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ABSTRACT

WIND PRESSURES ON FLAT ROOF EDGES AND CORNERS OF

LARGE LOW BUILDINGS

Hatem Alrawashdeh

The present wind tunnel study examines the suitability of the current wind provisions in
wind codes and standards for the design of roof zorfst-wbofed lowrise buildings with

large dimensions. Current wind codes and standards have load provisions dealing with low
buildings of common configurations. Large buildings, say 100 m long, have not been
considered when these provisions were estaldlisAe a result, the interaction between
wind and buildings of such geometries should be investigated for the assessment of current

wind provisions in terms of their applicability to such configurations.

Nine large lowrise buildings of 5, 7.5 and 10 m high with flat roofs have been tested in a
typical open country exposure in the Boundary Layer Wind Tunnel of Concordia
University. The models have been tested for wind directions ranging from 0° to 90° at
increments of 15°. The buildings have large square plan with equivalerscéiel

horizontal dimensions ranging from 60 to 180 m.

Local roof pressure coefficients have been obtained from the wind tunnel measurements.
Moreover, areaveraged negative pepkessure coefficients have been established using
numerical integration of individual pressure coefficients. The effects of building

dimensions on the generated roof pressures have been addressed in this study.

This thesis presents a comparative studgthascodeprovisions and experimental results.

The first part compares the application of the curtederoof zone systems and the design



wind pressures specified in codes and standards. The second part of the study compares
the experimental results Wwithe respective values specified in code/standard provisions in
terms of wind pressures and roof zone sizes to assess the suitability of these provisions.
These comparisons show significant differences in the patterns of the design pressure

coefficients anong the current wind codes and standards.

Application of the current provisions of ASCE1D and NBCC 2010 on building
geometries of large roofs and low height may lead to considerably conservative and
uneconomic roof design. An exception for very longv lbuildings, as far as the
determination of the sizes of roof edge and corner zones is concerned, has been
recommended to rectify the deficiency of wind codes and standards for these building

geometries.
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CHAPTER 1

INTRODUCTION

1.1General

Low-rise buildingsform the larger percentage of buildings on the earth. They arein
lower region of atmospheric boundary layer, where both the speed gradients and the
atmospheric turbulence are stronger. Therefore, wind loads on surfaces -o$dow
buildings are highly fluctuatind.ow-rise buildings widelwary in shape and geometry

For these reasomand loads on the surfaces of lavge buildingsare difficult to determine

On the other hand, lowse buildirgs have low natural frequencieausing negligent
dynamic responsgCook 1990).

1.2Wind Damage

Wind is a part of our lifeWind isconsiderea very significant source of clean eneemd
is beneficial in a lot of respect®n the other handvind is a natural hazard to mankind
In case of accidentslamages to buildings and structures can be a@stly. That is why
civil andbuilding engineers are concernaboutthe wind It is also recognized thahe
kind of structuresexposed to higtwind risks are lowrise nonengineeredesidential
buildings designedand constructed in traditionabays without resorting to qualified
architects#ngineers Adequate treatment of wind effects the design is essential to
achievesafeand economic structures. Therefaraderstanding the naturewihd-induced

pressues on buildings will helgtheengineerslesign safeandmoreeconomicabuildings.



The form of the structural failure and tagse due to wind loads ggaduallyprogressing
Building cladding and components are the first phase on the wind load path. Wind pressure
is applied to the external cladding of the buildings and thisrtransferred to substrates,
secondary components, main structural frames and foundafions, he breaking down

starts with local surface damage and finishes with reaching total coll@pseefore
adequatecladdingand componendlesign iscritical to minimize wind-induced damage

Small damages may evolwato larger scalerun to main frames anchusemore severe
damageThi s fAcoherent phenomenono i nfwidmage

induced buildindgailure.

Depending on theapproachflow properties such as the velocity profile, turbulence
intensity and length scagléhe variation in building sizepof geometry etc.,damage to
roofs of buildingsmay occur either directlgr indirectly. In most casesoof damageas
causedoy local high suctions and large pressure fluctuations theeperimeter areas of
the roof Because of these local failgrghe windis allowed toenter under the roof
cladding and thenthe underneath pressut@gether with the roof surface suction may
create significantlift forces. Therefore, local roof damagmay lead to total roof
destruction. Moreover, tHerokenpartsof the destructetiuildings that are less wefiked
may be carried away in strong wind atesuch as hurricandsgcome windborne debris
and strikedownstream buildings causing additioralilding damage and destructjon
causingasoc al | ed fAdamage chaino.

Assessment of winthduced damage to structures revealed some consistent patterns
(Minor andMehta, 1979):

1. Structures failed, principally, because of winduced forces acting on critical building

components;

2. Nonengineered and marginally engineered structures were susceptible to failures at

relatively low wind speeds;



3. Small increase in the degree of ieegring attention, using new wind engineering
technology, could produce large dividends in increasing the wind resistance of structures;

and

4. The geometry of a structure and its orientation were important determinants of wind

resistance.

1.3 Theds Motivation

There are many issues to be addressed by researchers and eirgiheevsidengineering

field to provide guidelines for secure and economic de€yer the past few decades

lot of wind tunnel and fulcale experiments have been conducted to investigate the wind
pressures of lowise buildingsBut until recently mostof them have been performed to

model simple shapes of lemse building with common relatively small dimensions.

Low-rise buildings have limitless possibilities of geometries that include different heights,
roof slopes and horizontal plan dimensioisth the urban and industrial activity growth,
low-rise buildings arealsoused for commercial and indusir purposes like malls and
shoppingcenterswith large roof sizesGenerally, roofs of large buildingse commonly

flat or neaty flat. Figure 11 presents an exampla&f an actual commercial building,
theMushroom warehouséocated in Southeastern Pennsylvania, United States. This barn
is supported by a truss system of 1:12 pitch and has plan dimensions of 200 feet by 500
feet. The wall height is 16 feet at the eave and 20 feet at the aisle dowentemf the
building. Such structures may be indeed penalized by applying roof zone provisions
currently in the internationakind codes and standardadeed,specific guidelines for
wind designof buildings with large roofs are notqvidedsincewind code and standard
provisionswere producedy testing regulashaped models with commaelatively small
dimensionsThislack of guidelines from an economic standpairdy lead to conservative

design.



Figure 11: Large Lowtrise buildings: ThéMushroom warehousé&cated in Southeastern
Pennsylvania, U.S.A (http://www.constructionmagnet.com/+udder/postframe

phenomfor-fungi).



Furthermore,a similar situation exists in retrofitting or refurbishing buildings. For
example, extension of an existing buildimguld modify the size of the roof zones (corner,
edge and interior) even for the old portion of the buildisge Figure 1.2The question
thenariseswhether the requirements of the wind codes and standards are really justified

when building dimensiong@increased.

Original End £ ted End
Zone \ Xpecte

oS — — &

XX

Existing Extension |
Building l

Extension

ceccccccccccccccdeccccccccccccccacqgead

Figure 1.2: Depicting fanciful for an extension to an existing building.

1.4 Scope and Obijectives

As previously mentionedurrent wind provisions ithe variousationalwind standards
and codes of practiageal with regulasshaped buildings with commorelatively small
dimensionsVery long buildingshave not been considered when these provisions were

produced. As a result, theln@s beeran urgent need to carry out a detailed research study



to describehe interaction between the wind and these kinbudtliing geometries and to
assess the efficiency of the current building code/standard provisions as to their

applicability for very large buildings.

The general objective of this experimentsdearchs to provide the necessary information
aboutthe characteristics of the fluctuating wind pressgemerate@nverylarge flat roofs
comparedvith their heightsThe scope of the presestudyis to compare the results with
guidelinesproposed by four international standards and codes of practoeely: the
American Society ofCivil Engineers Standard (ASCE 2010), the National Building
Code of Canada (NBCC, 2010), theuropean StandardEN 19911-4:2005 and
Australian/New Zealan8tandardAS-NZS 11702, 2011)andprovidepossiblemproved

provisonsin this regardSpecific objectives of this study include the following

1. To comparethe designcriteria recommendedoy four international codes and
standard$o showthe differencebetweerthe current wind load provisionsterms

of roof zoresand design windbads

2.To investigate edge and corner zones of large flatsrba¥ing horizontal plan
dimensiors greater than 10 timekdr building height

3. To examinewind-induced suctions on edges and corners ofrise buildings with
large horizontadimensionsjncluding the effect othe building height anglan
dimensions on the local and ar@eeraged pressure coefficients generated on flat

roofs with large dimesions;

4. To assesthe current building codes/standards provisions as to their applicability for

very large buildings.

These objectivebave beerachieved throughvind pressuremeasurementen roofs of

tesedbuildingsin theBoundary Layer Wind Tunnel Laboratoof ConcordiaUniversity.



Nine flat roofs of large dimensions (&9 120m and 180m) have been testddr several
wind directions (0°,15°30°, 45°, 60°, 75° and 90°). Particulatige results of this study
areexpected to hava significantinfluence onconstructiorcost oflargeroofs.

1.5ThesisOutline

The fllowing chapter provides a brief introduction to wind loads and building
aerodynamicslt discusseshe previous work in this arend presentthe justification of

the needor the present research

Chapter 3 presents the description of the facilities, construction of the models, laboratory
instruments and equipment. Detailed description of the model configurations,
characteristicsf the simulatd upstream flow and ttaacquisition and processiagealso

provided. Comparisons with previous data are carriedfoutvalidation purposes.

In Chapter4, the description of thprovisionsregardingflat roofs of lowrise buildings
utilizing four intenational odes and standards is presenteun& historial issues related
to the development of the North American codes and stanaddiiscussedin particular
the practial guidelinedor creatingroof zonesizes and thexternal design wind loadssed
for low-rise building with large roofsare reviewedThe resulted roof systems according

to these codes/standards are compared and discussed.

Chapter 5 presents the findings of the current research in terms of dimensionless pressure
coeficients atfirst. Thisincludesdistributions oflocal presswe coefficients on the roofs
presented in terms abntous of pressure coefficients, variation with wind directions and

with relative distance from the roof windward edge. The effects of building dimension
and the wind direction on the generated roof wind pressuresanginedn this chapter.

Also, areaaveraged pressure coefficiemgasuredre presented.



In Chapter 6the suitability of the current wind codes/standapdsvisionsfor large roofs
is examined. Detailed comparisons of the present results with the respectaaesign

values of theurrentcodes and standards considered in this studycaréucted

Chapter 7argues thathe current wind provisions of ASCE-I0 and NBCC 2010
overestinate the size of the roof zones of flat lose buildings with large dimensions.
Certain modificationseemto benecessary to improve the reliability of the currentie
guidelines to create the size of the roof zoméhk regards tdarge roofs.Consequently,
suggestions to the current provisiaare madeand assessed from the efficiency point of

view.

Finally, conclusions and sggstions for further research are provide€hapter 8



CHAPTER 2

LITERATURE REVIEW

Therehavebeen a lot of research studies conducted to measure the wind effects on a variety
of low-rise buildings either in wind tunnel or in fulscale. The review presented in this

chapter covermformationin the following topics:

Review of wind engineering basieepf wind loadsandprevious workn area of roof wind

loads of lowrise building.

2.1 Wind Engineering Basics

Wind, in climatology,is the movement of awn largescalerelative to the surface of the

earth; itgeneratepressures on buildingurfacesThe main reason for air movementhsg
temperature gradient of the atmosphere due
surface. Consequently, themperaturalifferences produce density differences and then

pressue gradient to drive thairflow on largescale atmospheric circulatiarfaurthermore,

seasonal effectsgeographical effectand rotation of earth are factors contributing to
additional variations to the atmospheric circulatiochs wind travels around anover the

building, it accelerates amtoducesoutwardactingpressure®n all surfaces except the

windward surface.

Wind engineering is best described as the rational treatment of the interaction between
wind in the atmospheric boundary layer and mad his works on the surface of earth
(Cermak, 1975)The main sources for wind engineering knowledge are fluid mechanics,

meteorology, structurahechanicand physiology. Wereasestimationof wind pressures



on building surfaces isbtained through the nuerical and analytical method, ftdcale
experiments andxtensively through wind tunnedxperiments The latest methods

frequentlydone by boundary layer wind tunnsishulating atmospheric flows.

2.1.1 TheAtmospheridBoundarylLayer

It seemghatthe conceptof boundary layer in fluid flowss ascribed to Froud&hrough

a series of laboratory towing experint® have been carried ooy Fraude to study the

friction resistance of a thin flat plate when towed in still water in the early 19T@s
fbouncarylayeb as term was probably first introdu
1905 paper: AWhile dealing with a flow, th
each other; on one side we hawwasfridianless,f r ee f
according to the Helmholtz vortex theorems, and on the other side the transition layers near

the solid walls. The motion of these layers is regulated by the free fluid, but they for their

part give to the free motion its characteristie at ur e by the emi ssio
(Prandtl, 1905).

The useful definition identifies the boundary layer as the layer of air directly above the
earthdés surface in which the effects of th
directly on tme scales less than a day, and in which significant fluxes of momentum, heat

or matter are carried by turbulence motions on a scale of the order of the depth of boundary
layer or less@arratt, 1994)According to the preceding definitiothe boundaryayer is

the airstream layer that influencdaly the ground friction from terrain roughness, i.e.

buildings, trees, etc., and the blockage effects from the topogmapthe surfacef the

earth This will lead to a reduction in wind speed and increasglutence vaen theheight

becoms close tosurfaceof the earttwithin the boundary layer.

Figure 2.ITrepresentadiagrammatic descriptioof simplifiedatmaspheric boundary layer.
Thestructure of the boundary layeasaninner regionlboundarylayer wind)andanouter
region(gradient wind) The wind speed at the ground surfaatewhichthe height is zero

10



is assumed to be zero. Within the inner region, wind speed increases with increasing height
from the ground surface unélcertairpoint where the speed reaches the maximidigher

than this point, the movement of airstream is no longer affectedifgicaoughnessrhus,

the wind speed within the outer region mainsaarconstantvalue called gradient wind
speed, \¢. The height at this point is smlled gradient height,&Z Zg is used to represent

the thickness of the boundary layer (inner region).

> N

v
=Vg —

« V

7=7
q—= %

- Mean (V)
__—-~Fluctuating (V)

Height above ground
|<— Boundary layer wind —|<— Gradient wind -

F——— V=V(2)

\

~ V= \T(Z)

Wind Speed

Figure 2.1: Instantaneous wind velocity profile in atmospheric boundary layer.

As shown inFigure 2.1, the wind spedlf) at certain height is equal to a mean spead (
plusafluctuating componeniThe vertical distribution of horizontahean wind speed of
the boundary layer flo® : can beapproximatedy asemiempirical relationshigalled

logarithm profile while thewind speedf the boundary layer flowo ¢ can be expressed

11



by the powerlaw profile. The logarithrit profile and power profile are presented in the

equations 2.1 and 2.2, respectively.

6: - O 11— (2.1)

— - 2.2)

Because of simplicitghe powerlaw is often used in the enggering applications and in
some building codes/standards.h& logarithmiclaw is based orthe physics of the
boundary layerand therefore the logarithmic law is used by bdt engineers and

meteorologists.

The surface roughness is one of the noostspicuous factors thaffect thevariation of
wind speed within atmospheric boundary layer with heigftien the wind travels over
different terrain categorigstakesa longdistance- calledfetch length- to fully develop
the speed profilef thoseterraincategories. The wind speed skaown at the surfacexf
higher roughness rad then the wind profile ises higher, thus for rougher terrainghe
gradient heights are hight#ran those of smother surfac&he gradient wind speatbes
not change andemains firmat all terrains This kind of wind speed equilibriurocan be
illustratedusing the power law (Equation 2.Zhe equilibrium of the velocitiest different

terrainscan beexpresseas follows:

— - (2.3)

In which@ andy are mainly functionsf ground surface roughneskiggested values for

these characteristigarameters of the atmospheric boundary layer in codes and standards

for different locations can be found rable 2.1.
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Table 2.1: Characteristic pararaet in power law wind profilggower law exponent,

terrain roughness and gradient heigbéqrts and Batum, 2007

Power law Roughness Gradient
Exposure category and descriptio exponent[)  length ¢ ), height ¢ ),
m m
1: Open sea, ice, tundra, desert 0.11 0.001 250
2: Open country with low scrub or 0.15 0.03 300
scattered trees
3: Suburban areasmall towns, well 0.95 03 400
wooded areas
4: Numerous tall buildings, city
centerswell developed industrial 0.36 3 500

areas

Wind is characterized as randomly varying dynamic phenomenon. If the instantaneous
velocity of the wind is recorded atpoint versus time oa chart, the result will look like

that in Figure 2.2. As is evident from the figure, the wisdlso unsteadythus the wind

speed (V) at certain time is equal to a mean speed compdieptué a fluctuating
component® ), the later is known as turbulence and responsible for creating gustiness.
Structural engineers are predominantly concerned with the peak values of wind speed

rather tharthe mean values.

Mean wind speed is the average of wind speed records over a certain period. In order to
keepmean wind speedelatively stableover the record durationan averaging period
between 10 minutes and 1 hour is recommended. The influence of averaging timenon me
wind speed is provided byralation developed by Durst (1960). The Durst curve shows
the comparison oWind speeds averaged ovetime TOA AO o ¢ TOA Andwind

speed averageamver3600secondgone houy of the samewind storm According to that

the relation between the length of the averaging interval and its corresponding maximum

mean speed is inversehe DurstCurveis presented ippendixA.
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Figure 2.2: Variation of windelocity with time for min period.

The charactertgcs of atmospheric turbulenamay be described by different parameters
such agurbulence intensitygust size (integrdength scale)andwind-energy spectrum.

These parameters become an important considefatiaind-sensitive flexible structures.

The longitudinal turbulence intensity (relative intensity of turbulence) at a point of
elevation (Z) is defined as the ratio of root mean square (rms) of the longitudinal wind

speed fluctuations to mean speed. Mathematigalily defined as follows

) i (2.4)
Where:
O UO Root mean square of the fluctuating velociy.
6 : Mean wind speed at elevation Z.
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Turbulence intensity increases with roughness of the ground surface and decreases with
height. It also varies with averaging time used in recording the mean velocity, thus larger

values of relative intensity are yielded from longer durations of averaging time.

The integral length scale is used to measure the average longitudinal size etidigs in

the flow. The flow velocity at any instant can be decomposed into three components
(longitudinal, lateral and vertical). Furthermore, each component can be decomposed into
a mean and fluctuating component. Therefore, nine integral scalesbofetwe are
associated with the flowfhe values of transverse and vertical integral length scales (
and, ) are small compared to the dimensions of a panel normal to the mean wind. This
may indicate that the effect of the longitudinal velocity fluctuatisrieemost relevant to

the structural design. The longitudinal integral length scale is defined asdollow

., —=. 2 zAg (2.5)

Where2 z is theautocovariance functioof the fluctuation \(z t).

The wind turbulence spectrum represents the total energy generated by eddies. The most
common models of the longitudinal spectfaurbulence used for structural design are the

following:

The Davenport spectrum model:

_ (2.6)

Where: 8 —

I frequency in Hertz, anl = mean wind speed in mesger second
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The Von Karman spectrum model:

T . @2.7)

(2.8)

Where 8 ——

These spectrum modeals nat reflect thevariation of the spectrum with height.

2.1.2 Boundary Layer \Wd Tunnel

Experimental approachdsy physical simulatiopare the mainstay of the wind engineering
development. Howeverpersistentefforts have been made dhe development and
refinement of theoretical approachd$e early windtunnel testswere carried out in
aeronautical tunnel$n which the flow was uniformSignificantchangesccurredwhen
Jensen (1958) carried out experiments on

model test for phenomena in the wind must be carried out in a turbulent boundary layer

b

and the model law requires the boundary layer to be scaled asregardsth@ c i t y pr of

Since that time the development of theubdary layer wind tunnelbeganits upward

trajectory

The current wind tunnels are considessdaneffective tool to aid in structural design

against wind by means of physical model t@stsimulatedatmospheric boundary layer
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The purposeof the current wind tunnel tests is to proviithe designers with accate

informationand dataon wind patterns, wind loads and wind induced structural vibration.

At presentwind tunnels are available iwd maintypes, @encircuit and closecircuit. In
thefirst type the air is expelledwhereasn the second type the air is-ceculated. The
wind-tunnel simulationgor atmospheric boundary layef natural flow mustoncentrate
onthe following basic characteristics: the velocity profile, turbulence intensity and power
spectra of turbulence. Thufie wind tunnel must beufficiently longto generate a thick
vertical boundary layeAlso, it must havea proper working section witbufficient height

to provide convenient vertical space, far from the ceiling of the tunnel, to the generated
boundary layer. Wind tunnel must be constructed with a proper widié &ble to house

topographideatures and the neighboring structures.

In order b maintain aerodynamic pressure coefficients on cladding of -slolggd
buildings by boundary layer wind tunnel experimegtmnsistent withthe pressure
coefficients on surface of fulicale structurdength, time and velocity scaef thewind
tunnel must be consistent witbspective atmospheric conditioi$ie scaling relationships

for wind tunnel experiments are defined as foBow

R (2.9)
R— (2.10)
. (2.11)

Wherel = length scale} = velocity scale and = time scalgwhose reciprocal is the
frequency scalg, ). The subscripts FS and WT refer respectively to full scale building and
wind tunnel modelTo simulate the natural wind successfullye tabove ratios must be

constant from fulscale to model scale as follew
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— — (2.12)

Furthermore, anothéssue related to wind tunnel simulation requirements is similarity of
Reynolds number (ratio of inertial forcesviscous force2 A —— |, where6 s the

mean flow velocity,, characteristic lerth of the building anda is the kinematic
viscosity).The scale reduction commonly used result in model Reynolds numbers three to
four orders of magnitude smaller than found in the atmosp(®nyder, 1981)
Accomplishment of flow field in wind tunnetsmilar to that in fullscale is rather difficult

and impractical. For example, to satisfy Reysahumber similarity requirement for a
model installed in wind tunnel at length scalé of 1:100,a velocity scale on order of
1:100is required thus the man wind speed in the wind tunnel must be fif@s the full

scale velocity, which is very high and hard to implement

Similarity of Reynoldshumber is necessary for a bodfycurved sface. This is due to
the factthe location of flow separatiotbependdirst and foremost oReynolds number.
For a cylindrical model of circular section the separation happens when the inertial forces
induced on the surface of the model become sufficient to decelerate the fluid particles of

theflow until reaching point wherthe flowbecomsreversed.

However, in case of shagmiged structures immersed in boundary layer flow, the flow
separation occurs mainly asesult of flowedge interactionTherefore the similarity of
Reynol ds number is |l ess significant her e.
separation, independently of the Reynolds number of the flow. For this reason it is
generally assumed that if the flow is adequately simulated, pesssurectangular and
othersharpcorneredstructuresare adequately reproducedt h e wi n (Bimiuamine |l 0
Scanlan1996) Consequently, the similarity of model and fsdlale Reynolds number is

not a serious constraint and can be relaxed; this appdib$o bodies with sharp edges in

turbulent flow.
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Some researchers have identified key issues for Reynolds number similarity or Reynold
number independence asapantee for neglecting Reynolds number effestsyder(1981)
suggested an index to realize Reynolds number independence called roughnessReynold

number® ; ——, where5; is the friction velocity andl is the roughness length), such

that a flow is considered aerodynamically rough 2og larger than 2.5flow over
aerodynamically rough surface can be cbemazed as havingReynolds number
independence. Nefind Meroney (1982ecommended that laboratory wind speed should
be high enough, such that obstacle Reynolds numbers exceed 11,000 fezdsfealp
objectsor 100,000 for round objects.

So far, wind tunnel testing for buildings and other structures (A3GB10 and ASCE

49, 2012 sets criteria to accurately simulate the windnel experimental studies. Hee
standard provideminimum requirement for Reynolds number of the model simulation in
wind tunnel to neglect the variation in pressure distributions on account of the expected

distortion in the flow; accordingly, model Reynolds number shall be more than 11,000
2A — p pummnAlso, European standard (EN 1994:2005) defines the

Reynolds number of the model based on the widtthefstructure and the mean wind
velocity at building height (Geurts and Bentum, 2007).

It is well known that the characteristic length for cylindrical model immersed in wind flow
is the cross section diameter (Bectangular models can be characterized at least by three
dimensions. Thus, the overall representative dimension of the mode beoléngth, width

or height of the building. In case of rectangular model immersed in atmospheric boundary

layer the choice is still indefinite.

In addition to thesimilarity parameters mentionethove blockage ratigratio of the cross
sectional areafahe model(s) over the wintlinnel test section arpapproximately less

than5% should be considered during wind tunnel experiments.
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2.1.3 Wind PressureCoefficients

External wnd loads exerted orbuilding claddingdepend upon the flow pattern arouardd
over the building that developed through theind flow-building interaction.This
interactionn a complex mannatepends on geometry of the buildibgjlding heightroof
shape and dimensions (breadth and depth) and the approaching wind characiérestics.
civil engineering structures are space bodies with limitlegpeshand geometrieseating
very complex flow patternsand thereforea variety of wind loadsin particular the
assessment of winduced loads tdéow-rise buildings isdifficult due to many factors
(Holmes 2001):

1. They are usually immersed within the layer of aerodynamic roughness on the
earthdés surface, where the turbulence

shelter effectare important, but difficult to quantify

2. Roof loadingswith all the variations due to changes in geometry, are of critical
importance for lowrise buildings. The highest wind loadings on the surface of a
low-rise structure are generally the suctions on the roof, and many structural

failures aranitiated there

3. Low-rise buildings often have a single internal space, and internal pressures can be
very significant, especially when a dominant opening occurs in a windward wall.
The magnitude of internal pressure peaks, and their correlation with peaks in

external pessure, must be assessed.

It is useful andeasier to study the windbuilding interactions in term ad dimensionless
numbemormalized byelocity. Surface pressure will offer greater flexibility than velocity
information such as @xessing theneasurementesultsas resultant forces and moments.
Moreover, the sudce pressure can be expressatieform of a nordimensional pressure

coefficient
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Therelation between theressure, p, and velocity, in atmospheric and windibnel flows
is widelygoverredby Ber noul.l i Hsweevgeura,t itome f orm of B
presented in (2.13) is valid for nmiscous { 1T, steady and irrotati@l flow and the

flow aroundbuildingsis turbulent.

0 - Al 1T O00AT O (2.13)

in which this expression remains constant along the same stream line. V represents the
velocity on the streamline outside the boundary layer thatddiwn the body surface
where the Bernoulli és equation is pohely val

atmospheric pressur@ | will be used as a reference pressure.

0 -m 0 -m ,whereb is the free stream flow velocity, hence

0 0 -m6 6 (2.14)

Therefore, the pressure coefficient is generally expressed as:

¥ — (2.15)

Also it can be expressed as:

" o — (2.16)

where:

-N6 dynamic pressure.
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" = ar density.

In wind tunneltests,the velocity (v ) is measuredsuallyby a Pitot tube. This velocity is
zero atstagnation point. According to equation 2.t mean pressure coefficient will be
the maximum at the stagnation point and equal to +1. At the region dhmpuaint of the
interactionwind will be accelerated> @ and therefor® values will be egative with

no limit.

Peak, mean and RMS pressure coefficients are defined as:

#topeak pressuriy o&_fée%fficient (2.17)
C
#yme an pressur%oefficient (2.18)
q
#or 00t melén(‘)iséﬁ‘g@i—'are (2.19)
[§

2.2 Wind Loads on Roofs of Low-RiseBuildings

In wind engineeringbuildingsdesignagainst wind loading requirgseciseevaluation of
local and overallwind effects Overall windloading effects govern windforces on
relativelylarge portions of atructurefor exampleportionof a roof supported by a single
truss.Localwind loading dfectsgovernwind forces acting on small arddse components
and claddindi.e. fastenersor individual windows. This thesiswill concentrateon wind

loading onflat roofs of lowrise building

2.2.1. Wind Flow Pattern®n Roos of Low-Rise Buildings
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Large magnitudef fluctuating negativgpressureson the roof,which are working like
suction forces to liftheroof cladding, are generated when wind passes over the roof. As
the wind moves around the sharp edge of the obstrydtionll be separated o two
distinct regions, named as outer region and wake regeparatedy a layer of intense
sheay calledshear layer.Shear layer is developed in the vicinity of the separation point

where the flowvelocity and the turbulence are very high.

The windflow discussed here idealized butt is very complex in reality. The wind flow
over andaround arobject depends updhecharacteristisof wind speegrofile (i.e. wind
speed and turbulence) and the shape of the building. Based antérattionof the wind
with buildings will vary. Thereforethe generated wind load distribution on theélding
roofs will change. Thampact of building configuration i.e. roof slope and building
dimensions orthe flow patterns halseen summarized ifrigure 23, which presents the

wind flow patternsover roofs of different geometrigsodified from Evans, 1957):

1. Roof pitch is very important and criticabnsideratiorshould be givern roofing
systens. In general, as the roof pitch increases, the wind flow wilplighed up
even further and consequbnthe length and height of lowressure zone will be
extended. Therefore, as the slope is reduced furtherfuatiter, higher local

sections could be developed near the edges.

2. Almost similar windpatterns above the buildinmccurin case ofincreasing the
building height, vinile the length of the wake region is diregbipportional to the
buil dingbs hei ghightset&f€igure@Bagr ams i n the

3. Increasing building widtlshows similar wind pdterns over narrow and wide roofs
- see the two diagrams in the upper sewhile the length ofthe wake region
increases with increasing width. Also, when the roof is long, the probability of the

flow to be sicked back down and+atach orroof surfacencreases
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Figure 23: Wind flow patterns created over different building configuratignadified from Evans, 1957)
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2.2.2. External Pressure Distribution on the Roofs

As discussed previouslthemagnitudes of the pressures preportional to the square of
thewindspeel accor di ng t o Baadformastishaipdgedusdomgsthe i o n)
distribution of pressures does not change with wind speed. Since the pressure distributions

are normalized by the stagnatipressure-nm  in order to express them independent

of wind speed, to ltain the actual wind pressure distribution, the stagnation pressure
multiplied by dimensionless pressure coefficietesivedfrom full-scale or wind tunnel

tests.

Uplift roof pressures areonsidered one of the most destructive forces generated on
building cladding by wind. High suction pressures occur on the perimeter areas of the roofs
along the leading edgesith extremes in certaigections Positive wind pressure.e.
downward pressummay also occur on roofs of buildings but this is relatively small, unless

it is combined with snow load3he distributions of the wind pressures on the building
surfaces are affected by the turbulence intensity of the oncoming flow.

2.3 Description of Previous Work

Over the past few decades a quantum leap on wind pressuresrifddwildings has been
realized through a series of comprehensive studid$is started by pioneering
comprehensive research in the mglenties (Davenpoet al1977, 1978)and continued

for several years. This research investigated various geometries -oiséowuildings
throughout wind tunnel tests, where the importance of the boundary layer flow and the
effect of turbulence were included. Also, the study introduced deteshniques to
measure and codify the results of the windnel tests such as the pneticraveraging
method (Surry and Stathopoulos, 1978) to estimate instantaneotesvaraged pressure
coefficients. The results of this pioneering resedralie formedthe backbone of the
NBCC and ASCE 7wind provisions (wind loasl for components and daing and

MWFRS-envelope methgd Detailed information concerning the development of main
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wind load resisting system (MWFRS) and components and cladding loads of ABCE 7
and NBCC 2010 is provided by Shoemaker (2014).

A number of windengineeringnvestigatordave alsgresented wid measurememngsults

in the form of wind loads and reviewsr low-rise buildings Probably the most quoted
examples for reviews of winldad onlow-rise buildings during the last four decades are
Stathopoulos (198B); Holmes (1993); Krishna (1995); Kasperski (19%athopoulos

et al(1996) Uematsu and Isyumov (199%p et al(2005); andSt. Pierreet al(2005).

Stathopoulos (197%arried out a series of experimental studies onrise/buildingswith
different dimensionsheights, roof slopes and upstreaxposuresFour roof slopes

of m ,1:12 1@ ,4:12 p @ and12:121 v , were consideretbr tests.So various
wind tunnel models were taken into account to evaluate the influence of different
parametersThe work ofStathopoulos (197%)asprovided a sufficient description for the
windloads on lowrise buildingsSubsequent codification worlg extendthe experimental
resuts of Stathopoulos (1979), was made by Stathopailag1985). The current NBCC
and ASCE7 wind provisions were primarily buitb reflectthe results of this study a

simplified format

Stathopouloset al (1996) measuredexperimentallythe local and areaveragedwind
pressures on morgloped roofs in a simulated atmospheric bountargr foravariety of
models and wind direction¥heydiscussed the effectd the heigh(3.6- 12.2 m), width
(12.2- 24.4 m) roof slope (1:12 4:12) model scaling anthe width and the roof pitch on
the generated wingressures. They found that both thean and thenstantaneoupeak
pressures were higher than those for buildings with gabled esgisciallyonroof corners

and narrow buildingsf smaller plan width

Krishna(1995) in his review to wind loads on levise buildingscompared mean pressure
coefficientsfrom various codes of practian a gabled roof building with a roof pitch of
o T, height to width ratio less than 0.5 and i width ratio intherange of 1.5 to 4. It
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was observed that the results differ fromecode to anothefThis variation is attributed
to differences in the method of data acquisition, technological capabilities and the accuracy

of the experiments.

Holmes (1986) investigatedhe wind pressurge on walls and roofs of gableofed of
tropical housegxperimentally in wind tunnels. The effects of the elevation of the models
above the ground, the roof pitch and wind directions on the external pressure coefficients
were considered ithis study. Results showed that for the same roof pitehhigh set
(elevated) houses performed worse than the low sets ones. On the windward side of the
roof, p v pitch recorded all negative pressure coefficients whitehad near zero aral Tt

almost zero. In addition, the magnitude of the pressure coefS@andowrwind half of

the roof was morsignificantfor p v and almost the same fQrrtando 1. The reason for

this was that the flow did not reattach after the second separation at thésageesults
showed thathe effect of elevations to increase thexternal vind pressuresignificantly.

The roof pitch has large effects on the roof pressures when thereagsifecant wind

component normal to the ridge.

Overthe past yearwind load on the interior areas of flat roofs of lose buildingshas
beenintenselyinvestigated by wind tunnel and fidtale experimentsGerhardtet al

(1992) studied the influence of relative building height (eave height/witf8) on the
pressure distribution over flat roofd/ind tunnel model®f constant height andarying
heightto width ratios (004 to 04) have been investigated in smooth wind tunnel flow and

in threedifferent simulated atmospheric boundary layer flows. Accordingly, Gerhardt and
Kramer(1992)notedfi The r el ati ve bui | chi tHd Bh &i dhtl fi orf
t he roof pr es s ur Alsodhe sesultsishow that tbepasuset! magimunl y O .
values of timeaveraged suctions depend on the pressure tap densitiy gdticular on

the proximityof the pressure taps to the roof eslgehemost criticalpressure distribution

of largest wind loadsrothe corner and edge regions were obtained for smooth wind tunnel

flow exposure (open countexposure
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Milford et al (1992) presented a comparison betweendcdlle and wind tunnel ress
obtained at the Dision of Building Technology for the Jan Smuts Airport hangar.
Comparisos of mean and roemeansquare pressureoefficients were generaly
satisfactory However,a noticeabledivergencebetween the fulscale and windunnel
meanpressure coefficients was observed ¢ertain datsets. Moreoverthe comparison

between the peak pressure coefficiemisless satisfactory.

Lin et al (1995) studied roof pressures of loise buildings for a series of models of
varying height and plasize in two different flowsn the Boundary Layer Wind Tunnel
Laboratory (BLWTL) at the Universityf Western Ontario (UWO)T he studyinvestigated

the roof pressure distribution under the corner vortices and its variation with wind angle,
building dimengns andapproachindglow characteristicsLin et al(1995)suggestd that

near corners of flat roofs the collapse patterns of pressure coefficiend$ Ohj 'O or

& ¢fij 'O, areanalogousf the locatiorof the measured pressugative to the corner is
definednondimensionallyas function of the building height(H) and the oncoming flow
characteristicsVhere x and y are rectilinear coordinates measured from the leading edges,
or alternatively, s is the distance along a ray from the leading corner, making an angle b

with the leading edge.

Based on the results obtained from all investigated mddalst al (1995)concluded that

no limitation can be defined yet for the extreme suction towards the corner; hothever,
highest values ahean and peak pressure coefficients have been found near the corner for
the highest model investigated, at a wind andlalmuto Tor @ 1. The areaaveraged
suctions significantly decrease with increasing averaging area embracing the Toener.
pressure coefficientsf the same locations will change with the building height (H), but
are not very dependent on plan dimensiwithin the range of H/W from 0.1 to 0.45 as
investigated Empirical formula for estimating design wind pressure coefficients on flat
roofs along a line extendingfrom the roof corner aa certain anglavith the edge was
created in the form af 6 "Y'O 8, wherethe factod is a function of the line angle
(b), the wind angle and the incident flow characteristiigally, this study provided

suggestions to improve wind tunnel measurements techmique
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Lin and Surry (1998) examined the effetspatial averaging of roof pressures on peak
loads over various tributary areas near the corner etidfatow-rise buildings Worstarea
averagegbressure coefficientdistribution,6 0 , for 0.375 nx 0.375 m tributary areas for
the three larggt buildings with different heightsneasuredy Lin and Surry (1998are

shown in the Figure 2. The results indicateclearly that the magnitudes 6f6 are

increased withncreasing the building height.

-CpCyg

(@)

Figure 2.4: Variatiorof areaaveragegressure coefficientsith locations within the
corner region for square tributary areas of 0.3%B.875 ma)H=12 m x 40 m x 40
m; b) H=8 m x 40 m x 40 mg) H= 4 m x 40 m x 40 m{n and Surry 1998).

The effects of building attachments on the getest roof wind loads have been studied

e.g., Leutheusser (1964) investigated the effect of wall parapets on roof pressure
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coefficient. Kind (1988)Baskaran and Stathopoulos (1988) and Stathopetilai§1999)

also investigated the effects of parapet on wind loads of flat roofs.

Ultimately, Blackmore (1988) conducted a study to investigate the effects of chamfered
roof edges on the generated wind pressures on flat roofs experimentally in the BRE
BoundaryLayer Wind Tunnel. The largest reduction was observed at the corners regions,
thus, ao 1t chamfered edge reduced the asgaraged loads on the corners by 70 % and
gave an overall load reduction of 30 %. Steep chamfers increased the local peak suctions
along the windward roof edge while shallow chamfers give a slight reduction. The
significant load reduction on the corner panel was due to narrower separation bubble and
as a result a much narrower highly loaded edge region, resulting from the suppression o

vortices generated at the windward corner.

2.4 Justification of the Present Study

Controversyover the large flat roofsof low-rise buildingshas ariserin recent stuigs
against the provisiorns the curreninternational winccodes and standardsg.,Morrison

and Kopp (2007andGeurtset al(2013) The latesstudyhasshown the lack of knowledge

and significandifferences among the current wind load provisions in evaluating the wind
loading zones for the design of flat roofswas found that for relativelysmaltsized
buildings, the sizes of the roof zones are in the same order of magnitude. However, when
the footprint of the roof becomes relatively largenpared to the heighdifferences in

sizes for edge and roof zones of ada@ occur when comparing some of the major wind
loading standarddn fact, detailed comparisons should also address the peak pressure
coefficients and the methodologyrabf zonessizeprediction

Morrison and Kopp (2007have extendedthe work done byHo et at (2005) and have
compared mean and RMS pressure coefficients normalized by roof height for different
building heights and plan dimensiorihe study found that the definition of the edge zone

in ASCE 7 requiring that the edge zone be a minimun¥ebfithe smallest building plan
dimension affects buildings with very large plan dimensions when compared to the roof
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height. However, the study halsofound that there is very little change in the wind loading

on the roofs of buildings based on plimensions and seems to scale primarily with the

roof height. Consequently, the requirement that the edge zone be at least 4% of the smallest
building plan dimension may artificially increase the size of the edge zone, although no

increase in wind loadingn the roof really exists.

Thereforethe presenstudy will address and clarify various issuelatedto thehistorical
development of this themevind provisions of thé&lorth American codes and standares

which have been developeder the past decasge

In summary, the literature review shows th@aevious experiments have been performed

to model simple shapes of lenge buildings with commarrelatively small dimensions

As a result, the design criterion of ASCHG (USA) and NBCC 2010 (Canada) in regards
with the 4% of the least horizontal dimension (0.04Ds) could become extremely
uneconomidor flat roofs of large lowrise buildings.Hence, the present study is really
warrantedThereforethe aim of thigesearclhis toinvestigatevind pressures on edges and
corners of roofs of lowise buildings with very large dimensions compared with their
heights found through a wind tunnel experimental study; also, to examineirtde w
provisions given by international wind codes and standards with emphasis on North

American codes and standards in order to assess their applicability to very large buildings.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

Wind tunnels are now considered as a very useful engineering tool for application of wind
testing.This chaptelincludes a descriptioof the facilities, construction of the models,
boundary layer simulation in the wind tunnels, the instruments and thpsveani ¢elocity
measurement system and DSM 3400 pressure measurement) sys#drn this studyin
addition, this chapter presents the model configurations, wind tunnel testing requirements
and the implementation of the measured pressures. Firth#ypresent results are
compared withsimilar repeated testand with data obtained froranother studyfor

validation purposeghe results of these comparisons are presented in this chapter.

3.1 Building Aerodynamic Laboratory at Concordia University

All experiments for the present studyave been carried out in tB®undaryLayerWind
Tunnel (BLWT) at the Building Aerodynamics Laborator@oncordia University The
blow-down tunnel is of the opetircuit design with working section of 1.80 m in width,
12.2 m inlength and has adjustable roof height in the range of 1.40 m to 1.80 m to provide
the necessary height for different exposufiesp, side and front views retrieved from the

original construction plans ashownin Figure 3.1.

The flow is generated by a MARHOT double inlet centrifugal blower with a flow rate
capability of 401 j O The wind speed at the test section ranges betwéegnOnd
141 j O Thewind speed in the wind tunnel is controlled by manually adjusting the outlet

control.
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Thetunnelfloor is cowered with a polypropylene carpet and the ceiling consists of wooden
panels ofadjustable heightDifferent terrain exposuresay be simulated bgdding floor
panels with specific roughness elements and by adjusting the ceilaxchieve a zero
longitudinal pressure gradient. The tunnel is provided with a turntalilé0fm diameter

at tunnel test section, which allows testing models for different wind direconacrylic

glass window has been placed at the wind tunnel wall to facilitate lsuwalization
experimentation without having the equipment interfere with the fl@etailed
information about the wind tunnel including construction details and its simulations are
provided by Stathopoulos (1984).

3.2 Atmospheric Boundary Layer Simulation and Terrain Exposure

The boundary layer wind flow was simulated ustrigngular boards, a steel plate and
carpet roughness. Four boards of the same triangular shape (spires) were erected side by
side on the screen of the tunnel entrance and bound tordensThe base and the height

of each of these spires are 19 cm and 120 cm, respectivelydigtaace between the
centers of the two end boards to the tunnel wall i€8%and the distance between the
boards themselvesenter to centeis 365 cm. Thesteel plate of 18m height was placed

on the floor at a distance of ¢t parallel to the screen.

For this stug, all experiments have been conducteddioopencountry exposurdt must

be notedhatthethick carpet is used along the floor to genethterequired velocity and
turbulence profiles of opecountry exposure, as shown in Figure ¥&locity and length

scales were determined at first. The length scale depends on the ratio of the thickness of
the simulated boundary layer to that in realitie gradient height of 60 cm developed

over the wind tunnel floor is approximately equivalent to 240 m boundary layer thickness
in full-scale at the selected length scale of 1.40te freestream wind speed (gradient
velocity) in the wind tunnel was sat 11.0 m/s at velocity scale of 1:3, to simulate the full
scale gradient velocity 0f33.0 m/s at the atmospheric boundary layer height.
Corresponding to the length scaleloff00 and the velocity scaté 1:3, the tine scale

was determined as 1:133
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Figure 3.1: Construction Plans of the Boundary Layer Wind Tunnel at Concordia University/ Building Aerodynamic
Laboratory, Stathopoulos (198¥).
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Figure 3.2: Boundary layer wind tunnel at Concordia University (Front view)
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Figure 3.3 shows the approaching flow profile of longitudinal mean wind veldcityd

and turbulence intensity) b at the test section measured usinglaoke Cobra probe

(TFI). In this figure,: is the height above the tunnel floor andis the gradienheight

over the floor;6 is used to denote the mean wind speed véhiles used to denote the
tunnel wind speed at the gradient height. As recommended, high wind speeds are desirable
in wind tunnels for effective response and for more accurate readiriye afeasuring
instruments. The gradient mean wind speed was set at 11.0 m/s. The wind characteristics
at the test section is described by poVasy model and according tbat the variation of

mean wind speed with height was generated with power law indesf @ v

Figure 3.4 shows the experimental and theoretical longitudinal power spectral densities of

the approaching flow measured by Stathopoulos (4984t height of onesixth of the

boundary layer depth. The scattered points, shown in this figpresent the experimental

power spectral density for the simulated open terrain exposure and the solid curves
represents the spectra obtained by the Von
expression. The longitudinal integral scale=112 m in ful-scale for a given length scale

1: 400 was estimated based on Von Kar manos
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3.3 Model Configurations

Wind tunnel tests have been conducted for nine low building muadiidlat square roof
with full-scale equivalerdimensiors ranging from60 m to 180 mThe basic model of the
testedbuildingshas fullscale equivalent plan dimension of 60its madeof Plexiglass
andis equipped with 127 rogfressure tapsFigure 3.5shows theperspectiveview of the
pressure tagplayout on theoof of the basic modeAs shown there, the highest density of
pressure taps iscated at thevindward corneof the rod. Also, the taps werplaced as
close as possible to the roof edges. The distance from the first line of pressure taps to the
adjacent roof edge is 0.01 of the building width (B) of 60 m model (0.6 fullkscale).
The wind directions considered in tlsgidy are also indicated in this figure, such that the
wind direction att  when the wind was norm#&b the windward edge of the model plan
and increased in countelockwise direction to complete a quarter cy@teto w m) at

increments op v.

Thebasic modehas been used in simulation of thitber buildings of large roofs thatere

taken into account in this study i.e. buildings of plan dimen6420 m and 180 m. This

has been done by combining the basic moeglipped with pressure taps) e matrix

of similar geometry wooden blocks, as shown in Figl6e The measurement results of
large roofs (width = 120 m and 180 m) have been collected independently by placing the
basic model at different locations, for which the pressure coeffiaxentise entire roof of

the building have been scanned for a particular wind direction, whereamfl@ressure
coefficients of the basic model (width = 60 m) have beeasured simultaneously.

All buildings were tested at equivalent fsltale heights d.0, 7.5 and 10.0 m, by sliding
themodelsdownwards within a preciggghtly fit slot in the turntable. Figur@7 illustrates

all configurations of lowrise buildings tested in this study.
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Figure3.5: Perspectiveof the 60m x 60m building model with pressure taps layout on the

roof; the pressure taps are indicated by the syrabol,
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Figure3.6: Closeup photographs for thggical building models with equivalent full

scale square plan dimensions tested in tinel wunnel: a) 60 m, b) 120 m and c) 180 m

Dimensions

Model Full scale (m) Model Scale (mm)
H L w H L Y
Bl 60 60 150 150
B2 10 120 120 25 300 300
B3 180 180 450 450
B4 60 60 150 150
BS 7.5 120 120 18.8 300 300
B6 180 180 450 450
B7 60 60 150 150
B8 50 120 120 12,5 300 300
B9 180 180 450 450

Figure3.7: Schematic illustration of the building models (dimensions in full scale and

model scale).
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Reynolds numbers of the tested building configurations were estimated and presented in
Table 3.1 Reynots numbers were estimated based on the mean flow velocity at roof
height with modedimensions €itherwidth or height) taken as characteristengths It

must be noted that the linear dimens{tp) derivedfrom the ratio of model volume to
quartermodel side area is equal to cross section diameter in case of cylindei@) or

the quarter of théuilding width in case of rectangular model ( 0).

Table 3.1: Estimated model Reynolds number charactebyelifferent linear

dimensions.
Building " Rel 6 Rel 6
Dimensions Based on Based on
(m) (m/s) H B
B1l: 60X60X10 6.8 1.1 6.8
B2: 120X120X10 6.8 1.1 13.7
B3: 180X180X10 6.8 1.1 20.5
B4: 60X60X7.5 6.5 0.8 6.5
B5: 120X120X7.5 6.5 0.8 13.1
B6: 180X180X7.5 6.5 0.8 19.6
B7: 60X60X5 6.2 0.5 6.2
B8: 120X120X5 6.2 0.5 12.3
B9: 180X180X5 6.2 0.5 18,5

U p® p 1 (M?s) is the typical value of kinematic viscosity for aiPQGnd
standard atmospheric pressure. (Simiu and Scanlan, 1996).

Table 3.1 shows thatminimum Reynolds number criteria are thus satisfied in case of

models Reynolds number characterized by the model plan width.

3.4 Data Acquisition and Processing

Mainly two grougs of equipment have been used#oryoutthe wind tunnel experiments
of the current studyThe first group was used to measure the wind velocity to derive the
wind profile. The second group was used to measure the wind presBetaeged

description oach group instrumenis presented in thllowing sections

3.4.1. Data Acaisition System and Measuremé&gttings
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The wind velocities were measured using Turbulent Flow Instrumentatanby 4-hole

Cobra probewhich is capable to measure the three components of the wind velocity
corresponding tX, Y and Z directions. This instrument is considered very efficient in
measuring the turbulent flow at high accuracy. The Cobra probe has a length of 160 mm
and its location inside the wind tunnel is remotely controlled by a -tlireensional
traversing gstem. Thus, the Cobra probe is fitted onto the arm of the traversing system and
can be moved in three dimensions. The Cobra probe is connected to a computer with
windows operating system to collect the measurement resultsy the testing process.

The wind profile of this study was measurby positioring the Cobra probelose to the

middle of the turntabl@earby the modelThe location of th&€obra probevas changed

only with height by entering the Cartesian coordinates of the desirable height. s sof

has stored the data in files exported to spreadsheets. Finally, with some simple calculations
on the collected data the simulated profiletafbulent boundary layer floor open

exposure was creatédsee Figure 3.3.

The wind pressures are measusihg a system of sensitive pressure scanners. The system
consists of Digital Service Module (DSM 3400) fabricated by Scanvalve and two
Electronic Pressure Scanners (ZOC33/64 Px). DSM 3400 can be connected up to eight
Electronic Pressure Scanners of 64ruhels each. DSM 3400 features an impeded
computer, RAM memory and a hard disk drive and works with windows embedded XP as
an operating systenThe DSM 3400 modules designed tdet the Electronic Pressure
Scanners to be utilizad an Ethernet systerior insulation purposes, the ZOC scanner is
placed inside a thermal unit to keep the temperature of the scanner constant during the

scanning process.

Each roof pressure tap consists of 15 mm length brass tubes of 0.8 mm internal diameter.
These tapsvereimplantedon the moderoof from inside.The pressure measurements on
roof of the models were accomplished by connectingdbépressure taps to a system of
miniature pressure scanners made up of Scanvalve pneumatically modules (ZOC33/64Px),

each capalel of handling 64 channels (pressure taps) and the digital service module (DSM
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3400).A PC-computer withwindows interfacas utilized to hosthe DSM3400 system
through Ethernet network via Ethernet port and to control the data acquisition by ScanTel

progam. It supports communication in BINARY formats.

A flexible plastictube of 550 M lengthwith interior and exterior diameter of 2.18 and

1.37 mm respectively were used to connect each roof pressure tap with the pressure
transducer. Traditional custemade brass restrictors weplacedwithin the tubesat a
specific location(at distance of 300 mm measured from the pressurédaud damping

to minimize the Gain and Phase shifts of
effects. Crosssection diagram of the wind tunnel and wind tunnel facilities set up are

schematically presented in Figure 3.8.

The 127 tubes connected to the basic model were divided into 2 grtwpdirst one
includes 63ubeswhile the second one includes @bés Thus the63 pressure taps afie
first group were conected to thefirst 63 pressure channels on the pressscanner
(ZOC33/64Px)whiletheremained pressure channel vadlscatedo the Pitot tube in order

to measure the referenceeé&stream vedcity pressure

3.4.2. Data Processing System

The pressure scanners are calibrated to scan the pressure signals at frequency of 300 Hz
(300 samples per second) for a total period of 27 seconds oruwwmnel scale or 3600

seconds in fulkcale.

The instantaneos surface pressurewer the entire roof have been measured in the test
section of the wind tunnel fall wind directions in terms of time history wind load. The
measured pressures have been normalized by the mean dynamic pressure measured at

reference hight to express them as ndimensionapressure coefficients
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Figure 3.8:Schematic illustration of the wind tunnel instrumentation and measurement technique.
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The external wind pressure coefficients at measurement pressujadajefined as

Pressure coefficient O ——, N -6 (3.1)

in which# is the instantaneous wind pressure coefficient at pressure @ps(ihe wind
pressure at tap (if) is the static pressure at reference locatifinjs mean value of the
dynamic pressure at reference height, Ziis the density of the air ar@l is mean value

of the wind velocity at roof height. In the present study, the reference height was taken at

the position of the Pitot tube in the free stream (Z=650 mm).

The0 O 0, which represents theind pressure acting at particular pressure tapvé}
deriveddirectly by the laboratory transduc@OC33/64Px)as the differential pressure
between thénstantaneous pressure at measurement pressure tap (i) and the static pressure
from Pitot tube during the measurement procgssimply as schematically possibhand

pressure processing at particular pressure tapegentedn Figure 3.8

Peak pressureoefficientsin the time history records are determined based on analysis
methodsused in many previous studjesg. Elsharawyet al (2014) According to ths

method, the overall peak ofHlfull-scale equivalent time history record is defined as the
aveaage of the maximum 10 valuebhis method prowdes reliable extreme peak for the
recorced peaks.The mean pressure coefficients are taken as the averaged values of the
samples in the time history. Finally, the sign of the wind pressure coefficient exltbat
direction of wind pressure on the surface of building model; positive value indicates wind
pressure acting towards the surface and negative value indicates wind pressure acting away

from the surface (suction pressure).

3.4.3. AreaAveraged Pressure Coefkaots
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The designwind load of components and claddimgludesboth the locapeak pressure
coefficients €.g.wind loads on small areas likasteners with small tributary areas) and
the areaaveraged wind pressure coefficiefaswind design loads on largeea (e.g.wind
loads on windows Therefore, lhe scope of this study is not limited to only the meadu

local pressures, but it includes both the local and-aveeaged pressure coefficients.

Two methods are used to eséite the area averaged wind logdeumatic integration
method (several pressure taps physically connected through a pressure manifold to a single
pressure tubednd thenumerical integratin of individual pressure coefficients method.

Thelatterprovidesconsiderable flexibility for selecting the tributary area shapes and sizes

The instantaneoumreaaveragel wind pressures over treffectiveareaarecalculated for

each wind direction by integrating the instantaneous local wind pressures after being
factored by the contributing area to each pressure tap being consittreeffectivearea.

The areaaveragd pressure coefficient time history for each tributary area is generated

using the following equation:

Areaaveraged pressure coefficiept:; O —B # o] (3.2

in which# ; O is the areaveraged wind pressure coefficients at instant (tjs the
contributing area to thé pressure tap and is thenumber of pressure taps in the specified
area . Thepotential errors during integration are minimized by using a high pressure tap
density to the models tested in the wind tunfbk negative peak ar@aeraged pressure
coefficient is taken as the average of the smallest 10 values within the averageepressu

time history of the tributary area, as described for the single pressure tap.

3.5 Repeatability of Measurement Results

The uncertaintyand variabilityof the measurementse examined in order to chettie

reliability of the resultsThis wascarried outoy a comparative process, which consists of
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two parts:The first part compares wind tunnels peak and mean pressure coefficients for central
line of pressure taps far wind direction from the original tests and similar repeated tests.
Figure3.9shows he pressure coefficients of this study and of the repeated tests for building
configurations B4 and B7. As shown in Figd8, a good agreement is achieved between

the original measurements and the repeatability results for both mean and peak pressure

codficients.

The second part compares the measurements of this study with another set of wind tunnel
data obtained by Stathopoulos and DumitreBaulotte (1989).Figure 3.10 shows the

mean and peak pressure coefficients along the center of the roof fordikgation
perpendicular to the windward edge from Stathopoulos and DumiBrsdotte (1989)

for building dimensions (61X61X12 m), and those from this study for building model B1
(60X60X10 m). Both studies were carried out on wind tunnel open coexpigsure with

same power law exponent values. The values of the pressure coefficients shown in this

figure are in very good agreement

Therefore, the good agreement of thaginal test results with the repeated test data and
the results of another windrnel study is quite encouraging for further application of these

wind tunnel results.
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CHAPTER 4

WIND STANDARDS AND CODES OFPRACTICE

This chapter presents a description of the methodologies used by current wind standards
and codes of practice for flat roofs of laige buildings.The descriptionincludes the
recommended design wind pressures and the roof poresby four nationalvind codes

and standards, namely: ASGELO, NBCC201Q EN 19911-4:2005 and ASNZS 1170

2, 2011 with some emphasis on the historical development ofdheent North American

wind standard/code (ASCEIO and NBCC 2010).

4.1 Introduction

In the scope of the current wind codes and standardd,l@ad is classified into horizontal
wind load for structural frames, roof wind load for structural frames and lwamtl for
components/cladding. The wind load for structural frames is calculated from the product
of velocity pressure, gust effect factéwrce coefficientandloadingarea. The windoad

for components/cladding is calculated from the product of velge#ggsure, peak wind

force coefficient andbadingarea.

In generalwind standards and codes specify wind loads in terms of pressures or forces.
Generally, two approaches are proposed to determine theloddohg effects on
structures. The first is a alvely simple procedurappropriate for thenajority of wind
loading applications, including the structural design of low and medium rise buildings.
These are situations concerniqgasirigid structures and can be dealt with equivalent
static loadsWind standards and codes often specify fabmensional pressure coefficients

for different structural elements for limited variations of buildings and force coefficients
for other structures. These coefficients are used in conjungiibrsite-specific wind dta
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and terrain characteristics to determihedesign wind loads. In most cases, phessure
coefficients are established from wind tunnel tests conducted in simulated atmospheric

boundary layers.

The other approach is applicabitaenthe buildings anather structures are likely to be
suscefible to wind-inducedvibrations. For these buildings and structures, customized
wind-tunnel tests or other experimental methods, or a detailed procedure is to be followed
to determine wind loads. Winminnel testsare more appropriate when more exact
definition of dynamic response is needed and for determining exterior pressure coefficients
of buildings with complicated geometty.is to be noted thahis study is concerned with

flat roofs of lowrise buildings and, therefore, thesimple procedureapproach is

implemented in this study.

4.2 Wind Loads on Roof Cladding ofLow-Rise Buildings

The definition of lowrise buildings and theof angle(f ) ranges aresomewhat different
in various nationalvind standards and codes of practice. The defirsbfat-roofed low
rise buildings providedn the American Society of Civil Engineers Standard (ASCE
2010), the National Buildin@odeof Canada (NBCC, 2010), the Europeztandard EN
19911-4:2005 andthe AustralianNew Zealandstandard (ASNZS 11702, 2011)are
presented in Figure 4.Eorthe range of these heights and raoflesvind codes/standards
provide the design wind pressures for tmnponents andladdingof roofs, walls and

frames of lowrise buildngsregardless the building plan dimensions
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NBCC 2010:
h<10m,orh<20mand h <B. hIﬂNIIH
0°0», O7°.
ASCE 7-10:
h <18 mand h <B.
0°0». O7° L
EN 19911-4:2005
h<15m.
5’0y, O5°
AS/NZS 2011
h<25m
0°0». 1 B

Figure4.l Flatroofed lowrise building definitions in different wind standards and codes

of practice

The methodologies used by the four codes/standards mentioned above, for calculation of
building pressures areummarized in Table 4.1. Clearly the approaches in the various
codes and standards are different. Even though the basic wind speed (V) in all of the wind
codes/standards is defined at 10 m above ground surface in open country exposure, the
averaging timerd wind velocity profiles are different. For instance, the basic wind speed
used in NBCE2010 has a longer averaging timehf) compared with the-8ec averaging

time used in ASCE-10 and the wind velocity profiles are fitted by either the power law

or logarithmic law, as indicated. Therefore, since the gust factors for computing pressure
coefficients used in ASCEX0 will be lower than those in NBC2010, the current values

of the gust pressure coefficients used in the ASCEWill be lower than thosa NBCC-

2010 in order to yield comparable design wind pressures.
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Table4.1: Wind code and standard approaches for calculating design wind pressure.

ASCE NBCC EN 19911-4 AS-NZS 11702
7-10 2010 2005 2011
Basic wind v v 6 6.4 # 6 6- - 5 - -
speed
Veloclty: e+t +) ™a) m® 6 ® A
pressure, q
Design
building N # Ne # # qCeC, Kb+ o+ + #5
pressure
Terrain factor + # # - K
Topographic N " # i
factor
Directionality . ) 4 )
factor
Basic wind
speed 3s 1h 10 min 3s

averaging time

Wind velocity  Logarithmic law

profile Power law Power law Logarithmic law Logarithmic law

When the topographic factor is used in NB@ s placed instead o,.

# : Exposure factor defined as follows: p x) # # ,inwhich) is the turbulence intensity.
# and# j: External pressure coefficiedt. : Seasonal factor.

G and# : Gust effect factor.

) : Turbulence intensity.

+ : Area reduction factor: j: Combination factor for external pressures.

+ : Localpressure factor.

+ : Porous cladding reduction facter. : Shielding multiplier.

6 : Fundamental value of the basic wind velocity (10 minutes mean wind velocity at 10 m above ground
level in open country terraing. : Regional 3second gust wind speed.

The design external wingressures determined by multiplying the external building
pressure by themadingarea. The design wind velocity pressure is calculated based on the
basic wind speed, V, and factors that account for the terrain conditions, apbiagr
conditions, surface permeability, and for other conditions such as building importance,

shielding and season.

4.3 Zonal Systemdor Flat Roofsin Current Wind Codes and Standards
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Wind experiments conducted on different roof configurations leyeessedhe wind
loading on the roofypically (but not alwaysyvithin boundaries of three zondRressure
coefficients range from the lowest values on interior areas of the roof, to higher values

around the perimeter of the roof, to the highest values on thewsowrs.

Wind standards and codes of practice divide the entire flat roof of the building into at least
three loading zones, namely: corner, edge and interior. The loading zones of the current
wind codes and standards are defined as a functidiffefent parameters such as building

plan dimensions and building height. The parameters that demonstrate ttezesae
defined differently. The detailed definitions for the zonal system recommendeeiviaynd

codes/standards considered in this studypegsented in the following sections.

4.3.1 North American Provisions (ASCEID and NBCC 2010)

Wind pressures vaes obtained by Davenpoet al (1977, 1978) at the University of
Wesern Ontario; Best and Holmesl978) at the James Cook University of North
Queensland; and Stathopoulos (1981), Stathopoulos anq1288), Stathopoulos and
Luchian (1990, 1992), and Stathopoulos and Saathoff (1991) at Concordia University were
refined to reflect results of fuicaletests obtained by Marshall (1977) at the National
Bureau of Standards; and Eaton and Mayne (1975) at the Building Research Station,
England. Then, these values were used to generate current wind pressures of chapter 30 in
ASCET10 (components and claddirfgy enclosed or partially enclosed lavge buildings

with flat roof, hip roof and gable roof.

ASCE 710 and NBCC 2010 give the external peak pressure coefficients on building
claddingdirectly as"@ andd 6 , respectively. Thus, the gust facton the pressure
coefficients and the mean pressure coefficients are given directly together for the loading
zones(edge, corner and interior zonés simplegraphsversus the tributary area. Figure

4.2 presents ASCE-Y0 and NBCC 2010 roof zones and thdeenal peak pressure

coefficients, CpCg, on edge, corner and interior zones of flat roof buildisgeférence
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for a purpose of comparison, mean hourly velocity pressure at mean roof height is used for

the pressure coefficients this figure.

Figure4.2 shows that there mumerical variation between tA&CE 7~10and NBCC 2010
values such that the values recommended by ASAB aresomewhahigher than those
recommended by NBCC 2010 for each zofkis disparity is due to the directionality
factor Ks=0.85 which applies to ASCEID but not to NBCC 2010, the latter has already
incorporated this effect in the CpCg values. Therefore, to makecdbe pressure
coefficients comparable, the values of ASGEQ7in Figure4.2 have been multiplied by
0.85.ASCE 710 and NBCC 2010 provide also positive pressure coefficients for all zones

as functions of tributary area.

The current definition of roof zones of ASCEZ0 and NBCC 201@lepends on the
distribution of the local peak and ara@eraged peak pressurestficients. The entire roof

is grouped into a set of zones; square corner, edge and interior zones; such that the width
of the corner zones and edge zones are equal. The zone sizes arey ulgfinet as a
function ofthebuilding height and the least hrontal dimension of the building with ratios

built up to provide the suitable size for various {ose building geometrie§.hese ratios

are 0.1Ds, 0.4ldnd0.04Ds with a lower limit of 1.0 nirhe current ASCE-10 and NBCC

2010 define the edge zone widg) as follows:

fAENd zone width z is the lesser of 10% of the least horizontal dimension and 40% of the

height, h, but not less than 4% of the least horizontal dimension@r.1m( NBCC 2010)

These conditions are shown graphically at the lower part of Figure 4.2 with buildings with
threedifferent H/D rangesienoted by , n1 andii . The size of the edge zone may be

small or large depending on the building configuration. So the reference shauldbe
to situations where each parameter of ASEB And NBCC 2010 (0.1Ds, 0.4H or 0.04Ds)

could dominate the edge zone width. For example, roofs of buildings of very large
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horizontal dimensions compared with their heights may be designed according to the

design criterion (0.04Ds)see lower part of Figuré.2

=

T -7.0
_L 6.0 Corner Zone e ASCE 7-10
Ds e —— ==NBCC 2010
-z K2 Corner Zone 5.0 Edge Zone

2=
=7

-4.0

Interior Zone

Interior Zone

Pressure Coefficient, C,C,

-3.0
l(/ Edge Zone -20 - -_—mva —________.____
-1.0
0'0 1 1 1 L 1 1
0.1 1 2 5 10 20 50 92.9
. Area (m?)
Z =min (0.1Ds or 0.4H), but
>(0.04Ds or 1m)
Ds: Minimum horizontal dimension
H: Eave height
I I m
©-0.04Ds-O
Edge o— 04H —o
Zone size R 0.1Ds °
r Ll L) Ll ; HIDS
0.1 0.25 1.0

Figure 4.2: Roof zones and external peak pressure coefficients, CpCg, on edge, corner,
and interior zones of building roofs with a slope of 7° or less in ASC& ahd NBCC
2010.
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The current rof patterns and the guidelines to create the roof zones adopted by ASCE 7
10 and NBCQ010 are largely based on works conducted in the late 1970s by Stathopoulos
(1979). This comprehensive study was aimed directlythed codification and zone
description suitable for design pressure coefficients to be used for wind lo&dinf

zones were generated by examining roof pressures from several studies with different
building heights, plan dimensions, wind simulation conditions and scaidde 4.2
summarizesall examined experimental studies along with their sources. Generally, the
investigation included every combination of different rgrroofs with angles between

0 and 7 degrees; and different plan dimensions. Also, experiments carregdddterent

scales (full scale and wind tunnel scale) with different terrain exposures were considered.
Wind tunnel experiments were from different boundary layer wind tunnel laboratories, so

a fair amount of variability of the results was expected.

For mormal wind direction two patterns of pressure distribution have been observed
depending on the building plan size; see Figu Figure 43(a) represents the general
simplified trace of pressure distribution over relatively small roofsr this group ®
buildings the pressure distribution collapses slowly; moreover, the reattachireemyt)
occurs further away from the leading edge. Figugébd represents the genesainplified

trace of pressure distribution over relatively large roofs. For this, ¢hsepressure
distribution collapses rapidly until the point of first reattachment and thereafter the flow is
retreated close to the surface andsranvay smoothly.

Based on the observed pressure distribution patterns, a methodology of two forms was
derived to define the sizes of the roof zones: first, the edge zone size was defined as the
distance required for thmaximum negative peak or mean pressure coefficient at the
leading edge to reach to 70% of its valisee Figure 4.3(a). Second, the edge zire

was defined as the distance from the leading edge to the point where the flow is being

reattached see Figure 4.3(b).

The edgéornerzone sizes created according to this methodologgaen ot ed by A Z0

shownin Table4.2 for all different casesThe ratios of edge zone size to building height
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(Z/H) and edge zone size to minimum horizontal plan dimension (Z/B) havetmeeéted

These ratios (Z/H and Z/B) wedevelopé and transformed to be the design parameters

of the roof zoning guidelines agnimum of 0.4H and 0.1Ds. In addition, a minimum size

of 0.04Ds or in was introduced to accommodate all cases. Indeed, the parameter 0.04Ds
was found to be the least among all Z/B ratios examifAksh, the least edge zone size
among all examined buildys was found equal to 1m, so this was considered the lowest

possible edge zone size.

CpCgorCp CpCg orCp
A T e — A
s =—=] | , 2 ]
. SRR, AT RN
Maximum Maximum
0.7(Maximum)
I
|
’ >
Distance from the Dist fi th
z - istance from the
}'— —'i leading edge }‘_Z“{ leading edge
a) b)

Figure 43: Mean and negative peak pressdistribution curves over buildingofs:

a) Common roofs, b) Large roofs.
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Table4.2 Literature sources @xperimental studies investigated by Stathopoulos (1979)

Building

Building dimensions, m (ft)

" Reference Scale Height Width H/B  Zone width, Z, m (ft) Z/H Z/B

1 Barnaud and Gandemer, 1974  1:75 5 (16) 7 (23) 0.70 1(3.2) 0.20 0.14
2 Davenport and Surry, 1974 1:500 15 (50) 76 (250)  0.20 5 (18) 0.36 0.07
3 Davenport and Surry, 1974 1:500 15(50) 137 (450) 0.11 5(18) 0.36 0.04
4 Davenport and Surry, 1974 1:500 15 (50) 152 (500) 0.10 7 (24) 0.48 0.05
5 Hellers and Lundgren, 1974 1:250 5 (18) 12 (40) 0.45 1 (4) 0.22 0.10
6 Hellers and Lundgren, 1974 1:250 11 (35) 12 (40) 0.88 2 (6) 0.17 0.15
7 Hellers and Lundgren, 1974 1:250 22 (72) 12 (40) 1.80 3(10) 0.14 0.25
8 Hillier, 1973 1:250 19 (62) 44 (145)  0.43 6 (20) 0.32 0.14
9 Holmes and Best]1978 1:50 5 (16) 7 (23) 0.70 1(2.5) 0.16 0.11
10 Jensen and Frank 1965 Full Scale 2 (5.3) 2 (5) 1.06 0.4 (1.3) 0.25 0.26
11 Kramer and Gerhardt, 1975 1:250 VARIABLE 0.12to 0.50 0.12
12 Marshall, 1974 Full Scale 2(8) 4 (12) 0.67 1(2.5) 0.31 0.21
13 Marshall, 1974 Full Scale 5 (16) 7 (23) 0.70 1(3) 0.19 0.13
14 Stathopoulos, 1975 1:500 15 (50) 76 (250)  0.20 3(10) 0.20 0.04
15 Stathopoulos, 1975 1:500 69 (225) 76 (250) 0.90 3 (10) 0.04 0.04
16 Stathopoulos, 1979 1:250/1:500 5 (16) 24 (80) 0.20 2 (6) 0.37 0.07
17 Stathopoulos, 1979 1:250/1:500 7 (24) 24 (80) 0.30 2 (6) 0.25 0.07
18 Stathopoulos, 1979 1:250/1:500 10 (32) 24 (80) 0.40 2 (6) 0.19 0.07
19 Surry et al., unpublished 1:500 23 (74) 50 (164) 0.45 8 (25) 0.34 0.15
20 Surry et al., unpublished 1:500 23 (74) 378 (1240) 0.06 20 (67) 0.91 0.05
21 Surry et al., unpublished 1:500 32 (105) 132 (433) 0.24 13 (42) 0.40 0.10
22 Vickery, 1976 1:300 8 (25) 30(100) 0.25 4 (12.5) 0.50 0.13
23 Vickery, 1976 1:300 15 (50) 30 (100) 0.50 8 (25) 0.50 0.25
24 Vickery, 1976 1:300 20 (66) 98 (320)  0.21 10 (33) 0.50 0.10
25  Wiren, 1971 1:1500 29 (95) 61 (200)  0.48 9 (28.5) 0.30 0.14
26  Wiren, 1971 1:1500 29 (95) 122 (400) 0.24 9 (28.5) 0.30 0.07
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4.3.2 European Standaf@&EN 19911-4:2005

The European standard (EN 1994:2005) divides the roof into three loading zones,
namely corner, edgendtwo zones in the middle area of the roof. aeopearstandard
recommends 1Shape corner zone. The size of the roof zones depends on building height

and crosswind dimension of the building plan, as depicted in the plan view given in Figure

4.4. Thelength of the corner zone is defined as the minimum of the 25% ofdkswind

pl an di mensi on ( D)seaveahei§hO(’), whife thveidth ef the eoinérd i n g 6
and edge zones is the minimum of the 10% of the crosswind plan dimension or 20% of the
eave heighof the building.

1
i

Corner Zone

Edge Zone

Interior Zone

\ A\

Z=min (0.25D or 0.5H)
Z1=min (0.1D or 0.2H)

Figure4.4: Roof zones of building roofs with a slope ab | U recommended by
European Standaf(@&N 19911-4:2005.

In EN 19911-4:2005 the terrain antbpographic effects on the design wind pressures are
taken into account together with the effecesposure. The following equation expresses

this relation:
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# U p x )U ### # (4.1)

where # U is the exposure coefficienty U is the roughness factor representing
variability of the mean wind velocity at the s@€the structure on account of the height
above ground surface and ground roughness of the terrain in the wind direction considered;
# U is the orography factor, like hills and cliffs, representing increase in wind speed.
However, for cases when the awggaslope of the upwind terrain is less tlman(i.e. flat
terrain),# U is taken as 1.0. Finally, U is the turbulence intensity at height z above

the ground, and thetermp [ x ) U] is considered as a gust factor on the pressure.

EN 19911-4:2005 specifs two values for external mean pressure coefficients on building
cladding. The first is assigned for loaded areal of &r smaller and presented 8y j as

a local coefficient. The second is for loaded areas bf 16r larger and represented by

#  for overall coefficient. Logarithmic interpolation is recommended for intermediate
values- see Appendix A. The EN 19911-4:2005 is the only wind code/standard that
considers the variation of the windad with height for lowrise buildings; indeed, the
exposure factor is given in a figure as a function of height above terrain and as function of
terrain category. EN 1991-4:2005 provides only positive pressure coefficients on the
leeward half of the raf.

4.3.3 Australian/New Zealan&tandardAS-NZS 11702, 2011)

Australia / New Zealand divides the roof of lege buildings into square corner zones,
edge zones and interior zones (with maximum possible of 3 zones). Uniquely, the zones
are also divided intoub-zones on the basis of recommended tributary area that intended
for the roof external pressure coefficientS, ~¢hrough the values 0.5h, h, 2h and 3h,
where h is the mean roof height and the local pressure f&cfothfough the dimensions

of the buiting (the minimum of mean roof height, 20% of the cross wind dimension and

20% of the windward dimension}igure 4.5 shows the zonal system specified by
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Australian/New Zealan8tandardor flat roofs of lowrise buildingsFigure 4.5 shows the
zonal systm specified by Australian/New Zealar@tandardfor flat roofs of lowrise

buildings.

AS-NZS 11702 (2011) recommends the use of rectangular corner zone (or square in case

of buildings with square plan)see Figure 4.5.

1
i
/

A~ Corner Zone

i I

Edge Zone

|
% Interior Zone
%

/

'

b=

[ Z=min (0.2D, 0.2B or h) |

Figure4.5. Roof zones of building roofs with a slopepofit or lessrecommended by

Australian/New Zealan8tandard

According to the ASNZS 11702 (2011), the external design pressures on building
envelope depend on the aerodynamic shape fagtors, which are dermined from

section five of ASNZS 117062 (2011) by using the following equation:

# #pt+t +ptt 4.2)

The area reduction factor for roofs depends on the tributary area (A). The area
reduction factor has a maximum value of 1.0!for p t ,09for! ¢ d and 0.8

for!  p min . For intermediate areas, linear interpolation can be used te firithe
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combination factor + ; does not apply for roof cladding, thus it has a value of 1.0 in
case of roof pressures acting alone. The local pressure factaccounts for high wind
pressures on small areas near the corners and edges of the building. Valuesacé

provided in Appendix A of this thesis.

For flat roofs or roofs with slope lesanp Ttlocal pressure factors, based on the area and
location of the area under consideration, are taken 3.0, 1.5 and 2.0 for the designed areas
RC1, RAL, and RA2, respectively. The definition of the locations RC1, RA1, and RA2 are
provided in Appendix A. For the area extending beyond the zone Z, as defined in Figure
4.5, + =1. Permeable cladding reduction facter is given in ASNZS 11702 to

consider the effect of surface permeability on the negative pressure.

Values of external pressure coefficierior flat roofs of enclosed rectangular buildings

#  of AS-NZS 11702 are presented in table form in Appendix A7. Based on the

specified # p values, it can be observed that -ANES 11702 is the only wind
code/standard that provides two values for tlessure coefficients on the roofs. Thus, the
roof surfaces are subjected to two zonal wind loads; these two values are negative on the

windward zones but positive and negative on the leeward zones.

4.4 Comparison of Zonal SystemDevelopedby Current Standards/Codes for
Large Roofs

As discussed previously, thgovisions of the current wind codes and standaree
established mainly based on wind tunnel experiments of conmoolel configurations;
models with relatively small dimensiangherefore, it would be of interest to apply the
provisions of these codes/standards on flat roofs ofrisev buildings with large
dimensions. Such a comparison between the roof zone patterns and sizes ofI®@SCE7
NBCC 2010, EN 19911-4:2005 and ASNZS 110-2 (2011) were conducted for the nine
building geometries considered in this study. Figures 4.6, 4.7 and 4.8 showftzene
patterrs introduced by ASCE-10 (NBCC 2010)EN 19911-4:2005andAS-NZS 1170

64



2 (2011) respectivelySizes of the roof zonemre provided with tables attached to these

figures.

Clearly, the differences in the layout of the zonal systemthe roofs are significant
between the fouintemational codes/standards considered in this study. As well as
significant differencesre found in the zone sizder large roofsFor instance, iIASCE 7

10 (NBCC 2010Y¥oof zone sizes are created by the design criterion of 40% of the least
horizontal dimension (0.4Ds) for most geometries. According to EN-1982005, the

width of edge/cornezones for all geometries are created by the design criterion of 20% of
the eave height (0.2H) and the length of the corner zones are defined by 50% of the eave
height (0.5H). Whereas, the width of edge and corner zones-diZ&511702 (2011) are
determin@ by the mean roof height (h); the szdines within the edge zones are governed

by (0.5h), while the interior subonesby (h) for all geometries considered in this study.

EN 19911-4:2005underestimates the width of the edge zone for all buildmogspare

to ASCE 710 (NBCC 2010)with factors inthe range of 2 to 7 and with a factor of 5
compared to the size of the edge zone ofM¢S 11702 (2011). On the other hand, the
results of the comparison show that the edge zone width for building geometries of
relatively large roofs estimated by ASCELG (NBCC 2010) are roughly comparable to
those estimated b&%S-NZS 11702. For example, for building geometries B6, B8, B9 the
edge zone widths of ASCEIO (NBCC 2010) are 7.2, 4.8 and 7.2 m, respectively; while
those estimated b&S-NZS 11702 (2011)are 7.5, 5.0 and 5.0 m, respectively.

However, ASCE 710 (NBCC 2010) and ASIZS 11702 recommend square corner zones
and the sizes are different. In detail, the corner zones sizes of ASACENBCC 2010)

are in range of 2 to 3 lower than those of-W3S 11702 (2011) for buildings of large
sizes. For instance, ASCEID (NBCC 2010) and ASIZS 11702 (2011) assigned 0.64%

and 1.2% of the roof area for corner zones on the roof of the building B3, respectively. For
building B9 of larger roof dimensions and lower height, ASCED{NBCC 2010) and
AS-NZS 11702 (2011) assigned respectively 0.64% and 0.31% of the roof area for corner

zones area. Clearly, the smaller corner zones are recommended by EN4:9005;
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0.08% to 0.20% of the roof area specified for corner zones of buildings with thstlarge
roofs (width 180m).
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ASCE: CpCy = —6.4,+0.68
NBCC: CpCy = —5.4,+0.50

S
Z
T

ASCE: CpCy = —2.3,+0.68
ASCE: CpCy = —4.1,+0.68

NBCC: CpCy = —2.5,+0.50 NBCC: CpCy = —1.8,+0.50

N

7l z

=]

Building dimensions  Z

(m) (m)
B1: 60X60X10 4.0
B2: 120X120X10 4.8
B3: 180X180X10 7.2
B4: 60X60X7.5 3.0
B5: 120X120X7.5 4.8
B6: 180X180X7.5 7.2

B7: 60X60X5 2.4
B8: 120X120X5 4.8
B9: 180X180X5 7.2

Figure 4.6: Locapressure coefficients and roof zone sizes provided by ASOEahd
NBCC 2010 for flat roofs of large sizes. (For all wind directigh# are based on-fir

mean wind speed).
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C.(10) =30, C.(75 =28, C.(5)=26
Cpeq = —2.86,
Cpe,jo = —1.98
7.3 :':/|
Cpe1 = —1.32, Cpeq = —1.32,
CPE,lO = _0-771 CPE,lO = —0.77,
Cpe = +0.22 CPe = +0.22
Cpen = —2.2,
Cpeo = —1.32
D
C.Pe,l =—1.32, C.De,1 = —1.32,
CPe,lO = —0.77, CPg'lo = —0.77,
Cpo = +0.22 Cpe = +0.22
=

-]

Building dimensions Z1 Z

(m) (m) (m)
B1: 60X60X10 20 5.0
B2: 120X120X10 20 5.0
B3: 180X180X10 20 5.0
B4: 60X60X7.5 15 3.8
B5: 120X120X7.5 15 3.8
B6: 180X180X7.5 15 3.8
B7: 60X60X5 1.0 25
B8: 120X120X5 1.0 25
B9: 180X180X5 1.0 25

Figure 47: Pressure coefficients and roof zone sizes developed by EN11920D05 for
flat roofs of large sizes. (For all wind directions, Terrain Category(Q)are based on

1-hr mean wind speed).
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K, = 3.0,
Cpe = —2.05,-0.91

21
Z—
, 2

K, =10, Cpo=—1.14,0
K, = 1.0, Cp,=—0.68,+0.1

K, =20,
Cpe = —2.05,—0.91

K, =10, Cp,=—046,+0.46

K = 1.5, B B3 B2 Bl

Cpo = —2.05,—0.91

I S

21}22] | - | 7172

K, = 3.0, LL | ‘ Bl ' ’ ji

Cpe =—2.05-0.91 ‘ [ B2 |

R
by ‘
R

Building dimensions Bl B2 B3 Z1 Z2 Z

(m) (m (m (m (m (m) (m)
B1: 60X60X10 0 20 40 5 5 10
B2: 120X120X10 60 80 100 5 5 10
B3: 180X180X10 120 140 160 5 5 10
B4: 60X60X7.5 20 30 45 38 38 75
B5: 120X120X7.5 75 90 105 3.8 38 7.5
B6: 180X180X7.5 135 150 165 3.8 3.8 7.5
B7: 60X60X5 30 40 50 25 25 5.0
B8: 120X120X5 90 100 110 25 25 5.0
B9: 180X180X5 150 160 170 25 25 5.0

Figure 48: Pressureoefficients and roof zones develogedAS-NZS 11702 for flat

roofs of large sizes. (For all wind directio#s; arebased on -hr mean wind speed).
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Thedesign wind loads recommended by the current codes/standards, which are considered
in this study, were applied on building geometries of this study. The developed local loads
(wind loads on small areds; pi ) over the roof zones given by ASCEL@® (NBCC

2010), EN 19911-4:2005 and ASNZS 11702 (2011) are also shown in Figures 4.6, 4.7

and 4.8, respectively. It must be noted that directionality effects are not considered in these

figures.

All codes and standards specify the maximum negative pressurecievg$fifor corner
zones see Figures 4.6, 4.7 and 4.8. The peak local cladding loads at corner zones of ASCE
7-10, NBCC 2010 and ASIZS 11702 (2011) are roughly equai §.4, -5.4, and-6.2,
respectively). For peak local loads on the edge zone, the yalngded by the ASCE-7

10 and NBCC 2010 aret.1,-2.5, respectively. The edge zone of the-lBS 11702

(2011) is divided into two loading sections with peak local lcddsand-3.1.

The values provided by EN 194914:200 for the corner zones a6, -8.0 and-7.4 and

the values for the edge zones &#,-6.2 and-5.7 for building heights 10, 7.5 and 5.0 m,
respectively. Clearly, the values provided by EN 1391:200 for the corner and edge
zones are higher than those provided by the other @ukstandards by 25% and 50%,

approximately.

For the interior zone, ASCET0 and NBCC 2010 provid2.3 and-1.8, respectively. AS

NZS 11702 (2011) divides the interior roof zones into three sections of lower design loads
of -1.14,-0.68 and-0.46. Findly, the highest local pressure coefficient is provided by EN
19911-4:200:-4.0,-3.7, and-3.4 for building heights 10.0, 7.5 and 5.0 m respectively.

Similar differences have been found for as@raged pressure coefficients as they apply

to tributaryareas of various sizes.

It might be concluded from Figures 4.6, 4.7 and 4.8 that for building geometries of
relatively low height and very large roof dimensions, the estimated edge and corner zones
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are significantly different. These inconsistencies in tagbuts and design wind loads are
due to the incoherence among specifications of current national wind code/standard

provisions.

71



CHAPTER 5

RESULTS AND DISCUSSION

Wind pressures over nine large flat roofs of isolated-tm& building models have been
investigated experimentally in the wind tunnel of Concordia University. For simgiudty
conveniencethe results are provided in termsraindimensionalpressure coefficients.
Thedistributionof the most critical (envelope) pressure coefficients on risafaportant

to define appropriate design wind loadl®cal pressure coefficients, followed by most
critical coefficients of the local pressure and roof zone sizes of the large roofs examined

the present research will be presented in this chapter.

5.1 External Local Pressure Coefficients

The scope of this research is to investigate the characteristics of the fluctuating wind
pressure generated over large flat rodfgure 5.1 representghe irstantaneous wind
pressures over the center of a large flat roof for wind direction normal to the leading edge
for a total period of 27 seconds (3600 seconds irsfidle). This figure was obtained by
superposition of the measured presgure history reords at different locationsn the
mid-span roof of building (B7) see Figure 3.7As depicted in the figure, the wind pressure
fluctuationson the windward area are much higher than the fluctuations on the leeward
area (in the range of four to fivéhdeed, as evidenced by the time history records attached
to the figure, at the windward edge and middle of the roof. Consequently, the statistical
correlation between pressures separated by large distances will be very small. Generally,
local positive winl pressure (instantaneous values) rangetg/eer0 and+0.6 on the large

roofs tested in this study has been noticed.
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Figure 5.1:1nstantaneous pressure distributions and negative peak, mean, and positive peak coefficient values on large flat
roofs; the pressure taps are indicated by the symbol,
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The negative peak and mean wind pressure coefficients have been determined for all wind
directions during the investigation of the wind pressure distributions on building roofs. The
distributions of the most critical local pressure coefficients measweddil pressure taps

and envelope for all wind directions considered in this study are presantecn of
pressurecoefficientscontours in Figures 5.2 through 5.10must be noted that all the
contours shown in this thesis were drawn by Surfer (version 11.0.641) 6@atawere

fitted using method of triangulation witHinear interpolation with 200 nodes in the
horizontal and vertical directions and 0.5 contouerival. Moreover,for more accurate
drawing blank grid outside convex hull diedata wasiot permittedThe distributions of

the local pressure coefficients at normaald diagonal wind directions are presenied
Appendix B. Since the roof models are square, these pressure contours are shown only on
a quarter of the roof but reflect the pressure distribution on the entire roof considering
symmetry.

The most critical local pressure coefficients on most parts efrdof regions near

windward edge are very high, particularly at windward corners. On the other hand, most
critical local pressure coefficients on the rest of the roof regions are relatively low. This is
due to the separation of flow occurring at the legd@dges. For normal wind direction,

high negative peak pressure coefficients appear near the windward edge. However, they
decrease towards the leeward edge, so low values of negative peak pressure coefficients
appear there. Most critical negative peaksptge coefficients on the windward regions of

the roofs are produced by normal or nearly normal wind directions. For example, for
. wind direction, higher negative peak pressure coefficients than for diagonal wind

direction have appeared on the edge @rder regions.

Wind-induced pressures on the roofs of isolated buildings depend on roof geometry and
dimensions, building height and the characteristics of the approaching wind. Roof
dimensions affect the external flow patterns over the roofs, suchvasstidtachments on
roofs with large dimensionsThis implieslower pressuren most part of the roof in

comparison with smaller roafs
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Figure 52: Contours of most critical negative peak pressure coeffic{entgelope for all
wind directions) for bilding B1:60X60X10 m.
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Figure 53: Contours of most critical negative peak pressure coeffic{entgelope for all
wind directions) for building B2:120X120X10 m.
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Figure 54: Contours of most critical negative peak pressure coeffic{entgelopefor all
wind directions) for building B3:180X180X10 m.
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Figure 55: Contours of most critical negative peak pressure coefficients (envelope for all
wind directions) for building B4:60X60X7.5 m.
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Figure 56: Contours of most critical netj@ge peak pressure coefficients (envelope for all
wind directions) for building B5:120X120X7.5 m.
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Figure 57: Contours of most critical negative peak pressure coefficients (envelope for all
wind directions) for building B6:180X180X71&.
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Figure5.8: Contours of most critical negative peak pressure coefficients (envelope for all
wind directions) for building BB0X60X5 m.
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Figure 59: Contoursof most critical negative peak pressuaoefficients(envelope for all
wind directions) for building B8:120X120X5 m.
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Figure 510: Contoursof most critical negative peak pressuoefficients(envelope for
all wind directions) for building B9:180X180X5 m.
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The effect of building height on wind loadstiag on largebuilding roofs has been
examined. This was by comparing the measured wind pressure coefficients on the roof of
tested buildings. The comparison was performed using three different building heights (5.0,
7.5 and 10n)for 1t wind direction Different line groups of pressure taps were used having
similar plan dimensions and differenabf heights in order to maintain similar ratios of Y/L

for comparison, such that the location of the pressure taps relative to leading edge (Y) is
normalized bythe horizontal plan dimension (L). Figure 5.11 shtivesnegative peak and

mean pressure coefficients along the span.

The results show that the pressure coefficients are relatively high neaadivegledge,

then they collapse rapidly within the segitad flow region for all buildings seeFigure

5.11 The values of negative peak pressure coefficients throughout the separation regions
increase with increasing the building heidtbwever themean pressure coefficient values
beside the leading edge are well close for all buildings of samedptension but their

values throughout the separatiggionare different and increase with the increasing in

the building height.

The results show thahe lower buildings show the steeper pressure lines throughout the
separation zonedloreover, the distance until the flow gets to reattach to the roof is little
affectedby the height of the buildind~orinstancethe roof pressurgradiens of building

of width B =60 m occurto Y/L < 0.5 for the buildings of heights 5, 7.5 and 10 see
Figure5.11(a).
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Figure5.1TVar i ati on of negative peak and mean i

line of the tested roofs for 0° wind direction: (a) Model plan view and pressure tap line,
(b) H=10 m, (c) H=7.5 m and (d) H=5 m.
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For a certain roof heighthree buildings of different plan dimensions are chosen for
comparison to investigate the effect of the building plan size on the generated wind
pressures. The buildings selected are B3, B2 and B1. Figures 5.12 and 5.13 show the
negative peak and mean mese coefficients trace along pressure tap lines seleataid-at

span forrt wind directionand near the concurrent roof edgedov wind direction.

As canbe seen in Figure 5.12, theghest suction near the windward edge decreases with
increasing dince from the windward edg@dditionally, Figure5.12 shows thatfor

normal wind direction the value of the reattachment length increases by a factor of 1.5 for
buildings of very large roofs (i.e. B3) as compared to that for other buildings. In terms of
relative distances, the position of the reattachment point for buildings of smaller
dimensions (B=60 m) is at around Y/L=0.6, whereas for buildings of larger dimensions
(B=120 m and B=180 m) reattachment points are at around Y/L=0.3. This shows that the
pressure coefficients of relatiyelow values exist throughoutost of the large roof area.

On the other hand, for buildings with smaller plan dimensions, most of the roof area is
engulfed under the separated flow, and therefore, pressures of relativelysahigs exist

over most of the roof an.

The results for 45wind direction are presented in Figure 5.13. The lines were selected
near the concurrent roof edges in order to cross the path of the conical vortices in these
zones. The location of pressuneels is also shown in Figure 5.13. The traces of the mean
and negative peak pressure coefficients shown are clearly affected by the two Delta wing
vortices developed along each concurrent roof edge. Note that the buildings of width
B=180 m show a somewhdifferent behavior, particularlgt Y/L near 0.4. This is to say

that in general, the wind flow reattachment pattern is somewhat different for very large

buildings.
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tested buildings of 10 m height for 0°: (a) Model plan view and pressure tap line location,
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The variations of extreme negative peak and mean pressaficients on windward

corner and edge of the roofs were determined as a function of the wind direction and
compared among all tested models. Figure 5.14 presents the extreme negative peak and
mean pressure coefficients over the corner zone, whereasg bidbrpresents the extreme
negative peak and mean coefficients over the edge versus the wind direction. The
comparisons were carried out for wind directions betweenand w Ttwith

p vincrements. The pressure variations in the figures have takerdviamtages of the
symmetries of the roofs, therefore values for wind directions betweamd3 are only

presented.

As shown in Figure 5.14, the values of negative peak and mean pressure coefficients vary
with wind direction. The highest values are alisd at normal wind direction

(rt andp v), then the variation turns down to tloevest values at obliqudirection T v .

The magnitude of extreme pressure coefficients over the corner zones is mainly affected
by the building height; the highest buildihgs the worst pressure coefficient on the corner.

Figure5.15shows the variation of extreme negative peak and mean pressure coefficients
on windward edge verstisewind direction The magnitude of extreme negative peak and
mean pressure coefficienteaeases as the wind orientation changes from normal to
obligue wind azimuth (from 0° to 45°). Theoatterns showthat, extreme pressure
coefficients over the edges are particuldéels vulnerabléo the impact of building height

than those in corneegions

5.2 Area-Averaged Pressure Coefficients

In addition to local pressure coefficients, aes@raged negative peak pressure coefficients
are very important. The wind loads acting on roof members and cladding are generally
reduced due to areaveraging ofvind pressuresAlso, since the design wind loads of most
current wind codes and standards are specified as a function of the loadinglarzay

area) the most critical areaveraged pressure coefficients are important in order to

examine the suitability of the current witwhd provisionsfor very large low buildings
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In this section, variations of the negative peak-anesxraged pressure coefficientstained

in the present study with loading areas will be discussed. Therefore, the most critical
negative peak areaveraged pressure coefficients are provided as functions of tributary
area, consistently with the current North American standards and. ¢aategurpose of
calculating the areaveraged wind pressure coefficients, eight square tributary areas of
different sizes ranging from 2.4%to 827 n? were selected at the windward corner of the
building roof for one pressure tap and 48 pressure tageatvely. Figure 5.16 shows the
tributary areas and the pressure taps used in the evaluation-aaraged wind pressure

coefficients.

The negative areaveraged peak pressure coefficients of the corner zones of all tested
models andor each wind diection considered in this study are determined simultaneously
and presented in Appendix C. Clearly, the most critical values occur when the wind

direction is normal or nearly normal to the edge of the roof (betwtamndil5).

Figure 5.17 presents the siaritical negative peak ar@aeraged pressure coefficients for
the corner zones recorded over all wind directions for each tested model. As expected,
areaaveraged pressure coefficients decrease in value over the tribar@aywith
significant redation from the local peak negative pressure coefficient. Greater reductions

are observed at larger tributary areas.

For tributaryareas larger than 2.5%@nd smaller than 1004rthe aresaveraged pressure
coefficients decrease more rapidlith the tributary area. Moreover, Figusel 7indicates

that the values of the most critical negative peak pressure codfii¢lenal and area
averagedoefficienty measured over the leading corners of the roofs seem to be a little
affected by the buildinglan dimensions for the three heights considered in this study.

Generally, the ageaveraged pressure coefficient valuesramease with height.
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Figure5.14 Extreme negative peak and mean pressure coefficients on windward corner of the building verdireatiioml
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Figure 5.15Extreme negative peak and mean pressure coefficients on windward edge of the building verdusatiom
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