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The buffeting response of a suspension bridge in complex terrain is studied based on full-scale data from
sonic anemometers and accelerometers installed on the Lysefjord Bridge in Norway. The influence of the
topography on the wind field and the associated effects on the displacement response are investigated.
The two main wind conditions observed display different characteristics, which requires a case by case
approach, and a refined description of the wind co-coherence. The identification of the mode shapes
and modal damping ratios is carried out using ambient vibration data as a verification procedure. The
buffeting response of the bridge is computed in the frequency domain, and compared to the recorded
response in terms of standard deviation and power spectral density of the displacement response. The
overall comparison is found satisfactory, although some discrepancies are observed. These are attributed
to large yaw angles and non-stationary wind fluctuations caused by the influence of a complex topogra-
phy on the flow properties.
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1. Introduction

The buffeting theory, introduced more than 50 years ago by
Davenport [1] and developed by e.g. Scanlan [2] is the standard
approach for calculating the response of a suspension bridge to
wind turbulence. The development of advanced Wind And Struc-
tural Health Monitoring (WASHM) systems at the end of the
1990’s [3] has given the opportunity to assess the validity of the
buffeting theory in full scale. Unfortunately, studies dealing with
this subject remain a rarity. This is mostly because they require
resources and a cross-disciplinary knowledge to fullfil three crite-
ria: The identification of the modal parameters of the bridge, the
measurements of its response, and the measurements of the single
and two-point statistics of wind turbulence. Apart from Bietry et al.
[4], no WASHM systems-based studies currently addresses these
three aspects (Table 1). The meticulous full-scale analysis of Xu
et al. [5] and Macdonald [6] did not capture the wind coherence.
On the other hand, cases containing detailed measurements of
the wind-field [7-9] were not accompanied by bridge vibrations
analysis. Toriumi et al. [10] or Miyata et al. [11] are among those
who simultaneously studied full scale wind-induced vibrations
and two-point statistics of wind turbulence. Unfortunately, none
of them appears to have carried out a modal-identification (MI)
procedure. The limiting factor in the works of Bietry et al. [4]
was that the duration of the data analyzed was limited to 6 h,
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which is too short to assess the validity of the buffeting theory in
full-scale. Consequently, the statistical significance achieved by
considering wind and acceleration data with a duration large
enough can constitute a fourth criteria to be fullfilled to verify
the buffeting theory. Analysis of bridge response to Typhoon wind
[11,10,5] may therefore fail the fourth criteria because of the short
duration of the measurement period. In summary, there is an
anomaly in the field of wind engineering, where suspension
bridges are designed based on a theory that has never been thor-
oughly verified in full scale.

We present herein results from a full-scale buffeting analysis of
a suspension bridge that fullfils the four criteria previously men-
tioned, by the means of simultaneous full-scale recordings of wind
velocity and acceleration response from sensors installed directly
on and inside the bridge deck. We also aim to synthesize results
from previous studies to lay the foundations of a rigorous buffeting
analysis of suspension bridges in full-scale. The uniqueness of the
present work is emphasized by the geographical location of the
bridge studied, which is built between two cliffs in a mountainous
environment in Norway. Analysis of bridge response to Typhoon
winds [10,11,5] have limited relevance in Western Europe, where
the design wind conditions are generally caused by subtropical
cyclones stemming from severe winter lows from the North Atlan-
tic ocean. Similar studies of their European counterparts are there-
fore necessary for future ultra-long span suspension bridges.

In the present paper, an operational modal analysis is first con-
ducted based on the wind and acceleration data provided during
the period of study. It is followed by an analysis of the statistics
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Table 1
Review of wind and bridge vibrations monitoring at full scale (done: +; not done: -).

Reference MI Buffeting response Wind statistic
Computed Measured 1-point 2-points
Present work + + + + "
Bietry et al. [4] + + ¥ ¥ "
Miyata et al. [11] - — + ¥ -
Toriumi et al. [10] - — + " +
Wang et al. [12] — — _ + "
Hui et al. [8,7] - — _ + +
Wang et al. [9] — + + + _
Xu et al. [5] + + + + _
Macdonald [6] + + + ¥ _
Nakamura [13] + _ + _
Brownjohn et al. [14]  + — + ¥ _
Nagayama et al. [15] + _ + _ _
Hay [16] - - + _ _

of wind turbulence, and a comparison between the measured and
computed buffeting response of the suspension bridge used for the
case study. The focus of the discussion will be on the influence of
the topography on the flow conditions, as well on the limits of
the numerical model used.

2. The bridge site and instrumentation

The Lysefjord Bridge, located at the narrow inlet of a Norwegian
fjord, is used as a study case. It is oriented from North-West to
South-East in a mountainous environment. It is entrenched
between two steep hills with slopes ranging from 30° to 45° and
a maximum altitude of 350 m to the North and 600 m to the South.
Its East side is exposed to winds that may descent from mountains

475

nearby or follow the fjord over a longer path. The west side of the
bridge is exposed to a more open and leveled area, where the wind
may be accelerated in the vicinity of the bridge because of the nar-
rowing effect of the fjord (Fig. 1). Influence of complex terrain on
the wind field properties was observed by Hui et al. [7,8] and stud-
ied by Frank [17] and Mann [18] but without evaluating the conse-
quences for wind-sensitive civil structures. Consequently, we
study herein the bridge response to wind turbulence using a
case-by-case approach, where the wind from the East side of the
bridge is studied separately from the wind from the West side.

The anemometers are installed on the West side of the bridge
on hangers No. 8, 10, 16, 18, 20 and 24, as indicated in Fig. 2. There
is one anemometer per hanger except on hanger No. 8 (H-08),
where two of them are mounted at 6 m (H-08b) and 10 m (H-
08t) above the bridge deck. The other anemometers are placed
about 6 m above the deck, and the distance between hangers is
12 m. The instruments used are 3D WindMaster Pro sonic
anemometers from Gill Instrument Ltd, except the one installed
on hanger 10, which is a Vaisala weather transmitter WXT520.
Four couples of tri-axial accelerometers are located inside the
bridge deck, near hangers 9, 18, 24, and 30. The accelerometers
are placed on each side of the deck to monitor the bridge torsional
motion around its longitudinal axis (y), in addition to the transla-
tional response. GPS timing is used to synchronize the data, and
a 3G router enables wireless data access and transfer via a mobile
net. The data is initially sampled at 100 Hz and registered on an on-
line server. The dynamic displacement of the bridge is obtained
based on the acceleration data through Fourier transform multipli-
cation. Considering the frequency range of interest, the sampling
frequency is reduced to 20 Hz for lighter data processing.

The wind-based coordinate system shown in Fig. 2, defines
three orthogonal wind speed components. The first one is desig-

= /
NBA B Accelerometer Vy+ vy w Y z
A Sonic anemometer v
;r_ 3 v {} {— {] -} Y
L O— A i # - A\
'\'\\ North t¢wer T T South tave{
\ H-16 H-20 T
\ H-30
W\ H-08 H-18 H-24
\\\\\\\ H-09
/! /s H-10
/8

Fig. 2. Anemometers (triangles) and accelerometers (rectangles) location on the bridge.
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nated by U + u where U is the horizontal mean wind speed and u is
its turbulent component. The two other components are v and
W + w. The vertical mean wind velocity W is here assumed zero
for simplicity, even though that is usually not the case. To take into
account the effects of the wind directionality on structural
response, the wind components are expressed in the coordinate
system of the bridge. The angle between the wind direction and
the normal to the bridge, also called yaw angle, is denoted g. The
wind velocity components in this reference system are
Vi+ vy, Vy+ vy, and w. The bridge-based coordinate system
defined here is equivalent to the “cosine rule” previously used to
study the effects of skew winds on structures [19-21]. The main
difference lies on the introduction of the yaw angle directly into
the time histories of the wind records instead of into their respec-
tive power spectral densities and coherence functions, which is
more convenient for a full-scale analysis.

3. Modal parameters identification

An automated covariance driven stochastic subspace identifica-
tion method (SSI-COV) entirely inspired from the one developed by
Magalhdes et al. [22,23] is used in the present study. Brownjohn
et al. [24] showed that this method has good accuracy compared
to the ERA [25] and p-LSCF algorithm [26]. We expand the analysis
of Brownjohn et al. [24] by applying for the first time this auto-
mated SSI-COV method to estimate the evolution of the aerody-
namic modal damping ratio with the mean wind velocity. In the
case of Lysefjord Bridge, the structural modal damping ratios are
expected to be lower than 1%, as is typical in suspension bridges
with steel welded box-girders. The first goal of the present modal
analysis is to compare the measured eigen-frequencies and mode
shapes with those provided by the Finite Element-based software
ALVSAT used by the Norwegian Public Road Administration
(NPRA). The second one is to evaluate the suitability of the quasi-
steady aerodynamic damping model with the one measured in
the present work. The accuracy threshold for the eigen-
frequencies, modal damping ratios, the modal assurance criterion
(MAC) and the cluster algorithm are denoted €g, €, €uac and
€qus Tespectively. The values used in the present study are summa-
rized in Table 2, and compared to the values used by Magalhdes
et al. [22].

4. Turbulence statistics

In the present study, wind turbulence statistics are calculated in
the bridge-based coordinate system, and used directly to estimate
the buffeting load. This is equivalent to applying the “cosine rule”
to account for the yaw angle effect, but more straightforward. For
the single-point statistics, results are also presented in the wind-
based coordinate system, to provide data comparable to those in
the literature. This applies to the wind spectra, the integral length
scales and the turbulence intensity. This is for example pertinent
for assessing the applicability of the von Karman spectrum in
fjords. A detailed analysis of turbulence statistics is outside the
scope of the present study and requires analysis of a larger data
set. Therefore, we summarize in the following only the most rele-

Table 2
Accuracy test thresholds used with the automated SSI-COV procedure.

Threshold parameter Ref. [22] Present study
€tn 0.01 0.01
€ 0.02 0.02
EMAC 0.01 0.005
€clus 0.02 0.02

vant turbulence statistics for the buffeting analysis of the Lysefjord
Bridge.

4.1. Single-point statistics

During a full day of observation, 144 samples of 10 min are
recorded. The wind spectra are calculated in the wind-based coor-
dinate system for every sample, then normalized. For each compo-
nent, an average spectrum is calculated as the average of every
10 min spectrum, and displayed as a function of the wave number
k, defined as:

_2
k== (1)

The measured spectrum is then compared to the von Karman
spectrum, the analytic expression of which is taken from Morfi-
adakis et al. [27]. This requires the calculation of the along-wind
turbulence length scales L, and L, calculated as:

L=0 / (e Rj(t)dt (2)

=0

where j = {u,w} and Rj;(7) is the autocorrelation coefficient func-
tion for the fluctuating component j:
E[j(0)j(t + 7)]

Ry(r) ==L 3)
J

4.2. Two-point statistics

In the present study, the two-point statistics of wind turbulence
is presented through a co-coherence function and is defined as the
real part of the normalized cross-spectrum of wind fluctuations
[28-30]. The co-coherence takes into account the simultaneous
appearance of wind fluctuations along the bridge deck. It is a func-
tion of both frequency f and spatial separation. The latter is
reduced to a horizontal line for the suspension bridge deck studied,
with a resolution fixed by the separation of the individual
anemometers, and is therefore denoted d,. An analytic function
represented by a four-parameter exponential decay function is fit-
ted in the least-square sense to the measured co-coherence:

1(e.f) = exp( =[Gl ] ) cos (cs 1) )

The first parameter c; gives the slope of the exponential decay, the
second one c, allows the co-coherence to be lower than one for a
zero frequency. The third one c; allows an additional inflection
point at low frequencies, and the last one c, allows the co-
coherence to become negative when the frequency increases. When
¢4 = 0, the coherence function developed by Bogunovi¢ Jakobsen
[31] is retrieved. If ¢4, =0 and c; = 1, the 2-parameter function
introduced by Hjorth-Hansen et al. [32] is obtained. Finally, if
¢4 =0, c3 =1 and c; =0, then Eq. (4) reduces to the simple expo-
nential decay model from Davenport [29]. This is the first time that
a co-coherence functional form of this type is used to estimate the
wind coherence. The goal is to provide a larger flexibility to capture
in details the different features of the co-coherence. To investigate
the versatility of this 4-parameter function, we successfully fitted
it to more complex coherence models such as the one developed
by Krenk [33] or von Karman [34].

As previously stated, this four-parameter exponential decay
function could be fitted to the measured co-coherence function
for the along and across-wind component to investigate the spatial
structure of wind turbulence in complex terrain, but this is out of
the scope of the present study.
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5. Buffeting analysis

The basic theory to calculate the buffeting response of a suspen-
sion bridge in the frequency domain is recalled here, based on the
work of Scanlan [2]. The bridge is modeled as a 3-DOF continuous
linear damped system (Fig. 3), where the lateral, vertical and tor-
sional motions are taken into account. The aerodynamic derivatives
measured in wind tunnel tests were not available for the Lysefjord
Bridge, and consequently, only the static aerodynamic coefficients
are used in the present study (Table 3). A damping term k,Br, for
the torsional degree of freedom of a bridge deck was introduced
by Irwin et al. [35], where k, specifies the horizontal distance
between the aerodynamic and the shear center as a fraction of
the girder width. In the present study, a value of k, = 0.25, repre-
sentative for the “flat plate like” cross-section, is chosen.

The lateral and vertical displacement and the rotational angle of
the deck are denoted ry, 1, and r, respectively. The aerodynamic
drag Fp, lift F;, and pitching moment F, are transformed into the
lateral wind load F, the vertical load F, and the pitching moment
F, using a projection at an angle « of the coordinate system on
Fig. 3. The dynamic equilibrium leads to the expression of the
matrices of buffeting load A, aerodynamic damping Cq, and stiff-
ness K. presented in Egs. (5)-(7), where yx,,,p={u,w} and
q={x,z,0} are the cross-sectional aerodynamic admittance
functions.

%C/D -G Lwx
Cl+%CD *Awz (5)
qul “ Awo

1 _ Z%CD * Nux
A=5pViB| 2G,- 7,
ZBCM : Xu()

. 22C, 2Ch—C kB(BC,—Cr)
Ce =5 pViB| 2C, C,+2Cp k¢B(C, +BCp) (6)
2BCy  BC, kyB>C},

1 - 0 0 B¢,
K, = —ipr(B 0 0 C (7)
0 0 BCy
If modal coupling is neglected, the matrices C, and K, become
diagonal. The real part of the cross-spectral density of the wind
velocity between two points of abscissa y; and y; is defined using

the single-point wind spectra S,, and S,,, and the co-coherence
functions vy, ,y,,:

51(yi7yj7f): va(yi7f)'sl/x(yj7f)'va(yivijf) (8)
SZ(yivijf): SW(yivf)'SW(ijf)'Vw(yivyjrf) (9)

ﬁjuf r — kyBiy

Vetv, —7, /

Table 3

Key structural parameters of the Lysefjord Bridge.
Structural parameters Symbols Value
Main span length (m) L 446
Girder mass (kg/m) mg 5350
Main cables mass (kg/m) me 408
Mass moment of inertia (kg m?/m) Iy 82,430
Girder height (m) D 2.76
Girder width (m) B 12.3
Drag coefficient Cp 1.0
Lift coefficient C 0.1
Pitching moment Cum 0.02
% Ch 0.0
% c 3.0
oo Ch 1.12

Thus the cross-spectrum matrix Sy, of the wind velocities weighted
by the matrix of buffeting load coefficients is a block matrix, whose
block (i,j) is a 3 by 3 matrix defined as:

Sl(yi7yj7f) 0
0 SZ(.Yivyjyf)

The spectrum of the modal wind load Sqq is obtained using the
mode shapes @ of the bridge deck:

Se(ii,f) =A AT (10)

L L
Saa(f) = / / OF,)S0a(V1, Y. S)B(¥5)dy, dys (11)

The power spectral density of the bridge response at abscissa y, of
the bridge is consequently:

Sy, (f) = [@(y,) - H(f)] - Sqa(f) - [@(y,) - H()IT (12)

where H is the mechanical admittance of the system modified by
the modal aerodynamic damping and stiffness. The standard devia-
tion of the bridge displacement &(y,) at abscissa y, is:

ot =/ [, (13
where
o) = [00) 0:) G (14

In the present study, the cross-sectional aerodynamic admittance
functions for the lift and drag forces, which are mainly concentrated
at relatively long bridge eigen-periods, are taken equal to one for all
frequencies. The cross-sectional aerodynamic admittances for the
pitching moment, denoted y,, and ,,, are traditionaly approxi-
mated using the Liepmann’s approximation of the Sears’ function

7

Fig. 3. Cross section of the bridge deck subjected to wind load.
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[36], developed for a lift slope of 27 in a fully correlated sinusoidal
gust (Eq. (15)). This cross-sectional admittance function was found
to be better suited for the Lysefjord Bridge deck than the one intro-
duced by Holmes [37] and used by e.g. by Matsuda et al. [38] for the
pitching moment.

1
Lo ) = 110w

= (15)

1+%F

The verification of the buffeting theory is done by studying first
the standard deviation of the bridge displacement response. More
precisely, oy/I, 0./lw, and a/I,, are expressed as a function of the
mean wind velocity component normal to the deck. The division by
the turbulence intensity aims to reduce the dispersion of the data
[16]. Then, the power spectral density (PSD) of the measured
bridge response is compared to the one obtained by numerical
simulation using a frequency domain approach. The PSD of the buf-
feting response is computed for the resonant part only, i.e. for fre-
quencies above 0.08 Hz (lateral and vertical motions) and 0.24 Hz
(torsional motion), since accelerometers generally provide less
accurate data at lower frequencies [39]. In other words, the com-
parison between the measured and computed displacements con-
cerns the resonant response only.

The modal parameters of the girder are summarized for the first
6 modes in each direction. The mode shapes are identified in the
present study using the code XYZ, where X = {H,V, T} represents
the lateral (H), vertical (V) or torsional (T) degree of freedom. Y =
{S,A} is the symmetric (S) or asymmetric (A) feature of the mode
shape, and Z is a digit representing the mode number. For example,
HS1 refers to the first symmetric horizontal mode shape, and TA2
refers to the second asymmetric torsional mode shape. The deck
dimensions, mechanical properties and its quasi steady aerody-
namic coefficients are summarized in Table 3. The undamped
mode shapes are computed in terms of Fourier series. For a more
complete description of the bridge properties see e.g. [40].

6. Results and discussions
6.1. Modal analysis

The mode shapes and eigen-frequencies were computed by
using every record of the bridge acceleration response on 07 and
26 October, corresponding to 287 samples of 10-min duration.
The first symmetric and the first asymmetric mode shapes in each
direction are compared to those provided by Alvsat. On Fig. 4, the
four dots refer to the accelerometers located near H-09, H-18, H-24
and H-30, with the abscissa taken with reference to the North
tower. The assumption of uncoupled mode shapes appears to be
acceptable in view of the good agreement seen in Fig. 4. The mea-
sured eigen-frequencies also agree well with the computed ones

Table 4
Comparison of the eigen-frequencies calculated using the SSI-COV method with the
values provided by Alvsat software.

SSI-COV (Hz) Alvsat (Hz) Difference (%)
HS1 0.133 0.130 —2.268
HA1 0.438 0.442 0.942
VA1 0.222 0.213 —3.948
VS1 0.293 0.286 -2.313
TS1 1.234 1.154 —6.421
TA1 2.180 2.125 —2.550

(Table 4), where the largest error, of about 6%, is obtained for
TS1. The higher modes HS2, HA2, VS2 and VA2 were clearly iden-
tified by the automated SSI-COV procedure, but are not included
in this section for the sake of brevity. However, only the first two
torsional modes TS1 and TA1 were identified.

The measured modal damping ratios of the Lysefjord Bridge are
studied statistically in the present study, because their values are
affected by environmental conditions such as temperature varia-
tions, wind velocity fluctuations, or heavy traffic. Here, only the
influence of the wind velocity is of interest, and the modal damp-
ing ratios were therefore bin-averaged as a function of the mean
wind speed. Samples detected as non-stationary using the test
from Bendat and Piersol [41] and samples characterized by a tur-
bulence intensity larger than 30% were dismissed, as the estima-
tion of the modal damping ratios requires the assumption of flow
stationarity. The stationary test used, also referred to as the reverse
arrangement test, was conducted by considering samples of
10 min and frequencies lower than 2 Hz. On 07/10/2014, ca. 56%
of the samples were detected as non-stationary, whereas the ratio
was only 7% on 26/10/2014. The high ratio of non-stationary
records for the wind from N-NE is mainly related to the high tur-
bulence intensity recorded induced by the complex topography
on the East of the bridge. The mean value and standard deviation
of the measured modal damping ratios are denoted { and o,
respectively, and are compared to theoretical values predicted by
the quasi steady theory in Fig. 5.

Measured modal damping ratios larger than 5% or lower than
0.1% were dismissed for the sake of clarity. The first symmetric
and asymmetric modes for the lateral, vertical and torsional bridge
motion were selected for presentation. Larger values of o, are
obtained for HS1, VA1 and VS1, which is explained by the relatively
short duration of the acceleration records. A slightly non-linear
evolution of the modal damping ratio for VA1 and VS1 is visible,
likely reflecting the unsteady flow conditions, similarly to what
was observed by Macdonald et al. [42] for a 948-m long cable
stayed bridge. For TS1, HA1 and TA1, a remarkably low scatter of
the modal damping ratios is obtained, and agrees well with the
predicted values. Similar observations were done for the higher
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y/L

y/L y/L

Fig. 4. Measured and computed mode shapes for the first two eigen-modes of Lysefjord Bridge based on acceleration records from 07/10/2014 and 26/10/2014. The small

error bars show a low scatter of the identified mode shape.
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Fig. 5. Theoretical, measured and modal damping ratio from the Quasi-Steady Theory (QST) for the first two eigen-modes of Lysefjord Bridge based on acceleration records on

26/10/2014.

modes HS2, HA2, VS2 and VA2, with a modal damping ratio hardly
increasing with the mean wind velocity. Fig. 5 shows in addition
that the value k, = 0.25 was a pertinent choice, given the good
agreement between evolution of the predicted and measured total
modal damping ratios for the torsional motion of the deck.

Previous analysis of the evolution of the modal damping ratios
of suspensions bridges with wind velocity by e.g. Siringoringo et al.
[43] have shown that the large scatter of the values observed for
the low-frequency modes is to be expected. Longer samples may
be used to reduce the dispersion of these modal damping ratios.
However, the validity of the assumption of stationary wind fluctu-
ations decreases for longer records [44]. For wind-sensitive struc-
tures, this assumption is fundamental to properly describe the
evolution of the modal damping ratios with the mean wind veloc-
ity. For future ultra-long span suspension bridges, these contradic-
tory requirements may challenge proper identification of the low-
frequency modes.

6.2. Mean flow statistics

The wind field is studied in the “wind-based” coordinate system
(u, v,w). Two dominant wind directions are observed, as summa-
rized in Fig. 6 for two storms, i.e. on 26/10/2014 and 07/10/2014
respectively. The main wind direction on 07/10/2014 was N-NE

I (%)

with a mean value of 22° and a standard deviation of almost 9°.
A high turbulence intensity was recorded that day, especially when
the wind direction approached North. On 26/10/2014 the domi-
nant wind direction was S-SW with a mean value of 211°, and a
standard deviation of 6°. A much lower turbulence intensity was
recorded, with no particular heterogeneity, opposite to what was
observed in the N-NE wind situation case. The turbulence intensity
for the N-NE wind is in average higher than those obtained by Hui
et al. [8] for the open-land exposure, whereas for the S-SW wind,
the turbulence intensity is closer to Hui’s observations. The aver-
age ratio between I, and I, is equal to 0.41 and 0.57 for the N-
NE and S-SW wind respectively, while a value of 0.55 is suggested
by Holmes [45]. For the open-land exposure, Hui et al. [8] observed
a value of 0.61, which once again is closer to what is recorded for
the S-SW direction than for the N-NE direction. Turbulence inten-
sity is particularly high for wind coming from North, which may be
due to a possible partial flow descent from the mountains. Because
these two wind conditions display different properties, the wind-
induced response of the bridge has been studied using a case-by-
case approach, i.e. by separating the flow from S-SW and the one
from N-NE.

For the N-NE wind, 90% of the wind records displayed a nega-
tive incidence angle below 1.7° suggesting a negligible influence
of the wind incidence angle on the bridge response. For the wind

I (%)

.

9 10 11 12 13 14

Fig. 6. Two dominating wind conditions usually observed at Lysefjord Bridge: 07/10/2014 to the left and 26/10/2014 to the right. The thick black line indicates the bridge

orientation. Each dot represents 10 min of averaged wind data.
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from S-SW, larger positive wind incidence angle were detected up
to 7°. No clear relationship between the incidence angles and the
observed responses was identified. Possible origins of the high val-
ues of the incidence angles are discussed in Section 7.

6.3. Single point statistics

The single-point statistics of wind turbulence is studied in the
wind-based coordinate system to compare the recorded data with
the semi-empirical counterpart. On Figs. 7 and 8, the von Karman
spectrum [27] agrees well with the measured spectra for the along
and across-wind components, both for a wind from N-NE and S-
SW, for the wavenumber range of interest, i.e. higher than
0.08 m~!. The measured vertical spectra is however larger than
the computed one for wavenumbers larger than 0.02 m~'. The Kol-
mogorov hypothesis for the inertial subrange predicts a value of
4/3 for the ratios Sy /S, and S,/S,. This was observed by Kaimal
et al. [46] for flat and homogeneous terrains, although the depen-
dency on the atmospheric stability was strong. In the present case,
these relations are not verified when the data from the anemome-
ter located 6 m above the deck (H-08b) is used. For the wind from
S-SW, S, /Sy is almost equal to 1 in the inertial subrange whereas
Sw/Sy shows a sudden increase from 1.4 to 2.2 between
k=005m~! and k=5m"'. For the N-NE exposure, S,/S, is
around 1.5 in the inertial subrange but S,,/S, is much larger.

The anemometers are all installed on the West side of the
bridge deck, which may particularly disturb the recorded flow in
the N-NE wind situation. The ratio between the wind spectra
recorded on H-08b (6 m above the deck) over H-08t (10 m above
the deck) is therefore calculated for both exposure, and directly
compared (Figs. 9 and 10). Whatever the wind exposure, the
records of the along-wind component seem to be relatively little
affected by the deck. For the vertical wind component and for
the N-NE wind case situation, this ratio increases up to 1.3 for
k=1m™'. For U=148m/s, k=0.1m™' corresponds to
f = 0.24 Hz. The amplified spectral content in the higher frequency
range for the N-NE direction is likely due to the bridge signature
turbulence linked to the location of the anemometers. The island
of Bergsholmen, located 1 km on the East of the bridge reaches
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Fig. 10. Influence of the bridge deck on the vertical wind component w.

an altitude of 54 m. When the wind direction reaches ca. 25°, the
flow recorded by the anemometers has crossed the island prior
to “hitting” the bridge. When the wind direction fluctuates
between 5° and 25°, the wind flows between the cliff of the fjord
and Bergsholmen, and may be accelerated by the sudden narrow-
ing of the fjord 1 km upstream of the bridge. Abrupt topographical
changes may consequently modify both the wind profile and the
ratio Sy /Sy.

6.4. Two point statistics

The co-coherence has been calculated in the bridge-based coor-
dinate system, using the Welch’s spectral estimation [47], based on
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Fig. 7. Averaged wind spectra recorded on 07/10/2014 for a N-NE wind (solid lines) and corresponding von Karman spectra (dashed lines).
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Fig. 8. Averaged wind spectra recorded on 26/10/2014 for a S-SW wind (solid lines) and corresponding von Karman spectra (dashed lines).
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data of 10 min that are divided into two blocks of 5 min each, a
Hamming Window and 50% overlapping, as suggested by [48,49].
For a given frequency and a given spatial separation, the co-
coherence is averaged for every sample recorded during one day,
i.e. 144 samples. The coefficients for the co-coherence function
represented by Eq. (4) are calculated using curve fitting techniques
for distances ranging from 24 m to 168 m. The coefficients evalu-
ated during the curve fitting, by using the bridge-based coordinate
system, are presented in Table 5. The measured and fitted co-
coherence are expressed as a function of the wavenumber k which
is expressed as a function of V, instead of U. The co-coherence is
displayed for three different lateral separations on Figs. 11 and 12.

Table 5
Decay coefficients measured on 26/10/2014 and 07/10/2014 for lateral separation
along the span.

Exposure Component Decay coefficients

N-NE Uy ¢y =50 c; =0.07 c3=1.1 c4 =33
w c =47 cy; =0.08 c3=12 cy =20

S-SW Uy c1 =65 c; =0.02 c3=0.9 Cc4 =6.7
w =79 c; =01 c3=1.1 c4=54

0 0.02 0.04 0.06 0.08 0.1
k (m~1)

The overall surface-fitting process shows satisfying results,
although some non-negligible differences between a N-NE wind
and a S-SW wind can be observed. The co-coherence for a wind
from N-NE is larger than for a wind from S-SW, as highlighted by
the coefficient c¢;. For small distances and wavenumbers above
0.02m !, the fitted co-coherence for the v,-component of N-NE
wind, did not compare well with the measured co-coherence.
The negative part of the co-coherence is taken into account but
has little consequence on the overall shape of the fitted function.
The values of the coefficients in Table 5 are used in Section 6.5
and 6.6 for the computation of the buffeting response of the Lyse-
fjord Bridge.

6.5. Buffeting response at mid-span

The buffeting response is evaluated based on 144 samples of
10-min wind data and displacement response recorded on
26/10/2014 and on 07/10/2014. The wind field is assumed homo-
geneous along the span, and therefore, the mean wind speed and
wind spectra measured near the bridge center on H-18 and H-20
are averaged. The standard deviation of the measured and com-
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Fig. 11. Measured (scatter plot) and fitted co-coherence (solid and dashed lines) for the z,- and w-components. An averaged coherence is calculated, based on every wind

data recorded on 07/10/2014 (N-NE exposure), with V, = 12.6 m/s.
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Fig. 12. Measured (scatter plot) and fitted co-coherence (solid and dashed lines) for the z,- and w-components. An averaged coherence is calculated, based on every wind

data recorded on 26/10/2014 (S-SW exposure), with V, = 11.8 m/s.
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Fig. 13. RMS of the bridge deck response at mid-span for a N-NE wind (left panels) and a S-SW-wind (right panels).
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puted bridge displacement are expressed as a function of the mean
wind speed normal to the bridge deck (Fig. 13). The RMS of the dis-
placement has been normalized by the corresponding turbulence
intensity to reduce the spreading of the data. A good overall agree-
ment is found between the measured and computed RMS values,
especially for S-SW wind. The simulated RMS values underesti-
mate the normalized RMS response for N-NE wind for the lateral
and vertical motions. For a given wind velocity, the RMS of the
bridge displacement is generally higher for a N-NE wind than for
a S-SW wind, which is characterized by a lower turbulence inten-
sity and a lower co-coherence.

6.6. Buffeting response along the span

Among all the wind records, one single sample is selected. Its
stationarity is assessed by using the test from Bendat and Piersol
[41], and its mean wind velocity is taken as large as possible, so
that the bridge response is mainly due to wind turbulence rather
than by traffic induced vibrations [50]. For the sake of simplicity,
the co-coherence coefficients and cross-sectional aerodynamic
admittance functions are the same as in subSection 6.5. The mea-
sured wind spectra are directly used as inputs to compute the buf-
feting response of the bridge. Under the wind conditions
considered, mode coupling induced by the wind load is found to
be insignificant for the structure, which is consistent with
[51,52], and is therefore neglected. The shear center of the bridge
cross-section is located 0.4 m below the neutral axis [53], which
induces an additional structural coupling between the lateral and

Table 6
Properties of the selected wind sample for the compu-
tation of the buffeting response on Fig. 14.

Exposure NNE SSW
U (m/s) 17.7 13.9
Vy (m/s) 14.7 12.9
Iy 0.26 0.15
I, 0.21 0.15
Iy 0.11 0.08
Ly (m) 220 202
L, (m) 83 120
Ly (m) 41 73
T T
ol ° .
g
= | o
b@ 0.05 Computed
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0 I I
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torsional motions of the bridge deck. However, it has small effects
on the overall response and was therefore neglected. The proper-
ties of the wind sample selected for each wind exposure are dis-
played in Table 6. The RMS of the computed bridge response on
H-09, H-18, H-24 and H-30 is compared to the measured one on
Fig. 14. The computed RMS of the bridge response agrees well for
the S-SW wind exposure, but underestimates the bridge response
in the N-NE wind case situation. The simulated response displays
a symmetry with respect to the mid-span, which is not the case
for the measured response. The bridge deck is indeed not symmet-
ric: the Northern end and the middle part of the span are respec-
tively 8 and 13 m higher than the Southern end. In addition, the
wind field is assumed homogeneous along the deck, whereas the
wind spectra may display non-negligible variations along the span.
The approach based on using averaged spectra to compute the
wind load may therefore not be satisfactory. The assumption of
homogeneity may be acceptable for a S-SW wind, but not for the
N-NE wind situation case, where a higher mean wind speed is
often observed towards the North tower.

A more detailed description of the bridge response near H-24 is
shown in Fig. 15. The main sources of discrepancy are the com-
puted resonant peaks that sometimes disagree with the measured
ones in terms of broadness and/or amplitude. Different possibili-
ties for these discrepancies are investigated in details in Section 7.
Beyond the third or fourth mode for each direction, these discrep-
ancies have a negligible influence on the overall response of the
bridge. For the torsional motion, the mode TS1 is dominant, such
as the overestimation of the modal response for TA1 has little con-
sequences on the computed torsional displacement. The overesti-
mation of the computed modal response for TA1 is likely due to
the choice of the cross-sectional aerodynamic admittance function
that did not fit well with the one obtained from the recorded data
at frequencies larger than 1.8 Hz.

7. Challenges and prospects

The measured bridge response due to the flow from N-NE is sys-
tematically larger than for the S-SW wind case situation. The
increase of the measured wind coherence and turbulence intensity
leads to a larger computed buffeting response, which yet remains
lower than the measured one. In the following discussion several

0 0.2 0.4 0.6 0.8 1

o,(m)

0 0.2 0.4 0.6 0.8 1

a¢(°)
o Do = D

Fig. 14. RMS of the deck response for a N-NE wind (left panels, on 07/10/2014 at 09:20) and a S-SW-wind (right panels, on 26/10/2014 at 08:50), see Table 6.
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Fig. 15. PSD the deck displacement response near H-24, for the N-NE wind case (left panels, on 07/10/2014 at 09:20) and a S-SW-wind case (right panels, on 26/10/2014 at

08:50) described in subSection 6.6.

issues are explored that may influence or explain the differences
observed in the response for the two dominating wind directions,
as well as the discrepancies between the computed and measured
response.

7.1. Influence of the yaw angle

The influence of the yaw angle on the bridge response was con-
sidered by directly using the measured wind component normal to
the bridge deck V, instead of the along-wind component U. This
method, referred to as the “cosine rule”, was applied by e.g. Tanaka
and Davenport [54], but for relatively small turbulence intensities
only. Although this method is simple, it does not consider the vari-

ation of the aerodynamic coefficients with the yaw angle [55],
which may lead to an inaccurate estimation of the buffeting
response. More generally, deviations from the cosine rule have
been previously observed in wind tunnel, in particular at large
yaw angles [56,57]. The measured displacement data for the lateral
displacements in N-NE winds shows greater variability than seen
for the other response components. Zhu et al. [57] have shown that
the RMS of the lateral bridge response is likely to be more influ-
enced by the yaw angle than the torsional and vertical response.
Figs. 16 and 17 show that the “cosine rule” does not apply sys-
tematically in the case of the Lysefjord bridge. The influence of the
topography on the flow actually plays a predominant role. For the
S-SW exposure, larger yaw angles are associated with lower wind
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Fig. 16. Influence of the yaw angle on the measured buffeting response of the Lysefjord Bridge (N-NE exposure and wind data from H-18).
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Fig. 17. Influence of the yaw angle on the measured buffeting response of the Lysefjord Bridge (S-SW exposure and wind data from H-18).
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velocities, corresponding to a wind from South flowing along the
mountains surrounding the fjord. For the wind from N-NE, there
is no clear relation between the yaw angle, the along-wind mean
wind velocity, and the bridge response. Particularly large yaw
angles recorded for the wind from N-NE may lead to a measured
displacement much larger than expected. However, the discrepan-
cies between the measured response for the two exposure studied
can not be explained by the influence of the yaw angle on the
bridge response only. A more rigorous analysis of the buffeting
response of the Lysefjord Bridge for the N-NE wind should there-
fore include the study of the evolution of the aerodynamic coeffi-
cients with the yaw angle, in a similar fashion as in [55].

7.2. Contribution of the bridge towers and main cables to aerodynamic
loading

The computation of the bridge response has been done by con-
sidering the wind load on the bridge deck only. For the Tsing Ma
Bridge, Xu et al. [58] have observed an increase up to 15% of the
computed buffeting lateral response at mid span when the buffet-
ing load was applied to the whole structure (deck, tower and main
cables). For the Lysefjord Bridge, the main cables consist of 6 indi-
vidual cables installed next to each other, each with the 0.1 m
diameter. With the drag coefficient of 2 applied to the whole cable
group, the mean drag load on the main cable accounts for 7% of the
total one on the bridge. Large discrepancies between the computed
and measured lateral displacement response are therefore unlikely
to be due to the influence of the bridge towers and main cables on
the deck lateral motion.

7.3. Influence of the bridge deck on the measured wind data

For the anemometers located at z = 6 m and z = 10 m above the
deck, the ratio z/H is equal to 2.2 and 3.6 respectively. For the N-NE
exposure the recorded wind velocities may be affected by the gir-
der, leading to a inaccurate estimation of the bridge response. The
possible influence of a bridge deck on the mean flow recorded by
anemometers has been investigated by [59,60]. Kristensen et al.
[59] used sonic anemometers mounted 3 m above the deck of
the Sotra Bridge (truss-type girder), whereas Frandsen [60] used
cup anemometer installed 2 m above the deck of the Great Belt
Bridge (closed-box girder). None of them found that the mean
wind velocity was significantly affected by the deck, and they
assumed that the measured flow was representative of the
upstream one. Their investigations may have been incomplete
regarding this issue. In the present case, the sonic on H-08t mea-
sures a mean wind velocity in average 2.3% lower than at H-08b
for the N-NE exposure, whereas the difference is less than 1% when
the wind comes from S-SW. This indicates that the mean flow may
be affected to a non-negligible extent by the deck. Similarly, a
somewhat larger coherence for the N-NE may reflect an influence
of the bridge deck on the recorded velocity data. Such details will

be scrutinized in a future study, by introducing additional sonic
anemometers on the East side of the bridge. Nonetheless, the
results extracted from the data at hand provide the insightful
and systematic relationship between the Wind conditions and
the bridge deck vibrations.

No particular relation was observed between the incidence
angle and the bridge response. The large incidence angles observed
for the wind from S-SW may also be due to the influence of the
deck on the measured vertical flow. This may also explain the
somewhat untraditional values measured for the ratio S,/S, and
S,/Sy in the inertial subrange (subSection 6.3).

7.4. Validity of the assumption of homogeneous flow

The assumption of non-homogeneity of the flow can be intro-
duced in the present numerical model by defining at each “node”
of the discrete bridge deck model a different power spectral den-
sity obtained by linear interpolation and extrapolation of the mea-
sured spectra. If the non-uniformity of the mean wind velocity is
not too large, the coherence model can remain unchanged.
Fig. 18 shows the computed standard deviation of the bridge dis-
placement where the wind spectra used as input is based on one
single anemometer, located either on H-08b, H-08t or H-18. The
discrepancy of the computed response due to the choice of the ref-
erence sensor is expected, as seen in subsection 7.3. The wind
records on H-08b and H-18 are different enough to be responsible
for a non-negligible difference between the computed responses,
which suggests that the assumption of homogeneous flow is not
necessary verified for the N-NE wind case situation. Further
analysis should re-assess the validity of the assumption of flow
uniformity on a more systematically way. For ultra-long span sus-
pension bridges in mountainous environments, the lack of flow
uniformity along the span may call for a modified design approach.

7.5. Non-stationarity of the flow

The stationarity test of Bendat and Piersol [41] has been previ-
ously applied by Chen et al. [61] to assess the non-stationarity of
wind velocity data. In the present study, a non-negligible amount
of samples did not pass this test. Other indicators of the non-
stationary flow may be unrealistic large turbulence length scales,
high turbulence intensities, and large variations of the wind direc-
tion. New approaches to characterize wind turbulence for non-
stationary flow may be required. Hu et al. [62] have for example
used time-varying single-point statistics to estimate the buffeting
response of a long-span suspension bridge, and observed that
non-stationary buffeting response could be larger than predicted
by the stationary model. In the present study, we observed that
non-stationary wind fluctuations were often associated with a lar-
ger scatter of the buffeting response, in particular in the case of the
lateral bridge motion. We observed in addition that the computa-
tion of the lateral bridge displacement by using directly the PSD
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Fig. 18. Influence of the choice of the reference anemometer on the computed bridge response for the N-NE wind case situation (on 07/10/2014 at 03:50:00).
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of the non-stationary wind fluctuations tends to underestimate the
real displacement. A similar issue was observed for stationary wind
data by Chen et al. [63] when they compared the frequency and
time domain approach to compute the lateral buffeting response
of a numerical bridge model. In full scale, this numerical issue
may be overcome by using an empirical model for the PSD that
is fitted to the measured one, as done by Xu et al. [5].

7.6. Influence of traffic induced vibrations

The influence of traffic-induced vibrations can generally be
neglected for wind speeds higher than 12 m/s [50]. For lower wind
velocities, unexpected large amplitude of vibrations are often due
to heavy traffic, leading to a measured response larger than pre-
dicted by the buffeting theory. For the data studied, the variance
of the measured bridge displacement did not display any sudden
variations at lower wind velocities. This indicates that the large
displacements measured for the flow from N-NE are unlikely to
be due to heavy traffic.

7.7. Influence of the u-w cross-spectral densities

We did not include the in-phase co-spectrum Co,,, of wind fluc-
tuations into the matrix of wind load in the present study, since its
contribution on the bridge response was lower than 0.3% in aver-
age. This is in agreement with Qiseth et al. [64] who observed that
the contribution of the co-spectrum to the dynamic response of a
suspension bridge was likely to be low compared to the uncertain-
ties related to the modeling of the bridge and wind turbulence
properties.

7.8. Non-linear effects of the wind load

By assuming uncoupled motions of the Lysefjord Bridge, the
variance of the error due to the linearization of the wind load for
the vertical motion is:

7]2=1+? (16)

where ¢? and g2, are the variance of the vertical wind load without
and with introduction of the quadratic terms respectively. Applying
the Taylor series expansion up to order 2 of the derivatives of the
force coefficients with respect to the angle of attack, we can re-
write Eq. (16) as:

C+C+2D/B-Cpy 21 5 17
C,+D/B-Cp ] ’ 2 (17)
w

1

2
=1
where C] is the second derivative of the the lift coefficient with
respect to the incidence angle. For the Lysefjord bridge, C;, = 0.
Assuming that the vertical turbulence intensity I,, is proportional
to the along-wind one I, with a proportionality constant ¢ < 1,
and by assuming that C] ~ 0, Eq. (17) becomes:

2 2
w1 gl par(age)] ) .
I
~1+2 (19)

The standard deviation for the error is therefore:

IZ
n~1+ Z“ (20)
A similar result is found by Denoél |65, p. 136]. For a turbulent
intensity of 0.3, the standard deviation of the error on the vertical
load, introduced by neglecting the quadratic terms of the wind fluc-

tuations remains consequently below 3% in the present case. For the
measured vertical bridge displacement response, the large differ-
ence between the S-SW and the N-NE wind case situation cannot
be explained by the non-linearity of the wind load only.

8. Conclusions

The present study compared the theoretically estimated buffet-
ing response and the measured response of a long span bridge in a
complex terrain. Two unique sets of 24-h of continuous data were
used for this purpose. The first data set was made of wind records
from a stable direction from S-SW, with wind velocities ranging
from 8 m/s to almost 17 m/s. The second data set corresponded
to flow from N-NE with velocities data ranging from 6 to 21 m/s.
The analysis has been carried out in three steps to provide an anal-
ysis as complete as possible in full-scale:

1. A modal identification analysis was first applied as a verifica-
tion procedure by using an automated SSI-COV procedure. We
observed a good agreement between the computed and mea-
sured mode shapes and eigen-frequencies. The estimation of
the total modal damping ratio was done in a statistical manner,
and despite a scatter of the data for HS1, VA1 and VS1, a general
consistency with the quasi-steady theory was observed.

2. The analysis of the wind conditions at Lysefjord has been
undertaken, and two main directions were observed. A large
turbulence intensity for the N-NE wind is detected, which sug-
gests a non-negligible influence of the topography on the flow.
A four-parameter co-coherence function has been defined to
properly capture the correlation of the wind load along the
bridge. We concluded that the two main wind directions show
different turbulence properties, which justifies a case-by-case
approach. More generally, a case-by-case approach may be nec-
essary for wind and structural health monitoring of long-span
suspension bridges in complex terrains.

3. The buffeting response of the bridge deck has been studied first
at the middle of the span for multiple wind records from two
different storms, and then along the whole span for two partic-
ular wind records. To improve the response estimated based on
the quasi-steady theory, the use of a cross-sectional aerody-
namic admittance function for the torsional motion was found
necessary. We observed that the Liepmann’s approximation of
the Sears’ function is an applicable choice. The measured buffet-
ing response of the bridge for a N-NE wind is considerably lar-
ger than the one for the S-SW exposure. The computed
buffeting response agrees well with the S-SW wind case situa-
tion, but underestimates the lateral and vertical bridge dis-
placement for the flow from N-NE. The main reasons of such
discrepancies may be due to the influence of the topography
on the flow, non-stationary wind fluctuations, and possible dis-
tortion of the observed flow by the bridge deck.
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