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Abstract

Wind-driven rain (WDR) is one of the main sourcdsnwisture damages in buildings. Roof
overhangs are a common feature that can be useddoe WDR on building facades. However,
there is very limited information on the quant¥atievaluation of the effectiveness of overhangs
in reducing WDR on building facades, especiallyotiyh field measurements. A six-story
building with a low-sloped roof located in Vancouveas been equipped with a retractable
overhang along with a rooftop weather station meaguwind speed, wind direction and
horizontal rainfall and a total of 31 WDR gaugesaswing WDR on building facades. The
spatial distribution of WDR on the building facaaes been studied without and with overhangs.
The effectiveness of roof overhang is studied wébpect to wind speed, wind direction and
rainfall intensity. Field measurements show thattfe particular climate characterized by long
rainy winters with mild wind and rain, the overhasgeffective and significantly reduces WDR
for this six-story building, especially for areasedtly underneath the overhang. The protection
increases from the side edge to the center and fh@rbottom to the top of the facade. As
expected, the larger overhang provides greateegtiioh. The relationship between overhang
effectiveness and distance from the roofline issglinear with smaller gradient for the larger
overhang. The effectiveness of the overhang is Ifiglependent on wind speed and wind
direction - it increases for oblique winds but d&ses with the increase of wind speed.

Keywords. Wind-driven rain (WDR), field measurements, effeetiess of overhang, building

facades



1. INTRODUCTION

Wind-driven rain (WDR) is one of the most importagvironmental loads and the main
moisture source that affects the hygrothermal perdmce and durability of building envelopes
[1]. Wind-driven rain, the amount of rainwater thaipinges on the vertical surface of building
envelopes under the influence of wind, is the tesfutomplex interactions among wind, rain and
buildings. The quantity and spatial distribution WDR is affected by a wide range of
parameters including wind speed, wind directiomfedl intensity, building geometry, location
on building facades, and surrounding topography. RMoads are normally determined or
estimated by measurements, semi-empirical coroslgtiand Computational Fluid Dynamics
(CFD) modelling; and each approach has its own radges and limitations [2]. The importance
of WDR has led to research efforts in the pastgB-Ih recent years, the application of advanced
numerical modelling [13-20] and efforts in collegi high quality and high resolution
measurements [21-24] have advanced our understaodithis complex phenomenon such as
the effect of building size, configurations and getrical details, local weather conditions [25-

32], and turbulence dispersion [33-36].

Roof overhangs have been traditionally used foes#vpurposes including protection against
rain. Previous studies show that the shapes oEranfl overhangs have a significant impact on
the amount of WDR deposited on building facadetshed roofs and overhangs protect the walls
below them by shadowing and redirecting airflonculet and Surry [37] studied the influence of
building geometry and architectural details suctbasonies, cornices, pitched roofs, and inset
corners on the wetting pattern of scaled down Ingladnodels placed in a boundary layer wind
tunnel. They found that cornices may be successfplotecting the top of the building facade
just below the cornice. Blocken and Carmeliet [a8iformed WDR measurements on a low-rise
building with a combination of a flat-roof and aséd-roof with different overhang widths.
Their study found that the flat roof with a smaltarerhang width received significantly more
rain than the sloped roof with a slightly largeedvang. Field observations have shown that roof
overhangs are effective under certain climates. &ample, the field survey on building
envelope failures in Southern British Columbia [8Bpwed that walls with wider overhangs had
fewer moisture problems. Field measurements of We@iRied out by Ge and Krpan [39] in the

same region showed that by having typical overhgfds0.6 m width) on low-rise buildings
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and a 0.9 m overhang on a 12-story high-rise gldihe deposition of WDR on the building

can be significantly reduced, especially at theengortion of the facade.

The CFD-based simulations by Blocken and Carmgithave shown that the shelter effect by
roof overhang increases, for fixed wind speed ad drop diameter, as the overhang width
increases. This effect, however, decreases as spedd increases since the trajectories become
more inclined and the “sweeping effect” becomesamomportant. A comprehensive analysis of
the effect of roof overhang on the WDR wetting ofloav-rise cubic building using CFD
modeling was carried out by Foroushani et al. [30f influence of wind speed, wind angle, and
rainfall intensity was investigated for various dweng sizes. The modeling results indicated that
the introduction of overhang changed both the ntageiand pattern of the WDR deposition on
the facade. The impact of overhang on the WDR wngttf the facade varied locally. All the
tested overhangs helped protect the upper halefdcade from WDR under all studied wind
and rain conditions. The lower half of the facadewever, remained almost unaffected by the
overhang. The protective effect of the overhangeiases with the increase of overhang width
and decrease of wind speed. Compared to raintalhsaity, both wind speed and wind angle have
much greater impacts on the WDR loads and the pedioce of overhangdvost recently,
Kubilay et al. [32] investigated the effect of okrang and balcony projection on the WDR
wetting of the facade through CFD modeling.

Although some field observations have shown tharimangs are effective in reducing WDR
wetting of building facades under certain climatanditions, there hasn’t been any systematic
study on quantifying the effect of overhangs on WDdéads, especially through field
measurements. In many previous studies, overhamgpaat of the buildings on which data is
collected. The existence of the overhang is, tmesely reported rather than being studied as a
parameter. The design practice has been geneiadlgdbon rule-of-thumb and governed by the
architectural expression. Given the level of slegtn in the construction community on the
utility of overhangs on taller buildings, and theder-appreciation of the importance of
overhangs in protecting WDR in contemporary degigactice, it is important that data be

generated to evaluate and quantify the effect efleang for mid-rise and high-rise buildings.

The objective of this research is to quantify tHeaiveness of roof overhangs in reducing WDR

loads on building facades under real life condgidhrough field measurements. A unique
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adjustable overhang has been installed on a siy-$toilding in Vancouver and two-year’s
wind-driven rain data has been collected and aedlyar various sizes of overhangs. This is the
first time that the effect of overhang on WDR wagtiof facades has been quantified through
field measurements. The field data is also requioedalidate a CFD model, which will be used
for a systematic study of various overhang desigrer various climatic conditions. Ultimately,
these research efforts will lead to recommendationseffective roof overhang designs for

various types of buildings and climates.

2. EXPERIMENTAL SETUP
2.1 Test building

The test building is a six-story rectangular restd# building with a flat roof and a short parapet
located in Vancouver, British Columbia (Figure The building sits atop an escarpment with the
east facade facing the direction of the escarpra@at is surrounded by 3-story residential
buildings to its north and west and a highway $oeiést and south. The building is 39.2 m long,
15.2 m wide, and 19.8 m high. The building facafdes the cardinal directions with one of the
long facade facing the east, the prevailing wintecation. It is a fairly open site within a

suburban setting, which makes it an ideal sitéN@R studies.

Figure 1. Aerial view of the building site (from Ggle Maps).

To study the effect of overhang, a customized c&dtde overhang structure is designed and
installed on the east and north facade of the imglldThe retractable overhang is made up of
aluminum framing structure secured to the shorapetr and anodized aluminum roll shutter is
attached to the frame and controlled by motor lierddjustment to represent different widths of

overhang. The retractable overhang is designedpesmanent structure on the rooftop and can
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withstand the wind and environmental loads as requby the building code. The retractable

overhang can be changed in width ranging from @.2®om. The overhangs are located at the
northeast corner of the building covering 15 mha east fagcade and 10 m of the north facade
(Figure 2).

Retractable overhangﬁA

Driving rain gauge

Figure 2. (a) Sketch up of the test building witk tetractable overhang and wind-driven rain

gauges on the east and north facades; (b) phatstailed retractable overhang (at 1.2 m).
2.2 Instrumentation

The parameters monitored include on-site weatheditons and WDR on facades. A weather
station including an anemometer and a temperatlerglative humidity probe is mounted on
top of a tripod cross-arm that is 4.6 m above teehlanical room located on top of the main roof
of the test building (Figure 3). The anemometer easure wind speed with a range of 0-50
m/s withan accuracy of £0.2 m/s or 1% of reading. It camsnee wind direction within a range
of 0-360 with an accuracy of +0.3The temperature and relative humidity probe isimed on
the tripod’s mast and is shielded from the sun amdd by using a radiation shield. The
measurement range of the temperature sensor i€ #60#50°C with an accuracy of +0.1°C. The
measurement range of relative humidity sensortes ID0% non-condensing with an accuracy of
0.8%. The horizontal rain gauge has a conical codle area (24.5 cm diameter) constructed of
gold anodized spun aluminum. The resolution of tipping bucket is 0.1 mm/tip with an
accuracy of 1% up to 50 mm/hr. The horizontal igange is placed on the center of the main
roof.



J@ Wind Monitor
G) Temperature & RH Probe
|

(a) weather station mast on top of the mechanical roortb) horizontal rain gauge
Figure 3. Photo of the on-site weather statiow{ajl monitor and temperature/relative humidity
probe mounted on the tripod installed atop the raeicial room roof; (b) horizontal rain gauge

on the main roof.

A number of customized WDR gauges are installedhenbuilding’s facades at strategically
selected locations. These driving rain gauges Anmiaum plate-type gauges consisting of a
square collection area, 30.5 cm by 30.5 cm, i.€.®2nf. The rain gauge is designed with
details to minimize measurement errors. The choic@luminum plate is made considering
durability and good surface water runoff to redtloe adhered water. The collector’s rim height
is kept at 25.4 mm - a low profile to minimize wirdors. The WDR gauge has a dual tipping-
bucket mechanism with a resolution of 0.06 mm/Em(4). The tipping bucket is connected to
the data logger located inside the mechanical roanthe rooftop through telephone wires. A
pulse signal is registered every time when the budk full and tipped. Figure 4 shows the
details of the customized WDR gauge.
—sosmm — 4™

N

125mm

F=315mm — 4 —

65 mm

(a) (b) (c)
Figure 4. Customized WDR gauge: (a) profile of tMBR gauge; (b) photo; and (c) sketch of

the dual tipping bucket .
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The locations of WDR gauges on building facades selected strategically based on the
prevailing wind direction, building geometry andrrewndings. Historical data collected from
Environment Canada's National Climate Servicesaaadyzed to identify the prevailing wind
directions for the building site, which is from tkeast. Therefore, the majority of WDR gauges
are installed on the east facade. To capture thgasplistribution of WDR on facade, the WDR
gauges are placed at various locations horizontally vertically with a focus at the top and
corners to create a grid representing the typictimg pattern on facade. Figure 5 shows the

locations of on-site weather station and the eX#dR gauge locations on building facades.
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Figure 5. Location of on-site weather station andR\gauge locations on the east and north

facades
2.3 Data collection and processing

The anemometer, temperature and relative humiditypgy horizontal rain gauge, and WDR

gauges are all connected to a central data logdech is programmed to collect and store raw
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data every 5 minutes. The wind data (wind speed wimdl direction) is gathered at 1 Hz

sampling frequency and averaged every 5 minutes.t@imperature and relative humidity is also
averaged every 5 minutes. The sum of tips is rexgdt for the horizontal rain gauge and the
WDR gauges every 5 minutes. The data logger isexed to the internet via Ethernet, which

allows the data to be collected remotely.

The data analysis reported in this paper includgs:on-site weather conditions (2) spatial
distribution of WDR using catch ratios, and (3)eetiveness of overhang. The on-site wind data
has been verified by comparison with data repobgdEnvironment Canada from surrounding
weather stations [40]. The spatial distributioWdDR on building facades is analyzed for three
cases: (1) no overhang, (2) 0.6 m overhang; andl.23)n overhang. The effectiveness of the roof
overhang under real-life conditions with respedti#® most important meteorological parameters

of wind speed and wind direction is assessed.

3. RESULTSAND DISCUSSION
3.1 On-siteweather conditions

The on-site weather conditions measured from Aufi6sP013 to December 2, 2015 are divided
into three sub-periods: (1) no overhang, (2) witlb.& m overhang and (3) with a 1.2 m
overhang. Figure 6 shows the wind speed, wind time@nd rainfall intensity measured over the

entire monitoring period.

No Overhang 1.2 m OH 0.6 m OH
14

12 4

10 1

Rainfall Intensity (mm/hr)




No Overhang 1.2 mOH 0.6 m OH

U {m/s)
8 (° from north)

(b)
Figure 6. On-site weather data recorded over thegh&om Aug. 16 2013 to Dec. 2 2015: (a)
rainfall intensity and (b) wind speed and wind diren.

Figure 7 and Figure 8 show the frequency distrdsutof wind direction and wind speed
measured at the anemometer height during all handsduring rain hours for all three sub-
periods, respectively. Rain hours refer to the aluring which horizontal rainfall is registered.
Figure 9 shows the frequency analysis of rainfatémsity recorded over all three sub-periods.
Similar wind direction and wind speed frequencytribsitions are observed over the three
monitoring periods. The prevailing wind directioor f‘all hours” and “rain hours” is from the
east, however, the frequency of easterly windsem®es significantly during rain hours. Winds
are also quite frequent from the east-south-easteast-north-east directions. This narrow band
of wind directions coming from the east-north-edst east-south-east, creates an ideal
opportunity to study WDR on the east facade, sitice prevailing wind is blowing
approximately normal to the wall. Typically, thendispeed is higher during rain hours. For “all
hours”, the majority of wind speeds are in the En§0 to 2 m/s; while during “rain hours” the
majority of wind speeds are in the range of 2 tm/4. During “rain hours”, 40 to 45% of the
wind speeds are in the range of 0 to 2 m/s, 4®% &re in the range of 2 to 4 m/s, and less than
10% are in the range of 4 to 6 m/s. The frequeriayind speeds greater than 6 m/s is very low.
The rainfall intensity is mostly light to moderatdth a rainfall intensity of less than 2 mm/hr for

the majority of the time (84%), 2 to 4 mm/hr someds (~15%) and rarely over 4 mm/hr.

10



(a) no overhang

(bP.6 m overhang

(c).2 m overhang

Figure 7. Frequency distribution of wind directiand wind speed during all hours for all three

(a) no overhang

monitoring periods.

(bD.6 m overhang

(c1.2 m overhang

Figure 8. Frequency distribution of wind speed amatl direction during rain hours for all three

100

Cummulative Frequency (%)

75

monitoring periods.

95 A
90 1

8s 1/

80 -

No overhang
= = = 0.6 m overhang
--------- 1.2 m overhang

P Lo Lo

Rainfall Intensity. R, (mm/hr)

Figure 9. Cumulative frequency of rainfall integsiver the three monitoring periods.
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On-site weather data analysis shows similar wirdl ramn conditions over the three monitoring
periods, which allows the comparison of catch satin fagade with and without overhang during
different monitoring periods to assess the effertass of overhangs. This approach is referred to

as similarity (repeatability), which will be dis@exl in section 3.3.1.

3.2 Catchratios

The catch ratio) is the total amount of WDR collected on a wallface G.qy) divided by the
total amount of horizontal rainfal§) over the same time period:

_ S“'dr
n S,

1)

Catch ratios are calculated for each monitoringogeto show the spatial distribution of WDR
across the building facades. The catch ratios laea used to evaluate the effectiveness of

overhang.
3.2.1 Error analysis of WDR measurements

There are mainly five types of possible error sesrin WDR measurements [13]: (1)
evaporation of adhesion water from the collectimmaa(2) evaporative losses from the reservoir,
i.e. tipping bucket; (3) splashing of drops frone tbollection area; (4) condensation on the
collection area; and (5) wind errors due to theudisance of wind-flow pattern and raindrop
trajectory by the gauge body. Evaporation loss fitben reservoir, the tipping buckets, in our
study, is negligible given that the tipping bucketth a small volume of 5.5g are enclosed and
the relative humidity is typically high, over 90%Rluring rain. Splashing of raindrops mainly
occurs during heavy rainfalls with high wind spesed large raindrops. Therefore, splashing
errors are considered to be negligible given the\wind speed and the low horizontal rainfall
intensity values as shown in Figures 8 and 9. Tieercooling condensation on the WDR gauge
during a rain event is also typically negligibles the overcast sky limits radiation loss [13,
18]. Wind errors caused by the presence of rairggatself are minimized by the customized
WDR gauge design with a low rim height of 25.4 mimaddition, the wind speed close to the

wall surface is low.

During and after the rain, some rainwater is adh#oethe collection area of the gauge, which is

not collected by the tipping bucket and remains emsared. With time, this adhesion water
12



evaporates. The error associated with the evaporati adhesion water from the gauge catch
area (or collection area) is the largest and caashigh as 100% [13]. There is an additional
error when using tipping bucket mechanism for WDRBRasurement, which is rest water error,
Erw A tip is registered only when the tipping buclkeetompletely filled. The water remained in
the tipping bucket at the end of a rain spell is negistered for this spell. If the water does not
evaporate before the start of the next spell, litlvéi added to the new spell. The rest water error
can occur during every hour, however, when considehe total amount of WDR for one entire
rain event, it only occurs once at the end of #ie event since positive and negative errors from
one hour to the next balance out during the raemef22]. The water in the tipping bucket that
remains after each tip can be as large as the niaxiamount the tipping bucket can hold. At the
end of each rain event, it is assumed that onengppucket’s amount of water is lost due to
evaporation during dry periods before the next eaient starts. Therefore, only adhesion-water-

evaporation and rest water errors are considerdteigrror analysis.

It is assumed that all the adhered water will evag@oduring the dry periods i.e. the hours
without any WDR collected within the rain event.eféfore, the number of interruptions (i.e.
hours without WDR collected) is counted within eaeln event. Laboratory tests found the
adhesion-water to be an average of approximat&ly4n the collection area, which is equal to
0.050 mm for a collection area of 930.3%wfi the customized WDR gauges used in this study.
Thus, the total amount of adhesion-water-evaparasahe number of interruptions multiplied
by 0.05 mm. To account for the rest water errcg,amount of water held by the tipping bucket
is counted once for each rain event. The tippingkbtican hold 5.5g or 0.060 mm/tip with a
collection area of 930.3 &n

The total error associated with WDR measuremenisguthe customized WDR gauge is
calculated as follows:

ot~ ?N(;L @)

Eror=Eaw* Erw (3)

where,

Eaw=Number of interruptions x 0.05mm,;
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Erw=the amount of water held by the tipping bucketXdip, 5.5 grams, which is equivalent to

0.06mm for a collection area of 930.3tm

S\NDR =N ><VBOWL
n=number of tipping bucket tips registered for eeh event;

VeowL=the amount of water the tipping bucket can hol8, grams, which is equivalent to 0.06

mm for a collection area of 930.3&m

Eq. (2) becomes

_ Eaw +1

ot~ nx006 n

4)
Equation 4 is used to estimate the total error ey occur for WDR measurements during each

rain event. Rain events are identified accordinght ISO standard 1SO 15927-3 [41], which

defines a rain event as having at least 96 houysperiod between two rain events.

The total error decreases exponentially with tleegase of WDR. For smaller amounts of WDR,
(i.e. light rainfall event or at locations that @ae smaller amounts of WDR), the error could be
as high as 100%, as shown in Figure 10. As an ebearpble 1 shows the error estimates for
the WDR measurements on the WDR gauges installeth@rsouth corner of the east facade
during a rain event from February 10 to FebruaryZ®4. The total amount of rainfall for the
rain event is 162.8 mm with an average rainfakmsity of 1.1 mm/hr. For this particular rain
event, the measurement errors range from 2.7-9.28odacrease with the increase of WDR
amount measured. The measurement errors are taleeadcount for the WDR analysis in this

paper.
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Relative Error, e, (%)

0 10 20 30 40 50 60 70 80 90
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Figure 10. Errors in relation to WDR amount.
Table 1. Error estimates for WDR measurements athsmrner of the east facade during the

rain event from February 10 to February 25, 20at{tWDR amount of 162.8 mm, wind speed
of 2.4 m/s and wind direction of east and eastfseaist)

WDR gauge ES1 ES2 ESA ES5 ES6 ES7
No. of Tips 750 419 164 547 369 268
No. of Interruptions 23 23 17 26 21 16
Syar (Mm) 45.00 25.14 9.84 32.8222.14 16.08
Eaw (mm) 115 115 085 13 105 0.8
Erw (Mmm) 006 0.06 0.06 0.06 0.06 0.06
Eror (mm) 1.210 1.210 0.910 1.360 1.110 0.860
erot (%) 2.7 4.8 9.2 4.1 5.0 5.3

3.2.2. Catch ratio on east facade

Figure 11 shows the catch ratio contours genetaésdd on the point measurements on the east
facade for the three monitoring periods. The meabwalues are also shown in Figure 11. The
catch ratio contours on the east facade were gexlersing the catch ratios measured at the
eighteen WDR gauges installed on the facade. Thgrir gridding method in Surfer 11 was
used for the contour generation as Kriging methadeghe best mapping for the given dataset.
The Kriging method is best used for spatial analgsid is a method of interpolation for which
the interpolated values are modeled by a Gauss@regs governed by prior co-variancébe
amount of rain deposited on the building facadeegawith locations, however, a symmetrical
distribution of WDR across the east facade canli®semwved during the period without overhang
given that the prevailing wind direction is frometleast most of the time resulting in the wind

blowing normal to the facade. The classic wettiatjgrn can be observed: (1) the top corners are
15



the most wetted followed by the top and side edgeis(2) wetting increases from the bottom of
the facade to the top and from the middle of thead® to the sides. With overhangs added
(Figure 11b and Figure 11c), the majority of thickaatios on the east facade are similar to that
of the monitoring period without overhang (Figuda} since both prevailing wind directions are
from the east with similar wind speeds and horiabrdinfall intensities. However, it is evident
that the gauges below the overhang have lower cateds when compared to: (1) other gauges
of similar height and distance from edge and (2) ¢ame gauges during the monitoring period
without overhang (Figure 1l1a). The gauges righbwelhe overhang are the most protected
(EN1, EN5, EN8). The protection provided by the h&@verhang seems to extend to 2.4 m to
4.9 m (second to third row of WDR gauges), andpitzeection provided by the 1.2 m overhang
seems to extend to 4.9 m to 9.1 m (third to fouoth of WDR gauges) when compared to the
period without overhang. The overhang is less &ffedn reducing WDR deposition near the
edge of the wall. The protection increases fromside edge to the center of the facade and from

the bottom to the top of the facade.
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Figure 11. Catch ratios on the east facade: (amvechang; (b) 0.6 m overhang and (c) 1.2 m
overhangNote: contours are generated based on measureruasured values are shown besides the
rectangular box representing the WDR gauge.

Since the prevailing wind direction is from the tedlse catch ratios on the north facade are not
symmetrical and are much lower than that on thefegade (Figure 12). The gauges on the left
edge of the facade (NE1 and NEZ2) receive lessthain the gauges located to their right. This
may be explained by considering the wind flow awbtime building. Since the prevailing wind
direction during rain hours is from the east, fle@paration occurs at the edges of the east facade,

resulting in a wetting pattern that is reflectiielze wind flow around the north-east edge.
3.2.3. Catch ratio on north facade

The catch ratios on the north facade at locatiansaffected by the overhang are slightly higher

for the monitoring period with a 0.6 m overhang wheompared to the monitoring period
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without overhang. This is due to an increase imuency of north-easterly winds for the

monitoring period with a 0.6 m overhang. The lomasi right below the 0.6 m overhang (NE3
and NC1) are the most protected having signifigaotiver catch ratios when compared to NW1,
which is at the same height. This is also appandr@n compared to the north facade without
overhang (Figure 1la). The remaining locations welbe 0.6 m overhang are protected to
various degrees. With a 1.2 m overhang, the catibsr on the north facade at locations not
affected by the overhang are similar to the ca#tios for the period without overhang because
of the similar on-site weather conditions. The taoss right below the overhang (NE3 to NC1)

are entirely protected. The remaining locationsowethe overhang are protected to various

degrees and seem to extend up to half of the Ingildeight (i.e. the fourth row of gauges).

0.6 m overhang 1.2 m overhang
T—NE3 T-NC1 T4 Nw1
0.042 0.045 0.042 T-NE3 T-NC1 T4 Nw1 T-NE3 T-NC1 1] nwi
NE1}bE  B<NE4 14 nw2 0.013 0.004 0.059 0.000 0.000 0.039
0.012 0.020 0023 NE1pl  B<NE4 14 nw2  NELpR B NE4 14 NW2
' ! 1-NC2 : 0.018 0.017 ooa1 0011 0.003 NG 0027
NE2+0  B<NE5 0.032 14 nws 1-NC2

NE2+@ B NE5 0.011 14 nw3  NE2pR B<NE5 0.001 14 NW3
oo 0ot 0008 o 021 0.017 002 0014 0.005 0.006

I-Nes 1-NC3 1-NC3

0026 0.016 0.002

' |
(a) (b) (c)

Figure 12. Catch ratios on the North facade: (apverhang (b) 0.6 m overhange and (c) 1.2 m

overhang.
3.3 Effectiveness of overhang

The effectiveness of overhany,is defined as the percentage reduction in cattbs with and

without the overhang. The overhang effectivenesssgessed by two approaches: 1) similarity,
which compares two similar rain events during teeiqus with and without overhang; and 2)
symmetry, which uses a symmetrical distributiolVdDR across the building facade during a
rain event. The effectiveness of overhang witheespo wind speed and wind incident angles is

analyzed.

§ =198 » 100 (5)
n
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wheren is the catch ratio without overhangy is the catch ratio with overhang.
3.3.1 Similarity

The overhang effectiveness can be assessed by togfize catch ratios at the gauge locations
that are directly under the overhang (gauges ENAN®) in one rain event with the catch ratios
at the same gauge locations in a similar rain ewgthibut overhang. To establish similarity, both
rain events should have similar meteorological ati@ristics, i.e. wind speed, wind direction
and rainfall intensity, ultimately leading to siamilcatch ratios at the gauge locations that are not
influenced by the overhang. Once this similarityg lh@en established, the catch ratios at gauge
locations EN1 to EN9 (under the overhang) duringn ravents without overhang can be
compared to the catch ratios during rain eventh wierhang. As an example, Figure 13 shows
the wind and rain conditions of two similar raineets (RE), i.e. (RE) 7 during the period

without overhang, and (RE) 16 during the periochwiite 1.2 m overhang.

Rain event 7 started on February 10 and ended bru&e 25, 2014. It is characterized by a
light to moderate rainfall intensity with less thammm/hr the majority of the time (80%), 2-4
mm/hr occasionally (18%), and rarely reaching abbwem/hr (2%). The total horizontal rainfall
amount of this rain event is 162.8 mm. The windespéuring rain hours is mostly in the range
of 0-4 m/s (86%) and occasionally above 4 m/s (14Bhg wind direction during rain hours is
predominantly from the east followed by the easitseast. Rain event 16 began on December
4, 2014 and ended on December 11, 2014. In congpatisrain event 7, the rainfall intensity is
similar with a rainfall intensity under 2 mm/hr tmeajority of the time (74%), 2-4 mm/hr
occasionally (21%) and rarely reaching above 4 mii@). The total horizontal rainfall amount
of this rain event is 132 mm. The wind speed duraig hours is mostly in the range of 0-4 m/s
(74%) and occasionally above 4 m/s (26%). The wiicection during rain hours is

predominantly from the east-south-east followedHhsyeast.
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(a) Rain event 7: no overhang (February 10 to taatyr25, 2014).
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18 360

6 = Rh (mm/hr) U (m/s) ----6(°from north) 390
14 1 . - 280
=] ]
T 12 4, n L 240 ~
E ot f | =
= 1040, o ) - 200 2
53 " .‘I 'R ‘nl N on N =
= 8 i it M o\ F 160 5
= lu:‘l TR . " IR :l"Vl ,': =
E 6 {ur A P N SRR bl b120
D i vt ".J"l R [ LT 2t et \ e vy S

44 Ve \ bt WalE 80

| ] ‘lll
24 40
o Ll 1 Im ‘ | ..I||||||h MLMH ||||| nh“lll ik | Lo
0 24 72 144 168

Number of hours

(b) Rain event 16: 1.2m overhang (December 4 tebéer 11, 2014).

Total rainfall=132mm, no. of rain hours=90hrs, ags wind speed=3.05 m/s, Average
arithmetic wind direction 121 average rainfall intensity=1.5mm/hr.

Figure 13— Rainfall intensityR;), wind speedl), and wind directiond) for two rain events: (a)

rain event 7: no overhang and (b) rain event 1Bl overhang.

The catch ratios for rain events 7 and 16 are showhable 2. The similar meteorological
parameters between these two rain events yieldagiwatch ratios on the gauges not sheltered
by the overhang, which are the un-shaded valued ,(EEC2, ES1 to ES7). Catch ratios are
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slightly higher for rain event 7, probably due tgtstly higher frequency of wind coming from
east-south-east. The difference of catch ratiothede locations is typically within 10%. The
effectiveness of overhang, i.e. percentage of mhucis calculated using catch ratios for rain
event 7 as the references for gauge locations oaedtr the retractable overhang, which are
shaded (EN1 to EN9).

Table 2. Catch ratios and overhang effectivenest®east facade for rain events 7 and 16.

Overhang

WDR Gauge Catch Ratios Effe%;\)/;aness

RE 7 (No OH) RE 16 (1.2 m OH)
EN1 0.281 0.019 93
EN2 0.169 0.051 70
EN3 0.118 0.056 52
EN4 0.074 n/a*
EN5 0.228 0.005 08
ENG 0.121 0.024 80
EN7 0.070 0.026 63
ENS 0.210 0.003 08
EN9 0.073 0.017 76
EC1 0.217 0.202
EC2 0.050 0.057
ES1 0.284 0.266
ES2 0.162 0.168
ES3 n/a 0.117
EA 0.066 0.059
ES5 0.210 0.186
ES6 0.143 0.132
ES7 0.104 0.091

* Shaded rows catch ratios for WDR gauges locatedeu the retractable overhang. Data for
gauge EN4 was not available during this period ttubardware malfunction.

A number of similar rain events are identified fa6 m overhang and 1.2 m overhang. The

percentage reduction in catch ratios, i.e. overtedfagtiveness, is calculated for each pair of rain
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events. Given that the WDR deposition on facadbighly dependent on the meteorological
parameters and that the catch ratios vary oveeréift rain events, each comparison yields a
different percent reduction in catch ratio for t@me gauge location and an average is used to
report the effectiveness of overhangs. Table 3 lis¢ overhang average effectiveness with the
standard deviation.

Table 3. Overhang effectiveness on the east fagade)

0.6 m 12m

WDR Gauge Standard Standard

Average deviation Average deviation
EN1 75 9 93 6
EN2 54 8 77 12
EN3 36 18 48 21
EN4 33 15 n/a*
ENS5 88 5 99 1
ENG6 55 11 88 7
EN7 42 11 69 13
EN8 86 6 99 1
EN9 57 14 81 8

*Note: Data for gauge EN4 was not available during thisripg due to hardware malfunction.

3.3.2 Symmetry

As shown in Figure 11la, the catch ratios are moress symmetrical on the east facade given
that the predominant wind direction is from thetedsing rain hours, which is normal to the

facade. Therefore, a symmetrical distribution of R/IXan be assumed to evaluate the
effectiveness of overhang by directly comparing ¢a&h ratios at gauge locations underneath
the overhang on the north side of the facade (ENEN7) to those on the south side of the
facade (ES1 to ES7), which do not have an overbige them. Rain events with the prevailing
wind direction coming from the east are selectedl the percentage reduction in catch ratios for
a 0.6 m overhang and 1.2 m overhang are calculdteel. meteorological parameters between

rain events differ from one another resulting iffedent percent reductions in catch ratio for the
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same gauge location, the average is used to rédpoeffectiveness of overhangs. Table 4 lists

the average overhang effectiveness with the stdrdtarnation.

Table 4. Overhang effectiveness on the east fagadé)

0.6m 12m

WDR Gauge Average Standard Average Standard
deviation deviation

EN1vsESL 69 14 93 4
EN2vsES2 37 12 74 12
EN3vsES3 23 17 49 17
EN4vsEHA 36 16 n/a*
ENS5VSESS 85 9 99
EN6 vs ES6 47 8 89
EN7vsESY 40 18 74

*Note: Data for gauge EN4 was not available during thisripg due to hardware malfunction.

3.3.3 Discussion: Similarity vs Symmetry

The average percentage reductions in catch ratalaged for gauge locations on the east facade
using both methods are compared (Figure 14). Iregénthere is a good agreement between
these two methods with a difference between 0 %6.35

For the 0.6 m overhang, the average percent reshsctialculated using the similarity approach
are slightly higher than those calculated usingsyrametry approach. The highest discrepancy
is for gauge EN3 (35%) followed by EN2 (31%) and €EKL4%). For other gauges, the
discrepancy is below 10%. For the 1.2 m overhdmgaverage percent reductions in catch ratios
are almost identical for both methods (0-7% diffieed. As expected, larger overhang provides
better protection. The effectiveness of 1.2 m oamechranges from 50% to 99%, while the

effectiveness of 0.6 m overhang ranges from 408586.

23



100

A 0.6m|overhang
® 1.2moverhang

80

60

40

Similarity
>
>4

20 /
0
0 20 40 60
Symmetry

Figure 14. Comparison of overhang effectivenessutatied using similarity and symmetry

approaches for gauges on the east facade.

3.3.4 Quantification of overhang efficiency

Given the similar results obtained by similaritydasymmetry approaches and the predominantly
easterly winds do not allow for symmetry analysrs the north facade, the effectiveness of
overhang calculated using the similarity approactised in the following sections for discussion

purposes. The effectiveness of overhangs is shovangure 15 for the east fagcade and in Figure

16 for the north facade, respectively.
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For the east facade, the effectiveness of the awgrldecreases when moving from the upper

edge towards the ground and from the center towhedside edge of the facade. The overhang
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Figure 15. Effectiveness of overhangs on the egstde.
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reduces the WDR deposited on the facade, espeti@lgrea right beneath the overhang (EN1,
EN5, EN8 at 0.6 m below the roofline, i.e. 3% o thuilding height). For a 0.6 m overhang the
reduction is about 75 to 90% and for a 1.2 m oveghthie reduction is greater than 90%. At a
distance of 2.4 m below the roofline (i.e. 12% loé building height, EN2 and EN6), the WDR
reduction is 50% for the 0.6 m overhang and 80-3@the 1.2 m overhang, respectively. At a
distance of 4.9 m below the roofline (i.e. ¥4 of thelding height, EN3, EN7, EN9), the WDR
reduction is about 36 to 60% for the 0.6 m overhand 50-80% for the 1.2 m overhang,
respectively. The protection area can extend @pXon below the roofline (i.e. about 45% of the
building height, EN4) with the similar amount of VRDreduction as at a distance of 4.9 m below
the roofline for the 0.6 m overhang. Due to theforadtion of EN4 gauge, data is not available
for 1.2 m overhang, however, it is expected that 1?2 m overhang would provide at least
similar if not better performance than the 0.6 nerbang. The level of protection is dependent
on the wind and rain conditions.

A similar trend is observed for the north facade.general, as expected a larger overhang
provides better protection, particularly at locaicclose to the center and the top of the facade.
At mid-height of the building (9.1 m below the rboé), an 83% reduction in WDR can be
provided by the 1.2 m overhang at the centre offd#pade. A slightly greater protection is
observed for north fagade at the same buildinghtgigobably due to the wind being oblique to
the facade most of the time. The influence of wspded and wind direction on the effectiveness
of overhang is discussed in the following section.
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Figure 16. Effectiveness of overhangs on the rfaghde.
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To quantify the effect of overhang on the reducttdnVDR impinged on the fagade, an area-
weighted average catch ratig)(is introduced (equation 6) to calculate the awesghted
overhang effectiveness for four areas shown in réigli7, namely Al, A2, A3 and A4
representing 15%, 30%, 60% and 100% of the facadae, aespectively. This evaluation is
carried out for the case with overhang covering @ahé north side of the east facade, as tested,
(i.e. partial overhang) first followed by the cam®suming that the entire facade width is fitted
with overhang (i.e. full overhang) to generalize tesults. For the case with partial overhang,
the area-weighted catch ratios calculated for faga@a underneath the overhang on the north
side are compared to those calculated for the dagasle area on the south side. For the case
with full overhang assumed, the area-weighted cedtios calculated based on measurements
with overhang are compared to those calculateddbasemeasurements without overhang. The

detailed calculation procedure is explained a®vedl.

A2 (30%)

A3 (60%) A4 (100%)

(a) areas
12 52 26.4 52 1.2
m cr2 m c13 ] ciz m - 1.2
C-Zl c22 - c23 - c24 - cgs 24
cg1 c32 - © C34 - cgs 2.4
= © © o A& 8.2
© © © © &35 7.6
W Cell with rain gauge
O Cell without rain gauge
*Alf dimensions are in meter
(b) cells
Fig. 17. Areas (a) and cells (b) on the east fadadthe calculation of area-weighted overhang
effectiveness.
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_ 1 n
1 :m i=1 1 A; (6)

where, the summation indéxs the cell number, Ais the area of thé" cell and n is the total
number of the cells over which the average is daled. The facade is divided into cells in such
a way that rain gauges are located in the centeecdll. There are in total eighteen rain gauges
installed on the east facade (Fig. 5). The cattiosat the % column rain gauges (EN8 and
ENO) are similar to the catch ratios measured @t?th column rain gauges at the same height
(EN5 and EN7) as shown in Fig. 11a. TH&®lumn rain gauge locations are within the cell
defined by the ! column rain gauge, which confirms the assumptiba oonstant catch ratio
within the cell being reasonable. In addition, 8fecolumn rain gauges are only installed on the
north side of the east facade. Therefore, sixtaengauges except for EN8 and EN9 are used to
define the cells for calculating the area-weighagdrage overhang effectiveness, which result in
twenty-five cells, five columns and five rows orethast facade (Fig. 17b). For the cells with rain
gauge, a constant catch ratio is assigned withevaleasured by the gauge located in its centre.
For the remaining nine cells that located at thveeloand centre parts of the facade, a constant
catch ratio interpolated from the adjacent cellsassigned using the catch ratio contours
generated (Fig. 11). For these areas, the catds e quite small.

For the partial overhang case, the first two colsiroh cells are used for the calculation. As
discussed in section 3.3.3, the WDR distributiortlum east facade is more or less symmetrical,
therefore, the area-weighted catch ratios calodléde the area underneath the overhang on the

north side is compared to those calculated foatka without overhang on the south side.

For the full overhang case, the catch ratio of eeeh is determined for the case without
overhang first. Given the symmetrical WDR distribnton the east fagade, an average of the
measured catch ratios at two symmetrical locatiamsassigned to both cells located
symmetrically on the facade. For example, the ageex# catch ratios measured at gauges EN1
and ES1 without overhang is assigned to bathe@d Gs. When the overhang is fitted, the same
catch ratio measured underneath the overhangignassto the cell located symmetrically on the
south side. For example, catch ratios measuredugiegEN1 with overhangs are assigned to both
C1; and Gs, In the field measurements, rain gauges locatédeatenter of the fagcade (EC1 and

EC2) are not covered by the overhang, thereforeouashang effectiveness available for these
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centre locations. The overhang effectiveness détexrfor 2 column rain gauges is applied to
these centre locations, which is a conservativaraggon given that the effectiveness increases
when moving from the side edge towards the cerftteeofagade, as shown in Fig. 15 and Fig.

16. The results are listed in Table 5 for the phmtverhang case and in Table 6 for the full
overhang case, respectively.

Table 5. Effect of overhang on WDR reduction onéhst fagade (partial overhang)

Facade areq  No overhang (south side) 0.6 m ovel(na@nii 1.2 m overhang (north
side) side)
1t WDR 1t Area-weighted & Area-weighted
Z n;A; distribution Z n;4; | effectiveness Z n;4; | effectiveness
i=1 on fagade (%) =1 (%) i=1 (%)
Al (15%) 4.6 42.9 1.4 68.6 0.4 91.4
A2 (30%) 6.4 60.0 2.5 60.9 1.0 84.3
A3 (60%) 8.9 84.0 4.2 52.9 2.4 73.6
A4 (100%) 10.7 100 5.9 44.8 4.1 61.8
Total WDR reduction (%) 44.8 61.8
Table 6. Effect of overhang on WDR reduction onéehst fagade (full overhang)
Facade area No overhang 0.6 m overhang 1.2 m owgrha
= WDR i Area-weighted| & Area-weighted
Z mid; | distribution Z m:4; | effectiveness Z n:d; | effectiveness
i=1 on fagade | =1 (%) i=1 (%)
(%)
Al (15%) 18.2 53.0 5.5 70.0 14 92.2
A2 (30%) 23.2 67.6 8.4 63.7 3.1 86.8
A3 (60%) 29.9 87.4 12.9 56.8 6.7 77.7
A4 (100%) 34.3 100 17.3 49.6 11.0 68.0
Total WDR reduction (%) 49.6 68.0

The results for the case with partial overhang cose to those found for the case with full
overhang but slightly lower as expected since tregltang covers 25% of the facade width from

the edge and the overhang effectiveness incredsésmoving towards the centre of the facade.

As shown in Table 6, without overhang, the top 1&%he facade area receives 53% of the total
WDR impinged on the entire fagade. The total amaiVDR impinged on the fagade can be
reduced by 50% with a 0.6 m overhang and by 68% witl.2 m overhang, respectively. For
both overhangs, 70% of the total WDR reductionttislauted to the top 15% facade area, which
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is well sheltered by the overhang. The results stiawthe addition of an overhang is effective
in significantly reducing the WDR amount on a fagaiven that over 50% of WDR is deposited
on the top 15% of the facade area and a typicalhave, e.g. 0.6 m overhang, can effectively
shelter the top 30% facade area.

The same procedure for full overhang case is appbethe north facade and the results are
shown in Table 7. Note for most of the time wing@@aches the facade at an angle abolit 65
normal to the facade. During rain hours the dontimaind direction is from the east and there
are some incidences when the wind approaches fielBNE (Fig. 8). Therefore, the distribution
of wind-driven rain is not symmetrical on north dae (Fig. 12), and the assignment of catch
ratio for the calculation cells is based on thesalclmeasurements and observed wind-driven rain
distribution pattern. The results shown in Tabler& for the situation when the wind approaches
the north facade at an angle. In general, the tee$oil the north fagade is very close to those
found on the east fagcade (Table 6), within 1-3%bfwth overhang sizes.

Table 7. Effect of overhang on WDR reduction onnbgh facade (full overhang)

Facade area No overhang 0.6 m overhang 1.2 m owgrha
LG WDR LG Area-weighted| & Area-weighted
2 n;A; | distribution Z n;A; | effectiveness Z niA; | effectiveness
i=1 on facade | =1 (%) i=1 (%)
(%)
Al (15%) 1.67 35.0 0.44 73.4 0.13 92.0
A2 (30%) 2.44 50.6 0.79 67.7 0.27 89.1
A3 (60%) 3.97 82.4 1.69 57.5 0.66 83.4
A4 (100%) 4.82 100 2.53 47.4 1.51 68.0
Total WDR reduction (%) 47.4 68.6

3.3.5 Wind speed effect

Given that wind speed and wind direction signifibamfluence the wetting pattern on facades,
the effectiveness of overhang is analyzed with e@espo wind speed and wind direction. To
establish the correlation between the overhangtfgness and wind speed, only wind with
incidence angles within +25s considered. As shown in Figure 18, there isrecticorrelation

between the wind speed and the percentage reductaaich ratio for both overhang widths.

In general, the protection provided by the overhdagreases with the increase of wind speed.

The 0.6 m overhang is able to significantly redtheeamount of WDR deposited on the top edge
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of the facade (EN1, EN5, EN8) for low wind spee@8 to 100%). This protection drops
significantly for higher wind speeds of 2 to 4 nfB€ to 70%) and again, albeit less drastically,
for wind speeds greater than 4m/s (40 to 60%). geéheges further down the facade (EN3, EN4,
EN7, EN9) receive little to no protection from tBe6 m overhang during higher wind speeds.
The 1.2 m overhang totally eliminates the WDR dépdson the top edge of the facade (EN1,
EN5, EN8) for low wind speeds (100%). This protectremains significant for higher wind
speeds of 2 to 4 m/s (90 to 100%) and for wind dpegreater than 4 m/s (80 to 100%).
Compared to the 0.6 m overhang, for gauges furtlosyn the facade, the 1.2 m overhang
remains quite effective for higher wind speeds db2 m/s (40 to 70%) and for wind speeds
greater than 4 m/s (20 to 60%). The wider overhastgonly provides more direct shelter but is
also more effective during periods of higher wipeeds.
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Figure 18. Percentage reduction in catch ratio vaipect to wind speefl= 0 + 15° on east

facade: a) 0.6 m overhang and b) 1.2 m overhang.
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3.3.6 Wind direction effect

Figure 19 shows the overhang effectiveness withe@sto wind direction for gauge locations on
the east fagade. The following approaching windestpwards the east facade are considered:
60° (left of the normal), 30° (left of the norma0; (normal to facade), and 30° (right of the
normal), as shown in Figure 19. All wind speedscamsidered due to the limited number of data
for oblique wind angles.
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Incidence wind angles towards the east facade.
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Figure 19. Overhang effectiveness with respectitmwlirection: east facade: a) 0.6 m overhang

and b) 1.2 m overhang. (Note: EN4 gauge was maifumduring this period).
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The influence of wind direction on the overhangeefiveness is not as consistent as the

influence of wind speed, however, a few generaldseare observed.

In general, the overhang is more effective in r@aydVDR for oblique winds. For the 0.6 m
overhang, the significance of the wind approachamgles on the effectiveness of overhang
depends on the location. For locations better pteteby the overhang, the general trend is that
with the increase of wind incidence angle the prtote provided by the overhang increases with
the least protection being for wind normal to theade, such as the central locations EN5 and
ENS8. For less protected locations at the edge (ENEN3), when wind coming from the
southeast (left), i.e. these locations at downstiresith the increase of wind incidence angle, the
protection provided by the overhang increases. é&@mple, the effectiveness of overhang
increases from 60% at incidence angle of 0+15°0%b &t incidence angle of 60+15° for EN1.
However, when the wind coming from the northeagih(y, i.e. these locations are at upstream,
the protection decreases with the increase of @amud angle. For example, the effectiveness of
overhang for EN1 is reduced from 60% at incideneglea of 0+15° to 50% when the wind

incidence angle increases to 30£15° from the naghe

The trend observed above is more consistent foi .then overhang. Locations EN5 and ENS8 are
fully protected by a 1.2 m overhang, therefore,dffectiveness is almost insensitive to the wind
incidence angle. Locations EN6, EN7 and EN9 are¢ebgirotected compared to the 0.6 m
overhang, therefore, the effectiveness increas#s the increase of wind incidence angle with
the least protection being for wind normal to tlaeade. For example, the effectiveness of
overhang increases from 95% at incidence angleed50to 100% at incidence angle of 60+15°
for EN1. For locations at the northeast edge (EBIEN3), the least protected locations, the
effectiveness increases with the increase of was@lence angle for downstream wind, while the

effectiveness decreases with the increase of incglangle for upstream wind.
4. SUMMARY AND CONCLUSIONS

Although overhangs are a classical approach ineptiolg building facades from rain, the
effectiveness of overhang in reducing WDR wetting boiilding facades has never been
quantified. This is the first field experiment knowo the authors that quantifies the effectiveness
of overhang through field measurements by fittingtaactable overhang on a six-story building.

This building is instrumented with a high resolatiof customized WDR gauges on the facade
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facing the prevailing wind direction. On-site weathdata and WDR on facade have been
collected over two years for three periods with amthout overhang. The effectiveness of
overhang, defined as the percentage reductiontoli catios with and without overhang, is used.
The effect of overhang width on WDR wetting is as&el using two methods: similarity and
symmetry. The similar meteorological charactersst€ wind and rain during periods with and
without overhang allows the use of similar rainr@geto compare catch ratios with overhang to
those without overhang. The predominantly easterhds during rain results in a more or less
symmetrical wetting pattern on the east facadegetbee, a symmetry approach is possible. The

main findings are:

« Similarity and symmetry approaches are used andl gogreement between these two
approaches is obtained.

» For the particular climate in Southern British Guhia, Canada, characterized by long rainy
winters with mild wind and rain, the overhang ifeefive and significantly reduces WDR for
this six-storey building, especially for areas umgath the overhang. As expected, the larger
overhang provides greater protection.

0 The effectiveness of overhang decreases when mdrongthe upper edge towards the
ground and from the centre towards the side edg¢jeeofacade.

0 The relationship between overhang effectivenessthaddistance from the roofline is
quasi-linear with a smaller gradient for the 1.2werhang.

0 The protection area can extend to 25% of buildieiglmt from the roofline for both 0.6 m
and 1.2 m overhang.

o Given that over 50% of the total amount of WDR ing®d on the facade is received by
the top 15% of the facade area, overhangs thastealter the top 30% of the facade area
can effectively protect the facade from WDR wetting

» The effectiveness of overhang is influenced by wspéed and wind incidence angle. The

effectiveness increases for oblique winds but de&e with the increase of wind speed.
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Highlights:

Effectiveness of overhang on reducing WDR wettih@ gix-story building is quantified by
field measurements

Similarity and symmetry approaches used to evalttaeeffectiveness of overhang show
good agreement

Larger overhangs provide greater protection andeption increases from the side edge to
the center and from the bottom to the top of tigadie

The relationship between overhang effectiveness disichnce from the roofline is quasi-
linear with smaller gradient for the larger overgan

Effectiveness of overhang increases for obliqued&ibut decreases with the increase of

wind speed



