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Abstract

Global climate change is evident to most, which is why development in the field of renewable energy sources
as well as in the reduction of energy consumption is so vital. As the building stock in Europe accounts for 40
% of the energy consumption, we must find possibilities for reducing this figure - not only by the construction
of modern and energy efficient buildings, but also through energy retrofitting existing buildings. In these
cases, there is a large potential for energy savings, through i.e. low-energy windows, HVAC, and thermal post-
insulation of the building envelope. In Denmark, 35 % of the building stock is comprised of historic buildings.
These facades are often preservation worthy, and therefore only internal insulation is possible as a strategy
for reducing transmission heat losses of the fagades.

The application of internal insulation presents potential for other problems, as the existing wall becomes
damper and colder, and the risk of interstitial condensation increases. The elevated moisture conditions
induce new risks, i.e. the risk of mould growth, wood rot and frost damage. Therefore, moisture safe and
robust solutions for internal insulation of solid masonry must be determined. Dynamic simulations are useful
tools for prediction of hygrothermal performance of internal insulation. The modelling results however, are
naturally highly dependent on the given input. Therefore, the role and relevance of the various inputs is in
focus throughout this thesis, as well as conditions contributing to unfavorable moisture conditions.

The purpose of this study was to investigate important parameters with regard to prediction of the
hygrothermal performance of internally insulated solid historic masonry with both experimental and
numerical methods. Attention was especially given to the effect of wind-driven rain, possibilities with
hydrophobization, and the influence of material parameters. Through case studies, the performances of two
different internal insulation systems were evaluated. By means of validated hygrothermal simulation models
and implementation of predicted future climate, projections of the hygrothermal conditions were calculated
and the risks evaluated. A clear but delayed elevated correlation with wind-driven rain and relative humidity
behind the insulation was detected in a laboratory study with relatively extreme environmental loads. The
effect of wind-driven rain was also apparent through dynamic simulations. However, in situ measurements
of wind-driven rain on case buildings did not give definite results on the impact on humidity conditions behind
the insulation. Hydrophobization was introduced as a possible measure to prevent water penetration from
wind-driven rain and elevated relative humidity behind the insulation in connection with wind-driven rain.
The effect of hydrophobization, on water uptake, drying and vapour diffusion was investigated. It was found
that hydrophobization in general had a larger effect in brick when compared to lime mortar. Hygrothermal
simulations supported these findings, and showed the brick type being a vital parameter. Through dynamic
simulations, it was also established that single material parameters, especially water uptake coefficient, had
a significant influence on the hygrothermal performance of masonry. Correlations between material
parameters were indicated graphically. Linear and logarithmic regression did not, however, yield sufficient
models for these correlations.
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Dansk resume

Globale klimazendringer er tydelige for de fleste, og derfor er udvikling inden for vedvarende energikilder
samt reduktion af energiforbrug afggrende. Da bygningsmassen i Europa udggr 40 % af det samlede
energiforbrug, er det ngdvendigt at finde muligheder for at reducere dette - ikke kun ved opfgrelse af
moderne og energieffektive bygninger, men ogsa ved energirenovering af eksisterende bygninger. | disse er
der et stort potentiale for energibesparelser, f.eks. ved lavenergi vinduer, HVAC optimering og efterisolering
af klimaskarmen. | Danmark bestar 35 % af byggemassen af historiske bygninger, hvoraf mange facader er
bevaringsveerdige. Derfor er indvendig efterisolering den eneste mulighed for at reducere varmetabet
gennem facaderne.

Anvendelsen af indvendig isolering genererer dog muligheden for andre problemer, da den eksisterende vaeg
bliver koldere og fugtigere, og risikoen for kondens og fugtophobning stiger. De forhgjede fugtforhold
medfgrer nye risici, fx risikoen for skimmelvaekst, rad i trae og frostskader. Derfor skal fugtsikre og robuste
Igsninger til indvendig isolering af fuldmuret murvaerk findes. Dynamiske simuleringer er nyttige veerktgjer i
forbindelse med indvendig isolering, da disse kan vaere med til at forudsige fremtidige hygrotermiske forhold.
Modelleringsresultaterne er imidlertid steerkt afhaengige af det givne input. Denne afhandling diskuterer
derfor rollen og relevansen af de forskellige input, samt andre betingelser, der bidrager til ugunstige
fugtforhold.

Formalet med denne afhandling var at undersgge vigtige parametre med hensyn til forudsigelse af de
hygrotermiske forhold i indvendigt isoleret historisk murveerk med bade eksperimentelle og numeriske
undersggelser. Iszer blev effekten af slagregn, mulighederne med hydrofobering og indflydelse af
materialeparametre undersggt. Gennem casestudier af indvendigt isolerede vaegge blev resultaterne af to
forskellige indvendige isolationssystemer evalueret. Ved hjxlp af validerede hygrotermiske
simuleringsmodeller og implementering af forudsagt fremtidigt klima, blev fremskrivninger af de
hygrotermiske forhold beregnet og risikoen vurderet. | en laboratorie undersggelse med relativt ekstreme
klimaforhold blev der registreret en tydelig, men forsinket sammenhang mellem slagregn og forhgjet relativ
luftfugtighed bag isoleringen. Derimod gav in situ malinger af slagregn pa indvendigt isolerede casestudier
ikke konkrete resultater af effekten pa fugtforholdene bag isoleringen. Effekten af slagregn var dog tydelig
ved dynamiske simuleringer. Af denne grund blev hydrofobering indfgrt som en mulig foranstaltning for at
forhindre vandindtraengning og forhgjet relativ luftfugtighed bag isoleringen i forbindelse med slagregn.
Effekten af hydrofobering, blev undersggt i forhold til vandoptagelse, t@grring og dampdiffusion. Der blev
fundet, at hydrofobering generelt havde en stgrre effekt i mursten sammenlignet med kalkmgrtel.
Hygrotermiske simuleringer understgttede disse resultater, og viste at tegltypen var afggrende for
resultaterne. Gennem dynamiske simuleringer blev det ogsa konstateret, at enkelte materialeparametre,
iseer vandoptagelseskoefficienten, havde en betydelig indflydelse pa murveerks hygrotermiske ydeevne.
Korrelationer mellem materialeparametre blev praesenteret grafisk, men lineaer og logaritmisk regression
gav imidlertid ikke tilstraekkelige modeller til disse sammenhange.
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Abbreviations and symbols

WDR: Wind-driven rain

T: Temperature

RH: Relative humidity

PUR: Polyurethane

ACC: Autoclaved Cellular Concrete // AAC: Autoclaved Aerated concrete
PCA: Principal Component Analysis

RAF: Rain Admittance Function (rain exposure coefficient)
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INTRODUCTION

1 Introduction
The following introduction elaborates the motivation for the research performed in the present work, and
the correlations between 4 main research topics: Hygrothermal performance of internally insulated historic
masonry; Quantification and effect of wind-driven rain; Effect of hydrophobization and Material parameters
and characterization.

They all share common grounds in relation to the performance of internal insulation in solid historic masonry
walls, and the correlation is elaborated through the presented thesis.

1.1 Background

The evident global climate changes have hypothetically urged world leaders, including those of the European
Union and even the Danish government, to take action and responsibility for fossil-fuel consumption.
Denmark has set a goal of being fossil-fuel-free by the year 2050 [10]. By then Denmark should be able to
produce sufficient amounts of renewable energy to cover its national energy consumption. This goal needs
to be reached not only by development of and improvements in renewable energy sources, but also by
contributing to reduced energy consumption. In Europe, 40 % of the total energy consumption is accounted
for by the building stock alone.

35 % of all building stock area in Denmark is historic buildings. In this sense, historic buildings are represented
by buildings constructed prior to 1945. In Denmark, the first building code was introduced in 1856, and no
changes were made to it before the 1930s [11]. For this reason, most Danish historic buildings were
constructed by the same mean principles, using solid masonry with embedded wooden beams for i.e. story
partitions. With the introduction of the new building code came new construction techniques, including
concrete, steel and cavity walls. Constructions with timber frames were the dominant Danish construction
type until 1890’s [12]. This dissertation, however, only revolves around solid masonry and wooden beams.
Historical buildings in both Denmark and the rest of Europe represent cultural, historic and aesthetic value,
whether preservation worthy or not. For this reason, the concept of internal insulation was introduced as a
possible energy retrofitting measure in cases where external insulation is not possible. Examples of typical
historic solid masonry facades are seen in Figure 1. Not only requirements with regard to reduction in energy,
hereunder heat consumption, but also an increased thermal comfort and the avoidance of cold draughts is
desired with the application of internal insulation.

Figure 1: Panorama view of a variety of historic facades of solid masonry facades in Copenhagen, Denmark.
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Until recently, internal insulation in Denmark has traditionally been installed with mineral wool applied to a
timber or steel frame with a vapour barrier installed on the warm side of the insulation. This method,
however, often appeared to fail when the wall is solid masonry, because interstitial condensation and mould
growth can be caused by the vapour barrier. With the increased focus on energy savings and reduction of
heat loss through building envelopes, the attention, research and development in the field of internal
insulation has increased in recent years. Several solutions to internal insulation are being introduced, either
as complete systems, or stand-alone materials. Products on the internal insulation market include as well
vapour tight as vapour open solutions, and capillary active insulation materials.

With the application of internal insulation to a wall, the hygrothermal conditions of that wall inevitably
change. Internal insulation reduces both the drying potential and temperature of a masonry wall, inevitably
leaving the existing wall colder and damper when compared to pre-retrofitting. Furthermore, the steep drop
of temperature gradient may yield interstitial condensation as the temperature at the interface may be less
than the dew-point temperature. Undesirable moisture conditions in a construction may lead to mould
growth, wood rot and the general deterioration of building materials. Therefore, internal insulation should
not be applied without careful consideration to the potential moisture conditions. As masonry consists of
porous building materials, the absorption of wind-driven rain is inevitable. It has been proven that wind-
driven rain has a significant impact with regard to wetting and water penetration of masonry [13], and it has
even been shown to impact indoor climate, energy consumption and the risk of mould growth [14].
Penetration of wind-driven rain may be prevented with the application of a surface treatment. In the case of
internal insulation, the constructions are in some cases retrofitted as diffusion open, thus possibly elevated
humidity conditions can seek equilibrium with surroundings. Hydrophobization surface treatments have
proved to hinder water absorption without compromising the water vapour permeability. For this reason,
hydrophobization is particularly relevant in the internal insulation discussion.

In this work the hygrothermal performance of internally insulated historic masonry has been evaluated by
means of case studies as well as dynamic 1D simulation. Simulations also assisted in the investigation of most
influential material parameters with regard to hygrothermal performance and the influence of surface
treatments. The correlations between some single material parameters in brick were investigated
statistically, as material parameters are vital for reliable simulations; however, it is not always possible to
come by complete material characterizations of historic building materials. The apparent influence of wind-
driven rain on hygrothermal conditions within internally insulated solid masonry has been monitored in both
case studies and experimental setups in a laboratory. Furthermore, simulations assisted in the evaluation of
the significance of wind-driven rain. The effect of hydrophobization treatments of masonry holistically, and
on brick and lime mortar as single elements, has also been studied and evaluated through laboratory
experimentation.

1.2 RIBuild

The research performed for the present Ph.D. dissertation has been financed by the EU Horizon 2020 project
RIBuild — Robust Internal Thermal Insulation of Historic Buildings, under grant agreement no. 637268. RIBuild
aims to develop guidelines for the internal thermal insulation of historic buildings, thus allowing for the
maintenance of aesthetical and cultural values of the facade expressions while reducing heat loss through
external walls. RIBuild introduced the possibility of valuable networking in an international environment with
both scientists and other Ph.D. students from 7 participating countries throughout Europe. In addition to the
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research performed and disseminated in the presented appended journal and conference papers,
compulsive work was performed for several work packages included in RIBuild.

1.3 Objective and scope

The objective of the presented Ph.D. dissertation was to provide research in the field of internal insulation
of solid historic masonry. The objective has been met by means of a variety of studies: both in 1:1 case studies
and in laboratory, in addition to hygrothermal simulations, literature studies and statistical analysis. The aim
was to study the hygrothermal performance of said structures, including defining the impact of wind-driven
rain and the possibilities of hydrophobization, in addition to studying material parameter impact and
correlations.

The scope of this Ph.D. project is to investigate which aspects are important with regard to prediction of
hygrothermal performance of internally insulated historic solid masonry. The scope is investigated through
the following hypotheses:

1.3.1 Hypotheses
Hypothesis 1: Long term hygrothermal conditions can be predicted by means of numerical models verified
by measurements in critical points in internally insulated case buildings.

Hypothesis 2: Wind-driven rain has a significant effect on the hygrothermal performance of solid masonry
walls with internal insulation.

Hypothesis 3: Hydrophobization of the exterior surface has a significant effect on the hygrothermal
performance of historic solid masonry.

Hypothesis 4: Certain material properties of brick are more influential with regard to the hygrothermal
performance of internally insulated solid masonry structures, and some material parameters can be
correlated.

The hypotheses stated above are investigated through the methods and disseminations listed below.

Hypothesis 1: Hypothesis 1 claims that reliable numerical models can be implemented for prediction of
hygrothermal conditions in internally insulated solid masonry structures. By establishment of measurements
in 4 internally insulated test apartments, the hygrothermal conditions were monitored. In turn, the
measurements made up the basis for model verification and validation. By implementing the actual
measurements in models with unknown material parameters, the model parameters can be estimated.
Provided the postulate cannot be rejected, there is evidence that said models are vital for research in the
area, and general improvements are necessary. The hypothesis is tested by various means:

Long term measurements of hygrothermal conditions in internally insulated masonry
Hygrothermal modelling of case studies of various internal insulation systems
Validation of said models based on long term measurements from case studies

P wnN e

Future predictions, including climate change, of hygrothermal conditions with implementation of
forecasted weather for Denmark in 2020-2050

5. Simulation investigation of vital material parameters with regard to moisture transport and
hygrothermal conditions
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6. Dynamicsimulations of basic moisture transport properties of brick with different surface treatments

On the basis of the above methods, it can be determined whether or not hygrothermal modelling can be
used successfully for the prediction of hygrothermal conditions in cases of internally insulated masonry. The
investigations should also shed light on the possibilities of building reliable models despite estimations of
certain material parameters and boundary conditions. Furthermore, the most vital material parameters for
the moisture modelling would be identified. The work revolved around this hypothesis is processed in the
work listed below.

a) Paper l: “Long term in situ measurements of hygrothermal conditions at critical points in four cases
of internally insulated historic solid masonry walls”. The paper investigated four case buildings and
their hygrothermal conditions. Numerical models were created (Delphin 5.8.3) and validated against
measurements. On this basis, variations of the models were created for determination of decisive
input.

b) Paper IV: “Material characterization models and test methods for historic building materials”. This
paper investigated the most decisive material parameters in numerical simulations of hygrothermal
conditions by implementing a parameter variation study of 5 material parameters in simulation
models.

c) Paper V: “Moisture transport properties of brick — comparison of exposed, impregnated and
rendered brick”. Investigation of the moisture transport properties of brick with various surface
treatments was investigated experimentally, and numerical models with various brick types were
implemented for prediction of the behavior.

Hypothesis 2: The second hypothesis claims that WDR has a significant influence on the hygrothermal
conditions within internally insulated historic masonry walls. The hypothesis was tested by implementation
of experimental WDR measurements in 2 of the monitored case buildings. Furthermore, a laboratory study
investigated water migration and penetration with implementation of climate cycles with rain loads,
radiation and a cold climate. If the postulate cannot be rejected, WDR must be seen as a vital parameter with
regard to the hygrothermal performance of internally insulated masonry. Thus, WDR must be considered as
a parameter in the development of internal insulation systems. For investigation of this hypothesis, the
following research was performed;

Literature studies of existing knowledge on WDR and WDR quantification
Development of WDR gauges and experimental setup in some case studies
Monitoring of the WDR coupled with hygrothermal measurements in case studies
Comparison of experimental quantification and semi-empirical models

Dynamic simulations for evaluation of the influence of the rain exposure coefficient

I S o

Experimental setup of moisture loads on masonry sections with and without hydrophobization

Through the methods described above, it should be possible to identify if WDR is in fact a main contributor
to undesirable moisture conditions within internally insulated masonry. Furthermore, it should be possible
to assess the effect of hydrophobization with a constant climate as well as the WDR influence observed with
numerical simulations. The hypothesis was studied in the following work:
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a) Paper lll: “The effects of wind-driven rain on the hygrothermal performance of solid masonry walls
with internal insulation”. Wind-driven rain was monitored experimentally and evaluated against
monitored hygrothermal performance within the masonry walls (at wall-insulation interface and
behind beam ends).

b) Paper II: “Performance of hydrophobized historic solid masonry — experimental approach”. The
paper includes a study of the water migration through masonry sections with built-in temperature
and relative humidity sensors placed at different depths in the masonry.

Hypothesis 3: The third hypothesis states that hydrophobization of the external surface of internally
insulated historic masonry may remedy the ingress of WDR and improve the quality of the moisture
performance of said walls. Provided the hydrophobization can reduce the water uptake without
compromising drying capability. There is a large variety of hydrophobic treatments available on the market;
however they may not have the same efficiency with use on various materials. When studying historic
masonry holistically, the efficiency on both brick and lime mortar must be taken into consideration. Provided
that hydrophobization can work efficiently on historic masonry holistically (bricks and lime mortar), the
hypothesis can be verified. The hypothesis is investigated through the following research:

Literature review of existing research on hydrophobization agents and their effects on masonry

2. Laboratory experiments of a variety of hydrophobization agents and their effects on both brick and
air lime mortar

3. Study of the effect of the agents with regard to water uptake, drying, penetration depth and vapour
diffusion resistance

4. Laboratory experiments monitoring moisture ingress in wall sections with and without
hydrophobization subjected to extreme climate cycles

5. Laboratory investigations of a variety of surface treatments (hydrophobization and render) on brick
and associated numerical simulations on various brick types

The above experimentation makes it possible to determine whether hydrophobization yields a positive
contribution to hygrothermal conditions within internally insulated historic masonry. The investigations
include the effect on individual elements (brick and lime mortar) and also on masonry holistically. The effect
of hydrophobization naturally depends on the significance of WDR, which is examined via the previous
hypothesis. The following dissemination is related to the third hypothesis:

a) Paper Il: “Performance of hydrophobized historic solid masonry — experimental approach”. The
paper includes laboratory experiments performed on brick and lime mortar specimens. The
investigation includes a variety of types of hydrophobization agents, and their effects on various
material properties, i.e. water uptake, drying and vapour diffusion. Furthermore, the water migration
through masonry sections — some hydrophobized - was studied.

b) Paper V: “Moisture transport properties of brick — comparison of exposed, impregnated and
rendered brick”. The paper studies the transport properties of brick with different surface
treatments, including hydrophobization.

Hypothesis 4: The final hypothesis states that certain brick material parameters are more influential than
others when it comes to the hygrothermal performance of internally insulated masonry. Furthermore, it is
stated that a correlation between certain material parameters can be made, thus yielding the possibility for
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in situ and non-destructive determination of brick type and quality. If the hypothesis cannot be rejected, the
influential parameters can be estimated, thus improving the quality of predictions and numerical models.
The hypothesis was examined by means of the following work:

1. Numerical simulations based on a case study allows for a parameter study on the most influential
material parameters with regard to hygrothermal conditions in masonry
2. Statistical investigation of certain material parameters in brick, and their correlations

With the investigations of vital material parameters and their correlations, the 4" hypothesis is investigated.
The most influential material parameters could be identified, and possible correlations may lead to simple
classification methods based on non-destructive parameter determination. The hypothesis has been
investigated through the following studies:

a) Paper IV: “Material characterization models and test methods for historic building materials”.
Through numerical simulations a parameter study on 5 material parameters (density, open porosity,
thermal conductivity, water uptake coefficient, and water vapour diffusion resistance factor) was
performed in order to identify primary influential parameters on hygrothermal conditions and
performance.

b) Paper VI: “Correlation between certain material parameters in bricks”. A statistical study of
correlations between certain material parameters: density, open porosity, water uptake, thermal
conductivity, and water vapour diffusion resistance.

1.4 Structure of the thesis

The present dissertation includes 6 main chapters, as presented in Figure 2. The thesis revolves around 4
main topics: 1) Hygrothermal performance of internally insulated historic masonry, 2) Quantification and
effect of wind-driven rain, 3) Effect of hydrophobization, 4) Material parameters and characterization. The
research performed within these 4 main topics is disseminated in the appended papers listed on page 13. In
the schematic view of the structure, Figure 2, it is seen which main topics and hypotheses are processed in
the 6 dissemination items. Chapter 1 includes background and motivation for the research as well as the
objective, hypotheses, and the present structure section. Chapter 2 is a state-of-the-art review of all 4 main
topics, and Chapter 3 describes the methods implemented for the investigations. Chapter 4 comprises the
results and sub-discussions. In Chapter 5, the main findings within the 4 main topics are processed. Finally,
Chapter 6 concludes this dissertation; the hypotheses are evaluated in accordance with the performed
research. As seen in the graphic presentation of the thesis structure, all the main topics were included in a
minimum of 2 dissertation pieces. The same applies to the case of the hypotheses.
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2 State of the art

The following literature review of the 4 main topics presented in the research is largely contributed by the
appended papers. Additions have been made with regard to the completeness of the thesis. Some of the
given information and previous research relates to several main topics; however, prioritizing of the
associated paragraphs has been made.

2.1 Hygrothermal performance of internally insulated solid historic masonry

Thermal insulation is a common method of reducing the heat loss through the building envelope. Thermal
insulation does not only reduce the energy demand for heating, but also provides a better indoor
environment with regard to thermal comfort, utilization of indoor space, and indoor air quality [15]. External
insulation is usually the most efficient and moisture safe method for reduction of heat transfer through
external walls, as it provides the existing construction with protection from the external environment and
eliminates thermal bridges [16—21]. This is, however, not possible with many historic buildings, as the facades
are either preservation worthy or of too much cultural and aesthetic value to change the exterior aesthetics.
Therefore internal insulation is introduced in these cases. Internal insulation however introduces several risks
to the existing construction, as the hygrothermal conditions in the original construction are changed. As a
result, the risk of interstitial condensation is increased [22-24], and the drying potential inward is reduced as
the permeability is reduced by the insulation [23,25,26]. Figure 3 illustrates the principles of condensation
risk in connection with internal insulation. It is seen that in the case of internal insulation, the immediate
temperature reduction through the internal insulation layer creates the possibility of the temperature
cooling below the dew point temperature, yielding the possibility of interstitial condensation [19] at the
interface. For this reason, the traditional method of internal insulation includes a vapour barrier to prevent
the humid interior air to reach the cold interface and condensate. Especially in cold seasons, the internal
vapour pressure exceeds the external and humidity equilibrium is sought, which forces the internal air to
diffuse outwardly.

a) b) c)

Figure 3: Temperature profiles through external masonry walls with a) no insulation, b) external insulation, and c) internal
insulation. The left side represents interior conditions, and the right side exterior climate. The black lines represent the dew point
temperature profiles, and blue indicates the temperature gradient. The blue area in c) represents the area where the risk of
condensation occurs. lllustration from RIBuild D1.2 [27].

Basic moisture transport mechanisms in and around an internally insulated solid wall with embedded
wooden beams are illustrated in Figure 4. The moisture transport mechanisms include vapour diffusion, i.e.
diffusion from a higher vapour pressure in the warm interior outwards due to vapour pressure differences.
In porous building materials, capillary suction leads to the transport of liquid moisture, whether it is present
due to condensation, wind-driven rain, or rising damp. In other words, capillary suction is the driving force
of moisture transport in saturated pores, whilst at lower humidities within the pores the main transport



STATE OF THE ART

mechanism is vapour diffusion. Convective moisture transport occurs as a consequence of moving damp air
through leakages, etc., e.g. around partition walls and floor slabs, where the colder surface temperature due
to thermal bridge effect also makes it possible for moisture to accumulate. In addition, the embedded beam
end can transport accumulated moisture inwards, in the fiber direction, for evaporation, while the same does
not qualify for the wooden lath, which is completely embedded in the masonry perimeter.

Figure 4: Typical moisture transport mechanisms in an internally insulated wall [28].

The increased risk of high moisture in the wall inevitably leads to an increased risk of mould growth [29] and
decay of the existing wood embedded in the structure. Furthermore, as a result of reduced temperature and
drying potential of the existing wall, the risk of frost damage to the surface is also increased [21,22,26,29].
Internal insulation should thus not be installed without considerations to the building physics aspects. It
might not be possible to achieve the desired U-value, or the desired heat loss reductions, but given the risks
involved, it is far more feasible in the long run to implement a moisture safe solution.

There are several types of insulation systems marketed for internal insulation [23], including capillary active
and hydrophilic insulation materials [20,22,30,31], and traditional hydrophobic insulation materials in a
system including a vapour barrier. Internal insulation systems on the market can be separated into three
groups based on their basic properties: 1) capillary active and vapour open, 2) vapour open and 3) vapour
tight systems. Capillary active systems have the advantage of a high moisture buffering capacity, yielding the
possibility of redistributing absorbed moisture for evaporation [32]. The capillary active systems are also
vapour open. Vapour open systems allow transport of water vapour in the construction, but the risk of
interstitial condensation increases as moist indoor air reaches the cold external wall. A vapour open system
can be combined with a smart vapour retarder, whose vapour resistance varies depending on the relative
humidity [33]. A high vapour resistance in cool periods would prevent interstitial condensation, and a
reduced vapour diffusion resistance can allow drying of the wall. Vapour tight systems completely inhibit
moisture transfer through the insulation system, preventing vapour from diffusing through the insulation
and condensing on the external wall. All of these systems naturally have pitfalls; the capillary active system
will lose its ability for moisture redistribution if there is not full contact between the materials in the system.
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Also, no organic material should exist at the cold surface of the insulation [34] and for systems with vapour
barriers, proper installation and complete tightness is needed. Furthermore, these systems leave the wall
extra sensitive to external moisture loads, as inward drying is limited.

There has been increasing focus on internal insulation in heritage buildings for the past few years; a limited
number of studies with long-term in situ measurements are available. Orlik-Kozdon et al. [23] found no
critical moisture conditions in two cases of internal insulation of expanded polystyrene and lightweight
aerated concrete on a solid brick wall. However, measurements were only performed for 6 months, and
furthermore, there was an external curtain wall, protecting the construction from external moisture loads
etc. Kl6seiko et al. [25,35], on the other hand, obtained high relative humidities in 4 cases of internal
insulation on a brick wall during a 9 month study. The 4 materials tested in that case included: calcium silicate
(50 mm), aerated concrete (AAC, 60 mm), polyurethane foam with capillary active calcium silicate channels
in a grid of 40X40mm (PUR, 50 mm) and polyisocyanurate foam (PIR, 30 mm). Calcium silicate showed the
best performance with regard to moisture performance, however calcium silicate also has the highest
thermal conductivity. Harrestrup et al. [36] monitored a case of internal insulation of 40mm aerowolle on
solid masonry in a heritage building, and the effect of intentional thermal bridges above and below
supportive wooden beams. They found that leaving a 200 mm uninsulated gap above and below the beams
yielded a lower risk of mould growth; this was found, however, to be very dependent upon the orientation
and the thickness of the existing wall. Toman et al. [20] ran a long-term study of 4 years on a 19" century
building with solid brick walls, external render and paint. It was insulated with a hydrophilic mineral wool
insulation board, and had no vapour barrier; a vapour retarder was placed on the interior surface of the
existing wall. The study showed excellent hygrothermal conditions and no risk of interstitial condensation at
any point in time during the 4 year period. In a recent study by Hamid et al. [37], a similar study was
performed with in situ measurements in solid masonry with internal insulation, and validated simulation
models. This study emphasized the importance of the orientation due to the significant influence of wind-
driven rain, and solar-driven vapour. Furthermore, the study emphasized the significant risk of mould growth
at the wall-insulation interface and the cold side of an integrated vapour barrier given the presence of
biological material.

2.1.1 Risk assessment models

For the investigation and assessment of the hygrothermal performance of building envelope constructions it
is useful to implement so called risk assessment models. These risk assessment models provide a basis for
comparison of the various hygrothermal conditions and associated risks. In terms of internal insulation,
moisture induced deterioration is in focus. Undesirable moisture conditions in masonry yield the possibility
of several deterioration processes, including frost damage in brick and mortar, corrosion of embedded
metals, rotting of embedded wood, loss of thermal insulation values of porous building materials, and mould
growth [38]. Theoretical models are implemented for prediction and magnitude of risks, despite often not
being very accurate [38]. One of the failure modes commonly implemented is the risk of mould growth, as
such a risk indicates that there is an undesired moisture excess in the construction. Another relevant failure
mode for the present research is the degeneration of wood, as wood typically is embedded in historic Danish
masonry structures.

Mould growth can occur when the following are present; fungal spore, water and organic material. Mould
growth rates are furthermore dependent on temperature conditions. Mould spores are everywhere, even
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airborne, and given favorable conditions, mould growth can occur on surfaces. For very sensitive materials,
mould growth has the possibility of occurring at relative humidities above 80 % [39]. The time span of the
given favorable conditions, influence the mould growth intensity. Mould growth is cause for bad indoor
climate, and can initiate general health effects such as eczema and headaches, however also has a negative
impact on breathing, and can instigate both asthma and bronchitis [40].

There are several assessment models developed for the theoretical quantification of mould growth, based
on hygrothermal conditions. Krus et al. [41] introduced the isopleth systems based on boundary conditions
of temperature and relative humidity, generating boundaries for lowest possible conditions for mould
growth. One of the most acknowledged risk assessment models is a mould growth prediction model
presented and described in [39]. This model takes benefit of the time dependence of the favorable mould
growth conditions and is based on the original VIT mould growth model [42]. The original model was
developed for prediction of mould growth on wooden surfaces, whereas the improved model takes
sensitivity classes into consideration. The sensitivity classes are based on experimental results on various
building materials [39]. The mould index, M, quantifies the mould growth rate in a range from 0-6, elaborated
in Table 1. The mould index can be generated for simulations or measurements of temperature and relative
humidity in critical points in a construction. A review of different mould models is found e.g. in [43], [44].

Table 1: Mould growth index classifications [39].

Mould Description of growth rate

Index (M)

0 No growth, spores not activated

1 Small amounts of mould on surface (microscope), initial stages of local growth

2 Several local mould growth colonies on surface (microscope)

3 Visual findings of mould on surface, <10% coverage, or, <50% coverage of mould (microscope)

4 Visual findings of mould on surface, 10-50% coverage, or, >50% coverage of mould (microscope)
5 Plenty of growth on surface, >50% coverage (visual)

6 Very heavy and tight growth, coverage around 100%

For indication of severe moisture problems, i.e. high moisture loads in constructions, risk models have also
been developed for e.g. wood decay, which estimates mass loss in wood due to wood rot. The deterioration
of wood can cause vital damage to a structure, as wood rot and decay fungi cause mass loss, and in time the
wood deteriorates completely. This is naturally an undesired phenomenon, as it can cause life-threating
damage to inhabited buildings. The timeframe for wet conditions is essential for wood rot occurrence.
Furthermore a very high relative humidity (95-99 %) of the ambient air in the local microclimate is required
for decay fungi occurrence in pine sap wood [45].

The most common model for wood decay is described in Viitanen et al. [45].This model for wood decay
accounts for the period of time in which the conditions are favorable in relation to wood decay. The model
is developed for worst-case scenario wood; untreated pine sapwood, why the results should be studied with
precaution, when it is unknown which type of wood is actually used in the studied cases. Also, the embedded
wood may in reality be wrapped in moisture proof materials and/or treated with contemporary substances,
e.g. tar, creosote oil or the like in order to make the wood resistant to moisture damage [12]. The output
from the wood decay model is evaluated as a percentage of irreversible mass loss, ML, in the wood.
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For all risk assessment models apply — due to the high uncertainties connected to the absolute values — that
they only should be used relatively to give an indication for which solution gives a higher or lower potential
for a risk.

2.2 Quantification and effect of wind-driven rain

The hygrothermal performance of internally insulated solid masonry is inevitably affected by external
moisture loads, including wind-driven rain. In fact, wind-driven rain is a significant parameter with regard to
the hygrothermal performance of external facades [13,30,46]. Wind-driven rain is rain that passes through a
vertical plane in the atmosphere. As opposed to e.g. cavity walls providing a capillary break, solid masonry
absorbs and retains the wind-driven rain water [47]. Usually this moisture would evaporate, but the
application of internal insulation impedes the evaporation as the temperature in the masonry decreases. In
the case of internally insulated masonry, wind-driven rain has proven to be a negative contributor to the
hygrothermal performance [48]. Finken et al. state that wind-driven rain can be the most critical factor in
regards to moisture in a facade of porous building materials, as opposed to interstitial condensation, reduced
drying capability and temperature when internal insulation is applied [30]. Blocken et al. also found that
wind-driven rain was the most influential factor contributing to the wetting and water penetration of external
facades, which in turn affects not only hygrothermal properties and durability [13], but also has been shown
to influence indoor climate, energy consumption and the risk of mould growth [14]. Through hygrothermal
simulations and measurements, Kiinzel et al. found that an estimated 70 % of wind-driven rain is absorbed
by means of capillary action [49]. This observation was based on a one-dimensional validation of measured
water content in 3 cases of different porous building materials installed in a western wall, and thus
susceptible to exterior climate.

In section 2.1, the basic moisture transport mechanisms regarding internal insulation were introduced. As
mentioned, transport of liquid moisture occurs due to capillary forces in porous materials such as brick and
mortar as a result of cohesive pores. The rate of the moisture transport is dependent on the pore structure,
whether they are open or closed pores, and the pore size distribution. Capillary suction occurs in porous
materials when the material comes in contact with water. The suction happens as a result of a hydrostatic
vacuum and surface tension in a moist pore. The moisture creates a concave water surface, a meniscus, under
which a negative hydrostatic pressure is created and the surface tension occurs [50]. In an attempt to
equalize the pressure, a force stronger than gravity and friction combined sucks up water which is in contact
with the material. As the water takes up more space in the pores, the resistance caused by friction is
increased, the pull of gravity also steps in, and the process will slow down [51]. The hydrostatic pressure
increases as the meniscus radius decreases, and for larger pores capillary suction is therefore not possible.
For very small pores that are filled quickly, a significant resistance from friction occurs although the
hydrostatic vacuum is larger. Thus a material with a fine pore structure is in fact able to absorb water from
an adjacent material of a courser pore structure [19]. Capillary migration of wind-driven rain contributes to
moisture induced risks, especially where vapour barriers, capillary inactive insulation materials [30], or
diffusion tight paint on the interior surface are present, as they make it more difficult for the moisture to
evaporate inwards. Damaged fagades are less resistant to WDR and therefore internal insulation should only
be installed on intact facades. Damaged or weathered bricks, joints and render should be replaced or
repaired before internally insulating [18,52]. Mould or wood decaying fungi growth in wooden beams and
other woodwork in the wall are not the only risks associated with the accumulation of moisture in the
masonry facade. The risks also include a resulting decrease in durability due to frost damage, surface soiling,
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and salt migrations [53], not to mention the reduced thermal resistance caused by an accumulation of
moisture (especially for capillary active insulation systems) [48].

The magnitude of WDR is a function of rain intensity, size and distribution of raindrops, and wind speed. The
simultaneous occurrence of wind and vertical rain generates the WDR, which can be referred to as a sloped
vector [13], illustrated in Figure 5. The terminal velocity of the raindrop is dependent on the size of the
raindrop; larger droplets fall faster [54], but are less easily carried by wind [55]. The impact on the facade is
affected by additional factors, such as the building’s geometry, wind direction, local topography, climate,
obstructions, fagade orientation, rainfall duration, pressure differences, fagade surface characteristics,
uniformity, condition, and location on the fagade. Studies have shown that the edges [56] and top of a
building are most exposed to WDR provided there is no existing roof overhang [57]. This phenomenon can
be partly explained by the varying wind pattern across an obstacle such as a building, and the fact that the
edges are subjected to WDR from two sides. The wetting of edges has also proved to be more prolonged
when compared to central areas of the facades, due to the lower temperatures and reduced drying potential
[14]. Strong solar loads may also drive moisture from large WDR loads further into the construction [58].
There are various quantification methods for WDR loads, namely experimental, semi-empirical, and
numerical models [13,59].

0 Falling Rain

Gravity

O

Figure 5: Basic illustration of WDR [54].

Wind

Experimental quantification of WDR loads is not a standardized procedure, although it is always performed
with a WDR gauge. Wall-mounted WDR gauges have been implemented in experimental work since the
1930’s, and a variety of designs have been used. The designs vary in shape, size, material, whether or not
they are recessed in the wall, and whether or not they are installed with automatic wipers - variations that
have been found to yield discrepancies [13]. The most influential source of error in connection with WDR
measurements has been identified as the evaporation of adhered water on the collector plate. Other sources
of error include splashing of rain drops, evaporative losses from the reservoir and connecting tube,
condensation on the collection area and wind errors. A deeply recessed WDR gauge type has proven to
reduce the splashing errors with high wind speed and rain intensity, while in the case of light rain, the large
collection area generated large evaporative losses, and splashing in this case was irrelevant [13,59]. The
condensation error on the collector surface has been estimated in simulations [59], and shown to be small.
This is the only error source that can increase measured results, which are thus liberal. Section 3.2.1
elaborates the development of the wind-driven rain gauge used in the presented research.

14



STATE OF THE ART

Several semi-empirical calculation models for WDR have been developed, and they are continuously under
development and improvement. They are all based on the theoretical formula expressed in Eq. 1, where rwpr
represents rainfall intensity for WDR and r, unobstructed horizontal rain [mm], U the wind speed [m/s] and
Vi the raindrop terminal velocity of fall [m/s];

U
Wind driven rain [1/m?] Twar = Th "3, (Eq. 1)
t

In 1955 Hoppestad introduced the WDR coefficient, DRF, [13],[60], which is a proportionality constant

between rain on a vertical and horizontal plane, given as o where V. is dependent on rain drop diameter
t

[61] and in 1965 Lacy refined the formula (Eq. 1), providing the empirical relationships for functions of median
rain drop size and terminal velocity of fall for these raindrops [13,47,60], resulting in Eq. 2, where DRF
represents the WDR coefficient, empirically determined as 0.222 on average;

Wind driven rain [1/m?] Twpr = DRF - U - 188 (Eq. 2)

For estimation of rain deposition on a building, Lacy suggests additions to the WDR calculation as seen in Eq.
3, in order to account for wind velocity, wind direction and location on the building.

WDR deposition on facade [[/m?] 1, = DRF - U - 1288 - RAF - cos(8) = 1ypg * RAF - cos(8) (Eq. 3)

In Eq. 3 RAF is the rain admittance function and 0 is the angle between the normal to the wall and the wind
direction. RAF varies from <0.20 below a roof overhang up to >1 at the top and edges of high-rise (>10m)
buildings without roof overhang, as seen in Figure 6 [54,60]. Equation 3 is most operational, as it accounts
for the wall orientation by including cosine of the wind directions angle to a normal of the wall, and
furthermore accounts for the location on a fagade. The rain admittance function can be equated with the
rain exposure coefficient introduced in hygrothermal Delphin simulations.

09-1.0+

Max: About 0.5

*——0.35-0.50

——<0.35

Low-rise Building H/W << 1 Tall Building (>10m) H/W >> 1 Building with roof overhang

Figure 6: Rain admittance function on areas of building facades for low-rise, high-rise and buildings with roof overhang [54].

Numerical models of WDR are often based on computational fluid dynamics. The numerical method includes
various HAM (Heat, Air and Moisture) simulation models performed in various codes, e.g.; HAMFEM [62],
WUFI [63] or Delphin [64]. Abuku et al. (2012) performed extensive research on WDR, comparing
measurements and numerical simulations [62],[65]. A test building was set up for WDR measurements in
actual climate conditions. The test building included specially installed test sections for monitoring WDR,
weight changes in specimens, surface temperature, and runoff water for monitoring the moisture response
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to WDR impact. Large differences were detected between measurements and simulation results. The
differences could not all be attributed to the convective moisture transfer coefficient, Be, used in the HAM
simulations. A parameter study of B. as a function of the reference wind measured did show some influence
on results and compatibility. The discrepancies found were also attributed to various error sources such as
adhesion, evaporation, splashing, bouncing, and spatial and temporal averaging of rain drops. The fact that
many of the parameters interact, makes it is very difficult to make precise numerical simulations of WDR.

Morelli et al. (2012) [66] compiled a short review of studies on masonry walls with wooden beams. Most of
the reviewed literature at the time stated that WDR was not problematic as long as the fagade was intact (no
cracks or degraded joints). These studies did not clearly reference WDR loads or climate conditions, and WDR
was not included in the hygrothermal simulations. Morelli et al. [20] also studied potential moisture risks at
beam ends in masonry walls subjected to WDR. The study was based on FMEA (Failure Mode and Effect
Analysis) and hygrothermal simulations of retrofitted masonry walls with embedded wooden beams as story-
partitions, and internal insulation. See also Figure 7 for an illustration of the construction types. The
hygrothermal simulations with WDR of various intensities (3 different rain exposure coefficients) did not
show any sign of an effect on the moisture conditions behind the insulation, but with high rain intensity the
beam ends could exceed critical moisture content. For medium rain intensity it was seen that in cases with
free air flow around the beam (20 mm on three sides) and reduced insulation (omitting 200 mm insulation
above and below the beam), the moisture content had a tendency to be lower than in constructions with full
insulation, which tended to increase the moisture content. Simulations with vapour barriers applied to the
case with reduced insulation indicated no impact on the drying potential of beam ends, so the 20 mm air gap
around the beam is the influential factor. It was concluded that WDR had a substantial impact on the moisture
conditions in beam ends, and that the rain intensity was a very influential factor. A previous study by Morelli
et al. (2010) with 2D and 3D simulations of internally insulated masonry with wooden beams embedded,
showed that the magnitude of WDR load had a significant impact on the moisture conditions in beam ends
[67].

Figure 7: The construction principles around beam ends used FMEA and hygrothermal simulations by in Morelli et al. [66].

Abuku et al. (2008) investigated the interaction between indoor and outdoor climate and a solid masonry
building envelope. Their focus was on WDR impact on hygrothermal response, including mould growth,
indoor climate and energy consumption. Using numerical simulations, the hygrothermal conditions in the
brick wall and room were determined. The study found a distinct impact of WDR on the humidity of internal
wall surfaces and indoor humidity. Critical periods were seen especially in summer and winter, and the walls
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were especially affected in the south and west wall-orientations, as this is also the dominant wind direction
at the location of the study [14]. A subsequent study by Abuku et al. (2009) compared WDR field
measurements with numerical simulations, and determined the responses of the walls to WDR loads. The
study indicated that predicted WDR loads were often overestimated in numerical modelling of moisture
content, partly because of the splashing of raindrops hitting the wall surface not being considered in standard
HAM modelling, and partly due to averaging errors in absorption and evaporation [65]. KIGSeiko et al. (2014)
reported a study of field measurements of four different internal insulation systems. They found a certain
impact from exterior conditions/rain as increased humidity was measured at the interface between
insulation and brick in the case of a vapour tight insulation material [25].

A study by Vereecken et al. (2015) on capillary active interior insulation methods demonstrated that driving
rain influenced hygrothermal behavior undesirably [48]. The study investigated whether a capillary active
solution (calcium silicate) performed better than a vapour tight system (extruded polystyrene (XPS)) on single
leaf, exposed masonry constructions with a dynamic indoor environment. Adding (large) WDR loads in
numerical simulations resulted in high relative humidity on the interior side of the masonry in both insulation
systems, and of the reference wall. The relative humidity in the case of vapour tight insulation reached
roughly 100 % for the entire year, whereas the capillary active system illustrated the capability for inward
moisture transport and drying potential when the drying to the exterior occurred slowly at low temperatures.
With regard to moisture accumulation after WDR loads, the vapour tight system showed slower drying; only
external drying could occur in this case. In the case of capillary active insulation and a reference wall without
insulation, it was seen that WDR loads also influenced the relative humidity on the interior wall surface. This
study also found that at high WDR loads the thickness of the masonry wall had an impact on the masonry
moisture content regardless of insulation type, and on the indoor relative humidity in cases of capillary active
insulation.

2.3 Effect of hydrophobization

Hydrophobization treatments may prevent, or at least reduce, penetration of liquid water from external
conditions. Thus hydrophobization may have a positive effect on the moisture conditions within a wall, and
actually impedes moisture accumulation due to rain penetration. Therefore, a hydrophobization treatment
may enhance the service life of an internally insulated wall, as the risk of moisture related damages such as
frost damage, cracking, wood degradation and mould is also reduced. Hydrophobization will protect the
facade from external liquid moisture loads. The facade will however not be protected from internal moisture
sources in the form of warm moist air, or possibly condensation. This is why the vapour permeability of a
hydrophobized wall should not be affected by the treatment. An old-fashioned method for hydrophobization
is found in old surface treatments, such as facade painting. However, this is not desired for protection listed
or culturally valued buildings, as it changes the architectural expression. A previous study of internal
insulation applied to external walls showed a case with a painted facade yielding excellent results with regard
to hygrothermal conditions at critical points [1]. This success may be attributed to the paint serving as a water
repellent; however the fagade was also northbound and only a thin layer of insulation was applied.
Furthermore, both hygrothermal simulation [30] and experimental [68] studies have shown a reduction in
heat loss through impregnated external walls, due to the reduced thermal conductivity caused by the dryer
state of the wall. In addition, moisture within the insulation material compromises the efficiency [29,30].
There is a large variety of hydrophobization agents on the market, but these may not have the same efficiency
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on various building materials, and when studying historic masonry holistically, the efficiency on both brick
and lime mortar must be taken into consideration.

Many hydrophobic agents are based on silicone in the form of either silane or siloxane, or even a hybrid of
both [69]. Both active compounds react with silicates in the building material and create CHs-molecules which
are hydrophobic, like the other non-polar carbonaceous groups CH and CH,. Lime does not contain silicates
in itself, however sand grains as aggregates in lime mortar do. Therefore the silicone based hydrophobic
treatments may not bind as well to lime mortar as they do not bind to the binding agent itself as they do on
e.g. cement or brick.

The main principle of hydrophobization is illustrated in Figure 8. In a non-surface treated specimen, the
surface tension is higher than that of water, and thus the attraction of water from the specimen is higher
than the internal attraction of water molecules. Therefore, when the contact angle, 6, becomes small, the
droplet becomes big, and the water is absorbed by the surface. In the opposite case, a hydrophobization
treatment reduces the surface tension, and the attraction of water molecules within the droplet is larger
than the specimen’s attraction to the water. In other words, the contact angle becomes larger, and the
surface will not absorb the liquid [19].

Figure 8: The principle of hydrophobization [70].

The main difference between the silane and the siloxane based agents is that the silane molecules have a
smaller structure and lower viscosity, and thus the ability for deeper penetration into porous materials. Silane
is also more volatile, and thus higher concentrations are used for achieving good results [71]. Siloxane is a
more complex compound and thus larger molecules, decreasing the penetration depth, leaving the porous
material more vulnerable if the external surface is damaged. Siloxane is less volatile, and lower
concentrations can be used, with good results with regard to repelling water. The molecular structures of
silane and siloxane are presented in Figure 9. In some cases, nanotechnology has been implemented in an
attempt to improve the efficiency of hydrophobization agents.

Silane: Siloxane:
0.4-1.5 nm 3-30nm

Figure 9: Molecular structure and size of silane (left) and siloxane (right) [70].
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Some of the recent research includes investigations of the effect of external moisture loads on the
hygrothermal performance of internally insulated walls, and the prevention or reduction of external water
penetration, e.g. from wind-driven rain. Solar radiation can be a positive contributor to a wet facade by
means of increased drying and reduced condensation potential, but it can also drive the moisture further
into the construction [72].

A study by Guizzardi et al. from 2015 of masonry walls with severe wetting [73] yielded information about
migration of external water loads through masonry. The experiment revealed that interfaces posed as
hydraulic resistances/barriers, and that the moisture transport occurred faster in the fine pored bricks than
in mortar joints. In contrast, van Hees found that the mortar joints were the weakest part of hydrophobized
masonry [74]. He observed a difference in the efficiency of hydrophobization treatments on brick and mortar,
yielding mortar joints a possible way for water ingress. Zhang et al. have investigated the efficiency of silane
water repellent impregnation on cement based mortars and concrete [68], and found that the capillary
suction was significantly reduced. Slapg et al. have found that fresh mortars with high water content
improved masonry’s resistance to WDR, as the mortar-brick interface becomes less porous [75]. Engel et al.
[76] performed a study on water absorption, drying and vapour diffusion of hydrophobized brick specimens.
They examined 5 silane based creams of different concentrations along with 2 fluid hybrid agents. They found
significant water absorption reduction with no influence on the vapour diffusion resistance. Their drying
experiment showed that specimens hydrophobized with agents of a lesser concentration of active
ingredients dried faster, thus an impregnation should be applied with the lowest, effective concentration. An
older study from 1995 by Charola [71] found a reduction of 5-10 % in water vapour permeability with silicone-
based hydrophobization treatments. Couto et al. [77], who investigated silicone-based water-repellents on
ceramic brick, also found a reduction in vapour permeability of hydrophobized brick specimens in some
water-repellent treatments. Van Hees [74] found a limited effect of hydrophobization on vapour diffusion.
However, he found the hydrophobization treatments to have a high impact on the drying process, as was
also found by Couto et al. [77] for most investigated treatments. Lubelli et al. [78] tested the efficiency of
two nano-coatings on bricks, and found significantly reduced water absorption, and little effect on the drying;
however, the penetration depth was found to be much lower than traditional products. Finken et al [30]
found, through a study of hydrophobization based on several hygrothermal simulations, that
hydrophobization has a positive impact on the hygrothermal conditions within an internally insulated fagade.
In the simulation, the entire wall became dryer, compared to unhydrophobized cases. Finally, Slapg et al.
performed a large scale study on masonry panels with high pressure water loads for 5 hours. They found the
tested water repellents to be ineffective to high pressure driving rain after a few minutes of water loads; this
inefficiency was attributed the extreme testing conditions. Odgaard et al. found that hydrophobization had
a positive effect on internally insulated walls during summer, however it impeded evaporation of interstitial
condensation during winter periods [79].

2.4 Material parameters and characterization

Hygrothermal simulations are valuable tools in the design of a suitable interior insulation system, in both
new constructions and retrofitting. Hygrothermal simulations take into account many specific variables for
each case in question, e.g. climatic conditions, geometry and material parameters. Materials used in historic
buildings are extremely varied, not only in the raw materials and resources used, but also in the production
method. If it can be proven that certain material properties are decisive for the hygrothermal performance
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and they can be determined feasibly with regard to both time and economic expenditures, it would be
beneficial for future analysis of retrofit measures.

As there are numerous uncertainties in hygrothermal simulation, identification of potential discrepancies in
material properties and boundary conditions were determined in a sensitivity analysis performed by Kloda
[80]. The analysis concluded vital influence on output from parameters such as solar radiation absorption
coefficient, thermal conductivity, suction curve, capillary conductivity and surface heat transfer coefficients.
Biseniece et al. [81] also found material parameters to be vital input with regard to simulations, however
they also found that initial conditions were even more influential. Probabilistic methods have previously been
introduced by e.g. Zhao et al. [82] and Holm et al. [83], running 400 and 69 hygrothermal simulations
respectively, for determination of the influence of material parameters and boundary conditions, and
measurement uncertainties respectively. The findings of these measures were, among others, that the effect
of single parameters may be seasonal, and can have positive, negative and/or seasonal-dependent
correlations. The studies emphasize the need for full and exact material properties for achieving valid results.
By means of statistical tools however, it may be possible to attain reliability ranges for results, and simplify
the models by the clustering of materials. Moisture transport in porous media, e.g. building materials, is
driven by material characteristics as well as external factors. Driving forces include gradients in partial vapour
pressure, total air pressure and external total pressure, as well as gravity and pore width, defining the
capillary suction [84]. Moisture transport in a material also depends on the moisture storage potential, which
in turn is dependent on specific material characteristics; e.g. water retention curve relates to the porosity,
effective and capillary saturation — depending on the hygroscopic range, and the function for liquid water
conductivity depends on both effective saturation and the water uptake coefficient. Material functions are
vital, as they describe properties at various conditions; therefore material functions are implemented in
hygrothermal simulations together with constant material parameters. Some of the material parameters and
functions are not directly measurable and therefore the process of determining the parameters also requires
a calibration, either experimentally and/or numerically [85].

In hygrothermal simulations some material parameters are more decisive than others and some are
interrelated. Unfortunately, some decisive parameters may be difficult to determine; if the interrelated
parameters are easier to estimate, it might be possible to estimate the decisive parameters through simple
tests. Some materials have similar pore systems e.g. most historic building materials have open pore systems,
which means that density and open porosity are interrelated. Parameter studies are useful when determining
which parameters are decisive, while determination of which parameters are interrelated can be done by
making a statistical analysis on material parameters from materials where these are already known. The
purpose of a statistical analysis is twofold:

e Determination of correlations between material parameters; in this way it will be possible to see
which parameters can be estimated through other parameters that are easier to determine.

e Clustering of materials. Within groups of materials e.g. bricks there can be significant differences in
hygrothermal properties. By defining decisive properties and analyzing how materials differ, it is
possible to cluster specific materials in groups and create generic material representing the cluster.

The work of Zhao et al. [86] investigated different clustering techniques and methods for deriving a generic
material from a cluster. They emphasized that it is important to find correlations between parameters first;
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otherwise some parameters will have too much influence on the clustering. Generic materials can be used
to overcome the problem of incomplete material data. Zhao et al. [87] have also developed a concept for the
inclusion of input uncertainties and a stochastic material database for probabilistic simulation rather than
deterministic. Including the probability distributions of material properties, it gives better estimations of the
realism in achieved hygrothermal simulation results.
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3 Methods for investigation of hypotheses

In this chapter, the methods implemented for the investigations of the various hypotheses in this research
work are presented. The research has been presented in papers published in scientific journals, conferences
and in reports. References to these publications (cf. list of publications on page 13) are used throughout the
chapter.

3.1 Hygrothermal performance of internally insulated solid historic masonry

3.1.1 Insitu measurements

In Paper |, long term in situ measurements of temperature and relative humidity were monitored in 4 historic
case buildings for investigation of the performance of internal insulation on solid masonry. All the case
buildings were multistory residential buildings in traditional Danish building style, solid masonry of 1% brick
(360 mm) thickness, and of historic date (1877-1932).The cases differ from each other in terms of orientation,
height, location and external surface treatment. Two different types of internal insulation were applied to
the four cases, and in 4 different thicknesses. The insulation systems included in the case studies, are
elaborated in Table 2.

Table 2: Internal insulation systems applied to the case studies [1].

Insulation material Complete system
_ Glue mortar (2-5mm notched trowel)
C O~ i
Phenolic foam boards s g Glass tI.SSUE
. . @ ) Phenolic foam (25 or 60mm)
(Kingspan Kooltherm K17 insulated 552 . . .
System 1 2 Composite foil vapour barrier (sq=24m)
plasterboard) 2o 8
A=0.020W/mK g %0 12.5 mm gypsum based plasterboard
’ £x Skim coating (3mm)
Paint
1Q-Fix glue mortar (2-5mm notched trowel)
Polyurethane (PUR) foam with calcium IQ-Therm PUR f(?am (30 or 80mm)
. ; . IQ-Top (porous light mortar)
silicate channels in a grid of 40X40mm .
System 2 1Q-Tex (glass tissue)
(IQ-Therm) .
1Q-top (porous light mortar, 10-15mm total)
A=0.037W/mK S e
1Q-Fill (fine putty)
Diffusion open paint (e.g. IQ-Paint)

The applied insulation systems varied in thickness and in thermal conductivity. Estimations of the gained U-
value reduction were made, based on the assumption of same brick type on a 1% brick thick (360 mm) wall
with internal rendering, and are displayed in Table 3 together with information about the location and the
applied insulation system.

Table 3: Overview of case buildings and U-value estimations [1].

Insulation Theoretical Theoretical
Case Year of . . system retrofitted U- | U-value
- . Floor + orientation Ext surface .
building | construction (see Table 2) + | value reduction
thickness [W/mZK] [%]
1 1932 2"d, East + South Blank 2, 80mm 0.35 75
2 1877 5th South + Southwest Blank 1, 60mm 0.27 81
3 1905 4% North Render + paint 1, 25mm 0.50 64
4 1899 4th East Blank 2,30mm 0.65 53

Temperature and relative humidity sensors (Rotronic HygroClip2) were installed at the interface between the
existing wall and the insulation, and in % of the cases, sensors were also installed behind the beam ends, as
these are areas where potential moisture related risks occur. At the interface there is an increased risk of
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interstitial condensation, which yields the risk of e.g. mould growth. The risk of condensation and moisture
accumulation is also present behind the beam ends. This area is also closer to the external conditions as the
beam ends are embedded in the masonry. The beam ends in traditional Danish masonry buildings from this
time period are of wood, and thus the risk of wood rot is present. The sensors were placed either in existing
joints, or in purposely designed notches in the wall, drilled holes in the beam, and subsequently the holes
were sealed with foam. Sensor locations are depicted in Figure 10.

Figure 10: Sensor locations, left to right: in existing joint, in man-made notch in existing wall, and sealed in behind beam end [1].

The cases used for in situ measurements are presented in Figure 11 - Figure 14.

Case building 1: Ny Allegade 10, Haderslev — 1932

Figure 11: Case building 1, left to right: Facade, sensor location on floor plan, construction with sensor placement, and close-
up of fagade. Sensor 11 represents interior conditions, sensors W4, W6 and W7 represent conditions at the interface, and
sensors B2, B3 and B5 represent conditions behind beam ends in the west orientated facade. In situ measurements were
performed on the 1% floor. Case building 1 is presented in Paper | and Paper llI.

Case building 2: Meinungsgade 1, Copenhagen — 1877

Figure 12: Case building 2, left to right: Facade, sensor location on floor plan, construction with sensor placement, and close-
up of fagade. Sensor I1 represents interior conditions, sensors W2, W4 and W6 are placed at the interface; and sensors B3, B5
and B7 are behind the beam ends. In situ measurements were performed on the 5% floor. Case building 2 is presented in Paper
I and Paper lIl.
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Case building 3: Kildevaldsgade 69, Copenhagen — 1905

Figure 13: Case building 3, left to right: Facade, sensor locations on floor plan, and construction with sensor placement. Sensor
17 represents interior conditions, while sensors W2, W4 and W6 represent conditions at the wall-insulation interface, and
sensors B1, B3 and B5 represent conditions behind the beam ends. In situ measurements were performed on the 4" floor. Case
building 1 is presented in Paper I.

Case Building 4: Thomas Laubs Gade 5, Copenhagen — 1899

Figure 14: Case building 4, left to right: Facade, sensor locations on floor plan, and construction with sensor placement. . Sensor
14 presents the interior climate readings; sensor W3 is placed behind the calcium silicate in the spandrels, whereas sensor W1
is placed above sensor W2 at the interface between the insulation and the external wall. In situ measurements were performed
on the 3" floor. Case building 1 is presented in Paper I.

A relative humidity of 85% is considered the minimum relative humidity for initiation of mould growth during
long term exposure for medium resistant materials, e.g. concrete and glass wool [39], which is why this is
considered the threshold value for performance success in the present work.

3.1.2 Hygrothermal simulations

Dynamic, hygrothermal simulations have been implemented several times in the presented research. All the
models were created in the numerical simulation program Delphin 5.8, that can simulate coupled heat,
moisture, air, pollutant, and salt transport through porous building materials [64,88]. For this research,
hygrothermal 1D Delphin models have been used for studying the effect of surface treatments (Paper V),
investigation of influential material parameters (Paper IV), and final simulations were made based on the
constructions in the 4 monitored case studies introduced in Figure 11-Figure 14. As in situ measurements
were performed in these cases, hygrothermal models could be validated with the monitored data, and the
models were thus used for forecasting the hygrothermal behavior of the constructions as well as the
hygrothermal response to variations such as insulation thickness, insulation system, and external render
(Paper 1). As mainly 1D modelling is performed in this work, all models were built up as homogenous layers
of a certain thickness.

In Paper I, hygrothermal simulations were initially used for validation of models of the 4 cases, and
subsequently these models were used for predictions of hygrothermal conditions with model variations and
10 years’ future climate. None of the material properties for the existing constructions were known; however
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the properties for the two insulation systems were both tested and validated at the Technische Universitat
Dresden, and therefore assumed to be of high quality. As it is not clear whether moisture travels primarily in
lime mortar joints, or through bricks, and due to the indefinite material properties of the existing
constructions, the initial modelling was performed in 2D on constructions of both brick and lime mortar, with
material data from the Delphin material database. A simplified 1D model with lime mortar yielded better
results with regard to the measured conditions this is why the subsequent 1D models were based on lime
mortar construction, as is apparent in Figure 15. The output from the simulation models was defined as
average temperature and relative humidity for a spectrum of 3 elements corresponding to 2.5 mm in the
masonry at the interface. This should represent the sensor locations.

Case building 1

Mo |Material

1 ime Plaster (historical)
2 iQ-Fix
3 iQ-Therm
4 iQ-Top

Case building 2

Mo |Material

2 Glue Mortar (For Mineral Insulation Board)
@ 3 Kingspan glass fleece

4 Kingspan_Phenaolic foam

.Gipskarton_Knauf_Standard

Case building 3

' No |Material
A ime Plaster (historical)
Glue Mortar (For Mineral Insulation Board)
@ Lime Cement Mortar
Kingspan glass fleece
Kingspan_Phenolic foam

.Gipskarton_Knauf_Standard

[ /T S SE R % ]

Case building 4

Mo [Material

A ime Plaster (historical)
2 iQ-Fix

3 iQ-Therm
4 i0-Top

Figure 15: 1-dimensional simulation models (Delphin) for the four case studies. Discretization causes the formation of layer
thicknesses not being representative in the images. Output locations are marked with a red dot.

In the case of insulation system 1 (phenolic foam with integrated vapour barrier), two models of each case
were simulated with varying vapour diffusion resistance factor of the phenolic foam, and varying sg-value of
the integrated vapour barrier, as explained in section 5.1. The material parameters implemented in the
models of the four case studies, can be seen in

Table 4. Two years of local climate data (March 2015-March 2017) was gathered from Copenhagen (case
buildings 2-4) and Haderslev (case building 1) by means of data from the Danish Meteorological Institute,
and implemented in the models. Interior climate was monitored in all the cases, and implemented in the
models.

26



METHODS FOR INVESTIGATION OF HYPOTHESES

Table 4: Material parameters utilized in the hygrothermal simulations of the 4 cases presented in section 3.1.1.

Dry density Thermal Water uptake Water vapour Sq-value
conductivity coefficient diffusion
resistance factor
p [kg/m3] A [W/mK] Ay [kg/m?s*] - [m]
External render 1570 0.7 0.18 11
Existing wall 1800 0.82 0.13 12
Adhesive/glue mortar - system 1 830 0.16 0.0031 13
Adhesive/ glue mortar - system 2 1313 0.50 0.0051 19
Insulation material — system 1 35 0.020 810 d|f..t|ght: >83
dif. open: 1
Insulation material — system 2 49 0.037 0.013 27
i Sd,dif. open: 0.5
Vapour barrier (system 1) S, cgn: 100
Top layer — system 1 850 0.2 0.28 10
Top layer — system 2 1269 0.48 0.22 14

Subsequent to the model validations, future predictions were modelled in order to evaluate the long term
performance and different variations of insulation systems. In these models, the interior climate was set
constant to 22 °C and 55 % relative humidity, and 10 years of forecasted weather in the time frame 2020-
2050 in @ster-Ulslev in Denmark was used as exterior climate and gathered from the EU project, Climate for
Culture [89] and implemented in the models. The variations of the constructions in the simulations are
presented in Table 5.

Table 5: Simulated variations of each case.

1. Ny Allegade 2. Meinungsgade 3. Kildeveeldsgade 4. Thomas Laubs Gade
Original No render No render Paint + render No render

80mm system 2 60mm system 1 25mm system 1 30mm system 2
Variation 1 No render No render Paint + render No render
Thickness 30mm system 2 30mm system 1 60mm system 1 80mm system 2
Variation 2 Paint + render Paint + render No render Paint +render
Render 80mm system 2 60mm system 1 25mm system 1 30mm system 2
Variation 3 No render No render Paint + render No render
Insulation 80mm system 1 60mm system 2 30mm system 2 30mm system 1
system

In order to estimate the influence of wind-driven rain on the hygrothermal performance of internally
insulated solid historic masonry, simulations with variations in the rain exposure coefficient (0.0, 0.4, and
1.0) were also performed. These models took their basis in the validated model of case building 2 from Paper
I, and the work is presented in Paper lil.

3.2 Quantification and effect of wind-driven rain

The study of wind-driven rain and its effect on hygrothermal conditions in internally insulated masonry was
investigated by means of in situ WDR measurements on case buildings 1 and 2, presented in section 3.1.1,
and presented in Paper lll. In this work, a semi-empirical model for WDR deposition was also implemented.
The water migration through masonry was further investigated in a large-scale laboratory experiment in
Paper Il.

3.2.1 Quantification of wind-driven rain
For experimental quantification of wind-driven rain, special wind-driven rain gauges were designed and
produced based on extensive literature review. The developed wind-driven rain gauges were first introduced
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in the final technical report for the EUDP project Energy Efficient Comfort in Older Apartment Blocks [9]. The
gauges were installed on case buildings 1 and 2 in June 2016. The results from the WDR gauge measurements
were presented in Paper lil.

The wind-driven rain gauge designed for the experiment was based on existing types, experience and
comparative tests. It was based on the gauges manufactured at K.U. Leuven’s Laboratory for Building Physics,
with some alterations according to recommendations found in the literature. The area of the collection plate
was 300x300 mm, with a 10 mm raised rim around all the edges. The raised rim caught splashing water to
some extent [65], and prevented collection of water from outside the collection area [59,90]. The plate was
constructed of acrylic glass (PMMA), which had shown better performance and fewer errors due to water
adhesion/evaporation in comparison with teflon (PTFE) [13]. The wind-driven rain was monitored by a HOBO
Rain Gauge (Metric) Data logger, which was a closed tipping bucket rain gauge that minimized the
evaporation losses from the reservoir. The data logger was fixed to the collection plate, and the water drained
directly into the HOBO. The HOBO had a diameter of approximately @15 cm, which meant that the collector
plate was extended out slightly from the wall surface. The wind-driven rain gauge is illustrated in Figure 16.
The gauge is also described in [9,79]. It was set to monitor rain events, and calibrated prior to use. The
calibration showed that one counted rain event corresponded to 3.78 ml and 3.72 ml for case buildings 1 and
2 respectively.

— !

|
Figure 16: Wall-mounted WDR gauge with HOBO logger. Left: 3D illustration by LINATEX A/S, who assisted with the PMMA
construction. Middle: HOBO Rain Gauge (Metric) Data Logger RG3-M (http://www.onsetcomp.com/products/data-loggers/rg3-
m). Right: shows fixation and extension from surface due to the gauge below.

On case building 1, the WDR gauge was located on the west fagade at the 2™ floor height. This facade was
facing the street. The distance to the closest neighbor in this direction was approximately 20 m and there
were no large trees or other obstructions in the immediate vicinity. On case building 2, the gauge was
mounted on the southwest fagade, at the 5% floor height. This facade faces a large cemetery, so no buildings
or obstructions in the direct vicinity were expected to influence the WDR measurements. In both cases, the
gauges were placed near windows with the intention of easier access for data collection and battery changes.
Figure 17 depicts the WDR gauges mounted on the 2 case buildings.
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Figure 17: Installation of WDR gauge. Top: Case building 1. Bottom: Case building 2.

The WDR deposition was also estimated by means of the semi-empirical model, Equation 3, described in
section 2.2. In this case, the rain admittance function was set to 0.2, in accordance with Figure 6, as for
buildings with a roof overhang.

3.2.2  Effect of wind-driven rain

In situ measurements of the hygrothermal conditions in the wall-insulation interface and behind beam ends
were compared to the registered wind-driven rain loads in Paper lll. Hygrothermal simulation models were
also performed in Paper Ill on validated models from Paper | to estimate the importance of wind-driven rain,
by alterations in the rain exposure coefficient.

In Paper ll, a largescale experiment of water migration in masonry is presented. As hydrophobization was
applied to some of the masonry sections, the experiment also shed light on the effect of hydrophobization
with regard to moisture response. In the following paragraphs, the experiment will be presented in brief. The
scope was to monitor the moisture response of internally insulated solid masonry with imitated climatic loads
applied to the external surface. In order to imitate the dynamics and the varying nature of the natural climate,
a cyclic exposure was designed. The cycles consisted of 30 minutes of rain load, 2 hours of radiation load,
and 21% hours of cold climate. This 24 hour cycle was repeated 5 times. The experiment was conducted on
nine 1% brick thick solid masonry wall sections of 330x348mm? built into the doors of 3 refrigerators, as seen
in Figure 18. To ensure adiabatic boundaries, each wall section was surrounded by a vapour barrier tightly
taped to the perimeter. Furthermore, the boundaries of the wall surface were sealed with silicone to prevent
water penetration through small airgaps at the perimeter. Sensors for the registration of temperature and
relative humidity were placed in the vertical middle of the masonry sections, and at the depths seen in Figure
18.
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Figure 18: Left: Diagram of the experimental setup with the cooling chamber from Sandholdt et al. [91]. Right: Construction of
each wall section, and sensor location [91]. Dimensions are stated in [mm]. Sensor locations are denoted a, b, c, d, f, and g.

Table 6 displays the setup of each wall section, with insulation types, as well as whether or not
hydrophobization was applied. In the table it is seen that each wall section is denoted with 1.1-1.3, 2.1-2.3,
and 3.1-3.3, depending on the refrigerator door, and the height. Furthermore, the table states which sensor
locations were in use for each wall section.

Table 6: Overview of wall sections; 1) insulation sample type, 2) with/without hydrophobization, 3) internal surface treatment, 4)
sensors used in this wall section. Placements of the sensors are shown in Figure 18.

1.1 21 3.1

Foam concrete Insulation type: PUR with CaSi channels | Insulation type: ACC
Hydrophobization Hydrophobization No hydrophobization

Internal: Diffusion open paint Internal: No treatment Internal: Diffusion open paint
Placement of sensors: a, b, c, d, f Placement of sensors: a, b, c, g Placement of sensors: a, b, c, d, f
1.2 2.2 3.2

Insulation type: No insulation (ref) Insulation type: Foam concrete Insulation type: ACC

No hydrophobization No hydrophobization Hydrophobization

Internal: No paint (ref) Diffusion open paint Internal: Diffusion open paint
Placement of sensors: a, b, ¢ Placement of sensors: a, b, c, d, f Placement of sensors: a, b, c, d, f
1.3 2.3 33

Insulation type: Foam concrete Insulation type: Foam concrete Insulation type: PUR with CaSi channels
Hydrophobization No hydrophobization No hydrophobization

Internal: Ordinary paint Internal: Ordinary paint Internal: No treatment
Placement of sensors: a, b, c, d, f Placement of sensors: a, b, c, d, f Placement of sensors: a, b, c, g

The climatic conditions applied to the wall sections were chosen to be rather severe. The rain loads were of
0.08-0.11 I/min, corresponding to a severe cloudburst by Danish meteorological standards [92]. The radiation
loads were provided with Osram ULTRA-VITALUX 300W bulbs, that provide radiation similar to natural
sunlight, and are also used in climate simulators for accelerated aging [93]. The bulbs were set at a distance
of 20 cm from the wall surfaces, yielding an average black panel temperature of 78.1 °C. The subsequent cold
climate was provided by the refrigerators, where the temperature was set to regulate at 3 °C. The relative
humidity was kept high at 80-85 %, by the placement of open water baths within the refrigerators. The
conditions in the refrigerator were kept steady and stratification was avoided by mounting four fans inside
each refrigerator for constant air circulation. The experimental setup is presented in Figure 19.
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Figure 19: Experimental setup. A: 3 wall sections in mounted in a refrigerator door. B: water loads applied horizontally to the top
of the wall section, by perforated pipe. C: view of water loads applied to 3 wall sections. D: radiation loads on 3 wall sections.

The effect of wind-driven rain was also studied in Paper lll, by comparison of in situ measured hygrothermal
conditions in the wall-insulation interface and behind beam ends to in situ measurements of wind-driven
rain. In case building 1 and case building 2, presented in section 3.1.1, wind-driven rain gauges were installed
and the effect of wind-driven rain studied.

3.3 Effect of hydrophobization

The effect of hydrophobization of historic masonry was investigated experimentally in both the large scale
experiment presented above, and through an investigation of a variety of agents, active components, and
concentrations, and the effect of these on both ceramic brick and lime mortar was presented in Paper Il. For
the initial part of the study, 16 different hydrophobization agents were tested on brick and lime mortar for
the effect on both water uptake and drying. The penetration depth was registered as well. These initial
investigations were performed to get an overview of the efficiency and differences in the types of agents.

Furthermore, the effect of hydrophobization on the water vapour permeability of both brick and lime mortar
was established. In a separate study, shown in Paper V, the effect of surface treatments, hydrophobization
and render were investigated experimentally and with dynamic hygrothermal simulations. The active
components and concentrations of the included hydrophobization agents are listed in Table 7, along with the
associated experiments.

Table 7: Hydrophobization agents that were included in the investigation of the effect on ceramic brick and lime mortar.

Active component (concentration) Experiments

A| Siloxane and Fluoro Polymer (16%) Water uptake, drying, penetration

B | Copolymers (16%) Water uptake, drying, penetration

C | Various fluoric polymers (16%) Water uptake, drying, penetration

D| Silane, siloxane and Fluoro Polymer (16%) Water uptake, drying, penetration

E | Silane/siloxane (16%) Water uptake, drying, penetration

F | Siloxane copolymers and pefluorinated siloxane (16%) | Water uptake, drying, penetration

G| Nanoparticle dispersion, isopropanol solvent (<13%wt) | Water uptake, drying, penetration

H| Nanoparticle dispersion, isopropanol solvent (<3%wt) Water uptake, drying, penetration

1 | Silane (80%) Water uptake, drying, penetration

J | Silane (40%) Water uptake, drying, penetration, vapour diffusion, large-scale, surface treatment
K| Unknown Water uptake, drying, penetration

L | Chlorophyllane Water uptake, drying, penetration

M| Flour-Acryl-Polymer and Alkyl-Acoxy Silane Water uptake, drying, penetration

N| Alkylalcoxysilane Water uptake, drying, penetration, vapour diffusion

O| Silane >20% Water uptake, drying, penetration

P | Silane/siloxane (100%) Water uptake, drying, penetration, vapour diffusion

Q| Reference Water uptake, drying, penetration, vapour diffusion, large-scale, surface treatment
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The hydrophobization agents were applied to the specimens by different methods. For the initial
investigation of water uptake, drying and penetration depth, the specimens were shaken in a bag with the
liquid agents for 10 seconds. For the vapour diffusion experiments, the liquid agents were sprayed on the
surface of the specimens in specified amounts. For all the investigations including the creamy agents, it was
applied with a paint brush in specified amounts. All test specimens were oven-dried and conditioned in room
conditions prior to hydrophobization, which was minimum 14 days prior to experimental execution. The
bricks used for experiments were yellow soft molded bricks from Helligsg Teglvaerk (1643 kg/m?, 0.39 m3/m3).
Lime mortar specimens were of 3 different types. Specimens of 7.7 % air lime mortar with 0-4 mm aggregates
(1243 kg/m?3, 0.53 m3/m3) were used for the diffusion experiments and the large scale experiment. For the
investigation of water uptake, drying and penetration depth, two unspecified lime mortars were used (A-J:
1881 kg/m3, 0.26 m3/m3, K-Q: 1941 kg/m?3, 0.28 m3/m3). All lime mortar specimens were carbonated before
experimentation.

3.3.1 Laboratory experiments

Laboratory experiments were conducted in order to identify the material parameter alterations and the
magnitude of these alterations, in connection to surface treatments of brick and lime mortar. The changes in
certain parameters with the application of e.g. hydrophobization provide vital information for simulations
and the hygrothermal performance of internally insulated masonry. A variety of experiments were
performed.

With regard to quantification of water uptake, 3 methods were applied. In Paper Il full immersion tests were
reported, while in Paper V partial immersion and Karsten tubes were used. In Figure 20 these experimental
methods are depicted. Elaborated descriptions of experimental methods and related calculations can be
found in the dissemination items referenced. Karsten tubes were also used for evaluation of the facade
conditions in case buildings 1 and 2 disseminated in Paper lll. The study of influence on vapour diffusion,
Paper Il, was investigated by wet cup tests, and the drying tests performed in a climate chamber. Images
from various experiments are seen in Figure 20 and Figure 21.

Water uptake quantification
Full immersion Partial immersion Karsten tube

Figure 20: Various experimental setups for determination of water uptake and the effect of hydrophobization. Full immersion
(left), partial immersion (middle), and Karsten tube (right) performed in both laboratory on horizontal plane (top), and in situ on
a vertical plane (bottom).

For full immersion experiments, specimens were completely submerged in water, and the mass registrations
at various time intervals were transformed into mass % increase, and plotted in a diagram over time; thus
the absorption of each specimen over time could be studied graphically. In partial immersion experiments,
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the specimens were partly submerged in water, and the sides were sealed with epoxy. The mass difference
between successive weighings were plotted as a function of the square root of time, and the water
absorption coefficient was calculated based on the graphical representations. A Karsten tube is a method for
non-destructive testing for porous facade materials. It was used to estimate water absorption of masonry
facades and test specimens, for comparative purposes. By means of a method described by Hendrickx [94],
estimations of the sorptivity and capillary saturated volume can be made.

In the case of in situ measurements for Paper lll, the Karsten tube measurements were performed on 3
randomly selected bricks on case buildings 1 and 2, and furthermore on 3 joints in case building 1. The
measurements of the joints were performed where mortar is dominant in the tube area, where head and
bed joints meet. The test was performed for comparison of the two types of masonry, and to give an
indication of relative resistance to wind-driven rain.

The effect of hydrophobization on the permeability of ceramic brick and lime mortar specimens were
determined by means of wet cup experiments (DS/EN ISO 12572) and presented in Paper Il. The principle
purpose of the experiment was to determine the amount of vapour diffusion through a specimen due to
differential vapour pressure differences on both sides of the specimen, see Figure 21. By daily mass
registrations, the rate of water vapour transmission in steady state can be determined, and further
transformed into water vapour diffusion resistance factor, p.

The drying experiment presented in Paper Il was conducted on hydrophobized specimens subsequent to full
immersion water uptake experiments. The specimens were vacuum saturated by means of vacuum
desiccators prior to initiating the drying experiment. The specimens were placed on triangular spacers in a
climate chamber, seen in Figure 21, of approximately 20°C and 85% relative humidity to dry. The
measurements were transformed into moisture content, which is illustrated graphically in the results as a
function of time.

The penetration depth of hydrophobization is not in itself a criterion for effectiveness; however, a higher
penetration depth may yield higher protection from e.g. frost damage in the case of cracks or other damage
to the surface. Different types of active components, viscosity, and application methods in connection with
the properties of specimens it is applied to, has an influence on the penetration depth. In Paper Il, the
penetration depth of the 16 different hydrophobization agents was determined by halving the specimens
with chisel and hammer, and spraying the broken side with water. Thus, the penetration depth of the various
agents became visible, as seen in Figure 21. The average penetration depth is presented in results.
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Vapour diuffusion Drying Penetration depth

Figure 21: Experimental setups for; vapour diffusion: the principles of the cup setup, drying experiment: brick and mortar
specimens in climate chamber, and penetration depth: example of visible penetration depth

The effects of the experimentation of hydrophobization of historic masonry, namely tests of water uptake
(full immersion), drying and penetration depth, were evaluated by a simple ranking system. The ranking
system was implemented as a very simplified means for interpreting the various results in the complex field.
Penetration depth was ranked according to percentage of half the specimen’s thickness, and specimens with
full penetration were thus given a score of 100%. The water uptake was ranked by the final mass % increase
by the end of the experiment, as a percentage relative to the mass increase found in the reference specimen.
The drying was ranked by the percentage difference between the initial slopes of the drying graph for each
treatment relative to the reference specimen. The final ranking score was the sum of the 3 scores for the 3
categories, and a higher score yielded an overall better performance of this agent. A combined score for brick
and mortar consists of the sum of the final score for each material. The formulas used for the ranking system,
can be seen below in equations 4-8;

registered penetration depth

1) Penetration depth specimen thickness 100 [%] Eq. 4
2
mass increase. — mass increase i
2) Water uptake refer.ence Pecme . 100 [%] Eq.5
mass increaseyererence
MasSeyng — MASSpiti
2a) Mass increase end mitial 100 [%] Eq.6
sl MmassSinitial sl
initial slope — initial slope i
3) Drying p're:f?rence P€specimen 100 [%] Eq.7
initial slopereference
Vo — Yy
3a) Initial slope* =2 -1 [-] Eg. 8
Xy — X1

*The initial slope is calculated based on values from timestep 0 (x;=0) to timestep 4020 minutes (x,=4020) for brick
and 2700 minutes (x,=2700) for lime mortar

3.3.2  Hygrothermal simulations

In Paper V, hygrothermal simulations were performed in an attempt to clarify the long term effects of
hydrophobization at different depths and on various brick types. Surface treatments of both
hydrophobization and a lime plaster render were examined. All material parameters were found in the
Delphin database, with the exception of one brick type, yellow brick, which was generated partly based on a
Delphin material (Historical Brick (cluster 4)), and partly on experimentally obtained values [91]. The
simulations were performed on 4 different brick types, with the same geometry (228 mm thick).
Hydrophobization was applied to the external 5 mm of the brick, by reducing the water uptake coefficient by
factor 15, as found experimentally with Karsten tubes. External render was applied in a 10 mm layer on the
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brick. Output locations for results - temperature and relative humidity - are displayed in Figure 22; on the
external surface, 50 mm from the brick surface, the middle of the brick and the internal surface.

Figure 22: Geometries for the modelling investigation of surface treatments and indication of output locations (green dots). Left:
brick with hydrophobization, middle: brick with render, right: reference brick.

The boundary conditions were constructed from a constant internal climate of 20 °C and 50 % RH, and the
external climate was designed from a Danish Reference Year. In order to achieve maximum moisture loads,
the orientation was set to southwest, the most exposed orientation in Denmark, and the rain exposure
coefficient was set to 1. The simulations were run for a 2 year period, and results from the latter were used
for further evaluation.

3.4 Material parameters and characterization

As the hygrothermal simulations could potentially be vital for the modelling of hygrothermal conditions and
the identification of associated risks, Paper IV investigated the most influential material parameters with
regard to moisture transport through brick, and possible correlations between these. The presented work
had a focus on historic masonry buildings, and associated material parameters. It may be possible to
determine or estimate some parameters in situ and non-destructively, but if these are insignificant it may be
purposeless. Naturally some material parameters are associated, e.g. porosity and density. Correlations
between material parameters were studied statistically in Paper VI [6].

3.4.1 Influential material parameters with regard to hygrothermal conditions

In Paper IV, 1D simulation models for planar horizontal moisture transport were made and validated with
measured data from an experimental setup at the Technical University of Denmark [79,95], with temperature
and relative humidity sensors built into the construction. The models were made of a reference wall without
internal insulation. The wall consisted of merely 348 mm brick and 12-15 mm internal render, see Figure 23.
The external side faces southwest, and the external climate was measured on site by a local DTU weather
station, and 1 year of climate data was implemented in the model- with cyclic repetition for an extra year.
The results from the latter were evaluated. The interior climate was set to be constant at 20 °C and 60%, as
the interior conditions in the experimental setup. For the initial investigation of the importance of various
single basic material parameters, models with + 10 % values were made for the following brick parameters:
density, open porosity, thermal conductivity, water uptake coefficient, and water vapour diffusion resistance
factor. For the partial investigation of the correlations between brick material parameters, additional
simulations were performed on two types of brick from the Delphin material database with a large difference
in density and a significant difference in most of the other parameters as well. The basic material parameters
and the alterations can be found in Table 8.
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Table 8: Material parameter variations, and materials for correlation investigation.

Yellow, softmolded brick High density Low density .
N . Unit
Original 10% +10% Brick Bernhard Brick Schlagmann

Density, p 1713 1542 1884 2060 1396 kg/m?3
Open porosity, Bpor 0.38 0.34 0.41 0.25 0.47 m3/m?
Thermal conductivity, A 0.52 0.47 0.57 1 0.27 W/mK
Water uptake coefficient, Aw 0.2 0.18 0.22 0.10 0.44 kg/m?s”
Water vapour diffusion resistance factor, p 25 22.5 27.5 19 14 -

The simulations were performed with three output locations for both temperature and relative humidity- at
the same locations as where sensors were placed in the experimental setup: point 1: 54 mm and point 2:
177 mm from the external side, and point 3: in the internal render layer, as seen in Figure 23.

Figure 23: Measuring locations for validation of hygrothermal simulation model.

3.4.2 Statistical investigation of material parameter correlation

The parameters of historic building materials are very often unknown, and there is an interest in the
development of methods for determination, or at least estimation or clustering of the historic brick and
mortars, for the purpose of building more reliable hygrothermal simulation models. As it may be possible to
determine some material parameters in situ and non-destructively, methods for correlating these to other
parameters become of interest. In an introductory study with the statistical platform R, the correlations
between 5 material parameters in brick were investigated. The investigation was based on material
parameters from 63 brick types, found in the Delphin material database. The 5 variables included in the
investigation are: density, open porosity, thermal conductivity, water uptake coefficient, and water vapour
diffusion resistance factor. These parameters were included in the study, as they are assumed to be the most
influential single material parameters, without considering material functions like sorption isotherms. These
material parameters were also investigated in the parameter study described in section 3.4.1. A basic
description of the analyzed data can be found in Table 9;

Table 9: Summary of data for the statistical analysis of correlations

Density, p Open porosity Water uptake Thermal Water vapour diffusion
coefficient conductivity, A resistance factor,
[m3/ m?] -]

[kg/m3] [kg/m?s*] [W/mK]
Denomination RHO POR AW LAM MEW
Min. 1300 0.227 0.006 0.266 6.84
15t quantile 1700 0.295 0.088 0.551 11.00
Median 1773 0.330 0.177 0.700 17.05
Mean 1769 0.327 0.178 0.704 20.21
3 quantile 1868 0.354 0.243 0.810 24.52
Max. 2060 0.474 0.489 1.012 46.21
Std. dev 159.69 0.051 0.113 0.173 11.52
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By means of principal component analysis (PCA) and simple linear regression, possible correlations were
investigated. The investigation was introduced with the thought of correlations yielding the possibility of
material parameter estimation, based on a few, easy-to-get material properties.
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4 Results and discussion
In this chapter, the results from the various research performed with regard to the four main topics, are
presented together with partial discussions.

4.1 Hygrothermal performance of internally insulated solid historic masonry

The hygrothermal conditions in interior insulated constructions were monitored in situ, and in addition,
dynamic simulation models were validated and used for future predictions as well as for construction
variations, all presented in Paper I.

4.1.1 In situ measurements

Measurements are presented as hourly averages generated from minutely data. The general observed
tendencies of the measurements show that insulation system 2 yields unacceptably high relative humidities,
whereas insulation system 1 performs successfully.

The relative humidities obtained from measurements in case building 1 are portrayed in Figure 24. With the
exception of sensor B2, the relative humidities at both wall interfaces and cavities behind the beam ends are
above 95 % during the measurement period with no indication of significantly reduced relative humidity. It
is a known fact that built-in moisture, due to the installation of internal insulation takes time to dry out, but
after the 1°t year the installation moisture from the glue mortar can be considered of no significance [96].

The relative humidity measurements gathered from case building 3 are displayed in Figure 25. The initial
building moisture and successive drying out period were very apparent. In the first 6 months, the relative
humidity was very high in the wall interface, and hereafter a seasonal dependency was apparent, but the
relative humidity did not exceed 80 %.

Measured relative humidities from case buildings 2 and 4 are presented in the appended Paper I.
Measurements from case building 2 show that the relative humidity rarely exceeds 80% at the wall interfaces.
The integrated vapour barrier seems to inhibit drying inwardly when the masonry becomes moist. Sensor W6
was located in southwest orientation and by an indentation in the fagcade, making the wall thinner, thus the
penetration of wind-driven rain may reach closer to the sensor. The same case applies for conditions at beam
ends, as the external wall is thinner here, thus leaving the area behind beam ends more exposed to external
conditions such as penetrating wind-driven rain The intentional thermal bridges do not seem to have the
desired effect; the temperature behind the beam ends is the same, or less than, the temperature at the wall
interfaces, as can be seen in the temperature measurements presented in Paper I. The relative humidity
measured in case building 4 is very high initially, due to installing the insulation with a wet glue mortar. A
decline of the relative humidity is seen during the 20 months of measuring, however, the relative humidity
still exceeds 80 %.
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Figure 24: Measured relative humidities from case building 1 (80 mm system 2, western (W4, W6, B2, B3, B5) and southern (W7)
facade. The blue nuances represent sensors behind beam ends, whereas the red colors represent sensors at the wall-insulation
interface.
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Figure 25: Measured relative humidities from case building 3 (25 mm system 1, northern facade. The blue nuances represent
sensors behind beam ends, whereas the red colors represent sensors at the wall-insulation interface.

4.1.2 Damage models for performance assessment

The assessment of the hygrothermal performance of the post insulated fagades with damage models (Mould
Index and Wood Decay) are presented graphically in Figure 26 and Figure 27. The data from case building 4
is unfortunately insufficient for generation of mould and decay models due of the large data gaps.

Due to basic alkaline conditions in the cementitious glue mortar at the interface, it was assumed that mould
growth was prevented for the first year of measurements. Therefore these data have been excluded in the
model calculations [96]. The calculated mould indexes are presented in Figure 26. It is seen that in case
building 1, the measurements in all sensors yielded mould indexes above 1, thus the theoretical risk of mould
growth existed and the conditions can be considered unacceptable. In case building 2 mould growth was only
initiated for measurements at sensor W6, where the mould index never exceeded 1, not even with the
uncertainty factor of +5% for RH>90% included. In case building 3 there was no indication of risk of mould
growth for any of the measured data.
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Case building 1, W4, W6, W7

/

/ Case building 2, W6

Figure 26: Mould Index for wall-insulation interfaces as a function of time. CB: Case Building. Dashed lines represent measurements
with 5% added relative humidity on measurements above 90% RH due to uncertainties.

The calculated mass loss due to the wood decay model is graphically illustrated in Figure 27. A tremendous
wood decay is seen in case building 1, where more than 100 % mass loss occurred in the beam, B5, providing
an equilibrium between the beam end and the gap behind it, where the measurements were performed. A
similar laboratory study with measurements in beam ends and wooden lath, has shown, significantly lower
relative humidity in the wooden beam compared to the lath, indicating the inward transport of moisture
through the beam end in the fiber direction [79], and thus further reason for evaluating the results with
caution. The other case buildings showed no risk of wood decay based on measurements and the theoretical
model. No visual inspection of case building 1 and the beams were performed, but the house is inhabited

and no signs of this deterioration have become a concern. Thus the model was assessed to be too
conservative.
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Figure 27: Wood decay (mass loss in percent) behind beam ends, as a function of time. Dashed lines represent measurements with
5% added relative humidity on measurements above 90% RH due to uncertainties.

4.1.3 Hygrothermal simulations

Hygrothermal modelling was made for the purpose validating the reliability of predictions of hygrothermal
conditions and risk of mould growth in internally insulated historic buildings, and was presented in Paper I.
Initially models were created and validated towards the in situ measured data.
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The quality of simulation results depends highly on the input variables, and there are numerous unknown
parameters estimated in the performed simulations. The following projections of hygrothermal performance
were based on validated models, the validation results and average measurements are portrayed in Figure
28. For the two cases of insulation with system 1 (phenolic foam with integrated vapour barrier), case
buildings 2 and 3, good validation results were achieved by implementation of a model with significantly
decreased Sg¢-value for the vapour barrier (S¢=0.5 m) and reduced water vapour diffusion resistance factor of
the phenolic foam (u=1.0). The vapour barrier was discontinued at the bottom gap as well as in the joints,
and screws were placed through the boards. A notched trowel was used for the glue mortar, thus the plates
were not fully bonded and yielded the possibility of diffusion in air pockets at the interface. By alterations of
the vapour diffusion resistance the validations were achieved. In general modelled relative humidity appears
higher than measured, so the models present results that are on the safe side when it comes to moisture
risks. The same tendency was found by Hamid et al. [37].

Case building 1 Case building 2
100 T\Wl '\__‘/‘] 100
= 80 = 80
IBE' "65' ;Jb‘
£ £ ;
2 60 =
= £
= =]
£ £=
240 H
k] k]
& 20 & 20
0 T T T T T T T T T T T 0 T T T T T T T T T T T
23322222828 338%5 9333388883588 ¢5
8355 8235835353855 8553832538005 330
Meas. sim. Meas. Sim, diff. open Sim, diff. tight
Case building 3 Case building 4
100 100 -
g 80 g 80
E E
2 60 2 60
£ £
- -
£= £
£40 2 40
= =
= &
& 20 & 20
0 T T T T T T T T T T T 0 T T T T T T T T T T T
2333228858338 3838¢5 S 2233888838865
N th ™ o H o N o N th I~ B H o M M~ G o o
o 0O O o+« 0O 0 0O O O «A O o O 0 0o 4 O 0O 0O 0O O «A O
Meas. Sim, diff. open Sim, diff. tight Meas. —— Sim

Figure 28: Validated models for the four case buildings. Blue lines represent average in situ measurements. Red and green lines
represent simulation results. In case building 2 and 3, the red lines represent simulations made diffusion open, and green lines
represent simulations performed diffusion tight.
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10 year predictions for each case are represented in Figure 29. All cases show unacceptable hygrothermal
conditions (RH>85%) for the duration of the 10 years of simulations. The worst moisture conditions appear
to be in winter periods for the cases of insulation system 2 and diffusion tight system 1. The diffusion open
version of system 1 exhibits significantly more seasonal variations and only unacceptable conditions during

winter periods.

Figure 29: 1-dimensional simulations for 10 years of each presented case at the wall-insulation interfaces. The dotted lines
represent the diffusion open version of insulation system 1.

In Figure 30 and Figure 31, the results from the parameter variations are presented for each case. In each
case, the original model is presented in blue, the thickness variation in red, the external surface with/without
render in green, and finally, the variation between the insulation systems is depicted in purple. Case building
3 with insulation system 2 rather than system 1, is the only case that exhibits a tendency of reduced relative
humidity during the 10 year period. For the cases of insulation system 1 (case buildings 2 and 3), it is apparent
that the diffusion open version yields better hygrothermal conditions at the interface.

Case building 1 - west Case building 2 - south

Figure 30: 10 year simulation variations of insulation thickness, external surface (with/without render) and insulation system for
case buildings 1 and 2.

Case building 3 — north Case building 4 - east
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Figure 31: 10 year simulation variations of insulation thickness, external surface (with/without render) and insulation system for
case buildings 3 and 4.

The mould indexes for the four 10-year simulations are illustrated in Figure 32 and Figure 33. In case buildings
1 and 4 the mould index quickly reached a steady maximum value of 3.3 and 3 respectively, for all the
variations implemented, and thereby presented a moderate risk of visual findings of mould growth. These
two cases had continuously high relative humidities and minimal seasonal variation, thus leading to optimal
mould growth criteria. The risk of mould growth was significantly less in case buildings 2 and 3, when
insulation system 2 is applied to these cases. The reduction of insulation thickness yielded a slightly reduced
mould index, which can be expected. It is also seen that the diffusion open version of insulation system 1
yielded more seasonal variation, and in general a lower risk of mould growth in the long run.

Case building 1 - west Case building 2 - south

Figure 32: Generated Mould Indexes for simulated variations of insulation thickness, external surface and insulation system for
case building 1 and 2.
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Case building 3 — north Case building 4 - east

Figure 33: Generated Mould Indexes for simulated variations of insulation thickness, external surface and insulation system for
case building 3 and 4.

The impact of the parameter variations on the hygrothermal performance of the studied cases can be
summarized as follows: that increasing internal insulation thickness, choosing a vapour tight insulation
system, and application of external render results in higher relative humidity in the interface between
internal insulation and the original wall. Results from hygrothermal simulations however, should be
considered cautiously; as seen, they can present the relative effect of the different variations.

4.2 Quantification and effect of wind-driven rain

Quantification of wind-driven rain deposition was investigated through in situ measurements with a wind-
driven rain gauge, and compared to a semi-empirical model developed for wind-driven rain deposition in
Paper lll. Also, the effect of wind-driven rain on the hygrothermal conditions within the internally insulated
masonry was studied. In addition, the effect of wind-driven rain on masonry was studied in a large-scale
experiment, presented in Paper Il.

4.2.1 Quantification of wind-driven rain

The wind registrations from the two locations distinctly illustrate the dominant wind direction being from
the southwest in both cases. Figure 34 depicts the wind direction with red lines indicating the spectra of
which the respective facade would be hit by wind-driven rain.
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Figure 34: Diagrams of wind direction for the two areas. The outer axis represents the wind direction, 0-360°, and the inner axis
represents the percentage of registered wind in 10° intervals. The red lines indicate the spectra of which the respective walls
would be hit by WDR.

Calculations of deposited wind-driven rain were performed on the basis of Eq. 3 in section 2.2. Results of
cumulative wind-driven rain calculations can be seen in Figure 35, along with cumulative measured wind-
driven rain. Wind-driven rain was measured in event counts, and calibrated against the found amount of rain
per event, and furthermore corrected to be | pr. m%. As seen in the graphs, the lengths of the test periods for
the two buildings differed, as well as the time frame for wind-driven rain measurements, and the theoretical
wind-driven rain deposition based on climate data. In case building 2 the climate measurements ran slightly
longer than the wind-driven rain measuring period, and for case building 1, the wind-driven rain
measurements were about a year longer than the climate measurements.
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Figure 35: Calculated and measured WDR deposition per m? facade for the two case buildings.

As seen in Figure 35, the measured wind-driven rain did not correspond to the theoretically calculated wind-
driven rain based on climate measurements. In fact, the theoretical calculations yielded significantly higher
results of deposited wind-driven rain. Some of the discrepancies, however, may be explained by the sources
of error connected with the wind-driven rain gauge, e.g. adhesion, evaporation and splashing, which were
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not accounted for in the theoretical calculations [62]. Nath et al. [97] performed a study where they similarly
found the semi-empirical model to overestimate WDR up to three times the measured values; the locations
and orientations also influenced their results.

4.2.2  Effect of wind-driven rain
The results of hygrothermal measurements in internally insulated solid masonry are presented in Paper Il
together with the in situ measurements of wind-driven rain.

As most of the relative humidity measurements from test building 1, Figure 36, were in the range of 98-100%
for the duration of the measurements, it is unfortunately not possible to identify any shifts in connection
with monitored wind-driven rain. There seems to be no indication of significant wind-driven rain influence
on the measurements behind the beam ends.
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Figure 36: In situ measurements of relative humidity and wind-driven rain for case building 1. Wind-driven rain is portrayed in
dark blue, relative humidity in orange colors represent wall-insulation interfaces, and green nuances represent conditions behind
beam ends.

Case building 2, Figure 37, also does not give any clear answers as to whether wind-driven rain has a direct
impact on the hygrothermal conditions in the wall or behind beam ends. E.g. at the end of September 2016,
the relative humidity increased without the occurrence of significant rain events, and the wall interfaces’
measurements did peak subsequent to a rainy spell in the beginning of August 2016. The results indicated
that in the case of wind-driven rain being influential on the hygrothermal conditions within a masonry wall,
there would be a delay. This delay would vary, and likely be dependent upon other climate conditions such
as solar radiation, cloud cover and temperature.
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Figure 37: In situ measurements of relative humidity and wind-driven rain for case building 2. Wind-driven rain is portrayed in
dark blue, relative humidity in orange colors represent wall-insulation interfaces, and green nuances represent conditions behind
beam ends.

In both test buildings, the results could be interpreted in favor of some peaks during summer being due to
delayed wind-driven rain penetration; but the results were inconclusive. The delay of water penetration to
the interface is likely influenced by solar radiation, cracks and evaporation rates, and the time it takes for
wind-driven rain penetration of 1 or 1% brick thick masonry is unknown. Theoretically, if there was a
continuous reservoir of water on the fagade and perfect contact with the fagade and throughout the facade,
the penetration of 350 mm of masonry (of yellow soft molded brick with A,= 0.2782 kg/m?s”*, p=1643 kg/m?
and 0.,,=0.275 m3*/m3) would take about 33 hours. According to a partial immersion experiment performed
with the same brick in another study [34], water penetration of 54 mm occurred after 1 hour in yellow soft
molded brick types with full water contact. At this rate, a 1% brick thick construction would be penetrated in
less than 7 hours of full water contact.

In the results from hygrothermal simulations, absolute humidity, rather than relative humidity, is presented
in Figure 38 to create a better overview of the events. The variety in the rain admittance function indeed
illustrated the effect of wind-driven rain. It was seen, that a RAF of 1 and 0.4 in fact generated very similar
results, and the result for RAF O lies below RAF 1 and 0.4, and tends to follow the external climate conditions.
As seen in the models, the effect of WDR appeared larger than the one measured with the wind-driven rain
gauge, which confirms the overestimations found in semi-empirical models and numerical models [62].
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Figure 38: Simulated absolute humidities in case building 2, with varying rain admittance function, and in situ measured absolute
humidity at the interface (Wall2), internal and external absolute humidity conditions. RAF indicates the value of the rain
admittance function in simulation models, and measured wind-driven rain is presented in blue bars.

The laboratory study of water migration through masonry presented in Paper Il and displayed in Figure 39,
shows that liquid water loads on the external surface can in fact influence the hygrothermal conditions within
solid masonry; the relative humidity increased in all the sensor points during the experiment. The results
showed that after 3 days of cyclic climatic loads, the relative humidity at the interface between the masonry
and internal insulation began to increase, and a steady increase was still apparent on the 7' day, when only
5 cycles of climatic loads had been applied. The results indicated a delay of water penetration reaching the
internal surface of the original masonry.
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Figure 39: Relative humidity [%] measured in points A, B, C, and D. Hydrophobized cases are presented with dashed lines.

In the interface, the small increase in relative humidity was first detected after three 24 hour cycles, which is
consistent to the theoretical time calculated for penetration of 350 mm yellow soft molded brick, described
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above. The results from these studies and the present study indicate the effect of wind-driven rain on
hygrothermal conditions in internally insulated walls being present, however not necessarily significant.
Odgaard et al. [79] found that large rain events, or rain events of longer duration did in fact yield temporarily
delayed increases in relative humidity during summer seasons. The moisture may be able to partially dry out
before it penetrates to the wall-insulation interface. In cases where the masonry is thicker, the penetration
is likely delayed further, and the delay allows further drying out. Similarly, Vereecken [48] et al. also
established the importance of masonry thickness when it comes to wind-driven rain penetration. Finally,
several of the referenced studies [4, 5, 19] stated that deteriorated fagades were less resistant to wind-driven
rain. In the presented study, test building 2 had the most deteriorated facade, and furthermore the highest
sorptivity. Despite these facts, the monitored effects on the hygrothermal conditions were nearly negligible.

4.3 Effect of hydrophobization

The effect of hydrophobization on brick, lime mortar, and holistic masonry was investigated and presented
in Paper Il. An investigation of the effect of surface treatments by means of laboratory experiments and
hygrothermal simulations was introduced in Paper V.

4.3.1 Laboratory experiments

In Paper V, the effect of hydrophobization was investigated on brick specimens by means of partial
immersion and Karsten tubes. The investigation showed, that hydrophobization treatment J (cf. Table 7)
reduced the water uptake with a factor of 15 (Karsten tube) — 400 (partial immersion). The results from the
experiments are portrayed in Table 10.

Table 10: Average sorptivity and standard deviation for the reference and hydrphobized brick specimens obtained by Roel
Hendrickx’ method after Karsten tube experiment and partial immersion experiment.

Karsten tube Partial immersion
kg
mz\/g Saverage Sstandard deviation Aw,average Aw,standard deviation
Reference 0.129 0.070 0.16 0.04
Hydrophobisation 0.009 0.004 0.0004 0.0001

It should be noted that all reference specimens displayed water on the top surface within 1 hour of
immersion, and none could be seen in the hydrophobized specimens, as can be seen in Figure 40. It is
apparent that in untreated specimens the water appears on the surface, whereas no water is seen in on the
top of hydrophobized specimens.
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Figure 40: Two examples of reference specimens and hydrophobized specimens during partial immersion experiment.

The investigation of the effect of hydrophobization on brick and lime mortar individually was assessed via
water uptake (full immersion), drying and penetration depth in Paper Il. Results from the water uptake
experiments are displayed in Figure 41 and Figure 42 for brick and lime mortar respectively. For the brick
specimens, a large difference in water absorption was observed. Agents E, |, J, M, N and O, primarily silane

based agents, had a mass increase of less than 2% during the duration of the experiment, and are thus
deemed to be the most successful agents with regard to low water uptake.
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Figure 41: Mass increase by full immersion over time for brick specimens with hydrophobization agents A-P. Q is reference
specimen.

For the lime mortar specimens, the results seem more random for the various agents. As can be seen in
Figure 42 though, some agents seem to have no effect on the mortar’s water absorption.
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Figure 42: Mass increase by full immersion over time for mortar specimens with hydrophobization agent A-P. Q is reference
specimen.

The initial drying period was of relevance in the presented study, as this was where liquid transport to the
surface occurred. Actual rain events are assumed not to yield vacuum saturated materials. The
hydrophobization had less effect on the drying of brick, as compared to the drying capabilities of lime mortar.
All the mortar specimens showed slower drying compared to the reference, while there was much more

variation in the drying velocity in brick specimens, as some bricks exhibited slightly faster initial drying than
the reference.

The average penetration depth of the hydrophopization agent is presented below in Figure 43 as a
percentage of half the specimen thickness. It is seen that for both brick and mortar, agents | and J, which are
both silane based creamy agents, had high penetration depths.
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Figure 43: Penetration depths, presented as percentage of % specimen thicknesses.

The simplified ranking system described in section 3.3.1 was introduced in order to try to evaluate the various
results. Despite some of the results being contradictory, the ranking system vyields opportunity for the
evaluation of overall results. The results are displayed in Table 11.

52



RESULTS AND DISCUSSION

Table 11: Ranking of the various hydrophobization treatments for brick and mortar altogether, and brick and mortar individually.

Ranking by 3 categories
Brick and mortar >Score Brick YScore Mortar YScore

0] 297 0 314 G 116

N 239 N 268 E 90

| 230 | 189 M 85

M 213 J 168 L 82

J 195 M 128 P 57

E 186 E 96 H 44

P 132 P 75 I 41

G 128 A 49 K 40

L 81 G 12 J 27

K 25 B 10 Q (reference) 0
H 17 F 4 (0] -17
Q (reference) 0 Q (reference) 0 B -24
A -9 L -1 D -24
B -14 D -15 N -29
D -39 K -15 C -31
C -50 C -19 A -58
F -64 H -27 F -68

The water uptake experiment distinctly showed the reduction in initial water uptake for most
hydrophobization agents, as expected, due to the purpose of the surface treatment. This was also illustrated
in Paper V, where the water uptake of hydrophobized brick was found to be significantly reduced with
hydrophobization. It is evident that hydrophobization treatments of silane rather than siloxane seemed to
perform better overall, especially on bricks. Agent M was represented in the top-5 of all the ranking lists.

Results from the water vapour diffusion experiment are seen in Figure 44, as average values for the 3
specimens of each type. It can be seen that the water vapour diffusion resistance factor was not affected
significantly by the 3 investigated hydrophobization treatments. There was, however, a slight tendency of
reduced water vapour diffusion resistance factor with the application of hydrophobization treatment, which
was attributed to uncertainties in the experiment.

15

M Brick

M Mortar

Water vapour
diffusion resistance

Q (ref.) J N P
Hydrophobization agent

Figure 44: Graphical illustration of water vapour diffusion resistance factor on specimens with no treatment (Q) and treatments
J, N and P.

The investigation of water migration through masonry, presented in Paper I, also led to results within the
efficiency of hydrophobization, but on masonry holistically. The effect of hydrophobization was most
pronounced in point A (54 mm from the external surface), but also had noticeable effects in points B (brick,
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near interface), C (interface), and D (insulation, near interface). The results are displayed in Figure 39. The
relative humidity in point A, for untreated masonry, reached 100%, and stayed at this level for the duration
of the experiment, whereas for hydrophobized specimens, the relative humidity only exceeded 70 % in short
peaks when the water loads were applied.

4.3.2 Hygrothermal simulations

Hydrophobization was investigated with hygrothermal simulations in Paper V, by means of obtained
laboratory experiment results implemented in Delphin. Simulation results of the average water content in
the various brick types, with and without hydrophobization, are depicted in Figure 45. The figure distinctly
shows that the hydrophobization has a larger positive impact on the denser brick types, Brick Bernhard and
Brick Joens. For the lower density brick types, Brick Schlagmann and Yellow brick, the effect of
hydrophobization is nonexistent for warm periods, whereas as the effect appears to be negative in colder
periods. The implementation of hydrophobization in the modelling was however somewhat conservative as
the factor 15 water uptake coefficient reduction (Karsten tube method) was implemented rather than the
factor 400 found with partial immersion. The low-density brick types had a higher initial water uptake
coefficient, and thus the implementation of factor 15 would have less effect on these bricks, compared to
factor 400. The simulations were performed as “worst case scenarios” with regard to wind-driven rain.
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Figure 45: Simulated average moisture content for the 2nd year of simulation and 3 surface types.

These results are only representative of the given input, of the water uptake coefficient being reduced by a
factor 15, found by the Karsten tube method. Had the water uptake coefficient been reduced with a factor
of 400, as found by the partial immersion experiments, a larger success rate may have occurred.

4.4 Material parameters and characterization
The influential parameters with regard to hygrothermal simulation and performance were investigated in
Paper IV by means of simulation with varied single parameters, and different brick types. In Paper VI possible
correlations between these parameters were investigated.
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4.4.1 Influential parameters

Hygrothermal simulations were used as a tool for investigation of essential material parameters with regard
to hygrothermal conditions in masonry. Initially, a validation with measured values for a case-study was
performed, as also described in section 3.4.1. The validation of the simulation model does not reach a perfect
fit; the simulations are performed in 1D without consideration to mortar joints, long wave emission has been
omitted due to nonexistent data, and surface exchange coefficients were estimated. Despite these things,
the validated model gives sufficient correlation in order to investigate the variations in material parameters.
Figure 46 illustrates the obtained results in Paper IV from the parameter variation investigation, in output
location P2, in the middle of a 1% brick thick masonry wall.

Aug. Sep. Oct. Nov. Dec.

Figure 46: Results from parameter variation in measuring point 2.

Variations in density and open porosity alone showed no effect on the results. The water uptake coefficient
showed the largest impact on the results; however vapour diffusion resistance, y, and thermal conductivity,
A, also influence results. The simulations indicated that the water uptake coefficient (liquid transport) yielded
the largest impact on the relative humidity. The seasonal dependency could be explained in part by rain
events not succeeded by fast drying from solar radiation during summer. The influence of vapour diffusion
resistance could be partly explained by the reduced drying potential due to the increased diffusion resistance.
The results were in consistency with findings by Kloda [80]. The orientation of the wall, which in this case is
the “worst case scenario”, may have been a determining factor for the current conclusions. Another series
of simulations with a less exposed orientation may result in a different conclusion.

The material parameter variation study presented above was performed relatively simplistically, i.e. studying
a single parameter at a time, and the correlation of parameter variation was not included. In reality, many of
the parameters correlate: e.g. thermal conductivity will normally decrease for decreasing density, which
again decreases for increasing porosity. So the observed negligible effect of density and porosity within the
110 % variation on the temperature and moisture conditions in the studied construction must be linked to
the observed effects of thermal conductivity, water vapour diffusion resistance, and water uptake coefficient.
For this reason, further simulations were performed with 2 different types of brick, namely a high and a low
density brick, and the results are presented in Figure 47.
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The results showed that the denser type of brick, Brick Bernhard, yielded results of higher relative humidity.
The water uptake coefficient is lower in this brick type, underlining the effect demonstrated by the previous
simulations. The lower relative humidity in Brick Schlagmann could partly be explained by the higher
temperatures. It is apparent that the material characteristics were predominantly influential in colder
periods. The simulations illustrated how different the outcome of hygrothermal simulations can be,
depending on which brick was chosen for the simulation. A study of 23 specific bricks by Zhao et al. [86]
resulted in four different clusters: New bricks, Historical bricks of clay and loam, Historical bricks of clay, loam
and sand and Bricks for external facades (high density and low moisture storage and transport capacity).
Therefore, information, e.g. the construction period, or information on either density or transport capacity
estimated by simple tests, (e.g. Karsten tube), could be sufficient for classification or determination of the
correct cluster for a better estimation of the hygrothermal performance via simulations.

Figure 47: Hygrothermal simulations with varying brick types. Top left: relative humidity in point 1 (54 mm from external surface);
top right: relative humidity in point 2 (middle of 1% brick thick masonry wall); bottom left: relative humidity in point 3 (in internal
render); bottom right: temperature in points 2 and 3.

4.4.2 Parameter correlations

By plotting all the parameters from a dataset including a number of similar materials, here brick, indications
of linear correlations between density and open porosity, density and thermal conductivity, open porosity
and water uptake, and open porosity and thermal conductivity were found. The plots are seen in Figure 48.
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Figure 48: All variables plotted against each other. Indications of linear correlations are when the plots of the parameters against
each other are displayed almost linear.

Subsequently generated scatterplots of density against the remaining parameters indicated linear
correlations between density and open porosity, and density and thermal conductivity. A principal
component analysis (PCA) was implemented to gain knowledge and visualize patterns between the variables
(material parameters), as presented in Paper VI. A strong positive correlation was seen between density and
thermal conductivity, and a strong negative correlation between density and open porosity. Hence the
density was expected to decrease with an increased porosity. The same can be explained for the thermal
conductivity. Also, a strong negative correlation was seen between water uptake (AW) and water vapour
diffusion resistance (MEW). There is also little correlation between the density and water uptake and vapour
diffusion respectively.

Simple linear regression was performed on all variables vs. density. As expected, the best results were
gathered for correlation between density and open porosity with an R? of 0.83, as well as density and thermal
conductivity where R? was 0.61. Fitted models were generated with the omission of outlying values. The best
generated models are presented below in Table 12.

Table 12: Simple linear regression performed on density vs. the remaining parameters. The colors indicate the precision of the
model; dark red is worst, over lighter red, dark orange and finally light orange was the best fit generated.

st Omitted . Example: prediction if
\Ij:lo 1" model observations Fitted model RHO is 1780kg/m?

' R? p-value /bricks R? p-value function fit lower | upper
POR 0.64 | 3.36e-15 | 1,3,62 0.83 | <2.2e-16 | y=0.93 - 0.00034x 0.33 0.28 0.37
AW 0.19 | 3.08e-4 1,61, 62 0.39 | 1.07e-7 y=1.04 - 0.00049x 0.17 -0.01 0.35
LAM 0.60 | 1.08e-13 | 1,3 0.61 | 1.01e-13 | y=-0.97 + 0.00094x 0.71 0.49 0.93
MEW | 0.26 | 1.82e-5 3,59, 62 0.29 | 7.36e-6 y=-52.68 + 0.04108x 20.44 | 1.09 39.80

Logarithmic transformations of the models were also made and fitted, again by omission of outliers, however
no acceptable correlations were generated, as R* was 0.26 and 0.40 for the fitted models of density vs. water
uptake and water vapour diffusion resistance respectively.
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5 Main findings
The following paragraph includes the main findings from the research performed and described above. The
most important findings are divided into the four main topics.

5.1 Hygrothermal performance of internally insulated solid historic masonry

The performances of 4 cases of internally insulated historic masonry were monitored for the duration of 1%-
2% years. Furthermore, validated simulation models contributed to the investigation of hygrothermal
performance of two insulation systems on solid historic masonry. Lastly, the performance was evaluated
integrated with an investigation of the effect of wind-driven rain on the hygrothermal response of a solid
masonry facade.

Both case studies of insulation system 2 (PUR foam with calcium silicate channels) generated unacceptable
moisture conditions behind the insulation and beam ends, thus risk of mould growth and wood degradation
occurred. In case building 4 with 30 mm of insulation, there was a tendency of a slow and slight reduction of
relative humidity for the duration of the measurements. While there was no indication of reduction in relative
humidity in case building 1 with 80 mm. The influence of insulation thickness is supported by hygrothermal
simulations, yielding reduced relative humidity with reduced insulation thickness.

The in situ measurements of case studies with insulation system 1 (phenolic foam with integrated vapour
barrier) showed acceptable humidity conditions. Hygrothermal simulations of insulation system 1 yielded
better results with regard to validation and measurements when diffusion was included in the models.
Simulations with vapour barrier, and vapour tight phenolic foam, resulted in unacceptable humidity
conditions, and the accompanying risk of mould growth. The simulations of the vapour tight versions of
simulation system 1 even yielded worse results, when compared to simulation system 2. Due to these results,
it is assumed that diffusion occurred behind the insulation plates, despite being “fully bonded”. This could
be explained by the way the plates were installed; the integrated vapour barrier was discontinued at the
plate joints and at the floor and ceiling. Furthermore, the integrated vapour barrier was penetrated with
screws during installation. Lastly, the plates were applied with a glue mortar, and a notched trowel, allowing
possible convection in air cavities in the channels behind the plates if 100 % contact is not achieved.
Furthermore, the influence of masonry thickness was seen in the measurements from case building 2, as
sensor W6 had the highest relative humidity, and the wall is % brick thinner at this location.

The results and parameter variations support the indication that the hygrothermal performance of internally
insulated solid historic masonry is reduced by applications of vapour barriers and vapour tight solutions. The
hygrothermal simulations support the statements that the vapour tight solution has the worst performance,
and more success is apparent in the vapour open and capillary active solutions. The overall hygrothermal
performance, however, is naturally influenced by many parameters. Measurements and hygrothermal
simulations both show an increased risk of unfavorable humidity conditions and mould growth increases with
increased insulation thickness. [Paper I]

The investigation of wind-driven rain and the effect of wind-driven rain on the hygrothermal performance of
internally insulated historic solid masonry indicated that some delayed influence might be present, especially
in warmer seasons. The influence is dependent on other external factors, e.g. solar radiation and wind
dynamics, and therefore no definite coherence between wind-driven rain and relative humidity at the
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interface was established. However high external moisture content, especially in summer influence the
hygrothermal conditions in the wall. [Paper ]

In the laboratory, the performance of 3 different internal insulation systems was evaluated after cyclic
climatic loads, as described in section 3.2.2. The results showed that the best performance with regard to
relative humidity behind the insulation was found in the cases with the insulation material that had shown
limited capillary active properties, insulation system 2 described in Table 2. This system even performed
better at the interface when compared to the other insulation systems, including a hydrophobizing surface
treatment. It can be concluded that the hygrothermal performance of the internally insulated masonry
appeared to be significantly improved with the application of hydrophobization. [Paper I1]

5.2 Quantification and effect of wind-driven rain

Investigations of wind-driven rain, and the effect of wind-driven rain on hygrothermal conditions in masonry,
was investigated both in situ in case buildings 1 and 2, experimentally in a laboratory and with hygrothermal
simulations.

In the case of in-situ measurements of wind-driven rain, the results were compared with those generated
from a semi-empirical model of wind-driven rain depositions on a fagade, presented in Eq. 3. These results
showed that the model significantly overestimated the wind-driven rain measured by the gauge, with a factor
of up to 2.5. The hygrothermal simulations support the fact that the effect of wind-driven rain is present; the
general effect of external humidity conditions, however, appears to be influential too. The hygrothermal
simulations do indicate a higher influence of wind-driven rain on the hygrothermal conditions in the masonry
when compared to the effect monitored in situ. This in turn indicates the overestimation found in semi-
empirical and numerical models, also observed by other researchers, e.g. Abuku et al. [62]. [Paper III]

Laboratory experimentation, with imitated climatic loads of rain, radiation and cold climate on masonry
sections, showed the effect of wind-driven rain on masonry. The relative humidity was monitored through
the masonry. It became apparent that the most significant influence of wind-driven rain was observed at the
outermost external part of the wall, and the effect declined inwardly. In wall sections without
hydrophobization, the relative humidity within 54 mm of the surface reached 100 % succeeding the first
induced daily rain load, and did not decrease for the duration of the experiment. At the interface between
the masonry the and internal insulation, an increase in relative humidity was observed 3 days after the first
induced daily rain load, which increased steadily with time, up to 80 %, for the cases without
hydrophobization. [Paper Il]

5.3 Effect of hydrophobization

In a large-scale laboratory experiment on water migration through masonry (section 3.2.2) influence of
hydrophobization on masonry holistically was investigated. Relative humidity measurements through the
masonry sections distinctly illustrate the effects of hydrophobization. In the external measuring point, 54 mm
from the surface, all un-hydrophobized specimens reached 100 % relative humidity subsequent to the first
induced daily rain load. In the cases of hydrophobized wall sections, the relative humidity peaked at a
maximum of 80 % relative humidity following the applied rain loads, but these elevated relative humidities
were dried out before the next rain load was applied. Further in the wall, the effect of hydrophobization
varies between the cases, but the relative humidity at the interface did not exceed 60 % - 70 %. Diffusion
open paint on the internal surface resulted in the higher relative humidity inside the construction. [Paper Il]
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The effect of a variety of hydrophobization agents on both brick and air lime mortar were investigated by
several means. These investigations showed that, the most successful effect of hydrophobization was found
in specimens of brick rather than lime mortar. A tendency of silane-based products being more efficient in
bricks was apparent for both water absorption, drying and penetration depth. The success of these
parameters in lime mortar specimens was granted a variety of types of hydrophobization; silane-based,
hybrid, and nano. With regard to penetration depth, the creamy agents, | and J, performed well in both types
of specimens, this being attributed to their creamy consistency, yielding better means for absorption into the
specimens. The drying of hydrophobized brick specimens did not appear to be affected significantly, however
the drying of hydrophobized lime mortar specimens appeared slightly impeded. The water vapour diffusion
resistance of 3 hydrophobization agents, on both brick and lime mortar specimens, showed that
hydrophobization did not have any significant effect on the water vapour diffusion resistance. [Paper ]

The effect of hydrophobization was evaluated separately on brick and lime mortar specimens, and the
efficiency between the active components varied between the 2 types of specimens. Thus the success of
individual hydrophobization agents cannot definitely be attributed masonry holistically. In order for
hydrophobization to be efficient on masonry, the water absorption must be reduced in both the bricks and
the joints. The large-scale experiment however, did yield positive results for holistically efficient
hydrophobization. This agent, hydrophobization treatment J cf. Table 7, performed very well in brick
specimens, and medium well in specimens of lime mortar. Furthermore, the creamy consistency appears to
be successful and yield a higher penetration depth. Theoretically, the hydrophobization agents will have a
better bonding to cementitious mortars. Repairing of many historic facades may have included the
application of cementitious mortars in degraded joints, this possibly being why the success of
hydrophobization may be larger in these cases. The aspects of application method, aging, and consistency of
the agents are not treated in the presented study, but should be taken into account.

The effect of hydrophobization was also tested on a smaller scale. In this case, both partial immersion and
Karsten tube were performed on specimens of brick. Despite discrepancies between the two methods linked
to the duration of the experiments it was found that hydrophobization decreased the water uptake in the
brick specimens with a factor of 15 (obtained by Karsten tube for 30 minutes) and up to factor 400 (obtained
by partial immersion for 24 hours). Very little water was absorbed in the hydrophobized specimens.
Hygrothermal simulations were also performed, with hydrophobization applied as a factor 15 reduction in
water uptake coefficient in the external 5 mm. Four brick types were investigated. The simulation models
showed that the effect on the hygrothermal performance of hydrophobized brick depended highly on the
brick type. Most successes with hydrophobization were found in brick types with higher densities, and an
initially lower water uptake coefficient. The results may have been different with different agents, and the
laboratory application may have bonded differently on these brick types, which would yield other results.
Furthermore, the simulation results on the various brick types may have turned out differently if the factor
400 reduction in water uptake coefficient gained by partial immersion experiments had been applied to
simulations rather than the factor 15 found by Karsten tube. [Paper V]

5.4 Material parameters and characterization
Some of the material characterization performed in this project includes the alterations in moisture transport
mechanisms due to the application of hydrophobization, and are thus described in paragraphs above.
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Karsten tube measurements are not a standard method for quantification of water uptake coefficient, but it
may be used for simple comparison purposes, or for the demonstration of the effect of hydrophobization, as
previously described. Karsten tube measurements may even yield the possibility for in situ classification
estimations of historic masonry. The Karsten tube measurements performed on case buildings 1 and 2
indicate, however, no significant differences in the water absorption capabilities in severely weathered
masonry from 1877, when compared to well-maintained masonry from 1932. [Paper lll]

A parameter study of vital material parameters with regard to hygrothermal simulations was performed
simplistically and based on 1D Delphin simulation models with £ 10 % in 5 single material characteristics. The
investigation showed that the water uptake coefficient led to the highest impact on the relative humidity
through the masonry of the investigated parameters. As the water uptake was reduced, relative humidity
increased in cold periods. The water vapour diffusion resistance was also found to be influential on the
relative humidity observed in the masonry, as increased diffusion resistance led to higher relative humidity
in winter. The thermal conductivity also influenced results to some extent, as a higher thermal conductivity
led to a lower temperature and increased relative humidity. Density and open porosity were initially found
to have an insignificant influence on the results; however water uptake, thermal conductivity and water
vapour diffusion are functions dependent on just density and/or porosity. Simulations were therefore
performed on a high density brick and a low density brick. These simulations showed that the denser brick
type yielded higher relative humidity. The water uptake coefficient was also lower in this brick type,
underlining the previous statement of reduced water uptake coefficient increasing the relative humidity. The
influence of the material characteristics and their differences was pronounced in cold periods, as also seen
in the parameter variation study. The large difference in results obtained by different brick types underlines
the importance of at least correct classification, and if this can be done in situ and nondestructively, e.g. by
using the construction period, location, density or transport capacities estimated by simple tests, e.g. Karsten
tube, it is favorable, and could be sufficient for the determination of correct cluster/classification. [Paper IV]

In connection with the above, a simple investigation of parameter correlations was performed on the same
5 single material parameters as in the parameter variation study. The PCA indicated a strong positive
correlation between density and thermal conductivity, and a strong negative correlation between density
and open porosity. Furthermore, a strong negative correlation between water vapour diffusion resistance
factor and water uptake coefficient was established. Simple linear regression was performed on all the
parameters with regard to the density. The best fitted models were established for density and open porosity
with an R? of 0.83, and density and thermal conductivity with an R? of 0.61. Unfortunately, these correlations
were not found to be strong enough to provide a basis for the correlation functions to be linear, but the
correlation appears to be present. [Paper VI]
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6 Conclusion and hypotheses

In the following paragraphs, the conclusions of the demonstrated research are related to the defined
hypotheses and the scope of the thesis. Lastly, suggestions for future research, based on the present, will be
listed.

The scope was to investigate important parameters with regard to prediction of the hygrothermal
performance of internally insulated solid historic masonry. In addition to focus on hygrothermal simulations
and performance, attention was also given to the effect of wind-driven rain, possibilities with
hydrophobization, and the influence of material parameters.

6.1 Hypothesis 1
The first hypothesis states that:

Long term hygrothermal conditions can be predicted by means of numerical models verified by
measurements in critical points in internally insulated case buildings.

The hypothesis was investigated through Paper I, Paper IV, and Paper V, as these disseminations include
hygrothermal simulations (Delphin 5.8.3). The hypothesis could not be rejected, as obtained results support
the statement. The results of simulations however, depended highly on input.

Through hygrothermal simulations, it was found that predictions could in fact be made for conditions under
the given input. However, this input proved to be vital for the results and the reliability of the modelling.
Craftsmanship showed to be of importance as well. In Paper | it was proven that despite a system including
a vapour barrier and phenolic foam being diffusion tight, the system in reality was diffusion open and there
was possibly an air cavity behind the plates. This was proven by simulating the same model, just vapour open
with a resulting match with measured results. The vapour tight models generated undesirable hygrothermal
conditions. Good validation models were achieved for both the diffusion open models of insulation system 1
and for insulation system 2, despite unknown material parameters for the existing construction. These 1D
models consisted of lime mortar rather than brick, as initial simulations suggested this alteration. This
indicates that the main means for moisture transport in historic masonry, at least in these cases, is through
the lime mortar joints. After model validation, the models were used for forecasting future conditions.
Predictions were performed for both cases; the diffusion tight original system as well as the diffusion open,
and the performance of both cases could be predicted. Thus the hygrothermal models can be used for
predictions of hygrothermal conditions under the given circumstances. Paper IV showed that as single
parameters, density and open porosity did not influence the temperature or relative humidity, whereas
water uptake coefficient, vapour diffusion resistance, and thermal conductivity all influenced results. As the
material parameters are correlated, the simulations were repeated with two different brick types, and the
effect of water absorption was reestablished. Paper V also established the importance of brick types and
water uptake coefficient, as the simulation models showed different responses in surface treatments on the
different brick types. The results of hygrothermal simulations were dominated by the main characteristics
found in the application method and craftsmanship, as this showed to be a decisive and critical factor with
regard to a successful hygrothermal performance. In the end, reliable hygrothermal conditions can be
predicted with hygrothermal simulations, with regard to the given modelling input.
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6.2 Hypothesis 2

The second hypothesis reads:

Wind-driven rain has a significant effect on the hygrothermal performance of solid masonry walls
with internal insulation.

The hypothesis stated above, was investigated in Paper Il and Paper lll, both of which included a study of
water penetration in masonry subsequent to rain loads. This hypothesis was partly supported by results.

In situ measurements of wind-driven rain performed in two case buildings with in situ measurements (T and
RH) taken at wall-insulation interfaces and behind beam ends (Paper Ill), did not show conclusive direct
influence of wind-driven rain on the hygrothermal conditions. There was only a slight indication of delayed
elevated humidity at the interface successive to rain events. However, most of these changes observed in
the relative humidity in the masonry could more likely be attributed to the variations in external relative
humidity. Thus the in situ measurements of wind-driven rain did not give conclusive determination of the
effect of wind-driven rain on the hygrothermal performance of internally insulated solid masonry.

In the large-scale laboratory experiment described in Paper Il, the effects of wind-driven rain on
hygrothermal conditions at the interface were, however, detected. This study was built up as a worst case
scenario, with extreme climatic conditions of daily cloudbursts succeeded by solar radiation and cold climate.
Furthermore, the experiment showed that the insulation system and internal surface influenced the results.
This indicates that the effect of wind-driven rain is less pronounced in cases with capillary active systems and
diffusion open surfaces. Indications of slightly increased relative humidity in warmer periods from in situ
measurements and the detectable humidity increase from the laboratory experiment with applied solar
radiation may indicate the significant influence of the solar radiation on the penetration of wind-driven rain.
However, this hypothesis was not investigated in this study.

The effect of wind-driven rain on hygrothermal conditions behind internal insulation, were also seen by
means of hygrothermal simulations, as presented in Paper Ill. These results, together with the above
conclusions, indicate that WDR in fact does yield elevated relative humidity behind the insulation, why the
effect of hydrophobization is highly relevant for the hygrothermal performance of internal insulation.

6.3 Hypothesis 3
The third hypothesis is that:

Hydrophobization of the exterior surface has a significant effect on the hygrothermal performance of
historic solid masonry.

This hypothesis was studied through both Paper Il and Paper V by means of experimental methods on
material parameter levels, in a large-scale experiment, and with hygrothermal simulations. The hypothesis
could not be rejected based on the performed research.

Hydrophobization of the exterior surface has a significant effect on the hygrothermal performance of historic
solid masonry. This was illustrated in Paper Il, by means of the large-scale investigation, where
hydrophobization showed to have a distinct impact on the hygrothermal conditions detected at the critical
interface. Most of the effect of hydrophobization was seen in the outermost part of the masonry, but the
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effect was also apparent deeper in the construction. The highest obtained relative humidity at the interface
of the hydrophobized wall section barely exceeded 70 %, whereas untreated wall sections reached 80 %. The
laboratory investigations of the obtained changes in material parameters due to hydrophobization, also in
Paper Il, showed a distinct effect of hydrophobization on water absorption properties of historic masonry.
The effect of hydrophobization was more pronounced in specimens of brick when compared to the effect
achieved in lime mortar specimens. Silane based agents performed better in specimens of brick, and in lime
mortar specimens a variety of active components was most efficient. Essentially the studies showed that
hydrophobization induces the desired effect of reduced water penetration without significantly
compromising drying potential or vapour permeability. By means of the hygrothermal simulations performed
in Paper V, it could be seen that the effect of hydrophobization also varied between brick types. Despite the
lesser effect on water absorption properties in specimens of lime mortar, a successful hydrophobization of
historic masonry appears to be beneficial with regard to the hygrothermal performance of internally
insulated solid masonry.

6.4 Hypothesis 4
The fourth hypothesis reads:

Certain material properties of brick are more influential with regards to the hygrothermal performance of
internally insulated solid masonry structures, and some material parameters can be correlated.

The statement was tested by means of Paper IV and Paper VI, through parameter and correlation
investigations. The hypothesis could not be rejected as the investigation supported the statement.

Through the parameter analysis based on hygrothermal simulations in Paper IV, a distinct difference in the
effect of single material parameters on hygrothermal conditions in masonry was found. It was seen that
variations in density and open porosity alone did not affect the masonry, whereas thermal conductivity,
water vapour diffusion resistance, and especially the water uptake coefficient showed an influence on the
humidity conditions in the masonry. The effects of the parameter variations were found to be more
pronounced in colder seasons. This was further supported by simulations on high- and low-density brick types
that stressed the fact that high density bricks with high thermal conductivity resulted in increased relative
humidity, especially in cold periods. The investigation of parameter correlations presented in the Paper VI
did not yield perfect regression models but tendencies of parameter correlations were apparent.

6.5 Perspectives and future research

The present study has given valuable knowledge on how to predict performance of internally insulated solid
historic masonry, and which parameters are important when designing internal insulation solutions. A
number of open questions remain, and therefore further studies of hygrothermal performance of internally
insulated solid historic masonry need to be done. In the presented study, only little focus was given to the
effect of indoor climate and orientation when these factors actually appear to be vital with regard to the
hygrothermal performance of internally insulated solid masonry. More case studies with long term in situ
measurements would be preferred, including several types of insulation systems in 1:1 case studies, with
varying orientations and indoor climates would add to the existing research in the area, including in terms of
increasing validity of simulation models. The effect of indoor climate should be taken into consideration in
future modelling, as the success of the diffusion open systems relies on suitable interior moisture conditions.
In terms of theoretical models of mould index, wood decay and wind-driven rain, the presented study
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suggests overestimation in all cases. For this reason, updated and improved models could be relevant in
future research. In terms of the wind-driven rain effect on hygrothermal conditions in masonry, the delay in
penetration, and the influential parameters for this, needs to be studied further. The slight indications of
increased relative humidity in warmer periods from in situ measurements, and the detectable humidity
increase from the laboratory experiment with applied solar radiation may indicate the influence of the sun
on the penetration of wind-driven rain. This may, however, be partially explained by summer condensation.
With regard to hydrophobization, it is important to note that the presented research of various
hydrophobization agents was performed on specimens of lime mortar and brick, and the effect clearly
showed to be more successful in brick. As masonry must be considered holistically, it is vital that a
hydrophobization agent reduces the water uptake in joints as well as brick. It is equally important to point
out that the type of brick appeared to be influential on results. Furthermore, the effect of hydrophobization
on cementitious mortars should be investigated on the same level as ceramic brick and lime mortar. The
application method of hydrophobization treatment, as well as the consistency of the agents used, appears
to be influential on obtained results. This area warrants more in-depth study. The aging of hydrophobization
agents is a crucial aspect in the case of hydrophobization applied for enhanced performance of internal
insulation systems; the application of an aging agent could have a degrading effect and would thus influence
the hygrothermal performance negatively. The material parameters implemented in simulation models
appear to be of significant influence with regard to hygrothermal performance. For this reason, the possibility
of simple, in situ, non-destructive material classification, possibly based on clusters, would be a valuable tool
for aiding research in the field.
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6 Falling Rain

Gravity

Wind

Figure 2: Basic illustration of WDR [9].

There are three methods for WDR quantification, namely experimental quantification by measurements, numerical
simulations models, and semi-empirical models. The present work includes experimental methods as well as
implementation of semi-empirical and numerical models based on climate data. The semi empirical models have been
developed and improved over time, as described in section 2.5.

Experimental quantification of WDR loads is not a standardized procedure, although it is always performed with a
WDR gauge. Wall-mounted WDR gauges have been implemented in experimental work since 1930°s and a variety of
designs have been used. The designs vary in shape, size, materials, whether or not they are recessed in the wall, and
whether or not they are installed with automatic wipers; variations that have been found to yield discrepancies [1]. The
most influential source of error in connection with WDR measurements has been identified as the evaporation of
adhered water on the collector plate. Other sources of error include splashing of rain drops, evaporative losses from the
reservoir and connecting tube, condensation on the collection area and wind errors. A deeply recessed WDR gauge type
has proven to reduce the splashing errors with high wind speed and rain intensity, while in the case of light rain, the
large collection area generated large evaporative losses, and splashing in this case was irrelevant [1][14]. The
condensation error on the collector surface has been estimated in simulations [14], and shown to be small. This is the
only error source that can increase measured results, which are thus liberal.

Numerical models of WDR are often based on computational fluid dynamics. The numerical method includes various
HAM (Heat, Air and Moisture) simulation models performed in various codes, e.g.; HAMFEM [15], WUFI [16] or
Delphin [17]. Abuku et. al. (2012) performed extensive research on WDR, comparing measurements and numerical
simulations [15] [18]. A test building was set up for WDR measurements in actual climate conditions. The test building
included specially installed test sections for monitoring WDR, weight changes in specimens, surface temperature, and
runoff water for monitoring the moisture response to WDR impact. Large differences were detected between
measurements and simulation results. The differences could not all be attributed to the convective moisture transfer
coefficient, B., used in the HAM simulations. A parameter study of B, as a function of the reference wind measured did
show some influence on results and compatibility. The discrepancies found were also attributed to various error sources
such as adhesion, evaporation, splashing, bouncing, and spatial and temporal averaging of rain drops. The fact that
many of the parameters interact, makes it is very difficult to make precise numerical simulations of WDR.

Morelli et. al. (2012) [19] compiled a short review of studies on masonry walls with wooden beams. Most of the
reviewed literature stated that WDR was not problematic as long as the fagade was intact (no cracks or degraded joints).
These studies did not clearly reference WDR loads or climate conditions, and WDR was not included in the
hygrothermal simulations. Morelli et. al.[20] also studied potential moisture risks at beam ends in masonry walls
subjected to WDR. The study was based on FMEA (Failure Mode and Effect Analysis) and hygrothermal simulations
of retrofitted masonry walls with embedded wooden beams as story-partitions, and internal insulation. See also Figure 3
for illustration of the construction types. The hygrothermal simulations with WDR of various intensities (3 different rain

3/18

112



APPENDIX C

113



APPENDIX C

114



APPENDIX C

115



APPENDIX C

116



APPENDIX C

117



APPENDIX C

Max: About 0.5

.
‘ e ——— <020
‘ S ——020-035

’ & 0.35-0.50

o———<0.35

Low-rise Building H/W << 1 Tall Building (>10m) H/W >> 1 Building with roof overhang
Figure 6: Rain admittance fimction, RAF, on areas of building facades for low-rise, high-vise and buildings with roof overhang [9].

2.6 Temperature and relative humidity sensors

Temperature and relative humidity sensors were placed behind the internal insulation and behind the beam ends, as
marked on the illustrations in Table 1. As seen on the floor plans, three measurements behind the beam ends, three
measurements behind the insulation, and one measurement of interior conditions were performed in both cases.
Rotronics HygroClip2 HC2-S were used and built into the construction before installing the insulation. Sensors behind
the insulation were placed in existing joints or in purposely designed indentations. Sensors behind the beam ends were
placed in holes drilled from the inside. The holes were subsequently filled with insulation and sealants to avoid any
external influence on the measurements. The temperature and humidity conditions in the interior environment were also
monitored with similar equipment. The data was logged every minute, and connected directly to an online service for
transmitting the data. The gathered data was later generated into hourly averages and in tumn converted to absolute
humidity, considering both temperature and relative humidity, as seen in the results, section 3.3. The absolute humidity,
or water vapour content, is calculated by means of temperature, and vapour pressure based on the measured relative
humidity. Equations 8, 9, and 10 below elaborate the calculations [29];

Absolute humidity [g/m] v= ﬁ- 1000 (Eq. 8)
" RH

Vapour pressure [Pa] B =0 "oes (Eq.9)

Saturated vapour pressure [Pa] pe = 6105 e% (Eq.10)

In the above equations, v denotes the absolute humidity, T is absolute temperature [K], py is the vapour pressure [Pa], p;
is the saturated vapour pressure [Pa], RH is relative humidity [%], and 8 represents the temperature [°C].

2.7 Hygrothermal simulations

In order to further investigate the effect of WDR on hygrothermal conditions in internally insulated masonry, numerical
simulation in Delphin [17] was performed. The numerical models are able to quantify the WDR effect, and with various
values of RAF, and thus possibly contribute to support the experimental findings. 1D models were based on the
validated models of test building 1, and described in [30]. The climate data gathered from the weather stations described
in section 2.3 was implemented in the models. The simulation models were set to quantify the relative humidity and
temperature at the wall-insulation interface. RAF of 0.4 was used as best estimate in the model. To further investigate
the importance of RAF, two other models were calculated with RAF 0.0 and RAF 1.0, respectively.
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Internal insulation is a method for reduction of heat loss in historic buildings with
preservation worthy facades. The application of internal insulation to solid ma-
sonry makes the existing wall colder and damper. Thus, the threat of moisture ac-
cumulation and moisture associated risks is increased. Dynamic simulations are
useful for the prediction of hygrothermal performance, but the quality of the re-
sults is highly dependent on the input. This thesis investigates vital input para-
meters and their influence on the hygrothermal performance of internally insula-
ted solid historic masonry.
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