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ARTICLE INFO ABSTRACT

Keywords: Aerogel-based coating mortars (ACM-systems) provide energy-efficient retrofitting solutions for masonry
Aerogel buildings, with thermal conductivities (30-50 mW/(m-K)) comparable to traditional insulation materials.
Coating mortar However, limited knowledge on their moisture absorption under rainwater wetting hinders the moisture-safe
;\Le:;l;lfg design of building envelopes incorporating these mortars. Thus, this study investigated the moisture absorp-
Capillary suction tion of an ACM-system under three laboratory-created wetting scenarios. A small-scale setup was developed to
Drying simulate runoff wetting based on typical wind-driven rain intensities in Sweden, enabling continuous monitoring

of moisture conditions during wetting and drying. Two complementary capillary suction experiments under zero
(free suction) and elevated hydrostatic pressure explored additional wetting scenarios. The impact of water-
repellent paint and surface cracks was also assessed, as previous testing focused on undamaged ACM-systems.
Among the three wetting scenarios, runoff wetting resulted in the lowest moisture absorption by the undam-
aged ACM-system. Water-repellent paint (sq4 = 0.01 m) reduced moisture uptake by up to 15% during runoff and
50% during free capillary suction for the same system. Horizontal or vertical surface cracks of 1 + 0.5 mm width
increased water absorption by 3-5 times during prolonged runoff wetting, comparable to suction at elevated
hydrostatic pressure. Furthermore, a trial was done to verify a simplified numerical moisture transport model
using the runoff experiment. The results highlighted the necessity for future model refinement and advanced
moisture transport modeling in the ACM-system. The developed small-scale setup facilitated easy use and real-
time monitoring of moisture conditions during wetting and drying. Future development should include wind-
driven rain simulation alongside the existing runoff wetting scenario.

1. Introduction

Protection against water leakage from precipitation is a fundamental
performance criterion for building envelopes [1-6]. Failure to maintain
the integrity in this regard leads to significant financial consequences
annually. To control rainwater intrusion, strategies like water repellent
surface treatments, ventilated layers behind fagades, and leveraging the
moisture buffering capacity of building materials are commonly
employed [2,7]. However, numerous factors influence the envelope’s
performance in practice. Recent and widespread serial failures, like the
introduction of external thermal insulation composite system (ETICS) on
wooden constructions in Sweden, highlight the complexities of intro-
ducing tested materials and solutions to new markets [8,9]. In this case,
the external coating mortar system failed to prevent water leakage,
causing damage to the wooden structure within the building envelope.
Similar serial failures, including structural deterioration and
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compromised integrity against rainwater leakage have occurred in
buildings in Canada [10] and New Zealand [11], resulting in significant
water intrusion, mold growth, rot, and interior damage. These failures
incurred substantial repair costs and negatively impacted on the con-
struction industry’s reputation. Therefore, it is essential to subject new
materials and solutions to extensive testing to ensure their efficacy in
preventing water leakage from precipitation.

Precipitation accompanied by wind, or simply wind-driven rain
(WDR), pushes water to exposed facades as well as through leakages and
cracks in the facades [12,13]. The amount of WDR impacting on a facade
depends on wind velocity, rain intensity, size of rain droplets, building’s
geometry and surrounding [12,14,15]. When water droplets hit the
facade, the wetting of the wall takes place due to capillary suction and
infiltration through openings, such as cracks, connections to windows,
attachment details, and fittings. Because designing and executing these
parts with the required level of certainty can often be challenging, some
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rainwater leakage should always be accounted for in hygrothermal (heat
and moisture) simulations [16,17].

There are several standardized laboratory tests for assessing the
watertightness of wall assemblies to rainwater [14]. Pass/fail criterion is
normally used for these tests and up to a specified pressure difference.
The watertightness tests are either dynamic tests, wind tunnel tests, or
more commonly static, or cyclic tests. In all methods, a pressure dif-
ference is generated over the test wall to simulate wind. Rainwater is
either directly sprayed onto the wall surface (standard EN 1027 [18]), or
spread by a combination of water-spray and a water runoff film (stan-
dard EN 12865 [19]). In wind tunnel testing, water droplets are released
into an air stream before reaching the wall surface.

In a static test [18], a constant water-spray intensity is maintained on
the wall surface in combination with a constant overpressure (1200 Pa
at maximum) for up to 15 min. In Europe, the recommended water in-
tensity is 2.0 L/(min-m?) while 3.4 L/(min-m?) in North America [14].
For cyclic tests, the standard [19] specifies a 1.2 L/(min-m?) runoff in-
tensity and a water-spray rate of 1.5 L/(min-m?) combined with a pul-
sating overpressure on the wall (minimum surface area: 1.2 x 2.4 m?).
The tests continue until visible water penetration occurs on the interior
side of the wall. The time, location of the water penetration, and air
pressure difference at that moment are recorded. According to Ref. [19],
the moisture absorption can be measured by comparing the mass of the
test wall before and after testing.

The test conditions used in the aforementioned tests are sometimes
regarded as extreme boundary conditions [14,20,21], more applicable
to high-rise buildings. Moreover, peak rain intensities are more
frequently accompanied by lower wind velocities [14]. Multiple studies
[22-27] have thus taken into account the actual microclimate when
designing the boundary conditions for WDR tests. Either low water spray
rate and high pressure difference are recommended, or the opposite, as
better choices than simultaneous peak rain intensities and wind veloc-
ities [14]. In Belgium and the Netherlands, this translates to test con-
ditions of either 0.75 L/(min-m?) with up to 500 Pa pressure difference,
or 2 L/(rnin~m2) with up to 150 Pa. For the Swedish climate, Kahangi
Shahreza et al. [20,21] considered test conditions of 0.03-0.1
L/(min-m?) water spray rate, which is less than 7% of the values defined
by the standards, combined with zero dynamic overpressure. These test
conditions in Refs. [20,21] were selected to replicate the most frequent
WDR events in four Swedish cities.

The inclusion of realistic boundary conditions in such tests, espe-
cially when evaluating new technical solutions, yields valuable insights
into their moisture performance within specific microclimates.
Furthermore, new solutions sometimes utilize unproven material com-
binations with distinct properties compared to conventionally tested
materials. Therefore, a thorough assessment of their moisture absorp-
tion under rainwater wetting is required, going beyond a binary pass/
fail criterion for watertightness, to ensure their long-term performance.

1.1. Aerogel-based coating mortars: response to rainwater

One of these new multifunctional solutions are the new energy-
efficient coating systems with aerogel-based coating mortars (ACM-
systems) [28]. In dry conditions, the declared thermal conductivity of
ACMs is 30-50 mW/(m-K), which is less than 10% of that for conven-
tional coating mortars. ACMs are composed of a blend of lime- and white
cement-based binder, while, unlike conventional coating mortars, the
sand in the mixture is replaced by hydrophobized silica-based aerogel
granules [29-35] as aggregates. They also incorporate different addi-
tives such as air-entraining and water-repellent agents. Prior research
has demonstrated that the utilization of 15-60 mm of ACM on uninsu-
lated masonry walls led to a U-value reduction of 27-70% [28]. Due to
their low mechanical strength, ACMs are reinforced by a mesh and
covered on the outside by layers of ordinary mortars. ACM-systems
fulfill the roles of a conventional coating mortar and a thermal insu-
lating layer. Apart from their energy-saving potential, they can also
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introduce new solutions to preserve the character-defining elements of
facades when retrofitting culturally significant buildings.

Although extensive research has been conducted on the thermal
performance of ACM-systems [36-45], less is known about their
response to rainwater. Few studies [46-51] have investigated the
response of ACMs to weathering in laboratory. Guzzardi [46] and
Guzzardi et al. [47,48] conducted research on the hygrothermal per-
formance of walls internally insulated with ACM, utilizing laboratory
measurements and numerical hygrothermal simulations. The measure-
ments in Refs. [47,48] were used to assess the test setup, and gathered
experimental data to validate simulation models. Temperatures, relative
humidities, and the arrival time of the waterfront were measured at
various depths of a rendered brick masonry wall (1.8 x 1.5 m?) insulated
internally with 60 mm of a commercial ACM. For four months, the
exterior of the wall was exposed to cyclic loading, including 1 h of
wetting (2 L/(m2~min)), 1 h of drying at room conditions and 4 h of
irradiation to simulate artificial sunlight. In Ref. [46], it was concluded
that internal application of ACM provides a moisture-safe retrofitting
solution considering the potential risk of moisture accumulation and
inadequate drying performance. However, this conclusion depends on
the water absorption characteristics of the external wall [46]. In
Ref. [49], Sakiyama et al. exposed a test wall (4.0 x 2.1 m?) insulated
externally by 25 mm of a non-commercial ACM to weathering cycles
including heating (up to 70 °C), cooling (down to —20 °C), and wetting
(1.5 L/(m? min)). The measurements revealed high water absorption in
the analyzed coating system, resulting in damage caused by frost
exposure during weathering cycles [49]. Therefore, it was concluded
that the outer coating should be selected with care to control the water
absorption. Maia et al. [50] assessed the capillary water absorption of
non-commercial ACMs before and after subjecting them to consecutive
laboratory weathering cycles involving wetting-drying, heating-freezing
combined with infrared radiation. The results showed relatively high
but stable water absorption of the ACMs before and after the weathering
cycles. Karim et al. [51] measured the capillary water absorption of a
commercial ACM exposed to three wetting rounds. Cubic samples of the
ACM were soaked in water for 90 min, and subsequently dried. The
measurements showed that the absorption by the ACM samples
increased by up to 2.6 times during the third wetting round compared to
the initial round. Correspondingly, the calculated capillary water ab-
sorption coefficients were more than five times higher. Possible reasons
for this phenomenon may be attributed, among other factors, to alter-
ations in the structural composition of the ACM or the aerogel granules
caused by wetting and drying [51]. Although the studied ACM shall not
be used as a standalone coating, its large change in water absorptivity
may be of importance in moisture-safe design.

Up to this point, most experimental studies assumed undamaged
ACM-systems. However, cracks, joints and other imperfections can allow
rainwater to penetrate through the facade and damage the moisture-
sensitive components of the walls. For ACMs, rainwater leakage can
also reduce their thermal resistance. There are several origins for crack
formations in coating mortars such as moisture and/or temperature
induced stresses, mechanical impacts from wind or external forces
[52-54].

The amount of water that penetrates through a crack depends on
various factors, including the depth and width of the crack. Superficial
cracks or scratches with shallow depth may be considered watertight,
whereas continuous deep cracks wider than 0.3 mm will most likely
result in rainwater penetration [55]. For other materials such as con-
crete, the water penetration through cracks narrower than 0.025 mm is
negligible [56,57] but increases exponentially above this width [58-60].
Surface cracks commonly observed in coating mortars are either single
or networked linear cracks [52]. They typically appear in areas with
high stress concentration, including wall joints, corners, or around
windows. To create relevant testing conditions, several methods have
been used to introduce artificial cracks in coating mortars such as cyclic
wetting-drying (swelling-shrinking), or application of external forces
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[56,61,62]. However, these methods do not permit precise control over
crack formation in terms of size, shape, and location, limiting the
repeatability of experiments.

The presented literature review highlights a scarcity of research on
the moisture absorption of externally applied ACM-systems during
wetting. Additionally, previous studies have utilized rather extreme test
conditions that do not accurately represent specific microclimates.
Surface defects have also received relatively limited attention in prior
works.

Therefore, this study aims to investigate the moisture absorption of a
commercially available ACM-system under various wetting scenarios. It
also examines the impact of water-repellent paint and surface cracks on
moisture absorption and drying performance of the ACM-system.
Furthermore, a newly developed tailor-made small-scale test setup
(runoff setup) is introduced. This setup is specifically designed to
replicate rainwater runoff caused by WDR on facgades, based on histor-
ically prevalent WDR intensities in Swedish climates. Compared to
existing standardized test methods for evaluating watertightness, this
setup offers several advantages. These include increased efficiency and
ease of use due to its small-scale nature, the ability to simulate low-
intensity wetting scenarios, and real-time monitoring of both total
moisture absorption and moisture distribution at different depths of the
specimen during wetting and drying phases.

1.2. Overall methodology and layout

The investigation comprises a main and two complementary exper-
imental studies (Fig. 1). The main study focuses on measurements in the
runoff setup. Specimens of the ACM-system are subjected to wetting
through water runoff and subsequently dried to their initial state.
Moreover, the experimental results from the main study are compared to
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simulated results from a simplified numerical model designed to simu-
late moisture transport within the ACM-system during wetting and
subsequent drying. This comparison is done to explore the level of
agreement between the two and to provide insights for future numerical
studies and model refinement.

The complementary studies aim to explore additional wetting sce-
narios not covered in the runoff setup. The first study involves a capil-
lary water absorption test at low/zero hydrostatic pressure (free
suction), which involves soaking specimens in shallow water from one
side. The water absorption of the specimens is then determined through
three wetting rounds between which the samples are dried to initial
mass. The second complementary study is also a suction experiment but
at elevated hydrostatic pressure created by the Karsten tube. In these
studies, specimens with and without water-repellent paint and surface
cracks are prepared to assess their impact on the moisture absorption
and drying performance of the ACM-system.

The paper is structured as follows: Chapter 2 presents the main study
using the runoff setup. Chapter 3 describes the complementary studies.
Chapters 4 and 5 present and discuss the findings, and Chapter 6 pre-
sents the conclusions.

2. Main study: runoff setup

The runoff setup (Figs. 1 and 2) was designed to replicate rainwater
runoff on the specimen’s exterior surface. The design idea of this
configuration was influenced by established testing protocols in EN
1027 [18] and EN 12865 [19]. Comparable setups can also be observed
in the works of others [20,21,63]. The runoff setup consisted of a cubic
box with an interior volume of 1.4 x 1.5 x 0.75 m® (Height x Width x
Depth). The exterior of the cube was covered with vapor-resistant plastic
sheets (p-value: 3.10°), having a detachable front screen. The setup was

a) Runoff setup
Front-view

Constant

pressure

Specimen

sensors

Sealed edges

. water supply

-~ Runoff water

Zero dynamic

Moisture tracing /.

Hanging scale:

continuous weightD

1 R _— Wall frame v

I,’ Cubic box: vapor resistance
plastic sheet

Temperature: 20°C
Drying- opened box: 50% RH

gL

Specifnen

Wetting- closed box: 90% RH
Cross-section /

=~
Pump &} ) Water tank|

‘ Complementary studies‘

b) Capillary suction test

Specimen

Free water absorption

c) Karsten tube test

100 mm (10 ml) of
water column

| Water | ! Contact area: 300 mm?

Simulation of an
overpressure ~1100 Pa

Karsten tube

Specimen

Fig. 1. Illustration of the experimental studies conducted. a) Main study using the runoff setup. Specimens are exposed to water runoff with zero overpressure
applied on the surface. b) Capillary suction test where specimens are soaked in water from one side. c) Karsten tube test to measure the water absorptivity of the

specimens when exposed to high overpressure.
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Fig. 2. a) Front-view of the setup during wetting (closed box: 90 + 5% RH). The setup was placed in a climate-controlled room (20 + 1 °C, 50 + 2% RH). At drying,
the front was opened. b) Water supply pipe mounted in a fixed position in front of the test wall (indicated by blue oval). Continuous water flow was supplied through
15 identical circular openings with a 1 mm inner diameter. c) A specimen suspended from a hanging scale (blue arrow) for continuous weighing during wetting and
drying. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

installed inside a climate-controlled room with constant climate of 20 +
1 °C and 50 + 2% relative humidity (RH). During wetting, the box
remained closed to maintain high humidity (90 + 5% RH). This was
done to mimic high air humidity during rain and to restrict evaporation
from the wet specimen surface. During drying, the front of the box was
opened to allow drying towards 50% RH. The specimen, mounted in a
metal frame (Height x Width: 0.61 x 0.41 m2, mass: 4.4 kg), was sus-
pended from a hanging scale to monitor mass changes. A water system
delivered a constant flow to simulate rainwater runoff, and moisture
tracing sensors inside the specimen tracked RH changes. Further details
about the specimens, runoff setup, and measurement scheme are pro-
vided in subsequent sections.

2.1. Undamaged specimens: ACM-system

The ACM-system specimens were prepared as illustrated in Fig. 3.
The casting procedure, choice of mortars, application sequence, and
curing times adhered to the manufacturer’s instructions. To isolate the
experiment from substrate impact, all sides of the aerated concrete

substrate were sealed with epoxy glue. The ACM-system was cast by first
applying an undercoat mortar to the fully sealed substrate, followed by
the ACM. The undercoat served to strengthen the adhesiveness between
the ACM and the substrate. The applied ACM layer was approximately
40 mm thick, as per standard practice [28]. After curing for 28 days, a
primer was applied followed by the first layer of outer coating mortar
reinforced with a glass fiber mesh. The second layer of outer mortar was
added after curing. These layers provided the ACM-system the necessary
mechanical strength. Some specimens had a water-repellent paint
applied in three steps: primer and two coats of paint, following the
technical data sheet (TDS) [64]. The preparation time for a single
specimen including curing time for all layers was approximately 50
days. All sides of the specimens were sealed to restrict all moisture flux
exchange with the surroundings to the exterior surface alone. This
would represent an extreme case of unidirectional moisture transport
through the exterior, where interior drying is prevented.

Table 1 presents the material properties of the principal layers of the
ACM-system, as declared in their respective TDS [64]. The Specific
product types for the components in the mixture, including the aerogel

a) b) Outer
coatin
Substrate ‘\Undercoat ACH rg
(Aerated — %er BIR f(
concrete) > ; wAR
Outer coating mortar (~5 mm)
(& reinforcement mesh)
Outer coating mortar(~ 4 mm)
ACM (second layer) & paint
~40 mm

<>
~9mm

ACM-system

Fig. 3. a) Schematic of the ACM-system. b) Cross-section of a cast specimen with the main layers highlighted.
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Table 1
Declared material properties [64] of the principal layers in the ACM-system.
Material property ACM Outer Water-
coating repellent
mortar paint
Density, p (kg/m>) 180 1200 -
Thermal conductivity, Agry 40 930 -
(mW/(m-K))

Water vapor permeability <5 10 (sq-value” =
coefficient, p-value (-) 0.01 m)
Water absorption coefficient, <0.2 <04 0.01-0.06

Acap (kg/(m*min®®))
Compressive strength, 6. (N/ 0.5 1.3 -
mm?)
Moisture dependent thermal RH MRH) - -
conductivity®, A(RH) (mW/ (%)
(m-K))
0 40 - -
80 45 - -
90 50 - -
100 400 - -

@ Measured in the laboratory (ISO 22007-2 [65]).
b A sg-value of 0.01 m corresponds to a vapor resistance of 0.01-m-thick layer
of stagnant air.

granules, are not disclosed by the manufacturer. The ACM and outer
mortar contained hydrophobic agents to enhance water-repellency [64].
In Fig. 4, the four types of specimens (0.6 x 0.4 m?) are depicted. For
consistency and clarity, the study will refer to the four specimen types as
Facades I-IV. Facades I-II represent undamaged specimens (Fig. 3).
While Facade II was externally coated with water-repellent paint,
Facade I had an unpainted outer coating mortar, serving as the reference
case. The damaged specimens, Facade III-1V, featured a horizontal and
vertical surface crack, respectively (Section 2.2 provides further details).
Like Facade II, Facades III-IV were externally painted.
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2.2. Specimens with surface damage: artificial vertical and horizontal
cracks

Facades III-IV were included in the study to evaluate the influence of
surface cracks on the wetting and drying of the ACM-system. Fig. 5,
demonstrates the production of cracks by inserting a 0.3 mm thick metal
sheet into both layers of the outer mortar during the fresh stage. Due to
the fragility of the ACM, mechanical impact on the hardened mortar
could lead to breakage or non-identical cracks. The final cracks were
around 9 mm deep, protruding through the entire outer coating to the
front side of the ACM. At the hardened stage, the cracks had an average
width of 1 + 0.5 mm and a length of 300 mm, centered on the surface.

2.3. Water supply system

A micropump (MGD1000 model) provided a steady and pulsation-
free water supply to a water distributor (Fig. 1), wherefrom the water
ran over and off the specimen surface. The pump, operated by a separate
brushless motor controller, sourced water from a 60-liter tank posi-
tioned beneath the setup. The water supply rate was set to 2 L/(m?-min),
resembling the runoff on a wind-ward facade created by the most
frequent WDR intensities in Swedish climates (see Appendix A). The
water distributor was a stainless-steel pipe fixed at 70 mm distance from
the specimen and aligned with its top edge (Fig. 2 middle), featured 15
circular openings. These openings had a 1 mm inner diameter and were
spaced 25 mm apart. Relatively stable meanders from these openings at
the top simulated rainwater runoff on the surface. Importantly, these
dynamic rivulets were permitted to flow freely across the surface,
leading to eventual surface saturation and the formation of a water film.
The resulting runoff water was collected in the tank via a hole at the
bottom of the setup and recirculated back to the distributor.

2.4. Monitoring system: weighing scale

A hanging scale (OIML C2.S) with a maximum capacity of 50 kg

Facade | Facade Il Facade Il Facade IV
Reference facade
No water- Facade | + Facade Il Facade Il
repellent paint Water-repellent + -
No damage paint horizontal crack vertical crack
horizontal vertical
sealing crack crack
o

@ =

o o

U“ el

& > c3) water-

9 0 5 repellent

§, < = 1 paint

Fig. 4. Four specimen types used in the measurements. Unlike Fagade I, Facades II-IV were externally covered with water-repellent paint. Facades III-IV included a

horizontal and vertical crack, respectively.
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Outer coating
mortar: ~9 mm

' 300 mm
Q:N 1£0.5mm
W 25
o &
Co e(\\(\% ?q
:U’
c
o
&>
d D
B =

Fig. 5. Creation of surface defects in Facades III-IV. A metal sheet was inserted through both layers of outer mortar (fresh mortars) to produce a vertical (Facade IV:
Fig. 2¢) or horizontal crack (Facade III). a) A sheet penetrating the first layer of outer mortar and mesh for a horizontal crack. b) Schematic on the dimension of the
final crack opening at hardened stage (crack width: 1 £ 0.5 mm, crack depth: 9 mm, crack length: 300 mm).

monitored the mass change of the specimens (Fig. 2¢). The registered
mass change included both the moisture absorbed by the specimens and
the water runoff on the surface. The scale had a declared sensitivity of 2
mV/V and a mechanical accuracy of +0.025 kg. A real-time controller
operated the scale, collecting and logging the average of 1000 mea-
surement points per minute. The weighing system was calibrated for a
measuring range of 0-25 kg, with a maximum error of 1%. For the mass
change interval relevant to the measurements conducted, the error of
the weighing system was below 0.01 kg.

2.5. Monitoring system: moisture tracing sensors

To track RH changes in the specimen, two moisture tracing sensors
were positioned in the outer coating mortar and two others in the ACM,
at depths of around 9 mm and 49 mm from the exterior surface,
respectively. Vertically, the sensors were placed in the center of the
upper and lower halves of the specimens, as shown in Fig. 6.

The sensors used were capacitive moisture sensors with two isolated
thin copper electrodes, encased in corrosion-resistant sheeting to pre-
vent water contact and corrosion. The two electrodes function as a
variable capacitor whose capacitance changes with humidity in the
surrounding. Each sensor comprises an electrical module with a built-in
timer chip (TLC555C), sealed with protective lacquer before

s

installation. The timer measures the charging and discharging time of
the capacitor, which is converted into proportional analog output
voltage. This value can be read by an analog to digital converter (ADC)
and subsequently interpreted as the humidity of the medium in contact
with the sensor. The sensors were read using a microcontroller unit
(MCU) (NodeMCU ESP8266 model) with an integrated ADC (10-bits)
and Wi-Fi chip. The MCU collected data from each sensor every 20 s,
transmitting online readings. Prior to the experiment, the system was
calibrated in a climate-controlled chamber at a constant temperature of
20 °C and at RHs of 50%, 70%, 85%, 95%, and wet condition (100%
RH).

2.6. Measurement scheme

Table 2 presents the measurement scheme for the runoff setup. Each
test (Facades I-IV) involved two identical specimens (specimens 1 and 2)
to measure the repeatability of the results. Each specimen was wet and
dried three times. The wetting phase lasted 24 h, aimed at simulating an
extreme case of prolonged rain event. Because the drying of specimens
was time demanding, it was split in two phases. The first 144 h (6 days)
of drying was conducted in the runoff setup with the sample hanging on
the scale and the plastic chamber opened on one side. Thereafter, the
sample was placed elsewhere in the climate room and dried naturally to

c)

) ACM
Outer coating

mortar L

-

Aup A &

Fig. 6. Moisture tracing sensors positioned at the center of the vertical upper and lower half of the specimen during casting. a) Behind the ACM (Byp, Bdown)- b)

Behind the outer mortar (Ayp, Adown)- €) Schematic of the sensor positionings.
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Table 3
Input data used in the simulations.

Table 2
Measurement scheme for the runoff setup.

Runoff setup Facade I Facade II Facade III Facade IV

Surface No water Water Water Water
quality repellent repellent repellent paint,  repellent

paint, no paint, no one horizontal paint, one
damage damage crack vertical crack

Number of 2 2 2 2
specimens

Number of 3 3 3 3
wetting and
drying
rounds

Duration of 24h 24 h 24 h 24 h
wetting
phase

Duration of 144 h 144 h 144 h 144 h
drying
phase in the
setup”

# The remaining time until complete drying back to initial state was spent
outside the setup in the same climate room (20 °C, 50% RH).

its initial mass. The average time between two consecutive wetting for
the same specimen exceeded 60 days.

2.7. Numerical hygrothermal simulations

For the purpose of future numerical studies, a numerical hygro-
thermal model of the reference specimen, Facade I, was developed and
verified by the measurements from the runoff setup in terms of total
moisture content of the specimen and RH inside the outer mortar and the
ACM. The model describes a dynamic one-dimensional moisture transfer
through (porous) materials and is developed in COMSOL Multiphysics
6.0 by utilizing the physics module Moisture Transport in Building Mate-
rials. The governing balance equation for combined vapor and liquid
transports in materials reads:

gal;—tH +V(-¢D,VRH - §,(VRHp,,)) =G (€}

Where ¢ (kg/m?>) is moisture capacity, RH (—) is relative humidity, Dy,
(kg/(rnz-s)) is liquid transport coefficient (mz/s), 8, (kg/(m-s-Pa)) is
water vapor permeability, py,, (Pa) is saturation vapor pressure, and G
(kg/m3) is moisture source.

In the model, the conditions used in the runoff measurements were
implemented. At surface boundary, RH (vapor concentrations at speci-
fied RH levels) was used as driving potential in the simulations to
characterize the moisture transport. During the 24-h wetting phase, the
front surface of the specimen was assumed to be wet (~100% RH), while
the remaining surfaces were assumed to be sealed. The simulations were
performed under isothermal conditions (20 °C), neglecting latent heat
transport. The built-in COMSOL package for mesh generation was used,
utilizing unstructured grids of triangular elements. A physically
controlled mesh (extremely fine) and a 60-s time step were used. Table 3
presents the input data used in the simulations. Due to insufficient data,
no hysteresis effects were considered in the sorption isotherm curves and
thus the same parameters were used at wetting and drying phases.
Similarly, the values of D,, were calculated using the simplified
expression shown in Equation (2) [16], where A, (kg/ (mz-so'5)) is the
capillary water absorption coefficient, w (kg/m?) is the moisture con-
tent, Wgat (kg/rn3) is the free water saturation of the considered material.

Adp)’ W
D, = 3.8-(—") -1000%sa ! (2)

sat

Material property ACM Outer coating
mortar
Vapor permeability”, p-value (—) 3 10¢
Water absorption coefficient”, Acap (kg/ 0.04 0.08
(m?min®))

Sorption isotherm-adsorption®, w (kg/m>) RH w RH w
(%) (%)
0 0 0 0
9 0.70 9 2.39
33 1.64 33 4.57
50 4.94 50 18.90
75 9.32 75 39.40
85 10.10 85 47.70
93 18.30 93 53.10
Waat 484 Waat 270

Measured in laboratory.
2 EN 1015-19 [66].
> EN 1015-18 [67].
¢ EN 12571 [68].
4 Declared value [64].

3. Complementary studies
3.1. Capillary water suction

The capillary water absorption of the ACM-system was measured
according to EN 1015-18 [67]. Note that the standard prescribes mea-
surement on a single material, whereas the presented measurements
consider multiple materials. The tested ACM-system was the same as in
the runoff tests (Fig. 3, Table 1) but of different size and substrate. The
exposed or front sides of the specimens were 100 x 100 mm? (Fig. 7) and
20 mm thick plywood were used as substrates. Before the application of
the ACM-system, all sides of the substrate were sealed with epoxy glue to
eliminate its impact on the moisture transfer within the ACM-system.
Prior to testing, all samples were preconditioned for approximately
two months at 20 °C and 50% RH.

The measurement scheme comprised three tests (Facade I-III/IV) and
nine measurements each (3 identical specimens x 3 wetting) as sum-
marized in Table 4. The front side of the specimen was soaked in water
(5-10 mm). Each specimen was placed in a closed container to minimize
evaporation. Mass gain (kg/mz) was recorded after 10, 20, 45, and 90
min, as well as after 24 h using a weighing scale (METTLER TOLEDO
PG503) with a resolution of 10~ kg. The one test on Facade III/IV
included damaged specimens, comprising a 30 mm long, 1 &+ 0.5 mm
wide and 9 mm deep crack on the front surface. While the cracks were
placed centrally on the surface, their orientation when submersed in
water was irrelevant.

3.2. Karsten tube measurement

The second complementary study involved the Karsten tube method,
which currently lacks established standards apart from recommenda-
tions found in literature [69-71]. The Karsten tube, which consists of a
dome with a diameter of 30 mm and a cylindrical tube with a volume of
10 ml (100 mm head of water), was affixed to the front surface of the
specimen (Fig. 8). This created a hydrostatic pressure of approximately
1100 Pa, mimicking wind pressure at around 43 m/s wind velocity. The
absorbed water was derived manually by monitoring the decreasing
volume in the tube at intervals of 1, 5, 10, 15, 30, 60, and 90 min from
the start of wetting. Once the volume decreased by 1 ml, it was refilled to
maintain a constant pressure. Due to the small contact surface area of the
dome, the wetting phase was limited to 90 min. An extended period of
wetting would result in water being absorbed by the material sur-
rounding the dome due to capillary forces, stretching the wetting area to
an undefined shape and outside the applied pressure.
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Fig. 7. a) Measurement setup used for the capillary water suction tests. The front sides of the specimens were soaked in 5-10 mm of water. All other sides were

sealed. b) The side of the specimens immersed in water was 100 x 100 mm?.

Table 4
Measurement scheme for capillary suction tests.
Capillary water Facade I Facade 11 Facade III/IV*
suction
Surface quality No water repellent ~ Water repellent Water repellent
paint, no damage paint, no damage  paint, one crack
Number of 3 3 3
specimens
Number of wetting 3 3 3
and drying
rounds
Duration of wetting 24 h 24 h 24h
phase

2 In these measurements, the orientation of the crack (vertical or horizontal)
was irrelevant. Thus, only one type of damaged specimen (Facade III/IV) was
considered.

Fig. 8. Karsten tube affixed to the surface of a specimen. A steady water
pressure created by 100 mm column corresponds to a wind pressure (1100 Pa)
at velocity of 43 m/s.

Table 5 provides the measurement details. Only undamaged speci-
mens (Facades I-II) were examined as applying the hydrostatic pressure
on a crack was deemed unsuitable due to an immediate absorption of

Table 5
Measurement scheme for the Karsten tube tests.
Karsten tube method Facade I Facade II
Surface quality No water repellent paint, no ~ Water repellent paint, no
damage damage
Number of specimens 1 1
Number of wetting 6 6
rounds
Duration of wetting 1.5h 1.5h
phase

water through the crack opening. One specimen (0.6 x 0.4 m?) was
prepared for each facade as described in Fig. 3 and Table 1. For each
specimen, six measurements were conducted.

4. Results

The results of the main study using the runoff setup are presented in
Section 4.1. Section 4.2 presents the findings of the complementary
studies while Section 4.3 compiles a comparison between the results of
the main and complementary studies.

4.1. Runoff setup

In Fig. 9a, the mass changes (kg/m?) of Fagades I-Il during 24 h of
wetting and the initial 144 h of drying in the setup are presented. Both
Facades I-II exhibited similar performance at wetting and drying. During
the first 10 h of wetting, Facade II had up to 6% (0.04 kg/m?) lower
average mass gain, indicating a potentially higher runoff rate compared
to Facade L. In contrast, after 24 h of wetting, Facade Il had 9% (0.06 kg/
m?) higher average mass gain, suggesting increased runoff for Facade I
as the outermost layer became saturated. During the initial 144 h of
drying, approximately 85% (0.52 kg/m?) of the total moisture absorbed
by Facades I-II dried out. The average drying rate differed by about 2%
between the two facades during this drying phase.

Fig. 9b illustrates the relative mass gain in percentage ((V3-V1)-100/
V1) during the second or third round of wetting (V3) compared to the
first round (V) for each specimen. For one specimen of Facade II (II-2)
and both of Fagade I, the mass gain during the second and third round of
wetting increased by 10-16%, with a smaller increase observed between
the second and third rounds. In contrast, for Facade II-1, the mass gain
decreased by approximately 20% during the second and third rounds of
wetting compared to the first round.
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Fig. 9. a) Mass change (kg/m?) of Facades I-II in the runoff setup. The Shaded graphs represent the total variability in all six rounds of measurements (2 specimens x
3 rounds) for Facades I-II. b) Relative mass gain during the second and third rounds of wetting relative to the first round.

Fig. 10 shows the RH measurements in Facades I-II. Both facades
exhibit similar RH trends. The RH at position Ayp and Agown, behind the
outer coating mortar, peaked at 96% during wetting and fell to a min-
imum of 54% during the initial 144 h of drying. Behind the ACM, By,
the highest average RH was 65% for Facade I and 62% for Facade II, 6
and 4 h after the end of wetting, respectively. At Bgown, the highest
average RH in Facade I was 59% at the end of wetting, while Facade II

Facade I—Aup- all cases

Facade I-Aup- average
Facade II—Aup— all cases

Facade [I»Aup— average

80
9
z
60
50 fWetting  Drying
0 24 48 72 96 120 144 168
Hour
C) 100
Facade I—Bup— all cases
Facade I-Bup- average
%0 Facade II-Bup- all cases
Facade II—Bup— average
80 [
) Wetting Drying
T < >< >
o 70r

recorded a maximum average of 64%, 5 h after the end of wetting. The
increasing RHs behind the ACM after the end of wetting suggest mois-
ture redistribution within the ACM towards the interior (substrate).
After 144 h of drying, the RHs at By, and Bgown Were reduced to around
52% for both Facades I-II.

Fig. 11 shows the mass change (kg/mz) of Facades III-IV, which
contained vertical and horizontal crack, respectively. As shown, the

100 1
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Fig. 10. Measured RH in Facades I-II in the runoff setup. The Shaded graphs repres
for each facade.

Hour

ent the total variability in all six rounds of measurements (2 specimens x 3 rounds)
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Fig. 11. Mass change (kg/mz) in all six rounds of measurements (2 specimens x 3 rounds) for Fagade III (a) and IV (b) in the runoff setup. For reference, the

maximum mass gain for Facades I-Il was 0.6-0.7 kg/m>

response of the Facades to identical runoff wetting was scattered. For
three respectively four out of six measurement rounds, the mass gain of
Facades III-IV (0.6-0.9 kg/m?) was comparable to that of undamaged
Facades I-1I (0.6-0.7 kg/m?), indicating a less significant water pene-
tration through the cracks. During the initial 144 h of drying, around
85-95% of the absorbed moisture was removed. However, for the
remaining three respectively two measurement rounds of damaged Fa-
cades III-IV, the mass gain (1.9-3.2 kg/m?) was around 3-5 times

greater than for undamaged Facades I-II. As shown in Fig. 11, sudden
increases in the mass change rates were observed in these measurement
rounds after 5-20 h of wetting. For these rounds, approximately 50-65%
of the absorbed moisture was removed during 144 h of drying.

To illustrate the highest RHs observed in the damaged Facades III-IV,
Fig. 12 presents the measured RHs from the measurement rounds with
the greatest water mass gain (S1-R1 in Fig. 11). Behind the outer mortar
(Aup and Agown), the RH reached approximately 95-100% within the
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Fig. 12. Measured RH in Facades III-IV with the highest water abortion during wetting (Fig. 11: S1-R1) in the runoff setup.
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first hour of wetting for both Fagades III-IV. While the RH decreased at
Ayp during drying, the RH at Agown Temained consistently high (above
95%) during the first 120 h of drying, indicating gravity-driven moisture
redistribution from the upper to lower parts of the specimens. Similar
trends were observed for the RHs behind the ACM, with a decrease at By,
and an increase at Bgown during the initial drying phase. Behind the
ACM, the RHs increased to approximately 85-95% before gradually
declining towards 50% RH. It is important to note that this study only
allowed for drying via the exterior surface, representing an extreme
scenario.

Fig. 13 presents the simulation results of the wetting and drying of
Facade I compared to the experimental data (Figs. 9 and 10). The sim-
ulations predicted on average 11% lower mass increase during wetting
(Fig. 13a) than the experimental data. Notably, the simulations did not
account for the mass increase from runoff water film formation on the
surface. Furthermore, the surface boundary was assumed to be wet
(~100% RH) during wetting, which is not fully representing the capil-
lary liquid suction taking place on the surface boundary. During drying,
the predicted values fell within the lower measurement variability
range, with an error of up to 25% compared to average measurement
values. The simulated RHs behind the outer mortar (Fig. 13b) were
underestimated by up to 14% during wetting, while during drying, the
simulated values had an error of up to 7%. For the RHs behind the ACM
(Fig. 13c), there was a time shift of approximately 5 h between simu-
lated and measured peak RHs, with an error of 1.5% in magnitude. The
corresponding error at the end of 144 h of drying was around 8%.

Building and Environment 245 (2023) 110905
4.2. Complementary studies

Fig. 14 illustrates the outcome of the three rounds of capillary suc-
tion tests at both 90 and 1440 min (24 h) of wetting, along with the
corresponding standard deviation (SD). The 90 min wetting was selected
according to the standard [67] and to give references for comparisons
with the results from the Karsten tube tests. Similarly, the 24-h wetting
was selected to give references for comparisons with the results from the
runoff tests.

As shown in Fig. 14a, Facade II exhibited the lowest mass gain, while
damaged Facade III had the highest gain at both 90 min and 24 h of
wetting. After 24 h, Facade II absorbed around 50% less water than
Facade I. Meanwhile, Facade III absorbed approximately 13% more than
Facade I. In Fig. 14b and c, the relative mass gain during the second and
third rounds of wetting compared to the first round is shown for Facades
I-III. The highest relative change between measurement rounds was less
than 7% at 90 min and less than 13% at 24 h. The coefficient of variance
(CV) for the capillary suction tests was within 10-23% for Facade I,
7-25% for Facade II, and 3-28% for Facade III.

The findings of the Karsten tube test for Facades I-II are displayed in
Fig. 15. Facade II consistently exhibited lower water absorption
compared to Facade L. After 5 and 90 min of wetting, Facade II absorbed
approximately 75% and 51% less water than Facade I, respectively. The
former scenario could represent the water absorption during a brief
WDR event lasting only a few minutes. The CV for the measurements on
Facades I-II was between 10-31% and 15-22%, respectively.
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Fig. 13. Comparison between the simulated results and the measurements for Facade I in the runoff setup. a) Mass change. b) RH behind the outer mortar (average of
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Fig. 15. Water absorption for the Karsten tube test for 90 min.

4.3. Comparison of moisture absorption for the three wetting scenarios

Fig. 16 presents a comparative analysis of the maximum moisture
absorption of Facades I-IV for the three wetting scenarios, i.e. runoff,
capillary suction, and the Karsten tube. The results are presented for

12

the embedded plot depicts the water suction during the first 90 min. b, c) Relative mass gain at the second and third

short-term (represented by 90 min) and long-term (24 h) wetting. For
each wetting scenario, the absolute mass change (kg/m?) and the rela-
tive mass gain (%) of Facades II-IV compared to Facade I (reference case)
are provided. To be noted is the difference between the crack length of
the damaged facades used in the runoff setup (crack length: 300 mm,
wall surface: 600 x 400 mm?, ratio: 5/10 or 7.5/10) and those used in
the capillary suction test (crack length: 30 mm, wall surface: 100 x 100
mmz, ratio: 3/10).

For the wetting scenarios examined, runoff wetting resulted in the
lowest water absorption for all Facades. Facade III had the highest mass
gain, approximately 1.0 kg/m? at 90 min and 3.2 kg/m? at 24 h of runoff
wetting. In contrast, Facade I had values of 0.4 kg/m? and 0.6 kg/m? for
the same time intervals, respectively. Facade II, with water-repellent
paint, showed 15% lower mass change than Facade I for short-term
wetting and 9% higher mass change for long-term wetting. Among Fa-
cades III-1V, Facade III with a horizontal crack had the maximum mass
increase.

In the capillary suction test, Facade II had the lowest mass increase,
while the damaged Facade III had the highest. The water absorption of
Facade I was 28% and 37% lower than Facade I after 90 min and 24 h of
wetting, respectively. Facade III had water absorption that was 1%
lower and 11% higher than Facade I after the same time intervals. In the
Karsten tube test, Facade II had 50% lower water absorption compared
to Facade I. As depicted in Fig. 15, the water absorption of Facade II and
I after 1 min was around 0 and 0.6 kg/m?, respectively. The latter value
is comparable to the average water absorption of Facade I during 24 h of
runoff wetting. The mass increase for Facade I after 90 min of Karsten
tube wetting was around 4.0 kg/m2, while it was approximately 1.7 kg/

m? and 0.35 kg/m? for capillary suction and runoff wetting,
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Fig. 16. Comparison of the maximum water absorption of Facades I-IV for different wetting scenarios, at short-term (a) and long-term (b). The relative mass gain
between Facades II-IV and Facade I for the same wetting scenario is also provided. For the capillary suction test, the damaged facade was represented by Facade IIT
only as the crack orientation was irrelevant. The Karsten tube tests only involved Facades I-II.

respectively. This implies that wetting with high pressure difference
over the facade (1100 Pa) could result in 2-12 times greater water ab-
sorption compared to wetting with low hydrostatic pressure.

5. Discussions
5.1. Main study

As indicated in Chapter 1, previous test methods on the response of
test walls to WDR normally involved a combination of high intensity
water spraying and runoff, and high overpressure on the test walls.
Meanwhile, the developed runoff setup was limited to water runoff,
based on the most frequent WDR intensities in Sweden, and zero over-
pressure. Initial attempts were made to design water spray nozzles to
mimic WDR. However, achieving the desired low intensities would
necessitate dimming nozzles with small water droplet size and spread
surface area, requiring multiple nozzles and a more complex monitoring
system. Considering the first-time evaluation of the system used but also
the potential uncertainties related to the increasing absorptivity of the
ACM during subsequent wetting (reported in Ref. [51] and discussed in
Chapter 1) the current version of the setup was limited to runoff wetting
to mitigate these uncertainties. To compensate for this simplification,
complementary studies were introduced to consider other wetting
scenarios.

The reported moisture absorption (kg/m?) of the specimens
measured by the scale included the weight of the water runoff, which
implies that the actual water absorption by the facade was lower than
the reported values. Excluding the weight of the water film was chal-
lenging due to its variability. The maximum weight of the water film
after 24 h of wetting was 0.08-0.011 kg/m?. In future studies, installing
a second scale to measure the runoff water before it returns to the water
tank could be a potential solution to address this issue. Furthermore,
there exists a need for in-depth exploration regarding the water rivulet
formation pattern and the specific timeframe for the emergence of the
water film on the surface. Dyed water testing was conducted for visu-
alizing the water stream on the surface. However, it failed due to the
prolonged wetting phase, which not only removed or weakened the
dyed areas but also distributed the dye in a transversal direction on the
surface, making it challenging to distinguish the rivulet formation over
time. Similarly, the observed variation in mass change between the
measurement rounds for the undamaged facades (Fig. 9), in relation to
the water film mass and measurement errors should be further
investigated.

Both the hanging scale and moisture tracing sensors consistently
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captured the response of the facades with satisfactory accuracy. The
sensors had a total variability of 3-15% RH across all six measurement
rounds, which could be attributed to the inherent variability of the
measurement rounds and sensor errors. In future work, the sampling
rate and resolution of the analogue to digital converter (ADC) used for
the moisture tracing sensors could be improved by either using an ADC
with a higher bit length (currently 10-bit) or using an amplifier.

In some measurement rounds, the damaged facades exhibited
notable greater water absorption through the cracks, and negligible in
others. This suggests that a theoretically large crack may not always lead
to substantial water absorption, especially in pure rainwater runoff
scenarios. These variations could be attributed to factors such as the
presence of a water film at the crack opening, surface conditions, and the
position of the crack relative to the water supply pipe. The effect of these
parameters was not explored in this study. Furthermore, alternative
techniques mentioned for inducing cracks with diminished impact on
the surrounding surface and potentially larger number of samples should
be investigated.

As shown in Table 1, the increase in thermal conductivity of the ACM
is less than 13% up to 80% RH compared to dry state. In undamaged
facades, the RH behind the ACM remained below 70% for 24 h of wet-
ting, indicating a minimal impact on its thermal performance. However,
in damaged facades with the highest moisture absorption (Fig. 12), the
RH behind the ACM could locally reach values of 85-95%, which can
lead to an 80-88% increase in thermal conductivity. This extreme case
emphasizes the need to control water absorption for maintaining the
insulation properties of the ACM. Long-term hygrothermal analyses
should consider the possibility of damage due to cracking in ACM-
systems, as discussed in Chapter 1.

The simulations underestimated the total moisture absorption and
RH behind the outer mortar, possibly due to the simplified transport
phenomena and boundary conditions. The model assumed a wet and
saturated exterior surface instead of a water film, which would better
represent the actual capillary suction at the surface. The inclusion of
water runoff weight in the measurements may have contributed to dif-
ferences between measured and simulated values. During drying, pre-
dicted values fell within the lower range of measured values,
underestimating by 14-25% compared to the mean values. The simu-
lations showed delayed RH predictions and slower drying rates, likely
due to uncertainties in the moisture transport coefficients, ACM’s
sorption isotherm, moisture buffering capacity, and hysteresis effects.
Additional parametric studies, including meshing and boundary condi-
tion modifications, did not significantly improve the agreement between
simulations and experimental data. The results highlight the need for
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further model calibration and refinement. Further investigation, among
others, consideration of other driving potentials than relative humidity,
such as partial vapor pressure or logarithmic of suction pressure, and
consideration of different material properties at wetting and drying
phases should be considered.

5.2. Complementary studies

The study in Ref. [51] showed a significant increase in capillary
water absorptivity of the ACM after three rounds of 90-min tests. In this
paper, similar tests were conducted on a ACM-system with the same
ACM used in Ref. [51]. The results revealed a maximum increase of up to
5% after three rounds of 90-min wetting and below 13% after 24 h of
wetting. Meanwhile, the coefficient of variance ranged from 3% to 28%,
indicating a relatively high uncertainty in the testing method, particu-
larly related to manual weighing. Despite the moderate increase after
three rounds, these findings suggest that the ACM-system exhibits a
more stable performance compared to the ACM as a stand-alone mate-
rial. Nonetheless, further research with a greater number of wetting
rounds is needed to assess the long-term performance of the ACM and
the ACM-system.

The Karsten tube test is an effective and handy method to test the
response of specimens to high-pressure wetting. However, there are
several uncertainties inherent to the method that may impact the
outcome. The small amount of water used, and the visual assessment of
water absorption may lead to imprecise readings. The small contact area
(300 mmz) of the tube may not represent the entire wall surface, and
variations in attachment of the tube to the wall surface can further
impact the results. Conducting a large number of tests can help mitigate
these uncertainties.

6. Conclusion

This paper studied the moisture absorption of a coating system with
an aerogel-based coating mortar (ACM-system) under three wetting
scenarios. Specimens of the ACM-system with different surface condi-
tions were studied, including cracks and water-repellent paint. A prac-
tical and small-scale runoff setup was developed in-house to
continuously and in real-time monitor the moisture absorption and
drying of the ACM-system. The results from short-term (90 min) and
long-term (24 h) runoff wetting, as well as 144 h of initial drying, were
analyzed. Additionally, two complementary studies, capillary suction
and Karsten tube tests, were performed to measure the water absorption
of the ACM-system under wetting conditions other than those in the
runoff setup. Alongside the experimental investigations, an attempt was
made to validate a simplified numerical hygrothermal model using the
runoff wetting experiment, with the aim of facilitating future numerical
studies.

Based on the obtained results, the conclusions are as follow.

e Among the three wetting scenarios, runoff wetting resulted in the
lowest moisture absorption by the ACM-system for both short-term
(90 min) and long-term (24 h) wetting. In short-term, the Karsten
tube wetting showed 2-12 times higher absorption compared to the
runoff and capillary suction wetting.

Building and Environment 245 (2023) 110905

The impact of water-repellent paint on moisture absorption and

drying performance of the ACM-system was found to be less signif-

icant for runoff wetting (+9%). However, for capillary suction and

Karsten tube wetting, it could reduce water absorption by up to 15%

and 50%, respectively.

e For a damaged ACM-system with a horizontal or vertical surface
crack of 1 + 0.5 mm width, the hydrostatic pressure resulting from
the runoff water film alone could increase water absorption by 3-5
times during long-term wetting. This could lead to prolonged drying
time and potentially over 80% higher thermal conductivity
compared to when dry.

e For an undamaged ACM-system, external drying can be sufficient to

remove absorbed moisture from runoff wetting and prevent moisture

accumulation if internal drying is prevented. However, a damaged

ACM-system with a surface crack may require longer drying, and risk

localized moisture accumulation if internal drying is restricted.

During three consecutive rounds of runoff wetting and capillary

suction, the ACM-system exhibited a modest rise (up to 13%) in

water absorptivity. This finding implies a significantly more consis-
tent performance of the ACM-system compared to the increase

(260% [51]1) observed for the ACM when used as a stand-alone

material.

The simplified numerical simulation model developed showed less

satisfactory agreement with experimental data, highlighting the

need for further model refinement and more advanced modeling of
moisture transport in the ACM-system.

The developed small-scale runoff setup and the integrated moni-

toring systems showed promising results for measuring moisture

conditions in the specimens at wetting and drying. The measure-
ments obtained from the setup can be effectively used to validate
hygrothermal simulations in future investigations.
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Appendix A. Dimensioning of the water supply system in the runoff setup

In the runoff setup, the water system was designed to replicate the maximum runoff intensity on the windward facade of a 15-m-tall, three-story
building, considering the most frequent WDR intensities in Sweden. First, historical and hourly data on rain intensities and wind velocities were
collected for eight Swedish cities spanning a 25-year period. Second, the WDR intensities striking the facade were calculated according to EN ISO
15927-3 [15]. Finally, the method proposed by Blocken and Carmeliet [13] was used to estimate the maximum runoff intensity.
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A.1. Rain intensities and wind velocities

Hourly rain and wind data were collected from the Swedish Meteorological and Hydrological Institute (SMHI) [72] for the period 1996-2021. The
data was obtained from eight weather stations (Figure A 1) selected to represent various geographical locations in Sweden with a denser selection in
the south and west, where WDR events are more prevalent.

Weather station
1-Goteborg
2-Malmo
3-Tullinge
4-Vaxjo
5-Arvika
6-Hunge
7-Fredrika
8-Alvsbyn

© sweden

Google Earth Denmark

Fig. A 1. Map of Sweden (red marks, source: Google Earth) and the locations of the selected weather stations.

Figure A 2 and Figure A 3 present the hourly maximum and most frequent (95th percentile confidence interval) rain intensities and wind velocities,
respectively. The highest rain intensities varied from 20 to 40 mm/h (L/ (h~m2)), whereas the most frequent rain events had intensities less than 3 mm/
h. The maximum wind velocities were between 10 and 20 m/s, and the most frequent wind velocities were below 7 m/s. Most rain events were less
than 5 h in duration, with longer events (longer than 10 h) being uncommon. In the subsequent analyses, the most frequent rain and wind intensities,
3 mm/h and 7 m/s, respectively, were considered.

Rain intensity (mm/h)

Alvsbyn
Fredrika
Hunge
Arvika
Véxjo
Tullinge
Malmé
Goteborg

o
O}
=
S)

15 20 25 30 35 40
W 95th percentile

Fig. A 2. Rain intensities (hourly maximum and 95th percentile) between 1996 and 2021.
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Wind velocity (m/s)

Alvsbyn

Fredrika NN

Hunge N

Arvika

Vixj6

Tullinge
Maims [
Goteborg

0 5 10 15 20

M 95th percentile

Fig. A 3. Wind velocities (hourly maximum and 95th percentile) between 1996 and 2021.

A.2. Estimation of WDR on a vertical wall

The standard EN ISO 15927-3 [15] outlines a method for calculating the WDR intensity impacting on a vertical facade based on hourly rain in-
tensity and wind velocity measurements. Originally developed for calculating annual average WDR intensities, Blocken and Carmeliet [73] suggest its
applicability to shorter time periods. Here, the key aspects of the method [15] are introduced.

The formula for calculating the WDR intensity, Iwpg (L/mz), impacting a vertical wall surface is as follows [15]:

Iwpr = IA-Cr-Cr-O-W (A1)

2
I, = §‘V‘r%‘COS(®) (A.2)

where v (m/s) is the hourly mean wind velocity, r (mm) is the hourly rainfall and © (°) is the angle between the wind direction and the
normal out of the vertical wall surface. Cg (—) and Cr (—) are the roughness and topography coefficients, O (—) is the obstruction factor and
W (—) is the wall factor describing the quantity of rainwater impacting different parts of the wall. The calculation method and tabulated
values for these parameters are presented in Ref. [15]. To explore all possible combinations of parameters for Equation A. 1 and A. 2, a

parametric study was conducted (Table A 1).
Table A 1

Selected parameters for the analysis per-
formed based on the method in Ref. [15].

Parameter Values

v (m/s) 7

r (mm) 3

e 0, 45

Cr () 0.25-1.30

Cr (-) 1-1.6

0() 0.2,0.5,0.7, 1
W) 0.2,0.3,0.4, 0.5

Table A 2 summarizes the findings of the study. For further analyses, the WDR profile based on the 95th percentile values along the 15 m height of
the facade was considered.

Table A 2
The calculated WDR intensity (mm/h) on the windward facade of a 15-m-tall building.

Height (m) 0 3 6 9 12 15
Maximum 0 1.3 2.2 2.3 3.2 4.1
Mean 0 0.3 0.5 0.6 0.8 1.1
Median 0 0.2 0.4 0.5 0.7 0.9
95th percentile 0 0.7 1.3 1.4 2.0 2.6
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A.3. Estimation of runoff intensity

The numerical model proposed by Blocken and Carmeliet [13] was used to calculate the maximum runoff intensity due to WDR exposure on the
facade. The model incorporated WDR impacting the facade as a source and capillary water absorption into the wall as a sink. Surface evaporation was
not taken into account, assuming that high RH during rain would limit evaporation. The velocity profile of the water film flow due to water runoff on
the facade was characterized in Ref. [13] by employing the parabolic velocity profile of the Nusselt solution as a simplified thin film flow. The model
was presented as a first-order hyperbolic partial differential equation, with the water film thickness, h (mm), being the primary variable. From the
water film thickness, the total water flow rate, q (m3/(m - s)), passing a particular position on the facade at a given time could be computed. For
detailed model specifications, refer to Ref. [13].

The water film velocity and flow rate are calculated by the Nusselt solution [13]:

h B
q= / u(y)dy = gé_v -sin B (A.3)
0
q_gh .
u=; = '3v-smﬁ (A.4)

where u(y) (m/s) is the streamwise and transverse water film velocity, v (m?/s) is kinematic viscosity, g, (m?/s) is gravitational acceleration, and p
(degree) is wall inclination.

The water film thickness (h) at various positions along the vertical length of the facade (x-direction) at different times, t (s), are represented by
Equation A.5 [13]. The corresponding discretized solution is presented in Equation A.6:

% gr'h2 a_h _ Ewdr — 8ubs

A5
ot v 0x p (A-3)
3 3
hj““ + & (hj) - (hH) _ (8war — gabs);+] (A.6)
At By Axj_ p

where g4 and g, (L/' (m? - s) orm®/(m? - 5)) are the WDR flux and the absorption flux, respectively. Finally, n and j represent the time- and space step
on the facade, respectively.

A parametric study was conducted to evaluate the formation of water film and runoff on the analyzed facade from Section A.1 and A.2. The study
involved numerically solving Equation A.6 through an explicit discretization scheme (forward difference in time and backward difference in space).
The WDR profile from Section A.2 was used as g,,4,, While two cases were studied for g,;,, based on the two types of facades considered in this paper. A
low absorbent wall surface was considered based on Facade II (with water-repellent paint), with a capillary water absorption coefficient (Acap) of
0.008 kg/! (m2~s°'5). The second case was based on Facade I (Acap = 0.05 (kg/! (m2~s°'5)). In all simulations, a constant Ac,p was assumed along the total
length of the facade assuming a uniformly dry/wet surface prior to the rainfall. The stability and convergence conditions described in Ref. [13] where
satisfied by setting the space and time steps to 0.02 m and 0.02 s, respectively. The analyses were conducted for a 60-min-long rain event.

On the low absorbent facade, the water film formation was initiated with in few minutes from the start of the rain event, see Figure A 4. The
maximum water film thickness was around 0.13 mm. For the more absorbent facade, the water film formation started after approximately 40 min at
the upper parts of the facade. The maximum film thickness was calculated to be 0.095 mm. The maximum runoff flow rate along the length of the
facade during the 1-h WDR event varied between 10 and 22 L/h. Therefore, the water supply system should be designed conservatively to maintain a
constant water flow rate greater than 22 L/h.

15 — 15
\\\ * 1 min
i .
_ 2 min
] \ ——5min 12
“ |= = 45min
[ -SR-S ELCLLELY 50 min -
é I I 60 min é 9
i =
2 2 > 05
L, L6 ‘Acap=0.008 kg/(m“.s™%)
— 2 .05
Acap—0.05 kg/(m~.s™7)
3 3 \
)\
<—1-5min 45-60 min ——>\
0 0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Film thickness (mm) Film thickness (mm)

Fig. A 4. Water film thickness (h) profile for the two cases of high (a) and low (b) absorbent wall surfaces during a 1-h WDR event.
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