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Abstract

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 behavior 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.
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1. Introduction

During the design of offshore structures, it is necessary to estimate the characteristic values of extreme
load effects corresponding to specified 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 extreme load effects on a structure for ultimate limit state
(ULS) and accidental limit state (ALS) design checks. In Norwegian rules and regulations [1], the
ULS and ALS values normally correspond to annual exceedance probabilities of 102 and 10*,
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 characterized 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 (ECM), 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 short-term characteristic value rather than selecting the median
extreme 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 especially 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 reduction 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 environmental parameters are considered, namely, the mean
wind velocity, the significant wave height and the peak wave period. Due to their computational
efficiency, frequency domain methods are normally the first choice for obtaining the structural
response required for long-term extreme 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 nonlinearities 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 region. Time domain
simulations are utilized only as the iteration is performed in the time domain region. The time domain

region constitutes 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. Three-span suspension bridge with two floating pylons. Illustrated by Arne Jgrgen Myhre, Statens
vegvesen

Fig. 1 shows a three-span suspension bridge with two floating pylons traversing Bjgrnafjorden 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 550 m and 450 m, 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 associated equation of motion can be written in the
frequency domain as follows:

(M, + M, (@))G; (@) +(C, +C, (0) -C,.(V, )G, () + (K, + K, -K_.(V,0))G, (®) = G, (@) +G,_ (@) (1)

Here, G, is the Fourier transform of the displacement response; M Cs and F(S are the generalized
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mass, damping and stiffness matrices, respectively; Cae and Kae denote the generalized aerodynamic
damping and stiffness matrices; I\N/Ih and Ch are the generalized hydrodynamic mass and damping
matrices; K, is the hydrostatic restoring fore; G,_ is the Fourier transform of the wind force on the
girder; and G, 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 aerodynamic 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 addition, 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.

OX) =l @0y I
¢, = [(Dy @, ¢0x]T ’ for gil’der (2)
o =lo, o, 0. 05 @0 ©,I'. for pylons

where ¢, , ne{x, y,z,ex,ey,ez} 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 Fig. 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.
2.1.2 Wind actions in generalized coordinates

(1) Aerodynamic self-excited forces

V P B
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Fig. 2 Aerodynamic forces acting on a bridge deck cross-section

The self-excited forces acting on a bridge deck cross-section are commonly represented by the
aerodynamic derivatives developed by Scanlan and Tomko [20]. The self-excited forces on a bridge
deck for single-frequency harmonic motion can be expressed as follows:

q=C,(K)u+K,(K)u 3
The positive directions of the forces and moment are shown in Fig. 2. The displacements are positive

in the same directions as the corresponding forces. The aerodynamic damping matrix C,, and the
aerodynamic stiffness matrix K, contain 18 aerodynamic derivatives, namely, P, , H, and A’,

ne{l2,..,6}, which represent functions of the reduced frequencies of motion with K = (Bw) /v :

* * * * * *
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Here, V represents the mean wind velocity, p is the air density, and B is the width of the girder. The
elements of the generalized aerodynamic stiffness and damping matrices C_, and Kae may then be
calculated as follows [21]:

CRV.@)=[  01C.(V, @),

8 (®)
RV, ) = J.girder(p;Kae(V,a))(pmdx

(2) Buffeting forces on the girder
The density of the air is assumed to be p=1.25 kg/m® and the cross-spectral densities of the
horizontal along-wind velocity component u and vertical velocity component w at the points i and j are

assumed as follows:

S (0, AX) = 40.58Vzx __exp(- 2.8a)Ax)
(1+9.7407 V) Vv
0.82Vzk AXo
SI (w,AX) = exp(— 6
(O AX) = gz vy P ©)
S5 (@, AX) = 2.23Vx _exp( Axa))
1+1.67wz/V) Vv

Here, x is the roughness coefficient at the site, assumed to be 0.0031; and Ax is the distance between
the two points considered. The vertical curvature of the girder is neglected by using the height at the
middle of the bridge as reference for the wind load of the girder.
The elements in the cross spectral density matrix of the generalized wind actions can be written as
follows:
Sau.. =[] @F 00)BSIBl @, (x,)dxdx, (7)
2(D/B)C, (D/B)C;-C{

°: N s g
B,=28| 26, c/+(D/B)G, | s;:{ e W“}
2 _ S+ S+
ZBCM BC,(A uw Pww

Here, B, is the wind force transfer function. D denotes the height of the girder. C_, C_lL and CM are

the mean values of the drag, lift and torsional moment force coefficients on the girder; and ., C/ and

C,, are their derivatives with respect to the angle of attack.



2.1.3 Wave actions in a generalized coordinate system

(1) Radiation force
When a floating structure oscillates from the effects of waves or within still water, it will generate
outgoing waves, thereby resulting in oscillating fluid pressures on the body surface [22]. The

integrated hydrodynamic pressures are identified as the radiation force, which consists of the added
mass M, and the damping C,:

F =M, (@)t +C, (0)u 8)
When the oscillation frequency o goes to infinity, the damping converges to zero while the added

mass becomes constant and frequency independent.

M, (@) = m, (@) + M, (0) (9)
C, (@) =c, (@) +C, (o) =c, ()

M, () is added into the structural mass matrix as discussed in section 2.1.1. Upon considering the

frequency-dependent part only, the elements of the generalized hydrodynamic added mass and
damping matrices can be calculated as follows:
2

I\N/Ig:n) :Zq’; (Xi)mhq)m(xi)

) (10)
Cg;w) = Z‘P; (%)@, (%)

Here, i< {1,2} refers to the two pylons.

(2) First-order wave excitation forces

The irregular short-crested wave spectrum is a function of both the frequency and the wave direction:
S, (,0)=S()D(, ) (11)

Here S(w) is the unidirectional wave spectral density and D(w,6) the directional distribution. The

directional function for locally generated sea states is commonly approximated as frequency

independent. The Jonswap spectrum is then used to estimate the unidirectional wave spectral density

and the cos-2s distribution [23] for directional spreading:
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(12)

Here, H, and «, denote the significant wave height and peak wave frequency, respectively; s is the
wave directional parameter; » is the non-dimensional peak shape parameter and is equal to 2.05 in
this case study; and o is the spectral width parameter:

0.07 for w< o,
771009 for o>,

The auto- and cross-spectral densities of the first-order wave excitation force in each of the six
directions can be written as follows:

s, =], T%s,T¥de (13)
The transfer function T®(w,0) depends only upon the geometry of the floating structure; thus,

TV (@,0) = T (0,6) . Here, the subscripts 1 and 2 refer to the first and second pylons instead of the

force components.

The elements in the generalized first-order wave action spectral matrix can be expressed as follows:

.
~ S, 0
5 {mxo} { : }[wm(xo} 14
N (Pn(xz) 0 Sp (Pm(xz)
Here, x, and x, refer to the positions of the two pylons. The distance between the two pylons is

approximately 1385 m, and thus, it is reasonable to ignore the cross-spectral densities of the wave

force between them for short-crested waves.

2.1.4 Response in Cartesian coordinates
The total generalized system matrices are established by summing the contributions from the bridge
with the girder-wind interactions and the pylon-water interactions. These matrices are then used to

establish the generalized frequency domain transfer function H(w):

|:|(a)) = (_(Mo + I\~/|h)a)2 + (Co + Ch _Cae)ia)"' (Ko - IZa\e)y1 (15)



The spectral response matrix can be conveniently obtained via the transformation from a generalized

into a Cartesian coordinate system:

Su(@,X) = () [ H(@)(Sys +5, +55)H(@) Jo(x)" (16)

2.2 State-space time domain approach
The equation of motion in the time domain can be written as follows:

Msu(t)+csu(t)+(Ks + Kh)u(t) = Fm +FBuﬁ (t)+Fse(t)+FV£/2(t)_FRad (t) (17)

Faero Fryaro

ean

Here, M, C, and K, symbolize the still-air mass, damping and stiffness matrix, respectively, and u
represents the degrees of freedom of the finite element model. Faero represents the wind actions, which

consist of a time-invariant component F,_. due to the mean wind velocity, a dynamic component F,

ean

due to turbulence in the wind field and self-excited forces F_(t) generated by the motion of the girder.

Fhydro represents the wave actions, which consist of the radiation forces F,, induced by the motion of

the submerged part of the pylons, the hydrostatic restoring stiffness K, , and the first-order wave

excitation forces () .

2.2.1 Radiation forces in the time domain
By applying an inverse Fourier transform to Eq. (8), the radiation forces can be expressed in the time

domain as follows:

Frag (1) = Zgoq (1) + M, () U(1)

- 18
Zpae (D) :J:wh(t—T)U(T)dT (18)

Here, h(t) is the inverse Fourier transform of H(w) (i.e., H(®w) =iom, (®)+c, (®) ).

The relationship between the output (radiation force) and input (velocity) in Eg. (18) can be expressed

as a state-space model that has previously been described in detail in [24]:

)
2o O =[ 2770 2700 2" ()]
6
Zi(Rad) (t) — 2121 Zi(jRad) (t)
X(t)=DYX () +EMu, (t)
(Rad) G
27 (1) = Q" X(1)

i,jefl,2,,6) (19)
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where

X, 0] (0000 —q, | Po | 0

Xz(t) 100--0 -0, P, 0

: 010--0 - 0

X®=| . D = R : :qz EY = P QY = 0
: SRR P

: 000--0-q,, : :

X, | | 0001 -q,, ', | 1]

Here, zigRad’ is the radiation force in ith direction induced by the motion in jth direction. X is the state

vector and updated at each time step. DY, E® and Q" are different among each of the 6x6 state-

space models, and they can be determined through the least-square curve fitting of the transfer

functions defined by the added mass and damping coefficients.

0 =argmin>_|H, (@) - H, (ie,0)| (20)

m m-1
PnS” +PuaS -t PSHR

. — , and | is the number of
S +q,,S +--+QsS+(,

Here, 0=[p,. " Pp:Gr 1G] and H/(s,0) =

sampling points.

2.2.2 Aerodynamic self-excited forces in the time domain
By applying an inverse Fourier transform to Eq. (3), the self-excited forces per unit length in the time

domain can be expressed as a convolution integral as follows:

a®= [ ft-r)u(r)dr
Similar to modeling the radiation forces, the transfer function presented above can be expressed as a
state-space model [25-28]. After integrating the distributed self-excited forces by applying the

principle of virtual work and then introducing the state-space model yields the following expression

for the nodal forces [28, 29]:

Fe=Au()+A0(0) +2, (1)
X(t) = DPIX(t) + E®u(t) (21)
Z,,(1) = Q¥IX(1)

where

11
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d,!
' ECO=[1 1 - I
ae V dll (ae)
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Here, 1 is the identity matrix; A, :%pVZJ-OL N (y)a,;N(y)dy; and x, = u(t)—d'?vj_l e WVEIy(r)dr .
The matrix N(y) includes the shape functions, and L refers to the length of the beam element.

1 ioB & iwB/V
Flo)==pV(a,+a,~—+ D 8,37 22
() 2,0 (8, +a, Vv < 3708 /V +d|) ( )

The unknowns as, a2, a3 and the value of d, in the rational function can be obtained through the least-

square curve fitting of the experimental data of the aerodynamic derivatives.

2.2.3 Wind and wave excitation forces
The mean and buffeting forces attributable to the mean and turbulent wind actions, respectively, are
calculated using the quasi-steady theory [30] when the aerodynamic admittance is neglected.

Assuming that the fluctuating flow components u(x,t) and w(x,t) and the structural velocity are small

relative to the mean wind velocity V, the linearized wind-induced forces can be defined as follows:

S| O/BC] [2D/BIC, (O/EIC,-Cl)
P+ R O=25—| G #2526 cl+(D/B)G, {W(X’,t)} (23)
BC,, 2BC,, BC/,

At the peaks of the turbulent wind velocities, the higher-order terms can significantly contribute to the
wind loading and thus to the load effects in certain situations. The buffeting forces are modeled using

the following expression to investigate the influences of nonlinear terms:

. cosp -sinp 0] D(C,+BCp)
Foan + Faut (t):Eij, sing cosp 0| B(C_+pC))

0 0 1J|B*C,+sCy)
Vi = (V +u(x, 9)° +w(x,1)° (24)
- w(X,t)
p= arctan(v—+ u(x, t))
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For irregular waves, the first-order forces can be obtained by summing the contributions from all of

the frequency components in all of the directions using the following well-known expression [31]:

N M
Ra( ) =23 [T,.6,)
Tan =25, (@,,6,) A0 (25)

¢ =tan -1 Im(T(l) (wn ’ Hm ))
" Re(T(l) (a)n ! Hm ))

7.m COS[K, (XCOS(E,) + ysin(0,) — ot + &, — by |, T€{1,2,--,6}

Here, k is the wave number and ¢, € {0...27[} is a uniformly distributed random phase angle.

3. Long-term extreme value prediction methods

The FLM, ECM and IFORM are three of the most popular methods that are utilized to determine the
characteristic values of long-term extreme load effects on offshore structures due to wind and wave
action. However, as the ECM and IFORM are approximate approaches, their accuracies must be

verified via the FLM.

3.1 Full long-term method and simplified FLM

In principle, the FLM approach is the most accurate for determining extreme load effects for design
checks. The cumulative distribution function (CDF) of the extreme value X = X(T), that is, the

extreme value over a long-term period T, can be expressed as the integral of the short-term response

over all possible environmental conditions [3]:
F (0= exp{—T jv jH L vi(¢vaht,) (v, hs,tp)dvdhsdtp} (26)

Here, v, denotes the average ¢ -upcrossing rate for a short-term environmental condition. For a zero-

mean, stationary Gaussian process, vy can be written as follows:

oy (v, hs,tp) ~ 412
2770, (v, h,,t,) exp( 20, (V, hs,tp)z) (27)

v (&)=
where the standard deviations o, and oy for long-term situations are functions of the environmental

conditions. Substituting Eq. (27) into Eq. (26), the long-term extreme value distribution can be

expressed as follows:

13



B . oy (v,h,t) B ¢?
Py (g’)_exp{ TJ.VJ‘HS-[Tp 270y (v,hs,tp)eXp( ZGX(V,hS,tp)Z)f(v’hs’tp)dthsdtp} %)

As mentioned earlier, not all the conditions contribute to the extreme value distribution. In the
simplified FLM, only the environmental conditions that yield significant contributions are accounted
for. By determining an appropriate range of parameters, the computational times can be significantly

reduced. The contribution from each environmental condition to the extreme value distribution of the
load effects is dependent on v, (¢ |v, h,t,) f(v,h,t,), which is the product of the conditional short-term

extreme values and the probability density function of the corresponding environmental condition.

3.2 Inverse first-order reliability method

Unfortunately, since the FLM must account for the contributions from all possible short-term states, it
is not the most economical method from a computational perspective. The IFORM is a relatively
efficient approach that is utilized to achieve the extreme response corresponding to a given exceedance

probability. A limit state function is defined as follows:
g(xd’V’Hs’Tp;Xcrit):Xcrit_xd(V'Hs'Tp) (29)
Here X, , which is a random variable, is the short-term extreme value. Failure refers to an event when

the critical response X_, is exceeded by X, , and thus, the failure probability can be approximated as

crit

follows [3]:

P(Xa)=1-F (X = [[[] oy r €Ivhat) F(v.h, t,)dvdndt,dg (30)

0(Xy N Ho Ty X ) <0
Here, three environmental parameters are considered: the mean wind velocity V, the significant wave
height Hs and the peak wave period Tp. For complex structures experiencing both wind and waves,
other important parameters, e.g., the wind velocity, turbulence intensity and the wind and wave
directions, must also be considered and will consequently be studied in future investigations. Directly
solving Eqg. (30) is not efficient, and therefore, this integral is transformed to a U-space consisting of

independent, standard Gaussian variables (u,,u,,u,,u,) . This can be accomplished by for instance using

the so-called Rosenblatt transformation scheme [32].

14



R (v) =®(u,) o u=0"[R V)]
Fa=0w) o u,=07[F, (O]
(31)
Foun )=o) o u=0 [ o, (8 |v,hs)}
Xd\H VTP(X|h ):CD(U4) = :q) |: Xg[Hs VTP(X|h :|
After transformation, the failure probability can be expressed as follows:
pf (xcrit) = _[_[_[_[ ¢U(u)du (32)

0(Xg ¥ HT) X )<0
where ¢, is the joint probability density function for the Gaussian variables.
The IFORM assumes that the limit state function g(u; X_,) =0 in the U-space can be approximated
linearly via a first-order Taylor expansion. Prior to this assumption, there is no loss of accuracy.
Furthermore, to guarantee that the first-order approximation will introduce the least error, the limit
state function is expanded at the most probable point (MPP), which provides the greatest contribution
to the failure probability. In the U-space, the MPP is the point on the limit state surface with the
minimal distance, B, from the origin. The failure probability under the assumption of first-order
expansion can be written as follows [33]:

=0(-p)
As the annual probability of exceedance is given, a hypersphere with a radius S can be determined.
The purpose of the IFORM is to find the design point that yields the largest response on the
hypersphere.

Given, p;;

find, X, = max(X, (u)) subject to |u|= A where g=-d"(p,)
To perform the IFORM based on combined frequency domain and time domain simulation results, the
U-space is divided into frequency domain region and time domain region, as shown in Fig. 3. During

each iteration, it should firstly be determined in which region the condition u*is located and then the

following recursive formula can be used to achieve the design point [2]:

v(g(u")) 33
~ N V(g(u"))| 59
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<g,

Here, the notation V is used for the gradient. The design point is obtained as ‘uk” —u"‘/‘uk+1

where & is the convergence tolerance. A back-tracking approach [34, 35] is applied to modify the
updated condition u“"* in order to avoid the iteration conditions oscillating among several conditions

without convergence because u*" calculated from Eq. (33) is not guaranteed to give a sufficient

decrease of limit state function. See [34, 35] for further details.

/ Input: starting points u, and / . 4

u=u,

/ﬂlocated

in FD region
Input: FD
simulation results

u=1u u =-—

new new

Uy

FD region

Input: TD
simulation results

Vg(u)
Ve

|

| Back-tracking approach |

<¢g

u new

u,, —ul/

Stop

Fig. 3 Algorithm of the IFORM based on the combined frequency domain and time domain simulation results.
FD and TD represent frequency domain and time domain, respectively.

3.3 Environmental contour method
If it is assumed that the conditional probability density function of the short-term extreme value in Eq.

(30) approaches a Dirac delta function, then the random variable X, can be replaced with its median
value XjO%, which is a deterministic value, and the integral over ¢ can be removed [14] as follows:

Py (Xo) =1-F, (X)) = ] f (v, h,,t,)dvdh,dt, (34)

GOXEP (Vg T )i Xt )<0
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This assumption represents the fundamental principle of ECM, which is clearly a simplification of the
IFORM. Here, the probability of exceeding a given response level is independent of the response
guantity and can be estimated simply from the joint distribution of the environmental conditions.
Similar to Eq. (32), the failure probability above can be rewritten in standard Gaussian space as

follows:

P () =1-F )= ]  fuu)du (35)

g(Xg (U): X )<0

The g-annual probability contour surface can be determined in the U-space by applying the IFORM.

The only difference in this process is that the coordinate representing the variability in the short-term
extreme response U, is assumed to be zero. By identifying the largest median response along the

obtained contour surface, an estimate of the long-term extreme value distribution can be obtained.

When a random variable is replaced with a deterministic value, the corresponding long-term response
will be non-conservative. Various approaches can be employed to compensate for the omitted
variability in the response [10]. For instance, a higher percentile is selected as the short-term
characteristic rather than selecting a median extreme response. Using a correction factor is another
approach to compensate for the inaccuracies introduced by disregarding the uncertainty of the short-
term extreme responses. The factor is structure-dependent. Studies have shown that it is in the range
from 1.1 to 1.3 when calculating the load effects corresponding to an annual exceedance probability of
102 for offshore structures [1, 14, 36]. It is however important to be aware of that either selecting a

higher percentile or using a correction factor is an approximation. The basic principle of the ECM is

as follows:
Given, p;;
find, X, =max(X?(u)), where p is a constant larger than 50%;
or find, X_, =(1.1~1.3)xmax(X*(u)), subject to |u|=-d"(p,)

In a weakly nonlinear dynamic problem, it is reasonable to assume that the most important condition
on the environmental contour surface and the correction factor are the same. To avoid tremendous

time domain simulations, the most important condition and the correction factor can be determined
17



based on frequency domain simulation results. Thus, only the most important condition will be

simulated in time domain by considering the nonlinear properties.

4. Numerical results

A comprehensive finite element model of the bridge (displayed in Fig. 4) is used for the dynamic
analysis (see [37] for details of the bridge model). Each span of the bridge has a length of 1385 m and
the floating pylons are approximately 200 m above the mean water level and have a draft of 65 m. The
girder, main cable, tethers, hangers and pylons are modelled using the beam elements in ABAQUS
[38]. The geometry of the submerged part of the pylon in WADAM program (Wave Analysis by
Diffraction and Morison Theory) [39] is modelled in an identical manner to the actual one instead of
being simplified to a beam. The user elements, developed as a one-node element in the nodes of the
girder and the gravity center of the submerged part of the floating pylons as illustrated by the red
markers in the figure, are used in time-domain analysis to simulated the aerodynamic self-excited

forces and radiation forces which are represented by state space model.

pylon no.1

pylon no.2

N

model in WADAM

......
.........
e

]

X

Fig. 4 Finite element model of the three span suspension bridge with two floating pylons
4.1 Long-term descriptions of the wind and wave conditions
Since measurements of the environmental conditions in Bjgrnafjorden are currently not available, a

scaled dataset from the North Sea is used in this paper, wherein the wave height and period are divided
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by 2.5 and /2.5, respectively. The marginal distribution of V and the conditional distribution of Hs
given the mean wind velocity are presented using a
model. Meanwhile, the conditional distribution of T, given both the mean wind velocity and the

significant wave height is fitted to a lognormal distribution. Table 1 lists the assumed parameters [40,

41].
A,V e V \a
f, (V) === ()" -exp(~(—)*) (36)
TOBCA Ay
h h
fy (V) = 28 ()™ o exp((2) ™) (37)
HSN | ﬂHs ﬂHs ﬂHs
aHs=a1+a2‘va3; /BHs:b.l.-i_bZ'Vbs
2
1 1 In(tp) ~ Hin(t,)
f t|v.h)=———-exp|-—=| —— 38
TPN,HS( p| ) ‘/Eo'map)tp p{ 2{ Giner ( )
O-
Hinr)) = In . = | Gli(Tp) = In(]-“‘UTZp): Ur =L
1+ v ,
31\

e =(e,+e,-h?)-|1+6 szfhs) v v =k +k, -exp(k;h,)

P f,+f,-h? P

Table 1 Parameters for the marginal distribution of V and the conditional distributions of Hs and T,
ay B 0 4 & a, a, b, b, b,
2209 9409 -0.255 1.0 2.136 0.013 1.709 1.816 0.024 1.787
e1 eZ eS fl f2 f3 kl k2 k3
8.0 1.938 0.486 2.5 3.001 0.745 -0.001 0.316 -0.145

4.2 Wind- and wave-induced responses

The variations in the response of the floating suspension bridge under various combinations of wind
velocity, wave height and peak period are shown in Fig. 5. At a specified wave period, the wave
excitation force, wind buffeting force and aerodynamic damping represent the three primary
parameters that dominate the section moment in the girder. Sea states with greater significant wave
height induce larger wave excitation forces and correspondingly larger section moments. However, the
structural response is not always greater under the influence of stronger winds because the
aerodynamic damping can also increase with the mean wind velocity. The trend depends on the ratio
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of the contributions to the responses from wind and wave loads. Wind is the primary contributor at
small wave heights, and the section moment increases with the wind velocity. In contrast, the section
moment initially decreases at greater wave heights and then increases with increasing wind velocities.
In addition, the variation in the section moments depends significantly on the wave period. The peaks
in the bending moment due to vertical deformation are located within the wave period range from 3 s

to 8 s, which contains several vertical natural modes.

(%]

STD of SM, (Nm)

STD of SM, (Nm)
[\

o

40

(@) Tp=8s (b) V=20 m/s
Fig. 5 Standard deviation (STD) of the bending moment due to vertical deformation

4.3 Comparison of short-term extreme values obtained using the time and frequency
domain methods

Both the multi-mode frequency domain method and the state-space time domain method can be
employed to numerically simulate the response of a bridge within a linearized system. Meanwhile, the
dynamic behavior of a bridge is normally simulated in the time domain for a nonlinear system in
consideration of the geometric nonlinearity and nonlinear buffeting forces.

Time series of the stochastic horizontal and vertical wind velocity components along the bridge at
V=30.7 m/s and the wave elevation for Hs=4.8 m and T,=8 s are generated through Monte Carlo
simulations (Figs. 6 through 8). The average co-spectral density of the 10 generated turbulent wind
velocity realizations at points with a separation of 110 m and the average auto-spectral density of the
wave elevation at the position of pylon no.2 are also compared with the target spectral densities, the

results of which indicate a good match.
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Fig. 6 (a) Time series of the horizontal wind component along the bridge at V=30.7 m/s. (b) Comparison of the
average co-spectral density of the ten generated horizontal turbulent wind velocity realizations and the target
co-spectral densities at two points with a separation of 110 m
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Fig. 7 (a) Time series of the vertical wind component along the bridge at V=30.7 m/s. (b) Comparison of the
average co-spectral density of the ten generated vertical turbulent wind velocity realizations and the target co-
spectral densities at two points with a separation of 110 m
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Fig. 8 (a) Time series of the wave elevations along the bridge at Hs=4.8 m and T,=8 s. (b) Comparison of the
average auto-spectral density of the ten simulated realizations and the target spectral densities at the position of
pylon no.1.
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Fig. 9 Time series of the bending moment due to vertical deformation obtained from linear and nonlinear
simulations

Fig. 9 displays the time series of the bending moment due to vertical deformation obtained using a
linear and a nonlinear system. Some of the bending moment peaks from the nonlinear analysis are
larger than those from the linear analysis. The average conditional exceedance rate (ACER) method
[42] is used to process the time series history of the section force and calculate the short-term extreme

value distribution:

Fy () ~exp{-& (O)NT,. | (39)
where ¢, (¢) denotes the average exceedance rates conditional on the k-1 previous non-exceedances of
the threshold ¢, N is the average number of observed values per unit of time, and T, is the period
duration for a short-term case.

The mean exceedance rate &, (¢) in the tail of a distribution is assumed to be dominated by a function
of the form q(n)exp{—e(n—b)°}(nzm2b) [42], where 71, is an appropriately chosen tail level. The

four parameters e, b, ¢ and g can be obtained via the curve fitting of the expression to the data obtained
from the time series histories by utilizing the Levenberg-Marquardt least squares optimization method.
Fig. 10(a) and (b) show satisfying curve fitting results for the 10 realizations of the section forces in

one hour for both linear and nonlinear simulations using the ACER method.
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Fig. 10 Average exceedance rates of the bending moment. CI* and CI;, are the 95% confidence levels and
their corresponding curve fitting results, respectively
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Fig. 11 Comparison of the short-term extreme value distributions obtained using the linear and nonlinear
methods

The short-term extreme value distribution can also be calculated based on the frequency domain

results as follows:

o, (V,H, 2

Fe(§)=expy-T - 2R oo £ 7) (40)
oy, (V,H,) 20, (V,H,)

Fig. 11 shows a comparison of the short-term extreme values obtained using the frequency domain

method and the linear and nonlinear time domain methods. The ‘linear time domain method’ refers to

the approach that does not consider nonlinear effects in the time domain simulations. It is only

employed in the comparison with the frequency-domain results in this section to verify that the time-
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and frequency-domain results corresponds for the linear system. The nonlinear effects are included in
the time-domain analysis when performing the ECM and IFORM. Only very small differences exist
between the linear time domain results and the frequency domain results; these differences were
probably induced by the variability in the generated stochastic wind and wave fields or from the curve
fitting of the mean exceedance rate. The comparison between the results of the frequency domain
analysis and those of the nonlinear analysis suggests that nonlinearities can constitute a difference of
approximately 20% in the bending moment due to vertical deformation. This means that the frequency
domain method can underestimate the extreme value significantly. However, the time domain
approach is very time consuming in an FLM. Therefore, three efficient alternatives are introduced
herein to analyze the long-term extreme values of the bending moment due to vertical deformation, i.e.,

the simplified FLM, the ECM and the IFORM.

4.4 Simplified full long-term method
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Fig. 12 Contribution from each environmental condition to the long-term extreme value distribution

Fig. 12 shows the contribution from each environmental condition to the long-term extreme value
distribution. The results have been obtained applying the computationally efficient frequency-domain

method. The colormap represents the product of the average ¢ -upcrossing rate for a short-term
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environmental condition and the probability density function of the corresponding environmental

condition, v, (§|v, h,t,) f(v,h,t,). The threshold ¢ is selected to be equal to 50.43MNm. As shown in

Fig. 12, only the wind velocities ranging from 25 to 35 m/s, the wave heights ranging from 3to 7 m
and the wave periods ranging from 7 to 10 s seem to yield significant contributions to the integration
in Eq. (28). The long-term extreme value distribution for the bending moment, which is based on the
FLM and the simplified FLM, is displayed in Fig. 13. The results in Fig. 13 confirm that only the
environmental conditions in Table 2 contributed significantly to the long-term extreme values.

Therefore, the simplified FLM and FLM can predict equally accurate extreme values, and the former
can save tremendous computational time. The simplified FLM based on the time-domain simulation
results can be performed by assuming that the important region keeps the same when the nonlinear
effects are included. It can also be performed by selecting an environmental condition inside of the
important region determined based on the frequency-domain results and calculating its contribution to
the long-term extreme load effects. The adjacent environmental conditions are then simulated and the
corresponding contributions are added until the long-term extreme value converges. However, the
number of environmental conditions required is still too large for practical purposes if the conditions

are simulated in the time domain.

Table 2 List of environmental conditions that yielded significant contributions to the long-term extreme values
based on frequency-domain results

V Hs Tp
Methods Range Interval Range Interval Range Interval
FLM 1-40m/s 1m/s 1-10m 0.3m 1-15s 0.3s
Simplified FLM  25—-35m/s 1m/s 3-7m 0.3m 7-10s 0.3s
| T y , _
—— Simplified FLM
0.8 Full long term method 1
. 0.6F 1
-
© 04} ]
0.2}F 1
0 L 'l L Il L
2 3 4 5 6 7 8

Vertical bending moment (Nm) x 10’
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Fig. 13 Comparison of the distributions of the extreme bending moment in 100 years obtained using the FLM
and the simplified FLM as defined in Table 2

4.5 Environmental contour method

(1) ECM based on the frequency domain results

Fig. 14 shows the environmental contour surface for 100-yr-return environmental conditions. The
short-term extreme value distribution for 63x63 cases on the surface are calculated based on Eq. (40).
The red point in the figure shows the position of the case that yields the largest median extreme value
of the bending moment due to vertical deformation. The blue lines represent the slice of the contour
surface at V=30.67 m/s and T,=8 s.

The short-term extreme value distribution for the most important case is compared with the full long-

term extreme value distribution (Fig. 15). The correction factor o is defined as the ratio between an

‘ 25
2 20

10
5
Tp(s)

Fig. 14 Environmental contour surface for 100-yr-return period.. The * symbol denotes the most important
condition on the contour surface, and the »* symbol represents the design point found in the IFORM
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Fig. 15 Comparison of the short-term and full long-term extreme value distributions obtained from the ECM

annual probability value of 102 based on the FLM (50.43 MNm) and the median short-term extreme
value (45.05 MNm):

., 50-43MNm
"~ 45.05MNm

1.12

The 1072 annual probability value is obtained from the long-term extreme value distribution as the
CDF is (1-102)%=0,366.

(2) ECM based on time domain simulations

Evaluating many environmental conditions along the contour surface requires too much computational
effort when it is necessary to simulate the response in time domain. Fig. 9 shows the dynamic response
of the structure when nonlinear effects are included and disregarded. The curves are similar in the
sense that it is only the peak values that are slightly changed while the overall characteristics of the
response remain the same when including the nonlinear effects. This indicates that the system is only
weakly nonlinear, which makes it reasonable to assume that the location of the most important region
does not change significantly. Ten realizations of the most important case, which were discovered
based on the abovementioned frequency domain results, are therefore simulated using the time domain
method. Since this time domain approach represents a weakly nonlinear dynamic problem, it is

reasonable to assume that the most important case on the environmental contour surface and the

correction factor are the same as those when considering nonlinear effects. The curve fitting results of
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the ACER function and the short-term extreme value distribution in consideration of nonlinearities
have been shown in Fig. 11. The median extreme value for the 1-h extreme value is 54.3 MNm.
Multiplying this value by o =1.12, which is assumed to be the same for the linear and nonlinear

systems, the 100-yr extreme value is found to be 60.8 MNm.

4.6 IFORM

(1) IFORM based on the frequency domain results

The ECM ignores the variability in the short-term extreme values and assumes that the standard
Gaussian variable corresponding to the short-term extreme value is zero. The value of this Gaussian
variable fluctuates for different dynamic problems, and it is usually larger than zero. Therefore, the
design case found using the IFORM (V=28.7 m/s, Hs=4.57 m and T,=8 s) is usually located on the
inside of the contour surface, and it is represented by a star in Fig. 14. With an increasing importance
of the variability in the short-term extreme value, the design point will be located increasingly toward
the interior of the contour surface. The accuracy of the predicted extreme bending moment based on
the IFORM (51.54 MNm) is validated through a comparison with the FLM (50.43 MNm). The
difference for this case is:

51.54-50.43
50.43

=22%.

(2) IFORM based on the combined frequency and time domain results
Both ‘exact’ and approximate approaches can be used to implement the IFORM based on the
combined frequency and time domain simulation results. With the ‘exact” approach, the time domain

simulations are processed during each iteration of searching for the MPP to calculate the gradient of

the limit state function g(u*). Assuming that this process requires 8 iterations before the IFORM
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Fig. 16 Iterations of the IFORM based on a) the frequency domain results and b) the combination of the
frequency and time domain results

converges and that the time domain simulations require 12 h for each iteration in this case study, the
‘exact” approach needs 96 h to determine each response parameter since the maximum of different
parameters don’t necessarily occur at the same time, e.g., the section force in the girder or the axial
force in the cables or tethers. In the approximate approach, the time domain simulations are
accomplished prior to the iterations in the IFORM. However, not all of the potential environmental
conditions must be simulated within the time domain approach because most of the iterations are
concentrated in a very small space (28.5<V<29.1 m/s, 4.18<H;<4.93 m and 7.5<T,<8.4 s), as
indicated by the frequency domain results (blue area in Fig. 16(a)). Considering that this is a weakly
nonlinear dynamic problem, the design case will not change significantly. Therefore, only the
environmental conditions around the design conditions are simulated in the time domain approach in
consideration of nonlinearities (i.e., 28<V<30 m/s, 4<H;<6 m and 7<T,<9 s), as shown by the blue
space in Fig. 16(b). During each iteration, the gradient of the limit state function is calculated based on
the frequency domain method if the condition is located in the green area. When the iteration enters
the blue space, the gradient will be calculated using the linear interpolation of the pre-calculated time
domain results. Thus, the time domain simulations can be conducted in parallel instead of in series as
in the ‘exact’ approach. Furthermore, it is unnecessary to rerun the time domain simulations when

predicting the long-term extremes values for different response parameters.
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In this case study, wherein the extreme value of the bending moment due to vertical deformation in the
bridge girder is predicted, the first 2 iterations are processed based on the frequency domain results
while the final 6 iterations are accomplished based on the time domain results. The design condition
obtained is V=28.9 m/s, Hs=4.63 m and T,=8.04 s, which is in the time-domain region and is very
close to that found using IFORM based on the frequency-domain results. The characteristic 100 yr

extreme value is X_, =62.0 MNm. Comparison to the results obtained based on the other methods are

crit

listed in Table 3.

Table 3 Comparison of the 100 yr extreme values of the bending moment based on different methods

Extreme response value based on Extreme response value based on

Method FD results (MNm) FD&TD results (MNm)
FLM 50.43 /
Simplified FLM 50.26 /
ECM 49.56~58.57 60.8
IFORM 51.54 62

5. Conclusions

This paper presents a study of multiple efficient approaches, i.e., the simplified FLM, the ECM and
the IFORM, used to predict the long-term extreme load effects due to combined wave and wind load
on a cable-supported bridge with floating pylons. This research was conducted because a comparison
of the results obtained using frequency and time domain approaches revealed that nonlinearities can
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. The findings presented herein
indicate that the structural dynamic response should be solved in the time domain to consider
nonlinear effects. However, time domain simulations can require tremendous computational times to

predict the long-term extreme value distribution.

Relative to the FLM, the simplified FLM can predict equally accurate extreme values while requiring
approximately 10 times less computational effort. However, the number of environmental conditions
required is still very large, and thus, the simplified FLM is not an effective choice for this case study if

the conditions must be simulated in the time domain.
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The ECM is the most efficient approach. The maost important condition on the contour surface for N-
year-return environmental conditions and the correction factor can be obtained based on the frequency
domain results. It is reasonable to assume that the most important case and the correction factor are the

same when considering nonlinear effects since this is a weakly nonlinear dynamic problem.

The IFORM can accurately predict the extreme values of the bending moment with an error of
approximately 2.2% for this case study based on the frequency domain results. In order to include the
nonlinear effects and to save computational time, the frequency domain and time domain results are
combined in the IFORM iterations. The domain of environmental parameters is divided into a
frequency domain region and a time domain region. Time domain simulations are performed only as
the iteration is located in the time domain region. Since most of the IFORM iterations are concentrated
in a very small space that is centered around the design case, the time domain region constitutes only a

small percentage of the domain, which is the key to avoid tremendous computational time.

Comparing the performance of these three approximate approaches in the prediction of long-term
extreme load effects due to wave and wind actions, the IFORM based on combined frequency- and
time-domain results is most recommended for this particular case. The simplified FLM is not
recommended since it still requires tremendous time-domain simulations. The ECM requires the least
time-domain simulations, but the assumption that the design condition and correction factor do not
change when considering the nonlinearities cannot be proved. Although it is also assumed in IFORM
that the design condition is in the enlarged time-domain region determined based on the frequency-

domain results, this assumption have been proved satisfied in this case study.
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