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ABSTRACT

The Seismic Damage Hazard Analysis (SDHA) is a methodology which couples conventional
Seismic Hazard Analysis (SHA) and non-linear response analysis to seismic loadings. This is a
powerful tool in the retrofit process: SDHA permits the direct computation of the probability of
occurrence of damage and, eventually, collapse of existing and upgraded structural systems.

The SDHA methodology is a significative step towards a better understanding and quantification of
structural seismic risk. SDHA incorporates and explicitly accounts for seismic load variability,
seismic damage potential variability and structural resistance uncertainty. In addition, SDHA makes
available a sound strategy to perform non-linear dynamic analyses. A limited number of non-linear
dynamic analyses is sufficient to obtain estimates of damage and its probability of occurrence.

The basic concepts of the SDHA methodology are briefly reviewed. Illustrative examples are
presented, regarding a power house structure, a tubular structure and seabed slope stability problem.

1.0 INTRODUCTION

The goal of this contribution is to illustrate a methodology to predict the level of seismic response of
realistic structures that is hazard-consistent. This means that the response meets specified
probabilistic safety goals expressed both in terms of serviceability and ultimate-capacity levels.

The behavior of such systems to seismic excitation is usually very complex (multi degree-of-freedom,
MDOF) and often involves nonlinearities. The seismic evaluation of such structures cannot involve
simply the application of a site-specific Uniform Hazard Spectrum (UHS), i.e., the single-degree-of-
freedom (SDOF) linear spectral ordinates for a range of frequencies.

However, this UHS, coupled with structure-specific fragility curves, is the current prevailing practice
for seismic design and re-assessment of structures. The implicit assumption in such conventional
approach is that the response of the MDOF structure has the same hazard of the elastic, SDOF
uniform hazard spectrum. This approach may prove to be accurate provided that the linear elastic
structural response is dominated by the first mode contribution. For realistic cases when the seismic
response goes well beyond the maximum elastic capacity, the accuracy of the conventional approach
is questionable, unknown, and surely variable on a case-by-case basis.
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The earthquake engineering community in many areas (hazardous facilities, offshore structures,
bridges, buildings, etc.) has recently recognized the need of going towards more advanced and
modern regulatory assessment criteria based explicitly on probabilistic risk goals and on non-linear,
closer-to-failure structural dynamic behavior. Both are necessary to achieve the most effective
regulation of safety. Examples include the IPEEE (US NRC, 1991) and the draft DG1032
procedures for NRC; the "1020" natural hazard assessment document (US DOE, 1993) for DOE
facilities; the API RP2A guidelines for offshore structures (API, 1993) which include a new chapter
for seismic reassessment; the new AASHTO LRFD bridge design criteria; the Japanese design
guidelines for RC buildings (PRESSS, 1992).

The proposed procedure, called Seismic Damage Hazard Analysis (SDHA) is fundamentally
probabilistic, includes the seismology relevant aspects, and is based on structure-specific non-linear
dynamic analyses. This type of analyses, given the exponential growth in computational efficiency
and the availability of adequate software, can be considered today an available office tool.

Published references on SDHA include Bazzurro and Cornell (1992; 1994a and b), Bazzurro et al
(1994a and b), Bazzurro et al. (1995).

This work is organized as follows. In Section 2.0 the procedure is summarized with more emphasis
on clarity of exposure and illustration of ultimate goals rather than mathematical details. Chapter 3.0
presents a made-up example included to show how all the steps of the procedure can be put together
to obtain the desired damage/failure probabilities. Real case applications where the methodology has
been successfully used are included in Chapter 4.0. Chapter 5.0 serves as conclusion.

2.0 SEISMIC DAMAGE HAZARD ANALYSIS

The innovative methodology for the evaluation of the probability of exceeding specified levels of
post-elastic seismic damage in realistic, multi-degree-of-freedom (MDOF) structures is briefly
summarized in the following (excerpted from Bazzurro et al., 1994a).

The proposed SDHA is implemented by combining conventional seismic hazard analysis (SHA) for
the site and non-linear structural response to ground motions from different events (e.g., magnitude,
M, and source-to-site distance, R, pairs). The driving idea is to make use of the well established
probabilistic approach (Cornell, 1968), not for computing the probability of exceedance of ground-
motion intensity levels at the site but for assessing the probability of exceedance of a damage state in
the structure induced by such seismic loads. The damage measures monitored during the non-linear
dynamic analyses are the most appropriate to gauge the performance of the particular structure being
investigated (for example, the peak damage suffered in a specified group of columns measured in
terms of, say, the maximum of their ductility ratios). The most appropriate damage measures (e.g.,
ductility ratio, normalized hysteretic energy, etc.) and the location of the damage within the structure
vary on a case-by-case basis.

Computationally, the calculation of the annual probability of exceedance of a desired level, x, of a
post-elastic damage, DM, at a location / (e.g., the specified group of columns) in the structure
involves the repetitive calculation of the following conditional probability (Bazzurro and Cornell,
1994a):
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P[DM,l>x\m,r]=p[Sa{f.€)>Saoujmx{f,S)\'».r] (D

where:

(1) m and r are realizations of the random variables i\4 and R of the ground motion;

(2) Sa _ ( / ,£ ) is the pseudo-spectral acceleration (PSA) of the ground motion which induces

the specified damage level, DM = x, at location / in the structure. This PSA is associated with
a representative frequency, / , and percentage of critical damping, £,. Note that for realistic
MDOF systems multiple choices of/ are possible. Directions on "best" choices of a repre-
sentative single frequency of vibration can be found in Iwan (1980) and Kennedy et al. (1984).
In any case, experience suggest that this choice is not critical: the objective is to measure the
"strength" of the ground motion in the frequency range swept by the dominant modes of
vibration of the structure during the ground shaking. If the first mode is dominant in the
response, then an obvious choice could be the fundamental frequency. If more than one mode
is important, an appropriate intermediate frequency may be selected and adopted as the
reference frequency/.

0) Sa(f<Q *s t n e PSA at the site; it is predicted by conventional ground-motion attenuation laws.

For conciseness of notation, in the following So(f,E) will be referred to as simply Sa and
SODM l=x(f, i) as SDM. Both are random variables.

It is important to recognize that, for a given structure of deterministic resistance, SDM is not a
constant but is a characteristic of the ground-motion accelerogram. Inversely, different
accelerograms inducing the same damage DM = x at the same location / in the structure have
different values of PSA at the same reference frequency/ Previous empirical studies (Sewell, 1988;

variable, SDM shows (1) a very moderate record-to-record variability (coefficients of variation of, say,
0.3 or less) relative to the intrinsic variability of Sa (coefficients of variation, COV's, of 0.6 - 0.8
depending on the attenuation law and on the frequency) and (2) insensitivity in the mean to M and R.

In light of the preceding considerations, the seismic damage risk can be computed very simply
(Bazzurro and Cornell, 1994a):

(1) by replacing SDKi in Equation 1 by its unconditional mean, SDM(=E[SDM\m,r] = E\SDM\),

and

(2) by inflating the original variability intrinsic in Sa (Seismic Load Variability) in order to account
for the comparatively small additional variability in SDM (Seismic Damage Potential
Variability).

For example, if the maximum ductility ratio, //, experienced in a given group of columns during the
ground shaking is chosen as the damage measure DM, and if p is monitored for several
accelerograms, then a relationship between fj and SDM (here Sp) can be easily obtained. To do so

one may select a suite of real ground-motion accelerograms typical of those recorded in the region of
the site and perform a series of non-linear dynamic analyses of the structure being investigated.
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More precisely, each ground-motion record (or all the three components of each event for 3D
structures) has to be appropriately scaled to obtain a new record capable of inducing at location / in
the structure exactly the specified damage levei DM =x. The spectral ordinate (at the pre-selected
reference frequency, / , and damping ratio, E,) of each scaled record represents a realization of the
random variable SDM (i.e., SaDMI_x(f<£))- The value of 5^./ can be obtained by simply averaging all
the SDM values of the scaled records.

It is important to note that, given the relative small variability observed in SDM, the approximation
introduced in the calculation of SD^ by the use of only a few ground-motion accelerograms can be
usually reduced to negligible values (again relative to the uncertainty of Sa) with only a sample size
of 5-7 records (Bazzurro and Cornell, 1994a).

An example of how a typical relationship between SDftl and DM (here //) may look like for a
structure behaving dynamically (1) as an elasto-plastic (EP) system, and (2) as a stiffness- and
strength-degrading system is displayed in Figure 1. The form of this relationship for such systems
has been consistently observed in previous empirical studies (Sewell, 1988; Inoue, 1990; Bazzurro
and Cornell, 1994a).

Once that the relationship between the structural damage and the ground-motion spectral
acceleration has been established, a seismic hazard curve such as the curve shown in Figure 2 may be
produced by performing a seismic hazard analysis for the site. This analysis requires the use of an
inflated variability. Referring to previously reported COV values of So and SDM, it is clear that the
total variability increases by only a small amount (e.g., being a total variability equal to

62 + 0.32 =0.67, the increase is in the order of only 10%). Notice that the seismic hazard curve

in Figure 2 was obtained for a reference frequency, / , of 2.0 Hertz and a damping, E,, of 5% of
critical.

Seismic damage hazard curves yielding the annual probability of exceeding various levels of u.
ranging from the beginning of post-elastic response (p=\) to very severe damage (//, say, larger than
4) may be obtained simply by rearranging results in Figures 1 and 2. For the two systems considered
in Figure 1 and the seismic hazard shown in Figure 2, the resulting seismic damage curves are
depicted in Figure 3.

It is important to note that, once the mean and the uncertainty of SDM are obtained through a series
of non-linear dynamic analyses of the structure, the computation of seismic damage curve (there
could be more than one of such curves for the same structure, since more than one damage measure
DM or location / could be selected to gauge the structural damage) is neither any different nor more
difficult than the routine computation of conventional seismic hazard curves.

The seismic damage curves computed following the methodology just presented do not consider
possible uncertainty in structural resistance. In the previous example, the uncertainty in the
structural resistance can be reflected in different plausible u. values in the columns that could bring
the entire structure to collapse. This type of uncertainty (Resistance Uncertainty) is usually far less
important than the variability present in the seismic loads. This uncertainty, however, can be easily
included by using the following simplified approach.
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Let HDi/x) = ?[DMJ > x] = ?[Sa > S^^J be the result of the modified hazard analysis plotted
versus damage levels x (see Figure 3). Then assume that on log-log paper the seismic damage curve,
HD}Jx), can be locally represented as a straight line, that is:

) = Kox-K> (2)

Kj being the local slope estimated from the curve in the region of x equal to the median capacity.
Furthermore, assume the capacity, C, of the structure to resist damage (measured in damage terms,
such as ductility at location /, not in spectral acceleration terms) is lognormally distributed with
median c and standard deviation of the natural logarithm equal to a. Incidentally, note that, still
referring to the previous example, the variability on C is a column-to-column variability and has
nothing to do with record-to-record variability (such as in Sau).

With these assumptions, it can be shown that the probability of exceeding a desired level of structural
damage is obtained as:

r-2 2
hi a

pf=P[DM,l>C)=jHDM{x)fc{x)dx^HDSI(C)e -' (3)

is the (lognormal) probability density function of C.

Notice that Equation 3 is exact if Equation 2 is exact for all damage values. The exponential term
multiplying HDM(C) in Equation 3 is a "correction factor" which scales up the seismic damage
curve to account for the resistance uncertainty not included before.

This "correction factor" is close to one, provided that K;a is small. To quantify this term note that
Kj=l/logl0 x10> where xI0 is the factor by which one must increase DM (here /S) in order to reduce
the hazard by an order of magnitude. The value of xl0 is about 2 for the EP system in Figure 3,
implying K} = 3.3. Recall that if the whole structure during the ground shaking behaves basically as
an EP system, then the relationship between SDM and fj is nearly linearly proportional (see Figure 1).
In this case seismic hazard curves and seismic damage hazard curves have the same slope. Therefore
the experience gained with conventional seismic hazard calculations can be used to assess x10. In our
experience this number ranges from 1.75 to 2.5, leading to K, values of 4.1 to 2.51. The slope K,
depends on the site and on the probability of exceedance levels. Thus, assuming resistance variability
expressed by COV(C) up to 0.6, the "correction factor" (see Table 1) may increase the exceedance
probability by as much as one order of magnitude. To derive the numbers in the table recall that,
assuming lognormality for C, the standard deviation of the natural logarithm of C, a, and the
COV(Q are related by the following relationship:

o2=COV2(C)+1 (4)

If the structure behaves as a system with degrading strength and stiffness, then previous results show
that SDMvaries with // with relationships similar to the curve with triangular markers in Figure 1.
This behavior can be described with relationship of the form SDKi=afib (with b<\) or
SDM =a-(bju+c/1. The parameters a, b and c are constants to be determined case by case. Note
that, given the same seismic hazard curve, the slope of the seismic damage hazard curve for a
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degrading system is less steep (see Figure 3) compared to the seismic damage hazard curve of an EP
system, implying a lesser correction factor.

This simple but effective methodology, which accounts for the uncertainties both in the loads and in
the structural resistance, permits the direct computation of damage and, eventually, failure
probabilities of structures. This approach does not include any hidden safety factors. Hence, it is
conducive in the effort of reducing possible overconservatism in current practice. This is specially
valuable in the reassessment process.

3.0 EXAMPLE

This section includes an illustrative, made-up example regarding the computation of the failure
probability, Ps, of a hypothetical nuclear power plant safety-related structure with regards to seismic
loads. The calculation exploits the proposed methodology.

It is assumed that preliminary analyses have shown the following:

(1) the structure behaves dynamically as a 5%-damped 2.0 Hertz EP system;

(2) the damage suffered in the columns during the ground shaking is responsible for the
mechanism which leads the entire structure to collapse. This damage is monitored in terms of
ductility ratios and the maximum of them, p, is deemed adequate to describe the severity of the
induced damage;

(3) the relationship between SDA/ at 2.0 Hertz and the maximum ductility ratio u. follows the
straight line in Figure 1;

(4) the seismic hazard curve in Figure 2 is available as a result of a seismic hazard analysis
performed for the site. Both the seismic load uncertainty and the seismic damage potential
uncertainty were already included in the derivation of such a curve.

After these premises, the seismic damage curve for this structure is the curve for EP system
displayed in Figure 3. Moreover, the median of the resistance capacity, C, of such columns is
believed to be JJ = 4 with a COV of 0.4.

From the seismic damage curve in Figure 3 it follows that x10 is about 2.0 and, thus, Kl is
approximately equal to 3.3. Hence, the correction factor in Equation 3 is equal to 2.2 (Table 1).

Finally, substituting these values in Equation 3, it follows that the probability of failure of such a
structure due to seismic loads is simply P,= 5 x 10"6 x 2.2 = 1.1 x 10-5 (where 5 x 10"6 is HfJ(4)

from Figure 3).
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4.0 APPLICATIONS

4.1 POWER HOUSE

This application has been published in this journal (Bazzurro et al., 1996).

The SDHA methodology has been used to assess the seismic performance of a power house in the
highly seismic island of Java, Indonesia. The historical events occurred in the region around the site
are displayed in Figure 4.

For illustration purposes the numerical calculations have been performed only on the transversal
section of the structure, the weaker of the two sections of the building. The finite element model
developed for investigating the non-linear response of this steel structure to severe earthquake is
displayed in Figure 5. The software employed for this purpose is the widely distributed program
DRAIN-2D (Kanaan and Powell, 1973).

The frame was modelled by end moment-buckling elements. These elements consider the interaction
between end-moments and axial force, the axial force being determined using the procedure
suggested for buckling elements by Jain and Goel (1978).

The floor, at elevation 7.95 meters, was considered rigid in its plane. Soil structure interaction was
neglected and the columns were modelled as rigidly connected to the ground.

The seismic response was investigated using six accelerograms recorded on soil, whose
characteristics are included in Table 2. The horizontal component of each earthquake was randomly
selected between the two available for each of the six events. These ground motions were chosen in
order that:

o the values of M and R were in the range of interest suggested by the
SHA performed for the site under investigation. Seismotectonic
features in the site region are capable of generating earthquakes of
magnitude 8 and above. Thus, a 7.6 magnitude event was also
included in the analyses. Small, distant earthquake recordings were
purposely not selected because they are not threatening for well-
designed structures;

o the region of primary interest in the (M, R) plane was uniformly
covered.

Notice that preference in the choice of accelerograms should be given to ground motions that
occurred in the area. Past earthquakes recorded at the site must be included, if available.

Recall, again, that the choice of the limited sample size (i.e., six records) has been made according to
the findings of previous studies. It was not the intent of that work to confirm again the statistical
behavior of SDM. Much more robust statistical analyses ofSOM were carried out for a broad variety of
SDOF systems (Sewell, 1988, 1992, and 1993; Sewell et al., 1991) and for some realistic MDOF
systems (Inoue, 1990: Inoue and Cornell, 1991; Bazzurro and Cornell, 1994a) using much larger
ensembles of ground motion recordings (i.e., more than 200 records for SDOF systems and more
than 40 for some MDOF systems). The results showed that the uncertainty associated with the
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estimate of the "true" mean ofSDM can be reduced to negligible values (compared to the uncertainty
of Sa) by using a sample size of 5 to 7 ground motions. In fact the COV of the estimator is the COV
ofSDM (found usually to be not greater than 0.3) divided by the square root of the sample size.

Besides seismic loads, dead loads of both structure and internal equipment, and fifty percent of the
design live loads were considered in the analyses.

The non-linear dynamic analyses were performed in the time domain using an integration time step of
0.01 to 0.02 seconds and a material-structural damping of 5% before yielding. The damping after
yielding is directly accounted for by the hysteretic behavior of the elements included in the model.

When the structure is subjected to a sufficiently strong seismic excitation the response of the frame
becomes non-linear. When lateral displacements of about 3 centimeters are observed at nodes 5 (or
8), hinges start forming at the base of the main columns (nodes 1 and 4). For extremely severe
excitations, hinges develop also at the top and at the bottom of the internal columns (elements 16
and 17), at nodes 5 and 8 in elements 1, 2, 4 and 5, and at nodes 11 and 12 in elements 7 and 8 at the
connections with the main columns.

In order to quantitatively describe the seismic performance of the structure, .the plastic rotation of
hinges in the main columns at nodes 1, 4, 5 and 8 was taken as reference damage measure DM. In
fact, the most severe damage is concentrated at such locations. For a plastic rotation of 0.015
radians in hinges formed in elements 1 and 2 at nodes 1 and 5 (or, alternatively, in elements 4 and 5
at nodes 4 and 8) lateral displacements of 15 centimeters at node 5, and relative lateral displacements
of 35 centimeters between node 5 and 13 can be observed. When at least one of the hinges reaches
such a threshold value, <pfaib several other plastic hinges are simultaneously fully developed in the
frame and the structure can be considered as failed (or, at least, not fit-for-purpose). This value of
plastic rotation occurring in at least one hinge formed anywhere in the main columns was considered
as a reference rotation indicating collapse of the structure.

To compute the mean values of SDM for the entire range of plastic rotation from zero to q>fail, six
analyses were performed for each record in Table 2 scaled to successively higher values. The values
of SDM for any desired damage level (i.e., percentage of plastic rotation at collapse) were computed
by linear interpolation.

Notice that spectral acceleration SDM was associated with a reference frequency equal 2.0 Hertz.
This frequency is a linear combination of the first two modes of vibration which are almost equally
important and dominate the lateral response of the frame. About the importance of the selection of a
value for such reference frequency recall the discussion in Section 2.0.

Once that the mean values and the COV's ofSDM were estimated, the annual probability of structural
damage and, eventually, failure were computed in accordance with the methodology presented in
Section 2.0, with the exception that the uncertainty in the structural capacity is not included here.

The seismic hazard calculations were performed using the program EQRISK (McGuire, 1976). The
seismic parameters for the area under investigation were estimated using ISC (1989 and 1994) and
NOAA (1989 and 1994) earthquake catalogs. The historical events occurred in the region around
the site are displayed in Figure 5.
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In this case study the equation used to estimate the spectral acceleration at the site is the attenuation
law developed by Campbell (1990). If possible, however, the selected attenuation law should
include accelerograms of past earthquakes recorded in the area.

Two sets of calculation were performed using two different values of the variability of SDM: one as
computed from the analysis (i.e., COV equal 0.15 across the entire damage range) and the other
augmented up to values (i.e., 0.3) which, in our experience, can be considered conservative.

The results are the seismic hazard curves (Figure 6) expressed in direct damage terms. The two
curves reflect the different degree of conservativeness and/or confidence in assessing the global
uncertainty in the seismic hazard computations. Incidentally, with reference to the methodology
previously illustrated and recalling that no capacity uncertainty was considered in this application, the
curves in Figure 6 represent HDM(C) in Equation 3.

Thus, the annual probability of observing an earthquake at the site causing the yielding of the main
power house structure is about 1 x 10"3 to 2 x 10°, whereas the collapse of the building has an
annual probability of occurrence of approximately 4 x 10^ to 2 x 10"5 in the two cases. Again, these
ranges of probabilities reflect the confidence in assessing the response-based factors involved in the
computations.

The annual probability of yielding, structural damage, and collapse shall then be compared with
target probabilities. For the seismic requalification of this type of buildings, usually classified as non-
nuclear safety structures, an acceptable level would perhaps be a probability of collapse less than 10-4

per year.

4.2 JACKET-TYPE OFFSHORE PLATFORM

This application appeared in Bazzurro and Cornell (1994b).

The structure is the steel, jacket-type, Unocal's offshore platform called Rajah Wellhead (Figure 7)
located immediately offshore of eastern Kalimantan, Indonesia (Figure 8).

This large 3D-structure and its foundation is a challenging example because it displays an array of
types of nonlinearities: steel and soil material nonlinearity as well as softening geometric nonlinearity,
both locally (buckling braces) and globally {P-A effect).

Rajah Wellhead is a typical jacket-type platform operating in 45 m of water. It has a rectangular
base and four legs. The piles are driven to a depth of 107 m below the mud line and grouted inside
the legs. The distance between the lower side of the deck and the mean water level is about 14 m.
Both the superstructure and the piles are made up of steel tubular members. The uppermost soil
layer is a soft clay, whose resistance characteristics are very poor.

Non-linear dynamic analyses were performed on a 3D finite-element model developed by means of
the computer program Karma (ISEC, 1989). The model includes 451 nodes, at which the structural
masses are lumped, 644 elements; and 2010 degrees of freedom. Legs and piles were modeled by
large-displacement inelastic beam-column elements with distributed plasticity; diagonal braces were
modeled by large-displacement postbuckling elements with degradation of both strength and stiffness
of the section. Linear beams were used for the deck and non-linear near-field elements were used for
the soil. In particular, the foundation soil was modeled by defining a set of three orthogonal springs
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(two lateral and one axial) at fixed elevations along the shaft of the pile. The pile-soil deformation
was related to the soil resistance in both the lateral and the axial directions by specifying,
respectively, lateral p-y and vertical t-z force-deformation curves. These curves, for both virgin and
degraded soil, were available as a result of a geotechnical investigation at the site. The analysis
permits transition from one state to the other.

The non-linear dynamic analyses were performed in the time domain, by direct integration of the
equations of motion. The non-linear postelastic behavior of the elements explicitly accounts for the
structural damping after material yielding. Earthquake (inertia) loads, dead load of the structure in
addition to equipment located on the deck, live loads present on the deck during oil production, and
buoyancy loads on the submerged members were included in the non-linear dynamic analyses. The
actions of other environmental loads, resulting from wind, wave, and current, were not included.
Drag forces acting on the submerged members of the jacket, due to the motion induced by the
earthquake, were also neglected.

In this case, to evaluate the mean of SDM the five earthquakes in Table 3 were adopted. These
magnitude and distance pairs were selected to describe the seismicity of the area around the Rajah
Platform site. Beyond using records only from "soil" sites, no modifications were made for the
specific local site conditions. On the basis of both modal and preliminary non-linear dynamic
analyses, the spectral acceleration SDM was associated to a representative frequency of 0.55 Hertz
and a damping of 5% of critical.

Again the seismic damage risk for the jacket is evaluated by using the methodology presented before
with the only exception concerning the structural uncertainty that was not included in the
calculations.

Three non-linear types of damage DM are considered in the case of the Rajah Wellhead Platform:
two for describing the global performance and one for monitoring the local damage in the piles. The
overall postelastic damage of the platform is measured by the global ductility ration fu , based on
deck displacement. The two different types of global ductility ratios considered are the following:

o Mdispjc which is the ratio of the maximum lateral oscillation
amplitude of the deck to the reference deck displacement (7.6 cm).
Such reference value was selected because due to the poor strength
and stiffness of the uppermost clayey layer, the platform subjected
to the action of only the asymmetric state vertical deck and self-
weight loads deviates from the upright position and leans towards
the negative ^-direction of 7.6 cm, before the lateral loads are
applied. Initially, under the action of the lateral loads, all the
inelastic events occur only in the soil, and the platform tilts virtually
as a rigid body while remaining elastic response analyses. The first
inelastic event in the structural frame occurs the foundation soil has
already yielded in several places. The inelastic events in the
structure are concentrated in the piles below the mud line;

o noffJC which is the ratio of the deck displacement permanent offset in
the ^-direction at the end of the ground shaking to the reference
offset displacement (i.e., 12 cm, see Bazzurro and Cornell 1994b,
for details on the criteria employed for the computation of such
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value). This is an important damage measure, as revealed by
preliminary non-linear dynamic analyses. In fact, because the X-
direction is more flexible and weaker than the ^-direction and
because the structure is initially leaning in the negative X-direction,
the platform responds to seismic excitations by progressively
increasing its deviation from the vertical position towards the
negative X-direction.

The situation is more complicated in the case of the local damage that occurs only in the piles at a
considerable depth below the mud line (about 40 m). Piles behave as non-linear beam-column
elements whose response is governed by a set of multilinear relationships that include axial force-
displacement, in-plane and out-of-plane moment rotation, and torque-twist behavior. In these
elements, a four-dimensional interaction surface controls the inelastic response, and this fact makes it
difficult to postulate a compound damage measure. In this particular case, though, since the damage
occurs mainly in a pile at a large depth below the mud line, the axial force is dominant over bending
and torque moments. Therefore, the usual ductility ratio JJ1OC, based on the axial deformation of the
element, is a reasonably accurate measure of the peak damage sustained by the piles.

The seismic hazard computations were conducted using the computer program EQRISK (McGuire,
1976).

The study of the tectonic features of the region and the spatial occurrence of historical earthquakes
has not yet provided sufficient information for identifying with confidence active faults nearby (say
within 100 km). The historical data, however, suggests the partition of the region into the three
large seismic zones shown in Figure 8. Within each zone, the seismicity was considered relatively
uniform, and figure occurrence of earthquakes was described by a single probability distribution.
Seismic events wee modeled to occur as single points of energy release at a random location. The
earthquake magnitude distribution adopted for the seismic zones in the present study is the doubly
truncated exponential distribution.

The equation used to estimate the spectral acceleration (for a frequency of 0.55 Hz and damping
ratio of 5%) at the site is the attenuation law developed by Campbell (1990). This equation applies
specifically to soil sites. No other provisions were made, however, for possible amplification of the
input motions due to the extremely soft soil condition at the Rajah Wellhead Platform site.

According to the methodology presented before, the variability in the spectral acceleration Sa was
increased in order to account for the variability in both SDM. The seismic hazard curves
corresponding to the ductility values associated with the maximum deck displacement in the X-
direction (measured by fJdlsp^), the residual permanent deck displacement in the ^-direction
(measured by Mofp<)> ar |d the structural damage in the piles (measured in terms of {tloc) are displayed
in Figure 9. From this figure it follows that, for example, the annual probability that the structure
may experience a final permanent displacement of 23 cm or more in the ^-direction (corresponding
to iioffx « 2) is approximately 5.0 x 10^. Moreover, the collapse of the Rajah Wellhead Platform,
which is an event that requires the values of ductility ratios (both global and local) equal to or higher
than those displayed in Figure 9, has an annual probability of occurrence that is less than 1.0 x 10-3.
Again, it is important to appreciate that since no uncertainty in the structural capacity was included
in the analysis, the three curves in the figure represent the term HDM(C) for three different damage
measures DM.
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4.3 STABILITY OF A SLOPING SEABED

This application has been presented at the Third Symposium on Strait Crossings held in Alesund,
Norway, June, 1994 (Bazzurro et al., 1994b). This section, excerpted from the reference cited
above, discusses the numerical evaluation of the annual probability of exceeding specified
displacement values in subsea slopes of the Messina Strait, Italy.

As pointed out by Newmark (1965) the magnitude of slope displacements that develop during an
earthquake should be the criterion for assessing the degree of stability or instability of a slope, rather
than consideration of the possibility of the factor of safety dropping to unity during the earthquake.
The amount of acceptable deformation depends on the specific problem. For the landfalls of a
submerged-floating tunnel, as an example, the anticipated slope displacement must be small enough
not to induce structural collapse. Depending on the seismic event considered, the operability of the
system may also be a concern. In this case relatively large deformations may not be acceptable even
if the structural safety is preserved.

The slope displacements can be computed by a procedure analogous to that used for analyzing the
movement of a sliding block on an inclined plane (Figure 10). The displacements in the soil mass are
computed integrating twice the acceleration time history portion exceeding the yield acceleration av,
as schematically depicted in Figure 11. The yield acceleration is defined as the acceleration value at
the ground surface for which failure occurs (i.e., shear strength exceeded) along a potential sliding
plane (see Pelli et al., 1994). The yield acceleration depends on soil strength, slope angle, total and
effective stresses at the failure surface level, and depth of the failure surface. In this context, ay is the
only parameter representing the "capacity" of the slope.

Although crude, this model has been used extensively in the past thirty years as it catches some of
the basic physics controlling the stability of slopes and embankments under seismic loading (e.g.,
Goodman and Seed, 1966; Sarma, 1975; Seed et al., 1985; Lin and Whitman, 1986; Yegian et al.,
1991;Baziaretal., 1992).

Bearing in mind the premises above, in this context, the damage was assumed to be simply the final
permanent deformation of the slope. According to the Newmark's method referred to above, the
slope lateral displacements induced by the ground shaking can be found by double integration of the
earthquake acceleration time history. Only the spikes above the yield acceleration value, a give
contribution to the final permanent deformation. Again, the parameter ay is the only quantity
describing the resistance of the slope to the ground shaking.

In this application SaDMHx (o r simply SDAf) is the peak ground acceleration (always greater than ay)

necessary to induce in the slope a permanent displacement x at the end of the ground shaking. SDM,
for any value of x, is a random variable whose mean in this application was evaluated using a large
database of 52 strong-motion records (Table 4).

The seismic hazard calculations were performed using the in-house modified version of the computer
program EQRISK (McGuire, 1976). The equation used to estimate the PGA at the site is the
attenuation law developed by Joyner and Boore (1988). The variability of PGA suggested by Joyner
and Boore was conservatively increased by 20% to account for the additional variability on SDM

(see Bazzurro et al., 1994b, for details).
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The procedure yielded the seismic damage hazard curves in Figure 12 expressed in terms of
permanent displacements for different slopes at the site (i.e., for different ay values). For example a
displacement of 0.05 meters is exceeded at the site in a slope having a critical acceleration of 0.3 g
on average once every 10,000 years.

5.0 CONCLUSIONS

This contribution has demonstrated that a methodology is available to assess the probability of
exceedance of damage states induced in real structures by seismic loadings. In the qualification
process of existing facilities this is a vital need, that is fulfilled without including any hidden safety
factor. The SDHA methodology allows for a realistic evaluation of safety margins. Furthermore,
upgraded structural configurations can be quickly analyzed, thus validating the reassessment
strategy.

6.0 REFERENCES

American Petroleum Institute (API), 1993, "Recommended Practice for Planning, Designing and
Constructing Fixed Offshore Platforms", API RP2A-WSD, 20th Edition, Washington, DC.

Baziar, M. H. R. Dobry & M. Alemi 1992. Evaluation of lateral ground deformation using sliding
block model. Proc. 10th World Conf. on Earthquake Engrg., Madrid, 3: 1401-1406.

Bazzurro, P. and C. A. Cornell, 1992, "Seismic Risk: Non-Linear MDOF Structures". Proceedings
of ]Qth World Conference of Earthquake Engineering. Vol. 1, pp. 563-568, Madrid.

Bazzurro, P. and C. A. Cornell, 1994a, "Seismic Hazard Analysis of Non-linear Structures. I:
Methodology", Journal of Structural Engineering, ASCE, Vol. 120, pp. 3320-3344, November.

Bazzurro, P. and C. A. Cornell, 1994b, "Seismic Hazard Analysis of Non-linear Structures. II:
Applications", Journal of Structural Engineering, ASCE, Vol. 120, pp. 3345-3365, November.

Bazzurro, P., C. A. Cornell, D. Diamantidis and N. R. Vaidya, 1994a, "Probabilistic Seismic
Requalification of Nuclear Power Plant Structures", Proceedings of ASME PVP-1994 Conference.
Minneapolis, MN, June 19-23.

Bazzurro, P., Cornell, C. A., Pelli F. and G.M. Manfredini, 1994b, "Stability of Sloping Seabed:
Seismic Damage Analysis, Methodology and Application", Proceedings of Strait Crossings 1994.
Balkema, Rotterdam, The Netherlands, pp. 821-829.

Bazzurro, P., Cornell C. A., Diamantidis D. and G. M. Manfredini, 1996, "Seismic Damage Hazard
Analysis for Requalification of Nuclear Power Plant Structures: Methodology and Application",
Journal of Nuclear Engineering and Design, 160, pp- 321-332.

Campbell, K. W., 1990, Report, "Empirical Prediction of Near-Source Soil and Soft Rock Ground
Motions for the Diablo Canyon Power Plant Site", San Luis Obispo, CA, prepared for Lawrence
Livermore National Laboratories, Dames & Moore Job No. 10805-476-166.

263



Cornell, C.A., 1968, "Engineering Seismic Risk Analysis", Bulletin of the Seismological Society of
America, Vol. 58, No.5.

Goodman, R. E. & H. B. Seed 1966. Earthquake induced displacements in sand embankments. J.
SoilMech. Found Div., ASCE 92 (SM7): 125-146.

Inoue, X, 1990, "Seismic Hazard Analysis of Multi-Degree-of-Freedom Structures", Report No.
RMS-8, Department of Civil Engineering, Stanford University, Stanford, CA.

Inoue, T. and C. A. Cornell, 1991, "Seismic Hazard Analysis of MDOF Structures", Proceedings of
ICASP. Instituto de Ingenieria, UNAM, Mexico City, Mexico.

International Seismological Centre (ISC), 1989, "Historical Hypocentre File", Computer File, ISC,
Newbury, U.K.

International Seismological Centre (ISC), 1994, Updating of the "Historical Hypocentre File",
Computer File, ISC, Newbury, U.K.

ISEC Inc., "KARMA Computer Program", Documentation, Vol. 1-V, San Francisco, California.

Iwan, W. D., 1980, "Estimating Inelastic Response Spectra from Elastic Spectra", Earthquake
Engineering and Structural Dynamics, Vol. 8, pp. 375-399.

Jain, A. K. and S. C. Goel, 1978, Hysteresis Models for Steel Members Subjected to Cyclic Buckling
or Cyclic End-Moments and Buckling, Report No. UMEE 78R6, Dept. of Civil Engineering,
University of Michigan, MI.

Joyner, W. B. & D. M. Boore 1988. Measurement, characterization and prediction of strong ground
motion, Proc. of Earthquake Engrg and Soil Dynamics II, Geotechnical Division, ASCE, Park City,
UT., June 27-30.

Kanaan, A. E. and G. H. Powell, 1973, Purpose Comuter Program for Inelastic Dynamic Response
of Plane Structures, Report No. EERC 73-6, Earthquake Engineering Research Center, University of
California, Berkeley, CA.

Kennedy, R. P., S. A. Short, K. L. Mertz, F. J. Tokarz, I. M. Idriss, M. S. Power and K. Sadigh,
1984, "Engineering Characterization of Ground Motion - Task 1: Effects of Characteristics of Free-
Field Motion on Structural Response", NUREG/CR-3805, Vol. 1, U. S. Nuclear Regulatory
Commission.

Lin, J. S. & R. V. Whitman 1986. Earthquake-induced displacements of sliding blocks. J. Geotech.
Engrg., ASCE 112(1): 44-59.

McGuire, R.K., 1976. EQRISK, Fortran computer program for seismic risk analysis, Open File
Report 76-67, USGS, Denver, CO.

National Oceanic and Atmospheric Administration (NOAA), 1989, "The Entire Earthquake Data
Base", Computer File, Boulder, Colorado.

264



National Oceanic and Atmospheric Administration (NO A A), 1994, Updating for PDE Catalog from
January 1989 to July 1993, Computer Files, Boulder, Colorado.

Newmark, N. M. 1955. Effects of earthquakes on dams and embankments. Geotechnique 15(2):
139-160.

Pelli, F., G. V. Vassallo & F. Casola 1994. Earthquake-induced permanent deformations in the
landfalls of submerged-floating tunnels in sand. Proc. of the Third Symposium on Strait Crossings,
Alesund, Norway.

Press (Japan) Guidelines Drafting Working Group, 1992, "Design Guidelines (Draft) for Reinforced
Concrete Buildings", The Third Meeting of The U.S.-Japan Joint Technical Committe4e on Precast
Seismic Structural Systems, San Diego, California, November.

Sarma, S. K. 1975. Seismic stability of earth dams and embankments. Geotechnique 25(4): 743-761.

Seed H. B., R. B. Seed, S. S. Lai & B. Khemeneh-pour 1985. Seismic design of concrete faced
rockfill dams. Symp. on Concrete Face RockfiU Dams, ASCE: 459-478.

Sewell, R. T., 1988, "Damage Effectiveness of Earthquake Ground Motion: Characterizations Based
on the Performance of Structures and Equipment", Ph.D. Dissertation, Dept. of Civil Engineering,
Stanford University, Stanford, CA.

Sewell, R. T.5 G. R. Toro and R. K. McGuire, 1991, "Impact of Ground Motion Characterization on
Conservatism and Variability in Seismic Risk Estimates", Prepared for U.S. NRC, Risk Engrg., Inc.,
Final Report, Golden, CO, May.

Sewell, R. T. 1992. Effects of duration on structural response factors and on ground-motion
damageability. Proceedings of SMIP92, edited by M. J. Huang, Div. of Mines ad Geology, Calif.
Dept. of conservation, Sacramento, CA.

Sewell, R. T., 1993, "Impacts of Earthquake Strong-Motion Duration on Inelastic Structural
Response Factors and on Ground-Motion Damage Potential", CSMIP Data Utilization Report. Risk
Engrg, Inc., Final Report, Golden, CO, May.

Trifunac, M. D. and A. G. Brady, 1975, "A Study on the Duration of Strong Earthquake Ground
Motion", Bulletin of the Seismological Society of America, Vol. 65, No. 3, pp. 581-626.

U.S. Department of Energy (DOE), 1993, "Natural Phenomena Hazards, Design and Evaluation
Criteria for Department of Energy Facilities", DOES-STD-1020-92, Washington, D.C., February.

U.S. Nuclear Regulatory Commission, "Individual Plant Examination of External Events (IPEEE)",
Generic Letter No. 88-20, Supplement 4, NUREG/CR-1407.

Yegian, M. K., E. A. Marciano & V. G. Ghahraman 1991. Earthquake-induced permanent deforma-
tions: probabilistic approach. J. Geotech. Engrg., ASCE 117(1): 35-50.

265



TABLE 1
CORRECTION FACTOR

FOR TYPICAL Kj AND RESISTANCE UNCERTAINTIES VALUES

cov(C)
0.2

0.4

0.6

4

1

i:

.i

.4

.5

3.3

1.2

2.2

5.3

2.

1

1

2

51

.1

.6

.6

Notes:

(1) See Equation 3 for correction factor definition.

(2) The value of K; equals 3.3 corresponds to xl0 equals 2.0.

(3) COV stands for coefficient of variation.
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TABLE 2
LIST OF GROUND MOTION RECORDS

USED IN THE ANALYSES
OF THE POWER HOUSE

EARTHQUAKE

No.

1

2

3

4

5

6

NAME

Kem County, CA

Hollister, CA

Imperial ValJey, CA

Parkfield, CA

Lima, Peru

Loma Prieta, CA

STATION NAME

Callech Athenaeum

Gilroy, Gavilan

El Centre, Array 5

Taft Lincoln School

Inst. Geofisico

Palo Alto Hospital

DATE

07-21-52

11-28-74

10-15-79

06-27-66

10-03-74

10-18-89

COMP.

SOOE

S23E

230°

S69E

N08E

212°

DISTANCE

(Km)

109

10

4

105

38

47

MAGNITUDE

7.4

5.2

6.5

6.1

7.6

7.0

PGA

(cm/sec2)

-46.5

-94.1

367.2

11.2

179.0

378.2

DURATION

(sec)

30.0

2.8

9.5

33.4

48.4

13.1

Note:

The duration values reported in the table refer to the ground-motion duration which brackets
the 90% of the energy released (Trifunac and Brady, 1975).
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TABLES
CHARACTERISTICS OF

GROUND MOTIONS INCLUDED IN DATABASE
USED IN THE OFFSHORE PLATFORM APPLICATION

EARTHQUAKE

No.

1

2

3

4

5

NAME

San Fernando, Calif.

Long Beach, Calif.

Borrego Mountain,
Calif.

Kem County, Calif.

Loma Prieta, Calif.

STATION NAME

Wheeler Ridge

Vemon CMD Building

Cal Edison, Colton

Caltech Athenaeum

Olema, Ranger Station

DATE

02-09-71

03-11-33

04-09-68

07-21-52

10-18-89

DISTANCE

(Km)

82

22

130

109

136

MAGNITUDE

6.6

6.2

6.6

7.4

7.0

SOIL TYPE

(sec)

Soil

Soil

Soil

Soil

Soil
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TABLE 4
EARTHQUAKE RECORDS USED IN THE
ANALYSES OF THE SLOPING SEABED

No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41 _
42
43
44
45
46
47
48
49
50
51
52

EARTHQUAKE

NAME

Kem County, CA
Imperial Valley, CA
Kern County, CA
Lytle Creek, CA
San Fernando, CA
Hollister, CA
Kalapana, Hawaii
Santa Barbara, CA
Tabas, Iran
imperial Valley, CA
Imp.Vry, Aftershock CA
Lrvermore, CA
Parkfield, CA
M L Hamilton, CA
Imperial Valley. CA
Imperial Valley. CA
San Fernando, CA
San Fernando, CA
San Fernando, CA
San Fernando, CA
Borrego MountairuCA
Lima, Peru
Lima. Peru
Kern County. CA
Kalapana, Hawaii
Imp.Vly, Aftershock CA
Santa Barbara. CA
Lytle Creek, CA
Hollister. CA
Loma Prieta. CA
Loma Pricta. CA
Loma Prieta. CA
Friuli. Italv
Friuli. Italy
Friuli. Italy
Friuli, Italy
Friuli. Italv
Friuli. Italy
Friuli. Italy
Friuli. Italy
Friuli. Italv
Friuli. Italy
Friuli. Italy
Friuli. Italy
Friuli, Italy
Friuli. Italv
Friuli; Italv
Friuli. Italy
Friuli. Italy
Friuli. Italy
Norcia. Italy
Umbria. Italy

STATION NAME

Taft Lincoln school
El Centre, Sta.9
Caltech Athen.
Cal Edison, Colton
Palos Verdes
Gilroy, Gavilan
Hilo. Univ Hawaii
S B . FreitasBldg
Tabas
El Centre. Arr.5
El Centre, Arr.4
Livermore. Hosp.
Taft Lincoln school
HollA City Hall
Brawlcv Muni Arpt.
El Centre. An. 10
Fort Tejon, CA
Port Hueneme
Long Beach, CA
Oso Pump Plant
El Centre, Sta.9
Inst. Geofisico
Dr. Huaco Home
S.Barbara Courthse
Punaluu. Hawaii
Brawlcy Muni Arpt.
S.Barbara Courthse
Park Dr..Wrightwood
San Juan Bautista
Fremont
Palo Alto Hospital
SFO Airport
Castelfranco
Codroipo
Conegliano
Forgaria
Maiano
Buia
Conegliano
Forgaria
Codroipo
Conegliano
Forgaria
Tarcento
Buia
Forgaria
Tarcento
Conegliano
Forgaria
Buia
Bcvagna
Peglio

DATE

07-21-52
05-19-40
07-21-52
09-12-70
02-09-71
11-28-74
11-29-75
08-13-78
09-16-78
10-15-79
lO-i.'-79
01-27-80
06-27-66
04-24-84
10-15-79
10-15-79
02-09-71
02-09-71
02-09-71
02-09-71
04-09-68
10-03-74
10-03-74
07-21-52
11-29-75
10-15-79
08-13-78
09-12-70
11-28-74
10-18-89
10-18-89
10-18-89
05-06-76
05-06-76
05-<>6-76
05-06-76
05-06-76
09-15-76
09-15-76
09-15-76
09-15-76
09-15-76
09-15-76
09-15-76
09-15-76
09-11-76
09-11-76
09-11-76
09-11-76
09-11-76
09-19-79
11-29-84

COMP

EW
S90W
SOOE
South
S25E
S23E

N16W
158°

Long
230°
140°
038°
S69E
271°
225°
050°
N00E
S90W
N21W
N00E
SOOW
N08E
LONG
S48E

N16W
225°
090°
S65E
S57E

0°
212°
90°
NS
EW
EW
NS
NS
NS
EW
NS
NS
EW
NS
NS
EW
EW
NS
NS
EW
NS
NS
NS

PGA
(cm/sec2)

175.9
210.1
-46.5
-40.2
-40.1
-94.1

-169.9
284.7
795.8
367.2
229.6
60.6
11.2
71 1
162.2

-168.2
-24.7
-25.2
-28.4
-85.2

-127.8
179.0
192.4
128.6
77.1
-35.2

-284.1
139.0
112.1

-117,7
278.2
-325.8
30.4
85.3
-76.5
-42.2
-81.5
107.9
19.6
258
43.2
30.4

346.3
136.4
-93.4
112.8
200.1
13.7

-228.6
-229.6
37.3
53.0
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Figure 9: Seismic Hazard Curves Obtained for Three Kinds of Postelastic Damage
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