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Improvement alternatives for determining water tightness
performance of building facades

Abstract

Accurately determining the water tightness performance of facades in of climatic conditions that cause
water penetration is important for optimising design. The recently developed Bayesian method allows this
performance to be estimated for any operating condition and location based on the results of standardised
water tightness tests. Thus, this performance-based method uses semi-empirical calculations for wind-
driven rain, estimates of wind velocity based on the wind profile power law and analyses of the annual
maximum climatic data. Thus, this method determines the return period of climatic conditions that each
facade system can withstand. In this work, alternative approximations are studied that may be
implemented using the Bayesian method to obtain more precise or functional estimations: improved
friction coefficients, peaks-over-threshold analyses or catch ratios from computational fluid dynamics
(CFD), among others. The effects of these alternatives on the results of the Bayesian method were
evaluated by analysing different case studies in two cities in Spain. This analysis suggests that the original
formulation of the method underestimates water tightness performance and highlights the fundamental

importance of wind velocity for accurately estimating the performance of any facade.
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1. Introduction

The penetration of rainwater through building fagcades negatively affects building conservation and
maintenance (Erkal, D’Ayala, & Sequeira, 2012; Etyemezian et al., 2000; Tang, Davidson, Finger, &
Vance, 2004) by producing aesthetic issues, corrosion, chemical degradation, frost damage, adherence
loss, deformation or cracking. Similarly, increasing humidity in construction materials reduces thermal
insulation (del Coz et al., 2013; Hens, 2010; Sandberg, 2009) and may lead to biological growth or
provoke disease outbreak (Hardin, Kelman, & Saxon, 2003; Koskinen, Husman, Meklin, & Nevalainen,
1999; World Health Organisation, 2011). However, these negative impacts can be prevented by limiting

penetration of atmospheric water through building facades.

The combined action of wind and rain is responsible for wetting and water penetration through vertical
construction elements (Blocken & Carmeliet, 2004; Blocken, Derome, & Carmeliet, 2013). Thus, the
amount of rain that is diverted by wind impacting the facade (wind-driven rain or WDR) provides the
requited water supply for allowing the simultaneous wind pressure (driving rain wind pressure or DRWP)

to cause penetration through the materials (Cornick & Lacasse, 2005; Sahal & Lacasse, 2004).

Consequently, current water tightness tests attempt to simulate both exposures (WDR and DRWP) by
exposing real-scale fagade samples to constant water supply (water spray rate) with an increasing pressure
difference (AP) between the exterior and interior surfaces of the sample (American Architectural
Manufacturers Association, 2005; American Society for Testing and Materials, 2009a, 2009b; Australian
and New Zealand Standards Institution, 2008; European Committee for Standardisation, 2001). However,
the standardised parameters set by these tests do not represent all possible fagade exposure conditions that
can occur under different operating conditions and at different locations (Sahal & Lacasse, 2008; Van der
Bossche, Lacasse & Janssens, 2013a). Therefore, the results of these tests, which are characterised by the
maximum AP before losing water tightness, do not characterise the precise performance that is expected

under real conditions. In turn, the different standardised values for water spray rates, AP and test



durations in each test produce incomparable results. Thus, trials must be repeated for every regulatory

framework (Pérez et al., 2013c¢).

To remedy this situation, various procedures have attempted to relate water tightness test parameters (i.e.,
water spray rate and AP) with the climatic conditions of the fagade (WDR, DRWP) associated with
certain return period (Choi, 1998; Cornick & Lacasse, 2005; Sahal & Lacasse, 2008; Van der Bossche,
Lacasse & Janssens, 2013b). The Bayesian Performance-Based method (BPB) is particularly adequate for
this purpose due to its functional approach (Pérez, Dominguez, Rodriguez, del Coz & Cano, 2013a). In
addition, the BPB method is precise compared to similar methods (Pérez, Dominguez, Cano, del Coz &
Suérez, 2014) and its results allow to compare results from different water tightness tests (Pérez ef al.,

2013c).

This method establishes an equation that allows associating the standardised parameters of a water
tightness test (water spray rate, exposure duration and withstood AP value) with the real exposure
conditions. For this, a semi-empiric approximation of the real WDR exposure, a DRWP estimate for
different heights and surroundings based on the wind profile power law and the calculation of the return
period associated with these conditions (through the annual maximum series and the Gumbel distribution)

were used.

Recently, multiple studies have shown various alternatives for more accurately calculating every equation
parameter (WDR, DRWP and return period). For example, improved semi-empirical approximations or
peak catch ratios that are derived from computational fluid dynamics (CFD) simulations can be used to
calculate the WDR. In addition, a friction coefficient that considers the atmospheric instability can be
used in the wind profile power law to estimate the DRWP exposure. Furthermore, the Peak over
Threshold (POT) method can determine the return period without an extensive climatic data series. These
alternatives are analysed here and are implemented in the BPB method to compare their impacts on the

water tightness performance test results.



The water tightness performance is analysed for various fagades from two Spanish cities, Jerez de la
Frontera and Bilbao. These case studies allow us to propose an improved formulation for the method that
can be used to estimate the expected facade performance with greater precision at any location and under

any operating condition.

2. Background

The random nature of wind and rain, together with other factors, make it difficult to estimate the WDR

and DRWP on a specific fagade (see figure 1).

Figure 1. Factors that determine the WDR and DRWP exposures and their return period (grey). Test

parameters considered in the BPB method for the water tightness performance calculation (black).

Wind velocity that diverts raindrops towards the fagades and varies with height above the ground,
surrounding roughness and atmospheric stability is one of the most important factors (Touma, 1977). In
addition, several studies have identified the uppermost corners of buildings as the most exposed areas to
the wind, so that the geometry of the fagade should also be considered (Straube & Burnett, 2000). Wind
direction is another relevant factor because the WDR and DRWP are maximised when the wind direction
is perpendicular to the facade (Blocken & Carmeliet, 2006). In turn, the intensity of each precipitation
event determines the number and size of raindrops that can be deviated by the wind (Best, 1950) and thus

affect the WDR value.

Another relevant aspect for calculating the WDR and DRWP is the time interval associated with both

exposures. The maximum WDR and DRWP values that can be sustained over long intervals are always



lower than the WDR and DRWP values produced over shorter time intervals (Pérez et al., 2013c).
Exposures associated with a shorter return period (i.e., more frequent and less severe exposures) are also
characterised by lower WDR and DRWP values than those associated with longer return periods (Cornick
& Lacasse, 2009). Given the above information and the random character of climatic events, statistical

approaches must be used to estimate the WDR and DRWP values.

In water tightness tests, all of these factors are simplified, and standardised water spray rates, AP and
exposure duration are used to assess the fagade systems. However, given this simplification, these tests do
not simulate all possible expected WDR and DRWP values for each fagade. Therefore, these tests do not
accurately characterise the water tightness performance expected for a fagade under actual operating

conditions (Van der Bossche et al., 2013a).

Thus, the constant water spray rate is fixed to guarantee a continuous flow of runoff water over the outer
surface of the test sample (usually 2 to 4 I/m? min). Regarding fagades without relevant superficial defects
(such as the test samples), the supply of water (i.e., WDR) does not significantly influence water tightness
(Sacré, 1984). For these fagades, the amount of water supplied only defines the infiltration rate once
infiltration has been established (Mayo, 1998; Selvarajah & Johnston, 1995). It follows, therefore, the

secondary relevance of the water spray rate in these tests.

In contrast, the wind pressure applied over the enclosure must exceed the pressure threshold that is
generated by the capillary pressure and surface tension of water in the fagade deficiencies to allow for
filtration into the material (Lacasse, O’Connor, Nunes & Beaulieu, 2003; Van der Bossche, Lacasse,
Moore & Janssens, 2012). Thus, the AP is the main test parameter for fagades without major defects
where the pressure threshold is very high. By progressively incrementing the pressure during the test (in
different magnitude ranges) the water tightness of the fagade system is characterised by the maximum AP

value before filtration into the inner surface of the test sample.



Finally, the exposure interval used in different tests may significantly vary (usually between 5 to 20 min).
A very short exposure interval could be insufficient for exceeding the pressure threshold required to
breach the menisci on the interior of the deficiencies and for establishing the filtration. However, long
exposure intervals may simulate infrequent exposures that are unrealistic under certain operating
conditions. Thus, although no consensus exists for establishing the exposure duration, this parameter
decisively influences the return period associated with the WDR and DRWP that are simulated and thus

also determines the severity of the test (Pérez et al., 2013c).

Currently, two approaches are proposed to improve the characterisation results from water tightness tests.
The first approach is to fix water spray rates and the AP values equal to the expected WDR and DRWP
values over the fagade for a particular design return period (forcing the user to modify test parameters and
equipment for each trial) (Choi, 1998; Cornick & Lacasse, 2005; Sahal & Lacasse, 2008; Van der
Bossche et al., 2013b). The second approach is to estimate the return period associated with the
standardised water spray rate and the AP value withstood in the test, for the real operating conditions of
the facade (thereby maintaining the test configuration, allowing to compare results of different water

tightness test and taking advantage of available results for multiple facade systems).

The BPB method belongs to the second approach, which characterises the water tightness performance of
any facade by calculating this return period (Pérez ef al., 2013a, 2013c). Alternatively, this method can
also be used to calculate the AP value that must be withstood in a standardised test to guarantee the water

tightness of the fagade under the climatic conditions associated with a certain return period.

2.1 Approaches used by the Bayesian method and possible alternatives

To apply this method, the actual WDR and DRWP values that may be exerted over the fagade during the

test exposure interval and for the design return period must be accurately determined. For this, a system



of three equations with five unknowns was established in which various improvement alternatives are

identified that may improve the accuracy and functionality of the determined parameters (see table 1).
Table 1. Scheme of the proposed alternatives for their implementation in the BPB method.

2.1.1 DRWP estimation

The first equation determines the DRWP value over a fagade by combining the Bernouilli relationship
and the wind profile power law (which extrapolates wind velocity Uz at any height from the available
wind velocity records). For this purpose, wind velocity records U;y (m/s) that are simultaneous to
precipitation and have been collected near the fagade are used. These records must have similar time
intervals to the test exposure intervals (5-20 min) and must be obtained under reference conditions (i.e., at
a height of 10 m above the ground and on flat terrain without obstacles) (World Meteorological
Organisation, 2008). Thus, the DRWP; (Pa) can be estimated based on the height z (m) and literature
values for a generic friction coefficient o (-) of the surroundings (Ray, Rogers, & McGowan, 2006). In
addition, a pressure coefficient C, of 1, a wind direction perpendicular to the facade (cos 8 = 1) and a

constant air density p of 1.2 kg/m? can be used as conservative estimates (equation 1).

DRWP, =C, -

1 2a
E-p-(Uz)z-c0s0z0.6-(U10)2-(%J (1

This friction coefficient may range from 0.1 in smooth or rough ground to 0.4 in urban areas. However,
these tabulated values do not consider the roughness length of the area around the fagcade or the
atmospheric stability (a neutral condition of atmospheric stability is assumed). Therefore, the precision of

this coefficient may be questionable. In turn, other possible wind profiles, such as the log-linear law, have



shown poor functionality for general application in engineering (Bafiuelos, Angeles & Rios-Marcuello,

2010).

Most cloud formation mechanisms that can produce WDR and DRWP events (e.g., free convection due to
surface heating, forced convection due to low pressure systems, rising air due to an orographic barrier or
warm air passing over cold fronts) are associated with unstable atmospheric conditions (Jacobson, 2005;
Queralt, Hernandez, Gallego & Iturrioz, 2007). To incorporate the roughness length zy and the influence
of atmospheric instability into the friction coefficient &, Smedman-Hogstrom & Hogstrom (1978)
developed an empirical formula using measurements from Southern Sweden. In addition, this formula
obtained more precise results relative to the log-linear law for locations with different climates than
Sweden, especially under unstable atmospheric conditions (Gualteri & Secci, 2011). By incorporating this
formula into equation (1), the DRWP: can be accurately estimated (equation 1a) as a function of
roughness length zy [m], which has been frequently tabulated in the literature (Bafiuelos et al., 2010;

Jacobson, 2005).

(1a)

. 2-[0.18+0.13-10g 24+0.03(log 20)2}
DRWP. ~0.6-(U,, )’ (E)

2.1.2 WDR estimation

The second equation uses the semi-empirical relationship proposed by Straube & Burnett (2000) to
determine WDR exposure on the fagade (equation 2). A rain admittance factor (RAF) of 0.9 and a wind
direction perpendicular to the fagade (cos 6 = 1) are adopted conservatively. The driving rain factor
(DRF) is determined by using the terminal falling velocity of raindrops, which varies according to
raindrop diameter (Dingle & Lee, 1972). For simplification, the predominant raindrop diameter may be

estimated from rainfall intensity as described by Cornick et al. (2002).



Y (120} @)
DR, =RAF- DRIy Ry cos6= 0184478 (R, ) +5.471534-(R, )" —0.988909-(R, ) +0.061193-(R, ) "
This equation characterises the WDR (1/m?) value from simultaneous wind velocity U;y (m/s) and rainfall
intensity R, (mm) records, estimating the wind velocity for different conditions of z (m) and a (-) by
applying the wind profile power law. As for the equation (1), the Smedman-Hogstrom & Hogstrom
formula may be applied to accurately characterise the wind velocity U for any point on the fagade (see
equation 2a).

U. .

10

( z J [0,18+0.13~10g 2+0.03log 20)2]

- 10
RZ ~ -1 -0.768
-0.184478-(R, ) +5.471534-(R,) " —0.988909-(R,)

(2a)

-0.536

+0.061193-(R,) ™

In addition, the adopted raindrop diameter may be optimised to improve the precision of this estimation.
Van der Bossche et al. (2013b) showed that WDR is underestimated by 14% when using the predominant
drop diameter rather than the numeric solutions, which are based on integrating an array of raindrop
diameters according to a raindrop distribution spectrum. By including a correction factor of 1.14 in

equation (2), this error may be minimised to obtain more realistic exposure estimates (equation 2b).

WDR, ~1.14- RAF - DRF,

¢ pred

-U,-R, -cos@ (2b)

Finally, various CFD simulations for buildings have shown that a peak catch ratio of 1.3 may be used to
approximate the WDR for a wind speed of 10 m/s and a rainfall intensity of 1 mm (Blocken & Carmeliet,
20006). Consequently, Van der Bossche et al. (2013b) proposed equation (2c¢) as a possible functional

alternative to the semi-empirical relationships determined by Straube & Burnett.
WDR, ~0.13-U, - R, (2¢)

2.1.3 Return period estimation



The last equation used in the BPB method can determine the return period associated with any two
simultaneous values of WDRz and DRWP;; by applying the Bayesian probability approach and a Gumbel
distribution (equation 3). The mode u and dispersion S that are required for defining the Gumbel
distribution (Gumbel, 1958) are obtained from the maximum annual rainfall and wind velocity records
that were collected at each location. U; represents the wind velocity value that produces the DRWP;
value over the facade and Ry, is the rainfall intensity that produces the WDR; value when the wind

velocity Uy simultaneously acts.

‘(Uloi_”(UIO)) ‘(Rhi_”(Rhy
1 %Uw) _exp BlRy)

~|1-exp P | 1—exp 3
Return period (WDR,, (\ DRWVE, ) 3)

Nevertheless, other accepted alternatives are available for analysing extreme values (Balkema & Haan,
1974; Pickands, 1975). For example, the POT method can be used to determine the return period
associated with each U,y and Rj; parameter by only using climatic records that are above a sufficiently
high exposure threshold 7. This method may be used for sites with limited climatic data, where the
available annual maximum series is insufficient for determining representative values for mode u and
dispersion S (Bezak, Brilly & graj, 2013; Pérez, Dominguez, Cano, del Coz & Suarez, 2014; Rasmussen,

Ashkar, Rosbjerg & Bobee, 1994; Simiu, Heckert, Filliben & Johnson, 2001; Tanaka & Takara, 2002).

To apply this method, the empirical cumulative distribution function (CDF) of the values above the
threshold 7 must be obtained for each climatic variable (U;o and Rj). By adjusting a Generalised Pareto
Distribution (GPD) with yand o parameters to this empirical CDF, the return period associated with any
value may be obtained by considering the number of years with records 7,..- and the number of values N

above the optimal threshold (equation 3d).



(3d)
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2.2. Solving the equation system

The system formed by equations 1, 2 and 3 (or their respective proposed alternatives), presents five
unknown variables, Return period, WDRz, DRWPz, Uy and Ry Other factors, such as the height of the
facade, its surroundings and parameters that define the Gumbel Distribution or POT analysis are known
for each case study (review table 1). To solve the system analytically and relate it to a water tightness test,
its standardised parameters (water spray rate and AP) are set as two of the unknown variables (Pérez et

al., 2013a).

Thus, the water spray rate is set as the WDR; value and the AP value withstood by the test sample is set
as the DRWPz value. The solution to the equation system will determine the return period that is
associated with the test exposures under the fagade operating conditions (i.e., the verified water tightness
performance of the analysed fagade under its real operating conditions). Alternatively, a certain design
performance (years) can be set as the design return period and the water spray rate can be adopted as the
WDR7z value. Thus, the DRWP (i.e., AP) value that must be withstood during the test to verify this
specified design performance may be obtained. The following section examines the effects of each
calculation alternative that was proposed according to the results of the BPB method. For this, different

case studies are analysed.

3. Implementing improvement alternatives for the Bayesian method: Water tightness performance

in two Spanish cities



The BPB method and the alternatives proposed in the previous section were applied to assess the water
tightness conditions of three generic case studies (A, B and C). The facades represented by these
operating conditions reflect common situations in European cities, such as single-family urbanisations of
up to 10 m tall (case A), residential block buildings of more than 25 m in suburban areas (case B) or tall
buildings of up to 40 m that are used as apartments or offices in urban centres (case C). Available climatic

records for two Spanish cities were used for this analysis (Bilbao and Jerez de la Frontera).

Jerez de la Frontera, which is located southwest of the Iberian Peninsula and near the Strait of Gibraltar, is
subject to strong Atlantic winds that are responsible for high DRWP exposure (see figure 3). However,
moderate rainfall at this location reduces the WDR exposure. In turn, Bilbao is located on the northern
coast of Spain and is exposed to Atlantic winds with low intensity but also to a high annual rainfall.
Consequently, the WDR exposure of Bilbao is slightly higher than the WDR exposure of Jerez (Pérez,

Dominguez, Rodriguez, del Coz & Cano, 2012, 2013b, 2014).

Figure 2. Map of the Iberian Peninsula that illustrates the exposure characteristics and locations of the

analysed weather stations.

Both cities have 10-min records of rainfall and wind velocity that were recorded simultaneously by the
Spanish Meteorological Agency (AEMET in Spanish) over 14 years in Bilbao and 18 years in Jerez.
Altogether, 41155 10-min intervals of WDR-DRWP events were recorded in Bilbao, while Jerez only had

15213 intervals due to its lower rainfall.

The calculation parameters that were used for the three case studies are shown in table 2. The friction
coefficient o and roughness length z, were obtained from tabulated values for suburban areas and urban

centres (Ray et al., 2006). The parameters that define the Gumbel distribution (# and ) and GPD for the



POT analysis (, o, T and ny..;) were calculated for each climatic variable from the 10-min records that
were available for both sites. The Method of Moments was used to adjust the GDP to the empirical CDF
of the values above the threshold 7, verifying the minimum Mean Squared Error between both

distributions.

Table 2. Calculation parameters associated with each case study (operating condition) and location.

For simplicity, the water spray rates and AP values used as references for the analysis were adopted from
the water tightness test EN 12865:2001 (European Committee for Standardisation, 2001). This test sets
the exposure interval to 10 min (i.e., equal to the recording interval of the available data). Regarding the
use of tests with other exposure intervals, the available climatic records could be extrapolated to other
intervals using a previous procedure (Pérez et al., 2013c). This procedure reduces the degree of
uncertainty that is associated with general climatic extrapolations, such as the extrapolations of Durst

(1960), Linsley, Kohler & Paulus (1975) or Choi (1998).

By adopting a WDR value of 2 1/m* min (water spray rate for the EN 12865 test) and a DRWPy values
of 150, 300, 450 or 600 Pa (AP ranges for the same test), the equations system was resolved for the
proposed case studies. Thus, by using these test conditions and the parameters shown in table 2, the

original BPB method (equations 1, 2 and 3) yields the results that are shown in table 3.

Table 3. Return periods that were calculated by the original BPB method (equations 1, 2 and 3) for the

AP ranges established in the EN 12865:2001 test (in years).



3.1 Implementing the improved friction coefficient for the wind profile power law

To consider the roughness length of the surrounding surfaces and the atmospheric instability during storm
events, the original equations were replaced with the equations (1a) and (2a). The new return periods
obtained for each case study and for each AP range established in the EN 12865:2001 test are shown in

table 4.

This improved friction coefficient estimation significantly reduces the wind velocity that is calculated
with the wind profile power law. In addition, this estimation results in greater return periods relative to
those resulting from the original BPB method, especially for greater heights of the fagades and higher AP

values.

Table 4. Implementation of the improved friction coefficient (equations la, 2a and 3) for the return period

calculation (in years) and the percentage differences from the original results.

These important differences suggest the need to accurately analyse the wind profile around each fagade.
Only a precise characterisation of the wind velocity will reduce the uncertainty of the calculated water
tightness performance. Therefore, the simplified formula that was used by the original method
overestimates the WDR and DRWP conditions that may be produced on the fagades. Thus, a lower design

performance is considered relative to the actual values.

3.2 Implementing the correcting factor due to predominant raindrop diameter



The error that results from a simplified use of a predominant drop diameter may be reduced by
substituting equation (2) with its alternative (2b), which introduces a correction factor for WDR. Table 5
shows the return periods that resulted from solving this new system of equations. This correction

produces variations that are hardly significant when calculating the design performances.

Table 5. Implementation of the correcting factor (equations 1, 2b and 3) for the return period calculation

(in years) and the percentage difference from the original results.

Using the predominant drop diameter slightly underestimates the expected WDR exposure on the facade.
Therefore, the calculated values are slightly optimistic for the enclosure design performance. In addition,
the percentage differences are reduced by increasing the AP values (lower than 10% for a AP of more
than 300 Pa) and reached zero for Bilbao. All of these results indicate the secondary relevance of raindrop

diameter when calculating the water tightness performance of building facades.

3.3 Implementing the peak catch ratio for estimating the WDR

Table 6 shows the return periods obtained by simplifying the WDR calculation using the peak catch ratio
derived from the CFD simulations. For this, the initial system of equations was solved by substituting
equation (2) by the alternative equation (2c). The new results were more optimistic regarding water
tightness performance relative to the original BPB performance. In addition, the divergences are similar

for all analysed operating conditions. In general, Jerez presents greater differences than Bilbao.

Although the theoretical simplification introduced by equation (2c) is important, these results present

differences of less than 20% (with respect to the original method) for AP values of more than 300 Pa.



Such divergence is reduced by increasing the AP, reaching less than 5% at Bilbao. Thus, a peak catch
ratio of 1.3 could be adopted to approximate the water tightness performance with less mathematical

complexity.

Table 6. Implementation of the peak catch ratio (equations 1, 2c and 3) for the return period calculation

(in years) and the percentage difference from the original results.

3.4 Implementing the POT method for estimating the return period

To implement the POT method in BPB method calculation, equation (3d) is used rather than equation (3).
The results obtained for each case study are presented in Table 7 and cover the same AP ranges that were

used in the previous sections.

Table 7. Implementation of the POT method (equations 1, 2 and 3d) for the return period calculation (in

years) and the percentage difference from the original results.

Given the different natures of both statistical estimates and the distinct treatment of the necessary data for
their definition (annual maximum series or climatic records over a threshold), the obtained results are
different from the original results. Regarding Bilbao, the differences are greater under the more adverse
operating conditions (B and C) and generally produced lower return periods relative to those of the
original method. However, for operating condition A, the return period estimate was greater than the

initial estimate. Jerez de la Frontera presented results that were similar to the original results obtained



under operating condition B. However, greater differences occurred for operating conditions A and C that

were higher or lower than the original results.

The observed differences are lower than the differences identified for other aspects that are subject to
improvement in the original method, such as ignoring atmospheric instability and roughness length in the
wind profile (compare tables 4 and 7). Therefore, both statistic estimates can resolve the BPB method
without distinction, by calculating the return period associated with the exposure conditions used in the
tests. Thus, the type of statistical approximation that should be used for the extreme value analysis will
only depend on the availability of climatic records at each location. Thus, the POT method (equation 3d)
can be considered an adequate alternative when these data do not provide a representative annual

maximum series for applying equation (3).

Nevertheless, the application of the POT method is more laborious than the original procedure because
the climatic records generated by the same storm event would be associated with the same return period
and must be identified. In addition, the election of the optimal threshold 7' is a delicate task. For this,
diverse mathematical methods that are not exempt from uncertainty must be used. Thus the management
of the climatic data and adopted parameters for the adjusted GDP may give way to significant differences

when estimating the design return periods.

4. Discussion

Two effective improvements have been identified for the BPB method that can be used to incorporate
atmospheric instability during WDR and DRWP events and the roughness length of the facade’s
surroundings (equations la and 2a) or to correct the WDR value associated with using the predominant

raindrop diameter (equation 2b).



Both alternatives may be jointly implemented to propose an improved BPB method that assesses the
exposure conditions of a fagade with greater precision. For this, the Smedman-Hogstrom & Hogstrom
friction coefficient and the correcting factor 1.14 must be included in the original system of equations.

The results obtained from this improved method are shown in Table 8.

Table 8. Combined implementation of the improved friction coefficient and the correcting factor for
raindrop diameter (equations la, 2a, 2b and 3) for the return period calculation (in years) and the

percentage difference from the original results.

In turn, two functional alternatives have been analysed to reduce the mathematical complexity of the
method (equation 2¢) and to allow applying the BPB method in sites with limited climatic records
(equation 3d). While using a peak catch ratio equal to 1.3 slightly increases the design return period
relative to the initial method, the application of the POT method for the statistical calculations provides

greater variation around the initially calculated return periods (by increasing or reducing their value).

These alternatives are limited to the internal mathematical formulation of the method and do not modify
its structure or calculation procedure (Pérez et al., 2013c). Therefore, every one of these alternatives
allows applying the method in water tightness tests with an exposure duration that is different from the
available climatic records. Figures 3 and 4 are used to compare the results from each alternative and the
corresponding original and improved methods. For clarity, only the AP values associated with return

periods of less than 150 years were shown.



Figure 3. Comparing the different calculation alternatives for the BPB method in Bilbao (operating

conditions A, B and C).

Figure 4. Comparing the different calculation alternatives for the BPB method in Jerez de la Frontera

(operating conditions A, B and C).

In general, the original formulation determines lower water tightness performances relative to the various
proposed alternatives and results in a more demanding accreditation. The use of POT provides results that
vary around the original values due to the different natures of the statistical approaches. These variable
results may lead to lower design return periods relative to the initial values. Meanwhile, the improved
BPB method increases the expected water tightness performance, resulting in a greater difference from

the original method as the exposure produced by the operating conditions increases.

Although both cities have similar exposure indicators (review figure 3), differences occurred in the
calculated design return periods for each city. These differences suggest that tools that are more elaborate
are necessary for optimising building fagade design (e.g., the BPB method) even when indicators, such as
the driving rain index or the average WDR and DRWP exposures, may qualitatively characterise the
location. In addition, similar differences were observed among the evaluated operating conditions, which
demonstrated that real operating condition should be considered for each facade. To homologate a fagade
system only through the AP value withstood in water tightness tests (as it is done currently) is an
incomplete task if particular operating conditions of the facade are not considered. Thus, the BPB method
and its improvements proposed in this work allow researchers and test labs for a more detailed and
individualised analyses for each case. For this, only the general result obtained by the facade system in a

single standardised water tightness test is needed. These improvements can be used by standardisation



bodies to provide better building regulations and design criteria for fagade systems manufacturers and

designers.

5. Conclusions

In this study, various improvements were analysed that are capable of providing greater accuracy or
functionality when estimating the water tightness performance of building fagades with the BPB method.
Thus, the atmospheric instability during storm events, the error derived from the WDR estimates based on
the predominant raindrop diameter, the usage of a peak catch ratio from CFD simulations, and the
implementation of a POT method for calculating exposure values associated with different return periods
were considered. The results indicated the significant influence of the wind profile that was used to
calculate the water tightness performance and suggested that this profile should be rigorously determined
in each situation. Conversely, the proposed changes in the WDR exposure calculations did not
significantly affect these results. The application of a statistical estimate based on the POT method
provided reasonably similar results to those that were obtained from the analysis of annual maximum

series.

Two of the analysed alternatives were implemented in the Improved BPB method (IBPB). This method is
capable of estimating the performance of any facade with greater precision for any operating conditions
and location. In general, this improved method determines greater water tightness performance than the
original method. The remaining alternatives are adequate for estimating the performance with lower

mathematical complexity or in the absence of ample climatic data series.

These advances indicate the feasibility of establishing performance-based codes that determine the water
tightness performance that is necessary for fagades (i.e., its required design return period). This

requirement may be justified by using the IBPB method and the AP value withstood by the facade system



in any of the current water tightness tests. Thus, the building solutions currently accepted by national
regulations could be expanded and the real operating conditions could be considered for the design of

each specific facade.
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Figure 1. Factors that determine the WDR and DRWP exposures and their return period (grey). Test

parameters considered in the BPB method for the water tightness performance calculation (black).

Figure 2. Map of the Iberian Peninsula that illustrates the exposure characteristics and location of the

analysed weather stations.

Figure 3. Comparing the different calculation alternatives for the BPB method in Bilbao (operating

conditions A, B and C).

Figure 4. Comparing the different calculation alternatives for the BPB method in Jerez de la Frontera

(operating conditions A, B and C).



