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A B S T R A C T

The characteristic values of the extreme environmental load effects should correspond to a specified annual
probability of exceedance. These load effects can be calculated using short-term or long-term methods. The full
long-term method is considered the most accurate approach, but it requires tremendous computational effort for
complicated structures, especially when nonlinearities must be considered. In a case study of the dynamic be-
havior of a three-span suspension bridge with two floating pylons, these nonlinearities are found to have a
significant effect on the extreme values of some of the load effects. It is thus recommended to determine these
responses in the time domain. However, time-domain simulations can be very time consuming even by using
simplified approaches such as the environmental contour method (ECM) and the inverse first-order reliability
method (IFORM). Therefore, this paper introduces a computationally efficient approach utilizing the ECM and
the IFORM to determine long-term extreme values based on responses from combined frequency- and time-
domain simulations.

1. Introduction

During the design of offshore structures, it is necessary to estimate
the characteristic values of extreme load effects corresponding to spe-
cified annual exceedance probabilities. These load effects are calculated
using short-term or long-term methods. Short-term approaches are used
to analyze load effects during storms with N-year return periods with
specified durations, e.g., three hours for offshore structures subject to
waves and normally one hour for structures experiencing combined
wind and wave actions; meanwhile, long-term approaches consider all
storms that occur in the long-term period.

In principle, the full long-term methods (FLM) represents the most
accurate approaches for determining the characteristic values of ex-
treme load effects on a structure for ultimate limit state (ULS) and ac-
cidental limit state (ALS) design checks. In Norwegian rules and reg-
ulations [1], the ULS and ALS values normally correspond to annual
exceedance probabilities of 10−2 and 10−4, respectively, for offshore
structures. The FLM essentially integrates short-term response statistics
(i.e., distributions of all peaks, distributions of extreme values or mean
upcrossing rate) over all short-term environmental conditions [2]. It
incorporates both the long-term variability of environmental conditions
represented by a joint probability distribution of environmental

parameters and the variability of short-term extreme values char-
acterized by the conditional distribution of short-term responses with
regard to the environmental conditions.

However, the FLM clearly does not represent the most economical
approach from a computational perspective because they must account
for contributions from all possible short-term states [3]. Determination
of the annual probability of exceedance given a response is analogous to
determining probability of failure (if failure is defined as exceeding a
given response). Hence, structural reliability methods (e.g. FORM)
[4–6] can be used to determine the distribution of long term extreme
response values. If the annual probability of exceedance or return
period is given, the inverse method (e.g. IFORM) [7–9] needs to be
used.

The environmental contour method, which is a simplification of
IFORM, decouples the uncertainty in the environmental conditions and
the short-term extreme values and the latter is disregarded [10–13].
Fundamentally, the ECM calculates the contour line corresponding to a
selected return period. It is further assumed that the most important
combination of environmental parameters along the contour line can be
used to approximate the long-term extreme value. Neglecting the short-
term variability in the extreme values can give non-conservative results.
Thus, a higher percentile than the expected maximum is used as the

https://doi.org/10.1016/j.engstruct.2018.06.023
Received 14 November 2017; Received in revised form 23 May 2018; Accepted 5 June 2018

⁎ Corresponding author.
E-mail address: yuwang.xu@ntnu.no (Y. Xu).

Engineering Structures 172 (2018) 321–333

0141-0296/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2018.06.023
https://doi.org/10.1016/j.engstruct.2018.06.023
mailto:yuwang.xu@ntnu.no
https://doi.org/10.1016/j.engstruct.2018.06.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2018.06.023&domain=pdf


short-term characteristic value rather than selecting the median ex-
treme response [10]. Another alternative is to introduce a correction
factor that is typically between 1.1 and 1.3 to make the prediction
conservative [13–15]. The ECM has been frequently applied in ocean
engineering endeavors to search for the appropriate short-term design
case. This method makes it possible to estimate the long-term extreme
response without conducting a full long-term analysis, which is espe-
cially beneficial for complex structures.

To an extent, a simplified FLM can guarantee both accurate and
computationally efficient results because not all of the conditions
contribute to the long-term extreme value distribution [13]. It is
therefore necessary to assess whether the environmental conditions
yield significant contributions; if not, they could be disregarded. By
determining an appropriate range for the environmental parameters,
e.g., wind velocities, wave heights and peak periods, significant re-
duction of computational times can be achieved.

Most of the research so far is focusing on wave induced load effects
for offshore structures, while there exist some studies on combined
wind and wave load. This paper addresses a very complex structural
response problem, i.e., a three-span suspension bridge with two floating
pylons subjected to combined wind and wave loading. Three environ-
mental parameters are considered, namely, the mean wind velocity, the
significant wave height and the peak wave period. Due to their com-
putational efficiency, frequency domain methods are normally the first
choice for obtaining the structural response required for long-term ex-
treme value analyses. The accuracy of the simplified FLM, ECM and
IFORM is validated through a comparison with the results applying the
FLM. The results show that the simplified methods provide adequate
results and can thus be used for predicting the wind- and wave-induced
extreme load effects in this new bridge concept.

The time domain simulations presented demonstrate that non-
linearities constitute a difference of approximately 20% in the extreme
values of the bending moment due to vertical deformation at the most
important position along the girder. This means that frequency domain
approaches may underestimate the long-term extreme response.
However, time domain simulations can be very time consuming, even
by applying the ECM or IFORM. Therefore, a computationally efficient
approach is proposed to predict the long-term extreme response values
based on the combined frequency- and time-domain simulation results
and the use of IFORM and ECM. The idea of using IFORM arises from
the observation in the case study that the search for the design point
converges quickly and most of the iterations are located in a small area
near the design point. Thus the domain of environmental parameters
can be divided into a frequency-domain region and time-domain re-
gion. Time-domain simulations are utilized only as the iteration is
performed in the time-domain region. The time-domain region con-
stitutes only a small percentage, which is the key to avoid tremendous
computational time.

2. Dynamic response of a cable-supported bridge with floating
pylons

Fig. 1 shows a three-span suspension bridge with two floating py-
lons traversing Bjørnafjorden in Norway. The main cables are supported
by two fixed pylons at each end of the bridge and two floating pylons in

the middle. Similar to a tension leg platform, the bottom part of each
floating pylon is moored by four groups of tethers that provide large
stiffness coefficients for the heave, pitch and roll. The water depths at
the left and right floating pylons are 550m and 450m, respectively.
The dynamic behavior of the bridge can be simulated through both
time- and frequency-domain approaches [16,17].

2.1. Multi-mode frequency-domain approach

Since multi-mode approaches can consider aerodynamic coupling
effects among the modes, they demonstrate better performance in
predicting the buffeting responses of bridges relative to conventional
mode-by-mode approaches [18,19]. A cable-supported bridge with
floating pylons experiences both wind and wave action, and the asso-
ciated equation of motion can be written in the frequency domain as
follows:
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Here, Gη is the Fourier transform of the displacement response; Ms
∼ ,

Cs
∼ and Ks

∼ are the generalized mass, damping and stiffness matrices,
respectively; Cae

∼ and Kae
∼ denote the generalized aerodynamic damping

and stiffness matrices; Mh
∼ and Ch

∼ are the generalized hydrodynamic
mass and damping matrices; Kh

∼ is the hydrostatic restoring fore; GQBuff
is the Fourier transform of the wind force on the girder; and GQwave is the
Fourier transform of the first-order wave force on the pylons. The
second-order wave forces are not considered in the paper since they are
of minor importance for section forces in the cable-supported bridge
with floating pylons [17].

The frequency domain approach mainly includes two steps: (1) the
modal analysis of the structure, and (2) the modeling of the aero-
dynamic and hydrodynamic actions using generalized coordinates.

2.1.1. Structural modal analysis
The modal analysis is performed following a static analysis, wherein

time-invariant mean wind forces are imposed upon the bridge. In ad-
dition, the added mass when the frequency goes to infinity and the
hydrostatic restoring stiffness are added into the structural mass and
stiffness matrices, respectively, since these effects will substantially
alter the natural modes and frequencies. Consequently, fewer modes are
required, and some computational time can be saved.

The deformation along the girder, pylons and pontoons for each
natural mode must be applied for the calculations of the generalized
wind and wave actions.
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where φn, n x y z θ θ θ{ , , , , , }x y z∈ represents three translations and three
rotations of the girder and pylons for each mode. The positive directions
of the displacements along the girder, pylons, and pontoons are shown
in Figs. 2 and 4. Not all the displacements are necessary for the girder
since only the drag force, lift force and torsional moment along the
girder are considered in this case study.

Fig. 1. Three-span suspension bridge with two floating pylons. Illustrated by
Arne Jørgen Myhre, Statens vegvesen. Fig. 2. Aerodynamic forces acting on a bridge deck cross-section.

Y. Xu et al. Engineering Structures 172 (2018) 321–333

322



Download English Version:

https://daneshyari.com/en/article/6736023

Download Persian Version:

https://daneshyari.com/article/6736023

Daneshyari.com

https://daneshyari.com/en/article/6736023
https://daneshyari.com/article/6736023
https://daneshyari.com

