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Abstract: Rainwater penetration into building facades results in multiple issues, including material
and structural degradation, reduced energy efficiency, and health-related concerns among occupants.
Currently, the watertightness performance of building facades is assessed based on standardized
tests, which simulate generic water supplies and pressure differentials that do not reflect the specific
exposure conditions of each facade. Consequently, practitioners” decisions regarding facade design
often rely on qualitative and imprecise criteria that do not align with the actual climatic loads. In this
article, a comprehensive approach to facade design for preventing rainwater penetration is described,
incorporating specific methodological refinements for reliable and practical implementation across
various Spanish regions. In this approach, the parameters surpassed during any watertightness
test (defined by the magnitude and duration of the water supplies and pressure differentials) are
correlated with the recurrence of equivalent climatic exposures at the facade (determined by the
climatic conditions of the site, facade height, and surrounding environment), thereby quantitatively
characterizing the facade watertightness performance. The findings used to refine this method for im-
plementation in Spain are illustrated and validated using selected case studies, and a comprehensive
database is provided to enable its application at 360 locations distributed across various regions of
the country.

Keywords: rainwater penetration; building facades; standardized tests; climate loads; performance
assessment; Spain

1. Introduction

Building facades are complex systems whose design must meet various hygrother-
mal, aesthetic, construction, acoustic, economic, durability, and fire reaction requirements,
among others. Rainwater penetration leads to issues including reduced thermal perfor-
mance of the thermal envelope, premature deterioration of construction materials, and
health risks for building occupants, such as asthma and respiratory symptoms [1-6]. Thus,
assessing the watertightness performance of facades is a key factor in predicting their
durability, identifying component vulnerabilities, and enhancing potential designs. Wind-
driven rain (WDR) occurs when raindrops are deflected by wind action and represent the
primary source of water on building facades [3,7]. Combined with simultaneous wind
pressure, known as driving rain wind pressure (DRWP), WDR causes rainwater runoff

Buildings 2024, 14, 3542. https://doi.org/10.3390/buildings14113542

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14113542
https://doi.org/10.3390/buildings14113542
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-4278-6622
https://orcid.org/0000-0002-1342-8482
https://orcid.org/0000-0002-2549-9173
https://doi.org/10.3390/buildings14113542
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14113542?type=check_update&version=2

Buildings 2024, 14, 3542

20f21

to surpass the surface tension and capillary pressure thresholds in the pores of facade
construction materials, enabling water infiltration. This penetration also occurs directly
through sealing defects, fissures, and cracks in the facade surface [8-11].

Over the years, numerous studies have characterized WDR exposure of building
facades across various countries, primarily using semi-empirical approaches based on the
so-called “WDR relationship” [7,12-16]. Occasionally, the analysis of simultaneous DRWP
complemented these characterizations, providing general benchmark indices for comparing
exposures among different locations and establishing qualitative design requirements to
mitigate rainwater intrusion on building facades [7,17-19]. At the building scale, WDR and
DRWP exposures vary significantly based on facade height and geometry, as well as the
surrounding terrain, thereby altering the watertightness requirements for facades within
the same location [20,21].

However, practitioners” design decisions are typically based on the performance
demonstrated by the facade configurations during standardized watertightness tests, which
do not account for this variety of factors. Due to economic and functional constraints, these
tests do not simulate the WDR and DRWP exposures expected in each facade being de-
signed. Instead, facade samples are subjected to a constant water supply and incremental
pressure differentials, with the duration and generic values of these parameters varying
among international test standards [22-27]. Consequently, test parameters are unrelated
to the specific environmental conditions expected for each facade, leaving its actual per-
formance in preventing rainwater penetration uncertain. Thus, the traditional WDR and
DRWP studies do not adequately inform performance-based facade designs, nor are current
design decisions based on quantitative and reliable criteria.

To address this issue, various studies have proposed simulating water supply rates and
pressure differentials that correspond to the expected WDR and DRWP exposures linked to
a specific design return period, thereby suggesting the adaptation of test parameters and
equipment for each facade design [8,28-30]. The return period is a commonly used concept
in engineering and risk analyses to estimate the probability of occurrence of a specific event
within a given time frame. In other words, it represents the estimated average time between
events (climatic, in this case) of a specified magnitude and can be expressed as the inverse
of the average frequency of occurrence. For instance, a 10-year return period event has a
10% chance of being exceeded in any given year. However, due to its probabilistic nature,
this does not mean that the climatic event will occur exactly once every return period; it
may occur once, twice, more, or not at all within that time frame.

From a more realistic and functional perspective, an alternative correlation approach
was proposed between the standardized exposure parameters used in testing and actual
exposures on any facade (Bayesian performance-based method, also known as the BPB
method), thus maintaining the test configurations and allowing for the comparison of
results from different tests [31]. This method determines the return period at which a
combination of simulated test parameters would occur for any facade characterized by its
location, height, and surroundings. Subsequently, this original method was extended to
account for the influence of exposure duration during watertightness tests in the calculation
of the return period, to include more accurate estimates of the wind profile under unstable
atmospheric conditions, and to adjust the WDR value associated with varying predominant
raindrop diameters [32,33]. In addition to its enhanced practicality, the BPB method also
demonstrated greater ease of calculation compared to previous methods, while maintaining
similar accuracy [34].

Bayesian Performance-Based Method

Considering the particular characteristics of each facade to be designed, the BPB
method identifies the recurrence of WDR and DRWP exposures equivalent to those sur-
passed by the facade configuration during facade watertightness testing (i.e., water spray
rate and maximum pressure differential withstood without water leakage) [31-33]. This
recurrence, characterized as a return period (in years), constitutes a quantitative and com-
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WDRyz ~ 1.14 - RAF -

parable measure of the actual watertightness performance of the facade, taking into account
the climatic conditions of its location, specific facade features (height and surroundings),
and characteristic parameters of the test used for performance approval (where greater
magnitude and duration of the endured exposure correspond to higher severity, a longer
associated return period, and higher performance).

The BPB calculation defines a system of three equations with three unknowns to
determine this return period, allowing for an analytical solution. In the first equation of
the system (Equation (1)), the DRWP exposure is estimated using the Bernoulli equation,
where DRWP, (Pa) represents the driving rain wind pressure at the facade height z (m)
and Ujg (m/s) denotes the wind speed records, typically measured using anemometers
placed in open areas and at a height (z4,t,) of 10 m above ground (this height may be 2 m
in agro-climatic weather stations) [35].

To estimate the wind speed at height z of the facade, the wind profile power law
is applied, incorporating the empirical formula proposed by Smedman-Hogstrom and
Hogstrom into the Hellmann friction coefficient to better represent the unstable atmo-
spheric conditions associated with WDR events (i.e., characteristic cloud formation mecha-
nisms) [36-38]. This empirical adjustment uses the roughness length of the surrounding
terrain z, (m), which can be obtained from tabulated values commonly found in the liter-
ature [39]. For a conservative and functional calculation, a pressure coefficient of C,, =1,
constant air density of ¢ = 1.2 kg/m?3, and wind direction perpendicular to the facade
orientation (cos = 1) can be assumed, thereby simplifying Equation (1). However, other
specific coefficients and assumptions may also be used to better represent case studies with
particular considerations.

z

2:[0.1840.13-log z9+0.03-(log z0)?]
> - cos (1)

1 2

Traditionally, the WDR calculation (L/m?) is based on semi-empirical relationships
identified since the mid-20th century, which take into account simultaneous records of
rainfall Ry, (L/m?) and wind speed U (m/s), a driving rain factor (DRF) generalized as
0.222 s/m, and the cosine of the angle between the wind direction and that normal to
the facade 0 (°) [12,40,41]. Researchers such as Straube and Burnett also incorporate
a rain admittance factor (RAF) to weight the exposure at different parts of the facade
(Equation (2)) [42].

WDR = RAF -DRF - U - Ry, - cos(6) (2)

In the second equation of the system (Equation (3)), the amount of wind-driven rain
WDR, (L/m?) impinged on the facade is determined by adjusting this semi-empirical WDR
relationship [43] with a driving rain factor based on the inverse of the terminal falling
speed of raindrops [42], and an estimate of the predominant spherical diameter of droplets
based on the rainfall record Ry, (L/m?) [44]. Uyg (m/s) represents the wind speed records,
including the same adjustments and simplifications already mentioned in Equation (1),
with z, (m) representing the roughness length of the surrounding terrain. To provide a
conservative estimate for the most unfavorable area of the facade (typically the uppermost
corners of the building), an RAF value of 0.9, the height z (m) of the facade, and a wind
direction perpendicular to the facade orientation can be used again [31,33].

U ( Z )[0.18+0.13‘10g 20+0.03-(log z0)?]
10

Zdata

—0.16603 - (R;,) " +4.92438 - (R;,)~*7%® —0.89002 - (R;) % + 0.05507 - (Ry,) "%

-cosf (3)

To determine the return period (years) linked to any specific combination of WDRy,
and DRWPz exposures (i.e., probability of occurrence), the BPB method includes an inno-
vative approach based on Bayes’ theorem (Equation (4)). Since DRWP7 exposure is solely
dependent on the wind speed, the occurrence probability of a specific DRWP, value can be
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substituted with that of the corresponding wind speed value Uy solved in Equation (1). In
turn, the occurrence probability of a particular WDR7 exposure, concurrent with the prior
wind speed, can be expressed as the occurrence probability of the rainfall value Ry, that can
equally be solved in Equation (3). Using this interdependence among variables, the BPB
method simplified the mathematical problem into a straightforward probability calculation
of two independent variables (U1 and Ry), which can be addressed using climatic records
collected at each location.

1

Return period (WDRz N DRWPyz)

— P(WDRz N DRWP;) = P(DRWP;) - P(WDRy|DRWP;) = P(Uy) - P(R;,) (4)

To calculate the independent probabilities of a specific wind speed value P(Uyg) and a

particular rainfall value P(Ry,), it is recommended to use an extreme value analysis, such
as that defined by the Gumbel distribution [33,45]. This involves statistically analyzing
series of annual maxima of Ujp and Ry, records at each location: the g0y and prn)
parameters represent the modes of the annual maxima series corresponding to wind
speed and rainfall records, respectively, whereas (3(y109) and ((rn) denote their dispersion
parameters (Equation (5)).

1

— (U0 — p(Uno)) —(Ry — u(Ry))
/.B(Um) /ﬁ(Rh)
—exp . exp

Return period (WDRz N DRWP)

1—exp™ (5)

The three-equation system formed by Equations (1), (3) and (5) allows for the calcula-

tion of the return period associated with the simultaneous occurrence of any two WDRz;
and DRWPz; exposures on the facade being designed, characterized by its location (i.e.,
KU10), K(®h), Buio)y, and PBrny parameters) and features (i.e., height z and surrounding
roughness length z, values). The resulting equation system offers two distinct possibilities
for resolution, depending on the design requirements (Figure 1):

The first resolution option allows for the quantification of the actual watertightness
performance of any facade, expressed as the return period associated with the maxi-
mum exposures that the facade configuration withstood during a standardized test.
For this purpose, the exposures WDRz (L/m?) and DRWPy (Pa) are set equal to the
water supply (L/m?) and pressure differential AP (Pa) simulated during testing, re-
spectively. The water supply can simply be obtained by multiplying the water spray
rate (L/m?-min) by the test duration (min). Consequently, only the return period
linked to both exposures and the intermediate wind speed Uj and rainfall Ry, values
remain as unknowns to be solved in the three-equation system.

Alternatively, it is also possible to quantify the pressure differential AP (i.e., DRWPy,
exposure) that the facade configuration must withstand during any given test to
approve a required watertightness performance (i.e., a return period established by
future regulatory requirements or design criteria). Setting longer return periods leads
to withstanding higher pressure differentials, thus requiring facade designs of higher
watertightness performance. In this resolution option, the wind speed Ujg and rainfall
Ry, values can be determined directly based on the water spray rate and duration
specified in the selected test (WDR7 exposure) and required return period, using the
two-equation system formed by Equations (3) and (5). Subsequently, the sought AP
value can be solved using Equation (1).

Setting other pairs of unknowns lacks physical meaning, as Ujg and Ry, variables are

merely intermediate variables, whereas the duration and water spray rate (i.e., WDRz
exposure) are standardized constants predetermined for each watertightness test.
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Pressure differential AP (Pa) to withstand during test
(equivalent to simulate the climatic exposure expected at fagade operating conditions)

Figure 1. Flowchart of the resolution options using the original BPB method.

This article is a revised and expanded version of a paper entitled A comprehensive ap-
proach to the performance-based design of fagade solutions against rainwater penetration,
which was presented at REHABEND 2024 Congress, Gijon, Spain (7-10 May 2024) [46].
The article provides a comprehensive database that enables the implementation of the BPB
method at 360 locations distributed across various Spanish regions. Additionally, some
methodological uncertainties that impact the reliability of the BPB method and limit its
practicality are addressed in this implementation:

e By re-analyzing weather records to exclude wind speed records that are not concurrent
with rainfall, improved mode and dispersion parameters related to wind speed can be
determined, thereby enhancing the physical consistency of the formulation.

e By identifying general regressions that allow for the application of the method in
any location using any sub-daily weather records with minimal calculation effort, the
dependency on available wind speed records associated with exhaustive recording
intervals can be overcome.

The proposed methodological refinements and database calculation parameters are
discussed and validated through two selected case studies located in the cities of Malaga
(Andalusia), Pontevedra (Galicia), and San Javier (Murcia), which provide a clear contrast
in facade operating conditions.

2. Materials and Methods

The primary limitation to the extensive implementation of the BPB method in facade
design lies in the requirement for raw climatic data linked to exhaustive recording inter-
vals. Thus, the mode and dispersion parameters w10y, K®n), Buio), and B(rp) used in
Equation (5) are related to the recording interval of the available weather data at each loca-
tion (e.g., hourly or daily records). In contrast, the wind speed Ujy and rainfall Ry, values
solved in Equations (1) and (3) are related to the duration specified in each watertightness
test, which typically ranges from 5 to 15 min for differential pressure stages [22-27]. When
the test duration does not align with the available recording interval at the location, mis-
leading results that do not reliably represent the recurrence of simultaneous WDRz and
DRWP7 exposures may be obtained: an exposure intensity sustained over a longer time
interval represents a less frequent and more challenging exposure compared with the same
intensity applied for a shorter duration. Therefore, the availability of exhaustive weather
records can be a limiting factor for reliably using the method in certain locations.

In turn, it is crucial to ensure that the wind speed values Uj used in the equation
system specifically refer to wind speed records concurrent with rainfall, in order to maintain
the physical sense of the calculation. Using unscreened wind speed records that do not
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account for their co-occurrence with rainfall may also lead to unreliably watertightness
performance [31-33].

To reliably implement the BPB method in Spain and reduce its dependence on exhaus-
tive weather data and calculation effort, (1) a preliminary re-analysis of available climatic
records was performed, and (2) an intermediate calculation was included to extrapolate
equivalent Uy and Ry, variables matching the available recording interval at each location:

Firstly (1), simultaneous wind speed and rainfall data recorded at intervals of 10, 30,
or 60 min (depending on the region) over a 10-year period were analyzed at 360 Spanish
locations, thus minimizing biases due to the occurrence of atypical climatic years. At each
site, screened series of wind speed records simultaneous with rainfall Ujgspy (m/s) were
identified, thus discarding those wind data irrelevant to the assessment of rainwater pene-
tration exposure on facades. Subsequently, the maximum annual values of these screened
series were identified, allowing for a more reliable determination of the mode and disper-
sion parameters for use in Equation (5) (Table 1). In this way, both resulting parameters
Kwiosivy and Buiosmvy ensure the physical sense of the equation system, allowing for the
estimation of return periods that actually represents the recurrence of DRWP7 exposures.

Table 1. Calculation of the mode and dispersion parameters from the maximum annual records of
the analyzed variable.

Symbol Formula Description
Xj - Maximum annual records of the variable, associated with a specific recording interval.
N - Number of input data x; of the variable (number of years with maximum annual records).
Xavg = ):I\f" Data average of the annual maxima.
Ox — /Bl ;\]xnvg)z Standard deviation of the annual maxima.
Vi =— ln( n(MtL )) N values of the reduced variable y, ranging i from 1 to N.
Yavg = ZI\¥ d Data average of the N values of the reduced variable y;.
oy — /2 ;\]ng)z Standard deviation of the N values of the reduced variable y;.
n = Xavg — y,wg‘;—; Mode of the variable (Equation (5)), linked to the specific recording interval.
= ‘;—; Dispersion parameter of the variable (Equation (5)), linked to the specific recording interval.

Secondly (2), to ensure the mathematical consistency of Equation (5), the Ujgspv and
Ry, values solved in Equations (1) and (3) (associated with the duration of the pressure
stages established in watertightness tests) must be extrapolated to the recording interval
characterizing the available mode and dispersion parameters (i and () at the location
(Figure 2). For this purpose, a recent study that proposed general forms of regressions to
extrapolate extreme values of rainfall intensity (mm/min) and wind speed (m/s) across
different sub-daily recording intervals may be considered [47].

For rainfall intensity, a power-type regression was proposed to relate the maximum
annual records associated with different sub-daily intervals (Equation (6)). Ry (mm/min)
represents the rainfall intensity associated with any t-minute recording interval during
extreme precipitation events, whereas the empirical coefficients a and b are site-dependent.

Ry =a-t" (6)

Similarly, a logarithmic-type regression was found to be the most suitable for relating
the maximum annual wind speeds linked to different sub-daily intervals (Equation (7)).
In this case, Uqg() (m/s) represents the wind speed associated with a t-minute record of
extreme wind events. The empirical coefficients c and d also vary according to the location.

Uy = —¢-In(t) +d (7)
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(equivalent to simulate the climatic exposure expected at fagade operating conditions)

Figure 2. Methodological refinements incorporated into the implementation of the BPB method in
Spain, including the re-analysis of wind speed records concurrent with rainfall and an intermediate
cross-multiplication to extrapolate calculation variables linked to the recording interval required in
Equation (5).

However, no distinction was made between extreme wind records concurrent and
non-concurrent with rainfall in the validation of the aforementioned equation. Therefore,
the suitability of this type of logarithmic regression for wind speed values concurrent
with rainfall Ujggpv (i-e., using tailored cspy and dgpy coefficients) remains undefined
(Equation (8)).

Uosim(r) = —Csim - In(t) +dsim (8)

In this study, the available records at the 360 analyzed Spanish locations were also
summed or averaged to produce aggregate data series for different recording intervals (e.g.,
generating 60, 120, 180, 360, 480, 720, and 1440 min data series of rainfall and wind speed
from the available 30 min records). For this purpose, the sum and average procedures
established by the World Meteorological Organization were applied to obtain rainfall
and wind speed aggregated values, respectively [35]. To minimize uncertainties, where a
record was missing (due to maintenance periods, breakdowns, data storage issues, or other
factors), all aggregate data associated with that record were also disregarded (e.g., the 120,
180, 360 min data, etc., that included a missing hourly record).

In turn, the annual maximum records linked to each aggregate series were obtained
and subsequently averaged, in order to obtain a representative maximum per recording
interval, variable (rainfall intensity and wind speed), and location. By conducting a least-
squares regression (LSR) analysis on these average maxima, site-specific coefficients for
Equations (6) and (7) were identified (i.e., coefficients a, b, ¢, and d). The calculations
required for the implementation of this LSR analysis, as well as for producing each aggre-
gated data series, were automated using commonly available spreadsheet programs [48].
Repeating the same procedure, the coefficients cgny and dgpv applicable at each location
were also identified by using aggregated data series produced from wind speed records
only concurrent with rainfall.

Although multiple recording intervals were aggregated to improve the accuracy
of the LSR analysis, it could also be applied using weather records related to just two
sub-daily recording intervals (e.g., by aggregating daily records), thereby significantly
reducing the computational effort of the required re-analysis. Similarly, in countries where
the availability of sub-daily data collected at the stations may pose a challenge, weather
databases derived from models and reanalyzes, such as those provided by the European
Centre for Medium-Range Weather Forecasts on a 0.25° x 0.25° grid for Europe, could be
used while acknowledging the inherent uncertainties of these models [49].
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PORTUGAL

- —
Atlantic Ocean

Vo wind
Subartic climate; Dfc Hot-summer Mediterranean climate; Csa | San Javier (Murcia)

Humid continental climates; Dfb-Dsb Cold semi-arid climate; BSk 37.805° /-0.835°

Sy S Altitude 27 m
Oceanic climate; Cfb Hot semi-arid climate; BSh Average rainfall: 270 mm/yr
Humid subtropical climate; Cfa Cold desert climate; BWk Mean wind speed: 1.2 m/s

Warm-summer Mediterranean climate; Csb - Hot desert climate; BWh

The correlation results obtained concerning these regressions across different Spanish
regions are presented in Section 3, as well as the mode and dispersion parameters for
Ujo, Uipsim, and Ry, identified at each location, thus enabling a practical and reliable
implementation of the BPB method in most of Spain. In turn, Section 4 discusses and
validates these methodological refinements through their application in two facade case
studies concerning three Spanish cities.

Scope of the Conducted Implementation

To address the re-analysis of wind speed records and to identify regressions that allow
for the extrapolation of equivalent wind and rainfall extremes across sub-daily recording
intervals, exhaustive climatic records were analyzed from 360 weather stations distributed
across 10 Spanish regions (Figure 3). These regions are representative of the broad climatic
variability of the country, ranging from oceanic to hot arid climates (Cfb and BWh climates,
respectively, according to the Koppen-Geiger classification) [50,51]. In any case, most of
the analyzed territory features Mediterranean climates (hot-summer and warm-summer
subtypes; Csa and Csb, respectively) or cold semi-arid climates (BSk).

FRANCE

36.758" / —4.536"
Altitude 57 m
Average rainfall: 368
Mean wind speed: 1.4 m/s
Hot-summer Med. climate (Csa)

Andalusia

o Pontevedra (Galicia)

_ d 42.400° / -8.664°

Average rainfall: 1514 mm/yr
ALGERTA £ foan wind speed: 1.3 m/s

Cold semi-arid climate (BSK)

Figure 3. Coverage distribution of the Spanish territory addressed in this study for the application
of the BPB method, including the locations of the case studies presented in Section 4. Source: Own
elaboration based on climatic graphic data available in [51].
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Due to this climatic variability, the mean annual rainfall notably varies among the
analyzed locations, ranging from less than 200 mm/yr at eight sites in the Region of Murcia,
southeastern Andalusia, and southern Castile and Ledn, to more than 2500 mm/yr in
Fornelos de Montes (a coastal location in southwestern Galicia). Spain is also characterized
by rugged topography, allowing for the analysis of locations at both sea level and high
altitudes, such as Xares (Galicia), at 1762 m. This rugged topography also affects the pre-
dominant winds across different regions, resulting in significant variations between coastal
areas, characterized by high mean wind speeds, and inland zones such as northeastern
Andalusia, where mean wind speeds barely reach 0.5 m/s for a 30 min recording interval
(e.g., Villacarrillo and Santo Tomé Stations).

The climatic data analyzed were obtained from official repositories provided by re-
gional meteorological or agro-climatic agencies, such as those of Galicia, Andalusia, Basque
Country, La Rioja, and Castile and Ledn [52-56], as well as national agencies [57,58]. Most
Spanish regions not covered in this study, shaded in grey in Figure 3, either lack publicly
accessible repositories or require substantial fees for access through the Spanish Meteoro-
logical Agency.

All the selected data correspond to uninterrupted 10-year series, spanning from
2008 to 2022, depending on the region. These data refer to 10, 30, and 60 min recording
intervals, based on the available source at each region (see Table 2). The age and quality of
these records (on average, only 0.29% of data are missing, with a maximum of 10.5% in
Cartagena, Murcia) ensure the representativeness of the results and minimize deviations
due to extended data gaps. Although the years analyzed in each region slightly differ,
the identified calculation parameters always stem from averaging the extreme values
recorded annually over the 10-year analysis period, thereby ensuring that the influence
of any climatologically atypical year is diluted within the overall dataset. Furthermore,
the period from 2008 to 2022 is not sufficiently long to demonstrate significant climatic
variations due to climate change, and in any case, a minimum of five years (2013-2017) is
shared among all stations.

Table 2. Distribution of the 360 analyzed stations across Spain and characteristics of the consulted
climatic data.

Region # of Locations Zgata (M) Record(ilrrlfnl)nterval YearTSCO(LI;i?ered
(87,597 km/;,-n;zl;\l/lsﬁhabitants) 85 2 30 2011-2020 [53]
(47,719 kmz;Alr.ZgIS/Ininhabitants) 27 2 60 2013-2022 [58]
(4992 k?r?zleirécl\l/[s liirlllif)itants) ? 2 60 2013-2022 [58]
(7234 kl?::;?;.; g\j/??nlﬁ?‘tl)itants) 19 10 10 2009-2018 [54]
(94,222 iiﬁﬁﬂgﬁi iLr?}?;bitants) 52 2 30 2011-2020 [56]
(79,46§ ii::%ejialxlx\l/[ fnri?:l?itants) 39 2 60 2013-2022 [58]
(29,575 km? ;GZé;if\i[ainhabitants) 40 10 10 2008-2017 [52]
(5045 km? ;]E)E.lSRI\i/c[)jiihabitants) 21 2 60 2010-2019 [55]
(11,313 kmz;lvllir;i[ainhabitants) 41 2 60 2011-2020 [57]
oM 27 2 60 2013-2022 [58]

(10,391 km?2; 0.7 M inhabitants)
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3. Results

For locations with available 10 min records, eight additional series were generated: 20,
30, 40, 60, 360, 480, and 720 min records and daily records. In regions with 30 min records,
the additional series encompassed 60, 120, 180, 360, 480, 720, and 1440 min data. Where
hourly data were available, additional series covering 360, 480, 720, and 1440 min recording
intervals were produced. The annual maxima were identified and averaged to determine a
single representative value of rainfall intensity, wind speed, and wind speed concurrent
with precipitation, associated with each recording interval at the 360 locations.

The results obtained from applying an LSR analysis to these average maxima (i.e., a, b,
¢, d, cspvi, and dgpv coefficients) are tabulated and provided in a comprehensive database
that enables the implementation of the method in the analyzed regions (see Supplementary
Material). This database also presents the mode () and dispersion (3) parameters for
each variable, corresponding to the most exhaustive recording interval available at each
location. This allows for minimizing the uncertainty in the extrapolations defined by
Equations (6)—(8), since this interval is typically close to the duration of standardized
watertightness tests.

This database also includes information on the altitude and geographical coordinates
of each location, missing data, and average annual rainfall and wind speed, as well as the
mean annual maxima identified for each variable (rainfall, wind speed, and wind speed
concurrent with rainfall) for each aggregated sub-daily interval.

As can be observed in this database, the general forms of regression presented in
Section 2 can be reliably used at Spanish locations, even for extrapolating annual maximum
wind speeds concurrent with rainfall among different sub-daily recording intervals. The
power-type regression for rainfall intensity (Equation (6)) achieves a mean coefficient of
determination R? of 0.993, with a minimum correlation of 0.925 in the city of Lorca (Murcia).
These coefficients of determination remain consistent regardless of the available recording
interval: for locations with 10 min rainfall records, the mean R? value reaches 0.997, while
it is 0.996 for sites with 30 min data and 0.991 for those with hourly records. This confirms
the reliability of the regression across recording intervals from as short as 10 min to daily.

The average R? value slightly decreases to 0.958 for the correlations in Equation (7).
However, this logarithmic-type regression demonstrates even greater reliability for ex-
trapolating annual maximum wind speeds concurrent with rainfall (Equation (8)), with
an average R? value of 0.982, ranging from 1.000 (Rincén de Soto, La Rioja; Herencia and
Armufia de Tajuiia, both in Castile-La Mancha) to 0.755 (Mélaga, Andalusia). In this case,
the mean R? value reaches 0.977 for locations with 10 min wind speed data, 0.980 for those
where 30 min records are available, and 0.986 for sites with hourly records. There are also
no significant differences between locations that include 3 s records (wind gust intervals),
with a mean R? equal to 0.980, and those without these data (0.983), thus demonstrating
the consistency of the regression even for time resolutions significantly shorter than the
typical durations used in the pressure stages of watertightness tests.

Consequently, both Equations (6) and (8) can be used alongside the BPB method to
reliably extrapolate, via an intermediate cross-multiplication step, those extreme wind
speed Ujpspv and rainfall Ry, values linked to the recording interval required by the mode
and dispersion parameters available in Equation (5).

4. Discussion

Three Spanish cities (see Figure 3), representing different climates and available record-
ing intervals, were selected for validation: Malaga Station (Andalusia, #64 in the Supple-
mentary Material), with a hot-summer Mediterranean climate and 30 min agro-climatic
records measured at a height of 2 m (24,1, = 2 m); Pontevedra (Lourizan Station, Galicia,
#265), with available 10 min weather records of rainfall and wind speed and a temperate
oceanic climate; and San Javier (Santiago de la Ribera Station, Region of Murcia, #329), with
hourly agro-climatic data and a cold semi-arid climate. Across the 10 years analyzed at
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each location, the missing data ranged from 0.095% in Mélaga and 0.009% in Pontevedra to
10.096% in San Javier.

For improved readability, the calculation parameters characteristic of the three loca-
tions, based on the re-analysis and aggregated data series produced for different recording
intervals, have been extracted from the database and are summarized in Table 3.

Table 3. Summary of the calculation parameters applicable in the three selected cities for the
case studies.

Malaga Station (#64). Andalusia

Maximum rainfall intensity (mm/min); average of 10 annual maxima for each recording interval

30’ 40  hourly 120 180 360’ 480’ 720/  daily Equation (6) (by LSR; R? = 0.999)

0.677 0425 0253 0158 0123 0.095 0.074 0.041 Ry, (1) = 7.933 - 70716
W(Rh) = 12.102 a= 7.933
BRrn) = 16.596 b= 0.716
Maximum wind speed (m/s); average of 10 annual maxima for each recording interval
gust 30 40  hourly 120/ 180’ 360 480’ 720 daily  Equation (7) (by LSR; R? = 0.985)
6.847 6.181 5716 5181  4.883 4727 4091  3.349 Uyg(r) = —0.861 In(¢) +9.822
Hu10) = 6.284 c= 0.861
By = 1.138 d= 9.822
Maximum wind speed concurrent with rainfall (m/s); average of 10 annual maxima for each recording interval
gust 30 40 hourly 120/ 180’ 360 480’ 720 daily  Equation (8) (by LSR; R? = 0.986)
5.272 4479 3734 2848 2197 2125 1531 1.039  Ujpsimry = —1.127 - In(t) +9.013
Kutosmy = 4.687 CSIM = 1.127
Bwiostmy =  1.181 dsiv = 9.013

Pontevedra (Lourizan Station; #265). Galicia

Maximum rainfall intensity (mm/min); average of 10 annual maxima for each recording interval

10/ 20/ 30/ 40 hourly 360’ 480/ 720/ daily  Equation (6) (by LSR; R? = 0.999)

1064 0640 0505 0404 0326 0114 0092 0072  0.047 Ry, () = 4.138 - 70617
K(Rh) = 6.363 a= 4.138
B(rn) = 8.637 b= 0.617
Maximum wind speed (m/s); average of 10 annual maxima for each recording interval

gust 10’ 20 30’ 40 hourly 360’ 480’ 720’ daily  Equation (7) (by LSR; R? = 0.953)
21.963 10.169 9.489  9.012 8.723 8.216 6.359 6.117  5.555 4.568 Uy = —1.619- In(t) +15.398
MUy = 9226 c= 1.619
Bwio) = 1.905 d= 15.398

Maximum wind speed concurrent with rainfall (m/s); average of 10 annual maxima for each recording interval
gust 10/ 20/ 30 40  hourly 360’ 480’ 720 daily  Equation (8) (by LSR; R? = 0.970)

21.746 9.824 9.068 8.212 7.517 7.098 5.223 4.642  4.015 3.091  Ujosimy = —1.765 - In(t) +14.997

Wutosimy = 8.975 CSIM = 1.765

Bwiosmy = 1.715 dgpv = 14.997
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Table 3. Cont.

San Javier (Santiago de la Ribera Station; #329). Region of Murcia

Maximum rainfall intensity (mm/min); average of 10 annual maxima for each recording interval

hourly 120/ 180’ 360 480’ 720 daily  Equation (6) (by LSR; R? = 0.978)

0479 0300 0236 0129 0.118 0.079  0.048 Ry (1) = 10.463 - 0734
H(Rh) = 15.374 a= 10.463
B(rn) = 27.030 b= 0.734
Maximum wind speed (m/s); average of 10 annual maxima for each recording interval

gust hourly 120/ 180’ 360 480’ 720 daily  Equation (7) (by LSR; R? = 0.982)
13.226 5.855 5.511 5.339 5.106 4974 4.716 3.942 ulo(t) = —0.897 - In(¢) 4+ 10.265
HU10) = 4.786 c= 0.897
Bwuio) = 2.160 d= 10.265

Maximum wind speed concurrent with rainfall (m/s); average of 10 annual maxima for each recording interval

gust hourly 120/ 180’ 360 480’ 720 daily  Equation (8) (by LSR; R? = 0.997)
11.880 5179 4769 4146 3345 3.028 2572 1804 Ujggpq = —0971-In(t) +9.081
Hu10SIM) = 4.001 CSIM = 0.971
Bwu1osmvy = 2.379 dspv = 9.081

By comparing extreme averages related to the same recording interval (e.g., hourly data),
it can be observed that San Javier presents the highest rainfall intensity (0.479 mm/min),
despite its much lower annual rainfall compared to Pontevedra (270 vs. 1514 mm/yr).
Unlike Pontevedra, where rainfall events are distributed throughout the year, Malaga and
San Javier experience transient but intense precipitations, such as those caused by the cold
drop (isolated depressions at high levels), which can potentially be more unfavorable when
considering the risk of rainwater penetration in building facades [59].

On the other hand, when comparing the hourly extreme winds (both unscreened
and concurrent with rainfall), Pontevedra shows the highest values, although it should be
noted that these data were recorded at a greater anemometer height. Therefore, without
a quantitative and comprehensive method like the one presented, it would be difficult to
intuit which location presents the most unfavorable combined exposures. Similarly, any
approach based solely on average annual rainfall or wind speed could lead to inadequate
or unreliable design perceptions, as demonstrated below.

In turn, two facade designs have been considered in each location (referred to as cases
A and B for conciseness and clarity), allowing for the application of both resolution options
established by the BPB method:

e In case A, the building facade to be designed has a height z = 9 m (single-family
dwelling) and is located on the outskirts of each city (roughness length zg = 1.5 m) [39].
The objective is to quantify the actual watertightness performance of the facade con-
figuration under consideration, which is able to withstand a pressure differential of
150 Pa during the EN 12865 watertightness test. This test is characterized by pressure
stages of 10 min and a water spray rate of 2 L/m?2-min [22].

e In case B, the objective is to approve a 36 m high curtain wall (z = 36 m) that will
ensure 100 years of watertightness performance in each city center (roughness length
zg = 3.0 m) [39]. The pressure differential AP that the facade configuration under con-
sideration must withstand during the EN 12155 test (characterized by 5 min pressure
stages and a water spray rate of 2 L/m?-min) should be determined [23].
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150 Pa=1- 5" 1.2- <u1051M(10min)) ' (2

20 mm =1.14-0.9-

4.1. Case A: Quantifying the Watertightness Performance of the Facade Configuration

The watertightness performance of the facade configuration under consideration will
vary depending on the local climatic conditions, as presented below.

4.1.1. Mélaga

The wind speed concurrent with rainfall required to generate a DRWP, exposure of
150 Pa on the facade can be obtained by solving Equation (1), considering that the available
30 min wind speed records refer to a measurement height of 2 m (agro-climatic data).

9 2.[0.184-0.13-log 1.5+0.03- (log 1.5)?]
) ‘1 = Upsim(10min) = 11.637 m/s

In turn, the rainfall intensity required to provide 20 mm of wind-driven rain WDR on
this facade (equivalent to 2 L/m?-min within a 10 min period), while there is a concurrent
wind speed of 11.637 m/s, can be obtained using Equation (3):

. . 2
11.637 - (%) [0.184-0.13-10g 1.5+0.03: (log 1.5)7]

—0.16603 -

1

—0.304

(Rh(wmm)) 'y 492438 <Rh(10mm>> 70,8902 (Rh(mmm)) % 0.05507 - (Rh(mmm))

R}, (10min) = 6.865 mm = 0.686 mm /min

As the duration of the pressure stages of the EN 12865 test (10 min) does not match
the recording interval available at Malaga, it is necessary to apply the intermediate cross-
multiplication based on Equations (6) and (8), thus extrapolating the 30 min values equiva-
lent to the solved rainfall Ry, and wind speed Ujgspy values:

7.933 - 300716 ,

~1.127-In(30) + 9.013
U0s1m(30min) = U1051M(10min) * —7 757 In(10) 19013 9.392m/s

Both 30 min equivalent values can be applied in Equation (5) to calculate the return
period associated with the maximum exposure that this facade configuration withstood
during the test (78.3 years).

—(9.392 — 4.687) / —(9.39 — 12.102) /

1.181 16.596

Return period (20 mm N 150 Pa)

exp exp

=|1—exp™ 1—exp™

Return period (20 mm N 150 Pa) = 78.3 years

4.1.2. Pontevedra

The same previous calculation is now replicated for Pontevedra, where the mode
and dispersion parameters corresponding to the available 10 min rainfall and wind speed
records refer to a measurement height of 10 m. As this recording interval matches the
duration of the test pressure stages, it is not required to use Equations (6) and (8). Thus,
the rainfall Ry, and wind speed Ujgspv values obtained from Equations (1) and (3) can be
directly applied in Equation (5), resulting in a return period of 108.5 years.

This demonstrates that the extreme climatic exposures surpassed during the EN
12865 watertightness test can occur with slightly greater frequency in Malaga compared
to Pontevedra. In other words, the facade configuration under consideration offers worse
watertightness performance in Malaga, for the same design features.
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100 years

4.1.3. San Javier

In the case of San Javier, the calculation parameters related to the available hourly
recording interval of agro-climatic data also require applying the intermediate cross-
multiplication to extrapolate hourly rainfall R, and wind speed Ujgspy values that can be
used in Equation (5). By applying the coefficients a, b, csiv, and dspy corresponding to San
Javier, it is also possible to extrapolate hourly extreme values of rainfall R0 min) and wind
speed concurrent with rainfall U;sivs0 min), based on their equivalents associated with the
10 min test duration. Thus, from the Ry,(19 min) value equal to 6.865 mm, an equivalent ex-
treme Ry, (60 min) Value of 11.04 mm is obtained. Similarly, from the U1gsmvi(10 min) Value equal
to 11.637 m/s, an extreme equivalent Uysivis0 min) Value of 8.679 m/s can be obtained.

By using both hourly values along with the mode and dispersion parameters character-
istic of the site in Equation (5), a lower watertightness performance is identified compared
to the other locations (11.1 years), due to the unfavorable climate at the site. Thus, for
instance, the result obtained would suggest using a different facade configuration able to
provide a higher watertightness performance in the city of San Javier.

4.2. Case B: Determining the Pressure Differential to Withstand in Any Watertightness Test

The pressure differential AP that a facade configuration must withstand during a
watertightness test to approve a required performance will vary depending on the local
climatic conditions and the test parameters. For this case study (a 36 m curtain wall in an
urban center) and considering the EN 12155 test, the calculation for the second resolution
option is presented below.

4.2.1. Mélaga

First, the wind speed Ujggv and rainfall Ry, values associated with the required
100-year recurrence must be identified by solving the two-equation system defined by
Equations (3) and (5). In this case, it is also necessary to apply the intermediate cross-
multiplication that allows for extrapolating the 30 min values (recording interval at the
location) equivalent to those associated with the 5 min duration of the test, in order to
maintain the mathematical consistency of Equation (5):

7.933 - 300716
Ry, (30 min) = R (5 min) - 793350716 — 0.277 - Ry, (5 min)

—1.127 - In(30) + 9.013
U1051M(30 min) = U10S1M(5 min) * 1127 1r1((5))+ 9013 — 0.720 - U1051M(5 min)

361 [0.18-0.13-10g 3.0+0.03-(log 3.0)?]
Usps1m(5 min) * (32)

~0.16603 - (Ry(5 min))

1—exp™

1 —0.768 —0.536 —0.304
+4.92438 - (Rh(5 mm)) — 0.89002 - (R,,<5 mm>) +0.05507 - (Rh(5 mm))

—(0.720  Ugsipa(s min) — 4:687) / —(0.277 - Riys miny * 30 — 12.102) /

1.181 16.596

exp exp

1—exp™

UlOSIM(5 min) = 13.275 m/S Rh (5 min) = 1.522 mm = 0.304 mm/mln

Although two possible combinations of variables are linked to a 100-year recurrence
(max. Rp—min. Ujpgpvy and min. Rp—max. Ujggmv), only the second combination is
of interest, as it determines the most unfavorable pressure differential (i.e., maximum
wind speed result) to be surpassed during the trial (the discarded combination was
U1081M(5 min) = 2-668 m/s and Ry(5 miny = 10.634 mm). Thus, the obtained wind speed
concurrent with rainfall directly allows for determining the AP value that must be sur-
passed by the curtain wall under consideration during the EN 12155 test (Equation (1)):
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DRWP=AP=1- 5 1.2 (UlosIM(B min)) ’ <

-1 =446 Pa

36 2.[0.1840.13-log 3.0+0.03 (log 3.0)?]
2)

4.2.2. Pontevedra

The same previous calculation is now applied in Pontevedra by considering a z4at,
equal to 10 m, the mode and dispersion parameters corresponding to the available 10 min
records, and the site-specific coefficients a, b, cspv, and dgpy (Table 3). In this case, the
required AP value reaches 329 Pa (with a wind speed concurrent with rainfall Uosmvi(5 min)
of 17.025 m/s and a rainfall value Ry min) of 1.834 mm), suggesting that a lower water-
tightness performance than in Malaga must be demonstrated in this test to approve the
design requirements.

4.2.3. San Javier

When applying the same calculation in the city of San Javier (using hourly agro-climatic
data), the AP value to be surpassed during the test increases to 1102 Pa for this 100-year
watertightness performance, with Ujgsiv(s min) = 20.879 m/s and Ry,(5 min) = 0.868 mm as
intermediate results. This pressure differential is consistent with the higher probability
of experiencing extreme combinations of wind and rainfall at this location compared to
Pontevedra or Malaga.

4.3. Comparison of Results Using the Original BPB Method and Limited Sub-Daily Data

If the previous results are compared with those obtained by neglecting the extrapo-
lation between the duration of the tests and the available recording interval (i.e., without
using Equations (6) and (8)), significant errors are observed in the characterization of wa-
tertightness performance and the pressure differential to be withstood (Table 4). These
errors consistently cause unsecure designs by quantifying watertightness performances
that are higher than the actual facade capabilities and reducing the pressure differentials to
surpass during watertightness tests. These errors are smaller when the available recording
interval is close to the duration of the test (see the case of Pontevedra, which has 10 min
available records).

Table 4. Comparison with the results obtained by neglecting the use of proposed Equations (6)
and (8).

Malaga
Using Equations (6) and (8)  Without using Equations (6) and (8) Error
Case A (years) 78.3 482.4 +516.1%
Case B (Pa) 446 248 —44.4%
Pontevedra
Using Equations (6) and (8) ~ Without using Equations (6) and (8) Error
Case A (years) 108.5 108.5 * -
Case B (Pa) 329 309 —6.8%
San Javier
Using Equations (6) and (8)  Without using Equations (6) and (8) Error
Case A (years) 11.1 33.9 +205.4%
Case B (Pa) 1102 528 —52.1%

* In this case, the duration of the test matches the available recording interval at the location. Consequently, the
result is not affected by the omission of Equations (6) and (8).

In addition, the comprehensive implementation of the BPB method in Spain can be
achieved without the need to generate climatic data associated with numerous recording
intervals, as was performed in the analyzed case studies. For instance, only daily data series
can be aggregated to the available records at each location (i.e., 10, 30, and 60 min records by
region). The average values of the annual maxima for each variable corresponding to both
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recording intervals are provided in Table 3. By applying the LSR analysis to each pair of
values, alternative coefficients a, b, cspv, and dgpy can be determined for use in Equations
(6) and (8), without generating additional series for other recording intervals (Table 5).

Table 5. Comparison with the results obtained by aggregating only a daily data series at each location.

Limited Equation (6)

Malaga (by LSR) Limited Equation (8) (by LSR)
Using all the Using 30 min and . 0727 _ )
aggregate series dally series Error Rh (t) = 8019 t UlOSIM(t) = 1.094 ln(t) + 8.991
Case A (years) 78.3 83.8 +7.0%
Case B (Pa) 446 434 —2.7%
Pontevedra lelte;gyEg;;Ton © Limited Equation (8) (by LSR)
Using all the Using 10 min and . —0.629 _ )
aggregate series daily series Error Ry () =4.529 -t Uyosim(r) = —1.355 - In(t) 4 12.944
Case A (years) 108.5 108.5* -
Case B (Pa) 329 319 —3.0%
San Javier lelte;gyEg;;Ton © Limited Equation (8) (by LSR)
Using all the Using hourly and _ 0724 _ ]
aggregate series dally series Error Rh (t) =9.306-t UlOSIMm = 1.062 ln(t) + 9.527
Case A (years) 11.1 10.4 —6.3%
Case B (Pa) 1102 1159 +5.2%

* In this case, no data conversion between different time intervals is necessary, as the duration of the test matches
the available recording interval at the location. Consequently, the result is not affected by the variation of the
coefficients a, b, cspv, and dgpy.

By repeating the calculations shown in Sections 4.1 and 4.2 using these alternative
coefficients, it is observed that accuracy loss does not exceed 10% in any of the locations and
case studies. These results confirm the feasibility of applying the proposed methodological
refinements throughout Spain with a reduced computational effort. Furthermore, the
BPB method can be applied based on any single series of sub-daily climatic records (with
additional series for the other recording interval generated from the initial one): the
results show no appreciable difference in accuracy when using data with 10, 30, or 60 min
resolution as a starting point in conjunction with daily data.

In any case, the re-analysis and intermediate cross-multiplication conducted (even when
limited sub-daily data are considered) result in a significant accuracy increase compared
to relying on unscreened wind speed records, both concurrent and non-concurrent with
rainfall. Thus, if the c and d coefficients tabulated in Table 3, along with the 19y and B(u10)
parameters corresponding to all available wind speed records, are used in the calculation, the
errors in characterizing watertightness performance can exceed 40% (as shown in Table 6).

As demonstrated through these case studies, the database presented in the Supplemen-
tary Material provides a reliable and accurate tool for quantitatively estimating the facade
watertightness performance even in Spanish locations lacking exhaustive climatic records,
due to the methodological refinements that enhance both the practicality and reliability of
the BPB method:

e Maintaining the physical sense of the equation system to achieve greater reliability,
using only calculation parameters related to wind speed values concurrent with
rainfall (i.e., those actually affecting rainwater penetration into building facades).

e Enabling the application of the BPB method with any sub-daily climatic series, al-
lowing for accurate estimations of watertightness performance regardless of the ex-
haustiveness of this available recording interval. This reduces reliance on exhaustive
and costly raw climatic databases and significantly decreases the computational effort
required to expand the current database with additional locations in Spain.
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Table 6. Comparison with the results obtained by considering unscreened wind speed records.

Malaga
Using wind speed records Using unscreened Error
concurrent with rainfall wind speed records
Case A (years) 78.3 471 —39.8%
Case B (Pa) 446 457 +2.5%
Pontevedra
Using wind speed records Using unscreened Error
concurrent with rainfall wind speed records ©
Case A (years) 108.5 63.0 —41.9%
Case B (Pa) 329 367 +11.6%
San Javier
Using wind speed records Using unscreened Error
concurrent with rainfall wind speed records
Case A (years) 11.1 12.7 +14.4%
Case B (Pa) 1102 885 —19.7%

Nevertheless, the implementation of the BPB method in Spain should be comple-
mented with conservative safety factors, due to the stochastic nature of the analyzed
variables (wind speed and rainfall intensity), the statistical nature of the return period
(since there is no guarantee that exposure conditions linked to a specific return period
will not occur more frequently), and the increasing unpredictability resulting from climate
change. In this regard, it is recommended to extend the analyzed period whenever possible
and to frequently update the data to reduce uncertainties. In turn, it may be advisable to as-
sess how changing climate patterns could affect long-term facade performance, for instance,
by generating weather variables for reference scenarios and climate change projections—an
analysis that falls outside the scope of this article. Finally, the required watertightness
performance should be critically assessed in each case based on design criteria, regulatory
requirements, the public or private nature of the building, the expected service life of the
facade, and other relevant factors.

5. Conclusions

In this study, the implementation of a quantitative and reliable approach for determin-
ing the watertightness performance of building facades under actual service conditions,
as well as for estimating the required pressure differential to be withstood in any water-
tightness test to meet specific design requirements (BPB method), was addressed across
10 Spanish regions.

Through this implementation, specific methodological refinements that enhance the
reliability and practicality of the BPB method were also addressed: (1) enhancing the
physical consistency of the formulation by re-analyzing weather records to obtain the
mode and dispersion parameters of wind speed maxima series concurrent with rainfall
and (2) identifying general regressions that allow for the extrapolation of extreme values
for rainfall and wind speed across any sub-daily time resolution, thereby eliminating the
implementation requirement for weather data with exhaustive recording intervals.

Consequently, a comprehensive database is presented in the Supplementary Materi-
als, summarizing the site-specific regressions and calculation parameters that enable the
implementation of the BPB method at 360 Spanish locations. This database, which serves
to support design decisions for preventing rainwater penetration in Spanish facades in a
performance-based and practical manner, represents a significant starting point toward the
automation of the method’s equation-solving process. The same approach could also be
applied in other regions and countries with available sub-daily weather data, provided
that the correlations obtained through the proposed potential and logarithmic regressions
(Equations (6)—(8)) are validated.
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The use of this database in two case studies located in three Spanish locations represen-
tative of different climatic and facade operating conditions demonstrated that the increased
mathematical consistency achieved through the proposed regressions allows for a signifi-
cant reduction in calculation error (Table 4). Moreover, this accuracy was not significantly
affected by the time resolution of the available sub-daily recording interval at the site, nor
by using a single additional series of aggregate weather data (Table 5). Considering only
those wind records concurrent with rainfall, thereby improving the physical relevance of
the method’s formulation, also provided a significant enhancement in calculation accuracy
(Table 6).
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Nomenclature

Latin symbols
a,b,c,d Site-dependent empirical coefficients (-)

Cp Pressure coefficient (-)

P Probability of occurrence

Ry, Rainfall record (mm or L/m?)

t Recording interval (min)

Uy Wind speed record (m/s)

z Facade height (m)

VA Terrain roughness length (m)

Zdata Measurement height of wind speed (m)

Greek symbols

AP Pressure differential (Pa)

Buio) Dispersion of the annual maxima series of wind speed records (m/s)
Brn Dispersion of the annual maxima series of rainfall records (mm or L/ m?)
0 Angle between the wind direction and wall normal (°)

KU10) Mode of the annual maxima series of wind speed records (m/s)
H(Rh) Mode of the annual maxima series of rainfall records (mm or L/m?)
0] Density of the air (kg/m?)

Subscripts

SIM Relative to conditions concurrent with rainfall

t Relative to the recording interval

2 Relative to the facade height
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