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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to Reliability Analysis and Risk Assessment.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. This work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

I Seismicity, Ground Motions I
and Seismic Hazards Estimates I

+
I Geoteelmical Studies, Soils Iand Soil-Structure Interaction ~

t

I System Response: I
Testing and Analysis I

+ r 1

I Reliability Analysis
I _ ..

and Risk Assessment I
Expert Systems

iii

Tasks:
Eanhquake Hazards Estimates,
GrOlUld Motion Estimates,
New Ground Motion Instrumentation,
Eanhquake & Ground Motion Data Base.

Site Response Estimates,
Large Ground Defonnation Estimates,
Soil-Structure Interaction.

Typical Structures and Critical Structural Components:
Testing and Analysis;
Modem Analytical Tools.

Vulnerability Analysis,
Reliability Analysis,
Risk Assessment,
Code Upgrading.

Architectural and Structural Design,
Evaluation of Existing Buildings.



Reliability Analysis and Risk Assessment research constitutes one of the important areas of
Existing and New Structures. Current research addresses, among others, the following issues:

1. Code issues - Development of a probabilistic procedure to determine load and resis
tance factors. Load Resistance Factor Design (LRFD) includes the investigation of
wind vs. seismic issues, and of estimating design seismic loads for areas of moderate
to high seismicity.

2. Response modification factors - Evaluation of RMFs for buildings and bridges which
combine the effect of shear and bending.

3. Seismic damage - Development of damage estimation procedures which include a
global and local damage index, and damage control by design; and development of
computer codes for identification of the degree of building damage and automated
damage-based design procedures.

4. Seismic reliability analysis of building structures - Development of procedures to
evaluate the seismic safety of buildings which includes limit states corresponding to
serviceability and collapse.

5. Retrofit procedures and restoration strategies.
6. Risk assessment and societal impact.

Research projects concerned with Reliability Analysis and Risk Assessment are carried out to
provide practical tools for engineers to assess seismic risk to structures for the ultimate purpose
of mitigating societal impact.

This study focuses on developing and illustrating a methodology for multi-mode, multi-hazard
risk assessment. In this report, both short-term and long-term multi-hazard risk analyses of an
off-shore platform are made. The authors also determine the influence of ambient load on the
earthquake safety and the effect ofparameter uncertainty on failure probabilities.
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Abstract

This report develops and illustrates methodology for multi-mode, multi-hazard risk as

sessment. The case study involves an offshore structure subjected to earthquake shaking and

storm-generated wind, wave, and current loads. Two classes of risks are calculated: (1) con

ditional failure probabilities under short-term loads; and (2) long-term or overall risks, which

depend on occurrence patterns of loads of different intensities. These risks are calculated

for several combinations of earthquake and storm loads including the ambient load based

on two limit states, both of the first passage type, respectively defined in terms of allowable

displacement and acceleration at the deck level of the structure. Drift or dynamic displace

ment often controls the design of tall structures, while acceleration limit state is useful in

assessing the risk to secondary systems or acceleration-sensitive instruments mounted on

the deck. This report accounts explicitly for two distinct sources of uncertainty in the risk

assessment: one is inherent, essentially irreducible uncertainty, e.g., due to random phasing

of sinusoids in earthquake ground motion, and the other, statistical uncertainty of load and

structural parameters. In the case study, the structure is modeled as a single-degree linear

system with the response analysis performed in the frequency domain using linear random

vibration theory.

This report shows that the relative importance of different loads depends on the limit

states and on the load and structural characteristics. For a flexible offshore structure, the

storm load dominates in the case of a displacement limit state, but is unimportant compared

to the earthquake load in relation to an acceleration limit state. Parameter uncertainty

is shown to always increase the long-term risk; in the case study, the increase is more

pronounced for the displacement limit state than for the acceleration limit state. Also, it is

shown that the ambient load increases the risk due to earthquake loads alone, especially at

the lower resistance levels.
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1. Introduction

Multi-hazard risk analysis is concerned with the performance of structures subjected to

multiple random loads, some of which may occur simultaneously. To focus and illustrate the

presentation of the methodology, this report examines a simple model of an offshore structure

subjected to earthquake shaking and sea-storm-generated wind, wave, and current loads.

We compute the integrated risk in the presence of multiple loads and determine the relative

importance of different loads in function of both the structural and load characteristics.

A detailed risk analysis is presented of an offshore oil-platform exposed to four different

combinations of earthquake and sea-storm loads. The load combinations are: (1) earthquake

load alone, (2) earthquake load plus ambient load, (3) sea-storm load alone, and (4) earth

quake load plus sea-storm load. The ambient load of the second load combination arises

due to the ever-present wind over the sea, and is included herein to study its impact on the

earthquake safety.

In general, "failure" is said to occur when the structure or one of its components reaches a

"limit state," i.e., a condition of undesirable behavior or performance. This report calculates

the probabilities of structural failure based on two limit states, defined, respectively, in terms

of relative displacement and (pseudo) acceleration at the deck level of the structure. The

acceleration limit state is relevent in assessing the safety of secondary systems or acceleration

sensitive instruments mounted on the deck. Two classes of failure probabilities are calculated:

(1) conditional failure probabilities under short-term loads; and (2) long-term or overall

failure probabilities, which depend on occurrence patterns of different load intensities.

We account explicitly for two distinct sources of uncertainty in evaluating the probabil

ities of a structural failure. One is inherent, irreducible, uncertainty, e.g., due to random

phasing of sinusoids in earthquake ground motion; and the other is statistical uncertainty of

the load and structural parameters. The latter uncertainty reflects the fact that limited data

are available for the load and structural characteristics to which probability distributions are

assigned instead of deterministic point values. This report seeks to evaluate the effect of this

parameter uncertainty on response statistics and failure probabilities.

The response analysis herein is performed in the frequency domain using linear random

vibration theory, i.e., the equations of motion are linearized based on equivalent linearization
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techniques. Also, the response to both earthquake and sea-storm loads is assumed to be

quasi-stationary during load events of specified durations.
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2. Dynamic Model

For a case study, this report considers a three-legged offshore oil-platform, 80 meters

deep, shown in Fig. 2.1. The structure is modeled as a I-DOF system with only the horizontal

motion. The rotational motion or the vertical drop of the deck are being neglected. The

deck structure for the purpose of the wind load calculation is modeled as an equivalent

rectangular wall normal to the mean wind direction, with height h and width b. The three

legs, tubular in form, are assumed to have full end fixity. Fig. 2.1b shows a dynamic model

of the structure with the dominant mode shape, 'ljJ(z), shown by the dashed line, given as

'ljJ(z) = 1 - cos (~~) , (2.1)

where z is the vertical axis with origin at the sea surface, and l the length of the legs.

Table 2.1 lists the structure's dynamic characteristics and other important dimensions. The

values for modal mass M, stiffness K, and natural frequency W n are calculated based on the

mode shape 'ljJ(z) and the modal damping ratio ( is assumed to be 4.0 %.

To calculate the modal mass, we lump a fraction fm of the virtual mass of the three legs

with the deck mass:

}vI = md + 3[md + ma(l- d)]fm, (2.2)

where md is the deck-mass, ma and m the actual and virtual mass per unit length of a single

leg, respectively, d the water depth, and (l- d) the length of a leg between the still water

level and the bottom of the deck. Factor fm based on the modal analysis [16] is found to be

0.375. The modal stiffness is calculated as

(2.3)

which is the magnitude of the horizontal force at the deck level that produces a unit deflection

at that point. E is the Young's modulus of elasticity and I the rotational moment of inertia.

Thus, the natural frequency of the structure can be written as

W n = .jK/M.
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Table 2.1 Dynamic Characteristics and Some Dimensions of the Platform

modal mass (kg) M 5.44x106

modalstiffness(~/m) K 2.67x107

modal natural freq. (rad/sec) (On 2.21

length of legs (m) I 80.0
submerged depth (m) d 72.0
deck-width (m) b 50.0
deck-height (m) h 5.0
leg-dia (outer) (m) D 3.7
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3. Modeling of Environmental Loads

Short-term and long-term models for earthquake, wind, wave, and current loads are

presented below. The short-term characterization is concerned with the details of the load

time history during each load event, while the long-term model describes the recurrence

pattern of potentially damaging load events.

3.1 Earthquake Load

Earthquakes at a site occur as a sequence of events which are generally nonstationary

with respect to frequency content and intensity. For the purpose of stochastic analysis, how

ever, motions during each load event are modeled as limited duration segments of stationary

random processes.

3.1.1 Seismic Hazard

The seismic hazard at a site is described through a plot of annual exceedence probability

versus the peak ground acceleration Ap • Over the range of a-values significant to structural

risk analysis, it is represented as

P[Ap > a] = 1- exp [_ (~)K] , (3.1 )

which has the form of a type-II extreme value distribution. Ii- and J1 are the size and shape

parameters of the distribution, chosen here to be 2.7 and 0.18, respectively [6].

3.1.2 Spectral Density Function

The one-sided spectral density function (SDF) of ground acceleration on bedrock is

modeled by [13]:

(3.2)

where Go = the intensity parameter, Wo = the corner frequency, Wr = 1r(rIfr) , r = the

epicentral distance in km, r1 = ')'-1 = the characteristic decay (e-1) distance for the 1-sec

wave amplitude in km/sec.

3-1



Assuming that Wo is small compared with Wr, which is the case most of the time, an

integration of Eq. 3.2 with respect to W yields the following expression for the variance of

ground acceleration:

O"~ = JGA(w)dw ~ GOwr • (3.3)

Also, the square root of the variance of ground acceleration can be expressed as the peak

ground acceleration Ap divided by a peak factor, assumed here to be 2.75:

Thus, from Eqs. 3.3 and 3.4,
Go = (Ap /2.75)2,

Wr

(3.4)

(3.5)

(3.5)

which relates the spectral intensity Go to the peak ground acceleration Ap • The long-term

distribution of Ap is expressed in terms of the curve of site seismic hazard.

The strong motion durations for earthquake load events are uncertain. Their variability

is important especially in the context of nonlinear response. This report, however, treats

only the linear response, and, as a first approximation, assumes a constant duration for each

load event, set equal to 20 sec.

3.2 Wind Load

Structures exposed to gusty wind experience a fluctuating wind load. Assuming a quasi

stationary wind drag coefficient, Cd, the wind load, F(i), may be expressed as

F(i) = ~PaaCdV2(i),

where Pa is the density of air, a the exposed area of the structure normal to the mean wind,

and V(i) the fluctuating wind velocity. Wind load phenomena other than turbulence such as

vortex-shedding, galloping, and flutter are not considered. The wind velocity V(i) is resolved

into a time-independent mean value V and a stationary fluctuating part v(i):

V(i) = tl +v(i). (3.6)

When the fluctuations are small compared with the mean wind, Eq. 3.5 for the wind load

can be linearized:

F(i) ~ ~PaaCd (tl2+2Itllv(i)) ,

3-2
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where the first term gives static load, and the second dynamic load in the direction of mean

wind.

3.2.1 Statistics of Wind Velocity

The annual maxima of mean wind velocity in the United States is often assumed to

follow the type-II extreme value distribution:

(3.8)

in which u and k are the size and shape parameters of the distribution. For illustrative

purposes, we use parameters determined from a set of wind data observed at Logan airport,

Boston, Massachusetts [1]. Parameter u is found to be 91.2 km per hour, and k, 8.8. The

annual maximum mean wind corresponding to a l' year return period can be obtained from

the following relation:
-] 1

P[V<v =1-1'(v)' (3.9)

(3.10)

Though the mean wind in a natural wind increases with the height, since the wind

load for offshore structures constitutes a secondary load, the mean wind throughout the

structure's exposed area is assumed to be the same, equal to the mean wind at a height of

10 m from the sea surface, "V;O.

3.2.2 Spectral Density Function of Fluctuating Wind Component

The SDF of fluctuating wind component is modeled by the Davenport spectrum [4]:

4 kr v;.~ X 2

Gv(w) = w(1 +X2)4/3'

where

x= w~ .
27rVlO

X is a dimensionless variable, w the circular frequency, L the length parameter, taken as

1200 m, and kr the terrain roughness parameter. The suggested values of kr for smooth,

medium and rough surfaces are 0.005, 0.015, and 0.05, respectively.

The strong motion duration for each storm event is assumed to be 20 minutes.
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(3.11 )

3.3 Wave Load

The wave load on structures is usually described in terms of sea states. A sea state is

an approximately stationary condition described by parameters with long-term fluctuations.

These parameters include the significant wave height, H s , and the mean wave period, Ts •

3.3.1 Wave Height Spectrum

The SDF of wave height in a fully developed sea is modeled in terms of mean wind

velocity, 1110, by the Pierson-Moskowitz spectrum [11]:

ag5 (~g4)
GH(W) = -5 exp -11,4 4 '

W lOW

where 9 is the acceleration due to gravity, and a and ~ the spectral parameters. Common

values a = 0.0081 and ~ = 0.74 are adopted.

The significant wave height, H s , and the mean wave period, Ts , are related to the first

two moments of the wave spectrum, and hence uniquely determined by the mean wind VlO •

The mean wind thus provides a useful common base to determine the wind, wave, and

current loads.

3.3.2 Gravity Waves

The kinematics of water particle below the sea surface can be related to the wave height

through a wave theory. Several theories with various degrees of refinements are available,

but stochastic description of wave forces are generally limited to the linear theory of gravity

waves. This theory gives the particle velocity and acceleration, and the dispersion relation

ship as follows:

wH coshkz
u(z, t) = - . h kd coswt,

2 sm

. w2 H cosh kz .
u(z, t) = -- . h kd smwt,

2 sm

w2 = kg tanh kd,

(3.12)

(3.13)

(3.14)

where u is the particle velocity, it the particle acceleration, k the wave number, and d the

water depth.
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3.3.3 Wave Forces and Morison's Formula

For waves with large wavelengths, the wave load on structures is made up of two compo

nents: a drag force, proportional to the square of the n'ormal component of incident particle

velocity; and an inertia force, associated with the normal component of particle acceleration.

For an oscillating cylinder, the wave force p~r unit lenght, F(t), is given as [10]:

F(t) = ~CdPWa lu(t) - x(t)1 (u(t) - x(t)) +CmPwbu(t) - (Cm - 1)Pwbx(t),
2

(3.15)

where Cd is the drag coefficient, Cm the inertia coefficient, Pw the density of water, b the

volume of member, a the projected area of member perpendicular to the motion of fluid,

and x(t) the displacement of the structure. Denoting the relative velocity between water

particles and structure by ur(t), where

ur(t) = u(t) - x(t),

the drag force in Eq. 3.15 can be written as

(3.16)

(3.17)

The nonlinear drag force for a stochastic analysis is linearized by means of equivalent lin

earization techniques [1,5]: the nonlinear term lur(t)lur(t) is replaced with a linear term

dru(t) such that the linearized drag factor, dr, minimizes the mean squared error. Assuming

that ur(t) constitutes a Gaussian process, the equivalent linearization yields

dr = JS/7r O'Ur'

The wave forces, Eq. 3.15, can now be expressed in the following linearized form:

(3.1S)

(3.19)

As evident in Eq. 3.19, the wave force depends on the water particle motion as well as on the

structure's motion. But, since the structure's motion is expected to be small compared with

the water particle motion, the dependence of wave force on the structure's motion is ignored.

It should be noted, however, that this dependence can be easily incorporated by including

the virtual inertia and hydrodynamic drag forces in the equations of motion, and obtaining

the statistics of relative motion through iteration, which is found to converge quickly [9].
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3.4 Current Load

Wind flow over the sea surface generates wind-stressed current in the direction of mean

wind, with the current velocity given as

(3.20)

where uc ( d) is the current velocity at sea surface, and c a proportionality constant, 1-5 %.

The current velocity decreases linearly with depth, dropping to zero at the sea bottom. The

current load on structures is mostly static and predominantly of the drag type.
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4. Parameter Uncertainty

Due to a limited database, there exists statistical uncertainty about the parameters

such as those in the spectral density functions of the loads, load-to-force conversions, and

mathematical model of the structure. To reflect this uncertainty and to account for its

effect on the estimates of response statistics and failure probabilities, these parameters can

be assigned probability distributions. The parameters so treated include Wo and Wr in the

ground acceleration spectrum, kr in the fluctuating wind spectrum, a and (3 in the wave

height spectrum, the drag coefficient Cd, the inertia coefficient Cm , the wind-stressed current

coefficient c, the structure's natural frequency Wn , and the structure's damping ratio C. The

long-term model parameters, which describe the occurrence patterns of earthquake and sea

storm loads, and the load event durations are still treated as deterministic parameters. Their

treatment as uncertain parameters, however, would be a simple extension.

A common underlying feature of the parameters mentioned is that they all take only pos

itive values. This report models ,these parameters as lognormally distributed. The choice of

lognormal distribution though is not believed to be critical. The point is that in the expres

sions for the response statistics we assume lognormality for certain combinations (products

or quotients) of random variables. Even ifthe individual random variables are not lognormal,

the product or quotients tends to become lognormal by virtue of the central limit theorem.

The following notations should be noted.

Let X be a lognormal variable, mx and (J'X the mean and standard deviation of X, and

AX and ex the mean and standard deviation of logarithm of X. Then, the following relations

hold:

(4.1)

(4.2)

el = In(1 + (J'l /m~),

1 2
AX = In mx - -ex.

2

If the coefficient of variation of X (= (J'x /mx) is small, say less than 0.3, we may write

ex ~ (J'X /mx. (4.3)

Also note that

(4.4)

Table 4.1 lists the first two statistical moments of the parameters whose uncertainty is

accounted for.
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The total variability of load or response quantities is made up of the inherent uncer

tainty (R) and the statistical uncertainty (U); the moments of load or response quantities

are subscripted by R or U to indicate the type of uncertainty. Thus, O"X,R denotes the stan

dard deviation of X that arises due to the inherent uncertainty, whereas O"X,U, that due to

the statistical uncertainty.

Table 4.1 Statistics of Uncertain Parameters

Parameter (X)

COo nl2 0.1

cor IOn 0.1

Kr 0.007 0.5

a 0.0081 0.1

~ 0.74 0.1

Cd 0.8 0.1

Cm 1.5 0.25

c 0.03 0.5
Tn 2.84 Sec 0.15

~ 0.04 0.25
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5. Response Analysis

The response analysis to dynamic loads is performed in the frequency domain using linear

random vibration theory, with forcing functions assumed to constitute segments of station

ary Gaussian processes. The response processes are also Gaussian. Based on a stationary

response analysis, this section presents the conditional statistics of peak response for load

events involving earthquake only, sea-storm only, earthquake plus sea-storm, and, finally,

earthquake plus ambient vibration. The response statistics presented are always conditional

on the load intensities characterizing each load events.

5.1 Response to Earthquake Load

Let the SDF of ground acceleration at the structure's base be GA(w). If there is a soil

layer in between the structure's base and bedrock, GA(W) can be obtained as

(5.1 )

where GA(w) is the SDF of ground acceleration at the bedrock, given by Eq. 3.2, and Hs(w)

the frequency transfer function of the soil layer. We assume that the structure is founded

on firm ground or bedrock, in which case Hs(w) = 1.0. If the situation varies, Hs(w) may

be used to reflect the effect of local soil [7,13].

Denoting the structure's relative displacement response as X e , the response spectrum

Gxe(w) can be related to the input spectrum GA(w) through a frequency-dependent ampli

fication function, He (w):

(5.2)

where H e (w) is the relative displacement response of the structure to a sinusoidal accelaration

of unit amplitude and frequency w:

(5.3)

Also, the variance of relative displacement, Var [XeJ, can be obtained as the area under its

SDF:

Var[Xe] = 100

GxJw)dw.
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The SDF Gx.(w), however, contains parameters such as W n , (, Wo, Wr, etc. which possess

statistical uncertainty. Var [Xe] thus is seen as a random variable. The 'mean' of Var [XeJ

corresponds to the 'variance' of X e attributed to the inherent uncertainty of the ground

acceleration. Denoted here as OJ.,R' the mean of Var [XeJ is determined by evaluating the

integral (5.4) with the mean values substituted for the uncertain parameters. The 'variance'

of Var [XeJ stems from the statistical uncertainty of the load and structural parameters, and

is calculated herein as follows: A white-noise approximation for Var [Xe ] can be written as

where

(5.5)

I - exp(-wn/wr )

1 - [1 + (wo/wn )2J'

I2 = IHs (wn )12, and al = 1rGo/4 = deterministic quantity. The right hand side of Eq. 5.5

contains parameters and factors which, though uncertain, take only positive values. Invoking

the central limit theorem, Var [XeJ, thus, may be modeled as a lognormal random variable,

regardless of the form of the distributions of the underlying parameters. Now assuming

independence among the terms on the right side of Eq. 5.5, and following the notation of

section four,

e; = Var [log (Var [Xe ])]

= eZ + ge~n +eJl +eJ2'
The moments of factors II and 12 are obtained through Taylor series expansion.

(5.6)

For a stationary response, the variance of pseudo acceleration is directly related to that

of the relative displacement:

(5.7)

Thus, the statistics of acceleration response can be obtained in a similar fashion as above.

5.1.1 Peak Response

The peak value of mean-zero Gaussian response process X e can be expressed as

(5.8)
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where Z is a random peak factor. According to Davenport (1964):

vi + 0.557mz = 2ln Vo to + ,
.j2ln v(jto

7r 1
(Jz = - ,

6 .j2ln v(jto

(5.9)

(5.10)

in which v(j is the mean zero up-crossing rate and to the duration of the stationary response

process. Here, v(j is assumed to be equal to the structure's mean natural frequency (in cycles

per sec) and to is 20 sec.

The right hand side of Eq. 5.8 may be seen as a product of two random variables, the

second of which is random owing to the parameter uncertainty. Making use of the statistics

of Z and Var [XeJ, the first two moments of X pe can be shown as

(5.11 )

(5.12)

(5.13)

Recall that the subscripts Rand U indicate the variability due to the inherent uncertainty

and the statistical uncertainty, respectively. Thus, Eq. 5.13 gives the response variance that

exists solely due to the parameter uncertainty.

For the purpose of risk analysis, let the conditional peak load-effect be denoted as La,

where the subscript a indicates the response dependence on the ground motion intensity.

Then,

(5.14)

(5.15)

Note in Eq. 5.15 that for risk analysis the variances of peak response due to both the inherent

randomness and the parameter uncertainty are added together. Furthermore, the conditional

peak response is assumed to be lognormally distributed, with the mean and variance given

in Eqs. 5.14 and 5.15, respectively. This format is similar to that used in probabilistic risk

assessment in the nuclear industry [3].
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5.2 Response to Sea-storm Load

A sea-storm induces a wind load having both static and dynamic components, a wave

load with only dynamic component, and a current load with only static component. The

response to a sea-storm load thus constitutes a random process with non-zero mean.

5.2.1 Static Response

The total static load, denoted as F, is the sum of drag forces due to wind and current:

The static component of wind drag, FI , is given by Eq. 3.7:

1 -2
FI = '2CdPahbVIO,

(5.16)

(5.17)

where F I is conditional on mean wind, Vlo, and contains an uncertain parameter, Cd' Know

ing the statistics of Cd, the first two moments of F I can be found, which for a lognormal Cd

are

(5.18)

(5.19)

The drag force due to current, F2 , integrated over the submerged depth of the legs becomes:

(5.20)

(5.21)

where N is the number of legs, three in this case. On introducing Eq. 3.20, we obtain

1 2 - 2
F2 = f,NCdPw Ddc ~o·

The coefficients Cd and c in Eq. 5.21 are taken to be lognormally distributed; assummg

independence and owing to their multiplicative form, the first two moments of F2 are

(5.22)
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(; = ((;2 + 4(;2)1/2
<"2,U <"Cd <"c •

If F1 and F2 are assumed independent, the first two moments of F can be written as

2 2 2
O"F,U = O"l,U + 0"2,U

The total static displacement, X s , then becomes:

Xs=F/K,

where K is the modal stiffness. Thus,

mxs = mF/K.

O"x s ,u = O"F,U / K.

5.2.2 Dynamic Response

(5.23)

(5.24)

(5.25)

(5.26)

The total dynamic load, denoted as P, consists of wind drag, wave drag, and wave

inertia:

(5.29)

Likewise, the response is a sum of the responses due to each of these loads.

5.2.2.1 Wind Drag

Following Eq. 3.7, the dynamic component of wind drag is calculated as

(5.30)

The SDF of the wind drag force, G1 (w), can then be related to the SDF of the fluctuating

wind component:

(5.31)

where Gv(w) is given by Eq. 3.10 and Tl, conditional on the mean wind velocity VlO is

T1 = CdPahbf~o·
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Denoting the structure's relative displacement as XI, its SDF, GX1 (w), is obtained by

(5.33)

where H(w) is the structure's amplification function, i.e., the relative displacement response

to a sinusoidal force with unit amplitude and frequency w:

(5.34)

where M is the modal mass. The variance of Xl can be obtained as the area beneath its

SDF:

Var[XI ] = 100

GX1 (w) dw. (5.35)

Again, since GX1 (w) contains uncertain parameters, Var [Xl] is seen as a random variable.

The mean of Var [Xl], denoted as ui1,R' is obtained by evaluating the integral (5.35) with the

mean values substituted for the uncertain parameters. The variance of Var [Xl] attributed

to the statistical uncertainty in parameters is obtained as follows:

1f
Var [Xl] ~ M2( 3 GI(wn ).

4 wn

Upon substituting Eqs. 5.16-17, 3.10, and after some algebraic manipulations:

(5.36)

(5.37)

where

", = (P~b)' C~;13t

is a deterministic quantity. Since the uncertain parameters such as kr , Cd, (, and W n on

the right side of Eq. 5.37 take only positive values, and invoking the central limit theorem,

Var [Xl] may be modeled as a lognormal random variable. Thus,

(5.38)

5.2.2.2 Wave Drag

The sea-waves act on the structure along its height, over which the response, e.g., the

relative displacement, varies. To calculate the modal load, therefore, only a fraction f of the
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wave drag and wave inertia loads are lumped to the total load at the deck level. Assuming a

triangular profile, a conservative choice, for the wave force over the height of the structure,

factor I through modal analysis [16] is found to be 0.55.

Following Eq. 3.20, the drag force due to waves, P2' integrated over the submerged depth

of the legs becomes:

l
d 1

P2 = I -NCdPwDlu(z, t)lu(z, t)
o 2

l
d 1

= I -NCdPwD..;sr; O"u(z)u(z, t) dz.
o 2

(5.39)

2 (w cosh kZ) 2 2
O"u(z) = "2 sinh kd O"H' (5.40)

where O"H can be obtained from Eq. 3.11 as the root of the area below the wave height

The variance of water particle velocity, O"~(z)' is related to the variance of wave height, O"k,

see Eq. 3.12:

spectrum:

O"H = ~~;.
Upon substituting Eqs. 5.40-41 into Eq. 5.39 and carrying out the integration:

(5.41)

p. _ I-1-NC D ~ V1
2
0 2 d + (2k)-1 sinh 2kdH .

2 - -/3271" dPw Vf3 2g W sinh2 kd sm wt.

The SDF of wave drag, G2 (w), then is written as

(5.42)

(5.43)

in which GH(w) is given by Eq. 3.11 and T2 , conditional on VIO ' is

To =I-1-NC D ~ V;~ W2d + (2k)-1 sinh 2kd
2 -/3271" dPw Vf3 2g sinh2kd . (5.44)

Denoting the relative displacement response to wave drag as X 2 ,

(5.45)

Also, the variance of X 2 is obtained as the area below its SDF:

Var [X2]=100

GX2 (W) dw.

5-7

(5.46)



Again, since GX2 (w) contains uncertain parameters, Var [Xz] is seen as a random variable.

The mean of Var [Xz], denoted as a}2,R, is approximated by evaluating the integral (5.46)

with the mean values substituted for the uncertain parameters, and the variance of Var [Xz]

is obtained as follows:

where

(4.47)

is a deterministic quantity. As argued before, since the uncertain parameters on the right

side of Eq. 5.47 are all positive, Var [Xz] is seen as a lognormal random variable. Thus,

5.2.2.3 ""rave Inertia

e~ = Var [log(Var [Xz])]

= 4e~ +4eb d +a+ e~ + 16e~n +eJ3'

(5.48)

Following Eq 3.20, the inertia force due to waves, P3, integrated over the submerged

depth of the legs becomes:

1rDZldP3 = f NCmpw-- . u(z, t) dz
4 0

1rDz W
ZH 1 ld

= fNCmPw----··-. kdsinwt coshkzdz
4 2 smh 0

z
= f'!..NCmPwDZwk H sinwt.8 .

The SnF of wave inertia, G3 (w), then is written as

(5.49)

(5.50)

where T3 is
1r. W

Z

T3 = fSNCmPwDzT'
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Denoting the displacement response to wave inertia as X 3 ,

(5.52)

The variance of X3 is equal to the area below its SDF:

Var[X3] = 100

Gxa(w)dw. (5.53)

Here too, GXa(w) contains uncertain parameters and hence Var [X3] is seen as a random

variable. The mean of Var [X3], denoted as U.ka,R' is obtained by evaluating the integral (5.53)

with the mean values substituted for the uncertain parameters, and the variance of Var [X3]

is obtained as follows:

(5.54)

where a3 = deterministic quantity. As we argued before, since the uncertain parameters on

the right side of Eq. 5.54 are all positive, and invoking the central limit theorem, Var [X3]

may be modeled as a lognormal random variable. Thus,

e~ = Var [log(Var [X3 ])]

= e; + 4e~m +eZ + 16e~n + eJ2·

5.2.2.4 Total Dynamic Response

(5.55)

The total dynamic response, denoted as X d , is the sum of responses to wind drag, wave

drag, and wave inertia:

(5.56)

The variance of X d, conditional on the mean wind velocity VIo, is obtained by summing the

variance contributions:

(5.57)

5.2.2.5 Peak Response

The peak value of the combined dynamic response process can be written as

(5.58)
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in which Z is a random peak factor, see Eqs. 5.9-10. Making use of the Eqs. 5.58-59,

statistics of random peak factor Z, and variances of Xl, X 2 , X 3 , we obtain the first two

moments of X p as presented below:

mxp = mz[O"t,Rexp(-~U4) +0"~2,Rexp(-~U4) + 0"~a,Rexp(-~~/4)]1/2.

2 2( 2 2 2)O"Xp,U = O"z O"Xl,R +O"X2,R + O"Xa,R .

O"~p,U = m~{O"~l,R[l - exp(-~U4)] + 0"~2,R[1 - exp(-~U4)]

+ O"t,R[l - exp( -a/4)]}.

(5.59)

(5.60)

(5.61)

For the purpose of risk analysis, a quantity of central interest is the conditional peak of

the total load-effect, denoted here as Lv, which is the sum of the static response and the

peak dynamic response. The subscript v indicates the response dependence on the wind

intensity. Thus,

(5.62)

(5.63)

5.3 Response to Earthquake Load Plus Sea-storm Load

When an earthquake and a sea-storm coincide, the responses to earthquake, wind, wave,

and current loads may be superimposed. The short-duration combined response then has a

static component due to wind and current loads, and a dynamic component due to earth

quake, wind and wave loads. To obtain the peak response, we calculate the peak dynamic

response and add to it the static response. The peak dynamic response is obtained by adding

the individual response variances and then multiplying the root of the total variance by a

random peak factor, dependent on the earthquake's event duration.

Let Y: be the static displacement, X s the static displacement due to wind and current

loads (Eq. 5.26), Yd the dynamic displacement, and ~ the peak dynamic displacement.

Then,

(5.64)
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and

(5.65)

where Xl, X 2 , X 3 , and X e denote the dynamic displacements due to wind drag, wave drag,

wave inertia, and earthquake loads, respectively. Thus,

The first two moments of Yp are given below:

myp = mZ[O"~l,R exp( -eU4) + 0"~2,R exp(-e~/4)

+0"}3,RexP(-eU4)p/2 +O"t,R exp(-e;/4)P/2.

2 2( 2 2 2 2)0"X U = O"Z 0"X R + O"X2R + 0"X3 R + 0"X R .p, 1, , , e,

O"}p,U = m~{O"t,R[l - exp( -eU4)] +0"}2,R[1 - exp( -eU4)]

+O"t,R[l - exp( -eV4)] +O"t,R[l - exp( -e;/4)]}.

(5.66)

(5.67)

(5.68)

(5.69)

Let the conditional total peak response be denoted as L av , where the subscript indicates

the response dependence on the earthquake and sea-storm intensities, A and V, respectively.

We may write

(5.70)

(5.71)

5.4 Response to Earthquake Load Plus Ambient Load

When shaken by an earthquake offshore structures in addition experience the ambient

wind, wave, and current loads that arise from the ever-present wind over the sea. Due to

the ambient load the structure's response developes a bias, e.g., the displacement response

developes a non-zero mean in the direction of the mean wind (assuming the same direction

for the sea currents).

This load combination is a special case of the previous one, where we now specify a

nominal constant value for the wind intensity V. Denoting the total peak response as La.. ,

where the subscript a* indicates the response dependence on the earthquake intensity, A, and

a nominal sea-storm intensity, the first two moments of La.. are obtained from Eqs. 70-71,

by substituting a nominal constant value for the mean wind.
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6. Risk Assessment

6.1 Limit State

An important ingredient of risk analysis is the identification of limit states, i.e., states of

undesirable structural behavior. The probabilities of structural failure are calculated with

reference to different limit states. This report considers two limit states, both of the first pas

sage type, defined, respectively, in terms of relative displacement and (pseudo) acceleration

at the deck level of the structure. Since the structure is modeled as a linear I-DOF system,

either of the two limit states can represent the allowable force, however, both cover some

distinct aspects of structural behavior: the displacement limit state may also represent ser

viceability, i.e., the allowable displacement at the deck level; and, the acceleration limit state

is pertinent to assessing the safety of secondary systems or acceleration-sensitive instruments

mounted on the deck. The allowable limits, i.e., the resistances, are often random; they are

modeled herein as lognormally distributed random variables, but with constant coefficient

of variation, set at 0.25. The structural performance is assessed with several values for the

mean resistance.

6.2 Risk Analysis

An offshore structure during its design life is subjected to intermittent loads due to

earthquakes and sea-storms. The intensities of these loads, their occurrence patterns, the

load parameters, the dynamic characteristics of the structure, and the structural resistance

are all uncertain. Some of these, for example, the intensities and the occurrence patterns

of the loads are inherently random, while others are statistically uncertain. To quantify the

performance of the structure in this uncertain environment involves calculating the proba

bilities of structural failure during a prescribed period of time (O-t). The following format

has been adopted herein to calculate the failure probabilities.

First we calculate the "conditional failure probability," Pflq,r, defined as the probability

of structural failure given that a load event of intensity q occurs and that the structural

resistance is r. The parameter q for a coincidental load event is a vector, i.e., q = av for the

event of simultaneous occurrence of earthquake and sea-storm. Also, the structural resistance
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r, in general, is statistically uncertain and may degrade with time. The failure probability,

therefore, needs to be convolved with the distribution of R, the uncertain resistance, at

an appropriate stage of risk analysis. Recall that this report treats various other load and

structural parameters as random variables too, which, in effect, renders the response statistics

to be uncertain. For example, the stationary response variance to the earthquake load was

seen in section five to be random and lognormally distributed, with the variability attributed

to the uncertain parameters. There are several ways one can account for this additional

uncertainty in a risk analysis. This report adopts an approach whereby we calculate the

statistics of the peak load-effect, L q , due to the individual and coincidental load events, and

assume that the peak load-effects are lognormally distributed. The mean and the variance of

L q include the effect of uncertainty in the load and structural parameters. In other approach,

for example, the barrier crossing approach [12,14], one may first calculate the conditional

failure probability, Pflq,r,u, where the additional subscript u indicates the response dependence

on a vector of uncertain parametrs, U, and then from it obtain Pflq,r by convolution.

The conditional failure probability, Pflq,Tl for a lognormal conditional load-effect, Lq, is

calculated as

where

Pflq,r = P[Lq > r]

= <1>( -(3q),

13 - _ In J.lq

q - Vln(1 +Vl
q

) ,

J.lq = r/mLqV1 +Vlq,

(6.1 )

VLq = the coefficient of variation of Lq, and <1>(.) = the probability function of a standard nor

mal variable. The index (3q is a conditional reliability index directly related to the conditional

failure probability.

The "conditional failure probability per event," Pf/rl given that an event occurs (the

event intensity is now random) and that the structural resistance is r, is then obtained by

convolving Pflq,r with the distribution of the intensity parameter Q:

Pflr = JPflq,r fQ(q) dq.
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In a long-term risk analysis, we consider only those load events that exceed certain

thresholds on the load-event-intensities. This report sets 20 gal for the peak ground acceler

ation of earthquake load events and 36 km per hour for the mean wind velocity of sea-storm

load events, respectively, as the thresholds. The criterion for adopting these values is that

the contribution of the load events with lower intensities to the failure probabilities per event

are negligible. Setting the thresholds also gives the mean yearly event-occurrence rates, see

Eq. 3.9, and the normalized intensity distribution functions to be used in the convolution

in Eq. 6.2. The mean event-occurrence rates for earthquake and sea-storm are obtained

through Eqs. 3.1, 3.8, and 3.9 as 0.5 per year and 1.0 per year, respectively.

The long-term or "overall" probability of structural failure due to a single intermittent

load say in t years of service life is calculated as

(6.3)

where N is the total number of load events in t years. If Pllr is small and the events occur

as points in a Poisson process, Eq. (6.3) can be rewritten as

PI,t = 1- Jexp(-AtPllr) fR(r) dr,

where A is the mean yearly event-occurrence rate of the load.

(6.4)

In the case of two independent, intermittent loads, there exist three kinds of load events:

two individual load events and one coincidental load event. The overall failure probability,

assuming Poisson arrivals for the the load events, then can be calculated as [15]:

PI,t = 1- Jexp [-(V1Pllr + V2P21r + V12P12Ir)t] fR(r)dr, (6.5)

where Pilr stands for 'Pllr' for the individual events of the ith load, P121r that for the co

incidental load, Vi is the mean yearly event-occurrence rate of load i, and V12 that of the

coincidental load. For two independent loads with Poisson arrival:

Vi = Ai[1 - L Aj(to1 + t02 )],
i¥-j

V12 = A1 A2(tQ1 + to2 ),

in which tOi is the event duration of load i.
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If the failure probabilities Pilr and P12lr are very small, if the load events are rare, or if the

variability in the structural resistance is small, one may convolve Pilr and P121r individually

with the distribution of the uncertain resistance, R, to obtain the unconditional failure

probabilities per events of the individual and coincidental loads, respectively:

Pi = JPilr fR(r) dr;

P12 = JP12lr fR(r) dr.

Vie may then rewrite Eqs. 6.4 and 6.5, respectively, as

PI,t = 1 - exp( -At PI),

and

(6.7)

(6.4a)

(6.5a)

However, doing so amounts to assuming that the structural resistance from event to event is

independent, and also ignores the fact that the combined load-effect and not the individual

load-effect see the variability in the resistance. As a result, Eqs. 6.4a and 6.5a would always

yield conservative estimates for the long-term failure probabilities. In the next section, we

show several numerical results to substantiate this point.

The format of long-term risk assessment through Eqs. 6.4 and 6.5 is also easily amenable

to include any degradation in the structural resistance over time.

The conditional failure probability per event against coincidental load, i.e., that due to

the simultaneous occurrence of earthquake and sea-storm loads, is obtained by convolution:

P12!r = JJP12!av,r dFA(a) dFv(v). (6.8)

However, note that the event duration for an earthquake is only 20 sec as opposed to the

assumed 20 minutes for a sea-storm alone. Thus, a coincidental load is invariably accom

panied by a sea-storm load acting separately. Therefore, the conditional failure probability

per event of a coincidental load, P12jr, is the failure probability of a system with two failure

events in series:

P121r = 1 - (1 - P121r)(1 - P2Ir),

where P21r is the conditional failure probability per event against sea-storm loads.
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7. Results

7.1 Conditional and Overall Failure Probabilities

In Fig. 7.1, we demonstrate the profound effect parameter uncertainty has on the response

statistics. Shown in the figure are the probability density functions of resistance and peak

response to a sea-storm load. The mean wind velocity of the sea-storm is 140 km/hr and the

mean and the coefficient of variation (COV) of the resistance are 25 cm and 0.25, respectively.

The figure shows that the presence of parameter uncertainty leads to a steep increase in the

COY of the peak response: to 0.37 from 0.04; but a slight decrease in the mean: to 15 cm

from 16 cm. A decrease in the mean occurs due to the lognormality of the stationary response

variance, as shown in section five. It is interesting to note that the simultaneous occurrence

of an increase in the COY of the peak response while a decrease in its mean may steer the

conditional failure probability either way: an increase, or may be a decrease, depending on

the load intensity and other parameters.

Figs. 7.2-7.8 show the probabilities of structural failure against earthquake load based

on displacement limit state. In Fig. 7.2, we plot the conditional failure probability versus the

peak ground acceleration when the allowable displacement at the deck level of the structure is

25 cm, both with and without the parameter uncertainty. Interestingly enough, the presence

of parameter uncertainty leads to an increase in the conditional failure probability only when

the peak ground acceleration is less than around 1.6 m/sec2 , a decrease otherwise. It indicates

that if the contribution of events with peak ground acceleration less than 1.6 m/sec2 outweigh

the contribution of events with higher intensity to the conditional failure probability per

event, the presence of parameter uncertainty will lead to an increase in the overall failure

probability. In Fig. 7.3, we apportion the conditional failure probability per event, Pljr,

among the contributing peak ground accelerations. We see that most of the contribution to

Pllr comes from earthquake-events with intensities around 1.5 m/sec2
• In Fig. 7.4, we plot Pllr

versus resistance with and without the parameter uncertainty. The parameter uncertainty is

seen to always increase the failure probability per event, though the increase is pronounced

only at lower resistance levels. Fig. 7.5 shows the yearly failure probability versus the mean

resistance calculated in two different ways. Recall that the structural resistance possesses

statistical uncertainty, and at what stage of risk analysis the failure probability is convolved
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with the distribution of resistance is important. The correct way to do it is to convolve the

overall failure probability as shown in Eq. 6.4, because the structural resistance from event to

event is the same, saving the possibility of degradation in the resistance. However, Eq. 6.4a,

where we convolve the failure probability per event, is a reasonable approximation, though

always conservative, if the failure probability is small. This figure and Fig. 7.7, where we

plot the overall failure probability over 30 years of the service life of the structure, support

this argument. Figs. 7.6 and 7.8 show the overall failure probabilities over one year and

30 years of service life, respectively, demonstrating the detrimental effect of the parameter

uncertaity.

Figs. 7.9-7.13 show the similar results for the failure probabilities against earthquake

load based on acceleration limit state. A major difference attributed to the acceleration

limit state is that the effect of parameter uncertainty is less pronounced.

In Figs. 7.14 and 7.15, we plot the overall failure probabilities over 30 years of service life

against earthquake load in the presence of the ambient vibration of three different intensities,

based on displacement and acceleration limit states, respectively. It is seen that the ambient

load leads to an increase in the failure probability, but perceptibly only at "the lower resistance

levels. The reason is that as the resistance level increases, so does the allowable response,

which, in turn, diminishes the contribution of ambient vibration to the total response.

Figs. 7.16-7.20 show the failure probabilities against sea-storm loads based on displace

ment limit state. In Fig. 7.16, we plot the conditional failure probability versus the mean

wind velocity when the resistance is 25 cm, both with and without the parameter uncer

tainty. The figure indicates that when the mean wind is less than around 45 m/sec, the

presence of parameter uncertainty leads to an increase in the conditional failure probability.

Fig. 7.17 shows the apportionment of the conditional failure probability per event among

the mean wind velocities indicating that the storms with the mean wind around 40 m/sec

contribute the most to the overall failure probability. Fig. 7.18 plots P!lr versus resistance

with and without the parameter uncetainty. A comparison of Fig. 7.18 with Fig. 7.4, which

is for the case of earthquake load, indicates that the effect of parameter uncertainty is more

pronounced in the case of storm loads. The reason may be that relatively more number of

parameters treated as uncertain go in to the response analysis in the case of storm load than

for the earthquake load. Figs. 7.19 and 7.20 show the overall failure probability over 30 years

of service life of the structure.
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Figs. 7.21 to 7.25 show the failure probabilities against sea-storm load based on accelera

tion limit state. The results are dramatic. Both conditional and overall failure probabilities

are seen to be exceedingly small. To put the results in perspective, recall that the mean nat

ural period of the structure is 2.84 sec, far from the 25 sec period for the predominant wave.

As a result, although storm loads induce large displacements, the acceleration response is

small. This result is beneficial in that that acceleration-sensitive instruments or secondary

systems mounted on the deck are not at risk during sea-storms; though, they might get

blown off the deck.

In Fig. 7.26, based on displacement limit state, we plot the overall failure probabilities

over 30 years for four different combinations of environmental loads, namely, earthquake load

alone; earthquake load plus ambient load; sea-storm load alone; and earthquake load plus sea

storm load, with and without the load-coincidence. It is seen that the storm load governs the

design, and the effect of coincidental load on the overall risk is negligible. Fig. 7.27 shows the

30-year-overall failure probability based on displacement limit state against both earthquake

and storm loads acting on the structure, with and without the parameter uncertainty. The

parameter uncertainty is seen to substantially increase the failure probability. Figs. 7.28

7.29 show the similar results in the case of acceleration limit state indicating that in this

case the earthquake load governs the design, and the effect of parameter uncertainty is less

important.

7.2 Sensitivity Analysis

The sensitivity of 30-year-overall failure probability against both earthquake and sea

storm loads acting on the structure has been investigated with reference to the mean and the

coefficient of variation of the structure's natural frequency and the damping ratio. Figs. 7.30

and 7.31 show the results for the case of displacement limit state, while Figs. 7.32 and 7.33

for the case of acceleration limit state.

In Fig. 7.30a, we plot the 30-year-overall failure probability for three different values of

mean natural frequency of the structure. As the structure becomes stiffer, due the displace

ment type limit state, the failure probability decreases. Fig. 7.30b shows the sensitivity of the

failure probability to the variability in the natural frequency. It is apparent that the failure
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probabilities are very sensitive to the variability in the natural frequency. Fig. 7.31 shows the

sensitivity of 30-year-overall failure probability to the mean and the COV of the damping

ratio. It is seen that the overall risk increases with the decrease in the mean damping and

an increase in its variability.

In Fig. 7.32, based on acceleration limit state, we plot 30-year-overall failure probability

for three different values of the mean natural frequency and three different values of its COV.

The overall risk increases as the structure becomes stiffer, because of the acceleration type

limit state. The overall risk in this case is less sensitive to the variability in the natural

frequency. Fig. 7.33 shows similar result for the structure's damping ratio.
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8. Conclusion

Based on two limit states, defined in terms of relative displacement and pseudo

acceleration at the deck level, and for several combinations of earthquake and sea-storm

loads, this report demonstrates the short-term and long-term multi-hazard risk analysis of

an offshore platform. It also determines the influence of ambient load on the earthquake

safety, and the effect of parameter uncertainty on failure probabilities in general. Based on

the cases studied, the following conclusions can be drawn:

1) The relative importance of loads largely depend on the limit state and the structure's

natural frequency. For a flexible offshore structure, we show that while in the case

of a displacement limit state the sea-storm load dominates, the same load is not

important in relation to an acceleration limit state. If a deflection limit state governs

the design, the margin of safety against earthquake load may be quite large.

2) The coincidental load due to the simultaneous occurrence of earthquake and sea-storm

does not influence the long-term risk of offshore structures perceptibly. However, if

the resistance level is very high, it could be of greater relative importance.

3) The ambient load increases the risk due to earthquake alone, especially at lower

resistance levels.

4) The failure probabilities are exceedingly sensitive to the mean and the variability

of a structure's natural frequency. Obtaining more and better information through

ambient vibration testing or other means is likely to be very beneficial, with respect

to safety and economy.

5) The statistical uncertainty of load and structural parameters affects failure proba

bilities in a complex manner. Depending on the load intensity, for instance, this

uncertainty may either increase or decrease the conditional fragility. However, it al

ways leads to an increase in the unconditional and overall failure probabilities. Also,

the effect is sensitive to the type of limit state; in the case study, it is found to be more

pronounced for the displacement limit state than for the acceleration limit state.

6) In related work in progress, we are extending the methodology to multi-degree models

of the structure and to limit states that are not of the first-passage type, notably,
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fatigue failure and excessive inelastic deformation. Uncertainty in event duration

and the parameters of the long-term load occurrence distributions are also to be

incorporated in the model.
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