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ABSTRACT

WIND LOADS ON LOW -SLOPE ROOFS OF LOW-RISE AND MID -RISE
BUILDINGS WITH LARGE PLAN DIMENSIONS

Murad Aldoum

The present study examines wind loads on$tape roofs of lowrise and mierise buildings with

large plan dimensionsl{8 m) to investigate the suitability of wind provisions of the North
American codes and standards to such buildiBgaminationof such buildings is necessary since

the wind provisions of the North American codes and standards were established based on wind
tunnel studies involved in the determination of wind kad buildngs with common plan

dimensions, i.e. less th&® m.

The size of roof pressure zones and the magnitude of pressure coefficiknsstopedroofs of
low-rise and mierise buildings with large spans have been examined experimentally in the wind
tunnel ofConcordia University. Three building models were constructed at a length scale of 1:400
with identical plan dimensiond{8m x 118 m) and different heightss(m, 10 m, and20 m). The
models were tested simulatedopencourtry and suburban exposures for 7 wind directionis: 0

15°, 3(°, 45°,60°, 75° and 90°. Me pressure measurements have been presented in terms of
contours of enveloped pressure coefficients, local pressure coefficients, aravexrsged
pressure coefficient3.he results of the current study have been compared with previous studies,

full-scale da# and the wind provisions tfe North American codes.

It was found that the magnitude of external peak pressure coefficients recommended by ASCE 7
16 for lowsloperoofs of lowrise buildings are much higher than the experimental findings and

using those recommended by ASCEXis safe and moexonomicafor large lowrise buildings.



Also, for buildings o8 mheight or more, the corner zone should be sized aicgptd ASCE 7
10 and NBCC 2015; and shaped based on ASCE& 7

Moreover, for lage lowrise building with lowheights, sayp m, it was found that wind loads on

the roof corner are approximately equal to those on the edge zone. Exceptions-fize low
buildings with large configurations and leglope roofs are proposed for ASCE 7 and NBBC
regarding roof pressure zones and the magnitude of cladding and components prtnal

pressure coefficients.
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Chapter 1

Introduction

1.1 General

Wind is our friend and enemy at the same time. It is a friend when emplogeeigy production
through wind turbines, at which the kinetic energy of wind is converted to mechanical, power
which in turn isused to generate electricifijhe installed power generation was greater than 440
GW in 2017, and it is anticipated to increase2020 and surpass 720 G\Blgabjerg and Ma
2017). Another advantage of the wind is igbility to diffuse the air pollutants produced by
industrial factories through threchimneysaway from the urban areashich makes the breathed

air healthy and plesant.The wind hasalsobea used in the mists of the timep assist sailors to

move with their ships acroseasandoceans.

On the other hand, the wirftbw impacts buildings and structures and induces loadthen
components, such as roofs andlgiandhits at thestreetlevel andmay cause discomfofbr the
pedestriansin these case, the wind is an enemy and it shoulddseounted for irthe design of

buildings and other tygeof structures, as well as,unban planning.

Design criteria forbuildings vary depending on the height, whether it is ariee building or a
high-rise building. In fact, the prediction of wind loagatterns and magnitudes is more
compicated for lowrise, because buildings with low heighdse situated in the lowgrartof the
atmospheric boundary layer where thimd velocity gradientwind turbulence andvind flow

unsteadiness ategh.



Furthermoremost of the existing buildings around the world are-ltse buildings and md
damages of lowise buildings cost &t. This highlightsthe necessity and the importance of
investigating the wind loads on lerse buildings in order to providsafeand economial design
for such buildings Figure 11 presents roof damage of relatively new Jage buildings in
Tasmanacausedy awind storm in April 2017. Figure-2 shows severe roof damage @§abled

roof building caused by heavy winds in Chicag

Figurel-1: Roof damagef anew buildingdueto awind storm inTasmaniaApril 2017
(http://www.abc.net.au/news/20:D8-27/theroof-peeledbackfrom-a-housein-kings-
meadows/8475332



Figurel-2:.Lar ge roof damage of gabl ed roof HaMAprildi ng ca
2016 pttp://www.skylinenewspaper.com/wirdormrips-roof-from-apartmenbuilding/).

1.2 Problem gatement

Low-rise buildings are constructed widely with a regular plan size (§®tm or200 ft) for
residential, industrial and commercial purposes. However, numknusse buildings are built
with large plan dimension@gnore than 60 m or 200 ftpr specificpurposes at which large areas
arerequiredto satisfy the function of the buildingarge buildings are constructed with l@lope
roofs (0° < slope < 7) or flat roofs.Examples argrain storage buildings, commercial poultry
breeding buildings and large shopping centersMost often, arge lowrise buildings are

constructed with lowslope roofs.



To design these types tw-rise buildings against wind loads, the structural designer should
follow the guidelines and recommendations of the currenéscadl standardsHowever, wind
provisions of the current codes and standards wstablished based on extensive wind tunnel
studies concentrated on testing regular sizedrlsevbuilding models, and none of the studies had

investigated the wind effects onalerise buildings of largeimensions

The necessity of examining wind loads on buildings of large plan dimensions arises since wind
provisions of the North American codes were constructed based on studies conducted on buildings
of regular sizeAn elaborated wind tunnel study should be conducted on large roof models to
assesdesuitability ofwind provisionsn the North American codes and standdoadarge low

rise buildings regarding the economic aspect and the structural. safety

1.3 Scope andobjectives

The main scope of theresentstudy is to compare the experimental findiofjishe present study
with the North American codes and standafals low-slope roofs of lowrise and midrise
buildingswith large configuration®etailed objectivesf the present study nde summarized as

follows:

1. To compare the wind provisions lofv-sloperoofs of low-rise and mierise buildings in
the North American codesncluding ASCE %10, ASCE 716 and NBCC 2015
regarding the roof zonal systems and the renended wind loads

2. To examine the spatial distribution of wind loads on-klape roofs of lowrise and mid

rise buildings of large plan size.

3. To evaluate local and areaeraged wind loads on lestope roofs of lowrise and mid

rise buildings of largelpn size



4. To compare the experimental findings of the present study with theschlk
measuements of wind pressures on experimental building of Durbast roofing Inc.

in lowa sitecarried out by NRC

5. To compare the results of the present study wli recommended wind design
provisions for lowslope roofs of lowrise and mierise buildings in ASCE-10, ASCE
7-16 and NBCC 2015

6. To assess the suitability of roof zonal systems and design wind pressure coefficients of
the North American codes andastard to low-slope roof buildingsof large plan

dimensions

1.4 Outline

Chapter2 presents the wind engineering basics including wind speed, atmospheric boundary layer,
turbulencewind spectrum, and boundary layer wind tunnel. Alee,contribution of pasttudies
in the characterizatiomnd identiication of the wind effects on buildings and structures is

presented

Chapter3 introducesandcompareshe windprovisionsof low-slope roofs in the North American
codesNBCC 2015, ASCH-10 and ASCE 416. The roof zonal systems of lesse and mierise
buildings provided by each codwe presented, and the factors tmattributeto thedesign pressure
calculations are presented as well. Further, a comparison between the componelaigdamyl ¢

pressure coefficients recommended by eacle sopresented

In Chapter 4, the boundary layer wind tunnel of Concordia University is descriloedaih and
the simulatiorof terrainexposures in the wind tunnel is present&slwell as, the measurement

techniques of wind speed and the characteristics of wind speed profile for each terrain exposure



A full description of the building models is includédso, the pressure measuremsystem used
to record the wind pressurea theroofs of the models described.d addition, the methodology

followed to analye the recorded wind pressures is described.

In Chapter5, the results of the present study are presented in terms of contours of enveloped
pressure coefficientdpcal pressure coefficients, and araeeraged pressure coefficienfdso,

comparisons with previous studies and-dhle data are presented.

Chapter 6 presents comparisons between the results of the present studynand ginevisions

of NBCC 2015, ASCE -0, and ASCE 716. The comparisons were performed for the area
averaged pressure coefficients for all the pressure zones specified by each code. Additionally, the
spatial distribution of wind loads over the roof obtained from the present study was comiiared

the roof zonal systems of the NoAmericancodes

Finally, Chapter7 providestheconcludedremarks of thgresent study and addres$asire work

recommendations.



Chapter 2

Literature review

2.1 Wind

Wind isthemovemenbf air atlarge scales frorhigh-pressureareatowardareas ofow pressure

It is well known thathe solarradiationreceived by earth surface is very hghthe equatoand
decreases from the equatowardthe poles. As a resulemperature differencexcur, whichin
turngeneratgressure gradiesitwhichconsequentlgausemovemenof large air masses to form
theatmospheric circulations or simpilye fiwindo. This is the basic process$ which thewind is
geneated however, othefactorscontributeto wind configuation includingtemperature change
during the four seasongeological and topographétfectsand rotation othe earthabout itsown
axis The latter affects the windirection by causing a deflection in wind path to the right in the
northern hemisphere and to left in the southern hemispbecause of Coriolis force.

In literature, vind speeds besiguantified using the weknown Beaufort scald.able2-1 presents
theclassification ofwind according tavind speed range and the corresponding Beantortber

Also, the description and the effeot wind are stated for each type, for instander Beaufort
number 2thewind is classified as ght breeze (1.1 2.3 m/s),at which thewind is felt on the
face

There is a confusion in winds names, howevendvean be divided into two main categories
planetary winds and periodic wind®lanetary winds are the air circulations which blow
contiruously all the yeaover continents and ocearsnd include three typesrade winds,
westerliesandpolar easterliefRlanetary winds are also called primary winds or permeant winds.
Periodic windsblow at a particular time of the day or a particularssgasuch as land and sea

breeze, mountain and vallegreezeshurricanes, tornadpandmonsoons.
7



Table2-1: Beaufort scalgafterBaniotopoulos, C.Cet al.(2011)

Beaufort Description Wind speedat 1.75 Effect
number m height (m/s)
0 Calm 0.071 0.1
1 Light air 0.21 1.0 No noticeable wind
2 Light breeze 117 2.3 Wind felt on face
3 Gentle breeze 2.41 3.8 Hair disturbed, clothing flaps, newspaper difficult to
read
4 Moderate breeze 3.91 5.5 Raises dust and loose paper, hair disarranged
5 Fresh breeze 5.61 7.5 Forceof wind felt onbody, dangerof stumbling when
entering a windy zone
6 Strong breeze 7.67 9.7 Umbrellas used with difficulty, hair blown straight,
difficult to walk steadily sideways wind force about
equal to forward walking force, wind noise on ears
unpleasant
7 Near gale 9.81 12.0 Inconveniencdelt when walking
8 Gale 12.17 14.5 Generallyimpedes progress, great difficulty with
balance in gusts
9 Strong gale 14.67 14.1 Peopleblown over by gusts




2.2 Wind engineering

Wind engineering is best described as the rational treatment of the interaction between wind in the

atmospheric boundary layer and man and his works on the surfaagifCermak, 1975).

Wind engineering mainly concerns in evaluating winduced pressures on structures, hence, two
elements are involved in calculating these loads; wind, a gaseous fluid, and structures. Therefore,
fluid and structural mechanics are needed to comprehendemigideering and understand the
interaction between wind flow and civil engineering structures including buildings, chimneys,

signboards etc., or mechanical engineering structures, such as planes and cars.

Naturally, wind flow near the earth surface isidbulent flow because of exposure roughness, and

the turbulence is magnified when the wind hits obstacles, such as buildings or trees and separates
to cause extra unsteadiness in the wind flow regime, which in turn generates high fluctuating wind
inducedpressures on structures. As a result, the wind flow regiecems very complex and
impossible to be quantified. This makibe evaluatiorof wind-induced pressures on buildings

using computer models, which is known as computational fluid dynamics (CR)sted. The

best proxy to obtaineliable estimatesf wind-inducedpressures is accomplished by either-full

scale measurements of wind pressures or testing building models in boundary laytemnwatsl

since these techniques reflect and simulate the actual wind flow regime and its interaction with
buildings.

Wind provisions in the current national codes and standards were formulated based on extensive

wind tunnel experiments conducted on various tyfpesroctures.

2.3 Atmospheric boundary layer

In the 187G, the English engineer William Froude conducted experiments in his laboratory by
towing a thin plate in still wateo figure out the effect ahefrictional resistance ofhe moving
9



plate on the stilivater,Fr ouded6s wor k brought the concept o
field. The boundary layer term was introduced by the German scientist Ludwig Prandtl for the first

time in 1905, after hiextensive experimental wodnlow viscosityfluid flow to a solid boundary.

Aln the atmospheric context, it has never been e
Neverthelessa usefulworking definition identifies the boundary layer as the layer of air directly above the

Ear t h 6 ontisne gcdldass than a day, and in which significant fluxes of momentum, heat or matter

are carried by turbulent motion on a sc@hmmtt,of t he
1994).

AWhile dealing with aotWwolparwinteracting onleach dtherr on one siddiwer i d e d
have the Afree fluido, which is deal't with as if
theorems, and on the other side the transition layers near the solid walls. The motion afy#érssks |

regulated by the free fluid, but they for their part giwehe free motion its characteristic feature by the

emi ssi on v(@randd,1905)heet s o

In other wordstheatmospheric boundary layaray be simplified as the part of air circulation that
passeglirectly above the earth surfacehich isaffected by the friction of the ground roughness
to producea layer of wind with a varying spe€ebthe layerstarts withalmost zeravind speed at a

point very near to the ground surface. height = Qand ends with a value equal to the speed of

the unaffected windtream at a height far from the surface of the earth.

Figure 21 depicts the vertical mean wind speed profile in the atmospheric bouaglaryAs
shown, the mean wind speed is zerthatarth surface and increagxponentially wititheheight
(2) until the air stream is no longer influenced by the ground roughness at akmaigimtasthe
gradient heigh{® ), andthe mean windvelocity atthe gradient height is called gradievelocity
(6 ). Gradient height can be definedtas limit that separatefe air flow affected by ground
roughness and the free stredvfean wind velocity above the gradient heightgsumed to be
constant and equals to the gradient velocity.

10
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Figure2-1: Vertical wind speed profile in the atmospheric boundary layer.
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2.4 Wind velocity and turbulencein the atmospheric boundary layer

2.4.1 Wind velocity

As explained in the previous section, wind velocity in the atmospheric boundary layer varies with
height up to the gradient height, therefore, atmospheric boundary layer coukiigzed asa
curve that showthe variation ofwind velocity and boundedabove by the gradient heigand

below by the earth surface.

Gradient heightand variation of wind velocitgdepend on the ground roughness or the exposure
Exposure could be very smooth, ioeeans, or very rougbuch as city centers and industrial area
Wind velocity is estimated using the power law by some engiréessan empirical formula and

hasthe following form for mean wind speed:

. _ (2.2)

where6 is the mean wind speed at heighandUis the mean speed exponéFaple2-2 presers

typical values of pametes in the wind speed profiléor different terrain exposure$he gust

speed exponefti s used instead of U in edpeamdeinalh 2. 1 \
should be nad that both the gradient height and the speed exponent are higher for ther roug

terrain exposure. Ais indicates that wind speed at heiignear the earth surface, satyl0 m, is

higher in smooth terrain exposure thaind speed imoughterrain exposure.

Equation 2.2 presents the logarithmic Javhich had been establistibased on physics and used
widely by engineers and meteorologigisestimate the wind speethe lbgarithmiclaw is valid

in the bottom of the boundary layer (up to 30% of the atmospheric boundary layer).

12



6 ;P

(2.2

where 6’ is the friction velocity which is equab p ¢ & fi for extreme wind, and& is the

roughness length whidk defined as the height fino earth surface at which the speed of the wind

is no longer zeroRoughness length sfunction of terrain exposure and higher for the rougher

terrain.
Table2-2: Typical wind speed profilparametes, from StathopouloandBaniotopoulog2007).
Mean Gust
Terrain ) o Gradientheight Roughness speed speed
Terraindescription . i
category w (M) length,a (m) exponent| exponent
U b
1 Open sea, ice, tundra, deser 250 0.001 0.11 0.07
Open country with low scrub o
2 300 0.03 0.15 0.09
scattered trees
Suburban areas, small towns
3 400 0.3 0.25 0.14
well woodedareas
Numerous tall buildings, city
4 centers, well developed 500 3 0.35 0.2
industrial areas
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2.4.2 Turbulence

fiTurbulence is an irregular motion which in general makes its appearance in fluids, gasigaids ahen
they flow past solid surfaces or even when neighboring streams of the same fluid flow past or over one
a n ot Faglor @937).

The turbulencén the damospheric boundary layer results from frictional forces between wind flow
and roughness of terrain exposwrewell asthe shear forces that developed within the flow itself
this is called mechanical turbulence. However, m@blogical turbulence (corective air
movements contributego the overdlwind turbulence buit is minorat high wind speeds the

atmospheric boundary layer.

Wind turbulence is greater for the rougher terrain exposure, for insthetarbulenceof wind
flow passes over urbaerrainexposure is higher thaarbulence ofwind flow that passes over
open country exposuré&rom the height aspect, turbulence decreases with height since the effect

of ground roughness is mitigatedrasvingfar fromthe earth surface.

Figure2-2 shows the wind speed when recordedlfdsecondsn the wind tunnel of Concordia
Universityat height of 5 centimeters in the wind tunnel sciilean be observed that wind speed
varies due to wind fluctuatiorsaused by turdance;the dashed line represents theanwind

speed over 10 seconds. As shown, wind speed at any instant is equahéatiaend speed plus

wi nd s peed .Fdrtheanbre, thé maximumvivind speed occurred over the 10 seconds

is called gust peagpeed within the 10 seconds.
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Figure2-2: Wind speed recorded ovaperiodof 10 seconds in the wind tunnel of Concordiziversity

at height of 5 cm in the wind tunnel scale

Wind turbulence can bguantified bythe turbulencantensity whichcan be defined as tiséandard
deviation value ofhe fluctuating speedwith respect to the mean wind spebtkan wind speed
has three components when considered inCdmesiancoordinate; longitudinal (xjparallel to
wind direction) vertical (y) andateral(z), the last two components are very smadicordingly,
vertical andlateral turbulence intensitiesnay benegligible, whereas longitudinal turbulence

intensity 5 major and takes the form efuation 23.
Nw , OT6; (2.3)

where;
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‘O ® : the longitudinal turbulence intensity at height Z.
. @ :standardleviation of fluctuahg velocity at height Z.
6 : mean wind speed.

In addition to turbulence intensity, turbulent flow may be described by the gust size or the so
called integral length scale, which represents the average size of large vortices ftowind
Integral length scale can be evaluated in three dimens$oongtudinal(parallel to wind direction),
vertical and transvers&ust size in vertical and transvemirections is very small, on the other
hand, longitudinaintegrallength scale is gnificant and of great influence on the assessment of

wind-induced loads on buildingad carbe calculated in accordance with equaoh

l’) )VT (2 _4)

Where:
0 : longitudinalintegrallength scalén the longitudinal direction

'Y 1 :autocovariance function of the fluctuation velocity.

A T h e o raedlysiscamnd prediction of turbulenteve been, and to this date still is, the
fundamental problem of fluidynamics, particularly of computational fluid dynamics (CFD). The

maj or difficulty arises from the random or

16
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Obviously, turbulence igery complicated and varies with plageddime, therefore, it can not be
guantified by deterministic equations the available turbulence models are considered as
approximations of the turbulence proce$te dsenceof precise turbulence moldemakes
Computational fluid dynamics (CFD) untrusteetthodology to estimate wind loads

2.5 Wind spectrum

Wind spectrum represents the frequency content of wind speed vari&opagion 2.5 presents
the wind turbulence spectrum model of Von Karmamwmn\Karman spectrum gives a good

description of wind turbulence spectrum in wind tunnels

where

n: frequency.

S(n): spectral density function flangitudinalcomponent.

In addition, the following a proposednodels of wind turbulence spectra:

- Ka i mwaihd&mectrummodel

7 26
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- Da v e n pvind spe@itaimmodel

i N
7 2.7
where6 is the mean speed at 10 m height, k is the surface drag coefficieint anthe
longitudinal integraléngth scale and can be approximated to 1200 m.
- Harris wind spectrum model:
i N
28

Where0 equals to 1800 m.

Figure 23 showsthe full wind spectrumafter the workof Van der Hoven (1957)n the figure,
spectral density function is plotted versus frequency/period, and wind d@seylggervedn two

man humps, the firsts at period = 1 min, which idue to turbulence (wind gustis® and the
secondat 4 dayg this is associated to various weather systdesveen the two humps, tieeis

a gap with low wind energy.his gap clearly distinguishes between mean speed and gusts. Also,
if the averaging time for mean wind spéedpeciied to bebetween 10 min antlhr, stable values
would be obtainedrurthermore, wind energy is high afrequencyof 0.01 Hz and attenuated
significantly at frequencies greater than 1 Hz, which means that buldinly fundamental

frequency more than 1 Hz would be subjected to negligible resgnbacg occurs.
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2.6 Boundary layer wind tunnel

At the outset, winceffecs on structures and machines wevaluatedusing aeronauticaivind

tunnels at whiclthe testedmodd receives the same wind speeoh all its componentsThis

technique fails to estimate thetualwind effects orstructuresince it does not represent the actual

wind flow abovetheearthsurfacei The correct model test fcasried phenon

out in a turbulent boundary layer, and the mddel requires that this boundary layer be to scale as regards
t he vel ocJdensgn (P968).iRinéne kesearctof Jensen emphaed the need for more

accurate simulation afatural wind inthe dmospheric boundary layeas opposetb using the

uniform flow in aeronautical wind tunnels.

ASi mul ati on

and spectra (both shape and scale) of the ingividomponents of turbulence and their higher order

correlations

of turbulence characteristics of

( Bawgnpoot lanidsisywsmov @ 363Pekn)tedy, simulation of wind

profile does nobnly mean tosatisly the similarityof vertical wind speed distributian the wind

tunnel and the naturalind, alsq the turbulence characteristics should be sinaitawell

POWER SPECTRUM n.S(n)

MESOMETEOROLOGICAL

=s— MEAN WIND GUSTS ==

MICROMETEOROLOGICAL

STORM
BREEZE
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Figure2-3: Wind spectrunafter Van der Hoven (1957).
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In all kinds of wind tunnels, whether itéosedcircuit or opercircuit, more advantage would be
accounted for the longer wind tunnels, however, cost and space availability play a significant role
in restricting the dimensions of wind tunnéfsorder to have an effective wind tunnéle distace

from the wind blower to the testing section should be long enough to develop a wind flow at the
testing section that would be representative to thestale flow Also, the crosssection
dimensions of the wind tunnshould bedetermined such that ttiectional forces between wind

flow and ceiling and both sidewaNgould havenegligible effects on the wind flow at the tested

model.

Testing buildings in wind tunneftequireshavinga building model scaled with appropriate length
scale factor, such that the length scéleg scaleand velocity scale of the wind tunnel would
satisfy the fullscale condition. Also, the terrain exposure should be simulated, and that can be
achieved byfurnishing the wind tunnel floowith suitable roughnesslementsFor instancefo
simulate open country terrain eogure, the floor of the wind tunni furnishedwith a rough

carpetto reflect the effect acinunobstructed land

The function of Boundarlayer wind tunnels is tproducerealisticinformation about wind and
wind effects on structuresuch asvind pressuren buildings wind speedandwind patternsThe
development of boundary layer wind tunnels has ead¢he knowledge in wind enginewg field
and provided the structural engineers with the necessary inforntag@andingwind loads to

design safe and economic buildings.

2.7 Component and claddingwind loads on low-sloperoofs of low-rise

buildings.

A large percentage of the existing residential and industrial buildings areisevbuildingsthe
height of whichdoes not exceed 20 m (65 ft), and thereftitrey aremmersed in the bottom of
the atmospheric boundary layghere the wind turbulence is extresnigh. This fact indicates
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the complery of calculating wind loads dbw-rise buildings. Furthermorehe variety of low

rise buildingshapes and sizawagnifies the difficulty of evaluating wind pressures on their
componentsfin several aspects, hova, the determination of wind loads on loise buildings is more
difficult than in the case of tall buildings. This is due to the variety of geometrical configurations of these
buildings and their surroundings and to the increased turbulence and watigspdient to Wich they are
exposed becaus e Stathopoos (1682).ow hei ght o

AWind |l oads on components and cladding (C&C) are |
Because of the combination of turbulence in the wind and aliaran of building aerodynamics, high

magnitude pressures can occur over the relatively small areas associated with building components. In
contrast, the main structural system responds to pressures acting on multiple surfaces such that the highly

localized intense pressure fluctuations are attenuat ec
Kopp and Morrison (2018).

2.7.1 Wind loads

It is very difficult to quantify the wind load in terms of a force at ac#jgepoint on a structure.

Wind loads arealculated in terms of wind pressure at a certain area of the structure which can be
defined as the winthduced forceuponan areanastructure after the wind impacts the structure
According t o B,darinvisaidl steadg and ipotathahflow,the tagal pressureas

the same valuat any pointwvithin thewind flow (see equation 2.9)

~

0 "0 " QODMEET OME O 2.9

where” is thedensity of air U is the static pressure, the middle term is knowthawelocity

pressure othedynamic pressurand the last term is called the elevation pressure.

Wind flow separates when it impadbarp edges buildisgknown asbluff bodesin traditional
aerodynamics. fie separation happens at windward corners as shdwguire 24, whichpresents
wind flow arounda rectangular building.Ais phenomenon divides the wind flow inteotregions

the inner flom(wake)where the flav is viscous and the outer domain flevkere viscosity has no
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effects and Bernoullids | aw i s malwdrtices lyel e .

known asshear layer.

Dynamic pressure is zero at the middletloé windward wall, which producesaccording to
Ber noul | i Bemaenpum eomprassive prassure; this point is knovetegmation point.
At the windward corner (point 2), the wind flow is accelerated, andttiepressure becomes
lower than thestaticpressure at the stagnatipnint, i.e. negative pressure, to produce suction

pressure at the corner.

BERNOQULLI'S
FEQUATION
VALID

STAGNATION
POINT
Vy=0

Py =P +1/2 p¥?

BERNOULLI'S
FREESTREAM b EQUATION
p+1/2 p¥¥= Const, ; i a NOT VALID

V: »V
inp

Figure2-4: FHow aroundrectangulabuilding, from Stathopoulos (2007).

In wind engineering and most of standards and codgsaufce, e.g. ASCE 7wind-induced

pressures are presented usw@jmensionless number known as pressure coeffi¢@ntwhich

can be defined as the winadduced pressure normalized with respect to the dynamic pressure of
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the free streanThe windinduced pressure is the difference betwempressuren the building
and the atmospheric pressuBa s e d o n B e r n,tha fothl préssureatpaina intheo n
free stream is equ#d the total pressure at point 1kigure 24, andB e r n o aquidilon bécemes

~

o eed e A 2.10

C

Consideringthe same level for the two points and knowing that the velocity is zero (1) at

point 1(stagnation poinf)Equation 2.0 becomes:

2.11

C
C
C

)

Finally, the pressure difference is normalized by the dynamic pressure of the free swbtamto

the pressure coefficiedefined inEquation 2.12.

o) —_ 2.12

During wind flow and due to wind speed fluctuations, wind pressure varies accordingly, and two

values of pressure coefficiemire considered; mean pressure coefficient ( ) and peak

pressure coefficiend ), defined as follow:

2.13

O=

o) _— 2.14
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2.7.2 Spatial distribution of wind loads on l@lpe roofs of lowise buildings.

Generally,aswind flow passes over a building, produce suction pressures ats roof. High
suctions occuat locations neaflow separationbecause ery high wind speeds and gradients are
generatedeadingthe wind pressure into extremely high negative pressure or satioording

to Bernoul.li 6s equation)

For a rectangular building, wirgkparation happerat roof edges arcornersConsequently, large
suctions occur on the areas near the windwardsaige corners on the roddn the other hand,
low negative pressure is developed within the middle area of theAwmdrding to the wind flow
nature over the roothe pressireis assumed to be considered in three zoo@ser zone, edge
zone andinterior zone Hgure 25 shows th@ressure zonem the roof with two dferent shapes

the L-shaped corner and the square corner. However, wind pressure is the highest inghe co
zone, whereas wind pressure is high in the edge zone but lower than theeptessloped in the

corner zone. The lowest wind pressure ogénithe interior zone.

The size of the pressure zones dependbh®mimensions of the buildinge. height width, and

length, and it is usually expressed as a fraction of the building dimensions. A recent study by Kopp
and Morrison(2018)concluded that theoof pressure zonesolely depend on building height for
buildingswith low-slope roofsand the study waadoptedby the ASCE 716. On the other hand,

most of the previous studiesncludedhat the plan dimensiomsesignificantfactors; theyaffect

the distribution of pressure on the roof and indeed affect the size of the pressure zones.

For curved buildings, such as circular tanks and chimmepsl separatiomoints are difficult to
belocated they depend oa dimensionless parameter knownRas/nolds number 'Y , (ratio of

theinertia forces to thgiscousforces in the fluid flow)
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Figure2-5: Roof ressurezones

2.7.3 Previous research and studies

In the1970s a legendary and comprehensive researtharield ofwind effects on buildings was
performedn the boundary layer wind tunnel of University of Western Ontdhecreditbasically
returrsto Alan Davenport, who constructed the wind tunnelsatisfied the necessary conditions
for proper simulation of the turbulent atmospheric boundary layar 1979, Stathopoulos
published his doctoral thesi$ Trbulent wind adbn on lowr i s e b uirenthikable s 0 ,
publicationwhich created a basic source tmdes and standards to formulétte provisions of

wind loads. The currentind loadprovisions of Mrth American building codes and standards are
mainly based on Stathopoulos (1979his section presentsumerousstudies conducted to
investigate wind loads on lewse building with lowslope or flatroofs
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Stathopoulos (1979) studied the wind loadsine low-rise building models with different sizes

and roof slopesundertwo terrain conditionsn the wind tunnelat the Universityof Western
Ontaria Stathopoulos (1979) used the pneumatieragingtechnique(Surry and Stathopoulos,
1978) to evaluateareaaveragedwind pressures. This study provided adequate datahfor
codificationof wind loads on lowrise buildingsincluding themagnitude of pressure coefficients
andthe size of roof pressure zonéisshould be noted thapyior to this study, thesize of roof
pressure zonesagused to be determined as a function of building width only, and Stathopoulos
was the first researcherho considered the building height as an important factor that should be

taken into account when determining the roosptege zones.

Stathopoulos and Surry (1983) investigateziscaling effect on wind loadeasurements on lew

rise buildings The study concluded that a change in building model scale with a factor of 2 would
result in a 10% error in the measured d&tae-of-the-art papers andeviews of wind loads on

low buildings have been published by many researchers, e.g., Stathopoulos (1984), Holmes (1993),
Krishna (1995) Kasperski (1996) and Uematsu and Isyumov (199®thopoulos (1984b)
presented wind pressuneeasuremertechniques and highlighted the important factors on wind

| oads and wind tunnel experiments, e.g., geom

iThere has been some controversy in wind enginee
measured on fl at ISathdpouns [887). Studies shawed differerices in the
magnitude of pressure coefficients on flat roof edges ancergraome studies resultedhigh
pressurecoefficients e.g. Kind andWardlaw (1979),and otherstudies on low pressure
coefficients,e.g. Stathopoulos &l (1981). Researchersuggested two explanations for these
discrepancieghefirst is that eachtsidy was conducted undeifferentsimulation conditionand

the other explaation is the different locatioof pressure taps in thieof of themodel.

The latterexplanationwvas investigated by Stathopoulos (198If)e study used distinctiveflat
roof modelwith a length scale of 1:40€quippedwith 224 pressure taps distributed extensively
on cornerandedge zones in four row$he first rowof pressure tapainlike thelocation of taps

in theconventionamodelswas very near to the leading edge (0r#). The model was tested at
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the wind tunnel of Concordia University in a simulated open country exposurg@avitar law
exponent ©0.15. Stathopoulos (1987) concluded that the location of pressure taps with respect to
the leading edge is very importaahd pressure coefficients measui@doblique wind direction

on edge and corner zore® higher irthe order of 2 and timesthan those evaluated using models

equippedwith pressure taps iconventionalocation.

Cochran and Cermak (1992) conducteddmvinnnel experiments on two models of Texas Tech
University (TTU) experimental building in the wind tunnel of Colorado State UniveTsigT TU
experimental building is gabled roof lowise building witha small roof slope of 1:60, the
dimensions of théuilding are 9.8n x 13.7m x 4 m. The geometric scales used to construct the
models were 1:50 and 1:100 and the resulted data were compared wsttafelineasurements of
TTU experimental buildingThe resuls of this study showed that mean pressureffaoents
measured on both models agree well with thedadlle datahowever, discrepanciesisewhen

the peak suction values are compared with thesfidle data. In addition, Cochran and Cermak
(1992) noticed a reduction in peak suction pressures Wigelarger model (model of30 length
scale) is considered. This was du¢h® lower turbulence intensity at the eave height of the larger

model.

Lin etal (1995 conductedvind tunnel experiments on five flat and nearly flat roof models, three
of which havingthree different heights (4, 8, 12 m) and the same plan dimen@6m X 40 m),
while the other two we models othe TTU expeimental building, one of them waa flat roof
mode| and the other wsaconstructed with 1:60 roof slap&ll the models were fabricatl at a

length scale of 1:50.

Results of Lin et al (1995) showed a good agreement witis¢alle datan the mean values of
pressure coefficients, however, differences appear wbemparing pealpressure coefficients
with respectiveull-scale dataThe authors of this study referred these differencekdsize of
taps, turbulence level, scaling effe@ad geometrical detail§enerallyas shown irFigure 26,
dataof Lin et al (1995) exhibit betteagreement thathose ofCochranand Cermak (1992) with
thefull-scale data of TTU experimental building.
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In the evaluationof the most critical wind loag] Lin et al (1995) found that the critical wind
direction is 30 (x 5°), considering 0° as the wind direction perpendicular togbdihg edge, and

by symmetry60° (£ 5°). Furthermorel.in et al (1995) set no limitation for wind loaththe corner

of flat roofs. However, the studyoncluded that the suction pressures are very high on the corner

and area average suction pressure deeeeas the considered tributary area increases.

Lin and Surry (1998) studied the distribution of wind load on flat roofs ofrlsg/buildings The

study concluded that the size of roof pressure zones is independent of the plan dimensions of the
building, andthe size of pressure zongisould be related to the height of the building. (s¥o,

pressure coefficients on the corner zone should be referred to tributary area normalized with
respect tdO . Furthermore, areaveraged pressure coefficients on the corner zone decrease to half

beyondatributaryarea of 0.1H 0.1H.

Extensiveexperiments were carried outthlre wind tunnel of the University of Western Ontddo

enrich the aerodynamic dataeaof the National Institute of Standards and Technology (NIST).

The UWO contribution to the NIST aerodynamic database for wind loads on low buildings was
published in three parts: part 1, Ho et al (2005), presents the aerodynamics data, part 2, Pierre et
al (2005), includes comparisons with wind provisions in codes and standards, and part 3, Oh et al

(2007), provides a detailed study about internal pressures.
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Figure2-6: Comparison between experimentdults of Cochran and Cermak (1992) C8id Lin et al
(1995) UWO with till-scale data of TTU experimental building

Alrawashdeh and Stathopoulos (2015) was the first study that examined wind loads on buildings
with large configurations. The study investeghthe effect of wind on flat roof edges and corners
of low-rise buildings with large plan dimensions. Nine building models were tested at the wind

tunnel of Concordi&niversityin a smulated open country exposureadh model was constructed
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at a lengttscale of 1:400 with aquaréilat roof, and the corresponding ftaicale plan dimensions

of the models were 60 m, 120and180 m. Also, thredeightswere considered: 5 m, 7.5 m, and

10 m.The experimental results of this study were compared with the American Society of Civil
Engineers Standard (ASCE1D), the National Building Code of Canada (NBCC 2010), the
European Standard (EN 19944, 2005), and the Australian/New Zealand StandardNZ&S
1170.2, 2011).

Alrawashdeh and Stathopoulos (20i&gused orthe sizeof edge and corner zones raofs of
low-rise buildngs with large plan dimensionsh& study concludethat the size of corner and
edge zones for large loevise buildingsof height less than 8 mehould not be governed lilge
condition of4% of the least horizontgdlan dimensionas recommendeBy ASCE %10 and
NBCC 2010) but ishould be limited to @6 of the building heightThe use othe 4% condition
of the least horizoat plan dimension may lead to a@nvative and uneconomic desiditso, the
study concluded thalheexternal pressure coefficients in ASCEJ and NBCC 201@readequate

to be used in the design of large roofsow-rise buildings

Kopp and Morrisor{2018) examined component and cladding wind pressures oislope roofs

of low-rise buildings The studyfocused on the spatial distribution of wind pressures and the
magnitude of pressure coefficiers roofs The study investigated the wind loads on many
building models with gabled roofs in the boundary layer wind tunnel 1l at the University of Western
Ontarioundersimulated open country terrain exposure and suburban terrain expostistopes

of all models were less or equal to 1:EXperimental results acquired by Ho et(@005 were

used in the study of Kopp and Morrison (2018).

The study of Kopp and Morrison (2018pncluded that the componsrand cladding external
pressure coefficients recommended by ASEB 7or lowrise buildngs with lowslope roofs are

lower than the enveloped arageraged pressure coefficients obtained by thaénd tunnel
experiments. In addition, the study showed that the size of pressure zones depends on the building
height only unlike ASCE 710 provisons in which the size of pressure zonesdefined as a

function ofheight andeast plan dimensioof thebuilding andrecommended an-Ehaped corner
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zone instead of the square corner zone in A3QH. Furthermore, in regard of the effect of terrain
exposure, itwas statsciBot h t he magnitude of the coefficie
compared and careful examination indicates that both the magnitude and distribution of the
coefficients are similar, noting slight variations in the coeffitsdbecause of the turbulence levels

and the stochastic nature of peak pressureso.

Kopp and Morrison (2018)esultswere adopted by ASCE 7 byincreasing the magnitude of
components and claddiregternal pressure coefficients of lewge buildings with lowslope roofs
as well asby modifying the size and the shape of pressure zones for the same type of buildings in

ASCE F#16.
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Chapter 3

The North American Wind Codes and Standards

AWind loading provisions included in the Commentaries of the National BuiCiialg of Canada
(NBCC 1995, 2005, 2010) are indeed pioneering whereas the American National Standard ASCE
7-10 (2010) is now considered one of the best in the world, since it incorporates the major research

findings in the area of wind building interactifTamura and Kareem, 2013)

This chapter introdusghe wind provisions in the North American codes for the roofs ofrleas
and midrise buildings. It explains the difference between-tise and mierise buildings it
describes the roof zonal systemsASCE 710, ASCE 716 and NBCC 2015; anitl provides a

description of the methodologgoptedby the code$o calculate the wind design pressure

3.1 Low-rise and mid-rise buildings

Height of buildings is a significant factor in the determination of the dgped windinduced
pressures on the roof of the buildjmopdit is well known that the taller the building the higities
wind loads acting oits roof. In the North American codes, buildings canclassified inthelow-
rise category or mierise categoryaccording to the mean roof height of theilding. Based on
ASCE 710 and ASCE 16, a building isaddresseds a lowrise building if the building height
is less or equdl8 m @0 ft), whereas height limthatseparates the lowse and mierise categories
in NBCC 205 is 20 m (65.6 ft). Buildings of heights greater than the mentioned matgeated
as midrise buildings In fact, there is no clear upper limit forid-rise buildings in theNorth
Americancodes however, NBCC 2015 considers buildinggh 20 m < H < 60 mas midrise
buildings for the design of main structural syste(BCC 2015 commentary).
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Wind provisions that govern the two categories are different; higher wind loads are assigned for
mid-rise buildings, asvell as, the areas specified for high wind pressures on the roof santer

edges are larger.

3.2 Roof zonal system®f low-slope roof buildings

Wind loads specified by the North American codes for-#bope roofs are provided for three or

four pressure zones. Pressure zones divide the building roof into areas according to the variation
of wind loads on the ropthe highest wind loads occurtine roof corner on an area knowntlas

corner zone, and high wind loads ocomr areas near thr@of edgesthe edge zors however,

wind loads oredge zongarenormallylower than those developed on the corner zbow wind
loadsoccuron the middle areaf the roof which is callethterior zone Figure 31 presents roof

zonal systems of the North American Codes for-#&bape roofs of lowrise and mil-rise buildings.

For lowrise buildings with small roof slope, ASCELD and NBCC 2015 provide similar roof
zonal systems, sddgure 3-1.a, wherethe roof is divided into three zones: square corner zone,
edge zonandinterior zoneThe size of corner and edge zorgsyhich is also known as the end

zone width,depends on building height and plan dimensions, sucliizhsithe lesser of 10% of

the least horizontal dimension and 40% of height, but not less than 4% of the least horizontal
di mens i o(NBC& 2013) Thelowslope roofzonal system of the NBCC 2015 and ASCE
7-10 was basically suggested by StathopouloZQL8ssuminghatthe endzore width,z, is the
distance at which the wind pressures @rop/0% of the worst value.

On the other hand, threof zonal system of ASCE-X6 for low-slope roofs of lowrise buildings

is independent of the plan dimensions, and the size of pressas iBosolely dependent on the
building height, as shown iRigure 3-1.b. Also, there are four pressure zonesshiaped corner
zone (zone 3)edge zondzone?2) and two interior zone&onel andzonel 6 This roof zonal
system has beenamted by ASCE 7 after the work of Kopp and Morrison (20T&g sizeof the

long sideof zone 3 is 60%f the building height and the short side is 20% of the building height

as well.
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The oof zonal system of midse building in NBCC 2015, ASCE -10 andASCE *16 is
presented ifrigure 31.c. ASCE %10 and ASCE 416 provide similaroof zonal systenfor mid-
rise buildingsvhich exclusively depends on the least horizontal dimepgitne r e fia = 10 %
least horizontal dimension, but not less than Dft (9 m) 0 -16AGhGHeothérhand, the

distanceg, in NBCC 2015s defined as 10% of the larger horizontal dimension.

Corner zone (a) — /37 {b) m

/] Edge zone Iz j_l ) 02HT \_L I

1

06H

06H|06H

Interior zone

NBCC 2015 (H<20 m)
ASCE 7-10 (H< 60 ft)

ASCE 7-16 (H< 60 ft)

Corner zone (c) 2a

4 ‘ Edge zone ‘ }:
2a

Interior zone

ASCE 7-10, ASCE 7-16 (H>60 ft)
NBCC 2015 (H>20 m)

Figure3-1: Roof zonal systestor low-slope roofs of lowrise and mietise buildings in the North
American codeqa) low-rise building in NBCC 2015 and ASCE1D, (b) low-rise building in ASCE ¥

16 and(c) mid-rise building in the three ces.
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3.3 Design pressurecalculation

Design pressures are calculated in the North American codes based opansengters. The first
parameter is thpeak pressure coefficients assigned for the building component in cosigeinn
as a cladding panel at the roof corrvenich isgiven as a fuction ofthetributaryareain the wind

provisions of the codes.

The second one ithe dynamic pressure provided for the region at which the building is located
in, which depends and nearological records and statics. In addition, other parameters
cortribute to the calculation of design pressures, includirectionalityfactor, topographic factor,

ground elevation factpandexposure factor

Based on ASCE-10, ASCE 716 and NBCC 2015 and neglecting the internal pressures; design

wind pressures are calculated according tadfigrs (3-1), (3-2) and 8-3), respectively.

0 -"w00 U@ (3-1)
0 -"@LL OUL® (3-2)
0 06606 6 (33
Where:

" . Air density

: Basic wind velocity

0 and0 : Exposure factors

0 and0 : Topographic factors
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0 : Directionality factor

U : Ground elevation factor

N -"w : Velocity pressure

"Oand0 : Gust factors

0 : Mean pressure coefficient

"@ andO O refer to peak pressure coefficients in the North American cadebthey are

providedas one unit fodesigncomponents and cladding

Each of he previously mentioned factohss been included in the design pressure equations to
yield safe and economic valuesdesign pressusePeak pressure coefficients,0 , of the North
American codes were eneped among all wind direction#) other words, the peak pressure
coefficientsof the codes represent the most critical load vatiee®loped whan the wind blows
from the most criticavind direction However, the odds of having tineost critical wind speed
striking from the most critical wind direction aresarnull, and his raises thenecessity of the
directionality reduction factorj . The directionality factor appesrin the equation of design
pressure of ASCE 7, and it has a value of 0.8%#®design obuilding components and cladding.

On the other hand, peak pressuaoefficients of NBCQave been already attenuated to account
for the effect of directionality, and that

pressure equation of NBCC 2015.

In addition peak pressure coefficients of tNerth Ameican codes were calculated for a 30 ft
height building(10 m height building in NBCC 201%) open country exposur&he exposure
factors,0 and0 , account for the variation efind loads with the building heighas wdl as, the

terrain exposureExposure factorsre higher for the higher bdihgs since mean wind loads
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increase with building heigland they are indeed lower foougher terrains, since the wind speed

is reduced as the terrain roughness increases.

Furthermoretopographidactors 0 andd , are used to adjust for the increment of wind speed if
hills, ridges or escarpments are near the building. Finally, ground elevation ta¢tisra new
factor which has been added in ASGE&to account for thehange of air densitglthoughit is
allowed to consideb p for all elevationsMore information about wind loafhctors and

coefficients in codes igvailable in Davenport (1983) and Stathopoulos (2003).

3.4 Componentand cladding pressure coefficients

Cladding and comp@ntpeak pressure coefficients are presented in the North Americanades

a function of tributary area.alues provided in ASCE-Z0 and ASCE 16 are based on velocity
averaging time of 3s, whereas peaks provided in NBCC 2015 are based on 1 hr aeéwaigyng

time. Appendix A presents all the curves of components and cladding peak pressure coefficients

in the North Ameican codes for roadesign.

Figures 32 and3-3 present cladding and compongaak pressure coefficients of NBCC 2015,
ASCE 710 and ASCE 16 forlow-sloperoofs of lowrise and mierise buildings respectively
Peaks of ASCE-10 and ASCE 716 were modified to be comparable with NBCC 2015 and the
experimental results of the presetudy by using mean hourly velocity pressure and considering

the directionality, topographic and ground elevation factors.

Accordingto ASCE %10 and ASCE 416, directionality factorn) , is equal to 0.85 for the design
of cladding and components lofiildings, whereas topographic factor, , and ground elevation
factor,0 , are equal to JFurthermore, and based Burst curve, the ratio afind speed averaged

over 3 seconds to the wind speed averaged over 1 hr is equal to 1.525.

For examplethe maximum external peak pressure coefficients on zone 3 of ASTHSs/equal

to -3.2;then, this coefficient should be multiplied by the directiondstor, topographidactor,
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ground elevation factor (for ASCEI6) and the square of tlnd velocity conversion factor as

follows:
onoQ P ¢cLO L 6 NOQ (3-4)
onoQ PR C LZTR ¥ pz OR [0°5) (3-5)

It should be nadthat wind provisions provided for migse buildings in ASE 7-10 and ASCE
7-16 are identicalthey both provide the same peak pressure coefficients and the same zonal

systens.

The huilding of 20 mheight is classified as a levise building according to NBCC 2015 (R0
m). On the other hand, based on ASGE(rand ASCE 16, the20m (65 ft)height building is a
building with intermediatdeight. However, the results of the present study, asillitbe
demonstratedn the following chapters imply thatthe provisions of NBCC 2015 for lowise
buildings are inadequate to provide a safe desigth®20 mheight building, thust should be
treated as an intermedigteight building.

In fact, NBCC2015 doesiat provide graphs for peak pressure coefficients versus tributary area
for mid-rise buildings, and it presents wind loads in terms of mean pressure coefficients in each
pressure zoné&igure 3-4 shows mean pressure coefficients and pressures zdMBCC 2015 for
buildings with heights greater than 20 m. For the design of cladding and components, the gust
factor, Cg, in NBCC 2015 is equal to 2.5.
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A-4.1.7.5 (4)in NBCC 2015)
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Chapter 4

Experimental methodology

This chapter describes the experimental setup of the presentastiebeription of the wind tunnel
of ConcordiaUniversity is presented first, then, the terrain exposure simulation and building

models are introduced, finally, the pressure measurement system is explained.

4.1 The boundary layer wind tunnel of Concordia University

The wind tunnel of Concordianiversityis an open return circudatmospheric boundary layer
wind tunnel. The tunnel i42 m long which is adequate to acquire a properly simulated
atmospheric boundary layer, and it has a width.8Mm and an adjustable tght up to1.8m. The
tunnel is equipped with a double inlet centrifugal blower to generate wind with a maximum
velocity of 14 m/sat the testing sectiofo achieve the desired boundary layer at working section,
ametallic screen and four flow straightese@re fixed just after the bloweand a small slopes

employed inthe transition section, from the blower outlet to the testing area

The needof testing at different windlirectionsis inevitable. herefore, the testing section is
equipped witha 4-ft diameterturntable, the turntable cdr@ controlled manually or electronically.
A rectangular slos perforated at the middle tife turntable for the sake of model installation and
fixing, as well as, connecting the modath the pressure measuremeystem.

The wind tunnel is visible from one side through plexiglass windows, and it isevfstoh both
sides at the testectionin order to have the tested items seen all the time dthrevgxperiments.

The tunnel floor is basically furnished by a thazkpet to simulate terraigge of an open country
exposure;other roughness elements with different configurations may be utilized for the

simulation of other exposuresuch aghe suburban exposure.
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4.2 Terrain exposure simulation and flow characteristics

Two terrain exposures were simulated in the wind tunnel: open country exposure (exposure C) and
suburban exposure (exposure Byure4-1 shows the simulation of the two exposures in the wind
tunnel A thick carpet was used to simulate expostisince it represents an unobstructed exposure
and providesufficient roughness through tlearpetsmall polyester fibers for the simulation of

open country exposure. On the other handghness elements, small foam cuaedeggboxes

were placed on thidoor of the wind tunnel for the simulation of exposurelBe foam cubes and
eggbaxes simulate different sizeshapesand the equivalent roughnesfsfull-scale buildings and

structures thaarenormally located in suburban exposure.

The wind speedvasmeasurd using a 4hole cobra probefixed at the testing sectiomhich can
be operated electronically through a motor. The cobra probe can be ma¥eatirectiors, up and
down, left and rightand back and forttsuch that the wind speed can be measatexhy point
within the testing sectiorin addition to wind speed, the aabprobe is also accommodated to
measure the turbulenagensity and wind spectra

Themeanwind speedand turbulence intensityeremeasuredt the center of the turntahlsing
the cobra probdor different héghts from zero to 100 cntp trace the vertical changes in flow
characteristicgn the wind tunnefor exposure C and exposurefgure 42 presents theariation

of mean wind speed and turbulence intensity with heilgatheightois normalized by the gradient

height, (76 , for both exposuresThe mean wind speeat any height6 , is presented with

respect to the mean gradient spdzd

The poweraw exponent was 0.14 for Exposure C and®2 exposure Bwhich indicates that

the wind speeth exposureB increases at a lower rate than it doesxposure CGradientspeed

was recorded at a gradient height of 55 cm from the wind tunnel floor in exposure C, whereas the
gradient height was 88 cm for exposurdBis is due to the higher roughness in exposure B where
the wind takes longer vertical distance to readjust to the unobstructed wind spagallence
intensity ) , was greater ithe suburban exposur@mpared to the open countyposure.lt is
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to be noiced that comparablesalues ofturbulenceintensities wergecordedabove the gradient
height

Figure4-1: Simulation of exposure C and exposure B at the wind tunnel of Concordia University.
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Figure 43 presents the power spectral density of longitudinal turbulence component edletlat

onesixththe gradient height for open country and suburban exposures in the wind tunnel, as well

as, the power speetre val uat ed

based

on Von Ksaamodeh of 6 s

turbulence in open country exposure@aésixth the gradient height.

mo (

Experimental spectra are close to those plotted using the turbulence models of Von Karman and

Davenport which are presented by the continuous and the dashed lines, respectively. Although the

wind energy is greater in exposure C tiraexposure B, the plotted data for exposure Bwser.

The reason is that the measured power spectral density was normalized by the standard deviation

of the wind speed which is much higher in exposure B than in exposure C due to the higher

Y
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Figure4-3: Power spectral density of longitudinal turbulence component evaluated sitkth the

gradient height.
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4.3 Building models

Three nearly flat roof building models of similar fgltale pan dimensions 0118 mx 118 mand

roof slope of 1.4 (2.5%) wereconstructed at a geometric scale of 1:4D0e nodel was made

from a 10 mm thicknesBlexiglas, the roof and the walls were combined using metallic screws

to form the basic building model of the present study. The basic model, then, was tested in the
wind tunnel for three height& m (16 ft), 10 m (32 ft) and20 m (64 ft); in both exposureby

sliding the model up and down in a perfectly sized slot at the center of the turntable.

Figure 44 shows the three building models installed in the wind tunnel at the center of the turntable
for open country exposure and suburban expofgeshown, the flooof the wind tunnel was
furnished by a carpet in exposure C simulation, and it was covered by roughness elements for the
simulation of exposure B. Furthermotiee heights of the building models in the wind tunnel scale

are 12.2 mm, 24.4 mm and 48.8 nmmrresponéhg to the full-scale heights d m, 10 mand20

m, respectively.

Figure 4-5 shows roof dimensions with pressure taps layant Figure 46 presentsa detailed
pressure tamssembly in the bottofieft quarter of the roof. The roof was eppedwith 188
pressure taps in the bottdeft quarter witha high density in the roof corner and edges and
additional 6 pressure fga in the togleft corner. The first pressure taps line in both X and Y
directions isl mfrom the roof edge, and the distributionppéssiretaps is the same along X and
Y directions, thereforghe location of each pressurg ta presented in the vertical direction only.

The resul of this studyareto be compared with fulicale measurements of the experimental
building of DureLastRoofing, Inc. in lowa, the black pressurgsin the bottordleft quarter in
Figure4-5 and the 6 pressurepsin the topleft corner represent the fedcale pressuraubes
equipped in the roof of Durbast roofing experimental building.
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Figure4-4: Installation of building models in the wind tunnel for both exposures.
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Figure4-5: Roof plandimensions with pressure tégyout.
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4.4 Pressure measurments

Pressure measurements were carried out in the wind tunnel using pressure measurement system
produced by Scanivalve Corporatidrhe system consists of four pressure scanners (ZOC33/64
Px), Digital Service Module (DSM 3400), tiny plastic tubes vethinner diameterof 1.37 mm

brass pipegpressure taps) witan inner diameter of 0.8 mmpitot tubeto measure the wind
dynamic pressur@ndadesktopcomputer.

The pressure taps and the pitot tube were connected to the pressure scanners thimoyplatie

tubes, each pressure scanner has a capacity of 64 pressure taps, for this reason, the first pressure
scanner was connected to 63 pressure taps and the pitot tube, the second and the third pressure
scannes were connected to 128 pressure tédstaps for each of them, and the remaining 3
pressure tapwere connected to the fourth pressure scarmrr slots are available in the DSM

to hookup the pressure scanners; finally, the DSM is linked with a computer.

The pressure scannaead the presse signals on the roof from all pressure taps and pitot tube
and sed them to the DSM which in turconvers the pressure signals into readable data on the

computer monitor.

Results in this study are presented using pressure coefficiemtsyelodty-independent
dimensionless parametessee section 2.7.TThe pressure coefficient can be defined as the-wind
induced pressuré¢hedifferencebetween wind pressure and atmospheric pressure, normalized by
themean hourly averageti/namic pressure at tieave height.

The pressureneasurementsn the roof of each modelere performed for 7 wind directions?,0
15°, 30°, 45°, 60°, 75° and90° and for two terrain exposuresxposure C and exposure Bhe
instantaneous pressures were measured at a freque3@y idz for 27.3 seconds, which provides
a time history of 8200 pressure readings for each pressurgléap. pressure coefficiend () is
the average value of 8200 readings, while peak pressure coeffitién) {s the average of the

maximum 1Qpeaks among the data in the time history.
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Finally, instantaneous areaveraged pressure coefficieots, 0 were measured on several areas

in corner, edge and interior zones based on the following formula:
8rp 0 — (4-1)

where 0 is the tributary area of th€Qpressure tap) is the number of pressutaps in the

considered areand0 0 is instantaneous pressure coefficient@pressure tap at instanit
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Chapter 5

Results and discussion

In this chapter, the experimental findings are presented in terms of contours of most critical
pressure coefficients over the roof, extreme local presseféicients for each wind direction, and
areaaveraged peak pressure coefficients. In addition, comparisons of the experimental results with

previous studieand fullscale datare included

5.1 Contours of the most critical pressure coefficiens

The huilding models have been tested for 7 wind directiofs1®, 3¢, 45°,60°, 75° and 90° to
obtain the most critical wind pressures on the rodfebuilding. Figures 51 through 512 show
contours of most critical mean and peak pressure coefficigrmdagall wind directions for three

heights 5, 10and20 m and for two exposures.

The contours show wind pressure coefficients within the beléfinguarter of the roof, which is

the area equipped with pressure taps. All contours were created by thegnappo f t war e i s |
150, cirwervalsoaner 0.2 for mean pressure coefficients, Cp, and 0.5 for peak pressure
coefficients,CpCg Contours of mean and peak pressure coefficients for each wind direction are

presented in appendB appendix C, and appdix D.

As shown in the figuregind except for building & m height, pressure coefficients decrease from

the highest value on the roof corner to relatively smaller pressure coefficients along both windward
edges until the middle of the windward edgeydnd this middle point, pressure coefficient values
increase to reach the highest value on the other coriiee odof However, forthe building of 5

m height, wind loads developed on corner and edge zones are companablaay be ascribed

to thevery high turbulencat the roof level of th& m height building.
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Pressure coefficients decrease from the windward edge toward the interior zone along a line normal
to the windward edge This is so, because of the fl@gparatiorthat happens at the windward
edges and causes high wind pressures on corner and edgea@opeared to those on the interior

Zone.

Height is a significant factor that affects the value of pressure coefficients, as well as, the area at
which the maximum ggssure coeffients extend on the roof. Clégrthe taller the building the

higher the pressure coefficients and the larger the aa¢adteives high wind pressuresigis
because of the higher wind velocity at the roof level of the higher buildings.

Terrain exposure affects the wind velocity and the turbulence level in the atmospheric boundary
layer, especially near the ground surface where the influence of ground roughrexgshigh.
Turbulence level in exposure C is lower than in exposure/lBle wind velocity is higher in
exposure C. As shown in the figures, experimental results implyhbatpatial distribution of

mean and peak pressure coefficients over the roof is simikath exposur€ and Exposure B

Also, thevaluesof mean presure coefficientsare comparablehowever,the valuesof peak
pressureoefficients measedon building roofs in exposure B are higher than those in exposure
C.
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Figure5-1: Values of most critical meangssure coefficients (Cp) for all wind directigs=5 m,
Exposure C).
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Figure5-2: Values of most critical peak pressure coefficients (CpCg) for all wind directior&srhl=

Exposure C)

55



Figure5-3: Values of most critical mean pressure coefficients (Cp) for all wind directior)( ki
Exposure C).
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Figure5-4: Values of most critical peak pressuaefficients (CpCg) for all wind directions (H8 m
Exposure ¢
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Figure5-5: Values of most critical mean pressure coefficients (Cp) for all wind directiorZ)( ki
Exposure C).
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Figure5-6: Values of most critical peak pressure coefficients (CpCg) for all wind directiorZ)(=
Exposure C).
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Figure5-7: Values of most critical mean pressure coeffitsglp) for all wind directions (H&=m,
Exposure B.
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Figure5-8: Values of most critical peak pressure coefficients (CpCg) for all wind directiortsrii=
Exposure B.

61



Figure5-9: Values of most critical mean pressure coefficients (Cp) for all wind directiorn)(hir

Exposure B).
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Figure5-10: Values of most critical peak pressure coefficients (Cg@uall wind directions (H20 m
Exposure B).
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Figure5-11: Values of most critical mean pressure coefficients (Cp) for all wind directior20(hi=
Exposure B).
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Figure5-12: Values of most critical peak pressure coefficients (CpCg) for all wind directiorZ)(=
Exposure B).
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5.2 Local pressure coefficientsand wind directional effects

Extremelocal mean and peak pressuooefficientshave been evaluated for each wind direction.
Since the roof zonal systeof ASCE 716 is different fronthe one recommended by both ASCE

7-10 and NBCC 2015, extreme pressure coefficients have been determined and presented in two
figures: the first figuras based on the zonal system of ASGEO7and NBCC 2015while the

second figureés based on ASCE-X6 roof zonal system.

Figure5-13 presents extreme mean and peak pressure coefficietitemessure zones of NBCC
2015 and ASCE-10 evaluated for each wind direction and for the 3 buildings in exposure C and
exposure B. Althouglkechnicallythe building of 20 mheight is classified as a lerse building
according to NBCC 2015 (820 m or 65.6 ft)jt will be alsotreated as midise building because

the height isat the limit of lowrise building definition. Tie inadequacy of lowise building
provisions of NBCC 2015otcover the high wind loads measuredtoa building roof 020 m
height in the present studyill be discusseah chapter 6

As mentioned earlier, the taller the building the larger the magnitude of wind pressure acting on

its roof, which reflects the increased wind velocity pressure at the roof of the higher building. For
instane, peak pressure coefficiel@pCg on corner zone and at wind azimuth of 80exposure

C is-7.4 for the buildingdf 20 m 64 ft) heightand-4.1 forthe building of 10 m @2 ft) height

which results in a large difference of 3.3. On the other hthedijfferencein pressure coefficients

on the corner zone between th@ m @32 ft) and5 m (16 ft) height buildingsid ow and doesr
exceed 1 at the most critioaind azimuth. This can be justified by realizing that the building of

20 m @4 ft) height belongs to the midse building categy, and a leger wind load normally

occurson itsroof compared witlthat on lowrise buildingsj.e. buildings ofl0 m @2 ft) and5 m

(16 ft) heighs.

Values of peak and mean pressure coefficients on the edge zone of the buillingy ¢64 ft)
heightare lower than those of the other two {age buildings,10 m (32 ft) and 5 m (16 fteight

buildings. Actually, this does not contrast the conclusion mentioned earlier (i.e. the taller the
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building the higher the pressure coefficients), the reasomtghb size of the corner zone of the
mid-rise building according tthe North American codes is very largaich that it extends much
along the edge and leaves a small area for the edgeaztime middle area of theof near the
edge where the wind pr&asre coefficients are loviturthe, pressure coefficients measdron the
edge zone of the m (L6 ft) height building are higher than those of #flem @2 ft) height building.
The reason is that the wind loditributionon the roof of the 16 ft heighiuilding is differentat
which thepeak pressure coefficientseasued on the edge zone are approximately equ#igo
high peak pressure coefficients develomedthe corner zonehis is probably due to the high
turbulence level ahe height o6 m (16 ft). On the other handavind loads developed amwof of
the10 m @2 ft) height building decrease along the leading edge towanaitiaie of the roof.

Except for theb m (L6 ff) height building, nost critical pressure coefficients on corner zone were
recorded at wind azimuth with a range of 1&30° or 60° to 75%owever, the worst wind loads
on the roof of te5 m (16 ft) height building occurat normal wind directionst should be nad
that values of pressure coefficients for wind directionsff to 45 are not equal to those for
wind direction from 45to 9C°. This is probably dut the small roof slope (1°%#andthe small
margin of experimental erroin addition, thee is alsssomeasymmetric wind speed distribution
with respect to theenterline of thedsting area in the wind tunnethe error in this regardoes

not exceed 5%Stathopoulos, 1984)

Mean pressure coefficients aienilarin both terrain exposures, while peak pressure coefficients

in suburban exposure are highenich reflecs the increased gustinessthe rougher exposure.
Generally, mean wind speed at eave height for a building immersed in exposure B is lower than
the mean wind speed at eave height of a building in Exposure C; nevertheless, the turbulence is
higher atthe roof level of the building in suburban exposufgowing that thepressure
coefficients are normalized by the velocity pressure at eave height, the actual reason for the high
pressure coefficients on buildings in suburban exposure is the smalletyygtessure in exposure

B compared to exposure € .very important to realize that the higtpeak pressure coefficients
evaluated in exposure B do not reflect higher wind pressures developed on the building. In fact,
codes and standarpgsovidelowerdesignpressures for buildings in exposure B compared to those
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provided for buildings immersed in exposure C by considdrighgerexposure factarfor wind
load estimation on buildings in exposureFor instance, according to ASCEaiid for a building
of 5 m (16 ft) height the exposurefactor  is 0.883 and 0.7 for exposure C and exposure B,

respectively.

Figure5-14 presents extreme mean and peak pressure coefficients on pressure zones of ASCE 7
16 evaluated for each wind direction and for the 3 buildings in exposure C and exposure B.
Although the roof zonal system of ASCEL® is different, the extreme mean and ppedssure
coefficients determined on the corner zone (zone 3) and edge zone (zone 2) are identical in both
Figure5-13 andFigure5-14. However, this does not indicagesimilardistribution of wind loads

over the different pressure zones recommended by the.codes

As shown inFigure5-13, ASCE 710 and NBCC 2015 suggest one interior zone, and peak and

mean pressure coefficiexdre lower compared tthvdse of corner and edge zones, also, the wind
pressure coefficients are higher for the taller build®gthe other handhe new zonal system of
ASCE7#16 divides the interior zonEgue®hltdshows wo 2z o1
pressure coefficients on zonéot two buildings only, namel¥0 m @2 ff) and5 m (16 ft) heights.
Clearly,pressure coefficients are higher for & (16 ft) height buildingbecause the size tfe

corner zonen ASCE 716 depends only otine buildingheight and it is not limited to the least

plan dimension, which malszone 1very small for thés m (16 ft)height building Consequently,

zone 2 beconmssmaller leaving zone 1 to covacritical area of high wind loadsinlike zone 1

of the10 m(32 ft) height building, where it coveenarea subjected to low wind loads.

In addition, one 1 § not applicable tohe building of 20 m @4 ft) height, since the lattas a

building of intermediat&eight for whichamother zonal systemf 3 pressurezoness considered

as shown at the top &igure5-14for buildingsofh ei ght gr eat er tFgaen 60 f
5-14 shows higher pressure coefficients for the highddimg. It should be ned that values of
pressure coef f iFigureé-Miare sinolar tozhose en the thteriorrzond-igure

5-13;in ot her wor ds,-l6zandnneeriolzone of ASCAEBGIE] NBCC 2015 are

approximately the same.
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5.3 Area averaged peak pressure coefficients

Design of cladding and components against wind loads depends on the area loads rather than the
point loads,because wind loads actimg thefacadeor the roof argesistedby an entie single
component, such as aluainum cladding panedr a roof tile This raises the need of evaluating

area wind loads order to obtain accurate wind loadfor the design ofomponents and cladding

with different areasThis is the reasothat wnd loads are present@&dwind codes and standards

as a function ofhetributaryarea Due to the areaveraging effectareaaveraged peak pressure

coefficientson small areas are greater in magnitude than those on large areas.

The tributaryareas represent the areas associated with each pressure tap and combination of two
or more pressure tagsshould be nad thaiareaaveraged peak pressure coefficiantthis thesis

are presented ithe NBCC format.Figure5-15 presents enveloped arageraged peak pressure
coefficients versus tributary arem the pressure zones of NBCC 2015 and ASCHEO7for
buildings of5 m (16 ft) and10 m @2 ft) heights in &posure C. Values of areaeraged peak
pressure coefficients decrease as the tributary area increase in the corner zottes veulection

in the values of areaveraged coefficients with the tributary is smalthe edgezone,alsq the
experimental @sults show that the reduction of asseraged wind loads is very smailler the

tributary areain the interior zone

Figure5-16 showsmost critical areaveraged peak pressure coefficients versus tributary area on
thepressure zones of ASCELB for buildings o6 m (16 ft) and 10 m (32 ft)eights in exposure

C. Values of most critical areaveraged peak pressure coefficients on corner and edge zones of
ASCE 716 are similar to those of NBCC 2015 and ASCE)7

Zone 1 aimASCE 816 eorrespbnd to the interior zone of ASGEGrand NBCC 2015;
however, valuesf areaaveragegeak pressure coefficients of then (16 ft) height building on
zone 1 are higher than those evaluated on the intsoi of ASCE 710 and NBCC 2015. Ais
is, as stated earlier, due to the small size of both zone 3 and zone 2, wheshzoad jo very

close to the roof corner in which the wind loads are higher than in the rest of th@mabé other
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hand, the areaveraged peak pressure coefficiedeseloped on the roaf the10 m @2 ft) height
buildingon Zone 1 athasank@sitie arbs@ragegeaks developed on the interior
zone specified by NBCC 2015 and ASCHQ. Figure5-17 shows the most critical areaveraged
peakpressure coefficients fahe20 m G4 ft) height building andesults exhibit the same trend
as infigure 5-15.
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Figure5-15: Most critical aeaaveragegeak pressure coefficierftw all wind directionnthe pressure
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5.4 Comparison with previous studies

For validation purposes, the results of the present study dfOtime 32 ft) height building were
compared with three previous studies: Alrawashdeh and Stathopoulos (2015), Stathopoulos (1987)
and Ho et al (2015).

5.4.1 Alrawashdeh and Stathopoulos (2015)

Nine building models of square flat roofs were tested in a simulated open country exposure in the
study of Alrawashdeh and Stathopoulos (2015) at the wind tunnel of Concordia University to
investigate the wind loads on large roofs. The results ot@he height building in the present

study have been compared with the results of a buildirid ah height with plan dimensions of

120 min the study of Alrawashdeh and Stathopoulos (2015). The comparisons are presented in
Figure5-18 andFigure5-19.

Figure5-18 showsa comparisorof extreme pressure coefficients for the corner and edge zones
versts thewind direction. In the corner zone, mean pressure coefficients are in a good agreement
with small differences at wind azimuth of°3hd 75 due to the small difference between the two

studies (i.e. roof slope, model size).

Peak pressure coefficienare close at windzimuth of 30° or less but largeiscrepancies appear

at wind azimutk more than 3Q°In the edge zone, pressure coefficiavitthe present study are
greater than thosaf Alrawashdehand Stathopoulo@015. This isprobably due tohe factthat
themodel of the present study has plenty of pressure taps in the corribeadde zonesvhich

makes the tracing of pressure gradianthe transition betweehecorner zone antheedge zone

more accurate and reflects the actrealuction in wind pressures alorigetleading edgdn other
words, the pressure t@ssembly in the present model records the wind pressure just before and
after the line separated cornedatge zones, which results@latively high pressure coefficies

in the edge zone.
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Figure 5-19.ashows the variation of peak and mean pressure coefficients along the centerline of
the roof for 0° wind direction. &ults of bdt studies are very close except the peadfficient

value of the pressure tap near the leading edge.

Figure 5-19.b shows the variation of peak and mean pressurfficdeats along thdine at the
concurrent edg€X/B = 0.01)for 45° wind directionDiscrepancies appear the values of peak
pressure coefficients along the entire laredthe values ofmean pressure coefficients near the
leading elge (Y/L < 0.1). Thiss again attributetb thedifferent number andtations of pressure
taps in this area accentuated by the conical vortieesloped along the edgden the wind strikes
at an azimuth of 45 However, the values of mean pressure coefficients show aagwedment
beyond Y/L = 0.1.
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Figure5-18 Comparisorof extremepeak and mean pressure coefficients on the cornehaedge

zones betweethe presenstudy and Alrawashedetnd Stathopoulo2015
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5.4.2 Stathopoulos (1987)

Figure5-20 compares values @xtremepressure coefficientsn the corner zon@ open country
exposureébetweenStathopoulog1987) for a building of 10 mheight and square plan dimension

of 60 mand the presemstudyfor the10 mheightbuilding. Values of CmndCpCg(Stathopoulos,
1987)represent pressure coefficients recorded by the fourth row of pressure taps in the model of
Stathopoulo£1987), which lies in the same location of the first row of pressure taps in the model

of the present study.

Excellentagreemenbetweerthe mearandpeakpressure coefficients of the two studwath the
exception of wind direction of 3@robablybecause of the differen&én pressure tap location on

the present model and the model used in the study of Stathopoulos (1987).
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Figure5-20: Comparison of extreme peak and mean pressure coefficients on the corner zone between the

present study anBitathopoulos (1987)
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5.4.3 Ho et al (2005)

Ho et al (2005) is a study conducted at the University of Western Ontamairfterous lowrise
building models with different plan dimensions, heights and roof slépgsre5-21 presents a
comparison of mean pressure coefficients recomedg the roof midine for normal wind
direction forabuilding of 10 mheight, plan dimensions 88 mX 25 m and roof slope of 1:12;
and the present study for th® mheight building in exposure C.

Mean pressure coefficients are plotted ovelistance normalized with respect to the building
height. Mean pressure coefficients of Ho lef2905) are very close to those of the present study
at a distance near the building edge (i.e. ¥/615) and lower than the mean values of the present
study atother pants in the interior zone (i.e//H > 0.5) with a small difference that domst
exceed 0.2. This might be justifibécause the model of Ho et @005) has a steeper roof slope
and different plan dimensionBeak pressure coefficierfty this casewere not reported in Ho et
al. (2005)
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Figure5-21: Variationof wind pressure coefficientsf the present study and Ho et al (208)ng the

roof centerline fonormal wind direction.
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5.5 Comparison with full-scale data

The results othe present study were compared with fstlale pressure measurements on the roof
of the experimental building of Duloast Roofing Inc. in lowa site. THesld measurements on
the experimental buildingvere made in ordeto investigate the newoWw-slope roof lowrise
building wind load provisions of ASCE -16. Figure 5-22 presents the roof plan of the

experimental building, as well agfe layout of pressure tubes equippethe roof.

As shown inFigure5-22, the experimental building hagiuareplan dimensions of3 m 40 fi) ,

eave height of6 m 0 ft), and 1.4 roof slope. The roof of the experimental buildisgquipped

with 28 pressure tubes, 6 tubes in theledproof corner and the rest in the bottdeft quarter.
Figure5-22.a presents a detailed layout of the pressure tubes on the bettgomarter of the roof,

which is divided into 4 pressure zones: zone@ez2, zonel, andzonel 6 , the same pr
zones as iIMSCE *16.

Two manometersire utilized to measure the wind velocity the site: onas fixed beside the
building ata heigtt of 8 m 6 ft) above the groundhe othetis installed above the building at a
height of12 m 38 ft) from the ground level. Moreover, thertain exposure of the surrounding

area near the experimental building can be classified as an open country exposure.

The experimental building was modeled at a length scale of,Ja@8@he model was tested in the
wind tunnel in a simulated open coungposureAs shown irFigure4-5 andFigure4-6 and also
clarified earlier, 196 pressure tapgereinstalledin theroof of themodel The black pressure taps
in the bottorAleft quarter and the 6 pressure taps in theléfipcorner represent the fedcale

pressure tubes in Dwlcast Roofing Inc. experimental building.

80



Eave Height = 20"

240"

Zone 1'

. Zone 1

o o
e Zone2
L] L]

Zone 3

(@)

Figure5-22: The experimentabuilding of DureLast Roofinginc. (a) Detailed pressure tapsembly, (b)
Roof plandimensions with pressure tigyout.

The full-scale peak pressure coefficients were caledlabased on pressure measgats
recorded at wind speed highthan16 m/s 85 mph). Figure5-23 presents the fulbcale maximum,
average and minimum peak presstuwefficientsversus wind directioras well as, the wind tueh
results based on the records obtained from the pressuredapsponihg to the fullscale
pressure tubed.he full-scale peak pressure coefficients are presented for 3 wind directipns: 0
90° and135°. All peak pressure coefficients are presented in the format of AS®Eidh is based

on a velocity averaging time of 3 seconds

The resuk of the present study aregood agreement with the average-kdhle pealpressure
coefficiens inzone 3 and zone 1 except at wind direction of°iB5one 1, at which the peak
pressure coefficierdf the present studgoincideswith the minimum fuls c al e peak.
however, the peak pressure coefficients of the present study are a bitdrigbwer than the

minimum peak pressure coefficients of the-Bdhleresuls.
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Figure 5-24 shows the enveloped peak pressure coefficieftshe fullscale data andhe
experimental result®r three wind directions, namel®?, 9¢° and 138 in the pressure zones
defined iNASCE 716. The enveloped wind tunnel peaghow a perfect agreement with the

enveloped average futlcale peak pressure coefficient in zone@)e2 andzonel; while it is

closer to the minimum enveloped fslilc al e peak i n zone 106.
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Figure5-23: Comparison of peak pressure coefficievessus wind directiofor zone 3, zone 1, and zone
16between the results of the present studythaélll-scale data measured on the experimental building

of Duro-Last Roofing, Inc. in lowa site.
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Chapter 6
Comparison of the present study

with the North American Codes and Standards

The experimental findings of the present stwbre compared with the wind provisions of the
North American codes and standards to investigate their applicability to prawvidelequate
design or buildings of large horizontal dimensionBhe comparisonvasimplemented in two

regards: peak pressure coa#iitts ontheroof pressure zones and roof zonal systems.

6.1 Peak pressure coefficients

Local and areaveraged peak pressure coefficients of the present study were compared with the
corresponding peaks provided by therth American codes and standards eéwamine the
suitability of wind loads specified by the codes to prosdéeandeconomial design for large

roofs.

Since the present study examirke wind loadson buildingroofs for three heightsthe peaks
provided by the codes should be modifiedoto comparable to the results of each building by
considering the exposure factor. For instance, the external peak pressure coefficients for zone 3 in
ASCE 716 is equal te6.3, sedrigure3-3, and the exposure factar,, of the building 020 m

(64 ft) heightis equal to 1.16, then, the final value of peak pressaefficient, CpCg, specified

in ASCE 716 for the 64 ft height building becom&s3.
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Table6-1 summarises the exposure factors for the three buildings according to NBCC 2015, ASCE
7-10 and ASCE 16 in exposure C.

Table6-1: Exposure factors fahethree buildings in the present study in exposure C.

Building height (n)

(Co), NBCC 2015

(0 ), ASCE 710/16

5 0.9 0.88
10 1.01 1.01
20 1.15 1.16

6.1.1 Local pressure coefficients

As mentioned beforeexternalpeakpressure coefficients recommended by NBCC and ASCE 7
are provided as areveragegeakpressure coefficients, such that the maximunatiabsolute
sense) externgdeakpressure coefficients are assignedtf@minimum tributary areas (leslsan

p & ), and then, the external pressure coefficients attenuate to reach the minimum valuerfor large
tributary areas. In this sectiahemost criticallocal pressure coefficientsf the present studyill

be compared withhe codes externgbeakpressure coefficients correspang to the minimum

tributary aredi.e.p & ) in each pressure zone

Figure6-1 shows comparisons betweire most critical peak pressure coefficients, CpCg, among

all wind directions for the three buildings in the present study and the peaks recommended by the
codes. Peak pressure coefficients ofaime (L6 ft) heightbuildingare lower than values of external
pressure coefficients specified by NBCC 2015 and ASQR ih the corner and the interior zones.
However, in the edge zone, values of peak pressure coefficients of NBCC 2015 and-A8CE 7

are exceeded by the experimental peak. It seems that the highriaebatehe roof level of the
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m (16 ft) height building extendthe high peaks into the edge zone. Peak pressure coefficients of
the newedition of the American standardSCE 716, are higher than the experimental results in

all pressurezones with a dference reaching 1.7 in the corner zone. Tiasults inan
overestimatiorof the design loads on large roofs and leads to overdesign and extra cost. Although
the peak pressure coefficients specified for the corner zone are higher than those for theeedge z
in NBCC and ASCE 7, experimental resulfshe5 m (16 ft)height buildingshowed that similar

peak pressure coefficients were recorded on the corner zotieessttje zone.

For the building of 10 m @2 ft) height, values provided by the three codes higher than the
experimental pealn all zones, except the peedcommended biMBCC 2015 for the edge zone,
which is lowerthan the experimental findings of the present stédyain, values of external
pressure coefficients of ASCE-16 are much highrethan the experimental results, with a
difference of 1.9 in the corner zone.

The bottomgraph in Figure6-1 shows a comparison between the results of the present study for
the20 m @4 ft) height building and the North American codes. Both ASEI6 and ASCE 710
provide the same external peak pressmetficients and pressure zones for buildings of hesght
more than 60 ftThe experimental most critical peak pressure coefficient evaluated on the corner
zone is approximately equéd the peak pressure coefficient of ASCEL® and ASCE 416,
whereaghe peak pressure coefficients of the same codes are higheththaxpermentalmost
critical peak coefficients calculated threedge andheinteriorzones with a high difference of 2.1

for the edge zoné\s mentioned previous|ywhenthe building height is less than 20 m (65.6 ft),
then it isconsidered akw-rise building based on NBCC 2015. Tk@ m (64 ft)height building

is at thelimit, and for this reason, values of most critical peak pressure coefficients evaluated on
its roof have been compared with the provisions of NBCC 2015 forikenbuilding and md-

rise building. As shown in the figure, values of experimental peak pressure coeffiaients
significantly higher than those specifitad low-rise buildingsin NBCC 2015. On the other hand,

the peak pressure coefficients of NBCC 2015 faid-rise buildings are greater than the
experimental results, except fibve corner zone, where the diffeoe is relatively small. Clelyry
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for a building of height close @0 m it is recommended to consider the provisions of theragl

buildings.
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Figure6-1: Comparison of most critical peak pressure coefficients between the present study for the three
buildingsin open country exposure and the corresponding recommended peaks of NBCC 2015; ASCE 7

10 and ASCE-16. (coefficients between brackets are the recommended valdes).
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6.1.2 Areaaveraged peak pressure coefficients

Since the wind loads are presented as a function of tributary aiseeely important to compare
the experimental aremveraged peaks witthose specified byhe North American codes and
standard#n order to assess the suitability of aeearaged peak pressure coefficients of the North

American code$o providesafeand economical design ftarge roofs

Figure6-2, 6-3 and6-4 present comparisons betwdbpareaaveraged peak pressure coefficients
of the presenstudyand those provided by NBCC 2015, ASCERTand ASCE 416 in exposure

C. As shown inFigure 6-2, the experimental areaveraged peaks evaluated on the edge zone of
the5 m (16 ft) height building are higher than those specified by NBCG281id ASCE 710,
while they are higher than the pgalessure coefficiengrovided by NBCC 2015 only for thD

m (32 ft) height building, se€igure6-3.

The experimental peaks recordedsome areas ithe edge zone of tttem (16 ft) height building

are similar in magnitude to those recordtethe corner zone, arttle exact location these areas at
which the highest wind loads occur in the edge zmudd not be determined. However, the codes
recommend lower pressure coefficients for the edge zonetoamtsurea safe design fothe
components and cladding of the edge zmfithis building the recommended design peak pressure
coefficients for theedge zone should be raised to be comparable to those recommended for the
corner zoneThis indeed will be very expensive for large buildings, but it is the only way to provide
safe design for the edge zo@n the other handreaaveragegeaks of NBCC 205 and ASCE

7-10 are higher than the experimental resulthécorner andheinterior zonedor the5 m (16

ft) and10 m @2 ft) height building.

Peaks of ASCE-16 are higher than the experimental results with a large difference in all pressure
zonesexcept in the corner zone of tA8 m @4 ft) height building, where the ASCEIG peak is
a bit lower than the experimental pedgain, the values of external peak pressure coefficients
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provided by ASCE 16 for low-slope roofs of lowrise buildings areery conservative and result

in a costly design for large roofs.

The perimental results showed that tieeluction in the magnitude of tle@veloped area wind
loadsis smallin the edge zonasthe tributary area increasd$owever this is not the sg®rio
presengd in the North Americancodes at which the areweraged peak pressure coefficgent
specified for the edge zodeop from-4.5 to-2.75 in ASCE 716,-3.5 t0-2.25 in ASCE 710; and
-2.5t0-2 in NBCC 2015, seEigure3-2.

In the cornerzone areaaveraged peak pressure coefficiedexreasewith tributary arealn
addition,the reduction in experimental araaeraged peak pressure coefficients whtktributary
area in the interior zone agrees with the curves specified by teefootheinteriorzoneat which

theareaaveraged peafiressure coeffients decrease marginatyg the tributary area increases.

Moreover, it should be nedl that the tribtary area which corresponds to the minimum -area
averaged peak pressure coefficients has been increased tgbdv 1 '1R0) in ASCE 716. This
change agrees well with the results of the presents study, at which the minimesweassged
peak pressureoefficient was found on areas much greater than p 10 . For examplethe
minimum areaaveraged peak pressure coefficient occurs on a tributary are@ of ¢ v @0

in the corner zone of the 32 ft height building

Ultimately, the advantage of having thenimum peak assigned fartributary area oft @

(v TRO) in the curve ofthe areaaveraged peak pressure coefficients in the codes is clear by
observing the experimental araaeraged peaks on the corner zonEigure6-2 andFigure6-3.

The curve of pealpressure coefficients in ASCEID and NBCC 2015 would cover all the
experimentatesults ifthe minimum value of peak pressure coefficients wbaldeshifted to the

right until it corresponds to a tributary areaof@ (v 1T R0).
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Figure6-2: Comparison of thenost criticalareaaveraged peak pressure coefficie@gCg of the

present studgnd the values recommended by the code$ (H=Exposure C).
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present studgand the values recommended by the coded (Hw Exposure C).
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Figure6-4: Comparison of thenost criticalareaaveraged peak pressure coefficie@gCg of the
present studgnd the values recommendedACE 710/16(H=20m, Exposure C).
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6.2 Roof pressure zones

Comparison of the pressure zones with the North American codés @atomplished by setting

the pressure zones on the contourghef enveloped peak pressure coefficients of the three
buildings in the present studgndthen the pressure zones can be examined. Corner zone should
capture the highest peaks in the roofnesrand extend to cover an area that is subjected to wind
peak pressure coefficients greater than the peak pressure coefficient provided by the code for the
edge zone. On the other hand, the edge zone should not have peaks greater than those specified by
the codes for the edge zone. In these comparisons, peak pressure coefficients specified in ASCE
7-10 for the edge zone will be taken as a reference to determine the suitability of the zonal systems
of the North American codes.

Figure 6-5 shows the most critical peak pressure coefficients over the btgfouarter of the

roof for the building of 5 m (16 ft) height in exposure @nd exposure Bas well asthe pressure

zones of the three codes. As shown, corner zones of the three codes capture the highest peak
pressure coefficients in the roof cornerboth exposureshowever, the highest peak pressure
coefficients developed on the edge zone are approximatkelgame as those developed on the
cornerzone, whicharegreater than the edge zone peak pressure coefficASCE 710 for the

5 m (16 ft) height buildingn both exposuresn this case, corner and edge zones should be treated

as a single pressurermowith the same peak pressure coefficiehggin, this will be very costly

for large buildingshowever it is safe

The pessure zones of ASCEID, NBCC 2015 and ASCE-T6; andthe most critical pressure
coefficients forthe building of 10 m @2 ft) heght in exposure C and exposureaBe presented in
Figure6-6. According to ASCE 10, the maximumpeakpressure coefficient fahe edge zone
and for the 32 ft helg buildingin exposure Gs -3.6, the corner zone size of NBCC 2015 and
ASCE 710 is adequate to captureewind peakpressure coefficients more théh6, whereathe
corner zone of ASCE-T6 is slightly oversized along thedding edges. It should heted that the
L-shapedcorner zone of ASCE-16 takes the same spatial distributiorited high peaksn the

roof corner however, it extends a bit more along the leading edge, and captures peak pressure
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coefficients lower than the value provided by ASTEO for the edge zondhe same scenario
appliesto the wind loaddistribution in exposure B, where the corresponding value of the edge
zone peak pressure coefficient in ASCEOrfor exposure Bs equal to-5.1 As shown in the
figure, the corner zone &SCE 710 and NBCC 2015 includes all pressure coefficients greater
than-5, and the corner zone of ASCELB extends along the leading edge and captures relatively
low-pressurecoefficients. As a result,lte proper corner zone feuchbuildings of aroud 10 m

(32 ft) height should be sized according to NBCC 2015 or ASQH @nd shaped based on ASCE
7-16 as shown ifrigure 6-8.

Figure 6-7 shows most critical peak pressure coefficients for the 20 m (64 ft) height building in
exposure C and Exposure B; and the pressure zones of the three codes based on the provisions of
mid-rise buildings. The corner zone is very large such that it extends along the leading edge to
include wind peak pressure coefficients much lower than those specified for the edge zone in
ASCE *10.

Experimental examinatioof wind loads on the buildings of 5 and 10 m heights results in two
different scenariassimilar peak pressure coefficients occur in the corner and the edge zone for the
5 m height building, and the-¢hape distribution of high wind pressures in the roof corfoer

the 10 m height building. However, each scenario should be generalized for a set of heights rather
than a specific height, for this reason, an intermediate height of 8 m (26 fihesjected to
separate between the two scenarfogure 6-8 presents a proposed roof zonal systemdoge
low-slope roofs of lowrise buildings. The proposed roof zones are based on the experimental
results of the sent study, and they are for buildings of height greater@mar@6 ft) and large

plan dimensionsThe size of long side of-Ehaped corner is the erzbnewidth, z, see section

3.2, while short side size 3 basean the experimental data in batkposure C and B.

94



Figure6-5: Contour of most critical peak pressure coefficiéatghe building of 5 mheight inboth
exposurewith the pressure zones of ASCELB (white linespndNBCC 2015 and ASCE-10 (black

lines).
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Figure6-6: Contour of most critical peak pressure coefficidatghe building of 10 mheight inboth
exposure withthe pressure zones of ASCELB (white linesandNBCC 2015 and ASE 7-10 (black
lines).
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Figure6-7: Contour of most critical peak pressure coefficidatghe building of 20 mheightin both

exposuresvith the pressure zones of ASCELB, NBCC 2015 and ASCE10.
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Chapter 7

Conclusionand recommendations for future work

7.1 Conclusion

The necessity of examining wind loads on buildings of large plan dimensions arises since wind
provisions of the North American codes were constructed based on studies conducted on buildings
of regular sizeThis study investigated wind loads lanwv-slope(less than < %) roof buildings of

large plan dimensionsmre than 60m or 200 ft) to investigate the applicability of the North

American codes to such buildings.

Three building models of identical plan dimensi¢h$8 m x 118 mpand differentheights 5 m,

10 m, and 20 nwere tested in the wind tunrfer seven wind directionis two terrain exposures
open country exposure and suburban expodure experimental results were presenetrms

of contours of most critical pressure coefficiemstreme local pressure coefficients versus wind
direction, and areaveraged peak pressure coefficiefitee resultswere compared with past
studies, fulscale dataand the North American code€ghe comparison with the North American
codes andtandards (ASCE-I0, ASCE 716, and NBCC 2015) were carried out in two aspects:
the magnitude of peak pressure coefficients and the roof zonal syBhemfollowing are

conclusiveremarks of the present study:

1. Peak pressure coefficientscommended bASCE 7-16 for lowslope roofsare much
higher thanthe actual wind loads olarge low-slope roofsof low-rise buildings and

using these peaks for large lslope roof design is uneconomical.
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. Peakpressureoefficients of ASCE 10 specified for lowslope rofs are conservative

and economical fdargelow-slope roof design.

. Peakpressurecoefficients of NBCC 201%ecommended for lovslope roofsare also
applicable to large lovglope roofs except the peak pressure coefficients provided for
the edge zone, dy are low and should be increased to be similar to the peak pressure
coefficiens of ASCE 710.

For largelow-sloperoof low-rise buildngs of lowheights [ess than 8 i wind loads
developed othecorner zone antheedge zone are comparable. Fos ttasethecorner
andtheedge zone should be treated as a single zone with the same design peak pressure

coefficients.
. Forlargelow-slope roof lowrise buildings of height greater th&mm, the corner zone
shouldhave an Eshape. The size of long sidetbe L-shaped corner is the erzbne

width, z,as defined in NBCC 201%vhile short side size isZl see Fig. 63.

Areaaveragedvind loads on the edge zooélarge roofs decreasmly a little as the

tributary areaincreases

. The spatial distribution of winpressuresverlarge roofs is similar ibothopen country

and suburbaexposures.
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7.2 Recommendations for future work

1 The current study concemhequare rocfwith oneplan dimension (118 m)hus,
itis recommended to test building modelth different shape and plan dimensions.

1 Large midrise buildings have been examined by testing a Bigimbuildingonly.
Higher midrise buildings (30 m, 40 nghould beexamined in the future.

1 Two terrainexposures, open country and suburban, have been considered. It is

recommended to consider urban exposisrevell,in the future research.
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Appendix A
Components and cladding external peak pressure coefficients in the North American codes
Appendix A 1: NBCC 2015 (HO20 m)
Appendix A 2: ASCE 710 (HO60ft)
Appendix A 3: ASCE 716 (HOB60 ft)
Appendix A 4: ASCE 710 (H> 60 ft)

Appendix A 5: ASCE 716 (H> 60 ft)
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Appendix Al: External peak pressure coefficients on roofs with a slope lessiaNBCC 2015 for
the design of components and cladding, (Figure 4.137i6.NBCC 2015).
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Notes to Figure 4.1.7.6.-C:

{1} Coefficients for overhung roofs have the prefix “o” and refer to the same roof areas as refarred to by the
correspanding symbol without a prefix. They include contributiens from both upper and lower surfaces. In the
case of overhangs, the walls are inboard of the roof outling,

{2} sand rapply to both roofs and upper surfaces of canopies.

[3) End-zone width z is the lesser of 10% of the least horizontal dimension and 40% of height, H, but not less
than 4% of the least horizontal dimension or 1 m.

(4) Combinations of external and internal pressures must be evaluated to obtain the most severe loading.

[2) Positive coafficients denote forees toward the surface, whereas negative coetticients denote forces away
from the surface. Each structural element must be designad to withstand forces of hoth signs,

(6) For calculating the uplift forces on tributary areas larger than 100 m? on unobstructed nearly-flat roofs with

low parapets, and where the centre of the tributary area is at least twice the height of the building from the

nearest edge, the value of C,C, may be reduced from —1.5 to —1.1 at wH = 2 and further reduced linearly lo

-0.6 at wH = 5, where x is the distance to the nearest edge and H is the height of the building.

For roofs having & perimeter parapet with a height of 1 m ar greater, the corner coefficients C,.C; for tributary

areas less than 1 m2 can ba reduced from =5.4 fo —4.4.

(7
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Appendix A2: External peak pressure coefficients in ASGEJ7(HeightO60 ft)

Components and Cladding h = 60 fi.
Figure 30.4-2A External Pressure Coefficients, GCp
Gable Roofs 8 < 7°

Enclosed, Partially Enclosed Buildings
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Notes:

Vertical scale denotes GG, to be used with g;.

Horizontal scale denotes effective wind area, in square feet (square meters).

Plus and minus signs signify pressures acting toward and away from the surfaces, respectively.

Each component shall be designed for maximum positive and negative pressures.

If a parapet equal to or higher than 3 ft (0.9m) is provided arcund the perimeter of the roof with 8 < 7°,

the negative values of GCj in Zone 3 shall be equal to those for Zone 2 and positive values of GG, in

Zones 2 and 3 shall be set equal to those for wall Zones 4 and 5 respectively in Figure 30.4-1.

Values of C, for roof overhangs include pressure contributions from both upper and lower surfaces.

Notation:

a: 10 percent of least horizontal dimension or 0.4h, whichever is smaller, but not less than either 4% of
least horizontal dimension or 3 ft (0.9 m).

h:  Eave height shall be used for 6 < 10°.

8:  Angle of plane of roof from horizontal, in degrees.
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Appendix A3: External peak pressure coefficients on roofs with a slope lessthiaABCE 716
(HeightO60 ft)
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Notes

L. Vertical scale denotes (GCp)to be used with g,

2. Horizontal scale denotes effective wind ares, in fi (m2).

3. Plus and minus signs signify pressures acting toward and aw from the surfaces, respectively.

4. Each component shall be designed for maximum positive maymm“ pressures, o

S,HapmpﬂcqwlmurhiglmﬂmnSEt[D.Bm]iupmﬁdedmudthepa-lmmufmema{wilhﬂST.ulen::i:uive
valu:snf{Gijluthhul]bcequalhlhmeformelmdposiﬁveva]maf(ccp)inZomsZand‘,’.shullbeset
equal to those for wall Zones 4 and 5, respectively, in Fig. 30.3-1.

6. Values of (GCp) for roof overhangs include pressure contributions from both upper and lower surfaces.

7. If averhangs exist, the lesser horizontal dimension of the building shall not include any overhang dimension, but the edge
distance, a, shall be measured from the outside edge of the overhang,
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Appendix A4: External peak pressure coefficients in ASCGEOJ7(Height> 60 ft)

Components and Cladding h = 60 ft.
Figure 30.6-1 External Pressure Coefficients, GCp i
Enclosed, Partially Enclosed Buildings Walls & Roofs
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Notes:
I. Vertical scale denotes (-C,, to be used with appropriate g. or g
2. Horzontal scale denotes effective wind area 4, in square feet (square meters).
1. Plus and minus signs signify pressures acting toward and away from the surfaces, respectively.
4. Use g: with positive values of G, and g5 with negative values of GC,.
5. Each component shall be designed for maximum positive and negative pressures.
6. Coefficients are for roofs with angle 8 < 10°. For other roof angles and geometry, use GC, values
from Fig. 30.4-2A, B and C and attendant g5 based on exposure defined in Section 26.7.
7. If a parapet equal to or higher than 3 ft (0.9m) is provided around the perimeter of the roof with 6 <
107, Zone 3 shall be treated as Zone 2.
& Notation:
a: 10 percent of least horizontal dimension, but not less than 3 ft (0.9 m).
h: Mean roof height, in feet (meters), except that eave height shall be used for & < 10°.
z:  height above ground, in feet (meters).
8 Angle of plane of roof from horizontal, in degrees.
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Appendix A5: External peak pressure coefficients on roofs and walls in ASGE(Height> 60 ft)

Diagrams ""lf'" "'Ff"
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Notation

a = |06 of least horizontal dimension, but not less than 3 fi (0.9 m).

h = Mean roof height, in ft (m). except that eave height shall be used for 8 5 10°.

2 = Height above ground, in fi (m).
8 = Angle of plane of roof from horizontal, in degrees.
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Notes

| Vertical scale denotes (GCp) 1o be used with appropriate 4. or g,.

2. Horizontal scale denotes effective wind area A, in ft* (m?)

3. Plus and minus signs signify pressures acting toward and away from the surfaces, respectively.

4. Use g. with positive values of (GCp) and gy, with negative values of (GCp) .

5. Each component shall be designed for maximum positive and negative pressures.

6. Coefficients are for roofs with angle 8 < 7°. For other roof angles and geometry, use (GCp) values from Fig. 30.3-2A-2]
and Fig. 30.3-5A,5B and attendant g4 based un exposure defined in Section 26.7.

7. Ifa parapet equal 1o or higher than 3 ft (0.9 m) is provided around the perimeter of the roof with 8 < 10°, Zone 3 shall
be treated as Zone 2,
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Appendix B

Contours of meanand peakpressure coefficientof the 5 m (16 ft) height building for all

wind directions
Appendix B 1: 0° wind directionin exposure @nd exposure B
Appendix B 2: 15° wind direction in exposure C and exposure B.
Appendix B 3: 30° wind direction in exposure C and exposure B.
Appendix B 4: 45° wind direction in exposure C and exposure B.
Appendix B 5: 60° wind direction in exposure C amokposure B.
Appendix B 6: 75° wind direction in exposure C and exposure B.

Appendix B 7: 90° wind direction in exposure C and exposure B.
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Appendix B1: Contours of mean and peak pressure coefficients’fair@l direction in exposure C and

exposure B.
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Appendix B2: Contours of mean and peak pressure coefficients fowitil direction in exposure C and

exposure B.
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Appendix B3: Contours of meaand peak pressure coefficients fof 80nd direction in exposure C and

exposure B.
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Appendix B4: Contours of mean and peak pressure coefficients fowitl direction in exposure C and

exposure B.
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Appendix B5: Contours of mean and peak pressure coefficients fowB@l direction in exposure C and

exposure B.
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Appendix B6: Contours of mean and peak pressure coefficients fowirel direction in exposure C and

exposure B.
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Appendix B7: Contours of mean and peak pressure coefficients fowB@ direction in exposure C and

exposure B.
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Appendix C

Contours of meanand peakpressure coefficientof the 10 m 32 ft) height building for all

wind directions
Appendix C 1: 0° wind direction in exposure C and exposure B.
Appendix C 2: 15° wind direction in exposure C and exposure B.
Appendix C 3: 30° wind direction in exposure C and exposure B.
Appendix C 4: 45° wind direction in exposure C and exposure B.
Appendix C 5: 60° wind direction in exposure C and exposure B.
Appendix C 6: 75° wind direction in exposure C and exposure B.

Appendix C 7: 90° wind direction in exposure C and exposure B.
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Appendix C1: Contours of mean and peak pressure coefficients’fair@l direction in exposure C and

exposure B.
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Appendix C2: Contours of mean ankak pressure coefficients for°asind direction in exposure C and

exposure B.
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Appendix C3: Contours of mean and peak pressure coefficients fowB@ direction in exposure C and

exposure B.
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