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Abstract

Longterm monitoring data of wind velocities and accelerations on the Hardanger Bralgeed to
investigate the relationship between the wimalling and response processes. The aken
measurement system consistimig20 accelerometers and 9 anemomeiedescribed as well as the
local topography of the sit&€he wind and response characterisécepresentedising scatter plots and
wind rose diagrams.The considerablevariability observed in the bridge dynamic response is
investigated by utilizing response surface methodol@jmple parameters of the wind field are
selected as the predictor variables in the analyses. The variability ingespattributed to the variable
wind field, and the effetof the significant parameters dime response are presented istatistical
framework.The agreement ahe findings with previous considerations and the implicationshen

design 6 long-spansuspension bridges asléscussed.

1. Introduction

The Norwegian Public Roads Administration (NPRA) is currently seeking solutions to replace several
ferry connections along Norwaybs coast al hi ghwa
terraintypical ofthe west coast of Norway, famous for its fijords andntaluntains, requires crossing

straitsup to 5 km long and 2 km deep, which manifests a challengingdaskidge engineers. The

growing demand for longer suspension bridges around thd eatt$ for relatively lighter anslenderer

bridge structures, which will be pronedrcessivavind excitation. To this day, many bridges exhibited



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

unexpected behavior due to differevind-relatedphenomena, such as flut{d], vortex shedding?]

and excessive cable vibrat®ji,3], which revealed gaps in the knowledge of loading mechanisms on
such structures. To diagnose and mize these unexpected effects, monitoring of existing structures
and analysis of field datere deemed essentjd].

Accurate prediction of winéhduced response of suspenshmdgesis vitally important for reliable
design and assessment of such structures. Predicting the dynamic response, however, accommodates
uncertainties due to many sourcex;luding the modelingf gust loading.Following the work of
Davenport5], the dynamic load effects caused bymospheric turbulence atmaditionally described

using power spectral densitiegPSDs)and coherences of turbulenf@ 9]. Consequently, several
expressions have been suggested for the spectral densities over tHé,$0¢k$] which in general
depend on basic parameters of the wind fidltle results of the recehtidge monitoring effort§12i

16] reveal that the wind field characteristics exhibit variabfligm site to site. Fierefore, thespectral
expressionsieedto beadjused for the site in questionsing field measuremenf$3,17] The site-
specific spectraregenerally deduced from single events such as typhoons or averaged over a number
of recordingsHowever, mitherapproach seesto reflect the actual variability of the wind field present

at the particular sitemaking it difficult to establisldesign spectreeven for a specific sit&olari and
Piccardd18] preented a collection of wind field statistitaken fromfield measurement resultstime
literature. The variability of the results presented 18], as well as the randoand sitedependent
nature ofwind loading on suspension bridges, encourage a probabilistic description of the wind field
[19i 21].

The field measurement results of wind statistics and structural resparesereported by several
researchers akeoutcomes of large measurement campaigns to investlgatffect of wind loading

on bridge responsand modal propertiglg,14,22 24] or to verify numerical simulationfl7,25 27].

The studiesshowed that reasable predictions of dynamic response can be achieved using the
measured turbulence spect@ther works showedhat the spectracan accommodate significant
uncetainty andthatthe selectiortan significantlyinfluence thaesponsestimationg9,28].

In complex terrain, the wind field is expected to be variablenmhthomogenous. However, modeling

the wind field usingstateof-the-art methods will ot reflect this variability inthe dynamic esponse
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predictions. Consequentlgafety concerns may arise when designing very long suspension bridges.
The present studyiras to put forth the actual relationship between wind thedesponse parameters

of a longspan suspension bridge located in complex terrain usingtéongfield data. The thorough
analysis of wind field parameters and their eBect the dynamic respsawill provide insight into the
uncertaintiesinvolved in wind field moclling and response predictiofor this purposefield
measurement resultge presentedrom an extensive monitoring system installed on the Hardanger
Bridge in Norway. Tie wind andresponse characteristifcar the measurement peri@de presented

The influence othewind field on the dynamic respongestudied in a statistical frameworksing
response surface methodology (RSM) with basic waldted parameters from measurementse
significance otheparameterss assessed using hypothesis testing techniques. Finally, thes effdat

significant windfield parameterarepresented in the form of twdimensional surface plots.

2. The Hardager Bridge and its surroundings

The Hardanger Bridgé-ig. 1) crosses the Hardangerfjord in Hordaland county of Norway, connecting
the small townsf Bu and Vallavik Fig. 2). Since its completion in 2013, it remains the longest
suspension bridge in Norway with its slender main span of 1310 méherdridge deck has a well
streamlinedbox shapeand guide vanes were installed underneath the detiitgate vortexinduced
vibrations. Thebridgegirder is 185 meters wide and 3.2 meters highpportingwo traffic lanesand

a bicycle lanemakingthe bridge exceptionally slender compared to existing structures with similar
scales. The bridge directio deviatesapproximately25e from the neth-southdirection, towards the
west perpendicular to the fjord.He bridge is surrounded yeepmountains (100500 meters high)

to the north andhesouth.The view of the surrounding fjords and mountagshownFig. 3.

The dynamic characteristics of the Hardanger Bridge, namely its natural frequencies and mode shapes

are extracted from a finite elemd®E) model of the bridge through eigenvalue analysis. The FE model
was provided by NPRA. According to the analysis, the first lateral symmetric mode occurs at 0.05 Hz,
followed by an antisymmetric lateral mode at 0.098 Hz. The first vertical asymmedrigyanmetric

frequencies of the structure were calculated as 0.11 Hz and 0.14 Hz, respectively. The first torsional
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vibration frequency was 0.36 Hz. The fundamental frequencies of the structure under 16 m/s wind were

also identified by[29], using Operational Modal Analysis (OMA). The results were similar to the FE

analysis.

(b)

Fig. 3. View from the Hardanger Bridge (a) towatts eastand(b) towardsghewest



92 3.The Measurement System

93 The Hardanger Bridge was instrumenteith an extensive monitoring system after its completmn

94  measurdhe wind velocities and dynamic excitatiahseveral locations on the bridge girderd the

95 bridge towersThe monitoring system is shown filg. 4 on a €aledrawingof the Hardanger Bridge.

96 The sensor network consists of 9 sonic anemometers and 20 triaxial acceleroiiegv&aster Pro

97 3D anemometers were used to measure the wpabds theseare robust triaxial ultrasonic

98 anemometers capable of measuring wind gugtsto 65 m/s CUSR3D series strong motion

99 accelerometers with+ 4g measurement range were uedhe acceleration measuremeiiise names
100 and coordinates of all ¢hsensors are listed Trable 1; the midspan of the bridge was selected as the
101 origin of the coordinate systerh6 of the accelerometers are located inside the bridge girder, attached
102 onbulkhead on both sides of the girder to capture the toadiomotion while the remaining 4 are
103 located inside the bridge towelsnemometer#\1-8 are attached to bridge hangeradteight of 8
104 meters above the girder, excémtone anemometer (Adhatis attached to a light poltthe midspan.
105 Asshown by thesensor layout presentedHhiy. 4, the accelerometers were distributed uniformly along
106 thebridgegirder, whereasthe anemometers wetmevenly distributedThis layout was intentionally
107 selectedo extract more information about the spatial structure of the wind fighek aite. Thefinal

108 anemometer (A9) is located at the top of the Valléhérth) Tower.

Top view
Tiw [Haw] [Haw] [iswl [Hew] [H7w
Al Hﬂ [E
d ®
e £1; '{i:—v:—:—— ———:———-——,,\i :«._.‘ el t e . T*::—:- 3R
) ] VALLAVIK

Side view

|
== VALLAVIK

B Main datalogger

©® Anemometer @ Accelerometer . % Wi-fiantenna (((‘T”)) 3G Router
M Dataloggerunit

109

110 Fig. 4. The measurement system



111 Eachsensor ionnected to aatilogger unit, where the data aexorded locallythen the data are
112 transferred to a main datalogger located at the top of the Vallavik T(wigr4) by wireless
113 communication A CUSRMe series recorder was usémt the main dataloggemwhile the other
114 dataloggers were of type CUSKs. Both typesare suitablefor working with a variety ofdifferent
115 sensorsThe time syichronization othe data wasnsured byisingGPStime. The data collected at the
116 main loggemnit are then transferred $ervers athe Norwegian University of Science and Technology

117 (NTNU) via an internet connection atadestored thereRictures of sensoareshownin Fig. 5.

118

119
120 Fig.5. Instruments on the bridg@) triaxialaccelerometer inside the bridge deckd(b) anemometer

121 attached tahe hanger

122 The wind velocities and accelerations at the Hardanger Bridge site were recorded starting from
123 December 201,3and the monitoring campaign is still ongoifighis study considemecordings from

124 December 2013 to March 2016, corresponding to a total of 28 months. During this period, the sensors
125 were operational; however, the data were only stored after a triggering wind speed of 15 m/s was

126 exceeded in any of the wind sensors. Affee system was triggered, the accelerations and wind



127  velocities were recorded for a duration of 30 minutes. The system was also triggered manually several
128 times in a random manner during this period, to include recordings with lower wind speeds in the
129 dataet. The dataset which will be used throughout the rest of the paper cor@x881dminute long

130 recordings. A histogram showing the distribution of recordings according to trewmed velocity is

131 giveninFig.6.
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133  Fig. 6. Histogram of 1éminute recordings

134 Tablel
135 Sensor names and coordinates
Wind sensors Accelerometers
Name X (m) y (m) z (m) Name x (m) y (m) z (m)
Al 460 7.25 0.3 H1E/H1W 480 6.33-6.64 -8.38
A2 280 7.25 3.2 H2wW 360 -6.64 -6.41
A3 240 7.25 3.9 H3E/H3W 240 6.33/6.64 -4.45
A4 200 7.25 4.6 H4E/H4AW 120 6.33/6.64 -2.48
A5 180 7.25 4.9 H5E/H5W -7 6.33/6.64 -0.4
A6 -10 -7.25 8 HE6E/H6W -120 6.33/6.64 -2.25
A7 -180 7.25 5.2 H7E/MH7TW -240 6.33/6.64 -4.22
A8 -420 7.25 1.2 HB8E -360 6.33 -6.18
A9 -655 4.5 140 HOE/HOW -480 6.33/6.64 -8.15
T1E/T1W 655 4.5+4.5 120.5

T2E/T2W -655 4.5/4.5 120.5
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4. \Wind Qaracteristics

4.1 Data fandling

The wind velocities at the Hardanger Bridge site were recorded in polar coordinates with a sampling
frequency of 32 Hz using theneanemometermentionedabove.The wind dataverethen resampled

to 20 Hz and decomposed irdtatic (mearnwvind velocity, U) and dynamic (wind velocity fluctuations)
components considering a-biinute averaging intervalhere the wind process wassumed to be
stationary[6,8]. The three wind velocity fluctuatiormsereferred as the alongind (u), crosswind (v)

and verticalw) turbulence componentall the onepoint statistics used to characterize the wind field

are calculated using the wind measurements at the midspan (sensor A6).

Sample time series tieturbulence components and wind diien are givenn Fig. 7 for a 10minute
interval, whichwasrecorded ordanuaryl?, 2015 starting at 17.43 local tim&he turbulence spectra

of the alongwind and the vertical components are estimated using the samina@® recording.

Welch spectral estimation method is used with 8 data segments with 50% overlap. A Hamming window
is applied to each segment prior to agng. The respective von Karman spedtid] are also
calculated and bbtspectra are given iRig. 8 to present the diversity of the spectral shapes. It is
observed that the von Karman spectra represents the-wlodgurbulence reasonably well, where
some discrepancies are present for the vertical turbulence. The measured vertical turbulence is rather
flat in the 0.11 Hz frequency range, which is observed commonly in the rest of the database; however,
the slope of the terspectra agrees for higher frequenciesavoid any disturbance of the wind flow

due to the presence of the bridge deck and the vehicles on travelling on it, the anemometers were
installed 8 meters above the deck. It is also important to ensure thehthepeed measurements are

not affected by the structural vibrations of the bridge deck. Any such effect would be detectable as
peaks on the wind spectra at the locations of the natural frequencies of the bridge. Lothkéng at
measured wind spectrd&if. 8), no such peaks were observed, even for high response levels.
Furthermore, the maximum instantaneous velocity of the girder was calcafgieakimately as 0.5

m/s by integrating the accelerometer sigiatghe highest measured respanse
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Fig. 8. Spectral density estimates of turbulence components fomairiile recording on 12/1/2015:

(a) alongwind turbulenceand (b) vertical turbulence

A running mean is also plotted on the time series to highlight angtationary behavior. It is observed
that the alongvind turbulence component exhibits mstationary behavior, which is frequently
observed also in the rasttthe data. Although nestationary models can also be used to study the wind
characteristic$30i 32], the traditional stationary wind model is preferred here due to its common use
in practice. Recent case studies based on typhoon {80a¢k2] also show that if there is no sudden
change in the wind direction or no rapid increase or decreasesenpie the wind speed (such as in
the buildup phase of a storm), the difference between stationary arstaiionary wind characteristics

is not significant. For the strong winds recorded at the Hardanger Bridge, 10 minutes daration

sufficientto exdude such variations in the wind speed and the wind direction is usually steady.

4.2 Meanwind speed anddirection

The mean wind velocitiegU) were calculated for ttinute intervals for all recordings using the sensor
at the midspan (A6) anare presentd in thewind rose plotshownin Fig. 9, using a threshold wind
speed of 3 m/s. The wind rose was plotted on top of the tapbigal map of the brigk siteto show
the influence ofocaltopography on the wind conditioriBheOedirectionshown inFig. 9 is the bridge
direction The results suggest thite wind was approachirfgom eitherthe east othe west and was

mainly perpendicular to the bridge girder. The easterly wimgsoachedhe bridge from a wider



194  directional range @mpared to the westerly winds. The directionshef easterly windsvere boundd
195 by the surrounding mountairtsie highest mean speeds from this direction wpproximatelyl8 m/s
196 andno significan directional dependence was observBide westerly winds, on the other hahdgd

197 higher mean speed$ upto 30 m/s with mean directions almost perpendicular to the bridge direction.

i g symesmer
o 3<U<12mk

¢ 12<U<18mis
°© 18<U<35mis

198

199 Fig. 9. Wind Rose plot of 10nin mean wind velocity (m/s)
200 4.3Turbulence intensity

201 The turbulence intensitis a simple indicator of the intensity of the atmospheric turbulence. For the

202 three turbulence components ww), the turbulence intensiig defined as

_< )
=% =v
TR D

203 |, = SU 1,
204  where(,, G, and O denotethe standard deviatisrof the turbulence component3he turbulence

205 intensity factors for each of the three turbulence components were calculated for-rtieuted

206 intervals andwind rose plots wergenerateds shown irFig. 10. The plots reveal that for the lower

207 speed winds, the results are rather arbitrary, and the turbulence intensities are scattered randomly. This
208 is due to the fact that the lower wind speatsbanmodate more nestationary behavior due to sudden

209 changes in the wind direction and mean wind speed. In addition, since the wind speed fluctuations are
210 divided by the mean wind speed in calculation of the turbulence intensity, similar variationglin win

211 fluctuations result into larger scatter in case of low wind spdédaever, whenstrong winds are

212  consideredthe scatter is much small@ndmore dependence on the wind directismbservedThe



213 alongwind turbulence intensity (I rarges between 10%nd 35% forstrong winds (U> 12 m/s) from

214  either direction. The crosgind (ly) and vertical () turbulence intensiés exhibitedmuch smaller

215 values ranging between-05 % for the strong windsThe vertical turbulence intensitg more

216 dependent on thwind directiorthanthe alongwind turbulenceFig. 10c). For the easterly winds, the

217 60690 range, wher e t he awil, gederafed tbewnmodt tarbuleqmt thodsrthel o v er
218 westerly winds, the windslowing along thdjord, which were believed to be disturbed previously by

219 the foothills of Mountain Oksetad more vertical turbulence inteng(Big. 2).

220 (a)

221 (b)






