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ABSTRACT

Recentdamage occurring durinigurricane activity has demonstrated the urgent
need to improve thehurricaneresisance of constructed facilitiegparticularly for
residential buildings which continue to bear a disproportionately high portidheof
economic losses. The economic losses due to hurricanes camidgetedby improving
the structural perfmnance of buildingsandthis requiresus toimprove our understanding
of hurricane wind loads on houses.

In response to this need, through the Florida Coastal MowgtdProgram
(FCMP), a residential building, named as House2KL was instrumented dumn
Tropical Storm Isidore (2002) and Hurricane Ivan (200Fhe wind pressure
instrumentationsuccessfully recorded higlesolution wind pressuseon this single
family house from two stormsThis dissertationpresers the method developed to
analyz the extreme wind loadsneasured omouseFL-27. The uncertainties of the full
scale measurement systemssociated with corrections for reference pressures,
temperature variations, and calibration ermnes analyzed. Once corrected, thik-scale
test resultsare usedo evaluatethe ability of the wind tunnelsimulation methodsto
reproducemodelscale wind pressure results comparablefuib-scale extreme wind
loads. Probability density functions of wind pressure fluctuati@ml the effects of
spatial and the averamg on the peak wind loadre investigatebased on fulscale and
wind tunnel test resultsThrough comparison of fubcale and wind tunnel test results

with the provisions of the current wind load design code, AS@B, the design wind



iii
loadson the critical roof corner areas thfe subject housare assessed. The effects of

terrainexposures and surrounding houses ondwaads are also investigated part of

this study
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CHAPTER 1

INTRODUCTION

1.1 General Background

With the develoment of the economy and society of the seedbt United States,
the migration of the population towards coastal regions is continuously increasing the
population density of these regions. Since 1992, the cqaspalation has increased by
28% (Crossett eal, 2004).Recenthurricane seasons have shown ttied southeast
regions are vulnerable to damage from hurricanes. For a number of reasons, the majority
of wind damage occurs toverise residential constructipmarticularly to singldamily
wood frame construction.

Hurricanes are intense tropical cyclones capable of producing extreme wind
velocities and a storm surge that can cause massive damage to a large area. In the North
Atlantic Ocean, hurricanes typically occur between June and November andathe
affect the Caribbean islands, the seea#ist coastal regions of the United States, Central
America, and Mexico. Historical records of hurricanedigtishow annual occurrence
varieswith some periodicity and it is predicted thae southeast Unitd States will
experience a period of increased hurricane activity for several decades to come
(Klotzbach and Gray, 2006).

From the 1970s to the present, coastal areas in the-sasitfunited States have
suffered damagefrom several strong hurricanes,cbuas Hurricanes Hugo (1989),
Andrew (1992) and Katrina (2005). During the 2004 and 2005 hurricane seasons, eight

hurricanes made landfall along the eastern@uifi Coast states of tHgnited StatesThe



high winds and stormsurgefrom Hurricans Charley Frances, lvan, Jeanne, Dennis,
Katrina, Rita and Wilma caused billions of dollars in economic logse&ugust 2005,
Hurricane Katrina became the most costly and one of the deadliest hurricanes in US
history, resulting inmore than$40 billion in insurance claims andover 1,300 deaths

(King, 2009. Table 11 summarizes the 2004 and 2005 US hurricane losses.

Table 11 2004 and 2005 US Hurricane Losses

Name Dates Hurricane Category Insurgr)ce I:oss
(Landfall) ($ Billions’)

Katrina 231 30 Aug 2005 4 40.6
Wilma 15/ 25 Oct 2005 3 8.4

Rita 18/ 26 Sep 2005 3 5.0
Charley 9-15 Aug, 2004 4 7.7
France 25 Aug- 9 Sept, 2004 4 4.8

Ilvan 2-24 Sept, 2004 4 7.4
Jeanne 13-28 Sept, 2004 3 3.8

Source! Insurance Information Institute

In Hurricane Hugo, ite majoriy of hurricane damageccured to low-rise
buildings, espeaily residential housel$Sparks,1994). The 1989 Hurricane Hugo, which
made landfall in Bulls Bay, South Carolina, resulted in $3 billion in insurance costs, 58
percent of which was paid to repamusing damagéSparkset al, 1994 Smith, 2009. In
1992, the Hurricane Andrew resulted in insured losses exceeding $13 billion and overall
economic losses of almost $30 billion (AIR Report, 2002). Hurricane Andrew made
landfall in Homestead, Florida witsustained winds of 138 mpfwenty-five thousand
homes in Dade County, Florida were destroyed and 100,000 more were damaged. Field
investigations continue to show that houses are particularly vulnerable to daorage f

extreme wind events (Gurlest al, 2@5). With the predicted increase in frequency and



intensity of hurricanes over the next few decades, mitigating hurricane damage has
become the special concern of the populations in coastal communities. There is an urgent
need forthe engineering and resedn communities to help reduce wind damage to and
vulnerability of lowsrise buildings in hurricanprone areas.

Posthurricane field investigations have revealed thadst wind damage to
houses was restricted to theilding envelope (Sparks et al, 1994ematsuand Isyamov,
1998; Gurley et al 2005 Smith, 200% An improvement in wind resistance of the
building envelops of these structuresan mitigatemuch ofthe economic losses due to
hurricanes. Therefore, it is important to improve our understandlinfpe impact of
hurricane wind loads on houses, and in particula roofs which experience the most
damage To satisfy these requirements, a number ofdadlle experiments have been
performed (Eaton and Mayne, 1975; Richardson, et al, 1990; LevithMahta, 1992).
These tests providedesearchers withinformation on the characteristics of the
atmospheric surface layer and the natural wind interaction withikeabuildings. These
test results are also accepted as the benclsniarkvalidaing wind tunnel results on
modelscale buildingsThe validated wind tunnel techniques have been widely applied in
generic model studies. These efforts have furthered the understanding of wind/structure
interactions and continue to improve wind load codes to astymxpress wind load on
low-rise buildings. According to the investigation of hurricane damages of the 2004 and
2005 hurricane seasons, Reinhold (2005) summarizedtiesigthening building codes
and design standards works in preventing substantiaichng damag He specially

noted that design standards for manufactured housing had changed substantially since



1976 and especially after 1994 with #dcl ea

under postl994 standards.

Thoughthere is evidence that gineered houses based on the current design code
have improved structural performancen hurricanes, questions remain about the
adequacy of the buildingode The wind load codehas been strengthened since
Hurricane Andrew in 1992, however, there congita be failures of residentialroof
structures in hurricanes. These damages occur in roofs that have been designed and
constructed according to the codéis has led to some suspicion tlhiaat the current
wind load design code may not account for suchofacas terrain exposure and
surrounding housegDearhart, 208; Reinhold, 2005) First, most of thefull-scale
experiments were performed on isolated buildingth simple gable or flat roof shapes
and the buildings were located in a uniform (i.e. flggem@ terrain.In addition, the
buildings were subjected to exttaopical (frontal type) winds rather than hurricanes.
Thus the current wind load design codes were developed by utilizing the data set
collected in wind tunnel tests of generic models, #meke wind tunnel studies were
undertaken by simulating wind flow fields that were validated by the previousciaik
studies (Stathopoulos, 1979; Ha al, 2005). Previous fuicale wind load studies
focused on extrtropical storms rather than hurmes (E#on and Mayne, 1975;
Richardsoret al, 1990; Levitan and Mehta, 199®)asters Masters 2004) proposedhat
the windflow characteristicof extratropical stormsare different from the windlows
generatedoy hurricane cases, arg found thathuricanes produce gustier winds and
more turbulence thaextratropical stormsConsidering the difference of wind flow

fields between hurcanes and extropical storms and higher turbulence meaning higher



pressure at peakje current wind load design des may not be adequate for quantifying
the hurricane wind loads on lesse buildings

Until recently, there has been no comprehensivestidle study of hurricane
wind loads on lowrise buildings. In response to this need for-fdale hurricane wind
and load data, the Florida Coastal Monitoring Program (FCM&yinitiated in 1998
with funding from the Florida Department of Community Affairs and FEMA. This
program uses technology developedC&mson Universitfy s Wi nd Load Test
The consortum of research partneiacludes Clemson University, the University of
Florida, the Florida International University, Florida Institute of Technology, and the
Institute for Business and Home Safety. The thrust of the FCMP regeatotent to this
researh is to collectfield hurricane windspeeds and gust characteristmas wind
pressure data on thesidentialroof structures. The FCMP hasiccessfully recorded
multiple highresolution datasets of wind pressure on single family houses since 2002.
Seveal of these datasets include homes subjected to sustained hurricane leveltends
data from FCMP fullscale test results offer the ability to validate current wind tunnel

simulation method and ASCE prescriptive wind loads.



1.2 Research Objectise

The focusof this research isn the collection and analysis wind pressuralata
taken from dow-rise singlefamily home in the Florida panhandle during both Tropical
Storm Isidore (2002) and Hurricane Ivan (200@he full-scale tests are describhexhd
full-scalewind pressure dats presented. Wind tunnel studies of a scale model of the
subject house were conducted in tBeundary Layer Wind Tunnel at Clemson
Universiyd s Wi nd L o a.drheTmajsr bbjeé&tiges of this dtugly are:

1) To estabkh amethodology for analyzing fulicale wind pressure data to

determine external pressure coefficients

2) To investigatemeasurement systemmcertainties associated with reference
pressures, temperature variations, calibration ereord the spatial antime
averaged effects of wind loads;

3) To comparefull-scaleresultswith wind tunnelteststo determine the ability of
wind tunnel to reproduce fulicale test results;

4) To evaluatethe wind design provisions oASCE 705 in comparison with
full-scale andvind tunneltestresults to see if it isconservative for hurricane
wind loads on lowrise buildings; and

5) To investigatderrain exposurandneighboringsurrounding house effects

wind loads on lowrise buildings.



1.3 DissertatiorStructure

A literature review is presented in Chapter 2 that discusses prior research in wind
engineering on lowise buildings. Chapter 3 describes the measurement instrunsests
at the Wind Load Test Facility alemson Universitythe wind tunnel setup and the
simulation of the wind field used for this dissertation. Chapter 4 presents the
experimental setup to collect fitdtale data and the methods of analyzingdadle test
recordsfrom a residential housguring both Tropical Storm Isidore (2002) and Hurricane
Ivan (2004). Uncertaintgnalyses of fulscale test results are presented in Chapter 5. In
addition, by analyzing fulscale data, the probability density function of wind loads and
the spatial and timaveraged effects on wind loads describedn Chaper 5. Chapter 6
presents results afind tunnel teston al:50 scalemodel of theprototype house and
compaes of full-scale and wind tunnel test results with ASCE57design values.
Chapter Mescribes a study diie investigation of the influences efrtain exposureand
surrounding buildings on components and claddimgd loads forlow-rise buildings.

Finally, my conclusions and recommendations for future research are in Chapter 8.



CHAPTER 2

LITERATURE REVIEW

In the past three decades, a larg@ant of research has been performed to study
extreme wind loads on lowse buildings. Stathopoulos (1984), Surry (1999), and
Uematsu and Isyumov (1999rovide a comprehensive review tife evolution of
researclon extreme wind loads on lowise buildings The papers about the research of
extreme wind loads on lowse buildingscan bedivided into four categorie@Jematsu
and Isyumov;1999)

a) Fullscale testof extreme wind loads on levise buildings;

b) Validation of wind tunnel methodologies fonsilating wind loads on lowise

buildings;

¢) Wind tunnel tests of extreme wind loads on-lise buildingsand

d) Codification of wind loads on lowise buildings.

2.1 FullScale Tests of Wind Loads on Lawge Buildings

To quantify the characteristicg the wind field around lowise buildings and the
extreme wind loads on lowse buildings, extensive fuficale tests have beeanducted
during the past several decades. The knowledge gained from thesedidltests has
furthered the understandin@ithe wind / structure interaction, and improved wind tunnel

simulation methods.



2.1.1 Aylesbury Experiment

The Aylesbury experimental building was built in Aylesbury, England, in the
earlyl 9 70 0 s . -stdrhbuiklingtwasb3.3 mlong by 7.0 m wide and 5.0 m high to
the eave with an adjustable slope roof, which could alter the roof pitch from 5 degree to
45 degrees (Eaton and Mayne, 1925)otal of seventytwo differential pressure sensors
were mounted on roof and wall surfaces to collect wind laaughe experimental
building. A pressure sensor stationed within a manhole east of the building was used to
determine the reference pressure on site during testinge{Sall 1989). The reference
pressure was designed to describe the local barometgsype by continuous venting of
the manhole to atmospheric pressure (Holmes, 1982). Wind load data obtained in the
Aylesbury experiment indicates that wind pressure with highly fluctuating and high peak
wind pressures distribute along the roof ridge andegaand near the wall corners
(Holmes, 2001).

A large number of wind tunnel tests have been performed on the Aylesbury
experimental building, with geometric scaling ratios varying from 1:500 to 1:25 (Holmes,
1982). To estimate tunn&-tunnel differencesn pressure measurements on Jose
structures, the corresponding wind tunnel studies of the Aylesbury experimental building
(the International Association for Wind Engineeridvglesbury comparative experiment)
were conducted at seventeen laboratoriesiratothe world usingan identical 1:100
model of this building (Sill et al, 19891992). The comparison showed there were
significant differences in the pressure coefficients measured by different laboratories. Sill
summarized that the significant differ&sccould be caused by the poor response of static

pressure tubes in turbulent flow, leaks in reference tubing, alomd) gradients of static
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pressure, model blockage, model proximity effects, or variatioefe@rence location (Sill

et al 1989).
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Figure 2.1 Aylesbury Experimental Building and Pressure Transducer Locations
(Sill et al, 1989, Holmes, 20D
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2.1.2 Silsoe Structure Building

The Silsoe Structure Building was constructed in Wrest Park, Silsoe, England in
the | ate 19 8 @uétge BuillihgewasXaildrge steel p&iieimed structure
with 24.0 mlong by12.9m wide and5.3 m high with a 10 degree roof pitch, located in
open country (Richardson and Surry, 1992). A total of sevesgn differential pressure
sensors were mounteh roof and wall surfaces to collect wind loads on the experimental
building. Twelve strain gauges were algstalledal ong the buil di ngos
frame to measure the structural response to wind loads on the building (Richardson and
Surry, 1992).

In the fullscale tests of the Silsoe Structure Building, measurements of wind
pressures were takeat several locations on the building envelope and the stvagms
measuredn some structural members. The fsitlale test results were used to verify the
wind tunnel simulation tests and numerical simulations in following studies, which were
performed by the Building Research Establishment (BRE) and the University of Western
Ontario (UWO) (Richardson and Blackmore, 1995). The compaa$aesults show
that wind tunnel results from BREnderestimate the peak suctions whiled tunnel
results from UWO overestimatbe peak suctions (Stathopoulos anetlsaif, 1991).The
strains measured in the portal frame were found to be consistent with the simulated

reailts from a structural analysis computer program (Holmes, 2001).
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2.1.3Texas Tech UniversitgTTU) Building

The TTU Building is located in Lubbock, Texas. This buildind2s2m long by
9.1 m wide and4.0 mhigh with an almost flat roofTheTTU Building is constructed on
a turntable which allows it to be rotateduary the angle of attack of the approauch
wind (Levitan and Mehta, 1992). Wind speeds at the site are measured by gill
anemometers mounted on a meteorological tower at heights of 4, 2(5,21, and 49 m.
Barometric sensors are also installed at a 4eaight on the meteorological tower to
collect the data of atmosphere pressure, temperature, and relative humidity (Levitan and
Mehta, 1992). In TTU building tests, researchers used 2@#refitial pressure
transducers, which were distributed on all surfaces of the experimental building, to
measuresimultaneouslythe external and internal pressusised byincident speeds

around the experimental building (Levitan and Mehta, 1992).

Figure 2.2 The WERFL Building and The Meteorological Tower
(Levitan and Mehta, 1992)
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Extreme wind pressurewere found at the windward roof corner when the
incident wind angle was approximately 45 degree. The worst external wind pressures
measured by TTUuUll-scale tests were greater than the results filmgrcorresponding
1:100 scale wind tunnel model tests (Holmes, 2001).

The TTU building tests have provided the most comprehensive and reliable full
scale measurements of wind loads on-fse buildings ¢ date. TTU fullscale test
resultswere extensivelyecognizedas the benchmark talidate wind tunnel simulations
(Surry, 1991; Cochran and Cermak, 1992; Tielengral, 1997; Cheunget al, 1997.
Comparison of wind tunnel and TTU fidtale tests conbuted to a significant

improvement in wind tunnel simulation techniqueleifmes, 2001

2.1.4 FultscaleTests otthe Florida Coastal Monitoring Progra(RCMP)

The Florida Coastal Monitoring Program (FCMP) was initiated in 19989
technology developedt Clemson University with funding from the Floridzepartment
of Community Affairs. Over the years the program has been supported by funding from
the FloridaDepartment of Community Affairshe South Carolina Sea Grant Consortium,
the Institue of Busiress and Home Safetgnd the Florida Sea Grant. The consortium of
research partners now includes Clemson Univerdiiy University ofFlorida, Florida
International University, Florida Institute of Technology, and the Institute for Business
and Home Safgt The thrust of the FCMP research is to colleefieid hurricane wind
speedandgust structure data plysessure data on the roofs of residential structures. The
FCMP hassuccessfully recorded multiple highsolution datasets of wind pressure on

single family houses since 2002. Several of these datasets include homes subjected to
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sustained hurricane level wind$he data from FCMP fubcale test results offer the
ability to validate current wind tunnel simulation methods for hurricane extreme wind
loads on lowrise buildings and ASCE prescriptive wind loads.

The FCMP has developed two independent systeatsare usetb quantify the
hurricane wind field and wind loads ofull-scale lowrise buildings These are
respectively the Mobile Tower System atfte House Instrumentation System. The
objectives of the FCMP are:to

a) conduct measurements of hurricane wind velocities using the portabie 10

tall Mobile Tower Systems;

b) conduct measurements of wimdluced pressures on critical roof areas of

resdential buildings usinghe House Instrumentation System;

c) conduct wind tunnel studies at Cl ems

and compare the fuicale pressures with wind tunnel resudisd

d) evaluate the effectiveness of inexpensive figtmeasures.

The Mobile Tower SysterfseeFigure2.3), described in several FCMP published
papers (Masters, 2004; Aponte, 2004; Gurley, et al 2005), is designed to collect wind
velocity data at 5 and 1éh heights barometric pressure, temperature, anihtinge
humidity. TheHouse Instrumentation Systedgscribedy Michot (1999) andReinhold
et al (2005) and shown in Figu&4, uses anemometers to collect approximate wind
speed datat the house roof andbsolutepressure transduceis measurdwurricare wind
pressurest critical roof areas. The pressuransducerg@re Microswitch 142 PC 1B
absolute pressure transducers. The linearity and accuracy of the pressure sensors and the

signal conditioning combination were evaluated in a controlled labgratgting. The
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target of operating range of the absolute pressure transducers is between 825 mb to 1017
mb (375 psf to +25 psf relative to 1005 mb) which cewbe pressureangeassociated

with both atmospheric pressure drops #melwind-induced suctio pressuresccurring

during extreme storm events. The transducers and circuit combimabdoce voltage

signals that have an overall accuracy0f5 psf, and the data acquisition system collects

the sensor output at 100 Hz.

Industrial Grade
Generator(8 hrs)

Multiple UPS

(15-24 hrs)

Sensors

Figure 2.3 Thé&=CMP Mobhle Tower Systems (FCMP Website, 2005)
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Figure 2.4 Thé&=CMP HousdnstrumentatiorSystem (FCMP Website, 2005)

There are currently 32 residential houses in Florida that participated in the FCMP
and are located along Florilas At | antic Coast al and Gul f
Figure 2.4. Each house has had brackets installed on the roof to allow teams to fasten
pressure sensors just prior to storm land fall. The locations for the sensors are selected to
reflect the met likely extreme pressureegions (corners, edges and ridge line$he
Mobile Tower Systems arypically locatednear tothe instrumented homdwithin 1.6
to 4.8km), providing additionalwind velocity and turbulence information as the storm

approaches.
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Fig 2.5 Locations of FCMP participant homes in Florida (Gurley et al, 2005)

Dearhart (2003) performed a preliminary analysis of-gullle records of two
residential buildings located in suburban settings near the coast afaFioriing Tropical
Storm Isidore, in September 2002. The corresponding wind tunnel model test results were
compared with fullscale valuesThe comparisorof full-scale and model test results
showsthat modeltestsproduced pressure fluctuations with sinitharacteristics to those
observe for the fullscale structuresvhile model test results underestimate theak
negativepressure coefficient¢lowever,Dearhatd s r esear ch only f ocu:
peak pressure coefficients obtained from one st@iha Tropical Storm Isidore and
di dnodt i nvestigate the sysThereiad, inthe study, or of
one purposeis, by referring Dearhard sanalysis procedureso establish ageneral
methodology for analyzing fulcalewind pressure datof FCMP andassessurricane

wind loads on lowrise buildings.



18

2.2 Validation of Wind Tunnel Methodologies for Simulating Wind Loads

on Lowrise Buildings

Wind tunnel testinghas been extensively applied in the practice of civil
engineering to study wiheffects on structures (Cermak, 2003). Wind tunnel techniques
in structural engineering practice are discussed in greater detail by Cermak (1975),
Reinhold (1982) and American Society of Civil Engineers (1999). These discussions
provide the comprehensiveformation on requirements for bounddayer windtunnel
simulation, model construction, artést of procedues. Two factorswhich need to be
considered during wind tunnel studies on Joge buildingsare the determination of
geometric scaleand thedeterminationthe appropriate modeling of the atmospheric
boundary layeto ensure the similar of wind flow characteristics betweensftdle and

wind tunnel testéUematsu and Isyumg999).

2.21 Simulation of the Atmospheric Boundary Layer

In order toreproduce wind loads on levise buildings in a wind tunnel, a proper
flow-simulation of the atmospheric boundary layer is required. The atmospheric
boundary layer is referred to as the region of the atmosphere near the ground surface in
whichthe airflav i s affected by friction at the eal
and structures are located in this layer. Usually, wind tunnel tests for wind loads-on low
rise buildings are performed in homogeneous surface layer flows. In homogeneous
surface lger flows,turbulent exchange of momentum, heat and moisture between a flat,
horizontally homogeneous surface and the atmosphere is well described by the Monin
Obukhov (MO) similarity theory (Monin and Obukhov, 19540 simulate the

aerodynamic forces iwind tunnel model tests, the equality of Reynolds number and
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geometric similarity are required to be achieved (Tieleman, 2003). Reynolds number is
the ratio of inertial to viscous forces. In many cases ofriees building tests, Reynolds
number similaritycan be neglected because scaled model buildings with sharp edges
produce separation points on the model that are independent of Reynolds number. To
achieve theoretical geometric similarity, the geometric scaling ratio for the models should

be equal to theatio of the roughness length and the integral scales (Tieleman, 2003). The

roughness lengthz,, is defined asia measur e of the aerodyna

surface, which affects the bounddrya y e r f | dHelmes,v2801). Theniegral

scal e i s adeaburerokbtide awemage $ize of the turbulent eddies of thé flow.

(Simiu and Scanlan, 1992). The Jensen numi€rz,, is the ratio of the building height
H to roughness lengtlz, , and is historically considered as the most important

parameter. Jensen (1965) identified that having mode#éalle equality of the Jensen
number is sufficient to simulate the flow in the surface layer (Tieleman, 2003). Some
wind tunneltests show that using the Jensen number as the representative scaling length
for wind tunnel model studies can guarantee excellent agreement for mean pressure
coefficients between model and field data (Jensen and Franck, 1965). However, results
from compaisons of fultscale and wind tunnel tests show that the fluctuation of pressure
cannot be simulated thoroughlyi¢lemanet al, 1998; Surry, 1999; Cook, 2002). The
geometric similarity based on Jensenb6s |
but it is not sufficient to simulate turbulence intensities of the horizontal velocity
components (Tieleman, 1991). Tieleman et al (1998) found that inadequate simulation of

the horizontal fluctuations, the integral scale and small scale turbulence companents

aw
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flow account for the discrepancies of the pressure fluctuation between tisediglland

the wind tunnel tests (Tieleman, 1991; Tielersaal, 1998).

2.22 Model Scaling of Wind Tunnel Tests for Lemge Buildings

The current wind tunnel techniquase a variety of means simulate the scaled
atmospheric boundary layer flow. By varying the floor roughness and usinigotiijols
andvertical spires, a 0.5 m- 1.5 m scaled atmospheric boundary layer can be generated
(Tieleman, 2003). In the practice wind engineering, the simulated gradient height of
the neutral atmospheric boundary layer flow varies between @7and 550m
(Davenport, 1960). Therefore, model scales should be around 1:400 to matvlertie
scale of the simulated atmospheric bougdiyer in a typical sized wind tunnel.
However, the scale of 1:400 is too small for models offim& buildings, which could
result in tiny models incapable of accommodating a large number of pressure taps
(Tieleman, 2003). Thus, in order to embody theictural details in the model and
arrange as many test points as possible, 1:50 and 1:100 scales of model are the practical
model sizesused for wind tunnel studies of lemse buildings. Additionallyat 1:50 or
1:100 scale®snly the lower portion of thatmospheric boundary layeanbe simulated

in wind tunnel tests.

2.3 Wind Tunnel Tests on Lovise Buildings

Wind tunnel tests have been performed on scale models afdevibuildings in
order to better predict wind load®astresearchesvestigatedhe characteristics of wind

pressures on lowise buildings (Stathopoulos, 1979; Ho,1992), wind tunnel simulation of
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wind loads observed in fuficale tests (Tieleman, 2003), and investigation and
development ofdesignwind codes for lowrise buildings (& Pierreet al, 2005; Ho,

2005).

2.3.1 Fluctuation of Wind Loads on Lemse Buildings

Several factors that may influence wind |dadcttuatiors on low-rise buildingsin
wind tunnel tests inclw (Krishna, 1995)

a) the atmosperic boundary layer simulatip

b) vertical and hazontal turbulence intensities;

c) proximity of pressure ports to edges and corners;

d) spacing of pressure ports; and

e) areaaveraging antime averagingof wind loads

It is necessary to ensure wind tunnel test accurately model these faciatsr to
reproduce fullscale test datdn one study, xtensive wind tunnel tests were performed to
investigate the fluctuation of wind loads on loise buildingsby Stathopoulos1©79).
He found that high fluctuations of wind loads occurred on thadwiard walls, the
separatedeattaching flow regions on the side walls, and the roof corner and ridge areas.

The standard deviatiof wind pressure coefficientswhich is related to
turbulence intensitieg | :Ui ), is used to measure thgeneral level of pressure

fluctuation.Higher standard deviatismof wind pressure coefficientorrespond thigher
instantaneous peak pressur8o far the worst negative petdctor, which is defined as
the peak pressure coefficient minus the mearsprescoefficient divided by the standard

deviation of the pressuffuctuation expressed in coefficient foym up to 26thatwere
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observed on the house roof in the TTU &dhle tests (Holmes, 2001). This high suction

has not been duplicated yet by witushnel tests (Surry, 1999; Cook, 2002). Researchers
found that the highest negative peak pressures are associated with conical vortices when
the flow approaches the roof cornerStathopoulos, 1984; Banks et, a2000).
Comparison research of ftdcale ad wind tunnel tests show that it is important to
reproduce the level of turbulence at model scale in order to duplicate the high suction

pressures observed on prototype-ase buildings (Tieleman et,d998).

2.3.2 Spatial and Temporal Effects on Péékd Pressures

Wind pressures on lowise buildingsurface are constantly changingtime and
space Components and cladding elements may be affected by localized pressures (e.g.
the wind load on a fastener may be affected by wind pressure actingimmgsliate
small areasThe wind load on larger structural elements fiecied by larger surface
area$. It was found that wind pressure is more correlated on smaller areas, usually in
higher pressure on small ard&sirry and Stathopoulos, 197 additon, wind pressure
correlates in time.

Two areaaveragingapproaches have been developeddsess wind load effects
on structures pneumatic averaging and using synchronous pressure time history
Pneumatic averaging method usestalne manifold that combines several pressure taps
to measure the areaveraged wind pressure. This metlassigns equal weight (area) to
each pressure tap anaas first used by Surry and Stathopoulos (1977), toel
theoretical model of this method was developed by Gumley (12833). The second

methodusesthe synchronous pressure time history records of indivigiessure tapt
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determinethe aresaveraged pressurdributary areafor each pressure tap can be
assigned for use in the analysis

Researchers found that it is tamnservative to use the individual pressure
measurement results to represent the wind loadnoarea becauske results of point
pressures are unsuitable to effegly estimatethe response of structurahembers
(Marshall, 1977 Surry and Stathopoulo$977;Davenportet al 1978; Holmes and Best,
1981). This conclusion is alssupportedby TTU full-scale tests (Mehta et,&l992.
Usually, aresaveraged pressures are regarded as a suitable way to describe the wind load
on an area since it isased oran accumulation of point presssrand since it is more
normally distributed than individual pressurefJefnatsu and Isyumov, 1998)
Nevertheless, some struclielements, such as fasers, likely respond to local pressure
acting over small areas. As aultsthe design wind loads presented in the current wind
code ASCE 705 begns with point pressure coefficients which are then reduced as the
tributary ara increases above0 squaraneter

The peak wind pressures on loise buildings are also affecteg the duration
time of loadsUematsu and Isyumov (1998) investigated the relationship of the effects of
spatial and temporal averaging on the peak pressures emskwuildings. They found
that severe suction pressures, which occurred in the leadireg aaath corner regions,
typically last for 0.2 to 0.3 seconds. In general, the severe suction pressures are
concentrated on a small area less thaguare meteiThe spatial and temporal averages

of pressure fluctuations lead to a significant reductioherefffective peak suction.
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2.4 Wind Load Code for Lowise Buildings

Low-rise buildings are defined by the American Society of Civil Engineers
Standard for Minimum Design Loads for Buildings and Other Structures (ASGE, 7
Secti on stluctes whaa meaén roof height less than the least horizontal
dimension and less than 18m (60ft) ( A SG5E2008).In general, lowrise buildings
can be categorized as riggtructures because thelgave high fundamental frequencies of
vibration Therefore, dynarma amplification effects of wind load olow-rise buildings
can be neglected.

Three methods defined by ASCED3 are used to estimate the wind loads on low
rise buildings. They areeferred toas Method 1-simplified procedure, Method-2
anaptical procedureand Method 3vind tunnel procedure. In the practice of engineering,
Method 2 iswidely applicable for analyzing the design wind loads onis& buildings.

In ASCE 705, design criteria fotow-rise buildingsaredivided intotwo sections
for the main wind forceresisting systenfMWFRS) and the components and cladding
system (C&C system). Theain wind rceresisting system, which trans$awind load
received by the components the ground angbrovides support and stability for the
overall structure, ncludes structural elements like shear walls, rdafsses, roof
diaphragms or the assemblage of structural elements.cdimponents and cladding
system is defined as elements of the building envelope that do not qualify as part of the
main wind force resting systemComponents typically receive wind loads directly, or
they receive wind loads from cladding and transfer the load tamdie wind force

resisting system
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The studypresented in this dissertation witicus on hurricane wind loads on the
compments and cladding system of lewge buildings,and sothe procedures to
determinedesign loads are described hereCladding includes curtain wall, exterior
window (fixed or operable), doors and overhead dd@osnponents include purlins, roof
decking, reof trusses, fasteners, parapets and stdde designwind loads for
components is considered be theload carried by an effective area which is used to

determine peak wind pressure coeffici&€ . The effective area corresponds he t

tributary area of the component being considered. The effective area for a cladding panel
and a cladding faster will be different as load carriedhecladding paneactsover an
area equal to the total area of the panel whieload on a claddin@$ereris the area of
cladding secured by a single fastener.

Analytical procedures for the determinationdafsignwind loads orcomponents
and claddinginvolves the determination of wind directionality, velocity pressure,
topographic featuresand wind pressure coefficientsThe procedure allows for
consideration of structural reliability, different wind exposures and topographical features
and also differentiates between rigid and flexible buildings and other structufCH
7, the pressure coeffamts of components and cladding systems are the peak pressure
coefficientsderived by an envelope approadthnis method encompasses all of the worst
values associated with a number of parameters, such as height, roof slope, size and other

building featuresThe peak pressure coefficient is denote®Gas .



CHAPTER3

WIND TUNNEL SETTINGS AND MEASUREMENT INSTRUMENTS

Wind tunneltests for this study wemonductedn the boundary layer wind tunnel
at Wind Load Test Facility at Clemsomiersity. This chapter described/ind Load
Test Facility at Clemson Universjtyhe data collection system, wind tunnel layout of

wind pressure tests, and the analysis procedures of wind tunnel pressure test records.

3.1 Wind Load Test Facility at ClemsdJniversity

Wind Load Test Facility (WLTF) at Clemson University holds a 3.0 m wide by
2.0 m high open return boundary layer wind tunnel, which is powered by a pairraf 1.8
diameter fans controlled by a variable frequency inverter. Wind flow drivenebyth
fans passes through a honeycomb grill and a set of screens to generate a uniform flow. To
simulate the appropriate turbulent boundary layer at the center of the turntable where the
experimental models are mounted, a specific combination of spirdasiahdards and a
series of roughness elements were arranged along theetB8sntest sectioriniform
flow entering the test section is modified by the roughness elements to generate
aerodynamic parametetisat areconsistence witlhe desired type dirrain and model

scale.
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3.2 Wind Tunnel Configurations of 1:50 Open and Suburban Terrain Exposures

In this research, the wind tunnel was set up to simdl&@scale wind velocity
and turbulence profile from two terrain exposuwpen country exposurand suburban
exposure asshown in Figure 3. The 1:50 open country exposuweas established by
using a combination of three spire board4Q mmwide at top an@l06 mmwide at the
base), a trip boarQ mmthickness and91 mmheight), four 30 degredast boardsZ0
mm thickness and 91 mmin heigh) and 75 mmand 25 mmcube roughness elements
installed along the wind tunnel floofhe detailed description of the flow simulation for
1:50 open country can be found in Monroe (1996) and Chen (2B00)his study the
1:50 sparse suburban terrain exposi(see Figure 3.lbwas simulatedusing a
combination of three spire boar(®10 mmwide at top andl06 mmwide at the base)a
trip board(20 mmthickness and91 mmheigh) and 75 mmcube roughness elentsn

installed along the wind tunnel floor.

3@240 mm x 406 mm spires
20 mm x 191 mm trip board

§
—J—

I
=

I
=

3,048 mm 4,878 mm 4@1,219 mm 4@890 mm | 2,210 mm

Turn table 25 mm Cubes Blank | 75 mm Cubes Blank 20 mm x 191 mm  Blank
slant boards

Figure 31(a) Wind Tunnel Settings df:50 Open Country
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3@240 mm x 406 mm spires
20 mm x 191 mm trip boa

o

I
=

I
=

I
=

3,048 mm 13,411 mm 1,219 mm

Turn table 75 mm Cubes Blank

Figure 31(b) Wind Tunnel Settings df:50 Suburban Terrain

3.3 Data Acquisition Sysim

The data acquisition system usedniimd tunnelpressurdests forthis researclis
the RAD3200 systemroduced by Scanivalve Corphis systems a combination of both
hardware and software and consists of eight ZOC33/64Px pressureing modules
usal to measurethe pressure sigral The remote RAD3200 A/D (Analogto-Digital
Convertey unit is usedto convertthe amplified analog sigrafrom the ZOC33/64Px
pressure scannetsthedigital valuedfor inputto a PC via a USB extended cable.

The ZOC3364Px unit shown in Figure 3.consists of an electronic pressure
scanner that accepts 64 pneumatic inputs dirgctdésdl silicon pressure sensors, which
convertthe changes irpressursto anelectricalsignalthat can be read the analog to
digital conwerter. Each module is equipped with a calibration valve, a high speed (50
kHz) multiplexer and instrumentation amplifier. Each pressure channel can be sampled at

250500 Hz per channel, per secon8cénivalve Corporation, 2004)
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Figure 32 Photo of ZAC33/64Px Model $canivalve Corporation, 2004)

RemoteRAD3200unit shown in Figure 3.consists of a miniature set of -b#
A/D (Analogto-Digital Converter). Each 1bit A/D accepts the amplified analog signal
from one ZOC33/64Produle The signals arthen digitized and séwout to the PC via
USB extended cable. The RAD3200lagated below the wind tunnel turntabledlose
proximity to theZOC33/64Pxpressure scanners. The high density ZOC33/64Px analog
pressure scanners are locatedom underthe test model and each pressure port is
connected using plastic tubing to the measurement ponts.RAD3200 can accept a
maximum of 8 64channel ZOC33/64Px pressure scanner (total 512 pressungescan
channels) at the same tinTéhe tubing system is of mosieength (300 mm) and included
in the ScanivalveRAD3200 systemhowever he frequency response of this tubing
system is not considerei this study. In fact, a tubing system with an improved

frequency response does not alter the peaks gr&atiyy( 191).
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Figure 33 Photo of RAD3200 with 8 A/D moduleS¢anivalve Corporation, 2004)

The data acquisition computer which is a P4 1.5GHz CPUwith 512Megs of
memory,usesthe Windows XP operation system. The RAD executable software runs on
the data acquistion computerPC and also contains the ZOC33/64Px pressure sensor
characterization tables. The raw counts signal from the RAD32&@smittedvia the
USB cable, is then converted into Engineering Units of psi. The measured data can either
be stored in aile or output from the PC Ethernet TCP/IREigure 34 shows the

configurationof theRAD3200 system used in a standard USB system.
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SPC3000 Calibrators
( Optional ) N

Range 1 |Range 2 |Range 3 | Range 4

20¢ ou-oou-ooh— [ zoc |

Up to 8ZOG Pressure or
Electrical Scanning Modules

bl bl 3
RAD to ZOC

15 Ft (4.8m) Max
HOST Computer |
RS-232

l 150 Ft (46.7 m) Extended USB —..I

r_] \ uUse — Ethernet TCP/P =
Remote Digital Switch ( RDS ) Z
A/D Modules - Up to 8 Maximum USB Extender
RADBASE
 S—

RPM1000

Figure 34 RAD3200 System with Extended USBdanivalve Corporation, 2004)

3.4 Flow Characteristics of Wind Tunnel Eogure Configurations

The wind flow aerodynamic characteristics of these two wind tunnel settings are
measured by using a Thermal System Incorporated (TSI) IFA300 constant temgerat
hotfilm anemometer system\Vind velocities were measured using cross filobs.
When the cross hot films were positioned vertically, longitudinal compomesuid
vertical componentw of velocities were measured. When the cross hot films were
positioned horizontallythe longitudinal componenalong wind directioru and lateral
componentv of velocities were measured. The velocity profiles fit to dLagv profiles

are calculated by Equation-{3 and (32).

U(2) =2.5u"In(z/ z,) (3-1)
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U(2) _ In(z/ z,)
U(Zref) In(Zref /ZO)

(3-2)

where U(z)is mean velocity at height above the groundy is the shear or friction
velocity; zis equivalent fullscale height above the ground; amgdis the surface

roughness length. The surface roughness length and typical values aia lTstblk 3.1.

Table 3.1Surface Roughness Categories, Extension and Typical V&uasi(and
Scanlan, 1999

Exposure Category Lower Limit of Typical Value of Upper Limit of
z,(m) Z,. (M) Z,, (M)
Urban Areas 0.7 Oz, 2 -
Suburban Terrain 0.15 Oz, 0.3 z, <0.7
Open Country 0.01 Oz 0.02 z, <0.15
Coastal Areas -- 0.005 z,<0.01

Applying the least squares procedure, the best fitting safifiethe surface

roughness lengtlz, are calculated. For 1:50 open country exposure, the best fitting
value of z, equals to 0.047m and, for 1:50 sparse suburban terrain exposure, the best
fitting value of z; equals to 0.22nTheir corresponding wind profile curgare shown in

Figure 3.%a) and (b)
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Figure 3.%a) Velocity and Turbulence Intensity Profléor 1:50 Suburban Terrain
Wind Tunnel Setting
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The horizontal turbulence intensitigg are calculated by the Equation-33

(Simiu and Scanlan, 1992

Vb (3-3)

" 25In(z/z,)
For 1:50 open country exposure setting, the fitted equivalent surface roughness length

z,equals to 0.047m. For 1:50 suburban terrain exposure, the fitted equivalent surface
roughnessdngth z, equals to 0.22m. The profiles of horizontal turbulence intendities

are also plotted in Figure 3.5.

The integral length scale of turbulenceoise of the three standatdrbulence
length scaleshat are measures of the largest separation distance over which components
of the eddyvelacities at two distinct points are correlated. They characterize the energy
containingrange of eddy length scales. In the most general form, the integral scales
(expressed here astenso) are functions of position and are defined in terms of the
normalized twepoint velocity correlations American Meteorological Socigty2005).
Nine integral scales of turbulence are used for measuring three dimensions of eddies
associated with the longitudinal, lateral and vertical components of fluctuating velocities
ui, vi andwi.

In this dissertation, onlythe longitudinal integral scald is calculated.The
power spectrum ofijandthe von Karman spectrurfvon Karman 1948)was plotted in

nondimensionalformat of f S(f)/s? vs. f'LX/U in log-log scales,L is changed

until the measured spectrum curve is above the von Karnetrsm in low frequency

range.


http://amsglossary.allenpress.com/glossary/search?id=turbulence-length-scales1
http://amsglossary.allenpress.com/glossary/search?id=turbulence-length-scales1
http://amsglossary.allenpress.com/glossary/search?id=eddy1
http://amsglossary.allenpress.com/glossary/search?id=range1
http://amsglossary.allenpress.com/glossary/search?id=tensor1
http://amsglossary.allenpress.com/glossary/search?id=velocity1
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f
4p
fS(f) _
U*2 , 56 (3-4)
e afLr g2
é|.+708§ 8 u
g ¢Y Y

Here, f is frequency (Hz);S(f) is power spectrumrf/s*); u'is the shear or friction
velocity (m/s); bis a factor that is defined By = bu*?. Therefore, thevon Karman

spectrum can be also expressed as

1%
f(f 4
Sf) _ U (35)
2 N 2 5/6
Suo 8 afL Q92
d+708% *g U
g ¢~ ~H
1
Vv
0.1
fS(f)
52
oot —— Wind Tunnel Test Value N
—— von Karman Spectrum
0-00;001 0.01 0.1 1 10 100

Figure 3.6 Determination of Longitudinal Integral Length Sddle
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Counihan (1975) proposed an empirical expressidhe integrallength scals for
the height range 1240 m. Expected valuesor integrallength scals of turbulence a0
and 20meter heightibove groundor typical terrain exposussand these expected values
are summarized iTable 3.2(a) The measuredntegral length scale of turbulence at
some heights abowke wind tunnelfloor under 1:50 open country and suburban terrain

exposure settingarelisted in Table 3.21) and Table 3.2y.

Table 3.28) Expected Values dhtegralLength Scale

Height Open Country{ z,= 0.047 m) Suburban Terraifz,= 0.22 m)
(m) L, (m) L, (m) L, (m) | Li (M) L, (m) L., (M)
10 120 60 40 90 45 30
20 137 68 46 110 55 36

Table 3.2p) IntegralLengthScale of Turbulence in 1:50 Open Country Setting

Height Ly (m) Ly (m) Ly, (m)
Model | Full-scale| Wind Wind Wind
Full-scale Full-scale Full-scale

(mm) (m) Tunnel Tunnel Tunnel

50.8 2.5 0.55 27.5 0.5 25 0.08 4
101.6 5 0.55 27.5 0.5 25 0.13 6.5
203.2 10 0.8 40 0.5 25 0.13 6.5
406.4 20 0.8 40 0.6 30 0.25 125

Table 3.2€) IntegralLengthScale of Turbulence in 1:50 Suburban Terrain Setting

Height L, (m) Ly (m) Ly, (m)
Model | Full-scale| Wind Wind Wind
Full-scale Full-scale Full-scale

(mm) (m) Tunnel Tunnel Tunnel

50.8 25 0.4 20 0.2 10 0.08 4
101.6 5 0.5 25 0.2 10 0.10 5
203.2 10 0.6 30 0.2 10 0.12 6
406.4 20 0.6 30 0.25 125 0.15 7.5
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3.5 Procedures of Calculating Pressure Coefficients

This section describes the method for determining the pressure coefficients in the
wind tunnel tests of WLF&t Clemson UniversityThe laboratory setup with wind tuein
includes a scale model building, differential pressa@nning transducers, and a pitot
tube. Pressure measurement taken at each port is sequentially compound with reference
pressure of the pitot tube which is located 1.5 m above wind tunnel fldw.
instantaneousxternalpressure coefficients referenced to the mean dynamic pressure of

the reference pitot tube are expressed as the followed equation:

PTaps(t) - PStaticPitot (t) — PTaps(t) - PStaticPitot (t)
P 1/2rV2

Dynamic<Pitot.Mean Pitot.Mean

Copim(D) = (3-6)

Praps = Pstatic pitot 8N Pojoy = Pegaicpior 2r€ measured by the RAD3200 system directly. The

statistical properties (mean value, maximum value, minimum value and standard
deviation) of the wind pressure coefficients can be calculated by instantaneous pressure

coefficients recorsl

Copior = mearfC (1)) (3-7a)
Cllorel = maxCroee!(t)) (3-7b)
Crore! = min(Crme!()) (3-7¢)
RMS= std(C;f’F’,‘i?[;}'(t)) (3-7d)

However, he current wind load design code ASCHE% defines wind pressure
coefficients in terms opeak 3second guswind speed at mean roof heigfithe code
suggests dividing coefficients based on mean wind speeds at mean roof hdidt® by

reflect the reduced pressure coefficient values associated with sséw@ed gust speed.
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An adjustment factor is used tonvertpressure coefficients with reference to the mean
wind speed athereference pitot height 7' to pressureoefficients based ongecond
gust wind speed at mean roof heig®C,).,. Therefore, the pressure coefficients based

on 3second gust wind speed at mean roof height resulted from wind tunnel tests can be

expressed as

C;Lg]gg‘l.eust = mearff @;ﬂ?;l(t)) (3-8a)

O et s = MaX(E Qe (1)) (3-8b)

é"‘l’unnel - m|n(f @Tunlnel(t)) (3'80)
p.Roof.Gust p.Pitot

RMS= std( QETe!(1)) = £2 Gta(CTme!(t)) (3-80)

As shown as the Equations-93, the adjustment factéris expressed as the sgear

of the ratio between the gust wind speed at mean roof height and mean wind speed at

pitot height.
1 2 —_ 1 2 Tunnel
E rVRoof.Gust(GCp)eq - E rVPitot.Mean(Cp.Pitot (3-9&)
1.,
— vy,
f = (GCD)EQ — 2 PiiotMean :VPzitot.Mean (3_9b)
CTugi?c()etl 1 2 VFfoof Gust
P 5 rVRoof.,Ssecgust b

There are two methods to calculate the ratio of gust wind speed at mean roof height
and mean wid speed at the pitot heigl@ne isthe theoretical method and the other is
based on hefilm anemometry test results
(a) Theoreical Calculation

The ratio of gust wind speed at mean roof height and mean wind speed at pitot

height is expressed by Equationr1@3). The ratio of mean wind speed at mean roof height
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and pitot height can be evaluated from the mean wind speed profilendftunnel
settings, as shown as Figure 3.5. The ratio of mean wind speedsacdrl gust wind
speed at mean roof height can be calculated by Equatidt)(Some ratios of mean

wind speed and-8econd gust wind speed at different mean roof heightdishee in

Table 3.5.
9 2
VFitot.Mean — EaA/Pitot.Mean gRoof.Meang (3_10)
VRoof.,Gust @Roof.Mean VRoof.Gust -
a : 00
v, o = b 0
VR& =1/ + C(3secz—2£ (3-11)
Roof.,Gust % @5“’]( Roof) 08
C c L =

Table 3.3 Values ob Corresponding to Various Roughness Leng8imiu and Scanlan,
1992

Z, 0.005 0.07 0.3 1 2.5
b 6.5 6 5.25 4.85 4

Table 3.4 Coefficient oC(t) (Simiu and Scanlan, 1992

T(S) 1 10 20 30 50 | 100 | 200 | 300 | 600 | 1000 3600
C(t) | 3.00| 2.32| 2.00| 1.73| 1.35| 1.02 | 0.70 | 0.54 | 0.36 | 0.16 | 0.00

Table 3.5 Ratio of Mean Wind Speed ande®ond Gust Wind Speed at Mean Roof
Height

Mean Roof Height b VRO‘”‘“%

Model | Full-Scale €O Open RSC)ljfgljs;ban
(mm) (m) % =004/m | 2 =022m Country | Terrain
71.1 3.56 6.18 5.51 2.85 0.655 0.519
76.2 3.81 6.18 5.51 2.85 0.658 0.525
82.6 4.13 6.18 5.51 2.85 0.662 0.532
88.9 4.45 6.18 5.51 2.85 0.665 0.539
95.3 4.76 6.18 5.51 2.85 0.668 0.544
101.6 5.08 6.18 5.51 2.85 0.670 0.550
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(b) Calculation Based orHot-film Anemometry Test Results
To model structures for wind effects and achieve similarity between model and
prototype the reduced frequencies should be kept equality (Holmes, 2ldii$)concept

is expressed as

o

n

Qo

°°<9f
E>;|' o

<

(3-12)

Qo
>
o8]
|- OOt

:p

where,nis frequency which is equal tihe inverse of period of th&ind gustT, Bis
characteristic model dimensipandV is mean wind speed. Using Equatiorl@, the
corresponding model sging time is determined.

For example, assuming the model scale is 1:50 and the desipoBd gust wind
speed at ldneter height is 130 mpmmean houly wind speed at mean roof height3s
m/s). The model is tested under 1:50 subambexposure wind tunnel setting, atite
wind tunnel mean wind speed at mean roof height is abants. The corresponding

wind gust period T,,) for the wind tunnel test can be calculated based on Equation (3

12).

© 50
% m "~ — %35)( ) and T, =0.42s (3-13)
5 35

Consequently, if the hdtlim test samples at 2000 Hz, the equivaleise8ond gust
wind speed can be produced by averag3 200C samples together. The adjustment
factor f can be calculated by using equivalersegond gust wind speed at mean roof
height and mean wind speed at pitot height.

For severe hurricane ents, the hurricane mean windmntl to sty fairly uniform

for 15minute periods (Reinhold, 200@nd fullscale data used in this study was based



41

on 15minute recordsTherefore, 18ninute mean wind speed of fidtale tests should be
used in Equation (32) to determia the corresponding modeasipling timeto create

equivalent 1&minute recordsAdjustment factorg” usedin this dissertation are listad

Table 3.6 and Table 3.7. This research focuses on the hurricane wind load-rselow

buildings, thus the adjustment facs / determined by IBninute mean wind speed are

adoptedn this dissertation.

Table3.6 AdjustmenfFactors/ for 1:50 Suburban Terrain Exposure Setting

Model M_ean Adjustment Factor$ Vo Design WindSpeed
Roof Height Method 1 Method 2 '°/- ean V (m/s)

(mm) ethod L our | 15min | (M9 tomus

71.1 1.51 1.56 1.60

76.2 1.51 1.51 1.53

82.6 1.47 1.47 1.50

889 143 | 144 | 148 | 112 62.6

95.3 1.39 1.42 1.44

101.6 1.38 1.39 141

Table3.7 Adjustmenfactorf for 1:50 Open Country Exposure Setting

Model M_ean Adjustment Factor$ v Design Wind Spee
Roof Height Method 1 Method 2 '°/- ean V. (m/s)

(mm) etho LHour | 15min | (M) omenst

71.1 1.30 1.39 1.40

76.2 1.28 1.36 1.37

82.6 1.23 1.32 1.34

88.9 122 | 130 | 131 | 11? 62.6

95.3 1.20 1.27 1.29

101.6 1.19 1.23 1.25
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FIELD MEASUREMENT OF HURRICANE WIND LOADS ONHOUSEFL-27

The data recorded by the House Instrumentation System of the Florida Coastal
Monitoring Program on a single family hougeamed as House F27 by the FCMPin
two storms,Tropical Storm Isidore (2002) and Hurricane Ivan (200de used to
calculate external pressure coefficiert65 sequential TEinute data records during
Tropical Storm Isidore and 211 data records during Hurricane Wwexe successfully
collected by the House Instrumentation Systeifhese data setare summarized in
Appendix A.This chaptempresents the methodology of this procedure used to measure

and analyze extreme wind loads on the subject house.

4.1 Description of Experimental Buildinand Site

The instrumenéd houseFL-27 is located in Gulf Breeze, Florida, situatedlat
terrain approximately 8.0m abovemeansea leveland about 0.8 kmfrom the Gulf of
Mexico coasline. The housas surrounded by similarly sizeg@sidential buildingsand
the entireresidentialcommunity is nearly surrounded by foresd the east, west and
southsides House FE27 islocated insuburban terraiexposure iraccordancéo ASCE
7-05 wind designprovisiors. Figure 41 provides an aerial view of the subjehouse
(courtesy of Google Earth), as well as views of the locations of the Mobile Tower
Systems used to monitor the wind field of both Tropical Storm Isidore and Hurricane

Ivan.
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Figure 41 Aerial View of House FE27(top),Mobile Tower T1 (Hurrican lvan, 2004
bottom right) and Mobile Tower T2 (Tropical Storm Isidore, 20020m left)

House FL27 is20.7min long by 19.5m wide and6.1 m high to the ridge with a
roof slope of approximately 2@egrees(Figure 42(a). A total of 24 pressure sensors
were mounted on the roof with two sensors installed in the attic of the house to measure
internal pressure (Figure4b)). If the house remains enclosed, the attic sensors have
been found to provide results that closely folline atmospheric pressure. An additional

atmospheric reference pressure sensor was located on the property, but not mounted to
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the house. Additionallythe Mobile Tower Systems argypically located near tothe
instrumented homesl.6 km (Tropical Strom Islore) and 4.8 km (Hurricane Iva,
providing additionalwind velocity and turbulence information as the storm approaches
The towers also haan atmospheric pressure seissdwo threecup anemometers were
installed atl.4 mabove the roof ridge to recovadnd speed. The data acquisition system
was set up to record wind pressure data with a sampling rate of 100Hz and the wind

speed at 1/3 Hz.
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Figure 42(a)House FL-27 Photos
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4.2 Signal Detection and Preconditioning

Before analyzing fulscale test data, signal detection and preconditioning were
preformed to check and remove spurious and degraded sigpalshe data set§hese
signals occurred due &xcessive noise, signditopouts, and transducer malfunctions.

Frequency domain analyses of the fluctuation components of each of -the 15
minute signal records of each sensor were execute@styating the power spectrum
density of the fluctuation components of th&minute sgnal records the abnormal
frequency components were expressed directly. For example, Figumesents the
power spectrum density of the fluctuation components of thenifhGte records of
Channel 9 and Channel 10 measured during Hurricane Ivan. Ivisushthat there are
narrowbandwidthpeak components in the high frequency reggiHgz ~50Hz). These
peak components in the high frequency region are estimatedderived fromthe AC
power supply.

In order to eliminate the spurious and degradedassgdisplayed in thdiigh
frequency region a digital filter was designed to effectively block the abnormal
frequency componentsithout losing desired informatiomn general, lowrise buildings
are categorized as rigstructures with a high fundamenfaéquency, and the dynamic
amplification effects of wind loads can be neglected. Therefore, in this study, the raw
records of sensors were filtered witl28Hz low-pass filter. The power spectrum density
of the fluctuation components of tHdtered signak of Channel 9 and Channel 10

measured during Hurricane Ivan alisplayed in Figure 4.4
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4.3 Analysis Methodology of Wind LoadRecorded by
the HousdnstrumentatiorSystem

The House Instrumentation System saves data-mifh&te records with a gap of
approximately 8~9 seconds between eachmitute record. The differential wind
pressure measured by the House Instrumentatioter8ys expressed by the following

equation:

R()=p(1)- po(t) (4-14)
where, P (t) is the differential (local absolute minus atmospheeference absolute)
wind pressure of channeht timet, p,(t) is the absolute pressure measured by channel
i at timet (roof sensor),p,(t) is the absolute atmospheric pressure measured by a
reference channel that records atmospheric pressure at {(atg&c or atmospheric or
Mobile Tower sensor)lhe analysis wescalibraed outputvoltage toprovide engineéng
units in psfto each sensor. Thebsolute pressure measuigg sensorss calculated by
using the differential voltage from a given senor between calrstpren winds and the
voltage measured during high wind$ierefore,P,(t) can bewritten by:

R =[P ()~ pil- [po(0)- pil+(pi- pi) (4-1b)
where pj is the mean value of absolute pressure measured by chiamnehlm pre
storm conditions,pj is the mean value of the absolute pressure measured by a reference
channel in calm pretorm conditions (wherg;° pj), and P (t) is finally given by

R (t) = (Dp, (t) - Dpo(t)) +(pi- pi§)° Dp(t) - Dig(t) (4-1c)
where Dp, (t) is the pressure difference between storm and calm conditions on a given

roof sensor ,(t) and pj) for channeli, Dp,(t) is the pressure difference between
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storm and calm conditions for the reference atmospheric presgy(t¢ and p; ) for the

reference channel; andis the channel number for roof, wall and soffinsers (=

1,2, é, 2 8 )-1c ultinptelya eéxpresses the difference between local roof and
atmospheric pressure, where each is expressed as a differential betwstmnprealm

and storm conditions. In this manner, the slopéefdalibration curve relating voltage to

psf is needed for each sensor and is easily produced in a controlled laboratory pressure
chamber, while the-intercept (offset) of the calibration is not neededthis will vary
depending on a number of factotdowever, the temperature of the sensor must be
accounted for to use this differential analysis scheme.

Changes in temperature will affect the electrical components within the pressure
transducer, with a resulting change in thentgrcept (offset) of the daration curve
relating voltage to psf. Therefore temperature differences between calstopre
conditions and storm conditions must be accountedof@roperly evaluate Equatich
1c. Ambient temperature differences during hurricane events can benawtdrby the
records of the Mobile Tower Systems located near the experimental house or from hourly
temperature data reported by the Asheville National Climatic Data Center. Considering
the effect of ambient temperature, the wind pressure measured by dbse H

Instrumentation Systean be expressed as:
I:.T(t) = [Dp| (t) + Dpi-Temp] - [Dpo(t) + DpO-Temp] (4_1d)
where, Dp; ., is the indicated difference in pressure of Chanecalsed by thehange

in ambient temperaturd)p, ., is the indicated difference in pressure of the reference

channel caused by the changeambient temperature. The relative change in voltage to

psf as a function of temperature is also easily producedcontrolled laboratory setting
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and is consistent for all sensors used in the House Instrumentation Sistewew of
Equatiors 4-1a, b, ¢, and deveals the complete set of information necessary to estimate
the instantaneous differential pressuréhatgiven roof sensor. This list includes the slope

of the calibration curve for each sensor (linear), the effect of temperature on the sensor
voltage to psf conversion (changesntercept only, not slope), the fluctuating voltage
measured at each rooha atmospheric reference sensor for both-gpoem calm and

storm conditions, and the mean temperature during both of these time frames.

Finally, a reference-8econd peak wind speed is needed for a givemihbte
record under analysig.he nondimensioml pressure coefficients can now be calculated

by the followed equation:

R®
C,(t) = =
»() = 6 00256 ?

3-sec

(4-2)

where,U ., is the peak 3econd guswind speed estimated at mean roof height. This
value is estimated in several ways and is the subject of Sectiohthis chapter.
Based on Equatiod-1d and Equation €, a MATLAB program is developed to

process the data collected by tHeuse Instrurantation System and the source program

is presented in Appendix.A flow chart of this program is displayed in Figuré.4.



Home Mobile Simulation National Mobile House
/ Anemometer / Tower / / Model / %/eather Servi Tower Instrsu)t;r;«te-en;qano
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Figure 45 Flow Chart of Program toAnalyzeFull-scaleDataRecorded by
TheHouse Instrumentation Syste
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4.4 Wind Speeds and Wind Directions at Mean Roof Height eRFIHouse

Wind speed and direction measurements were made usiuog 3cup
anemometers mountegpproximately 1.4 m above the roof ridge (6.5 m above ground).
In addition, corroboratoryind speed and wind direction recordings were collected form
nearby mobile towerdn Tropical Stormisidore, the tower was located at the shore in an
open parking lot, surrounded by trees to the north, aadtwest. IrHurricanelvan, the
towerwas loc#ed at the Pensacola airpontdain open country terrain (see Figure 4A)
comparison of the data recorded from both the Mobile Tower System and House
InstrumentatiorSystem enabled the extrapolation of mean wind speed and wind direction
at mean roof hght. Figures 4 (a) and (b) and Figuresda) and (b) summarize the
mean wind speeds and wind directions collected by the Mobile Tower System and House
InstrumentationSystem during Tropical Storm Isidore and Hurricane IMaaferring
Figure 41 and Figue 46(b), the wind direction corresponding to the highest winds
during Tropical Storm Isidore was out of the southeast, which provides a coastal
exposure.

Although house anemometeecords were unavoidably disturbed by both the
experimental house itsedhd the surrounding structureswever, the incident wind flow
information around House F27 recorded by the House Instrumentation System can be
verified by comparing with the corresponding mobile tower records. The comparisons of
15-minute mean speedsiéd wind directions show a coincidental tendency of change in
wind speeds and wind directions recorded by both the Mobile Tower System and House
InstrumentationSystem that indicates the HousgstrumentationSystem effectively

gauged the wind speeds andhdidirections impacting the house at the height of roof.
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Figure 47(a) 15minuteMeanWind Speeds andleanWind DirectionsMeasured by

Wind Speed (m/s)

the HouselnstrumentatiorSystem during Hurricane Ivan
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Equation (42) uses the 3econd gust wind speédl, . at mean roof height. This

peak gustwind speeds typically the expeetd peak valie calculatedby the mean wind
speed anéccording taheterrainexposure of the test sitesther than a direct measure

of the peak value for a given record. The relationship between the wind speed averaged
over t second¥), and themean hourly wind speed, can be expressed as Equation (4

3a), and the relationship of the mean hourly wind speed between different terrain

exposures can be expressed as Equatidib)4Simiuand Scalan1992). Equations ¢4

3a) and 4-3b) are used to the extrapolate-rhinute mean wind spedd,, ., recorded
by the house anemometers or the mobile towersgec8nd gust wind speéd,  at

mean roof height

U, =U, Q1+ C(t) Q)5 /2.5IN(2/ 2, 110,))] (4-3a)

U . U &'5U*House Oln(Z/ ZO House) (4_3b)

10m- Tower 2.5U*Tower In (10/ ZO' Tower)

where, U, is the mean hourly wind speed at house roof height; the coefficntand
b are listed in the Table 3.3 and Table 3.4, respectivaly;the anemometer height;
Zy house@Nd Z, 1,.,8re the roughness length of the {feidlale test site and timeobile tower
location, respectivelyt.,,, .and .., are the friction velocity of the fulcale test site
and the mobile tower location, respectively.

House FL27 is surrounded by similarly sized residences, and the&eent
community is nearly surrounded by forest to the east, west and (@eattFigure 4.1)

The exposure othe site can be categorized as suburban terrain exposure, and the

corresponding roughnesngth and the friction velocitieare listed in the Tabld.3 and
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Table 3.4, respectively. Based on themifiute mean wind speedseasured byouse
anemometey and mobile towes; the 3second gust wind speedls, ... at mean roof
height were calculated and summarized in Table 4.1(a) and Tafig, 4ekpectively. In
this study, the 3econd gust wind speedls, . derived from the mean wind speed

provided by the house anemometers were used for calculating wind pressure coefficients

on the roof of House FR7.

Table 4.1(a): Th&€alculation of 3secondGustWind SpeedU , ... at MeanRoof Height
Based on 15ninuteMeanWind SpeedMeasured byhe HouseAnemometers

Tropical Storm .
. Hurricane Ivan
Isidore

The Maximum 18minuteMean

Wind Speed Measured by Hous:t 7.8 15.5

Anemomeers (m/s)

The Roughness Length ,,.,..(m) 1.0 1.0
3-second Gust Wind Speeds

at Mean Roof Height, __.(m/s) 16.6 33.0

Table 4.1(b)The Calculation of 3secondGust Wind SpeedU

3-sec

at MeanRoof Height

Based on 15ninuteMeanWind SpeedMeasured byhe Mobile Towers

Tropical Storm .

. Hurricane Ivan

Isidore
The MaX|mum 15minute . 18.9 371

Mean Wind Speed at 10m Heigh (Coastal Terrain ) (Open Country)
Measured by Mobile Towers (m/s P y
The RoughnesLengthz, . ,..(m) 1.0 1.0

The Roughness Length ,,....(m) 0.005 0.07
The Ratio of The Friction Velocity 1.60 133

u*House/ u*Tower
3-second Gust Wind Speeds
at Mean Roof Height, _..(m/s) 16.9 34.8
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45 Determination of Extreme Wind Load on HouseZI_ Roof

The House Instrumentation System successfully collected 165 sequential 15

minute data recordsuring Tropical Storm Isidore and 211 data recoddsingHurricane

lvan. Each data record cams the pressure sensor and wind speed and direction data.
Temperature records were taken from a nearby mobile tower in each case. The wind

pressure coefficients were determined by Equatidradd threesecond gust wind speeds

listed in Table 4.1(a) werdetermined from conversion of the-frinute mean wind

speed recorded by the house anemometers. Table 4.4 summarizes the main parameters

used to process the wind data collected at Hous27-L

Table 42 Main Parameters Used ifihe Process of House Instramtation System

Records
House Name FL-27
Upstream Exposure Suburban Terrain Exposure
Sampling Frequency 100Hz
Sampling Period 15 Minutes
Low-passed-requency 25Hz

Reference Pressure

House Instrumentation System Records

Changes of Temperature

Mobile Tower Records

Wind Speed

15-Minute Mean Wind Speed Recorded by Hous
Instrumentation System

Incident Wind Direction

15-Minute Mean Wind Direction Recorded by
House Instrumentation System

House Record Number

Tropical Storm IsidoreNo0.43 7 No0.49
Hurricane lvanNo0.135i No.140

The mean, peak negative, peak positive and standard deviation of pressure
coefficients recorded during ead®minute period were calculated based on Equation

4.2 and Equation 4.3The peak negate and positive pressure coefficients observed

during the highest wind speed time sections of the two extreme wind evedisplayed
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in Figures 4.8 and 49. Each column in these figures represents results at a given pressure
tap (see Figure 3(b) for tap locations by number). Each data point within a given
column represents the coefficient resulting from onenirtute record of fullscale data.

Each plot also includes the components and cladding coefficient value provided in
the ASCE 705 wind load povisions as a reference point. A thorough probabilistic
analysis of the sources and effects of various uncertainties on the estimasedl&lCp
values is presented at the next chapter to provide accurate confidence limits. The wind
pressure coefficientobserved from fulscale House F27 tests are compared with both

code values and wind tunnel model studies of these houses in Chapter 6.
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4.6 Turbulence Intensity, Integral Length Scale and Wind Velocity Spectra

Turbulence intensities for two components, the longitudinal turbulence intensity

| ,and the lateral turbulence intensity, are definedass . /U ands . /U , respectively.
HereU is the 15minute longitudinal mean wind speesl; is the standard deviation of
the longitudinal wind velocity fluctuatiani; s, is the standard deviation of the lateral
wind velocity fluctuationv'.

The longitudinal and lateral components of the integral length $Gaded L)

are definedy the followed equations, respectively (Simand Scalan1992):

X 1 = X 1 =
LY = -z I Ru.lu.z(x)dx and L) = -z IJ Rv.lv.z(x)dx (4-4)

u' \a

wheres . is the standard deviation of the longitudinal wind velocity fluctuatigns . is
the standard deviation of the lateral wind velocity fluctuaton R,,. is the cross
covariance function of the longitudinal wind velocity fluctuatiwnand R, is the cross

covariance function of the lateral wind velocity fluctuatin

If it is assumed that flow disturbance travels with velotityand based on

Tayl or 6 s hy p autlifaleard laderal confpenents ofrthg integral length scale

L} and L] are also expressed as (Sirand Scalan1992)

U U
L = s_j ra R,(z)ds and L, =

s2

\"4

,'j R, (z)dt (4-5)

where, R,(¢) and R,(#) are the aute@ovariance functions of the fluctuatioms(x,,t)

and Vv'(x;,t). The length of record from whicR,(¢) and R,(¢) are estnated is also 15

minutes.
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Wind velocity spectra are used to describe the distribution of turbulence with

frequency. Thedongitudinalwind velocity spectrunf,(n) can be expressed as Equation

(4-6) (Holmes, 20Q):

s2 = @ S, (n)dn (4-6)
Il n engineering practice, Von Karmandés p

the wind velocity spectrumr on Kar mandés power speéc¢the um (v

longitudinal velocity fluctuation is given by the following equation:

2521

S = G agzent: 10YT

(4-7)

where,U is 15minute mean wind speed is the longitudinal integral length scale;,

is the standard deviation of the longitudinal wind velocity fluctuation and the
coefficient c=2.5.

The turbulence intensities derived from the Holsstrumentation System and the
Mobile Tower System records measured in Tropical Storm Isidore and Hurricane Ivan
were listed at Table 3.(a) and (b) The integral length scales derived from the Mobile
Tower System records are listed at Taldd. Figures 4.10 andFigures 4.11 present the
longitudinalwind velocity spectrum derived from the Mobile Tower System records with

the correspondingon Kar mands power spectrum.
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Table 43(a) Turbulence Intensities MeasuredTe House Instrumentation Systems

Tropical Storm Isidore Hurricane Ivan
The Maximum 1&8minute
Mean Wind Speed at the Hous 7.8 15.5
Anemometers Height (m/s)
The Longitudinal Turbulence
Intensities| , (%) 30~39 32~40
The Lateral Turbulence
Intensities|, (%) 39~49 37~55

Table 43(b) Turbulence Intensities Measured Tiye Mobile Towes near House FH27

Tropical Storm Isidore
Mobile Tower T2

Hurricane lvan
Mobile Tower T1

5m Gill 10m Gill 5m Gill 10m Gill
The Maximum 15minute
Mean WindSpeed at th&lobile 16.3 18.9 27.8 371
Tower Anemometers Height (m/<
The Longltqqmal Turbulence 13-17 12-17 16-23 14-23
Intensities|, (%)
The Late_rgl Turbulence 9-13 7212 19-16 11-16
Intensitiesl!, (%)

Terrain Exposure of Mobile
Tower Locations

Coastal Terrain

Open Country

Table 44 Integral Length Scales Measured by the Mobile Tewear House F27

Tropical Storm Isidore
Mobile Tower T2

Hurricane lvan
Mobile Tower T1

5m Gill 10m Gill 5m Gill 10mGill
The Maximum 15minute

Mean Wind Speed at thdobile 16.3 18.9 27.8 30.8

Tower Anemometers Height (m/s

The Mean Longitudinal Integral
Length Scaled” (m) 204 325 170 206

The Mean Lateral Integral Lengt
ScalesL” (m) 105 125 145 165

Terrain Exposure of Mobile

Tower Locations

Coastal Terrain

Open Country




64

10
,//i\\
—_— Karman Spectrum
1 U =153m/s
L =204m
< o1
n
-
€
o 001
1>

15-Minute Longitudinal Velocity Spectrum
0.001 F|Data Set Recorded from UTC Time 27-Sept-|
2002 5:30AM to 27-Sept-2002 9:16AM

0.0001 ! N
0.00001 1
0.01 0.1 1 10 100 1000

nL /U

Figure 410(a) NormalizedSpectrum othe LongitudinalVelocity Component
Recorded bytte 5m Gill Anemometer ofhe Mobile tower T2 in Tropical Storrisidore
andthe Corresponding Von Karman Spectrum

100 %
Karman Spectrum
U =153m/s
10 X =105m
——a
- TR
S
ZX T
o g /“%\\iw N \
01 iy ;
2 ) U VSR
S pL T
et i b Al
(:I))) 0.01 4 [“V‘ "\ﬂm 4
Ll M
1 T
15-Minute Lateral Velocity Spectrums LR ‘I‘H“
0.001 Data Sets Recorded from UTC Time 27-Sept- ‘ N, T W .“ }
2002 5:30 AM to 27-Sept-2002 9:16 AM i “| i m‘
0.0001 I h "
0.00001
0.01 0.1 1 10 100

n /U

Figure 410(b) NormalizedSpectrum ofthe LateralVelocity Component
Recorded byhe5 m Gill Anemometer ofhe Mobile Tower T2 in Tropical Storm Isidore
andthe Corresponding Von Karman Spectrum
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Figure 410(c) NormalizedSpectrum of thé ongitudinalVelocity Component
Recorded bytte 10 m Gill Anemometer othe Mobile tower T2 in Tropical Storm
Isidore andhe Corresponding Von Karman Spectrum
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Figure 410(d) NormalizedSpectrum otthe LateralVelocity Component
Recorded byhe10m Gill Anemometer ofhe Mobile Tower T2 in Tropical Storm
Isidore andhe Corresponding Von Karman Spectrum
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Figure 411(a) NormalizedSpectrum othe LongitudinalVelocity Component
Recorded byhe 5m Gill Anenometer oftheMobile tower TL in Hurricane Ivan
andthe Corresponding Von Karman Spectrum
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Figure 411(b) NormalizedSpectrum ofthe LateralVelocity Component
Recorded byhe5 m Gill Anemometer ofheMobile Tower TL in Hurricane lvan
andthe Corresponding Von Karman Spectrum
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Figure 411(c) NormalizedSpectrum of thé.ongitudinalVelocity Component
Recorded bytte 10 m Gill Anemometer othe Mobile tower TL in Hurricane lvan
andthe Corresponding Von Karman Spectrum

Figure 411(d) Normalizd Spectrum otthe LateralVelocity Component
Recorded byhe10m Gill Anemometer ofthe Mobile Tower TL in Hurricane Ivan
andthe Corresponding Von Karman Spectrum



