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Abstract

This thesis presents the driving rain tightness of fagades with fagade details as well as the
water leakage flows that can be expected. Furthermore, it describes the key mechanisms for
water leakage in defects in the outermost layer of external walls. A new algorithm has been
developed and validated based on the empirical measurements of water leakage. In order to
produce accurate calculations for water leakage, the geometry and dimensions of the defects
need to be precisely defined. Extensive data is presented in this thesis that facilitates relatively
reasonable assumptions of the water leakage flow, even though the geometry and dimensions
of the defects are unknown.

The aim is to improve knowledge, generate more data and developing a calculation algorithm
for water leakage flow. This would increase the ability to produce more accurate two or three-
dimensional moisture calculations and reliable probabilistic risk moisture analyses.

The research is mainly based upon laboratory testing and experiments, and field
measurements.

The results point out that water leakages are almost always expected in small concealed or
invisible defects in fagcades with fagade details such as window-wall interfaces, etc.,
regardless of the facade type and facade systems such as unventilated, ventilated and
pressure-equalized facades.

Four of the greatest importance for the water leakage flow in experimental trials were; fagade
material, the size of the hole, the size of the dam and hydrostatic pressure derived from the
building. Additional two factors are pressure difference across the fagade layer and water flow
on the fagade due to driving rain which derives mainly from the prevailing weather
conditions.

In order to use the algorithm, the important factors, as mentioned above, need to be
considered together with a table that has been prepared with the constituent constants.

Based on an assessment of all the results and assuming carefully completed assembly, it is
reasonable to assume that the water leakage flow through each point leakage corresponds to
0.5-2% of the vertical water flow cross a unit width of the facade at the given height.

The lower proportion within the range only refers to holes/slits, while the higher proportion
refers to holes/slits with dams.

Key words: driving rain, water leakage, rain resistance, hole, obstacle, dam, protrusion,
deficiency, water flow, catch area, leakage flow, fagade details, window-wall interface,
fenestration, EN 12865
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Summary

Damage has occurred in recent years to external walls caused by rain intrusion. The
background is that the rain resistance of facades, joints and connecting details has been
insufficient, which has contributed to moisture damage issues inside moisture sensitive
external walls. Information on the driving rain tightness of new facades or the driving rain
tightness of connections between fagade and windows etc. is not widely available. Moreover,
there is currently a lack of knowledge as to how water leakage occurs, so realistic moisture
calculations and reliable risk analyses for new fagcades have not been feasible. This means that
there are major risks in moisture safety that could lead to insufficient energy efficiency and
durability which could lead to a rise in costs and environmental impact. Today, however,
climate data and calculation programs are available for modelling rain load, run-off water,
water absorption on fagades etc. Based on this, the aim of this research is to improve
knowledge and generate more data on driving rain tightness, and water leakage flow through
the outer layer of the external wall. In addition, the aim has also been to develop a new
algorithm in order to calculate water leakage flows more accurately. As defects and water
leakages are usually pointwise present, moisture calculations need to be made using two or
three dimensions in order to make them relevant.

This thesis is based on:

» field measurements of moisture and temperatures in different external walls in seven
buildings located at different sites in Sweden,

* a compilation of over 100 driving rain trials on a range of facades and systems with
fagades detalils,

» focused experiments for four different commercial facades, partly with the best
possible assembly and partly with commonly occurring imperfections,

* measurements of water leakage flow for seven different defects at the fagade details,

* measurements of water leakage flow in a large number of well-defined holes and slits
with different dams (protruding details),

» theoretical description of the behavior of the water on material, in holes, along with an
analysis of measurement results with linear regression and validation.

The results show water leakage in more than 90 % of all the facades studied, and in more than
60 % of all window-wall interfaces. Consequently, it can be deduced that today's facade
solutions are difficult or impossible to make rain tight, in other words the outermost layer of
the external wall is normally not rain resistant due to defects at fagade details. One reason
why there was no major difference in the results between unventilated and ventilated
pressure-equalized facades is probably due to the presence of defects at protruding details
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(dams) and hydrostatic pressure due to difference in height level between holes inlet and
outlet. Many holes slope downwards which generates increased hydrostatic pressure in the
hole. Additionally, results from field measurements show water leakage in timber frame walls
from driving rain in 5 of 7 new buildings. This is regardless of whether they are ventilated or
not, and consequently confirms that facades are not usually raintight. The results show that
during the tests and experimental trials, the water leakage through each point leakage
corresponds to 0.5-2% of the vertical water flow cross a unit width of the fagade at the given
height width for carefully assembled facades. This indicates that even though an assembly is
conducted carefully, there are still small, concealed or invisible defects. As a result, point
water leakage through the outermost layer should be included in the moisture dimensioning of
external walls.

A new algorithm for calculating water leakage has been developed based on empirical values.
In many cases, linear regression analysis indicates an acceptable correlation. The factors that
had the greatest importance for the water leakage flow in experimental trials were:

» facade materials

» the size of the hole/slot,

* the size of the dams,

* hydrostatic pressure (gravity) over the hole,
» pressure difference across the fagade layer
» the water flow on the facade

For four of the factors; facade material, the size of the hole, the size of the dams and
hydrostatic pressure, are derived from the building, while the other two factors derive mainly
from the prevailing weather conditions. In order to use the algorithm, a table has been
prepared with the constituent constants. The constants are selected depending on the type of
material, holes and protrusion as well as heavy or light driving rain load.

Protruding details (dams) can increase the water leakage flow through the holes, as compared
to holes without dams. The hydrostatic pressure can lead to equally strong pressure forces
such as wind pressure, which means that significant water leakage can also be expected in
pressure-equalized fagades. All the water that flows to a hole with a diameter of more than
1 mm can easily penetrate which is why the maximum water leakage flow is directly linked to
the water flow on the facade. If water dams up and is directed to the hole, all of the water
collected could also penetrate. The reason for this is that the inflow capacity through the hole
can be greater than the water flow that usually occurs on fagades.
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Sammanfattning

Denna avhandling redogér for regntitheten hos fasader med fasaddetaljer och vilka
inldckagefloden som kan forvintas. Vidare redogor den for de vésentligaste mekanismerna for
inldckage i otdtheter i1 det yttersta skiktet i ytterviggar. En ny algoritm har tagits fram baserad
pa empiriska métningar av inldckage. For att kunna gora noggranna berékningar av inldckage
behover otitheternas geometri och matt kunna definieras exakt. Det finns omfattande data i
denna avhandling som mojliggdr att relativt rimliga antaganden av inldckageflode kan goras,
trots att otdtheternas geometri och métt dr okénda.

Skador har pd senare ar uppkommit pé fasader och de dr orsakade av inldckage. Bakgrunden
ar att fasader och anslutningsdetaljers regnskyddande funktion har varit otillricklig, vilket
bidragit till fuktskadeproblem inuti fuktkénsliga yttervdggar. Uppgifter om nya fasaders
regntithet eller regntéthet hos anslutningar mellan fasad och fonster etc har varit relativt
sillsynt. Vidare har det saknats kunskap om hur inldckage sker, varfor realistiska
fuktberdkningar och palitliga riskanalyser av nya fasader inte varit mojliga att gora. Det
innebdr att det finns stora risker 1 fuktsdkerheten som kan leda till att inte tillrdcklig
energieffektivitet och livslingd uppnas och foranleder till ©6kade kostnader och
miljobelastning. Idag finns det dock klimatdata och berdkningsprogram for att modellera
regnbelastning, avrinningsvatten, vattenabsorption pa fasader etc. Med utgdngspunkt i detta séa
ar malet med denna forskning att 6ka kunskapen och ta fram mer data om regntithet och
inldckageflode genom det yttersta skiktet 1 ytterviggen. Vidare har maélet ocksa varit att
utveckla en ny algoritm for att mer exakt kunna berdkna inlickagefloden. Eftersom otétheter
och inldckage wvanligtvis finns punktvis behdver fuktberdkningar goras 1 tvd eller tre
dimensioner for att de ska bli relevanta.

Denna avhandling &r baserad pa:

+ féltmitningar av fukt- och temperatur i olika yttervéggar i sju byggnader lokaliserade
pa olika platser i Sverige,

* en sammanstillning av 6ver 100 kommersiella slagregnsprovningar av olika typer av
fasader och fasadsystem,

» riktade experiment av fyra olika kommersiella fasader dels med basta mojliga montage
dels med vanligt forekommande brister,

* maitning av inldckagefldde i sju olika otétheter vid fasaddetaljer,

* mitning av inldckageflode i ett stort antal véldefinierade hél och slitsar med olika
utstickande detaljer (ddmmen),

» teoretisk beskrivning av vattnets beteende pd& material, i hal samt analyser av
matresultat med linjir regression och validering av modell.

Resultaten visar pé inldckage 1 mer dn 90% av alla studerade testvdggar och 1 mer &dn 60 % av
alla anslutningar mellan fasad och fonster. Ddrmed kan konstateras att dagens fasadlosningar
ar svara eller omojliga att gora regntéta, det vill sdga det yttersta skiktet i ytterviaggen ar oftast
inte regntitt pa grund av otdtheter vid fasaddetaljer. En anledning till varfér det inte
framkommit nagon markant skillnad i1 resultat mellan oventilerade och ventilerade
tryckutjdgmnade fasader dr formodligen pa grund av att ménga otétheter aterfinns vid
utstickande detaljer, oberoende av fasadsystem, som ger upphov till att vatten dims upp och



ger ett betydligt hydrostatiskt tryck. Manga hél lutar nedét vilket ger ett okat hydrostatiskt
tryck 1 hélet. Vidare visar resultat frin faltmétningar pd inléckage till triregelstommen av
slagregnsintrangning i 5 av 7 nya byggnader. Detta oberoende av om de &r ventilerade eller
inte, och bekréftar siledes att fasader vanligtvis &r otdta. Resultaten visar att vid provningar
och experimentella forsok ligger ofta punktinlidckageflodet omkring 0,5 till 2 procent av
vattenbelastningen per meter fasadbredd for noggrant monterade fasader. Det tyder pa att
dven om montaget gors noggrant sd finns det 4nda smé, dolda eller osynliga otétheter. Darfor
bor punktinlickage genom det yttersta skiktet beaktas vid fuktdimensionering av ytterviggar.

En ny algoritm for berdkning av inldckage har tagits fram baserad pa empiriska vérden.
Analys med linjdr regression visar i méanga fall pa relativt god korrelation. De faktorer som
hade storst betydelse for inldckageflddet vid experimentella forsok var:

» fasadmaterial

» haélets/slitsens storlek,

* diammets storlek,

* hydrostatiskt tryck (gravitation) Gver halet,
» tryckskillnad 6ver fasadskiktet

» vattenbelastning pa fasaden.

For fyra av faktorerna; fasadmaterial, halets storlek, ddmmets storlek samt hydrostatiskt tryck
s& harror de till byggnaden, medan de tvd andra faktorerna hérrér framforallt till
vaderforhéllande. For att kunna anvinda algoritmen har en tabell tagits fram med ingaende
konstanter. Konstanterna véljs beroende pé typ av material, hdl och ddimme samt hog eller 14g
regnbelastning.

Utstickande detaljer, ddimmen, kan 6ka inldckaget genom hél, jamfort med hal utan ddmme.
Det hydrostatiska trycket kan ge upphov till lika stora tryckkrafter som vindtryck varfor
betydande inldckage ocksé kan forvéntas i tryckutjamnade fasader. Allt det vatten som rinner
mot ett hdl med diameter 6ver 1 mm kan tringa in varfor det maximala inléckageflodet ar
direkt kopplat till vattenflodet pa fasaden. Om vatten dams upp och leds mot halet kan dven
allt det vatten som samlats upp tringa in. Anledningen é&r att inflodeskapaciteten genom hélet
kan vara storre dn den vattenbelastning som vanligtvis uppkommer pa fasader.

Nyckelord: slagregn, vattenlickage, regnintringning. regntéithet, hal, dimme, utstickande
detaljer, otétheter, vattenbelastning, lickageflode, fasaddetaljer, fonsteranslutning, EN 12865
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1 Introduction

One of the primary functions of external walls and facades is to protect the indoor
environment and moisture sensitive parts of the building from the outside climate such as
driving rain. The driving rain tightness function has been inadequate and extensive moisture
damage problems have occurred due to water leakage in new, well-insulated rendered fagades,
called faced sealed or ETICS (External Thermal Insulation Composite System) in Sweden,
North America and New Zealand (Morrison Hershfield Limited, 1996, Williams & Williams,
1998, Lawton, 1999, CMHC, 2000, Building-Industry-Authority, 2003, Samuelson et al.,
2008, Woodbury, 2009, Gibson, 2009, Jansson, 2014). The reason is the water leakage at
defects, particularly at the facade details, such as connections between fagade and windows, at
balconies, ventilation and cable penetrations where rain water has leaked in. Significant water
leakage has occurred despite the defects being concealed or invisible. Water leakage is also
common in other types of fagades with damage to a greater or lesser extent to moisture
sensitive external walls, (Sandin, 1993b, Nevander & Elmarsson, 1994, Waltz & Nelson,
1999, CMHC, 2003, Geving, 2011). Furthermore, it is generally established that driving rain
can leak through masonry facades as they have cracks, often small and invisible cracks, thin
cracks with a thickness in parity with the diameter of a strand of hair (Sandin, 1993a, Straube,
2010, Van Den Bossche et al., 2011).

On the other hand, there are many other types of fagade materials, such as painted wooden
panels, plaster, concrete elements, metal panels, etc. that may well be waterproof, and more or
less water repellent, free from cracks, and for these reasons can be considered as impermeable
to rain. In these cases, it is not the material in the cross section of the wall or in the middle of
a seamless surface on the external wall, which is the critical section. Instead, there are joints,
seals and attachments in the fagade that are impermeable (Straube, 1998, Waltz & Nelson,
1999, Lacasse et al., 2009) as well as connections between facade materials and windows,
doors, balconies, electrical and ventilation penetrations (Scott, 1984, Tsongas et al., 1998,
Kudder & Erdly, 1998, Carll, 2000, Beaulieu et al., 2002, Lacasse, 2003a, Teasdale-St-Hilaire
& Derome, 2005, Bassett & Overton, 2015). The risk of rain penetration is greater if there are
facade details than it would be in a seamless facade. Many of the fagcade details protrude from
the fagade, which means that water can change direction or flow together (Garden, 1963) and
in both cases can lead to increased water load. In addition to rain you have condensation, melt
water from snow, etc. which can cause water exposure to facades and facade details, and this
can also be in the form of water splashes (Garg et al., 2007). Water splashing alone can cause
an increased water load, especially if water is directed together at the details and then falls on
underlying details generating splashes. In addition, water splashing means that surfaces that
are relatively well protected from driving rain may be exposed to water splashes.

Driving rain is the most extreme moisture load that fagades and external walls are regularly
exposed to. Nevertheless, relatively little research has been conducted on driving rain
tightness and water leakage flows in fagades and external walls with commonly used fagade
details such as windows, balconies, electrical and ventilation penetrations, etc. (Teasdale-St-
Hilaire & Derome, 2005, Hens, 2010, TenWolde, 2011).

The way in which fagades are exposed to driving rain, with different rain intensities,
frequencies and the degree of water absorption on the fagade surface, and modelling with
calculation programs, has been studied considerably more (Lacy, 1965, Beijer & Johansson,
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1976, Sandin, 1987, Zhu et al., 1995, Straube, 1998, Choi, 1999, Adl-Zarrabi & Hogberg,
2001, Hogberg, 2002, Hall & Hoft, 2002, Cornick & Lacasse, 2005, Geving et al., 2006, Hens,
2010, Straube, 2010, Blocken et al., 2013, Kubilay et al., 2014, Johansson et al., 2014, Kiinzel,
2015, Finken et al., 2016, Tariku et al., 2016) and there are standardized methods (ISO, 2009)
in place for calculating driving rain on fagades. Furthermore, there are standard test methods
for simulating driving rain under pulsating air pressure (SIS, 2001) on facades.

Overall, data is available to be able to take into account the amount of driving rain that
reaches the facade surface, but insufficient data and knowledge about water leakage amounts
that passes the fagade layer (Hens, 2010, TenWolde, 2011). However, there are certain studies
that focused on water leakage flow and developed an empirical function with regard to water
load and air pressure difference (Lacasse, 2003b, Sahal & Lacasse, 2005, Lacasse et al., 2009,
Van Den Bossche et al., 2012). Several are conducted under static air pressure difference. The
issue is that these are restricted to few defects and it does not appear to indicate how
representative they are in reality. Consequently, there is a need for more knowledge about
driving rain tightness, the leakage rate, water leakage process and more data to be really able
to produce reliable theoretical calculations (Hens, 2010, Ngudjiharto et al., 2014) and produce
risk analyses for both new production and renovation with new fagades (Bednar & Hagentoft,
2015). In addition, there has been no tradition or claim in Sweden or within EOTA (European
Organisation for Technical Approvals) to show the driving rain tightness for fagades, external
walls and layers in the wall with frequently used fagade details (EOTA, 2013). This could also
be a further explanation as to why specific data and performance have been generally lacking.
In recent times, however, the Swedish National Board of Housing, Building and Planning has
set (Boverket, 2014) more clearly defined requirements for external walls and connection
details than previously, and a new guideline, ETAG 034, has been issued (EOTA, 2012) for
fagade systems with air gaps behind which includes some trials of driving rain tightness
depending on the facade system. In the long run, this would lead to more data on driving rain
tightness in these systems. If we continue to lack the knowledge, data, and performance
statements, there are risks in terms of moisture-related damage, indoor environmental
problems, increased renovation and action initiatives, and not achieving energy efficiency. All
in all, this results in an increased environmental impact and a rise in costs.

1.1 Hypothesis

The hypothesis is that all facades with fagcade details has driving rain intrusion, even if they
have been assembled in a proper way. If the hypothesis is true, then the water leakage amount
is a factor that need to be included in moisture calculation and there is a need to estimate the
amount of leaking water.

1.2 Aim

The goal is to improve knowledge and generate more data on driving rain tightness, water
leakage flow and on developing a new calculation algorithm for water leakage flow. This
increases the ability to produce more accurate predictions and calculations on water leakage
through facades. Questions to answer are: How common are leakages, where do they occur,
why are window-wall interfaces so problematic, how large are the leakage flows and how can
the leakage flows be mathematically described.
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1.3 Scope

This thesis investigated driving rain tightness and water leakage flow through facades
exposed to driving rain, including fagade layers with frequently used facade details. The
research addresses fagades with protruding details (such as connections between fagade and
windows, balconies, electrical and ventilation penetrations), as well as joints and attachments.
Long term field measurements are made to determine the extent of leakages in real buildings.
Large-scale laboratory tests are performed to study the leakages more in detail and to quantify
the leakages. An algorithm is designed so that more accurate calculations of expected leakage
flows through facades can be made. Small scale laboratory measurements are performed for
phenomenological studies that forms a base for the conceptual model.

The long-term field measurements include seven buildings with different types of fagades,
most during seven years, in different locations, see Paper Il and V.

The large-scale laboratory measurements include a compilation of over 100 commercial tests,
covering tightness to driving rain and water leakage flow for different types of fagades and
external walls, which have been installed by suppliers, see Paper I, V and VI. In addition,
four different commercial facade solutions, covering a total of 29 window-wall interfaces,
were tested with or without conscious imperfections by the fagade suppliers, see Paper 111, V
and VI. The final large-scale laboratory tests were performed on seven different and common
facade details, such as windows, part of balcony, ventilation pipe, metal flashing, see Paper
IV and VI.

The small-scale measurements were made to increase the knowledge on water flow in
leakages and to create and validate the algorithm and included leakage factor, see Paper VII
and VIII.

1.4 Limitations

The thesis does not cover the functions, performance or robustness of the fagade or critical
moisture conditions within the wall construction, only rain intrusion in the interface between
facade details and fagade, either through the outermost layer or all the way into the load-
bearing structure. Nor does it cover data of wind driven rain intensity, runoff patterns, runoff
rate or calculation of moisture conditions.

Regarding rain and wind loads in the field measurements, it is the actual stresses that the
facades have been exposed to that are studied and these are described by data from nearby
measurement stations during the field measurement period.

The algorithm is based on to empirical results from measurements with well-defined holes,
and it is assumed that water flows vertically down the fagade, and the fagade is saturated or
non-moisture-absorbing.
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2 Theoretical framework

The investigations on driving rain tightness and rain leakage in this thesis requires a
theoretical framework to understand the leakages and to create a leakage algorithm (see
Chapter 5). In the following, a theoretical description of the most dominating factors and
forces involved, that are of high practical significance to the inward leakage process, are
described. These include, the path and behaviour of the water that falls onto the fagade with
descriptions of water flow, leakage factor and transport through leakages. This is more
thoroughly described in Paper VII and VIII,

2.1 Theory of waters behaviour on materials

Whether or not water is attracted or discharged from material or air depends on the surface
energy (surface tension) (De Gennes et al., 2004). If the surface energy is greater than the
water, the water is attracted to the material or the reverse if the surface energy of the material
is lower than that of the water (Hall & Hoff, 2002). This explains why water can behave
differently for different materials, why the water likes to flows along material and that the
water is more likely to dissipate, known as wettable, on the surface of the material (Garden,
1963, De Gennes et al., 2004). If there are capillaries, holes or similar in the material that
causes capillary forces to form, the water is drawn or absorbed into the material even more
(Garden, 1963) but not if the material is saturated (Hall & Hoff, 2002). A prerequisite for
capillary forces to form is that the surface energy of the material must be higher that of water.
Mineral and metallic materials generally have very high surface energy, but on the other hand,
many plastics have an equal or lower surface energy than water.

There are formulas for calculating the water surface tension or capillary forces that can
transport water in holes and between two tightly spaced surfaces. Additionally, there are
formulas in place for determining water flow through holes. These formulas are described in
Paper VII. As water is liquid, the highest water pressure occurs at the bottom of a water
collector due to the forces of gravity. This means that if a hole in a facade is filled with water,
it can have relatively large pressures in the bottom, or in the outlet of the hole, in particular if
the hole is inclined (reaching magnitudes of 100 Pa for centimetre high holes). The driving
force for the water to flow through the hole due to the hydrostatic pressure can therefore be in
parity with the wind pressure loads that can arise against fagades. Formulas for these forces
and pressures are described in Paper VIL

2.2 Water leakage process

The water leakage process is relatively complicated but can be described with simple
relationships.

If the fagade is capillary saturated or non-moisture-absorbing, then all of the water that is
deposited on the fagade surface will run downwards and be added along the vertical facade
surface defined as water flow on the fagade. The greatest water flow thus occurs at the bottom
of the fagade provided there are no water-diverting details. The water quantity that loads a
water penetration or hole, Guar (kg/s), is based on the area (catch area) above the defect,
defined by height H, (m) and hole width D (m) (without obstruction/dam), or dam width W
(m), see Equation (1) and Figure 1(a). The width of the catch area is made up of either the
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width of the hole (D) or the width of the dam (/). The dam can redirect water from surfaces
next to the hole so that more water reaches the hole. Notations for the geometry of the
hole/slit and dam are also provided in Figure 1(b). The driving rain intensity (deposited on the
fagade) is denoted gpr (kg/(m?s)).

Gnax =H-D-gpg (nodam) or H-W-gpr (withdam) (D

The water leakage rate through the defect is denoted G (kg/s). We define a factor n (-)
describing how efficiently the caught water is actually leaking in through the fagade layer, see
Equation 2.

G =1n"Gnax 0<n<1 (2)

Figure 1. (a) Catch area as regards hole width (D) or dam width (W) plus fagade height (H). The
assumed catch area is shown within the two vertical lines. (b) The figure shows a vertical stainless
steel sheet with several horizontal stainless steel dams located underneath of defects consisting of

horizontal slits. Further descriptions of dimensions are given with notations such as protrusion length
(L) and height (T) of slits, as used in Chapter 5.

Under the assumption that there is no resistance for the water to flow through a hole in an
infinitely thin vertical layer, the water that hits the hole would then be evenly distributed on
each side of the thin layer due to uniformity. A factor describing the resulting distribution of
water is then n = 0.5, which can be termed the water leakage factor. This term is used later to
analyse the results in the proposed algorithm, which is also in part with other studies. The
reasoning for this is described in more detail in Paper VII.

Further, it is assumed that the pressure difference, P, will be an important factor to include
in a calculation algorithm for estimated leakage flow. The estimated value of the leakage
factor can be expressed as:

Nest = f (Prot) (3)

The total pressure difference for a non-absorbing surface is obtained through:

Piot = Py + Py — Ppen (4)
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The counter pressure in the meniscus, Puen, that forms on the rear surface, due to surface
tension, counteracts leakage, while the pressure from the water column, Py, and the wind, Py,
helps to increase the leakage.

For an absorbing material, a counteracting meniscus does not form on the rear of the hole in
the same systematic way and can be neglected based on results in experimental results in
Chapter 4. Thus,

Piot = By + Py (5)

For the sake of simplicity, the effect of the pressure in rivulets, Py, has been excluded from
this description. However, it may be of significance for hydrophobic and non-absorbing
facade materials with low surface energy such as plastic surfaces and prevailing water flows
in rivulets: This is further described in (Hagentoft & Olsson, 2017).

There are physical limitations for water leakage flow. In Paper VII, calculations have been
made using water leakage formula, Equation 8 in Paper VII, which shows that, even for a
heavy water flow of 2.9 1/min,m fagade width, it is not until the hole begins to be less than 1
mm in diameter that the flow can begin to be restricted by the hole size. If, on the other hand,
there is a dam underneath the hole, the dam creates an increased water load on the hole, which
requires a somewhat deeper analysis, see further in Paper VII.
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3 Field measurements and laboratory set-up

In order to determine the driving rain tightness and the water leakage flow in real fagades and
to obtain input data for the algorithm, a number of experiments in different scales have been
performed (field measurements, large-scale laboratory measurement and small-scale
laboratory measurements). The initial field measurements were made to study the actual
stresses that the fagades were subjected to with respect to rain and wind loads. Measurements
were performed in seven buildings with different types of facades, most during seven years.
The driving rain that reached behind the second line of defence (the weather barrier) was
measured using wireless sensors (for temperature, relative humidity and moisture content) in
the timber structure near facade details. Weather data were taken from nearby weather
stations. Some examples of sensor location in the walls are indicated by red arrows in Figure
2 together with photo of two of the sensors.

Method descriptions for the field study etc. are presented in more detail in Paper I1, V.

C) : 5 y

Figure 2. Vertical cross-section of external walls (a—b) with part of window-wall interface. The
outdoor area is to the left. The red arrows show the studied positions. Photo (c) shows the position of
a sensor in a residential building of seven-storey height. Photo (d) shows the position of a sensor in a
residential building of two-storey height.

In order to further understand the results from the field measurements and to quantify the
leakages through the facades, large-scale driving rain laboratory measurements on 14
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different types of details, such as pipes, balconies and screen roofs, and an additional 29
measurements on window-wall interfaces, have been performed.

For the driving rain tests in the laboratory, a standardised European method has been used;
EN 12865 ”Determination of the tightness of external wall systems to driving rain under
pulsating air pressure” (SIS, 2001). The reason why the method uses pulsating air pressure is
that it is more realistic than static air pressure. The applied pressure differences were 0 Pa, 0-
150, 0-300, 0-450 and 0-600 Pa in most cases. A pressure difference of 600 Pa corresponds to
storm, approximately 30 m/s in wind speed, and 60 mm in water column as hydrostatic
pressure. The method also includes rain load without any air pressure difference at all (0 Pa),
which corresponds to pressure-equalized facades. Rain load was made of water spray created
with water spray nozzles all across the fagade area. The exposed surface is in a rain chamber
and the inside of the wall is in a normal laboratory climate about 20°C and 25-50 % RF. The
pulsating air pressure was created in the rain chamber using a fan, which produced differential
pressures across the wall. The pressure difference over different layers in the wall, depends on
the air leakage rate of each layer in relation to the entire wall and is also somewhat dependent
on the flexibility of the air barrier and compressibility of the air volume (Garden, 1963,
Rousseau et al., 1998, Van Den Bossche, 2013).

Rain leakage was detected by using indicators that consisted of absorption paper and thin
electrodes for resistance measurement, in the study of compilation of over 100 commercial
tests. As facades usually consist of multiple fagade details, the fagade details are important in
the testing of commercial fagades, see Figure 3 and Paper I.

Figure 3. Example of a commercial test wall (size 3 x 3 m) with facade details, windows, balcony, and
two fixings (marquis and downpipe fastener).

Additional laboratory measurements were performed on windows, a common and problematic
detail, where also the leakage flow was measured for various workmanship. Four different
fagade solutions were evaluated, see Figure 4. All four walls have wall sizes of 3 x 3 meter,
and a total of 29 windows were tested, see also Paper III. The walls consisted of three
horizontal rows of windows to represent a facade of a multi-storey building. The facades were
divided into three vertical sections, for three of the four walls, where one section was
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assembled in the best possible way, and the other two with imperfections based on field
experience or assembled by staff who did not undergo any special training on the system.

Figure 4. (a) Ventilated facade with polymer composite boards, (b) 15 mm thin prefabricated high-
performance concrete sandwich element with elastic joints, (c) 20 mm plaster facade with 200 mm
mineral wool with drainage possibility and weather barrier (second line of defence), (d) 8 mm plaster
on 100 mm EPS with drainage possibility and weather barrier. Water spray racks are shown in (c).

Within the walls, under the bottom of window frame, collecting trays were installed for
measuring the water leakage amount and a little further down, collecting chutes were installed
under the details etc. and led with a hose to a closed collecting container, to measure the water
leakage flows, see Figure 5.
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Figure 5. (a) Photo of a collection tray that was placed in the gap under the window frame (the gap
was air sealed on inside with transparent tape). (b) Photo of catchment chutes positioned on the
outside of the weather barrier, between the facade (to be mounted) and the weather barrier, the
smaller just below the exterior window sill and the larger placed approximately 30 cm above the
bottom of the wall. To the right of the image, you can see the installation of EPS-insulation in progress.

Based on the field measurements and previous laboratory experiences, seven defects were
created in connections to facade details in a full scale 3 x 3 metre experimental wall. The
defects were made in or between a water-repellent plaster-based boards and details. The
material had a thickness of 10 mm and matching non-absorbing facade layer. In addition to
driving rain testing according to EN 12865, splashing is also investigated. For this reason,
special external flashings were fitted high up on the facade, as shown in Figure 6a, to create
water drip. The applied rain load of 0.55 1/min, m above flashings are not included in given
water flow on the facade of 2.9 1/min, and is indicated in the results as splash.

At the rear of the facade layer collecting channels were installed that led to glass bowls, see
Figure 6b and Paper IV.
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Figure 6. (a) Photo of the front of the wall element with the defects in the details numbered according
to Table 1 in Chapter 4.2, (b) Photo of the rear of the experiment wall with collection funnels and
bowls.

In order to create a conceptual model that can describe the behaviour of the water, including,
the path of the water, the water flow, the transport through leakages as well as dependence of
facade material, small-scale experiments were made. The experiments used well-defined
holes, slits and dams, see Figure 1 (b) and Figure 7 and Paper VI and VII, and the facade
surface above holes and slits that are exposed to rain was 1 metre high. The facade materials
consisted of three different facade materials, including fibre cement board (6 mm in
thickness), polycarbonate board (6 mm) and stainless steel sheet (1 mm). The materials are
non-moisture absorbing or have been surface saturated with water prior to the measurement of
the water leakage flow. The materials are considered representative as many facade materials
are non-moisture absorbing or become saturated on the surface relatively quickly when there
is a rain load (Garden, 1963, Hens, 2010). At the rear of the fagade under holes and slits,
collecting channels were installed and the water was led down to the collection containers, see
Figure 7.
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Figure 7. A horizontal dam mounted beneath a hole in a polycarbonate board (note that the
polycarbonate board is transparent and located in front of the glasses). Parts of the other cases are
also visible further away in the photo as well as collecting channels behind the polycarbonate board.
The holes and dams are placed at the bottom of the rain exposed surface. The height of the rain
exposed surface was 1 metre.

The measurement uncertainty and standard deviation of the water leakage flow when
repeating experimental trials are reported in both Paper IV and VII. For the measured values

of well-defined holes, a linear regression analysis has been conducted for the determination of
constants and the determination coefficient R2. The proposed algorithm is validated and the
algorithm is based on empirical values, which are described in more detail in Paper VII and
Paper VIIL
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4 Measurement results

The results are grouped into three categories: 1. Long-term field measurements for
determining the extent of leakages in existing buildings, 2. Large-scale laboratory tests to
study the leakages more in detail and to quantify the leakages, 3. Small-scale laboratory tests
for phenomenological studies that forms a base for the conceptual model.

4.1 Field measurements

In the results from field measurements, water leakage occurred, all the way into the wooden
frame, in 5 of 7 buildings which corresponds to 70 %, relatively independent of facade
systems (facade wooden panels, fibre cement boards or plaster), and with or without
ventilated air gap behind the fagcade, see Paper II. The measurements were taken in the
timber frames and timber sill, which means near the rear of the second line of
defence/weather barrier and also near to the facade details. In periods of heavy rain, there is
often no sign of leakage. The field measurements showed that rainfall alone is not sufficient
to get water leakage and that water leakage occurred only when sufficient rainfall, wind speed
and wind direction toward the fagade occurred, see Paper II and V. No extreme or unusual
wind speeds were detected. The moisture content dropped within one or two weeks to their
normal values again, see Paper V and Figure 8. Figure 9 shows one of the leakage occasions
shown in Figure 8 and includes wind direction, wind speed, horizontal rain load and driving
rain index, DRI, which is the product of the three aforementioned factors.

The results from the field measurements show that leakage at windows and other connections
and details in facades or external walls is fairly common. Whether the water leakage has
continued to other parts, etc. or caused moisture damage was not part of the study.
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Figure 8. Moisture content (MC) measurements, in one of the houses. Cumulative (mm) represents
accumulated rain on horizontal surface at a nearby weather station from 2014-12-10.
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Figure 9. Diagram of one of the days in Figure 8. Driving rain index, DRI (-), rain intensity on
horizontal surface (mm/h), wind speed (m/s) and wind direction (6) are from a nearby weather station.
If wind direction is towards the fagcade, normal vector of the facade, the angel is zero in the diagram.

4.2 Large-scale laboratory measurements

Results from over 100 commercial large-scale laboratory tests demonstrate water leakage in
more than 90 % of all test walls and in 50 % of all fagade details, see Paper 1. The fail ratio
for driving rain tightness at window connections, for example, was 60-80 %, see Figure 10,
almost regardless of fagade material, fagade systems, ventilated, unventilated and pressure-
equalized fagades, etc. The water leakage flows were in the range of 0.01-0.1 1/min for the
leak with the highest water leakage flow in each test wall (with a water load as set out in EN
12865). The facades lacking pressure equalization tended to produce only slightly higher
failed rates.
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Figure 10. Proportion of details (interface between detail and fagade) that leaked water into the wall.

The windows-wall interfaces were particularly difficult to get raintight despite the fact that
they are one of the most common details in fagades, see Figure 11.

Figure 11. Rain leakage at the corner of the window-wall interfacein an ETICS facade (photo from
after the measurements were finished and the wall was opened). The material behind the plaster and
insulation board is in this case moisture retaining, which should be avoided.

The additional tests on windows in four different types of fagades with 29 window
connections, see Figure 4, showed similar results. Window-wall interfaces leakage occurred
in around 60 % of the windows connections (window-wall interfaces), see Paper III. The
three largest point water leakages were within 0.01-0.03 1/min, with the water load as set out
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in EN 12865. No significant difference occurred between the sections that were executed
carefully in comparison with the others. In cases where secondary defence or seals were
missing at the penetrations and detail connections, water penetrated into the frame of the wall,
etc. Many of the water leakages had already been breached at 0 Pa pressure difference across
the facade layer.

The seven different type of defects that were investigated concerning leakage flows are shown
in Figure 6 and are described in Table 1 and more in detail in Paper IV.

Table 1. Description of the defects at the details in terms of deficiency or aperture dimensions, plus
remarks as to whether the deficiency is concealed, invisible or visible.

Detail Deficiency dimension (mm) Comments

1. Window-wall (1,5x1,5) + (0,2x9) + (0,1x50)  Concealed position

2. Window-wall 2x2 Concealed position

3. Circular duct 0,9x 35 Visible

4. Rectangular duct 2x30 Visible

5. Metal flashing 0,1 x35 Not visible

6. Metal flashing Not measurable Not visible

7. Underneath flashing 0,3 x 120 Concealed, only exposed to water splash from below

Three defects were invisible to the naked eye and the results demonstrated water leakage flow
in the range of 0.01-0.04 /min, and two were visible defects, size of defect: 0.9 x 35 mm and
2 mm x 30 mm, and the results indicated a water leakage flow of between 0.04 to 0.11 1/min,
see Figure 12a, with a water flow of 2.93 1/min,m on the fagade. Moreover, an example of a
comparison of measurements with and without direct rain on the fagade surface is shown in
Figure 12b. For this case, there were only water splashes that butts up on the facade and that
also result in water leakage.
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Figure 12. (a) The bars show inward leakage (mean value of 3-7 tests) in seven defects at details with
dams beneath holes/slits. Six pressure steps/wind pressure with pulsation were used. The applied
water flow was 2.93 l/min,m and water splash. (b) Without any wind pressure and with and without
water splash. The standard deviation is also shown.
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The above mentioned studies consistently found that water leakage is common in the interface
between fagcades and connection details in new fagades built after, or long after, the issues
with the water leakage problems of ETICS facades had become widely known, but also other
types of facades see Paper V. Additionally, it seems normal to have water leakage, despite
the fact that no pressure difference was detected across the fagcade layer, see Paper III and IV,
which means that water is still leaking in due to mechanisms other than wind pressure
difference, as has also been demonstrated in other studies (Lacasse, 2003a, Hens, 2010).

4.3 Small-scale laboratory measurements

Thorough measurements have been taken of water leakage flows at well-defined defects (see
Figure 6b) with different hole diameter, different slopes, slits with different height and width,
with and without dam of varying size. For example, the designation for case 4s10W10L has
the following meanings: 4 = hole diameter in mm, s = downward slope, 10W = 10 mm dam
width, 10L = 10 mm dam protrusion. No leak was concealed, and the majority of defects were
visible to the naked eye within the range from the smallest slots of 0.3 x 3 mm to the largest
of 2 x 20 mm, and holes between 1 and 8§ mm in diameter, see more detailed description in
Paper VI and, VII. The results indicated water leakage flow in the range of 0.01-0.09 1/min
with a water flow of 2.9 I/min,m on the fagade. For holes and slits without dams as well as for
smaller dams, water leakage flows occurred in the lower part of the water leakage range, see
for example Figure 13 and for larger dams, values were obtained in the upper water leakage
range, see Paper VII. These measurements are also used in the creation and validation of the
conceptual model in Chapter 5.
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Figure 13. Water leakage flow for different holes with and without dams in a fiber cement board. For
example, 4s is a sloping hole with 4 mm in diameter and 10W1L is a dam that is 10mm wide and has a
1 mm protrusion, definitions are further described in Figure 1b. Pulsating wind load from 0 to 600 Pa.
Water flow on the facade of 2.9 I/min,m. The standard deviation is also shown.
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Leakage occurred already at 0 Pa (i.e. without wind pressure) in most holes, see Figure 13,
which was expected based on previous studies. There was leakage in almost all holes at 75 Pa,
i.e. even those with a 4 mm hole with an upward slope (case 4u). What differentiates cases 4u
and 4 is primarily the level difference between inlet and outlet of approximately 3.5 mm,
which corresponds to a Pj, of 35 Pa. There is an equivalent difference between case 2 and case
2s with downward slope. Overall, the leakage flow was greatest at 600 Pa wind pressure
difference, but there was a relatively small difference in leakage flow at half the pressure
difference (300 Pa).

The leakage flow was generally several times greater with a dam than without a dam, and a
larger dam led to a larger leakage flow. It can also be noted that dams contribute to a
significantly higher leakage flow compared to what an increased wind pressure difference
does for a freestanding hole. The downward-sloping holes contribute to the incidence of
leakage without pressure difference, even for 2 mm holes.
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5 Conceptual model and validation

In order to assess for example the moisture safety of facades and to be able to perform
moisture risk assessment, there is a need to determine leakage amount for new and renovated
facades (Bednar & Hagentoft, 2015). If you rely solely on today's theoretical analyses, you
end up underestimating water intrusion with consequences such as moisture-related damage,
interior environment problems, and failure to meet energy efficiency requirements. Therefore,
the theory needs to be upgraded with factors that more realistically can predict the behaviour
of water leakages on facades.

A common way theoretical to deal with rain leakage is to adopt 1%, as a default value
according to ASHRAE Standard160 (ASHRAE, 2016) and apply it on the layer within the
wall that is expected to be exposed to water leakage. The water leakage is usually applied per
square meter wall, which actually differ from reality where leakages are pointwise.

To make more accurate prediction, a conceptual model has been created based on
phenomenological studies, including measurements. The conceptual model consists of the
leakage factor, as introduced in Chapter 2.2, Equation 2, and a number of constants and
variables that describe the behaviour for different geometries, dams, materials and pressure
situations are included in Equation 6. The set-up of the model is based on, and compared to,
measurements that are described in Paper VII, VIII. Initially the leakage factor from
measurements and calculations are compared as follows. The theory of uniformity, as
described in Chapter 2, appears to be consistent, which means that many cases with holes with
downwards slope (8s, 2s) have a water leakage factor of about 0.5, also shown in Paper VII
for fibre cement boards. When exposed to heavy wind pressure, the water leakage factor rises
to 1 for holes, and consequently all the water that hits the hole is pressed through it, see Paper
VII Figure with measurements of fibre cement board and in Figure 14. Same principle about
uniformity are seen for holes with wide dams, consequently half of the water that hits the dam
goes through the hole and half of the water continues down the wall, during high pressure
difference which also give a leakage factor of about 0.5, see Figure 14.
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Figure 14. The n-factor of the measured values. Holes with and without dam in polycarbonate board.
Water flow on the facade of 2.9 I/min,m.
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There are several parameters that have an impact on the leakage factor, such as material, hole
size, dam dimension, water flow on the fagade, hydrostatic and wind pressure difference.
These parameters are key for the algorithm which is assumed as follows.

The following formula for leakage factor 7., was adopted:

D D
nest=n0+a'Ptot+ﬁ'W+)/'z (6)

The geometrical variables are shown in Figure 1b and for cases without dams 7 represent the
fraction that would enter without applied pressure. A large number of measurements were
performed, see Paper VII, and the constants above in Equation 6 were determined using
linear regression, see Table 2. For each case, a determination coefficient, R?, is estimated, see
Table 2. This represents a measure of how well the measurements are replicated and a value
of 1 indicates a perfect fit.

The wind pressure used in Equations 4 and 5 relates to the maximum pressure that occurs
under each wind pressure cycle. According to method EN 12865, the wind pressure during
one-third of each cycle is zero, P./2 respectively P,. The average pressure over the cycle
period is thus P,/2. The pressure steps (Pw) in the experiments were 0, 150, 300, 450 and
600 Pa.
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Table 2. Constants determined for Equation 6 for a number of experimental cases. The table applies
for different water flow on the facades, materials, different size of holes and slits, and dimension of
horizontal dams. More details about how to use the table is shown in Paper VII especially if other
cases will be used.

Case Water o a B Y R?
flow
(I/min,m)
Fiber cement- holes (diam. 2.9 0.19 0.0011 ] ] 0.71
2/4/8 mm) 11 0.16 | 0.0010 . . 0.69
Fiber cement- holes (diam. 2.9 -0.039 0.00035 1.36 -0.044 0.85
1/4 mm) with dams
up to 10(W) x 10(L) mm 1.1 0.012 0.00044 0.92 -0.055 0,71
Fiber cement- slits 0.3(T) x
3(D) to 1.5(T) x 7(D) mm) ) )
with dams up to 10(W) x 2.9 0.42 0.0014 0.14 0.014 0.45
10(L) mm
Polycarbonate- hole (diam. 29 0.065 0.0013 j j 0.83
4 mm) 1.1 0.19 | 0.0014 i i 0.36
Polycarbonate- holes (diam. 2.9 -0.011 0.00054 1.30 0.040 0.73
1/4 mm) with dams up to
60(W) x 50(L) mm 1.1 0.029 0.00042 0.77 -0.043 0.47
Stainless steel- slits 1(T) x
5(D) to 2(T) x 20(D) mm 2.9 0.17 0.00077 - - 0.77
Stainless steel- slits 1(T) x
5(D) to 2(T) x 20(D) mm
with dams up to 40(W) x 2.9 0.017 0.00045 0.57 0.010 0.63
50(L) mm

A comparison has been made between the calculated water leakage factor and the measured
water leakage factor, see Figure 15. The optimal line has been drawn, which corresponds to
the estimated value exactly corresponding to the measured value and indicates how the line is
surrounded by the obtained values. For this measurement case, the determination coefficient
for the measurement values is R?> = 0.71. Most cases, see Table 2, demonstrated about the
same or better determination coefficient. This indicates a more or less clear correlation in
most measurement cases.
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2, 4 and 8 mm holes

0 0,2 0,4 0,6 0,8 1 1,2
llest

Figure 15. Factor n (measured) is shown on the vertical axis and 1. (estimated) on the horizontal
axis for 2, 4 and 8 mm holes in fiber cement board without dams, and comparison to the optimal line.
The line corresponds to when estimated values exactly correspond to measured values. The water flow
on the facade of 2.9 l/min,m.

Other comparisons have been made between the calculated water leakage factor and the
measured water leakage factor in order to evaluate the conceptual model. These are based on
the study in Paper IV along with two other studies from the literature (Sahal & Lacasse, 2005,
Van Den Bossche, 2013). From Table 2, constants have been selected based on the
appropriate material, hole or slit and dam. For a more detailed description see Paper VII.
Figure 16 (a) represent a slit above a rectangular duct in Table 1 and it shows a comparison of
the calculated and measured water leakage factor (from Paper IV) where the experiments are
based on the same test method as the empirical values in Table 2. An explanation as to why
the water leakage factor differs significantly in Figure 16 (a) only at low pressure differences
could be down to the fact that the dam continues into the rear of the fagade and the water that
leaks in remains there to create a crucial point of counter pressure. Figure 16 (b-c) represent
slits above a ventilation duct and an electrical outlet and it shows measurements from the
literature (Sahal & Lacasse, 2005). The driving rain test method used here applies static
pressures and to make the results comparable, double pressure has been applied to the
calculated water leakage factor. The reason for doubled pressure in the calculation is that the
mean pressure is twice as high for static pressure (P,) compared to pulsating pressure (P./2)
as previously described. In Figure 16d, the measurements of (Van Den Bossche, 2013) are
based on dynamic pressure load with an amplitude of 80 % of mean pressure difference which
means that the pressure never drops to zero. This also means that the water leakage could be
continuous throughout the experiment.
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Figure 16. There was a relatively acceptable correlations between the measured water leakage factor,
from these three studies, and the calculated water leakage factor,n (-), as per the algorithm. The size
of slit and dam is for, Rect: W=100 mm, D=30 mm, L=100 mm T= 2 mm; Vent: W=150 mm, D=50

mm, L=15 mm T= 0.3 mm; Elec: W=50, D=50, L=4 mm, T=0.2 mm; Window: W=800 mm, D=90 mm

8]

L=17 mm, T=0.2 mm and 4 mm holes = is the mean value for a 4 mm hole.

In these comparisons the calculated leakage factors corresponds relatively well with measured
leakage factors. The proposed algorithm makes it able to estimate water leakage flow for
well-defined holes and slits and horizontal dams. In order to include pointwise water leakage
in moisture calculations two- or rather three-dimensional software is required.
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6 Conclusions

The conclusion is that driving rain intrusion are almost always expected in small, small
concealed or invisible defects in fagades with fagade details, such as window-wall interfaces
etc., regardless of the facade type and fagcade system, such as face sealed, drained, ventilated
and pressure-equalised facades. An explanation as to why there are no obvious differences in
driving rain tightness between facades is due to the fact that the defects resemble each other
independently of facade and, above all, they are found at facade details protruding details that
cause more or less water dams and increase the rate of water leakage. The results indicate
more specifically that:

e more than 90 % of all commercial test walls had water leakage,

e more than 60 % of all window-wall interfaces leaked both for commercial test walls
and experimental walls,

e field measurements indicate water leakages adjacent to the frame in wooden frame
walls in 70 % of the buildings.

One general conclusion is that water leakage can generally always be expected in facades
with facade details as long as the opposite is not proven. The defects are often minor,
concealed and invisible, and it is hardly possible to determine whether a facade is rain
resistant without rain testing. Based on the results, it is therefore difficult or impossible to
build rain resistant facades (outermost layer in external walls) using commonly adopted
materials and solutions. Based on an assessment of all the results and assuming carefully
completed assembly, it is reasonable to assume that the water leakage through each point
leakage corresponds to 0.5-2% of the vertical water flow cross a unit width of the facade at
the given height. The lower proportion within the range only refers to holes/slits, while the
higher proportion refers to holes/slits with dams. If defects and dams are well-defined, the
exact water leakage flow can be calculated according to G = 7Nt * Gyax - This formula is
based on an estimated water leakage factor #s, which is constructed from empirical values,
and the water flow that occurs on the fagade when it is running towards a hole or slit on a
fagade exposed to rain. This theoretical relationship correlates relatively well with several
other laboratory experiments. The proposed algorithm makes it possible to estimate water
leakage flow for well-defined hole and slits. In order to include pointwise water leakage in
moisture calculations two- or rather three-dimensional software is required.

The factors that have been proved to be the most important for the water leakage flow are:
e hole/slits size, particularly the width,
e dam size, particularly the width,
e type of surface material,
e hydrostatic pressure between inlet and outlet,
e wind pressure difference across the defect,
e water flow (rain load).

Moreover, it is evident that the hydrostatic pressure can be as important as the wind pressure
difference, which means that significant water leakage can also be expected in pressure-
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equalized facades. The flow capacity of, for example, a small hole with a diameter of more
than 1 mm is often significantly greater than the amount of water flowing downwards on a
fagade. This means that all water running towards the hole could potentially leak in. In the
case of moisture-absorbing material, no noticeable counteracting meniscus occurred during
the laboratory experiments at the outlet of the water leakage hole. This means that, the water
pressure that occurs in a horizontal hole in the facade is sufficient for water leakage to arise.
For non-moisture absorbing facades, a little pressure may be required, which could be
generated, for example, through hydrostatic pressure from inclined holes or wind pressure.

In addition, measurements have shown that details that are seemingly less exposed to driving
rain, such as the underside of window sills, still can be exposed to significant amounts of
water due to splashes of water, such as flowing from overhead details, dropping down onto
dams etc., and splashing onto the fagade, resulting in water leakage.
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7 Future research needs

More data is required, for example, for other sizes of holes, slits and dams, as well as other
fagade materials than in this thesis, in order to conduct accurate moisture calculations in such
cases. A dam of more than several millimetres (L), in combination with different inclines, to
the protrusion will also need to be studied further.

Studies of driving rain tightness of new types of facades as well as the determination of
geometric dimension of defects would improve the capability to make more accurate moisture
calculations and complete reliable risk analyses.

As water leakage can be expected through the outermost layer of external walls, regardless of
the facade type, a second defence is needed that properly protects the frame and moisture
sensitive elements in the wall even in the interface between connections to fagade details. The
risk of water leakage and water leakage flow through the second defence and combination
with different type of fagades should be subject to further studies.

In order to describe how water is spreading in the wall, drainage ability and moisture retention
behind facades is another area of interest.
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