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Diriving Rain on Building Facades
By: LF. Straube! and E.F.P. Burnen?

Moisture is one of the most imporiant factors affecting building envelope durability and
performance, especially in cold climates. Understanding and predicting moisture movement
within and through the envelope is therefore of fundamental imponance. Although computer
modelling of building envelope hygrothermal performance has made grear sirides in the last
decade, one of the largest sources of moisture remains relatively poorly undersiood: driving rain,

The Building Engineering Group has conducted a number of studies of driving min deposition,
drainage, penetration, and absorption both in the lab and in a full-seale nomral exposure and test
facility. This paper presents some of the results from the detailed field monitoring of
temperature and moisture, especially in brick veneers, of wall panels exposed to the elimate of
Ontario as well as laboratory tests.

The nature of driving rain is examined in some detail and theoretically-derived predictions are
compared to field measurements. The coincidence of wind and rain especially with regard ©
seasonal and directional variations are considered. Driving rain deposition and wetting of
vertical above-prade building envelopes is discussed and field results are compuared to other
research. The effects of rainfall intensity, rainfall duration, wind direction, previous wetting
history, surface texture, and water absorption are discussed and some practical guidelines for the
assessment of the driving rain moisture load are provided.
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L. INTRODUCTION

Moisture, regardless of source, is generally recognized as the most important agent of building
enclosure deterioration. The amount of water deposited on the above-grade building envelope by
driving rain 15 larger than any other source of moistre in almost all building types and climates,
The deposited rain can reselt in staining, leakage, dimensional change, frecze-thaw damage,
leaching, efflorescence, and biological deterioration. Water penetration of the cladding can
cause similar problems in the imenior parts of the wall. Despite the imponance of doving rin w
building performance, very little is known about the magnitede, duration, and frequency of
driving roin and driving min deposition on buildings,

This examines the mechanisms invelved in driving rain and rain deposition on the vertical
building envelope.

The volume of water deposited on a wall syswem is the result of the interaction between the wind,
rain, the building, and the building envelope. The stochastic natures of the wind and rain, and
the many variables associated with the building siie and geomerry makes the prediction of
driving rain deposition on a wall a difficult task. Ewen if the rate of rain deposition on 2 building
surface were known, the relative amounts of absorption, face drainage, and penetration of water
will depend on the cladding material, texture, and previous wetting history.

The Building Engineening Group (BEG) 15 involved in a research progmm part of which involves
the examination of the process of rain wetting, water penetration, and drying of cladding.
Twenty-seven wall test panels, each 1.2 m wide and 2.4 m high, of ten different tvpes have been
built, instrumented, and installed in BEG's full-scale, natural exposure and test facility, the
Beghut. Most of the test walls are light-gauge steel- or wood-framed assemblies clad with vinyl,
EIFS, or clay brick veneer. The Beghut has standard meteorological instrumentaton (wind, rain,
temperature, relative humidity, solar radiation) as well as a total of 14 driving rain gauges on its
walls and one mounted on a pole to the west of the building. Driving rain data has been
continuously collected since November 1995,

The rain-wind-building interaction is examined in the following sections, based on previous
research by others and supported by experimental measurements of Warerloo, Canada
conditions. The wind, driving rain, and building interaction will be considered in three pants: the
nature of driving rain, the coincidence of wind and rain for the test site, and how the building
interacts with wind and rain.

2. DRIVING RAIN

Driving ruin can be defined as the amount of rain that passes through an imaginary vertical plane,
It is generally accepted that driving rain 15 primanly a function of windspeed and rainfall
intensity, but rain drop diameter and the wind wrbulence also play 2 role. The following sections
will examine the nature of rain, the interaction of rain and wind, and the nature of the
coincidence of windspeed, wind direction and rainfall.

2.1 Rain

Condensation of water vapour into cloud droplets (caused by cooling as a result of air rising)
precedes rain. Cloud droplets are perfectly spherical in shape and range from 1 pm in diameter
with an average about 25 pm [1,2). Such small drops fall so slowly that their movement is
completely governed by wind currents aloft and they act as suspended particles, When the drop
diameter increases to more than about 0.25 mm, the drops begin falling.



If two rain drops in a rainfall touch, they will likely coalesce into larger drops. However, as the
resultant drops become too large, aerodynamic forces overcome the surface tension forces
helding the drop wgether and the drop will break apart (both Grey [ 1] and Beard [2] suggest that
drops with diameters greater than about 6-7 mm are unstable), Therefore, as the ranfall intensiny
increases, the probability of twoe raindrops colliding increases and the average mindrop diameter
increases. This conclusion is supported by the field measurcments of Best [3], Laws and Parsons
[4] and Marshall and Palmer [5] but each group developed its own relationship (Markowitz [6]).
Mor: recent researchers have made use of radar readings [7.8] and sophisticated electronic drop
sizers [9,10] to further explore raindrops size disiribwiions. The general conclusion of this body
of rescarch is that the nomree of the dismbution clearly varies not only with minfall intensity but
also with the type of storm, the cloud height, cte. Figure 1 15 a plot of the relative probability
disteibution of raindrop diameter a5 2 function of rainfall imensity given by Best [3]:
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where, F(8) is the comulative probability distribution of drop dismeters
for a given rainfall intensity

@ is the equivalent spherical mindrop dismeter (mm), and
1}, 18 the rainfall rate or intensity on a horizontal plane (mm/m/h).

While an accurate knowledge distribution of drop sizes may not be available, the physical
characteristics of the drops themselves arc well undersioed. Beard [2] recently collected the
available experimental dima of raindrop size, shape, and drag coefficient and, based on fluid
dynamics principles, developed general relationships for the terminal velocity of raindrops as o
function of air pressure and air temperature, These relationships match most available
experimental data, including the comprehensive and widely accepted data of Gunn and Kinzer
[11]. Figure 2 is a plot of this data. Dingle and Lee [12] developed a simplified equation,
accurate o £2.5%, for raindrop dismeters of more than 0.3 mm:

V(@) = - 166033 + 4918440 - 88801602 + 05488867 <9.20 )]
where, V(@) is the terminal velocity of a ruindrop in sull air [m/s].
More precise (£ 0.5%) and much more unwieldy equations are available; see Beard [21.
2.2 The Interaction of Wind and Rain

All but the largest drops will reach their rerminal velocity within about 20 m of beginning their
fall [2, 11], i.e., for building applications it can be assumed that the drops are at terminal
velocity. Similarly the horizontal velocity of the drops will equal the wind's within a short
distance. The fraction of falling rain that will pass through a vertical plane is therefore:

W
Ty=Th" Tl (3)
where, 1y is the rate of rain passing through a vertical plane, i.e. driving
rain (mm/mdh or Fm?/M), and
W is the average wind velocity (myfs).

The mass of individual raindrops is sufficientdy small that falling drops will respond o wind
gusts of longer than about several seconds, Because the wind speed decreases significantly as
the drop approaches the ground, the trajectory of a drop is curved. Yery closc to the ground
{where the velocity changes quickly with height), at sharp changes in topography (e.g. hill wps),
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and around buildings, the momentum of a drop will cause its velocity components to vary from
that of the wind.

Lecy [13] conducted the seminal English-language field study of driving rain. He developed an
equation by combining expressions of the median raindrop size as a function of rainfall intensity
from Laws and Parsons [5] and the werminal velocity of such raindrops from Best [3]. The
resulting relationship of wind speed and rainfull inensity to driving rain is:

ry = (0.222 - V. ), B8 )

Lacy's comparison of Equation 1 with 75 storms {of more than 10 hours duration and a total
rainfall of more than 5 mm) showed a very good fit. Both because of the lack of other
information, and the guality of the fit 1o the daca, Lacy's equation has been the basis of almost all
subsequent meureljx::ﬂ and field studies of deving eain.

Equation 1 is often simplified by assuming that driving rain is a simple linear function of wind
speed and rainfall rate, i.c...

ry= 0.222.V.rp, =DRF-V -1y (5)
where, DR is the driving rain factor (s/m).

The proportionality constant in Equation 5 relating rain on a vertical plane {driving rain) to rain
on horizontal plane (Falling rain) is defined here as the driving rain fector (DRF). From Eguation
3 it can be seen that the DRF defined in equation 3 is:

1
DRF = . (6}

Using an equation similar to Equation 5, Lacy [14] calculated a DRF of 0.208 at Garston, UK.
Based on many years of resulis Kiinzel [15] reported a DRF value of (.20 for southem Germany,
and Choi calculated a value of DRF = (1228 tor Sydney, Australia [16]. Equation 5 assumes a
constant DRF and a lincar relationship between windspeed, rainfall rate and driving rain. These
assumptions form the basis of most of the world's driving rain maps.

2.3 Field Measurements of the Driving Rain Factor

A single free-standing driving gauge has been installed facing due west at a height 3.5 m above
grade and 10 m upwind of BECG's test house. Of the more than 1000 15 minute periods during
which it was raining, the DRF factor was calculated using equations 4 and 5 for the 147 periods
during which the average wind direction was within 307 of due west. The values were adjusted
for the cosine of the average wind angle off perpendicular during each period.

Many comprehensive measurements of mindrop size distributions (from grownd and radar
measurements) have found a considerable amount of scarer. Despite the scatter between
individual results, the average DRF over all events was found to be 0.2135, very similar to the
other reported DRF values. As expected the DRF factor varied with rainfall intensity, because as
the intensity increases, the drop size increases and so the terminal velocity increases.  Table 1
compares the calculated DRF results (Equation 5) with the values calculated by Lacy's original
relationship (Equation 4). The average in Table | is the weighted average for the number of
samples in each of the four different renfall intensiry categories.



Ramnfall Imensity Mumber of samples Mepsured DRF Calculoted DRF

{rmin/h} {Wind = 30" (Egn 5} (Eqn4)

<1 43 0272 0.244
1-299 55 0.220 0.237
3-459 23 (.188 03223

=5 26 0136 0.187
Weighted Average Sum = 147 0.215 0228

Table 1: Measured DRF versus Lacy's Equation (4)

The results in Table 1 clearly show that ignoring the effect of raindrop size (a5 cquation 3 docs)
will result in significant over predictions at high rainfall imensites, the degree of which depends
on the proportion of high intensity rainfalls. As Choi [16] found, the DRF must be a function of
rainfall intensity (or, more precisely, raindrop diameter).

Lacy used the following relationship of terminal velocity to rainfall intensity:
V(@) = 4.505 - o018 N

The median raindrop diameter of each data set of each of the minfall intensity categories in Table
1 was calculated using equation 1. The DRF was then caleulated for each data point from the
raindrop terminal velocity using both Dingle and Lee's relationship (Equation 2) and that used by
Lacy (Equation 7). Table 2 presents the results, The sgreement between the DRF calculated
using Equation 2 is seen to be good, especially considering the expected accuracy of the
experimental tesults and the imperfect equations of raindrop diameter distribution. Using a
constant DRF value of 0.20 or 0.22 will obviously result in significant errors for all rainfall
intensities other than 1-3 mmyh (the most commonly cccumring rainfall intensity). If the median
values are used to caleulate the DRF, both cquations are less accurate.

Intensiny Median Median Drop Measured DRF DRF
Category Imensity Diameter DRF Calculated Calculated
{mmh) {mmyhr) {rm) {Eqgn 5) using eqn 2 using eqn 7
=1 0.37 0.88 0.272 0.286 .224
1-2.00 1.80 1.27 0.220 0211 0.216
3-409 .60 1.49 018 0.186 1.211
=5 10.26 .90 0134 0.158 0,204

Table 2: Comparison of Measured DRF and Calculated DRF

Lacy's use of Equation 7 (based on the slightly inaccurate data of Laws and Parson) rather
Equation 2 (based on the much more comprehensive and widely accepied data of Gunn and
Kinzer) resulied in small errors in erminal velocity., Very small errors in predicting the terminal
velocity will directly relate to the error in the DRF. Using the improved relationships for
raindrop terminal velocity (Equation 2) and raindrop size distribution (Equation 1) obviously

tly improves the match berween the experimental data compared o Lacy’s equation. Lacy's
equation likely fit his storm data well because the terminal velocity relationship of Equation 7
was reasonably peeurate over the majority of rainstorm intensites he measured.



Altheugh the DRF calculated using Eguations 2 und 6 is typically within 3% of the measured
data, it is in error by 15% for the highest rainfall category. The type of rainstorm affects the
maindrop diameter dismibution, and the majority of the high-intensity rainstorm data collected
were during convective rainsiorms (thundersiorms). The windspeed is 2lso changing quickly
with height ot the gauge height of 3.5 m. Caleulations show that the highest rainfall categ
contains o high percentage (> 50%) of rain drops large enough that they will fail 1o match the
change in horizontal windspeed at the heights and windspeeds measured. If this is the case, it
would mean that the equality in Equation 3 is no longer rue. Until more daa is analyzed it is
unlikely that any further analysis can significantly improve this fit

The change of the DRF with rainfall intensity is important for the extrapolation of driving rain
data collected by researchers to the values needed for assessing likely extreme values, During
rare rain events, say with intensides of more than 25 mumyh, the median drop size will be larger
{2.3 mm), the terminal velocity higher (7 m/s) and the driving rain factor will therefore become
quite small (0.120).

For routine, simple estimations of rainfall over longer averaging times, e.g. for the analysis of
typical in-service conditions, equation 1 or equation 2 with a DRF of 0.22 arc appropriate. For
more detailed studies and for the assessment of extreme rain conditions, a more detailed
approach may be warranted, Hygrothermal computer models which make use of detailed time-
series weather files con, with little computational effor, caleulate the driving rain approaching a
building for every 13 min. or 1 hour peried. Since real data appears o have a random scaiter
superimposed on the raindrop distribution, more sophisticated approaches could apply an
appropriate random function to the raindrop distribution while remaining within the bounds of
measured distributions.

3. THE COINCIDENCE OF RAIN AND WIND

Since driving rain is not routinely measured by weather starions, it would be useful 1o be able to
prediet the driving rain using the available and extensive records of rainfull and wind speed. It
cannot, however, be assumed that the wind and falling rain can be modelled as stuistically
independent evens. In faet, there is strong evidence to suggest that the wind-speed probability
distribution is different during rain events [17], and it is well documented thar the wind dircction
distribution is different during rain events [16, 17].

The wind, rain, and driving rain data collected at the test hut over a three season period (0301 to
1031, 245 days) was examined. Any day with more than 1 mm of towl rinfall was considered a
rainy day. A total of 77 days (31%) of the days were classified as rainy, Data from 15 minute
periods was also analyzed. 'Of the 23238 15 minute averaging periods during the 245 days, rain
waos collected during 1088 (4.75%).

3.1 Windspeed During Rain

The relative probability distribution of the windspeed during rain and the windspeed during all
periods is plotted in Figure 3. As expected, the windspeed follows a log-normal distribution.
The windspeed during rain is only slightly higher in the mid-range but otherwise follows the
same log-normal type of distribution. While these results cannot be used to support any
sweeping generalizations, the more comprehensive study of standard weather records by Surry
et. al. [17] also found a increase in windspeed, especially for small rainfall mtes. Nevertheless,
the increase is small (of the order of 10%) and the results support the use of the normal wind
speed distribution as an approximation for the windspeed-during-rain distribution.

Choi [16], in his study of the area around Sydney, found that the use of annual values of the
driving rain index (i.e. based on annual average wind speed x average annual rainfall) could
result in significant (30-40%) under estimadons versus indices based on hourly values.



Bear in mind that the distribution of exereme windspeeds duning min will be quite different than
the normal windspeed distibution, In fact, the probability of the coincidence of very hizgh
windspeeds and high rainfall intensities is quite low because both events are relatively unlikely.
Surry et al [17] found that the extreme windspeed during rain (any rain) was about 10 o 20%
logwer than the 1-in-10 year design speed for many Canadian locations. Ched also studied the
joint probability of extreme wind and rain in Sydney [ 18], He found that the windspeed during a
10 and 30 mmyhr rainfall were 73% and 29% of the 1-in-10 vear speed respectively.

The seasonal windspeed-during-roin diswribution for the test sile was also investigmed. The
differences between the average windspeed distribution and the seasonal (spring, summer, fall)
distmbutions were the same with and without rain, In all cases there was a bias woward slightly
higher average wind speeds during rain. Finally, the windspeed-during-rain distriburion was
investigaied for different ruinfall imensitdes. Although there was no soeng cormelation berween
wind speed and rainfall intensity, it was clear that as rainfall intensity increased, there was a bias
toward lower wind speeds, approaching those of the average. This trend was also supported by
the climate analysis of Surry et al. [17] for many locations.

The results of the above analysis suggest that the windspeed probability disribution during
rainfall is not significantly different during rainfall, perhaps slightly higher, than during all times.
Seasonal changes in wind speed distribution are also reflected in the windspeed-during-rain
distributions. As the rainfall intensity increases, the windspeed is likely 10 be slighdy lower.
These results will, of course, depend on the meteorological causes of minfall. Waterloo's climate
is believed to be representative of many non-coastal, non-mountaincus regiens.

3.2 Wind Direction During Rain

The wind-direction-during-rainfall distribution was also analyzed. As is the case in many
locations, driving rain 35 likely 1o come from differenr directions than wind during dry periods.
Figure 4 shows the wind rose of the probability of wind from each direction during all hours and
during rain. There is clearly a significant difference between the two wind roses. North
American driving rain maps, however, provide a driving rain index that does not account for the
different probabilities of direction. Similarly, the seasonal distribution is quite different. In
Waterloo, driving rain is three times more likely 1o be accompanied by easterly winds than
westerly winds in the spring, and southerly rains are only likely in the summer. The distribution
of wind direction as o Function of rain intensity showed that higher rainfall intensities eould be
expected from the cast, and that light rinfalls were biased from the northwest.

Therefore, it can be concluded that the wind direction distribution during rain must be
considered, both on an annual and seasonal basis if any reasonably accurate quantification of
driving rain is desired. It is presumably for these reasons that some Scandinavian countries have
caleulated directional driving rain indices for different seasons andfor during periods when
freezing could occur.

As a simple aid for the assessment of the combined influence of the wind and the rain, the
Driving Rain Index (DRI) was defined by Lacy as the product of annval average windspeed and
tonal annual rainfall. A more refined DRI was calculated from the present dma vsing the 15
minute average values. The DRI so calculated will be exactly the same as the annual values if
the windspeed-during-rain probability distribution is the same as the normal windspeed
distribution. This index is plotted versus direction in Figure 5. While the index is essentially a
plot of the wind speed during rain, when normalized with regard to directional probability, the
plot shows that twice the average driving rain can be expected from east, while less than one
quarter the average can be expecied from the nomh. [t is interesting o note that the largest
directional value is about 10 times the smallest. Choi found the same range of values in his
analysis of weather data in Austalia [16].



3.3 Rainfall Duration and Intensity

The duration of rain fall also hos o decided effect on the response of the building envelope. To
assess the duraton of rainfall, o rain event was defined as any period of rainfall during a day with
a toal of ot least 1 mm rainfall and not imerrupted by a period of longer than 12 hours, Using
this definition, 60 rain evens were o classified in the period considered.

The cumulative frequency of the rain event duration is plotted in Figure 6. As can be seen, the
majority of events are less than about & hours long. Kinzel [19], based on a different definition,
found 60% of rain evemts at his South German location 1o be less than 8 howrs long. These
conclusions are sensitive to the choice of rain event definition, but do provide an indication of
the range of durations that can be expected.

The average intensity of rainfall was found 10 be abour 3.4 mm'hr, but the distdbution was
skewed to lower rainfall intensitics so that the median value was 1.8 mmyhr, For hydrological
caleulations, intensity-duration-frequency curves are often used. Such 2 plat (Figure 7), based on
long term meteorological data, shows that intense rain falls may oceur for short perieds of time,
but, a5 expected, the intensity will decrease as the duration increases. Such plots are generally
available and can be used to guide the choice of extreme rainfall intensites. As discussed earlier,
windspeeds during extreme rainfalls are likely 10 be significamly lower than design values.

All of the above merely provides an outline of the influence site-specific weather and climate can
have on driving rain calculations. Similar analysis can be conducted for any site given data with
sufficient temporal resolution (preferably hourly). The exact namre of the rainfall-during-wind
and wind-during-minfall probability distributions need to be defined more accurately if driving
rain at different sites are wo be quantitiively assessed.

4. INTERACTION OF WIMD, RAIN, AND THE BUILDING ENVELOPE
4.1 Background and Other Research

Az the wind encounters 2 building, stream lines and pressure gradients form around the building,
While it i3 clear that driving rin is re-direcred by these streams of air, accounting for this effect
is difficult.

A rain admittance function (RAF) is defined here as factor to transform driving rain at some
heorizontal distance (i.e. outside of the region disturbed by the building) 10 deposited rain on the
building. The RAF accounts for the effect of the building on driving rain in the unobstructed
wind and is believed 1o be a factor of the building's serodynamics and the angle of attack of the
wind. It is also likely that the RAF 15 2 function of rindrop diameter and wind speed.

In his studies of driving rain on buildings, Lacy suggested that it might be possible to predict rain
deposition on a building surfzce by applying a factor to the driving-rain imensity. The RAF is

this factor. To predict driving rin deposition on the vertical face of 4 building an extension of
Lacy's model of driving rain in the free wind can be wrinen:

Thy = RAF - DRF(ry) - cos {8 ) -Vih) -ty = RAF. cos (B) - ry (8)
where ry, is the rain deposition rate on a vertdcal building surface (I/mifh),
Wih) is the wind speed at the height of interest,

8 is the angle between the normal to the wall and the wind
direction, and RAF is the min admittance function, where RAF = ryy + {6y - cos (8



The literature containg only a few references of simultansous mensurements of deiving rain in the
environment and driving-rain deposition on a building. Recently, some researchers have pursued
o computational fluid dynamics (CFD) approach [20] while others have begun wind wnnel
modelling [21] te the help prediet driving rain deposition on buildings.

The RAF has not been reported in most of the literature,  Howewer, it can ofien be calculated
from published dat. In most cases, the value of RAF is less than 1.0, and for low-rise,
rectangular buildings the value near the center can be assumed to be about (.3, Sandin [22, 23
reported values of (.3 (near the lower centre) 1o 1.0 (upper corners) in studies of drving rain on
low-rise rectangular buildings. Lacy [6] reported valves of 0.3 for the middle, and about 0.5 for
the corner of a low-rise wall over 2 wide range of wind speeds and rainfall intensities. Henriques
[24] measured an RAF value of (L6 on the cenreline of a low-rise building, but the gauge was
mounted near the top of the partially-obstructed building at an unreported height above the free-
wind gauge. Flor [25] found a RAF value of almost (L6 and, more importantly, reported
inereasing values of the RAF factor (up to 1.2) as the wind angle changed from normal 10 the
wall to parallel to the wall.

These values of RAF have been caleulated from driving rain measured at the same height in the
free wind for low-rise (less than 10m) buildings. Higher up a tall building, the driving rain
intensity will be higher because wind speeds increase with height according 1o a power law.
Lacy's [6] measurements near the top corner of a highly-exposed fen-storey apariment building
suggest a RAF value of 1.0, However, the amount of rain received o meter from the edge of the
building appeared 10 be greater. Schwarz [26] measured driving rain deposition on an 18-story
building for a seven-month period. The RAF factor was calculated to be 0.5 for the 10 m height
Windspeed increases with height following a power law distribution. Extrapolating windspeed
data higher up the wll building studied by Schwarz (using the appropriate power law), one can
caleulate the RAF for other heights on the building from his dat. The calculated RAF for the
ninth and sixteenth storeys was no different than that for the third story a 10 m above grade.
The RAF calculated for the upper corners of the building, however, ranged from 0.9 to 1.0,
These results (RAF = 0,3 10 0.3 for the cenme of a building and RAF = 0.9 o 1.0 for the comiers)
match Sandin's resolts for a low-rise building. An important implication of these results is that
driving rain deposition increases with height at the same rate as wind speed. The RAF also
appears o be scale-independent, probably in a similar way as mean wind pressure gradients can
be scaled for buildings of the same geometry,

Wote that all of the measurements reported above are averaged over several rain events, or even
over several years. The RAF is likely to vary with the wind speed and rain drop dismeters of the
individual storm.

Cheoi's CFD model [20] was used 1o assess exmeme events, and so the resuls are difficult to
compare to the field messurements reported earlier. He caleulated the amount of rain falling on a
tall, narrow building with 3 zones horizontally and 4 vertically (a townl of 12). For a 10 m/s
windspeed and 10 mm/hr rainfall, he calculated a DRE of (.48 in the top comer zone. Given the
area over which the rain was calculated was equal to one-third the width and one-quarter the
height, the RAF for smaller zones near the edges would likely be at least one. The importance of
these theoretical RAF values is the trends exhibited by the RAF as a function of wind speed and
rainfall intensity. Choi found that the RAF increased weakly with rainfall intensity (the
maximum RAF increased by 25% for a fiveiold increase in rainfall imensity to 50 mmy/hr), and
strongly with windspeed (a 70% increase over a 300% increase in windspeed). The RAF
changed by a factor of less than 2 for a combined 300% increase in windspeed and 500%
increase in rainfoll intensity.

Although there is not a large amount of data available, Figure 8 is o summary plot of the largely
consistent results available for RAF.



4.2 RAF Measurements

A otal of 14 driving rain gauges are mounted on the four faces of BEG's test house, The east
and west elevations of the building have six gauges each, while the north and south have one
ench, The total doving rain captured by the ran gauges mounted on the east and west elevation
for the some period of 2435 days analyzed earlier was used o calculare the RAF.

Using the actual measured amount of driving rain collected, the BAF was calculared for the toral
period for sauges on the west foce. Similarly, using the DRF calculated as described earlier, the
RAF for the gauges on the east face were calculated. Figure 9 plots these results.

A comparison of the RAF velues in Figures 8 and 9 reveals some obvious and significant
differences. The four upper comer gauges consistently have a much smaller RAF than expecied.
This is due o 2 factors. The plots in Figure 8 are based on results from buildings with Blunt wop
edges. Hence, the flow over and arcund these buildings is characterized by high lateral and
vertical accelerations of the air mass. The raindrops in the airflow will be unable to undergo this
high an acceleration and so leave the airflow on a trajectory less sieep than the wind. This results
in a concentration of rain drops ot corners and sharp changes. The peaked roof of the est
building reduces the rate of acceleration required for the air mass o rise up and over the building,
Since the sides of the hut are blunt, the mid-height corner gauges capture the expected amount of
rain.

The test hut also hos a smail overhang (approximately 200 mm). Observation and the long-term
experience of vemacular buildings sugpests that an overhang helps control more than just near-
vertical rainfall. By rapping upward flowing air near the top of the wall, an overhang will move
the point of maximuem vertical acceleration in the airflow further from the wall. Hence, when
rein leaves the air flow, it is further from the wall and may fall downward, completely missing
the wall, Ar high windspeeds this effect will be small, but for the majority of rain events, a
significant reduction of average RAF may be achieved.

The beneficial effects of both overhangs and peaked roofs has qualitatively been observed in
wind wnnel modelling of such buildings [21] and can have a signiticant beneficial effect on even
relatively large buildings.

4.3 Rainwater on Walls

How water behaves once it strikes 2 wall is very dependent on the nature of the wall and, to some
extent, the location of the wall on the building. Rain water deposited on the surface of a wall
will either be shed (i.e., flow away along the outer surface of the wall), absorbed by capillarity
into the wall material, or can penetrate further into the wall. To account for each possibility, a
sheddingfabsorption/penetration (SAP) fraction is defined; it is merely the fraction of deposited
rainwater that is dealt with by 2ach of the three mechanisms.

If a porous building material becomes saturated, it will begin to behave like an impervious
material; that is, any deposited moisture will simply be drpined away. Therefore, the rae of
water deposition, the material's moisture content, the surface absorption coefficient (irself a
function of meisture content), the duration of the rain event, and the previous wetting and drying
history of the cladding will all effect the SAP. The nature of surfaces above and beside the area
of envelope being considered also play a role since water shed from these surfaces will add to the
water on the wall.

If water is deposited on a vertical surface at a high rate, a surface film will form and ensure that
any exira water will be drained away on the surface {i.c., shed). Claddings that have very low
absorptions {e.g., metal, glass, polished granite) will drain a high ratie of deposited rain and
increase the water load on the joints in the system. Joints in systems with linle absorption will be
exposed to an order of magnitude more water than the joints in walls with more absorptive



claddings (e.g., brick, wood). This behaviour 15 impoenant because joints are sill typically
designed as perfect barriers, and field experience has shown that they rarely perform in this way,

The information on the typical duration and intensity of driving rain events presented in section
3.2 is useful to assess the likely behaviour of walls, Typical brickwork veneers can absorb a toral
of 5-10 kg/m? at rates of 1-3 kg/hr during a rain event before shedding. This suggests that many
veneers will shed water cnly during swuistically unlikely high intensity and/or long duration
driving rain events. Warter that is absorbed cannot penetrate and so the behaviour of brick
veneers also provides o degree of rain penetration conwrol.  Glass and metal curtain walls, by
contrast, will absorb no water and will have flowing water on their surface for almost all driving
rain events. Hence, water penctration through the joints will always be more likely, simply
becapse the joints are much moree likely 1o be exposed o water.

5. CONCLUSIONS

The prediction of rain wetting of building facades, both under service and extreme conditions
requires much more work., Methods o quantify the coincidence of wind and rain and the
seasondl and directional changes in driving rain from existing long-term weather records should
be developed. More detailed field measurements, both o confirm the present DRF calculations
and to extend the existing body of RAF valoes are sorely needed, if only 1o calibrate and validate
computer models and wind mnnel echniques. A significant amount of work remains 10 be done
on the effect of windspeed, wind direction and rain intensity on the RAF.

Despite the caveats listed above, building designers and researchers are in a position 10
approximate, to within a factor of perhaps 2 or 3, the amount of driving rain likely to be
deposited on a building either during a storm, over a season, of over a yvear. This knowledge can
and should be used to properly design rain control measures and develop and implement
approprizte test methods and performance models.
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