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Abstract Long-span bridges are often designed based on the assumption of wind field
homogeneity. At the Hardanger Bridge, the wind field along the bridge span is moni-
tored though 8 3d ultrasonic anemometers. Simultaneously recorded profiles for
mean wind velocity and turbulence intensity along the span are used to investigate
the effect of non-uniform wind profiles on the aerodynamic behaviour of the Hardan-
ger Bridge. Extreme non-uniformity is considered using Monte Carlo simulations to
generate extreme, but realistic wind profiles based on the variability of the measured
wind field. When the buffeting response of the Hardanger Bridge is considered, sig-
nificant effects on the behaviour is found.
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1 Introduction

Long-span bridges located in complex terrain can be subjected to large wind field
variations along the bridge span, as shown in Lystad et al. (2018). Long-span bridges
are often designed under the assumption of wind field homogeneity, however this as-
sumption may not be valid for bridges located in complex terrain such as the moun-
tainous landscape along the west coast of Norway.

Since 2013 the Norwegian University of Science and Technology has been moni-
toring the wind field along the Hardanger Bridge girder through 8 triaxial ultrasonic
anemometers. The Hardanger Bridge is a suspension bridge with a main span of 1 310
m, located in complex terrain. The measured wind field display large non-uniformity
along the bridge span.

The effect of idealized non-uniform mean wind velocity profiles on the buffeting
response and the aerodynamic stability of long-span bridges has been studied by
(Arena et al. 2014; Zhang 2007), showing possible significant effects on the aerody-
namic behavior. A non-uniform mean wind velocity profile measured from terrain
model wind tunnel tests of the Stonecutters Bridge surroundings was also investigated
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in (Hu et al. 2017), without any significant impacts to the bridge behavior. However,
to the authors knowledge, investigations of the effect of extreme, but realistic non-
uniform wind profiles based on full-scale measurements has not been treated in the
literature.

In this paper, non-uniform profiles of mean wind velocity and turbulence intensity
measured in full-scale at the Hardanger Bridge site are investigated. A measure of the
variability of the recorded non-uniformity is obtained by fitting the measured wind
profiles to chosen shape functions using linear regression. Profiles of mean wind ve-
locity and corresponding turbulence intensity are generated through Monte Carlo sim-
ulations from the joint probability distribution of the fitted shape function coefficients.
Finally, the effect of some simulated extreme non-uniform wind profiles on the buf-
feting response of the Hardanger Bridge are shown.

2 Full-scale measurement program

The Hardanger Bridge is a suspension bridge with a main span of 1 310 m, located
along the west coast of Norway. The bridge is crossing the Hardanger fjord surrounded
by tall and steep mountains, forming a very complex topography.

Since the opening of the bridge in 2013, a monitoring system has been recording
the wind field along the bridge span as well as in the southern tower top. Also, accel-
eration response of the girder and towers has been recorded. An overview of the wind
measurement system is given in Fig. 1 and the system is described in more detail in
(Fenerci et al. 2017).
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Fig. 1 Overview of the full-scale wind measurement system at the Hardanger Bridge

The Hardanger fjord is creating strong orographic channelling effects on the wind
field subjected to the bridge structure, generating two very distinct incoming wind
directions from the east and west. This behaviour can be observed in Fig. 2, where the
midspan wind rose for strong winds with mean wind velocities above 15 m/s is shown.
The wind rose shown in Fig. 2 is plotted on top of a map showing the surrounding
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topography, and it should be noted that the surrounding mountains reach up to above
1000 m. For a more thorough description of the surrounding topography, the reader is
referred to (Fenerci et al. 2017; Fenerci and Qiseth 2017; Lystad et al. 2018).
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Fig. 2 Mean wind velocity rose for strong winds above 15 m/s, measured in the midspan. The wind
rose is divided into two main wind directions, east and west, with each side adding up to 100% (base
map with courtesy of Kartverket©)

3 Non-uniform wind profiles

3.1 Measurements

Along-span wind profiles for mean wind velocity and along-wind turbulence intensity
for strong winds recorded at the Hardanger Bridge are shown in Fig. 3. Only measure-
ments with a midspan 10-min time-averaged mean wind velocity above 15 m/s are
considered, and extreme non-uniform measured profiles are highlighted.

By observing the general shape of the measured profiles, it is seen that the profiles
may be described quite well by the combination of a linear variation and a cosine
function. The following wind profile model is proposed:

U(x)=U, +ax— az[l—cos(% )] =U, {1+ éix—éz[l—cos(% [} (1)
() =1, + blx—b2[1—cos(% )] = 1,41+ le—tiz[l—cos(% )]} Q)

where the a;, and b, coefficients describe the linear variation and the a», and b, coef-
ficients scale the cosine shape function. Another model for the non-uniformity of the
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mean wind velocity was shown in Zhang (2007), but this model is deemed less suitable
for the methodology described in the present study.
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Fig. 3 Measured wind profiles and highlighted extreme non-uniformity a) The wind recordings of
easterly winds and b) recordings of westerly winds.

For comparison of the non-uniformity effect it is interesting to consider wind pro-
files with the same along span mean value. To achieve this the midspan value of the
wind profile, Uy and Iy, and thus the normalized non-uniformity coefficients d@; and b;
are scaled based on Eq. (3) and (4), demanding the same along span mean values, U,
and /,, for all profiles.

1 eL2 . 2 .
Uq =1 [, U0 =Ugl1-8, +~ 4] 3)

L/2 A ~
I, :%LUJ(x)dx: Io[l—b2+§b2] @)
Using linear regression, the non-uniform wind profile models described in Eq. (1)-(4)
are fitted to all measured wind profiles shown in Fig. 3. By doing so, the distribution
of the normalized fitted coefficients, @; and b;, can be obtained and a probability dis-
tribution can be adopted. The mean wind velocity profiles and the corresponding
along-wind turbulence intensity profiles are used, so the joint probability density func-
tion (PDF) of all the normalized coefficients, d,, d,, b; and b, can be fitted. A normal

distribution is assumed in the present study for the simplicity of describing a joint
PDF.



Table 1 Key statistics for the fitted normalized non-uniformity coefficients

Easterly winds Westerly winds
Coeff Mean Std Mean Std
a; -6.84E-05 1.37E-04 -1.92E-04 1.26E-04
a, 9.31E-02 5.64E-02 5.02E-02 4.26E-02
by 1.33E-04 4.28E-04 7.19E-04 4.89E-04
b, -1.70E-01 2.27E-01 -2.67E-01 2.37E-01

Table 2 Correlation coefficients for the normalized non-uniformity coefficients for easterly winds

Coeff @, a, b, b,
a, 1.000 0.136 -0.784  -0.151
a, 0.136 1.000 -0.208  -0.704
b, -0.784  -0208  1.000 0.111
b -0.151  -0.704  0.111 1.000

N

Table 3 Correlation coefficients for the normalized non-uniformity coefficients for westerly winds

Coeff &, d, b, b,
a, 1.000 20390  -0.504  0.215
a, -0.390 1.000 0.465 -0.502
b, -0.504 0.465 1.000 -0.657
b 0.215 -0.502 -0.657 1.000

N

It can be observed from Table 1 that the mean value of the linear variation described
by @, and b, is larger for the westerly winds than the easterly winds, confirming the
qualitative observation made from Fig. 3. However, considering the cosine shape func-
tion coefficients @, and b, the easterly winds are displaying the largest mean value for
the normalized non-uniformity coefficient for the mean wind velocity profiles, but the
westerly winds are showing generally larger non-uniformity in the turbulence intensity
profile.

A high correlation between d; and b; in mean wind velocity and turbulence intensity
can be expected, as the turbulence intensity is, by definition, inversely proportional to
the mean wind velocity. By studying Table 2 this expected effect is observed as the
correlation between @, and by, and @, and b, is in the range of 70-80 %. However, by
studying the westerly winds in Table 3 a larger randomness is observed in the corre-
lation coefficients.

3.2 Simulations

Based on the fitted joint PDF of the normalized non-uniformity coefficients, Monte
Carlo simulations can be applied to generate a large number of non-uniform wind pro-
files. The simulations are based on a chosen equivalent mean wind velocity of 40 m/s
and an equivalent along-wind turbulence intensity of 15%. The fitted coefficients are
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generally based on lower measured wind speeds than the chosen equivalent mean wind
velocity, but utilizing the normalized format of the non-uniformity coefficients it is
interesting to investigate the effects of the observed non-uniformity at design wind
speed levels. Extreme, but realistic, simulated profiles may be picked based on a cho-
sen criterion. In this study the simulations are sorted in ascending order based on the

absolute value of the normalized non-uniformity profiles, & and Bi . To obtain an

extreme non-uniform situation from the simulated profiles the nearest-rank method
may be applied to the sorted lists of simulations for each normalized non-uniformity
coefficient. Let, N, be the number of simulations and, 7, be the simulation number in
the sorted list, the simulated profile with a chosen percentile may be calculated as

P
n={—N 5
] ®
In Fig. 4, N=1000 simulated profiles for each main wind direction, westerly and east-
erly winds, are shown.
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Fig. 4 Monte Carlo simulated wind profiles for a) easterly winds and b) westerly winds. Extreme
simulations are highlighted along with the simulation of the corresponding variable (dotted).

The picked extreme mean wind velocity and along-wind turbulence intensity profiles
according to the criterion described above, are highlighted and shown in Table 4. Sig-
nificant non-uniformity in the extreme simulated wind profiles both for mean wind
velocity and along-wind turbulence intensity can be observed.



Table 4 Model coefficients for the highlighted extreme non-uniformity profiles

Wind dir Extreme Up a; a, Iy b, b,
type

G10stn 42.02 -3.10E-04 1.32E-01 0.13 9.72E-04 -4.94E-01
Qz95tn  42.87 -1.50E-04 1.84E-01 0.12 5.48E-04 -6.51E-01

East biosen  41.69 -228E-04 1.12E-01 0.14 8.75E-04 -1.58E-01
byoscn 4249 -1.64E-05 1.61E-01 0.13 3.35E-04 -5.31E-01
Qroscn 4053 -4.04E-04 3.61E-02 0.18 6.82E-04 5.01E-01
st Gyoscn  41.85 -4.12B-04 1.22E-01 0.13 1.23E-03 -5.18E-01

Bl,95th 40.69 -1.41E-04 4.69E-02 0.12 1.59E-03 -6.83E-01
b, 95¢n 40.60 -7.74E-05 4.04E-02 0.12 5.25E-04 -6.61E-01

4 Case study: The Hardanger Bridge
4.1 Theoretical background

The effect of the simulated extreme non-uniform wind profiles on the dynamic re-
sponse of The Hardanger Bridge is investigated. The Hardanger Bridge is a symmet-
rical suspension bridge with a main span of 1 310 m and no side spans.

The response calculations are performed in the frequency domain using the multi-
mode theory described in (Chen et al. 2001; Jain et al. 1996a; b). The equation of
motion of the dynamic system can be described in the frequency domain as

VG 4(0) +[& - &, (U, 0)]G (o)

R — R, (U, )]G, (@) = Gy (U,0) ©

where o is the angular frequency, I\%’S , é(% and I’%S , are the structural mass-, damp-

ing- and stiffness matrices, respectively, in modal coordinates. é@e and RE, , are the

ae *
aeroelastic damping and stiffness matrices respectively, representing the motion in-
duced forces. G, , G, Gzand GQload are the Fourier transforms of the displacement-

, velocity-, acceleration response and the load process, respectively. In practice, the
structural part of the equation has been calculated based on the finite element method,
with ABAQUS (Dassault Systemes, Waltham n.d.), and the aeroelastic motion in-
duced forces are described based on wind tunnel experiments (Siedziako et al. 2017).

The wind field is described as a stationary stochastic process through the cross-
spectral density matrix

(N

SV(Ax,u,w){Suu(AX’U"") Suw(Ax,U,w)}

Sw(AxU,®) S, (Ax,U, o)
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where S, are the cross spectral densities for the n and m components of the turbulence
between two points separated in space by the distance 4x. In the current study, the off-
diagonal terms of the cross-spectral density matrix are assumed to be negligible. The
cross-spectral density for a single turbulence component can be described through the
auto-spectral density function and the normalized co-spectra:

S, (AxU,w) =S, U,I|,,0)C(AX,U, w) ®)
C(Ax, ) = exp(—K %) ©)

where S, is the auto-spectral density function, C is the normalized co-spectra, and K
is the decay coefficient. Having established the cross-spectral density matrix for the
wind field process the spectral matrix of the buffeting force on the structure in modal
coordinates can be defined as

Sg_, = ﬂL ' (x)B, (U, w)S, (Ax, w)B; (U, 0)D(x,)dx,dx, (10)

where ®(x;) is the mode shape matrix and By is the load transfer matrix for the buffet-
ing load on the structure. The load spectral density matrix is calculated by considering
two points at a time, x; and x,. Having a non-uniform wind field, the mean wind ve-
locity and turbulence intensity will differ at the two points considered, so an adjust-
ment to the original buffeting theory first described by (Davenport 1962; Scanlan and
Tomko 1971) has to be made. In the present study, a simple adjustment is done by
defining the cross-spectral density for the considered turbulence component as the
product of the square root of the auto-spectral density in each point and a normalized
co-spectra based on the average of the mean wind velocity from the two points con-
sidered. Hence, the following adjustment can be made to Eq. (8):

SunlAX,U (x),U (x,), @] =
VSV (), 1, (%), @14, [U (%), 1,(X,), @IC(AX,U 5y, )
where Uare=[U(x;) + U(x2)]/2.
The buffeting load transfer matrix is also a function of the mean wind velocity, and
to account for the non-uniformity the buffeting matrix corresponding to each of the
points considered in Eq. (10), it is adjusted using the actual mean wind velocity in that

point. Thus, the cross-spectral density matrix for the buffeting force on the structure
can be redefined as

5o <] {07 ()B,[U (%), @]S, [AxU (x),U (x,), @]
G LSBT U (x,), alD(x, )}k, dx,

The motion induced forces are integrated using the full non-uniform mean wind
velocity profile as follows:

an

(12)
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K, (U(x),0) = [ OTK,, (U (x),0)Pdx (13)
&, (U(X),0) = [ @'C, (U (x) 0)Pdx (14)

where K., and C,. are described by the dimensionless aerodynamic derivatives.

4.2 Results

Using the methodology described above, the buffeting short-term extreme value for
the horizontal, vertical and torsional displacement responses as well as the bending-
and torsional cross-sectional moments has been calculated for the Hardanger Bridge
girder. The tested extreme non-uniformity profiles are the cosine shaped extreme for
the mean wind velocity from the easterly direction and the linearly varying extreme
along-wind turbulence intensity profile for the westerly winds, highlighted in Table 4
and shown again in Fig. 5. Only the along-wind turbulence intensity is based on the
full-scale measurements in this study, and the vertical component is assumed to be
50% of the along-wind component, adopting the same along span profile shape.

Significant effects on the response can be observed in Fig. 6, for all response quan-
tities considered. For the aZeast profile all buffeting response quantities are lower than
for the uniform situation. The reason for this is the opposite trends of the mean wind
velocity and the turbulence intensity, cancelling each other out when considering buf-
feting action. A combination like this is natural, since the turbulence intensity is in-
verse proportional to the mean wind velocity. This observed effect highlights the lim-
itations of the simple sorting criterion used in the present study where only extreme
non-uniformity for each variable, either mean wind velocity or turbulence intensity, is
sorted, and the corresponding profile has no influence on the sorting criterion. Adopt-
ing such an approach would not be suitable to identify the combined extreme non-
uniformity situation for the considered bridge response, but merely to identify extreme
profiles for the purpose of illustration. Also, different sorting criterions would be ap-
propriate for the consideration of different response processes. For instance, an unfa-
vorable combination of mean wind velocity and turbulence intensity would be critical
for the buffeting response, but considering flutter instability the mean wind velocity is
the driving process and an extreme mean wind velocity profile should be chosen with
less emphasis on the combination with turbulence intensity. Possible sorting criterions
for the simulated non-uniformity profiles are not investigated in the present study and
could be subject for further work on this topic.

Although a cancelling out effect is observed for the considered aZeast profiles, the
blwest simulation show unfavorable conditions for the buffeting response of the
Hardanger Bridge. The very high turbulence intensity towards the north end of the
bridge is generating large responses for all sectional moments shown in Fig. 6. Espe-
cially the weak axis moment, SM/, shows an underestimation of about 25% using the
uniformity assumption compared with the simulated extreme non-uniformity profile.
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Fig. 5 Extreme non-uniform wind profiles used in buffeting calculations
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Fig. 6 Along span buffeting response of the Hardanger Bridge subjected to different wind profiles

6 Conclusions

A proposed method for investigating extreme non-uniformity effects for long-span
bridges has been presented in this study. Measured full-scale wind profiles from the
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complex terrain of the Hardanger Bridge site are used as basis for simulation of ex-
treme, but realistic non-uniform profiles of mean wind velocity and along-wind tur-
bulence intensity and the following conclusions are drawn:

- The measured wind field profiles for westerly winds show a linearly varying
trend. The easterly winds display a more typical effect where mean wind ve-
locity is larger in the midspan than towards the bridge ends, and the opposite
is the case for the turbulence intensity, due to terrain roughness changes along
the span.

- A larger randomness in the correlation between the normalized non-uni-
formity coefficients was observed for the westerly winds than the easterly
winds, indicating a dependence between the observed non-uniformity and the
upstream terrain complexity.

- Incomplex terrain, extreme non-uniformity in the wind field can be expected,
to the extent that should not be neglected in design of long-span bridges.

- The inverse nature of the mean wind velocity and the corresponding turbu-
lence intensity will to some extent cancel out the non-uniformity effects on
the buffeting response. So, to investigate extreme effects due to non-uni-
formity, an unfavourable combination of mean wind speed and turbulence
intensity should be considered.
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