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Abstract — Rainwater intrusions in building envelopes have been recognized as the primary source of material
deterioration inside buildings. These occurrences are partially attributed to wind-driven rain (WDR) scenarios.
Local testing procedures and parameters to assess systems of building envelopes against WDR and its
contributing leakage have not yet been established. After adapting international methodologies, a set of testing
parameters are calculated. Parameters are pairings of spray rates and static pressures associated with return
period for Metro Manila. The flow rates range from 5.89-16.05 L/min-m?, while the static pressure pairings range
from 90 to 481 Pa for considered return periods of 2, 5, 10, 20 and 30 years. These calculated values are generally
higher than the endorsed minimum from several ASTM standards and comparable to other testing parameters
used in other countries. Therefore, the usage of preset WDR test parameters from the ASTM standards, might not
reflect the expected climate event specific for Metro Manila.
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l. INTRODUCTION

One primary function of a building envelope is to protect the inhabitants and fixtures
inside against severe weather or environmental conditions. Failure in performance of building
facades is attributed to several reasons, one of which is the lack of understanding in the
behavior of building envelopes compounded by certain climate conditions such as wind-driven
rain (WDR). [1-4] Internationally, WDR is widely accepted as a potentially damaging source
of moisture leakage inside a building. [5] Building enclosures in the Philippines are highly
susceptible to WDR, as tropical cyclones pass through its Area of Responsibility (AR) on an
average of 20 per year. [6]

Wind-driven rain is a term used to describe rain quantities or droplets being given a
horizontal velocity component by the wind which interacts with building fagades that
sometimes induce water intrusions in the building envelope. [3,7] An illustration that portrays
the physical condition of WDR can be seen in Figure 1.
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Figure 1. Rain intensity vector R and Wind-Driven Rain Rwdr

Rainwater intrusion is a continual threat to the durability and serviceability of building
envelopes. [8,9] It is agreed that values of calculated loads for extreme events such asa 1 in
10-year rainstorm covers the effect of normal in-service conditions. [8,9] Distinction between
two climate events are of significance to testing protocols such as: (1) spray rate — the amount
of water impinging on the wall, related to the wind speed and rainfall intensity; and, (2)
pressure difference across the wall — related to the wind speed. [4,9]

The present study has the main objective of quantifying the amount of water and the
accompanying wind pressure as testing parameters for a test simulation of water-tightness of
building components for a specific area.

Typically, WDR is not measured in weather stations. [10,11] For a detailed review of
the measurement process of WDR, several works by Blocken and Carmeliet [3], Abuku et al.
[8], and Sahal & Lacasse [5] are referred to. A development in a local testing facility that
involves the use of equipment following specifications defined by the American Society for
Testing and Materials (ASTM) test methods such as ASTM E331: Standard Test method for
water penetration of exterior windows, skylights, doors and curtain walls by uniform static air
pressure difference is underway. Refinement of such testing protocols and test parameters are
currently being sought in consideration for the underpinnings of parameter development for
selected ASTM standards.

It is recognized that in performance testing or simulated water-tightness assessment of
building components, such as window assemblies, the test parameters such as spray rates and
pressure differences are based on the expected specific climate and a given return period.
[10,12, 13]

1. METHODOLOGY
2.1 Methodologies for Test Parameter Development
Studies in WDR was pioneered by Hoppstead in 1995 and succeeding researches in

different continents progressively continued with some researches focusing on improving the
methodologies for test parameter development. [8,12]
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The initial basis for the calculated local parameters used in this paper was developed
by Choi [7,10] and its further developments by Sahal and Lacasse. [5] Choi’s methodology is
based on analytically derived solutions and formulations from particular engineering
principles. For a study in Turkey, Sahal and Lacasse [5] attempted a more integrated and
systematic approach drawing from deeper experiences and wider data set from other studies
and research. [5,7,10]

Table 1 presents the summary of the international procedures in acquiring water-
tightness test parameters, spray rate and pressure difference. It also contains the primary
proponents for each procedure of the testing parameters. The format of the table is inspired by
the study of Sahal and Lacasse [5], its flexible structure lends to the listing of categories
becoming a platform for comparison to other studies. The methodology is replicated by Branz
[13] for New Zealand and by Krpan [12] for Canada. Essentially, the entire process can be
seen as having three major stages namely: (1) gathering of the climate data, (2) estimating the
intensity of wind-driven rain and (3) an analysis of extremes as adapted from the study by
Branz. [13]

Table 1. Summary of methods in calculating testing parameters for water-tightness test

Steps Description Reference
1 Collection and analysis of Meteorological data: Typically Choi 1996, Choi 1998
gathered are hourly rainfall and coincident wind data from
local meteorological stations
2 Selecting a suitable averaging time New Zealand, Branz
Study 2013,
Estimating short duration (1,5,10min) rainfall intensity Choi 1996, Choi 1998
2.1 based on step 1
2.2 Estimating short duration (1,5,10min) coincident wind Choi 1996; Choi 1998;
speeds New Zealand, Branz
Study 2013
3 Estimating Driving Rain Intensity on Walls (based on steps  Straube and Burnett
1-3) 2000; New Zealand,
Branz Study 2013
4 Analysis of Extreme Values New Zealand, Branz
Study 2013
4.1 Determining return periods of yearly driving rain extremes Choi 1996; Choi 1998;
Sahal and Lacasse 2008
4.2 Determining return periods of yearly coincident wind Choi 1996; Choi 1998;
extremes Choi 2000; Sahal and
Lacasse 2008
5 Estimate of Dynamic Modes Mayo 1998; Sahal and
Lacasse 2008
5.1 Dynamic mode and estimate of pressure Mayo 1998; Sahal and
Lacasse 2008
5.2 Dynamic mode and test frequency Mayo 1998; Sahal and
Lacasse 2008
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2.2 Test Parameter Calculations
2.2.1 Gathering Climatic Data for a specific location

In WDR studies, relevant climatic data such as rainfall intensity, wind speed and gust
speed are gathered over certain periods of years at meteorological stations. These data are
normally taken in hourly durations. [5,10] The number of years of gathered data is also a
consideration, where a 10-year, 15-year or 30-year collection is deemed acceptable by other
studies. [5,13] For this study, the data points are at a maximum hourly rainfall level determined
by several gauging stations managed by the Effective Flood Control and Operation System
(EFCOS). EFCOS is the only known institution that observes and records hourly rainfall data
in Metro Manila. These data points are from a study by JICA in 2013 [14], in which the data
had undergone quality checks using several criteria such as hydrograph and hyetograph
compatibility for all available stations in Metro Manila. These data cover a limited duration,
and this study only considers a period of 17 years (1994-2000). Necessary supplemental data
such as mean wind speed and gust are obtained from the Port Area station of the Philippine
Atmospheric Geophysical and Astronomical Services Administration (PAGASA). PAGASA
has only a fixed 3-hour observation time, though manual recordings are conducted by weather
observers. The recordings are considered to be 10-minute average wind speed with gust speed.
[15,16]

In accordance to statistical concepts for testing criteria, several studies found it
appropriate or sufficient to associate rainfall intensities and extreme wind with an averaging
time of five (5) minutes. [10,13,17,18] This considers the random nature of wind and rain
together, and that their mean values vary with an averaging period. [10] A 5-minute rain-water
leak is already disturbing enough as it is and could correspond to a maximum rate of rainwater
runoff from the surface of a wall.

2.2.2 Adapting a Suitable Averaging Time

Data taken within a short duration pertain to measurements taken for 1, 5 or 10-minute
periods and correspond well to the accepted 5-minute application of climatic loading on a
building envelope. If the gathered climatic data are already in the short duration resolution,
then step 2 should be skipped, otherwise the equation below as proposed by Choi [10] should
be used in approximating rainfall intensity:

; t _ 0.42 .
ri( )/n- (3600) = (3600/) eq. 1

where ri(t) is the average rainfall intensity for duration t seconds and ri(3600) is the hourly
rainfall intensity. Equation 1 considers variation in values of rainfall intensity-duration-
frequency from different locations or countries. However, forms of equations and shapes of
curves from charts of intensity-duration are considered similar. This equation is accepted by
several studies from different continents of the world, from North America, Europe, and
Australia. [5,10,13]

Consequently, the coincident wind speed under short duration period is calculated

using equation 2 (shown below). The coincident wind speed at roof height of a given building
is determined by using the power law profile:
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v(t) —v(3600)  In (/3600)
v(3) —v(3600) |p 3/2600) eq. 2

where v(t) is the average wind speed for duration of t seconds, v(3600) is the hourly wind speed
and v(3) is the 3 second gust speed. This simplified equation comes with the following
assumptions: station height is normalized to 10-meters, a topographical factor of 1.0, and a
ground roughness category of 1.0. As defined in related studies, a ground roughness of 1.0
pertains to a flat terrain with some isolated obstacles while topography factor 1.0 refers to an
absence of valleys or gorges that produce funneling of the wind. [12,13]

2.2.3 Estimate of the Driving Rain Intensity

With initial discussions by Lacy [19], subsequent developments by Straube and Burnett
[11], and later by Sahal and Lacasse [5], the proposed driving rain intensity (L/m?min) on
walls corresponds to equations 3 to 8 found below. In earlier studies, the driving rain intensity
is indicated as the rain deposition rate on a vertical building face:

WDR = RAF x DRF (1) x cos(8) X V(h) X 1, eq. 3

where RAF is the rain admittance factor, or a simplification factor transforming driving rain
for some horizontal distance to deposited rain taking values from 0.3 to 1.0, DRF(ry) is the
driving rain factor, r is the horizontal rainfall intensity (mm/min), 6 is the angle of the wind
to a line normal to the wall, V(h) is the wind speed at height of interest (m/s), and, rn is the
average rainfall rate on the ground (mm/m?2min).

The rain admittance factor (RAF) considers the interaction of a building with driving
rain in unobstructed wind conditions. Previous studies defined this as a factor accounting for
building aerodynamics and angle of wind attack, even using computational fluid dynamics
approach to determine its acceptable range of values. [10,11] RAF can take a value between
0.8 and 1.0 for low-rise buildings (i.e. <10m) on upper corners, or it can fall between 0.9 to
1.0 for tall buildings (i.e. >10m), as summarized by Sahal and Lacasse. [5]

The proportionality constant (driving rain factor) in equation 3 gives the relationship
of horizontal rain to the vertical plane and is equivalent to:

-1
DRF(Th) /Vt eq 4
where Vi is the terminal velocity of raindrops (m/s). The value of this terminal velocity is
obtained by using the equation given below (equation 5) developed by Dingle and Lee, coming
from laboratory studies and Doppler radar measurements and is claimed to possess an accuracy
of +/- 2.5 % [10]:
V.(¢) = —0.16603 + 4.91884 x ¢ — 0.888016 x ¢? + 0.054888 x ¢> < 9.20 €4 5

where V;(¢) is the terminal velocity of a raindrop diameter @ in still air (m/s).
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It is accepted, in accordance to the study by Straube and Burnett [11], that the raindrop size
can be approximated by a function of rainfall intensity. Since the 1950’s, field measurements
and succeeding studies have produced an estimate of cumulative probability distributions of
raindrop diameter as a function of rainfall intensity given by:

2.245
F(¢p) =1—exp {— (L> } eq. 6

1.30 x 1232

where F(¢) is the cumulative probability distribution of drop diameters for a given rainfall
intensity (mm/m?2min) and an equivalent spherical raindrop diameter (mm). Sahal and Lacasse
[5] added equations applicable for the determination of raindrop size identities such as the
median (Dso) or the predominant drop size (Dpred) Of the rainfall intensity:

Dgo = a X 0.69"/n eq. 7

Dprea =ax<n > eq. 8

n
where a = 1.307 , (rr-average rainfall rate), p = 0.232, and n = 2.25

Equations 7 and 8 are also proposed by Lacasse and Cornick. [4]

2.3 Analysis of Extreme Values

Calculations of maximum chances of exceedance for calculated short duration (1)
rainfall intensity and (2) coincident wind speed per year should be accomplished in the form
of analysis-of-extremes. The procedure employed is suggested by Holmes [20] for climatic
events, the basis of which is the Gumbel distribution. Choi [7,10] also applied this scheme in
relation to a selected return period of interest.

The general procedures for the extreme value analysis are detailed below, as adapted
from the study by Holmes [20]:
e the largest value of WDR or wind speed for each year are identified
the identified values are ranked from smallest to largest
e each value is assigned with a probability of exceedance, equivalent to:

p="/N4+1 eq. 9
where m is a data point and N is the size of the sample

e areduced variate (y) is calculated from, assigning c as the intercept, and n as the

gradient:
y = —In(=In(p)) eq. 10
¢ the values are then plotted against y and a linear regression curve were to be drawn to
best fit
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e the value for the given return period is Xr:

Xg = c+n{-log.[-log.(1 - 1/R)]} eq. 11

where R is the return periods

A statistical analysis of extremes for the wind speed should also be considered for the
test pressure parameter. [7,10] It is reasonable to use the equivalent pressure of the wind speed
as the test parameter pressure. However, we have initially assumed that there is a co-
dependence between wind and rain, therefore, that relationship should be considered. It is
observed that high values of driving rain intensity frequently occur with low wind speed other
than the maximum average wind speed. As a solution, Choi [10] proposes using a threshold
value of 5 mm/h for WDR as paired with wind speeds that will be considered. The said
threshold condition pertains to occasions where cladding is wet enough for potential water
leakage. This condition is later refined by Lacasse and Cornick [4] as a rate of 1.8 mm/hr,
corresponding to ordinary experienced rainfall for most common storms. In the absence of
verifying activities, the same threshold value of 1.8 mm/hr is used in this study, as implemented
by other studies. [4,12] The pressure parameter can now be determined using the following
equation, in consideration of the given wind speed (V, m/s):

pressure =C X 1/2 Xp X V2 eq. 12

where p is the air density (kg/m?), and Cp is the pressure coefficient, often taken as 1.0 by
several researches in test parameter development. [5,10] The calculated pressure is known to
be applicable to both static and dynamic modes. [5]

The outlined steps in Table 1, from steps 1 to 4.2, will yield the desired test parameters
in terms of spray rates (L/m?min) and a static pressure differences (Pa) across a certain wall
or test set-up. These test parameters are necessary to assess the water ingress/infiltration based
on the short duration driving rain intensity and pressure under several assumptions made for
RAF, 6, and ¢.

2.4 Dynamic Mode Test Parameter Estimates

The dynamic mode estimation of pressure values is proposed by Mayo [17] and is
applied by Sahal and Lacasse [5] in their research. It adopts the condition that the applied
pressure, considering variation of amplitude, should be equivalent to 1/3 with the mean value
of pressure as shown in equation 13:

P
P. ="M/, eq.

where P is the applied pressure and P is the mean pressure value.

An alternative procedure for pressure calculation is provided using the root-mean-
square value of available wall pressure measurements. The range of pressure coefficients is 0.1
to 0.3, and the value of the root-mean-square of sine is 0.707 multiplied to its amplitude.
Therefore, the range of values for the amplitude corresponding to the pressure coefficient is
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within 0.14 to 0.42, leading previous studies to suggest that the pressure amplitude can be taken
as 0.33 in value. [5,17] This condition could be met by adopting the following range of
dynamic pressure test parameters:

Pnax = Bn +(0.33 X By), eq.

Ppin = Bn —(0.33 X By). eq.

The test’s dynamic frequency is selected at 5 seconds or 0.2 Hz pressure variations. It
is based on the phase compatibility of the response of the wall with the pressure difference due
to the wind. This remaining set of equations could be used if dynamic loads are to be needed
in the test protocols.

2.5 Comparison of test parameter findings

Accepted values from international codes and guidelines regarding water
infiltration/penetration in various building envelopes or components are summarized in Table
2. Table 3 details the main values presented on the gathered international studies with the
methodology almost similar to the procedures discussed in this study. These tables are
compiled through data from several researches and actual protocols. [4,5,7,10,12,13,23,24]
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Table 2. Summary of Current Water Penetration Standards and Related Relevant Parameters

Spray Pressure (in Pascal) DL:T:iaI’ltl!l('[JgS)(m
Standard  Description Rate Uniform
(L/m%min) Static Cyclic Static Spray  Pressure
AAMA American
. 137, 300-
501.3, Architectural ' 0
1994 Manufacturers 34 g?OdoerZCLA 15 15
Association W.p
AS/NZS Australian
4284,1995 and New 3 300 > 15
Zealand 150-300 or 300-
Standard 3 600 or 0.3- 15 5 for
Institution 0.6*structural each
(static & test pressure
dynamic)
NZS Standards
1170, New Zealand 3 455 455-910
2003
SS 381, Singapore 4 240 or 30% 20 15
1996 Standard of dw.p
(static and 35 1370r300-600 ¢ 15
dynamic ' or 20% of d.w.p
CWCT, Center for 300 or 450
1996 window and 34 or 600 or ggo(fgr 25 (for
: . a 300 Pa
cladding 0.25 of level) level)
technology d.w.p
éstatic &) 300 or 450
ynamic or 600 or
34 0.25 of 15 15
d.w.p
ASTM Americafn
331, 2000 Society for
Testing and 34 137 15 15
Materials
BS EN British 150 or 300 50 (for 35 (for
12155 Standards 2 or 450 or 600 Pa 600 Pa
Institution 600 or >600 level) level)
NT Built  Nordtest 200 or 400 or 10 for
421 Standard 2.7 600 or 800 or each
1100 spray
CSAA Canadian 5-each
440.1, Standards 34 137-three cycles 15 cvele
1998 Association y
ASTME  American
514, 2014  Society for
Testing and 2.3 500 240 240
Materials
AAMA American
501.1, Architectural 34 137 or 300-600 15 15
1994 Manufacturers = or 20% of d.w.p.
Association
BS ENV British 150 or 300 or
13050 Standards 2 450 or 600 or >
2001 Institution 600

* d.w.p.-design wind pressure
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Table 3. Summary of Current Water Penetration Parameters for International Studies at 10-

year return period

Pressure Duration
Standard Description '(in Pascal) - (in minutes)
(L/m?min) Uniform - Cyclic Spray Pressure
static

Airport Site,  Based on the
Metro methodology by:
Vancouver Choi 1998; 15 15
Canada. Sahal & Lacasse
Krpan 2013 2008
New Zealand, Based on the
Branz methodology by:
Building Choi 1998;
Research Sahal & Lacasse
Levy 2013 2008
Istanbul, Based on the 15 15
Turkey. Sahal methodology by:
and Lacasse  Choi 1998;
2008 Mayo 1998; and,

Straube & 206-

Burnett 2000 410

(static &

dynamic)
Sydney Based on the
Australia, methodology by:
Choi 1998 Choi 1998 and 15 15

Choi 1994; Lacy
1965 and 1975

RESULTS AND DISCUSSIONS

The assumptions adopted for the calculation of the test parameters are the following:
rain admittance factor (RAF) is taken as 0.9, (which follows the proposal by Straube and
Burnett [11] and the development of test parameters by Branz [13] and Sahal & Lacasse [5],
wind direction is normal to the wall of the building facade, translating to theta ¢ being taken
equal to 0 and cos(0)=1, and calculated height of WDR values is at 10-m, based on the World

Meteorological Organization anemometer height.

Omni-directional analysis is not employed. This adoption translates to discounting the
wind direction or variation of wind on different directions. The wind direction is also
considered normal to the wall.
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The Generalized Extreme Value analysis (GEV) of Type | is used to obtain reliable
results. It is noted that if the function is not a Type | distribution, but rather a Type Il
distribution, then the expected values are already overestimated.

Using the Gumbel distribution and 17 data points for maximum rainfall intensity and
wind speed from 1994 to 2010, Figure 2 was developed. The hourly data are transformable as
stated in steps 2 and 2.1 (Section 2.2.2). The Type I distribution fit the points, and these points
fit a straight line (R?=0.908). The aforementioned steps 1 to 4.2 were applied in order to come
about the given values shown in Table 4 and Figure 3.

Table 4. Calculated Values of Water Penetration Testing Parameters

RETURN PERIOD PREDICTED WDR PREDICTED
(LITER/MIN -M?) AVERAGE PRESSURE (PA)
2 5.89 89.6
5 9.03 144.2
10 12.05 259.6
20 14.00 324.4
30 16.05 480.8

Extreme Distribution of 5-min driving rain

Extreme
20 Distribution of 5-
min driving rain

Linear (Extreme
8.0 f————————————————Distribution of 5-
min driving rain)

y = 3.8214x + 3.2465

R =0.9076

-2.0 -1.0 2.0 0/0 1.0 2.0 3.0 4.0
Reduced Variate (Gumbel)

WDR Dpred (L/min'm?2)

Figure 2. Extreme value distribution of a 5-minute Driving Rain Intensity, for analysis of
return period.
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Water Penetration Test Parameters for International

Standards
14 350
S12 © o © 300
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© Spray Rate (L/m”2*min) @ Static Pressure (Pa)

Figure 3. Water Penetration Testing Parameters for International Standards at a 10-year
return period with the included value from this study.

By virtue of serviceability consideration, test loads are not expected to exceed 30-years
in a building life, therefore a tail end 30-year return period was selected. [4,5] Most of the
listed WDR calculation studies consider a 10-year return period. Figure 3 compares the testing
parameters from various international standards together with the results of this study for a 10-
year return period.

The calculated WDR spray rate test parameter ranges from 5.89- 16.05 L/min-m? when
considering return periods of 2 to 30-years. These calculated values are dominantly higher in
comparison with the accepted values in countries such as Canada, New Zealand, and Australia
(see Tables 2 and 3). The majority of the standard spray rates recommended internationally
has a value of 3.4 L/min-m? (at a 10-year return period), including those from several ASTM
standards (i.e. ASTM E331 and ASTM E514), British standards (BS EN 12155), and
Singaporean standards (SS 381-1996), as shown in Table 2.

A similar extreme value analysis for the calculation of test pressures was conducted,
using data points for yearly extreme wind events from 1994 to 2010, with accompanying rain
conditions. [4,13] The calculated test (static) pressures, and the paired (second) water
penetration test parameters, range from 90Pa to-481 Pa. The highest calculated value in the
selected area is less than the maximum value found from other studies, and it is within the
range of other test values accepted internationally. Also, a number of other international
standards possess or prescribe static pressure loads of 600 Pa or greater. It is emphasized that
several ASTM standards (i.e. ASTM E331 and ASTM E514) endorse a minimum of 137 Pa in
the absence of any calculated values.
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IV. CONCLUSIONS AND RECOMMENDATIONS

A set of wind-driven rain testing parameters were calculated using procedures and
methodologies from international studies in test protocol development. From several studies
that propose individual compatible procedures, five (5) sets of water penetration parameters
were calculated and results are presented in Table 4. They portray pairings of spray rates and
static pressures for pressure differences associated with return periods for Metro Manila.

Several ASTM water-tightness standards (i.e. ASTM E331 and ASTM E514) endorse
minimum values for spray rates and pressure differences in the absence of calculated values.
This study proposed localized test parameters that better replicate or estimate the climate
condition of Metro Manila. The calculated values are generally higher than the prescription of
at least two ASTM protocols cited here. Differences in obtained values for area-specific
calculations in comparison with standard test parameters are anticipated, as observed also by
previous studies.

Several factors such as the rain admittance factor can be further studied in order to
refine the calculated test parameters.
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APPENDIX

Table A.1
Assumptions and properties in calculating
preliminary values in WDR parameters

Assumption and Properties

Sample Size = 30
RAF = 09

§ = 0
p= 0.232
n= 225
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