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Department of Mechanical and

Structural Engineering and Materials Science
University of Stavanger

NO-4036, Stavanger, Norway

Jónas Snæbjörnsson1,2

1School of Science and Engineering
Reykjavı́k University

IS-101 Reykjavı́k, Iceland
2Department of Mechanical and

Structural Engineering and Materials Science
University of Stavanger

NO-4036, Stavanger, Norway

ABSTRACT

The present study compares the buffeting response of a sus-
pension bridge computed in the time-domain with full-scale mea-
surement data. The in-service Lysefjord Bridge is used as a study
case, which allows a unique comparison of the computational
results with full-scale buffeting bridge response observed during
a one year monitoring period. The time-domain analysis is per-
formed using a finite element approach. Turbulent wind field is
simulated according to the governing bridge design standard in
Norway for three different terrain categories. The time-domain
analysis indicates that the non-linear components of the wind
loading are of limited importance in the present case, contributing
by less than 5% to the standard deviation of the lateral displace-
ment. The contribution of the buffeting loads on the main cables,
hangers and towers to the lateral dynamic response of the bridge
girder is about 6%. With the time-domain method, mode coupling
as well as the influence of cables and towers are well captured in

the simulation results. The buffeting response, estimated in terms
of the standard deviation of acceleration, is found to be in good
agreement with the field measurement data. Comparison suggests
that the proposed numerical method, with the non-linear force
model, is able to predict the bridge response reasonably well.

Keywords: suspension bridge, time domain, finite element model,
buffeting response, field measurement

INTRODUCTION
The Norwegian Public Road Administration is considering

building long-span floating suspension bridges in Western Norway
to cross deep fjords that are up to around 5 km wide. Such bridges
will have eigen-frequencies as low as 0.01 Hz. They are therefore
extremely wind sensitive structures which require a dedicated
investigation of wind-induced effects.

The buffeting theory, introduced more than 50 years ago by
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Davenport [1] and further developed by e.g. Scanlan [2] is a
standard approach to evaluate the bridge dynamic response due
to wind turbulence. The buffeting bridge response is among the
governing design factors in the ultimate limit state.

There have been growing researches on the numerical meth-
ods accounting for bridge buffeting response in the last few
decades. The frequency domain method has been applied since
the 80’s and is an effective tool using the linear buffeting force
model [3–5]. More recent developments based on the time-
domain approach have been carried out by e.g. [6–9]. Com-
parisons between full-scale measurements and computed bridge
response are seen in [5, 10, 11], however, mostly limited to only a
few hour to a few days of data. To the authors’ knowledge, there
is no such comparison for data set made of long period full-scale
bridge measurements.

Since 2013, the research group from University of Stavanger
has started the field measurement campaign on both wind field
characteristics and bridge response at the Lysefjord Bridge, which
is located at a narrow inlet of a fjord in the South-West of the
Norwegian coast [10]. The present paper compares thousands
of full-scale acceleration records obtained during the year 2015
on the Lysefjord Bridge with time-domain numerical predictions,
aiming at validating the buffeting theory using long period full-
scale data.

A numerical model based on the finite element method (FEM)
is built to evaluate the wind-induced buffeting response of the
bridge. The wind buffeting forces applied in the model are based
on the quasi-steady theory. A turbulent wind field is simulated
based on the turbulence spectra provided in the governing bridge
design standard in Norway, i.e. Handbook N400 [12]. The cal-
culations are performed for three different terrain categories, in
order to explore which terrain category is most consistent with
the observed bridge response. The influence of the wind buffeting
force linearization as well as the contribution of the buffeting load
from the girder, main cables, hangers and towers on the bridge
girder response is discussed and summarized. Most importantly,
the availability of the field measurement data allows us to assess
the ability of the present finite element model (FEM) to estimate
the bridge buffeting response.

1 THE BRIDGE PROPERTIES AND THE NUMERICAL
MODEL

1.1 Lysefjord Bridge properties
The Lysefjord Bridge is built in a mountainous area in Nor-

way, with a main span of 446 meters (Fig. 1). The bridge deck
support at the north tower cross-beam is at a higher elevation
(52.36 m) compared to that at the south tower (44.90 m). The
deck mid-span is 53.37 m above the sea surface. The bridge girder
is suspended from the two main cables by 35 hangers at each side.
The main cables have a sag of 45 m with its lowest point 3 m
above the bridge deck at mid-span, indicated by H-18 in Fig. 1.

TABLE 1. Physical properties of the Lysefjord Bridge girder and tow-
ers.

Item Value

Girder

Length (m) 446

Width (m) 12.3

Height (m) 2.76

Section weight (kg/m) 5350

Section area (m2) 0.343

Vertical area moment of inertia (m4) 0.429

Lateral area moment of inertia (m4) 4.952

Torsional moment of inertia (m4) 0.929

Section mass moment of inertia w/o cables (kgm) 4.952

Young’s modulus (Nm−2) 2.1E11

Torsional modulus (Nm−2) 8.07E10

Towers

Height (m) 102.26

Young’s modulus (Nm−2) 4E10

The Lysefjord Bridge girder is made as a closed steel box
with plate stiffeners and diaphragms at each 12 m. In this paper,
the girder cross section has been simplified as a generalized beam
with properties listed in Table 1 and Table 2. The two legs of
each tower are connected by cross beams at the deck level and
the top. They are made of concrete, with a cross-section area
gradually decreasing with the increasing elevation. More details
of the Lysefjord Bridge design, provided by Norwegian Public
Road Administration, are included in e.g [13, 14].

1.2 Finite element model
Based on the above-mentioned bridge properties, a finite

element (FE) model has been built in Abaqus [15] as shown
in Figure 2. Beam elements (B31) are used to model the bridge
girder, cables and towers with generalized cross section properties.
The girder and each main cable consist of 39 nodes, and the girder
has a characteristic element length of 12 m (only two elements at
each end have a length of 7 m). Dummy mass elements are used
to achieve the correct polar mass moment inertia of the girder
and to provide the lower connection points for the hangers. The
boundary conditions at tower bases and back-stay cable anchors
consist of all six degrees of freedom being fixed. Both ends of the
girder are coupled with the towers in a way that allows one end to
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FIGURE 1. Elevation and plane-view of the Lysefjord Bridge.

move in the longitudinal direction.
It is important to achieve the correct static state of a sus-

pension bridge before modal and dynamic analysis, as well as
the non-linear properties of the hangers, which can only sustain
tension forces. These characteristics have been considered in the
numerical modelling of the bridge. Table 3 summarizes several
of the lowest eigen-frequencies of the Lysefjord Bridge obtained
using the FE-based software Alvsat and Abaqus. It shows that
the implementation of flexible towers affects the general dynamic
behavior of the bridge. The Abaqus model with flexible towers
has the best overall agreement with the eigen-frequencies identi-
fied from field measurements [10]. Such a model also provides a
more complete set of eigen-frequencies compared to frequently
used models with rigid towers [13]. Therefore, the full bridge
model build in this paper is not only useful for the time-domain
analysis, but can also provide more accurate modal properties for
frequency-domain analysis.

The Rayleigh damping model is used to account for the
structural damping of the bridge, which was targeted at 0.5%
damping ratio.

2 WIND FIELD CHARACTERISTICS AND THE BUF-
FETING THEORY

2.1 Wind field description
According to [16], wind measurements at Lysefjord Bridge

indicate that the wind field in the fjord is strongly affected by
the complex terrain characteristics, such as the alignment of the
fjord, steep mountain valleys and the proximity of an island in the
narrow fjord. Consequently, the measured flow at the bridge site is
rather turbulent, in particular in the case of wind from North-East

direction. In this paper, the applicability of the empirical wind
model recommended by the Norwegian Public Road Administra-
tion Handbook N400 [12] is assessed by comparing the computed
bridge response with the measured one. According to N400, the
normalized wind spectrum for i = {u,v,w} (where u,v,w denotes
the along-wind, across-wind and vertical wind components) is
expressed as

f Si( f )
σ2

i
=

Ai fi

(1+1.5Ai fi)
5/3 (1)

where Si is the Power Spectral Density (PSD) of the turbulent wind
component at different frequencies; σi is the standard deviation of
the wind turbulence; Ai is the empirical parameter representing the
different wind component with Au = 6.8, Av = 9.4 and Aw = 9.4
; fi is the non-dimensional frequency which can be expressed as

fi =
f Lx

i (z)
u(z)

(2)

where Lx
i is the height-dependent turbulence length scale in the

along-wind direction, which represents the “average gust size” for
natural wind; u is the height-dependent mean wind velocity. The
mean wind velocity u(z) is calculated as

u(z) =Ure f κT ln(z/z0) (3)

where Ure f is the reference mean wind velocity (i.e. the 10 min
mean wind velocity at the height of 10 m for terrain category
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FIGURE 2. Lysefjord bridge model sketch in ABAQUS.

2, with the annual probability of exceedance of 0.02); κT is the
terrain factor (the ratio of the surface roughness and the von
Kármán constant ) that depends on the terrain category; z0 is the
roughness length, which depends on the terrain category.

The length scales for different wind turbulence components
in Eq. 2 can be expressed as

Lx
u =

{
L1 (z/z1)

0.3 , if z > zmin.

L1 (zmin/z1)
0.3 , if z≤ zmin.

(4)

Lx
v =

1
4

Lx
u (5)

Lx
w =

1
12

Lx
u (6)

where L1 is the reference length scale equal to 100 m; z1 is the
reference height equals to 10 m. zmin is an arbitrary minimal
height that depends on the terrain category.

The turbulence intensity for different wind components is

Iu =
σu

u
=

{
ctt ln(z/z1) , if z > zmin.

ctt ln(zmin/z1) , if z≤ zmin.
(7)

Iv =
3
4

Iu (8)

Iw =
1
2

Iu (9)

where ctt is the turbulence factor that depends on the terrain
category [17].

Besides the single-point wind statistics described above, the
correlation of wind gusts at different locations is also fundamental
to access the wind load on the entire structure. According to
N400, the co-coherence function of turbulence components at two
points separated by distance is defined as

γi = Re

[
Si1i2( f ,d j)√
Si1( f ) ·Si2( f )

]
(10)

= exp
(
−Ci j

f d j

u

)
(11)

where i = {u,v,w}, j = {y,z}; γi is the co-coherence,depending
on the frequency f and the Euclidian distance d j between the
two points; Si1 and Si2 are the underlying single point power
spectrum densities of the wind turbulence for the component
i; Si1i2 is the co-spectrum of turbulence at two different points.
The co-coherence function decays with increasing distance and
increasing frequency. The parameter Ci j is the decay coefficient,
the values of which (for each wind component and wind direction)
is provided by N400 and recalled in Table 4.

In this paper, we have selected three terrain categories (cate-
gory 2, category 3 and category 4, denoted as N400C2, N400C3
and N400C4 respectively). It is of interest to know how the bridge
response varies based on the choice of different terrain categories.
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TABLE 2. Physical properties of the Lysefjord Bridge main cables,
backstay cables and hangers.

Item Value

Main cables

Length (m) 459

Sag (m) 45

Section weight (kg/m) 816

Section area (m2) 0.44

Bending moment of inertia (m4) 2.6E-7

Young’s modulus (Nm−2) 1.8E11

Torsional modulus (Nm−2) 8.07E10

Backstay cables

Length (north cable) (m) 73.91

Length (South cable) (m) 166.05

Hangers

Section weight (kg/m) 95

Section area (m2) 0.0018

Bending moment of inertia (m4) 2.6E-7

Young’s modulus (Nm−2) 1.8E11

Torsional modulus (Nm−2) 8.07E10

TABLE 3. Measured and computed eigen-frequencies of the Lysefjord
Bridge using different models.

Alvsat with
Identified

Abaqus with Abaqus with

rigid towers rigid towers flexible towers

(Hz) (Hz) (Hz) (Hz)

HS1 0.130 0.133 0.129 0.128

HA1 0.442 0.438 0.438 0.432

VA1 0.213 0.222 0.214 0.214

VS1 0.286 0.293 0.328 0.293

TS1 1.154 1.234 1.260 1.228

TA1 2.125 2.180 2.146 2.158

To estimate the bridge buffeting response in the time domain,
a turbulent wind field is simulated for the whole structure, using

TABLE 4. Exponential decay coefficients given by N400 for the esti-
mation of the wind coherence.

Coefficient Cuy Cvy Cwy Cuz Cvz Cwz

Value 10 6.5 6.5 10 6.5 3.0

the method proposed by [18, 19] based on the spectral model pro-
vided by N400. The wind field grid is overlapped with the bridge
FEM nodes. The simulated wind field is assumed homogeneous,
stationary and based on 10 min averaging time. It should be men-
tioned that there is a yaw angle between the mean wind direction
and the girder normal direction based on the wind measurement at
Lysefjord Bridge site. This angle is small and varying at different
time windows. For all the numerical cases presented in this paper,
the mean wind incident direction is assumed perpendicular to the
bridge girder, therefore, wind loads caused by the cross-wind com-
ponent (v component) are neglected. Finally, the cross-spectral
density of wind turbulence is assumed negligible, as suggested
by [20].

Figure 3 presents the targeted N400C3 spectral functions
(solid lines) and the simulated wind spectra (dashed lines, rep-
resenting an average of four time histories) for comparison. Al-
though the agreement between the two is good in the high fre-
quency range, some discrepancies are noticeable at low frequen-
cies (below 0.04 Hz for the along-wind direction and 0.05 Hz to
0.1 Hz for the vertical direction). The differences are partly due to
the relatively coarse frequency resolution (0.0017 Hz) bound by
the short duration (10 min) for the wind simulation and the number
of cases considered (only four). These discrepancies are not likely
to have a major influence on the Lysefjord Bridge buffeting re-
sponse because of its relatively high eigen-frequencies. However,
for future longer fjord-crossings with the lowest eigen-frequency
of the order of 0.01 Hz, a longer simulation time window is sug-
gested, to better describe the low frequency components of the
simulated turbulent wind field.

Figure 4 presents the simulated wind characteristics, at dif-
ferent bridge element nodes, for terrain category 3 and Ure f = 15
m/s. As expected, the mean velocity increases and the turbulence
intensity decreases with increasing height. At the bridge girder
elevation, the turbulence intensities vary between 0.16 to 0.2 in
the along-wind direction, and are around 0.09 for the vertical
turbulence component.

2.2 Bridge buffeting force model with/ without lin-
earization

It should be noted that the quasi-steady assumption is adopted
and only the linear quasi-steady aerodynamic coefficients are used
in the present study, as summarized in Table 5 [21].

Meanwhile, a damping term related to k0Bṙx is introduced in
the calculation of the buffeting overturning moment, where k0 is
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TABLE 5. Quasi-steady aerodynamic coefficients for the Lysefjord
Bridge.

Coefficient CD CL CM
∂CD

∂α

∂CL

∂α

∂CM

∂α

Girder 1.0 0.1 0.02 0 3 1.12

Cable 1.0 – – – – –

Hanger 1.0 – – – – –

Tower 1.2 – – – – –

FIGURE 5. Force components of the bridge girder cross section sub-
jected to wind load.

the horizontal distance between the aerodynamic and the shear
center, which is set as 0.25 in the current study, B is the width of
the girder and ṙx is the torsional velocity. Fig. 5 illustrates the
wind force components on the girder cross-section.

In Fig. 5, the instantaneous wind-girder angle includes two
parts: the torsional displacement rx , and the instantaneous angle
α due to the wind turbulence. Fig. 5 uses the same right-hand
coordinate as that in Abaqus, therefore, rx and ṙx are positive
anti-clockwise. This has been considered when calculating the
associated forces in Eq. 12. Therefore, the associated drag, lift and
overturning moment at the girder shear center can be expressed as

FD(t)
FL(t)
Mx(t)

=
1
2

ρU2
tot(t)B

H
B CD(α(t)− rx(t))
CL(α(t)− rx(t))

BCM(α(t)− rx(t))

 (12)

where the three aerodynamic coefficient derivatives with respect
to the angle of attack are denoted as C′D, C′L and C′M . The instanta-
neous effective wind velocity Utot(t) can be calculated by

|Utot |2 = [u+u(t)− ẏ(t)]2 +[w(t)− ż(t)+ k0Brẋ(t)]2 (13)

These forces are then decomposed into horizontal and vertical
components

[
Fy(t)
Fz(t)

]
=

[
cos(α(t)) −sin(α(t))
sin(α(t)) cos(α(t))

][
FD(t)
FL(t)

]
(14)

The overturning moment is applied by a pair of vertical forces
at the hanger connection point, as shown in Figure 5, with the
force magnitude calculated by

FHy(t) =
Mx(t)

BH cos(rx(t))
(15)
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Eqs. 12 to 15 are the full expressions of the applied wind
buffeting forces in time-domain. It can be observed that all the
three force components in Eq. 12 have time-dependent elements
on the right hand of the equations, which are related to the girder
motion terms, known as motion-dependent forces. In the time-
domain buffeting analysis in Abaqus, these motion-dependent
forces are calculated at each time step and applied to the ele-
ments using a user-defined subroutine. For the cable, hanger and
tower elements, only the mean and the fluctuating drag forces are
considered, using a similar approach as that for the girder.

In the expression for the total velocity Utot in Eq. 13, there are
non-linear terms of wind turbulence and girder motions, which
have to be linearized when the frequency domain approach is
used [10]. The linearized forces are given in Eqs. 16 to 20. Eq.
17 gives the static wind load, Eq. 18 represents the buffeting load,
Eq. 19 shows the aerodynamic damping matrix and Eq. 20 stands
for the aerodynamic stiffness.

F = A0
[
u
]
+A1

[
u(t)
w(t)

]
−Cae

 ˙y(t)
˙z(t)
˙rx(t)

−Kae

 y(t)
z(t)
rx(t)

 (16)

where:

A0 =
1
2

ρuB

H
B CD
CL

BCM

 (17)

A1 =
1
2

ρuB

2 H
B CD

(H
B C′D−CL

)
2CL

(
C′L +

H
B CD

)
2BCM BC′M

 (18)

Cae =
1
2

ρuB


2 H

B CD
H
B C′D−CL k0B(H

B C′D−CL)

2CL C′L +
H
B CD k0B(C′L +

H
B CD)

2BCM BC′M k0B2C′M

 (19)

Kae =−
1
2

ρu2B

0 0 H
B C′D

0 0 C′L
0 0 BC′M

 (20)

3 RESULTS AND DISCUSSION
Time-domain methods considering both linear and nonlinear

buffeting force model are applied to investigate the buffeting
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FIGURE 6. Wind induced lateral displacement of the bridge girder,
evaluated using time domain simulation with linear and non-linear force
models (top: mean lateral displacement comparison; bottom: lateral
displacement standard deviation comparison).

response of the Lysefjord Bridge to understand the effect of the
non-linear terms of the wind buffeting loads. The influence of the
wind loads from the main cables, hangers and towers on the bridge
girder response is also studied. Furthermore, numerical results
considering different mean wind velocities and terrain categories
are compared with the field measurement data acquired over a
period of one-year in 2015.

3.1 Influence of the linearization of the wind buffeting
forces

Fig. 6 presents the comparison of the girder lateral displace-
ment estimated using linear and non-linear force models, whereas
Fig. 7 presents the comparison of the PSDs of the girder lateral
displacement at the mid-span. The results for the vertical and the
torsional response are given in Figs. 8 to 11 respectively. The
wind field simulated for a terrain category 3 with Ure f = 15 m/s
has been used for this study on wind load linearization effect.

Comparison in Fig. 6 indicates that the mean lateral dis-
placement using the non-linear force model is smaller than the
one using linear force model, but the standard deviation (std) is
slightly larger with the linear force model than without. Com-
parison of the PSDs in Fig. 7 shows a good agreement between
the two methods at capturing the response at dominant eigen-
frequency, corresponding to mode HS1 in Table 3. Frequency
components associated with the higher symmetric modes HS2
and HS3 are also visible. Another response frequency compo-
nent, corresponding to mode TS1 is also quite significant in the
spectrum, due to a structural coupling, i.e. a minor horizontal
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component of the TS1 mode. There are also some spectral peaks
capturing the cable or tower dominant lateral modes, involving
some lateral motion of the girder, as marked in Fig. 7.

The comparison of the vertical response in Fig. 8 shows that
different force models give rather consistent results, with almost
invisible differences. The displacement estimated using a non-
linear force model is slightly larger than that from the linear force
model. The comparison of the vertical displacement PSDs in Fig.
9 substantiates the good agreement seen in Fig. 8. The first six of
the vertical symmetric eigen-frequencies are captured, as marked
in Fig. 9.

The comparison of the calculated torsional displacements
in Fig. 10 again shows good agreement among the results ob-
tained by different force models, where only minor discrepancies
are observed. Good agreement is also observed in the PSDs in
Fig. 11 for the torsional motion, which clearly shows a mode
coupling with mode HS1. This is because the first symmetric
lateral mode includes a torsional component due to the “arch”
shaped girder. Coupling with mode VS1 is also observed in the
torsional response spectrum, due to the aerodynamic load cou-
pling, as expressed in Eqs. 19-20. Other small frequency peaks
are also identified, which are related to tower motion-induced
girder torsions.

To quantify the influence of the linearization of the wind
buffeting forces on the bridge response, we have summarized
the results at the bridge girder mid-span, see Table 6. The re-
sponse parameters are normalized with reference to the values
obtained using a non-linear force model. The linearization of
the buffeting wind forces leads to an overestimation of the mean
lateral and torsional response by 6% and 2.6% respectively, and
the underestimation of the mean vertical response by 2.1%. The
standard deviation of the lateral, vertical and torsional response is
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FIGURE 8. Wind induced vertical displacement of the bridge girder,
evaluated using time domain simulation with linear and non-linear force
models (top: mean vertical displacement; bottom: vertical displacement
standard deviation).
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FIGURE 9. Power spectral density of the bridge girder vertical dis-
placement, evaluated using time domain simulation with linear and non-
linear force models.

TABLE 6. Difference of the bridge girder response at mid-span us-
ing the linear time domain approach compared to the non-linear force
methods.

y z rx σy σz σrx

Difference (%) +6 -2.1 +2.6 -4.7 -1.5 -2.5

underestimated by 4.7%, 1.5% and 2.5% respectively.
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FIGURE 10. Wind induced torsional displacement of the bridge girder,
evaluated using time domain simulation with linear and non-linear force
models (top: mean torsional displacement; bottom: torsional displace-
ment standard deviation).
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3.2 Influence of wind loads from main cables, hang-
ers and towers on the bridge girder response

The differences of the bridge girder response with and with-
out wind loads on the cables, hangers and towers is investigated.
All cases are based on the time-domain method using a non-
linear force model considering the N400C3 wind parameters for
Ure f = 15 m/s. The results for the lateral, vertical and torsional
response are presented in Figs. 12 to 14 respectively. The cases
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FIGURE 12. Wind induced lateral displacement of the bridge girder
considering wind loads on the cable, hanger and tower (top: mean lateral
displacement; bottom: lateral displacement standard deviation).

with wind loads on the girder only are denoted as “G” in the
legend, “GC” stands for the girder and cable, “GCH” stands for
the girder, cable and hanger and “ALL” stands for wind loads on
the entire bridge.

Comparisons show that the wind loads on the main cables,
hangers and towers mainly have an influence on the mean and
fluctuating lateral response as well as the mean twisting response.
This is partly because we assume the drag coefficient derivative
and lift coefficient for the cable to be zero. A non-circular cross-
section of the main cable would be exposed to increased vertical
loads, and would therefore affect the vertical response of the
girder to a greater extent.

Table 7 summarizes the bridge response at mid-span con-
sidering the wind loads on the main cables, hangers and towers.
The response parameters are normalized with the values obtained
considering the wind loads on the entire bridge structure. It can be
observed that the mean and the fluctuating lateral, and the mean
torsional response are primarily influenced by the wind loads
on the main cables and hangers. The lateral and torsional mean
values are underestimated by about 10% if only wind loads on the
girder are considered. As for the dynamic lateral response, the
wind loads from the main cables and hangers contribute to the
entire response by 3.8% and 2% respectively. Their contribution
to the dynamic vertical and torsional response is negligible, 0.3%
and 0.2% respectively.
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FIGURE 13. Wind induced vertical displacement of the bridge girder
considering wind loads on the cable, hanger and tower (top: mean vertical
displacement; bottom: vertical displacement standard deviation).
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FIGURE 14. Wind induced torsional displacement of the bridge girder
considering wind loads on the cable, hanger and tower (top: mean tor-
sional displacement; bottom: torsional displacement standard deviation).

3.3 Time-domain numerical results compared with
field measurements

Based on the computed bridge response results presented in
the previous section, the time-domain method using the non-linear
force model considering the wind loads on the entire bridge is
selected to calculate the bridge buffeting response at different

TABLE 7. Discrepancy of the bridge girder response at mid-span when
including the wind loads on the girder only (G), the girder + main cables
(GC), the girder + hangers + towers (GCH), compared to the case where
the wind load is included on the full bridge structure.

y z rx σy σz σrx

GCH (%) -1.2 <0.1 0.8 -0.4 <0.1 0.3

GC (%) -4.6 -0.2 -2.7 -2.4 <0.1 0.1

G (%) -10.9 -0.5 -9.4 -6.2 -0.3 -0.2
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FIGURE 15. Lateral acceleration of the bridge girder, numerical re-
sults and full-scale measurements.

mean wind velocities and three different terrain categories. These
results are then compared to one-year of field measurement data,
as presented in Figs. 15 to 17.

The field measurement data corresponds to 10 min acceler-
ation samples recorded continuously from 2015-01-01 to 2015-
12-31, among which 10287 samples are associated with the wind
from South-West (SW) direction and 5627 samples for the wind
from North-East (NE) direction. The field measurement data pre-
sented in this section corresponds to the samples characterized by
a negligible influence of traffic-induced vibrations on the overall
bridge response. Once the separation between NE and SW wind
direction is done, the standard deviation of the acceleration is bin
averaged into 20 sections, and presented as a function of mean
wind velocity normal to the bridge deck V x, i.e. considering there
is a yaw angle in the field measurements. The variability of the
dynamic bridge response at each velocity bin is indicated by the
standard deviation of the bridge response inside each bin section.
The length of the bar marking the data range is twice the standard
deviation of the acceleration response inside each bin section.

In Fig. 15, the monitored lateral response for wind from NE
agrees best with the response simulated assuming terrain category
4 (N400C4), while the numerical results using terrain category
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FIGURE 16. Vertical acceleration of the bridge girder, numerical re-
sults and full-scale measurements.
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FIGURE 17. Torsional acceleration of the bridge girder, numerical
results and full-scale measurements.

2 (N400C2) are closest to the field response data from the SW
wind direction. The agreement is especially good for the mean
wind velocity lower than 15m/s. It should be noted that for the
wind field measurements from the NE direction, the turbulence
intensity is quite high, up to 30%. Even with terrain category 4,
the turbulence intensity is still not high enough. This may partly
explain the discrepancy between the measured and computed
responses at high wind velocity.

As the mean wind velocity increases, the full-scale response
data deviates significantly, depending on the wind direction, while
the numerical results fall in between the field measurements. The
difference in the monitored response for the two wind directions is
believed to be due to the influence of the terrain on the local wind
characteristics. The increasing discrepancy between computed
and measured buffeting responses suggests that a customized
wind turbulence model should be proposed for such complex

terrain topography that involves narrow fjords, mountains and
an island. Most importantly, it indicates that the terrain category
should be carefully chosen for the design of future fjord-crossing
bridges, where wind direction will also be an important factor in
determining the correct terrain category, as seen in the Lysefjord
Bridge case study. Local wind field observations are therefore
essential.

In Fig. 16, a similar trend is observed for the vertical re-
sponse, where the numerical results replicate well the field mea-
surements at low wind velocities. Again, the numerical results
using terrain category 4 (N400C4) agree well with the field mea-
surements from the NE wind direction, and the comparison be-
tween the numerical results using terrain category 2 (N400C2)
with the field measurements from the SW wind direction is also
satisfactory.

Fig. 17 shows that the numerical results slightly overesti-
mated the torsional response, especially for terrain category 4.
This is partly because the local wind characteristics may be dif-
ferent from that described in the N400 handbook. We believe
that the main reason for the discrepancy seen in the torsional re-
sponse is that we have at present not included any cross-sectional
aerodynamic admittance function, which is likely necessary as
the eigen-frequencies for the TS1 and TA1 modes are rather high.
This will be refined in the further work.

CONCLUSION
The present study presents the time-domain analysis of the

buffeting response of a suspension bridge. The in-service Ly-
sefjord Bridge is used as a study case, which allows a unique
comparison of the computational results with full scale response
data sampled over a one year period. The time-domain analysis
is performed with a finite element model. Turbulent wind field is
simulated according to the governing bridge design standard in
Norway for three different terrain categories.

The time-domain analysis indicates that the non-linear com-
ponents of the wind loading are of limited importance in the
present case, contributing to the standard deviation of the lateral
displacement by less than 5%. The contribution of the buffet-
ing loads on the main cables, hangers and towers to the lateral
dynamic response of the bridge girder is about 6%. With the
time-domain method, mode coupling, as well as the influences of
cables and towers on the bridge response are well captured in the
simulation results.

The buffeting response, estimated in terms of the standard
deviation of acceleration, are found in good agreement with the
one-year field measurement data. The numerical results for terrain
category 4 (N400C4) agree quite well with the field measurements
from the NE wind direction. Good agreement is seen between
the numerical results for terrain category 2 (N400C2) and the
field measurements from the SW wind direction. The comparison
indicates that the developed numerical method with the non-linear
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force model represents the bridge response reasonably well. Fur-
ther works will aim at an improved statistical significance of the
simulations, by increasing the number of simulations per analysis
“point”, introduction of a cross-sectional admittance function as
well as refined modelling of the motion-dependent forces.

The work presented in this paper is a preliminary study, aimed
at being useful for further studies of future super-long span bridges
proposed for several challenging fjord crossings in Norway. The
time-domain non-linear wind buffeting force model and the as-
sociated user-defined subroutine scheme within Abaqus, enable
us to expand the analysis to suspension bridge designs with the
towers on floating foundations, including the hydrodynamic loads
on the bridge floating tower. A longer time window is suggested
when generating the wind velocity time histories, to achieve a
good frequency resolution within the low frequency range of the
spectrum, as the planned super-long bridges will have their lowest
eigen-frequencies at around 0.01Hz. As a recommendation for the
future research, a customized wind turbulence model considering
the complicated local topography at the bridge site should be pro-
posed, to provide an improved description of the local wind field.
At last, the terrain category should be carefully chosen during the
future bridge design.
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