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Abstract. During a rain event, most of the raindrops reaching the facade either splash back or
run off the exterior surface of the facade. However, it is evident that also a portion of the water
infiltrates through the open joints of a ventilated facade. The infiltrated water may either be
drained in the cavity to the bottom of the wall or reach the insulation layer. If there are any
deficiencies present in the insulation layer or at the connection of the brackets, the infiltrated
water might introduce problems. Additionally, if the cavity isnot ableto drain all theinfiltrated
water or adhered droplets to one of the cavity surfaces do not dry out, moisture problems might
occur . Experiments wer e conducted to determine theinfiltration rate through ventil ated facades
with open joint widths of 5 mm, 10 mm and 15 mm and cavity widths ranging from 190 mm to
40 mm. It was observed that the amount of infiltrating water was larger for larger jointswidths.
Dueto the larger kinetic energy of the drops flowing through the larger joint widths, the drops
were ableto reach the exterior surface of the insulation layer, even for large cavity widths. The
results from the experimental assessment were used as input parameters for hygrothermal
simulations to determine the risk of moisture problems.
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1 Introduction

Ventilated facades are usually designed accordirthd open rainscreen principle to control
rainwater penetration (Garden, 1963). The exteofatlding, which usually consists of
independent facade panels, is supposed to keapagitof the rain. Evidently, also a portion
of the driving rain infiltrates through the opemjs between the facade panels and reaches the
air cavity behind the external cladding. This cawatts as a capillary break and drains the
infiltrated water to the bottom of the wall whetemay flow back to the exterior through
drainage holes. The air barrier at the interioe @ifithe facade restricts the airflow through the
wall. Combined with the open joints between theafler panels, the pressure difference over
the cladding is minimized. This reduces the presdifference acting as one of the main driving
forces for water to infiltrate (Suresh Kumar, 2Q0Qther forces that may affect water
infiltration through joints are surface tension,pidlarity, kinetic energy and gravity.
Experiments conducted by Masal., (Mas, Gutiérrez, Gil, Gil, and Galvan, 2011) rdeea
that for joint widths larger than 8 mm, gravity akidetic energy are the main forces driving
rain through the joints, capillarity and surfacedien having less importance.

For the same weather conditions, the amount dfriaiing water depends on the geometry
of the joints and the material characteristics. Wtandrops infiltrate, they are either drained
to the bottom of the wall or they may reach thercgige layer at the back of the cavity dependent
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on the cavity size and the geometry of the joititthere are any deficiencies present at the
drainage layer or at the connection of the brackts infiltrated water might introduce
problems. Additionally, if the cavity is not able drain all the infiltrated water or if adhered
water drops to one of the cavity surfaces do ngtalrt, moisture problems might occur.
However, the amount of experimental work that gi@st the portion of infiltrating water
through ventilated facades and the portion of wegaching the drainage layer at the back of
the cavity, is very limited.

Recatalaet al., (2017) assessed the watertightness performaneefuf-scale ventilated
facade specimen with joint widths of 10 mm. Laboratexperiments showed that the
airtightness level of the wall did not have an ietpan the infiltration rates as pressure
moderation over the external cladding was achidgedboth leaky and sealed constructions.
The applied spray rate, however, did have a spmti impact on the infiltration rate. A
parabolic correlation was obtained between bothrpaters. It was observed that when a lot of
water was running down the external cladding, tla¢ewrunoff film prevented driving rain
drops from infiltrating through the open joints dalinced and splashed off the surface instead.
The results also showed that the infiltration ratevater through the horizontal joints was
significantly larger than the infiltration rate dugh the vertical joints. Also the impact of the
horizontal joints on the amount of water reaching drainage layer at the back of the cavity
was larger compared to the impact of vertical gifthe splattering effect of raindrops in the
joints and onto the brackets caused additionatiraps to reach the drainage layer. However,
most of the infiltrated water was drained to thdtdro of the cavity. Only 0,54% of the
impinging water on the external cladding averagelgched the drainage layer which was
situated 10 cm behind the cladding panels. The ASERtandard 160 (2016), however,
proposes a default penetration rate of 1% depositg¢te water-resistive-barrier. It is clear that
more research on the amount of rain that penettatesgh various types of claddings and
different wall configurations is necessary.

The objective of this study is to assess the impéc¢he joint width and cavity size of a
ventilated facade specimen on the amount of watiétrating through the joints and the amount
of water reaching the drainage layer at the bacthefcavity. Additionally, the impact of a
panel installed out of plane of the exterior suefan the infiltration rate was assessed. The
results from the experimental assessment were aseadput parameters for hygrothermal
simulations to determine the risk of moisture peois.

2 Test Setup and Methodology

2.1 Test Setup

The impact of joint width, cavity size and constrag errors on the infiltration rates through
ventilated facades was evaluated by means of &ést dpecimens. Each test specimen was
mounted in a steel frame with dimensions 2390 01 and incorporated 24 fibre cement
boards. These boards were screwed onto verticaktistuds with a cross-section of 38 x 90
mm. The vertical studs were positioned at the gakfoints between the facade panels. Flashing
was applied between the studs and the facade pameécommended by the manufacturer to
avoid water being absorbed by the wood studs. €n&cal studs were affixed to a wood frame,
simulating the structural wall, by means of threhd®ds. In between the vertical studs and the
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wood frame a PMMA panel was installed, simulatihg drainage layer which in case of

ventilated facades usually is the insulation laydgre PMMA panel could be moved further

away or closer to the facade panels in order tg tree cavity width. The fibre cement boards

had a thickness of 8 mm and a width and lengtld6frBm. The width of the boards at the sides
of the specimens was dependent on the appliedvyadh.
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The specimens evaluated by Reca&la., (2017) had a joint width of 10 mm. The same
width was chosen as the standard joint width i $tiidy. Additionally, a joint width of 5 mm
was evaluated, as Mas al., (2011) stated that the impact of surface tensmh aapillarity
increased for joint widths smaller than 8 mm. Tdugést evaluated joint width was 15 mm.

The smallest evaluated cavity width was 40 mm @&swvilas the combined thickness of the
vertical studs and the flashing. The largest ewatlizavity width was 190 mm as it was
observed that no significant differences were mesistior a cavity width of 160 mm and
190 mm.

Three gutters were installed at the bottom of egadtimen: gutter A collected the water
which flowed downward at the exterior side of thedde panels during the test or splashed
back up to 45 mm in front of the panels, gutteroBected the water which flowed downward
at the back of the facade panels, the verticalssard! in the drainage cavity, and gutter C
collected the water which flowed downward at theNPMpanel and up to 30 mm in front of
the panel. In case a cavity width of 40 mm was iadplgutter B only collected the water that
ran off the interior side of the facade panels gader C collected the remaining portion of
water that reached the cavity.

2.2 Test Procedure

Water was sprayed onto the test specimens by noéanspraying rack with full cone nozzles

which were installed at the top of the specimert @na horizontal distance of 250 mm. A

constant spray rate of 120 I/h was applied. Noqumesdifference was applied to the external
cladding as Recatala (2017) already observed tieaspre equalization was achieved for both
leaky and sealed specimens. The water collectatidogutters was weighed both during and
after the test by means of weighing scales with@wuracy of + 0,1 g. Water was sprayed for
400 seconds or until the infiltration rate for glitters was constant for a significant amount of
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time. The pattern of water droplets which adheoati¢ PMMA panel after the test was visually
evaluated. The repeatability of the test procedumas evaluated by conducting the same
experiment at least two times.

3 Experimental Results and Discussion

3.1 Impact of Joint and Cavity Width

Figure 2 shows the percentage of water collectedutter A, B and C relative to the total
amount of collected water. The tests were conduatedifferent cavity widths ranging from 4

cm to 19 cm and joint widths of 5 mm, 10 mm and for respectively specimen 1, 2 and
3. As the timber studs were situated at the vérjaats, the collected water only infiltrated

through the open horizontal joints.
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Figure 2. Percentage of water collected by gutter A, B @rfdr all specimens and different cavity widths.

The total amount of infiltrated water through thgeno joints is collected by gutter B and C
at the bottom of each specimen for different cawiiyths. Figure 2 shows that the percentage
of infiltrated water through specimen 1 with a joimidth of 5 mm (9,48% + 1,13%) is
significantly smaller than the percentage of irdiled water through both specimen 2 (40,30%
+ 5,89%) and 3 (45,15% + 4,29%) with respectivatovidths of 10 and 15 mm. Raindrops
may either infiltrate due to kinetic energy, grgyisurface tension or capillarity. Also some
drops might stagnate on top of the facade panelsake other drops impinge on these
stagnating drops, water may infiltrate due to $ptatg. Raindrops may also bounce on top of
the facade panels or splash open. The larger pgeagenf infiltrated water through larger joint
widths implies that more raindrops are able to ffeeely through the larger joints and therefore
the kinetic energy of the water drops has a langgact on the infiltration rates. In case of
smaller joint widths (5 mm) the effect of capiltgriand surface tension becomes more
important and water bridging of the joint is obszhat some locations. Water drops are no
longer able to flow freely through the joints anpdiaster onto the occluded joints, significantly
reducing the infiltration rate. The increase inlirdtion percentage from 10 mm joint widths
to 15 mm joint widths, however, is not significant.

The reduced impact of kinetic energy on the irdtin rate for smaller joint widths is also
apparent when the amount of water reaching the bgittle cavity and collected by gutter C is
compared for the different specimens. For speciingith a joint width of 5 mm, water reaches
the back of the drainage cavity for cavity widtifs7ocm and smaller (2,05% of collected
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water). In contrast, water was already collectedutier C for specimen 2 with a cavity width

of 10 cm (0,88% of collected water) and for specif@even for cavity widths of 19 cm (0,82%

of total collected water). For a cavity width oftbh and 4 cm, a constant water runoff was
visible at the PMMA panel for both specimen 2 anbh®ase of a cavity width of 4 cm, 18,71%

and 14,80% of the total amount of collected watas wollected by gutter C for respectively
specimen 2 and 3. For specimen 1, no runoff waseptdor these cavity widths at the PMMA

panel, only some drops reached the panel, in péatiat the height of the spraying rack. The
collected water in gutter C of specimen 1 was nyaattributed to water running off the vertical

studs instead of water reaching the PMMA panel.

The results obtained by Recatala et al. (201 7yéten the same order of magnitude as the
results obtained in this study. For a cavity widfl10 cm and a joint width of 10 mm Recatala
measured an infiltration rate at the drainage lay€;,0029 I/min.m, compared to an infiltration
rate of 0,0024 I/min.m in this study.

3.2 Impact of Construction Errors

Figure 3 shows the percentage of water collectegubter A, B and C for specimens 2, 4 and
5. Specimen 4 and 5 incorporated one facade pastalled respectively 5 mm and 10 mm out
of the exterior plane. The joint width applied b specimens was 10 mm. The tests were
conducted for cavity widths of 4, 8 and 12 cm.
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Figure 3. Percentage of water collected for specimen 2(nor), specimen 4 (5 mm error) and specimen 5 (10
mm error) at different cavity widths.

Although a larger opening was present through winater could infiltrate freely due to the
out of plane installed panels, only a small inceeimsthe percentage of infiltrated water was
measured. As the panel of specimen 4 was onlyliedtd& mm out of plane and the total
thickness of the facade panels was 8 mm, therestithan overlap between the other panels
and the panel out of plane. This prevented downvlawing drops from infiltrating due to
gravity. Water drops instead bounced, splashedagnated on the top of the out of plane
installed panel, with only a small increase of itifdtrated water as a result. When the panel
was installed 10 mm out of plane (specimen 5), deavd flowing water drops were able to
infiltrate due to gravity. As the panels were ifisth vertically out of plane, however, these
infiltrated drops were able to flow further dowroiad) the exterior surface of the underlying
panel. Due to the larger horizontally oriented opmnt, water drops could flow more freely
through the opening and due to kinetic energy tlere able to reach further into the cavity
resulting in larger percentages of water colleategutter C of specimen 5.
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4 Hygrothermal Evaluation

As observed in the laboratory experiments, watepsliare able to infiltrate through the open
joints of ventilated facades and reach the insutdtyer. In case a small cavity width is applied
and deficiencies are present at the insulationr|ag an open joint between two insulation
panels, raindrops are able to flow through thisngp@t. These raindrops can either stagnate
on top of the insulation panel and dry out agaifiaw further inward and reach the brick layer
of the wall. This might cause mould growth or augetl thermal performance of the insulation.
The risk of both phenomena was assessed by meatise diygrothermal simulations. A
common used ventilated facade construction in Belgivas modelled in WUFI PRO 5.3. A
worst-case scenario was simulated, i.e. a smaityceandth of 40 mm was applied and it was
assumed that all infiltrating water reached theclkorlayer behind the insulation. The
construction had a south-west orientation and ghteip to 10 m. The material properties used
in the simulations can be found in Table 1. Theusations start at Octobef'zand run for a
period of 3 years. A time step of 1 hour was ajplie

Table 1 Material properties (based on WUFI material dass).

t P Cp Adry Wsat Wso

Material (mm) (kg/md) (IkgK) (WImK) (kg/m®) (kg/m?) ©O"OSW
Eternit Duripanel A2 8 1326 1500 0.4 345 1195 6,34
Air layer 40 13 1000 0,23 i } 0,099
lsover GW Integra ZFK -032 100 32,5 840 0032 473 0,82 0,950
Solid Brick, extruded 140 1650 850 0,6 370 92 041
Interior Plaster (Gypsum 10 850 850 0.2 400 6.3 0.650

Plaster)

4.1 Risk of Mould Growth

In case raindrops are able to reach the brick laféne wall assembly, the raindrops will be
absorbed by the brick. High infiltration rates condal with drying out to the inside of the wall

can possibly cause mould growth at the interiofaser of the wall assembly.

The risk of mould growth is assessed by meansefdbpleth model by Sedlbauer which is
implemented in WUFI. The isopleth curves sepamatetdirable from unfavourable temperature
and relative humidity conditions for mould growtbr different substrate groups (Sedlbauer,
2001). A moisture source was implemented in thekddyer of the modelled wall assembly.

In case 15% of the driving rain reaches the baglet and the air change rate in the air cavity
is 10 ht, some data points are situated above the LIMVeof Sedlbauer, meaning that there
is a risk of mould growth for biologically recycl@omaterials. If the infiltration percentage is
increased to 20% of the driving rain, the limitiisgpleth for biologically adverse recyclable
building materials (LIM II) is exceeded for a lomgeeriod and the risk of mould growth at the
interior surface is significant. The results frohe texperimental study showed the highest
infiltration percentages (collected by gutter Q) doventilated facade with a joint width of 10
mm and a cavity width of 4 cm, i.e. 18,71%. Howewereality only a portion of the infiltrated
water will reach the insulation layer and a smaligentage will infiltrate toward the brick layer.
It can therefore be stated that the risk of moutaagh is limited for the assessed ventilated
facade.
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If the air change rate is increased from 1Idtd 1000 h-1, the limiting isopleth for
biologically adverse recyclable building materialstill exceeded for an infiltration percentage
of 20%. This implies that in case raindrops areedbl reach the brick layer behind the
insulation, increasing the air change rate onlyahlsited impact on the mould growth.
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Figure 4. Isopleths on the interior surface, (a) infiltratipercentage of 15% and (b) infiltration percentafje
20%.
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4.2 Impact on Heat Flux

As the thermal conductivity of the insulation is istare-dependent, infiltrating water in the
wall assembly will have an impact on the heat Isgsheough the wall assembly. As insulation
Is a non-hygroscopic material, raindrops infiltingtthrough deficiencies in the insulation layer,
will either dry out or flow further inward. In cas¢ a worst-case scenario, infiltrating raindrops
might reach the brick layer behind the insulatidhe drops will then be absorbed by the brick
and accumulation of moisture can occur, increashey relative humidity over the wall
assembly. This may cause moisture to condensdte abld side of the insulation which will
reduce the thermal performance of the insulation.

Table 2 Impact of infiltration percentage in brick layam air change rate on heat flux at interior surface

Infiltration percentage [%] Heat flux [MJ/m 2] per year Increase relative to no moisture
ACH 10 ht 100 h! 500 ht 10 ht 100 h! 500 ht

No moisture source 96,56 97,68 99,23 0% 0% 0%

1 99,74 100,93 102,55 3,29% 4,00% 3,35%
5 112,30 114,22 116,14 16,66% 20,38% 17,04%
10 129,30 129,97 132,36 33,91% 39,79% 33,38%
15 149,60 144,00 147,05 54,93% 57,07% 48,19%
20 172,92 154,46 158,22 79,08% 69,97% 59,45%

In case a moisture source of 1% of the driving mimplemented in the middle of the brick
layer, an increase of 3,29% of the heat flux atitkerior surface is measured compared to the
case with no moisture source. This increase in togat flux is primarily attributed to the
increase of the latent heat flow associated wigfouva diffusion at the surface. In case the latent
heat flow is excluded, the increase in heat flug,34% for a moisture source of 1% of the
driving rain. In case a moisture source of 10%hefdriving rain is applied, an increase of the
total heat flux at the interior surface of 34,6 22/reasured. Excluding the latent heat flow, the
moisture source causes an increase of the totafloeaf 3,41%. In case of a moisture source
of 10% of the driving rain, the insulation layeitistries out over a period of one year. In case
however, a moisture source of 15% of the drivirig re applied, i.e. all the infiltrating water
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reaches the brick layer behind the insulationythter in the insulation layer does not evaporate
over a period of 1 year and instead accumulatese&sing the air change rate in the air cavity
in front of the insulation, increases the air vélpat the insulation layer, resulting in an
improved drying of the wet insulation and therefaneeduction of the heat flux.

5 Conclusions

An experimental study was conducted to assessipadt of the joint width and the cavity size
of a ventilated facade specimen on the amount ténwafiltrating through the open joints and
the amount of water reaching the drainage lay¢hatack of the cavity. Additionally, the
impact of a panel installed out of plane of theeertr surface on the infiltration rate was
assessed. The results from the experimental assessmere used as input parameters for
hygrothermal simulations to determine the risk @isture problems.

The experimental study showed that the infiltratpmrcentage of raindrops through open
joints of 5 mm (9,48% = 1,13%) was significantly altar compared to the infiltration
percentage through joints of 10 mm (40,30% + 5,89%@indrops infiltrating through the 5
mm joints of the ventilated facade reached thendige layer and up to 3 cm in front of the
drainage layer for cavity widths of 7 cm and smalkor joint widths of 20 mm and 15 mm
however, water was already collected 3 cm in fadrthe drainage layer for cavity widths of
respectively 10 cm and 19 cm and a runoff film \wassent at the drainage layer for cavity
widths of 4 and 5 cm. Hygrothermal simulations sbdwhat the risk of mould growth at the
interior surface of a ventilated wall assembly isiited for the measured infiltration
percentages. The impact on the heat flux at theiortsurface is however, significant, in case
a cavity of 40 mm is assumed and all infiltratingter reaches the brick layer at the interior
side of the wall through deficiencies in the insiola layer. An infiltration percentage of 1% of
the driving rain in the brick layer and an air chamate of 10 #, causes an increase of the heat
flux of 3,29%. This increase in heat flux is prifhaattributed to the latent heat flow associated
with vapour diffusion at the surface. In case ofrdiitration percentage of 10%, the increase
in heat flux measures 34,62% and 3,41% excludiadatent heat flow.
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