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ARTICLE INFO ABSTRACT
Keywords: Parametric effects induced by atmospheric turbulence have emerged as an important factor influencing the
Suspension bridges aeroelastic behavior and extreme response of long-span suspension bridges. Originating from angle-of-attack
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Long-term analysis

Parametric effects of turbulence

fluctuations due to large-scale turbulence, these effects can significantly modify aerodynamic damping and
stiffness, particularly for streamlined bridge decks. Long-term analysis, mainly adopted in the field of offshore
structures, overcomes some limitations of classical Davenport theory-based approaches for calculating the
dynamic response to turbulent wind of flexible structures, such as long-span suspension bridges. Among other
aspects, it accounts for the influence of the statistical variability in turbulence parameters on the structural
response, which is expected to impact on the actual role played by parametric effects of turbulence. However,
accounting for these effects typically requires time-domain simulations, leading to prohibitive computational
costs. This study introduces an efficient frequency-domain framework that incorporates the most significant
parametric effect of turbulence (the so called “average parametric effect”) into the long-term evaluation of
extreme response. The proposed formulation also includes static response and flutter instability, two aspects
usually overlooked in previous contributions. The methodology is applied to the Halsafjorden Bridge, a planned
2000-m span suspension bridge in Norway. Three different wind scenarios, in terms of turbulence intensity and
mean wind speed, are also considered. Long-term extremes are close to the results of the classical short-term
approach if the mean wind speed is the only environmental random variable. In contrast, non-negligibly larger
long-term responses are obtained if the randomness in turbulence intensity is also considered. Moreover, results
reveal that the parametric effects of turbulence can significantly increase the long-term extreme response,
particularly in torsion, where turbulence-induced damping reductions may lead to response increments of up
to 41% for a return period of 100 years. Their impact is greater than in classical short-term analyses, where
the average parametric effect leads to an increase in the torsional response of about 33%. This behavior is even
more pronounced for higher return periods. These findings highlight that the combined influence of parametric
effects of turbulence and randomness in the environmental parameters (e.g., turbulence intensity) can properly
be assessed only within a long-term analysis.

1. Introduction

Over the past decade, increasing attention has been devoted to the
so-called parametric effects induced by atmospheric turbulence on the
aeroelastic behavior of flexible civil structures, particularly long-span
suspension bridges. These effects occur when large-scale turbulent fluc-
tuations, especially in the direction traversal to mean wind direction
and structural axis, alter the local angle of attack over time and thus af-
fect the aerodynamic behavior of the structure. When self-excited forces
exhibit strong sensitivity to the angle of attack, as is typically the case
for streamlined bridge decks (e.g., Diana et al. 2013, Barni et al. 2021,
Wu et al. 2020), variations in wind incidence can lead to significant
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changes in the effective stiffness and damping of the system. This effect
gives rise to a class of time-variant dynamic systems commonly referred
to as parametrically modulated, which may manifest as transient ampli-
fication of vibrations externally excited by turbulence (buffeting) (Barni
et al., 2022; Calamelli et al., 2024) or even trigger aeroelastic instabil-
ities such as random flutter (Bucher and Lin, 1988; Poirel and Price,
2003; Barni et al., 2024). The resulting modulation of self-excited forces
has been modeled through various time-variant strategies (Lei et al.,
2024), including rheological formulations (Diana et al., 2008, 2013;
Diana and Omarini, 2020) and rational function approximations (Chen
and Kareem, 2001, 2003; Barni et al.,, 2021, 2022), in which the
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aerodynamic coefficients evolve with the turbulence-induced angle of
attack. These models show that fluctuations in wind incidence not only
affect the quasi-steady aerodynamic terms but also modify the memory
effects in the fluid-structure interaction. In contrast, it has been shown
that the parametric effect associated with fluctuations in the wind
velocity magnitude is marginal (Barni and Mannini, 2024). Among the
nonlinear features that emerge, one of the most important, particularly
in the context of wind-resistant design of long-span suspension bridges,
is the change in the statistical distribution of response maxima. Indeed,
parametric effects can significantly alter the effective damping and
consequently the predicted response extremes, particularly as wind
conditions approach the flutter instability threshold (Barni et al., 2022,
2024; Barni and Mannini, 2024).

The most widely adopted approach for estimating wind-induced
extreme response remains the classical framework introduced by Dav-
enport (Davenport, 1961, 1962), which combines Rice’s formula for
threshold crossing rates of Gaussian processes (Rice, 1944) with a
Poisson model for maxima, and defines the peak response as propor-
tional to the mean via the so-called gust response factor. This method
is very convenient for design purposes, but, even renouncing to the
simplification of the gust response factor and performing full dynamic
calculations, this classical approach relies on several key assumptions
that may not always hold, especially in the case of long-span bridges.
Its main limitations are discussed here below.

1. Davenport’s approach implicitly assumes that the extreme re-
sponse associated with a given return period occurs at the corre-
sponding design wind speed. However, such a maximum of the
response can also be encountered for higher and lower mean
wind speeds. Indeed, the pioneering work of Cook and Mayne
(1980) (see also Cook and Mayne 1979, Kopp and Morrison
2018) showed that non-negligible underestimates of extremes
may result from this simplified approach.

2. The method does not allow considering randomness in turbu-
lence parameters (e.g., turbulence intensities), which is instead
important especially (but not only) when a directional analysis
is not possible, and which has been considered in some recent
studies (Fenerci and Qiseth, 2017a,b; Castellon et al., 2022;
Lystad et al., 2020). It has been shown that the peak response
is more likely to result from a combination of moderately high
values of the various random variables describing the wind
event, rather than from the extreme of one of them (e.g., the
design wind speed). Once again, ignoring this joint variability
may lead to a non-conservative estimation of structural peak
response.

3. It is assumed that the distribution of response maxima during
a storm is sufficiently narrow for its expected value to be rep-
resentative. However, this assumption may not hold for very
flexible structures with low zero-upcrossing rates, as illustrated
in Fig. 1. This issue is further exacerbated by the presence of
uncertainties in wind and structural parameters, as pointed out
by Solari (1997).

4. The use of a Poisson model for the distribution of maxima re-
quires threshold crossings to be independent. In very flexible and
lightly damped structures, such as long-span bridges, this condi-
tion may be violated due to the occurrence of clustered crossings,
as discussed by Vanmarcke (Vanmarcke, 1975; Vanmarcke and
Lai, 1980).

5. The peak factor in the classical approach is a function of the
assumed duration of the design wind event. The sensitivity to
such an “observation time” is more pronounced for flexible struc-
tures with low zero-upcrossing rates. In such cases, extending the
observation time from 10 min to one hour can lead to differences
in the estimated peak response of up to 20%-30%.
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Fig. 1. Probability density function (PDF) of maxima for the lateral response
of a few famous bridges (either existing or proposed), obtained for an observa-
tion time 7 of ten minutes (for the sake of simplicity, the zero-upcrossing rate
v;'o is assumed to coincide with the first mode natural frequency). r represents
the generic response threshold, and o, the response standard deviation.

Some of these limitations are well-established concepts in marine
engineering (Kleiven and Haver, 2004; Haver and Kleiven, 2004) and
have been addressed in offshore structure design standards (Norwegian
Technology Standards Institution, 2007) through the adoption of full
long-term extreme analysis. The full long-term approach (Neass, 1984;
Nass and Moan, 2013) addresses the first two limitations mentioned
above by integrating all extreme responses for a given observation
time (short-term responses) across the full range of environmental
conditions the structure may experience during its lifetime, weighted
by their joint probability of occurrence. This inherently resolves the
third issue, as the distribution of maximum response given a storm
event with certain characteristics is directly included in the integration.
Also, the dependence of the extreme response on the observation time
(point 5.) is implicitly accounted for by a long term-analysis invoking
the population probability distribution of the environmental param-
eters. Compared to most reliability approaches, which are based on
the extreme value distribution of an intensity measure, this is also a
great advantage when frequent events are important for the analysis
(e.g., fatigue and vortex-induced vibrations). A few applications of
long-term extreme analysis to suspension bridge response due to wind
are already available in the literature (Lystad et al., 2021; Xu et al.,
2022; Castellon et al.,, 2022; da Costa et al., 2023; Banday et al.,
2025). In particular, Lystad et al. (2021) shows that long-term estimates
can substantially differ from short-term predictions (up to 25% higher
stresses).

Treating multiple turbulence parameters as random variables dra-
matically increases the computational cost, making brute-force eval-
uation of the long-term integral impractical for more than two/three
variables, even in the frequency domain. In this context, the inclu-
sion of parametric effects of turbulence becomes particularly critical.
Indeed, their influence may be amplified within a long-term frame-
work, where rare but highly turbulent wind conditions and high wind
velocities are probabilistically considered. On the other hand, fully
capturing them requires time-domain simulations for each short-term
scenario (Chen and Kareem, 2003; Diana et al., 2013; Barni et al.,
2022), compounding the computational burden and potentially render-
ing the analysis unfeasible. Therefore, reducing the computational cost
is crucial, whether for analyzing nonlinear aeroelasticity (e.g., para-
metric effects of turbulence) or evaluating long-term extremes. For
the second issue, one possible strategy is to reformulate the long-term
extreme value integral, originally based on the conditional probability
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of short-term extremes (Borgman, 1973; Krogstad, 1985), as a struc-
tural reliability problem (Madsen et al., 2006; Melchers and Beck,
2018). This enables the use of inverse first- or second-order reliability
methods (IFORM or ISORM), as demonstrated by Giske et al. (2017)
and applied to wind turbines (Haver and Kleiven, 2004; Agarwal and
Manuel, 2009) and bridges (e.g., Lystad et al. 2021, Quintela et al.
2025). An alternative strategy is the use of surrogate models, which
can drastically reduce the number of required calculations. Among
these, Gaussian Process Regression-based approaches (Rasmussen and
Williams, 2005) have gained popularity thanks to recent advancements
in machine learning (Hu and Mahadevan, 2016; Gaspar et al., 2014;
Xiao et al.,, 2018), and have successfully been applied to long-term
analysis of suspension bridges (Lystad et al., 2023; Castellon et al.,
2023). In parallel, multiple timescale spectral analysis (Denoél, 2015),
already applied to long-term response analysis (Fenerci et al., 2022),
may allow for a more efficient computation of individual buffeting
responses in the frequency domain.

This study aims to integrate the most significant parametric ef-
fects induced by atmospheric turbulence into the long-term extreme
response analysis of a suspension bridge, within a numerically effi-
cient frequency-domain framework designed to capture their impact
on structural response. A second goal of this work is the integration of
both static response and flutter instability into the long-term analysis.
The former is typically evaluated separately at the design mean wind
speed, and its rigorous incorporation into long-term analysis represents
an important complication compared to offshore structures, as the
static wind-induced response of suspension bridges, particularly in
lateral bending, is usually large and cannot be ignored. On the other
hand, instabilities such as flutter are usually neglected in long-term
frameworks. Nevertheless, although flutter typically arises under rare
environmental conditions, its large post-critical response can influence
long-term extreme statistics.

The methodology is demonstrated using the Halsafjorden Bridge
as a case study, considering three different wind scenarios. This is
a 2000-m main span suspension bridge planned as part of Norway’s
E39 coastal highway project (Dunham, 2016). Owing to its excep-
tional flexibility and the associated low damping near the stability
threshold, the validity of key assumptions commonly adopted in long-
term analyses, such as the independent crossing hypothesis (point 4 in
the previous list of classical Davenport approach limitations), is also
critically assessed. Long-term results are compared to the outcomes of
simplified short-term analyses, and the impact of parametric effects of
turbulence is highlighted, providing new insight into their importance
for an accurate and safe design of long-span suspension bridges.

2. Methodology
2.1. Short-term extremes

Let us assume the bridge response R(r) is a stationary stochastic
process over a short-term time period of length 7, falling in the wind
spectral gap (Van der Hoven, 1957). If high response level crossings can
be considered statistically independent events (a reasonable assumption
as long as the process is not excessively narrow-banded), the probability
of not exceeding a threshold r within the specified time window of
duration T (i.e., the probability that the maximum of R(r) over this time
window, indicated as k(T), remains below r) can be calculated using a
Poisson distribution (see, e.g., Naess and Moan 2013).

Fpery(r) = exp [-vi() - T] (@))

where v} (r) denotes the mean upcrossing rate of threshold r. If the
process is also Gaussian with non-zero mean pp, v;(r) can be expressed
as:

2
VA() = v, exp [—% M] @

mRO
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where
N Ny
Ry

27 \| mg,
and

© ;
mp, =/ @' Sg(w)dw
0

provided that r > ug; vy is the zero average upcrossing frequency.
S is the power spectral doensity of the response, w indicates a generic
circular frequency, and mp, is the associated spectral moment of order
i; in particular, mp and mp, represent the variance of the response
process and of its derivative, respectively.

If the sign of a specific response quantity is not of interest (e.g., for
limit acceleration or deformation checks), one has to consider not only
the upcrossing of barrier r but also the down-crossing of —r. This
corresponds to consider upcrossings of threshold r by the process |R(7)|,
known as D-type crossing (see, e.g., Vanmarcke 1975), as opposed to
B-type crossing described above. In this case, the definition of the mean
upcrossing rate becomes:

v‘+R|(r) = v;(r) + v(=r)

r? + ;42 .
=2vh exp _1 R\ | cosh | #RE 3
Ro 2\ mp, mpg,

where v}, and v, represent the rates of upcrossing the positive barrier
r and down-crossing the negative barrier —r, respectively.

Under the above mentioned assumptions for the probability of first
crossing of threshold r, in the classical Davenport approach, the peak
dynamic response associated with a given return period Ty p can simply
be calculated as the expected value of the distribution E Fpry®
under a mean wind speed with the same return period. The validity
of the independent crossings assumption, which is instrumental in
modeling maxima as a Poisson process (Eq. (1)), will be examined in
Section 5.2 to assess whether it holds for the present case study.

2.2. Long-term extremes

In the long term, the bridge response induced by wind can no longer
be considered stationary, as wind characteristics vary over the long-
duration period T;; (e.g., one year). Nevertheless, it is assumed that
there exists a short-time window T (with T, = N - T, where N is
the number of short-term events composing the long-term interval),
consistent with the wind spectral gap, such that the environmental
parameters (e.g., mean wind velocity, turbulence intensity, and others)
can be considered constant over it. As a result, the response process
R() can be assumed locally stationary within each short-term event.
Then, the probability that the long-term extreme response R(T;;) does
not exceed a certain threshold r can be written as:

N
P[R(Typ) <r|=P [ﬂ R(T) < r] ©)
i=1

If the short-term maxima Iii(T) from different intervals are assumed
to be mutually independent (provided that T > 2z, /mpg /mg,; see
e.g., Krogstad 1985), the overall probability becomes a product of
probabilities:

N N
P [ﬂl R/(T) < r] = H P[R(T) < 1| 6)

where each term P [ﬁi(T) < r] represents the probability that the max-
imum response in the ith short-term interval does not exceed r. Ac-
cording to the law of total probability, this can be expressed as:

PR(T)<r] = / Faer)(rIw) fy(w) dw 6)
w
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Here, Fpory(r | w) denotes the cumulative distribution function (CDF)
of the maximum response over the short-term interval 7, conditioned
on a realization w of the environmental parameters, and fy(w) is the
probability density function (PDF) of those environmental parameters.
The vector w € W represents a specific combination of environmental
variables (e.g., mean wind speed, turbulence intensity, wind direction),
and W denotes the domain of all possible realizations.

Assuming that the wind states are statistically independent and
identically distributed events, meaning that the environmental vectors
w associated with each short-term window are characterized by the
same probability density function fy(w), the product in Eq. (5) simpli-
fies to the Nth power of a single probability P [ﬁi(T ) < r]. Moreover, if
threshold upcrossings are rare events and thus statistically independent
within each short-term interval (Naess, 1984), the conditional distribu-
tion Fp . (r | w) can be approximated using a Poisson model. Under
these assumptions, Eq. (4) becomes:

N
P[R(Tp) <r| = { /W Faory (r1W) fiy (W) dw} @

N
= {/ exp [-vi(rlw) - T] fw(w)dw}
W

where v;(rlw) is the mean rate of crossings the threshold r over
the interval T, conditioned on the environmental parameters w (see
Eq. (3)). It is important to note that raising the integral to a large
power as N amplifies any approximation in the evaluation it. Accurate
computation is therefore required, particularly in regions of the envi-
ronmental parameter space W where the integrand attains its largest
values. Accordingly, the discretization of W must be selected so as to
guarantee an accurate numerical evaluation of the integral. However,
if only rare events are of interest, 1 — P[R,-(T) < r] is a small quantity
and then the following approximation holds:

PRIy <r] = 1= N/ {1—exp [-virIw) - T]} fw(w)dw (®)
w

This expression corresponds to the first-order expansion of (1 — x)V ~
1 — Nx, which is valid for Nx <« 1.

Several alternative approaches have been developed in the literature
to estimate long-term response statistics. Among these, a methodology
widely used in the field of marine structures is based on the assumption
that extreme peaks are statistically independent but not identically
distributed across all short-term conditions. In this context, the long-
term distribution can be obtained either by determining the long-term
average upcrossing rate, as suggested by Ness (1984), or by enforcing
the ergodic mean (Borgman, 1973) of short term maxima, as done
by Sagrilo et al. (2011) and Giske et al. (2017). In this work, we
adopt the formulation of Eq. (7), as it allows for the inclusion of
static response and flutter instability effects in the long-term evaluation
without theoretical and practical issues, as will be discussed in Sec-
tion 2.4. It is worth noting that Eq. (7) represents a structural reliability
problem (Melchers and Beck, 2018) and can be solved using classical
reliability methods such as IFORM or ISORM, as done in Sagrilo et al.
(2011), Giske et al. (2017) and Lystad et al. (2021). Eq. (7) is similar
to the equations of performance-based wind engineering (Ciampoli
et al,, 2011), adapted from the famous PEER equation in the field
of earthquake engineering (Baker and Cornell, 2003), assuming the
bridge response R as engineering demand parameter and the vector of
environmental random variables w as intensity measure. Compared to
these approaches, the major difference is that the probability density
function of the whole population of the environmental random vari-
ables is invoked in Eq. (7) instead of the annual probability density
function of the intensity measure.

2.3. Bridge response calculation

In this work, the wind-induced response of the bridge, expressed in
terms of lateral, vertical and torsional deck displacements at a given
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spanwise position, is collected in a vector R(r) = [R,(® R.(t) Ry .
Then, the vector uy indicates the static (mean) response of the bridge.
In the following, we restrict our attention to a single response compo-
nent, so as not to overload the notation. The former is associated with
the steady aerodynamic loading induced by the mean wind velocity
V,,, and is computed here by projecting the mean aerodynamic force
onto the modal shapes of the structure. The resulting modal loads are
then solved in the modal space through the inversion of the modal
structural stiffness matrix, and the results are subsequently projected
back onto the physical coordinates to obtain the static displacements.
Notably, this contribution depends only on the bridge stiffness, mean
wind velocity, and aerodynamic coefficients of the deck section. It is
also important to point out that the static rotation at mid-span, «a,,, will
be used later in Section 3 for evaluating the aerodynamic derivatives.

Buffeting analyses required to determine the spectral moments of
the response are conducted using state-of-the-art multimodal buffeting
approaches (Jain et al., 1996; Katsuchi et al., 1999; Chen et al., 2000;
Qiseth et al., 2010), which account for aerodynamic damping and
stiffness associated with self-excited forces arising from fluid—structure
interaction. In short, buffeting response cross-spectral density S; €
€39 is obtain by solving the following equation:

Sp (V. x, @) = D(x) [E;Il(V,,w) S5(@) E;”(V,,a;)] @' (x) )
where
E,(V,.0) = [-Mo’ + (C; - C,,(V,.»)) jo

_ (10)
+ (Ko - K (V. 0)) ]

Here, ®@(x) € R3>*Nn is the matrix of mode shapes evaluated at the
bridge deck position x (N,, is the number of modes considered), while
E,(w) € CN»*Nn denotes the generalized impedance matrix in the
frequency domain. The tilde symbol (7) denotes quantities expressed
in the modal coordinate system #, while the asterisk (*) indicates
the transpose conjugate of a matrix. Specifically, M, C,, and K, €
RN»*Nu denote the structural mass, damping, and stiffness matrices,
respectively, while C,,(w) and K,,(w) € R¥»*Nn are the aerodynamic
damping and stiffness matrices, expressed as functions of the reduced
velocity V, = V,,/(fB), where B is the bridge deck width and f the
frequency of the motion (with f = w/(27)). The imaginary unit is
denoted by j. The generalized impedance matrix E,(w) is also used to
assess the aeroelastic stability of the system by inspecting its eigenval-
ues (see, e.g., Jain et al. 1996). The matrix Sp(w) € CNw*Nn is the
cross-spectral density matrix of the buffeting forces. Following the ap-
proach adopted by Qiseth et al. (2010), these forces are modeled using
the linearized quasi-steady theory in combination with aerodynamic
admittance functions, as follows:

Sp(a))://@’(x,)Bq(a))Sv(Ax,a))B;(a))Q(xz)dxldxz 1)
¢ Je
where
S, (Ax,w) S, (4x,®)
S,(4x, ®) = [ uu i 12)
v Su(dx, @) S,,,(4x, )
D Der
VB 22Cp B,CD - c,
B, (o) = 2C;,  Cp+2Cp[oA(@) 13)
2BC,  BC),
In Egs. (11)—(13), Ax = |x; —x,| denotes the spanwise separation,

and the double integral extends over the bridge span #. The matrix
S,(4x, ) contains the auto- and cross-spectral densities of the longi-
tudinal and vertical wind velocity fluctuations u and w, respectively
(see, e.g., Eq. (21) in Section 4.3). The matrix B, (w) is the buffeting
load coefficient matrix, where p is the air density, B the deck width,
and D the deck depth. Cp, C;, and C), denote the mean drag, lift,
and moment static coefficients (assuming that drag is normalized based
on the length D, while lift and moment are normalized based on B;
see Section 4.2), while the prime indicates the derivative with respect
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to the angle of attack. The matrix A,(w) contains the aerodynamic
admittance functions, which model the unsteadiness of buffeting forces.
The symbol (o) denotes the Hadamard (element-wise) product.

It is worth anticipating here that, if parametric effects induced by
turbulence are considered, the impedance matrix E, depends not only
on the reduced velocity but also on the turbulent wind characteristics,
especially the vertical turbulence intensity (see Section 3). Finally, the
mean upcrossing rate v;(r) appearing in Eq. (2) can be calculated
for every bridge response component from Sg(w) as explained in Sec-
tion 2.1. The procedure for calculating the long-term extreme response
is summarized in Appendix A.

2.4. Contribution of static response and flutter stability

In the case of suspension bridges, the mean static displacement
induced by steady aerodynamic loads may be significant and can
substantially influence the upcrossing rate of a given threshold (see
Eq. (3)). Therefore, it is not justified to assume a purely dynamic
formulation with zero mean response (uz = 0), nor to evaluate the
static response separately at the mean wind velocity associated with
the selected return period Tgp, as the static and dynamic compo-
nents nonlinearly interact in the long-term statistics. In this work,
the static response is directly included in the mean upcrossing rate
expression (Eq. (3)) and is incorporated in the long-term calculation
without additional assumptions. However, there exist wind velocity
range V,, > V.* such that the mean response ug(V,,) exceeds the design
threshold r, i.e., r — ur(V,,) < 0. In this case, the static response
alone leads to exceedance of the threshold r, and the conditional
probability becomes null: FR(T)(’Wm) = 0. In contrast, this line of
reasoning cannot be extended to long-term formulations based on
ergodic averages (e.g., Eq. (15) by Sagrilo et al. 2011, or Nass 1984
and Giske et al. 2017), which involve the logarithm of the conditional
probability, log [FR(T)(’ | Vm)]. Indeed, when V,, - V., Fpery = 0 and
the logarithm tends to —oo; therefore, these very rare events lead to
a null long-term probability of non-exceedance. It is also important
to remark that the proposed long-term formulation with the static
response naturally converges to the static response caused by the mean
wind speed associated with the same return period if the turbulence
intensity tends to zero (i.e., if the dynamic contribution vanishes).

Flutter instability potentially leads to catastrophic oscillations of a
bridge; therefore, design criteria usually require that the flutter critical
wind speed is higher than a design wind speed associated with a
return period significantly larger than that considered for buffeting
loads. As a result, the combinations of environmental parameters w
that trigger flutter (i.e., that make the real part of the eigenvalues of
the impedance matrix in Eq. (10) positive at the flutter frequency)
define a sub-domain W, c W, which is generally associated with
very low probability. Nevertheless, the contribution of this unstable
domain to the long-term integral in Eq. (7) might not be negligible if the

annual flutter probability (namely, 1— (1 — { fw fw(w)dw} ) is not
vanishingly small. Rigorously accounting for the impact of flutter on
long-term response would require modeling the post-critical behavior
via nonlinear formulations that include large structural displacements
(e.g., Salvatori and Spinelli 2006) and nonlinear self-excited forces
(e.g., Gao et al. 2024, Wu et al. 2023). Nowadays, this is still very
challenging from the modeling point view, computationally expensive,
and also very uncertain since the amplitudes of limit-cycle oscillations
are highly sensitive to nonlinear structural damping (in addition to
aerodynamic damping, obviously). This is also the reason why flutter
instability has never been considered in long-term extreme response
evaluations (Castellon et al., 2023; Lystad et al., 2023).

In a reasonably simplified way, we assume here a linear behavior of
the system (i.e., the divergence of the oscillations beyond the critical
wind speed), implying that the probability that the response remains
below a threshold r is null (F k(T)("|W) = 0 for every w € W f) for
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Fig. 2. Schematic representation of the bridge pre- and post-critical buffeting
response. The two scenarios of extreme bridge response at a specific return
period (rr, ), corresponding to amplitudes within and beyond the jump
associated with the subcritical bifurcation, are shown in green and red on the
ordinate, respectively.

any r of practical interest and for every point along the bridge span.
Naturally, this approach has some limitations, as illustrated in Fig.
2. In particular, it may become overconservative when the threshold
associated with the target return period falls within the range of limit-
cycle oscillation amplitudes that occur after the onset of flutter and
can be not so large in some cases (the r-threshold domain highlighted
in red in Fig. 2). However, such scenarios are considered unrealistic
for streamlined bridge cross-sections, where vibrations typically grow
rapidly once instability sets in, as confirmed by experiments on flat
plates (Pigolotti et al., 2017) and full bridge models (Xu et al., 2021).
Therefore, the practical impact of this limitation is negligible for the
class of structures considered here. The proposed approach provides
a reasonable penalization of long-term response contributions from
the critical environmental sub-domain W, under the idealized as-
sumption of indefinitely linear post-critical behavior, an approximation
conceptually analogous to the assumption of indefinitely linear material
behavior in structural analysis. In this sense, the approach can be
regarded as conservative to a large extent.

3. Average parametric effect

Over the past thirty years, models have been developed to capture
the impact of turbulence-induced angle-of-attack variations on un-
steady self-excited forces (Chen and Kareem, 2003; Diana et al., 2013;
Barni et al., 2022). The physical concept behind these models is that
the large scales of turbulent wind (low-frequency part of the turbulence
spectrum) slowly vary the wind inclination seen by the bridge cross
section. Such variations in the angle of attack can be very pronounced
(much higher than those induced by bridge motion; see, e.g., Barni et al.
2021, Bocciolone et al. 1992 and Diana et al. 1993) and instantaneously
change along the bridge span according to the spanwise correlation of
turbulence. When bridge aerodynamic derivatives are sensitive to vari-
ations in the angle of attack, as shown for many bridge cross sections
(e.g., Barni et al. 2021, Diana et al. 2013, Diana and Omarini 2020,
Argentini et al. 2016), stochastic changes in aerodynamic damping and
stiffness occur over time. Recent studies (Barni and Mannini, 2024;
Barni et al., 2024) have demonstrated that, during a synoptic wind
event, turbulence-induced parametric effects can destabilize structures
like the Hardanger Bridge, Norway, primarily through the so-called
“average parametric effect”, which arises from the difference between
the average aerodynamic derivatives over a fluctuating angle of attack
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and those calculated for the average angle of attack, a,, (Barni and
Mannini, 2024) («, is the sum of the bridge static rotation under
wind, 6, and the mean wind-velocity inclination, ay ). This effect
depends on the probability density function of the angle of attack,
a(t) = atan[w(t)/(V,, + u(?))], where u and w are the longitudinal and
vertical turbulent components of the wind velocity, and V,, is the
mean wind speed, neglecting the contribution of bridge motion. It is
worth noting that the average parametric effect depends solely on one-
point statistics of turbulence, meaning that it is not influenced by the
spanwise correlation of wind velocity fluctuations (Barni and Mannini,
2024).

To account for the average parametric effect of turbulence in a
frequency-domain buffeting calculation, one can consider an average
set of aerodynamic derivatives, AD, determined through the following
ensemble average:

AD (V,,a,,) :E[AD(V,,am)]:/AD(V,,a)fa(a,am)da 14)

where AD(V,,a) represents a generic aerodynamic derivatives, pro-
vided by either the 2D Rational Function Approximation (2D RFA)
model (Barni et al., 2021) or other approximations or interpolations in
the multivariate domain of reduced velocity ¥V, and angle of attack a.
Here, f,(a,a,,) is the probability density function of the angle of attack,
and «,, represents the sum of mean wind inclination and bridge steady
rotation under mean wind. Assuming that the probability distribution
of the angle of attack coincides with that of vertical turbulence (i.e., a =
atan[w/(V,, + w)] ~ w/V,,) and that the latter is Gaussian, the PDF
of the angle of attack has mean «,, and standard deviation I,, (Barni
and Mannini, 2024), where the latter denotes the vertical turbulence
intensity:

Fula,ay) = — [ 1(“_“'”>2] as)
L a,) = exp | —=
IR 2\,

The major simplification in this approach is that all turbulent fluctua-
tions are considered effective for the average parametric effect. Indeed,
a well-known open issue is associated with the turbulence spectrum
cut-off for parametric excitation. The current method is supposed to
overestimate slightly the average parametric effect of turbulence, and
this should be borne in mind for design purposes (especially when
parametric effects reduce the impact of the wind load). However, the
effect of introducing a cut-off in the parametric excitation bandwidth
has been analyzed and quantified in detail for another bridge in Barni
and Mannini (2024), where excluding the higher-frequency part of the
spectrum was shown to produce only limited changes in the predicted
response. It is also important to stress that the average parametric
effect as calculated in Eq. (14) does not require a Gaussian probability
density function for the angle of attack. Non-Gaussian models for the
turbulent velocities (e.g., for the vertical component, which is often
observed to exhibit marked non-Gaussian features; see e.g., Liu et al.
2011 and Buono et al. 2024) could in principle be used in Eq. (14)
by replacing the Gaussian probability density function in Eq. (15),
or a time-domain procedure could be followed if wind velocity time
histories are available or simulated beforehand. Therefore, Gaussian-
ity is a convenient baseline rather than a fundamental requirement
for estimating the average parametric effect. By contrast, introducing
non-Gaussian turbulence at the short-term response level would make
Rice’s formula for the upcrossing rates (Egs. (2)-(3)) no longer valid,
and would require a different first-passage framework for short-term
extremes, which is beyond the scope of the present work.

4. Case study
4.1. Halsafjorden bridge

Halsafjord, a fjord approximately 2100 m wide and 490 m deep, is
concerned by Norway’s Ferry-Free E-39 project. Among the proposed
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designs for crossing the fjord (e.g., the two-span suspension bridge with
tension-leg-platform floating pylons proposed in Aas-Jakobsen et al.
(2023)), the full-span suspension bridge with a main span of 2000 m
has been selected for this study. The bridge features two 300 m-tall
reinforced concrete towers, a sag-to-length ratio of the main cables of
8.8, and a deck supported by 83 hangers on each side, spaced 24 m
apart. The deck, with a mid-span elevation of 65 m, comprises two steel
box girders, each 2.5 m high and 16.5 m wide, spaced 4 m apart, while
the main cables are spaced 36 m apart (see Fig. 3). To enhance stability,
a central buckle at mid-span restricts relative displacements in the
bridge axis direction between the main cables and the stiffening girder,
effectively increasing the stiffness associated with all antisymmetric
modes.

The bridge modal properties are obtained using a finite element
model developed in Abaqus© (Fig. 4). Main and side suspension cables
and all hangers are modeled with truss elements (cables: area A =
0.45 m?, Young’s modulus E = 200 GPa; hangers: A = 4 x 1073
m?, E = 160 GPa; the density is 7850 kg/m?). The deck is modeled
with a spine beam approach. In particular, each steel box girder is
represented by a Timoshenko beam with A = 0.73 m?, second moments
I, = 064 m* and I, = 17.14 m*, torsional constant J = 1.85 m*,
mass per unit length m = 9300 kg/m, and rotary inertia per unit length
I, = 1.2 x 10° kg m?/m. The reinforced-concrete towers are modeled
as beam elements with equivalent sectional properties varying along
the height, with E = 35 GPa and density 2500 kg/m?, laterally linked
by cross-beams at elevations 50, 120, 200 and 290 m. The tower bases
are clamped to the foundations; the mid-span buckle is implemented
as a longitudinal constraint between the main cables and the stiffening
girders. The finite element model includes geometric nonlinearities
of the cables during the application of dead loads. A modal analysis
of the structure is conducted based on the tangent stiffness matrix
corresponding to the deformed configuration under dead load. The first
100 modes are extracted, covering a frequency range from 0.042 Hz to
0.98 Hz. Structural damping is modeled as proportional modal damping,
with a constant ratio of ¢ = 0.005. The key modes for buffeting and
flutter analyses are illustrated in Fig. 5.

4.2. Aerodynamic coefficients

To compute the bridge buffeting response, it is necessary to de-
termine both the static coefficients and the aerodynamic derivatives
of the Halsafjorden Bridge cross-section. These crucial coefficients are
obtained through wind tunnel tests conducted at the Fluid Mechanics
Laboratory of the Norwegian University of Science and Technology
in Trondheim, Norway. A 1:50 sectional model of the bridge deck
was used in the tests, incorporating all non-structural details, such as
barriers and aerodynamic appendices. The experimental setup and the
static and aeroelastic test procedure employed are described in Barni
et al. (2021). The static coefficients are measured over a range of angles
of attack between —10° and +10°, as shown in Fig. 6. These coefficients
are used to define the matrix B, reported here in numerical form as it
will be useful later for further considerations:

» 0.165 0.224
B,(w) = T 1-0.406  2.491 |oA (w) (16)
—1.323 22365

Since specific admittance functions for the Halsafjorden Bridge are not
available, Davenport’s formulation (Davenport, 1962) is used for all
aerodynamic admittance functions in A ().

Aerodynamic derivatives are measured at 13 discrete mean angles
of attack, spanning from —8° to +8° (namely, [-8, -5, —4, -3, -2,
0, 2, 3, 4, 5, 6, 7, 8]°). This range ensures a satisfactory representa-
tion of their dependency on the angle of attack, which is specifically
needed to compute the average aerodynamic coefficients as described
in Eq. (14) in Section 3. Reduced velocities V, up to 25 are considered.
A selection of aerodynamic derivatives is presented in Fig. 7 for a
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Fig. 4. Perspective view of the Halsafjorden Bridge finite-element model.
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Fig. 5. Shapes and frequencies of the most important modes used in the
buffeting and flutter analyses. # denotes the bridge main span.

subset of angles of attack. The 2D RFA model approximation is used
to derive the functions AD(V,,a) in Eq. (14). For values of « outside
the available range, the aerodynamic coefficients are assumed equal
to their values at —8° and +8°. It is apparent that the aerodynamic
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Fig. 6. Static aerodynamic coefficients for the Halsafjorden Bridge deck sec-
tion. C,, is normalized based on the deck depth D, while C; and C,, based
on the width B.

derivatives are highly sensitive to variations in the angle of attack. In
particular, the aerodynamic derivative P*, which contributes directly
to the aerodynamic damping in the lateral motion, generally decreases
as the angle of attack varies (the aerodynamic damping increases),
for both positive and negative values. Similarly, the key aerodynamic
coefficient A7, which provides a direct contribution to torsional aero-
dynamic damping, becomes positive (negative aerodynamic damping)
for angles of attack lower than approximately lower than —4° (nose-
down). This, joined to the fact that such aerodynamic derivatives
have a nonlinear and non-antisymmetric pattern with respect to almost
every angle of attack, makes P and A} coefficients sensitive to the
average parametric effect of turbulence (Barni and Mannini, 2024). In
particular, vertical turbulence intensities of 5.6% and 8.3% increase
the lateral aerodynamic damping by approximately 9% and 16%, and
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Fig. 7. Selection of aerodynamic derivatives for the Halsafjorden Bridge. The background dashed lines represent the 2D RFA approximations. Coefficients measured
at various mean angles of attack are compared with those averaged around a,, = 0° (Eq. (14)), indicated with a thick red and a dotted blue line for vertical
turbulence intensities I,, = 5.6% and 8.3%, respectively. The reduced-velocity range relevant for buffeting is considered. The dash-dotted vertical lines at V, = 32.71
and 7.47 indicate the reduced velocities associated with the 100-years return period mean wind speed and the first symmetric lateral and torsional modes,

respectively. At high V,, P is extrapolated using the quasi-steady relation P/

reduces torsional aerodynamic damping by approximately 26% and
39%, respectively, for a mean wind speed of 46.1 m/s (see the next
section). As for the direct contribution to the vertical aerodynamic
damping, represented by H?*, the averaged coefficients do not vary
significantly for these values of vertical turbulence intensity. A similar
behavior is observed for the coefficient A}, which accounts for the pri-
mary contribution to aerodynamic stiffness in torsion and is responsible
for the reduction in the frequency of the bridge torsional modes. In
contrast, the average parametric effect can lead to significant variations
in other aerodynamic derivatives, such as H3, which contributes to
vertical aerodynamic damping due to the torsional motion and can
non-negligibly affect the flutter critical velocity. It is also worth noting
that the static moment coefficient is slightly negative at zero angle
of attack, which is uncommon for a twin-deck bridge section. This
leads to a negative (nose-down) static rotation of the deck, which shifts
the bridge’s steady angle of attack (6,,), potentially exacerbating the
parametric effect of turbulence.

4.3. Wind model

A long-term analysis requires a probabilistic description of environ-
mental variables. In this work, the probabilistic wind model originally
developed for the Sulafjorden site (Castellon et al., 2022), Norway,
is slightly revised to serve as the baseline wind scenario. Given the
geographical similarity between Sulafjord and Halsafjord, the model is
considered representative of the wind environment at the bridge site.
For details on data acquisition and processing, the Reader can refer
to Castellon et al. (2022).

The model defines a joint probability distribution over a vector of
environmental parameters w, which is factorized as:

S W) = Fy, Vi) fy, (Vo).

where f), is a lognormal distribution characterizing the mean wind
velocity (with parameters y and o):

| [ (log(V,,,) - u)z]
exp [—

2r6V,, 202

w,=w\V, a7z

18)

fv, =

m

~CpV,/7.

Table 1

Summary of environmental parameters in the various long-term response
analyses. “r.v.” stands for random variable. Mean (denoted here as §, and
6,,) and standard deviation of the turbulence intensities are provided in Fig.
9 as a function of the mean wind velocity V,,.

Long-term analyses v, 1, 1, others
w=V, I.V. 6,(V,) 6,0 (V) constant
w=[V, 1] r.v. I,l,.'s"(—“//’")) I.v. constant
w=[V,I,1,] r.v. r.v. constant
and fy, is a multivariate lognormal distribution with n = dim(w,)
components:
n 1 "
fu, = Q) 2(det Z)72 [ w]]
i=1
1 T v—1
x exp | =3 (log(wy) — ) ;7 (log(w)) = p;) 19)
The vector w, = w \ V,, denotes the subset of environmental ran-

dom variables excluding the mean wind velocity V,,, collecting turbu-
lence random environmental parameters. The conditional distribution
fw,(W,[V,,) is modeled as a multivariate lognormal distribution, where
u, and X, are the mean vector and covariance matrix of log(w,),
respectively, both depending on the mean wind velocity.

In this work, the long-term response analysis is first carried out con-
sidering only V,, as a random variable (deterministic turbulence case),
to allow a direct comparison between the long-term approach and
the classical Davenport short-term response calculation. Subsequently,
the vertical turbulence intensity I, is introduced as a second random
variable, so that the turbulent environmental vector becomes w, = I,,.
In this case, however, the value of I, still varies in the long term
analysis and is determined from 7, based on the ratio between their
mean values in the probabilistic model (Table 1). This is equivalent to
treating I, conditioned on V,, as a random variable perfectly correlated
to the corresponding I,,,, having a lognormal distribution with the mean
equal to the expected value of I, and the same coefficient of variation as
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Table 2

Mean wind speed (V""" denotes the 100-years return-period mean wind
speed) and turbulence intensities used for the classical short-term analysis.
Moreover, the parameters of the lognormal distribution of V,, (1 and o) are
also reported.

Wind scenarios Vi 1, [%] 1, [%]
v, [m/s] u o
A 46.1 1.059 0.546 8.8 5.6
B 46.1 1.059 0.546 13.3 8.3
C 52.1 1.182 0.546 13.3 8.3
o V,data ----- Lognormal A - B
—— Gumbel  --—-- Lognormal C
Weibull A
Vi [m/s] (10 minutes average)
0 15
2 0.5 1 .
. :
2 04r 10.8 §>
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Fig. 8. Cumulative distribution functions (CDFs) of annual maximum mean
wind velocity V,, for wind scenarios A, B and C along with the plotting position
of measured data. The associated probability density functions (PDFs) of mean
wind velocity population V,, are also shown. Weibull and Weibull" probability
distributions used in Castellon et al. (2022) are also reported for the sake of
comparison.

1,,. Finally, a third set of analyses are carried out properly considering
I, as a conditioned random variable (w, = [I, I,]) according to the
reference probabilistic wind model in Castellon et al. (2022). Clearly,
introducing wind direction as an additional random variable would
reduce the variability in these parameters. However, this approach is
often impractical in long-term evaluations due to the high computa-
tional cost and the limited availability of directional wind data. All the
remaining turbulent wind parameters are assumed to be deterministic
and are defined as described at the end of this section.

Due to the limited availability of wind data (approximately 20 years,
partly measured and partly derived from hindcast simulations,
see Agtistsson et al. 2024), the probabilistic model for the ten-minutes
mean wind velocity V,, is constructed to prioritize an accurate rep-
resentation of extreme events, as these are expected to contribute
most significantly to long-term response extremes. However, since even
non-extreme wind conditions may influence the long-term response
due to their higher probability of occurrence, the model should also
reasonably reflect the overall distribution of the population. According
to the asymptotic theorem of extreme value statistics (Gumbel, 1958),
the Gumbel distribution representing the annual maximum mean wind
speed V,, can be interpreted as the maximum of N independent random
variables (where N = 52596 is again the number of short-term events in
a year), all with the lognormal distribution of the mean wind speed pop-
ulation. Consequently, the annual non-exceedance probability equals
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the product of the non-exceedance probabilities over each short-term
event throughout the year:

Fy (V) = [FVM(VM)] v (20)

where Fy, (V,,) is the cumulative distribution function of the mean wind
speed. The parameters of Fy are calibrated so that F) matches the
Gumbel distribution fitted to the annual maxima reporrged in Fig. 15
in Castellon et al. (2022). Castellon et al. (2022) adopted a Weibull
distribution to model V,,, but its fast convergence to the Gumbel
distribution (rate ~ 1/log N vs. 1/4/log N for the lognormal distribu-
tion Leadbetter et al., 1983) comes at the cost of a poor representation
of frequent events. Indeed, about 50% of the probability lies between
0 and 1 m/s (see Fig. 8), which does not reflect the wind speed
population (see Fig. 14(a) in Castellon et al. 2022). In contrast, the
lognormal distribution offers a more consistent description of it, even
if it slightly overestimates the extremes (e.g., the 100-years return
wind speed increases approximately from 43 to 46.1 m/s); for the
same reason, it is used also by other authors (e.g., Lystad et al. 2020
for the Hardanger Bridge). The parameters of the ten-minutes mean
wind velocity distribution f), are summarized in Table 2, and this
population distribution is shown in Fig. 8 (top abscissa and left ordinate
axes). Fig. 8 also illustrates the fit of the annual maximum mean wind
speed data by Gumbel, WeibullM and lognormal™ models (bottom
abscissa and right ordinate axes). Concerning the turbulence intensities,
compared to Castellon et al. (2022), the pattern of the mean of I,
beyond V,, = 22 m/s is revised: instead of increasing with V,,, I, is kept
constant at 5.6% to better reflect the trends of data, as shown in Fig. 17
of Castellon et al. (2022). The same adjustment is applied to the mean
distribution of I,, which is held constant at 8.8% beyond 22 m/s. The
mean and standard deviation of the turbulence intensities as functions
of the mean wind velocity are shown in Fig. 9. This baseline wind
scenario will hereafter be referred to as A.

To explore the influence of turbulence and wind climate on aver-
age parametric effect contributions to bridge response extremes, two
additional wind scenarios are considered. In scenario B, the mean
turbulence intensities are increased by 50% (then, the mean values
associated with the 100-years mean wind speed become I, = 13.3%
I, = 8.3%, similar to the values observed for the Hardanger Bridge
site; Fenerci and @iseth 2018, Barni et al. 2022) while maintaining the
same coefficients of variation as in the baseline scenario. The proba-
bility distribution of mean wind speed is kept unchanged. Scenario C
builds upon scenario B, sharing the same characteristics of turbulence,
but a more severe wind climate is assumed. Indeed, the parameters of
the baseline lognormal distribution are modified to yield V,, = 52.1 m/s
at the bridge deck height for a 100-years return period. This value
is obtained by converting a basic wind speed of 33 m/s, associated
with a 50-year return period at 10 m height for terrain category II
(representing a possible strong wind condition in Europe), to a terrain
category I at the deck height for a return period of 100 years, as
specified in Eurocode 1 (ENV1991-1-4, 2010). Scenario C is completed
by increasing the mean of wind velocity population by the same factor
as for the 100-years return period mean wind velocity (52.1/46.1
= 1.13). Table 2 lists the parameters of the lognormal distribution
adopted for the mean wind velocity in the three wind scenarios. Table
2 also reports the reference environmental parameters used in the
following for classical short-term response calculations. Fig. 10 shows
the environmental contours in the (V,, I,,) plane, derived from the joint
probability distribution f 1oV Lol Vi) fr, (Vi) based on an inverse first-
order reliability approach. Each contour line corresponds to a set of
(V,, 1,,) combinations corresponding to the same reliability index asso-
ciated with a given annual exceedance probability (Winterstein et al.,
1993; Lystad et al., 2020). The three figures refer to the three wind
scenarios defined above. As expected, for wind scenario B the contours
shift upward, due to the increased mean turbulence intensity. The
contours also stretch with respect to the ordinate, since the coefficient
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Fig. 9. Variation in the mean and standard deviation of turbulence intensities as functions of V,,, for all wind scenarios considered (A, B and C). The dotted lines
in the standard deviation plots indicate the values adopted for the longitudinal turbulence intensity in the case with two random variables (see Table 1).
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Fig. 10. Environmental contour plots in the plane (V,, I,,), corresponding to different annual exceedance probabilities (from 10~ to 2 - 1072) for the three wind
scenarios. The flutter stability boundary, calculated using the average aerodynamic derivatives (Eq. (14)) for various I, values, is depicted with a black dashed

line.

of variation is the same as in scenario A. Conversely, for wind scenario
C the contours also extend toward higher velocities.

Fig. 10 also reports the flutter stability domain for the Halsafjorden
Bridge, which accounts for the average parametric effect, as explained
in Section 3. Indeed, the critical wind speed varies with the vertical
turbulence intensity I,,. The annual probability of falling in the flutter
domain W, (i.e., the probability of instability) can be computed by
integrating the joint distribution f; , over the unstable region (note
that this joint probability refers to V,,, that is the annual maximum of
the mean wind velocity). For the three considered wind scenarios, the
estimated flutter probabilities are: [0.21 0.95 3.57] - 10~* accounting for
the average parametric effect and [1.37 1.37 5.5]- 107> neglecting it. It is
important to note that, since out-of-range aerodynamic derivatives are
frozen at their boundary values (see Section 4.2), the flutter boundary
flattens for I,, > 15%. If the torsional-damping term A; were to
continue increasing for |a| > 8°, the critical wind speed would further
decrease with I,,. This modeling approximation may slightly affect the
results in wind climates where high-turbulence conditions are more
likely.

As anticipated, the remaining turbulent wind parameters are as-
sumed to be deterministic and are used in the definition of the turbulent
fluctuations. The one-sided power spectral densities S, ,,(f) of the
longitudinal («) and vertical (w) wind components are defined through
the Kaimal spectrum:

fSu,w Au,wfz

= fz=_

= s 21
(Vm Iu,w)2 (1 +15 Au,wfz)5/3 ( )

10

where A,, are the corresponding spectral constants (4, = 11.24,
A, = 5.12), f the frequency (in Hz), f, the reduced frequency, and
z is the reference height at the bridge deck. The spanwise correlation
of velocity fluctuations is modeled using the Davenport exponential
coherence function (Davenport, 1962):
Ax f ]

u,w
Vm

Cyw(f,Ax) = exp [—K (22)
where Ax is the along-span separation, and K, ,, are the decay coef-
ficients (K, = 8.54, K,, = 9.19). Both the spectral parameters and
the coherence decay coefficients correspond to their average values at
the wind speed associated with a 100-years return period (Castellon
et al., 2022). Finally, it is also worth mentioning that the variability
in turbulence parameters becomes especially relevant when directional
effects are not explicitly accounted for, as in the present work.

5. Preliminary analyses

This section presents some preliminary analyses mainly aimed at
examining some of the assumptions underlying the long-term extreme
response framework proposed in this study. Specifically, it focuses on:
(i) the role of average parametric effect of turbulence; (ii) the validity
of the independent crossing assumption, which enables the description
of conditioned response maxima (Eq. (1)) via a Poisson probability
distribution; (iii) the influence of different definitions of threshold-
crossing rates in the presence of a static response (B- versus D-type
crossings, Eq. (3)). Finally, the adopted long-term formulation (Eq. (7))
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Fig. 11. Quarter-span bridge dynamic response maxima for the lateral,
vertical and torsional components according to the classical approach for self-
excited forces (no parametric effects, black line with circles) and the model
including average parametric effect (blue dashed line with triangles). The full-
span response is also shown for the latter case in the top-left corner insets.
The 100-years return period response is highlighted in red. Dash-dot vertical
lines denote the flutter critical velocities.

is validated with Monte Carlo simulations. These analyses clarify the
applicability limits of the proposed approach and help determine the
conditions under which simplified modeling strategies are justified
or more advanced approaches are necessary. In this section and in
Section 6, the results refer to the deck displacements of the Halsafjor-
den Bridge, as they can be considered representative quantities for
highlighting in a simple and compact way the wind-induced effects
discussed in this work.

5.1. Parametric effects of turbulence on bridge response

As discussed in Section 3, turbulence-induced fluctuations in the
angle of attack modify the aerodynamic damping and stiffness in a
nonlinear fashion. The predominant contribution of it can be captured
by averaging the aerodynamic derivatives over the angle of attack prob-
ability distribution (average parametric effect, see Barni and Mannini
2024).

To quantify its impact on both buffeting response and flutter sta-
bility, two analyses are performed: one using conventional aerody-
namic derivatives evaluated at the mean angle of attack (i.e., a,,),
and the other using the average aerodynamic derivatives computed via
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Eq. (14). The comparison is illustrated in Fig. 11 for the wind scenario
B, with high turbulence intensity. The figure shows the peak response
at quarter-span in terms of lateral, vertical, and torsional displacements
as functions of mean wind velocity, calculated using the classical short-
term approach (Section 2.1). The inclusion of the average parametric
effect results in a marked increase in the torsional response. This can
be attributed to the reduction in the aerodynamic damping associated
with the aerodynamic derivative A7, as shown in Fig. 7. This effect
becomes particularly pronounced near the flutter critical condition,
occurring at approximately 69 m/s with a two-antinode antisymmetric
mode shape. Moreover, in the high wind speed range (in particular,
above the 100-years mean wind velocity), the vertical response exhibits
some evidence of modal coupling with the torsional mode, with an
increased contribution from the two-antinode antisymmetric torsional
mode, leading to larger response amplitudes and a shift in the zero
upcrossing frequency v, towards the natural frequency of the torsional
mode. Conversely, the lateral response slightly decreases, due to the
increase in the absolute value of the average aerodynamic derivative
Pl* (as will be shown more clearly in Section 6), which enhances
aerodynamic damping in the lateral modes.

The average parametric effect is expected to influence the long-
term response by altering the conditional probability of exceedance
FR(T)(’|W)~ This becomes more pronounced when the product (1 —
F R(T)("|W)) fw(W), which defines the contribution of each environmental
state to the long-term integral, accumulates in regions of high vertical
turbulence intensity and wind velocity (especially when relatively close
to the flutter stability boundary). Therefore, it will be more marked for
wind scenarios B and C than for wind scenario A.

5.2. Choice of short-term crossing model

This section investigates the influence of the model chosen for defin-
ing the response conditional probability Fz.(r|w) in Eq. (7) on the
long-term extreme response. Since no appreciable differences arise from
including or neglecting the average parametric effect in this specific
analysis, the results are presented only for the case in which this effect
is considered. Finally, the baseline wind scenario A is adopted in this
section, but scenarios B and C are referred to in the discussion when
relevant.

First, assuming a Poisson model for F, k(T)(rlw), Fig. 12 compares the
effects on the long-term extreme response of the two different formula-
tions of the crossing frequency of the threshold r, namely either B-type
or D-type (see Egs. (2)-(3)). It is apparent that the two approaches prac-
tically yield identical responses when the static response is included.
This occurs because the presence of a non-zero mean response yy shifts
the process away from one of the two barriers +r and strongly reduces
the rate of either positive or negative crossings. Therefore, even in the
case D-crossing is of interest for structural applications, the presence of
a significant mean response compared to the standard deviation makes
D- and B-crossing models practically equivalent. If the static component
is small (i.e., small static coefficients near «,,), some discrepancies
may occur. Indeed, as shown in Fig. 12, when up = 0 the long-
term response based on the D-crossing rate Vr;il is consistently about
6%-7% higher for the vertical and torsional components and slightly
less for the lateral component. This difference increases to 10% under
wind scenario B, due to the higher turbulence enhancing the dynamic
response. In structural safety checks, it might be necessary to refer to
both B- and D-crossing depending on the case. However, a D-crossing
approach is a conservative choice and the possible overestimation is
generally limited and acceptable from a safety perspective.

Furthermore, to assess the validity of Poisson model for the proba-
bility of response maxima (Eq. (1)), Fig. 13 shows the ratio of the peak
factor proposed by Vanmarcke and accounting for possible crossing
clusters (e.g., see Chen 2014) to that obtained from Rice-Davenport
theory (Davenport, 1961), evaluated across the domain of environmen-
tal parameters. This ratio quantifies the expected deviation from the
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Fig. 12. 100-years return period long-term lateral, vertical, and torsional
bridge response for wind scenario A. Results are shown for D-type (VI+RI’ black
lines) and B-type (vj, red lines) crossing definitions, evaluated with (dashed
lines) and without (solid lines) the mean response (ug).

assumption of independent upcrossings in terms of extreme response.
The results confirm that, for the present case study, this assumption
is generally satisfied, as the ratio remains close to one over most of
the environmental parameter space. In some rare instances, particu-
larly for the lateral response, where the bandwidth parameter ¢ =

1- mi /(m Ry " MRy) (Vanmarcke, 1975) drops to values as low as
0.4-0.5, the Poisson approximation is less accurate but in any case on
the safe side, leading to a response overestimation of no more than 5%.
Deviations close to 10% occur only for very unlikely combinations of
V,, and I,, near the upper edge of the torsional flutter boundary. Since
these cases correspond to very rare events, their contribution to the
long-term response is negligible, once weighted by the probability of
occurrence fw(w). For further discussion on this point, see Appendix
B.

5.3. Long-term extremes validation via Monte Carlo

To validate the proposed long-term response formulation, a Monte
Carlo simulation is performed. A total of 20000 years of annual maxima
are simulated for both the mean wind velocity and the structural
response, assuming all the other environmental variables to be deter-
ministic and consistent with wind scenario A. For each year, N =
365.25 x 24 x 6 = 52596 realizations of the mean wind velocity are
drawn. For each realization, a peak response is sampled from the
short-term conditional probability distribution of maximum response
derived from Eq. (1), where the spectral moments defining the Poisson
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distribution are computed based on the given V,,. The corresponding
static response is then added to the sampled peak dynamic response.
The (annual) maximum is stored for each response component (lateral,
vertical, torsional).

Fig. 14 compares the calculated long-term response distributions
with those obtained from the Monte Carlo simulations. The agreement
is excellent over the entire range, and the small discrepancies in the
tails are simply due to the fact that the sample, although large, is
still limited. This confirms that the proposed framework accurately
captures the long-term response, including the effect of nonzero mean
components.

6. Results
6.1. Comparison with the classical short-term approach

Fig. 15 illustrates the cumulative probability distribution of long-
term bridge response at mid-span in terms of lateral, vertical, and
torsional components under the baseline wind scenario A, considering
only the mean wind velocity V,, as a random variable. Both the purely
dynamic response (ignoring the static response, Fig. 15(a)) and the total
response (including the static component, Fig. 15(b)) are reported. In
fact, although static and dynamic contributions cannot rigorously be
separated in a long-term analysis, the first set of results is instrumental
to emphasize the differences compared to classical approaches in case
the static response was negligible. The figure also shows the short-
term PDF of response maxima, computed via Eq. (1) for the 100-years
return period mean wind velocity, along with the response predicted
by the classical Davenport approach (Rg; = E[R(T))], where T is an
observation time of ten minutes). The long-term response associated
with a non-exceedance probability of 0.99 (return period of 100 years)
is projected onto the short-term distributions of maxima for comparison
in terms of response fractiles. The long-term response is slightly higher
than the classical Davenport prediction, both for total and purely
dynamic response. The response calculated with the classical short-term
approach always corresponds to the 53.6th percentile of the distri-
bution, whereas the long-term estimate is associated with the 65.2th
percentile in the lateral direction and 62nd-61st in the vertical and
torsional directions. However, explicitly including the static response
in the long-term integral reduces these differences, particularly for
the lateral response. This is due to the fact that the contribution of
the static response to long-term extremes is fairly close to the simple
static response associated with the considered return period, as will be
extensively discussed in Section 6.3.

Disregarding the static response (Fig. 15(a)), the differences intro-
duced in the long-term response by the average parametric effect are
modest for wind scenario A, yet not negligible. Its inclusion results
in a reduction of approximately 4.3% in the lateral response and
an increase of about 8.1% in the torsional response. The former is
primarily due to an increase in aerodynamic damping in the lateral
response, associated with the aerodynamic coefficient P, while the
latter is caused by a reduction in the torsional aerodynamic damping
related to A7, as explained in Section 3 and showed in Fig. 7. These
variations are significantly larger than those observed in the total
response (in Fig. 15(b), —1.8% and +6.3%, respectively), as the static
component partially masks such an effect. Notably, these variations are
consistent for both classical Davenport and long-term approaches, since
the average parametric effect does not change between the two analyses
when the vertical turbulence intensity is treated as deterministic.

As expected, the more severe wind scenarios B and C lead to a
general increase in structural response across all components, as shown
in Table 3, which reports the 100-years return period dynamic response
at mid-span. In addition, the impact of the average parametric effect
becomes significantly more pronounced as turbulence intensity and
wind climate severity increase. In scenario B, its inclusion leads to
a reduction of about 10.2% in the lateral response and an increase
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Fig. 13. Ratio of Vanmarcke to Rice-Davenport peak factors evaluated at the quarter-span under the baseline wind scenario A.

Fig. 14. Comparison between long-term probability of exceedance of the
structural response obtained from the proposed long-term formulation and
Monte Carlo simulations. The grayscale curves represent the computed ex-
ceedance probabilities for lateral, vertical, and torsional response components
as functions of the generic threshold r, while the red dashed lines indicate the
corresponding results from Monte Carlo simulations.

of 16.1% in the torsional response. Again, this behavior reflects the
fact that parametric effects become more pronounced under wind
conditions with higher turbulence intensity, as also illustrated in Fig.
7, which show greater variation in both stabilizing and destabilizing
contributions to the lateral and torsional responses, respectively. By
contrast, the vertical aerodynamic damping remains almost unchanged.
These trends become even more evident in scenario C, where the lateral
response decreases by 12.0% and the torsional response increases by
22.7%. This is because higher wind speeds shift the dominant contribu-
tions to the long-term integral closer to the instability threshold (Barni
et al., 2022; Barni and Mannini, 2024), further emphasizing the role
of parametric effects of turbulence in torsion due to coupling with the
vertical motion. Once again, the results are comparable regardless of
whether the response is estimated using the Davenport approach or the
long-term formulation.

6.2. Effects of randomness in turbulence characteristics

Although the mean wind speed is typically supposed to be the main
source of randomness in the environmental parameters, here we ex-
plore the impact on long-term response of introducing the randomness
in turbulence intensity. Tables 3 and 4 report the 100-years return
period dynamic and total responses, respectively, at mid-span for the
three considered wind scenarios. By comparing the cases with the mean
wind velocity as unique random variable to those including also the
vertical turbulence intensity, a systematic increase in the predicted
response is observed, especially in the torsional component. Focusing
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first on the dynamic response only (Table 3) and excluding the average
parametric effect, under wind scenario A, modeling I, as a random
variable leads to a moderate increase in the dynamic response, between
7% and 9% across all response components. For scenarios B and C,
the increase is of similar magnitude; therefore, for this case study, the
introduction of vertical turbulence variability produces a comparable
effect regardless of the wind scenario considered. When the static
response is also included in the long-term analysis, these differences are
generally reduced, particularly in the lateral direction. Tables 3 and 4
also show that the inclusion of I,, as environmental random variable
only slightly increases the average parametric effect on the long-term
extreme response at the bridge mid-span. A similar conclusion applies
to the bridge quarter-span, where the impact of the average parametric
effect of turbulence is only slightly more pronounced for Typ = 100
years.

The picture can change in a large amount if higher return periods
are considered. Indeed, as highlighted in Fig. 16, for Tzp = 1000 years,
the influence of the average parametric effect on the long-term response
markedly increases, especially in torsion at the bridge quarter-span,
exhibiting increments of 15, 41 and 104% for wind scenarios A, B and
C, respectively, compared to 12, 33 and 76% in the classical short-term
analysis. This is explained by Fig. 17 for wind scenario C, showing
how the main contributions to the long-term integral shift closer to
the flutter boundary when the return period of the torsional response
is increased from 20 to 1000 years, thus emphasizing aeroelastic ef-
fects. Additionally, by examining Fig. 18, which reports the normalized
average aerodynamic derivative A*, directly responsible for the aero-
dynamic damping in torsion, it becomes clear that for Txp = 1000
years the most significant contributions to the long-term integral lie in
regions where the average aerodynamic derivative A’Q‘ is significantly
lower than for 100 years. It is also worth noting that, for both 100-
and 1000-years return periods, such contributions are concentrated
in a region slightly above the mean value of the vertical turbulence
intensity, indicating that A; tends to reduce when the variability in
the vertical turbulence intensity is introduced. Finally, it is evident
that a non-negligible portion of the long-term integral contributions
falls within the unstable domain, suggesting a non-negligible impact of
flutter instability on the response. This will be discussed in more detail
in the next section.

Finally, it is worth explaining why the parametric variation in the
angle of attack due to turbulence affects more the response at the
quarter-span than at the mid-span. This nonlinear effect is respon-
sible for the anticipation of the flutter stability threshold (see Fig.
11 and Barni et al. 2022), which shifts the large low-damping pre-
critical response toward more probable wind states w. Since the flutter
mode exhibits a two-antinode antisymmetric shape (see Fig. 11), when
the major contributions to the long-term integral come from a region
close to the flutter boundary, the antisymmetric torsional mode (mode
13, see Fig. 5) is very low damped and heavily contributes to the
response at #/4 but not at /2 (Fig. 16(c)). Although a return period
of 1000 years may seem overly long for the dynamic response to



N. Barni et al.

pst =53.6% prr = 65.2%

1.5 Psr =536% Pur =65.5% 1

) Long-term CDF -
= oY
E Lt //:/ \}, Short-term PDF | 0.8 E;:
05 FAENS 0.6 O
/ AN
’ — 0.4
0 1 9 ; \
2.5 1
2T prr = 62.0%
EN prr = 62.4% | 0.8 EN
- 1 10.6 ©
\\
| e 0.4
’ 2 2.5
3 / 1
prr = 61.0%

S 2T %5:60.6%708 R
e 5.z
g A
7 10.6 O

’ = 0.4
" 2 2.5
r
(a) ur =0

Journal of Wind Engineering & Industrial Aerodynamics 271 (2026) 106365

psT = 53.6% PLT = 56.9%
pst = 53.6% prr = 56.9%

1.5 1
—
f—Tj Ly Long-term CDF /;/ N 10.8 h‘;’
/y NN a
E 0.5 Short-term P]ii‘ / ;/ \\\:\ 1060
0 —e e 104
3 4 5 6 7
2.5 ‘ 1
- =59.1%

N 2 f Xg\ 1‘?]%?—: 59. L/{ log =
= AN 2
a ! / \ 1060

// \\\
0 =t : : 0.4
1 1.5 2 2.5 3
3 ‘ 1
SRy = 59.2%
= 9 /s(/’ /&\\Q’\\ gsz = 5{)‘3"/27 0.8 =
E Il // \\ \\ E
Al NN 1060
/ // \\\\\\
0 e Teee 0.4
1 1.5 2 2.5
T
(b) pr #0

Fig. 15. CDF of mid-span long-term bridge responses (lateral, vertical and torsional), without (a) and with (b) the static response, considering only the mean
wind velocity V,, as environmental random variable. Dashed lines represent the short-term PDF of response maxima corresponding to the 100-years mean wind
velocity. Triangular markers on the PDFs indicate the response estimated using the Davenport approach, i.e., the mean of the distribution, while circles denote the
long-term responses associated with a 100-years return period (probability of non-exceedance of 0.99 in the CDFs). Blue and red lines refer to results including
the average parametric effect, while gray and black lines correspond to results without them. pg; and p,; denote the fractiles in the short-term distribution
corresponding to the classical short-term and long-term responses, respectively. The tilde indicates the fractiles in the cases where the average parametric effect

of turbulence is considered.

Table 3

100-years return period mid-span extreme bridge dynamic response (neglecting the static response) under various wind scenarios. Percentage differences refer to
the corresponding short-term case (Rgr). “APE” and “NO APE” indicate results obtained with and without the Average Parametric Effect.

Wind scenario Resp. comp. Rgr Rip 1V, Rip V.1, Rir 2V, 1,1,
NO APE NO APE NO APE NO APE
APE APE APE APE
y [m] 2.30 2.20 2.38 2.27 2.57 2.42 - 2.40
A (+3.48%) (+3.18%) (+11.74%) (+10.00%) (+9.09%)
z [m] 1.44 1.45 1.46 1.47 1.57 1.56 - 1.56
(+1.39%) (+1.38%) (+9.03%) (+7.59%) (+7.59%)
0 [°] 1.24 1.34 1.25 1.36 1.33 1.45 - 1.45
(+0.81%) (+1.49%) (+7.26%) (+8.21%) (+8.21%)
y [m] 3.45 3.10 3.57 3.22 3.86 3.43 - 3.42
B (+3.48%) (+3.87%) (+11.88%) (+10.65%) (+10.32%)
z [m] 2.16 2.16 2.20 2.19 2.35 2.33 - 2.32
(+1.85%) (+1.39%) (+8.80%) (+7.87%) (+7.41%)
0 [°] 1.86 2.16 1.88 2.17 2.00 2.33 - 2.33
(+1.08%) (+0.46%) (+7.53%) (+7.87%) (+7.87%)
y [m] 4.35 3.83 4.50 3.99 4.89 4.26 - 4.25
C (+3.45%) (+4.17%) (+12.41%) (+11.23%) (+10.96%)
z [m] 2.88 2.93 2.92 2.96 3.13 3.16 - 3.14
(+1.39%) (+1.02%) (+8.68%) (+7.85%) (+7.17%)
0 [°] 2.51 3.08 2.53 3.08 2.70 3.37 - 3.36
(+0.80%) (0.00%) (+7.57%) (+9.42%) (+9.09%)

turbulent wind (i.e., design stress calculation), some standards adopt
unity safety factors but refer to high return periods (for instance,
700 years for ASCE-7-22, 2022), whereas Eurocode 1 (ENV1991-1-4,
2010) typically considers a return period of 50 years (even 100 years
for strategic structures) and a safety factor of 1.5.

The calculations with three environmental random variables (w =
[V, I, I,]), carried out here only accounting for parametric effects of
turbulence, provide results that are nearly identical to those with two
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random variables. Although the variability in the longitudinal turbu-
lence intensity I, is known to influence the structural response and has
been emphasized in previous studies (e.g., Lystad et al. 2021, Castellon
et al. 2023), a rigorous analysis with three environmental random
variables is not expected to give here results very different from those
obtained with only V,, and I,, for two reasons. First, the coefficient of
variation of I, is close to that of I,,; as shown in Fig. 9, the standard
deviation of I, in the three-variable model is only slightly higher than
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Table 4

100-years return period mid-span extreme bridge dynamic response (including the static response) under various wind scenarios. Percentage differences refer to
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the corresponding short-term case (Rg;). “APE” and “NO APE” indicate results obtained with and without the Average Parametric Effect.

Wind scenario Resp. comp. Rgr Ry :V, Ry : V.1, Riyr V. 1,.1,
NO APE NO APE NO APE NO APE
APE APE APE APE
y [m] 5.62 5.52 5.62 5.51 5.71 5.57 - 5.57
A (0.00%) (—0.18%) (+1.60%) (+0.90%) (+0.90%)
z [m] 2.07 2.08 2.08 2.08 2.15 2.15 - 2.15
(+0.48%) (0.00%) (+3.86%) (+3.37%) (+3.37%)
0 [°] 1.58 1.68 1.58 1.69 1.65 1.77 - 1.77
(0.00%) (+0.60%) (+4.43%) (+5.36%) (+5.36%)
y [m] 6.77 6.42 6.79 6.44 6.95 6.54 - 6.54
B (+0.30%) (+0.31%) (+2.66%) (+1.87%) (+1.87%)
z [m] 2.79 2.79 2.81 2.80 2.94 2.92 - 291
(+0.72%) (+0.36%) (+5.38%) (+4.66%) (+4.30%)
0 [°] 2.20 2.50 2.21 2.50 2.32 2.66 - 2.66
(+0.45%) (0.00%) (+5.45%) (+6.40%) (+6.40%)
y [m] 8.59 8.07 8.60 8.09 8.83 8.22 - 8.23
C (+0.12%) (+0.25%) (+2.79%) (+1.86%) (+1.98%)
z [m] 3.68 3.73 3.70 3.75 3.87 3.90 - 3.90
(+0.54%) (+0.54%) (+5.16%) (+4.56%) (+4.56%)
0 [°] 2.94 3.51 2.96 3.51 3.12 3.78 - 3.79
(+0.68%) (0.00%) (+6.12%) (+7.69%) (+7.98%)
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Fig. 16. Extreme total response of the Halsafjorden Bridge with (solid lines in shades of red) and without (solid lines in shades of gray) the average parametric

effect, for different return periods.

that implicitly assumed in the two random variable analysis. Similarly,
the experimentally estimated correlation coefficient between 7, and
1, is fairly high (about 0.67, see Castellon et al. 2022). Obviously,
the similarity between supposed and actual behavior of the random
variable I, is not by chance, but rather due to the physical relation
existing between longitudinal and vertical turbulence. Secondly, the
average parametric effect is independent of I, (see Egs. (14)—(15)),
so that including I, as a third environmental random variable does
not affect the long-term response through this mechanism. Moreover,
the contribution of longitudinal turbulence to vertical and torsional
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response is overall very small given the linearized force coefficients
appearing in the buffeting forces (see Eq. (16)).

Finally, Table 5 reports the wall-clock time required by the long-
term analysis as the number of environmental variables w increases. For
comparison, the table also lists the computational cost of performing
nonlinear short-term calculations in the time domain, where parametric
effects of turbulence are fully represented (both the average parametric
effect and the parametric resonances, see Barni and Mannini 2024).
The time-domain figures are estimated for a 2D RFA model with
four additional aeroelastic states (Barni et al., 2021); the actual cost



N. Barni et al.

Journal of Wind Engineering & Industrial Aerodynamics 271 (2026) 106365

0.2 : 10 02 : 1.0 0.2 : 1.0
Vo bl Vo e Y bl
2 A 2
0.16 \‘/ unstable 0.8 0.16 92 unstable 0.8 0.16 v unstable 08
\
B B B
0.12 \ 06 (.12 06> 012 0.6 =
L < & RS
5 L’r ~ LT 5 L’I*
0.08 045 008 0. 008 04
¢ ¢
0.04 v 0.2 0.04 v 0.2 0.04 02
I |
0.01 I 0.0 0.01 ‘ 0.0 0.01 0.0
0 2 40 60 80 100 0 20 40 60 80 100 0 20
Vi [m/s] Vi [m/s]

(a) Trp = 20 years

(b) Trp = 100 years

(¢) Trp = 1000 years

Fig. 17. Contribution to the torsional-response long-term integral (i.e., the integrand of Eq. (7)) over the environmental parameter space (V,,, I,), normalized
with respect to its maximum value and evaluated at quarter-span for wind scenario C and various return periods.

(1—Fp) fw
0 0.2 0.4 0.6 0.8 1
2.2
Trp = 1000 yrs
185
S
o
14 :
=
1=
=
3
0.6 2
=
0.2
unstable
{ -0.2
20 40 60 80 100
Vi [m/s]

Fig. 18. Direct contribution to the average aerodynamic damping in torsion
as a function of mean wind velocity and vertical turbulence intensity (the
average aerodynamic derivative A} is normalized with the value assumed for
the mean vertical turbulence intensity, highlighted by the red dashed line).
Superimposed is also the map of the contributions to the long-term integral
(i.e., the integrand of Eq. (7), normalized with the maximum value) for the
quarter-span torsional response associated with return periods of 100 and
1000 years for the wind scenario C.

would scale with the number of states required to accurately fit the
aerodynamic derivatives over the (Vr, a) plane. Under these conditions,
the time required for a single short-term response calculation is about
30 s in the frequency domain and about 36000 s (10 h) in the time
domain.

6.3. Static response and flutter effects on long-term extremes

Since static and dynamic response components cannot formally be
separated in the long-term integral, the contribution of the former is
quantified as the difference between the total long-term response and
that obtained by nullifying the static mean component appearing in
Eq. (7) through the upcrossing rate. Results all along the bridge span
for various return periods are reported in Fig. 19 and compared to
the static response evaluated at the mean wind speed corresponding
to the same return period. Only the case with average parametric
effect is considered here. The contribution of the static response to
the long-term response is systematically slightly lower than the corre-
sponding deterministic static response. The relative difference reaches
a maximum of approximately 10% for the lateral component, 7% for
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Table 5

Computational cost of long-term analyses accounting for turbulence-induced
parametric effects, using linear short-term calculations in the frequency do-
main versus the cost of using nonlinear short-term calculations in the time
domain (tests run on a 12-core/24-thread 3.7 GHz CPU, 64 GB RAM). N,,
indicates the number of short-term calculations required for an accurate
estimation of the long-term integral.

Long-term analyses Frequency domain Time domain (nonlinear)

N, Time [days] N, Time [days]
w=V, 66 0.02 66 27.5
w=[V,1,] 2245 0.78 2245 935
w=[V,I,1,] 55552 19.3 55552 23146

the vertical component, and 6% for the torsional component. In two
specific cases, namely the torsional response under wind scenarios B
and C, the difference is practically negligible.

The way the variation in the mean upcrossing rate v} due to the
presence of the static response (see Eq. (2)) can modify the shape of the
integrand in Eq. (7) is illustrated in Fig. 20. Significant contributions to
the integral start at lower wind velocities, while those at high velocities
remain largely unchanged, resulting in a more concentrated distribu-
tion (dotted red curve) around the mean wind speed corresponding
to the 100-years return period (46.1 m/s for the wind scenario A
considered in the figure). When the vertical turbulence intensity is also
treated as a random variable, the distribution of the contributions to
the integral changes accordingly along this additional dimension.

Referring back to Fig. 16 and comparing it with Fig. 19, it is evident
that the gust factor for the lateral response ranges approximately
between 1.7 and slightly more than 2. In contrast, the gust factor is
much higher for the vertical (up to 5.9) and above all for the torsional
response (up to 10.5), highlighting that, as expected, this response com-
ponents are dominated by the dynamic contribution. However, these
high gust factors are also due to the influence of the average parametric
effect, which anticipates the flutter instability and promotes a low-
damping precritical response in the high wind speed range. In spite of
this, since the Halsafjorden Bridge is quite stable with respect to flutter,
the annual probability of flutter across all wind scenarios remains fairly
low, with a maximum value of 3.57 x 10~* in wind scenario C when
the average parametric effect is included. While this probability is
nearly negligible for a return period of 100 years, for 1000 years, a
substantial portion of the response exceedance probability originates
from the unstable region (right-hand side of the flutter boundary in the
environmental parameter space; see Figs. 17 and 18). In particular, in
wind scenario C this contribution accounts for about 36% of the total
probability when the average parametric effect is included, whereas
it drops to about 5% when the parametric effect is neglected (the
flutter annual probability is 5.51 x 1073). It is worth reminding that
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Fig. 19. Comparison between the static response of the Halsafjorden Bridge obtained by subtracting the long-term dynamic response (computed by excluding the
static component) from the total long-term response (Eq. (7)) (shown as blue dashed lines), and the static response evaluated at the wind velocity corresponding

to the same return period (shown as gray solid lines), for different return periods.
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Fig. 20. Contributions to the long-term integral in the space of environmental
random variables V,, and I, (i.e., the integrand of Eq. (7)) associated with
the mid-span 100-years return period lateral response in wind scenario A
considering the average parametric effect. The background colormap refers
to the case assuming null static response, while the overlaid dotted contour
plot corresponds to the case in which the static response is included. The case
where only V,, is considered as a random variable is shown as a map section
at the deterministic value I, = 0.056 (see Table 2).

here the conditional non-exceedance probability Fy(r|w) has been
conservatively set to zero within the unstable domain. Although this is
a cautious assumption as discussed in Section 2.4, an inspection of the
long-term integral contributions in the vicinity of the flutter boundary
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suggests that it is also realistic for the thresholds of interest: indeed, no
evident discontinuities are observed across the boundary (see Figs. 17
and 18), indicating that the ten-minutes average number of upcrossings
VR(rrr=1000yrs|W)T immediately before the boundary is already large
enough for the non-exceedance probability to be nearly zero.

7. Conclusions

This study incorporates the average parametric effect, arising from
turbulence-induced variations in the angle of attack, into a long-term
response framework, avoiding cumbersome time-domain simulations,
thus not affecting the computational cost of the overall analysis. Static
response and flutter instability are directly embedded in the formula-
tion, and the key assumptions underlying the short-term probabilistic
model (e.g., independent crossings) are critically assessed and val-
idated. The long-term response predictions are successfully verified
through Monte Carlo simulations. The following main conclusions can
be drawn from the study:

» The average parametric effect of turbulence may significantly
influence the long-term bridge response, especially for high return
periods, for which large wind speeds and turbulence intensities
are more likely. Indeed, in this case the aerodynamic damping
plays a significant role in the bridge dynamics and can become
sensitive to the fluctuations in the angle of attack induced by
turbulence. For the Halsafjorden Bridge, the average parametric
effect amplifies the torsional response and slightly reduces the
lateral response.

For the Halsafjorden Bridge, if the mean wind speed is consid-
ered as the sole environmental random variable, the difference
between the long-term response and that obtained using the clas-
sical Davenport short-term approach is only minor. In contrast,
the difference noticeably increases when the vertical turbulence
intensity is treated as a random variable.
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» Given the physical constraints affecting turbulence parameters,
expensive long-term calculations with three environmental ran-
dom variables may be avoided. Indeed, analyses in which the
longitudinal turbulence intensity is deterministically connected to
the vertical turbulence intensity can imply in many cases just a
small loss of accuracy.

Considering the vertical turbulence intensity as a random vari-
able, the average parametric effect of turbulence is practically
identical in the long-term and classical short-term approach for
low-to-medium return periods (e.g., up to 100 years). In contrast,
this nonlinear effect of turbulence has a stronger impact on the
long-term response for high return periods (e.g., 1000 years).
Although the flutter annual probability remains low in the present
case, the rare wind states leading to aeroelastic instability may
still contribute substantially to the long-term extreme response
associated with high return periods, especially when the average
parametric effect is included. Within the proposed long-term
formulation, a reduced safety margin with respect to flutter in-
stability would therefore be highlighted by a steep increase in the
long-term buffeting response, due also to the contribution arising
from the unstable region.

The rigorous inclusion of static response in long-term analysis
results in a contribution generally slightly smaller than the static
response computed based on the mean wind speed associated
with the considered return period. The underlying mechanism
leading to this reduction is complex, but it would be of interest
to understand under which conditions this difference can become
more pronounced.

For those analyses for which the sign of the response is not a
discriminant, the presence of a non-negligible mean response,
even modest like for the Halsafjorden Bridge in torsion, is enough
to make insignificant the differences between the results obtained
for a monolateral or a bilateral threshold (known as B-crossing
and D-crossing, respectively).

As long as the structural response can adequately be modeled
using a single-sided barrier, the clustering of threshold cross-
ings does not significantly distort the probability distribution
of response maxima. In such cases, the assumption of indepen-
dence between upcrossing events remains a valid and practically
effective simplification for long-term response estimation.

Future developments may focus on extending the proposed frame-
work to include the full range of turbulence-induced parametric effects,
including potential parametric resonances (Barni and Mannini, 2024;
Barni et al., 2024), through time-domain simulations. This would re-
quire the use of computationally efficient methodologies to overcome
the prohibitive cost of long-term time-domain analyses. Moreover, in
a broader risk-assessment perspective, it would also be interesting to
consider structural uncertainties, such as those related to damping.
Finally, though the current long-term approach addresses the inconsis-
tency associated with the observation time 7, results are still affected
by its choice. This is an issue that needs to be tackled in the future.
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Algorithm 1 Long-term analysis with Average Parametric Effect (APE)

Require: Environmental grid W = {w® ,ivz‘"l,

old grid R = {r(j)}j.vz’l; modal data from FE model M =
{M, C,K, @}; aerodynamic derivatives AD(V,,a); static coefficients
¢ = [Cp(@), Cp (@), BCy(@)]" (see Section 4.2)
1: for k=1to N, do
set w=w® (e.g., wh = (v, 1, IV}
3:  Static response: solve Ki,, = f,,; then set uz(w®) = @i,
> where £, = [, ®f,,(x)dx and f,, = L p(V\¥)*Be,o(a)
B extract from pp(w®)) the static rotation 6, and compute o' =
0§’;) + ay, (ay, mean wind inclination if present)
4 Buffeting load: based on w¥) (through S,(®)), calculate S 3(w)
with Eq. (11)
5: AD from APE: define Sfola, af,f)) via Eq. (15) and evaluate
AD(V,,a™) with Eq. (14)
6:  Impedance matrix: with M and AD (through C,, and K,,),
calculate E,(V,, ») by Eq. (10)
7: Stability check: with E,, check flutter stability and set
stable(w®)) e {true, false}
8: Buffeting response: with E, and S, compute Sg(V,,x, ») via
Eq. (9)
> compute my (w®) with i € {0,1,2} via Eq. (3)
9: Store outputs: {ug(w®), stable(w®), m R, (wh)}

response thresh-

10: end for
11: for h=1to N, do
12: set r=rM e R

13:  Upcrossing frequency: for each w® € W, use ugr(w®) and
mp, (w®)) to compute
vi(r® |w®) with Eq. (2)

Long-term response: using {vi(r®" ‘w(")), stable(w®)), £}
calculate

P [R(Ty7) < r] with Eq. (7)

> stable(w®) = false implies F (™ |w®) =0
end for

K

14: k=1

15:
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Appendix A

To facilitate the application of the proposed methodology and the
reproducibility of the results, Algorithm 1 specifies all the steps for the
calculation of the long-term response of a bridge. Specifically, given w
and accounting for the average parametric effect (APE), the short-term
analysis yields the outputs {ug(w), stable(w), m R, (w)}. These stored
quantities are then used for computing the annual non-exceedance
probability of the bridge response as in Section 2.2.

Appendix B

Eq. (1) is based on the assumption of independent upcrossings and
becomes asymptotically exact for very high thresholds (as r — oo,
see Cramér 1966). However, long-span suspension bridges are lightly
damped systems, whose dynamic response is largely governed by res-
onant components. This often leads to a narrow-banded response,
especially as the system approaches flutter instability. Under such
conditions, threshold crossings tend to occur in clusters, violating the
assumption of statistical independence, even at relatively high thresh-
old levels (see Crandall et al. 1966, Ditlevsen 1971). To this end,
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Vanmarcke (Vanmarcke, 1975) proposed an approximate formulation
for a zero-mean stationary Gaussian process by modeling the envelope
process through a two-state representation (below or above the thresh-
old r) and introducing a correction based on the average clump size.
This model has since been applied to a variety of problems (e.g., Van-
marcke and Lai 1980, Vanmarcke and Saunders 1985, Cacciola et al.
2004, Chen 2014). Here, we report the formulation for B-type crossings
(i.e., one-sided thresholds), which is the only case easily extendable
to processes with non-zero mean by simply considering the threshold
r — up for the associated zero-mean process:

Faery(r) = A(r) exp [—ap(r) - T] (B.1)
where
_ 2
A = 1—exp [—M] ,
mg
1 —exp [ [27 q'2 %]
ap(r) = vp(r) - Vo (B.2)

—

1—exp [ﬁ]

Here, A(r) represents the probability that the process starts below the
threshold r, and ag(r) is the effective decay rate of the first crossing
probability. The parameter v;g is the upcrossing rate for level r (as
in Eq. (3)). The parameter ¢ = l—mi] /(mR0 'mRz) (mpg; are the
spectral moments of the process) quantifies how the process is narrow-
banded. It ranges between 0 and 1, with g < 0.2 typical for narrow-band
processes. Following Vanmarcke (1975), an empirical exponent of 1.2
is used for ¢ (to account for clusters of threshold crossings. The formu-
lation for D-type crossings without mean can be found in Vanmarcke
(1975).

For the present case study, « is computed for both B- and D-type
crossings, excluding the static response, and results are shown in Fig.
B.21. The qualitative trends reported in Fig. 1 of Vanmarcke (1975)
are obtained, with the largest deviations from Rice theory occurring
in the lateral response, which is characterized by the lowest values
of ¢ (approximately 0.4 for lateral and 0.5 for vertical and torsional
response, considering a 100-years return period response threshold and
wind scenario A). In the considered case, the typical value of r/ \/m_Ro
is around 3, which, according to Vanmarcke’s formulation, can lead to
a reduction up to 15% and 30% in the effective crossing frequency for
the B- and D-crossing approach, respectively. However, these effects
translate into small differences in probability and, consequently, in
the response, amounting to about 1.5% and 6% at the 54% fractile
of the response CDF if, for instance, a classical Davenport approach is
used. The discrepancies decrease for higher fractiles. Moreover, for the
present case study, the static response is significant for all components
(and, this is always true for the lateral response), thus making only
B-type crossing relevant and the impact of crossings’ clustering negli-
gible. Therefore, the additional complexity of including Vanmarcke’s
correction is not justified.

Appendix C. Supplementary data

The supplementary material includes raw and fitted aerodynamic
data (e.g., 2D RFA surfaces), as well as bridge modal data.

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jweia.2026.106365.

Data availability

Data will be made available on request.
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Fig. B.21. Ratio of Vanmarcke’s probability decay rate to Rice’s threshold
crossing rate, calculated for the Halsafjorden Bridge for both B- and D-type
barriers.
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