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A COMPREHENSIVE APPROACH TO THE PERFORMANCE-BASED DESIGN
OF FACADE SOLUTIONS AGAINST RAINWATER PENETRATION

ABSTRACT

Rainwater penetration into building facades causes several issues, including material and structural
weakening, reduction of their energy efficiency and negative health effects on occupants. Currently,
the watertightness of building envelopes is characterised by international testing approaches, which
recreate water supplies and pressure differences that do not represent the range of exposure
combinations that can occur at each facade location and configuration. As a result, the choice of
suitable facade systems for each situation has a qualitative and imprecise nature, leading to poorly
optimised designs. This work expounds a comprehensive approach for the performance-based
design of actual facades against rainwater penetration anywhere. For this purpose, it is determined
the recurrence with which will occur, for each fagade to be designed, the exposures tolerated by the
facade solution during any watertighness test. This recurrence, characterised as a return period,
defines the facade performance at its final operating conditions and depends on the exposure tested
(the greater its magnitude and duration, the greater the severity and associate return period), on the
site climatic conditions, and on the facade configuration (height and surroundings). The universal
and quantitative nature of this design verification procedure is illustrated with examples of different
building fagades in two Spanish cities (Pontevedra and Malaga), within the framework of the
HUEFAES research project (PID PID2021-1222030B-100).

KEYWORDS: Wind-driven rain; Building fagades; Rainwater penetration; Performance-based design; Return
period.

1. INTRODUCTION

Rainwater penetration causes multiple issues related to the thermal performance of the building fagades,
premature deterioration of construction materials, and health concerns for occupants of the buildings
(such as asthma and respiratory symptoms) [1-3]. Precipitation diverted by wind action, known as wind-
driven rain (WDR), is the main source of water on building facades [3]. In conjunction with
simultaneous wind pressure (driving rain wind pressure or DRWP), both contribute to rainwater runoff
exceed the thresholds of surface tension and capillary pressure of water existing in the pores of the
construction materials, thus causing rainwater infiltration [4-5].

Over the years, multiple studies have characterised WDR exposure of building fagades in many regions,
mainly using semi-empirical approaches based on the so-called ‘WDR relationship’ [6-7]. Occasionally,
the analysis of simultaneous DRWP has complemented the previous characterisation [8-9].

However, in practice, practitioners base their design decision on the performance of facade
configurations during standardised watertightness tests in which, for economic and functional reasons,
the WDR and DRWP exposures expected on each case study are not recreated. Instead, the facade
samples are subjected to a constant water supply and incremental pressure differences, whose generic
values vary in each international test [10-11]. Given that these test parameters are not related to the
extreme exposures expected in each situation, the facade performance against rainwater penetration
remains unknown. Thus, neither the traditional WDR and DRWP studies can support performance-
based designs, nor are current facade designs based on anything other than a purely qualitative approach.

REHABEND 2024 Congress 1



REHABEND 2024. May 07-10, 2024. Gijon, Spain

To address this issue, a correlation between standardised exposure parameters used in testing and actual
exposures of any fagade was proposed (Bayesian performance-based method or BPB method) [12]. To
achive this, the return period at which the combination of tested parameters would occur at any specific
facade defined by its location, height and surroundings, was calculated. The method was extended to
consider the influence of the different exposure durations recreated in watertightness tests in the
calculation of the return period [13], to include more accurate estimates of the wind profile under
unstable atmospheric conditions, and to correct the WDR value associated with the predominant
raindrop diameter [14]. This work illustrates the use of the BPB method in fagade designs in two Spanish
cities, while also addressing in a comprehensive and functional manner some methodological challenges
that are still present in the BPB method and affect its applicability and reliability.

2. BACKGROUND OF THE BPB METHOD.

On the basis of the performance demonstrated by each facade configuration during the watertightness
test (water spraying and maximum pressure difference withstood without water leakage), the BPB
method determines the recurrence at which WDR and DRWP exposures equivalent to those maxima
surpassed during the trial will occur [12-14]. This recurrence, characterised as a return period, quantifies
the facade performance at its final operating conditions and depends on the site climatic conditions, on
the facade features (height and surroundings), and on the recreated exposure that has been withstood
(the greater its magnitude and duration, the greater the severity and associated return period).

Firstly, the DRWP exposure on the facade is estimated by using the Bernoulli equation (Eq. 1), where
DRWP, (Pa) represents the driving rain wind pressure at the fagade height z (m) and z, (m) is the
roughness length of surrounding terrain, whose value is tabulated in the literature [15]. This roughness
length is considered in the Hellmann friction coefficient of the wind profile power-law by means of an
empirical formula suitable for unstable atmospheric conditions [16-17], such as those linked to the WDR
events. Uj (m/s) expresses the wind speed records concurrent with rainfall, usually collected in open
area and at a height of 10 m above ground level (2 m for agroclimatic weather data). For a conservative
estimation, a pressure coefficient C, = 1, a constant air density p = 1.2 kg/m® and a wind direction
perpendicular to the fagade orientation (cos 6 = 1) are considered, thus simplifying Eq. 1.

2-[0.18+0.13~10g 2+0.03log ) )2}
) -cosd (1

1 2z
DRWP, ch.?p.(Um) (ﬁ

Secondly, the WDR exposure is determined in Eq. 2 by combining a corrected semi-empirical WDR
relationship [18-19], a driving rain factor based on the inverse of the terminal falling speed of raindrops
[18], and an estimate of the predominant spherical diameter of those droplets calculated from rainfall
records Ry, (I/m?) [20]. Thus, WDR, (I/m?) represents the amount of wind-driven rain collected at the
facade height z (m), while U (m/s) indicates the simultaneous wind speed, considering the adjustments
already mentioned in Eq. 1. To provide a conservative estimate for the most unfavourable area, a rain
admittance factor RAF = 0.9 can be considered for the uppermost corners of the building facade.

2
U, (lzoj [0418+0.13l g 20+0.03(log z)) }
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In order to determine the return period (in years) linked to the probability of occurrence of two
simultaneous WDR,; and DRWP,; exposures, an innovative approach to the Bayes’ Theorem was
implemented. Since DRWP, is solely dependent on the variable Uy (see Eq. 1), the occurrence
probability of a specific DRWP,; value can be substituted by that of the corresponding Ui value (Eq.
3). In turn, the probability of a WDR,; value when the prior simultaneous wind speed Ujg; is occurring,
can be expressed as the occurrence probability of the Ry value that can be solved through Eq. 2.
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Therefore, the BPB method simplifies the mathematical issue into a straightforward probability
calculation of two independent variables (Ujoi and Ry; values obtained from Egs, 1 and 2, respectively).

1
Return period (WDR, , N DRWF, ;) -

P(WDRzinDRWEi):P(DRWPz:')'P(WDR:i ‘DRWBi):P(Uloi)'P(Rhi) 3)

To functionally calculate both independent probabilities, a Gumbel distribution (extreme value analysis)
is recommended [ 14, 21]. These probabilities P(U¢;) and P(Rpi) are determined by statistically analysing
series of annual maxima of Ujo and Ry, records, being uwi0) and uwn) the mode of both series and Bio)
and Pn) the dispersion parameter, respectively. As a result, Eq. 4 completes a three-equation system
that enables determining the return period associated with the occurrence of specific WDR, and DRWP;;
exposures on any building fagade. By knowing the fagade location and features (i.e. Uwi0), Urnh), Prulo),
Brn), z, and z, values), this equation system (Egs. 1, 2 and 4) can be analytically solved by fixing two of
the five unknowns: WDR,i, DRWP, Return period, Ujo; and Ry; (Figure 1).

~£U1 Oi—u(Ul(y {Rhi—u(R,y
1 BAio) —exp BIRy)

x| 1—exp P | 1-ex 4
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Figure 1: Scheme of the BPB method implementation.

On the one hand, the product of the water spray rate (I/m* min) used in testing by the test duration can
be taken as WDR,; (1/m?) and the pressure difference AP (Pa) overcome by the fagade sample as DRWP,;.
Thus, the Ui and Ry; values and the return period associated with this blended exposure tested can be
determined. This approach allows for quantifying the performance of the fagade configuration under its
actual use conditions, expressed as the return period linked to the maximum exposures it can withstand.

Alternatively, U and Ry; values can be solved based on the water spray rate and duration established
in the test (WDR; value) and setting a target Return period of watertightness set according to regulatory
requirements and design decisions. This approach allows to obtain the pressure difference AP (DRWP;;
value) that must be surpassed during the test to recreate the specified return period. Setting other pairs
of unknowns makes no physical sense, as Ujo; and Ry; are intermediate variables and the duration and
water spray rate (WDR,;) are constants predetermined for each watertightness test.

2.1. Comprehensive and functional implementation proposed for the BPB method

However, there are still methodological challenges in this equation that limit its applicability and
reliability:
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Firstly, the recording interval used in Eq. 4 (associated with uwi0), Urn), Buio), and Prny values) is
defined by the weather records available at each location (e.g., hourly or daily), whereas the Uo; and
Ry values solved in Egs. 1 and 2 are linked to the duration of the watertightness tests (differential
pressure stages usually range from 5 to 15 minutes) [10-11]. When the test duration does not align
qwith the available recording interval, an intermediate calculation is requited to extrapolate the Ujo;
and Ry; values to their equivalents in the required recording interval for Eq. 4.

In addition, the site-specific uwioy and Pwigy values (used in Eq. 4) are usually based on maximum
annual records that do not account for co-occurrence with precipitation. Consequently, both values
may not be suitable for calculating the recurrence of wind speed values concurrent with rainfall as
determined in Eq. 1. Thus, a prior re-analysis of wind speed records must be also addressed.

To deal with the first methodological issue, recent research has identified general forms of regressions
that effectively extrapolate extreme values of rainfall intensity (mm/min) and wind speed (m/s) across
different subdaily recording intervals [22]. For rainfall intensity, a regression of potential type was
identified to accurately relate the maximum annual values associated with different subdaily intervals
(Eq. 5). Ry (mm/min) represents the rainfall intensity associated with any t-minute recording interval
during extreme precipitation events, and the empirical coefficients a and b are site-specific. Similarly, a
logarithmic regression has been found to be the most suitable for relating the maximum annual wind
speeds associated with different subdaily intervals (Eq. 6). In this case, Ui (m/s) represents the wind
speed associated with a t-minute record of extreme wind events, while the empirical coefficients ¢ and
d also vary according to the location.

Rh 0]

Uy =—c-In(1)+d (6)

=a-t” (5)

Both Egs. 5 and 6 can be included into the BPB method to extrapolate, by a cross-multiplication, the
resolved Ui and Ry values to any recording interval required by Eq. 4. In practice, the regressions
specific to each site (coefficients a, b, ¢ and d) could be identified based on weather records belonging
to only two subdaily recording intervals by conducting a least-squares regression analysis (LSRA) on
the average of maximum annual values associated with both recording intervals (e.g. hourly and daily
records, to mention the most common). Typical spreadsheets can be used for this calculation.

However, the available annual maxima of wind speed generally do not differentiate concurrence with
rainfall, which could affect the reliability of the logarithmic regression when applied in the BPB method.
This is also linked to the second challenge mentioned above. To address this issue, the available series
of wind speed records should be screened to exclude those wind data non-concurrent with rainfall. The
resulting series will provide maximum annual values of wind speed simultaneous to rainfall for each
recording interval, and these maxima can be averaged to obtain a single representative value per
recording interval. This reanalysis offers several methodological improvements:

The mode and dispersion parameters required to solve Eq. 4 can be calculated based on these re-
elaborated series of wind speed extremes simultaneous to rainfall (Ui sim). Thus, specific w10 sim)
and P10 sim values can be identified for each recording interval and location. Both values can then
be used to calculate return periods that really represents the recurrence of WDR events.

Moreover, preliminary findings obtained in The Netherlands suggest that the annual maxima of wind
speed concurrent with rainfall can be equally related using the same logarithmic regression presented
in Eq. 6. Thus, a LRSA can also be applied to determine improved coefficients csim and dsim for Eq.
6, specifically tailored to relate extreme wind speeds concurrent with rainfall (such as those solved
in Eq. 1) across different recording intervals.
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3. IMPLEMENTATION EXAMPLES AND DISCUSSION

To illustrate these improvements in the implementation of the BPB method, this work considered
simultaneous climatic records gathered from two Spanish cities over a 10-year period. Both locations
are characterised by different climates: temperate oceanic climate in Pontevedra and hot-summer
Mediterranean climate in Malaga. In turn, two hypothetical facades with differentiated features are
analysed applying both resolution options (the facade features are summarised in Table 1). In the case
of Pontevedra, 10-minute records of rainfall and wind speed, along with wind gust records (3-second
interval), were available. For Malaga, only 30° agroclimatic records referred to a height of 2 m were
available. All data were collected by official organisations following the guidelines set by the World
Meteorological Organization (WMO) [23-25]. Throughout the years considered, only 0.009% and
0.095% of missing data were identified in Pontevedra and Malaga, respectively.

Table 1: Summary of the calculation parameters applicable in the two cities and the features of the two
facades analysed (height and surroundings).

PONTEVEDRA (Lourizan station)

Altitude (m) Longitude (DD) Latitude (DD) Average rainfall (mm/yr) Avg. wind speed (m/s)
57.0 -08.664220 42.409200 1,514 1.3
Height (m): Roughness length zy (m): 1.5 (city outskirts

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

10 20 30’ 40’ 1h 360’ 480° 720° 1 day Eq 5 (by LSRA)
1.064  0.640 0505 0404 0326 0.114  0.092  0.072  0.047 Ry, =4.138.1%¢"
urn: 14.754 (R =0.9991)
Brny: 9.645
Maximum wind speed CONCURRENT with rainfall (m/s); Average of annual maxima records for each recording interval:
gust 10’ 20° 30 40 1h 360’ 480° 720° 1 day Eq. 6 (by LSRA)
21746 9.824  9.068 8212 7517  7.098 5223 4642 4015  3.091 Ui =—1.765-In(1)+14.997
Uwiosim:  0.265 (R* = 0.9696)
Beuto simy: 1.682
Altitude (m) Longitude (DD) Latitude (DD) Average rainfall (mm/yr) Avg. wind speed (m/s)

57.0 -04.536391 36.757833 368

Fag:ade features

3.0 (downtown city area with high rise buildings) [15]
Site. condltlons
Maximum rainfall intensity (mm/min); Average of maximum annual records for each recording interval:

30 1h 360 480  720°  1day Eq. 5 (by LSRA)
0.677 0425 0253 0158  0.123  0.095 R, () =7933-0"7
urn: 14.754 (R? = 0.9986)
Prny: 9.645
Maximum wind speed CONCURRENT with rainfall (m/s); Average of annual maxima records for each recording interval:
30 1h 360° 480° 720° 1 day Eq. 6 (by LSRA)
5272 4479 3734 2848 2197 2125 Ui =—1.127-In(1)+9.0131
Uuiosim:  4.016 (R’ =0.9867)
Bwrosim: 0935

Additional data series of rainfall and wind speed, corresponding to other recording intervals, were
produced by applying the aggregation and average procedures set by the WMO to the available records
[23]. Additionally, the wind speed data were re-analysed by excluding non-concurrent records with
precipitation. This allows for determining the annual maxima of both variables for different recording
intervals and subsequently identifying representative values per variable, recording interval, and
location. Thus, the potential and logarithmic regressions that best relate these averages (Eqs. 5 and 6)
can be identified by means of a LSRA, determining the most suitable coefficients a, b, Csim, and dsim for
each location. The calculation parameters associated with both locations (site conditions) are also
summarised in Table 1.
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3.1. Characterising the facade performance at its use conditions

In the case of Pontevedra, it is intended to quantify the watertightness performance of a building facade
of 9 m height, located at the city outskirts. For the purpose of analysis, it is assumed that the fagade
configuration withstood a pressure difference AP of 300 Pa during the EN 12865 watertightness test.
This test is characterised by pressure stages of 10 minutes and a water spray rate of 2 I/m?-min [10]. To
determine the watertightness performance of the facade, the wind speed required to generate a DRWP
exposure of 300 Pa on the analysed facade can be obtained by solving Eq. 1.

9

Z -1 = U
10

10(10 min)

=22.846 m/s

2~[0.18+0.13-1og1.5+0.03-(10g1.5)2}
1 j

300 Pa:l%-l.z-(uo(w m))z (

In turn, the rainfall intensity required to result in 20 mm of WDR on this fagade (2 I/m* min applied
over 10 min), while there is a concurrent wind speed of 22.846 m/s, can be obtained using Eq. 2:

2
22.846~( % ) [0418+0413»10g145+0.03-(10g1.5} ]
20 mm=1.14-0.9- I 20768 20536 20304
~0.16603-( Ry ) +492438+(Ry i) —089002:(Ry ) +0.05507( Ry )
R, (19 iy =4:522 mm=0.452 mm/min

In order to substitute both 10-minute values in Eq. 4 (where the considered u and [ values only refer to
the hourly recording interval available at the location), a cross-multiplication based on Egs. 5 and 6
needs to be applied beforehand. Thus, the equivalent hourly values can be determined as follows:

4.138-60°" .
Ry (60 min) = Ri10 min) 413810067 0.150 mm/min =8.93 mm
—1.765-1n(60)+14.997

U, =0,

10 min) =010 min) "} 765,11 (10) +14.997

=16.238 m/s

These equivalent hourly values can be directly substituted into Eq. 4 to calculate the return period
associated with the maximum exposure that this facade configuration would withstand under its design
operating conditions. Based on the result, it would be reasonable to consider a fagade configuration with
a lower watertightness performance to prevent bloated designs against rainwater penetration.

{16238 - 6.265)/ 898 - 14.754]/
1 —exp 1.682 —exp 9.645

=| l—exp -| 1—exp
Return period (20 mm () 300 Pa)

Return period (20 mm () 300 Pa)=449.1 years

3.2. 3.2 Determining the pressure difference to overcome in a particular watertightness test

In the case of Malaga, it is intended to design a 36 m high curtain wall in the city centre, which can
ensure watertightness for at least 100 years. For this, the pressure difference AP to overcame during the
EN 12155 test (5-minute pressure stages and a water spray rate of 2 1/m*-min) will be determined [11].
This involves solving the two-equation system defined by Egs. 2 and 4, where the unknowns Ujo; and
Ry can be found. Before that, the cross-multiplication that allows extrapolating the hourly values
equivalent to those linked with the 5-minute duration of the watertightness test should be applied.
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7.933-60°""° —1.127-1n(60) +9.0131
R, (60 min) =R, (5 min) * 7.033.5 0716 =0.169-R, (5 min) UIO((:O min) :Uw(s min) _1.127_111(5)_’_9'0131 =0'611'U10(5 min)

36 [0.18+0.l3<10g3.0+0403»(10g340)2:i
10i(5 min) ~ ?

10 mm=1.14-0.9-

-1 —0.768 —0.536 —0.304
~0.16603-(Ry s ) +4.92438:(Ry, ) —089002:(Ryg ) +0.05507(Ry |
{0.611 Uoswin) — 4.016]/ {0.169 Rigs miny + 60 = 14.754}/
1 — 0.935 — 9.645
=[l-exp 7P | 1—exp &P
100 years
Uyg(s min) =13.553 m/s R, 5 piny =0.327 mm=1.635 mm/min

As shown in Figure 1, this two-equation system also yields an alternative solution (R (smin)= 5.838 mm
and Ui 5 min = 1.315 m/s), which has no interest since it provides a lower wind speed (the pressure
difference is the key factor in all the watertightness tests). Lastly, the obtained wind speed enables the
calculation of the pressure difference to be overcome in this watertightness test (Eq. 1):

2-[0.18+O.13~log3.0+0.03-(10g3.0)2
j 1=464 Pa

1 2 (36
DRWP:AP:I-E-I.Z-(UIO(SM)) (?

This comprehensive implementation of the method can equally be conducted using limited weather
records (e.g. hourly and daily data), without the need to generate additional data series as was done in
the analysed case studies.

4. CONCLUSIONS

It has been shown how it is possible to resolve the methodological weaknesses affecting the reliability
and functionality of the BPB method by considering only wind speed records concurrent with rainfall.
Through the proposed re-analysis, the BPB method offers an accurate and comprehensive assessment
of the watertightness performance of building fagades against rainwater penetration. It also allows for
the quantitative estimation of the required pressure difference to withstand in any international
watertightness test to meet specific design requirements. These improvements have been applied in two
case studies characterised by different climates and facade features. The effective implementation of
this performance-based design tool throughout Spain is planned as part of the HUEFAES research
project PID2021-1222030B-100, producing a complete database of calculation parameters related to
multiple Spanish locations.
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