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Over the last few decades, analyses of wind-driven rain exposure on building facades have been conducted in
multiple regions. Sometimes, these studies also included the driving rain wind pressure, thereby characterising
both critical factors contributing to rainwater penetration into facade materials. However, practitioners typically
rely on performance results obtained from standardised watertightness tests to make facade design decisions,
even though these tests do not recreate the specific exposure combinations that can occur on each facade.
Consequently, there is no quantitative correlation between the traditionally identified exposures and actual
facade designs, resulting in pure qualitative choices and poorly optimised designs. This study addresses this issue
by correcting the existing methodological deficiencies in a prior calculation procedure, which aims to relate the
exposure parameters that the facade configuration withstood during any watertightness test to the expected
climate exposures at its design operating conditions. New contributions are presented to enhance the method
reliability as well as to reduce calculation effort and reliance on exhaustive weather data. The various climate
parameters required to establish this relationship were analysed and tabulated for the Netherlands, enabling a
truly performance-based design of facades to resist rainwater penetration throughout the country. Different
methods of implementing this procedure, according to the availability of weather data, were also compared for
facade case studies located in Amsterdam and Maastricht.

approaches based on the so-called WDR relationship [15-19]. Occa-
sionally, the analysis of wind pressure concurrent with WDR has com-
plemented prior characterisation [20-22]. The utility of these

1. Introduction

Precipitation diverted by wind action, referred to as wind-driven rain

(WDR), is the main source of water supply for building facades [1,2]. In
conjunction with simultaneous wind pressure (driving rain wind pres-
sure, DRWP), both contribute to rainwater runoff exceeding the
thresholds of surface tension and the capillary pressure of water existing
in the pores of construction materials, thus causing rainwater infiltration
into facade materials [3-8]. This rainwater penetration, dependent on
the facade features and climatic exposure, causes multiple issues con-
cerning the thermal performance of the building envelope, premature
deterioration of facades, and health complaints in building occupants
(such as asthma and respiratory symptoms) [9-14].

Multiple studies have been developed to characterise wind-driven
rain exposure throughout the world, mainly through semi-empirical

traditional methods has been increased by progressively including more
exhaustive weather records, directional analyses, calculation simplifi-
cations, and numerical methods based on computational fluid dynamics
(for specific building configurations) [23-26].

However, all these exposures only result in generic regulatory re-
quirements for facade designs (furthermore associated with wide
exposure ranges), without providing specific watertightness guidelines
for each case study. In turn, practitioners base their design decisions on
the performance of facade configurations during standardised water-
tightness tests in which, for economy and functionality, the exposures
expected in each case study are not recreated. In contrast, the facade
samples are subjected to constant water supply and incremental pressure
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differences, whose generic values also differ among international tests
[27-31]. Given that the standardised test parameters cannot be related
to the extreme exposures expected for each facade, the watertightness
performance of each facade design under actual operating conditions
remains unknown. Thus, neither the traditional WDR studies support
performance-based designs nor watertightness tests provide anything
more than a purely qualitative approach for facade design.

To address this issue, a relationship between the standardised
exposure parameters used in testing and the actual exposure conditions
of any facade was proposed (Bayesian Performance-Based method, BPB
method) [32]. This relationship is established by calculating the recur-
rence of tested parameters (i.e., return period) on any facade, consid-
ering its specific location, height, and surroundings. The method was
subsequently extended to consider the influence of exposure durations
recreated in watertightness tests on the return period calculation [33].
Finally, the calculation was modified to include accurate estimates of the
wind profile under unstable atmospheric conditions and correct the
WDR value associated with the diameter of the predominant raindrop
[34]. However, the BPB method still has weaknesses that affect its ac-
curacy and usefulness: (i) the difficulty of obtaining the required records
of rainfall and wind speed associated with exhaustive recording in-
tervals, and (ii) the uncertainty associated with the calculation of return
periods based on wind speed records that do not consider their
co-occurrence with rain events.

This study addresses both methodological weaknesses and provides a
complete and functional database for the comprehensive implementa-
tion of the BPB method across the Netherlands. Section 2 compiles the
foundations of the BPB method, which allows for the determination of
the return period associated with the tested exposures for any facade
case study. Section 3 presents new contributions that enhance the reli-
ability of the method by considering the co-occurrence of rain and wind
when calculating return periods, as well as its applicability by reducing
the reliance on exhaustive weather records. A complete database for the
functional implementation of the method in the Netherlands is also
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surroundings), thus quantifying the facade performance under its
designed operational conditions.

First, the DRWP exposure on the facade was estimated using the
Bernoulli equation (Eq. 1), where DRWP, (Pa) represents the driving
rain wind pressure at height z (m) of the facade and z, (m) is the
roughness length of the surrounding terrain, whose value is tabulated in
the literature [36]. This roughness length is included in the Hellmann
friction coefficient of the wind profile power law using an empirical
formula suitable for unstable atmospheric conditions [37,38], such as
those linked to the cloud formation mechanisms producing WDR events
[39]. Uyp sim (m/s) represents the simultaneous wind speed record
during precipitation, collected under reference conditions (open areas
and at a height of 10 m above ground level for conventional meteoro-
logical records) [40]. For a conservative estimate, a pressure coefficient
Cp = 1, constant air density p = 1.2 kg/m® and wind direction perpen-
dicular to the facade orientation (cos 8 = 1) can be used, thus simplifying
Eq. (1) accordingly.

z )2»[0‘18+0413-log 2+0.03-(log 2)’]

1
DRWP. % Cy--p+ (Ui an)’ (E

-cos 0 m

Second, the facade WDR exposure was determined using Eq. (2),
which combines a semi-empirical WDR relationship enhanced by 14 %
to obtain a more realistic estimate of the phenomenon [41,42], a driving
rain factor calculated using the inverse of the terminal falling speed of
raindrops [43], and an estimate of the predominant spherical diameter
of the droplets calculated from the rainfall records Ry (mm) [44]. Thus,
WDR,, (mm) represents the wind-driven rain collected over the specified
recording interval at facade height z (m) and Ujg sin (m/s) indicates the
simultaneous wind speed with the adjustments mentioned in Eq. (1)
[34]. The most unfavourable case is implicitly considered, correspond-
ing to a wind direction perpendicular to the fagcade orientation. A rain
admittance factor RAF = 0.9 can be applied to calculate the exposure at
the uppermost corners of the building facade (the most unfavourable
area).

(2)

provided. Finally, Section 4 illustrates and discusses different ap-
proaches for implementing this comprehensive BPB method, consid-
ering the performance-based design of fagades in two major Dutch cities:
Amsterdam (located near the North Sea coast) and Maastricht (inland,
near the borders with Belgium and Germany).

2. Background

The combination of two simultaneous climatic factors determines the
risk of rainwater penetration into facade materials: the rainwater supply
on the facade surface (i.e., WDR) and the wind pressure acting on this
runoff (i.e., DRWP) [3,4,35]. Both factors are recreated during inter-
national watertightness tests by subjecting the exterior face of the facade
sample to continuous water spray while applying static, cyclical or
pulsating pressure differences [27-31].

Based on the watertightness performance of each facade configura-
tion during the trial (water sprayed and maximum pressure difference
withstood without penetration), the BPB method determines the recur-
rence of WDR and DRWP exposures equivalent to those surpassed during
the test [32-34]. This recurrence is defined as a return period (in years),
which depends on the test exposure surpassed (the higher its magnitude
and duration, the greater the severity and corresponding return period),
climatic conditions of the site, and facade features (height and

—0.16603-(R;,) ' +4.92438-(R;,) 7% —0.89002- (R;,)"****40.05507-(R,,)~***

To determine the Return period (years) associated with the proba-
bility of the simultaneous occurrence of WDR,; and DRWP,; values, an
approach to Bayes’ theorem was proposed. Given that DRWP, depends
only on the variable Ujg sn (see Eq. (1)), the occurrence probability of a
specific DRWP,; value can be substituted by that of the linked Ujg; sim
value (see Eq. (3)). In turn, the probability of WDR,; exposure when the
prior simultaneous wind speed Ujg; sin Occurs can be expressed as the
probability of the Ry; value that can be solved using Eq. (2). Thus, the
BPB method transforms the mathematical problem into a straightfor-
ward probability calculation of the independent climate variables (Uy;
sim and Ry; values obtained from Egs. (1) and (2), respectively).

1
: =P(WDR, .NDRWP, ;)
Return period (WDRz ,N\DRWPy ;) 3)

=P(DRWPz ;) - P(WDR_;|DRWP_ ;) =P(U; sim)-P(Ry;)

To functionally calculate both independent probabilities, a Gumbel
distribution (extreme value analysis) is recommended [34,45]. These
probabilities P(Ujg; sim) and P(Ry;) are determined by statistically ana-
lysing series of annual maxima relative to U sim and Ry, records, where
U10 sim) and uggp) represent the mode of both series and S10 sim) and
Prny are the dispersion parameters. The formulations required to iden-
tify these parameters are listed in Table 1.

As a result, Eq. (4) completes the three-equation system that allows
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Table 1
Scheme of the formulation used to calculate the Gumbel distribution parameters
u and f from maximum annual records of rainfall and wind speed.

Symbol Formula Magnitude description
Xi - Maximum annual records of the analysed
variable, linked to a specific recording
interval
N - Number of input data x; of the variable (years
with maximum annual records).
Xavg I X Data average of all the input data x;.
avg =
N
Oy ox = Standard deviation of all the input data x;.
Z (i — xavg)
N
Yi Yi= — N values of the reduced variable y, ranging i
N+1 fi 1toN.
In(in j )) rom 1 to
Yavg i Data average of the N values of the reduced
Yog =7 variable y;..
oy oy = Standard deviation of the N values of the
reduced variable y;.
2 i — Yarg) !
N
U(analysed U = Xgg— uy’Lx Mode of the variable analysed (see Eq. (4)).
variable) %y
Banatysed b= Ox Dispersion parameter of the variable analysed
variable) % (see Eq. (4)).

the determination of the return period associated with the occurrence of
specific WDR,; and DRWP;; exposures on any building facade. Knowing
the facade features and location (i.e., uw10 sim)> URR)> Puio sim)> P®RM)> %>
and z, values), the three-equation system (Egs. (1), (2) and (4)) can be
analytically solved by fixing two of the five unknowns: WDRg;, DRWP,;,
Return period, Ujg; sim and Ry;.

u(Uyg sim)-Uyo; sim
—exp H(Uyg sim)

1
Return period (WDRzNDRW Py;

LR
—exp P(Rn)

)z(l—exp

€]

— exp

On one hand, the product of the water spray rate (mm/min) used in
testing by the test duration (min) can be considered as the WDR,; value
(mm) and the pressure difference AP (Pa) surpassed by the facade
configuration can be regarded as DRWP,;. Accordingly, the Ujg; sim and
Rp; values, as well as the return period associated with this combined
exposure, can be determined. Thus, the watertightness performance of
the facade configuration under actual conditions can be quantified by
the return period associated with the maximum exposure it can
withstand.

Furthermore, the Ujp; sin and Rp; values can be solved by fixing the
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water spray rate and duration established in the watertightness test
(WDR,; value) and setting a target Return period (years of watertightness
to be achieved based on regulatory requirements and design decisions).
This allows to obtain the pressure difference (i.e., the DRWP,; value) that
must be overcome during the test to recreate the established return
period. In this case, the equation system has two solutions: a combina-
tion of high Ujy; sim and low Ry;, and a combination of high Ry; ad low
Uipi sim (see Fig. 1). However, only the first solution is of interest,
because it provides a higher DRWP,; value, which corresponds to a
greater pressure difference to surpass in the watertightness test.

The other pairs of unknowns are not meaningful because Uj; sim, and
Ryp; are always intermediate variables and the water spray rate (WDRy,;) is
a constant predetermined for each international watertightness test.
Thus, solving the three-equation system quantifies the expected per-
formance of building facades under their operating conditions (return
period) or determines the test parameters to surpass to ensure the
required design performance. Alternatively, it is also possible to
compare the severity of different international watertightness tests for
facades [33], indirectly enabling for potential enhancements of their
testing parameters.

2.1. Weaknesses and limitations of the BPB method

However, this equation system presents conceptual and mathemat-
ical challenges:

e The exposure duration must be considered in the calculation of the
return period; a longer duration of the same exposure corresponds to
a lower probability of occurrence, indicating greater severity.
Therefore, the exposures considered in Egs. (1) and (2) are related to
the specific duration recreated in each watertightness test (the dif-
ferential pressure stages typically range from 5 to 15 min) [27-31].
Conversely, the available weather records at each location determine
the recording interval used in Eq. (4), which defines the uwi0 sim,
UK Buio sim)> and Perpy values. When the test duration did not align
with the available recording interval, an intermediate calculation
was proposed to extrapolate the Ujg; sim and Rp; values obtained using
Egs. (1) and (2) to their equivalents in the recording interval required
in Eq. (4) [33,34]. In this intermediate calculation, the available
weather records of wind speed and rainfall were averaged or sum-
med, respectively, to obtain aggregate recording intervals (e.g. 20-,
30-, and 40-min series based on 10-min records). Therefore, a series
of maximum annual values associated with these additional intervals
could also be produced. Using best-fit regressions that relate the
average annual maxima of each interval, cross-multiplication could
be used to extrapolate the equivalent extreme values of both vari-
ables across different recording intervals. However, this calculation

DETERMINING THE FACADE PERFORMANCE AT IS ACTUAL OPERATING CONDITIONS:

Test parameters:
Water spray rate

el (.. WDR ) Eq. 2

Eq.4 Return period

BASELINE DATA Duration i R === (expected watertightness performance
Surpassed AP ====p (i.c. DRWP)) e Ul im " at the fagade operating conditions)

Facade features: Eq.1

z

z DETERMINING THE AP VALUE TO BE SURPASSED IN A SPECIFIC WATERITGHTNESS TEST:

o

R

Site conditions:
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Fig. 1. Overview of the BPB method implementation.
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is laborious and relies on the availability of exhaustive baseline re-
cords, thereby limiting the functionality and applicability of the BPB
method in numerous locations with limited weather records.

In turn, the summaries of the maximum annual wind speeds avail-
able at the locations do not usually account for their co-occurrence
with rainfall. Consequently, only uwi0) and B0y values can be
determined; thus, they may not be suitable for calculating the
recurrence of wind speed values concurrent with precipitation such
as those solved in Eq. (1). Similarly, the best-fit regressions
mentioned in the previous paragraph do not account for wind re-
cords concurrent with rainfall, potentially affecting the reliability of
the extrapolation across different recording intervals. Both factors
introduce unknown uncertainties in the results of the BPB method.

The following section addresses these challenges by providing a
comprehensive BPB method that is easily applicable everywhere (even
with limited and non-concurrent rainfall and wind speed records),
supporting facade design decisions in a performance-based and quanti-
tative manner.

3. Method: A comprehensive implementation of the BPB method

To address the first limitation, a recent study developed a functional
approach to accurately extrapolate extreme values of rainfall intensity
(mm/min) and wind speed (m/s) across sub-daily recording intervals
[46]. This approach uses a least-squares regression analysis (LSRA) to
identify the best-fit regression that relates the average of the maximum
annual values of both variables linked to different recording intervals
[47]. The proposed general forms of these regressions were validated in
over 100 locations primarily characterised by a temperate oceanic
climate; however, the approach could be equally applicable to other
climates [46].

For rainfall intensity, a potential-type regression was identified as
the most suitable for relating extreme values associated with different
sub-daily intervals (Eq. (5)) [46]. Thus, Rp (»p (mm/min) represents the
rainfall intensity associated with any specific -minute recording interval
during extreme precipitation events, whereas the empirical coefficients
a and b adopt characteristic values at each location.

Ry=at? )

Similarly, logarithmic regression was identified as the best method
for relating extreme wind speeds associated with sub-daily intervals (Eq.
(6)) [46]. In this case, U 19 (m/s) represents the extreme wind speed
associated with a t-minute recording interval (without distinguishing
concurrence with rainfall) and ¢ and d are empirical coefficients that
also adopt characteristic values at each location.

Uygp= —c-In(r) +d (6)

In practice, the potential and logarithmic regressions can be identi-
fied based on the summaries of the maximum annual records belonging
to only two sub-daily recording intervals, applying a LSRA to their av-
erages (e.g. hourly and daily records, to mention the most common
ones). Common spreadsheets can be used for LSRA implementation, thus
determining the empirical coefficients a, b, ¢ and d. As a result, Eq. (5)
can be directly included in the BPB method to functionally extrapolate
the Ry; value obtained in Eq. (2) to any other required recording interval
in Eq. (4) using cross-multiplication.

However, the application of the logarithmic regression can decrease
the reliability of the BPB method because it does not consider wind re-
cords that are specifically simultaneous with precipitation. This issue
requires to address the uncertainty associated with the methodological
weakness mentioned in the second place. For this purpose, a general
form of regression between extreme wind speeds and those that occur
simultaneously with rainfall can be proposed. This general regression
would enable the extrapolation of any extreme value concurrent with
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precipitation Ujg; sim to its equivalent speed value Ujg; not concurrent
with the rainfall. This approach would considerably decrease the
calculation effort required by the BPB method, while enhancing its ac-
curacy and applicability in locations with limited and non-concurrent
rainfall and wind speed records: the extrapolated U;y; value could be
directly used in Eq. (6) to calculate the equivalent Uj¢; value associated
with any other required recording interval in Eq. (4) through cross-
multiplication. The resultant value could also be directly applied to
Eq. (4) using ug10) and f10) values that were not obtained from records
concurrent with rainfall.

The implementation of these methodological improvements was
exemplified and validated in the Netherlands, enabling the compre-
hensive application of the BPB method, even with limited and non-
simultaneous weather records. For this purpose, empirical coefficients,
correlations, and mode and dispersion parameters applicable to loca-
tions distributed throughout the country are provided.

3.1. Performance-based design of building facades against rainwater
penetration in the Netherlands

To ensure comprehensive implementation of the BPB method in the
Netherlands, this study analysed simultaneous hourly records from 28
Dutch weather stations collected over a ten-year period (2010-2019)
(see Fig. 2). In the case of wind speed, the hourly records were
completed with gust records (3-s intervals) corresponding to each hourly
interval. All data were collected by The Royal Netherlands Meteoro-
logical Institute, in accordance with the requirements set by the World
Meteorological Organization (WMO) [40,48]. Stations with more than
10 % missing data or without weather records in any of the ten years
considered were excluded to ensure the representativeness of the results.
On average, 7.7 % of the data were missing, ranging from 3.1 % at the
Arcen and Hoek Van Holland stations to 9.9 % at Hoorn (Terschelling).

All the analysed locations have a temperate oceanic climate because
of their proximity to the Atlantic Ocean and are subject to occasional
extratropical cyclones (low-pressure areas) that are more frequent and
intense in winter [49,50]. Their altitudes range between —4.3 m (Rot-
terdam) and 114.3 m (Maastricht), as a result of the flat topography of
the country. The lack of significant mountain ranges contributes to the
maintenance of relatively uniform average annual rainfall and wind
speeds across the country, which only increase near the coast. The mean
annual rainfall ranges from 652 mm/yr (Ell) to 890 mm/yr (Rotterdam).
In turn, the average wind speed ranges between 3.0 m/s (Arcen and
Heino stations) and 7.0 m/s (Hoek Van Holland).

Additional data series of rainfall and wind speed, corresponding to
other recording intervals (6, 8, 12, and 24 h), were produced by
applying the aggregation and averaging procedures established by the
WMO based on the available hourly records [40]. Rainfall intensity Ry ¢
was expressed in typical units for wind-driven rain calculations
(mm/min; see Eq. (5)). The accumulated rainfall (mm) was divided by
the duration t (min) of each recording interval. The wind speed records
Ujo were expressed in m/s for each recording interval (see Eq. (6)).
Thus, the annual maxima of both variables linked to different recording
intervals can be determined and subsequently averaged to identify a
single representative value per variable, recording interval, and loca-
tion. For wind speed, the maximum annual gust records were also
included. Consequently, the site-specific potential and logarithmic re-
gressions that best correlated these averages (Eqgs. (5) and (6)) were
identified by determining the most suitable coefficients a, b, c, and
d using a LSRA (Table 2).

Furthermore, the series of wind speed data were re-elaborated by
discarding wind records that did not occur simultaneously with pre-
cipitation. The resultant series allowed the maximum annual values of
wind speed concurrent with rainfall linked to each recording interval
(gust, 1, 6, 8, 12 and 24 h) to be obtained and average them to obtain a
single representative value per recording interval and location. This re-
analysis had the following objectives:
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# Location Longitude  Latitude Altitude
(DD) (DD) (m)
1 De Kooy airfield 4.781 52.928 12
2 Amsterdam - Schiphol 4.790 52.318 -33
3 Berkhout 4.979 52.644 -24
4 Hoorn (Terschelling) 5.346 53.392 0.7
5 DeBilt 5.180 52.100 1.9
6  Stavoren 5.384 52.898 -1.3
7 Lelystad 5.520 52.458 -3.7
8  Marknesse 5.888 52.703 -3.3
9  Deelen 5.873 52.056 48.2
10  Lauwersoog 6.200 53.413 29
11 Heino 6.259 52.435 3.6
12 Hoogeveen 6.574 52.750 15.8
13 Eelde 6.585 53.125 52
14  Hupsel 6.657 52.069 29.1
15 Nieuw Beerta 7.150 53.196 -0.2
16  Twenthe 6.891 52.274 34.8
17  Vlissingen 3.596 51.442 8
18  Westdorpe 3.861 51.226 1.7
19 Hoek Van Holland 4.122 51.992 11.9
20 Rotterdam 4.447 51.962 -4.3
21  Cabauw 4.926 51.970 -0.7
22 Gilze-Rijen 4.936 51.566 14.9
23 Herwijnen 5.146 51.859 0.7
24  Eindhoven 5377 51.451 20.6
25  Volkel 5.707 51.659 22
26 El 5.763 51.198 30
27 Maastricht 5.762 50.906 1143
28  Arcen 6.197 51.498 19.5

N
50 km 0 50 km 100 km
e —
THE NETHERLANDS

Atlantic Ocean ” .
(North Sea) 7

GERMANY

BELGIUM

Fig. 2. Geographic distribution of the weather stations analysed.

Table 2

Summary of the empirical coefficients a and b used for the regression of extreme
rainfall intensities between different recording intervals (Eq. (5)) as well as the ¢
and d coefficients associated with wind speed extremes (Eq. (6)).

Location Regression of extreme Regression of extreme wind
rainfall intensity (Eq. (5)) speed (Eq. (6))
a b R? c d R?
De Kooy airfield 3.402 0.686 0.998 1.502 25.565  0.995
Amsterdam - Schiphol ~ 3.521  0.638  0.997 1.346  23.830 0.996
Berkhout 5.114 0.724 0.998 1.484 24.431 0.997
Hoorn (Terschelling) 5.745 0.771 0.998 1.422 26.381 0.995
De Bilt 6.663  0.738  0.999 1.614 20.377 0.988
Stavoren 4.832 0.751  0.999 1.419 24.815 0.997
Lelystad 7.035 0.794 1.000 1.564 23.646 0.998
Marknesse 6.666 0.770  0.996 1.436  21.231  0.998
Deelen 9.625 0.778  0.999 1.670 21.942  0.994
Lauwersoog 5.844 0.767 1.000 1.355  26.567  0.995
Heino 5.865 0.758  0.999 1.534 20.013  0.996
Hoogeveen 6.222  0.768  0.998 1.417  21.028  0.996
Eelde 4.485 0.741 0.998 1.449 22144 0.997
Hupsel 5.779  0.729  0.994 1.596  20.999 0.998
Nieuw Beerta 6.896 0.777  0.998 1.344  23.010 0.997
Twenthe 7.623  0.772  1.000 1.540 20.455  0.998
Vlissingen 4.042 0.688 0.999 1.456 27.302 0.994
Westdorpe 3.429 0.671  0.999 1.632 23.420 0.998
Hoek Van Holland 6.535 0.758  0.999 1.470  27.828  0.992
Rotterdam 3.874 0.687 0.999 1.533 23.080 0.994
Cabauw 7.376  0.768  0.999 1.487 23.871  0.997
Gilze-Rijen 6.832 0.761  1.000 1.503 20.624  0.997
Herwijnen 8.853 0.780 0.998 1.450 22.417 0.999
Eindhoven 5.588 0.754 0.997 1.676 22228  0.998
Volkel 7.534 0.787  0.997 1.651 22.446  0.996
Ell 5.324 0.753  0.998 1.603  22.143  0.996
Maastricht 9.401 0.804 1.000 1.503 22.059 0.996
Arcen 5.526  0.729  0.996 1.538 19.657  0.998
Average correlation 0.998 0.996

e The mode and dispersion parameters required to solve Eq. (4) can be
directly calculated based on this re-elaborated series of screened
wind speed data concurrent with rainfall, ensuring an appropriate
calculation of the return period. Thus, uw1¢ sim) and fio simy values
that were specifically suitable for wind speed extremes concurrent
with rainfall are identified for each recording interval and location.

Table 3
Summary of empirical coefficients ¢y, and dg, applicable in Eq. (6) for the
regression of extreme records of wind speed simultaneous to rainfall.

Location Regression of extreme wind speed CONCURRENT with
rainfall (Eq. (6))
Csim dsim R?
De Kooy airfield 1.919 23.763  0.958
Amsterdam - Schiphol ~ 1.756  22.200  0.937
Berkhout 1.846 22918 0.952
Hoorn (Terschelling) 1.802 24.508 0.925
De Bilt 1.784  18.856  0.996
Stavoren 1.867 23.874 0.945
Lelystad 1.872 22201  0.966
Marknesse 1.721 19.783 0.974
Deelen 1.828  20.405 0.991
Lauwersoog 1.861 25.367  0.940
Heino 1.759 18.814 0.989
Hoogeveen 1.700  20.209 0.984
Eelde 1.799 21.208 0.977
Hupsel 1.866 20.116 0.991
Nieuw Beerta 1.703  21.744 0.953
Twenthe 1.674 19.025  0.990
Vlissingen 2.037  25.464 0.949
Westdorpe 1.933 21.562  0.983
Hoek Van Holland 1.816  25.997  0.936
Rotterdam 1.913 21.666 0.982
Cabauw 1.922 22506 0.981
Gilze-Rijen 1.810 19.519  0.987
Herwijnen 1.859 21.362 0.974
Eindhoven 1.927 21.028 0.992
Volkel 2.034  21.940 0.990
Ell 1.760  20.166  0.987
Maastricht 1.973 21.394 0.963
Arcen 1.729 18566  0.994
Average correlation 0.971

e The average of these re-elaborated annual wind speed maxima was
related across different recording intervals by means using the LSRA.
The results demonstrate that Eq. (6) can be equally applied for
extreme wind speed records concurrent with rainfall. The average
coefficient of determination R? was 0.971 at the 28 Dutch locations
(the closer the coefficient is to 1, the better the data correlation). The
LSRA performed for this validation also provided analogous
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empirical coefficients ¢y, and dg;, for application to Eq. (6), thereby
improving the accuracy of the logarithmic regression (Table 3).

o The average of annual wind speed maxima concurrent with rainfall
could be also compared with their equivalents based on all available
wind records (without any distinction) for identical recording in-
tervals. A strong correlation was found between both groups of
average maxima in the 28 Dutch locations analysed, defined by a
general form of linear regression (Eq. (7)). Ujp (m/s) represents the
conventional value of extreme wind speed, whereas Ujg sim (m/s) is
the equivalent wind speed concurrent with rainfall.

Ui =eUigsin +f @

The empirical site-specific coefficients e and f that define this linear
regression, derived from records associated with all analysed recording
intervals (i.e., gust, 1, 6, 8, 12, and 24 h), are tabulated in Table 4. In
practice, this linear regression can also be identified based on only two
sub-daily recording intervals, resulting in a reduced calculation effort
for extrapolation. The extrapolated Ujg; values can be directly used in
Eq. (4), in combination with conventional ug,;0) and S10) values that do
not consider the simultaneous occurrence of rainfall, allowing for the
calculation of return periods even at sites with limited climate records.

The average coefficient of determination for the regressions of these
sites is 0.973. These high coefficients of determination, as well as the
homogeneous conditions throughout the Netherlands, indicate the po-
tential for establishing a general linear regression applicable to the
entire country. For this purpose, the maximum annual wind speed
values of the 28 locations relative to each recording interval were
averaged (see Supplementary material). Thus, the sole representative
values for concurrent and non-concurrent records linked to each

Table 4

Summary of the linear regression coefficients e and f identified between extreme
wind speeds concurrent and non-concurrent with precipitation at each location
(Eq. (7)). Those generically proposed for the Dutch territory are also shown (Eq.
(8)).

Location Regression between extreme Ujg and U sim values (Eq.
(7))
E f R?
De Kooy airfield 0.755 7.382 0.969
Amsterdam - Schiphol ~ 0.725 7.408 0.949
Berkhout 0.768  6.528  0.957
Hoorn (Terschelling) 0.739 7.860 0.944
De Bilt 0.899 3378  0.979
Stavoren 0.725 7.212 0.960
Lelystad 0.812 5.420 0.976
Marknesse 0.812 5.082 0.970
Deelen 0.906  3.392  0.986
Lauwersoog 0.690 8.749 0.949
Heino 0.860 3.734 0.980
Hoogeveen 0.819 4.371 0.977
Eelde 0.790 5.270  0.981
Hupsel 0.846  3.906  0.984
Nieuw Beerta 0.758 6.294 0.963
Twenthe 0.909  3.079  0.985
Vlissingen 0.688 9.535 0.971
Westdorpe 0.829 5.417 0.979
Hoek Van Holland 0.775 7.403 0.970
Rotterdam 0.784 5.951 0.968
Cabauw 0.757 6.693 0.972
Gilze-Rijen 0.820 4536  0.985
Herwijnen 0.762 5988  0.979
Eindhoven 0.860 4.064  0.985
Volkel 0.799  4.803 0.975
Ell 0.903  3.870 0.993
Maastricht 0.737 6.074 0.967

Arcen 0.885 3.194 0.992

Average correlation 0.973
General linear regression for the Netherlands (Eq. (8)):
0.800 5.500 0.975
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Fig. 3. General linear regression between annual wind speed maxima concur-
rent and non-concurrent with rainfall throughout the Netherlands.

recording interval were determined (see black dots in Fig. 3). Subse-
quently, the general coefficients e and f applicable throughout the
country were identified using the LSRA (Eq. (8)).

U[(,: O.BOO'UI() .\im+5-500 (8)

A complete list of the aforementioned averages of the annual max-
ima, as well as the mode and dispersion parameters for analysed
recording intervals is available in the Supplementary material. As
exemplified in the following section, this database allows the accurate
implementation of the BPB method in a functional and comprehensive
manner throughout the Netherlands, even at locations with limited
weather records.

4. Implementation examples and discussion

The proposed implementation of the BPB method is illustrated in two
major Dutch cities characterised by slightly different environmental
conditions (despite the homogeneity of the country): Amsterdam
(airport Schiphol, near the North Sea coast) and Maastricht (inland).
Two hypothetical building facades with differentiated features were
analysed by applying both resolution options available in the BPB
method (i.e., characterising the facade performance at its operating
conditions and determining the AP to be surpassed in a particular
watertightness test).

In the case of Amsterdam, the aim was to quantify the watertightness
performance of a building facade of 9 m height located on the capital’s
outskirts. For the purpose of analysis, it is assumed that the facade
configuration withstood a pressure difference AP equal to 300 Pa during
the EN 12865 watertightness test, which is characterised by 10-min
pressure stages and a water spray rate of 2 mm/min [27]. In the case
of Maastricht, the intended design was a curtain wall with a height of 26
m in the centre of the city, capable of providing 50 years of water-
tightness. For this, the minimum pressure difference AP to be overcome
during the EN 12155 test (characterised by 5-min pressure stages and a
water spray rate of 2 mm/min) was determined [51,52]. Although Eu-
ropean tests were selected for both examples (coherent with the loca-
tions analysed), it is also possible to use any other international
watertightness test by simply applying its specific duration and water
spray rate.

4.1. Implementation of the comprehensive BPB method using the database
provided

The comprehensive BPB method was applied using all data series and
recording intervals produced from the available hourly data. The
calculation parameters associated with both locations (site conditions)
and features of the facades are summarised in Table 5 (extracted from
the Supplementary material). For the calculation, the mode and
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Table 5
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Summary of the calculation parameters applicable in the two locations and features of the two facades analysed (height and surroundings).

AMSTERDAM

Altitude (m) Longitude (DD) Latitude (DD)

Average rainfall (mm/yr) Average wind speed (m/s)

-3.3 4.790 52.318
Facade features:
Height (m): 9.0 Roughness length z (m):

Site conditions:

821 4.9

1.5 (city outskirts) [34]

Maximum rainfall intensity (mm/min); Average of maximum annual records for each recording interval:

60’ (hour) 360’ 480’
0.257 0.085 0.065
URn): 12.984
Brn): 4.859

720’ 1440’ (day)
0.056 0.033

Eq. (5) (Table 2)
SRy () = 3.521.t706%8
(Potential-type regression by LSRA)

Maximum wind speed CONCURRENT with rainfall (m/s); Average of maximum annual records for each recording interval:

3” (gust) 60’ (hour) 360’ 480’ 720’ 1440’ (day) Eq. (6) (Table 3)
26.600 17.200 13.483 11.988 9.125 7.383 =>Uyoy = — 1.756-In(t) 4 22.200
U(u10 sim): 16.189 (Logarithmic-type regression by LSRA)
Beuto sim): 2.042
MAASTRICHT
Altitude (m) Longitude (DD) Latitude (DD) Average rainfall (mm/yr) Average wind speed (m/s)
114.3 5.762 50.906 726 3.9
Facade features:
Height (m): 26.0 Roughness length z, (m): 3.0 (downtown city area with high rise buildings) [34]

Site conditions:

Maximum rainfall intensity (mm/min); Average of maximum annual records for each recording interval:

720’ 1440’ (day)
0.047 0.027

Eq. (5) (Table 2)
=Ry () = 9.401.t70804
(Potential-type regression by LSRA)

720’ 1440’ (day)
7.117

Eq. (6) (Table 3)
=>Ugp = — 1.973In(t) + 21.394
(Logarithmic-type regression by LSRA)

5.717

60’ (hour) 360’ 480’
0.350 0.084 0.065
URn): 13.767
Brn): 14.586
Maximum wind speed CONCURRENT with rainfall (m/s); Average of maximum annual records for each recording interval:
3” (gust) 60’ (hour) 360’ 480’
26.500 15.800 10.567 9.375
U(y10 sim): 14.639
Beu1o sim): 2.345

dispersion parameters corresponding to the closest available recording
interval to the typical duration of the watertightness tests were
considered (i.e., hourly parameters).

To determine the expected watertightness performance of the facade
in Amsterdam, the wind speed required to produce a DRWP exposure of
300 Pa on the analysed facade can be obtained by solving Eq. (1).

-1

9 2:[0.18+0.13-log 1.5+0.03-(log 1.5)°]
10

1
300 Pa=1- 5'1-2' (Ulo sim(10 min))2'<

U10 sim(10 min)= 22.846 m /s

In turn, the rainfall intensity required to produce 20 mm of WDR
exposure on this particular facade (2 mm/min applied over 10 min),
with a concurrent wind speed of 22.846 m/s, can be obtained using Eq.
2):

22.846- (%)
20 mm=1.14-0.9-

obtained as follows:

3.521:60 06

3531 10°06% = 0.144 mm / min= 8.64 mm

Ry, (60 min) = Ri(10 min)*

~1.756-1n(60)+22.200
— 18.887
T1756-n(10)122.200 o887 m/s

Ul(b sim(60 min) — UH) sim(10 min)

The resulting hourly values were substituted into Eq. (4) to deter-
mine the return period associated with the maximum exposure that this
facade configuration could withstand at its design operating conditions
(Amsterdam, 9 m height, outskirts of the city). To increase the calcu-
lation accuracy, the mode and dispersion parameters corresponding to
the maximum annual wind speeds during rainfall were used in Eq. (4) (i.
€., U1 sim) and B0 sim) values):

[0.18+0.13-10g 1.540.03-(log 1.5)2]

~0.16603- (Ry10 min)) ' +4.92438- (Ry10 min) -

Ry (10 mimy= 4.522 mm = 0.452 mm / min

To replace both 10-min values in Eq. (4) (where the u and p values
correspond to the hourly recording interval available at the location), it
is necessary to apply cross-multiplication based on Egs. (5) and (6).
Thus, the hourly values equivalent to both 10-min variables can be

—0.89002- (Ri(10 min)

)70.536+0_05507, (Ruto min))—osm
! 1 *CXP% 1 7cxplz ?gs—g.m
Return period (20 mm N300 Pa) ( —exp ) . ( —exp )

Return period (20 mm N300 Pa)= 4.7 years

Based on this result, it seems reasonable to consider a facade
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configuration with better performance during the watertightness test,
that is capable of withstanding more severe and infrequent atmospheric
exposures.

Below, it is determined the pressure difference that a curtain wall
configuration should overcome in the EN 12155 trial to achieve 50-year
watertightness in the Maastricht case study (26 m height facade sur-
rounded by other tall buildings). For this, Egs. (2) and (4) define a two-
equation system in which the values of the unknowns Uj; sim and Rp; can
be solved analytically. As in the previous case, the water supply estab-
lished in the watertightness test was considered to be WDR exposure (2
mm/min applied over 5 min), and the mode and dispersion parameters
were derived from the maximum annual values of wind speed during
rainfall. Before solving the equation system, cross-multiplication should
be applied, which allows the extrapolation of the hourly values equiv-
alent to those linked with the 5-min duration of the watertightness test:

9.401-60 0804

920150808 = 0-136-Ri (5 min)

Ry, (60 min) = R (5 min)*

—1.973In(60)+21.394
—1.973In(5)+21.39%4

U10 sim(60 min) = U10 sim(5 min) = 0.731-U1g sim(s min)

Uoi sim(5 min) * <%
10 mm=1.14-0.9 -

Building and Environment 248 (2024) 111083

Ry (5 miny=0.938 mm = 0.188 mm / min

U1 sim(s miny= 31.750 m / s

As previously mentioned, the resolution of this equation system also
leads to an alternative solution (Rp; (5miny = 8.686 mm and U1; sim(5 min)
=5.119 m/s), which is not of interest given that it provides a lower wind
speed value (the AP value is the key factor for all watertightness tests).
Finally, the obtained wind speed enabled the determination of the
pressure difference to be surpassed during the watertightness test (Eq.

().

-1=973Pa

26 2-[OAl8+0A13-lug3.0+0.03-(log3.0)2]
E)

1
DRWP=AP=1 23 1.2- (Umsim(Smin) ) % (

Although both case studies have been resolved using all available
data, the production of additional series of recording intervals is labo-
rious, and in some places, analysing the concurrence between rainfall
and wind speed records can become impossible. In the next section, the
implementation of the BPB method is exemplified for locations with
limited weather records, such as those that are absent from the provided

> [0-18++0.13-10g 3.0+0.03-(10g 3.0)?]

—0.16603- (Rygs min)) ' +4.92438- (Ris min))

1367 (0136 Ryi(5 min) 60)

>. (1 _ CXpiexP 17586

14639~ (0 T31Uj; sim(s num)

1 (1 _ CXpiexP 2345

50 years -

Table 6

—0.89002- (Ri(s min)

) —0.536 ) —0.304

+0.05507 (Ry(5 min)

database.

Calculation parameters applicable in the two case studies, assuming that only maximum annual records of rainfall and wind speed related to hourly and daily intervals

are available.

AMSTERDAM

Site conditions:

Maximum rainfall intensity (mm/min); Average of maximum annual records for both available recording intervals:

60’ (hour) 1440’ (day) Eq. 5
0.257 0.033 =Ry (o = 3.572:t7064
URnh): 12.984 (Potential-type regression by LSRA)
Beany: 4.859
Maximum wind speed -without any distinction- (m/s); Average of maximum annual records for both available recording intervals:
60’ (hour) 1440’ (day) Eq. 6
18.300 13.492 =>Uyoy = — 1.513:In(t) + 24.495
Uy10) 17.000 (Logarithmic-type regression by LSRA)
Beutoy: 2.624
Extrapolation of conventional extreme values of wind speed U;o from those concurrent with rainfall U;g s (general linear regression for the Netherlands):
Eq. 8 Uy = 0.800-Usg sim + 5.500
MAASTRICHT

Site conditions:

Maximum rainfall intensity (mm/min); Average of maximum annual records for both available recording intervals:

60’ (hour) 1440’ (day) Eq. 5
0.350 0.027 =Ry (o = 9.3317.t70802
U(rn): 13.767 (Potential-type regression by LSRA)
Brn): 14.586
Maximum wind speed -without any distinction- (m/s); Average of maximum annual records for both available recording intervals:
60’ (hour) 1440’ (day) Eq. 6
15.800 10.496 Uro = — 1.669:In(t) + 22.633
Ugu10) 14.639 (Logarithmic-type regression by LSRA)
Beut0): 2.345

Extrapolation of conventional extreme values of wind speed Uj, from those concurrent with rainfall U sn (general linear regression for the Netherlands):

Eq. 8 U1o = 0.800-U1o sim + 5.500
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4.2. Implementation of the comprehensive BPB method based on limited
weather records

For the purpose of the analysis, only the maximum annual records of
rainfall and wind speed related to hourly and daily recording intervals
were considered available (i.e., two common recording intervals in
multiple locations). These data prevent the production of additional
data series related to other recording intervals, as well as obtaining
coefficients, mode and dispersion parameters specifically linked to wind

10 mm=1.14-0.9 -
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equations presented in Section 4.1:

9.3317-6070802
Ry (60 min) = Rn (5 min) g 331750802 — 0.136:R}; (5 min)

—1.669-1n(60)+22.633

Uo(60 min) = (0800 Ug sim(s miny+5.500) T1.669-In(5)122.633

= 0.634 - Uy gim(5 min)+4.356

[0.18+U.13»]0g 3.0+0.03-(log 3.0)3]
26
UlOi sim(5 min) * (m)

~0.16603+ (Ri(s mim))  +4.92438 (Rygs mim))

records concurrent with rainfall. To simultaneously analyse the sensi-
tivity of the comprehensive BPB method when using limited weather
data, the calculation was performed for the same locations and study
cases previously addressed, thus allowing validation of the method ac-
curacy compared to the detailed previous calculation. Table 6 presents
the data available for the calculation, where only the annual maxima
collected from 2010 to 2019 were used.

For the facade in Amsterdam, the wind speed required to produce a
DRWP exposure of 300 Pa and the rainfall intensity needed to simulta-
neously produce a WDR exposure of 2 mm/min over 10 min were the
same as those presented in Section 4.1:

U]o(m min) = 22.846 m / S

Ry (10 miny= 4.522 mm = 0.452 mm / min

Because the available ug10) and f10) values were obtained from the
annual maximum values that did not consider concurrency with rainfall,
the wind speed obtained using Eq. (1) cannot be directly applied to Eq.
(4) (nor in Eq. (6), where the coefficients ¢ and d are derived from the
corresponding non-concurrent series of annual maxima, related to
hourly and daily intervals). Thus, the general linear regression valid
across the Netherlands was used, extrapolating the equivalent value
non-concurrent with rainfall (Eq. (8)).

U,p= 0.800-22.846 + 5.500 = 23.777 m/s

Subsequently, cross-multiplication based on Egs. (5) and (6) was
required to obtain the hourly values corresponding to these 10-min
variables:

3.572-6070643

3572107065 = 0.143 mm / min= 8.57 mm

R}, (60 min) = Ri(10 min)*

—1.513.In(60)+24.495
)" Z1.513-In(10)+24.495

U10(60 min) = U10(10 min =20.709m /s

The return period associated with the maximum exposure that this
facade configuration would withstand at its design operating conditions
(Amsterdam, 9 m height, outskirts of the city) can be determined by
substituting both hourly values into Eq. (4). As can be seen, the disparity
between the results obtained from multiple additional recording in-
tervals and the re-analysis of wind data, barely amounts to 0.4 years (i.
e., an 8.51 % difference).

1 17.000-20.709 12.984—8.57
i _ (1 —exp e ) (1 —exp e )
Return period (20 mm N300 Pa)

Return period (20 mm N300 Pa)= 5.1 years

In the case study by Maastricht, Eq. (8) was added to the system of

—0.89002- (Ri(s min)

)—0.536 )—0.304

+0.05507- (Ru(s min)

1 14639 (0634-U10; gim(s. min) 4356
=|1—exp 7345 . (1
50 years

13.767— (().136-R,“[5 min) 6(!)

— 14.586
—exp P

Ry, (5 miny= 1.020 mm = 0.204 mm / min

U sim(5 min) = 29.667 m / S

The alternative solution (Rpi (5miny = 8.643 mm and Uj; sim (5 min) =
5.140 m/s) was not of interest because it provided a lower wind speed
value. Finally, the pressure difference to be surpassed during the EN
12155 watertightness test was calculated using Eq. (1). In this case,
there was a pressure difference of 125 Pa compared to the result ob-
tained in Section 4.1 (with a percentage difference of 12.82 %).

26 2:[0.18-+0.13-10g3.0-+0.03-(log3.0)° |
) -1=850Pa

DRWP=AP=1 % 1.2- (U105im(5min))2' <m

The proposed implementation maintained reasonable accuracy in
both case studies (percentage differences below 13 %; 8.5 % for the
facade in Amsterdam and 12.6 % in the case study by Maastricht), even
though the concurrent occurrence of wind speed and rainfall records
was not analysed and a generic linear regression valid across the entire
country was used. Therefore, applying Eq. (8) is possible owing to the
homogeneous characteristics of the Netherlands. Future studies should
analyse the validity of such generalisations in other regions with greater
topographic and climatic variations and establish regional variations if
necessary (Egs. (5) and (6) were extensively validated in this regard
[46D.

If both analyses are repeated omitting Eq. (8) (i.e., using limited
climatic data and directly applying the wind speed obtained using Eq.
(1) to Eq. (4)), the result would be a return period of 3.9 years for the
facade in Amsterdam (the error increases up to 17.0 % regarding section
4.1) and a pressure difference of 824 Pa in the Maastricht case study
(error equal to 15.3 %). These results demonstrate the usefulness of both
proposed methodological improvements, not only enabling the analysis
in locations with limited climatic records but also considering the local
or regional concurrence of extreme wind records with rainfall.

The increasing implementation of automatic weather stations and
greater accessibility to exhaustive climate data should enable the
expansion of the provided database in the future, considering a larger
number of locations and recording intervals that align more closely with
the duration of the pressure stages used in the watertightness tests. This
would further reduce the uncertainty of extrapolations in the BPB
method (Egs. (5) and (6)) and allows the analysis of concurrence
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between wind speed data series and rainfall at each site (Eq. (7)), thus
enabling the comprehensive implementation of the BPB method every-
where. In any case, it is important to remember that the performance-
based design of building facades to resist rainwater penetration should
not disregard the application of safety factors, advisable by the sto-
chastic nature of both variables analysed (specially in a context of
changing climate) and due to the hypothetical deviations resulting from
the availability of limited weather data.

5. Conclusions

In this study, new contributions were developed to enhance a pro-
cedure (the BPB method) that quantitatively relates WDR and DRWP
exposures on building facades with the results of standardised water-
tightness tests, thus allowing a performance-based design of facades
against rainwater penetration. General forms of regression equations
that relate extreme values of rainfall and wind speed across sub-daily
intervals and a functional extrapolation of extreme wind speeds based
on wind records concurrent with rainfall were included in the calcula-
tion. As a result, the reliability of the method is improved by effectively
considering the co-occurrence of rainfall and wind speed when calcu-
lating return periods, while computational effort and reliance on
exhaustive weather records are reduced.

The functional implementation of this perfected BPB method in two
hypothetical case studies (facades located in Amsterdam and Maas-
tricht) demonstrated its ability to avoid qualitative and poorly optimised
practitioner decisions. The results obtained suggest that an accurate
characterisation of facade watertigthness performance is also possible,
even based on the maximum annual summaries of rainfall and wind
speed linked to hourly and daily recording intervals (differences of less
than 13 % regarding the results based on exhaustive data were identi-
fied). Incorporating the comprehensive BPB method into building codes
(by simply establishing the required watertightness performance, i.e.,
fixing the return period) represents a step forward in addressing the
current lack of correlation between the practitioner’s facade designs and
the actual WDR and DRWP exposures on them. Finally, a comprehensive
dataset of calculation parameters was provided to enable facade
performance-based designs throughout the Netherlands.
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