case scenario in Denmark with
regard to wind-driven rain [38].

In the simulations, default values of exterior and interior boundary
conditions were used. The exterior boundary conditions in Delphin
simulations consist of convective heat exchange (exchange coefficient
25 W/m?K) and long- and short-wave radiation for the thermal part, and
of convective vapor exchange (exchange coefficient 2107 s/m) and
wind-driven rain for the hygric part. The interior boundary conditions
consist of convective heat exchange (exchange coefficient 8 W/mzK) and
long-wave radiation and convective vapor exchange (exchange coeffi-
cient 3*107% s/m) for heat and moisture respectively, with constant
indoor conditions (20 °C and 50 % RH). The simulations cover a simu-
lation interval of five years, as it takes some time for the moisture

400 500

m hydrophobization #masonry

iQ-Therm iQ top

air lime plaster iQ fix

m vapor open paint

Fig. 1. Configuration of the container mock-up wall. Hydrophobization: 2.4 mm impregnation depth, masonry (Y brick): 350 mm, air lime mortar: 10 mm, iQ fix,
and iQ top: 10 mm, iQ-therm: 80 mm, vapor open paint sd = 0.01 m. sd: equivalent air layer thickness (p * material thickness).
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Table 2
Material properties of wall elements with iQ-therm used for hygrothermal simulation. Density (p), specific heat capacity (cp), thermal conductivity (1), moisture
content at saturated condition (ws,), capillary moisture content (W,p), capillary water uptake coefficient (Acap) and water vapor diffusion factor (p).

p [kg/m’] ¢p [1/(kg K)] A [W/(m K)] Wt [m®/m®] Weap [m®/m?] Acap [kg/(m*V/5)] p I
Hydrophobization 1643 942 0.6 0.290 0.275 0.0009 13.7
Masonry (Y brick) 1643 942 0.6 0.290 0.275 0.32 11.9
Air lime plaster 1243 998 0.44 0.428 0.253 0.39 22.4
iQ fix 1313 863 0.496 0.277 0.2 0.005 18.7
iQ-Therm 49 1400 0.037 0.090 0.070 0.013 27
iQ top 1269 1453 0.478 0.327 0.210 0.222 13.9
Distance from exterior (mm)
0 100 200 300 400 500
Reference
CaSi
mw + vb
m hydrophobization & masonry lime plaster
% CaSi mw + vb vapor barrier

gypsum board W vapor open paint m acrylic paint

Fig. 2. Wall configuration without (reference) and with internal insulation. Hydrophobization: 2.4 mm impregnation depth, masonry (Y brick): 350 mm, lime
mortar: 10 mm, insulation system: 100 mm, gypsum board: 12.5 mm, vapor open paint sd = 0.01 m, vapor barrier (vb) sd = 70 m (mineral wool (mw) system) and
acrylic paint sd = 0.18 m. sd: equivalent air layer thickness (p * material thickness).

Table 3
Material properties of wall elements with CaSi or mineral wool used for hygrothermal simulation. Density (p), specific heat capacity (cp), thermal conductivity (1),
moisture content at saturated condition (Ws,y), capillary moisture content (Wp), capillary water uptake coefficient (Ac,p) and water vapor diffusion factor (p).

p [kg/m?] ¢p [J/(kg K] A [W/(m K)] Weae [m®/m®] Weap [m®/m®] Acap [kg/(m*/5)] pl-l
Hydrophobization 1643 942 0.6 0.290 0.275 0.0009 13.7
Masonry 1643 942 0.6 0.290 0.275 0.32 11.9
Lime plaster 1800 850 0.820 0.285 0.253 0.127 12
CaSi 351 902 0.067 0.850 0.807 1.330 9.2
Mineral wool 134 840 0.040 0.900 0.900 0.000 1
Gypsum board 850 850 0.200 0.551 0.400 0.277 10

conditions to come to a sufficiently steady response.

The primary goal of impregnating an internally insulated masonry
wall at the exterior surface is the elimination or reduction of potential
moisture damage. Thus, initially, the average moisture content in the
masonry and mould growth at the interface between masonry and in-
ternal insulation was examined. The mould growth risk was calculated
with the VTT-mould growth model [39] - being an integrated part of the
Delphin simulation software — requiring values of temperature and
relative humidity. The mould growth was set to have almost no decline
in relation to time in order to represent the worst-case scenario and
medium resistance. A side effect of hydrophobization is the energy
savings achieved by keeping the wall dry. For that reason, the accu-
mulated heat loss during the simulation period (5 years) was calculated
as well as the additional energy savings induced by hydrophobization by
estimating the percentage change of accumulated heat loss between
treated and untreated.

2.5. Parametric analysis

A parametric analysis involving orientation (North, East, West,
South, Southwest), climate (Copenhagen, Munich, and Milan), masonry
thickness (350, 590, 710 mm) insulation thickness (60, 100, 300 mm),
insulation system (CaSi, mw + vb, iQ-Therm, XPS Multipor, Kingspan),
impregnation depth (2.4 and 40 mm) and strength (Acap 0.0009 and
0.033 [kg/m?s%°]), hydrophobization before/after internal insulation
represented by initial moisture content in the wall, as well as degrada-
tion of wooden beams, was conducted. The results are found in Ap-
pendix and are discussed in parallel with the base case simulations in
Sections 3 and 4. To simulate the effect of hydrophobization in an
already internally insulated wall, the average moisture content of the
insulated wall during five years of simulation is used as the initial
moisture content in the masonry at the time of becoming hydro-
phobized. The internally insulated hydrophobized wall is simulated for



V. Soulios et al.

Building and Environment 187 (2021) 107410

Fig. 3. Location of the case building. Left: Map of Denmark, and indication of the location of the test house on the northern coast of Zealand. Right: northern facade

after renovation.

another five years.

The risk of wood decay is quantified via the VTT wood decay model,
which is incorporated in Delphin. The VIT wood decay model requires
the conditions (temperature, relative humidity) that the wood would be
subjected to during a course of time [40]. Given that the wooden beams
are not part of the current one-dimensional simulations, they are
approximated with the conditions at a distance of 110 mm from the
exterior part of the masonry wall, which is the expected location for the
edge of the wooden beam in a typical 350 mm (1'% brick) Danish wall.
The risk of wood decay is also calculated in the interface between ma-
sonry and internal insulation.

2.6. Case study building

The case study building is located by the sea, on the coast of northern
Zealand in Denmark (see Fig. 3). It’s a solid masonry building con-
structed in 1875 with three brick layers (37 cm) on east and west facades
and two brick layers on north and south facades. During 2016, the house
underwent an extensive renovation, including internal insulation with
80 mm of iQ-Therm. The exterior surfaces of the building were sand-
blasted during renovation and plastered with a thin layer of bank sand
mortar.

In September 2018, FC cream 40% was applied with a paint roller in
the specified amounts of 0.15-0.20 1/m2. The relative humidity was
monitored at the interface between masonry and internal insulation;
West and South facades each had one sensor installed, North and East
facades each had two sensors, one placed 50 cm above the floor, and one
50 cm below the ceiling. The built-in sensors are climaSpot sensors with
accuracy +1.8% for 10-90% RH and +4% for 0-10% and 90-100%.The
relative humidity and temperature conditions have been monitored
every half hour since the summer of 2016, still measuring (June 2020).
The data are stored on a server provided by fugtlog.dk, and can be
downloaded from a distance.

3. Results
3.1. Experimental measurements of thermal conductivity

For the tested brick and mortar types, the differences in thermal
conductivity between dry and capillary saturated material are of a
comparable size (Fig. 4) and for Y brick the difference is larger than
given in the Delphin material file. Although Y brick is the only of the
tested materials for which a Delphin material file exists, it is represen-
tative for Delphin material files concerning the relationship between
thermal conductivity and moisture content (m%/m®). Therefore,
compared to experimental results, thermal conductivity in wet condi-
tions seems to be underestimated in Delphin and this can underestimate
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E
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Q 0.60
©
£ 0.40
)
= 020

0.00

dry saturated dry saturated dry saturated dry saturated
R brick H brick Y brick L mortar

m Experiment = Delphin

Fig. 4. Thermal conductivity in dry and capillary saturated building materials:
Robusta Vandersanden Belgian Brick (R brick), Historic Danish Brick from an
old building in Copenhagen (1944) (H brick), Yellow soft-molded Danish brick
from Helligsg and Vesterled Teglvaerk (Y brick), Carbonated lime mortar (L
mortar), all described in [9]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

the percentage of energy savings that a dry wall provides after hydro-
phobic treatment. For this study, the heat function in the Delphin ma-
terial file is therefore modified to represent the measured thermal
conductivity values derived from the heat flow meter.
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Fig. 5. Water uptake of Y brick. Comparison of experimental (exp) and simu-
lation (sim) results. Untreated (Untd) and impregnated (Treated) with FC 40%.
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Fig. 6. Drying test of Y brick impregnated with FC 40%. Comparison of
experimental (Y brick) and simulation (Sim) results.

3.2. Experimental validation of the hydrophobic model

3.2.1. Material level

The hydrophobic model seems to capture the basic characteristics of
water repellency, as illustrated in Fig. 5 comparing capillary absorption
curves derived from experimental and simulation results of untreated
and impregnated Y brick.

The simulation results for the drying test (Fig. 6) however are on the
safe side, as the measured drying time is lower than the simulated. The
difference is explained by i) the amount of agent applied on the samples
used in the drying tests being different from the amount in the water
uptake tests (on which the model is based), and ii) loss of water due to
imperfect sealing and time needed for preparation (attaching and seal-
ing the samples).

The samples used in the drying test were fully impregnated to
represent one cm of hydrophobic layer. To ensure that they became fully
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Fig. 7. Relative humidity (a) and temperature (b) in the interface between
hydrophobized (FC 40%) masonry and internal insulation (IQ-therm). Com-
parison of experimental (exp) results from [28] and simulation (sim) results
using [9] as input for Delphin. The water repellent agent was applied at the
same time with the internal insulation.
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impregnated, higher than recommended amounts of water repellent
agent was used. This means that the hydrophobic layer needs more
curing time and exposure to water to reveal an improved performance,
in terms of a reduced Acyp [9]. For the same curing time, samples
impregnated with less agent (samples for water uptake) would have a
lower Acap. Since liquid transfer has an impact on the drying tests, the
capillary saturated samples used in the experimental drying test, dry
faster than the hydrophobized brick model, by having higher Acap.

3.2.2. Component level

Fig. 7 compares the experimental and simulation results in the
interface between masonry and internal insulation, regarding the vari-
ation in relative humidity and temperature with respect to time (5
years). The results show that there is a high level of agreement between
the measured and predicted values. Moreover, it appears that the model
is able to predict the peaks and bottoms of both temperature and relative
humidity.

3.3. Simulation study

3.3.1. Average moisture content in masonry

After having verified the hydrophobic model, it was used to simulate
different scenarios. The first analysis examined whether hydro-
phobization reduces the average moisture content in the masonry layer
of a wall. Fig. 8 depicts the average moisture content in brick masonry in
a five year period in the uninsulated case, and when insulated with CaSi
or mineral wool with a vapor barrier, either with or without hydro-
phobization. In the hydrophobized cases, both hydrophobization and
internal insulation are present when the simulation starts. As expected,
adding internal insulation increases the average moisture content in the
masonry wall. By ensuring a strong hydrophobic layer (low Acp) the
masonry wall becomes almost dry (less than 6 kg/m>), regardless of the
wall configuration.

Fig. 9 shows the effect of applying a water repellent agent in parallel
with or five years after internal insulation. In the second case, the
accumulated moisture from the first simulation period, where the
internally insulated wall was exposed to wind-driven rain, needs time to
dry out, depending mainly on the insulation system and the impregna-
tion depth of the treatment. A vapor-tight internal insulation system
(mw + vb) and higher impregnation depth of the treatment results in
longer drying periods.
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Fig. 8. Average moisture content in the masonry in SW-oriented wall config-
urations, including a reference wall (ref wall), a wall internally insulated with
calcium silicate (CaSi), and a wall internally insulated with mineral wool and a
vapor barrier (mw + vb). In all three cases with or without hydrophobization.
Impregnation depth 2.4 mm. Simulation based on climate data for Copenha-
gen 2020-2024.
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40 ————  first CaSi then hydrophobization, 40 mm impr depth
————— first CasSi then hydrophobization, 2.4 mm impr depth
hydrophobization and mw + vb at the same time, 2.4 mm impr depth
35 hydr and CasSi at the same time, 2.4 mm impr depth

Average moisture content (liquid + vapor + ice) in [kg/m3]
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Fig. 9. Average moisture content in the masonry in SW-oriented wall config-
urations, in the case of applying a water repellent agent at the same time as
internal insulation (as in Fig. 8) or five years after. Yellow and blue curves are
the same as in Fig. 8, while olive and turquoise curves are the continuation of
curves in Fig. 8. Impregnation depth 2.4 mm or 40 mm. The configurations
include a wall internally insulated with calcium silicate (CaSi) and a wall
internally insulated with mineral wool and a vapor barrier (mw + vb). Simu-
lation based on climate data for Copenhagen 2020-2024. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

3.3.2. Mould growth in the interface between masonry and internal
insulation

After showing that hydrophobization is able to reduce the average
moisture content markedly, the next question is whether it is possible by
hydrophobizing the masonry to reduce the risk of mould growth in the
interface between masonry and internal insulation, compared to not
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Fig. 10. Mould growth expressed as mould index in the interface between
masonry and internal insulation in SW-oriented wall configurations, including a
reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi)
and a wall internally insulated with mineral wool and a vapor barrier (mw +
vb). In all three cases with or without hydrophobization (applied at the same
time as internal insulation). Impregnation depth 2.4 mm. Simulation based on
climate data for Copenhagen 2020-2024.
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Fig. 11. Accumulated heat loss in SW-oriented wall configurations, including a
reference wall (ref wall), a wall internally insulated with calcium silicate (CaSi),
and a wall internally insulated with mineral wool and a vapor barrier (mw +
vb). In all three cases without (untreated) with (treated) hydrophobization,
applied at the same time as internal insulation. Impregnation depth 2.4 mm.
Simulation based on climate data for Copenhagen 2020-2024.The percentages
indicate the additional energy savings due to hydrophobization.

hydrophobized cases, a well-known problem in Denmark [41]. Fig. 10
verifies this. The parametric analysis, focusing on different wall orien-
tations, climates, insulation systems, masonry, and insulation thick-
nesses, follows the same trend: hydrophobization reduces or eliminates
the increase in mould growth risk that is caused by applying internal
insulation (see Appendix).

3.3.3. Moisture safe energy savings

Hydrophobizing a wall as part of energy renovation is mainly done to
reduce the driving rain load, however, hydrophobization in itself might
contribute to energy savings (in terms of reduction in heat loss) by
reducing the moisture content thereby lowering the thermal conduc-
tivity of the masonry. The accumulated heat loss after five years shows
that hydrophobization of a SW-oriented facade located in Copenhagen
produces energy savings as a single approach and produces additional
energy savings when combined with internal insulation (Fig. 11).
Additional energy savings are also present with other wall orientations
in Copenhagen or if the wall is placed in Munich or Milan, however to a
lesser extent (see Appendix for different orientations and climates).
Further, additional energy savings increase with increasing insulation
thickness, with any type of insulation. The effect is more obvious in
capillary active systems where energy savings increases from 18% to
32% by replacing 100 mm of CaSi-insulation with 300 mm (see Ap-
pendix for different insulation thickness). Moreover, hydrophobization
exhibits 50% additional energy savings when it is combined with
Kingspan, much higher than CaSi (18%) and mineral wool (15%) (see
Appendix for different insulation systems). Interestingly, a weak hy-
drophobic layer (Ac,p 0,033 kg/(m? \/ s)) results in energy loss instead of
energy savings (see Appendix, ‘Weak impregnation’).

3.4. Case study building

Fig. 12 illustrates four years of monitoring of relative humidity at the
interface between masonry and internal insulation in the case building.
Hydrophobization lessens RH peaks but further time is needed for RH to
reach lower levels due to the build-in moisture that stems from applying
internal insulation two years before hydrophobization. The west facade
still experiences 100% RH but RH is expected to drop like in the rest of
the orientations.
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Fig. 12. Relative humidity during a four year period (2016-2020) in the interface between masonry and internal insulation (iQ-Therm) in case building. West
(green), South (grey), North (orange and light blue), and East (blue and yellow) oriented wall configurations. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
4. Discussion

The present study examined the effect of hydrophobization com-
bined with internal insulation. A hydrophobized brick model has been
evaluated through hygrothermal simulations and has been deemed able
to predict the hygrothermal behavior both at the material level (wetting
and drying) (Figs. 5 and 6) and at the component level (relative hu-
midity and temperature in the interface between masonry and internal
insulation) (Fig. 7). Numerical simulations show that hydrophobization
eliminates the moisture-related problems in solid external brick ma-
sonry walls, induced by internal insulation (Figs. 8 and 10). Further-
more, a noteworthy rise in thermal conductivity between dry and
saturated brick samples (Fig. 4), results in energy savings of hydro-
phobization as a single approach and additional energy savings when
combined with internal insulation (Fig. 11). The case study building in

40

first mw + vb then hydrophobization 40 mm impr depth
mw + vb (1% of wind driven rain)
mw + vb (exlude wind driven rain)

Average moisture content (liquid + vapor + ice) in [kg/m3]
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Fig. 13. Average moisture content in the masonry in SW-oriented wall con-
figurations, including the method of the current article (red curve), the method
of keeping 1% of wind-driven rain provided by [13] (magenta curve) and the
method of excluding driving rain provided by [14,15] (turquoise curve). In all
three cases, the initial moisture content represents the moisture content at
hydrophobization, taking place five years after implementing internal insu-
lation. Simulation based on climate data for Copenhagen 2020-2024. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

combination with numerical simulations illustrate that in the case where
internal insulation is not part of the construction, hydrophobization
should be done before or at the same time as internal insulation,
otherwise, the hygrothermal response of the wall could be worse the first
years but in the long-run, hydrophobization will be still beneficial
(Figs. 9 and 12).

The results of this study provide support for the view that hydro-
phobization improves the hygrothermal performance of both uninsu-
lated and internally insulated walls [12-14]. Although the method of
excluding wind driven rain [14,15] (see Appendix, ‘Exclude wind driven
rain method’) captures the wetting behavior when the capillary water
absorption coefficient (Acap) of the impregnated material is close to zero,
it does not capture the drying behavior (Fig. 13). Similarly, the method
of reducing the absorption of wind-driven rain to 1% [13] does not
capture the drying behavior when initial moisture content exists in the
wall (Fig. 13).

The level of relative humidity in the interface between masonry and
internal insulation has been thoroughly analyzed in the literature [5,24,
28] due to its critical nature for mould formation and interstitial
condensation and the fact that it is easy to install a sensor in that loca-
tion, during the renovation of a building. Relative humidity in the
interface between masonry and internal insulation has three main
sources of moisture: wind-driven rain transported by liquid transfer,
outdoor RH, and indoor RH transported via diffusion and air leakages.
Hydrophobization blocks liquid transfer but allows vapor transport [9].
The drying speed of the moisture present in the newly hydrophobized
masonry wall depends on whether the hydrophobic agent is applied
before or after the internal insulation is installed, although other factors
also play a role, such as the hygric properties of the building materials
and the climate at the location. Applying a water repellent agent at the
same time as installing internal insulation can help in eliminating
build-in moisture due to wind-driven rain fast enough to avoid moisture
problems at a later stage (see Fig. 7). By hydrophobizing the wall after
the internal insulation, longer time is needed for the build-in moisture
load to be eliminated. However, hydrophobization is again beneficial in
the long run (see Figs. 9 and 12).

Due to the fact that hydrophobization allows vapor transport, RH in
the interface between masonry and internal insulation in a North Eu-
ropean climate follows the seasonal wetting (winter period, high levels
of outdoor RH) and drying (summer period, lower levels of RH outdoor).
However, hydrophobization gradually decreases the RH peaks in the
winter period due to the elimination of one of the three moisture loads
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(wind-driven rain) (Figs. 7 and 12). However, in the case of a very high
outdoor RH during winter or/and high internal moisture load, RH in the
interface between masonry and internal insulation can reach high values
even when hydrophobization has played its role in eliminating the wind-
driven rain load. Given these considerations, the mould growth and
interstitial condensation risk are high in cases where the levels of RH in
the interface between masonry and internal insulation remain elevated
(close to 100% RH) for many years after hydrophobization, during the
whole year. However, the mock-up wall (Fig. 7) and five of the six
sensors in the case building (Fig. 12) illustrate that after hydro-
phobization, the RH levels gradually decrease, following the seasonal
wetting and drying. One sensor in the west facade shows 100% RH two
years after hydrophobization, indicating that two years of monitoring is
not enough time to draw final conclusions.

All the different internal insulation systems included in this study,
vapor-tight (XPS, mw + vb, Kingspan), vapor-open (CaSi, Multipor) and
vapor-tight with capillary open channels (iQ-Therm) cause the average
moisture content in brick masonry wall to increase compared to the
situation prior to internal insulation, but after hydrophobization the
average moisture content becomes almost zero. This observation is in-
dependent of orientation and climate (see Appendix, Table Al).

Increasing the insulation thickness increases the average moisture
content in the masonry but the combination of hydrophobization and
internal insulation results in a moisture safe masonry wall configuration.
However, a weak impregnation (Acap 0,033 kg/(mz\/ s)) results in
increased moisture levels in the (un)insulated wall configurations
compared to a strong impregnation (Acap 0,0009 kg/(mzx/s)). This is
due to water being able to penetrate the masonry in the case of a weak
impregnation (i.e. Acap 0,033 kg/ (mz\/ s)), combined with a significantly
reduced drying rate, yielding in trapped moisture inside the wall. A
weak impregnation (low level of water repellency) might exacerbate the
hygrothermal behavior of the external wall. However, the weak
impregnation (Acap 0,033 kg/(mz\/s)) derives from a water repellent
agent (water-based liquid emulsion) that improves the water repellency
performance with longer curing time and water exposure, so in the long
term, the A.,, will decrease and there will be no negative effect on the
hydrothermal performance of the wall [9]. A permanent weak impreg-
nation could arise from not cleaning the facade before impregnation [9,
18].

The most crucial properties needed to capture the hygrothermal
behavior of a hydrophobized building material is the capillary water
absorption coefficient and the thermal conductivity. The default thermal
conductivity function used in Delphin underestimates the additional
energy savings due to hydrophobization; by using the corrected thermal
conductivity function of brick, energy savings in the base case scenario
are 10% for the reference wall instead of 4.3% with the existing thermal
conductivity function from Delphin, 18.1% instead of 15.7% for CaSi
and 14.8% instead of 12% for ‘mw + vb’ (see Default thermal conduc-
tivity change between dry and saturated brick, Appendix, Table Al).
One limitation of this study is that it does not experimentally measure
the difference of thermal conductivity between dry and saturated insu-
lation materials, and that could be larger than the one presented in
Delphin library (as for brick and mortar). This affects especially the
cases of capillary active insulation systems, like CaSi, which can have
much higher thermal conductivity after becoming wet.

The presented work in this paper illustrates that the elimination of
the rain load induces additional energy savings by keeping the whole
structure dry and as a consequence, the thermal conductivity of the
materials at a low (dry) level. This is also the reason why hydro-
phobization performs better in terms of energy savings, in climates with
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high rain loads like Copenhagen (14.8% energy savings) or Munich
(10.8% energy savings) than in climates with low rain loads such as
Milan (1.3% energy savings) (see Different climates in Appendix,
Table A1).

The results also showed that hydrophobization completely elimi-
nates the risk of wooden beam decay in the three wall configurations,
both 110 mm from the exterior part of the wall and in the interface
between masonry and internal insulation (see wooden beam degrada-
tion in Table A2 Appendix). Since the conditions applied to the model
correspond to those in the brick and not in the wooden beam ends, the
predictions of wood degradation cannot be considered reliable and are
useful only as indications regarding the possible risk of wood decay and
to compare the different wall configurations.

Ever since water repellent agents was introduced as a way to treat
building surfaces, one of the main hesitations has been how to deal with
cracks, as they may allow water to enter the existing masonry and cause
freeze-thaw damage, because of water films at the backside of the water
repellent layer [42]. This may be due to the transfer of indoor air by
convection through cracks to the cold masonry, where it condenses. It
might also be due to rain leakage at penetrations especially at windows,
small cracks that form after treatment, or large cracks present before
treatment. The current and previous [9] studies indicate that vapor
transport through the hydrophobic layer is still possible, making the
problem of cracks less critical, but the liquid transport is still impeded.

A major limitation of the present study is the assumption that larger
cracks have been repaired before treatment and small possible cracks
after treatment do not go deeper than the impregnation depth. Further,
that workmanship is sufficient, especially in the areas around windows
and doors. The water repellency performance and the impregnation
depth on the Y brick reported in this study as well as other bricks and
mortars reported in [9] may be sufficient. But for buildings with other
types of materials and especially monumental buildings with historical
value it is recommended to extract samples of building materials from
the masonry wall, before applying the water repellent treatment to the
whole building and test the water repellency and the impregnation
depth after treatment, as failures resulting from the use of hydro-
phobization have been also reported [42-44].

Due to a low exposure to wind-driven rain, hydrophobization ap-
pears unnecessary at north-oriented facades. However, they experience
the lowest temperature and after internally insulating the facade the
temperature of the masonry further declines. In that sense, hydro-
phobization is recommended as a way to reduce the possible risk of frost
damage. Furthermore, the very low mould growth index in the interface
between masonry and internal insulation in all the simulated cases after
hydrophobization is an indication of a lower risk of interstitial
condensation.

5. Conclusions

In this paper, the hygrothermal performance of internally insulated
hydrophobized walls was studied. The developed hydrophobic model
captures the main impacts of water repellent treatments. Hydro-
phobization decreases the moisture level and the possibility of moisture-
related damage in exposed facades, successfully blocking the wind-
driven rain, while it produces energy savings on its own and addi-
tional energy savings when combined with internal insulation. The
presented results support the idea of hydrophobization being a missing
element for a sustainable and moisture safe energy renovation of historic
buildings. Moreover, the results indicate that in order for hydro-
phobization to be more beneficial for the wall configuration, it should be
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applied before or at the same time as internal insulation to avoid
moisture being trapped during the first period after installation. How-
ever, in the case where internal insulation is already part of the con-
struction, hydrophobization can still be recommended, since it yields
much better hygrothermal performance in the long run compared to the
untreated internal insulated case.

Future studies should include experiments in the component level
with real buildings and the hydrophobic model should be further vali-
dated by comparing the results of numerical simulations with in-situ
measurements in real buildings. Moreover, 2D and probably 3D simu-
lations, including possible cracks after treatment, would help in building
more confidence about the performance of the hydrophobic treatment.
Furthermore, future research would benefit from focusing on durability
tests, to study the long-term effect of the water repellency. Also, life
cycle cost assessment of hydrophobization in combination with internal
insulation as well as the payback period and a financial analysis will
contribute towards a holistic view of hydrophobization.
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Hygrothemral simulation results. Average moisture content (kg/m®), mould growth in the masonry - internal insulation interface (index), heat loss (kWh), and energy
savings due to hydrophobization (%) for different simulated wall configurations. Msy thick: Masonry thickness, Insul: Insulation, Ins thick: Insulation thickness, dp:
Impregnation depth, Acap: Absorption coefficient, p: vapor diffusion resistance factor, Clim: Climate, Orien: Orientation, mw + vb: mineral wool plus vapor barrier,

CPH: Copenhagen, MUC: Munich, MXP: Milan.

Wall configuration

Numerical Results

Msy thick Insul Ins thick dp Acap 1 Clim Orien Moisture content Mould growth Heat Loss Energy savings
mm mm mm kg/ 'm? \/ s kg/ m® (min-max) index KWh %

Base case scenario
350 - 0.32 11.9 CPH SwW 11.1 (2-80.1) 0 737 10.0
350 2.4 0.0009 13.4 CPH SwW 2.3(2-3.2) 0 663
350 CaSi 100 0.32 11.9 CPH SW 22.1 (2.5-137.1) 3 276 18.1
350 100 24 0.0009 13.4 CPH sw 2.9 (2.1-5.3) 0.5 226
350 mw + vb 100 0.32 11.9 CPH SwW 45.5 (2.5-160.3) 3.5 175 14.8
350 100 24 0.0009 13.4 CPH Sw 3.1(2.3-5.6) 1 149

Different orientations

350 - 0.32 11.9 CPH N 2.8 (2-22.1) 0 691 1.2
350 2.4 0.0009 13.4 CPH N 2.4 (2-3.1) 0 683
350 CaSi 100 0.32 11.9 CPH N 4 (2.2-24.2) 1.2 237 2.1
350 100 24 0.0009 13.4 CPH N 2.9 (2.2-4.9) 0.5 232
350 mw + vb 100 0.32 11.9 CPH N 5.2 (2.5-25.7) 3 156 1.7
350 100 2.4 0.0009 13.4 CPH N 3.1 (2.3-5.5) 0.9 153
350 - 0.32 11.9 CPH E 5(1.9-41.7) 0 669 4.3
350 2.4 0.0009 13.4 CPH E 2.3(1.9-3.1) 0 640
350 CaSi 100 0.32 11.9 CPH E 7.5 (2.2-46.3) 2 233 6.4
350 100 24 0.0009 13.4 CPH E 2.8 (2-5.1) 0.3 218
350 mw + vb 100 0.32 11.9 CPH E 10.2 (2.5-52.6) 3.2 155 7.1
350 100 2.4 0.0009 13.4 CPH E 2.9 (2.2-5.5) 0.6 144
350 - 0.32 11.9 CPH S 9.4 (2-61.3) 0 710 9.0
350 24 0.0009 13.4 CPH S 2.3(1.9-3.1) 0 646
350 CaSi 100 0.32 11.9 CPH S 17.6 (2.3-107.5) 3.0 260 15.5
350 100 2.4 0.0009 13.4 CPH S 2.8 (2.1-5.2) 0.4 218
350 mw + vb 100 0.32 11.9 CPH S 30 (2.5-129) 3.5 169 13.7
350 100 2.4 0.0009 13.4 CPH S 3(2.2-5) 0.6 146
350 - 0.32 11.9 CPH w 6.1 (2-51.6) 0 723 6.4
350 24 0.0009 13.4 CPH w 2.4 (2-3) 0 677
350 CaSi 100 0.32 11.9 CPH w 11.3 (2.5-69.4) 2.6 258 10.5
350 100 24 0.0009 13.4 CPH W 2.9 (2.1-5) 0.5 230
350 mw -+ vb 100 0.32 11.9 CPH w 17.1 (2.5-77.7) 3.4 170 10.3
350 100 24 0.0009 13.4 CPH W 3.1 (2.3-5.7) 1 153

Different climates
350 - 0.32 119 MUC SW 6.2 (2.3-34.9) 0 717 7.3
350 2.4 0.0009 13.4 MUC SwW 2.2 (1.9-2.5) 0 664
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Table A1 (continued)

Wall configuration Numerical Results
350 CaSi 100 0.32 11.9 MUC SW 8.6 (2.4-38.5) 2.1 251 9.9
350 100 2.4 0.0009 13.4 MUC SW 2.5(1.9-3.5) 0.2 226
350 mw + vb 100 0.32 11.9 MUC SW 11.4 (2.4-42.2) 3.4 167 10.2
350 100 2.4 0.0009 13.4 MUC SW 2.4 (2-3.3) 0 150
350 - 0.32 11.9 MXP SW 2 (1.6-10.5) 0 208 1.2
350 2.4 0.0009 13.4 MXP SW 1.9 (1.6-2.5) 0 205
350 CaSi 100 0.32 11.9 MXP SW 2.1 (1.5-10.3) 0 71 1.3
350 100 2.4 0.0009 13.4 MXP SW 2 (1.4-2.5) 0 70
350 mw -+ vb 100 0.32 11.9 MXP SW 2.1 (1.7-10.5) 0 47 1.3
350 100 2.4 0.0009 13.4 MXP SW 2(1.4-2.5) 0 46
Different masonry thickness
590 - 0.32 11.9 CPH SW 13.1 (2.5-67) 0 491 11.5
590 2.4 0.0009 13.4 CPH SW 2.4 (2-3.2) 0 435
590 CaSi 100 0.32 11.9 CPH SW 25.8 (2.5-91.5) 2.5 229 17.0
590 100 2.4 0.0009 13.4 CPH SW 2.8 (2.2-4.2) 0.16 190
590 mw + vb 100 0.32 11.9 CPH SW 37.1 (2.5-101.1) 3.4 155 13.7
590 100 2.4 0.0009 13.4 CPH SW 2.9 (2.4-4.5) 0 134
710 - 0.32 11.9 CPH SW 14.4 (2.5-61.7) 0 422 12.1
710 2.4 0.0009 13.4 CPH SW 2.4 (2.1-3.2) 0 371
710 CaSi 100 0.32 11.9 CPH SW 26.1 (2.5-79.3) 2.3 210 15.8
710 100 2.4 0.0009 13.4 CPH SW 2.7 (2.2-3.9) 0.07 177
710 mw -+ vb 100 0.32 11.9 CPH SW 33.2(2.5-86.5) 3.4 145 12.7
710 100 2.4 0.0009 13.4 CPH SW 2.9 (2.4-4.2) 0 127
Different insulation thickness
350 CaSi 60 0.32 11.9 CPH SW 19.4 (2.2-125.2) 2.8 354 14.6
350 60 2.4 0.0009 13.4 CPH SW 2.8 (2-4.8) 0.3 303
350 mw + vb 60 0.32 11.9 CPH SW 37.5(2.5-148.3) 3.4 259 16.8
350 60 2.4 0.0009 13.4 CPH SW 2.9 (2.2-5.1) 0.16 215
350 CaSi 300 0.32 11.9 CPH SW 28 (2.5-161) 3.2 146 31.6
350 300 2.4 0.0009 13.4 CPH SW 3.1(2.3-6) 0.6 929
350 mw + vb 300 0.32 119 CPH SW 56.2 (2.5-178.6) 3.5 65 9.6
350 300 2.4 0.0009 13.4 CPH SW 3.4 (2.3-6.4) 1.7 59
Different insulation systems
350 XPS 100 0.32 11.9 CPH SW 57.4 (2.5-174.6) 3.5 122 9.3
350 100 2.4 0.0009 13.4 CPH SW 3.2(2.3-5.9) 1.4 111
350 iQ-Therm 100 0.32 11.9 CPH SW 34.5 (2.5-156.8) 3.5 177 20.7
350 100 2.4 0.0009 13.4 CPH SW 3.1(2.3-5.6) 1.4 140
350 Multipor 100 0.32 11.9 CPH SW 25 (2.5-147.2) 3.3 218 23.8
350 100 2.4 0.0009 13.4 CPH SW 3.1(2.1-5.7) 1.4 166
350 Kingspan 100 0.32 11.9 CPH SW 26.9 (2.5-153.3) 3.4 178 50.2
350 100 2.4 0.0009 13.4 CPH SW 3.3(2.4-6.2) 1 89
Weak impregnation
350 - 2.4 0.033 13.4 CPH SW 52.4 (2.2-222.7) 2.7 876 —18.8
350 CaSi 100 2.4 0.033 13.4 CPH SW 77.7 (2.5-251.2) 3.3 399 —44.5
Default thermal conductivity change between dry and saturated brick (in Delphin)
350 - 0.32 11.9 CPH SW 11.9 (2-87.8) 0 693 4.3
350 CaSi 100 0.32 11.9 CPH SW 22.5(2.5-139.4) 3 268 15.7
350 mw + vb 100 0.32 119 CPH SW 45.2 (2.5-161.5) 3.5 170 12.1
Exclude wind driven rain method [13,14]
350 - 0.32 11.9 CPH SW 2.4 (2-3.3) 0 661 10.3
350 CaSi 100 0.32 11.9 CPH SW 3.3(2.1-7) 0.5 226 18.0
350 mw -+ vb 100 0.32 11.9 CPH SW 3.9 (2.5-8.8) 2.3 149 15.0
Impregnation depth
350 - 40 0.0009 13.4 CPH SW 2.3(2-3.1) 0 662 10.2
350 CaSi 100 40 0.0009 13.4 CPH SW 2.7 (2.1-4.6) 0.2 225 18.4
350 mw + vb 100 40 0.0009 13.4 CPH SW 2.6(2.2-4.8) 0 149 15.0
Initial moisture content in the masonry (starting point: the average moisture content of the 5 years simulation)

350 - 2.4 0.0009 13.4 CPH SW 2.5 (2-11) 0.06 665 9.7
350 CaSi 100 2.4 0.0009 13.4 CPH SW 3.3 (2.1-22) 1.5 230 16.7
350 mw + vb 100 2.4 0.0009 13.4 CPH SW 6.5 (2.5-45.2) 3.4 156 11.3
350 - 40 0.0009 13.4 CPH SW 2.5 (2-10.1) 0.05 665 9.8
350 CaSi 100 40 0.0009 13.4 CPH SW 3.4 (2.1-19.9) 1.8 230 16.7
350 mw + vb 100 40 0.0009 13.4 CPH SW 9.4 (4.1-40.6) 3.4 163 7.1

Initial moisture content in the masonry (starting point: the maximum moisture content of the 5 years simulation)
350 - 2.4 0.0009 13.4 CPH SW 4.9 (2-79.5) 1.5 683 7.4
350 CaSi 100 2.4 0.0009 13.4 CPH SW 10.3 (22.9-136.2) 3.2 254 7.9
350 mw + vb 100 2.4 0.0009 13.4 CPH SW 27.3(38.1-159.2) 3.5 171 2.7
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Table A2
Numerical simulation results of wooden beam degradation

Building and Environment 187 (2021) 107410

Wall configuration

Wood beam loss (% of wood loss)

Msy thick Insul Ins thick dp Acap 1 Clim Orien 110 mm from the exterior surface Interface between Masonry and Internal Insulation

Mm mm mm kg/mz\/ s % %

350 - 0.32 119 CPH SwW 63 0

350 2.4 0.0009 13.4 CPH Sw 0 0

350 CaSi 100 0.32 11.9 CPH SW 85.6 0

350 100 2.4 0.0009 134 CPH SwW 0 0

350 mw + vb 100 0.32 119 CPH SwW 100 100

350 100 2.4 0.0009 13.4 CPH SwW 0 0
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SUMMARY

Denmark is targeting to be independent of fossil fuels by the year 2050.
Although the use of renewable energy sources will be increased, it also re-
quires the energy demand from buildings to be reduced. Further, the mainte-
nance of cultural heritage is of primary importance, which often leaves inter-
nal insulation as the only feasible option. However, internal insulation is not
necessarily moisture safe in Denmark, mainly due to the high wind-driven
rain load. A transparent coating for exterior use in buildings could be the
solution.

This PhD thesis investigates whether hydrophobization is able to create a
transparent coating against rain by leaving the wall elements, brick and mor-
tar, to breathe. It also investigates whether this transparent coating can stay
durable in the long run. Based on these studies it discusses whether a robust
energy renovation of solid masonry walls is possible by combining hydro-
phobization with internal insulation.
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