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SELECTION OF BUILDINGS FOR STRONG-MOTION INSTRUMENTATION
USING ZONATION INFORMATION AND DECISION THEORY

by

G. C. HARTl and C. Rojahn II

ABSTRACT

Decision theory is used to determine which buildings should be given
first priority for instrumentation in the various seismically active areas
of California. The expected severity of ground shaking at each location and
its probability of occurrence can be defined in terms of peak acceleration,
Modified Mercalli Intensity, earthquake magnitude and epicentral distance,
or some other measure of strong ground shaking. Building classes must be
identified, and the value of obtaining a building response record for each
building type can be quantified according to professional engineering judge
ment. Using this information, decision theory can be used to calculate the
expected value of instrumenting buildings of a particular class at various
locations. The locations are then ranked in order of preference for each
building class. This procedure can be extended to instrumentation programs
in other regions.

INTRODUCTION

In 1971 the State of California enacted a law (4) establishing a state
wide Strong-Motion Instrumentation Program to assure the development of a
scientifically sound distribution of strong-motion instruments throughout the
State. The law stipulates that the instruments are to be located in
representative geologic environments and representative structures throughout
the State, and that the California Division of Mines and Geology (CDMG), with
the advice of an ad-hoc advisory board, should organize and monitor the pro
gram. Funding is provided by a 0.007 percent (7¢ per $1000) assessment of
estimated construction costs collected statewide from building permits.

The basic objectives for the bUilding instrumentation phase of the
program, originally set forth in an unpublished paper by R.B. Matthiesen
and C. Rojahn, were adopted by the advisory board in mid-1973 as follows:
to place a high priority on instrumenting buildings in Zone III of the
Preliminary Map of the Maximum Expectable Earthquake Intensity in California
(1) and a lower priority on instrumenting buildings in Zone II; to place the
highest priority on instrumenting buildings within 5 miles of the major faults
along which there is significant activity; to seek the assistance of the
Structural Engineers Association of California in selecting buildings to be
instrumented under the program; to select representative types and heights
of buildings; and to instrument many buildings moderately rather than a few
buildings highly using remote-recording accelerograph systems with accelero
meters located so as best to record both translational and torsional response
of each building. With these objectives and at the request of the advisory
board, a specially appointed ad-hoc committee (the Subcommittee on Instrumen
tation for Buildings) developed a series of guidelines .defining where, which
types of, and how buildings should be instrumented under the State program.

IAssociate Professor, Mechanics and Structures Department, University of
California, Los Angeles.

IIResearch Civil Engineer, U.S. Geological Survey, Menlo Park, California.
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Those guidelines are discussed in detail in reference (3) and are now being
implemented by CDMG.

The original guidelines were not based on formal decision theory, but
rather on knowledge developed from experience in earthquake engineering.
More specifically, they were based on a knowledge of strong-motion seismicity,
structural dynamics, and strong-motion instrumentation. The guidelines have
proven to be valuable and have provided the basis for selecting more than
35 buildings instrumented so far statewide under the program. At this time,
however, since current projections indicate that approximately six buildings
per year will continue to be instrumented under the program, we believe it
is prudent to select future buildings using a more systematic procedure that
incorporates the fundamental elements of decision theory (2).

The procedure presented in this paper suggests the types of information
needed to select buildings for instrumentation and indicates where this
information fits into the decision process. The procedure is flexible enough
to enable the decisionmaker to incorporate new developments in various tech
nical fields over the years and to utilize knowledge gained from future
earthquakes.

GENERAL DISCUSSION OF DECISION THEORY

As an introduction to the basic parts of a decision problem, consider
the following discussion regarding the decision to instrument a specified
building at a specified site in order to measure strong-motion earthquake
response. The person making the decision has two courses of action available-
to instrument the building or not to. Whatever action is taken, nature will
also provide two alternatives--a strongly felt earthquake will occur (i.e.,
one which will be strong enough to provide measurable building response),
or it will not. In decision theory terminology, one says that, in this
example, there are two possible states of nature. One of the tasks facing
decisionmakers is assessing the likelihood or probability of each possible
state of nature. Each conjunction of a state of nature and an action chosen
by the decisionmaker results in what is called a consequence. In this example,
each of the two possible actions may occur in conjunction with either of the
possible states of nature. Therefore, there are four possible consequences:
1) the building is instrumented and an earthquake occurs; 2) the building
is instrumented and no earthquake occurs; 3) the bUilding is not instrumented
and an earthquake occurs; and 4) the building is not instrumented and no
earthquake occurs.

One of the most important aspects in decision theory is that different
decisionmakers, whether they be persons, committees, or organizations,
will react to the four consequences in different ways. In a decision
problem, it is necessary to quantify the degree of preference associated
with the occurrence of each consequence. This degree of preference is
quantified using a measure known as "utility." The process of quantifying
the relative utilities for the consequences is begun by assigning arbitrary
values to the best and worst consequences. Utilities to the intermediate
consequences are then assigned by weighting preferences and will vary between
decisionmakers. One of the explanations for why different decisionmakers
make different decisions is that they assign different utilities.

The decisionmaker must next assign probabilities to the occurrence of
the possible states of nature. In this example, probabilities associated
with site seismicity must be determined.
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Having identified the possible courses of action and states of nature,
having assigned probabilities to the occurrence of the possible states of
nature, and having assigned different utilities for each possible consequence,
the decisionmaker can then calculate the relative expected degree of
preference, i.e., the expected utility associated with each possible course
of action. The expected utility associated with a decision to instrument
the building is:

UI = UI,EP(E) + UI,NEP(NE)

where UI = expected utility of instrumenting the building

UI,E = utility of instrumenting the building and an earthquake occurs
(i. e. , consequence 1 occurs)

UI NE = utility of instrumenting the building and no earthquake occurs,
(i. e. , consequence 2 occurs)

peE) = probability of an earthquake occurring in an established time span

p(NE) = probability of no earthquake occurring in an established time span

Similarly, the expected utility associated with a decision not to instrument
the building is:

UNI

where UNI

UNI E,

= UNI,EP(E) + UNI,NEP(NE)

= expected utility of not instrumenting the building

= utility of not instrumenting the building and an earthquake occurs
(i.e., consequence 3 occurs)

= utility of not instrumenting the building and no earthquake occurs
(i.e., consequence 4 occurs)

The decisionmaker would choose the course of action that produced the
largest expected utility.

In summary, three basic components of the decision problem include:
1) identification of the possible courses of action; 2) description of the
possible states of nature and the assignment of the associated probabilities
of occurrence; and 3) quantification of the relative utility associated with
the consequence of each action and each state of nature.

IDENTIFICATION OF POSSIBLE COURSES OF ACTION

The decisionmaker must clearly identify the possible courses of action.
In selecting buildings for strong-motion instrumentation, the types of
buildings that are to be instrumented must be defined. In the California
program, for example, desired building types have been defined in terms of
structural framing system (open frame, continuous frame, box, shear-wall,
precast element, or combination), construction material (reinforced concrete,
steel, wood, or masonry), and number of stories (3). The owner or function
of the building could also be potentially important (e.g., hospital, govern
ment building, or private building), and the decisionmaker may wish to
expand the definition of desired building types to reflect this factor.
The selection of the detail that is used in describing the types of buildings
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is at least partly influenced by two factors: 1) the decisionmaker's ability
to describe the states of nature and their different effects on the building
types, and 2) the ability of the decisionmaker to define the utility
associated with the occurrence of each state of nature on each building type.

STATES OF NATURE A~~ THEIR PROBABILITY OF OCCURRENCE

The state of nature must be described in terms that address problems
inherent in building response. The state of nature--an earthquake occurs or
no earthquake occurs--used in the general discussion on decision theory does
not reflect the severity of ground shaking, which is the most important
parameter affecting building response. In general, the severity of ground
shaking is dependent on earthquake magnitude, distance from the building site
to the source of energy release, depth and type of faulting, regional and
local geology, and other site conditions. The two most common measures used
to describe the severity of ground shaking are peak ground acceleration at
the site and Modified Mercalli Intensity (MMI) at the site. With regard to
the first measure, three possible states of nature might be:.

1. No earthquake occurs in 10 years with a peak ground acceleration
at the building site greater than 10 percent of gravity.

2. One earthquake occurs in 10 years with a peak ground acceleration
at the building site between 10 and 30 percent of gravity.

3. One earthquake occurs in 10 years with a peak ground acceleration
at the building site between 30 and 50 percent of gravity.

As an alternative, the severity of strong ground shaking may be described
in terms of MMI (e,g., the number of events in which MMI at the site was
equal to or greater than VI in a specified time period), magnitude (e.g.,
the number of times a magnitude 5 or greater earthquake occurred within 100
km of the site in a specified time period), or some other measure such as
one based on strong-motion response spectra data (e.g., site motion described
in terms of the number of cycles of building motion above a specifie1d
threshold level of response). In all cases, the states of nature must in
corporate the time variable because the probability of the existence of the
state of nature is a function of the time span over which the occurrence is
viewed.

In general, the description of the state of nature must incorporate
all items which the decisionmaker feels are necessary to define the motion
of the building site or, alternatively, the building response. This descrip
tion can assume a multitude of variations because individual decisionmakers
will usually differ on what is necessary at any given time (present or
future). The description can include the occurrence of more than one earth
quake in more than one order. For example, a state of nature could be defined
as: one earthquake occurs in the years 1980 through 1984 with a peak site
ground acceleration between 10 and 30 percent of gravity, and one earthquake
occurs in the years 1985 through 1989 with a peak site ground acceleration
between 30 and 50 percent of gravity.

For each state of nature, it is necessary to define a probability of
occurrence. Because the probability of occurence must be numerically evalu
ated, it influences the description of a state of nature. If historical
data or professional insight is not adequate to obtain a reliable probability
estimate, then the description of the state of nature must be modified.
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QUANTIFICATION OF RELATIVE UTILITY

The relative utility or value associated with each consequence may be
a function of time. At anyone time, one type or level of building response
may be important to fill a gap in our knowledge, but at some later date,
this gap may be closed and, therefore, the utility will have decreased.
The assignment of utilities can be very difficult. It requires in many
respects a quantification of ignorance and a projection of future value.
The value of human life can enter here, as. can personal or national priorities.
A building official, for example, might place a higher priority on measure
ments of earthquake response of unreinforced masonry buildings than would a
university professor or design engineer, who might be interested in only the
response of buildings designed in accordance with current standards and codes.

ILLUSTRATION OF THE USE OF THE PROCEDURE

The following example is intended to facilitate understanding of the
development of the component parts of the decision problem. Although the
example utilizes our experience, it is intended only to demonstrate the
procedure and is not to be used in planning.

This example concerns the selection of buildings to be instrumented in
eight cities in southern California (table 1). The cities are all located
within Zone III (zone of maximum expected intensity) of the Preliminary Map
of Maximum Expectable Earthquake Intensity in California (1). Four of the
cities--Los Angeles, Long Beach, Anaheim, and Santa Ana--are among the ten
most populated cities in the state of California; the others were selected
on the basis of size and estimated level of local earthquake activity.

There are three possible actions (table 2) for each city: 1) instru
mentation of a one- or two-story building; 2) instrumentation of a three
to six-story building; and 3) instrumentation of a seven- to fifteen-story
building. This example, then, is concerned with the evaluation of the
expected utility associated with each of 24 possible actions.

The states of nature are based on the rates of occurrence of magnitude
5 and greater earthquakes occurring within specific distance ranges of the
selected cities. State of nature 1 is the occurrence within the next 5 years
of at least one magnitude 5 or greater earthquake with an epicentral distance
to the city hall of 0 to 10 km. State of nature 2 is the occurrence within
the next 5 years of at least one magnitude 5 or greater earthquake with an
epicentral distance to the city hall of 10 to 25 km. State of nature 3 is
the occurrence within the next 5 years of at least one magnitude 5 or greater
earthquake with an epicentral distance to the city hall of 25 to 50 km.

The historical earthquake activity (1932 to 1975) for each city in
table 2 were determined from the California Institute of Technology earth
quake data tape (table 3). These data are for magnitude 5 or greater
earthquakes and are listed in terms of the number of earthquakes per year
occurring in various distance ranges from the city halls of the eight
selected cities. For example, for El Centro, there are 0.1136 earthquakes
per year in the distance range 0 to 10 km. The corresponding return period,
on the average, is one earthquake every 8.8 years. For a particular city
hall site, the number of earthquakes per year is highly dependent on the
epicentral distance range. Table 4 indicates this in another form by showing
the percent of earthquakes within a 100-km radius of the city hall associated
with each epicentral distance range. For example, 43.48% of all Long Beach
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earthquakes (with an epicentral distance less than 100 km) are within the
distance range 10 to 25 km , whereas only 4.44% of all earthquakes for El
Centro are within this same distance range.

The probability of occurrence of each state of nature for each city
is calculated using the equation:

1 - e-(L/T)

where p probability of occurrence of at least one earthquake of magnitude
5 or greater in the next L years.

L = number of years under future consideration (5 in this example)

T = return period of state of nature (1 divided by the number of
events per year)

For example, considering El Centro and the 0- to 10-km epicentral distance
range, it follows that:

p = 1.0 - e-(5/8.80) = 0.433

The utility associated with each consequence must now be assigned.
The utility matrix (table 5) relating each epicentra1 distance range and each
of the three building heights is based on the preference ratings assigned
for the state of California program (3). The number in each row and column
of the matrix corresponds to the utility associated with the consequence
defined by that row and column. The utilities are assumed to be the same
for each city.

The components of the decision problem have now been defined, and
expected utilities can be calculated. The expected utility of action number
7 (table 2), for example, on the basis of the states of nature defined above,
probabilities computed from table 3, and utilities from table 5, is:

U7 = expected utility for action 7, which is to instrument a one
or two-story building in El Centro.

= (probability of occurrence of state of nature 1) x (utility of
state of nature 1 and action 7) + (probability of occurrence of
state of nature 2) x (utility of state of nature 2 and action 7)
+ (probability of occurrence of state of nature 3) x (utility of
state of nature 3 and action 7)

= (0.433)(16) + (0.203)(12) + (0.796)(0)

= 9.375

The expected utility associated with each of the other 23 possible
actions have been calculated similarly (tables 6 and 7). The ranking of the
possible actions shown in these tables is dependent on building site and the
number of stories. Because the parameters used in the procedure need further
study, this ranking is considered to be only preliminary.

CONCLUSIONS

This procedure for the rational selection of buildings for strong-
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motion instrumentation uses decision theory and zonation information. One
of the primary advantages of the procedure is that it incorporates profes
sional experience in all of its phases. On the basis of past experience,
the earthquake engineer must work with the structural engineer to define
states of nature that are meaningful to both parties and calculate proba
bilities of occurrence for each state of nature. These probabilities should
be based on available historical earthquake data and/or analytical modeling
techniques. The professional structural engineer must then define what
utility is to be assigned to each consequence relating an action and a state
of nature. The final ranking of actions is highly dependent on these
utilities, and, therefore, the role of the engineer is critical.

The procedure presented is general in nature. The definition of
components will vary with each problem and will be influenced by the goals
of the nation, state, or organization making the decision.
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Table 1.- Southern California cities selected for example problem

-'_.
Population Latitude Longitude

Anaheim 200,100 33°50.l'N 117°54.3'U
China Lake 21,000 35°43.5'N 117°37.0'~1

El Centro 22,650 32°47.5 'N 115°33. 6 '~l

Long Beach 343,000 33°46.5'N 118°11.1 'u
Los Angeles 2,754,500 34°03.5'N 118°15.0'U
Oxnard 92,100 34°12.3'N 119°l0.5'1l
Santa Ana 180,000 33°45.8'N 117°51.9'~1

San Bernardino 103,600 34°06.5'N 117°13.6'U

Table 2.- Possible actions for example problem

Action
number

1
2
3

4
5
6

7
8
9

10
11
12

13
14
15

16
17
18

19
20
21

22
23
24

Action to instrument

Anaheim
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

China Lake
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

El Centro
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

Long Beach
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

Los Angeles
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

Oxnard
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

Santa Ana
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building

San Bernardino
One- or two-story building
Three- to six-story building
Seven- to fifteen-story building
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Table 3.- Number of earthquakes of magnitude 5 or greater per year

Location Number of earthquakes per year in range (kilometers)
0-10 10-25 25-50 50-75 75-100

Anaheim 0.0 0.2045 0.1364 0.0455 0.1818
China Lake .0 .0455 .1818 .0 .1591
E1 Centro .1136 .0455 .3182 .3409 .2045
tong Beach .0455 .2273 .0455 .1364 .0682
Los Angeles .0 .0227 .3636 .1136 .0455
Oxnard .0 .0227 .0682 .0227 .5000
Santa Ana .0 .2727 .1136 .0455 .2273
San Bernardino .0 .0 .1136 .0682 .5456
San Diego .0 .0 .0 .0227 .1364

Table 4.- Percent of observed earthquakes at different distances
from city hall site (magnitude 5 or greater)

Location Percent of earthquakes in range (kilometers)
0-10 10-25 25-50 50-75 75-100

Anaheim 0.0 36.0 24.0 8.0 32.0
China Lake .0 11.76 47.06 .0 41.18
El Centro 11.11 4.44 31.11 33.33 20.0
Long Beach 8.70 43.48 8.70 26.09 13.04
Los Angeles .0 4.17 66.67 20.83 8.33
Oxnard .0 3.70 11.11 3.70 81.48
Santa Ana .0 41. 38 17.24 6.90 34.48
San Bernardino .0 .0 15.63 9.38 75.0
San Diego .0 .0 .0 14.29 85.71

Table 5.- Utility matrix for example problem

Distance from
city hall site
to epicenter

Number of building stories
1-2 3-6 7-15

0-10 km

10-25 km

25-50 km

16

12

o

16

16

o

4

12

10
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Table 6.- Expected utility and ranking of possible actions

Building
height

Rank Location (stories) Utility Action number

1 Long Beach 3-6 14.1216 11
2 Santa Ana 7-15 13.2634 21
3 Anaheim 7-15 12.6276 3
4 E1 Centro 7-15 12.1382 9
5 Santa Ana 3-6 11. 9072 20
6 Long Beach 1-2 11. 4052 10
7 Long Beach 7-15 10.9982 12
8 Anaheim 3-6 10.2448 2
9 E1 Centro 3-6 10.1888 8

10 Los Angeles 7-15 9.6636 15
11 E1 Centro 1-2 9.3748 7
12 Santa Ana 1-2 8.9304 19
13 China Lake 7-15 8.4130 6
14 Anaheim 1-2 7.6836 1
15 Oxnard 7-15 4.4084 18
16 San Bernadino 7-15 4.3330 24
17 China Lake 3-6 3.2560 5
18 China Lake 1-2 2.4420 4
19 Tied Los Angeles 3-6 1. 7168 14
19 Tied Oxnard 3-6 1.7168 17
21 Tied Los Angeles 1-2 1. 2876 13
21 Tied Oxnard 1-2 1. 2876 16
23 Tied San Bernardino 3-6 0.0 23
23 Tied San Bernardino 1-2 0.0 22

Table 7.- Ranking of sites by building height

Building Height
Rank 7-15 story 3-6 story 1-2 story

1 Santa Ana (13.2634) Long Beach (14.1216) Long Beach (11.4052)
2 Anaheim (13.2634) Santa Ana (11.9072) E1 Centro (9.3748)
3 El Centro (12.1382) Anaheim (10.2448) Santa Ana (8.9304)
4 Long Beach (10.9982) E1 Centro (10.2448) Anaheim (7.6836)
5 Los Angeles (9.6636) China Lake (3.2560) China Lake (2.4420)
6 China Lake (8.4130) Los Angeles (1.7168) Los Angeles (1.2876)
7 Oxnard (4.4084) Oxnard (1. 7168) Oxnard (1. 2876)
8 San Bernardino (4.3330) San Bernardino (0.0) San Bernardino (0.0)



NEED FOR A COMPREHENSIVE APPROACH IN ESTABLISHING DESIGN EARTHQUAKES

by

V. V. BerteroI and S. A. MahinII

ABSTRACT

A logical approach to the seismic-resistant design of structures is com
prehensive design. Difficulties encountered in applying this approach arise
from uncertainties regarding details of the critical ground motion, and the
inherent sensitivity of the response of structural systems to variations of
these details. Design earthquakes for serviceability, damageability, and
collapse limit states are discussed. When serviceability controls, the most
facilitative and reliable approach of specifying design earthquakes is based
on smoothed response spectra. The use and reliability of standard linear
elastic design response spectra (LEDRS) are reviewed. When damageability or
collapse controls design, design earthquakes are often specified using ine
lastic design response spectra (IDRS) derived directly by modifying LEDRS.
The use of these IDRS are shown to be unreliable for certain cases and an
other approach is suggested. The need for a comprehensive approach is
stressed and research needs are discussed.

INTRODUCTION

Establishment of design earthquakes is one of the most important steps
in designing building structures to resist the effects of earthquake ground
shaking. During the past three decades, there has been considerable advance
ment in various specialized fields related to earthquake ground motions and
structural response. Despite these advances, there has been no correspond
ing improvement in the reliability with which structures can be designed to
resist the effects of seismic ground shaking. One of the reasons for this
is that most attempts at specifying design earthquakes have been based on
the concerns of only a single specialized discipline, rather than integrating
the knowledge and requirements of the various disciplines involved in
seismic-resistant design.

The need for a more comprehensive approach for establishing design
earthquakes has recently been pointed out (1-3). Biggs, Hansen, and Holley
(1) indicate that in addition to problems related to uncertainties regarding
details of potential ground motions and the sensitivity of structural response
to variations of these details, inadequate consideration has been given to
earthquake risk and associated costs. Bertero and Bresler (2) have also sug
gested that an efficient design must reconcile the total cost of a structure
(including initial, mantenance, and damage repair costs) against the proba
bility of events that can lead to undesirable modes of behavior (inadmissible
limit states). Such limit states may range in practice from superficial
damage to collapse, and have generally been grouped into two categories:
1) serviceability, where damage should be limited to prevent functional fail
ure under normal service loads and frequent ground shaking; and 2) collapse,
where life safety should be protected under maximum credible overloads and
ground shaking. A third category, damageability, was suggested (2) in which
structural and nonstructural damage should be limited to economically

I Professor of Civil Engineering, University of California, Berkeley.
II Assistant Professor of Civil Engineering, University of California,

Berkeley.



1146

a,cceptable levels. The comp~ehensi.ve design philosophy provides a logical
ba,s;i,s for considering these factors in design a,nd construction (2).

Practical problems also arise in defining design earthquakes. For
example, the design earthquake is intended to be a set of design forces or
a ground motion that induces a "critical" response in the structure. How
ever, even for a given site and specific structural system, that seismic
excita,tion will depend not only on the characteristics and likelihood of the
various types of ground motions that might be experienced at the site, but
also, on the dynamic and mechanical characteristics of the building-foundation
soil system, and on the severity of structural response that can be tolerated.
Thus, even for a given site a,nd known structure there is no unique design
earthquake, and different considerations may be needed to develop design
earthqua,kes for serviceability, damageability, and collapse limit states.
The interrelationships between'the design earthquake and the requirements
of different limit states and other aspects of seismic-resistant design are
illustrated in the flow chart of Fig. 1.

This paper focuses on the overall problems of establishing design
earthquakes for structures and the need for a comprehensive approach to
resolve these problems. Present methods of prescribing design earthquakes
and factors that should be considered in defining them for the three cate
gories of limit states are discussed. The reliability of procedures sug
gested for establishing damageability and collapse limit state design earth
quakes is evaluated. Recommendations for additional research are presented.

PRESENT METHODS OF PRESCRIBING DESIGN EARTHQUAKES

OVN MIC ANALYSIS

FINAL ESIGN

PRELIMINARY DESIGN

The ground motion experienced
at a site is a complex function of
the type and characteristics of the
source mechanism, the nature of the
intervening geological structure,
and the topographical and soil con
ditions near the site. A common
design simplification is to consi
der only nonconcurrent action of
horizontal, translational ground
motion components. For sites near
an earthquake source, it may be
necessary to base structural res
ponse evaluations on the simulta
neous action of all six components
(4) and to consider realistically
nonlinear soil-structure interac
tion rather than to use predicted
free-field ground motions. Instru
mentation should be installed to
obtain records of all components of
ground motion and building response
in future earthquakes.

BEDROCK MOTION

EVALUATION OF HySTERETIC BEHAVIOR
OF CRITICAL. REGIONS

EVALUATION OF ovERALL RESPONSE

DESIGN LOADS AND/OR DEFORMATIONS

GRAVITY
FORCES

'ND

STRUCTURAL LAYOUT

AND DESIGN CRITERIA

PREDICTION OF

MECHANICAL

BEHAVIOR OF

STRUCTURE

I. STRUCTURAL
MODELLING

2. STRUCTURAL AND
STRESS ANALYSIS

3. PROPORTIONING
AND DETAILING

SERVICEABILITY,

DAMAGEABILITY

AND SAFETY DESIGN

REQUI REMENTS

ESTABLISHMENT Of'

DESIGN EXCITATIONS

FIG. 1 FLOW DIAGRAM OF GENERAL
ASPECTS AND STEPS INVOLVED
IN SEISMIC-RESISTANT DESIGN

RELIABILITY ANALYSIS -<
DETAILING

RELIABILITY ANALYSIS (JUDGEMENT) Design earthquakes are speci
fied in a number of ways. For
example, in preliminary design
smoothed response spectra are often
used. On the other hand, it may be
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necessary to specify an ensemble of ground motion time histories in order
to proportion and detail critical regions during final design or to study
the reliability of a given design or structure. An evaluation of current
methods for prescribing design earthquakes has been reported in (5), and
is summarized below.

Serviceability Limit States. -- Seismic codes have specified design earth
quakes in terms of a building code zone, a site intensity factor, or, as
a peak or effective site acceleration. Reliance on such indices alone,
however, is generally inadequate and methods using response spectrum, accel
erograms or random vibration theory have recently been suggested. Advan
tages and disadvantages of these methods are discussed in (1), (3), and (5).

In cases where serviceability limit states control design, structures
should remain essentially in their elastic range. For these cases and for
structures located at moderate distances from earthquake sources, it is
generally agreed that the most reliable and convenient way to specify design
earthquakes is by' smoothed, linear-elastic design response spectrum (LEDRS).
Design based on random vibrational analysis is of interest because of its
rationality, but requires further development before implementing it in
practice. LEDRS can be constructed from statistical analysis of elastic
spectra derived for appropriate accelerograms (real or simulated), or, by
scaling the peak ground acceleration, velocity, and displacement using
spectral amplification factors statistically derived for various amounts of
damping (6). When only estimates of peak ground acceleration are available,
it has been suggested that reasonable values for the peak ground velocity
and displacement may be obtained by multiplying the ground acceleration
(expressed as a fraction of gravity) by 1.22 m/sec (48 in./sec) and 0.91 m
(36.0 in.), respectively (7).

Simple methods for constructing LEDRS have been based on so-called
standard severe earthquake motions obtained at moderate distances from the
causative fault. For building sites located near such faults, however, LEDRS
should be based on realistic maximum values of effective ground accelera
tion, velocity, and displacement. These values should be determined from
analysis of available records and/or from theoretical predictions based on
the appropriate faulting process (8). If realistic estimates of these values
cannot be made, the critical earthquake ground motion should be determined
from techniques suggested in (9) and (10). Further studies on the subject
of spectral amplification factors for different amounts of damping are also
needed. Significant differences have been found between the values of the
ratio of maximum elastic responses for different amounts of damping and
those for presently suggested amplification factors (8).

In conclusion, LEDRS are the best way of specifying design earthquakes
for serviceability limit states. However, establishment of the proper LEDRS
for a specific building is a problem that requires considerable engineering
knowledge and judgment. A detailed discussion of these problems is presented
in (3), which indicates that LEDRS cannot be defined without considering the
amount of viscous damping, the allowable stresses 'and strains, and the
method of evaluating the dynamic characteristics of the structure. Even
for the case of linear-elastic structural behavior, a comprehensive approach
to design earthquakes is required.

Ultimate Limit States. -- In most cases it is economically unfeasible to
design buildings located near faults for the forces indicated by LEDRS based
on the largest expected ground spectrum. Lower design forces may be used
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if it is possible to utilize a building's ability to absorb and dissipate
energy by inelastic deformations. However, to ensure safety against collapse
or to avoid ext~nsive damage, inelastic deformations must be limited. Cur
rent code procedures, based on equivalent static forces and elastic analysis,
anticipate some inelastic behavior under severe ground shaking, but do not
always result in satisfactory designs (1).

One improvement over simple code procedures is to specify the design
earthquakes for ultimate limit states using simplified inelastic design
response spectra (IDRS). Derivation of such IDRS using nonlinear dynamic
analyses of realistic structural models subjected to appropriate accelero
grams is generally unfeasible in most preliminary designs due to modeling
problems and excessive computational effort (11). Simple methods which di
rectly modify LEDRS to obtain IDRS using factors based on the elasto
perfectly plastic (EPP) response of single-degree-of-freedom (SDOF) systems
(7,12) are more often used (13). Use of these types of IDRS permits design
for specified ductility and drift ratios. However, these methods are based
on limited numbers of ground motion records, and as their proposers have
pointed out, they should be used with caution when applying them to sites
that can be subjected to different kinds of ground motions. Furthermore,
they may not be suitable for multidegree-of-freedom (MDOF) systems, or in
cases where actual hysteretic behavior is likely to differ from the assumed
elasto-plastic idealization (7,8).

The Applied Technology Council has studied a procedure utilizing IDRS
derived directly from LEDRS (13). This method is based on elastic modal
analysis, where ductility ratios are computed on the basis of peak elastic
distortion and yield limit distortion. This procedure is questionable since
actual, local, inelastic distortions may differ significantly (1). Studies
carried out at Berkeley (8,14) have also shown that the types of excitations
that induce the maximum response in elastic and inelastic systems are funda
mentally different. The information used for computing IDRS from LEDRS,
although necessary, is insufficient for predicting maximum inelastic dynamic
response. Information should be complemented with data on the duration of
strong ground shaking and the number, sequence, and characteristics of in
tense, relatively long-duration acceleration pulses that can be expected.

1. Duration of strong ground shaking. -- The degree of damage to be
expected in any structure that is strained beyond its elastic limit depends
on the duration of strong shaking. Smoothed LEDRS on which IDRS are based
usually depend on estimates of the peak ground response and viscous damping t
and not on the duration of ground motion. Although results obtained (11)
using artificial accelerograms with different durations show that the influ
ence of duration was not large, quantitative results obtained in other re
cent.studies (8,14) clearly show the opposite. A review (5) of the princi
ples governing hysteretic behavior and failures of actual structures under
generalized dynamic excitations confirms the importance of earthquake duration.

2. Number, sequence, and characteristics of intense, long-duration
acceleration pulses. -- The need for this information is evident in the
results obtained by applying vibration theory to SDOF systems (8). In the
linear-elastic case, the critical dynamic excitation is periodic, having a
frequency equal to that of the system, which induces an engineering resonance
phenomenon. For this type of excitation, the dynamic magnification operator,
D, can reach a maximum value approximately equal to 1/(2~), where ~ is the
damping ratio. Thus, for values of ~ ranging from 2% to 10%, D can attain
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values ranging from 25 to 5. For elasto-plastic systems, short periodic
acceleration pulses are not generally critical since the large amount of
energy dissipated by even small inelastic deformations is equivalent to very
large values of ~.

Severe long-duration acceleration pulses are not usually crucial for
linear-elastic system because the largest value of D for an impulsive exci
tation is only 2. In an inelastic system, however, such long pulses can
become critical. This is particularly true for a structure having a yield
ing resistance, Ry , equal to or less than the inert~al force corre~ponding

to the effective ground acceleration of the puls~, Xe , i.e. Ry ~ MXe, where
M is the mass of the structure. The larger the Xe of a pulse with respect
to Ry or the shorter the rise time to the peak acceleration or the longer
the pulse duration relative to the fundamental period of the structure,
the larger the amount of inelastic deformations. Furthermore, repeated
applications of such pulses can lead to failure due to low-cycle fatigue,
incremental (crawling) collapse, or a combination of the two (5). Thus,
quantitative specification of the inelastic design earthquake requires
determining 1) the severity of the long acceleration pulses that can be
developed; and 2) the manner in which these pulses can be defined.

Severe, long-duration (about 0.66 sec) acceleration pulses were recorded
near the fault of the 1971 San Fernando earthquake (14). These pulses re
sulted in very large incremental ground velocities [1.4 m/sec (55 in./sec)
for the derived Pacoima Dam (DPD) record and 1.7 m/sec (67.6 in./sec) for
the Van Norman record], which were close to the theoretical limits of the
peak near-fault particle velocity that has been placed in the range of
1-1.5 m/sec (40-59 in./sec) (7,15,16). The record obtained in Bucharest
during the 1977 Romanian earthquake also contains a large sine wave-like
pulse with a peak acceleration of 0.20g and a duration of about 1.7 sec. (17).
This resulted in an incremental velocity of the order of 1.2 m/sec (47 in./
sec), which is very high for a site located at a distance of about 200 km
(125 mi) from the focus. Thus, LEDRS and IDRS based on ground spectra
derived from standard earthquake records may be questionable for structures
irrespective of their location to the earthquake source.

RELIABILITY OF IDRS DERIVED DIRECTLY FROM PROPOSED LEDRS

Several nonlinear dynamic analyses of SDOF and MDOFsystems have been
performed to assess the reliability of two representative methods [Newmark
and Hall (7) and ATC (18)] of constructing IDRS directly from LEDRS for
structures located where seismic ground motions 'containing severe, long
duration acceleration pulses are possible. Analysis of some of the results
obtained for the first approach are summarized below. Reference 19 gives
a more detailed discussion of these results.

Application of IDRS to SDOF Systems. -- The displacement ductility demands
for ideal EPP-SDOF systems were computed for a variety of ground motion
records and compared with the ductility values used in deriving the IDRS.

1. Comparison of ductility demands for different ground motions with
specified ductility values. -- A series of ten accelerograms was used to
compute required ductilities of EPP-SDOF systems designed using the basic
Newmark-Hall IDRS with a specified ductility of 4, 5% damping, and a ratio
of peak ground velocity to acceleration of 1.22 m/sec/g (48 in./sec/g).
The accelerograms selected were representative of strong earthquake ground
motions recorded on firm ground at moderate epicentral distances. The
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DIFFERENCE, %
-100

FIG. 2 DUCTILITY VARIATION
FOR EPP-SDOF SYSTEMS
DESIGNED ACCORDING TO
NEWMARK-HALL IDRS FOR
~ =4 AND ~ = 0.05 -
TEN NORMALIZED RECORDS

8

average displacement ductility demand com
puted from these records is plotted in Fig.
2. Maximum ductility is on the average
nearly 25% lower than the specified value of
4, except in the short period range. How
ever, the computed ductilities were very
sensitive to the ground motion record; duc
tility demands in excess of 8 were computed
for some records and the systems did not
yield at all for other records.

It is possible that the discrepancies
between computed and specified ductilities
were due to variations between the LEDRS
used to derive the IDRS and the elastic spec
tra of the actual ground motions used in the
analyses. To investigate this possibility,
a spectrum compatible ground motion record
was generated (20). The difference between
the controlling LEDRS and the elastic spec
trum of the simulated record, Fig. 3, was
small and never exceeded 13%. However, the
difference between the computed displacement
ductility demand for this record and the
value of 4 specified in the IDRS was much
larger; the maximum difference being more
than 80%.
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Results from near-fault, pulse-like
ground motion records are presented in Fig.
4, which shows the values obtained using the
DPD record. The required displacement duc
tilities tend to be substantially larger
than the values specified. This discrepancy
increases with increasing ductility demands
so that for a specified ductility of 8,
ductility demands of nearly 30 were required
in some period ranges. Since the ground
spectrum used to derive the LEDRS was based
on a ratio of peak ground velocity to accel
eration considerably smaller than that ob
served for this record, one might expect the
computed ductilities to be much larger than
the specified values outside of the short
period range. Results for systems designed
with the Newmark-Hall IDRS modified to re
flect the actual ratio of peak ground velo
city to acceleration of 2.67 m/sec/g (105
in./sec/g) are also shown in Fig. 4. In
this case, the required ductilities were
smaller than the specified values for all
periods. Thu~, it could be concluded that
such IDRS lead to conservative design values
if the governing ground spectrum is based on
actual maximum values of acceleration, velo
city, and displacement, rather than on stan
dard values.
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2. Comparison of ductility demands for different values of viscous
damping ratio with specified ductility value. -- The direct derivation of
Newmark-Hall IDRS from LEDRS implies that viscous damping affects inelastic
response to exactly the same extent as elastic response. To investigate
this, IDRS constructed using a specified ductility of 4, and LEDRS derived
for the basic ground spectrum shape and 2%, 5%, and 10% damping were used to
derive strengths of ideal EPP-SDOF systems. The required ductilities com
puted for these EPP systems subjected to the El Centro and DPD records are
shown in Fig. 5. Since the same specified ductility was used in construct
ing each IDRS, the design forces became increasingly unconservative as the
viscous damping ratio increased. This was particularly true for the DPD
record, where inelastic response was dominated by a large inelastic excur
sion due to the severe, long-duration acceleration pulse. Newmark and his
associates have recommended that this technique not be used for damping
ratios in excess of 5%.

Application of IDRS to MDOF Systems. -- Because it is difficult to idealize
conventional multistory buildings as EPP-SDOF systems, IDRS based on the
inelastic response of simple SDOF systems are not directly applicable to
MDOF systems (7). A number of investigations have attempted to estimate
preliminary design forces for MDOF systems using elastic root-mean-square
modal superposition techniques based on initial elastic dynamic characteris
tics of a structure and an IDRS (8,13,21,22). In general, such methods have
been found to have serious defects. For example, a ten-story, three-bay
frame was designed (21) using a Newmark-Hall type IDRS with a specified
ductility of 4 and a ground velocity 31% higher than the basic Newmark-Hall
recommendation. A series of inelastic analyses of this frame has been per
formed considering different accelerograms and amounts of viscous damping
(8). The roof and first floor displacement time histories of this frame
subjected to the El Centro and DPD records (normalized to 0.5g) are shown in
Fig. 6 along with the accelerograms. While inelastic response was satis
factory for the El Centro record, it was not for the DPD record. Damping
had a far more significant effect on elastic response than on inelastic
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response (8). Use of modal superposition to determine design forces also
failed to achieve desirable distributions of local member inelastic defor
mations and to limit these to acceptable values at certain critical locations.
Similar conclusions were reported in other studies (22).

CONCLUSIONS AND RECOMMENDATIONS

The need for a comprehensive approach to the problem of establishing
design earthquakes has been shown. In addition to essential information
regarding detailed characteristics of the various types of ground motions
that may be expected at a site, specification of design earthquakes must
account for uncertainties regarding these excitations, the mechanical and
dynamic characteristics of the whole building-foundation-soil system, earth
quake-related costs, and the extent of damage that can be tolerated.

Comprehensive Approach for Serviceability Limit States. -- For elastic design,
a design earthquake based on smoothed elastic design response spectrum is the
most reliable and convenient approach for preliminary design. However, the
ground spectrum must be appropriate to the site, not based just on standard
values. Values selected for the damping ratio, determination of allowable
stresses, and computation of natural periods and internal forces must be con
sistent with the expected behavior. Additional research is needed to refine
spectral amplification factors and determine ground spectrum values, espe
cially for near-fault sites.

Comprehensive Approach for Ultimate Limit State~. -- Derivation of rational
and reliable IDRS requires full characterization of expected severe ground
motions at the site, and expected and/or acceptable responses of the
structure. The former requires estimation of not only the intensity, fre
quency content, and probability of seismic excitations, but also the dura
tion of strong shaking and the number, sequence, and characteristics of
intense, relatively long-duration acceleration pulses. Current IDRS do not
account for the duration of strong shaking. Information on this topic is
needed to ascertain the maximum inelastic deformation excursion, as well as
the maximum number of reversals of inelastic deformations, so that the struc
ture's critical regions may be adequately proportioned and detailed. Data
for most seismic regions of the U.S. remain scarce.

Research is needed to establish bounds on the number and dynamic charac
teristics of possible severe, long-duration acceleration pulses, e.g. the
largest incremental velocity and the associated effective acceleration that
can be developed according to the dynamic mechanical characteristics of the
soil. While there is considerable analytical work to predict dynamic res
ponse of soils, experimental corroboration of the analytical models and re
sults is urgently needed. Better estimates of the characteristics of these
pulses will enable the design engineer to determine an upper bound on the
energy that can be transmitted to the foundation of the structure. Methods
for constructing IDRS, as well as LEDRS, should reflect the larger ground
spectrum values recorded at near-fault sites,

Ultimate limit state design criteria are not only controlled by the
energy dissipation capacity of the structural system, but also by damage
ability. Thus, selection of a design ductility factor without considering
structural flexibility (period), type of structural and nonstructural sys
tems, or earthquake type (magnitude, source distance, duration, etc.) is
generally unacceptable. Even for a specific structural system, the acceptable
ductility will vary depending on whether nonstruetural or structural damage
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controls. If nonstructural damage controls, the allowable ductility will
decrease with increasing structural flexibility (period). Comprehensive
studies to determine more reliable methods for establishing values of ac
ceptable ductility are needed, particularly for flexible structures (5,19).

The economic impact of designing structures for either seismic re
sistance coefficients or design ductility ratios higher than those pre-
sently assumed should be assessed. Such studies will require examining the un
certainties involved in selecting values of all parameters pertinent to the
design process. To do this, the interrelationship of these parameters must
be considered. For example, in designing for strength, the computed inter
nal forces determined from critical design excitations should be reconciled
with the actual strength of structural elements. Present methods of design
ing sections, regions, and whole structures include several factors that
usually lead to significant overstrength (3,23). Thus, by taking a conser
vative approach, looking at each side of the design strength equation inde
pendently, one may arrive at an unreasonable, uneconomical design.

Extensive studies will be required to obtain all the information neces
sary to establish reliable design earthquakes under ultimate limit states.
Until this is done, the following procedure may be implemented. For the
case of SDOF systems, charts similar to those derived and presented in (8)
and (14) and illustrated in Fig. 7 should be prepared. These charts should
consider different hysteretic models (at least bounds on possible stiffness
degradation and strain-hardening) and all seismic ground motions previously
recorded at similar sites, as well as those that can be obtained from the
oretical faulting mechanisms. Statistical analysis of the results, along
with values of acceptable ductility, could be used to formulate inelastic
design earthquakes in the form of IDRS (Cy vs. T, as illustrated in Fig. 8);
see also (11).

IDRS derived for SDOF systems may be used only as design guidelines
for MDOF systems. The response of different MDOF systems to severe ground
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motions should be investigated to deter
mine ways in which IDRS for SDOF systems
can be modified for MDOF systems, or to
formulate inelastic design procedures for
these systems. Only comprehensive analy
ses and studies of all the factors that
are involved in the design process can
lead to more reliable and practical IDRS.
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VELOCITY RESPONSE SPECTRA FOR SITES ON ROCK OR SOIL

A.R. ChandrasekaranI and D.K. PauIII

\·ABSTRACT

For aseismic design of structures, information of ground
motion in the form of response spectra is used almost invari
ably since it conveniently represents the combined influence
of amplitude of ground acceleration, frequency content, and
to some extent the duration of groUnd sha.1{ing on different
structures. Several investigators have studied the shape of
response spectra for different site conditions and different
confidence levels using different methods of normalisation.
A new criteria for selecting normalising parameter has been
suggested in this study for velocity response spectra based on
least standard deviation. Based on the study, spectrum shapes
corresponding to various confidence levels have been proposed
for rock and alluvial sites.

INTRODUCTION

Several investigators have proposed shape of average
response spectra using different methods or normalisation.
Housner (9) Was the first to propose such an average response
spectra using spectral intensity as normalising factor. Sub
sequently several other investigators (2,3,6,7,8,10,11,12,13,
14,15,18 and 19) used peak ground acceleration to normalise
the response spectra. Later other parameters like peak ground
velocity, ad/v2 (where a, v and d are the peak ground accele
ration, velocity and displacement respectively), and spectral
intensity were used to normalise the response spectra. A
comparison of such different types of normalisation have been
made by some authors (3,5,10). Out of these, peak ground
acceleration was used Widely to normalise response spectra
since this parameter is readily available from the accelero
gram a.nd used as a measure of intensity. Further, there also
exists several statistical relationships for determining the
expected peak ground acceleration at a site. The peak velo
city representing the integrated effect of a accelerogram is
not much influenced by a few stray high peaks of acceleration
of the record. It has been shown that the same spectra can
be achieved by accelerograms having different peak accelera
tions (~). Therefore peak ground acceleration alone should
not always be considered for normalisation. .

A new criteria for selecting normalising parameter has
been suggested in this study for velocity response spectra
based on least standard deviation. The standard deviations
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corresponding to various normalisations have been compared by
equating the area under the velocity spectra. The normalising
parameter showing least standard deviatj.on over the major por
tion of the period range was considered as the best. Separate
studies were made for alluvial and rock site o Using this nor~

malisation, spectrum shapes corresponding to various confidence
levels have been proposed for rock and alluvial sites.

DATA ANALYSED

It is considered that the ground motion is greatly infl~

uenCed by the type of soil condition where it is recorded.
Therefore, the available strong motion earth~uake data (1,16,
17) have been broadly classified into two groups, one recor
ded on rock sites and other on alluvial sites. In this cla
ssif:i.cation, where the depth of bed rock is very shallow, it
was considered as a rock site.

Thirty one strong motion earthquake records classified
under rock site obtained from four earthquake events were
considered in spectra analysis for rock site o Since large
number of records are from. only San Fernando earthquake, th~

se~ple is somewhat influenced by this earthquake. The magni.
tude of records considered ra~ged from 5.25 to 6.6, epicen
tral distance ranged from 7 to 62 km. Selection of accelero.
gram records were limited to those in which the peak ground
acceleration is greater than O.05g.

Fifty earthquake records that were reported to be recor
ded on alluvial site, taken from thirteen earthquake events
were considered for spectra analysis. This sample of records
is a.lso influenced by San Fernando earthquake. The magnitude
of records considered ranged from 5.3 to 7.7 and epicentral
distances ranges from 18 to 124 km. The selection of accele
rogre~ records were limited to those in which the peak ground
acceleration is greater than O.04g.

NO~~LISAT10N OF SPECTRA

It was seen that normalisation with reference to non
dimensional factor ad/v2 (where a =peak ground acceleration,
v = peak ground velocity and d =peak ground displacement)
gives very large standard deviation (3) throughout the per
iod range and therefore this para.meter has not been conside
red for normalising in this study. Since the peak ground
displacement is very sensitive to the method of base line
correction applied for a accelerogram, it has also not been
considered as a parameter for normalisation. The other para~

meters like peak ground acceleration, peak ground velocity,
spectral intensity corresponding to zero- percent, S1O, and
spectral intensity corresponding to five percent, S15, have
been considered for normalizing the velocity spectra. Stan
dard deviation at each time period for a1.l the dampings and
different normalisation have been Calculated by the folloWing
expression,
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••• (1)

••• (2)

where Xij is the ith sample value at jth time period, Xi is
the corresponding mean value at jth time period and n i~ the
number of samples. Different confidence response spectrum
were obtained by the expression

y j = x j + C OJ

where c is a constant (13) for a confidence level.

The comparison of different normalisations have been
made by equating the area under the average spectra equal to
each other. In this study, the normalising parameter showing
least standard deviation over the major portion of the period
range is considered as the best.

Alluvial Site

Figure I shows the standard deviation curves of spectral
values for different dampings corresponding to different nor
malisation for alluvial site. It is seen that the standard
deviation curves corresponding to peak ground velocity and
peak ground acceleration is close to each other. The curves
corresponding to both peak ground velocity and peak ground
acceleration show minimum deviation from mean. The ~~rves

corresponding to peak ground acceleration show minimuu devia
tion in shorter period range and tha.t for peak ground velo
city in the longer period range for all the dampings. The
curves corresponding to spectral intensity show large devia
tion. On this basis, the best normalisation could be achie
ved by using peak ground velocity or peak ground acceleration
for obtaining average velocity response spectra (AVRS) for
alluvial site.

The AVRS have been obtained using different normalisation.
To make a comparison between the AVRS, the area under the cur
ves corresponding to different normalisation were matched to
obtain the multiplying factors. The AVRS curves corresponding
to different normalisation are shown in Fig. 2. The AVRS cur
ves corresponding to normalisation with respect to peak ground
velocity and peak ground acceleration have almost the same
shape. Similarly, the AVRS curves corresponding to normalisa
tion SIo and 815 have almost the same shape. The shape corre
sponding m SI is, hO'iever, very much different from 'a' and
\ Vi • Similar behaviour is also seen for standard deviation
curves. The shape of AVRS curves depend upon the normalisa
tion. Therefore, selection of proper normalising factor
should be considered while arriving at AVRS curves. In the
present study, peak ground velocity is taken as the normali
sing factor since it gives nondimensional velocity spectra.
Based on above, different confidence level velocity response
spectra curves normalised to 1 cm/s peak ground velocity have
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been obtained and shown in figure 30 1.0 cm/s peak ground
velocity corresuond to average value of 7.0 cm/s2 peak ground
acceleration, 10.0 em snectral intensity, SIo and 6.4 em
spectral intensity, 815 respectively. TIlls would mean that
1.Og peak ground acceleration 'I,'1il1 correspond to 145 cm/s
peak ground velocity, 1400 cm spectral intensity, SIo and
900 cm spectral intensity, 3I, •

Rock, Site

Fig. 4 shm.,rs the standard deviation curves of spectral
values for different damping corresponding to different nor
malisation for rock site. It is seen that the standard devia
tion curve corresponding to nor~alisationwith SIo and SI5 are
close to each other and shoW minimum deviation whereas the
curves corresponding to normalisation with respect to 'a' and
'v' show large deviations for rock site. The curves corres
ponding to SIo sho'" least deviation almost throughout the
period range for zero percent and 2 percent damping whereas
SI, show least deviation almost throughout the period range
for higher dampings.

The AVRS curves corresponding to different normalisation
are Sh01V:n in Fig. 5. ~le average curves corresponding to peak
ground acceleration and peak ground velocity as normalising
factors have almost the same shape. Similarly, the AVRS cur
ves corresponding to normalisation SIo and. SI5 have almost the
same shape. The shape corresponding to spectral intensity is,
however, very much different from 'a' and 'Vi. The same fact
is evident from the standard deviation curves also. On the
basis of least standard deviation, the best normalisation
could be achieved by using SIo or S15 for obtaining the AVRS
for rock site. Since standard deviation curve for both the
spectral intensity are close, th~ spectral intensity corres
ponding to zero percent damping has been considered as nor
malising factor in this study for rock site. Using the SIc
normalising factor, the shape of velocity response has been
obtained for different confidence levels and is shown in
Fig. 6. These are expressed With respect to a peak ground
velocity of 1 cm/s by using a relation that 1 cm/s velocity
corresponds to 4.35 cm SIo for rock sites. It has been found
that for rock2 site 1.0 cmls peak ground velocity correspond
to 11.6, cm/s peak ground acceleration, 4.35 cm S10 and 2.62
cm 815. This would mean that 1.Og peak ground acceleration
will correspond to 8~.O cm/s peak ground velocity, 366 cm SIo
and 190 cm 815.

CONCLUSIONS

The shape of average velocity response spectra (AVR8)
very much depends upon the method of normalisation and there
fore proper normalisation should be adopted. A new criteria
based on least standard deViation has been suggested for
selecting the proper method of normalisation of response spe
ctra. On this basis, spectra for rock sites corresponding to
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normalisation SIo and 315 give least deviation and either of
them may be adopted for normalisation whereas for alluvial
sites peak ground acceleration (a) and velocity (v) give
least deviation and either of them may be adopted for norma
lisation of response spectra for alluvial site. In this
study, velocity response spectra for various confidence level,
normalised to peak ground velocity of 1 cm/s have been reco
~~ended for rock and alluvial site for aseismic design of
stl"l~ctures. Depending upon the risk and importaJ1Ce of struc
tures, different confidence level velocity response spectra
may be selected.

It was observed that for rock site 1.0 g peak ground
velocity corresponds to 84 cm/s peak ground velocity, 366cm
spectral intensity (SIo ) and 190 cm spectral intensity ~I5).
In case of alluvium 1.0 g peak ground velocity corresponds
to 145 cm/s peak ground velocity, 1400 cm spectral intensity
corresponding to zero percent damping, and 900 cm spectral
intensity corresponding to 5 percent damping.

The mean response velocity is almost flat beyond 1.0
second tirr.e pel'iod and has c. c,pproximate amplification of
1.75, 1.25, 1.0, 0.85 and 0.7 corresponding to 0,2, 5, 10,
20 percent damping for rock site. Thp. corresponding a~pli

fication for alluvial soil are 3.0, 2.1, 1.75, 1.5 and 1.15
respectively for the same dampings. It may therefore be
concluded that site characteristics influence the shape of
response spectra to a great extent. The amplification is
more in alluvial soil than on rock site.

It is interesting to note for any type of site condition,
for the normalisation corresponding to 'a' and 'v', the shape
of spectra almost coincide with each other.
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GENERATION OF FLOOR RESPONSE SPECTRA DIRECTLY FROM

FREE-FIELD DESIGN SPECTRA

P. C. Chen*

J. H. Chen**

ABSTRACT

An approach which utilizes recent developments in the theories
of probabilistic structural dynamics and random processes was studied
for generating floor response spectra directly from free-field design
spectra. The approach considers earthquakes as stochastic processes
and computes free-field power spectra from free-field design spectra
using the extreme value theorem of stochastic processes. The power
spectra of the response of linear systems are then determined using
random vibration theory and the method of complex response. The
floor response spectra of the structures are obtained by using response
power spectra of a linear system through relations between power and
response spectra.

Numerical examples are provided to illustrate the application
of the direct method for generating floor response spectra of ~

nuclear facility. The NRC free-field design spectra are used as
input excitations. The generated floor response spectra are compared
with spectra obtained by the time-history method using six distinct
NRC spectrum-compatible synthetic earthquakes~ and are shown to provide
a reliable method for determining seismic forces for equipment design.

*Engineering Specialist~ Research and Engineering~

Bechtel National~ Inc.~ San Francisco~ California

**Graduate Student of Civil Engineering~ University
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INTRODUCTION

In recent years there has been considerable interest in de
veloping methodologies which compute floor response spectra directly
from free-field design spectra for seismic design of equipment.
This spur of interest was due to 1) uncertainties associated with
the use of spectrum-compatible time-histories and 2) high cost
incurred when the time-history method is used for computing floor
response spectra. Many researchers have investigated the direct
approach for generating floor response spectra without using the
time-history approach either by the amplification functions of a
two-mass dynamic system (1) 2) 3,4) 5) 6) 7), the Fourier Transform
technique (8, 9) 10) or the random vibration theory of linear systems
(11, 12, 13). All of these methods for directly generating floor
response spectra have major shortcomings. An approach developed
by Romo-Organista, et a] (14, 15) for analyzing soil-structure
interaction in a random seismic environment does not have the
shortcomings of other methods and was used in this investigation
to investigate its capability for directly generating floor response
spectra for equipment design.

APPROACH

The approach taken in this investigation for generating floor
response spectra directly from free-field design spectra is termed
the direct method and is shown in Figure 1. The direct method has
the following features:

o Earthquakes are considered as random processes

o The extreme value theorem of stochastic processes
is used to develop the relations between free-field
response and power spectra.

o Power spectra of the response of a linear system
to stochastic processes are determined by random
vibration theory.

o Floor response spectra are obtained using the
response power spectra of the response of a linear
system through relations between response and power
spectra.

The consideration of earthquakes as random processes is well
recognized, as is the application of random vibration theory for
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determining power spectra of the response of linear systems when
the power spectra of excitations are known. The new and key feature
of the approach discussed in this paper for computing floor response
spectra directly from free-field design spectra is the use of extreme
value theorem for establishing relations between response and power
spectra. The justifications for using the extreme value theorem
to establish the above relations are: 1) the structural responses
are random processes and, 2) any response spectral value which
is the maximum response of a linear oscillator can be interpreted
as the extreme value of the response.

Mathematical details of the extreme value theorem of random
processes and its use for establishing relations between response
and power spectra are given in References 14, 16, and 17.

NUMERICAL RESULTS

A mathematical model (Figure 2) was used to establish the
applicability of the approach taken for generating floor response
spectra directly from free-field design spectra. The same model
was also used for computing floor response spectra using the time
history approach. Floor response spectra with damping ratios of
0.02 and 0.05 were computed at nodal points 4, 7 and 9. The natural
frequencies and modal participation factors of this model are given
in Table 1.

The NRC horizontal free-field design spectra (Figure 3) (18)
with a maximum acceleration of 0.25g were used in both the direct
and time-history approaches for determining the floor response
spectra. In the direct approach, the NRC design spectra were
considered as the average response spectra of a random process
which is an ensemble of all possible motions that might occur at
the site. In the time-history method, six distinct spectrum
compatible synthetic earthquakes were used •. This is because
earthquakes are considered as random processes and more than
one synthetic time-history should be used in order to make a
meanful comparisons of floor response spectra obtained by the
direct and time-history methods. The response spectrum of each
of these six synthetic earthquakes envelops the NRC free-field
design spectrum for a 0.02 damping ratio (Figure 4).

In order to assess the accuracy of the direct method, floor
response spectra with damping ratios of 0.02 and 0.05 were generated
and compared using both the direct and time-history methods. Because
the floor response spectral values determined by six spectrum
compatible synthetic time-histories differ by more than 30% (Table 2)
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and earthquakes are considered as random processes, the mean
value of the response spectral values obtained from the time
history approach were compared with those obtained by the direct
method.

The floor acceleration response spectra obtained by both the
time-history and direct methods are compared in Figure 5. In each
of these figures, the dotted line is the mean spectral values from
the six synthetic earthquakes, the solid line is the mean value from
the direct method, and the dot-dashed and dashed lines are the upper
and lower 90% confidence levels, respectively. The confidence levels
are provided to estimate the statistical dispersion of response
spectral values obtained by the direct method.

A comparison of these response spectra illustrates that the
direct method accurately predicts the frequency values at which peak
and lowest (valley) responses occur. For a damping ratio of 0.02,
the magnitudes of the spectra predicted by both approaches are in
good agreement. For damping ratio of 0.05, the direct method gives
higher peak responses and lower responses at valleys than the time
history method. The difference in peak spectral values at higher
resonant frequencies is progressively less. In frequency ranges
where no peaks and valleys occur, the agreement is excellent.

Comparisons of the predicted response spectra for the cases
studied indicate that the seismic analysis results obtained by the
direct method generally agree well with the mean of those obtained
using six synthetic earthquakes. In some cases, higher peak ac
celeration responses are predicted using the direct method than
using the time-history method. If the peak accelerations are used
directly as equivalent static forces for equipment design, higher
costs will be incurred. However, these higher costs can usually
be avoided by using a lower design acceleration. This is achieved
when equipment is designed to avoid resonance with structural
frequenc ies •

It should also be noted that the lower responses at valleys
in the response spectra predicted by the direct method will not
result in an unconservative equipment design. The common practice
of smoothing and widening predicted response spectra when defining
equipment design spectra such as shown in Figure 6 will account
for these differences. Therefore, the response spectra obtained
by the direct method can be used for practical design purposes.

From the point of view of computational cost, it is more ex
pensive to compute floor response spectra by the time-history approach
than the direct method presented herein. The cost of computing floor
response spectra with damping ratios of 0.02, 0.05, and 0.07 at
three mass points of the mathematical model in this study was $64
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by the time-history approach using one synthetic earthquake. The
corresponding cost incurred by the direct method was only $7. It
is therefore apparent that the direct method is quite cost-effective
compared to the time-history approach.

CONCLUSIONS

The accuracy and cost-effectiveness of the direct method pre
sented in this study establish its capability of generating the floor
response spectra for equipment design. Furthermore t the low cost
of the direct method makes it suitable for parametric seismic studies
to determine the effects on structural response of variations in
plan layout and material properties such as damping and stiffness.

The advantages of the direct method are:

o It computes floor response spectra directly from
free-field design spectra t thereby eliminating the
need for generating spectrum-compatible synthetic
earthquakes and for performing time-history analyses.

o By considering the free-field design spectra as the
average response spectra of a random process t all
possible motions whose response spectra are compatible
with the free-field design spectra are implicitly
considered. This is important because the time
history approach t which considered only one earthquake t

may lead to non-conservative designs. Therefore t

the direct method provides more reliable equipment
design requirements.

o It is cost-effective compared to the time-history
approach.
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TABLE 1

DYNAMIC CHARACTERISTICS OF MATHEMATICAL MODEL

NATURAL FREQUENCY MODAL

(CPS) PARTICIPATION FACTOR

MODE

1 4.81 80.90

2 9.11 88.26

3 16.07 24.70

4 22.31 17.50

5 25.54 32.11

6 38.30 16.86

7 46.53 8.36

8 58.18 5.49
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30 4.810 .103E+n .104E +n .830c+)1 .90lE+:>1 .922:+:>1 ol04E+02
31 5.000 .104E+)2 .109:;+)Z .977::t:>1 .101E+02 .097:+01 .959E+Ol
3Z 5.50D .!>lt8E .. n .619EtH .030E+:>1 .bI7E+Ol .143:+01 .576E+Ol
33 6.000 .5841:+:>1 .52QF.+Ol .51>1Et)l .536E+-Ol .483E+01 .569E+Ol
34 6.500 .499E+:>1 .422':+Jl .4J~E+)l .H7f..Ol .42~E+:>l .471E+Ql
35 7.000 .441E"01 .395E+0l .4Hc+)l .36:)!:+01 .362E+Ol .4HE+Ol
30 7.50;> .492E +)1 .539;:+11 • 4~3E+01 .ltl9E+0l .423E+Ol .!t09E+Ol
37 8.000 .504E+Jl. .517:+)1 .5Z7E+01 .it35E+J1 .4f:O'=+Jl .4't5E+Ol
38 8.500 .402:+-)1 .559E+)1 .5~9Et)l • 492~ t01 .490:+01 .548Et-_Ol
H 9.000 .670: tJl • 67?'= +)1 .543E+Jl .622E"01 .577:+01 .t>10E+Ol
Ita 10.000 .4".lOEtn • 3q31; +~l .312£:+-)1 .37'1c+Ol .422::+;)1 .30oE+01
41 11.00:> .248E+)J. .255::+)1 .247t:+H .200E+Ol .233E+01 .Z51E+Ol
4Z 12.000 • zo6E.n • ?l":lE+'ll .19l.EtH ".Zi):iE+:H .20JdJl • ~J7E+Ol
43 13.00::> .19BEtn .176;:+:>1 .1831:+01 .204E+01 .161c+Jl .11,3E+Ol
H 14.000 .UH:+Jl .18~= +:>1 • H6E+Jl .109EtOl .13SS +01 .1HE+Ol
45 15.0;)0 .191E+Jl • 16f\i:+Jl .142EtJl ol1ltE+01 .151: t)1 .155E+01
B lb. 50::> .167E+H .1<;7: +H .lZ:H+H .151tE+Ol .170E+01 .lo7E+Ol
47 18.00" .162:: .. n .144-:+)1 .BH+H ol.4)E+:n .142E+:Jl ol4.2E+Ol
4~ lO.OOO .15tJE+Jl .137= +'H ol2LEtn .13ZEtJl ol2il: .. n .128E+Ol
B 22.00::1 .l5lE+Jl .12~E+)l olUE+H .1.29c+01 .117£:"01 .124f+:)1
5;) 25.00) .142:+01 .1301;+01 .11Ht)1 .126E+Ol .112: +01 .119Et-Ol
51 Z8.000 .139E+Jl .11. Bl: +n .1l8=+Jl .12'ii:+Ol .111e+01 .11.7E+Ol
52 33.000 .134:+)1 .120:+)1 .1l6E+H .123ft:>1 .1l0S+01 .uoE+Ol

Reproduced from
best available copy_

TABLE 2 RESPONSE ACCELERATIONS BY SYNTHETIC EARTHQUAKES

AT NODE 9, DAMPING RATIO=O.02
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Elev.

195'-0"
®

153'-0"
(j)

110' -0"
®

80'-0"
~

60'-0"
®

36'-0"
G)

18'-0"
<V

0'-0"
CD

-26'-0"

WEIGHT AREA SHEAR AREA I
(kips) (ft2) (ft 2) (ft4)

31,700
3,180 1,100 13,140,530

23,740
3,180 1,100 13,140,530

35,500
3,700 1,475 13,488,265

56,730
14,300 7,033 62,907,890

108,300
18,926 10,055 63,058,160

94,120
16,900 9,520 72,437,030

81,710
15,950 10,200 73,262,500

104,839
19,790 12,718 91,209,000

FIGURE 2 MATHEMATICAL MODEL STUDIED

E = 519,840 k/ft2 , ~ =0.3

* 7% MATERIAL DAMPING RATIO FOR STRUCTURAL ELEMENTS·



1180

u
(j)
!Jl
'--..
c:

.,.-i

>.
.w
.,.-i

u
o
a1 z,otL-~....fx'·_~~<~-,(7'"t"")<lr"-lx'j
:>

Frequency (cps)

FIGURE 3 HORIZONTAL DESIGN SPECTRA FOR PEAK HORIZONTAL

GROUND ACCELERATION OF 1.0g
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FREQU(NCY·CPS FREOU~NCY·Cf'S

FIGURE 4.a ACCELERATION RESPONSE SP.EC.TRUM FIGURE 4.b ACCELERATION RESPONSE SPECTRUM
OF SYNTHETIC TIME HISTORY - SIMQKE 1 OF SYNTHETIC TIME HISTORY - SIMQKE 2

"., I!.i 1:.

: : 1'1

i 1111
.. (,1100

FnEQU(NCY..cPS FREQUENCY-CPS

.,
Iii, Ii

..,,

FIGURE 4.c ACCELERATION RESPONSE SPECTRUM FIGURE 4.d ACCELERATION RESPONSE SPECTRUM
OF SYNTHETIC TIME HISTORY - SIMQKE 3 OF SYNTHETIC TIME HISTORY - SIMQKE 4

.
g

~

:I"~
~

FREQuENCY·CPS Ff(EQUENCY·CPS

FIGURE 4.11 ACCELERATION RESPONI& SPECTRUM FIGURE 4.f ACCELERATION RESPONSE SPECTRUM
OF SYNTHETIC TIME HISTORY· SIMOKE 5 OF SYNTHETIC TIME HISTORY - SIMOKE 6
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DESIGN SPECTRA FOR STIFF STRUCTURES ON ROCK
by

T. Hisada I , Y. Ohsaki II , M. WatabeIII and T. Ohta
IV

ABSTRACT
Standard response spectra are proposed for stiff structures such as

nuclear power facilities to be constructed on rock sites. The proposal is
principally based on accumulated informations on peak accelerations of
qround motions in near-fields, as well as on analyses of approximately 50
accelerograms obtained on rock outcroppings and actuated by considerable
strong earthquakes with intermediate or far epicentral distances. The
dependences of significant parameters in response spectra on magnitudes and
epicentral distances are closely examined on the basis of those informations
to obtain essential values required to construct standard response spectra.
A considerable extent of engineering judgement is also exercised for the
refinement of final shapes of the response spectra. The proposed response
spectrum is defined for each of 3x3 matrix in terms of magnitude 6,7,8 and
near, intermediate, and far epicentral distance, whereas the definitions
of near, intermediate, and far earthquakes are,in turn, dependent on the
magnitude of each earthquake.

FREE ROCK SURFACE

The proposed standard response spectra are defined for ground motions
at a free rock surface as is illustrated in FiQ.l. This free rock surface is
defined followingly; (i) surface should be horizontal and flat exposed
surface of rock, extending over a reasonably wide area, above which neither
surface layer nor structure is present,

ROCK

STRUCTURE

ROCK

Fig.l Definition of Free Rock Surface

(ii) the rock should be firm, intact (not significantly weathered nor
fissured) and what has been formed in principle in the Tertiary or earlier

I Director, Kajima Institute of Construction Technology, Tokyo, Japan
II Professor, Faculty of Engineering, University of Tokyo, Tokyo, Japan
III Director, Structural Engineering Department, Building Research Institute.

Tokyo, Japan
IV Senior Research Engineer, Kajima Institute of Construction Technology,

Tokyo, Japan
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geological era, having shear wave velocity larger than approximately
700 m/sec, (iii) where such surface can not be identified within or around
the proposed site, it should reasonably be assumed.

If, as shown in Fig.l, (i) the rock surface undulates, (ii) it is
weathered or overlain by soil layers, (iii) a structure is to be constructed
011 the rock surface, or (iv) furthermore, the structure is to be embedded
into the rock these effects should be taken into consideration separately,
by applying adequate modification to the proposed, original response spectra.

STANDARD RESPONSE SPECTRA

of critical damping.

PERIOD (log scale)

Fig.2 Control Points in Response
Spectra

E

oC

// I
/ I

/ I
// I

, I
// 1

/ I
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/ I
/ ,

// 1
/ I

// I
/ I

/ I
// I

/ I
/ 1

I

I
1,
I
IT
I cr

/
/

/

>
V>

-OJ
r-
<'0
U
III

The proposed standard
response spectra consist of
a curve, AB, and three
straight-line segments BC,
CD, and DE in tripartite
representation as shown in
Fig.2. The first one, AB,
is such a curve that will
develop a straight line
between points A and B,
when a pseudo-acceleration
response spectrum is drawn
with arithmetic axes.

The periods T in sec and
velocity responses Sv in cm/
sec at control points A,B,
C,D, and E are as given in
Table 1, with the following
cond it ions:

i) for horizontal ground
motions at the free rock
surface,

ii) scaled to 10 cm/sec
ground velocity, and
iii) represented for 5 percent

VARIATIONS TO STANDARD RESPONSE SPECTRA

Design earthquakes for a specific structure should be deliberately
selected by scientists and engineers concerned. As far as nuclear power
facilities are concerned, the regulatory guide for selection of design
earthquakes is provided elsewhere (1). If design earthquakes thus selected
are of magnitudes and epicentral distances different from those specified in
Table 1, the logarithmic response spectra should be determined by linear
interpolation in terms of magnitudes and by logarithmic interpolation in
terms of distances, respectively. However for near-field earthquake ground
motions with shorter epicentral distances than defined in Table 1, the
respose spectra remain the same as the indicated NEAR in Table 1.

For damping factors other than 5%, it is recommendable to multiply the
specified, spectral values by the factor(2)

n = yll 1 + l7(h-0.05)exp(-2.5T/To) for T
n = 1.0 for T

where h : damping factor in decimal fraction

~ 0.07 sec.
= 0.02 sec.

[1 ]
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Horizontal Standard Response Spectra (Damping Factor 5%)

[3J

Epicentral Control Points
Magni- A B C 0 EFi el d tude,M Distance TA S TS S Te S TO S T S

(j t km) v v v v E v
8 25 0.6 0.10 10 0.30 30 0.50 30 12

Near 7 10 0.7 0.09 10 0.22 24 0.45 24 7
6 5 1.2 0.07 12 0.13 21 0.35 21 3

I---

Inter- 8 120 0.5 0.20 18 0.35 32 1.00 32 26
medi ate 7 45 0.02 0.5 0.13 11 0.33 28 0.80 28 2.0 19

6 15 0.6 0.08 H 0.25 24 0.60 24 12
I---

8 350 0.5 0.22 26 0.37 44 1.20 44 42
Far 7 150 0.5 0.14 15 0.35 3H 0.90 38 32

6 60 U.5 0.10 10 0.33 33 0.7U 33 20

T period at control point in Table 1 in sec.
To duration of ground motion

100.31 . M- 1.2 . (3)= 1n sec.
M magnitude

For evaluating peak velocities of rock motions due to design earthquakes,
it is recommended at the present state to use Kanai1s empirical formula(4)

v = lOO.61M - Plog,o X - Q
peak [2J

where
vpeak : peak velocity amplitude in cm/sec at free rock surface

M : magnitude
P = 1.66 + 3.60/X, Q = 0.631 + 1.83/X
X : focal distance in kilometers

Eq.[2] is well known as an expression for evaluating intensities of
earthquake ground motions, indicating smaller scatter between computed and
observed values than any other similar expressions in terms of peak velocity
or acceleration. In addition, it has long been pointed out that velocity
characteristics of earthquake motions are more closely correlated with
damage potential than peak accelerations(5). Under such considerations,
the priority is given to velocity over acceleration in the representation of
standard response spectra in Table 1.

To employ eq.[2], it is required to have information on the focal depth
D for computin§ the focal distance X. If such seismotectonic information is
unfortunately not available, alternatively the following equation is recom
mended to obtain the focal depth 0 in terms of magnitude.

D = lOO.353M - 1.435 in Kilometers

Fig.3 is a diagrammatic representation of design response spectra
defined in Table 1 on the basis of eq.[2]and eq. [3J. In Fig.4, furthermore,
the same response spectra are shown in the form of normalized acceleration
response spectra, qa(T).
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Fig.3 Design Response Spectra as Defined in Table 1.
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FIT TO OBSERVED, CHARACTERISTIC
VJ.l.LUES

1) Field Classification: Tradition
ally, peak accelerations during
earthquakes have been estimated in
Japan by observing the overturning
of tombstones, simply assuming that
the ratio of peak acceleration, a,
to acceleration of gravity, g, may
approximately be represented by

a/g > B/H, v.lhere Band H are the
width and the height of an over
turned tombstone.

5

4

2

a 0.5

FJl.R FIELD
Eil,RTHQ.

T(sec) 1.0

Normalized Absolute
Acceleration Response Spectra

Fig.4In the events of recent earth
quakes, the same observations were
also made in a large number of ceme
teries which are close to each causative fault and where rock can be en
countered at shallow depths. The estimated peak accelerations are plotted
in Fig.5 (6) in terms of distances from the faults. Some fact may be found
from Fig.5 that peak accelerations remain constant in epicentral areas
within certain boundaries, beyond which peak accelerations tend to attenuate
gradually.

In view of the results shown in Fig.5, the range with truncated peak
accelerations is referred to as near-field in this paper, and in the third
column of Table 1, the boundary distance is defined for each magnitude of
near-field earthquake with due conservatism.

The epicentral distances, which yield peak velocities of approximately
5 and 1 em/sec by eq. [2J, are simply assumed to represent intermediate and
far fields, respectively. One of empirical formulae which represent the
radius of sphere, r, enveloping the foci of after-shocks as a function of
the magnitude of main shock, M, is (7)

r= 100.353M - 1.134 in kilometers. [4J
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The epicentral distances representing intermediate and far fields in Table 1
are approximately equal to 2 times and 8 times the radius in eq. [4J ,respec
tively.
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Fig.5 Peak Acceleration
in Near Field15o 5 10
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2) Accelerations in Near-Field: Peak accelerations of rock motions in the
near-field are estimated as shown in Fig.6 (7,8) based on the observations
of tombstone behaviors as described above and of damage to buildings.
Pseudo-accelerations at control point A for the near field are as shown by
solid line in Fig.6. It is considered here that, whereas the solid line is
somewhat lower than the upper bound of plotted 'peak' accelerations, the
former might be reasonably sufficient for representing 'effective ' peak
accelerations for the purposes of structural design.

3) Amplification: As a basis of judgement in constructing standard spec
tra, characteristics of acceleration and velocity response spectra of ground
motions listed in Table 2 have been closely examined. Except five records
from foreign countries, all were obtained recently in Japan on the free rock
surfaces with shear wave velocity larger than approximately 1,000 m/sec.
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Table 2 List of Observed Earthquake Motions

Earthquake M !J, Max.Acceleration(gal) CategoryNo. (km) NS EW
L3 - 1 5.3 15 64.4 68.0
L3 - 2 4.9 15 145.4 285.7
Pl -I 5.3 12 81.8 102.8
P4 - 1 5.4 13 139.0 194.4 5 - IQ10- 1 5.4 4.3 204.0 403.0
Ql0- 2 4.7 6.4 221.0 88.0
QIO- 3 4.5 5.7 287.0 90.0
Ql0- 4 4.9 5.0 158.0 218.0
P5 - 1 6.3 13 630.0 4YO.0
Ql - 8 6.4 39 36.0 62.0 6 - I
Q4 - 2 5.8 14 117.0 86.0
01 - 3 6.9 60 35.0 33.0
J2 - 1 6.6 40 8.5 12.7 7 - I
P3 - 1 6.6 9 1148.1 1054.9
P6 - 1 7.7 43 152.0 175.0 8 - I

Bl - 2 4.8 30 25.2 27.0
Bl -12 5.2 40 79.8 36.8
\.11 - 1 5. 1 30 10.9 - 5 - FL2 - 1 4.8 30 77 .4 -
Q6 - 1 4.8 53 - 27.0
Q7 .:. 1 5.0 66 53.0 -

Bl - 6 6.2 80 60.0 54.0
Bl - 7 6.2 110 8.0 12.1
B1 - 8 5.5 60 56.3 46.6
Bl - 9 6.0 60 18.4 29.1
Bl -10 5.7 60 34.2 33.5
Bl -11 5.5 50 82.1 42.1
Dl - 2 5.5 40 60.0 35.0
Ml - 1 6.2 65 50.9 130.6 6 - F
P2 - 1 5.6 31 264.3 340.8
Q1 - 3 5.9 127 33.0 44.0
Ql - 4 6.3 84 50.0 47.0
Ql - 6 5.7 122 44.0 33.0
QI - 7 6.0 89 52.1 31.0
Q1 - 9 6.2 111 39.0 30.0
Q6 - 2 6.2 90 152 ..0- 78.0
C4 - 1 7.2 245 11.3 14.4
C4 - 2 6.9 110 14.1 11.6
F1 - 1 6.6 145 11.6 -
Kl - 1 6.6 95 - 26.1 7 - F
L4 - 1 6.9 140 33.8 30.4
L5 - 1 6.9 140 20.8 -
Ql - 5 7.2 103 113.0 93.0
Q1 - 1 7.9 183 116.0 95.0
Ql - 2 7.5 211 91.0 77 .0 8 - F
Q5 - 1 7.9 234 - 4.5



1194

Column line for category in Table 2 indicates the magnitude of earthquake
and epicentral distance of observation station, i.e., for instance, Category
7-1 implies that the magnitude is within the range of M=6.5 to 7.4, and the
station is located at the epicentral distance belonging to the intermediate
field as represented in Table 1. Observed records in far field are placed
under the category with symbol F.

To illustrate the fit to observed, characteristic values, Fig.7,8, and
9 are shown in the followings. In Fig.7, max. velocity response amplifi
cations, qv' due to observed rock motions are compared with corresponding
values deflned in Table 1, i.e., Sv·s at control point C or 0 divided

-

4
qv

00

0 00 0

0 0
3 0 0 8 0

0 0 0 80 00
0

2 08 0 0 0 0 0
0 0 00 0

0 00 0

1
INT. FAR

0
5 6 7 8 5 6 7 8

Magnitude Magnitude

Fig.7 Response Amplification Factor qv in velocity

by 10 em/sec, for intermediate and far fields. In Fig.8 relation between
magnitudes of earthquakes observed and predominant periods for maximum
response accelerations are shown, together with the periods indicated in
Table 1, as the control points Band C where the maximum response accel
erations are expected in the proposed standard response spectra.
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Fig.9 Critical Periods and Magnitudes

The period at which normalized acceleration response curve becomes equal
to unity in its decreasing portion, i.e., Tcr in Fig.2, is frequently re
ferred to as critical period. Fig.9 compares critical periods in actual re
sponse spectra and the same periods implicitly represented in the proposed
standard response spectra. Incidentally, the straight line DE in the
proposed standard response spectra has been determined in consideration of Fig.9,
2.0..------------------,

Tcr( sec)

whereas characteristics of displacement response spectra are not taken
into account in this proposal.

In these figures, plotted points are not completely enveloped by pro
posed parameters; however, the extent of envelopment seems to be reasonable.

4) Extrapolation to Near-Field Parameters: Actually, no information is
available on spectral characteristics of rock motions in the near field such
as defined in this proposal. The lack of these materials has required
inevitably the most intuitive judgement.

In completing the proposed system of standard spectra, it has been in
tended primarily to determine near-field parameters by as reasonable and
smooth extrapolation as possible of intermediate and far field parameters on
logarithmically scaled diagrams. In Fig.10 is shown an example of such
extrapolation with respect to the periods of control point C.

5) Relation Between Response Amplification and Damping Factor : As the
background for the proposed eq.[l] ,the effect of damping factor
to response spectral values has been analyzed, utilizing 135 horizontal
components of accelerograms. Ratios of psuedo-velocity response values
with specific damping factor to those of 5% have been obtained for each
accelerogram and in each period. These values have been averaged in each
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Fig.10 Relation Between Control Point C and Epicentral Distance

period the result of which have been shown in Fig.ll. Solid lines in
Fig.ll indicate the values of the proposed modification factor in eq.[lJ
as parameters of magnitudes.
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h: Damping Ratio

~1: r~agnitude

To: Sec
J w ill

UNDAMPED NATURAL pERIOD (SECONDS)

HORIZONTAL COMPONENT

Fig.ll Effect of Damping,Normalized by Responses with 5% Damping Ratio

COMPARISON OF PROPOSED AND OBSERVED RESPONSE SPECTRA

According to the instructions suggested in VARIATIONS TO STANDARD RESPONSE
SPECTRA, are shown in Fig.12 some standard response spectra due to some
earthquakes with epicentral distances and magnitudes identical with those of
real strong motion earthquakes, the response spectra of which have also been
shown in the same figure for comparison.

CONCLUDING REMARKS

Standard response spectra of earthquake motions on the free rock sur
face are proposed for design purpose of stiff structures (with fundamental
period less than 2.0 sec).
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The proposed system of response spectra will never be complete one from
rigorous scientific viewpoint until sufficient instrumental records of
strong ground motions, in particular due to real near-field-earthquakes,
are available, however for practical design purpose, a number of concepts
presented in this proposal may be regarded as new and instructive.

This year of 1978, a few intense earthquakes have occurred succes
sively near Tokyo and north-east part of Japan. It is hoped that the pro
posal will be revised and up-to-dated based on the most recent records of
rock motions due to these earthquakes.
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ON THE CORRELATION OF THE
COMPONENTS OF STRONG GROUND MOTION

by

A H Rd ·· I. . a Jlan

ABSTRACT

Nine earthquakes have been studied in an attempt to identify the cor
relation between any two components of ground motion. Since in general
accelerographs are oriented arbitrarily (in a seismological sense), the
recorded motions are only a set out of a multitude of other possibilities.
Thus, any statistical study of ground motion should also consider these
other possibilities. This approach, as used herein, shows that the three
components of ground motion are correlated in a special way, rather than
being "statistically independent." The correlation of the two horizontal
components can be made either zero or a maximum for some orientations of the
accelerograph. In fact, these orientations are separated by 45 0 • For some
orientation of the accelerograph, the vertical component of motion is usually
maximally correlated with one horizontal component and zero correlated with
the other component. Under these circumstances, it seems that it would be
contradicting nature to insist that the three components of ground motion
are "statistically independent."

INTRODUCTION

In the seismic analysis of important structures, such as nuclear power
plant facilities, the simultaneous input of the three translational compon
ents of ground motion is being used more frequently. It is also common
practice to generate artificial time-histories that are either "compatible"
with some design (smooth) spectra or satisfy certain constraints required by
regulatory bodies. Newmark et al (1), introduced the notion of "statistic
ally independent" components of ground motion but did not provide either a
definition of the term or the basis for the requirement. The intent of the
requirement (private discussions with Newmark) was to assure that different
time histories with characteristics similar to observed motions would be
used in the different directions for structural calculations. Nonetheless,
attempts have been made by others to mathematically define statistical inde
pendence (2). It seems that the presently accepted definition as proposed
by Chen (2) is that the correlation coefficient of any two components of
ground motion be equal to or less than 0.16 (3). Refer to Appendix A for
details of this calculation. The fact that the three components of ground
motion are generated at the same source, travel through the same geologic
formations and are recorded at the same point on the ground surface all at
the same time suggests that the three components of ground motion must have
a special dependence rather than be "statistically independent." Another
study (4) similar to the present one explored other characteristics of
ground motion components.

ACCELEROGRAPH ORIENTATION

Except for experimental purposes, accelerographs are usually oriented
along principal axes of structures or parallel to some convenient reference

I Principal Engineer, Bechtel Power Corp., Los Angeles Power Division,
Norwalk, California 90650
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line. This being the case~ it is very likely that any statistical study of
recorded ground motions could miss some inherent characteristic of the
motions~ simply because most all accelerographs located in buildings in a
given locality would tend to be parallel to the orientation of the streets.
Recent research on strong ground motion recordings has taken special steps
to ensure~ for example~ that the orientation of instruments is parallel to
adjacent fault traces. This is not really necessary if one is willing to
accept errors due to the digitization process. Given the three components
of ground motion~ the time history space vector can be generated and then
decomposed into any desired orientation without losing the basic information
recorded during the earthquake. Fig. la shows an example of the trace of
the horizontal vector of a recorded motion. The figure is based on assuming
a straight line motion during the digitization time interval (0.02 sec. in
this example). The similarity to a seismoscope record is obvious. The same
motion was rotated through two different angles (Figures lb and lc) by first
calculating the horizontal vector and then decomposing it to two orthogonal
components. Taking into account the change in the orientation angle~ the
three "seismoscopic" records are otherwise the same~ as would be expected.
Thus, three accelerographs located at the same point and oriented as shown
in Fig. I would have provided the same information despite the fact that
the "recorded" ground motion components would have been somewhat different
as shown in Fig. 2. Even though the motions are different in detail~ over
all characteristics are similar and anyone set would have been used as
acceptable component motions recorded at Golden Gate Park in 1957. Thus~

a given recording at a site is only one of a multitude of motions that would
have been recorded if some other instrument orientation had been chosen.

CORRELATION COEFFICIENTS OF GROUND MOTIONS

Records of nine earthquakes~ as digitized and processed by the Earth
quake Engineering Research Laboratory~ California Institute of Technology,
have been used to explore the correlation characteristics of ground motion
components. Since all of these records could have been recorded at any
other orientation~ the two horizontal components of each earthquake has
been vectorially combined and then decomposed into 100 incremental orienta
tions starting with the as recorded orientation at 00 • Obviously at 900

rotation, the correlation is the same as for the original records (except
for a sign change) since the N~S motion becomes the new E-W motion and the
E-W motion becomes the new N-S motion. The correlation coefficient at each
instrument orientation is calculated and plotted as shown in Fig. 3a. For
each orientation, the two horizontal "components" are compared to the
vertical motion resulting in correlation coefficients that vary also with
the angle of orientation as shown in Figs. 3b and 3c. The other eight
earthquakes show very similar characteristics and thus curves similar to
Fig. 3 will not be presented for the other events. However, summary tables
will be provided. Parenthetically, it must be observed that the "new" time
history components that have been generated for selected orientations of the
accelerograph do not have any attributes that one could have detected to
make them any dissimilar from the as recorded components. The comment made
regarding Fig. 2 is applicable also to all nine events studied: even though
the motions are different in detail, overall characteristics are similar and
anyone set would have been used, without any questioning, as the appropriate
motion at the recorded site. Returning to Fig. 3~ the following is to be
noted:

(a) Depending on the orientation of the instrument, the correlation
coefficient can be made either zero or some maximum value for any two of
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the three components. For the Golden Gate horizontal motion, this occurs
at 11.50 and 56.50 from the as recorded orientation. The corresponding
time-history records appear in Fig. 2.

(b) The maximum correlation and the zero correlation of the horizontal
components are separated by 450 •

(c) The maximum and the zero correlations of each of the horizontal
components with the vertical does not show a similar definite property.
However, the separation for the records studied is given roughly by 900 ±ISo.

(d) The zero and maximum correlations of each of the two horizontal com
ponents with the vertical are separated by 900 • In fact, these two curves
are mirror images separated by 90°.

(e) The as recorded correlation coefficients for the Golden Gate records
are -0.124, -0.249 and 0.10 and thus do not satisfy the 0.16 criteria (2,3).
More importantly, there is no other orientation that would satisfy this
criteria. The "best" orientation occurs at 77 0 with the following correla
tion coefficients: 0.233, 0.163, and 0.233. In other words, it is an
impossible task to meet the adopted criteria for a real record in any orien
tation of the accelerograph~ In fact, this criteria will not be satisfied
for any of the records studied unless, for the 00 to 900 orientation range,
two of the three curves are always below 0.16. The conclusion is obvious:
although any two components can be maximally or zero correlated, for all
three correlation coefficients to be less than 0.16 is an impossibility for
those records that cross this ''barrier'' at some orientation of the acceler
ograph.

Table 1 is a summary of the earthquakes studied. Reading across this
table one can see immediately the as recorded correlation of the two hori
zontal components, the maximum possible correlation and, of course, the zero
correlation. Table 2 lists the "best" correlation coefficients for all
three possible correlations with the associated rotation angles.

PEAK ACCELERATIONS AND RESPONSE SPECTRA

Peak acceleration and response spectra are two often used attributes of
strong ground motion. The as recorded accelerations are often used to con
duct statistical analysis. Based on the findings of the previous section,
it would be useful to investigate the peak accelerations of the horizontal
components at maximum and zero correlations. Table 3 lists these values and
their times of occurrence. Also shown are the ratios of the peak accelera
tions of the two horizontal components. As has been known all along, the
peak accelerations usually occur at different times. It is to be noted that
the re-oriented components of motion do peak at about the same time frame as
the recorded components with a few exceptions. This is not an unexpected
result following the discussion of Fig. 2: the general character of the
motion does not change. However, two changes deserve mention:

(a) Except for the 1940 El Centro record (AOOl), the peak horizontal
acceleration of the re-oriented motions are larger than the as recorded
peaks (these are designated with an asterisk in the table) with the zero
correlated motion dominating this increase. The changes themselves are
small (last column). The small sample used in this study does not justify
further discussion of this observation.

(b) Except for the Kern County earthquake of 1952 recorded at the Holly
wood Storage P.E. lot, the ratio of the peak accelerations of the two hori
zontal components are invariably larger for the case of zero correlation
than for maximum correlation. The trend is definite even for this small
sample. More on this later.
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Fig. 4 shows a comparison of response spectra of the two horizontal
components of the as recorded, maximum and zero correlations. As with the
time-history records, these response spectra are very much similar in over
all characteristics. (The response spectra of all nine events studied are
very much similar to the one shown in Fig. 4). However, ~n important dif
ference is noticeable between the spectra of the maximum correlated motions
and zero correlated motions. Whereas in the former, the significant peaks
and valleys between 2 and 10 Hz. almost always fall under each other, in
the latter case there is a definite relative shift of the peaks. This is
as it should be as a direct result of the correlations. The movement of
the peaks for the zero correlation case are to the left and to the right of
their positions held when the motions were maximally correlated. It should
be noted that the differences between the spectra of the zero correlation
and the as recorded are small since the re-orientation of the accelerograph
is only for a small angle of 11.50 •

DISCUSSION

Although not part of this study, it is tempting to suggest one explana
tion for the observations made by a rather simplistic model. Referring to
Fig. 5 and assuming horizontally propagating waves, the orientation of the
accelerograph would either selectively record one or the other type of waves
shown on each axis (Fig. Sa) or mix these waves such that each axis would
contain some part of all the types of waves shown (Fig. 5b). Thus, maximum
correlation would be expected from Fig. 5b orientation of the accelerograph
and zero correlation from Fig. Sa orientation. This type of reasoning could
also explain the peak acceleration ratio of the horizontal components. As
shown in Table 3, this ratio is larger when the components are zero corre
lated than when they are maximally correlated. The distinct amplitudes of
each type of wave could well be the cause of this trend. Similar arguments
can also be advanced for any other non-horizontally propagating wave trains.
In fact, these types of studies may help determine, from experimental evi
dence, the "mix" of strong ground motion. This type of endeavor, although
lies in the domain of seismology, would benefit structural engineering.
The interest of the latter in these potential findings lies in the need to
correctly use ground motion data for the calculation of the response of
embedded and underground structures and structures with large foundation
plan dimensions.

Returning to the basic concern of the structural engineer in the stat
istical correlation of ground motion components, the important question
should not be whether the input motions used are correlated or not, but
rather if this correlation has any bearing on the response of structures.
Referring to Fig. 4, one can argue that, given the response spectra of
Figs. 4b and 4c, a symmetrical structure of fundamental frequency at about
4.5 cps would respond more strongly if the input motions were not "statis
tically independent" (Fig. 4b). This type of evaluation is beyond the
scope of the present paper.

CONCLUSIONS

Although the number of earthquakes studied does not lend itself to a
detailed evaluation of the problem, the results presented can be used to
make several conclusions and recommendations:

(a) The definition of "statistical independence" of the components of
ground motion as being equivalent to a correlation coefficient of 0.16 or
less is, in general, an unrealizeable attribute of recorded ground motions.
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(b) If anything, the three components of ground motion are statisti
cally dependent, in a special way. Based on the orientation of the accel
erograph, the two horizontal motions, for example, can be made to be zero
correlated or maximally correlated.

(c) Any statistical study should be done in the framework of the phys
ics of the problem. In this particular context, the as recorded data used
by Chen (2) was one of many other possible orientations and therefore did
not reflect the true character of the problem. In fact, the reported stat
istical manipulations have created a contradiction in nature by neglecting
the spectrum of all other equally likely correlations.

(d) For the structural engineer, the more important question is whether
the correlation of ground motion components has any bearing on the response
of the structure. "Statistical independence" could well result in less
severe response.

(e) The potential of the approach used herein to study the "mix" of
waves making up strong ground motion should be explored. The need to know
this "mix" is becoming more urgent.

(f) This study needs to be expanded to a larger sample to generate more
definite answers, provided, of course, that the concept of the correlation
coefficient as used is appropriate to the study of the dependence or inde
pendence of the components of ground motion (See Appendix A).
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APPENDIX A - CORRELATION COEFFICIENT

(1)

ents
Chen (2) judges the statistical independence of any two of the compon
of ground motion xI(t) and x2(t) by the correlation coefficient givenby

E [(xl - ml)(x2 - m2)]
Pl2 = -----------

(TI (T2

where E = the mathematical expectation; ml , m2' (Tl' and (TZ equal the mean
values and standard deviations of xI(t) and xZ(t) respectively, and the
numerator of Eq. 1 is known as the covariance. The correlation coefficient
is also referred to as the normalized covariance since it is obtained by
dividing the covariance with the product of the standard deviations. The
normalization produces correlation coefficients that lie between +1 and -1.
There are two ways that one can interpret Eq. 1. Since we are dealing with
earthquake motions, we will start with the discussion of a time dependent
stochastic process.

Assume that N-S components of all recorded ground motions are sample func
tions of the ensemble of a particular stochastic process. Within the pre
sent context, similar ensembles exist for the E-W and vertical components
as well. Considering only one of these three ensembles, the amplitudes of
acceleration, at a given time t=tl can then be treated as a random variable,
and statistical estimates of the mean and ensemble moments can then be made.
Similar estimates can also be made for any other time t=t2' Given these two
random variables xI(tl) and xI(t2 ) the ensemble covariance can be estimatedby

N

COV(Xl(tl),XI(t Z») = (TZ(tl,tZ) = ~ ?(jxl(tl )- ml(tl»)eXl(tZ) - ml(tz») (2)

J=l
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The correlation coefficient between the
tl and tz is then given by

Cov (Xl (t l ), xl (tz))

PII = a
l

(t
l

) a
l

(t
Z

)

two random variables at times

(3)

(4 )

The above concept can be extended for use in cross correlation studies be
tween two stochastic processes and, as mentioned above, the E-W or the vert
ical components of all recorded motions can be considered the second sto
chastic process. Equations similar to Eqs. Z and 3 are defined by simply
substituting Xz for xl. The correlation coefficient then between one ran
dom variable at t=tl' (of the first stochastic process) and a second random
variable at t=tz (of the second stochastic process can be estimated by

P. = COV(Xl(tl), xz(tz))

lZ a
1

(t
l

) aZ(t
Z

)

Instead of using two time variables t=t l and t=tz' it is common pract
ice to introduce a time variable T=tZ - t l and the above correlations def
ined in terms of t l and T. If it can then be assumed that these correla
tions are functions of T only (i.e., they are independent of the reference
time t=tl ), then the stochastic processes jXl(t) and jX2(t) are said to be
stationary. In other words, the properties are invariant under a shift of
the time scale.

To evaluate any of the above equations requires a large number of
sample functions. Given only one sample function in each ensemble, it is
still possible to obtain averages with respect to time along the one avail
able sample, thus substituting the ensemble averages by temporal averages.
There is a subclass of stationary stochastic processes where the ensemble
averages are equal to the corresponding temporal averages of a single sample
function. These processes are known as ergodic processes and Eq. I can only
be valid under this assumption, since xl(t) and xZ(t) are any two of the
components of motion of a given earthquake.

The second way of interpreting Eq. 1 has nothing to do with time dep
endency. It is very much like observing simultaneously two outcomes of an
experiment. A commonly used example is the compressive strength of concrete
(denoted by xl) and modulus of elasticity (denoted by x2) of many concrete
test cylinders presumably prepared under similar conditions. Within our
context, xl and Xz are the simultaneous amplitudes of accelerations at any
time of the two components of motion. The ordering of these paired ampli
tudes is, of course, immaterial as long as the two quantities are measured
simultaneously and used as a pair. However, since the components of ground
motion data are usually digitized at equal time intervals, the pair, Xl and
x2, are the simultaneously occurring amplitudes of acceleration at each time
step, irrespective of how the pairs are ordered. Thus, with this interpret
ation, Eq. 1 gives the appropriate correlation coefficient except that Xl
and Xz should not be shown as functions of time, otherwise the first inter
pretation must be adopted.
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Table 1. Correlation coefficients of nine recorded earthquakes
I

CIT EARTHQUAKE MAX. CORRELATION ZERO CORRELATION
DESIGNATION NAME & DATE AS RECORDED CORREIATIONS HORIZ. COMPONENTS HORIZ. COMPONENTS

A001 E1 Centro 1940 x SOOE leY -.178 & = 22.1 -.244 ~ = 67.1 0.0
.y S90W yz .059 .077 .077

z Vert. zx -.066 -.046 .026

A004 Taft 1952 x N21E leY .124 & = 9.0 .130 J3 = 54.0 0.0
Y S69E yz .293 .274 0.071
z Vert. zx .138 .180 0.302

A007 Kern County 1952 x N90E xy .087 & = 89.3 -.087 ~ = 44.3 0.0
Hollywood Storage y SOOW yz .254 -.002 0.186
P. E. Lot z Vert. zx .005 .254 0.174

A009 Ferndale-Eureka X N44E leY .370 & = 76.6 -.407 J3 = 31. 6 0.0
1954 Y N46W yz .254 -.227 0.058

z Vert. zx .265 .290 0.308

A014 S.F. 1957 x N09W leY -.171 & = 11.4 -0.185 J3 = 56.4 0.0
Alexander Bldg. y N81E yz -.237 -0.264 -0.27

z Vert~ zx 0.194 0.152 -0.088

A015 S.F. 1957 x N10E leY -.124 & = 56.5 0.305 ~= ll.5 0.0
Golden Gate y S80E yz -.249 -0.227 -.257

z Vert. zx 0.100 -0.188 .033

A019 Borrego 1968 x SOOW leY .063 & ~ 52.7 -.231 ~ = 7.7 0.0
Y S90W yz -.120 -.007 -0.108
z Vert. zx -.065 -.127 -0.077

D057 San Fernando x N90E leY .105 & = 56.1 -.267 J3= 11.1 0.0
Hollywood Storage y S90W yz -.232 -.094 -0.226
Basement z Vert. zx -.019 -.179 -0.053

D058 San Fernando " N90E leY .191 & = 65.0 -.289 f3 = 20.0 0.0
Hollywood Storage y SOOW yz -.106 -.195 -0.174
P.E. Lot z Vert. zx .155 -.013 0.ll4
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"Best" overall correlations

Table 3.

CIT AS RECORDED "BEST" ORIENTATION
DESIGNATION CORRELATION 00 ORIENTATION COEFFICIENT ANGLE

xy -.178 -.08
AOOI yz -.059 -.08 58°

zx -.066 .01

xy .124 .118
A004 yz .293 .233 22°

zx .138 .233

xy .087 - -.01
AD07 yz .254 .18 46°

zx .005 .18

xy .370 .282
AOO9 yz .254 .200 11°

zx .265 .282

xy -.171 .150
A014 yz -.237 -.215 83°

zx .194 -.215

xy -.124 .233
A015 yz -.249 -.163 17°

zx .100 -.233

xy .063 -.075
A019 yz -.120 -.090 17°

zx -.065 -.090

xy .105 -.178
D057 yz -.232 -.178 32°

zx -.019 -.110

xy .191 .115
D058 yz -.106 -.138 9°

zx .155 .138

Peak accelerations (cm/sec2) and time of occurrence (sec)

As RECORDED !'IAXIMUK CORRELATION ZERO CORRELATION PEAK HOUZ.

CIT As RECORDED
DESIGNATION COMPONENT TIME ACC. RATIO TIME ACC. RATIO ANGLE TIME ACC. RATIO ANGLE PEAK

x 2.14 341.7" 2.14 294.2 1.92 -181.2
A001 Y 11.46 210.1 1.63 11.46 236.3 1.25 22.1° 2.14 -337.9 1.86 67.1° 1.00

z 1.0 -206.3 - - - -

x 9.12 152.7 9.10 159.2 3.72 215.1
A004 Y 3.72 175.9 1.15 3.72 154.4 1.03 9.0° 4.22 141.8 1.52 54.0° 1.22

z 9.78 102.9 - - - -

x 13.00 41.2 13.32 -58.2 12.94 54.9
A007 Y 13.32 -58.1 1.41 13.00 -41.0 1.42 89.3° 12.68 -49.3 1.11 44.3° 1.00

z 18.08 -20.3 - - - -

x 6.90 155.7 7.14 198.9 7.18 199.4
A009 Y 7.12 197.3 1.27 6.88 -167.4 1.19 76.6° 7.10 162.7 1.23 31.6° 1.01

z 8.02 -41.9 - - - -

x 2.70 41.8 2.70 41.6 2.20 35.4
A014 y 2.06 -45.4 1.09 2.06 -49.6' 1.19 11.4° 2.06 -46.6 1.32 56.4° 1.09

z 0.16 -30.0 - - - -
A015 x 1.36 -81.8 1.78 84.5 1.36 -83.3
A015 y 1.46 -102.8 1.26 1.46 -104.3 1.23 56.5° 1.46 -112.0' 1.34 11.5° 1.09

z 1.20 37.2 - - - -
x 8.56 -127.8 8.56 84.2 8.56 -127.8'

A019 y 15.02 -56.3 2.27 8.56 96.5 1.15 52.7° 15.02 -58.3 2.19 7.7° 1.00
z 7.42 -29.7 - - - -

x 3.52 148.2 7.10 -118.4 7.08 -146.4
D057 Y 4.70 103.8 1.43 3.54 -157.8' 1.33 56.1° 4.70 97.7 1.50 11.10 1.06

z 5.28 -49.8 - - - -

x 3.38 -207.0 2.76 191.0 3.38 -208.6'
D058 Y 2.78 167.3 1.24 3.52 -173.9 1.10 65.0° 2.84 -136.3 1.53 20.0° 1.01

z 3.54 87.0 - - - -
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SEISMIC ANALYSIS OF A HIGHWAY BRIDGE UTILIZING STRONG-MOTION
ACCELERATION RECORDS

by

Toshio IWASAKI
I

and Kazuhiko KAWASHIMA
II

ABSTRACT

In analyzing seismic behavior of highway bridges constructed on soft
soil deposits, it is important to take account of soil-structure interaction
effects. In this paper, seismic response of a bridge pier-foundation is
investigated based on earthquake acceleration records measured simultaneously
on the pier crest and on the ground surface near that bridge. Four motions
were used in the analysis, i.e., two were induced by two earthquakes with
magnitudes of 7.5 and 6.6, respectively; and two by their aftershocks. In
the former two earthquakes, the maximum accelerations were 186 and 438 gals
on the ground surface, and 310 and 230 gals on the pier top, respectively.
Analyses of frequency characteristics of the motions showed that the pre
dominant frequencies of pier-foundation were always approximately identical
with the fundamental natural frequency of the subsoil. Analyses of micro
tremors measured at the sites revealed that the natural frequency of the
pier-foundation system is higher than the fundamental natural frequency of
the subsoil. Analytical models were formulated to calculated the seismic
response of the pier-foundation assuming the subsoil and pier-foundation to
be a shear column model with an equivalent linear shear modulus and an
elastically supported beam on the subsoil, respectively. Bedrock motions
were computed from the measured ground surface motions and then applied to the
bedrock of the analytical model. The seismic responses of pier-foundation
were thus calculated and compared with the measured records giving a good
agreement.

INTRODUCTION

In the past, numerous highway bridges have suffered extensive damages
due to strong motion earthquakes. Seismic damages to bridges consisting of
simply supported girders or trusses rested on massive piers and abutments
were commonly caused by foundation failures resulting from excessive ground
deformations and/or loss of stability and bearing capacity of the foundation
soils. As a direct result, the substructures often tilted, settled, or
sometimes overturned, and these large displacements of the supports caused
relative shifting of the superstructures, induced failures of the bearing
supports, and even caused dislodging of the spans from their supports.

It has been well recognized from these evidences that the influences of
surrounding subsurface ground are very important for the seismic responses of
foundations deeply embedded in the ground, and considerable interests were
concentrated on the soil-structure interaction effects of such structures
through model experiments and theoretical analyses. However very limited
researches have been undertaken in studying seismic responses of actual
foundations during high intensity seismic excitations since only few data

I Chief, Ground Vibration Section, Earthquake Disaster Prevention"Division,
Public Works Research Institute, Ministry of Construction, Chiba, Japan

II Research Engineer, Ground Vibration Section, Earthquake Disaster Preven
tion Division, Public Works Research Institute, Ministry of Construction,
Chiba, Japan
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have been available for such purposes. This investigation presents the results
of observation of seismic motions on a bridge pier and on the ground surface
nearby with high accelerations which were measured during four earthquakes,
and also correlates the pier motions measured with the pier motions analyzed
using the ground surface acceleration records.

STRUCTURAL AND SITE CONDITIONS OF THE BRIDGE

The Itajima Bridge studied is a five-spanned simply-supported plate
girder bridge as shown in Fig. 1. The strong-motion-acceleration observations
have been conducted since 1966 at a crest of one of the piers and on the free
field ground surface located about 200m apart from the pier. Two SMAC-B2 type
accelerographs are set at the both sites to measure accelerations in the
longitudinal, transverse and vertical directions of the bridge axis.

Ground surveys were performed at the both sites and informations on soil
profile, N-value of standard penetration test, and shear wave velocities were
obtained. Figure 2 shows the soil profiles and N-values at the sites. It is
recognized from the results that the ground conditions are essentially the
same between the two sites, i.e., the soil profiles consist of upper soft
loam to fine sand formations with the averaged N-value of approximately 7 and
lower stiff gravel formations with the averaged N-values of 30 or more. It
is also recognized that the ground condition seems to be continuous between
the two sites. The shear wave velocities of the upper and lower formations
were estimated to be approximately 130 and 480 m/sec., respectively. The
gravel formations were assumed to be the base-rock at the sites in calculating
seismic responses of the ground and foundation in the following paragraph.

STRONG-MOTION-ACCELERATION RECORDS

Four simultaneous strong-mot ion-acceleration records have been obtained
at the Itajima Bridge as summarized in Table 1 which were induced by four
earthquakes, i.e., main and after shocks of both the Hyuganada Earthquake of
April 1, 1968 and the Bungosuido Earthquake of August 6, 1968, which are
designated herein as A, B, C and D Earthquakes, respectively. Figures 3, 4
and 5 show the acceleration records thus obtained in the longitudinal and
transverse directions of the bridge axis. In the D-Earthquake, accelerations
on the pier could not be unfortunately recorded and only the maximum value of
acceleration was obtained. It should be noted here that although the seismic
response accelerations achieved at the pier crest were very high, superstruc
tures and foundations of the Itajima Bridge suffered no structural damages
through any of these four earthquakes.

Figure 6 represents amplifications of maximum accelerations between the
ground surface and the crest of pier. It can be recognized from this result
that the amplifications of maximum accelerations are very much different
between the Hyuganada Earthquake (A and B -Earthquakes) and the Bungosuido
Earthquake (C and D -Earthquakes), i.e., the amplification factors are in
the range of 1.1 - 1.7 in the case of A and B -Earthquakes, whereas they are
in the range of 0.4 - 0.6 in the C and D -Earthquakes. The frequency charac
teristics of the motions were then investigated. Predominant frequencies of
the records are summalized in Table 2, based on the power spectra presented
in Fig. 7. It is understood from the result that in the A-Earthquake the
predominant frequencys of the ground is approximately equal to that of the
pier motion, namely, approximately 1.5 Hz in the longitudinal motion and 1.3
Hz in the transverse motion. Also the wave forms of all the four accelera
tion records during the A-Earthquake are very simple with one predominant
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frequency. It is also understood from the Table 2 that in the B-Earthquake
the predominant frequencies of both the ground and pier motions are approxi
mately 1.6 Hz in the transverse direction. In the longitudinal direction,
however, the pier motion has several predominant frequencies. The most
predominant one is approximately 1.8 Hz which is again very close to the
predominant frequency of the ground motion of 1.9 Hz. As is the case of
A-Earthquake, the acceleration records on the ground in the both directions
and the acceleration record-on the pier top in the transverse direction are
very simple with a single predominant frequency. On the other hand, the
records during the C-Earthquake are somewhat different from those for the A
and B-Earthquakes described as above. The most predominant frequencies of
the ground motions are approximately 3.7 Hz in both the longitudinal and
transverse directions which are different from those of pier motions, i.e.,
approximately 1.4 Hz in both directions. It should be noted here, howe'7er,
that the ground motions have a predominant frequency close to the 1.4 Hz
although they are not the most predominant.

It can be recognized from these results that the acceleration records of
pier always contain the motions in the range of 1.3 - 1.7 Hz as the most
predominant ones in both the longitudinal and transverse directions. The
frequencies in the range of 1.3 - 1.7 Hz, however, can not be considered to
be the natural frequency of the substructure, since microtremor analyses
conducted during both daytime and midnight revealed that the natural frequ
encies of the foundation are approximately 3.8 Hz and 3.2 Hz in the longitu
dinal and transverse directions, respectively (refer to Table 3). On the
other hand, the fundamental natural frequency of the subsurface ground on
the gravel formation would be estimated approximately as

where

Vs
f sl =

4H
= ~ =1.8 (Hz)

4x18
(1)

f sl fundamental natural frequency of the subsoil during
shear vibration (Hz)

Vs average shear wave velocity of the subsoil (m/sec.)

H thickness of the subsurface ground (m)

which is considered to correspond to the lowest frequency of the subsurface
ground during low-amplitude vibrations. Assuming that the shear wave velocity
decreases to 70 percent of original during the high amplitude vibrations, the
lowest frequency of the subsurface ground would be estimated by Eq. (1) as
approximately 1.3 Hz. It would be deduced from these considerations that the
most predominant frequency that is always contained in the motions of the
pier is significantly influenced by the lowest natural frequency of the sub
surface ground so that the pier vibrates almost in accordance with the motion
of the subsurface ground nearby.

ANALYTICAL PROCEDURE OF THE FOUNDATION

An discrete analytical model as shown in Fig. 8 was formulated to calcu
late earthquake responses of the embedded foundation. The equation of motions
of the system can be written as

(~ + !ie) ~p + ~pip + ~p~p

+ ~e (Mp - i g ) + ~e(~p - ~g) o ( 2)
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where,
~p mass matrix of the foundation

~e mass matrix of surrounding soils

fp damping matrix of the foundation

~p stiffness matrix of the foundation

fe damping matrix expressing radiational dampings

~e stiffness matrix expressing springs between foundation
and surrounding soils

..
?±p' 1{p' ?±p :

1&.g' 1{g :

absolute displacement, velocity and acceleration
vectors of foundation

absolute displacement and velocity vectors of
subsurface ground

in which the subsurface ground motions of E::g and :!!:..g are assumed to be speci
fied. Denoting as

M ~p + ~e

c ~p + ~e (3)

Eq. (2) can be written as

~ !±p + £ .Rp + ~ E::p = £e '!±g + ~e E::g (4)

The vector E::p can be conveniently decomposed into a quasi-static displacement
vector '!±ps and a dynamic displacement vector :!!:..pd' i.e.,

:!!:..p = :!!:..Pd + ?±ps

By definition of quasi-static displacement in the form as

~ :!!:..ps + ~e:!:!:g = 0

E::ps can be written as

(5)

(6)

'!±ps (7)

(8)

Substitutions of Eqs. (5) and (6) into Eq. (4) gives

~ ~Pd + ~ ~Pd + ~ E::pd = ~ ~s~g + (~e + f ~s) '!±g

Usually the damping term on the right hand side of Eq. (8) is less significant
comparing with the inertia terms so that it can be dropped from the equation
without introducing significant errors. Then Eq. (8) can be written as

(9)

Eq. (9) can be solved by mode-superposition procedures provided that the
damping matrix on the left hand side of the equation is assumed to be tri
angulalized in the same manner as the mass and stiffness matrixes in the
form of damping ratio of critical, i.e.,
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rpT M iR I

rpT K rp g2 (10)

~T f- iR A2

where

rp modal matrix

L identity matrix

g2 diag \0).2)
~

112 diag (2 hiO).)
~

w. i-th undamped natural frequency
~

h· i-th damping ratio of critical
~

Then denoting ~pd' ipd and i pd by the normal coordinates as

J&.pd = ~ :£' ipd = ~ .i, ipd = ~ ~

Eq. (9) can be written in the following form.

where

(11)

( 12)

T ••

R = -~ M1&¢ (13)

Equation (12) is a uncoupled equation of motion and the i-th normal coordi
nate can be solved by the Duhamel Integration as

xi = 1 rtR.(T)e-kiUJiCt-T) sin(~1-k.2UJ.(t-r)dr (14)
UJi Jl-k/'O ~ ~ ~

CALCULATION OF PIER MOTIONS

The pier motions were computed by using the analytical procedure de
scribed in the preceeding paragraph based on the measured ground motions for
the A, Band C-Earthquakes and they were compared with the measured motions.
The correlations were conducted only for the motions in the longitudinal
direction since conditions of the shoes in this direction was considered to
be well defined as compared with the complex conditions in the transverse
direction, i.e., in the longitudinal direction one of the two girders
supported On the pier was rigidly connected to the pier and another girder
was supported by the movable shoe.

The base-rock motions was computed from the measured ground surface
motions by the deconvolution procedure taking account of the strain depend
ence of the shear moduli and hysteretic damping ratios of the subsoils. The
subsoils and foundation were idealized by an one-dimensional shear column

model with equivalent linear soil properties and one-dimensional elastic beam
supported elastically by the surrounding subsoils, respectively. The weight
of a girder rigidly supported by the pier was idealized as an additional mass
lumped at the crest of pier. In the analyses the effects of another girder
which is supported by movable shoe were disregard~d since it was considered
general that the fr ictional forces acting at the movable shoe being rela-
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tively less significant. The lowest natural frequencies of the pier and
surrounding subsoils thus estimated are shown in Table 4.

The response accelerations of pier were then calculated based on Eq. (2)
by applying the base-rock motions at the bottom of the shear column model of
subsoils. The comparative plots of both the theoretical and measured accele
rations at the crest of pier are shown in Fig. 9 for the A, Band C-Earth
quakes. The damping ratios assumed in the analyses are shown in Table 4.
It is recognized from the results that fairly good agreements are obtained
for the motions in the A and B-Earthquakes. On the other hand, a poor corre
lation was achieved for the motion in the C-Earthquake and further precise
investigations are needed to clarify the frequency characteristics of the
foundation.

CONCLUSIONS

Based on the results presented, the following conclusions may be deduced:

(1) Seismic responses of the deeply embedded foundation are significantly
influenced by the effects of surrounding subsurface soils. Provided that
the lowest natural frequency of foundation be smaller than the lowest
natural frequency of the surrounding subsoils, the motions of foundation
are significantly prescribed by the motions of the surrounding subsoils.

(2) Seismic response accelerations of the foundation can be calculated with
fairly good accuracy by the analytical procedure presented herein from
the free-field ground accelerations measured near the foundation for
earthquakes which induce ground accelerations at the bridge site with
the most predominant frequencies lower than the fundamental natural
frequency of the foundation.

REFERENCES:

1) Iwasaki, T.: Earthquake-Resistant Design of Bridges in Japan, Bulletin
of Public Works Research Institute, Volume 29, Public Works Research
Institute, Ministry of Construction, May 1973.

2) Kuribayashi, E. and Iwasaki, T.: Dynamic Properties of Highway Bridges,
5th World Conference on Earthquake Engineering, Roma, December 1972.

3) Iwasaki, T., Kawashima, K. and Takagi, Y.: Influences of The Surround
ing Subsoils on Seismic Responses of Highway Bridge Foundation,
Technical Memorandum No. 1372, Public Works Research Institute,
Ministry of Construction, May 1978 (in Japanese).



Table 1

1217

STRONG MOTION ACCELERATION RECORDS AT ITAJIMA BRIDGE

Epicentral
Maximum Accelerations (Gal)Earthquake

Richter
Earthquake Date Distance Pier Motion Ground Surface Motion

No. Magnitude
(km) Longitudinal* Transverse* Longitudinal* Transverse*

A The Hyuganada April 1,1978 7.5 100 219 310 170 186
Earthquake

The Hyuganada
B Earthquake April 1,1978 6.3 100 39 66 35 42

(Aftershock)

C The Bungosuido August 6,1978 6.6 11 230 198 438 365Earthquake

D The Bungosuido
Earthquake August 6,1978 5.3 11 100 63 220 165

(Aftershock)

(Note) Longitudinal and transverse directions to the bridge axis.

Table 2 PREDOMINANT FREQUENCIES OF STRONG MOTION ACCELERATION
RECORDS MEASURED ON PIER CREST AND GROUND NEARBY AT
THE ITAJIMA BRIDGE (HZ)

Earthquake Longitudinal Direction Transverse Direction
No.

On Ground On Pier Crest On Ground On Pier Crest

A 1.5 1.5 1.3 1.3

B 1.9
1. 8, 2.0,

1.6 1.62.3, 3.7

C 3.7 1.4 3.7, 4.4 1.4

D 4.2 - 4.4 -

Table 3 PREDOMINANT FREQUENCIES ON THE PIER CREST AND GROUND

SURFACE NEARBY ESTIMATED FROM MICROTREMOR ANALYSES

Table 4

~
Ground Surface

Ground Surfacewhere Ground Motions
around the Pier Top of Pier

Direction were Measured

Longitudinal 2.3 - 3.8

Transverse 3.0 2.0 3.2

Vertical 4.5 4.0 6.0

LOWEST NATURAL FREQUENCIES AND DAMPING RATIOS ASSUMED

Earthquake No. Lowest Natural Frequency (Hz) Hysteretic Damping
Radiation DampingRatio of Subsoils

Ground Pier (% )
Ratio (%)

A 1.6 2.75 10 20

B 1.90 3.06 5 20

c 1. 59 2.66 8 - 12 20
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BUILDINGS ON ISOLATORS FOR EARTHQUAKE PROTECTION

by

G.C.DELFOSSE I and J.e.MIRANDAII

ABSTRACT

A strong revival of interest is presently observed in earthquake
isolation technology. An Aseismic Building Isolation System (A.B.I.S.)
must satisfy four basic criteria of effectiveness. A particular type of
A.B.I.S., called GAPEC SYSTEM, was extensively tested at the Centre National
de la Recherche Scientifique in Marseille, France and at the John A.Blume
Eartquake Engineering Center at Stanford University, California. Tests have
shown that the GAPEe SYSTEM satisfies the four basic criteria of effective
ness ; in particular, acceleration response, shears and overturning moments
are reduced by a factor of four t6- eight for buildings mounted bn isolators.
Isolation techniques are not more expensive than classical reinforcing sys
tems and different applications of A.B.I.S. have been put in practice.

INTRODUCTION

A new trend for earthquake-resistant structures has developed in the last
few decades, which intends to confine the seismic energy to a limited area
of the structure which acts as a shock absorber. In the 1930's, Martel, Green
and Jacobsen presented some aspects of a flexible story and Fintel and Khan
(1968) described a shock-absorbing soft story concept (1). These authors
observed that the upper stories of many buildings, when subjected to strong
earthquakes, had suffered only minimum damage when the first story was flexi~

ble enough to accommodate large distorsions.

In Fintel an Khan's method, the entire building should remain within the
elastic range, except the columns of the soft story which undergo 81asto
plastic behaviour. As a consequence, the building would stay in a displaced
position after the quake.

A further step is to install a perfectly soft elastic story so that the
building is restored to its original position after the seismic event.
According to the laws of structural dynamics, such a story would increase the
natural periods of the buildings and decrease the acceleration response cor
respondingly. Thanks to the latest progress in rubber technology, such a
soft story can now be constructed.

FUNDAMENTALS OF ASEISMIC BUILDING ISOLATION SYSTEMS.

An Aseismic BUilding Isolation System (A.B.I.S.) must satisfy four basic
criteria of effectiveness

1.- A low horizontal acceleration response of the building under a
given seismic load.

2.- A predominantly translational behaviour of the bUilding.

I Head, Structural Dynamics Department, Centre National de la Recherche
Scientifiqu8 (C.N.R.S.) Marseille, France.

II Docteur-Ingenieur, Ministerio de Planificacion Urbana, Managua,
Nicaragua.
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3.- No amplification of the vertical motion with respect to the
ground motion.

4.- A satisfactory accommodation to the large displacements which can
take place.

The first criterion is obvious. Low acceleration responses lead to re
duced shears and overturning moments and consequently to minimum damage. The
structural materials work essentially in the elastic range and always remain
capable of Withstanding successive shocks.

The second criterion excludes rotational motions about the principal
horizontal axes of the building. The whole building then moves like a quasi
rigid body with three main consequences: a) drift between stories is reduced,
resulting in little or no non-structural damage, b) the base rocking is stron
gly decreased which entails a lesser risk of large irregular settling in the
foundation soil and c) no significant coupling exists between the vertical
and horizontal motions which enables a substantial simplification of the
design.

The third criterion aims to prevent the vertical amplification which can
result from the practical dispositions employed to satisfy the criteria 1 and
2. Considering that buildings are constructed to withstand high vertical
forces, the third criterion is a minimum isolation requirement permitting
vertical seismic forces to be transmitted through the structure without atte
nuation nor amplification.

The fourth criterion concerns the building stability under large displa
cements which can occur during strong earthquakes. Stability is obviously a
basic parameter when designing any earthquake resistant system.

PRACTICAL IMPLEMENTATION OF AN EFFECTIVE A.B.LS.

The most practical method of implementing a really effective A.B.l.S. is
to mount the buildings on energy absorption devices called isolators which
are located between the first floor and the basement or beetween the first
floor and the ground level, if no basement exists (fig. 1).

Isolators consist of laminated layers of rubber and steel plates stron
gly bonded together during the rubber vulcanizing process. Their main fea
ture is a relatively high stiffness in the vertical direction and~ound the
two principal horizontal axes and a low stiffness in the horizontal plane
and around the vertical axis. Lateral stiffness of isolators is currently
five hundred times less than the vertical one and one hundred times less
than the horizontal stiffness of the first story concrete columns ; the
structure of the isolators permits the separate control of horizontal and
vertical stiffness. Isolators have a quasi-linear behaviour up to 10%
compressive strain ratio and up to 100% shear strain ratio. Thanks to a spe
cial chemical composition, the rubber employed is efficiently protected
against air oxygen and the steel plates are covered with highly resistant
paints. Thus the isolators have a life expectancy at least as long as that
of the building which they protect. Finally, in spite of the fact that iso
lators are strongly attached to the structure, provisions are made to change
them if necessary, without excessive work.

Let us see now how a building mounted on isolators meets the four basic
criteria mentioned above.
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DYNAMIC CHARACTERISTICS OF A BUILDING ON ISOLATORS.

1.- It is will known that the natural periods increase if the stiffness of
the connection between the structure and the ground is decreased. This cha
racteristic is a direct consequence of the dynamic eqUilibrium equations
and has been utilized for some time in the field of machinery isolations. The
absolute maximum acceleration response of a multiple-degree of freedom sys
tem submitted to a ground acceleration aCt) is expressed by the formula :

( 1 )

where

(2) S<>.i =""a I(0..('<) e~f{~("alt-")]Ai"Wiu:--r)"{... [...",,.
represents the spectral acceleration in the j th mode Xj and J1. W'and ~ .
are respectively the modal participation factor. the natural ~ircu~r fr~
quency and the eqUivalent viscous damping ratio of the jth mode. As far as
an isolation system is concerned, we have to consider two distinct types of
acceleration response spectra in view of the range of the predominant natu
ral periods (fig.2). Type I is illustrated by the El Centro 1940 California
Earthquake SOOE component with predominant periods in the range 0.25 -
0.6 seconds; it corresponds to a "classical" strong earthquake recorded
on firm soil at a relatively short distance from the epicenter. The type II
refers to the long period earthquakes like)for instance, the 1977 Romania
earthquake N-S component with a predominant period of 1 second or more;
the magnitude was 7.2. similar to the El Centro magnitude. but the corres
ponding accelerogram was recorded in Bucarest at 80 miles from the epicenter
and on soft soil. These two earthquake types radically differ by their pe
riod content. but have a commOn characteristic : the ·absolute maximum acce
leration response always decreases when the natural period increases above
the predominant periods and they correspond to similar spectral acceleration.
when the natural period is high enough.

Since we have observed that by decreasing the stiffness of the suppor
ting elements we increase the natural periods, we have to design the isola
tors accordingly. The lateral stiffness of the isolators may be expressed
as :

( 3)

where G is the shear modulus of rubber. A the cross-sectional area of rubber.
Lc the total thickness of rubber. The summation is extended to the number
N of isolators. A is determined by the maximum permissible compression stress
~ under static load and G depends on the quality of the rubber ; the usual
values are ~ = 1200 psi and G = 85 psi. We see that Lc is the parameter
which determines Kx and thus the natural periods of the building. Lc is
roughly proportional to the square of the first natural period and would
be. for example. 4 times greater for a period of 2s. than for a period of
1s.

2.- The low lateral stiffness of isolators brings about rigid body modes
of vibration. Indeed let us bear in mind that the first two natural frequen
cies of a free-free structure (a simple beam for instance) are zero. the
first mode corresponding to a rigid body translational motion and the second
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mode to a rigid body rotational motion (2). A structure with low-stiffness
supporting elements tends to behave like a free-free structure and conse
quently, we have to wait for a first mode with predominant rigid translation
and a second one with a predominant rigid rocking motion. In connection with
this, Miranda (3) investigated a typical building of 46' x 46' in plan with
5, 10, 15 and 20 stories and two kinds of structural system: frames only and
shear walls only. He found that three basic parameters control the behaviour
of a building mounted on isolators :

a) The slenderness ratio e which is the ratio between the height of
the building and the dimension in plan parallel to the displacement.

b) The mean horizontal stiffness KM which is the aritmetic mean of
the story stiffnesses and,

c) The horizontal stiffness K~X of the isolators.

From Miranda's work it appears clearly that a building mounted on isola
tors exhibits two rigid modes: the first is translational and the second 
which he designates as 1bis - is rotational ; the higher modes have a shape
similar to that of the rigidly fixed bUildings with nevertheless a non-zero
displacement at the base. Miranda showed that when e or KM decreases or
K~X increases, the participation factors~' of the formula (1) decrease and
the higher modes have a decreasing part in the whole response. At the same
time, the first mode shape was found to be a straight line whose base value
increases and top value decreases, when the basic parameter e, KM and K~~

vary as indicated above. From this situation, we can envisage two cases of
buildings on isolators :

Case A. Low or stiff buildings ; for instance, low buildings up to 10
stories or shear-wall buildings up to e value of 2. These buildings show
a predominant translational rigid body motion with an exclusive participation
of the first mode; they benefit fully from the decrease of acceleration
response resulting from the increase of natural periods.

Case B. High or flexible buildings ; for instance, buildings above 10
stories or framed buildings with e value above 2. For these buildings, the
participation of the higher modes has a double effect :

aJ it increases the first natural period and consequently diminishes
the acceleration response,

b) due to the fact that modes number 1bis and 2 are rotational and flexurA]
their participation increases the acceleration response. In case of particu
larly flexible or slender structures, this effect may overcome the effect (a)
above and the net difference between these effects has to be cancelled by
lower lateral stiffness of the isolators.

A parallel has often been made between isolators and soft soil. Indeed
both of them increase the natural periods and lower the acceleration response
if the slenderness or flexiblility effects mentioned above do not overco~e

this latter effect. But the analogy stops there, since the vertical, horizon
tal and rotational stiffness properties of a soil vary in the same direction.
It means that if a soil is soft in the horizontal direction, it is also soft
in the vertical and rotational directions, resulting in a strong coupling
between the vertical and horizontal responses and large flexural displacements.

3.- The ability to independently control the lateral stiffness of isolators
without affecting the vertical stiffness finds another application which is
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related to the vertical response. It is generally possible to design the
vertical stiffness K~Z of the isolators so that the fundamental period in
the vertical direction is low enough to prevent amplification ; this dyna
mic aspect of the design meets the requirement we mentioned . in the des
cription of isolators. which necessitates high vertical stiffness to limit
the vertical static deflection. In addition. damping introduced by isolators.
nearly 6% of critical. largely contributes. in any situation. to reduce the
vertical response.

4.- Displacements at the base of the building are roughly ~roportional to
the square of the first natural period. Consequently. large displacements
may be associated with low accelerations that result from high natural
periods. Now we can better understand the behaviour of a building mounted
on isolators through the energy dissipation concept. In a rigidly fixed
bUilding. the seismic energy input resulting from the ground motion is
mainly dissipated by a general elasto-plastic distorsion of the structure
on the contrary. if the building is mounted on isolators. the seismic energy
is dissipated essentially through the lateral displacement of the structure;
the higher the first natural period. the slower is the displacement.

We can obtain an approximate measure of stability under large displa
cements by the following considerations. Let Wand H represent the weight
and height of the building. S~ the base shear and u ~ the first floor
lateral XX displacement. If the building moves like a rigid body. the base
moment around the horizontal axis YY may be written as :

(4)

or. observing that. with an effective isolation systemJSo is a fraction
(?>of W. for instance (3<= 0.5 :

(5 )

It is easy to verify that in all practical applications. Ux is negligible
compared with f.' H/2. Consequently. the load eccentricity resulting from
large displacement has no influence on the building stability.

If the first floor is stiff enough. the isolators are rigidly connected
together and work as a single unit to resist the moment of formula (5). The
additionnal compressive stress in isolator (i) may be expressed as

(6)

in which a.~ is the distance of the isolator (iJ from the vertical plane as
defined by the YY axis and the center of mass. Iy is the quadratic moment
of inertia of the isolators with respect to the YY axis of the building. The
total compressive stress in the isolator (i) may be written as :

(7)

Where Q~ is the vertical load on the isolator (iJ and A~ the rubber cross
sectional area.

is the buckling stress of the isolator (iJ. the ratio
represents a measure of the local stability at point i.
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If the calculations are made for each isolator. a measure of the general
stability of the structure may thus be obtained.

The moment in the isolators appears as a destabilizing factor and an
experimental approach can eliminate its effects. The relative lateral dis
placement u~ of one isolator end may be expressed as the following sum of
two functions

(8 )

where kx is the lateral stiffness of the isolator. e and m respectively
the shear and bending moment in the isolator, bearing in mind that the
latter depends both of e and ux ' The figure (3) shows typical shear curves
obtained for an 8 inch diameter isolator submitted to a variable vertical
load Q. Each curve has three branches: a branch 0 A limited by (.Lxo) and
corresponding to the sole action of the shear (7 ; when 8 and (,.(.." increase.
the moment increases and lA.."increases faster: it is the branch AB of the
curve; the branch BC. where ~xtends to infinity with no appreciable in
crease of shear. corresponds to buckling of the isolator ; the valuell"L.lC}cr
is the critical lateral displacement corresponding to the vertical load Q.
We see on figure 3 that when Q increases the limiting values (\A..J('o) and
(~~)~r decrease. In order to avoid the risk of buckling. it is advi-
sable to limit the lateral displacement to the value(~~o) and to limit the
vertical load to a reasonable value. for instance. one third of the buck
ling load (CP)c.r::: A ~... without shear.

LARGE SCALE COMPARATIVE TESTS AND THEORETICAL INVESTIGATIONS.

Numerous tests were performed since 1973 on the shaking-table of the
Laboratory of Mechanics and Acoustics at the Centre National de la Recherche
Scientifiqu8 in Marseille. France. on a particular type of A.B.r.S. called
the GAPEC SYSTEM (4) (5). Sizes of the 20 story scale-model are 4' x 2'3"
in plan and 10'4" in h3ight ; weight is 2068 Lbs. Tests were carried out
with and without isolators ; figure 4 shows the response accelerations.
shears and overturning moments when the model is excited by the 1952 Taft
California Earthquake, N21E component orthogonally to the longer side. with
a maximum ground acceleration of 0.1g. We see that when the structure is
mounted on isolators. the acceleration at the top and the shear and over
turning moment at the base are all decreased by a factor of about 8 ; at
the same time. the first natural period has increased from 0.10s without
isolators to 0.18s with isolators. Similar tests were performed on the
shaking-table of the John A.Blume Earthquake Engineering Center at Stanford
University (6) with a scale-model made of four 1-1/4" thick steel floors
connected by four 1.5" x 0.75" steel columns at each story; sizes of the
model are 3' x 3' in plan and 6'-5" in height. The weight of each floor is
460 LbS and the total weight is 1900 LbS. Tests were carried out with and
without isolators) the figure 5 shows the first three mode shapes and we
find again a straight line almost parallel to the vertical axis for the
first mode with isolators. and a straight inclined line for the mode 1bis
which does not exist without isolators. Damping was measured to be 0.6%
of critical without isolators and 6% of critical with isolators for the
first mode; similar values were found for the mode nb. 1bis. The first
natural period increased from 0.23s without isolators to 0.47s with isolators.
The scale-model was excited by two types of earthquakes : San-Francisco
(1957). S80E component and EI-Centro (1940), SOOE component. The best results
were obtained with the latter, i.e. with the highest magnitude. The figure 6
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shows the response-accelerations, shears and overturning moments ; we see.
that top accelerations, base shears and overturning moments are reduced by
a factor of about five when the structure is mounted on isolators with a
predominant translational behaviour.

Moreover. dynamic responses were computed for a great variety of
buildings with and without isolators, using the normal mode method (3) (4)
(5). The results confirm the experimental work described above.

SPECIAL PROBLEMS ARISING FROM AN A.B.I.S.

The first problem arising from an A.B.I.S. is the wind sensitiVity.
For tall buildings. the low lateral stiffness of isolators can introduce
some discomfort to the occupants during wind action. In this case, some
isolators can be fitted with wind-stabilizers which are simple rods or bolts
designed to break when the base shear reaches a minimum value corresponding
to the elastic resistance capacity of the structure without isolators. After
the earthquake. the wind-stabilizers can be easily changed.

Another problem is the necessary clearance for the pipes crossing the
interface which is the space where the isolators are located. Elevator shaft
crossing the interface would be suspended from the top of the building or
near the center of mass. This condition would have to be fulfilled. even
when the building is rigidly fixed to the ground.

COST OF AN A.B.I.S.

The general decrease of shears and overturning moments in a building
fitted with an A.B.I.S. results in large savings in the design of structural
elements and specially in foundation. These savings more than compensate the
cost of isolators when severe earthquake requirements are obligatory. Ho
wever. in view of the fact that after an earthquake shock, the building will
remain in use without important repair, an effective A.B.I.S. is undOUbtedly
much cheaper than any classical strengthening system.

PRACTICAL USE AND FIELD APPLICATION OF A.B.I.S.

The H.Pestalozzi school. built in Skopje. Yougoslavia, in 1969, was
mounted on 54 isolators of dimensions 2'-4" x 2'-4" x 1'-2" (7). In view
of the engineering lessons acquired from recent earthquakes and the tremen
dous progress in rubber technology in the last ten years, a large revival
of interest has been recently observed for aseismic building isolation
systems. For instance. french nuclear plants are mounted on isolators in
seismic zones and several buildings including dwelling houses and a recording
studio have been recently built on isolators for a designed VIII M.M.
earthquake.

In fact three distinct types of problems may be solved by an A.B.I.S.
Problems of the type I are the most common ; they concern buildings with
ordinary requirements of security against earthquakes (coefficient I = 1.0
of U.B.C. 1976 earthquake regulations) ; these buildings are usually pro
tected by strengthening the resisting elements and applying the ductility
requirements. It is well known that the philosophy of such a type of protec
tion is no collapse should take place, but permissible major structural and
non-structural damage may occur when the building is submitted to a major
earthquake (8). In this case, an A.B.I.S. can undoubtedly solve the problem
with higher security and cheaper costs.
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Problems of type II concern the buildings in which high security is
involved (coefficient I = 1.25 or 1.50 of U.B.C. 1976 earthquake regulations).
These are buildings whose continued operation or security after an earthquake
is essential to the community such as hospitals, administrative buildings,
nuclear power plants, electric generating stations, water tanks and so on
or those buildings that con~ain,high human concentration such as schools,
hotel~ auditorium and so on. ~he high security involved in this type of
buildings cannot be achieved ~~ reasonable costs by strengthening techni-
ques and an A.B.I.S. is the ~deal solution.! .

Finally, problems of'type III concern special structures which cannot
be protected at the required level by usual strengthening techniques.
These are, for instance,electrical facilities such as high voltage circuit
breakers, pipes, airport control towers an so on. These structures are
light, slender, top heavy and must resist very strong earthquakes with no
interruption in service. This type of problem can presently be solved only
by an isolation technology using specifically designed isolators.

CONCLUSION.

If an Aseismic Building Isolation System satisfies the four basic
requirements, it can solve a great variety of earthquake protection pro
blems with greatly increased security and at generally cheaper costs than
classical strengthening techniques. A full protection may be obtained when
it is required, due to the fact that the isolators and the structural
materials of an elastically suspended building work in the elastic range
only. Finally, the isolation technology may solve special dynamic problems
related to light slender structures with high earthquake protection
requirements.
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TRAVELING SEISMIC WAVES AND STRUCTURAL RESPONSE

by

I II III
W. J. Hall, J. R. Morgan and N. M. Newmark

ABSTRACT

Observations of earthquake damage indicate that buildings undergo
rotational as well as translational motion, and that structures on large
foundations respond with less intensity to ground shaking than do smaller
structures. In 1969 Newmark (Ref. 1) developed a basis for determining
torsional earthquake effects in symmetrical buildings, and in 1970 Yamahara
(Ref. 2) offered an explanation of observed reductions in translational
response of buildings as compared with free-field behavior. More recently
the authors (Ref. 3) presented a numerical technique for computing reduced
building response by averaging an acceleration record successively over a
transit time.

The acceleration time-history is treated as a traveling seismic (shear)
wave, and resulting translational and rotational motions of the base are
obtained by using an averaging procedure. In this paper various combined
responses are computed and compared, and the practical implications of the
results obtained are discussed.

INTRODUCTION

Studies of acceleration time-histories and corresponding computed
responses for buildings suggest that the accelerations imparted to large
structures approach an average of the free-field motion during some transit
time related to bUilding size. The so-called T-effect (Ref. 3) is a
systematic attempt to reasonably account for the soil-structure interaction
observed for large buildings.

The first paper that attempted to offer a rational explanation for
observed reduction in response behavior apparently was that by Yamahara in
1970 (Ref. 2). An example of this reduced response can be seen in Fig. 1
which shows the response spectra of the Hollywood Storage Building and
a4jacent P.E. Lot for the 1971 San Fernando earthquake. This reduction is
not as apparent for the distant 1952 Kern County earthquake for measure
ments made at the same site.

A measure of the effect of an earthquake on a large bUilding can be
obtained through calculation of a time-averaged acceleration over a transit

I Professor of Civil Engineering, University of Illinois, Urbana,
Illinois 61801.

II Research Assistant in Civil Engineering, University of Illinois,
Urbana, Illinois 61801.

III Professor of Civil Engineering and in the Center for Advanced Study,
Emeritus, University of Illinois, Urbana, Illinois 61801.
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time (Ref. 3). As used here the transit time, T, is the time required for
a point on a wave to travel the length of the base of the structure (i.e.,
T = the length of the base divided by the wave velocity). The concepts of
the transit time (T), the average translational acceleration (~), and the
average rotational acceleration (a) as a wave propagates over the base of
a building are shown in Fig. 2. The torsional component of ground motion
can be important in determining the base input for design; for this reason
the rotation of the foundation, characterized by arctan a (= a), should not
be ignored. The use of the least square fitting (Fig. 2) is not restricted
to a straight line (i.e., the assumption of a rigid foundation) and indeed
the averaging procedure presented applies whether or not the foundation is
assumed rigid. In the case of a more realistic foundation (i.e., one
having some degree of flexibility) one would expect less reduction than for
a rigid foundation; nevertheless, reduction would still be expected to occur.
Response curves for a real building would fall somewhere between those for
a rigid foundation of the same size and those for a point. For a massive
foundation the response curve would be much closer to that of a rigid
foundation than to that of a point.

The acceleration at the edge of the building foundation due only to
the rotation of the base is aT/2. This torsional acceleration must be
added to the average translational acceleration to obtain the total accel
eration at the edge of the base (~ + aT/2). Thus in the T-averaging pro
cedure, discussed in detail in the next section, three time-histories are
obtained for each acceleration time-history: (1) average translation accel
eration (~), (2) average rotational acceleration (aT/2), and (3) average
total acceleration (~ + aT/2). The third time-history is the algebraic sum
in time (i.e., signs are observed) of the first two time-histories and
therefore represents the total acceleration at the edge of the base. The
other two time-histories represent the individual contributions of trans
lational and torsional motions.

With these generated time-histories of averaged translational, rota
tional, and total accelerations the response of a single-degree-of-freedom
system may be computed and presented in the form of response spectra.

THEORY AND PROCEDURE

The technique employed in the calculations is essentially a time
averaging of an acceleration time-history over a transit time, T. It
should be noted that this procedure assumes that the ground motion propa
gates as a plane wave.

At a given point in time some portion of the acceleration time-history
is positioned along the side of the foundation as shown in Fig. 2. As time
progresses the acceleration time-history simply slides along the foundation
such that at any time the accelerations impa~ted to the foundation are
changed only slightly from those imparted at a time ~t earlier. The follow
ing theoretical derivation for computing translation and rotation by Newmark
is an outgrowth of earlier studies on torsion in gymmetrical buildings
(Ref. 1).

Given an acceleration time-history, p, and applying the principle of
least squares to obtain the average translational acceleration, ~, and
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the average slope of the fitted line, a (which is related to the average
rotational acceleration), one can obtain the following:

J~ (~ + ~t - p)2 dt = minimum

Setting a/a~ o for the integral

2[1 $ dt + 1at dt - f pdt] = 0

and setting a/aa = 0 for the integral

2[1 ~t dt + J ~t2 dt - f pt dt] = 0

since A = -./2, B = T/2Noting that: J at dt = f ~t dt = 0

f ~ dt = ~{t(B) - teA)} = ~.

1 p dt = pCB) - peA)

f Pt dt integrating by parts

= L/2[p(B) + peA)] - [p(B) - peA)]

Substituting into the above, one obtains:

~ = l/T{p(B) - peA)}

- 2 j. 3
a 6/. {pCB) + peA)} - 12/T {pCB) - peA)}

·Eq. (1)

Eq. (2)

Note that as T + 0, using Taylor Series expa~sions for P and p, ~ + p(O) as
would be expected. It should be noted that a, the slope of the fitted
acceleration curve, is the derivative of acceleration with respect to time
and therefore has units of 1ength/time3•

There are two time-histories resulting from the .-avergging procedure
derived above; one of averaged translational acceleration, ~, and one of
averaged rotational acceleration, a. Elastic response spectra are computed
from these two averaged time-histories using the Z-transform method as pre
sented by Stagner and Hart in 1970 (Ref. 4). This procedure is a recursive
relationship in the time domain for the elastic response of a sing1e-degree
of-freedom oscillator to an arbitrary base motion.

In the aforementioned combinational technique it has been assumed that
a simple superposition of the effects of translation and rotation can be
used (i.e., that translational ground motion causes only translational re
sponse and rotational motion causes only rotational response). Furthermore,
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it has been assumed that the ratio of torsional to translational frequencies
is unity. It can be shown (Ref. 1) that the theoretical ratio is unity for
a rectangular floor plan with equal uniformly distributed resistance in
the two principal directions. If a more realistic resistance distribution
pattern (e.g., corner columns or end walls and columns) is assumed the
theoretical ratio of torsional to translational frequencies is greater than
unity. The influence of torsion would be reduced, from that seen using
Wtorsion/Wtranslatiori = 1.0, if Wtorsion > Wtranslation and therefore the
assumption of Wtorsion/Wtranslation = 1.0 is conservative.

When considering translation alone, response in the high-frequency
range is substantially lower if the, procedure is used. This reduction
occurs at frequencies above 1 Hz and is shown in Fig. 3 for the Hollywood
Storage P.E. Lot San Fernando record. This compares favorably with the
computed responses for the Hollywood Storage Building Basement as compared
to the adjacent P.E. Lot (Ref. 3). The averaging that occurs considering
translation only is directly proportional to the building size (i.e., as
the building gets larger the magnitude of the response reduction also in
creases). A more complete analysis includes the effects of both transla
tional and rotational averaging. The rotational response is of greatest
importance in the high-frequency range (Figs. 3 through 6), and therefore
offsets somewhat the reduction computed from translation. The importance
of rotational response increases with the size of the building and is as
great or greater than the normal translational response in some regions
(5-9 Hz for, = 0.08,2.5-6 Hz for, = 0.16).

Of special importance in making design recommendations is the effect
of combined motion. It has been shown that, in the high-frequency region,
consideration of translation alone would lead to response reduction and
consideration of rotation alone would lead to response amplification. When
considering combined motion one would expect the effects of translational
averaging and rotation partially to offset each other, as indeed they do at
high frequencies. However, it has been found that in the mid-frequency
(2-8 Hz) range the combined response is somewhat greater than the normal
computed response (Figs. 3 through 6).

SUMMARY

In this study the influence of building size on effective base motion
during an earthquake was studied. Based on plane wave assumptions the
effects of averaged translation and rotation on the overall combined re
sponse were computed. While the ,-averaging method is not exact it con
stitutes one systematic and reasonable way to account for observed behavior.
Comparison of the combined response curves (Figs. 3 through 6) to the
standard response spectra reveals two trends. First, the averaging effects
due to translation alone (i.e., response reduction at higher frequencies
as reported in previous work) are offset somewhat by the added effects of
torsion; however, significant reduction still can occur. Secondly and more
important from a design point of view the torsional contribution to combined
response in the mid-frequency range can be quite significant and result in
substantial amplification. The magnitude of the amplification reported
herein is an upper bound, as it assumes all of the motion corresponds to a
vertical wave front propagating horizontally, whereas the real situation may
be much less stringent.
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In computing the combined response three different combinational
methods have been considered. An algebraic summation of time-histories
with the response computed from this combined time-history is the most
rigorous and makes the best physical sense. On the other hand the tra
ditional square root of the sum of $quar~s of the responses (from spectra)
yields essentially the same results and is easier to obtain. The absolute
sum of responses is an overestimate of expected combined response and is
the greatest of the computed responses.

An attempt was made to formulate a general procedure for constructing
a design spectrum (including both translational averaging and torsion). As
a result it is considered that a modification of a normal design spectra
in the acceleration region will be sufficient to include the combined
effects. In a first attempt to indicate the notion of the amplification
arising from combined translational and torsional averaging, the regions
and amounts of amplifications found as a part of this study are shown in
Figs. 7 and 8. Transition zones are not shown since they cannot be accu
rately defined at this moment. The amplification values employed for the
response spectra used for comparison purposes in Figs. 7 and 8 are taken
from Ref. 5.

Certain trends were observed during this study which hold for records
from different earthquakes and for sites on soil and rock. However, these
trends can only be considered as qualitative at this time.

A more exhaustive study will be needed to establish firm recommenda
tions about transition zones and high-frequency effects.
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EFFECTIVE PEAK ACCELERATION

by

Robert V. Whitman
I

ABSTRACT

A definition of effective peak acceleration (EPA) is developed in con
nection with cyclic mobility (liquefaction) of sands. Available data are
used to relate EPA to the magnitude of an earthquake, and hence to develop
an attenuation equation for EPA as a function of magnitude and epicentral
distance. An example is given illustrating the use of this new attenuation
equation in risk analysis, and the extension of this approach to structures
is discussed.

INTRODUCTION

In the development of zoning maps for ATC-3, the concept of effective
peak acceleration (EPA) was introduced (4). Like other parameters such as
"sustained peak acceleration", EPA is related to the damaging potential of
a ground motion. EPA is less than peak acceleration (A) for two reasons:
(a) very high frequencies, typified by spikes of high acceleration but very
short duration, have little effect upon the response of most structures, and
(b) for structures being strained into the inelastic range, duration of
motion or number of cycles of straining has a great influence on the damage.

The concept of an EPA certainly is sound. However, thus far there is
lack of systematic, quantitative definition of the parameter. Any specific
definition for EPA ultimately must come from the study of the behavior of
structures whose resistance deteriorates with successive cycles of loading.
As a first step in this direction, the analogous problem of liquefaction of
sands is considered.

EPA FOR CYCLIC MOBILITY

The literature of geotechnical engineering contains much information
relating duration of ground shaking to the likelihood of failure by cyclic
mobility (liquefaction). Methods have been developed to account quantita
tively for the difference between motions having the same peak acceleration
but different durations. These results will be used to illustrate how EPA
may be defined, how the ratio EPA/A may be evaluated, and how this result
may be used in risk analysis.

A DEFINITION FOR EPA

A key step in the analysis of cyclic mobility is to convert a chaotic-

Iprofessor of Civil Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139
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appearing time history of shear stress into an equivalent, periodic shear
stress with a limited number of cycles. The procedures used for this purpose
are based upon principles from fatigue analysis (1,5) and experimental
studies have demonstrated the approximate validity of these procedures. As
indicated in Fig. 1, there are a number of different equivalent combinations
of peak uniform shear stress, Teq , and number of cycles, Neq , each of which
is also equivalent to the original time history. The equivalent peak uniform
shear stress may be either greater or less than the peak shear stress, Tpk'
in the original time history, depending upon the corresponding number of
cycles.

Close to ground surface where cyclic mobility is usually of greatest
concern, the essential features in a time history of shear stress are pro
portional to the corresponding features in the time history of acceleration
at the surface of the ground. Thus, the notions embodied in Fig. I may also
be applied to determine equivalent combinations of uniform peak acceleration
and number of cycles. That is: EPA/A ~ Teq/Tpk. This leads to a definition
for EPA as it applies to cyclic mobility:

EPA =the peak acceleration in a series of uniform cycles which pro
duce failure by cyclic mobility in some standard number of
cycles -- say 10 cycles.

EPA/A AS A FUNCTION OF MAGNITUDE

Generalized data available in the literature may be used to develop an
approximate relationship for this ratio. Fig. 2 reproduces data for the
equivalent number of cycles in ground motion as a function of magnitude.
These data were originally obtained by applying the previously-mentioned
method for determining equivalent number of cycles to a set of recorded and
artificially-generated time histories, assuming Teq/Tpk ~ EPA/A = 0.65. While
considerable scatter is apparent in Fig. 2, an average curve is drawn.

By repeating the analysis which led to the data in Fig. 2, curves for
other values of EPA/A may be constructed. However, this may be accomplished
approximately and much more simply by making use of the curves in Fig. 3. Just
such curves, which give typical combinations of Teq and Neq , were used in the
processing of time histories to obtain Fig. 2. The procedure used here may be
explained with the help of Fig. 4.

Assume some M, and read Neq from part (a).
Enter part (b) and find Teq/ovo' which is also 0.65 Tpkf<}vo.
Assume some other Teq/Tpk' For example, Te /Tpk = 0.80 must
correspond to Teq«Jvo equal to 0.80/0.65 = 1.23 times the value
in step 2. Read the new Neq •
Plot these new values of Teq/Tpk and Neq in part (a).

Fig. 5 shows the resulting relations, using the curves in Fig. 3 for a rela
tive density of 68%. Similar curves are obtained for other relative densities.

Finally, the relations plotted in Fig. 5 may be inverted so as to plot
EPA/A vs. magnitude for various values of Neg. These new relations are shown
in Fig. 6, again for a relative density of 68%. Curves for Neq = 10 are also
given for other relative densities, and the relation is seen to be quite simi
lar in all cases, especially for M > 6. Several relations might be
matched to these results; a convenient one is:

E~A [Neq = 10] = 0.17eO. 19M (1)
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This curve is also shown on Fig. 6 for comparison. Note that the ratio of
EPA to A increases with increasing magnitude, reflecting the increase in
duration of ground shaking as magnitude increases. For this particular defi
nition of EPA used here, EPA < A for M < 9.32. That is, EPA will almost
always be less than A. It is also of interest that EPA < 0.65A for M < 7.05.
The coefficient 0.65 was selected because so often the equivalent uniform
shear stress is taken as 0.65 times the peak shear stress.

RISK ANALYSIS IN TERMS OF EPA

By combining Eq. (1) with an attenuation equation relating peak accelera
tion to magnitude and epicentral (or hypocentral) distance, it is possible
to derive an attenuation equation for EPA. T~is new equation may then be
used, in connection with standard techniques (2,3), to produce risk curves
and risk maps for EPA.

To illustrate the nature of the results, a particular equation for peak
acceleration will be used:

where A is in cm/sec2 and ~ is the epicentral distance in km.
is based upon Japanese experience and gives peak acceleration
of "soft" soils (7). Combining Eqs. (1) and (2) gives:

EPA = 3.13eO.88M~-0.8

(2)

This equation
at the surface

(3)

Because of this particular form chosen for Eq. (1), the new attenuation equa
tion for EPA contains just the same terms as the original attenuation equation
but with different coefficients. This simplification permits use of existing
computer programs for carrying out risk analysis, but is not essential to the
basic method for analysing and mapping the risk of exceeding various levels
of EPA.

Fig. 7 depicts a fault system assumed for an illustrative example, and
gives the source parameters used for each of the two faults. Values of EPA,
A and 0.65, corresponding to a mean recurrence interval of 500 years, were
computed at various grid points in the vicinity of the assumed faults. At
all points, EPA was, of course, less than A; this result simply reflects the
definition of EPA used here. Of more interest is the comparison between EPA
and 0.65A. Fig. 8 shows the variation of these quantities along two lines
drawn perpendicular to the faults. Very close to the faults, where earth
quakes of small magnitude can cause significant accelerations, EPA is less
than 0.65A. On the other hand, well away from the faults EPA exceeds O.65A,
since only earthquakes of large magnitude cause significant motions at these
distances. Greater differences may be expected in other situations.

SOME EXTENSIONS

Further study will lead to an improved attenuation equation for EPA as it
relates to cyclic mobility in saturated sandy soils. An obvious step is to
compute EPA directly for a large number of ground motions recorded at differ
ent distances from earthquakes of different magnitude, and then to relate EPA
to magnitude and distance by regression analysis. Study must also be made
of the sensitivity of the resulting attenuation equation to the form of the
relation between EPA and N (as in Fig. 3). This research is underway.eq

It would oeem that the approach developed in connection with cyclic
mobility might also be utilized for structures. For this purpose it is neces-
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sary to develop relations equivalent to those in Fig. 3. There has, of
course, already been much study of the effect of duration of ground motion
upon the dynamic response of simple structures. [See Reference (8) for a sum
mary of this workJ. For an elastic structure subjected to random base motion,
the peak response increases slowly. The function expressing this increase
may be used to determine combinations of the intensity and duration of motion,
all of which are expected to cause some selected level of response to be
reached in a given type of structure. A curve drawn through these combina
tions is the required relation. Similar relations have also been determined
for'simple gravity-affected hysteretic structures.

If some particular duration is selected as a standard, a structurally
oriented definition of EPA may then be developed. For any ground motion,
the EPA would be that intensity of shaking which, when applied over the stan
dard duration, produces the same response as the actual motion. "Response"
might mean some prescribed level of elastic distortion, reaching the collapse
threshold in a non-linear structure, etc. Once the EPA is related to duration,
then expressions connecting duration to magnitude may be used to determine
the functional relation between EPA and magnitude.

Actually, research has shown that it is not duration itself which is
important, but rather the ratio of duration to the natural period of the
structure. This ratio is, in effect, the number of cycles in the response of
the structure. This, the definition of EPA as applied to a structure becomes
very similar to that developed here in connection with cyclic mobility.

The ultimate aim is to develop risk maps for use in connection with build
ing codes. Thus one wants to map a very small number of parameters which, if
used to determine lateral forces and minimum design requirements, lead to
roughly equal risks for all buildings in all locations. The foregoing dis
cussion suggests that potentially there is a different relation between EPA,
magnitude and distance for each different type of structure, depending upon
the period and inelastic characteristics of the structure. The aim of research
must be to identify a few such relationships that can account satisfactorily
for a wide range of conditions.
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A STUDY OF EARTHQUAKE RESPONSE SPECTRA
FOR OFFSHORE PLATFORMS

by

B M h Id M L E k""' II• 0 raz an .• s lJ lan

ABSTRACT

This paper examines the earthquake ground motion and spectral
amplification for the design of offshore platforms. Since offshore plat
forms are typically considered flexible structures and thus are sensiti ve
to long periods of vibration, only records with long period oscillation
characteristics were included in this statistical study. The long period
oscillations of each record were examined by normalizing the Fourier
amplitude spectral ordinate s of the record, squaring the normalized
ordinates, and then computing the area under the curve in the frequency
range of interest. The areas provide a pseudo-measure of the power
spectral density of the record in the specified frequency range.

The influences of site geology and duration of strong motion on spec
tral amplification are also investigated and compared with previous
studies. The study indicates that substantial differences, particularly in
the low frequency range of spectra, exist between the re suIts of this and
of pre vious studie s.

INT RODUCTION

The importance of the re sponse spectrum technique in the aseismic
design of structures and equipment is well-known to earthquake design
engineers. Since its introduction in 1941 by Biot and Housner (1-3), a
number of studies have been carried out to determine the shape and mag
nitude of earthquake design spectra (4-16). The majority of these
studies were based on a statistical analysis of a number of actual earth
quake ground motion records and their computed response spectra, and
were carried out with the objective of developing recommendations for
the earthquake design spectra for nuclear power plants. Most of these
studies have used records selected on the basis that the horizontal peak
ground acceleration is greater than or equal to 0.05 gls as a criterion
for strong motion. While the us e of such a limit is justified, the re is a
general belief that peak ground acceleration is primarily related to high
frequency components of the motion (17); therefore, statistical sum
maries based on such record filtering may not be reliable in the low and
even intermediate frequency regions of the spectrum. Although a design
spectrum based on such statistical summaries would be satisfactory for
structures with short natural periods, such as nuclear power plants, it
would not necessarily be appropriate for structures with long periods of
oscillation, such as offshore platforms. This study was undertaken to

I Associate Professor of Civil Engineering, School of Engineering and
Applied Science, Southern Methodist University, Dallas, Texas 75275;
Consultant, The Aerospace Corporation

II Member of the Technical Staff, The Aerospace Corporation,
El Segundo, California, 90009
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provide spectral amplification ratios specifically for offshore oil plat
form design. The hypothe sis being investigated is that long duration
earthquakes with above average energy content will govern design
spectra of long period platform structures. Previous studies that in
clude records without regard to duration and energy content are believed
to result in design spectra too low in the displacement and velocity regions.
In this study, the development of spectra is accomplished by selecting
from the strong motion data base those records with duration and energy
characteristics that are particularly important to platform design.

Earlier studies did not include the influences of such parameters
as site geology, epicentral distance, peak ground acceleration, mag
nitude, and duration on ground motion and response spectra statistical
summaries. Later studies (10, 11, 13, 18-22) considered the influence
of some of these parameters, and showed that site geology strongly
influences both ground motion and spectral amplifications. This study
also considers the effects of site geology on spectral amplification.

RECORD SELECTION

Ground motion and response spectra data used in this study were
selected from the records processed by the Earthquake Engineering Re
search Laboratory of the California Institute of Technology (23-25).
Only ground or basement level, horizontal records were considered in
this study.

In order to filter the records for strong motion characteristics,
only those records with a peak horizontal ground acceleration equal to
or greater than 0.05 gls and a bracketed duration equal to or greater
than 5 Sec were selected for the study. The bracketed duration re
quirement is defined as the time interval between the first and last
acceleration peaks greater than 0.05 g' s. This definition has been used
in a number of past studies (26-28). The horizontal records remaining
were then subjected to a filtering process designed to preserve records
with long period oscillation potential. Each record of Fourier amplitude
spectra was normalized, squared and then integrated between the fre
quencies of 0.125 and 3.0 Hz. This frequency range included the low
and intermediate range of the design spectrum (10, 13). The integrand
provides a pseudo-measure of the power spectral density of the record
in the frequency range of interest. The computed integrands were then
averaged, and those greater than the average were selected for the
final regression analysis.

A s mentioned pre viously, many earlier studie s indicate that site
geology strongly influences the spectral amplifications. In this study,
the selected records were divided into two categories: (1) "hard/I -

those on rock or less than 30 ft of alluvium underlain by rock and (2)
II soft"- -those located on alluvium deposits greater than 30 ft. This
clas sification was selected in order to be utilized with the ground motion
maxima obtained from a companion seismic risk study (29; see also
Selzer, et ale in these proceedings).
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METHODOLOGY AND DISCUSSION OF RESULTS

The methodology used in this study is basically the same as in
pre vious studies (6, 10, 13). The spectral ordinate s are normalized
using maximum record values, and then a regression analysis is per
formed at discrete frequencie s. Displacement spectral ordinates are
used in the frequency range of 0.10 to 0.30 Hz, velocity ordinates from
0.30 to 3.0 Hz, and acceleration ordinates from 3.0 to 8.0 Hz. Within
these three frequency ranges, amplification ratios for the respective
ground motion parameters are fairly constant and are averaged to
obtain final spectral amplification ratios. Regression is performed
twice--once on a normal distribution of the data, and once on a log
normal distribution. A test for correlation of amplification ratio data
for the normal and log-normal frequency distributions was perforn1.ed.
Similar to a previous study (13), the log-normal distribution provides a
better fit of the data. In addition to the spectral amplification ratios,
statistical summaries of ground motion were computed and are included
here for comparison with other investigations, e. g., ratios of d/a,
v /a and ad/ v 2 (d, v, and a denote displacement, velocity and acceleration,
respectively). Results are presented in terms of the median (50 per
centile) and the median plus one standard deviation (84.1 percentile).

Ground motion ratios for the two categories are presented in Table 1.
For comparison, the results for "rock" (stations on rock deposits) and
lI a lluvium" (stations on an unspecified thickness of alluvium) of a pre
vious study (13) are presented.

Although the difference s between the results of the two studies
shown in Table 1 are partially due to the manne r in which the site s are
classified, it is believed that they are primarily caused by the filtering
for long period oscillation characteristics. As one might expect, by
the selection of records with long period oscillation, the ground dis
placements are increased. The via ratios for the "hard" and II so ft ll

sites are also greater than the ratios for "rock" and "alluvium", although
the increase is not as significant as that for the displacement ratio, d/a.
The ad/v2 ratios indicate no general trend for the records with long
period os cillations. Since this ratio is proportional to displacement,
inversely proportional to the velocity squared, increases in d and v
tend to offset each other. The depth of soil overburden is a significant
factor in amplification, and also the duration of strong motion has a
greater influence on the amplification for sites with shallow alluvium
than for sites with deep alluvium.

Spectral amplifications for 2, 5 and 10 percent of critical damping
are given in Table 2. The results of a previous study (13) are presented
for comparison. The increase in the displacement amplification ratios
is the result of selecting records with long period oscillation charac
teristics, whereas the increase in the acceleration amplification ratios
is the result of selecting records with a duration of strong motion greater
than 5 sec. This increase in the acceleration amplification ratios is
consistent with the results from a previous study (22).

The spectral amplifications, particularly the 84. 1 percentile, com
puted in this study are very similar for both site categories. In the
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comparison study (13) there were appreciable differences in the amplifi
cation ratios for "rock" and lI a llu vium lf

• In that study, the geological
classification was more refined. With the introduction of the ground
motion, the resulting spectra for the two categories of this study are
substantially different.

Although the spectral amplification ratios presented herein are
intended for use with the ground motion maxima from seismic risk
studies (see ref. 29, for example), response spectra based on the log 50
percentile ground motion and 84. 1 percentile amplification ratios are
computed and presented for comparison to previous studies. To be
consistent with other studies, ground motion is normalized to 1.0 gl s,
and velocity and displacement were computed from the via and adlv2

ratios, respectively. The spectra for 2, 5 and 10 percent critical
damping for Ifhard" and "softl! sites are given in Figures 1 and 2. A
comparison of 5 percent critical damping spectra from this study and
others is presented in Figure 3. This figure indicates that the spectra
constructed from this study are generally higher in the velocity and
displacement regions than spectra from other studies.

SUMMARY AND CONCLUSIONS

Regression analyses of ground motion and spectral amplifications
for records with long period oscillation characteristics for two site
categories are presented and compared to previous studies. The re
sults indicate that displacement and velocity spectral bounds (based on
the product of 50 percentile ground motion and 84. 1 percentile ampli
fication) are different from those of other investigations. The differ
ence reflects mainly the influence of the long period oscillation charac
teristics of the record which is important in the design of flexible
offshore platforms. The amplification ratios presented in this study
are intended specifically for use with ground motion isoseismal maps
(29) in preparing design response spectra for offshore platforms.
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Table 1. Summary of Ground Motion Ratios (Log-Normal Distribution)

d/a vIa ad/v2
On/g) on/sec)/g

Classification
Number of

Components Percentile

50% 84.1% 50% 84.1% 50% 84.1%

Hard 14 23 34 48 69 3.9 6.4

Soft 67 34 48 56 78 4.1 6.0
.,

5.3 II. 0Rock (Ref. 13) 13 8 15 24 38

:;:

23 44 48 69 3.9 6.0Alluvium (Ref. 13) 25

:;:

Based on the largest of the two horizontal components of peak ground acceleration.

Table 2. Summary of Spectral Amplifications (Log-Normal Distribution)

Displacement Velocity Acceleration

Classification Damping
Percentile(% of critical)

50% 84.1% 50% 84.1% 50% 84.1%

Hard 2 2.73 3.52 1. 67 2.34 2.78 4.03
5 2.39 2.99 1. 32 1. 78 2.12 2.94

10 2.00 2.41 1. 04 1. 34 1. 70 2.27

Soft 2 2.67 3.52 1. 60 2.22 3. 04 4.08
5 2.30 2. 95 1. 26 1. 69 2.28 2.91

10 1. 92 2.39 0.99 1.29 1. 80 2. 20

Rock "(Ref. 13) 2 2. 13 3.29 1. 57 2.44 2.57 3. 80
5 1. 83 2. 71 1. 28 1. 90 1. 98 2.82

10 1. 53 2.16 1. 04 1. 48 1. 56 2.11
:;:

Alluvium (Ref. 13) 2 2.51 3.43 1. 84 2. 77 2.60 3.55
5 2.07 2.78 1.44 2.08 2.01 2.58

10 1. 68 2.19 1.13 1. 58 1. 62 1. 99

.,
Based on the largest of the two horizontal components of peak grou nd acceleration.
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FIG. 1 - RESPONSE SPECTRA FOR 2, 5, AND 10 PERCENT OF CRITICAL
DAMPING FOR "HARD" SITE. (Log-Normal 50 percentile
ground motion and 84.1 percentile amplifications)
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FIG. 2 - RESPONSE SPECTRA FOR 2, 5, AND 10 PERCENT OF CRITICAL
DAMPING FOR "S0Fr' SITE. (Log-Normal 50 percentile
ground motion and 84.1 percentile amplifications)
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INFLUENCE O~ SOIL-STRUCTURE INTERACTION EFFECTS

ON DYNA~1IC RESPONSE OF LARGE PANNEL PREFABRICATED

BUILDINGS

I
Jakim Petrovski

ABSTRACT

Assumption of fixed base of the structures into the soil media conside
rins it as a rigid nondeformable media is widely used in the existing me
thods for structural dynamic response analysis. Presented experimental re
sults from full-scale forced vibration studies of rigid structures are show
ing that this assumption has hardly a~ appropriate physical justification.

Using dynamic properties obtained from full-scale forced vibration study
formulatlon of the mathematical model of five and twenty-two storey large
panne1 prefabricated buildings is performed.

Comparing the results from the respinse analysis of the fixed and flex
ible base model of the buildings, an increase of the base shear up to 50 per~

cents is obtained. It is concluded that the influence of soil-structure in
teraction ought to be considered in the case of typified construction of
large-pannel prefabricated buildings and similar rigid structures, in parti
cular due to the effect of significant increase of lateral forces not consi
dered in the existing seismic design codes.

INTRODUCTION

In order to find solution of the serious housing problems many European
countries (USSR, France, Denmark, U.K., Germany, Romania, Yugoslavia and
others) adcoted large-pannel prefabricated structural system as favourable
from both structural and constructional point of view (6). The system was
developed initially for application in non-seismic zones and in most of the
cases was automatically adopted for seismic zones with minor changes. Be-
sides the structural problems connected with satisfacto~ determination of
elastic and post-elastic structural behaviour, the influence of soil flexi
bility on the dynamic response of this type of rather stiff system is play-
ing very important role. The system is usia11y used for mass construction
and the design of different types of buildings is performed based on stan
dard seismic code requirements in which the effect of soil flexibility in
fluence on the structural response is not taken into account.

Studies on the influence of the soil media flexibility on the damage ra
tio of the 1arge-panne1 prefabricated structures in the past earthquakes
(3,6) as well as recent forced vibration studies of the full-scale structu
res and strong motion records (4,5) had shown that the soil media flexibili
ty has a significant influence on the dynamic responce of this type of struc
tures.

From the above evidence it appears that widely used assumption treating
the structure fixed in the soil media hardly has any physical justification.

Director and Professor, Institute of Earthquake Engineering and Engine
ering Seismology, University of Skopje, Yugoslavia.
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In order to have more realistic prediction of the structural response, it
will be desirable in the formulation of the mathematical models of the struc
tural systems to include the soil media flexibility.

The soil media flexibility~ or as it is commonly used soil-structure in~

teraction, depends basically on the mechanism of energy transmission between
the soil media and the structure itself. The primary effects of interaction
phenomena consist in the resonant frequencies modification and the energy
absorbtion increase.

SOIL-STRUCTURE INTERACTION PARAMETERS EVALUATION

An effort for pvaluation of soil-structure interaction parameters from
the dynamic response of embedded footings has been presented in (4) and (5).
Gasic assumtions in their evaluation is that the equivalent linear dynamic
properties of the soil media are valid if they are obtained from the dyna
mic test simulating the embeddment conditions and the excitation levels on
the structural foundation model in the same soil conditions of the contact
area as for the structural system considered.

Using approximate analytical solution for the coupled horizontal and
rocking vibration of embedded footings (4) and field experimental results
from the dynamic response of the foundation models, a reverse analytical
procedure has been applied for evaluation of the equivalent linear dynamic
properties of the soil media for different excitation levels. This procedure
enables presentation of the nonlinear behaviour of the soil media with equi
valent linear properties depending on the level of deformation involved in
the system. In this manner the biggest insufficiency of the discrete model
is exceeded. On Fig. 1 the diagrams of equivalent shear moduli of the sub-
soil and the side soil, dependent on the deformations in the soil-foundation
system for rectangular footings, are given.

In order to check validity of the presented assumptions a full-scale
forced vibration study of the five and twenty-two storey large pannel pre
fabricated buildings founded in the same soil conditions was performed. For
the magnitude of deformations on the foundation level and the diagrams on
Fig. 1 the values for equivalent shear moduli were obtained. Values of the
soil-structure interaction parameters could be now calculated for the parti
cular case using corresponding equations to determine equivalent values
of the shear moduli (4~5).

MATHEMATICAL MODEL FORMULATION

In order to determine
dynamic properties of the
differential equation for
lowing form:

4
EI a U +
~

the influence of the interaction phenomenon on the
structure, an Euler beam model was developed. The
free vibration of a beam can be written in the fol-

- 2 4U 4Um (m r .LJI - EI a? 2) (1)
K'AG at'+ ax 3t

where:

E modulus of elasticity
I = moment of inertia of the beam
m= mass per unit length
r radius of gyration of the cross section

K'A = effective shear
area of the section
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Using the Laplace transform, equation (1) can be transformed into the follo
wing form:

Q "(x) 4 2 - 2 4 - 2 2
+ (a r +~ ) <jJ1l(X) - a (1 - mw r) <!J(X) = 0

K'AG K'AG
........... (2)

where _ 2
a4 _ iJ]W

E1
and w is the characteristic frequency of vibration in radians per second.
The solution of equation (2) can be obtained in a standard way by assuming
a solution in a form

Q(X) = C eSx

which leads to the final shape function expression

¢ (x) = DlsincSx + D2coscSx + 03shsx + 04chEx

where 2) and E are functions of a.

........... (3)

........... (4)

From the boundary conditions of the beam for flexible base model, the
following matrix equation can be written:

- 1 E1 2 - 1 °1KJ E

E1
0
2

+ E E1 2 O2K2 K2
E

= o .. (5)
2 2 2

03-0 cosol E sht.l t. chcL

l°4
3 . 3 3

2) slnol E chEl E shsL

For the coefficients to be nonzero, this equation requires that the de
terminant of the square matrix vanish; setting this determinant equal to ze
ro provides the frequency equation from which the frequencies of vibration
of the cantilever beam can be obtained. Expressing the coefficients 02, 03
and 04 from equation (5) in terms of only the fir~t coefficient, the mode
shape can be obtained from the equation (4).

DYNAMIC PROPERTIES OF THE BUILDINGS

In order to study the influence of the soil-structure interaction on the
dynamicresponse of large-pannel prefabricated buildings, forced-vibration
full-scale study was performed on five and twenty-two storey buildings with
typical floor plans and cross sections as shown in Figs. 2 and 3.

The rezonant frequencies and damping coefficients for the first mode of
vibration of the five and twenty-two storey buildings are given in Table 1.
and experimental mode shapes are presented in the Figs. 3 and 4.
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I Direction Five Storey Bld9.]Twenty-two Storey Bldg.

fr (c/S)I B(0/0) - fr (c/s) i r til ) I,"J ,.

I ~) \ ,<,

E - W 5.05 6.4-7.2 0.97 2.0

N - S 5.15 3.9-4.1 1.32 3.0

For checking of the validity of the evaluated soil-structure interaction
parameters and formulation of the mathematical model using described procedu
re a fixed base and flexible base model of both buildings in transverse di
rection were analysed and the results are presented in the Figs. 4 and 5.
It could be easily seen that for the fixed base model there is a significant
difference in the mode shapes and the resonant frequencies differ for the
five storey building for abour 100% and for the twenty-two storey building
for 12%. In the case of the flexible base model there is practically no
difference in the mode shapes and the variation of the experimental and ana
lytical rezonant frequency is within 1 and 4.5% (Figs. 4 and 5).

DYNAMIC RESPONSE DIFFERENCE

For the five storey building the dynamic response for the fixed base and
the flexible base model were analysed for the El Centro 1940 N-S component
and Port Hueneme 1957 N-S component. Comparing the base shear for both models
an increase of 49.4% for El Centro and 23% for Port Hueneme was obtained
for the flexible base model in respect to the fixed base one.

CONCLUSIONS

The presented procedure for evaluation of the mathematical model of the
structural system including soil-structure interaction effect is demonstra
ted comparing analytical and experimental dynamic properties of the studied
large-pannel buildings.

There is evidence of an increase of 20-50% of the base shear due to the
interaction effect on the studied structural system. Significant increase of
the inertia forces in the rigid structural systems could be obtained due to
effect of soil media flexibility, producing large damage on the superstructu
re in the case of firm soil and large foundation differential settlements in
the case of soft soil. For the last one this effect could be larger due to
more intensive modification of the resonant frequencies and the smaller ef
fect of the energy absorbtion.

The largest number of buildings in housing development in most of the
countries are presenting low storey rigid structures, particularly those of
large pannel prefabricated buildings or similar. The existing design regu
lations and code of practice are neglecting the soil-structure interaction
effect. Some of the intensive damage and collapse of the structural systems
in the past earthquakes (Skopje, Anchorage, Niigata) could be better expla
ined if the soil flexibility effect is considered. In order to minimize
damage potential in the future construction it will be desirable to pay mo
re attantion studying the soil-structure interaction phenomenon and apply
ing it in the codes for design and construction in the seismic areas.
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MICROZONATION OF OFFSHORE AREAS - AN OVERVIEW

By

I. M. IdrissI , Lloyd S. CluffII, and Ashok S. PatwardhanIII

ABSTRACT

In principle, the approach to and methods of microzonation of
offshore areas are similar to those utilized for onshore areas. However,
the differences in the range and characteristics of parameters used in
defining the zonation criteria for comparable levels of safety or
acceptable risk may yield zonation maps of a different character. These
parameters include seismicity, earthquake recurrence intervals, subsurface
conditions, and structural characteristics. Simplified subregional
tectonic models may be used for seismic zonation, and the resulting zone
may be somewhat larger in size than on land. To improve the accuracy of
the results, it is necessary to pursue a program of investigation and
collection of data in offshore environments.

Structural characteristics of major offshore structures (such as
platforms) suggest that zonation be based on ground motion parameters such
as peak velocity, spectral velocity, or spectral displacement rather than
peak acceleration. It is advantageous to base the zonation on an
evaluation of seismic exposure and to supplement the seismic exposure
evaluations with representative subsurface data for microzonation.

INTRODUCTION

During the past two decades, offshore areas have received increasing
attention for development of petroleum resources, for construction of
submarine pipelines, and for other purposes such as sea bed mining.
Figure 1 shows some of the areas of major interest at present. Although
these areas are in active seismicity regions, zonation and microzonation
concepts have not been applied to them with the same degree of detail and
geographic coverage as they have been on land. Primary reasons for this
are:

(a) Offshore areas in zones of high seismic activity have not been
subjected to sustained utilization until the past decade and there were
too few locations to warrant zonation.

(b) Sufficient information regarding the different elements on which
microzonation is commonly based (tectonic setting, earthquake recurrence
intervals, subsurface conditions, and structural performance) have not
been accumulated and analyzed on an areal basis.

I Principal, Woodward-Clyde Consultants, San Francisco, California
II Chief Engineering Geologist, Woodward-Clyde Consultants,

San Francisco, California
III Associate, Woodward-Clyde Consultants, San Francisco, California
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(c) Sufficient experience was not available on the performance of
structural systems (such as platforms and pipelines) in an offshore
seismic environment.

(d) Ideas on reliability of offshore structures and acceptable risk
are still in a formative stage.

As a result of recent major design efforts and studies in some
seismically active offshore regions, such as Southern California and
Alaska, a clearer picture of the issues and methods for offshore
microzonation have emerged that may be of value to owners, designers, and
regulatory agencies. It is the objective of this paper to discuss these
issues.

Figure 2 shows a schematic flow diagram of the different steps of a
microzonation process. Current efforts at the microzonation of onshore
areas have accomplished these steps to different degrees of completion.
In principle, the steps followed in the microzonation of offshore areas
are similar to those in the onshore areas. However, differences in the
character of the elements noted in (b) above mandate differences in the
microzonation patterns. A review of these differences is both instructive
and of practical value.

PHYSICAL ENVIRONMENT

(a) Location Offshore areas of current interest are shown in
Fig. 1. The chief motivation for development of many of the areas is
recovery of petroleum. Also shown in Fig. 1 are areas of major seismicity
in the world. The coincidence of the two areas is remarkable and points
to the need for a systematic study of the range and character of
seismically induced forces on offshore structures. Most areas of interest
extend from a few miles to approximately 200 miles from the shore, to
which they are frequently connected by pipelines.

(b) Water - In the case of oil platforms, water depths have ranged
from 50 ft to 800 ft, although in some cases platforms in water depths
exceeding 1000 ft are being considered. Pipelines have been constructed
or planned in water depths to 2000 ft. Sea bed mining has been studied
for even greater depths.

The presence of water has a significant effect on the selection of
type of structure, the selection of environmental loading--both static and
transient--and on the response of the structure. In areas of low
seismicity, the effects of waves and storms on structures and foundation
soil stability (e.g., structural stresses, down slope movement,
liquefaction) can be comparable to or exceed earthquake effects and make
seismic microzonation relatively unimportant.

(c) Soil Characteristics - Available information on soil charac
teristics in offshore areas is limited to a few locations under active
development (e.g., Gulf of Mexico, North Sea, Gulf of Alaska, Southern
California). The range of material types and in situ index properties is
similar to those on land, varying from rock and stiff soils to very soft
deep alluvial materials. The deformational properties may show some
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differences. Deeper sedimentary deposits and deposits normally
consolidated to considerable depths are encountered more frequently than
on land. Weak, near-surface materials with a potential for instability
due to wave action are also encountered in several areas. Therefore,the
seismic hazards that result from various soil properties may be different
in an offshore environment and may influence the selection of
microzonation criteria.

SEISMIC ENVIROtillENT

(a) Seismicity - The offshore areas experience varying levels of
seismic activity ranging from 10"1 (e.g., Gulf of Mexico) to very high
(e.g., the Aleutians). Many of the offshore areas of current interest
(e.g., the entire circum-Pacific belt, Iran, Italy, Rumania, and Turkey)
are located on or close to major plate boundaries and experience the
effects of major tectonic activity. The average recurrence of large
earthquakes (Hs > 7) in these areas is high; the areas shown in Fig. 1
account for nearly 80 percent of the worldwide annual release of seismic
energy (l).

Great earthquakes (Ms > 7.8) tend to occur in a nonrandom pattern in
space and time (2). This pattern results in "seismic gaps" during which
no significant seismic activity is observed for a period of time (usually
several tens of years). Although seismic gaps are recognized in onshore
areas, they appear to be of greater significance in offshore areas, which
incorporate more gap areas. Areas experiencing seismic gaps are believed
to be areas of buildup of strain energy and have a higher likelihood of
experiencing a great earthquake in the near future than the adjacent
areas. The presence of gap areas and post-earthquake areas results in a
seismic exposure function that is time dependent. Consequently, seismic
zonation maps prepared on the basis of current levels of seismic exposure
need to be prepared on a "real-time" basis and updated periodically.

There is a paucity of regional information on the location, geometry
and rate of activity of earthquake sources such as the dipping sections of
subducting plates (Benioff zones) or individual active faults in offshore
areas. Therefore, offshore zonation has to be based on simpler,
subregional tectonic models and may cover larger areas than on land.

(b) Ground Motions - A major difference between onshore and offshore
areas is the lack of recorded ground motions in an offshore environment.
A limited number of recordings of offshore earthquakes are available from
onshore stations. An analysis of recordings from deep offshore
earthquakes (focal depths greater than 20 km) show major differences in
the source and attenuation characteristics of offshore ground motions vis
a-vis the motions from shallow, onshore earthquakes (3). It appears that
for the deep, offshore sources, longer period motions (T > 1 sec) are less
dominant than for shallow, onshore sources. Also, motions generated by
the deep earthquakes appear to attenuate at a slower rate than motions
generated by shallow earthquakes (3) for all frequencies. The significant
duration of these motions appears to be shorter than the duration of
onshore earthquakes. The combined effect of these differences on seismic
exposure and seismic zonation can be significant, as discussed below.
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SEISMIC EXPOSURE

The above-mentioned differences in earthquake source charac
teristics, recurrence, ground motions, and attenuation characteristics
indicate seismic exposure patterns that differ from those obtained on
land. Differences in the frequency contents of deep earthquake motions
can lead to different spectral shapes for any given probability of
exceedance. Based on available studies, it appears that in areas of high
seismicity, s11ch as near subduction zones where large, deeper earthquakes
occur, the expected values of high frequency motions may be substantially
higher in offshore areas within 200 km of the dominant sources, whereas
values for longer period motions (e.g., spectral velocity at T = 5 sec)
may be substantially lower for all return periods.

CONSIDERATIONS FOR ZONATION A~m MICROZONATION

A zonation process is often undertaken with multiple objectives,
such as:

(a) delineation
seismic design inputs
design.

of areas for which
can be defined for

broad seismic
both elastic

exposure and
and inelastic

(b) delineation of areas that have specific potentials for similar
types of seismic hazards or have specific ranges of subsurface conditions.

(c) delineation of areas for which similar risk and performance
criteria can be defined.

In the context of offshore development, objective (a) is of interest
to owners for prebid analyses and comparative analyses of different areas.
If approximate cost versus seismic design level relationships are
available, the information is also of interest to a designer for comparing
various platform types and design strategies. Objective (b) enables a
refinement of the alternate designs and costs and, if other factors do not
change, offers an opportunity for comparison between different locations.
Objective (c) enables further refinement of the designs and an
optimization of costs and expected performance. Each step offers
progressively more detailed assessment of the safety and performance of
the structure. None of the currently available zonation procedures,
either on land or offshore, have accomplished all these objectives in an
adequate manner.

At present, three studies are available on the seismic zonation of
coastal waters in the United States (4, 5, 6). Two are based on a seismic
exposure evaluation of an area (4, 5). The third study (6) provides a set
of reference values of shaking and reommends design response spectra for
three typical subsurface conditions.

Hore comprehensive studies have been conducted for specific areas.
A recent example is the Offshore Alaska Seismic Exposure Study (OASES)
(7), in which a comprehensive evaluation of seismic exposure was made for
most offshore areas in Alaska in terms of a number of ground motion
parameters including peak values (peak acceleration, peak velocity, and
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displacement), RMS values, and spectral values (velocity and
displacement). No other published studies on micro zonation of offshore
Alaska are available. The ASOC study provides a basis for such efforts.
Site-specific studies have been made for offshore platform sites (in the
North Sea, Southern California, and Gulf of Alaska), some of which are
available in literature (8).

Zonation studies are helpful in providing an estimate of seismic
exposure. This estimate may be utilized for overall strategies and for
assessing, on a generic basis, the relative benefits of siting in one area
versus another, and the relative costs of additional conservatism in
design. A major consideration in seismic zonation for offshore areas is
the choice of appropriate ground motion parameters. A maj ority of
offshore structures have long natural periods (T = 2 to 5 sec); structures
with natural periods of 20 sec have been contemplated. Ground motion
parameters that influence their behavior more significantly are peak
velocity, peak displacement, and response spectral values. It is more
appropriate, therefore, to formulate zonation and microzonation criteria
and maps utilizing these parameters rather than peak acceleration, as is
commonly done for onshore areas. If the dominant sources of seismic
exposure are offshore and deeper (H > 20 km), the longer period components
of motion may show a different seismic exposure pattern. The API RP 2A
earthquake provisions (6) utilize a parameter designated as "effective
acceleration" for zonation. At present, the effective acceleration has
not been related to seismic exposure. Additional work is needed in this
area.

If the objective of zonation is to provide a basis for seismic
design that will limit the probable damage to an acceptable value, the
offshore areas have certain advantages in relation to onshore areas in
that, in most cases, the types of structures are limited and the period of
interest is relatively short (generally less than 40 years). The
applicable design criteria can be defined on the basis of real-time
expected seismicity levels to achieve desired levels of elastic strength
and ductility. Limited available data indicate that in some areas the
elastic design criteria can be based on an approximately 100-year return
period ground motion for a 20- to 30-year useful life of the structure for
a satisfactory design. The ductility criteria with respect to longer
return period effects of earthquakes can be met by selecting an earthquake
with a return period consistent with the acceptable risk in the area.

On the other hand, a handicap for a risk-based seismic zonation is
the lack of a definitive relationship between the probabilities of damage
and expected ground motions for offshore structures. This difficulty
exists even for onshore structures, but to a considerably lesser extent
because a large volume of observational data on damage versus ground
motions is available from historical earthquakes.

Another ingredient of risk-based zonations is the definition of
"acceptable risk". Different assessments of acceptable risk may be made
by the regulators, owners, designers, and the· public at large.
Considerations governing acceptable risk in offshore areas are similar to
those in other areas and include items such as the need to protect
investment, the need to maximize public safety, and the need to minimize
impact on the environment.
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As shown in Fig. 3, additional information is required for
microzonation. This information \/lill consist of data on the type, extent
and range of properties of subsurface materials, and presence of
subregional or secondary earthquake sources. Generally, such information
is acquired by drilling, in situ testing, and by geophysical techniques.
In an offshore environment, acquisition or: this information is very
expensive, and the need for its acquisition over large areas is not likely
to arise very often. Therefore, the prospect of complete microzonation of
large offshore areas is rather remote at present. Hmlever, with a
moderate outlay of resources, it may be possible to delineate specific
microzones for the purpose of an assessment of potential for seismically
induced hazards such as surface fault rupture, slope failure, or
liquefaction. It may also be feasible to define ranges of soil response
spectra applicable to a given microzone. Where possible, microzonation on
the basis of subsurface data can be of help in the refinement of design
strategies and risk assessments.

It has been suggested that, because the siting of major structures
in the offshore environment is strongly influenced by factors such as
location of oil reservoirs, and the structures may be few in number and
located at considerable distances from one another, it may be advantageous
to proceed directly to site-specific studies, once the broad seismic zones
are established, and eliminate microzonation. Such may be the case if the
structures are very few in number and do not require any auxiliary
structures. Microzonation may be of benefit where a relative assessment
of subregional seismic hazard is required and in cases where more than one
site in the same zone needs to be evaluated.

SUMMARY

In principle, the approach to and methods of microzonation of
offshore areas are similar to those utilized for onshore areas. However,
the differences in the range and characteristics of parameters llsed in
defining the zonation criteria for comparable levels of safety or
acceptable risk may yield zonation maps of a different character. These
parameters include seismicity, earthquake recurrence intervals, subsurface
conditions, and structural characteristics. Simplified subregional
tectonic models may be used for seismic zonation, and the resulting zone
may be somewhat larger in size than on land. To improve the accuracy of
the results, it is necessary to pursue a program of investigation and
collection of data in offshore environments.

Structural characteristics of major offshore structures (such as
platforms) suggest that zonation be based on ground motion parameters such
as peak velocity, spectral velocity or spectral displacement, rather than
peak acceleration. It is advantageous to base the zonation on an
evaluation of seismic exposure and to supplement the seismic exposure
evaluations with representative subsurface data for microzonation. Ground
motion relationships utilized in the evaluations should take note of
significant differences that may exist between onshore and offshore areas.
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Source: Offshore areas Woodward-Clyde
Consultants files (1978)

EXPLANATION

Major Offshore Areas of Current Intrest

~ Major Plate Boundary
PACIFIC

Fig. 1. Major Offshore Areas of Current Interest and
Areas of Major Tectonic Activity
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FACTORS INFLUENCING SEISMIC EXPOSURE EVALUATION FOR OFFSHORE AREAS

By

Ashok S. PatwardhanI

ABSTRACT

Seismic exposure evaluation is an essential step in seismic
zonation, evaluation of seismically induced hazards, and risk~based design
of offshore structures. The application of the results of a seismic
exposure evaluation is based on calculated values of ground motion
parameters which, in turn, are influenced by input parameters and the
exposure evaluation model. The relative influence of various factors is
discussed by examining seismic exposure in an example area (Gulf of
Alaska). Major influencing factors include the source characterization,
attenuation characteristics, and exposure evaluation procedure. A
separation of the overall seismic exposure values into the contributions
of different sources and factors enhances the value of a seismic exposure
evaluation for a specific purpose.

ROLE OF SEISMIC EXPOSURE EVALUATION IN OFFSHORE AREAS

Seismic exposure is defined as the exposure to earthquake effects at
a given location expressed as the level of a ground motion parameter for a
selected probability of exceedance. If planned with a sufficiently broad
scope and in adequate depth, a seismic exposure evaluation can provide
insights of value to offshore development. To name a few:

(a) Seismic exposure values can be useful for qualitative cost
estimates and risk assessments necessary for pre~lease evaluations. They
may serve to preclude certain structural configurations from consideration
for certain lease areas. If a relationship between earthquake forces and
platform costs were available, they could strongly impact bid strategy.
If combined with an areal description of soil properties, the results can
be used to identify tracts with potential foundation problems and to guide
the selection of pipeline routes.

(b) Seismic exposure maps can provide a broad basis for seismic
zonation and establish design guidelines for similar seismic risks in the
various offshore areas. If seismic exposure values are calculated for
various return periods (e.g., ranging from 50 to 1, 000 years), they can
provide the designer with an opportunity to assess the impact of added
conservatism on facility cost.

(c) Identification of dominant factors can afford the research
planner an opportunity to target research efforts where they will be most
productive; e.g., earthquake sources, transmission paths, subsurface
conditions, and exposure evaluation models.

I Associate, Woodward-Clyde Consultants, San Francisco, California
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(d) A seismic exposure evaluation can provide one of the bases for a
site-specific study. If a breakdown of the relative contributions to
seismic exposure by different earthquake sources can be established, the
bases for seismic design can be refined further.

(e) Finally, the first element of a reliability analysis is a
probabilistic description of the environmental forces. A seismic exposure
evaluation can provide this description for the earthquake loads.

Most applications of a seismic exposure evaluation are based on the
calculated values of ground motion parameters which, in turn, are
influenced by input parameters and the evaluation model. It is the
objective of this paper to examine the relative significance of various
input parameters. For illustration, examples are chosen from a recent
comprehensive seismic exposure study, the Offshore Alaska Seismic Exposure
Study (OASES), sponsored by ASOC (1).

SCOPE

The scope of a seismic exposure evaluation is governed by the
proposed utilization with respect to structures, space, and time. Major
offshore facilities include a wide range of structures varying from
pipelines to platforms, which are flexible structures with long natural
periods (typically 1 to 10 sec). The response of the facility and the
stability of foundations is influenced by properties of subsurface
materials. Published work (e.g., 2 and 3) indicates that significant
differences exist in the characteristics of motions recorded on rock,
stiff, and soft materials depending upon the magnitude, distances,
material properties, and the motion itself. Different design strategies
may require assessments for different probability levels. Thus, the
desirable scope of an exposure evaluation should encompass:

(a) Calculation of seismic exposure values for ground motion
parameters that have dominant influence on structural response in a given
frequency range; e.g., peak values (peak acceleration and peak velocity),
RMS values, and spectral values (velocity and displacement).

(b) Calculation of seismic exposure values for different site
conditions.

(c) Calculation of seismic exposure values extending over a range of
return periods.

EXPOSURE EVALUATION MODEL

The steps in a seismic exposure evaluation of offshore areas are
shown in Fig. 1. They are: source seismicity, attenuation, and exposure
evaluation. Figure 2 depicts a model in which the geometrical
representations of the sources, earthquake events, and attenuation paths
are consistent with the physical conditions in an offshore environment
(1). All earthquake sources are represented by one or more dipping
planes. For calculation purposes, both the earthquake source surface and
the offshore area under investigation are discretized into grid cells.
Each grid corner on the source is a potential earthquake hypocenter. Each
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grid cell corner in the offshore area is a "site". An individual
earthquake event is represented by a rectangular rupture surface whose
size is a function of the size (surface wave magnitude, Ms ). of the
earthquake. Vibratory ground motion is assumed to be generated along the
rupture surface and propagated towards a site along the shortest path
between the rupture surface and the site (designated as significant
distance in Fig. 2).

The seismic exposure calculations begin by choosing and calculating
a source for all the earthquake magnitudes and locations along the source
by utilizing the recurrence relationship and attenuation relationships.
The procedure is then repeated for the next source until all sources are
exhausted. A relationship showing the combined probability of exceeding a
given value of the ground motion parameter due to all sources is plotted
as shown in Fig. 3 (a) • Similar relationships are established for other
sites within the area. Selected values of ground motion parameters at
each site corresponding to a given return period (probability of
exceedance) can be utilized to construct a seismic exposure map. This
geometrical scheme differs from most available models and may influence
calculated ground motion values in high seismicity areas (4).

RELATIVE SIGNIFICANCE OF INFLUENCING FACTORS

Source-Related Parameters: The relative significance of the various
parameters in Fig. 1 is discussed using the Gulf of Alaska area from OASES
as an example area (1). Earthquake sources in the region are shown on
Fig. 4. The dominant earthquake source is the Benioff zone, which
underlies the area at a shallow depth (approximately 12 km). North of the
lease area, the zone dips at approximately 30 degrees with depths varying
between 13 and 62.5 km. Other earthquake sources include known individual
faults. The geometrical scheme of Fig. 2 is a good representation of the
sources in the area.

Similarly, a large number of offshore areas of current interest lie
close to zones of maj or seismic activity, wherein the dominant cause of
earthquakes is the relative movement between the plate boundar-ies which
may be predominantly strike-slip (e.g., the San Andreas fault) or thrust
motions (e.g., Benioff zone in southern Alaska). Other earthquake sources
may include individual faults, fault zones, and volcanic areas. If the
seismicity is associated with well-defined sources, the location and
spacing between the sources produces an exposure pattern different from
the case when the seismicity is uniformly distributed over a large area.
In many offshore areas, it may be difficult to correlate all seismic
activity with known sources. A combination of the two alternatives
becomes appropriate wherein the tectonic model includes both known sources
and "random" sources that represent sources of unknown location.

Similarly, characterization of an individual earthquake event as
occurring at a point affects the seismic exposure significantly in
comparison to the case when the same overall earthquake is modelled by a
rupture surface over a finite area. In the model shown in Fig. 2, the
size of the rupture area will be 12 x 6 km for Ms = 6 and 400 x 200 km for
M = 8, which indicates that the rupture surface may underlie practically
a; entire offshore area if earthquake magnitudes Ms ~ 7.8. Figure 5 shows
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a comparison of the seismic exposure values for a site similar to a site
in the example area obtained by using different seismic exposure models
(4). Clearly, the association of a rupture surface with an earthquake
event yields substantially higher values in high seismicity areas.

Recurrence of earthquakes can influence the seismic exposure at a
site in a significant manner. In some major plate boundary areas, the
occurrence of large earthquakes is highly non-random in location and time
(5). This gives rise to "seismic gaps" in which no great earthquakes
(M : 7.5) have occurred for a period of time. It has been suggested (5)s
that the probability of occurrence of great earthquakes is higher in
seismic gaps than in other areas which have experienced a great earthquake
in the recent past. To evaluate the significance of seismic gaps to
seismic exposure, calculations should be made to differentiate between the
contributions of great, gap-filling earthquakes and of smaller,
independent earthquakes.

Figures 3(a), (b), and (c) show the cumulative distribution
functions for maximum acceleration (a ax)' maximum velocity (vmax)' and
pseudorelative spectral velocity (PS~), respectively, for site A in
Fig. 4. For each parameter, values are calculated for all sources
(curve 1), for the dominant source (Benioff zone) (curve 2), and for the
random source (curve 4). Also shown are the calculated exposure values
due to the smaller earthquakes, Ms < 7.5 (curve 5). A comparison between
curves 2 and 5 is informative in that it provides a relative assessment of
the contribution to seismic exposure by the "gap-filling" great
earthquakes and the smaller magnitude earthquakes. The inf luence of
change in the level of seismic activity on seismic exposure was evaluated
by increasing the expected number of earthquakes of all magnitudes on the
dominant source by a factor 2 (curve 3). A horizontal line is drawn (in
Fig. 3) at a probability of exceedance of 0.33 (i.e., a IOO-year return
period for a 40-year period ~f interest), which gives the peak
acceleration values of 193 em/sec for all sources, 175 cm/sec2 for the
Benioff zone, and 52 cm/sec2 for the random source.

To ascertain the relative contribution of various sources, the
probability of exceedance for a selected value of maximum acceleration can
be examined. In Fig. 3(a) for a probability of exceedance I = 0.33 for
all sources, the maximum acceleration (amax) is 193 cm/sec.

a
For this

value of amax ' the probability of exceedance on the Benioff zone, PB' is
0.275. The probability of exceedance of the same a for sources othermax
than the Benioff zone, Pr' can be obtained by assuming independence of
events:

Le., 7.6%or Pr

(1 - Pa) = (1 - PB) (1 - Pr)

1 - -'-(1"----..0-0 .;....;:3~3..t:-)- = O. 0 76
(1 - 0.275)

Similar calculations indicate that the Benioff zone contributes 83%
of the expected peak acceleration and that approximately 38% of the
seismic exposure due to the Benioff zone is contributed by earthquakes of
magnitudes smaller than Ms = 7.5. An estimate of relative contributions
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of different magnitude ranges and a knowledge of the appropriate distance
to the Benioff zone at this site (approximately 12 km) provides useful
information for inelastic design considerations or selection of input
motions for analysis.

Relationships similar to those shown in Fig. 3 can also be used to
estimate the variation in relative contributions of the various sources
with return period. For example, the following table summarizes the
relative contributions of various sources for return periods of 50, 100,
and 500 years.

Return Period (Years) 500 100 50

Maximum Acceleration (amax)' cm/sec2 318 198 152

Probability of Exceedance of amax due to:
All sources (Pa) 0.08 0.33 0.55

Benioff zone (PB) 0.06 0.275 0.45

Other sources (Pr) 0.02 o. 08 0.182

Benioff zones, Ms < 7.5 (PBs) 0.019 0.08 0.19

Benioff zones, Ms < 7.5 (% of Benioff zone) 16.7 29.1 42

As can be seen from the table, as well as from Fig. 3, the
contributions of smaller magnitude earthquakes to seismic exposure
decrease with increasing return periods, a result that can be anticipated
from the N-M relationship, the minimum distance of the Benioff zone from
the site, and the attenuation relationship.

On the Benioff zone itself, an increase in the overall seismicity by
a factor of 2 increases 2he 100-year rzturn period value of maximum
acceleration from 175 cm/sec to 220 cm/sec ; i.e., by approximately 26%.

Similar assessments can be made for peak velocity, vmax (see
Fig. 3b) and pseudorelative spectral velocity, PSV (T = 1.5 and 5 sec, B =
5%) (see Fig. 3c). The Benioff zone contributes nearly 82% of the
exposure in case of maximum velocity and approximately 82 to 85% of the
exposure in case of pseudorelative spectral velocity. The contributions
of the random source appear to be somewhat higher for amax than for vmax
or PSV. Figure 4 shows a seismic exposure map for the example area for a
lOa-year return period. Figure 5 shows the range of calculated values of
different parameters versus return period.

Attenuation Parameters: Physical conditions in the example areas suggest
that two types of attenuation relationships should be utilized in the
calculation of seismic exposure (1): transmission path A, applied to
shallow earthquakes with focal depths less than 20 km; and transmission
path B, applied to deeper earthquakes on the Benioff zone with focal
depths greater than 20 km. A log normal distribution was used to account
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for the uncertainty associated with the attenuation relationship. The
relationships utilized for peak accelerations are shown in Fig. 6 (1).

Similar conditions appear to exist in other offshore areas close to
the major plate boundary; e.g., the Aleutians (1). Analyses were made for
one site in the Aleutians to evaluate the effect of variation in the type
of relationship, depth of application, the width of distribution
associated with the relationship, and site conditions.

Type and Depth of Application: The configuration of the dominant source
for the investigated site, the Benioff zone, is similar to that shown in
Fig. 2 with a shallow dipping portion at depths of approximately 20 km and
a steeply dipping portion with depths varying between 20 km and
100 km (1). Correspondingly, three depths (0, 21, and 100 km) were
utilized corresponding to cases (A), (B), and (C) in Figs. 7(a) and (b).
Thus, case (A) represents the calculation of seismic exposure values using
only transmission path B, case (C) represents calculations using only
transmission path A, and case (B) represents the basic case consistent
with the physical setting. Figures 7(a), (b), and (c) show that
significant differences in the values of maximum acceleration, maximum
velocity, and pseudorelative spectral velocity can be obtained depending
upon the type of relationship used and the depth of application. The
differences in calculated exposure values are larger in case of maximum
acceleration and smaller in case of maximum velocity. A reversal in
trends is observed in case of pseudorelative spectral velocities
(Fig. 7c). The differences in exposure values are primarily attributable
to the differences in the characteristics of motions associated with
transmission paths A and B, in which long motions from deeper earthquakes
(path B) appear to be less dominant than those from shallow earthquakes
(path A) (1).

Site Conditions: Figures 8(a), (b), and (c) show the effect of using
attenuation relationships for rock and stiff sites for calculating seismic
exposure with respect to amax ' vmax ' and PSV (T = 1.5 and 5 sec),
respectively, for one site in the example area; i.e., the Gulf of Alaska
area. For a IOO-year return period, maximum accelerations for rock and
stiff site conditions differ only slightly from each other than those for
stiff sites, while maximum velocities are substantially higher for stiff
site conditions. The spectral values are higher for rock site conditions.
For a 100-year return period, the ratio of maximum accelerations for stiff
to rock site conditions is approximately 1.0 and of maximum velocities is
approximately 1.65. Spectral velocities for both periods (T = 1.5 and 5
sec) are substantially higher for stiff sites than for rock sites for all
return periods.

Dispersion: Seismic exposure calculations for a site in the Aleutians
area using log normal distributions of widths equal to 0, 1, 2, 3, and 4
standard deviations with respect to the mean indicate that the values of
peak acceleration, peak velocity, and pseudorelative spectral velocity for
a selected probability of exceedance differ insignificantly (less than 5%)
for distributions using widths three times the standard deviation or
greater.

Exposure Evaluation Model:
evaluation model on the

Figure 9 shows the influence of the exposure
calculated values. Three models by Der
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Kiureghian, McGuire, and Stanford were evaluated (see 4 for details). As
shown in the figure, significant differences can be obtained depending
upon the source geometry and recurrence inputs.

SUMMARY

Seismic exposure evaluation is an essential step in seismic
zonation, evaluation of seismically induced hazards, and risk-based design
of offshore structures. The application of the results of a seismic
exposure evaluation is based on calculated values of ground motion
parameters which, in turn, are influenced by input parameters and the
exposure evaluation model. The relative influence of various factors is
discussed by examlnlng seismic exposure in an example area (Gulf of
Alaska). Major influencing factors include the source characterization,
attenuation characteristics, and exposure evaluation procedure. A
separation of the overall seismic exposure values into the contributions
of different sources and factors enhances the value of a seismic exposure
evaluation for a specific purpose.
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SEISMIC EXPOSURE AND RELIABILITY CONSIDERA TIONS

IN OFFSHORE PLATFORM DESIGN

by
I IIR. G. Bea and M. R. Akky

ABSTRACT

Decisions on earthquake ground motions appropriate for design should include
consideration of the structure design process and of the projected performance of
structures designed by such a process. Seismic design conditions depend not only on
geology and seismology, but as well on the characteristics of the structure which is to
be designed and on the degree of reliability which is deemed desirable.

Seismic exposure results from a recently completed study of Alaskan Continen
tal Shelf areas (I) are combined with results of a previous study of the performance
and reliability characteristics of steel, tubular membered, template-type, pile
supported offshore platforms (2,3,4). Effective ground accelerations applicable to
API's (5) normalized response spectra for design of offshore platforms are developed
for two general locations - Eastern Gulf of Alaska and Lower Cook Inlet. These
preliminary results indicate that substantial reductions in effective ground .Qccelera
tions may be justified for Lower Cook Inlet. Current API values appear to be
appropriate for the Eastern Gulf of Alaska area.

INTRODUCTION

In late 1976, the Alaska Subarctic Operators' Committee (composed of 21 oil
companies) initiated the Offshore Alaska Seismic Exposure Study (OASES). The
primary objective of this study was to characterize earthquake ground motions which
might be experienced at offshore Alaskan sites. A variety of parameters were used
to characterize the expected ground motions. Statistical and probabilistic methods
were used to describe the variabilities and uncertainties associated with the ground
motion parameters. The data, models, procedures, and judgement applied in
development of these results are described in Reference (I).

The objective of this paper will be to take a portion of the results from OASES
and translate them to design conditions for one class of offshore platform. A
reliability and value assessment process will be used for this translation. The results
wi II be expressed in the terms of the API's (5) effective ground accelerations and
developed within the context of this particular design process.

API RP 2A

API RP 2A (5) utilizes the seismic zoning concept to describe the relative
intensity of ground motions in a given geographical zone. Seismic zoning maps of the
United States coastal areas developed by the U. S. Geological Survey (6) and the
Applied Technology Council (7) were considered by API.

Figure I shows the Alaskan coastal waters divided into eight zones. Also shown
are the regions included in OASES. The relative seismicity of each API zone is

Chief Engineer, Ocean Engineering Group, Woodward-Clyde Consultants, Houston,
Texas.

II Sr. Project Engineer, Ocean Engineering Group, Woodward-Clyde Consultants,
San Francisco, Cal ifornia.
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characterized by using a factor of I through 5, the relative seismicity being higher
factor numbers. The zone factors are linked to design coefficients called effective
ground accelerations, G (see inset Figure I). These accelerations are used to
dimensionalize API's response spectra.

Figure 2 shows the normalized acceleration, Sa/G, response spectra used by API
to characterize the distribution of energy with frequency. These spectra were based
on studies primarily of Western U. S. records (8,9, 10). The spectra are referenced to
three types of local soil geological conditions: (A) Rock-like materials, (8) Shallow
strong alluvium (less than 200 feet thick), and (C) Deep strong alluvium. Special
studies are recommended for conditions which lie outside these general characteriza
tions, particularly for deep soft soil conditions.

To determine the design forces appropriate for sizing the platform elements to
meet strength requirements, the system is treated as a series of single-degree-of
freedom systems having the same natural frequencies as the platform system. The
computed response is taken as the weighted linear superposition of the responses of
these multiple single-degree-of-freedom systems. The weighting factors are
composed of the ground motion participation factors and the natural mode shapes.
Maximum response is calculated as the square root of the sum of the squares of the
individual modal responses.

The API provides a description of three components of ground motion to be
used. The major horizontal component (applied along a major axis of the platform)
consists of the response spectrum shown in Figure 2 scaled by a design coefficient
obtained from the seismic risk map shown in Figure I. The minor horizontal
component (acting in an orthogonal direction to the major axis of the structure) is
taken as two-thirds of that assigned to the major horizontal component. A response
spectrum of one-half the major horizontal component is assigned to the vertical
component. These response spectra are intended to represent ground motions at
elevations where pile and mat foundation elements receive the major effects of
ground motion.

API structural design criteria are composed of two fundamental requirements:
one for strength, and one for ductility. The strength requirement is based on the
forces determined from the scaled response spectra and analysis procedure
(environmental criteria). The members are designed so that the computed stresses do
not exceed either buckling or minimum yield stresses. Special provisions are given
for joints to insure that the strength of the joint exceeds that of the attached
members. In addition, redundancy is provided so that alternate load redistribution
paths may be developed in the event of primary member failures, loading reversals
are considered, and details which incorporate abrupt changes in stiffness or strength
are avoided.

The ductility requirement provides that the platform be stable under lateral
deflections twice those calculated using the strength condition forces. Account is
taken of the limited strength of framing that either buckles or yields, cyclic loadings,
and the effects of vertical loadings acting through inelastic deformations.

SEISMIC EXPOSURE

OASES results for two locations will be used to illustrate a translation of
seismic exposure results to response spectra based environmental design criteria: the
Eastern Gulf of Alaska (GOA) and Lower Cook Inlet (LC/). These locations are shown
on Figure I.
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The GOA and LCI are bordered by the earth's most active seismiC zone, the
Circum-Pacific Belt. The primary cause of seismic activity is the relative motion
between the Pacific and North American Plates. In this area, the boundary is
characterized by two distinct styles of deformation. Along the eastern GOA to north
of the Queen Charlotte Islands (API Zone 4, Figure I), the two plates are sliding past
each other along major right-lateral strike-slip fault systems.

Southwest of Prince William Sound and along the Aleutian Arc, the Pacific
Plate is underthrusting the North American Plate. This develops the compressional
forces that produce seismicity typical of Benioff Zones.

The transition zone between strike-slip and subduction motions is complex. The
GOA study area is within this zone. The upper 7 to 12 kilometers of crust in this area
is severely warped up and down and complexly faulted. Seismic data indicates that
the Benioff Zone beneath this crust is nearly horizontal and generally underlies the
entire area.

The LCI area lies within a large structurally dropped block, approximately 100
by 300 kilometers. The tectonics of this area are currently dominated by compression
along the zone of underthrusting, with only minor deformation occurring within the
LCI crust. Seismicity is dominated by the activity of the Benioff Zone which lies at a
depth of approximately 50 to 100 kilometers beneath the study area.

The variation of four of the seismic exposure parameters mapped in OASES for
the GOA with return period is shown in Figure 3. Those for LCI are shown in Figure
4. These values are for the offshore areas generally lying within 200 meter water
depths and are applicable to firm alluvium soil conditions.

Figure 5 shows the comparison of OASES normalized acceleration response
spectra and scaled velocity response spectra (for 100-year return interval) with those
of API for the GOA. A similar comparison for LCI is given in Figure 6. Both of these
areas fall within API relative' seismicity zone 5. API response spectra for soils (B)
and (C) are shown as they should bracket the soil conditions appropriate for
comparisons with OASES results.

One of the major factors contributing to the GOA seismic exposure characteri
zation is the expected level of seismicity on the dominant source, the shallow and
dipping Benioff Zone. The GOA is considered to be a seismic gap (11,12), and the
mean number of large earthquakes (surface wave magnitudes, Ms, > 7.4) utilized in
the seismic exposure evaluation is 2.04. The upper range of maximum acceleration
occurs in an area close to the junction between the shallow and deep Benioff Zone.
This is an area influenced by attenuation relationships for shallow sources (similar to
those derived from Western U. S. records) and for deep sources (derived from
Japanese and South American records for similar tectonic conditions). Attenuation·
relationships associated with the deep Benioff sources give substantially higher values
of maximum acceleration (1,13). The upper range of spectral velocity also occurs in
the same area, which may be attributed to the influence of the shallow source
attenuation relationship at relatively short distances. For a site with a maximum
acceleration in the mid-range of that shown in Figure 3, the Benioff Zone contributes
about 90 percent of the exposure, of which nearly 62 percent is contributed by
earthquakes of magnitude greater than 7.5.

The LCI area is small in size which partially accounts for the narrow range of
values shown. The probability of large earthquakes in LCI is estimated to be about
2.5 times lower than the GOA. The markedly lower spectral velocity values can be
attributed to the dominant influence of the attenuation relationships for the deep
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Benioff sources which control the seismic exposure of this area. As noted, these
deeper sources (focal depths in excess of 20 km) develop recorded ground motions
which have less amounts of energy in the longer period range (periods greater than
about 1.5 sec). It has been postulated (13) that this observation is due to the
existence of much less surface wave energy for deep sources as compared with that
for shallow sources. The Benioff Zone contributes about 95 percent of the seismic
exposure. Nearly all of this exposure is contributed by earthquakes of magnitudes
less than 7.5. This is in significant contrast with the GOA.

SEISMIC FORCES

The effects of earthquake ground motions on a structure are dependent upon the
dynamic, strength, and deformation capacity of that structure. In this study, a
conventional template-type, pile-supported drilling and production platform for 300
feet of water will be used to analyze the potential earthquake effects. The response
characteristics of this platform have been extensively studied (3,4). The following
paragraphs will summarize some of the important details of this particular structure.

The structure consists of two primary systems: a superstructure system, which
is comprised of decks, supporting drilling and production equipment, and a template
(or tower) which connects the decks with the seafloor; and a substructure system
which is comprised of the soils and embedded foundation piles and well conductors
(through which wells are drilled).

The template is composed of small diameter, steel, three-dimensionally trussed
frame members. Leg diameters are 78 in. and brace diameters range from 24 in. to
48 in.

The substructure is taken to be comprised of firm, shallow alluvium type soils
(API Soil Type B), 72-in., 2.5-in. wall thickness piles, and 24-in., 2-in. (equivalent)
wall thickness conductors. The piles extend 250 feet into firm alluvium.

The platform system has a total dynamic weight, W, of 105,000 kips. Water
contained in the legs and other elements accounts for 11,500 kips and participating in
dynamic response (lateral, added mass) accounts for 28,000 kips.

The system has a fundamental period (broadside flexural) of 2.1 sec; a second
mode (end-on flexural) period of 1.8 sec; and a first vertical mode period of 0.4 sec.
Overall system damping (including foundation hysteretic and geometric contributions,
hydrodynamic, and structural) was taken to be 5 percent of critical for low level
excitations inducing forces less than elastic design load) and 10 percent of critical for
high level excitations.

Elements of this platform were sized according to API guidelines (5). The
dynamic response of the platform system was determined using a three-dimensional,
elastic, time domain computer code, initially developed by Clough (14). The
computer model lumps self-weight, imposed, and dynamic masses at the nodes,
determines stiffness characteristics based on the elastic properties of the intercon
nected members, uses uniform modal damping to recognize the various forms of
energy dissipation, and simulates support of the substructure by a series of Iinear
coupled elastic springs.

Earthquakes were input as three-dimensional acceleration time histories,
applied uniformly across the base of the platform system. A wide variety of recorded
and synthetic ground motions (firm alluvium), typical of Western U. S. records were
used in the analyses. Analyses were performed for the first 40 seconds of input
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ground motion time histories. Some 100 different analyses performed in the study
lead to the following relationship between the maximum or peak value of resultant,
horizontal base shear (BS max) and the peak ground velocity (V max) (referencing peak
of one of horizontal input components):

BS max =430 (V max)
(kips) (em/sec) (I)

(2)

This is a mean correlation which has a coefficient of variation (COV) of about 20
percent (3).

In this study, the BS max will be used as the index of environmental effects on
the platform system. As for most complex phenomena, a single index must fail to
describe many of the details of the phenomena. In the case of the platform system
studied, this index does appear to capture the majority of important gross strength
and force effects.

As previously discussed, the OASES study indicates that LCI ground motions
potentially have much lower amounts of energy in the long period range (due to
contributions of seismic sources on deep Benioff), than either associated with Western
U. S. recorded ground motions or appropriate for the GOA region. To approximate
the potential effects of this factor on the forces induced in the study platform
system, the following mean relationship has been used:

BS max = 245 (V max)
(kips), (ern/sec)

This relationship has been derived from the response spectra developed for LCI
(Figure 6) by ratioing the response spectra ordinates appropriate for shallow sources
to those for LCI within the range of periods of primary interest to the dynamic
response of the study platform. Future efforts could utilize the South American and
Japanese recorded ground motions for deep source events as input to a study of
platform response to more accurately determine this effect. Results for LCI will be
developed for both of these relationships to determine the influence on design
conditions.

Characterization of expected annual maximum resultant base shear forces
developed on the study platform by the earthquake exposure projected for the range
of GOA sites (Figure 3) is given in Figure 7 (based on equation I). The 100-year BS
max ranges from 23,200 kips to 5,800 kips. Simil'ar results for LCI are shown in
Figure 8 (based on equations I and 2).

At this point, it is important to recall that these forces have been derived from
results of elastic analyses. For ground motions which develop forces in excess of the
elastic (or pseudo-elastic) limit, inelastic action or ductility will act to limit or
reduce the forces (15,16,17). This potential reduction in forces generated in the
platform system during very intense ground motions will be introduced at a later
stage in the analysis. Thus, the results shown in Figures 7 and 8 are appropriate for
elastic structures or structures which have a ductility (ratio of maximum deformation
to yield deformation of system) of one. .

STORM FORCES

Projected storm wave height conditions for the two study locations are
quantified in Figure 9. The conditions are expressed as the probabilities of
experiencing various values of expected maximum wave heights in any given year.
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The 100-year expected maximum wave height for GOA is I 10 feet and that of
LCI is 30 feet. These results are based on information developed from oceanographic
hindcasting models (18,19,20). These models utilize historical data on meteorology
and wind fields of severe storms to make estimates of wind, wave, and current
conditions which have been experienced in the past. Data measured in these two
locations have provided a strong basis for calibrations of the hindcast models and
quantifications of the reliability of the hindcast results.

(3)

(4)
and,

Storm forces (wind, wave, current) developed on the study platform were
computed in a manner similar to that previously described for earthquake induced
forces. The storm waves were characterized as long-crested, two-dimensional,
regular, wave forms described by heights and periods (periods based on height to
length ratio of 1/ I0). Stokes' Fifth Order Theory was used to determine the time
space variation of wave particle velocities and accelerations. A storm and tide
associated surface current of 4 feet per second decreasing linearly to zero at the
mudline was assumed for both locations. The Morison force equation coupled with
drag and inertia coefficients of 0.6 and 1.5, respectively, were used to compute the
resultant hydrodynamic forces. A storm wind speed of 130 miles-per-hour was
assumed. The mean relationships which were developed for peak horizontal
resultant base shear (BS max) as a function of wave height (H) is:

2BS max =2.5 H (for H.2: 60 ft)
(kips) (ft)

BS max =30 H I.4 (for H < 60 ft)

The coefficient of variation associated with this relationship (based on plausible
ranges in currents, wave periods, directionality, and projected area of the platform) is
approximately 17 percent.

Characterization of projected expected annual BS max for GOA and LCI
oceanographic conditions (Figure 9) are given in Figure 10 (based on equations 3 and
4).

MODELING UNCERTAINTIES

In this study, two important sources of randomness are recognized: ( I) natural
or inherent variability; and (2) modeling deficiencies or uncertainties. Natural
variabilities are due to fundamental variations in future storm tracks and conditions,
or due to variations in future locations and intensities of earthquakes. The source of
randomness has been expressed in development of the oceanographic and earthquake
loading characterizations (Figures 7,8,10).

The second source of randomness, modeling uncertainties, is due fundamentally
to the inabilities of our analytical models to accurately or precisely determine
loadings and forces, given a description of the environmental conditions and the
platform system characteristics. Analysis of this source of randomness has been
developed previously (2,21). The analysis recognizes potential variabilities in wave
form, currents, flow theory drag coefficients, and the effective projected area of the
platform in computing hydrodynamic loadings. In addition, uncertainties in the
characteristics of free-field ground motions, soil-water-structure interactions have
been recognized in the analysis for earthquake induced forces.

The analysis indicates that unbiased estimators have been developed for both
earthquake and oceanographic forces (ratio of actual to predicted force at 50th
percentile is 1.0). The COY on the ratio of actual to Rredicted force is 66 and 82
percent for oceanographic and earthquake forces, respectively.
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In subsequent parts of this study, these uncertainties will be combined with the
natural or inherent variabilities. Results will be developed including and excluding
model ing uncertainties to illustrate the importance of this factor.

PLATFORM RESISTANCE

Results from a static, three-dimensional, inelastic analysis of the study
platform system are summarized in Figure I I. To perform the analysis, a loading
pattern was established for the platform system from results of the dynamic, elastic
analyses of platform response to ground motions (22). Loadings were then
sequentially increased, maintaining the established pattern of inertial loadings.
Vertical loadings were included in the analysis.

A design level lateral loading (Rd) of 25,000 kips is shown in reference to the
succeeding damage states (DS) leading to collapse (inability to support vertical loads)
of the system. Characteristics of the damage states are given on the figure. The
characteristics utilized to describe the behavior of the tubular brace, joint, pile, and
conductor elements have been given previously (2,3).

Overall system ductility, referenced to the deformation at the design load, is in
the range of 2.5 to 3. The margin between the elastic design load and the inelastic
collapse load is about 2.

Significant separation of yield and collapse level base shears and displacements
from those of the design level are due to many factors including: system of framing,
redundancy in the system, intentional factors-of-safety in the design process, extra
strength added by other loading requirements or added at the prerogative of the
designer, and the design-performance requirements for the tubular members and
joints which comprise the majority of the elements of this platform system.

The earthquake induced force capacity characterization for the study platform
system is summarized in Figure 12. Ultimate or collapse resistance (Rc) (defined on a
force, not deformation basis) is referenced to the elastic design load (Rd) through the
resistance ratio (RR). The variabilities in computed resistance were quantified using
previously developed data and methods (2,23). The variabilities are due primarily to
those of materials, fabrication, element strength, and performance of subsystems
(composed of elements and joints). The median RR is 2.0 and the coefficient of
var iation about 28 percent.

Also shown on this figure is the description of RR for oceanographic loadings.
Derivation of this description is detailed in reference (2). The median RR is 3.0 and
the coefficient of variation is 53 percent. This difference in resistance characteriza
tion is due to the integration of actual experience with platforms in the field
subjected to severe oceanographic loadings (approaching 3 times Rd). Bayesian
updating techniques have been used in this derivation (24). Such experience is
indicating that either the platforms are stronger, the storm loadings are less, or some
combination of the two.

Figure I I indicates a possible alternative behavior for an offshore platform
system. In this system there is a nominal separation between design and ultimate
total lateral forces (22). However, the platform is designed to develop an overall
system ductility of about 2. API guidelines (5) would allow such performance. The
earlier yielding in this system compared with that of the study platform would have
the effect of limiting the level of forces which could be induced in the system. For
ground motions which would cause yielding of the alternative system, the induced
forces would be approximately half of those of the non-yielding elastic (or pseudo-
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elastic) system. Thus, even though the alternative system has only about half the
capacity of the study platform (referring to ultimate lateral forces), its ductility
would allow it to perform comparably in ground motions which would cause yielding
of the alternative system when the yielding did not exceed the ductility limits and
when the ground motions did not induce forces in the pseudo-elastic system which
exceeded its capacity.

In an approximate way, the influence of system ductility can be entered into the
analysis by generating inelastic response spectra in lieu of elastic response spectra
such as are given in Figures 5 and 6 (15, 17). For a given allowable ductility, such a
spectra characterization would indicate the level of design lateral loading required
for a given level of non-exceedance. In this study, this factor is introduced by
reducing the earthquake induced forces above values in excess of the yield level
lateral force by dividing by the system ductility. This factor, when coupled with the
lower capacity ratio for the system (Figure 12, 50th percentile ratio close to unity)
develops results which approximate those for the pseudo-elastic system. It is well to
note that even in the case of the pseudo-elastic system, there is a limiting loading
which can be developed in the system which is equal to the ultimate resistance of the
system (4). This can be a very important factor in analysis of performance in very
intense ground motions.

RELIABILITY CHARACTERIZATIONS

Risks are an unavoidable fact of life for offshore structures. Projections of
environmental conditions, loadings, and response of the platform system during its
lifetime involves large uncertainties. Uncertainties lead to risk.

Reliability (Ps) can be defined generally as the probability that the platform
will perform adequately or acceptably during its lifetime. Risk (Pf) is the
compliment of reliability (Pf = 1- Ps). There can be many and multiple definitions of
acceptable or unacceptable performance. The damage states expressed in Figure II
are one such definition. In this analysis, consideration will be given to the damage
state with the largest impacts - the ultimate or collapse damage state.

In a load (S) and resistance (R) format, reliability is defined as the probability
that loading does not exceed resistance or strength. If the true future maximum
loading condition could be determined precisely and the structure designed and
constructed so that it had an assured or actual strength in excess of this maximum
loading, then the structure would be absolutely reliable. However, the unknown
future whims of Mother Nature and the uncertainties of the response and
performance of man's structures combine to make absolute reliability a practical
impossibility. Characterization of reliability provides a means through which
uncertainties (which are recognized) can be examined and quantified, and rational
decisions reached on design strategies which develop an acceptable level of
rei iabili ty.



U:.3

In this study, reliability has been computed as follows (25):

Ps =<P

2

(
R 1+ Vs )

In -- 2S 1+ VR (5)

where: <P [X] = tabulated normal cumulative probability of the
standard variate, X, in the interval - 00 to
x.

R =
5 =

VR =COVR=
Vs = COVS =

mean value of resistance (ultimate)

mean value of loading

coefficient of variation of the resistance (decimal)

coefficient of variation of the loading (decimal)

Figures 13 and 14 show platform reliability (as annual probability of failure,
Pfa), for various elastic design base shears (Rd), for the two locations, and for
earthquake induced forces. Figure 15 contains the same information for storm
loadings. Figure 16 shows results for the combined environmental conditions (storms
and earthquakes).

Results of the sensitivity studies are shown in Figures 17 and 18. Figure 17
illustrates the influences of not including modeling uncertainties. Figure 18
illustrates potential effects of the lower energy content in LCI long period ground
motions.

It is to be noted that the reliability of the platform system in the combined
environment (oceanographic and earthquake) has been computed assuming indepen
dence of the two loading environments, and simultaneous occurrence of significant
oceanographic and earthquake loadings have been neglected.

ASSESSMENT OF CHOICES

Before a design load can be selected, the level of desirable or acceptable
reliability must be determined. This is an assessment of choices with the objective of
making a decision on overall design strategy. Development of target reliabilities will
not be dwelled upon here. Previous work (26,27,28) will be relied upon to supply this
background.

In this study, two attacks at determining a target reliability willbe used: (I) a
cost optimization analysis, and (2) use of a computed historical reliability for a
comparable type of operation (offshore oil drilling and production).

It has been shown (29) that the annual probability of failure that produces the
lowest combination of initial cost and potential future losses resulting from platform
loss of serviceability is:
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~Ci
Pfao = E(pL) x PVF x 2.3 = 2.3 x PVF x Cost Ratio (6)

Pfao =

E(PL)=Cf =

Cost Ratio =

~Ci =

where:

PVF =

The annual probability of failure determined on the basis
of minimizing the tangible costs associated with place
ment of the facility and those potential costs associated
with a loss of serviceability (defined as failure here).

The ratio of E(PU to Lei, or Cf to ~Ci

The slope of the initial cost curve when plotted against
the common log of the annual probability of failure

The expected cost of facility loss of serviceability (cost
of failure)

The present value function intended to bring to present
cost terms the costs of potential future losses.

Analyses (4,21,27) of the cost factors involved lead to a conclusion that the
Cost Ratio for conventional operations based on structures of the type studied here
lie in the range of 4 to 6. Consideration of operation lifetimes in the range of 20 to
50 years, and assuming reasonable present value functions and discount rates, the
optimum computed annual probability of failure can be shown to fall in the range of
0.3 to 1.2 percent (26).

A reliability study of Gulf of Mexico platform hurricane loadings, platform
resistance, and actual survival experience of platforms (2,21) indicates computed
annual probabilities of failure for current design strategies (5) to lie in the range of
one percent. Experience with operations in the Gulf of Mexico would indicate actual
probabilities of failure almost an order of magnitude smaller than those computed
(30). However, for the purposes of identifying an analytical target reliability, values
in the range of 0.5 to 1 percent appear to be appropriate. Thus, the cost optimization
analysis and computation of reliabilities for comparable operations give similar
results.

DESIGN CRITERIA

Design criteria consist of environmental criteria {load or force determining
processes and parameters), and structural criteria (member sizing processes and
parameters which determine strength and ductility). Design strategy is a particular
combination of engineering practice and design criteria.

Design criteria are intended to result in desired strength and reliable
performance of the structure. Strength or performance is comprised of two primary
elements: ultimate capacity, and ductility. Ultimate capacity reflects the load
carrying capabilities of the facility. Ductility reflects the deformation capacity of
the facility.

Strength is determined by the design criteria, strategy, construction processes,
and the verification-quality control processes. Designation of a desirable level of
strength is determined as a result of a complex process of decisions which attempt to
reach a balance between the costs of achieving a given level of strength and those
costs which might be incurred if the strength (and ductility) are not great enough.

Design criteria must provide the designer with a simple, readily applied process
and set of parameters which will guide him in engineering a structure to have
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acceptable performance characteristics. The definition of earthquake design
conditions (intense ground motion characterizations) is one part of an integrated
process which has as its objective the attainment of a given level of strength and
ductility in the facility. To be reasonable, the environmental criteria specification
must be coupled to the remaining parts of the process.

For a given seismic exposure, earthquake criteria for offshore platforms should
depend upon: (I) exposures due to other environmental hazards such as those due to
storm winds, waves, and currents, (2) procedures used to configure and size the
platform system elements, (3) projected response of the platform system when it is
subjected to intense ground motions and other environmental loadings (primary
concern is with extreme damage, hence the focus is on inelastic performance), (4) ac
ceptability of the projected response for a given platform system and design strategy,
and (5) assessment of the variabilities and uncertainties associated with projected
environmental conditions and responses of the platform system to these conditions.

In this study, design itrategy is embodied in API guidelines (5), and in the
engineering practice used to develop the conventional, 300-ft water depth, template
type platform. Structural criteria is taken as that defined by API. Potential changes
in environmental criteria are focused on the effective ground accelerations defined
by API for GOA and Lei. Other parts of the response spectra force determining
process are assumed unchanged. The desirable computed platform reliability (annual)
is taken as 99.0 percent.

Table I summarizes the environmental criteria developed from these analyses.
The parameters shown are for the analyses which include modeling uncertainties.

Wave heights and peak ground velocities to be used in three-dimensional, time
domain, elastic analyses (as described earlier for the example platform) are given in
Table I. These quantities have been determined from elastic design resultant base
shears tabulated for an annual reliability of 99.0 percent, and from the appropriate
force equations (1-4). Return intervals for these design quantities are based on
results given in Figures 3, 4, and 9. Peak ground accelerations are tabulated for the
same return intervals as those determined for the peak ground velocities.

API response spectra based effective ground accelerations shown in the last column
of Table I have been determined as follows. The elastic base shear, Rd, represents
the resultant of two orthogonal base shear components, Rdx and Rdy, which are
aligned with the two principal horizontal axes of the platform (broadside and endon).
API provides that:

and,

Thus,

and,

Rdy =2/3 Rdx
(weaker component) (stronger component)

J 2 2'Rd = Rdx + Rdy

.j 2 2 2'Rd = Rdx + (j Rdx)

Rdx =0.83 Rd

(7)

(8)

(9)

(10)

For the platform studied (x direction strong component coincident with
broadside weaker axis of structure):
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Participation
Mode (x) Period (sec) Factor Sa/G

I 2.0 0.622 0.59
2 0.7 0.333 1.40
3 0.5 0.34 1.85

The normalized spectral accelerations (Sa/G) were obtained from API guidelines
for B-type sci Is. Thus,

Rdx =W G ;(0.622 x 0.59)2+ (0.333 x 1.4)2+ (0.034 x 1.85)2' (I I)
and, g 5

G = /.327 x I 0- (Rd) g (12)

SUMMARY

Table 1 indicates that API response spectra based effective ground accelera
tions for GOA fall in the range of 0.5 to 0.4 g, considering storm and earthquake
effects. Those for LCI fall in the range of 0.07 to 0.08 g. These values compare with
a current API G of 0.4 g for LCI and GOA. Thus, a substantial reduction may be
appropriate for LCI. Note the comparisons of peak ground accelerations (at the
return intervals for design peak velocities) with effective ground accelerations; in all
cases the peak accelerations are substantially greater than the effective accelera
tions.

Figure 17 shows the very substantial influence of neglecting modeling
uncertainties on the computed reliabilities. However, when one considers this same
factor in deriving target reJiabilities for design, values in the range of 99.5 (annually)
result. Thus, the elastic design loads and the environmental criteria coupled to these
loads remain about the same.

Figure 18 shows the potential effect of the lower energy content in LCI long
period ground motions on computed reliabilities. For a computed target reliability of
99 percent, Rd would be reduced from 5,900 kips to 4,000 kips, and the API G from
0.08 g to 0.05 g. Such a reduction for LCI and other similar areas along the coasts of
Alaska could be an important consideration for future efforts.
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Fig. 1. Location of Seismic Exposure Study Area's Relative to
API Seismic Zones
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PRELIMINARY MICROZONATION OF THE BALTIMORE CANYON LEASE AREA

by

J. A. Fischer I and C. T. SpikerII

ABSTRACT

Deterministic analysis of known and postulated structure under the
Atlantic Continental shelf together with tentative correlations with
historical seismicity, suggest conservative design levels of Modified
t-'Jercalli Intensities of VI and VII for "strength" and IIductility" levels
(respectively). Appropriate correlations show design levels of accelera-
ti on of 5 percent and 10 percent of gravity upon the generally "good ll
subbottom soils in the area. Expected variability of surficial (foundation)
sediments necessitates future site specific analysis to confirm the near
surface effects on the character of the input vibratory ground motion to
be used in anchoring design response spectra.

INTRODUCTION

Petroleum exploration on continental shelf areas requires an assess
ment of possible earthquake-induced vibratory ground motion for purposes
of engineering design of offshore structures. However, such assessments
are usually limited by the sparse historical earthquake record and general
lack of knowledge of geologic conditions in oceanic areas. Therefore,
microzonation methodologies established in our land based work must be
applied and/or extrapolated with an appropriate degree of conservatism to
the offshore area of the installation.

Modern techniques require consideration of a variety of parameters.
It is necessary to develop a state-of-the-art understanding of (1) plate
tectonic theory; (2) the temporal and spatial distribution of historical
earthquakes; (3) regional structure as prospective candidates for future
seismic activity; (4) contemporary stress regime and relative brittleness
of a region; (5) attenuation characteristics of the region; (6) local
(near-surface) geologic conditions; and (7) regional characteristics
displayed by time histories of historical events.

In well-instrumented, highly seismic areas like the west coast of the
United States, the large data base acquired permits detailed investigation
of these seismic parameters, so that relatively reliable relationships can
be developed to explain and predict earthquake occurrence. In the eastern
U.S., however, the relatively moderate seismic activity and lack of
strong motion instrumentation prohibit the characterization of typical
eastern events to a similar degree of reliability. Moreover, the identi
fication of generating structures is postulatory at best since the de
tailed structural characteristics of the eastern "intraplatell tectonic
regime ;s not as well understood as the "plate boundaryll of the western

I Partner, Dames &Moore, Cranford, New Jersey.
II Senior Seismologist, Dames &Moore, Cranford, New Jersey.
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u.s. For these reasons, we must utilize the historical record (some 400
years) of seismicity wherein the total data base is identified in terms of
the Modified Mercalli Intensity (Damage) Scale. In this respect, the
temporal and spatial distribution of historical seismicity defined in
terms of damage is an invaluable guide in risk analysis since the more
sophisticated investigations evolving from strong motion instrumental
records are just not available.

METHODOLOGIES

Generally, there are two basic approaches which are applicable to
seismic risk assessment in the eastern United States. The deterministic
approach is emphasized by nuclear regulatory agencies. In this procedure
one considers the recurrence of the maximum historical event associated
with either a generating structure, or a defined source area (the area may
be as large as a tectonic province) in order to place its recurrence with
respect to a specific site. A standard statistical analysis, on the other
hand, relies on a set of assumptions based on the available historical
seismicity. These assumptions include a judgement concerning the upper
bound (maximum possible) event for a given source area, the size and shape
of the seismic source region, and in most cases, a random distribution of
seismicity over this geometric source. These analyses nearly always base
calculations on the probability of events larger than the maximum historical
earthquake, which may not be deterministically justified in many cases.
On the other hand, the deterministic approach ignores the time distribu
tion and assumes the occurrence of the maximum historical event at some
predetermined point (in relation to a specific site) on the basis of
structural association or proximity of a limiting seismogenic zone.
Applicable attenuation functions characteristic of the studied region are
utilized in both approaches.

Once the maximum expected ground motion can be determined for a
general locality on the basis of the methodologies discussed above, the
local geologic conditions, as exemplified by soil conditions overlying
bedrock at a specific site, can be investigated. Allowance for the effect
of such site specific conditions on the incident seismic energy can be
termed microzonation. In this sense we are limited in this exercise,
since specific foundation parameters at sites in offshore continental
shelf areas are not available.

PROCEDURE

For this study we have selected the general region of the Baltimore
Canyon lease area as the subject site for illustrating a seismic risk
assessment within the limits of the available detail. This area is shown
on the attached Figure.

From a practical point of view, the statistical approach does not
constitute a viable investigative tool for "microzonation" in offshore
areas since a reliable data base is usually not available. It can be
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used, however, as a basis for preliminary studies of a regional nature
(21). This study employs the deterministic methodology historically
utilized in the siting of critical structures, such as power plants,
hospitals and dams.

DETERMINISTIC CONSIDERATIONS

Structure

Major structural features in the region are shown the Figure. The
subject lease area lies within the northern half of the Baltimore Canyon
Trough, a structural element of the Mid-Atlantic Outer Continental Shelf
and upper continental slope. This structural depression in crystalline
basement rock extends from Cape Hatteras, North Carolina to the Long
Island platform, and probably resulted from tensional forces in the crust
in Permian time which created a fault-bound, down-dropped "valley" in the
basement rocks (13). Over this major depression, the sedimentary units of
the emerged Coastal Plain to the west dip and thicken seaward as they pass
under the continental margin onto the shelf. Off the New Jersey coast,
the sedimentary wedge is intruded, eroded and domed (19). However, the
last major intrusive movements have been dated in Cretaceous time (4).
According to Schlee and others (19), the sedimentary wedge is interrupted
at the edge of the shelf by deep-seated, high angle normal faulting which
may have resulted in a horst-type feature beneath the continental slope.

A fracture or zone of weakness has been suggested by Dillon and Oldale
(7) and is based on an inflection zone mapped on the basis of northward
tilting, along strike, of four ancient shore lines defined on the Atlantic
Shelf. A plot of the authors' basic data points identifies a broad axis
for this flexure zone that aligns with a northwestward continuation of an
off-shelf fracture zone suggested by offsets in magnetic anomalies at sea
and disruption of the oceanic crust on deep, geophysical records (11). The
trend of these features strikes northwest into north central New Jersey to
a point where the largest historical earthquake was located (see Figure).

The well-known Kelvin Sea Mount trend (or Kelvin fault zone) has been
tentatively correlated with several on-shore structural regimes. Both
Diment and others (8) and Le Pichon and others (12) suggested that the
trend of the sea mounts likely corresponds to a line of alkalic intrusions
and earthquake epicenters extending from Boston to Montreal. This apparent
"correlation l1 of epicenters from Boston to Montreal, when examined in light
of the available geology and the best available earthquake locations, leaves
much open to question. Significantly, Drake and Woodward (9) extended the
Kelvin structural trend westward along the 40 0 N latitude. Emery (10) has
delineated a linear offset in magnetic anomalies extending from the sea
mounts across the shelf along this 40° parallel. According to Root and
Hoskins (18), this 40° trend may be structurally related to an east/west
trending continental fault system in the onshore Appalachian uplands to
the west (see Figure). They have postulated that this upland fault system
is a continental feature which originated prior to opening of the Atlantic
and which controlled the location of the subsequent transform faulting
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(Kelvin fault) during the latest opening. The 40 0 N latitude line also
coincides with the apparent right lateral displacement suggested by the
Appalachian salient in southern Pennsylvania.

A north-south trending fault off Rhode Island extends for about 60
km, showing some 20 to 40 meters of displacement down to the east. This
eastward dipping structure bears no apparent relationship to known fault
ing either on or off-shore (14).

Also, Sheridan and Knebel (20) report shallow faults in the upper
sedimentary strata near the shelf edge off New Jersey revealed by high
resolution seismic data. These structures indicate deep-seated faulting
with offsets as much as 90 meters marking the transition from shelf to
deep ocean. The northwest dip reported for these normal faults would sug
gest the horst-structure previously discussed. Additional minor faulting
is reported on the inner and outer shelf area. The faults generally occur
in clusters, show limited vertical displacement, and are generally attri
buted to continental slope-related gravity movements (16).

Seismicity

The seismicity of the general region is shown on the Figure. The
largest earthquakes in the Eastern United States are represented by the
Cape Ann, Massachusetts Intensity VIII event of 1755, the Grand Banks,
Newfoundland Intensity X event in 1929, the Charleston, South Carolina
Intensity X event in 1886, and the Intensity VII events at Wilmington,
Delaware (1871), Asbury Park, New Jersey (1927), New York City (1884,
1737), and a cluster of four events (VII) in the Connecticut basin. Off
the coast, the historical record is sparse, showing eight random events of
Intensity V and VI in the region under investigation. Reliable location
of offshore events has only become possible since the advent of instru
mentation in the East several decades ago. Moreover, there is usually
some discrepancy between earthquake catalogs (Canada and the U.S.) so that
a detailed review and interpretation of the historical record is mandatory
for specific site studies. However, for the illustrative purposes of this
study, all earthquakes reported by the major sources have been used.

Structural Correlations

Eastern events larger than Intensity VII can be relegated to seismo
genic zones or structures which preclude their consideration for the Mid
Atlantic lease area under discussion.

In 1929, more than 500 miles to the northeast, the Grand Banks earth
quake (Intensity X) was reported to have cut submarine cables, generated
tsunamis, while generally shaking the northeastern American continent.
This event is considered to be associated with a discreet seismogenic
regime and has not been a factor in siting studies for the northeastern
coastal areas. Thus, there is no reason to postulate a recurrence of this
event.near the subject lease area. Similarly, the Charleston, South
Carol,na event, though historically controlling southeastern seismic risk



1333

assessments to a large degree, has been restricted to a concentrated zone
of activity in the immediate vicinity of Charleston. The Cape Ann,
Massachusetts event has recently been reviewed and found to be associated
with a tectonic regime responsible for the seismogenic zone in north
eastern Massachusetts.

However, the Intensity VII events near New York City; Asbury Park,
New Jersey; and Wilmington, Delaware cannot be readily correlated with
specific structure or zones of concentrated activity (although Fall Zone
structure and/or oceanic fracture zones cannot be ruled out as localizing
earthquake activity in this area). It has been suspected in the past that
structures conforming to the general northeast trend of the Appalachian
system were responsible for these on-shore events, but no active faulting
has been adequately correlated with the seismicity.

If we assume that the location of the moderate, offshore events are
reasonably determined, then possible correlations with the suggested
offshore structure should be considered.

It should be pointed out, however, that offshore II structures ll are
less well-defined than are structures in the adjacent coastal areas.
Also, the land-based tectonic regime has the advantage of some 400 years
of seismic history with which to ascertain the seismogenic proclivity of the
structures that are identified. Even with this advantage in data base, the
tectonic character of the east coast remains somewhat postulatory, particu
larly as regards major crustal features.

The east coast magnetic anomaly corresponds generally to the strike
of the continental slope, and thus, the eastern margin of the Baltimore
Canyon Trough. Possibly three Intensity VI events and one Intensity V
shock plot along this feature. If the slope is marked by deep-seated
faulting as previously discussed, then the diffuse seismicity could be
tentatively associated with this feature, and might result from minor
adjustments of the ancient rift due to present-day seafloor spreading.

The northwest-trending extention of an oceanic fracture zone postulated
by Klitgord (11) on the basis of magnetic anomalies can be tentatively
traced shoreward by the flexure zone reported by Dillon and Oldale (7),
which trends toward the Intensity VII earthquake epicenters in northern
New Jersey and New York City. There is additional evidence based on geo
physical interpretation of deep structures (11; in publication) that the
oceanic fracture may be traceable under the slope.

The small (Intensity V) earthquake east of the lease area might be
correlated with either of the suggested structural features. The Intensity
V event off the south coast of Rhode Island can be spatially associated
with the north-south faulting shown on the Figure. However, seismic
profiles south of the structure, between Georges Bank and Baltimore Canyon
troughs show no offsets of strata (14). Therefore, the seismogenic nature
of this feature would not appear critical to the lease area.



1334

If the postulated Kelvin structural trend along the 40° parallel is
currently active, it may be responsible for the offshore events (Intensity
V and VI) which have been located within 30 to 50 km of this trend, as
well as the Asbury Park and Wilmington Intensity VII events on shore (see
Figure).

In summary, causal relationships between the sparse seismicity in the
shelf and coastal area and the postulated structures offshore are not
convincing, but do suggest caution in assigning design events to this
particular area.

Design Earthquake

Conservative siting philosophy would require IIfloating ll the Asbury
Park, New Jersey Intensity VII event seaward. This shock and the Wilmington,
Delaware Intensity VII, cannot be restricted solely to either the Coastal
Plain (and shelf) or the Piedmont province to the west, as both events
occur on the boundary between the two provinces. Thus, their consideration
as floating events in either region would be applicable. However, the
apparent low frequency of offshore earthquakes with maximum Intensities no
higher than VI suggests that, for an acceptable level of risk for the life
of the proposed offshore installations, consideration of a floating event as
high as VII is not warranted. Nor is there a strong case at present for
assigning a likely event as high as Intensity VII to the postulated struc
ture trending northwest through the lease area, or the 40° structure trend
ing east-west from the Kelvin fault zone. Although an actively-spreading
Atlantic with attendant transform faulting is accepted today (20), there is
no reliable evidence for youthful movements along either of these postulated
structures. However, for a worst-case earthquake, the consideration of an
Intensity VII as a result of movement along one of the suspected rifts is
reasonable. It should be noted, however, that subsequent investigation
during the course of exploration and development in the lease area may
confirm more well-defined structures judged to be capable of relatively
strong events. In such a case, consideration of an Intensity VII event
along one of the structural trends might be required in the interest of
conservatism.

On the basis of the above discussion, there is no justification at
present for restricting the offshore or onshore earthquakes to the specific
structures described. Therefore, for practical design purposes, the entire
lease area may be deemed subject to occurrences of shocks no larger than the
historical maximum (offshore) of Intensity VI which occur near both the
northern and southern portions of the lease area. The recurrence of such an
event at a particular site would have an extremely low order of probability
as demonstrated by the historical record, and would supersede the attenuated
effect of a recurrence of the New York/New Jersey Intensity VII events on
shore.

The design Intensity of VI derived above is considered to be the maxi
mum event which might affect an offshore installation during its useful
life. In this respect, it will be used to calculate the design "strength
level ll as defined by the American Petroleum Institute (2) for seismic design
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of offshore structures. Prudence dictates, however, that consideration be
given to the translation of the 1927 Asbury Park event (VII) along a postu
lated fracture zone. An Intensity VII event along one of the structural
trends is determined to be the maximum (rare, intense) earthquake leading to
a ductility level for design (2).

VIBRATORY GROUND MOTION

Historically, the ground motion parameter utilized in seismic design
and zonation studies has been the maximum level of acceleration in terms of
percent of gravity (%g). Several correlations relating this parameter to
Modified Mercalli Intensity (damage) are reported. Two recent correlations
make use of the largest body of data and are currently accepted in the
industry. For an API "strength" level Intensity VI design event, Trifunac
and Brady (22) have calculated a mean peak horizontal acceleration on all
materials of about 7% g. O'Brien and others (15), using worldwide data to
supplement United States data, have calculated less than 5% g as an appli
cable mean for Intensity VI shaking.

Although scatter in the empirical data samples is large, these means
are acceptable as a basic input to structural response analyses. Since both
correlations use only the maximum peak amplitudes of measured ground acceler
ation, the effects of duration of motion, or cyclic loading are not accounted
for. A damaging level of sustained vibratory ground motion would be lower
than t~e peaks used in the correlations. In this respect, the correlations
may be considered somewhat conservative as regards the real world. Consider
ing the low order of probability of an Intensity VI event at anyone specific
site, we consider an acceleration level of 5% g to be adequately conserva
tive as a "strength level" for design of offshore structures in the lease
area.

API (2) recommends a Ductility level (rare, intense earthquake) twice
that calculated for the Strength level. The resultant level of 10% g is
compatible with the deterministically-derived worst-case earthquake of
Intensity VII, similar to a recurrence, at the site, of the Wilmington or
Asbury Park Intensity VII events. Correlations discussed above show a mean
acceleration value for Intensity VII of 13% g (22), and 10% g (15). How
ever, for the reasons stated above, 10% g is considered viable as a Ductil
ity level in the subject lease area.

It is now thought (17, 5) that peak ground velocity and displacement
are more critical to the design of large long-period offshore structures
than is peak ground acceleration, the traditional land-based engineering
design parameter. Trifunac and Brady (22) have calculated mean horizontal
peak velocity levels of 7 and 13 em/sec for the strength and ductility
levels, respectively. For these design events they calculate displacements
of 4 and 7 cm.

SOIL CONDITIONS

Geotechnical data obtained from explorations performed at a limited
number of locations on the mid-Atlantic shelf can be used to approximate the
soil conditions which can be expected to be encountered in the lease area (6).



1336

A typical model for the shelf region shows a relatively thin (15 to 90 m)
mantle of Quaternary sediments (Pleistocene and Holocene) overlying a thick
Tertiary sequence (greater than 90 m) which may be divided into two broad
categories: (a) Older Tertiary sediments consisting of thick deposits of
dense sands and occasional layers of stiff clay, and (b) Younger Tertiary
sediments consisting mainly of silts and clays. This model, although
simplified, is believed to be applicable to most locations in the lease
area. However, exceptions to this generalized model are to be expected in
areas of deep buried channels and areas of cemented sediments. Thus, refine
ments in this generalized model would required detailed study and evaluation
of the materials encountered at a particular site.

The indicated soil conditions over the inner and middle shelf regions
are generally "strong materials" which should not pose unusual foundation
problems. However, complex and variable soil conditions associated with the
aforementioned buried channels may exist in some leases on the middle shelf
areas. The outer shelf region appears to have significantly different founda
tion considerations. There is, at present, a general lack of knowledge con
cerning the nature of some of the Upper Tertiary sediments which are believed
to be fine-grained slope deposits. These formations are encountered at
shallow depths on the outer shelf areas, as are units of carbonate-cemented
sandstones. The hydraulic and sedimentary processes responsible for mobility
of the seabed thought to operate in the sand wave fields noted in some areas,
are not well-defined.

In summary, soil conditions are marked by extreme variability over the
lease area, and can significantly alter the character of incident ground
motions at foundation level. Thus, detailed analysis of site specific soil
properties are mandatory in establishing an effective microzonation of indi
vidual sites.

EXISTING STATISTICAL AND ZONATION STUDIES

As a check on the viability of the deterministic exercise, existing
land-based probabilistic studies can be tentatively extrapolated offshore.
Algermissen and Perkins (1) show that the coastal waters adjacent to the
lease area should be subject to accelerations of less than 4 percent of
gravity in rock or stiff soils with a 90% probability of not being exceeded
in 50 years. Similarly, the Applied Technology Council (3) has calculated
an effective acceleration and velocity contour map of the U.S., which, if
extrapolated offshore, suggests that levels of acceleration and velocity of
less than 5 percent of gravity and less than 7 em/sec, respectively, should
be expected with an 80 to 95% probability of not being exceeded in 50 years.
This is applicable to the normal life of an offshore installation, and
comparable to the II strength level ll design. API (2) has generally zoned the
Baltimore Canyon lease area as Zone 1, with a recommended strength level of
5 percent of gravity for engineering design.

RESULTS

Applied methodology confirms the following horizontal ground motion
levels to be sustained on reasonably good foundation materials for the
design earthquakes for the Baltimore Canyon lease area:
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Acceleration Velocity Displacement
(% gravity) (cm/sec) (cm)

Strength Level 5 7 4
Ductility Level 10 13 7

Subsequent consideration of specific site foundation conditions and
physical properties will result in a true microzonation of a particular
lease block.

RECOMMENDATIONS

For preliminary planning purposes, the resultant levels of 5 and 10% of
acceleration (strength and ductility levels, respectively) should be used to
anchor appropriate response spectra derived from deconvolution of the soils
column at a specific site. The possible ground motion amp1fication effect
of thick, unconsolidated sediments is well documented and must be accounted
for in final design assessments.
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SEISMIC RISK EVALUA TION OF SOUTHERN CALIFORNIA

COASTAL REGION

I
L. A. Selzer , R. T.

By

E h ·Ilguc 1 , T. K. HasselmanII

ABSTRACT

A seismic ris\: evaluation to identify design conditions for oil lease
tracts in Southern California Coastal waters is presented. Earthquake
design conditions are descl'ibed by area maps showing expected peak
ground acceleraLon, velocity and displacement contours together with
response spectra for specific locations.

Expected peak ground motions were calculated using a Bayesian
methodology which combines geological fault information with historical
seismicity data. The geological model was developed from 123 major
faults and the historical model from 6364 recorded earthquakes. Energy
flux distributions were computed for both models. A linear statistical
estimator was employed to revise the geological energy flux based on
recorded earthquake data. Median log-linear attenuation laws were used
to transform energy flux into isoseismals of peak ground motion.

Partitioning of seismic energy according to frequency was evaluated
by analyzing strong motion accelerogram records. Record sets were
selected to contain high energy and long duration features important to
offshore structures. Normalized response spectra were derived from
an analysis of accelerogram data sets and spectral ordinates were com
bined with ground motion values from the isoseismal maps to obtain re
sponse spectra for specific offshore locations. A probabilistic model
was applied which enables expressing design spectra and isoseismal maps
in terms of the probability of exceeding specified motions, or as a function
of the return period for the specified motions.

INTRODUC TION

For several decades a major portion of offshore oil development
has been concentrated in seismically benign areas such as the Gulf of
Mexico. As a consequence little emphasis had been placed on earth
quake design considerations for oil platforms. However, the planned
and initial expansion of oil and gas exploration to the coastal waters of
California and Alaska over the past few years has fostered a need for the
development of earthquake design data. This need led to a study for the
U. S. Geological Survey by The Aerospace Corporation (1) and a team of
consultants. Results from that study pertaining to seismic design condi
tions for the coastal waters of Southern California are the subject of this
paper.

I Aerospace Corporation, Los Angeles, California
II J. H. Wiggins Company, Redondo Beach, California
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STUDY AREA

The geographic focus of this study is the Southern California coastal
region which is bounded to the north by 340 north latitude, to the south by
the U. S. /Mexican border and to the east and west by west longitudes 1170

30 minutes and 120 0 respectively. While this is the area of primary in
terest,the risk maps cover a broader area including Southern California
along with pa rts of A rizona and Mexico.

SEISMIC DESIGN CONDITIONS

Earthquake risk is often described for design purposes by two char
acteristics. One indicating ground motion intensity (i. e. expected peak
acceleration) and the other the frequency content of ground motion or the
distribution of ground motion energy with frequency. These two charac
teristics are typically embodied in a design spectrum constructed by
scaling spectral ordinates of a standard 1 g spectrum down (or up) in
proportion to the expected peak ground acceleration. This practice is
recognized to have many shortcomings. The most significant of these
from an oil platform design standpoint is that it tends to overemphasize
the importance of high frequency components of earthquake motion and
as a result design spectra constructed in this manner are not well suited
to oil platform design. Oil platforms even in moderately deep water
(200 to 500 feet) are tall structures which tend to have lower mode fre
quencies falling in the peak ground displacement or velocity regions of
design spectra. As such, platform response to ground motion tends to
be dominated by the energy content in the lower frequency range. To ac
count for this influence and to make use of all available information re
garding past earthquakes as well as geological fault locations, a study of
design conditions was undertaken incorporating the following features:

• Bayesian statistical techniques were applied to combine historical
earthquake records and geological fault information in arriving at
expected peak ground motions.

• Long duration and high energy earthquake ground motion records
were selected from the strong motion data base and processed
sta tistically to form normalized response spectral ordinate table s
which are applicable to long period structures.

• Uncertainties inherent in earthquake occurrence, magnitude and
location and motion attenuation and response amplification were
treated probabilistically in arriving at site specific design conditions.

SEISMIC RISK ANAL YSIS

The use of both geological fault data and historical seismicity will
provide the best possible estimate of future seismic activity for Southern
California since a clear relationship exists between area tectonics and
historical earthquake occurrences. Bayesian statistical techniques pro
vide us with a rigorous mathematical basis for combining diverse infor
mation of this sort. The Bayesian analysis methodology adopted here is
one developed by Hasselman, et. ale (6). It involves developing dis
crete source models of seismic energy release from geological data and
historical seismicity, combining this information by employing Bayesian
statistical techniques, and with the aid of conventional attenuation laws
estimating future earthquake ground motions at discrete points.



1343

The modeling proces s involve s replacing theoretical source s con
sisting of line, point or area sources by an equivalent set of discrete
point sources in a way analogus to the replacement of a structures Con
tinuous mass properties by a series of lumped masses. The process is
begun by partitioning the area of interest to form a uniform grid as shown
in Figure 1. Seismic energy eminating from individual grid areas is
assumed concentrated at the area centers making these locations nodal
points in the analysis. The rate of seismic ene rgy relea se is calculated
by employing two fundamental Guttenberg-Richter relationships (11).
The first is the energy-magnitude relationship.

E = EO 101. 5M (1)

Wherein M is the Richter magnitude and EO is taken to be 10 11 . 5 . The
second equation is the assumed log-linear relationship for earthquake
frequency of occurrence.

Log N = a - bM (2)

The variable N in this relationship is the cumulative frequency of occur
rence or the number of earthquakes per year of Richter magnitude M or
greater. The parameter a is the log of the frequency of all earthquakes
of magnitude 0 and larger and will be referred to as '1 se ismic intensity"
or "seismicity." The constant b is the familiar magnitude distribution
parameter. Given that the largest expected earthquake is the same for
the entire region and the distribution of earthquake size (i. e. parameter b)
is constant for the entire region it can be shown (6) that seismic energy
flux is simply related to the seismicity parameter by the following
expression:

E = constant x lOa (3 )

From this expression the energy flux for the ith grid area may be rep
resented as

E 10al·i = constant x (4 )

where ai is the grid seismicity as defined in Figure 1. The practice of
finding values for a and b in Equation 2 to fit historical data of earthquake
occurrences as suggested by the insert in Figure 1 is common. However,
as explained later it is also possible to use this log-linear relationship to
find values of a and b based on geological fault information. Therefore,
regardless of the source of seismicity parameter a, application of Equa
tion 4 leads to an array of grid nodal points each assigned an energy flux.
This array may be thought of as a plate of varying temperature having hot
spots corresponding to locations of high seismic activity. Unfortunately,
while the distribution of energy flux within the array paints an interesting
picture of seismic activity which should correlate well with both the his
torical record and geological fault locations, it is hardly a form useful to
platform designers. Platform designers must, of course, design their
structures to withstand some maximum level of expected ground motion.
To bridge the gap between the array of seismic energy flux and the needed
definition of future ground motions involves several steps.
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First having chosen a site for investigation the total seismicity in
fluencing that site must be established. This is approximated by selecting
an appropria te search radius and summing the seismicity, ai' from all
grid areas within that search radius.

(5 )

where a is now the total seismicity influencing the site in question. The
search radius assumed for Southern California coastal waters is 200
miles.

Having determined the site related seismicity, ground motions are
calculated by establishing a distance at which the energy release can be
assumed to occur. This distance will be referred to as an "effective"
hypocentral distance and is the distance giving the same distribution of
ground motion for a specific site, as if all point sources within the radius
of search were replaced by one I'equivalent" point source. Calculation of
this distance employs conventional ground motion attenuation equations of
the form

Log X = C 1 + C 2M - C 3 Log R (6)

where X represents either ground acceleration (A), velocity (V) or dis
placement (D). The variable M denotes Richter magnitude and R the
hypocentral distance from the energy source to site. Constants in the
Equation C l , C2 and C 3 are empirically derived from a regression of
strong motion data and are different for each of the components of motion.
Attenuation equations having the form represented by Equation 6 may be
applied directly to the calculation of ground motions from a single earth
quake of magnitude M at hypocentral distance R. Cornell (2) derived a
method of using attenuation laws in conjunction with a more general de
scription of seismic energy release (i. e. a theoretical type model) for
calculating probabilistic values of ground acceleration, velocity and dis
placement. The procedure used here developed by Hasselman (6) is
conceptually similar to Cornell's in that it is directly applicable to a
multiplicity of discrete sources and involves the calculation of an I'effec
tive" hypocentral distance.

It can be shown using relationships for frequency of occurrence,
(Equation 2), motion attenuation (Equation 6) and total site related seis
ITlicity (Equation 5) that an 'Ieffective" hypocentral distance, R, for an
array of discrete sources is

(7)

In this equation Ri is the hypocentral distance from the site under investi
gation to the ith grid area. Given the value for the effective hypocentral
distance (R), Equations 2 and 6 may be used to derive frequency distribu
tions for A, V and D. These frequency distributions take the form

(8)



(9)

1346

This expression relating seismicity a and effective hypocentral distance R
provides a simple meanS of evaluating the frequency distribution of ground
motions at a particular site. It is equally applicable to values of a and R
derived from historical data, geological fault information or a Bayesian
combination of both.

Before turning to the application of this methodology to the Southern
California region,it is interesting to note that Equation 8 has still another
use, that of scaling ground motions from one return period to another.
Given a Poisson process with return period T = l/N from Equation 8 it is
seen that ground motion levels X 1 and Xz for respective return periods
Tl and TZ exhibit the ratio

Xl =( T l ) Cz/b
X z T Z

Thus, if the ground motion for a given return period is known, it can be
readily scaled to another return period.

HISTORICAL DATA

The historical model represents the seismic environment in terms
of recorded earthquake epicenters. In this analysis Richter magnitudes
greater than and equal to 3.5 are considered. The primary source of
historical earthquake information is the current NOAA earthquake data
file which includes worldwide events from 1600 to 1976. For Southern
California,6364 events are recorded. The number of events in each one
half magnitude range from 3.5 to 8.0 were tabulated for regression anal
ysis, In computing the number of events per year greater than a given
magnitude a normalizing time span of 44. 5 years (193Z - 1976) wa s used
for all earthquakes of magnitudes less than 6. O. For magnitudes between
6.0 and 7.0 a span of 64.5 years (19lZ - 1976) was used. Finally for
magnitudes greater than 7.0, lZ4.5 years (185Z - 1976) was used. Fitting
these data using the familiar log-linear frequency of occurrence relation
ship (Equation 2) results in the following:

Log N = 5.65 - O. 96M (10)

The value of b = .96 compares reasonably well with the. 98 value computed
for Southern California by Hileman (7). In calculating individual grid area
seismicities, ai' b is held constant at .96.

GEOLOGICAL DATA

As mentioned earlier, geological fault evidence makes an independent
assessment of seismic risk possible. The procudure for utilizing the geo
logic fault data is outlined here. Fault maps for Southern California were
obtained from 3 available sources.

• Fault Map of California (8), Figure Z

• Preliminary Map Showing Recency of Faulting in Coastal Southern
California (15), Figure 3

• Tectonic Map of North America (13), Figure 4
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The overall source area extends fro TIl 28.5 0 to 38.5 0 N latitude and
froTIl 111.50 to 125 0 W longitude.

For all onshore California faults, the Jennings TIlap was used,
Figure 2. All faults showing historic or any Quaternary fa ult displace
TIlent are considered active and were selected for the geological TIlodel.

For offshore Southern California, all fa ults showing Historic,
Holocene, Late Quaternary or Quaternary displaceTIlent were selected
froTIl the Ziony TIlap, Figure 3.

For the TIlajor fault systeTIls in Nevada, Arizona, Utah and Northern
Mexico, the general Tectonic Map of North A TIle rica was used, Figure 4.

For the entire area, 123 faults were selected and their character
istics tabulated. The tabulation includes fault length, TIlaxiTIluTIl credible
TIlagnitude, 10garithTIl of the total energy for that TIlaxiTIluTIl TIlagnitude,
fault type, slip rate, TIlaxiTIluTIl surface displaceTIlent, and the recurrence
interval for the TIlaxiTIlum credible earthquake.

Where given, the TIlaxiTIluTIl credible TIlagnitude, M , was taken
directly froTIl (5). Where no TIlagnitude was provided, on~ was computed
using the following procedure. First, an estiTIlate of total fault length is
obtained. Then depending on what type of TIloveTIlent the fault exhibits, a
TIlaxiTIluTIl TIlagnitude is obtained from TIlagnitude versus length of surface
rupture relationships (3, 9). The surface rupture length was assumed to
be one -half tha t of the total fa ult length (9, 12). Given the magnitude, the
10garithTIl of energy was computed using Equation 1. However, since our
interest is in energy flux,it is necessary to norTIlalize the energy by an
appropria te recurrence interval. For SOTIle of the TIlajor faults in Southern
California this interval is given. However, for faults where a recurrence
interval was not given an estimate was TIlade based on strain and slip rate
inforTIlation following a procedure outlined by (14).

The result is an average return period cOTIlputed for faults between
Ventura and San Bernardino of approxiTIlately 150 years. Included are
faults such as Oak Ridge, Sierra Madre, San Cayetano, Santa Susanna,
Northridge and San Fernando.

Given a return period and TIlagnitude,the desired energy flux TIlay be
cOTIlputed. This energy flux is as sUTIled to be uniformly distributed over
the length of the fault. Referring to the grid TIlap, Figure 1, it is COTIlTIlon
for several faults to intersect a particular grid area and for any given
fault to intersect several areas. In order to establish an equivalent point
source energy distribution, we shall TIlake use of the indices i and j.
Index i will be associated with grid area, while index j corresponds to
an individual fault. The energy flux for each fault, Ej' is thereby appor
tioned to the grid areas which that fault intersects, in accordance with
the as sUTIlption of a uniform energy distribution. If that portion of E j
falling in the ith grid area is denoted by Eij' then conservation of ene rgy
iTIlplie s

E··1J (11 )
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Conversely, the total energy flux associated with the ith grid area (result
ing from a number of faults intersecting that area) will be

E··1J
(12)

The total seismic energy flux, E T , within a region encompassing many
faults and grid areas is therefore,

. . .
E T =L: E i =L: L: Eij (13)

i i j
At this point we recognize the need to establish a basis of equivalence
between energy flux, and the seismicity parameters, a and b, introduced
earlier in Equation 2. This will enable us to relate the prior geological
model with historical data.

The relationship adopted herein (6) is derived from

:It =1 MU N l (M) E (M) dM (14)

- CD

where MU is taken to be 8.25 based on the presence of the San Andreas
fault. N' (M) is the frequency density function corresponding to the cum
ulative frequency distribution of Equation 2. E (M) is given by Equation
1. It follows that

b
Log E = Log Eo + a + (1. 5 - b) M U + Log ( 1. 5 - b) (15)

Equation 15 is used for two different but related computations: (1) to
convert values of ai representing historical grid area seismicity to log
Ei for comparison with the seismic energy flux developed from the prior
model, and (2J to convert total energy flux for a region, ET' to a regional
seismicity value, a. In terms of the present notation, Equation 15 there
fore takes the two respective forms:

Log Ei = ai + Log Eo + Log (1.5
b

- b) + (1. 5 - b) M U (l6a)

Log ET = a + Log Eo + Log (1.5
b

- b) + (1.5 - b) M U (16b)

If we choose MU to be the same in both equations, conservation of energy,
i. e. Equation 12, implies that

This equation is recognized as being identical to Equation 5.

ATTENUATION

Numerous relationships for how site ground motion attenuates with
distance have been developed for Southern California. In this study, attenu
ation relationships developed by McGuire (10) are used. McGuire's data base
utilized 70 strong motion records published by the California Institute of
Technology. Only free field record s were used and no more than seven
records per earthquake or nine records per single site were incorporated.
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These relationships are given below where A is the peak accelera
tion (cm/s 2 ), V, peak velocity (cm/s), D, peak displacement (em), M,
Richter ITlagnitude, R hypocentral distance (km) and Y s a site geology
indicator which is 0 for rock sites and unity for soil sites.

j,n A = 3.40 + 0.89M - 1.17j,n R - 0.20 Y s (17)

1n V = -1. 00 + 1. 07M o. 961 n R + O. 07 Y s (18)

J,n D = -2. 72 + 1. OOM O. 63J,n R + 0.12 Y s (19)

Soil is classified as any site underlain by alluviuITl or other soft ITlaterial
greater than 10 ITleters thick.

BAYESIAN ESTIMA TION

As mentioned, a Bayesian estimate of peak ground ITlotions is sought
which eITlbodies the cOITlbined geological and historical earthquake evidence
consistent with the relative degrees of confidence in each. The Bayesian
method of analysis presented in (6) is useful for this purpose. It involves
taking a weighted average, on a grid-by-grid basis, of the energy flux
cOITlputed sepa rately froITl geological and historical data.

The notation

e = Log E (20)

is adopted for simplicity with subscript IIp'' denoting prior (geological)
model and 11 0 " denoting observed (historical) data. Bayesian estiITlates
for grid area seisITlic energy flux are given as

(YupS e p . + ('/uOi)2 e (21 )o·
= 1 1e·1

(\j ('/uoY+

where O'pi and O'Oi denote respectively the standard deviation on statis

tical estiITlates of epi and e oi ' The value of 0' 0i is obtained directly froITl

regression analysis perforITled on historical data to obtain ai' ei is equal
to ai plus a constant as seen from Equation 16a. It follows that the stand
ard deviation of ei is also equal to the standard deviation of a i .

A single value of O'p is used for the geological ITlodel. Since energy
for the geological model is computed from magnitude as a function of sur
face rupture length, 0' p is based on a regres sion of magnitude on fault
length. The standard deviation on ITlagnitude given by (5) is 0.5. Thus
from Equation 1

0' Pi = 1. 5 (0. 5) = O. 75 (22)

It has been observed that 0'0. may range from about 0.05 to 1. 5, with a
mean value of approximatel/O. 3. Corresponding (normalized) weighting
factors given by
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Wo

('/Go)2

=

(\f + ('IGor
{23}

range, therefore, from about 0.2 to 1. 0, with W 0 =0.86 corresponding
to a Oi = 0.3. When there are no data in a particular grid area, it is
assumed that W 0 = O. When there is no energy from the prior model in a
particular grid area, it is assumed that W 0 = 1. In general, it is found
that whenever the data are adequate, e Oi prevails over e pi in the weighted
average.

Once the Bayesian estimates of energy flux, Equation 18, have been
determined for each grid, the total seismic intensity parameter a for a
site can ~e computed from Equations 16 and 5. The effective hypocentral
distance R is then determined from Equation 7.

SEISMIC RISK MAPS

After computing the Bayesian a's and R IS, it is pos sible to calculate
an array of ground motion values centered in individual grid areas using
Equation 8. By feeding these results into a contour mapping routine, seis
mic risk maps showing isoseismal contours for peak ground acceleration,
velocity or displacement may be produced.

Figures 5, 6 and 7 contain Bayesian peak ground acceleration, vel
ocity and displacement isoseismals. These maps comprise a complete
set and characterize the expected {475} year return period intensity of
ground shaking based on a Bayesian combination of geological and histor
ical data. In addition, two maps are shown for peak ground velocity,
Figures 8 and 9. Figure 8 is developed from geological data while Figure
9 is developed from historical data. These maps are presented as an
intermediate result to provide additional insight into the analysis. They
may be compared individually with available fault maps and plotted earth
quake epicenters. It is also important to note that the peak ground motions
shown on the maps represent average soil conditions, exclusive of "rock."
This is a direct result of having used McGuire's attenuation equation. The
present map values can be modified for "rock" sites by applying the follow
ing scale factors derived from McGuire's results:

V r =·932Vs

Dr = .887 D s

The subscripts sand r denote Ilsoil't and "rock" respectively.

MOTION SPECTRAL AMPLIFICA TION

(24a)

(24b)

(24c)

Having estimated for California coa stal waters, the expected intensity
of ground motion the next step is to establish a spectral description of the
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motion which is applicable to offshore structures. This was done in a
study by Mohraz and Eskijian (4); the important features of which are
summarized here.

Mohraz and Eskijian selected ground motion records from 987 ac
celerograms on the current Cal Tech tapes (16) and processed these records
to obtain spectral amplification ratios. Since offshore structures are
typically long period, their design will be governed by low frequency,
high intensity and long duration earthquake ground motions. For this
reason care was taken to select records with long duration and high
energy. Thus the following selection criteria were applied:

1. All structurally amplified records such as those taken on upper
floors of buildings were eliminated.

2. All vertical records were eliminated.

3. All records with maximum acceleration less than. 05 g were
eliminated.

4. To obtain the desired influence of duration, all records with
less than 5 seconds between the first and last. 05 g peak were eliminated.

5. Finally, of the surviving records those with less than average
energy were eliminated.

The remaining records were sorted according to the geology of the record
ing instrument site. The clas sifica tion scheme selected is consistent with
McGuire 1 s attenuation laws used in establishing ground motion intensity.
It divides the records into two groups: (1) "rock!' sites having rock at the
surface or rock overlain by less than 10 meters of soil and (2) "soil'! sites
having soil layers greater than 10 meters in depth.

These record sets were analyzed to determine amplification spectra
and ground motion ratios. The method used is similar to that employed in
(4) and involves calculating from spectral velocity records provided on the
Cal Tech tapes, spectral acceleration and displacement values. The re
suIt is a curve of spectral acceleration, velocity and displacement as a
function of frequency for each selected record. These curves are individ
ually normalized using the maximum record value. At this point, a re
gression of spectral values from the collection of records is performed at
discrete frequencies. The spectral values are assumed to be log -normally
distributed. Finally, the results are averaged over frequency ranges of
0.1 to 0.3 hertz, 0.3 to 3 hertz and 3 to 8 hertz to provide displacement,
velocity and acceleration spectral amplification ratios. This process as
well as record selection is graphically illustrated in Figure 10.

The results from this analysis are shown for each site classifica
tion in Tables 1, 2 and 3. Tables 1 and 2 provide spectral amplification
ratios for different values of structural damping and assuming log-normal
frequency distributions of the data. Table 3 provides ground motion
ratios for the same set of records.

Variations were made in the record selection process to examine the
influence of geology, duration, energy and the presence or absence of San
Fernando records. From these variations the following observations were
made:
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Table 1

Spectral Amplification Ratios

"Rock" Sites (Rock plus soil less than 10 meters)

Ampl ification LOG-NORMAL Damping
Ratio 50% 75% 84.1% 90% 95% 97.7% Ratio

Sd/Xmax 2.73 3. 24 3.52 3.79 4.16 4.57 2!'/o

2.39 2.78 2.99 3.18 3. 46 3. 76 5

2.00 2. 27 2.41 2.55 2.73 2. 93 10

S/Xmax 1. 67 2. 09 2.34 2.58 2.92 3. 03 2

1. 32 1. 61 1. 78 1. 93 2.15 2.39 5

1. 04 1. 23 1. 34 1. 45 1. 59 1. 75 10

Sa'5<max 2.78 3.57 4.03 4.49 5.16 5.93 2

2.12 2.64 2.94 3.23 3. 65 4.12 5

1. 70 2. 06 2.27 2.46 2.74 3. 05 10

Table 2

Spectral Amplification Ratios

"Soil" Sites (Soil depth greater than 10 meters)

Amplification lOG-NORMAL Damping
Ratio 50% 75% 84.1% 90% 95% 97.7% Ratio

Ss/Xmax 2.67 3.21 3.52 3.80 4. 20 4.64 l'Jo

2.30 2. 72 2.95 3.16 3.46 3.78 5

1. 92 2.20 2.39 2. 54 2.75 2.98 10

I' 1. 60 2. 00 2.22 2.44 2.76 3.10 2Sv Xmax
1. 26 1. 53 1. 69 1. 83 2.04 2. 27 5

0.99 1.19 1.29 1. 39 1. 54 1. 69 10

SiXmax 3. 04 3. 71 4.08 4.43 4.93 5.47 2

2.28 2. 69 2.91 3.12 3.41 3. 73 5

1. 80 2. 06 2.20 2. 33 2.51 2.69 10

Table 3

Ground Motion Ratios (Log-Normal)

"Rock" Sites II Soil II Sites
50% 84.1% 50% 84.1%

d/a 23 34 34 49

vIa 48 69 56 78

ad/v2 3.93 6.38 4.11 6.00
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1. For the long duration high energy record sets, spectral ampli
fications for rrsoil rr sites were found to be greater than those for "rock"
sites in the frequency range below 2.5 hertz. The se finding s a re con
sistent with those from earlier works as reported in (4). In the process
of examining the rr so i1 1f and "rock" site influence it was determined that
amplification ratios are quite sensitive to shallow layers of soil ITlaking
it extreITlely iITlportant to exercise caution when classifying sites.

2. The duration of accelerograITl records was found to have a
smaller influence on response spectral aITlplification than had been ex
pected. However, it was determined that the ground ITlotion ratios (i. e.
dla, via and ad/v2) are quite sensitive to duration with larger velocity
and displacement ratios associated with the longer duration records.

3. The higher energy records produced larger spectral amplifica
tions in the velocity and displacement regions as anticipated.

4. EliITlination of records from the San Fernando event as well as
eliITlination of short duration and low energy records res ulted in too few
records upon which to draw any conclusions.

SITE DESIGN SPEC TRA

Having established spectral amplification ratios for long period off
shore structures,the next and final step in the process of describing the
coastal seismic design environment is to prepare site specific design
spectra. The process involves cOITlbining peak ground ITlotions for a
selected site froITl the Eguchi-HasselITlan study (3) with spectral amplifi
cations cOITlputed in the Eskijian -Mohraz study (4).

Within the fraITlework of the present analysis, separate spectral
aITlplification factors are applied to peak ground acceleration, velocity
and displacement to produce corresponding response spectrum charac
teristics, naITlely peak values of pseudo-acceleration, pseudo-velocity,
and pseudo-displacement. The amplification factors, Tables 1 and 2,
are denoted by GX where X represents either peak ground acceleration,
velocity 0 r displaceITlent. Pseudo-response, denoted by Y, is then com
puted by multiplying the peak ground ITlotion value, X (defined by Figures
5, 6 and 7, for example), by the aITlplification factor, GX ' as

Y = GXX (25)

Since the aITlplification factors defined in Tables 1 and 2 are eITlpirically
derived from strong motion accelerograms (and integrated accelero
graITls), they are considered as randoITl variables. In particular, the
lognorITlal distribution is assuITled for GX (3). In addition, based on pre
vious work (10), a lognorITlal distribution has been adopted for X which
represents the variability in attenuation. Based on these distributions,
it follows that Y will have a lognorITlal distribution with parameters

J1 AnY = 11 11 + III
L LnGX nX (26a)

2a
inY = a 2

inGx
+

2a
LnX (26b)
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where f.1 represents the mean value of the parameter and a the standard
deviation.

The proba bility that the random variable, Y, will not exceed some
given value, y, during a period of time, t, is given by

(Z 7)

where, Y is the largest pseudo-response value (e. g., pseudo-acceleration,
pseudo -velocity or pseudo-displacement) to occur during an exposure pe riod
of t years, and Vo is the mean rate of arrival of all events greater than
some lower bound Yo. Equation Z7 is based on the assumption that the oc
currence of earthquakes can be modeled by a Poisson process and that
earthquake magnitudes are exponentially distributed. F y (y) is given by

co

<I> (i,nYq-PInY )Fy (y) =f f- (y) dyy
Yo

inY

where,

(1) bx - (bX+l)
f- = bXYo YY

(Z8)

(Z9)

and where bX = b/Cz. C z and b are the constants in the attenuation
Equation (6) and the frequency of occurrence Equation (Z) relationships,
respectively.

Probabilities of non-exceedance for various response values can
then be obtained by integrating Equation Z8 for various values of y and
inputing those results into Equation Z7. A more detailed discussion of
this analysis is presented in Reference (17) along with the results of a
parametric study involving a inY and b/C z.

Consider as an example a site off the coast at 33 0 N latitude and 118 0

W longitude. The design spectrum for this site is obtained as follows: from
the Bayesian seismic risk maps peak ground motions (X) for a 475 year re
turn period of 15% g acceleration, lZ inches per second velocity and 6.5
inches displacement are read from Figures 5, 6 and 7 respectively. With
these peak ground motions and having verified that the site soil conditions
correspond to the classification used in preparing the maps, the next step
is to combine the peak ground motions (X) with spectral amplification fac
tors (GX ) as described previously to account for the uncertainties embodied
in each.

Following the desc ribed procedure pseudo -response spectrum
ordinates are calculated, Figure 11, as a function of probability of non
exceedance or return period. With the selection of the desired risk level
(probability that the ground motions will not be exceeded during the struc
tures lifetime) a design spectrum rna y be plotted for the site in question
on tripartite graph paper using the spectral ordinates. An example of
such a design spectrum is shown in Figure 1Z. It provides the desired
description of the seismic design conditions for that specific site.
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CONCLUSIONS

Conclusions drawn from this study fall into complementary
catagories - methodology and its application to the problem at hand.
The methodology desc ribed ha s three prominent features.

1. Modeling techniques related to seismic energy flux allow both
geological data and historical data to be processed in the same way to
develop seismic risk maps.

2. Bayesian statistical estimation is used with a prior estimate of
seismic energy flux based on geological data. Historical data which
sample the actual energy flux over a limited period of time are introduceq
to revise the initially estimated seismic energy flux distribution. Seismic
risk maps a re then developed by the above mentioned proced ure.

3. Probabilistic analysis is based on median ground motion values
depicted on seisITlic risk ITlaps. Statistically derived uncertainties on
attenuation laws and pseudo -response aITlplification factors are subse
quently incorporated to produce response spectra which depend either
upon return period or probability of exceedance.

This ITlethodology has been applied to the coastal waters of Southern
California as well as to frontier oil lease tract areas off the coast of
Alaska and the mid-Atlantic states (1). The application of this methodology
has produced the following results:

1. A statistical regression analysis of all historical data available
on the current NOAA data tapes within a radius of several hundred miles
surrounding each study area to deterITline the parameters of the Richter
equation.

2. NUITlerically indexed fault maps for Southern California where
each fault is listed by number in a corresponding table giving such infor~

ITlation as length of fault, type of fault, ITlaxiITlum ITlagnitude, slip rate,
ITlaxiITlum surface displacement and recurrence interval associated with
the maximum magnitude.

3. Seismic risk maps depicting median peak ground velocity for a
475 year return period computed independently for the geological ITlodel
and the available historical data on the NOAA data file.

4. Bayesian seismic risk maps depicting median peak ground
acceleration, velocity and displacement for a 475 year return period.
These maps reflect the combined results of geological and historical
data weighted in accordance with the relative degrees of statistical con
fidence dete rmined for each.

5. Normalized response spectral ordinate tables which reflect
long duration and high energy ground motion and are applicable to long
period structures.

6. Design spectra for selected sites based on a probabilistic
combination of uncertainties resulting from motion attenuation, response
aITlplification as well as earthquake occurrence, magnitude and location.
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THE UNCERTAINTY IN SEISMIC LOADING AND RESPONSE CRITERIA

by
I

Jack R. Benjamin,
II

Fred A. Webster,

ABSTRACT

III
Charles Kircher

This paper presents the first results of statistical analyses of earth
quake response spectra based on the concept that each earthquake is a unique
event. The spectra are analysed using multiple-nonlinear regression anal
yses with a mean value function that is the sum of two exponential type
terms.

The analyses of two sets of data are presented which show the uncer
tainty in seismic loading and associated response spectra. Response spectra
corresponding to thirteen earthquakes recorded at one instrumental site, El
Centro Station No. 117, are analysed and compared to the response spectra
corresponding to the simultaneous recordings of a single earthquake, the 27
June 1966 Parkfield event, at seven instrumental sites. The first of these
analyses produces results upon which a site specific criteria response spec
tra could be developed. The latter analysis illustrates the type and level
of uncertainties in sets of data for one earthquake.

INTRODUCTION

This paper presents preliminary results of statistical studies of indi
vidual earthquake response spectra. The results of the research reported
here are just a portion of a larger research program which has the general
purpose of extracting statistically quantified information from existing
data on earthquake motions. The first part of this program has been the
statistical analysis of strong motion instrumental data in the frequency
domain. Many other factors, such as site geology, earthquake mechanism,
attenuation, etc., remain to be considered in detail. The research is con
cerned both with mean value functions and variance functions about the mean.

Site specific response spectra statistical information is compared to
response spectra statistical information generated at many sites by a single
large peak ground acceleration (PGA) earthquake.

The basic assumption in these statistical studies is that each earth
quake and its corresponding recorded response spectrum is unique and cannot
be subdivided into independent samples at each different frequency because
all spectral ordinates for a given earthquake recorded at a given site are
correlated with each other. This assumption is in direct contrast to the

t. President, Engineering Decision Analysis Company, Inc., 480 California
Avenue, Suite 301, Palo Alto, California 94306

II. Project Engineer, Engineering Decision Analysis Company, Inc., 480 Cal
ifornia Avenue, Suite 301, Palo Alto, California 94306

III. Senior Engineer, Engineering Decision Analysis Company, Inc., 480 Cali
fornia Avenue, Suite 301, Palo Alto, California 94306
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approach used to derive current criteria response spectra which presupposes
independence of response spectrum ordinates (e.g., References 1,2, and 3).
Current criteria response spectra have mean value ordinates calculated at
each frequency by the assumption of independent spectral ordinates and nor
malizationby the PGA. For example, analyses to determine criteria response
spectra compute a normalized ordinate at 2 Hertz from say 30 different
response spectra, and these 30 ordinates at 2 Hertz are studied separately
from the adjacent ordinates at 1.99, 2.01 Hertz and all other frequencies.

Assuming that each earthquake record is unique, shape parameters are
used to quantify the mean value and variance functions of each of the
response spectra. It is shown that the instrumental PGA is one of several
shape parameters and that a wide variety of spectral shapes can be quanti
fied numerically in terms of these shape parameters. The large variability
in these shape parameters provides one of the keys to developing statisti
cally reliable site specific design criteria.

THEORY

The typical characteristics of a response spectrum are shown in Figure 1
in which the ordinate is spectral acceleration, SA, on a linear scale and
the abscissa is period, T, on a logarithmic scale. Such a plot magnifies
the region of interest for most engineered facilities.

An emperical approach has been employed in this paper to provide mean
value and variance functions that fit a wide variety of response spectra.
The mean value response spectra function is made up of five parameters, and
is written

1

in which SA is the mean value spectral acceleration, T is the period in sec
onds, and C1 through C5 are constants to be determined from analysis of the
data.

The first term of this function has the shape shown in Figure 2 where
parameter C1 corresponds to the PGA, and C2 is determined essentially by a
simple statistical analysis of the response spectra data in the period range
of 5 to 10 seconds. The second term of equation 1, which is also shown in
Figure 2, has a smooth rise from zero at zero period to a peak and then a
rapid decay with an increase in period. The three parameters of the second
term are determined by employing a multiple-nonlinear regression analysis in

!which the function is fit to the response spectra data to minimize the
squared error.

Figure 1 shows the resulting mean value response spectrum superimposed
on the 18 May 1940 El Centro response spectrum, N-S component for 5 percent
damping. Though the variance data about the mean value function has not
been completely processed to date, it has been observed that the absolute
difference between the actual and mean value spectral ordinates are of the
same basic shape as the mean value function. Thus, it will be a simple mat
ter to specify a mean plus one or two standard deviation response spectrum
curve in the same form as equation 1.

It was found after computing the five parameters, Cl through C5, for
several earthquake spectra that it was more convenient for comparison pur-
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poses to rewrite equation 1 in terms of a set of parameters which have a
more physical intepretation in regard to the mean value curve. By
defining Xl as the period at which the peak mean value spectral ordinate
occurs, X2 as the peak mean value spectral ordinate, and X3 as the
relative spread of the mean value curve as measured by the distance of
the inflection point from the peak divided by Xl, equation 1 may be
rewritten

_ • -(C2·T) (X2_Cl.e-(C2
0

Xl) A. (1/X32). -(T/(Xl·X32))
~ - Cl e +\Xl(1/X32).e-(1/X32)1 T e 2

DATA ANALYSIS

Thirteen E1 Centro events for which response spectra are recorded were
used in the analysis and are listed in Table 1 along with their dates, loca
tions and magnitudes and epicentra1 distances. Figure 3 graphically shows
the location of the thirteen epicenters and the location of the recording
station. The seven recording stations which obtained records of the 27 June
1966 Parkfield earthquake and whose corresponding response spectra were
analyzed are listed in Table 2 along with their site locations and epicen
tra1 distances. Figure 4 shows the geographical relationship of the Park
field earthquake epicenter and the location of each of the seven recording
stations. Data given in Tables 1 and 2 has been obtained from IIEarthquake
History of the United States ll (Ref. 4) and Hileman and Allen (Ref. 5).

A computer program was developed for the automated processing of
response spectra data obtained from NTIS computer tapes (Ref. 6). This pro
gram was used to investigate the previously defined characteristics, Cl, C2,
Xl, X2, X3, for the five percent damped response spectra data corresponding
to the recorded events of Tables 1 and 2. An additional calculation of the
root mean square difference between the regressed mean value function and
the response spectra data has been made for each directional component pro
cessed. The value was then normalized by the PGA (i.e., Cl) and is included
along with the other pertinent results of the analyses.

RESULTS OF THE ANALYSES

Results of the mean value response spectra nonlinear regression analyses are
given in Tables 3 and 4. Parameters Cl, C2, Xl, X2, X3 are listed in Tables
3 and 4 for 13 earthquakes recorded at Station No. 117, E1 Centro, and the
Parkfield earthquake of 27 June 1966 recorded at seven stations, respec
tively. In addition, typical mean value spectra are plotted in Figures 5
and 6 for the E1 Centro station and in Figures 7 and 8 for the Parkfield
earthquake.

These figures and tables indicate several things:

1. The E1 Centro site spectra are, on the average, broader than those pro
duced by the Parkfield earthquake. The average value of X3, which is a
relative measure of spread, is 0.80 for the E1 Centro site, whereas it
is 0.64 for the Parkfield earthquake response spectra.

2. The period of the peak mean value response, Xl, is quite variable for
different earthquakes and for the same earthquake recorded at different
stations. It appears, also, that Xl does not correlate well with epi
central distance.
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3. In all but one case listed in Tables 3 and 4 the mean vertical response
spectra have peaks occurring at smaller periods (higher frequencies)
than the horizontal components.

One of the more interesting results of the analysis to date is shown in Fig
ure 9, in which the peak ground acceleration, C1, is plotted against the
peak of the mean value response spectra, X2, for the N-S component of the
earthquakes recorded at the El Centro site. The correlation coefficient
between these two parameters is 0.989. For the E-W component it is 0.995
and for the vertical component it is 0.989. A similar computation for the
Parkfield earthquake gives a correlation coefficient of 0.986 for the hori
zontal components and 0.971 for the vertical components.

CONCLUSIONS

Based on the preliminary results presented in this report and additional
work in progress, it appears that the chosen mean value function provides a
satisfactory fit to the data and that the five constants of that equation
plus a variance function provide a satisfactory sufficient statistic. That
is, the values of these parameters provide detailed quantified measures by
which response spectra can be compared, correlations developed, and criteria
analysed on a site specific basis.

Although the peak spectral ordinate is very highly correlated with the
peak ground acceleration, the period at which the peak ordinate is found is
highly variable and appears to be uncorrelated with epicentral distance.

The wide band characteristics of the response spectra for 13 earthquakes
recorded at the El Centro site are quite similar while more narrow band
characteristics are found in the spectra of the Parkfield event recorded at
several different sites.

Although many more studies remain to be done, it has been shown that
peak ground acceleration by itself is not a satisfactory sufficient statis
tic for response spectra. In addition, no standard shape exists for a uni
versal criteria. Sufficient data are available to develop the basic charac
teristics of site specific criteria response spectra including the uncer
tainties in all the parameters.



1373

REFERENCES

1. Newmark, N. M., Blume, J. A., Kapur, K. K., "Seismic Design Spectra for
Nuclear Power Plants," J. Power Division., Proc. ASCE, Vo1.99, No. P02,
287-303 (November, 1973).

2. Seed, H. B., Ugas, C., and Lysmer, J., "Site-Dependent Spectra for
Earthquake-Resistant Design," Earthquake Engineering Research Center,
University of California, Berkeley, Report No. EERC 74-12, November,
1974.

3. Applied Technology Council ~An Evaluation of a Response Spectrum
Approach to Seismic Design of Buildings," ATC-2 Report, San Francisco,
California, 1974.

4. "Earthquake History of the United States,1I Publication 41-1 Revised
Edition (Through 1970), U.S. Department of Commerce, National Oceanic
and Atmospheric Administration, Environmental Data Service, Boulder,
Colorado, 1973.

5. Computer Tape NIS159 and NIS160, National Information Service for Earth
quake Engineering, Earthquake Engineering Research Center, University of
California at Berkeley, Richmond, California, 1978.

6. Hileman, James A., Allen, Clarence R., and Nordquist, John M., "Seis
micity of the Southern California Region 1 January 1932 to 31 December
1972,11 Seismological Laboratory, California Institute of Technology,
Pasadena, California, 1973.



1374

III
.jJ......
s:::::
::s
I

0'1........

b5
n

s:::::
0......
.jJ

ro
~

AQ)
r-
Q)
U C1u

c=r: ......

> XlX3 ~

Sle-C2T + C3TC4 e-C5T OR

/

Cle-C2T + (X2-Cle -C2T)(eT/Xl)

e-(T/Xl X3
2

)

---- Xl .. -.."~

Period, T (seconds}

FIGURE 2 MEAN VALUE RESPONSE SPECTRA FUNCTION

~ 1.0
of-J·c .9
::s
I .8

0'1-c=r: • 7
V)

.. .6
§ .5......
-:t; •4
~
Q)

Qj .3
u
;;. .2

••
•• •••

.02 .04 .06 .10 .2 .4.6 1.0 2.0 4.0 6.0 10.0
Period, T (seconds)

FIGURE 1 RESPONSE SPECTRA WITH MEAN, RESPONSE SPECTRA SUPERIMPOSED

FIVE PERCENT DAMPING i EL CENTRO RECORDING STATION 1940 N-S COMPONENT



1375

117°
34°'-+-----1-----+----t--

10
133

5

117
8 El4

811
9

812

31°-+-----+--------f----+__

FIGURE 3 GEOGRAPHICAL LOCATION OF EARTHQUAKES RECORDED AT STATION No. 117,

EL CENTRO IMPERIAL VALLEY IRRIGATION DISTRICT

Parkfield
Epicenter

01095

FIGURE 4 GEOGRAPHICAL LOCATION OF RECORDING STATIONS

RECORDING THE PARKFIELD EARTHQUAKE, 27 JUNE 1966



1376

~ April 1968 SOOW

/18 May 1940 SOOE

12 April 1938 EAST

1.0
.9

..... .8en
.j.)
'r- .7e
:::l .6I
~-
c

.5 _
0

'r- .4.j.)
~

.3~
Q)
.-.

.2Q)
u
u

0;::( .1

0.02 .2 .4.6 1.0 2.0 4.0 6.0 10.0

Period, T (seconds)

FIGURE 5 TYPICAL MEAN VERTICAL RESPONSE SPECTRA -- FIVE PERCENT DAMPING

EL CENTRO RECORDING STATION

1.0
.9

en
.8-l-J

'r-
e

.7:::l
I
~

•6-c:x:
U') .5..

.4c:
0
.r-
-l-J .3
~s..

.2Q)
.-.
Q)

.1u
u

c:x:
0

,02

/--18 May 1940 VERT•
~-

~30 December 1934 VERT.
"

2.0 4.0 6.010.0

Period, T (seconds)

FIGURE 6 TYPICAL MEAN VERTICAL RESPONSE SPECTRA -- FIVE PERCENT DAMPING

EL CENTRO RECORDING STATION



1377

~)tation 1013 N65E

.~ tl-L~~:---"--l;.-L+-1-l....LL~~--L+~~
.02 .2 .4 1.0 6. a 10.0

Period T, (seconds)

FIGURE 7 TYPICAL MEAN HORIZONTAL RESPONSE SPECTRA --

1.5
1.4

1.3l
1.2
1.1

1.0
.9

.8

.7

.6

.5

.4

.3
.2

..-
OJ
U
U

c:e

..
t:
o....
.jJ

ttl
~
OJ

I~

PARKFIELD EARTHQUAKE, 27 JUNE 1966 -- FIVE PERCENT DAMPING

~Station 1013 Down

.1 .2 .4.6 1.0 2.0 4.0 6.0 10.0
Period T, (seconds)

TYPICAL VERTICAL RESPONSE SPECTRA --

PARKFIELD EARTHQUAKE, 27, JUNE 1966 -~ FIVE PERCENT DAMPING

1.0
........... .9

II)
.jJ

.8.....
t:
::l .7I
C1

.6
l~ .5..
t: .40.....
.jJ .3ttl
~
OJ .2..-
OJ

.1u
u

ex::
0

.02 .04 .06

FIGURE 8



1378

Correlation Coefficient p = 0.989

.2 .3 .4

Peak Ground Acceleration, Cl (g-units)

.8

.7

.-..
VI

-4-'.,....
e:
~

I .6
Cl........

N
'x.. :Slope 2.19ttJ =

So. .5-4-'
<.J
(])
c..

(/)

QJ
VI
e:
0 .4a.
VI
(])

p::
(])
~,.....
ttJ .3:::-
e:
ttJ
(])

:::E:
If-

&0 .2
~

ttJ
(])

a..

FIGURE 9 CORRELATION BETWEEN PEAK GROUND ACCELERATION

AND PEAK OF MEAN RESPONSE SPECTRA El CENTRO RECORDING STATION No. 117

NORTH SOUTH COMPONENTS FIVE PERCENT DAMPING



1379

TABLE 1 EARTHQUAKES RECORDED AT STATION NO. 117,

EL CENTRO IMPERIAL VALLEY IRRIGATION DISTRICT

Epicentral Coordinates Magnitude Epicentral
No. Date Location N. Lat.* W. Long.* (RM) Distance (km)

1 30 December 1934 South of Calexico 32.25 115.5 6.5 61.1

2 12 April 1938 Imperial Valley 32.9 115.6 3.0 10.0

3 5 June 1938 Imperi alValley 32.9 115.2 5.0 33.0

4 6 June 1938 Imperial Valley 32.25 115.2 4.0 70.7

5 18 May 1940 Southeast of 32.7 115.5 6.7 8.5
Imperial Valley

6 21 October 1942 Near Borrego Valley 33.0 116.0 6.5 46.1

7 23 January 1951 Near Calipatria 33.0 115.7 5.6 26.8

8 13 June 1953 Imperi alValley 32.9 115.7 5.5 23.0

9 12 November 1954 Baja California 31.5 116 6.3 150.4

10 16 December 1955 Near Brawley 33.0 115.5 4.3 22.9

11 9 February 1956 Baja California 31.8 115.9 6.8 121.5

12 7 August 1966 Gulf of California 31.8 114.5 6.3 148.3

13 8 April 1968 South of 33.2' 116.1 6.4 69.4
Ocotillo Wells

TABLE 2 MULTIPLE RECORDINGS OF PARKFIELD EARTHQUAKE,

27 JUNE 1966 (5.6 RM)

Station .Coordinates Epicentral
No. Station Location Station No. N. Lat.* W. Long.* Distance (km)

1 Cholame, Shandon, 1013 35.73 120.29 30.0CA Array No. 2

2 Cholame, Shandon, 1014 35.70 120.33 30.2
CA Array No. 5

3 Cholame, Shandon, 1015 35.67 120.90 43.1
CA Array No. 8

4 Cholame, Shandon, 1016 35.64 120.40 33.0CA Array No. 12

5 Temblor, CA, No. 2 1097 35.75 120.26 30.6

6 San Luis Obispo 1083 35.28 120.67 71.8
Rec. Bldg., CA

7 Lincoln School Tunnel, 1095 35.15 119.45 129.0Taft. CA

* Degrees
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TABLE 3 RESULTS OF ANALYSES, EARTHQUAKES RECORDED AT

STATION NO. 117, EL CENTRO

No. Year Component RMS/PGA fLW. C2 (Hz) Xl (sec) R..W -!L

1 1934 SOOW 0.24 0.160 0.429 0.266 0.413 0.93
S90W 0.22 0.182 0.429 0.295 0.412 0.78
VERT 0.26 0.069 0.281 0.200 0.183 0.88

2 1938 NORTH 0.26 0.029 0.375 0.175 0.081 0.71
EAST 0.21 0.050 0.348 0.155 0.J08 0.54
UP 0.33 0.022 0.350 0.101 0.036 0.86

3 1938 NORTH 0.33 0.034 0.514 0.140 0.082 0.51
EAST 0.31 0.027 0.522 0.122 0.053 1.02
UP 0.27 0.013 0.414 0.108 0.043 0.40

4 1938 NORTH 0.28 0.009 0.319 0.166 0.019 0.70
UP 0.33 0.004 0.205 0.107 0.012 0.57

5 1940 SOOE 0.20 0.348 0.402 0.400 0.772 0.90
S90W 0.20 0.214 0.232 0.433 0.529 0.81
VERT 0.33 0.210 0.425 0.088 0.583 0.82

6 1942 NORTH 0.19 0.060 0.170 0.272 0.173 0.63
EAST 0.22 0.047 0.185 0.331 0.113 0.74
UP 0.19 0.026 0.400 0.167 0.073 0.63

7 1951 NORTH 0.27 0.031 0.340 0.368 0.085 0.78
EAST 0.26 0.028 0.351 0.461 0.097 0.62
UP 0.34 0.014 0.328 0.144 0.035 0.72

8 1953 NORTH· 0.39 0.007 0.178 0.305 0.016 0.75
EAST 0.39 0.037 0.410 0.455 0.085 1.03
UP 0.21 0.017 0.360 0.138 0.047 0.59

9 1954 NORTH 0.23 0.025 0.364 0.674 0.065 0.59
EAST 0.19 0.028 0.332 0.615 0.058 0.81
UP 0.27 0.007 0.225 0.338 0•.014 1.09

10 1955 NORTH 0.22 0.064 0.417 0.281 0.134 0.84
EAST 0.20 0.072 0.511 0.207 0.153 0.75
UP 0.28 0.058 0.523 0.094 0.082 0.83

11 1956 SOOW 0.37 0.033 0.247 0.517 0.104 0.85
S90W 0.28 0.051 0.247 0.611 0.137 0.75
VERT 0.50 0.013 0.204 0.330 0.030 1.24

12 1966 NORTH 0.38 0.014 0.169 0.574 0.040 0.87
EAST 0.47 0.015 0.184 0.583 0.038 0.91
UP 0.48 0.005 0.076 0.846 0.014 1.19

13 1968 SOOW 0.22 0.130 0.235 0.871 0.211 1.12
S90W 0.43 0.057 0.116 0.683 0.132 1:14
VERT 0.23 0.030 0.222 0.210 0.092 0.52
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TABLE 4 RESULTS OF ANALYSES. MULTIPLE RECORDINGS OF

PARKFIELD EARTHQUAKE. 27 JUNE 1966 (5.6 RM)

Station
No. No. Component RMS/PGA f.U9l C2 (Hz) Xl (sec) R.W. -lL

1 1013 N65E 0.28 0.489 0.411 0.533 1.424 0.52
DOWN 0.45 0.206 0.482 0.121 0.618 0.66

2 1014 N05W 0.25 0.355 0.537 0.319 0.910 0.56

N85E 0.25 0.434 0.484 0.275 0.974 0.61
DOWN 0.38 0.119 0.498 0.141 0.336 0.88

3 1015 N50E 0.29 0.237 0.440 0.158 0.552 0.67
N40W 0.27 0.275 0.501 0.199 0.702 0.57
DOWN 0.45 0.079 0.453 0.092 . 0.265 0.58

4 1016 N50E 0.31 0.053 0.262 0.201 0.151 0.58
N40W 0.31 0.064 0.257 0.180 0.151 0.64
DOWN 0.39 0.045 0.380 0.151 0.150 0.62

5 1097 N65W 0.18 0.269· 0.546 0.273 0.820 0.45
S25W 0.32 0.347 0.536 0.301 0.826 0.58
DOWN 0.15 0.132 0.555 0.182 0.265 0.52

6 1083 N36W 0.23 0.015 0.266 0.278 0.037 0.64

S54W 0.19 0.012 0.341 0.206 0.028 0.95
VERT 0.30 0.006 0.221 0.266 0.016 0.61

7 1095 N21E 0.25 0.008 0.071 0.612 0.024 0.78
S69E 0.26 0.011 0.177 0.683 0.027 0.82
UP 0.21 0.006 0.160 0.587 0.016 0.58
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INELASTIC SEISMIC DESIGN CONSIDERATIONS

FOR OFFSHORE PLATFORMS

by
I

Damodaran Nair, Jay B. Weid1er I and Robert A. Hayes I

ABSTRACT

The ability of offshore platforms to withstand extreme earth~

quakes is examined in terms of the inelastic energy absorption
capacity. The important considerations in the design of plat
forms are shown to be the inelastic behavior of platform elements
such as beam-columns and struts, the behavior of the panels and
the overall behavior of the platform itself. The intensity of
the extreme earthquake which the platform can withstand is esti
mated by equating the ultimate energy absorption capacity of the
platform to the earthquake input energy. The poste1astic be
havior and the energy absorption capacity of platforms is exem
plified by analyzing a typical frame. It is shown that properly
designed conventional platforms can absorb substantial amounts
of energy by inelastic action. By varying the local characteri
stics of the platform, it is demonstrated that in addition to
the overall energy absorption capacity, the local behavior of
the platform must also be examined to arrive at meaningful results.

INTRODUCTI ON

Earthquake -resistant design philosophy for offshore plat
forms is based on the dual design criteria (1,2). Accordingly,
a platform is designed to behave elastically under a level of
earthquake intensity which has a moderate probability of occurr
ing during the life of the structure, and to behave inelastically
when subjected to extreme ground motions. The rationale for the
dual design philosophy can be related to the ability of well pro
portioned structures to absorb substantial amounts of energy by
inelastic action.

One obvious method of assessing the survivability of plat
forms to severe ground motions is to establish the intensity of
ground motion associated with the extreme earthquake and then to
perform nonlinear time history analysis to determine the response

I Offshore Structures Department, Brown &Root, Inc.
Houston, Texas
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of the platforms. However such an approach has only limited value
when applied to complex structural systems such as offshore plat
forms. This is because of the difficulties in adequately predicting
the characteristics of future earthquakes as well as our inability to
accurately model all the relevant aspects of inelastic structural
behavior. A less refined but more meaningful method for design
applications is currently being used for offshore platforms. The
primary objective of this approach is to ensure that the platform has
a specified minimum amount of energy absorption capacity beyond the
design level which will enable it to withstand a stronger earthquake
than the one for which it was designed.

The principal objectives of this paper are twofold: First, the
ability of platforms to survive strong ground motions is examined in
terms of the inelastic energy absorption capacities of platforms. In
particular the salient aspects of the behavior of platform elements
such as struts and beam-columns and those of the platform itself are
discussed and the ultimate energy absorption capacity of the platform
is related to the spectral velocity of the ground motion. Second,
inelastic platform behavior is illustrated by analyzing typical two
dimensional frames and guidelines are presented for proportioning
platforms which will have significant amounts of postelastic energy
absorption capacity.

IMPORTANT ASPECTS OF INELASTIC BEHAVIOR

Vibratory motion of the ground during an earthquake feeds energy
into the platform. Part of the earthquake energy is dissipated
through damping in the structure, water and soil and the rest is
stored in the structure in the form of kinetic energy of motion of
the mass and, for elastic behavior, in the form of strain energy of
deformation of platform components. However, if the ground motions
are severe enough inelastic action will occur in parts of the structure
with the associated plastic energy dissipation. If the structure can
absorb sufficient amount of energy through plastic deformation, it is
obvious that such a structure can undergo an extreme earthquake with
out collapse.

It is generally recognized that the energy absorption capacity
of a structure is a good index of its surVivability to severe ground
motions (17-24). This information, when supplemented with the be
havior of platform components such as beam-columns and struts as well
as the performance of subassemblages of elements called panels, pro
vides a meaningful technique to evaluate the behavior of platforms to
earthquakes. The behavior of elements and panels is designated as
local behavior and the behavior of the platform itself is called the
overall behavior.
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LOCAL BEHAVIOR

The structural elements which make up a platform can be grouped
into two main cateqories: struts and beam-columns. The vertical
diagonal braces are mainly subjected to axial forces and their be
havior can be modeled by struts. The jacket legs, horizontal braces,
deck columns etc. carry both axial load and moment and their be
havior is modeled by beam-columns. The above distinction permits one
to model the most salient features of each category more accurately.

Inelastic Behavior of Struts - The behavior of structural members
under axial tensile loading-is well defined (3,4). However their be
havior under compressive loading is much more complex. Assuming that
the local buckling characteristics of tubular members have been ac
counted for (5,6), the column buckling loads can be determined as
discussed in References 3 and 4. The postbuckling behavior of struts
is significant in determing the energy absorption capacity. Both
experimental and analytical investigations have been performed re
cently to define the postbuckling behavior of struts and this infor
mation is available in References 7-11.

In the inelastic modeling of struts under tensile loading, the
limited axial ductility (about 15-20) should be recognized. The axial
member ductility is defined as the ratio of the maximum axial elonoa
tion the member can sustain to the maximum elastic deformation. A~
failure criterion based on energy absorption such as the one presented
in Reference 9 provides a meaningful algorithm for determining the
limiting capacities of compressive struts.

Inelastic Behavior of Beam-Columns - A fundamental requirement
for satisfactory postelastic behavior is that the tubular member
should have sufficient rotational capacity before ovalization or
local buckling to permit the formation of a plastic hinge. Recent
tests with steels having a yield strength of 36 ksi demonstrated
that tubes with a D/t ratio of 36 (1300/Fy) or less possess suffi
cient plastic hinge rotation capacity prior to local buckling and can
develop fully plastic moment capacity (9). Tubes with D/t ratios up
to 48 also have considerable ductility - three to ten times the yield
deformation. References 12-16 deal with the inelastic behavior of
tubular members in bending.

Inelastic Behavior of Panels - The behavior of subassemblages of
elements is the next step in the evaluation of the inelastic be
havior of the platforms. A panel herein is defined as the portion of
the platform between two horizontal braces, including the horizontals.
Evaluation of the energy absorption capacity of the panel will ensure
that each part of the platform has a specified minimum energy ab
sorption capacity and that there are no weak links in the structure.
The importance of recognizing the panel behavior is illustrated in the
example presented in a later section.
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OVERALL PLATFORM BEHAVIOR

As mentioned earlier, the total energy absorption capacity of the
platform is a good index of the overall inelastic behavior of the plat
forms due to strong motion earthquakes. An alternate index is the
overall ductility ratio. This is defined as the ratio of the maximum
useful average lateral deflection of the top level of the platform
(deck) to the deflection of the same level under design conditions. The
maximum useful lateral deflection for this purpose can be selected
based on considerations of platform stability under gravity and buoyancy
loads or platform collapse. Platform collapse in turn can be defined
based on collapse mechanisms, an estimate of repair damage or from con
siderations of functional failure.

RESERVE CAPACITY OF PLATFORMS

An estimate of the reserve capacity of platforms to strong ground
motions can be obtained by finding the ultimate energy absorption
capacity of the platform. The above process involves two steps: (1)
estimating the ultimate energy absorption capacity of the platform;
(2) determining the relationship between the energy absorption capa
city and the intensity of ground motion it can sustain.

Ultimate Energy Absorption Capacity - Static inelastic analysis
has been used in the past to investigate the postelastic behavior of
offshore platforms (24,25). A static lateral load pattern is derived
based on the design level response spectra and the dynamic characteri
stics of the platform. Incremental static analysis is performed under
increasing amounts of lateral loads and account is taken of the yield
ing members. This process is continued until the platform collapses.
The energy absorption capacity of the platform corresponding to each
set of lateral loads can be computed either from external loads and
joint displacements or in terms of the energy absorption of each element
of the platform. The energy absorption corresponding to the collapse
load is called the ultimate energy absorption capacity.

Relation Between Energy Absorption Capacity and Intensity of
Ground Motion - Let Ed represent the energy absorption capacity of a
platform corresponding to the design level earthquake. Ed can be com
puted by a static analysis using deflections and loads corresponding
to the design level earthquake or it can be computed as the combined
strain energy due to each of the significant modes of vibration of the
structure. Acomparison of the energies computed by the above two
approaches is given in a later section. Let Eu be the energy absorp
tion capacity of the platform at collapse as defined in an earlier
section.

The maximum energy contained in an elastic single degree of freedom
system of mass mwill be (17,18)

E =} m Sv2 (1)

in which Sv is the spectral velocity of the applied component of ground
motion. For multi degree of freedom systems having a total mass M,
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the maximum energy transmitted by a component of ground motion can be
approximated by

1 2
Ed = ~ M Svd (2)

In Eq. 2, Svd is the spectral velocity associ ated with the sig
nificant mode and for the design level of ground motion. Eq. 2 assumes
that the spectral velocities associated with the various modes are
equal. Figure 1 shows the response spectrum recommended in Ref. 1. It
can be seen that the spectral velocity is constant in the range of
periods of practical importance for offshore platforms (.5-5 seconds).
Eq. 2 gives an upperbound estimate of the energy transmitted to the
structure by the gound motion.

Let Svu represent the spectral velocity corresponding to the
severe ground motion for the constant velocity spectral region. The
mi nimum energy absorpti on requi red of the structure to wi thstand the
extreme earthquake is then given by

1 2
Eu = 2" M Svu (3)

Studies of simple systems reported in References 19-22 shows that
Eq. 3 gives a conservative estimate of the energy being transmitted to
the structure. A relation between the spectral velocity of the design
level earthquake and that for the extreme earthquake which will cause
platform collapse can be written as

. S = S ~ (4)
vu vd Ed

Eq. 4 can be interpreted as follows: A platfonn designed elastically
for the level of ground motion represented by a spectral velocity Svd and a
corresponding energy absorption capacity of Ed, can undergo without
collapse a more intense ground motion represented by the spectral ve
locity Svu, if the ultimate energy absorption capacity of the structure
is Eu. Eq. 4 presents a method by which the energy absorption capaci-
ties of platform can be used to get an estimate of the severity of
ground motion it can undergo.

The above discussion is based on the assumption that the structure
is excited by a single component of ground motion. If there is more
than one component of excitation involved, the above equations should
be modified to account for these effects.

EXAMPLE PLATFORM

Structure - The inelastic behavior of offshore platforms is illu
strated by analyzing the two dimensional frame shown in Figure 2. This
frame represents an exterior bent of an eight-legged platform designed
for drilling and production operations in the Santa Barbara Channel.
The platform was designed to withstand elastically an intensity of
ground motion having an effective peak acceleration of O.25G and the
design spectrum is identified as spectrum B in Figure 1. The funda
mental period of the bent under design conditions is 1.5 seconds.
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For purposes of nonlinear analysis the jacket legs and horizontals
were modeled as beam-columns whereas the diagonal braces were modeled
as struts. The behavior of the struts is idealized as shown in Figure
3(a) and the moment-axial force interaction diaqram for the tubular
beam columns is shown in Figure 3(b). The yield strength of the steel
is 36 ksi and the member sizes are as shown in Figure 2.

Method.of Analysis - The inelastic behavior of the bent was investi
gated by performing an incremental static analysis of the platform under
a prescribed distribution of lateral loads in combination with the gra
vity and buoyancy loads. The lateral force distribution was rlerived
by performing a response spectrum analysis of the platform using spec
trum B in Fiqure 1. The RMS lateral force distributions are shown
by solid lines in Figure 2. The magnitude of the above set of forces
was increased to initiate inelastic action in the various platform
elements. The analysis was continued until small increase in lateral
loads produced a signi~icant amount of lateral deflection.

PRESENTATION AND DISCUSSION OF RESULTS

The average lateral deflection of elevation +71 versus the base
shear (defined as the sum of lateral forces) is shown plotted in
Figure 4(a). The deflected shape of the structure for selected loading
stages is also shown plotted in Figure 4(b). The following inelastic
events are identified. Point A in Figure 4(a) denotes the design level
condition. Point B denotes the onset of the first inelastic event in
which the brace member 4 reaches its buckling capacity and starts losing
its strength, according to the pattern shown in Figure 3(a). The
lateral loads were decreased to the level shown by point C in order to
offset the decreasing capacity of member 4. The drop in lateral load
is explained by the fact that the increase in axial tension of member 5
is more than offset by the drop in the compressive load of member 4.
An analysis procedure that accounts for the local stiffness changes in
the platform due to inelastic events and the consequent redistribution
of lateral loads may not exhibit a drop in the lateral load. After the
compression member reaches point 3 shown in Figure 3(a), the lateral
loads are again increased. Point 0 in Figure 4(b) corresponds to the
stage when member 5 reaches its yield capacity. Further increases in
lateral loads cause compression member 9 to buckle and the behavior
follows the same pattern as explained for the top panel. After the
failure of braces in the top two panels, small increase in lateral loads
caused excessive deflections in the structure and the analysis was
stopped.

Typical deflection patterns are shown plotted in Figure 4(b). The
energy absorption of the bent was calculated for each of the loading
stages and is shown plotted in Figure 4(a). It may be noted that the
ultimate energy absorption capacity, Eu, of the platform in the present
case is 7.5 times as much as the energy corresponding to the design
level earthquake. Using Eq. 4, it is predicted that the platform has
enough reserve capacity to withstand, without collapse, a ground motion
2.7 times the design intensity of ground motion.
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The energy absorption capacity of the platform corresponding to
the design level earthquake was computed by using the static load
pattern shown in Figure 2. An alternate approach is to compute the
strain energy associated with each of the significant modes of response
and then to combine the energies by the root mean square rule. This
resulted in a design level energy which is only 51% of the energy com
puted by the previous method. This further increases the ratio of the
energy absorption capacity of the platform at design level to its
capacity at collapse.

Change in Loading Pattern - It is the usual practice (24,25) to
derive the lateral load pattern based on the elastic stiffness of the
structure and to maintain the same pattern throughout the analysis d

With changing stiffness of the structure, the load distribution also
changes. This effect is investigated by computing the lateral force
distribution corresponding to stage D of the inelastic events. This
distribution is shown by dashed lines in Figure 2. The elastic natural
period of the platform at this stage is 2 seconds. It may be noted
that there are substantial changes in the lateral force distributions
when major inelastic events occur.

Another assumption made in the above analysis was that the hori
zontal braces remain elastic. This restriction was removed and a new
series of analyses were performed in which member 3 formed plastic
hinges at both ends. There were no major changes in the base shear
versus deflection diagram.

PLATFOR~i WITH IIS0Frn BOTTOM PANEL

The inelastic behavior of the platform studied in the earlier
sections was re-examined after introducing the following modifications.
The top panel was strengthened by increasing the wall thickness of
the diagonals from ~/811 to 1/211 • The bottom panel was softened by
decreasing the size of the diagonal braces from 22 11 fJ x 5/8" wall
thickness to 20" fJ to 1/2" wa 11 thickness. The base shear vs deck de
flection for the revised frame is shown in Figure 5(a) and in Figure
5(b) are shown the deflection configurations of the platform at se
lected stages of loading. The energy absorption capacity of the modi
fied frame is also shown in Figure 5(a). In this frame the inelastic
action started in the diagonal braces of the bottom panel and propa
gated upwards to the panel above that. By softening the bottom panel
and iniating the inelastic action in the bottom panel, the energy ab
sorption capacity of the platform is almost doubled. The increased
energy absorption capacity of the bottom story has been recognized
in the design of buildings for some time (26). Ref. 26 presents a
detailed investigation of this concept and points to the several dis
advantages of having a weak link in the bottom part of the structure.

It is obvious that from considerations of the overall energyab
sorption capacity, the second frame with a soft bottom panel is attrac
tive. However, unless the inclusion of such a weak link is intentional,
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it should be avoided in usual design practice. It should be mentioned
that in the above analysis the pattern of lateral loads was kept the
same as for elastic level. It is expected that inelastic action in
the bottom panel would produce substantial changes to the above
pattern and should be considered in the evaluation of the energy ab
sorption capacity. Furthermore in order to provide a complete descrip
tion of the energy absorption capacities of platforms, evaluation of
the capacity of the panels is also needed. Such panel behavior will
point out the presence of weak links in the structure.

Offshore platforms are usually designed by equally important con
siderations other than earthquake such as storm loadings, installation
requirements, etc. As such there are situations in which certain
panels are relatively weak compared to others which are desi'gned by,
say, an installation consideration. The examination of the panel be
havior provides the designer an opportunity to build uniform reserve
capacities into various platform elements.

CONCLUSIONS

1. A method is presented to evaluate the inelastic energy absorption
capacities of platforms and to relate this information to the in
tensity of ground motion the platform can undergo.

2. Conventional platforms of the template type have excellent inelastic
energy absorption capacity to survive extreme earthquakes without
collapse.

3. A procedure which consists of determining the overall inelastic
energy absorption capacity of the platform and the inelastic
behavior of the individual panels provides a means by which the
ability of platforms to undergo extreme earthquakes can be
evaluated.

4. Based on the present study as well as others yet unreported, it
seems that the reserve capacity of platforms to withstand extreme
earthquakes can be greatly increased by proper sizing of members
and panels. Furthermore, a design strategy which leads to de
sirable postelastic behavior is to limit the inelastic action to
the diagonal braces alone and to keep the jacket legs and deck
columns elastic.
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THE INFLUENCE OF MICROZONATION ON THE RELIABLITY-BASED

DESIGN OF OFFSHORE STRUCTURES

by

H. Kappler I and G.I. SchuellerII

ABSTRACT

In this paper a reliability concept is proposed, in which
the microzoning effect is introduced as a corrective factor to
the probability distribution of the earthquake load intensity.
The frequency of earthquake occurrence for particular sites
under investigation is modeled by a Poisson process. In a numer
ical example the concept is applied to a fixed (template) off
shore platform located in a seismic active area and in a water
depth of 100 m (300 ft), a depth in which usually the governing
design load type - either waves or earthquake - cannot be dis
tinguished easily beforehand. It is shown that in areas where,
according to the seismic mapping, the wave load is expected to
be the governing design load, due to the microzoning effect, the
earthquake load can yield lower reliability values.

INTRODUCTION

The determination of regional seismicity for both onshore
and offshore areas has received increasing attention in the past.
These studies generally result in seismic probability maps,
showing contours of intensities which correspond to a given
return period, say 100 years etc .. It is a fact that the models
leading up to these maps imply intensity attenuation relations
which are valid for firm ground. However, additional factors,
such as local soil conditions (soil stratigraphy), topographic
irregularities (hill or slope formations) and local geological
formations may also influence the intensity distribution and
the frequency content of earthquakes. For the latter effect
• which is generally called microzonation or microregionaliza
tion - may be accounted for by locally transforming the inten
sities of a map of regional seismicity. Although there are a
number of objections to this rather simplified method to be
raised (1), due to its clarity in application it is nevertheless
employed widely by practising structural engineers.

I Research Associate of Civil Engineering, Technische Universi
tat MUnchen, Munich, Germany

llLecturer of Civil Engineering, Technische Universitat MUnchen,
Munich, Germany
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It should be mentioned at this point that the actual struc
tural risk has to be determined by combining the likelihood of
the seismic activity, i.e. its frequency of occurrence and in
tensity, and the uncertainty inherent in the response and the
material properties of the structure. As the characteristics
of occurrence of natural events such as earthquakes is random
in nature, their likelihood of occurrence may be determined by
utilizing stochastic processes. For calculating the structural
response, given an earthquake of a particular intensity distrib
ution, response spectral, random vibrational and/or time history
methods may be applied. The theory of structural reliability
is to be applied for taking into account the statistical scatter
of material properties such as yield limit etc ..

In addition to the earthquake threat, offshore structures
are also subjected to storm generated waves, which particularly
in the North Sea and in the Gulfs of Mexico and Alaska have
proven to be very severe. A proper structural design procedure
of offshore structures - such as for example fixed production
platforms - has to include the risk analysis due to both natural
hazards. Depending on the respective conditions, either the
earthquake loading or the wave loading may be the governing de
sign parameter. It is shown in this paper that for certain con
ditions where - according to wave height and regional seismicity
maps - the wave loading proves to be the governing design para
meter, due to the influence of microzoning effect, i.e. the
transformation of the earthquake intensity for a particular po
tential construction site under consideration, the earthquake
loading leads to larger structural failure probabilities, i.e.
higher risks.

THE RELIABILITY CONCEPT

As it was already mentioned in the previous section, that
due to the random characteristics of natural hazards - such as
severe storms and earthquake - an economical and safe design
of offshore structures requires the utilization of probabilistic
methods. Furthermore, the statistical properties of the con
struction materials used have also to be incorporated in the
analysis, particularly in areas where data is scarce. This can
be accomplished by applying Bayesian methods as shown in (1,2,3).
An alternative approach which is followed here is using classic
al reliability theory (4,5) which makes use of ob~ective statis
tical estimates. In this context it should be pointed out that,
provided sufficient data is available, the Bayesian updating
procedure does yield the same answers as the classical statisti
cal approach.

For both storm and the earthquake hazards, identical reli
ability procedures may be used. Hence in the following, the de
velopment of the analysis in general terms deals with the occurr
ence of particular events representing the occurrence of these
hazards. For forecast purposes the occurrence of these events
may be modeled by stochastic- processes. It is reported that,
for natural hazards with high load intensities as a consequence,
the Poisson process is an appropriate model. Statistical evidence
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also seem to support this assumption (7,8). The probabilit~ of
occurrence of n events within a particular time range [O,tJ can
therefore be expressed as

p(n[v,t)
= !vt)ne-vt

n! ( 1 )

In the above equation is v the mean rate of event occurrence
and cam be statistically estimated by using historical data. An
event may be defined as a storm and/or earthquake occurrence ex
ceeding a certain lower bound threshold. In other words, a load
event which is likely to cause damage to the structure.

After haVing decided on a model to predict events on a
long-term basis, one has to determine the probability distrib
ution of the loads caused by these events, i.e. the conditional
load distributions. These distributions may be obtained by
fitting theoretical distributions to observed data. Physical
and statistical arguments permit the desired extrapolation be
yond the data range.

Finally the statistical information of the material proper
ties has to be introduced in the model. Again, similar arguments
as in the load case have to be used to accept a particular theo
retical distribution, which permits probability statements with
in ranges in which no data have been observed. This is an ex
tremely important aspect, for generally structures are to be de
signed for loads greater and strengths smaller than those which
have been observed in the past. The failure probability of a
structure conditioned on a particular event type is Visualized
in Fig. 1 below.

y

Fig. 1 - Schematic sketch of conditional structural failure
probability
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In the figure above fy(y) represents the distribution of the
load intensity, given the event; f (x) accounts for the un
certainties which arise when calcufating the force distributions,
given fy(y); fR(x) stands for the probability distribution of
the structural resistance. The conditional failure probability
for each YK dy results from the convolution of fs(x) and fR(x),
L e.

( 2)

The probability of survival of the structure, given the load
intensity YK is then

(3)

Integrating over all possible conditional load intensities which
may occur during the event E results in the following expression

(4)

which is a conditional probability. Assuming statistical inde
pendencebetween the probability of the event occurrence and
its effect, which is expressed in equ. (4) one obtains for the
probability of survival within a particular period [o,t]

L
T

(t) = L: (L IE) • p (n Iv , t)
all n

( 5)

inserting for the Poisson assumption the occurrence probability
of the event (Le. equ. (1)), this yields (9)

n -vt
(vt) e [ILIY'f ()d]n

n! 0 K Y
K

Y Y ( 6)

Recall that v is the mean rate of occurrence of the event E.

THE CHOICE OF DESIGN CR!TERIA

Depending on various factors, i.e. structural system, the
environmental conditions, the water depth etc., either the earth
quake or the storm wave loading may generate the design govern
ing parameters. There is also the possibility of the combination
of both, an event,which has been recognized as less severe by



1403

other investigators (10). It will therefore be neglected.

With respect to the storm wave design criteria one first
has to calculate from historical records the mean rate of oc
currence of detrimental storms in the given area for which the
structure is to be designed for. Following this investigation,
the estimated wave height distributions for given storm con
ditions have to be determined. For this, the Rayleigh or the
Fisher Tippett type I or III distributions are used. Note
that the wave height distribution corresponds to fy{y) of
Fig. 1. The load distribution fs{x) expresses the uncertainties
inherent in the wave force calculations, i.e. the statistical
scatter of the wave forces given a wave with particular char
acteristics (11,12). For this type of distribution the log
normal fits best to actual wave force data. From this it be
comes clear that each wave causes a particular threat to the
structure. The relative importance of each wave in this respect
is scaled by its probability of occurrence. One, of course, has
to consider all possible waves contained in the storm generated
sea state (see equ. (6».

The frequency of occurrence of the earthquake loading may
also be modeled by a Poisson process (7). The distribution of
the maximum intensities {f (y» may be modeled by a Gumbel
(Fisher Tippet type I) distribution(2). The distribution of the
structural response, f (x), may be determined by using time- or
frequency-oriented met~ods. Utilizing the time history method
one either has to apply simulation procedures to produce suf
ficient sample records, or one has to introduce severe assump
tions, such as stationarity and ergodicity in order to be able
to make statistical statements about the response. Applying the
power spectral method the assumption about the normal (Gaussian)
property of the input has to be made for a statistical inter
pretation of the response, the latter being also normally dis
tributed under the assumption of linear structural behavior.
Again, each earthquake with a particular "maximum" intensity
causes a particular hazard to the structures. An integration
over the probability distribution over all possible intensities
(equ. (6» yields the failure - or if so desired - survival
probability with reference to the design life.

NUMERICAL EXAMPLE

The procedure suggested in the previous section will now
be exemplified by carrying out a numerical example. For this
purpose a template platform located in a water depth of 100 m
as schematically sketched in Fig. 2 is used. The typical mem
ber sizes are listed in Table 1. Structural steel St52 is uti
lized. The coefficient of variation of the yield limit is as
sumed to be 0.08. The lognormal as well as the Weibull dis
tribution are appropriate modelling distributions.
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26 i Member Outer Wall
I No. Type

¢ thickness
6 12 !JWL I [mJ trm]-J'-=:-- I----

I
"4

~ 5 11
"I 17-12,26 84 ¢4.0 2.134 0.1016

I "a

I
13,14 42 ¢3.0 1.067 0.0762N

I "
I 1 57- 25 30 ¢1.2 0.762 0.0305
Ia

N

Table 1 : Member sizes of samplea
structure as shown in Fig. 2;2 a 8N

Fig. 2: Schematic sketch
of template platform as
used in the numerical
example

ALASKA
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The structure is assumed to be locat
ed in the northern part of the Gulf
of Alaska. For the purpose of point
ing out the influence of microzona
tion, two different sites are investi
gated, i.e. Kayak-Island and Pamplo-
na sites respectively. For both sites.
a water depth of 100m is assumed. Their
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Fig. 3: Geographic location of sites
under investigation, after
( 1 3)

Fig. 4: Distribution of
seismic activities for
sites (I.Kayak Island,
II.Pamplona Ridge;after
Bea (13)).
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expected seismic activities,as reported previously by Bea (13),
are shown in Fig. 4 .The intensity distribution in terms of
maximum accelerations, max a, reveal a Gumbel (Fisher Tippett
type I) distributillon (see Fig. 4). The ratio of their modal
values, however, is 2'.2 .This aspect will be discussed lateron.

f(h) The mean rate of occurrence of
quakes with a magnitude larger
than 3.5 is reported to be
v=0.43 per year for the entire
region (13). The storm wave
conditions represented by the
Rayleigh distribution - as
shown in Fig. 5 - has also been
deduced from the information
reported in ref. (13). Partic
ular long-term storm records
are not available for the sites.
However, a storm occurrence

lo----.Sr-----.
10
--'...S--2....0--2rS;::.----h-rm-J---- mean rate 0 f O. 2 per year seems

to be reasonable to assume.Fig. 5: Wave conditions to be
expected during severe The load analysis of the plat-
storm deduced from in- form is based on Stokes' 5th

order wave theory and drag and
formation reported in mass coefficient are chosen to
ref. (13). 6 dbe O. an 1.2 respectively.

A coefficient of variation of
wave loading of 0.3 is used. A respective value of 0.08 has
been utilized for the structural resistance. Both variables
have been modelled by lognormal distributions. It should be
noted that an efficient method for choosing member sizes of
platforms on the basis of platform risk has been suggested by
Choi and Kappler (14). If, for example, the platform has to be
designed for a life of 25 years, the risk of_failure FT(t) for
thi~ period of time is calculated to be 3·10 3. Note tfiat
FT (t)=1-LT (t). The latter expression is to be determined by
evaluating equ. (6). The failure probability refers to the jacket
failure. Furthe:bmore it is based on the "weakest link" assump-
tion ~

The corresponding earthquake analysis reveals failure rates
of 2.2.10- 3 and 1.4.10-2 ,for the Kayak Island and Pamplona Ridge
site respectively. The dynamic analysis has been carried out
by scaling the El Centro earthquake record. The first three
structural frequencies are 0.81, 1.6 and 3.85 Hz.It is interest
ing to note that a design wave of H=25 m and an horizontal
acceleration of 0.4 g yield similar conditional failure prob
abilities, Pf'

CONCLUSIONS

The analysis as carried out in the previous section re
veals quite an interesting aspect with respect to the influence
of microzoning effects on the design. For both sites - Kayak
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Island and Pamplona Ridge - a regional seismicity information
in terms of seismic maps would provide identical seismic de
sign information. If the structure would be designed for the
Kayak Island site the storm wave and the earthquake hazard
would yield almost the same failure rates. In other words,
no particular choice can be made about which type of hazard
is governing the design. However, there is a considerable dif
ference in the result if the platform has to be erected in the
vicinity of the Pamplona site. For the latter site, the ex
pected failure rate increases by more than one order of magni
tude. For this site the earthquake loading is clearly the de
sign governing parameter. Needless to say that for each hazard
mostly different members are the main contributors to the ul
timate failure rate. For example, for the storm wave hazard,
member numbers 1,7,19,20 seem to be most critical. For the
earthquake loading mainly member numbers 1 and 7 contribute
to the conditional failure probability. Although no attempt is
made here to investigate the physical reasons of the micro
zoning effect, i.e. the local geological formations, topographic
irregularities or local soil conditions, its effect on the re
sulting structural reliabilities underlines the importance of
developing such procedures for cases, where insufficient data
- in terms of ground movement - is available. A comparison of
the distribution of the ground accelerations for the two sites
reveals that the microzonation effect might be included by using
a corrective factor. This factor may be expressed as the ratio
of the modal values of the acceleration distributions.
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ASEISMIC DESIGN CONSIDERATIONS FOR CONCRETE GRAVITY PLATFORMS

by

B.J. Watt1 and R.C. Byrd2

ABSTRACT

The dynamic response characteristics of concrete gravity platforms
are contrasted with- those of typical land-based structures as well as
with the more conventional space-frame offshore platform concept. The
nature and importance of structure-water interaction and soil-structure
interaction are discussed in terms of both experimental and analytical
results. A design approach based on a two level ground shaking criter
ion is suggested as the soundest procedure at this time. The special
seismicity considerations relating to concrete gravity platforms are
highlighted.

INTRODUCTION

Concrete gravity production platforms as used by the oil industry
in the North Sea are very different from other engineering structures.
This is because of their shape, size, mass, buoyancy and other character
istics described in this paper. The dozen large platforms of this type
which have been installed to date are all located in the North Sea, a
seismic province of relatively low activity (1). Several oil companies
studied the applicability of this concept in areas of high seismicity
such as the Gulf of Alaska (2). The disappointing drilling results from
that area have led to a slackening of interest in the concrete gravity
platform concept in the U.S.A., reinforced by the apparent high cost of
such systems, based on the North Sea experience. Nevertheless, many of
the areas scheduled to be leased for offshore development in the next
decade are characterized by environments which are distinctly unfavor
able to piled systems. Gravity platforms have a real, if somewhat
limited future in the development of certain offshore areas. It is
appropriate at this conference to review their needs when considering
the problems of microzonation offshore. Future data acquisition and
processing programs should be designed to incorporate the characteristics
of these structures which are not always identical with those of more
conventional platform systems.

OBJECTIVES

Earthquake occurences offshore are associated with a number of
phenomena including tsunamis, submarine landslides and ground shaking.
This paper is limited to the latter phenomenon, and has the following
objectives.

1 President, Brian Watt Associates, Inc., Houston, Texas.
2 Senior Supervising Engineer, Brian Watt Associates, Inc. Houston, Texas.



o

o

o

1410

Describe the main features of gravity platform dynamic response.

Identify the special characteristics of free-field ground
motion which are important to gravity platforms.

Describe a realistic design approach.

CHARACTERISTICS

Concrete is a construction material which readily 1ends i tsel f
to the adoption of many different structural forms to solve the same
engineering problem. The diversity among reinforced concrete and pres
tressed concrete bridge designs is evidence of this. Figure 1 shows
typical North Sea platform configurations but it is to be expected that
as new areas are developed significantly different platforms shapes may
evolve. For the purposes of this discussion, the most common structure
type deployed to date will form the focus. This is shown in Figure l(a)
and consists of a large base caisson supporting several legs consisting
of concrete towers which in turn support a steel deck which houses the
drilling and production facilities.

Apart from the obvious consideration of water depth, the size of
such a system depends on several other factors including payload carried
to location, water depths available for construction and other items not
immediately associated with the installation location. Base diameters
of 300 to 400 ft., overall heights to deck level of 600 ft., and dry con
crete weights in excess of 300,000 tons are not uncommon. Not only are
the global dimensions of such structures large in comparison with typical
land-based systems, but the individual structural components are also
somewhat different from 1and-based systems. In particul ar, the need to
resist very high hydrostatic pressures results in wall and slab thick
nesses which are typically in excess of 3 ft. and sometimes significantly
more.

One of the most significant differences between such structures and
other offshore as well as land-based systems is the extremely large mass
which participates in dynamic response to earthquakes. The total mass
of the platform system comprises the self weight of the structure, the
mass of water contained within the structure as well as an equivalent
"added mass" of ambient fluid which participates in the dynamic response.
For the case of horizontal excitation, these latter two factors can con
tribute three times as much mass as is contributed by the self weight of
the structure alone.

Another important feature is the buoyancy of the structure, parti
cularly where foundation behavior is concerned. The soil below the
mudline is subjected to the buoyant weight of the structure system.
This effect, when coupled with the much larger mass, means that the same
structure woul d respond very differently if it were install ed on two
nominally identical sites, one of which was dry and the other submerged.
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Finally, the functional application of these structures as drilling
and production platforms means that their ability to tolerate relative
movement between structure and foundation is different from that of most
other types of construction.

STRUCTURE-WATER INTERACTION

The sUbject of structure-water interaction can be summarized as the
problem of describing the pressure field in the surrounding water in the
presence of dynamic boundaries which are in turn coupled to the water
pressure field.

There are four basic mechanisms which are involved in determining
the water pressure field surrounding a dynamic structure:

o Compressibility of the water.

o Turbulence created by flow separation
around the structure.

The local disturbance created by the structure
attempting to accelerate the fluid at its
boundary.

o The generation of surface waves by the motion of the
structure.

We can show that the effect of compressibility is unimportant when
the velocity of structure motion is small relative to the speed of sound
in water (approximately 4720 fps) as is generally the case (4). We will
thus confine our discussion to the last three effects.

It is convenient for the purpose of response analysis to describe
the influences of the fluid pressure field in terms of force coefficients
which can be related to the dry structure characteristics and which al
low the consideration of fluid influences as part of the dynamic
analys is. Thi s process i nvol ves integrati ng the -various pressure fi el d
effects in three dimensions and producing net force coefficients which
are frequency dependent in the general case.

Drag Force

The forces due to form drag are proportional to the cross
sectional area of the structure component and the square of the
relative velocity between the structure and fluid. We will not
attempt to describe this force relationship in detail here since
it is generally well known, but we would like to make some comments
about its treatment.

It can be shown (5) that the ratio of the drag force to the
inertia force, which we shall consider below, can be written approx
imately as the ratio of the amplitude of relative motion to the
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diameter of the structure component, aiD; the horizontal relative
motion being the sum of ground motion and structure response mo
tion, while the vertical relative motion consists of response only.
It is clear that the drag force is small compared to the inertial
force for most offshore gravity structures in earthquakes and can
reasonably be ignored. However, for structures which are to be
built in very deep water, this might not be true for members in
the upper part of the structure and it should be checked carefully.
This force cannot be ignored in general for exposed risers or the
smaller components of space-frame structures.

Inerti a Forces

The two structure-water interaction effects under discussion
can both be described as inertial force effects and both influences
can be contained in the same influence coefficient, which for con
venience only, is often normalized by the mass of the water dis
placed by the structure envelope. We use the tenn "inertial"
here in referring to forces which are in phase or 180 degrees out
of phase wi th the structure accel eration.

It should also be noted that the wave generation pressure
disturbance contains a component which is ninety degrees out of
phase with structure acceleration and is essentially a damping
factor. This may become important for large structures at low
frequencies, but can be ignored in general with little effect.
This damping term amounts to a radiation of energy from the sys
tem by surface waves.

The net result, in gener~, of the inertia related fluid
effect is to increase the mass of the structure component for
response purposes, thus the tenn "added mass" coefficient. It
should also be noted that the same effect causes an "added load"
term to be placed on the right-hand side of the dynamic equation
and in general the mass portions of these terms are not equal,
as will be noted below.

Figure 2 shows the calculated inertia coefficient, inclUding
the effect of wave generation, compared with measured coefficient
val ues from tests that were recently concl uded at the Universi ty
of California at Berkeley (5). These data point out a number of
important characteristics of the acceleration related fluid forces:

o They are almost independent of frequency over
a wide range.

o

o

They can be calculated very accurately under
some conditions.

Wave generation has an increasing effect at lower
frequencies, making the total coefficient frequency
dependent and of decreasing magnitude toward the
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lower frequencies. The fluid effect becomes a
"subtracted mass" at very low frequencies,
corresponding to the region where significant
quantities of energy are radiated away in waves.

The details of these tests are contained in (5) and the analy
tical formul ation was taken from (4). They wi 11 not be di scussed
here except to say that the total inertia coefficient is plotted
versus a dimensionless frequency parameter which relates the wave
generation force to the local disturbance force. It can be seen
that the two forces are opposite in sign and effectively cancel
each other in the case where:

2
w IDH = 3.142--

g

and, D = structure diameter
H = structure height
w = excitation frequency
g = gravi ty

The same test series (5) revealed that the vertical inertial
behavior could be calculated accurately as well, showing that there
are no major non-linearities in the solutions to the hydrodynamic
equations of motion as applied to large submerged offshore struc
tures during earthquakes. However, the tests also revealed that
the" added 1oad" for verti cal motion of a totally submerged struc
ture should be calculated using the entire mass of the water column
above the structure, not the inertia coefficient due to relative
motion of the structure on its foundation, as shown in Figure 3.
The question of vertical excitation will be discussed in more de
tail later.

An exampl e of the magni tudes of the vertical and horizontal
inertia ("added mass") coefficients is shown in Figure 4.

Powerful analytic tools are available to deal with this aspect
of offshore structure dynamics. However, the dynamic coefficient
formul ations are often mi sused. See (4) for a more detail ed di s
cussion on the use of "added mass" coefficients for flexible tower
structures.

One more important area where 1i ttle is known is in the i n
fluence or coupling, of the individual towers of a multi-towered
structure. This is a subject of current research.

It may be concluded that the earthquake forces due to the fluid
can be calculated quite accurately in many cases using available
analytical techniques to derive the influence coefficients, provided
that the other aspects of the problem, inclUding the foundation,
are understood. An example of the agreement between measured and
calculated forces that is possible under laboratory conditions is
shown in (5).



1414

STRUCTURE-SOIL INTERACTION

The importance of soil-structure interaction has been clearly
recognized for the analysis of the earthquake response of nuclear
reactors. However, there is no consensus as to the most desirable
method of simulating the behavior and for analyzing the total system
response (6). Soil-structure interaction effects are equally pro
nounced in the case of gravity platforms (3), (7), (8) and it is
clear that a sensible prediction of earthquake loads in both structure
and foundation cannot be achieved without a careful dynamic analy-
sis which embodies an adequate treaunent of the interaction phenomena.

Two interaction features need to be considered. The first and
most obvious is the so-called "inertial" interaction resulting from
the fact that both structure and soil participate in the earthquake
motion and each has its own stiffness, mass and damping character
istics which will contribute to the response of the ensemble. The
problem has been studied using the so-called impedance or super
position approach (3) for the case of linear foundation behavior,
as well as by means of the linear iterative finite element method
and by using a non-linear hysteretic formulation (8).

All methods have demonstrated the importance of the soil flex
ibility and damping behavior in determining the overall system
response. A significant characteristic for all analysis cases re
ported thus far is the tendency toward a sliding mode of failure
of the foundation. In fact, high shear stresses will develop be
neath the structure base even for reasonably low excitation levels.
The data in Figure 5 are from a linear iterative finite element
analysis (9) and show the reduction in shear modulus for both the
free field and the coupled structure-foundation cases.

The other factor to be taken into account is the kinematic
interaction resulting from the rigidity of the structure and its
size in relation to the wave lengths of the free field excitations.
A theoretical procedure for eval uating the ki nematic interaction
effect between a large circular disc and an elastic half space
traversed by a horizontally propagating shear wave is presented
in (9) while (10) presents measured data which suggest that these
effects are responsible for a considerable degree of filtering of
high frequency components of the free field motion. The theory in
(9) was used to eval uate the 1i kely effects on gravi ty structures
and the results were discussed in (11). As shown in Figure 6 of
this paper, for a large gravity structure, the presence of a
large rigid caisson can effectively filter out much of the earth
quake energy associated with frequencies higher than one Hertz.
While the effect acts toward reducing the translational motion
of the structure, it is also associated with torsional driving
which lessens the advantages implied by the results in Figure 6.
However, as reported in (11), the net effect appears to be a re
duction in earthquake induced motions.
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The advantages and limitations of the various available
analysis procedures are reviewed in (8) and (11). Both the linear
iterative and impedance approaches are limited to relatively low
level excitations and are not suitable for the case of extreme
magnitude earthquakes. The other existing analysis methods and
constitutive models are also somewhat limited and there is need
for a fully three dimensional non-linear analysis capability which
represents a real i stic simul ation of the physical phenomena. The
constitutive model developed in (12) may represent an interesting
approach to the earthquake problem as well as to the wave problem
for which it was originally formulated.

TYPICAL RESPONSE BEHAVIOR

The presence of a very large mass and a low center of gravity
for the structure mean that the modal participation factors are
very different from those of a typical high rise building. Fund
amental periods are usually in the range 2.5 to 6 seconds depending
on size and water depth and a significant foundation contribution
to the response is apparent over the first three modes, all of
which may have periods longer than 0.8 seconds. Although the first
mode is dominated by cantilever distortion of the upper structure
together with a small amount of foundation rocking, it is the
second mode which usually makes the major contribution to founda
ti on shear. A simil ar trend has al so been noted for steel gravi ty
platforms as well as certain space-frame offshore platforms.

An important consequence of the long period of response of
these platforms is their reaction to the long period components
in many natural accel erograms. Thi s woul d tend to make peak
structure response relate more to the duration of the excitation
than to its maximum acceleration. A number of natural and artifi
cial records have been analyzed and in most cases the peak platform
response occurs towards the end of the earthquake and well after
the period of initial hard shaking as shown in Figure 7. It is
therefore essenti al not to truncate records too soon when anal yzi ng
these systems, particularly when considering inelastic response.

PROBABLE FAILURE MODES

A study of the response of typical concrete gravi ty pl atforms
to both design level and survivability level earthquakes showed
that some damage could be incurred by the structure without leading
to collapse. As far as foundation stability was concerned, the
dominant mode of failure is sliding along a fairly shallow failure
surface. This type of sliding failure acts so as to uncouple the
structure from the foundation and to attenuate the structural re
sponse. This can only be achieved at the expense of damage in
the foundation and the key issue is whether this damage is accept
able or whether it is associated with a~tal collapse mechanism.
The studies which have been carried out (8) provide analytical
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evidence that although sliding will occur, the magnitude will be
acceptable. For example, the results of subjecting a typical
platform in 600 feet of water to a free field excitation with a
peak velocity of 40 inches per second, resulted in relative slip
between 6 to 10 inches for a range of soil conditions. If the dy
namically induced foundation forces had been used to conduct a
general bearing capacity analysis, in many instances failure would
have been predicted as shown in Figure 8. The dynamic analyses
have shown the irrelevance of conventional bearing capacity ap
proaches to earthquake problems with structures of this kind. They
also showed that there was little danger of a collapse due to over
turning for the kinds of structures and foundations considered.

As far as the structure itself is concerned, the base caisson
is subjected to reasonably high shear forces and since reinforced
concrete structures do not have acceptable behavior in the shear
mode, it is the authors' contention that they should be designed
such that failure will not initiate in shear, but rather in flexure
as is the case in conventional bui 1di ng desi gn practice. Studi es
of typical flexural yielding characteristics for the platform legs
indicated acceptable moment-curvature rel ationships and the non
linear dynamic analyses reported in (8) showed that although yield
ing in flexure could take place under the most extreme ground
shaking on hard ground sites, the total damage would be acceptable
and would involve tensile yielding of the reinforcement with little
or no crushing of concrete.

VERTICAL EXCITATION

To the authors' knowledge, no comprehensive analysis of the
vertical excitation and response behavior of gravity platforms
has been undertaken. Certainly, there do not appear to be any
published details in the general literature.

At first sight, the problem appears quite severe with respect
to foundation stability. This is due to the fact that the structure
imposes its buoyant weight at the mud1 i ne under nonna1 condi tions,
but that during dynamic response to earthquakes, the effective
mass of the system includes not only the real mass of the concrete
structure itself, but the very large additional mass of contained
fluid and the surrounding water which together represent a mass
which will be typically seven or eight times as large as that im
plied by the buoyant weight of the structure at rest. This implies,
for example, that a 1I1ift off ll condition could be achieved if the
structure experienced a vertical accel eration rel ative to the ground
of as little as 1/8 g, compared with the 1 g situation for a struc
ture on land. This is rather misleading and it is necessary to
examine the mechanics of the system in general before jumping to
rapid conclusions about the importance of vertical excitation.
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One of the most important factors, as usual, is the free-field
excitation. The horizontal studies on kinematic interaction re
ferred to earlier have shown that it is not just the magnitude but
also the wave length and direction of propagation which are important
with regard to assumptions about free field motions. This is also
true for the case of vertical excitation. The usual assumption is
that the site is excited in phase at all points in the plan area
under consideration. This implies that a pressure wave is trans
mitted to the water by the soil body wave at the mUdline. For the
case of a large area or, for that matter, for the situation arising
when surface waves (at the mudline) occur, a different situation
occurs in which there is a variation of force along the mudline and
hence, the inducing of varying foundation stresses, even in the
absence of a structure. Conceptually, the situation is analogous
to that of wave induced instability (13).

Let us now consider the case of a gravity structure which is
fully submerged. A rather idealized representation of this was
presented in Figure 3, for the case of an in phase vertical exci
tation.

The total force on the foundation for the general case of a
compliant foundation can be written (5):

m
Fz = [ M+ P Czz H A] Z + [M + p ~H A] Vg

where:

H = structure height

A = top and bottom area of the structure,

M= total mass of the structure including
enclosed fluid and concrete

~ H = h-H, where his wa ter depth
= height of the water columns above the

structure, or depth of submergence,

m
Gzz= vertical "added mass" (inertia) coefficient
..
V = vertical ground accelerationg..
Z = vertical structure response accel eration

relative to the moving foundation

p = densi ty of water

[2]
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Dividing by the area of the base yields the average pressure
on the foundation.

[3J

The pressure on the bottom adjacent to the structure, assuming
in-phase excitation, is given by:

..
p = ph Vg [4J

The pressure that is of concern for foundation failure is the
difference between [3J and [4J, or:

8. P = [M + p C:z HJ Z + [M - p HJ Vg
A Ii.

[5J

It should be noted that the first term on the right hand side
of [5J would disappear for a rigid foundation. However, the impor
tance of the vertical inertia coefficent and the relative response
in general are readily apparent.

The magnitude of the pressure that would be exerted on the top
of the structure is given by:

m
q' = p Czz H Z +p 8.H Vg [6J

The importance of the fi rst term in Equa tion [5] and [6] will
depend on the frequency of the excitation, i.e., proximity to re
sonance. The second term is directly proportional to water depth
and can represent a significant force for the deeper installation
locations. The experiments of (5) have verified that Equation [6J
does indeed represent the pressure on the top of the structure in
an average sense. The pressure distribution would, of course, not
be uniform over the top surface of the structure.

The consequences of these pressure relationships for structures
must be viewed in light of typical design procedures and the ex
pected structure system/ground acceleration relationships. Looking
first at Equation [5], the differential foundation pressure, one
can show that the fi rst term decreases rapi dly for exci tation fre
quencies greater than 12 times the vertical mode frequency. For
this case the differential pressure is less than that which would
be exerted by the structure on dry land, since the effective mass
is reduced by the mass of the displaced water. The pressure is
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seen to be independent of water depth for excitation far from re
sonance. For structures which are excited near resonance in the
vertical mode, the differential pressure term can become quite
large and would likely exceed the equivalent dry structure load by
a considerable amount due to the added mass of water. As seen
in Figure 4, the vertical inertia coefficient increases with depth
of submergence.

Considering the question of lift-off, we can see that this is
not possible until the amplitude of the diffential pressure ex
ceeds the pressure due to gravity acting on the effective submerged
mass of the system. This can occur when the following relationship
is sa ti sfi ed •

..
[M - p H] [g - Vg]

1 > A [7]
m

[~ + p Czz H] Z
A

It can be noted that increased ground accel eration and in
creased added mass from the water decrease the relative response
acceleration required for lift-off. It is, however, unlikely that
lift-off conditions could be satisfied except in extremely large
magnitude shaking near the resonant frequency.of the soil-structure
system. Nevertheless, these conditions should be examined.

Considering the dynamic pressure on the structure top, Equa
tion [6], we see that the ratio of this pressure to hydrostatic is:

Dynamic
Hydrostatic =

m t. ....

Czz H Z + 8. H Vg

8. H g

[8]

The dynamic pressure can exceed hydrostatic as resonance is
approached or for large values of ground excitation. The degree
to which this would be a problem would depend on whether or not
the structure was initially designed for hydrostatic pressure. It
can be seen that the relative importance of added mass effects
decreases with increased depths of submergence.

The above evaluations have incorporated the rather sweeping
assumption that all ground accelerations are in phase. The fact
that structure response and ground acceleration are not in phase
for real soils has also not been discusseg and this would change
the impact of the rel ative accel eration (Z) somewhat. Neverthe
less, a careful investigation of the question of vertical excita
tion is warranted from the mechanics of the problem as described
above. The assumption of uniform, in phase, vertical excitations
needs careful consideration. It is rather unlikely that this
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would hold over an area of 700 to 1,000 feet in diameter, as would
be necessary for consideration of the foundation stabil ity problem.
It is anticipated that kinematic interaction effects will be im
portant and it is clear, therefore, that any useful information on
the characteristics of motion at the mudline will be an important
factor in the val idity of any force prediction.

RECOMMENDED DESIGN APPROACH

In reviewing the above information, it can be seen that there
are uncertainties in the prediction of dynamic response of the
system even before considering the uncertainties with regard to
free field motions for the site in question. When one adds to this
the uncertainties regarding the earthquake response of the types
of structural elements which are used in very large concrete gravity
structures, it is clear that any design approach must take cogni
zance of this. It has become increasingly recognized in the field
of aseismic design that the post-yield behavior of the structure
is of paramount importance in ensuring survivability during a rare,
intense earthquake. The approach adopted by the more progressive
building codes as well as that used by the American Petroleum In
stitute for steel platform structures (14) is to specify a ducti
lity requirement for the structure. In other words, the structure
is designed for a so-called elastic or design level earthquake but
in addition, it is required to exhibit certain ductility character
istics which will enable it to survive a more serious earthquake
which is herein referred to as the survivability event.

It is the authors· contention that we do not know sufficient
about the dynamic response of concrete gravity platforms during
severe earthquakes to make general rules at this time concerning
ductility requirements. The preliminary studies referred to
earl i er in thi s paper have suggested that adequate ductil i ty can
be provided but it is premature to use the results of these limited
studi es as the basi s for general ductil i ty requi rements. Recog
nizing that there is a difference between designing for earthquakes
and waves and recognizi ng furthermore the advantages of ductil i ty
and the need for this during the extreme event, the American
Concrete Institute has adopted a two level design criterion in its
recommended practice for the design of offshore concrete structures
(15). The criteria are stated in general terms as follows:

a) Design the structure and foundation for the design
level earthquake, using a standard limit state
approach.

b) Check that the structure-foundation system will
endure the survivability level earthquake without
coll apse.
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The overall design procedure to ensure a safe aseismic structure
can be considered in the following steps:

1. Seismicity study.
2. Si te response study.
3. Selection of Design Criteria.
4. Dynamic Analysis.
5. Stress Analysis.
6. Evaluation of Failure Modes.
7. Satisfying Ductility Requirements.
8. Development of Asei smic Design Detail s.

The above steps are discussed in some detail in Appendix B
of (15) which was prepared by the first author of this paper.
Items 1 and 2 are of particular interest for this conference.

SPECIAL SEISMICITY CONSIDERATIONS

From the previous discussions, it is clear that there are a
number of factors which are of importance to gravity platforms.
Many of these unfortunately. are beyond the current state of the
art, but it is worth summarizing them as follows:

1. Assessment of the importance of the water overburden
in determing the free field response at the mudline.

2. The rel ationshi p between horizontal and vertical
excitation both in terms of magnitude as well as
phasi ng.

3. Considerations of long period components of ground
shaking in both vertical and horizontal excitations.

4. Variations in ground motions across the site es
pecially as these will affect kinematic interaction
between structure and soil.

5. Means for developing both design level and survi
vabil i ty 1evel earthquakes.

Most of these questions will have to be tackled in some detail
before a major structure is installed in a highly active seismic
province.

CONCLUSIONS

The response of concrete gravi ty pl atfonns to eartliquakes
would appear from the analyses conducted to date to be different
in many respects from land-based structures as /wel L_as from
the conventional steel jacket offshore platform. The long re
sponse periods of typical large gravity platforms means that they



1422

are sensitive to the long period components which occur in natural
accelerograms and care should be taken when corrections are applied
for machine error that the long periods components are not filtered
out. Kinematic interaction would appear to be significant and a
better definition of site wide free field behavior is needed. The
tendency for foundation sliding means that there is also a need for
improved understandi ng on the phasi ng of hori zontal and vertical
excitations. Finally, in view of the limited experience to date,
it appears necessary at this stage to conduct dynamic analyses for
both the design level and survivability level earthquakes. The
latter requirement not only poses an additional analytical burden
in coping with a non-linear problem, but also creates the need for
defining so-called survivability level earthquakes.
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SITE EFFECTS ON MICROZONATION IN OFFSHORE AREAS

By

I IIY. Moriwaki and E. H. Doyle

ABSTRACT

Earthquake ground motions at three selected sites in a typical offshore
environment are compared using a combination of empirical and analytical
procedures. The selected sites consist of rock, soft clay or stiff clay.
Ground response analyses are conducted using a one-dimensional procedure that
incorporates the nonlinear stress-strain behavior of the clay and accounts
for modulus degradation during cyclic loading. The analytical results are
compared to available empirical relationships to assess the trends obtained
by either procedure. The results can be used to provide reasonable means for
establishing general seismic zonation or for site specific studies.

INTRODUCTION

Microzonation of offshore areas requires the assessment of possible
earthquake response at different sites. Perhaps the most important part of
this assessment consists of "predicting" earthquake motions which, at a given
site, are affected by many factors including earthquake source mechanism, the
nature of the transmission path, regional geology and topography, and local
site conditions. This paper focuses on the effect of local subsurface (soil)
conditions on the seismic response of essentially horizontal ground. While
the effect of local site conditions on earthquake motions appears to be
complicated (1, 6), there is considerable evidence that a seismic motion is
modified by soil deposits of various stiffnesses (10, 15). Furthermore, it
is not surprising that a softer and deeper soil deposit in general appears to
cause a greater change in seismic motions (13). Assessment of the potential
effects of local soil conditions on the seismic response of horizontal ground
for microzonation and design purposes in offshore areas is necessary for many
proj ects.

This paper discusses a method of one-dimensional seismic response analysis
especially suited for clayey sites. Two hypothetical deep clayey sites, one
soft and the other stiff, typically encountered in offshore areas and a rock
site are used for illustrating the potential effects of site conditions on
seismic response.

I Project Engineer, Woodward-Clyde Consultants, San Francisco, California
II Senior Research Engineer, Shell Development Co., Houston, Texas
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METHODS OF SITE RESPONSE ASSESSMENT

There are two basic procedures to assess the nature of earthquake
response at a given site for engineering purposes, an empirical procedure
and an analytical procedure. Empirical procedures are based on some
statistical summary of recorded earthquake motions and generally provide
some quantities related to earthquake motions including peak values
(acceleration, velocity and displacement) as well as spectral values.
These quantities may be a function of any combination of variables such
as earthquake magnitude, distance to some representation of earthquake
source and local site conditions. These empirical procedures, if used
appropriately, should provide reasonable values of peak earthquake ground
motion parameters and spectral ordinates, statistically incorporating many
of the uncertainties involved in seismic events. However, microzonation
in the general sense may require some site specific seismic response as
well as additional information such as peak shear stresses induced in the
ground and the nature of deformations caused by shaking.

There are basically two types of one-dimensional, shear-beam type
analytical procedures in common use at present, equivalent linear and
nonlinear. A typical equivalent linear procedure is represented by SHAKE
(12) which uses the complex response method to perform damped elastic
analyses. Strain compatible modulus and damping values obtained by an
iterative process are used to approximate the nonlinear behavior of soils.
There are a number of nonlinear analytical procedures presently in usage
including DESRA (3), CHARSOIL (16), and DCHARM (4). Each of these
procedures uses a backbone curve (a hyperbolic relation for DESRA and a
Ramberg-Osgood relation for CHARSOIL and DCHARM) and the Masing criterion
to track nonlinear dynamic stress-strain variations. The equations of
motion are integrated in the time domain using the Newmark method (11)
for DESRA and the method of characteristics for CHARSOIL and DCHARM.
Reduction in modulus mainly due to excess pore water pressure increase
can be incorporated in all of these analyses by methods based on the
volume change and rebound characteristics of the soil for DESRA, on an
assumed relationship between shear modulus and constrained modulus for a
version of CHARSOIL (8), and on the experimentally obtained relationship
between modulus and the number of cyclic loadings for DCHARM. For clayey
soils, since some of the parameters necessary in DESRA and CHARSOIL for
modulus reduction due to cyclic loading may be difficult to measure or
assess, the DCHARM approach based on easily obtainable plots from a series
of cyclic tests appears to be a useful alternative.

METHOD OF ANALYSIS INCORPORATED IN DCHARM

The nonlinear, degrading stress-strain model used in DCHARM can be
specified based on the results of a series of strain-controlled (constant
strain) cyclic loading tests (4, 5). The basic model consists of the
following: a) an initial backbone curve and the Masing criterion; b)
degradation of the backbone curve under constant-strain cyclic loading;
and c) extension of the degradation concept to transient cyclic loading
conditions.
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Initial Backbone Curve and Masing Criterion

The initial backbone curve is described mathematically using a
Ramberg-Osgood model:

T

+
T

Y

(1)

where y =

T

y =y

T =
Y

ct., R =

shear strain,

shear stress,

reference shear strain,

G Y and G is the maximum shear modulus, andmax y max

Ramberg-Osgood parameters.

In addition to the backbone curve, a set of rules based on the Masing
criterion is required to specify the hysteretic stress-strain behavior of
clay for transient cyclic loading (11). The Masing criterion basically
means that the branches of the hysteretic curve are a two-fold magnifica
tion of the backbone curve.

In obtaining a Ramberg-Osgood curve, the parameters in Eq. 1
(Yy ' Ty ' ct., R) have to be specified to fit experimental stress-strain
(backbone curve) data as well as damping-strain data (5).

Degradation of Backbone Curve Due to Constant-Strain Cyclic Loading

Degradation Index, 0: The degradation of a hysteresis loop in a constant
strain cyclic loading tests can be viewed as the degradation of the initial
backbone curve (see Fig. 1). The degraded, new backbone curves have stresses
which at a given cyclic strain level, are a fraction, 0, (called degradation
index), of the initial stresses. A degraded backbone curve is expressed
mathematically as:

y
- = +0'[

Y

(2)
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t-parameter: The plot of secant modulus, G , versus number of cycles, N
from a constant-strain cyclic test on cohesive soils generally results in
a straight line on a log-log plot as shown in Fig. 2. The negative slope
of this line is referred to as the degradation parameter t. The linear
relationship of log G versus log N can be expressed as follows:

s

where G
SN

= Nth cycle secant modulus, and G
S1

both at a given strain level.

(3)

first cycle secant modulus,

Since setting 0 = GSN/GS1 is consistent with the definition of degradation

index, 0, Eq. 3 is equivalent to:

-t
N

(4)

By conducting a number of strain-controlled cyclic tests at different strain
levels, the t-parameter can be obtained as a function of cyclic shear strain.
Available data on several types of cohesive soils suggest a relationship of
the following form:

t = _Y-,--_
c

a + b 'Y

where a, b, c = constants which are determined from test results.

Extension of Degradation Concept to Arbitrary Cyclic Loading Conditions

(5)

A backbone curve and the Masing criterion completely define the stress
strain behavior of a soil element during an arbitrary cyclic loading but
without any accommodation for degradation. On the other hand, using Eqs. 4
and 5, a prediction of 0 throughout a constant cyclic strain test is possible.
However, in order to predict 0 during transient cyclic loading, an additional
assumption is required. For transient loading, the model assumes that the
value of degradation index, 0, corresponding to each new half-cycle (defined
by two successive zero-crossings of the stress-time history, say BC (see Fig.
3(a)), depends only on two parameters (5): a) the value of degradation index
for the previous cycle say oAB; and b) the absolute value of the maximum
strain developed during the previous cycle, say I 'Y

AB
I (see Fig. 3(b)).

Then, from Eq. 4:

(6)
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where tAB can be obtained from IYABI and Eq. 5, and nAB is the number of

half cycles at cyclic strain level of I YABI required to attain 0AB'

Since it takes an additional half cycle to reach BC from AC in Fig. 3, the

degradation index for the new half cycles, 0BC' can be expressed as:

(7)

Thus the model assumes that, at any given time during an arbitrary cyclic
loading, the effect of all previous cycling is completely represented by the
current value of degradation index O.

SEISMIC RESPONSE OF SELECTED SITES

Seismic response of three typical offshore sites consisting of rock,
200 ft of stiff clay and 200 ft of soft clay is compared using a combination
of empirical (]5) and analytical procedures. A summary of the soil profiles
and the Ramberg-Osgood and degradation parameters used in the analyses are
provided in Table 1. Two sets of the Ramberg-Osgood parameters were selected,
set (a) and set (b). The Ramberg-Osgood parameters used for set (a) were
obtained based on a series of strain-controlled cyclic direct simple shear
tests on a soft clay emphasizing modulus behavior at high strains (~ 0.1%)
resulting in a reasonable representation of the measured modulus reduction
curve but somewhat high damping values compared to measured data. The
Ramberg-Osgood parameters used for set (b) were calculated based on the
Seed-Idriss sand reduction curve (14) which appears to be representative of
initial backbone curves of some clayey soils. For the analyses, the 1952
Taft S69E (IIA004 Caltech Designation) motion and the 1935 Helena N90E
(IIB025 Caltech Designation) motion were input at bedrock level with the
peak acceleration scaled to 0.3g or 0.6g.

Absolute acceleration response spectra (5% damping) at the ground
surface using DCHARM with degradation option for stiff and soft sites and
the assumed rock motion (Taft) scaled to a peak acceleration of 0.3g are
shown in Fig. 4. The Ramberg-Osgood parameters of set (a) (Table 1) were
used in these analyses. The stiff site amplified the input motion while the
soft site greatly attenuated the input motion except for T ~ 3 sec. The
results for Taft 0.6g input motion at bedrock (not presented herein) are
similar to those shown in Fig. 4 except the response spectrum for the stiff
site was generally lower than that for the rock site and the attenuation of
motion for the soft site relative to the rock site was even greater than
that for the case shown in Fig. 4.
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In assessing the soil properties for response analyses, low strain
modulus value of a given site often can be reasonably chosen based on
available shear strength data, shear wave measurements, etc. The modulus
reduction curve is often more difficult to choose without cyclic
laboratory tests and consequently, in the absence of laboratory test
results, some published average reduction curve such as the Seed-Idriss
curve (Ramberg-Osgood parameters set (b)) is often used. The effect of
variation in the modulus reduction curve for the stiff site is illustrated
in Fig. 5 by two response spectra, one corresponding to using Ramberg
Osgood parameters set (a) and the other corresponding to using Ramberg
Osgood parameters set (b). While there are some large differences in some
period ranges, neither response spectrum is higher or lower throughout the
entire period range and the overall characteristics of the two spectra are
similar.

Also shown in Fig. 5 are the average empirical spectra for stiff sites
and deep cohesionless sites developed by Seed, Ugas and Lysmer (15). The
peak ground acceleration value used in scaling the empirical spectra was
O.32g to provide a reasonable match with the DCHARM results in the high
frequency range. As can be seen from Fig. 5, DCHARM spectra in general
appear to be consistent with the empirical data except for the period range
between 0.4 sec to 1 sec. As the input Taft motion (see Fig. 4) is not
particularly rich in this period range, high response in this period range
appears to be site specific. Although for simplicity, a comparison with
only the Seed, Ugas and Lysmer empirical curves was made, similar
observations would have resulted if other empirical curves were used.

A comparison of spectra obtained by DCHARM for the soft site with the
two sets of Ramberg-Osgood parameters and average empirical spectrum for
soft to medium stiff clay sites (15) is shown in Fig. 6. Note that the
DCHARM response spectrum obtained using the Ramberg-Osgood set (b) shows a
significantly higher response compared to that obtained using the Ramberg
Osgood set (a) in the period range between 0.6 sec to 4 sec. Also note
that both DCHARM results show a significantly higher response compared to
average empirical results for periods longer than approximately 1.5 sec.
The difficulty in using empirical data for soft sites has been recognized
previously (2, 15). For offshore structures which usually have relatively
long periods, site-specific effects on response in the long period range
are an important consideration.

The effect of input motion on the response of the soft site is shown in
Fig. 7. Helena input motion, which is not as rich as Taft in the long period
range and which is of relatively short duration, suppressed the response of
the soft site in the long period range. Although not presented herein, the
effect of i.nput motion on the response of the stiff site is similar to what
is shown in Fig. 7.
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The response spectra for the soft site from DCHARM with and without
modulus degradation are shown in Figs. 8 and 9 for Ramberg-Osgood parameters
sets (a) and (b), respectively. In these analyses, modulus degradation
reduces the response in the period range shorter than approximately 4 sec
and increases the response in the longer period range.

The results presented in Figs. 4 through 9 were obtained assuming
that the bedrock underlying the soil deposit is rigid and using the rock
input at the soil-rock interface. This assumption is typical for most
current nonlinear analytical procedures (3, 4, 16). Incorporation of the
elasticity of the bedrock can be readily made, however, as suggested by
Joyner and Chen (7). The program DCHARM was modified accordingly to take
the elasticity of the bedrock into account and the rock input motion was
used as a rock outcrop motion (similar to what ~s currently done in a
SHAKE analysis) instead of a soil-rock interface motion.

The effects of incorporating the elasticity of the bedrock (the rock
was assumed to have a shear wave velocity of 4,000 fps) for the stiff site
and using Ramberg-Osgood parameters set (b) are illustrated in Fig. 10.
The main effects appear to be at T = 0.8 + approximately 0.2 sec, where the
spectral ordinates are reduced when the elasticity of the bedrock is
incorporated in the analysis. This trend is similar to that observed in
similar comparisons for equivalent linear analyses (eg, 12), where the
spectral ordinates are also reduced at the fundamental period of the soil
deposit. For the case shown in Fig. 10, the fundamental period of the
soil deposit is approximately 0.8 to 0.9 sec.

SUMMARY AND DISCUSSION

In this study, the seismic response of three postulated offshore sites,
consisting of rock, 200 ft of stiff clay, and 200 ft of soft clay, was
compared using analytical and empirical procedures. Ground response analyses
of the stiff clay and soft clay soil profiles were made using a one-dimensional,
nonlinear analysis procedure that incorporates cyclic modulus degradation.
Response spectra of seafloor motions were obtained from the analyses and
compared with spectra of the input rock motions and with average site-dependent
spectra derived from statistical analyses of recorded data.

In the analytical studies, it was found
generally amplified moderately intense input
attenuated very intense input rock motions.
attenuated low-period motions and amplified
to very intense input rock motions.

The general trends from ground response analyses were found to be similar
to those shown by empirical data. However, the studies also illustrated that
local site effects can result in large differences from empirically-derived
average spectra in some period ranges. Such differences were more pronounced
for the soft site than for the stiff site analyzed.
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In general, a relatively large range of responses might be expected
for "soft-site" profiles because of the wide range of subsurface profiles
and soil properties that could be included in a "soft-site" classification
and the sensitivity of the soil dynamic properties to the intensity of the
input motions. This consideration and the fact that soft soil sites tend
to amplify response in the long-period range indicate the importance of
analytically evaluating site-specific effects for long-period offshore
structures. It may also be noted that such analyses can provide other
response quantities often needed for engineering evaluations, such as
shear stresses and relative displacements within the soil profile.

The analytical studies described herein also examined the effects on
response of variations in the characteristics of the input motion (amplitude,
frequency content, duration), dynamic soil properties including cyclic
degradation properties, and flexibility of the rock underlying the soil ,
deposit. It was shown that variations in these factors can influence
response, thus indicating the need for careful selection of input parameters
and for parametric studies.
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Table 1 - SUMMARY OF SOIL PROFILES

Ramberg-Osgood Parameter See (Eq. 1)

Set (a) R = 5.0
Set (b) R = 2.3

CJ. 2.0
CJ. = 1.3

Yy = 0.02%
Yy = 0.02%

Degradation Parameter See (Eq. 5)

Soft Site: t 2.7 + 1.54Y Stiff Site: t '" 5.4 + 3.08"(

Soft Site Stiff Site

Maximum Maximum
Thickness Shear Modulus, Viscosity,* Thickness Shear Modulus, Viscosity,*

(ft) Gmax (ksf) '7 (ksf-sec) (ft) Gmax (ksf) 7(ksf-sec)

6.9 335 2.84 20.1 3922 13.16
7.5 402 3.41 22.8 5053 16.96
8.2 477 4.05 25.6 6330 21.24
8.8 547 4.64 28.2 7719 25.91
9.2 603 5.12 31.1 9381 31. 48
10.1 725 6.15 34.3 11422 38.33
10.7 806 6.84 37.9 13882 46.59
11.6 961 8.15
12.4 1100 9.33

*Viscosity corresponds to 2% low strain dampi13.1 1224 10.38
14.2 1432 12.15
15.0 1602 13.59
16.3 1890 16.03
17.3 2133 18.09
18.6 2450 20.78
20.0 2855 24.22

Total unit weight of soil, Y t = 120 pcf for all

T
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Fig. 3 Existing Model: Degradation Under
Arbitrary Loadings



.....
.

.j:
o:

,
.j:

o:
,

.j
:>

,

1
0

3

A
ve

ra
ge

D
ee

p
C

oh
es

io
n

le
ss

(1
5)

0.
1

o
I

1
I

"
,
,
'

,
I

I
I

1
"
,
1

1
I

I
I

I
l
e

w

0.
03

co ... ... al ~0
.
2'.2
I
i
i

I
I

I
I

I
i

I
i
i
i

i
I
I
i
i

I
i
i

i
i
i

I
i

0
1

1
0

I
.

c o '';
:; ~

0.
8

11
1

Q
) g ~

0.
6

... ::
l ] ~

0.
4

1
0

3

a m
ax

;
0.

3g
at

b
ed

ro
ck

R
am

be
rg

-O
sg

oo
d

se
t

(a
)

0.
1

0.
3

1
P

er
io

d
-

se
c

F
ig

.
4

E
ff

ec
ts

o
f

S
it

e
C

o
n

d
it

io
n

s
o

n
R

es
po

ns
e

S
p

ec
tr

a
at

S
ur

fa
ce

I
I

I
,

I
I

I
I

I
I

I
I

!
I

I
rJ

0
'

I
,

I
I

1
"

I

0.
03

1.
2
i
i
i

i
i
i

i
I

I
i
i

r
i
i
i
I
i
i

i
i
i

i
i
i

i
i

~
1.

0
c o '';
:; ~

0.
8

l 11
1

0.
6

... ::
l

(5 en .0 «
0.

4
co ... ... (

)
11

1

~
0
.
2

1
0

3

a m
ax

;
0.

3g
at

be
dr

oc
k

R
am

be
rg

-O
sg

oo
d

se
t

(a
)

-
-

-
-

H
el

en
a

0.
1

0.
3

1
P

er
io

d
-

se
c

Fi
g.

7
S

ur
fa

ce
R

es
po

ns
e

S
p

ec
tr

a
o

f
S

o
ft

S
it

e:
E

ff
ec

ts
o

f
In

p
u

t
E

ar
th

q
u

ak
es

D
am

pi
ng

=
O

.O
A

ve
ra

ge
S

o
ft

to
M

ed
iu

m
S

ti
ff

C
la

ys
(1

5)

co .l:
;

I
,

'-
r-

=
.....

..I
(J

I
J

I
I

I
I

I
I

I
~

a
I

,
I

I
"

I
I

en
0.

03

I
I

I
f

I
I
I
i
i

I
I

I
I

I
i

I
I

C
)
0

4
I

I
I

I
i
i
i

i
I

'
,

c o ',j
:; ~

0.
3

11
1 ] Q
)

0.
2

... ::l (5 II «
0.

1
~
_
,

,
J

1
0

3D
am

pi
ng

=
0.

05

'\ ,\
"

"
I

\.
,

"
J

,
V

\
, \ '-

, "

0.
1

T
af

t
a m

ax
;

0.
3g

at
be

dr
oc

k

-
-

R
am

be
rg

-O
sg

oo
d

se
t

(a
)

0.
3

1
P

er
io

d
-

se
c

F
ig

.
6

S
ur

fa
ce

R
es

po
ns

e
S

p
ec

tr
a

o
f

S
o

ft
S

it
e:

E
ff

ec
ts

o
f

B
ac

kb
on

e
C

ur
ve

s
an

d
C

om
pa

ri
so

n
w

it
h

E
m

pi
ri

ca
l

D
at

a

co ... t)
I

I
I

I
!

I
I

,
1

I
I

~
O

.
I

!
!

I
"

I
I

I
!

I
I

I
I

en
0.

03

0
1

0.
4

I c o .~
0.

3
... 11

1
Q

) g «
0.

2
$ ::

l ] ~
0.

1
CI

""
;"

"
"



1445

<tI

B0.1
Q)

Co
(J)

I

§ 0.4
'';::;
<tI...
Q)

a;
80.3«

Taft
amax = 0.6g at bedrock

Ramberg-Osgood set (a)
---- with degradation

- - - - - without degradation

'I J\_...--", ',~ ",.,
; -- - Jt.l,oI'- ~, ' "" , ~ \
] 0.2 L._----""'V~\'" \.J I ,

«

Damping=0.05

1030.1 0.3 1
Period - sec

Fig. 8 Surface Response Spectra of Soft Site: Effects of Degradation

0L-.!-.L..L...L.L.1...L__.!-.---l...---L-l.-..L...J...L.L.L.-_---L_...l.-..L-..L...l....LJU-J

0.03

10

Damping=0.05

3

-- -Rock input at
soil··rock interface

- Rock input at
outcrop

Taft

amax = 0.39

0.3 1
Period - sec

0.1

~1 ~3 1 3 10
Period - sec

Surface Response Spectra of Soft Site: Effects of Degradation

Taft

amax = 0.6g at bedrock

Ramberg-Osgood set (b)

---- with degradation

Fig. 9

1.2 ,....-,r--t"""'T""'T""T'T'"r---....-----r---r-"T""'T""T'T.,-,----,-r-r--r-r-r"'TT"1

-----without degradation

"" II oJ ' ... '
I

"-/'V

co .A.l"-./B0.2 I-_.......A:I~~......:N..;;I~
Q)
Co

(J)

C'l

I

§ 0.8
'';::;
e
Q)

a;
80.6
«

co.......
(.)

~ 0.2
(J)

Damping=0.05
C'l

I 1.0
c
0

'';::;
<tI 0.8...
CLl
a;
(.)
(.)

«
0.6CLl....

:::l

0
Vl..c 0.4«

Fig. 10 Surface Response Spectra of Stiff Site: Effects of
Incorporating Elasticity of Bedrock into Analysis



INIDfIlONALLY BlANK



IMPORTANCE OF SURFACE WAVES IN STRONG GROUND

MOTION IN THE PERIOD RANGE OF 1 TO 10 SECONDS

by

H. J. SwangerI and D. M. BooreII

ABSTRACT

Analysis of the EI Centro recordings of the 1968 Borrego Mountain,
California, earthquake suggests that nearly all of the first 40 sec. of
the largest motion in the 2 to 10 sec. period range can be described
quite well by surface waves. In contrast to most engineering practice,
it is this period range that is of particular concern in the design of
offshore structures. The experience with the Borrego Mountain earthquake
recordings suggests that surface waves will be an important component of
the ground motion at the periods of interest to engineers and that
existing techniques for computing surface wave characteristics can be
applied to the prediction of ground motions in the offshore geologic
environment, where data are not currently available. Synthesis of
surface wave motion in crustal models similar to those which might be
expected in a continental shelf suggest that the long period character
istics of motion are controlled not only by near surface soil character·
istics, but also by the characteristics of the bedrock below. Differ
ences in the bedrock structure with depth may result in differences in
the ground response of possibly a factor of four or more. Gradients in
seismic velocity with depth can amplify a wide period range. Sharp
contrasts at depths as large as a few kilometers can cause strong
resonances in the surface waves at particular periods. These results
suggest that for long period design problems, one cannot assume that
all rock structures are alike in response characteristics. More meaning
ful site classification may be in terms of regional geology or depth
to basement, rather than surface lithology.

lNTRODUCTION

Attention usually is restricted to seismic body waves in studies of
effects of earthquakes on man-made structures. In most cases damage is
limited to areas near the earthquake epicenter, and the majority of the
ground motion appears to be a result of body waves, which seem to contain
the bulk of the energy in the period ranges generally of interest for
engineering purposes, less than 1 second. The response of a structure
to incident body wave ground motion from below can be predicted fairly
reliably. Not all ground motion from an earthquake, however, is due to
body waves. Seismic surface waves (Love waves and Rayleigh waves) can
contribute significantly to surface motion. Rayleigh waves can exist
whenever a free surface is present. Love waves will be generated when
ever shear velocities increase with depth. Even though surface waves
are just superpositions of body waves, their characteristics are

I Graduate student of Geophysics, Stanford University, Stanford,
California; now at Systems, Science, and Software, La Jolla,
California.

II Assistant Professor of Geophysics, Stanford University, Stanford,
California; now at U.S. Geological Survey, Menlo Park, California.
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difficult to view with the same perspective as with body waves, and
generally in seismic interpretation we differentiate between the two
phenomena.

There are several practical reasons for limiting interest to body
waves. As mentioned, body waves are thought to have the bulk of the
energy near a source. The frequency content in surface waves is
generally thought to be too low to be of engineering interest. Expe
rience has shown that the high frequency characteristics of the motion
observed are controlled by near surface layering very close to the
site, implying that scattered waves and wave gUides may be of little
importance.

Despite these practical arguments, there are reasons which suggest
that surface waves and surface wave-like phenomena may be important in
certain circumstances. Many engineering structures of interest have
relatively long resonant periods (1-10 sec.) including very tall
buildings, offshore drilling platforms, and virtually any structure of
large dimensions. At these periods, surface wave motion may be larger
than body wave motion at intermediate distances (tens to hundreds of
km.). Because of dispersion, the duration of shaking might be quite
long, and lateral strains, often not accounted for in design, may be
caused by surface waves propagating with relatively low horizontal
velocities.

Throughout the data set of strong ground motion recordings there
are a number of instances where surface wave-like effects are seen.
Trifunac (1971) gave strong arguments for surface waves in the record
ings of the 1940 Imperial Valley earthquake. Anderson (1974) showed
that the largest accelerations in a few of the recordings of the 1966
Parkfield, Calif., earthquake, are in time intervals consistent with
surface wave arrivals. The displacement recording at El Centro, Calif.,
from the 1968 Borrego Mountain earthquake is dominated by what appears
to be well-dispersed surface-waves (Figure 1). Hanks (1975), using
rotated displacement records, points out numerous cases of dispersed
waves in the period range of 2-8 sec. for the 1971 San Fernando earth
quake.

All of the observations mentioned above are based on qualitative
analyses; though these observations seem to fit some characteristics
of surface wave-like effects, no one has verified that this motion is
consistent with our knowledge of what surface wave motion should be for
the given source and media characteristics. This is important to verify,
because if indeed these observations do fit classical theory, we can
then apply classical theory to estimate potential design motion for site
specific cases (Herrmann and Nuttli, 1975a,b). This is especially
important in evaluating hazards in an offshore environment where we have
no strong-motion data to rely on when choosing criteria for design
motion.

EL CENTRO RECORDING OF THE BORREGO MOUNTAIN EARTHQUAKE

To determine whether surface wave methods are useful in strong
motion prOblems, we examined the displacement recording at EI Centro
of the 1968 Borrego Mountain, California, earthquake (Swanger and Boore,
1978). The ground motion at EI Centro was recorded simultaneously on
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a standard accelerograph and a Carder Displacement Meter with a resonant
period of approximately 6 seconds. The displacement meter response
showed considerable motion at the long periods for a duration of over
one minute, and the characteristics of time history suggest that the
majority of the motion may be due to surface waves. This is a partic
ularly good test case for applying surface wave methods since the earth
structure near the site is known quite well from seismic refraction work
and the structure appears to be nearly plane-layered near the site.

Using a source model and layered earth model chosen from indepen
dent sources, synthetics were computed for comparison to the observed
displacement motion. Figure 2 shows the observed and computed motion
for varying source characteristics. The source model chosen for use
has only two independent quantities, the rupture velocity and moment,
and the moment was chosen to match the value of observed peak displace
ment. The fit is quite good, even for a wide range of source details.
This suggests the overall character of the recording is controlled by
the media response and only weakly determined by the source character
istics. It is important to note that the layered earth model chosen
contained no near surface soils. Even though there are surficial soils
at El Centro, they have almost no effect on the long-period character
of the observed motion. The characteristics are controlled by surface
waves resonating in the entire sedimentary basin.

MOTION ON A CONTINENTAL SHELF

The observations at El Centro suggest that surface waves are
important in the long period response of sedimentary structures, and
the comparison shown implies that surface wave methods work quite well
at describing the response. Next we will show some examples of what
type of response one might expect in a geologic structure for which we
have no data: a continental shelf. The continental shelf has a number
of structural features which may be conducive to the formation of
surface waves. The sedimentary cover usually extends to depths in
excess of 5 km. Seismic velocities in such material will generally
increase significantly with depth. Such gradients in velocity can trap
waves near surface. Sharp contrasts in velocity may exist within the
sedimentary system where such units of different ages overlay one
another. Continental shelf environments usually have rather deep soil
cover as well. The details of the long period response will depend
strongly on the detailed characteristic of the media. Here we can
only give some examples of what general ground motion characteristics
might be expected on a continental shelf, and how these characteristics
might be different from those observed onshore.

First, we compare the long period response of a "typical" conti
nental shelf to a "typical" onshore rock site. The continental shelf
model chosen contains 100 m of soft soils with properties resembling
San Francisco Bay mud and 8 km of sediments with seismic velocity with
depth following Faust's law (Faust, 1951). The upper 8 km of the
onshore models has velocities approximately that of granite. The
layered model for the two structures were the same below 8 km. Love
wave motion in each model was computed at various distances from
equivalent sources. Enough modes were included to model all significant
surface wave motion for periods greater than 1.5 sec. Figure 3 shows
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pseudo-velocity response spectra of computed transverse motion at 50 and
100 km from a source of approximate magnitude Ms=7.5. The peaks and
troughs in the spectra are largely source effects rather than due to
media response. The major feature in the comparison is that the overall
amplitude of the longer periods is amplified on the shelf by a factor
of 3 to 4.

One might assume that the controlling feature in the shelf model
will be the 100 m of soft soil (with shear velocities on the order of
100 m/s). To check this, we computed the ground motion in the shelf
model without any surface soils for comparison to the original motion.
Figure 4 shows the ratio of pseudo-velocity spectra for motion on the
shelf with and without surface soils. The variation seen here is much
smaller than the factor of 3 or 4 shown in the previous comparison. At
least for the period range where the calculations account for most of
the ground motion periods greater than 2 sec., the shelf structure
amplifies the motion considerably and amplification is controlled by the
velocity below the rock-soil interface, not the soils.

It has been shown that the gradients in seismic velocity can amplify
a large period band. We might expect that a sharp contrast at depth
may cause resonance of a narrow period band. As an example, we computed
motion for a model constructed from published refraction data off Kodiak
Island, Alaska. The model contains a contrast at a depth of 1.9 km
where shear and compressional velocity approximately double. No surface
soils are included. Figure 5 shows computed horizontal and vertical
Rayleigh wave motion at 40 km epicentral distance from an 8 km deep
source. Note the peculiar character of the vertical component. The
vertical motion is almost monochromatic and has its largest motion
when the horizontal component is relatively quiet. The vertical pseudo
velocity response (Figure 6) reveals a strong resonance at about 4 or 5
sec. periods. Such peculiar time histories of motion may be important
in the non-linear response of structures.

CONCLUSIONS

It has been shown that surface wave contributions to ground motion
may be a controlling feature in determining amplitudes of long period
strong ground motion. Calculations indicate that the long period motion
may be enhanced in sedimentary geologies where gradients in velocity
with depth are present. Sharp contrasts in velocity with depth can
cause resonances similar in nature to those in near-surface soils.
Ground motion at the long periods is due to waves with wavelengths so
long that often near-surface soil will not influence their character
istics.

Specific considerations may be required in specifying design motion
for long period structures. If existing data are to be used for specify
ing rock motion characteristics, it may be inportant to use only obser
vations made in a geologic environment similar to the site on a regional
scale. For off-shore design, the most useful information will come from
onshore observations in deep sedimentary basins like the Los Angeles
Basin or the California Central Valley.



1451

REFERENCES

Anderson, John (1974) A dislocation model for the Parkfield earthquake:
Bull. Seism. Soc. Am. 64, 671-686.

Faust, L. Y (1951) Seismic velocity as a function of depth and geologic
time: Geophysics 16, 192-206.

Hanks, T. C. (1975) Strong ground motion of the San Fernando, California,
earthquake: Ground displacements~ Bull. Seism. Soc. Am. 65, 193
225.

Herrmann, R. B. and O. W. Nuttli (1975a) Ground-motion modelling at
regional distances for earthquakes in a continental interior, I.
theory and observations: Earthq. Eng. and Struct. Dyn. 4, 49-58.

Herrmann, R. B. and O. W. Nuttli (1975b) Ground-motion modelling at
regional distances for earthquakes in a continental interior, II.
effect of focal depth, azimuth, and attenuation: Earthq. Eng. and
Struct. Dyn. 4, 59~72.

Swanger, H. J. and D. M. Boore (1978) Simulation of strong-motion
displacements using surface~wave modal superposition: Bull Seism.
Soc. Am. 68, 907~922.

Trifunac, M. D. (1971) A method for synthesizing realistic strong
ground motion: Bull Seism. Soc. Am. 61, 1739-1753.



1452

UP 135

E 10·

514.7-

5 10·

W 13.5-

(x) SenSItIvIty In cm/g;

sec ~

(tt) StatIc mognl"COhon.

Figure 1.-El Centro recording of the 1968 Borrego Mountain earthquake on
accelerograph (traces 1, 3, and 5) and Carder displacement
meter. The amplitude scale can be derived from the listed
sensitivities and the peak amplitudes of 120 cm/sec 2 and
5.7 cm on the S acceleration and displacement traces (U.S.
Earthquakes, Dept. of Commerce, 1968).
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surface wave motions recorded at 50 and 100 km for propagation
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GUIDELINES FOR DESIGN OF OFFSHORE STRUCTURES FOR EARTHQUAKE ENVIRONMENT

by
I

J. Kallaby
II

and W. W. Mitchell

ABSTRACT

Earthquake hazard and its effects on siting of offshore platforms
are examined. The nature of the earthquake loading and how it is applied
to the structure is presented. The design philosophy underlying the
API-RP2A provisions in the editions since 1976 is reviewed, and the direc
tions for future guidelines are discussed. The behavior of systems and
components is considered with respect to bUilding ductility into a plat
form structure.

THE EARTHQUAKE ENVIRONMENT

Earthquakes have been the subject of several major concerted private
and government studies recently. These studies have been aimed at a
better understanding of the seismalogical aspects of earthquakes as well
as the analysis and design of structures to perform better during strong
earthquakes. During these last few years, concern for public safety from
earthquake hazard acquired national stature and serious funding was
appropriated by the federal government for more comprehensive approach
to this hazard. Several of these awards are given through the National
Science Foundation (1).

PLATFOP.M SITING

The siting of an offshore platform is rarely determined on the basis
of high or low probability of earthquake occurance. It is determined by
the optimum location for development drilling of a hydrocarbon structure
already shown to have commercial reserves. It is not unusual that such
structures are geologically associated with faulting that may still be
active. Hydrocarbon structures are, fortunately, usually large enough
to allow a margin for siting to avoid direct placement on a fault. Such
placement on or immediately adjacent to a fault should be avoided. Just
how close a structure can be placed to a fault depends to a large degree
on the ability of the proposed type of structure to withstand the ground
motions the fault can generate at the site.

A preliminary and general guide for evaluating the earthquake hazard
of a proposed platform site offshore U.S. Coastal waters is given by the
API-RP2A (2). These guidelines are being updated to reflect a developing

I Brown & Root, Inc., Houston, Texas
II Standard Oil Co. of California, San Francisco, California
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state of the art and results of recent studies. Revisions have been
proposed of the hazard map for the next edition of RP2A. These proposed
revisions are shown in Figure 1. To estimate the response of a proposed
platform structure to the proposed site hazard, response spectra for
three different soil types given by RP2A (2) are reproduced in Figure 2.
It is essential that the designer views these guidelines as an effort at
macrozonation whereas platform design would normally be based on a
microzonation or site specific study. Such a study, recommended by RP2A,
examines the proposed platform site to determine its risk or hazard and
to establish several of the design parameters to be used in the study.

EARTHQUAKE DESIGN PHILOSOPHY

The vast majority of onshore structures located in earthquake prone
regions are designed by code requirements such as those of the Uniform
Building Code (3) which is used in the western states. These codes require
that structures be designed for a system of static applied lateral load
ing. This loading is scaled in intensity depending on the period of the
structure in its fundamental mode and is derived from an assumed response
spectrum based on experience with performance of buildings. These require
ments are generally based on the recommendations of the Structural Engineers
Association of California (4).

The early offshore production platforms installed in seismically
active areas such as the Santa Barbara Channel were designed in accordance
with procedures established for seismic design of buildings. Subsequent
developments in understanding the response of structures to earthquakes
and development of computer programs for complex structural analysis have
led to the application of dynamic analysis procedures for the seismic
design of major structures. Dynamic analysis is used extensively for
nuclear plant design and has been used to some extent for high-rise build
ings. Seismic dynamic analysis was first applied to offshore platforms
for the Hondo platform located in the Santa Barbara Channel with designs
starting in 1969 and to the Maui A platform located offshore New Zealand
with designs starting in 1973.

In 1969, the American Petroleum Institute (API) first published its
Recommended Practice for Planning, Designing and Constructing Fixed
Offshore platforms, RP2A. The early editions of RP2A, although suggesting
that a dynamic analysis be made, presented the Uniform Building Code
static design procedure for seismic design. The 7th Edition of RP2A,
published in January 1976, was the first edition to present criteria for
dynamic analysis. The criteria is being modified and expanded with
developing state of the art.

Formulation of the API procedure for dynamic analysis considered
procedures for design of nuclear plants, the Hondo platform developed by
Hausner and Jennings in 1969 (5), and the Maui A platform (6). The
procedure includes provisions for design of platforms intended to insure
no significant structural damage for the level of earthquake shaking which
has a reasonable likelihood of not being exceeded during the life of the
platform. These are termed the Strength Requirements. In addition,
Ductility Requirements are included to insure that the platform has
sufficient energy absorption capacity to prevent its collapse during rare
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intense earthquake motions) although structural damage may occur.
Currently, the latter criteria are satisfied by demonstrating that the
platform can sustain) without collapse) twice the deck level deflection
that it experiences under the Strength Requirements. In the next edition
it is planned to modify this to require that the platform absorb at least
four times the amount of energy absorbed under the Strength Requirements.

The analysis for the Strength Requirements calls for a description
of ground motion to be used in the design. This may be in the form of
ground motion records or time histories or in the form of a response
spectrum depending on the analysis method the designer chooses to use.
Usually the intensity and characteristics of the seismic ground motion
used for the Strength Requirements are determined by site specific studies,
and it is planned to give greater emphasis to such studies in the next
edition of RP2A. For the case where site specific studies have not been
made) however) RP2A includes seismic design criteria. These are in the
form of G factors, the ratio of effective horizontal ground acceleration
to gravitational acceleration) which are specified for various seismic
zones (Figure 1), and normalized response spectra for several soil types
(Figure 2). The seismic zone is determined from a zonation map of the
United States. The 1976 edition of RP2A was based on the Uniform Build
ing Code, which itself is based on historical earthquake damage levels.
Subsequently zonation maps were developed for U.S. coastal waters based
on seismic risk. The map for the 48 contiguous states is based largely
on the work of A1germissen and Perkins (7). The planned next edition of
RP2A will present a revised map for Alaska based largely on a seismic
exposure study performed for a group of petroleum industry companies
operating in Alaska, (Figure 1).

Future developments of the seismic design criteria in RP2A are not
clearly defined at this time. For the next several years, they are most
likely to consist of refinements of the current criteria and its expansion
to cover other than steel framed platforms, to which the current criteria
is limited. One likely major change is the eventual replacement of the
current Ductility Requirements with guidelines for building ductility
into a platform structure. The current analytical requirements are included
to encourage a better understanding of the post yield and post buckling
behavior of braced tubular steel structures. A better understanding has
been gained for other common types of structures, such as buildings.
Since the analytical methods necessary to demonstrate ductility are complex
and at present costly to use, it is hoped that with experience gained
from the ongoing analyses, guidelines for building ductility into a plat
form can be established, and the need for analytical requirements eliminated.

DYNAMIC VS. STATIC LOADING

As pointed out, offshore platforms designed in accordance with the
present guidelines of RP2A, are to be analyzed using dynamic response
techniques to account for the behavior of the platform during an earthquake,
whereas building codes use static loads for analysis.
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The major differences between the above two approaches are discqssed
(8), and summarized below:

1. Dynamic analysis considers the variation of the applied load
with time while static is independent of time.

2. Dynamic analysis considers accelerations developed in a
structure due to time varying deflections which, in turn, by
d'Alembert's principle, create inertia forces which tend to
oppose that motion. Static analysis does not deal with inertia
forces.

Thus the nagnitude of the inertia forces developed depends on the
rate of change of the ground and platform displacement as well as the
mass, stiffness and damping of the platform. Since these same forces
determine the displacement of the structure, which in turn, affects the
magnitude of the forces, it is necessary to formulate equations of
equilibrium by use of differential equations.

EQUATIONS FOR DYNAMIC EQUILIBRIUM

The equilibrium equations for the nodal points in a linear structural
frame at any instant in time, t, are a set of linear equations of the
following form:..

F t = MU + CU + KU •••••••••••••••••••••••••••••••••••• (1)

where Ft is the generalized time dependent load; M, C ~nd.K are the
generalized mass, damping and stiffness matrices; and U, U and U· are the
generalized acceleration, velocity and displacement at the node. The
structure matrix is formed by combination of the various matrices of the
structural elements.

In the case of prescribed base motion Eq. 1 becomes

f:I •

-:MUb .t::: MUr + CUr + KUr ••••••••••••••••••••••••••••••• (2)

where Ur is the relative displacement of the node with respect to
the base or

Ur = U - Db ••••• •••••••••••••••••••••••••••••••••••••••••• (3)
EVALUATION OF DYNAMIC PROPERTIES

The dynamic properties of the structure are evaluated by allowing
the structure to vibrate freely with or without damping. In the case
of free damped vibration, this is done by setting Ft in equation 1 equal
to O. Dividing the resulting equation by the generalized mass, M, gives
the damped free vibration of a single degree of freedom system or, for
each mode n, of a multidegree of freedom system.
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• 2
Un + 2~n Wn Un + tUn Un = 0............................ (5)

where ~n is the damping ratio of the specified damping to the critical
damping and is defined by

Cn
t;n = 2Mnwn-···.·····.········.·························· (6)

and wn is the circular frequency defined by

•••••••••••.••••••••••••••••••••••••••••.•• (7)

Calculation of the mode shapes, 0n , requires solution of the generalized
algen-value problem where

Kn~n = W;Mu~n ••••••••••••••••••••••••••••••••••••••.•• (8)

MAGNITUDE OF EARTHQUAKE GENERATED FORCES

The sizing of members and joints of a platform controlled by earth
quake criteria, is dictated by the magnitude of the inertia forces. This
magnitude is influenced to a large degree by the following factors:

1. The Earthquake Event: This is measured by the intensity,
frequency content and duration of the event. Usually, larger
forces are generate~ by higher intensity and higher frequency
events, and more destructive displacements are generated by
longer durations.

2. The Stiffness of the Structure: In general, the stiffer structures
generate larger forces. However, as a structure undergoes
significant inelastic deformation, its response to earthquake
motions is diminished. Present API RP2A guidelines (2), require
a platform structure to maintain its stability through prescribed
ductility excursion.

3. The Mass of the Platform: The larger the mass the larger the
inertia forces. However, increasing the mass increases the
natural periods of the platform which in turn reduce the
forces. Usually, increasing the mass will increase the forces.
It should also be pointed out that the mass of the deck equip
ment and supplies may vary significantly for the short duration
drilling period as compared to the long duration production
period. This should be considered in the risk evaluation and
establishment of the site specific design criteri~. This differ
entiation is presently left by the RP2A guidelines in the hands
of the owner and his qualified consultants.
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4. The Added Mass: The added mass is the apparant increase in
the mass of the platform due to its presence in water This
increase may vary between 10% and 50% of the platform mass,
including enclosed water, and invariably tends to increase
the inertia forces. This increase is mitigated by the
resulting longer platform period and the damping effect of
interaction between structure and surrounding water. The
added mass is variable and depends on the size of the member,
its location relative to the water surface and the orienta
tion of its longitudinal axis to the accelerating water
particles. For the typical jacket or template type structures,
the added mass may conservatively be assumed as the mass
of the displaced water for members whose long axis is trans
verse to the direction of motion and may be neglected if the
motion is parallel to the axis. The API RP2A recommend these
values but encourages use of other values for structures
such as gravity platforms based on analysis and confirmation
tests as appropriate.

BEHAVIOR OF STRUCTURES UNDER EARTHQUAKE LOADINGS

The predicted response of offshore platforms to strong earthquake
ground motion has been calculated in a number of analytical studies
and for several actual structures which have been or are planned to be
installed. Most of the actual designs and some of the studies have
used three dimensional analytical models of the structure with represen
tations of the piles and pile-soil interaction included. Both the time
history and the response spectrum method of analysis have been used.
The analyses have been made using computers to determine the character
istics of the structural system and the response to the design ground
motions.

Analyses have been reported for platforms in water depths up to
850 feet, (Platform Hondo). Platform response is significantly affected
by the load deflection behavior of the foundation in the horizontal
direction and in the vertical direction. For analyses
where the response of the platform structure is within the elastic range,
as in the case of Strength design, the overall response is predominantly
governed by the first transverse bending modes for the shallower structures
and by the first two transverse bending modes for deeper structures.
Vertical response is significant for portions of the structure such as
the deck, legs and piles. Torsional response is important for structures
which are unsymmetrical in layout or mass distribution. The natural
periods of vibration of the predominant modes for the reported analyses
generally lie between 1.0 and 5.0 seconds. Consequently, structural
response has been dominated by peak ground motion velocity rather than
peak ground motion acceleration. For Platform Hondo, for example, little
difference in peak response was reported (10) between the response to the
1971 Pacoima Dam ground motion record having a peak acceleration of 1.20 g
and the response to the 1940 E1 Centro ground motion record scaled to a
about 0.30 g peak acceleration. Thus, using averaged response spectra
based on ground acceleration for design, it is important that the effective
ground acceleration be used for scaling the design spectra rather than
peak acceleration.
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Several predictions have been made of the response of platforms follow
ing the initial yielding or buckling of structural members. Kallaby
and Millman (6) presented a static analysis procedure for making such
predictions. The procedure includes an algorithm based on tests made at
the University of California at Berkeley for the post-buckling behavior
of tubular compression members (9). The procedure was applied to the Maui
A Platform, a four-leg self-floating platform containing k-braced, diagon
ally braced and x-braced panels. The analytical model yielded first in an
X-braced panel. The lateral load capacity of the platform continue to in
crease until one of the diagonal braces in a K-braced frame buckled. Fol
lowing the buckling of the brace, other horizontal braces and vertical
legs in the vicinity of the buckled brace yielded and other diagonal and
horizintal braces at the same level on the opposite side buckled,
resulting in a si3nificant decrease in lateral load carrying capacity
of the structure. The analysis was carried to a deflection at the deck
level of 1.37 times that when first yield was experienced, at which
point the lateral load carrying capacity had been reduced about 30 per
cent. Deflection at first yield is not the same as the deflection under
the Strength Requirement earthquake and is usually larger.

Delflache et al (10) presented results of the analysis of Plat
form Hondo for which the design criteria required demonstration of
structure ductility beyond the elastic range. The platform is an
eight-leg structure with X-bracing in two-legged bents and diagonal
bracing in opposite directions in four-legged bents. Thus, a portion
of the shear at each level is carried in diagonal tension members
regardless of the direction of the induced earthquake loading. The
results of the analysis show increasing load carrying capacity of
the structure with deflections in excess of 1.25 times the deflection
at first yield. The calculated post-yield deflection was more than
twice the deflection calculated for the structure for the level of
ground motion having a significant probability of occurrence within
the life of the structure.

Marshall, Gates et al (11, 12) presented the results of inelastic
analyses of a two dimensional X-braced frame. Criteria are presented
for the post-yield and post-buckling behavior of members, including
criteria for degradation of load carrying capacity in compression
of members under cyclic loading. Criteria are also presented for
termining the failure of members developing plastic hinges.

The two dimensional frame as originally proportioned lost
considerable horizontal load carrying capacity after initial buckling
of the compression diagonal because the horizontal braces buckled
before the stress load could be transferred to the tension diagonal.
In the word of the authors, "Once the horizontal struts buckled,
all the significant diagonal braces ••• buckled or yielded, "unzipping"
the primary lateral force resisting system." When the size of the
horizontal braces was increased, a significant improvement in post
yield behavior of the structure was noted. In an X-braced frame, the
horizontal braces are very lightly loaded when the tension and
compression braces are sharing the lateral load eually. However,
when inelastic behavior occurs in the diagonals, the loads in the
horizontal braces increase substantially in order to redistribute
the shears. For the origianlly proportioned structure, a substantial
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reduction in lateral load carrying capacity occurred when the
deflection at the deck exceeded 1.36 times the deflection at first
yield. The modified structure maintained a high lateral load
carrying capacity through a deflection 3.0 times that at first yield.
The corresponding amount of energy absorbed was over five times that
absorbed at first yield. Even greater ductility may have been
achieved had the strength of the horizontal braces been increased
further.

DESIGN OF TUBULAR JOINTS FOR EARTHQUAKE ENVIRONMENT

Joints that tie major framing together such as legs and main
bracing elements are critical to the adequate performance of a
platform in earthquake zones 3, 4, and 5. It is suggested that such
joints maintain their load carrying capacity well beyond first yield.
This is done by limiting the diameter to thickness (D!t) ratio of
the members forming the joint. Fortunately, such limitation does not
change the platform steel tonnage significantly. It is usually less
than 1% in a typical template.

Several recent studies have attempted to determine the plastic
rotational capacity of tubular members (13,14). Present RP2A (2)
gUidelines limit joints that may be required to maintain their
capacity through substantial inelastic deformation to a D!t ratio of
l300!Fy' based on earlier work. Sherman (13) indicates that joints
with D7t ratios of l700!Fy also demonstrate ductility ratios of 3 to
10 times yield deformation which may be adequate for the majority
of the joints which are not expected to undergo substantial inelastic
rotation. Tubes with D/t ratios of 2700!Fy and 3600/Fy buckled
shortly after reaching yield, and RP2A requires a maximum D/t ratio
of 3300!Fy for joints designed to preclude local buckling prior to
yield.

GUIDELINES FOR BUILDING DUCTILITY INTO A PLATFORM STRUCTURE

Results of previous platform studies and designs suggest
gUidelines for building ductility into platforms which, if followed,
might eliminate the need to perform a nonlinear analysis to demon
strate ductility. In general, these guidelines would assure good
overall structure ductility and would provide assurance against
premature load member and joint failure before the overall structure
ductility is attained. Several important guidelines are already
noted in RP2A. These include:

Requirements for maximum diameter to thickness (D!t) ratios
for tubular members which are subject to inelastic deformation
under a rare intense earthquake. These limitations have
been established from the results of laboratory tests and
are intended to avoid local buckling within the members.

A suggestion that connections of primary members be designed
to develop a strength in excess of that of the member. It is
planned to strengthen this guideline in the next edition of
RP2A by requiring that for seismically active areas, joints
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for primary structural members be designed for either the
tensile yield load or the compressive buckling load of the
members framing into a joint, as appropriate for the ultimate
behavior of the structure.

Other guidelines which might be developed to assure good ductility
include:

A requirement that vertical bracing systems be established
such that a portion of the lateral shear forces within the
structure at any level be carried by a member in tension
regardless of the direction of the force. The tension brace
should not be dependent on the stability of a companion
compression brace, such as in a k-braced frame, to develop
the full tensile yield stress in the member. If such a
framing system is not feasible at a particular level within
the structure, the bracing in that level should be designed
using lower allowable stresses. Elsewhere, to the extent
practical, the diagonal bracing members throughout the
structure should be designed to have nearly the same level of
stress with respect to yield under earthquake loading in order
to avoid limiting inelastic deformation to one area of the
structure only. Horizontal members in vertical bracing systems
should be designed to transmit the forces required to develop
the full yield capacity of the tension braces in the panel
immediately below, assuming that diagonal compression braces
are ineffective.

More conservative slenderness ratio limitations for primary
members than required in non-seismic areas. Kallaby (15) has
suggested specific limitationsofor braced and unbraced framing.
Good design practice has shown that K£/r for braced framing be
between 80 and 100 for braced framing and between 70 and 90
for unbraced framing. These limitations are desirable to at
tain improved post-buckling behavior of compression members as
demonstrated by laboratory tests of statically loaded members.
The benefits of lower slenderness ratios should be confirmed by
cyclic testing of tubular frames.
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THE POLICY AND ADMINISTRATIVE IMPLICATIONS OF
SEISMIC MICROZONATION: TOWARD LOGIC OR CONFUSION?

by

Robert A. Olson
Seismic Safety Commission

Sacramento, California

INTRODUCTION

It is evident from the literature on "microzonation" that (l) there
is no universally accepted definition of the term, and (2) the policy
implications of seismic microzonation have not been clearly recognized.

The underlying assumption of this paper is that the quest to develop
microzonation techniques and apply them has implications for public policy
and decision-making, especially as such techniques relate to the regula
tion of land and the application of construction codes and standards.
This paper is limited to clarifying some of the issues that may have to be
faced when, and if, attempts are made to implement the principles and pro
cedures of microzonation through the policy process.

From the viewpoint of public policy, "microzonation" appears to be a
process consisting of several techniques used to evaluate the seismic,
geologic, and soils characteristics of areas as large as perhaps a multi
state region or as small as a building site for the purpose of determining
the potential susceptibility of damage to structures from earthquakes.
Logically, the next step would be to apply more or less stringent prac
tices, standards and procedures on the use of land and construction. If
reasonably correct, this definition allows a look at the application of
"microzonation" in earthquake hazard reduction programs and a review of
two actual and a fictitious earthquake that further illustrate some of the
issues inherent in the possible use of microzonation.

THE APPLICATION OF "MICROZONATION" IN EARTHQUAKE HAZARD REDUCTION

The literature indicates microzonation has evolved from a strong
desire to reduce the understanding of world seismicity to smaller and
smaller units. Researchers have produced intensity, isoseismal, seismic
risk, epicenter, expected peak acceleration, geologic, soils, and similar
maps for the world, continents and parts thereof including countries,
regions within countries, and even smaller areas. Some of these products
affect decision-making, and nearly all of them are based on different
information, assumptions, and qualifications. A special concern is where
the boundaries are between seismic regional ization and microzonation.

For research purposes and'in their appropriate contexts these maps
and similar data are important tools. However, if the full array was
shown to a group of users, such as representatives from local planning,
zoning and building permitting and inspection agencies., one can hypothe
size that there would be both concern and confusion about how to apply
them technically and equitably in various regulatory programs.

Gaus and Sherif (1972) stated the intended application of microzona
tion when they said:



1476

... the process of zoning of earthquake effects has been discussed
without giving consideration to the factors which might enter into
a zoning procedure or what, importantly, is the appropriate size
of a zone as determined by the needs of the ultimate users of such
procedures. In the past it has been common to draw up maps show
ing earthquake zones; however, these zones have generally covered
large areas in which an entire country might typically be divided
into three zones. This is adequate for presenting the expected
range of various sizes of earthquakes, but is not really adequate
for the user who is responsible for the detailed design of a
structure. Events in various earthquakes such as the one which
shook Caracas, Venezuela in 1967 illustrated the effects of ampli
fication and interaction which can occur in local regions and for
particular structures. From this one can infer the need for a
more detailed zoning procedure of microzonation to serve as a
guide for safer land use and construction. A microzonation pro
cedure would provide the general guidelines to be followed in a
re ion and would form the basis for re ulations for most structures.

Emp aS1S ad e

In another paper, Bostrom and Sherif (1972) further discussed the
policy implications of microzonation when they noted that:

The application of microzonation in practice supposes a
willingness on the part of the public and owners of new construc
tion to expend limited sums of money in the short term in order
to effect a long-term saving in money and lives. Regulation is
necessary because the expenditure required in zonation and
adaptation must be expended by agencies other than those reaping
the long term savings. For this reason, it has become apparent
that adequate regulations in the form of a quantifiable zonation
and a uniform building code will only be accepted in so much as
their intention is fully understood, and the general benefit
appreciated.

Some earthquake hazard reduction programs in California do recognize
relative seismicity within the State. A few examples are worthy of sum
mary since they involve the use of microzonation to some degree.

The regulations governing public school construction since 1933 under
the procisions of the Field Act now recognize relative seismicity by using
zones which are demarcated by cultural features, such as county lines,
highways, or others. It is proposed that the regulations which control
the construction of new hospitals and related facilities statewide, under
the Hospital Seismic Safety Act, recognize relative seismicity by follow
ing the same procedure. Currently, only one zone is used.

The "Tentative Provisions for the Development of Seismic Regulations
for Buildings" prepared by the Applied Technology Council approach the
problem by establishing a "Seismicity Index" which gives design values for
each county in the United States. Thus, such values could be easily
applied by governm~nt.

The process used by the Engineering Criteria Review Board of the Bay
Conservation and Development Commission typifies another process. Charged
with regulating the use of land around the perimeter of San Francisco Bay,
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the Commission relies upon the Board to recommend as part of the permit
process the standards to be followed in the siting, design and construc
tion of a given facility. This involves the consideration of geologic,
seismic, soils and design factors for a particular building site. The
Board's recommendations almost always become stipulations in the permit
granted by the Commission.

The Uniform Building Code recognizes relative seismic risk on a
national scale through its zoning map. The 1976 version shows two zones
in California. The State usually adopts it as a minimum under the pro
visions of the Earthquake Protection Law, and local governments usually
do the same with some modifications. However, codes are administered on
the basis of political boundaries, and although very little data exists,
it appears that where local governments are uncertain about which zone
they should use, they select one and apply it uniformly.

The insurance industry has taken a similar approach to the ATC in
applying seismic risk in California. Twenty-nine counties are included
in Zone 3, and the balance of the State is in Zone 1 for earthquake
insurance rating purposes. This approach also recognizes both the earth
quake hazard and administrative realities.

Thus, in earthquake hazard reduction programs administered or regula
ted by State and local governments in California there is no uniformity,
and microzonation is not consciously used as a technical program for
making decisions.

CASE STUDIES ILLUSTRATE THE ISSUES

The Santa Rosa, California earthquake of 1969, the actual measurement
of ground motion on a small scale basis, and a fictitious scenario pre
pared for a workshop on earthquake hazardous buildings demonstrate the
issues that may confront policy makers when they try to implement adminis
trative and regulatory measures based on seismic microzonation.

Studies by Steinbrugge and others showed that damage from the Octo
ber 1, 1969 Santa Rosa, California earthquakes was not distributed evenly
throughout the city, nor was the varying damage pattern fully explainable
by soil-structure interaction. Pockets of damage were observed within the
city limits that implied that the shaking was greater in some areas than
others (see Figure 1).

Although some of the damage occurred to structures built prior to the
city's first use of lateral force requirements in the Uniform Building
Code, it is clear that the construction of most buildings was regulated by
some version of the UBC. Thus, given this propensity for varying damage
patterns and the uniform application of the code, what issues would face
both the City Council and the Building Department if microzonation tech
niques were to be used in the city as a means of limiting future earth
quake damage?

First, except for individual site studies which would probably be·
uneconomical for most structures, could the expected damage zones within
the city be defined clearly enough to be administered logically? What
controversy and extra costs are implied when differing standards may be
required for individual buildings or different sections of town? Can the
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techniques themselves support such finite applications? After the next
earthquake, would the damage be "equalized" between one zone and another?
Conversely, would there be controversy and liability· associated with
damage to structures built to the more stringent requirements in one zone
that failed to perform as well as those in a "l ess hazardous" zone nearby?
Lastly, would the application of microzonation techniques assure that
structures respond appropriately to all possible damaging earthquakes that
could affect the city?

This last concern has been recognized by Richter when he discussed
the many variables, including cultural ones, that may relate to damage in
cities. He noted:

Regionalization of a large city presents special problems, which
depend in close detail on the character of the ground. Where
there are appreciable differences of level, the hilly and ele
vated areas, for which earthquake risk is generally less, are
normally occupied by residences and small business. The prin
cipal business and industrial centers, and of course harbor
development, are usually on lower ground, which may be sandy,
alluvial, or even marshy. This lower ground is often also occu
pied by dilapidated residential sections, with numerous old
structures which are fire and disease traps as well as earth
quake risks.

Local spots of artificial fill, replacing old ponds or
rubbish pits, or originating in grading uneven ground, are
danger areas difficult to detect without careful study of old
records.

Alcock used the ground responses from the 1969 Rulison nuclear gas
stimulation explosion in Colorado to study the distribution of damage to
structures in the town of Grand Valley. Without going into the details,
the ground motion produced by the explosion was equivalent to a 5.3 mag
nitude (Richter) earthquake, and there was correlation between the ground
motion and damage (see Figure 2):

The correlation of ground resonance, structure location, and dam
ages is shown in Figure 2. An analysis of this data shows that
of the 92 structures located in sites where the ground resonance
is greater than 12.5 Hz, 26 structures had architectural damage.
Of the 92 structures located on sites with a ground resonance of
less than 12.5 Hz, 54 structures suffered architectural damage.
The structures in Grand Valley are fairly typical of the area
being one and two story wood frame with a few concrete block,
brick and masonry buildings.

One then is confronted with the following question: If microzonation
techniques are valid and if they had been used to regulate construction in
the city, would the results of the earthquake have been the same or dif
ferent, and if different, how much? In other words, would the application
of microzonation have been judged an effective public policy?

"Santa Luisa,., California, a fictitious city created by the Seismic
Safety Commission for the purpose of evaluating the policy implications
of abating earthquake hazardous buildings, provides a useful example for
studying the potential implications of microzonation for the policy
process.
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It was postulated that 150,000 people lived in the city, which has
experienced several damaging earthquakes in historic times. Two active
faults, one traversing part of the city, have been the principal causes.
Of great concern was that 14.2 percent of the residents lived in multiple
family units. a majority of which were built prior to 1942. Some of these
buildings had been damaged by a previous earthquake.

Local hazard reduction programs included adoption and enforcement of
the Uniform Building Code, completion of a seismic safety element for the
city's general plan, enforcement of the provisions of the Special Studies
Zones Act which requires geologic reports for major structures proposed to
be built in the two fault zones, the beginning of a process to inventory
and systematically inspect older buildings in the downtown area, and ini
tial drafting of a local ordinance to abate hazardous buildings. Illustra
tive maps are enclosed (Figures 3,4,5,6) which show the Special Studies
Zones, historic epicenters and fault breaks, expected seismic ground
response, and estimated building damage levels for a "1906 type" earthquake.

Assuming the city's staff has heard of seismic microzonation, con
sulted experts, and has presented a proposed ordinance to the City Council
of "Santa Luisa" that would require the use of microzonation techniques in
conjunction with the UBC to control planning and construction in the city,
questions such as the following will have to be addressed before a program
is implemented.

1. Are the techniques sufficiently adequate to be applied accurately
and reliably?

2. Why should this be required, who will benefit, and how will the
costs - public and private - be distributed?

3. How does this differ from what the city is doing already?

4. Is it feasible to establish this as a general policy that would
be institutionalized and administered on a regular basis?

5. What processes, staff and consultants would be required for the
program?

These examples have been used to illustrate the policy-oriented
questions that can be expected when the application of seismic microzona
tion techniques is proposed. They revolve around issues of capability,
effectiveness, ease of administration, costs and benefits, and integration
with other efforts to reduce earthquake hazards. Such issues should be
anticipated so that the policy implications are understood well enough to
be answered.

CONCLUSION

Bostrom and Sherif (1972) set the stage for concluding observations
regarding the application of seismic microzonation when they said:

Zonation resolves itself into risk estimation. To a certain extent
a society is progressive in proportion to the risks it is willing
to take. It is infeasible to eliminate the earthquake risk alto
gether, but it turns out that one's view of what is an acceptable
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risk is dependent upon whether one is an insurer, for instance,
or a seller of real estate. The question then to be faced is:
IIHow do we arrive at a system acceptable to all interests; and
quantifiable?1I

The balancing of competing interests, particularly where there is an
issue involving governmental authority and private freedom, is achieved
through the political process. The implementation of microzonation tech
niques to control land use and construction is such an issue and will
become politicized.

Thus it is worthwhile to review major public policy questions so that
there is both an appreciation of and attention to them by researchers who
may be involved in the design of microzonation techniques. First, some
programs already include recognition of relative seismicity, and how
would microzonation techniques differ from or modify them? Second, how
would such techniques be integrated into current hazard reduction efforts?
Third, what are the potential impacts of microzonation, and how are they
distributed? Last, can the state-of-the-art assure equitable, reliable,
and justifiable results? These are significant questions.
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TOWARD A MEASURE OF SOCIO-SEISMICITY

by

I IIMitchel Abolafia and Alan L. Kafka

ABSTRACT

Most seismic risk maps rely on a composite of historical seismicity
and tectonic principles to estimate earthquake risk in a specific region.
Despite the increasing sophistication of such maps, a concern with life
and property requires the inclusion of social variables, such as population
and structural density, in the estimation of seismic risk. It is evident
that a magnitude 7.0 earthquake in a highly populated region will cause
far more damage than an earthquake of the same maqnitude in a sparsely
populated region.

Using data from the U.S. Census of Population and Housing, this paper
suggests several measures which unite social and seismic variables.
Estimates of persons per square mile and the percent of single family hous
ing structures in a region are weighted against the risk of earthquakes in
a cross-section of major risk regions in the United States. The variation
in socio-seismicity between places with equivalent seismic risk is inter
preted in terms of its relevance for policy planning. This new measure,
if applied to the entire United States, would extend and improve the use
fulness of seismic risk maps.

INTRODUCTION

As the trends of urbanization and industrialization spread through
out the world, the density of man's built environment grows ever greater.
The accompanying movement of population from farmland to the cities not
only places large numbers of people in close proximity, it concentrates
them in hospitals, factories, schools, and apartments, all of which are
frequently multi-level structures. While the consequences of urbanization
and industrialization have often been a general improvement in health and
welfare, they have also brought an unanticipated consequence; the possibil
ity that a natural hazard would decimate the densely built environment and
its human occupants.

Coincident with the increasing density of multi-level structures has'
been the development of complex social institutions which function to
organize the efforts of large numbers of people in the major facets of
social life; e.g., industry, government, education, etc. This ability to
organize, if applied properly, could allow societies to compensate for the
increasing threat from earthquakes. Such compensation would require a
concerted mobilization similar to that of previous societal efforts in
public health and education. As in these previous efforts, a set of
standards would have to be set and enforced.

I Graduate Student, Department of Sociology, State University of
New York, Stony Brook, N.Y.

II Graduate Student, Seismology, Dept. of Earth & Space Sciences, State
University of New York, Stony Brook, N.Y.
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Even the most technologically sophisticated societies are learning
that their environment can never be completely predicted or controlled,
but they are also learning that political, economic, and technological
tools can be harnessed to reduce the misfortune which has so often
characterized man's experience with natural hazards. One such tool is the
determination of seismic risk in a region and the development of feasible
plans for the protection of life and property. The concept of socio
seismicity extends our understanding of seismic risk through the con
sideration of its social correlates with the intention of ultimately
broadening its applications.

SEISMIC RISK AND SOCIa-SEISMIC RISK

In this paper we address only the social aspects of earthquake risk.
We make no attempt to deal with the tectonic or seismic principles in
volved in creating a seismic risk map. Wnile we are aware of the dif
ficulties involved in the interpretation of such maps (3), we have bypassed
these issues to rely on the most sophisticated and frequently used of
seismic risk maps. Specifically, we will be using the 1969 earthquake
risk map of S. T. Algermissen shown in Fig. 1 (1). A short review of the
principles involved in creating this map is in order. The map's primary
assumption is that future earthquakes will occur in the vicinity of pre
viously recorded seismic disturbances. The level of risk at any point on
the map is based on two variables. The first is the maximum observed
earthquake intensity at that point. The second variable is a measure of
the amount of energy released at that point (based on magnitude) in all
known past earthquakes. By superposing these two variables, the map takes
into account not only the amount of energy released, but also the fact
that seismic energy appears to attenuate differently in the eastern United
States than it does in the western United States (2). Using these vari
ables, four levels of risk were identified. The continental United States
was then divided into risk zones, labelled a to 3, where a is the lowest
risk and 3 is the highest.

Our first effort to add social variables to the estimate of seismic
risk involved superposing a population density map of the United states (4)
on Algermissen's map (see Fig. 2). This offered us a first gross view of
how the population is distributed in earthquake prone regions. The den
sity values are for counties in terms of their population per square mile.
The black regions are zones of extremely high population density with 250
or more persons per square mile. The heavily and lightly stippled regions
are zones of high earthquake risk where population density is 50 to 249.9
and less than 50, respectively. Although all of the shaded regions appear
as "major risk" (zone three) regions on Algermissen's map, we find sub
stantial variation within these regions when population density is con
sidered. The significance of this variation is in terms of its human con
sequence. While the probability that a major earthquake will occur may be
just as high in a stippled zone as in a black one, the effect in terms of
the threat to life and property will vary considerably. Further research
is needed to determine the parameters of this variation.

Admittedly, Fig. 2 is only a first approximation to a measure of
socio-seismicity. In order to effectively microzone a region for earth
quake risk, a multivariate measure must be developed. To this end, we
have constructed a socio-seismic index (SSI) consisting of three vari
ables: population density, structural density, and seismic risk. Data
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for the first two variables were obtained from the U.S. Census in the
form of persons per square mile and percent of housing in single unit
structures in places with 2500 or more residents (4, 5). The seismic risk
variable was taken directly from Algermissen's map. For purposes of il
lustration the SSI will be applied to a sample of high risk cities in the
U.S. and to a detailed mapping of southern Los Angeles County.

The SSI was constructed by first gathering data for the twenty-seven
cities shown in Table I and for the fifty-eight localities in the part of
southern Los Angeles County shown in Fig. 3. The means and standard dev
iations of the two social variables were calculated for the localities in
Table I and Fig. 3 separately. Using these statistics, an index ranging
from I through 4 was created for each variable. The S5I was constructed
by adding the index values of each locality for both social variables.
(Note that the seismic variable may be excluded from our calculations
because it is constant.) The resulting 55I values, ranging from 2 through
8 (lowest to highest risk), are shown in Table 1 and Fig. 3. Although the
map of southern Los Angeles County reveals sharp distinctions between
neighboring regions, the reader is cautioned that these discontinuities
are, in part, artifacts of political boundaries. Real differences in
socio-seismic risk are likely to be more gradual. The values of the index
are then interpreted as approximations, subject to refinement, of the
socio-seismic risk at any point on the map.

DISCUSSION AND CONCLUSIONS

The socio-seismic index described above represents a first step
toward increasing the usefulness of seismic risk maps. This usefulness
could be further increased by the inclusion of other relevant variables.
Among these are: the age of construction in an area, the type of construc
tion, and the percent of elderly and disabled in an area. Localized
socio-seismic maps could be drawn to include such geophysical character
istics as frequency of occurrence of earthquakes and local geologic struc
ture and faulting patterns. The development of multivariate indices and
comprehensive maps will offer communities a more useful estimate of the
risk to their area.

We are convinced that socio-seismic risk maps can become valuable
tools in the hands of business and government planners, but we must
caution that they are designed for very specific purposes. A socio
seismic index does not predict the likelihood of an earthquake. Reliable
earthquake prediction is still in its infancy. At this point responsible
scientists can only hope to make their fellow citizens and their govern
ment aware that a potential for disaster exists in their area. Socio
seismicity can then serve two purposes: to indicate the magnitude of risk
to an already built environment, and to plan for future development in low
density areas. The development of socio-seismic maps for all major risk
areas might serve as an incentive to organize action in local communities.

Such action may take several forms. The most immediate form would be
disaster relief. Communities, once they are aware of the threat to life,
should be organized for prompt response. This would include not only
provision for food, shelter, and medicine, but also pre-tested plans for
dealing with gas line breakage, massive fires, and large scale evacuation.
The most far-reaching but most difficult application of socio-seismic risk
estimates is in the area of land use planning. This would include re
stricting the use of high risk areas through zoning as well as an improve-
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TABLE 1

Socio-Seismicity in a Sample of Major Risk Cities*

Location

San Francisco, CA

Boston, MA

Buffalo, NY

Somerville, MA

st. Louis, MO

Santa Monica, CA

Rochester, NY

Worchester, MA

Anchorage, Alaska

Charleston, s.C.

Niagara Falls, N.Y.

Salt Lake City, Utah

Missoula, Mont.

Seattle, Hash.

Los Angeles: CA

Santa Barbara, CA

Honolulu, HA

Carbondale, Ill.

Memphis, Tenn.

paducah, Ky.

Ogden, Utah

Reno, Nev.

Cairo, Ill.

Riverside, CA

San Diego, CA

New Madrid, Mo.

Population
per

Square Mile

15,764

13,936

11,205

21,653

10,167

10,637

8,072

4,721

2,965

3,892

6,389

2,966

3,734

6,350

6,077

3,744

3,872

4,305

2,868

2,658

3,293

2,405

1,846

1,959

2,199

680

%

in one unit
Structures

33.7

14.7

27.7

10.4

34.1

29.1

43.0

33.8

38.2

46.6

53.6

55.3

62.8

59.8

52.0

56.3

46.5

57.3

68.9

72.5

67.3

55.8

74.8

78.9

64.9

84.3

Socio
Seismic
Index

8

8

8

8

7

7

7

6

6

5

5

5

5

5

5

5

5

5

4

4

4

4

3

3

3

2

* Population statistics are available in the U.S. Census of
Summary, Table 31, 1970. Structural statistics are found
Census of Housing, State Volumes, Tables 1 and 23, 1970.
based on the map published by the U.S. Coast and Geodetic

population,
in the U.S.
Seismicity is
Survey (1).
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ment in construction practices through an up-grading of the building
codes.

The difficulties involved in land use planning are numerous. Most
obviously, those places with the highest socio-seismic risk are dense
social, political, and economic environments that cannot be easily altered.
Boston and San Francisco are unlikely to rezone their central business
districts, although some rezoning is becoming more feasible through urban
renewal. Less developed areas, on the edge of a metropolis, may still be
able to shift their predominant character to some safe use. An alternative
to rezoning is the purchase or condemnation by government of the areas most
prone to landslide and liquefaction, but in most cases purchase is too
costly and condemnation too politically unpopular.

The reduction of risk from earthquakes is likely to prove most elusive
inside our central cities. Older structures, those which most frequently
house the elderly and the poor, are among the most dangerous structures in
an earthquake. vfuile it is true that engineers are devising methods by
which aging structures can be reinforced, building owners cannot be
expected to assume the full cost of reinforcing such structures and
occupants cannot simply be displaced. A solution will require creative
legislation so that the burden of risk reduction is born equitably.

Regardless of the region, the benefit of land use planning for socio
seismic risk will be difficult to realize. The long tradition of resist
ance to government sponsored land use planning will be the major obstacle
to the reduction of earthquake risk. The resistance is based on the threat
of rezoning to those who own property in high risk regions. Property
owners argue that rezoning is a violation of their right to develop their
land as they see fit. Specifically, they fear that land values will be
decreased by rezoning. The state could use its police power to enforce
zoning and building codes or its right of eminent domain to take the land,
but the development of any comprehensive land use plan will certainly be
resisted by those committed to the maintenance of the present urban
ecology.

As Figures 2 and 3 make clear, socio-seismic risk regions do not con
form to political boundaries. Since earthquakes do not distinguish bet
ween city, county, and state jurisdiction, intergovernmental cooperation
and regional planning are necessary for earthquake risk reduction. For
this purpose regional seismic zone commissions could be created to oversee
development in high risk areas. Alternatively, federal agencies, such as
the U.S. Geological Survey, could provide local planning boards ~ith tech
nical assistance, thereby preserving local autonomy. It is organized
efforts such as these that will provide the basis for an effective response
to the threat of earthquake. It is with these efforts in mind that we urge
the development of more comprehensive measures of socio-seismicity.
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AN EVALUATION STUDY ON THE DISTRIBUTION

OF PROPERTY LOSSES CAUSED BY EARTHQUAKES

by

Eiichi Kuribayashi I and Tadayuki Tazaki IT

ABSTRACT

The authors have employed a statistical model in order to evaluate the
property losses valued in money caused by earthquakes and compared them of
various kinds of facilities. Using money value for evaluating the seismic
losses is convenient to compare the losses of various kinds of facilities,
although the evaluation method for the existing property and its loss rela
tively depends upon the administrative policy in addition to the engineering
judgement.

The property loss was assumed to be evaluated by multiplying the exist
ing property in the quake-influenced area and the loss ratio. The loss ratio
was represented as the function of the magnitude of an earthquake, epicentral
distance and subground condition. Subground condition was simplified into
two categories (i.e. alluviul, and diluviam and tertiary). The existing
property was estimated from the National Wealth Survey of Japan.

The data of eighteen earthquakes occured in Japan since 1923 was used in
this analysis.

1. Introduction

Better understanding of the scale and distribution of disasters in
future earthquakes, which may not be avoided only by physically technological
countermeasures, is necessary in earthquake disaster mitigation programs.
If areas vulnerable to earthquakes are identified in advance, relevant admi
nistrations can take the predisaster countermeasures such as retrofitting
vulnerable structures, reallocating lifeline facilities and disseminating
permeably disaster risk potentials to residents. Additionally as for post
disaster countermeasures, those activities as surveying the damage, rescueing
and rehabilitating concentratively are very efficiently applicable.
Therefore estimating accurately the scale and distribution of earthquake
disasters is very effective in both pre- and post-disaster countermeasures
for disaster mitigation measres, which should optimize the limited resources.

Quantitative estimations of earthquake disasters have been carried out
for existing wooden houses (1}~(4), bridges (5) and underground pipes (6).
In order to express the amount of losses, various kinds of indexes are used
such as the equivalent ratio of razed houses for the wooden houses, damaged
spots per service line for underground pipes respectively. However commonly
usable index is necessary to evaluate the total loss of disasters and to
compare them of various kinds of facilities. The property loss valued in
money meets with this requirement.

The authors have investigated the evaluation method of property loss
distribution by analyzing eighteen of historical earthquake in Japan.

I Chief, Earthquake Engineering Section, Public Works Research Institute,
Ministry of Construction, JAPAN

IT Research Engineer, do
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2. Methodology of the Analysis

(1)

in each earthquake can be estimated by summ
(Ii) which is appropriately divided into,
(1 - 0.) (Drr). } w. ( 3)

l l l

The authors assumed a ratio of property losses caused by earthquake as
an index of earthquake disasters. The property loss ratio can be defined
as a ratio between property losses (1) and existing assets (w) valued in
money respectively, and expressed as the functions of earthquake magnitudes,
epicentral distances and subground conditions as follows,

D = G lOaM + S~
I I

D = G lOaM + S~
JI rr

where the suffixes of I and TI means older subgrounds than diluvial diposits
and younger than alluviam respectively and,
G

I
, G

TI
constants for the subground types, I and TI ,

M earthquake magnitudes in Richter scale,
~ epicentral distances in km,
a, S constants.

The ratio is to be evaluated in accordance with the subground condition
as shown in Fig.l(A). The existing assets distribute independently from it
like in Fig.l(B). The property loss caused by an earthquake can be evalu
ated by multiplying the existing assets and the ratio as shown in Fig.l(C).

The constants were determined by correlating actual property los sed and
the estimation of the losses of eighteen earth~uakes occured in Japan since
1923.

A total property loss (L)
ing up the losses of each mesh

L z: 1. = L: { o. (D
I

). +
i l ill

where
w.

l

(DI)i

(DTI ) i

Ii

existing assets,

property loss ratio in subground type I,

property loss ratio in subground type rr ,
loss in mesh i,

type I in mesh i
type TI in mesh i.
assets correlate with the

O.
l

identification index {I for subground
o for subground

As shown in Ref.(7) it can be said that the
population in each district in Japan,

~ = 2.77' P - 0.891 (4 )

~ Gross tangible fixed assets in trillion yen (1970),

P Population in million (1970).
Accordingly the assets at each mesh were estimated from the relationships
between the assets and local populations as shown in the following.
In Eq.(4), the regression constant of 0.891 is negligible compared to the
assets. Then Eq.(3) becomes:

where
W National wealth in yen,
P Population of Japan,
Pi Population of mesh i.
The population of mesh i (pi) was estimated from the average population
density of the quake-damaged area, which was obtained from the sum of the
population and area of the municipalities suffered from an earthquake.
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Therefore,

L
W Pc L: { O. (DI)i + ( 1 - o. ) (DrJ i }= - a.P AD i l l l

W PD
L: { t\GI + ( 1 - O. ) GJI } lOaM + St!. (6 )= l a.P AI> i l l

theminimizing
~

(LPAp,)
log wppa .

( 8)

Radius of the area where damage possibly occurred in km,
Magnitude in Richter scale.

The unknown constant GI , GJI ' a and S were determined by

difference of the sum of square of 10g(~A~) and its estimate_ D

(LPAD LPAC \ 23 { log WPf)ll)j - 10g(wppa /j} -+ Min

J Suffix to denote earthquake j
a Average area of a mesh in km

3. Data Used in this Analysis

Population of the quake-damaged area,
Area of the quake-damaged area in km2 ,
Area of mesh i in km2 ,
Epicentral distance of the center of the mesh (km).

Fig.2 shows the procedure to estimate the losses caused by an earthquake
as stated aboves.

The mesh used in this analysis was made to coincide with that of a hund
red times of the National Land Information Mesh Data of National Land Agency.

The loss was summed up within the area where damage possibly occurred as
shown in Eq.(7).(8)

log R = 0.5 M - 1.5
where
R
M

where
Pi)

AD
a.
t!l

i

3.1 National Wealth

National Wealth Survey has been conducted 12 times until 1970 in Japan
usually in every 5 years. However there exists a twenty year blank of survey
before and after World War JI. In order to interpolate the national wealth
during the blank years, it was estimated from the relationship to the gross
national product (GNP) as shown in Eq.(9). (7).

loglOW = 1.03 + 0.937 10glON (unit: million yen) (9)

N : Gross National Product.

3.2 Population and Area of the Damaged Area

The population and area of the damaged area to be used in Eq.(6)were
the sum of those of municipalities which were involved within the radius (R')
given by Eq.(lO). The radius R' corresponds to the area, within which the
seismic intensity of Japan Meteorological Agency is expected to be greater
than V. (9)

loglOR' = 0.5M· - 1.85 (10)

M : Magnitude in Richter scale.
The data of population and area as of 1970 were used. The local popula

tion must have changed, but the ratio of the population of Japan and that of
the damaged area, which was used in Eq.(6), is considered to have changed
little.

3.3 Subground Condition

Each mesh was classified into subground type I or IT according to the
Reference (10). Fig.3 shows an example of the classification of subground in
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northern part of Japan.

3.4 Earthquakes Used in the Analysis

Eighteen earthquakes, whose recorded property losses are listed in Table
1, were used in this analysis. The influence of inflation were not taken
into consideration of the loss value, because both the loss and existing
assets were valued in current price.

4. Results of the Analysis

( ll)
(12)

The

The regression formulas for Eq.(l) and (2) were introduced as follows:
D

I
= 7,9 x 10-7 x 100.62M - 0.0028~

D
rr

= 1.9 x 10-6 x 100.62M - 0.0028~

6.1 ~ M~ 8.1
multiple correlation coefficient by Eq.(13) was 0.82,

{ ( LPA
) .

-rn-........
}2L: wpi)a - ( WPDa )jj J

R = 1 - (13)

" { ( LPA ). ( LPA
)j }2

G wpoa - WPi)aj J
where

for all earthquakes,Average of( LPAI> )
WPOa

---LPAD)·
wppa 'j Regression estimate calculated by Eq.(ll) and (12) for earth-

quake J.
Fig.4, 5 show the value of D

I
and Drr . As far as the multiple corre-

lation coefficient concerned, the regression formulas can be considered to
estimate the property losses caused by an earthquake.

5. Comparison of Property Loss among Lifeline Facilities

Fig.6 shows the breakdown of the social capital according to the
National Wealth Survey of 1970. If the composition of the social capital
can be assumed to be constant for a decade before 1970, the ratio calculated
by Eq.(14) of various kinds of lifelince facilities for eight earthquakes in
Japan from 1961 till 1970 represents the individual loss ratios of facilities.

Individual loss ratio = t~~D (14)

Lk Loss valued in money of facility k,
Wk : Existing assets of facility k

= National wealth as of the year of the earthquake
Assets of facility k as of 1970

x
National wealth as of 1970

Fig.7 - 14 show the relationships between the individual loss ratio of
various kinds of facilities and the total property loss.

The procedure to evaluate the loss value is not always completely the
same in each facilities. However it tends to be that the loss ratios of
building and highway facility are almost the same as that of the total pro
perty loss. The loss ratios of agriculture, river and harbor facilities
are higher than the total. The loss ratios of electric power, telecommuni
cation and water supply facilities are lower than that of the total, but
they gradually reach the same level as the ratio itself comes to a greater
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value. (See Fig.15)

6. Conclusions

By this analysis following conclusions can be made.
(1) The property loss can be usued as the index elucidating satisfac
torily the scale of the earthquake disaster.
(2) The property loss can be estimated from the magnitude of the
earthquake, epicentral distance and subground condition.
(3) By comparing the property loss of various kinds of lifeline
facilities, buildings and highway facilities are likely to suffer the
average property loss. Agricultural, river and harbor facilities are
likely to suffer greater loss than the average. Electric power,
telecommunication and water supply facilities are likely to suffer less
property loss.
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Table I Property Loss Cuased by Earthquakes

Earthquake Year Magnitude Property Loss
Estimated

National Wealth
(Unit: million (U nit: million

yen) yen)

Kanto 1923 7.9 5,500 77,000

Kita-Tajima 1925 6.5 89 78,000

Kita-Tango 1927 7.5 82.18 68,000
-_.~-.- --

Kita-Izu 1930 7.0 25.46 63,000
--- ----.._--_ .._.,---_.-.- ------- -------

Shizuoka 1935 6.3 10.32 96,000

Oga 1939 7.0 7.73 182,000

Tottori 1943 7.4 160 337,000

Nankai (Kochi Pref.) 1946 8.1 2,792 2,206,000
--'-~-'----'-'------ -

Fukui 1948 7.3 305,000 11 ,120,000
----------------_..

Imaichi 1949 6.7 3,500 13,860,000

Tokachi-oki 1952 8.1 15,183 24,200,000

Hyuganada 1961 7.0 163 70,380,000

Miyagiken-hokubu 1962 6.5 4,049 77,500,000

Niigata (Niigata Pref.) 1964 7.5 130,000 103,700,000

Yebino 1968 6.1 8,876 178,200,000

Tokachi-oki 1968 7.9 58,395 178,200,000

Tokachi-oki (Hokkaido Pref.) 1968 7.9 11,356 178,200,000

Tokachi-oki (Aomori Pre£.) 1968 7.9 47,039 178,200,000

Nemuro- hanto-oki 1973 7.4 3,925 365,400,000

Ohitaken-chubu 1975 6.4 4,493 482,700,000
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Property loss ratio

DII

(A)

(B)

Property loss

(e)

Fig. 1 Abstract of Property Loss Evaluation
Caused by Earthquakes
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Dimension of Earthquakes -------t
Magnitude M

r--------~Epicentral Distance of Mesh i 6 i1
Subground Type of Mesh i "i -------

Area of Mesh i ai L- ~._ Property Loss Ratio (Olh

Damaged Area------ Population and Area of -----+------------'------~PropertyLoss L
Damaged Area PD. AD

National Wealth W
National Population P

Fig. 2 Flow Chart to Evaluate Property Loss

·.· .· .· .·.· .·.. . ... .. . .. .... .... ..
..... .. .........
· .· .

......

... .

Fig. 3

~

Epicenter

• Subground type I

* Subground typt.' II

Tokachi-oki Earthquake (1952)

Note: The scales of vertical and
horizontal are nor equal.

An Example of Subground Types
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Property Loss Ratio (01)

0.10

Fig. 4 Relationship between Magnitude, Epicentral Distance
and Property Loss Ratio (Subground Type I)

Property Loss Ratio (On)

0.10

0.05

Fig. 5 Relationship between Magnitude, Epicentral Distance
and Property Loss Ratio (Subground Type II)
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POTENTIAL FOR INFLATED BUILDING
COSTS AFTER DISASTER

BY 1
Dr. Harold C. Cochrane

ABSTRACT

The earth movement in the Palmdale vicinity has created a great d~al
of concern among public administrators both in California and in Washington.
This fact has given renewed momentum to legislation allocating funds for
community preparedness and additional monitoring of the region's seismicity.
The question as to why earthquake proofing techniques, land use m~nagement

plans and other damage mit~gating adjustm:nt have no~ been.m?re wldel~
accepted has once again galned the attentl0n of publlC offlclals. ThlS
theoretical piece seeks to assess the benefits to be derived from these
adjustments, but not simply from the vantage point of loss reduction. It
can be shown that under certain circumstances resulting from moderate and
strong earthquakes, significant reconstruction bottlenecks and material
shortages are likely. The paper presents a model of optimal adjustment to
the earthquake hazard, given the recognition that a potential for ~
construction inflation exists. The model formulated to explore thlS facet
of the hazard problem extends the work of Russell (1970) and Howe and
Cochrane (1976). The results demonstrate that more stringent building
codes and land use guidelines are economically justifiable once inflation
is brought into the analysis.

Introduction

The past decade seemed to spark renewed concern for the hazard earth
movements pose not only to cities in California, but Boston and other East
Coast communities as well. During this period, mapping of earthquake faults
was accelerated; earthquake prediction and modification studies were intensi
fied and socioeconomic assessments of earthquake predictions and events were
begun. The results of these studies, although not complete, have yielded
a great deal of insight into the nature of the catastrophic event, its
potential and its consequences. Yet a careful review of the literature
published to date reveals a remarkabl~ lack of attention to the problem of
inflation after disaster. This lack of interest could merely reflect the
fact that many of the nation's recent disasters--the San Fernando earthquake,
for example--have not given rise to any significant price spiral.

By overlooking the potential for price increases in the building trades,
policy makers have been deprived of one more argument for the implementation
of more stringent building codes and land use guidelines. Specifically, the
benefits derived from each of these hazard adjustments are not simply the
reduction in expected losses measured in predisaster dollars. Reduction in
losses reflecting replacement cost, post-event, is the only meaningful
measure of these benefits. The next large Los Angeles earthquake will
destroy or damage over $25 billion worth of property. Yet, the entire State

lAssociate Professor of Economics, Colorado State University. Funding
for this research was provided by the National Science Foundation (NSF grant
No. 76-24169).
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of California could at best muster enough construction talent to replace
only half of this lost capital in a year1s time. This discrepancy between
available resources and that required for rebuiding the city is likely to
stimulate severe price dislocations, the extent of which may be matched
only by the soaring inflation experienced now in certain Alaskan boom towns.

Economists have for some time recognized that the adjustment of an
economy's capital stock cannot be undertaken instantaneously. That is, it
may well be desirable to expand the stock of capital (housing, equipment,
and so on) and the cash resources may even be available. Yet, if the
desired expansion is large enough, then it may be physically impossible to
meet the planned rate of expansion. For example, suppose that the price of
natural gas were deregulated tomorrow and, as a result, prices for this
resource rose threefold. It would not be surprising if the demand for
substitute forms of heating--solar panels, for example--would be great.
However, this industry is still in its infancy and most probably would not
be able to meet the new demand for its product without expanding its level
of operations. Such expansion will in most industries require years to
complete and as a result it may be on the order of years before the demand
for these panels could be met.

The imbalance between demand and supply would, in the short run, cause
prices to climb. Their rise does not necessarily indicate profiteering.
It simply indicates that in attempting to supply the demanded corrmodity,
firms are forced to employ mixes of capital and labor which may be viewed
as inefficient from the standpoint of the long run. If the commodity in
short supply happened to be construction equipment and labor, then it is
likely that rebuilding costs will escalate as the existing equipment is
used more intensively and labor is forced to work long shifts commanding
overtime pay. This more intensive use of existing local resources may be
insufficient to meet the requirements of the disaster-stricken area. As
dissatisfaction with the pace of the effort mounts, it is quite likely
that outside interests will begin moving into the area to expand the pool
of construction talent. However, these contractors may be leaving other
areas of the state which also are expressing their demands for housing.
In order to bid these resources away from uses elsewhere, disaster victims
may be forced to pay premium wages reflecting the cost of transporting
labor and equipment in addition to maintaining labor on-site.

Incorporation of these factors into a general model of capital ~xpan

sion has been carried out by Gould (1968), Treadway (1969), and Lucas and
Prescott (1971). Combining this body of knowledge with a theoretical
framework developed by Russell (l970) and extended by Howe and Cochrane
(1976) yields a model of rational adjustment to natural hazards. The
model demonstrates that the optimal level of earthquake proofing or land
use regulation is heightened if the potential for building inflation is
recognized.

Housing Market Response to Disaster

What is meant by lIinf1ation ll in this paper is simply the rise in
construction costs flowing from excess demand placed on that industry.
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Rudimentary economics suggests that a disaster, in reducing the supply of
housing, will cause the price of structures spared damage to rise. This
escalation in price serves as a signal for contractors, both from within
the region as well as those outside, to begin restoring the stock of homes.
The amount of construction talent brought into the region depends upon the
cost. If the disaster causes the price of homes to inflate by 10 percent,
then it is difficult to justify a 20 percent increase in cost; those faced
with the decision about purchasing housing will likely turn to used homes.
Hence, there maybe some limit on the amount of building activity observed.
Such a limit is governed by the type of shortages which materialize and
how this shortage influence cost.

This process is basically how the market will function. There are, of
course, other factors involved: the amount of aid provided victims;
insurance in force; the impact of the disaster on employment--to mention
the more obvious. Demand for housing is governed not only by its price but
also by the income and wealth position of prospective buyers. If the
disaster destroys a high proportion of a person's wealth, it is unlikely
that this same individual will have the resources to enter the housing
market (especially if he was not insured). Similarly, if the disaster
causes substantial unemployment, then the demand for housing will soften;
fewer i ndi vi dua ls wi 11 meet 1ender IS requi rements. In either case, the
reduced stock of housing will not trigger large price changes. In turn,
little construction talent will be induced into the disaster stricken area.

The above description highlights the functioning of the housing
market. It does not, however, address the problem of how the potential
for escalating costs influences the optimal choice of protective measures.
Analysis of this subject requires a slightly different model which is
developed in the next section. Before doing so, however, a few notes of
caution are in order. First, the optimal choice of protection is only
justified in the eyes of the economist. That is, it is a level which
balances the loss reduction afforded by the adjustment against its cost.
Some decision makers may behave in such a fashion but many may not. Hence,
the levels discussed in the following section should be treated as optimal
from the standpoint of a society that is interested in efficient use of
its resources.

Model of Adjustment to Natural Hazards

From a purely economic standpoint, the employment of earthquake
proofing techniques would result in two types of benefits, one private and
one public. The traditional method of evaluating the desirability of these
measures is to compare the cost of their implementation with their effec
tiveness in reducing losses. Hence, the choice facing the individual
decision maker is: do the benefits offset the costs? However, it is
possible that in the wake of certain large-scale disasters the costs of
reconstruction will be inflated by critical shortages of labor and material.
If this possibility were recognized by those contemplating the use of more
stringent building designs, then it is likely that such designs would
stand a better chance of adoption. This can be shown with the aid of the
following analytical model.
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Is is assumed that the costs of strengthening buildings and the losses
one could sustain in the event of a large earthquake respond to building
strength in the following fashion:

Fi gure 1 Here

The costs of protection increase with the level of protection while the
losses decline. The dashed line shows the sum of costs and losses and
indicates that level of design which minimizes this sum (x*). It can be
shown, with a minimal amount of calculus, that x* occurs at that point
where the marginal reduction in losses is just matched by the marginal
addition to costs, as x changes.

(1) 1l=~
ax ax

However, if the disaster is of sufficient size, then the losses should
include an adjustment for rising cost of repair. This can be accomplished
by attaching a building trades constraint to the cost-loss model just
described. The sum of the costs and losses would be:

(2) F(X,X,A,y) = fl(x) c(y,x,X) - c(y,x)

+ A {f2[N f l (x) c(y,x)] - X}

where: f l (x) is a damage function relating adjustment level (building
strength) to percentage of structure value damaged in any event.
[af 1(x)] / ax < O.

c(y,x,X) is the cost of r§Jair assuming: the square footage of
the structure is fixed at y; a given adjustment level X; and an
i ni.l ati onary impact gi yen by X. ';\c/'dx > 0, dc/ax > O.
c(y,x) is the initial building cost with some level of proofing
techniques incorporated.
{f2[Nf l (x) c(f,x)] - X} captures the infl~ence o! the building
trades constralnt. X, the bottleneck cost, 1S sensltive to the
number of structures damaged (N), the damage function (fl(x»
and the cost of repair (c(y,x».
A is the lagrangian multiplier.

Minimizing (2) with respect to x yields two possible solutions, each
depending upon the value of A. In general:

(3) aF(x,X,A,Yl = 0
ax

o =
c(y,x,X) + 'dc(y,x,X) fl(x)

ax

+ ac(y,x) + AN b [afl(x) c (y,x) + 'dc(y,x) fl(X)]
ax ax ax

where: b is a constant of proportionality which relates damages to
congestion costs.
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The constraint mayor may not come into play in the final solution,

i.e., A = + or A = O. If A = Ollwe have

(4) 0" ("f;;X) C(y,x,X) + ac(y;:,X) f] (X~

+ dc(i,x)
ax

(4) indicates that in the absence of the construction constraint, the
decision maker will select that level of protection for which the marginal
reduction in damage (the term in brackets) just offsets the marginal cost
increases.~ If A = +, then the first order conditions for a minimum are:

(5a) aF = a = ()fl(x) c(i,x,X) + ac(y,x,X) fl(x)
ax ax ax

+ ()c(y,x) + A N b (af1(x)c(y,x) + dC (y,x) f1(X)]
----ax ax ax

(5b) aF :: o=[fl(x) ac(y,x,X)] - A

ax aX

(5c) aF = a = N b [f l (x) c(Y,x)] - X
dA

If construction externalities (bottlenecks) enter into the problem then

(6) A = + = fl(x) dC(y,X,X)
ax

This implies that ac(y,x,X)/ax is positive, i.e., the construction
constraint will affect losses. Substituting (6) into (Sa) yields

1/ _. i)~Jl.,~.0.-L - A
-- A = 0 when :.l}-/;lX := O. S,nce ZlF/aX := f](x), ;)x and

f1(x) > 0, then ;Jc(y,x,X)/ZlX = 0. This means ttiat costs are insensitive
to bottlenecks, at least as far as the decision maker is concerned.

YThe term in brackets contains two components--the reduction in damages
and the added cost of repa; r resulting from increasing building strength.
The reduction in damages must override any cost increases in order for
strengthened buildings to have any appeal at all.
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(7) a = [afl(x) c(y,x,X) + ()cCy-,x,X) fl(x))
ax ax

+ ac(y,x) + [fl (x) ac(y,x,X)] N b [af 1(x) c(y, x) + ac(y,x) f l (x)]
ax ax d x ax

It is the presence of the last term which creates a difference between the
optimal solution which ignores bottlenecks, and one in which rising repair
solution costs are recognized. The last term in (7) can be shown to be
always positive. i / This indicates that the slope of the loss relation is
greater than that of the cost function. In order for optimality to be
obtained, x must increase, thereby increasing c(y,x)/ x. This conclusion
is illustrated in Figure 2 where the most efficient level of production
rises from x1* to x2*.

Figure 2 Here

Evidence of Inflation

In order to test the hypothesis that excalating building costs would
follow certain disasters, housing market data were collected from past
disaster sites. 4/ By looking at the time history of prices we could
determine whether the disaster contributed to inflation in this sector.
For one site, Darwin, Australia, accurate information on building costs
were obtained so they too were included in the analysis. At the time of
this paper's preparation, a full analysis of the data had not been completed.
The material to follow is, therefore, only suggestive of the type of
presentation that will be made at the conference.

Tentative findings point to inflationary pressures over and above that
expected without disaster. The results for Darwin are presented in some
detail because more effort has been devoted thus far to this part of the
study. Just as important, the data base included both housing sales and
costs.

In December of 1974, a cyclone passed directly over the capital city
of Australia's Northern Territory. Within eight hours, the town's housing
stock had been diminished from 12 thousand single-unit homes to 4 thousand;
8 thousand were completely demolished. Because of an acute housing shortage

Hence, the term in brackets will be negative.than

]/fl (xl) is positive and ac(y,x,X)/aX is negative.
af l (x) c(y,x)

ax

dC(~;X) f
l

(x) is less

. ilThe sites chosen include-··Darwin, Australia (Cyclone, 1974); Rapid
C,ty, South Dakota (Flash Flood, 1972); Wilkes-Barre, Pa. (Flood, 1972);
San Fernando, Calif. (Earthquake, 1971); New Orleans, La. (Hurricane, 1965);
and Corning, New York (Flood, 1972).
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and the fact that Darwin is so distant from other major population centers
of Australia, it was decided that this site would provide some useful
insites into the problem of post-disaster inflation.

The immediate post-disaster period saw a rapid rise in material and
labor cost stemming from critical shortages in both. The extent to which
labor costs increased is difficult to document, although the indices
presented in Figure 3 show a rise which differs markedly from other areas
of Australia. As shown, growth in Northern Territory wages has lagged

Fi gure 3 Here
consistently behind the remainder of Australia except for the immediate
post-disaster period, indicated by the shaded area. For approximately one
year, the trend reversed indicating a shortage in construction labor in the
Darwin area.

A graph of housing costs (Figure 4) show that inflation in the building
sector was well established prior to 1975. In 1972, the average contract
price for a three bedroom home was approximately $13 thousand; by 1974

Fi gure 4 Here

the costs had risen to $21 thousand, an increase of 62%. When comparing
the trend after the disaster with that of costs elsewhere in A~tralia, it
becomes evident that the Northern Territory has experienced a sharper rise
in prices since 1975. The lower curve shows the growth in building costs
if the rate of change in such costs, Australia-wide, is used to indicate the
"normal" rate of inflation in the construction sector.

The drop in the average contract price from 1976 reflects both a relaxa
tion in the building codes and a more plentiful supply of labor. The
original code implemented in late 1975 proved to add almost $11 thousand to
the price of the average three bedroom house. It quickly became apparent
that given the existing housing market in Darwin there were only a limited
number of people that could afford to pay for such a change in housing
costs. As a result, the code was modified in the subsequent year to permit
less expensive yet effective cyclone resistant designs. At the same time,
facilities became available to accommodate the influx of tradesmen from the
South. Up to June of 1975, a permit stipulating that individuals entering
have a place of residence was required to enter Darwin. This discouraged
some but not all subcontractors from expanding the supply of reconstruction
talent.

A separate study of costs conducted by the Darwin Reconstruction
Commission concluded that the remoteness of Darwin contributed 20 percent to
the price of an average residential structure. These added costs reflected:
airfare, lodging in a contractor's camp, materials transport costs, premium
wages, and set-up costs for new contractors. All of these, except for
material transport, are directly chargeable to the bottlenecks encountered
in the effort to rapidly rebuild the city. In short, of 20 percent increased
costs, 17 percent was attributable to these so called bottleneck problems.
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By taking both this 17 percent increuse and the added materials and labor
required to meet the new building codes to the "normal" inflationary
trend, Darwinls cost changes can be nearly reproduced.

The real estate market emerged very slowly following the cyclone, the
first sales commencing after a lapse of almost six months. Records for
the period January 1975 to June 1977 showed several distinct trends, some
of which could have been predicted while others are still unsatisfactorily
explained. The original intent for including the housing market in the
study was that post-disaster pressure on building costs should be reflected
in price changes for the existing housing stock. The rapid return of
Darwin's residents, at least in theory, should have driven up prices on
the limited amount of housing that survived the storm. One would expect
the extent of such increases to mirror any escalation in building costs.
At least in theory disaster victims would treat new and old housing (less
physical depreciation and quality differences) as close substitutes. Hence,
escalating costs of building materials would shift demand toward the exist
ing housing stock thereby causing a rise in prices there.

To test this possibility, real estate sales records were summarized
to provide the following information:

*sales price
*date of sale
*predisaster assessed value
*post-disaster assessed value, and
*condition of the structure upon sale (whether it had been repaired

to predisaster or post-disaster code)

The factors that proved to be most useful in forecasting sales price were
predisaster assessed value and condition of the structure upon sale. The
date of sale did not significantly alter selling price.

This by itself is a curious result since a plot of selling prices over
time should have revealed a growth path compounding at a rate of approximately
eight percent per year, at least for the period of the early and middle 70 1 s.
One explanation for the failure of time to influence sales price could be
the simultaneous shift in both supply and demand. The swift return of popu
lation placed pressure on the housing market, while the relatively rapid
program of rebuilding expanded t~e housing stock. The interaction of these
two forces diminished the influence of time. If either supply of housing
or demand had been relatively stable during this period, it is quite likely
that time would have turned out to be a significant factor. For example,
if the population had returned sooner, the price of the housing stock
surviving the storm would have escalated to reflect the scarcity. As
rebuilding commenced and the number of available structures expanded, the
price would have fallen to a path representative of the "normal" growth in
materials and labor costs.

These results suggest that the period of reconstruction created a
market for moderately priced homes, especially those that embodied the
improved construction methods. Homes in the upper price ranges did not
increase in value to even keep pace with inflation in building costs. These
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observations seem to suggest that an inflationary trend existed after the
cyclone, which exceeded that to be expected by normal building price
increases. But the trend was very uneven, centeri ng mostly in the market
for low and moderate priced housing. A number of realtors interviewed
tended to support this finding.

Implications for Government Policy

The potential for inflation in the wake of disaster points to the need
for a careful review of alternative ways of diminishing these impacts.
Competing policies can be conveniently divided into those that are implemented
pre-event and those whi ch are di rected to the recon.structi on peri od.
Earthquake proofing, land use management, and a mafdatory hazard insurance
program are obvious ways of reducing potential construction bottlenecks.
Price control guidelines, distribution of stockpiled material, tax breaks,
outright government grants, and a priority system for reconstruction repre
sent a sample of post-event possibiliti~s.

Given the framework developed above, it is possible to examine each of
those policies and speculate about the consequences of their adoption. The
introduction of earthquake proofing technology was shown above to relieve
pressure on the building trades industry and thereby reduce the post
disaster losses experienced by the homeowner. The social desirability of
proofing was enhanced further by the fact that if implemented, fewer
resources would be diverted from economic uses elsewhere.

Adoption of either more stringent building codes or land use planning
of fault zones has generally come in response to disaster. Major pieces of
legislation have resulted from everyone of California's major earthquakes.
Regulations concerning fire followed on the heels of the 1906 San Francisco
quake. School safety provisions were enacted after Long Beach (1933).
Hospital safety was the subject of intense scrutiny in the wake of San
Fernando (1971). There are several explanations for this observation, but
much of the blame for not pursuing a more carefully thought-out program
lies in the pUblic's perception of low probability events. There is now
good reason to suspect that individuals have a great deal of difficulty
processing information about events the chances of which are less than one
in one hundred of occuring.'& This finding could also explain the relatively
little interest observed in earthquake insurance. Less than 5 percent of
all homeowners in California now carry any form of earthquake coverage. The
model developed above is equally applicable to the insurance problem.

If insurance is made mandatory, premium payments would be linked
directly to proofing technology adopted as well as the structure's location
with regard to hazardous faults. The premium could reflect as well, the
bottleneck constraint illustrated above. Even though the homeowner may
still be subject to the same ignorance or may wish to assume that others

~/A recently completed study on hazard insurance by Kunreuther (1976)
demonstrates this problem. /
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have proofing fn effect~ he will be forced to internalize these factors.
The insurance company could set premium payments based upon all relevant
costs including bottleneck costs. The homeowner is free to compare the
cost of proofing with the reduction in premium payments. The homeowner
may then adopt that level of x for which:

(8) 0 = ac(Y~x) + P
ax

P here is the premium payment that is reduced by added protection x. It
is in other words the marginal savings on insurance. Optimal protection
occurs at a level of x which causes the marginal costs to just equal the
marginal savings. Now the insurance company can set P so that:

(9) P = [dfl(~ c(y~x~X) + dC(Y~~~X) fl(x)]
ax

+ [f (x) ~~] Nb[afl(x) c(y x) + ac(y,x) f (x)].
1 ax ax' ax 1

Inserting (9) and (8) we are given (7), which yields the socially optimal
level of adjustment to the hazard. If for some reason voluntary purchase
of insurance accelerated, then these same cost increases will be an important
consideration in the establishment of premiums. If those companies marketing
insurance do not include this factor, claims may exceed reserves.

A tax incentive is readily incorporated into the model. If the home
owner does not recognize the potential for inflation, then the optimal
adjustment level ~ as he sees it, is xI* in Figure 2. In order to induce
him to move to x2*' a tax incentive can be applied to those expenditures
designed to strengthen buildings. This grant will lessen the private costs
of adjusting to the hazard and induce a shift in optimal protection level
toward x2*' The result is that government bears part of the cost of
protection but this expenditure yields a net return to society shown in
Figure 5.

Figure 5

At that point in time when the large-scale event materializes, the
focus of public policy must of course switch to the question of what to do
about the mounting pressure being exerted on the construction industry.
The framework thus far presented does provide some insight here as well.
Price guidelines will serve to diminish the reservoir of construction
resources. Those contractors located at some distance from the disaster
site may be unwilling to move operations if the added costs are not reim
bursable. This reduction in the pool of construction talents will prolong
the recovery effort.

Stockpiled material could soften any escalation in building costs,
particularly for those items which could turn out to be in very short supply.
This strategy may be very costly~ however, since the interest costs over
a 50- ro 100-year period are quite substantial.
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Outright cash grants to individuals may help lessen their burden,
but they will not solve the basic problem, which is a shortage of critical
reSODrces. In fact, what may happen could turn out to be counterproductive.
The added cash flowing into the affected area may just accelerate cost
increases, providing the capital to bid away resources from more remote
areas around the state.

A priority system for reconstruction appears, at least on the surface,
to have the most potential of any of the post-disaster possibilities thus
far discussed. Rather than permitting the market to allocate effort to
different uses, a priority system could be established to indicate those
demands which must be met first. For example, only those property owners
who experience a complete loss would be given access to limited construction
resources. After completing those construction requirements, partial losses
would be attended to.
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FIGURE 1

OPTIMAL ADJUSTMENT TO NATURAL PHENOMENA
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FIGURE 3
CHANGE IN AVERAGE WEEKLY EARNINGS OF
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FIGURE 4

CONSTRUCTION COSTS AFTER THE CYCLONE
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FIGURE 5

OPTIMAL ADJUSTMENT TO NATURAL
PHENOMENA: TAX INCENTIVES INCLUDED

(1) no inHotion, no tax incentive

(2) inf lotion, no tax incentive

(3) inflaf'ion not recognized,

tax incentive

'" } gain in efficiency
" derived from tax......

....... ....... _ _ incentive

-j (3)

~- --
- - - - cost (tax incentive

i neluded)

BUILDINGx2STRENGTH



EARTHQUAKE AND INSURANCE
by

Robert ThemptanderI

ABSTRACT

This paper deals with some of the problems that the insurance industry
presently will have to face in connection with earthquake insurance. Additional
future problems arising from the foreseen development of earthquake prediction
are touched upon. In a few cases possible solutions are indicated.

INTRODUCTION

Glamourless as most insurance activities may seem to be, there are some
greatly challenging areas involved. One example is problems in connection
with insuring or reinsuring the earthquake peril. In the following some of
these problems will be touched upon. The approach to earthquake insurance
has been different in different parts of the world. What is regarded as a
problem in some countries may thus be much less pronounced or not even noticable
in others. Some problems, however, seem to be of an almost world-wide nature.

PROBLEMS

There seems to be a clear difference in people's awareness of the earth
quake risk and the windstorm risk. This is not surprising. The seasonal
return pattern of storm appearances, public forecastings and warning systems
as well as rescue plans all contribute to a more or less continuous reminding
of the wind risk. In respect of earthquakes it has so far been quite diffe
rent. In most people's mind a great earthquake is remote until it actually
occurs. For some time after a catastrophic quake the awareness is high but
too soon it is again fading. The time of high awareness coincides perfectly
with the period just following a strong earthquake and its aftershocks, when
the likelihood for a new one is at a minimum. A few decades later there is
a new generation, for which a major earthquake is something their parents
may still talk of, but which is not likely to occur to them.

Thus even people living in highly earthquake-prone areas show a remark
ably low interest in insuring their property against the earthquake risk.
In most Latin-American countries, for instance, less than 10 %of private
dwellings and contents are covered, and in many countries this figure falls
below 5 %. Even in highly developed California one finds similar low
insurance interest despite all the extensive earthquake research which is
going on in this state.

It is difficult to believe that a majority of the uninsured are in
fact lacking knowledge about the very real risk. As a consequence the
phenomenon can in many cases be classified as fatalism. Sometimes, however,
it must no doubt be pure negligence, and it is surprising indeed to learn
how many homeowners and householders in Latin-America, even well off people,
completely abstain from buying any kind of insurance coverage for their
property, fire as well as earthquake.

I Vice President and Actuary, Skandia Insurance Company, Stockholm, Sweden
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One might also presume that a share of the population do trust that if
a catastrophe occurs, their own government and sources from abroad will
contribute to a great extent to indemnifying uninsured victims, the more so
since that kind of support is far from unusual.

However, not only property owners· attitudes are of importance. In many
seismically active countries no earthquake coverage is provided by the
insurance industry or - as in Japan - is provided only on a highly reduced
basis.

The aforesaid clearly indicates that only a small share of the economic
loss in an earthquake today will be paid by insurance arrangements, a fact
which was also demonstrated after recent catastrophes. Only some 10 %of
the actual losses in Nicaragua on December 23, 1972 and in Guatemala on
February 4, 1976 were payable under insurance contracts, and almost nothing
was insured of the Italian catastrophe on May 6, 1976 and the Rumanian on
March 4, 1977.

This is, of course, most unsatisfactory from the indemnification point
of view, though it does relieve the insurance world from facing an otherwise
obvious problem. If most property and business interruption interests were
insured the present worldwide private insurance capacity would be far from
sufficient to absorb the risk.

The total value of surplus funds presently held by property/casualty
insurance companies on a worldwide basis can be estimated at 50-60 billion
US dollars. Legal minimum solvency requirements probably add up to at least
2/3 of actual surplus funds and insurance companies with a careful under
writing would certainly not take the risk of loosing the entire remaining
1/3 in one single catastrophic event. One may assume that a loss of some
10 billion US dollars in one single event would be bad enough for the total
insurance industryI, and that global capacity would be available only if
every insurance company in the world participate with its full capacity,
in covering the top catastrophe exposures, such as in the Los Angeles,
San Francisco, Mexico City or Tokyo areas. In practice a lot of companies
do not participate in reinsuring foreign catastrophic risks so the maximum
capacity available is further reduced.

This deficit in worldwide capacity will most probably last for many
years to come. The rapid growth in value concentration in highly populated
areas, inflationary effects etc. will continue, and the profitability in the
insurance/reinsurance business is rarely good enough to enable the surplus
funds to keep pace with the growth in catastrophe potential.

Other factors do contribute to the limitation of worldwide capacity.
One is the low frequency of supercatastrophes. Memory is too short not
only among the insured population, but also insurance companies do to some
extent fall in the same trap. In lines of insurance characterized by
extremely low frequency of extremely large losses the premium level generally
tends to become insufficient, although for long periods of time the profit
ability seems to be good. Primary companies hesitate to give away too much

I It is delicate to quantify the amounts mentioned here. However,
their indicated magnitude seems to be realistic.
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of this "profit" to their reinsurers, so reinsurance conditions tend to
deteriorate by increasing commissions, by extending profit commission also
to catastrophe premium etc. Reinsurers who are aware of the long term
loss potential certainly abstain from engaging themselves to their full
capaci ty.

Another factor of importance is the distribution method commonly used for
insurance and reinsurance. An insured risk is often by a broker placed
with several insurance companies and a reinsurer in his turn is via different
brokers offered participation in treaty business as well as facultative shares
emanating from different primary companies. Eventually the reinsurers
retrocede part of their portfolios to other reinsurers. The same risk or
treaty may partly be scuffled around the world via a number of reinsurers,
brokers and underwriting agencies before it eventually is kept by the last
company in a long chain. On top of all this most companies buy catastrophe
covers to protect their net retained portfolios, and such catastrophe covers
are spread among important international reinsurers already engaged in the
chain. This creates complicated problems for a reinsurer who wants to
estimate his true total exposure in an area that in an earthquake can be hit
by intensities of, say, r1r~ VI or stronger. Needless to say, it ItJill be even
more difficult to estimate what probable maximum loss he will suffer. Such
uncertainties make a cautious reinsurer anxious to maintain a certain
security margin and not utilize his theoretical maximum capacity in anyone
area. It is true that less careful reinsurers no doubt will engage them
selves without conscious apprehension, but many of these will fail to pay
their underwritten share of a supercatastrophe in full. The same will no
doubt come true in respect of many primary insurers, having been too
optimistic.

After a destructive earthquake at least domestic insurers and reinsurers
will no doubt also suffer from a substantial indirect strain on their
surplus funds. Their assets (liability funds as well as surplus) are
probably to a great extent invested in real estates, shareholding in
industrial companies etc. located in the affected area. These assets are
vulnerable to a substantial decrease in value after a major earthquake,
even if the property behind the investments is completely undamaged. People
may prefer to move to another area, an industry may suffer economically from
lack of normal supply from other, damaged industries etc. At the same
time as the liability funds (loss reserves) increase by the quake, the total
assets may thus decrease. This will put a double squeeze on the surplus funds.

What, then, can be done to make available a sufficiently high overall
capacity to insure whoever wants to protect his property and other economic
interests?

As already said, the governments after a national catastrophe are
greatly involved, not only in rescuing activities, but also to a large
extent in economic support to suffering people. The indemnification is thus
provided by insurance companies and the government. The present split is
however probably not the most efficient.

One solution has already since long been tested in the US for flood
insurance.



1528

Another solution, which in recent years has been discussed in Australia,
would be to introduce a governmental system for insuring national hazards.
It was suggested that the insurance companies should collect a catastrophe
premium, compulsory coupled with the fire policy, on behalf of the government.
The companies should keep a small fee and deliver the rest of the premium
to a government administered catastrophe fund. The fund should retain a
small share of the catastrophe risk, 5,000,000 A $ per event and reinsure the
unlimited excess liability with the worldwide insurance industry.

Such a program would however still leave the capacity problem for the
insurance industry unsolved.

A better solution, based on cooperation between governments and the
insurance industry, would probably be the following:

- The banks should ask for earthquake insurance as well as fire insurance
before giving mortgage loans.

The insurance companies should write earthquake insurances as usual in
combination with fire policies.

- The insurance companies aggregate liability should be limited in anyone
earthquake (main shock and related aftershocks together) to a fixed
but high amount per country, being adequate in relation to the afore
said surplus situation, say 5 billion dollars anyone occurrence for US
domiciled companies.

- Any amounts that may exceed the limit decided upon should be guaranteed
by the government.

Such a system could work rather well. The banks could, by requlrlng
earthquake insurance, increase the insured sector substantially. The insurance
companies do have the organization and capability to settle losses and, after
the infrequent supercatastrophes, the government would reimburse them any
amounts in excess of the fixed limit.

Whether or not such schemes come true, much can be done to improve the
insurance industry's capability to absorb a growing exposure to the earthquake
risk. The tax legislations are in most countries rather shortsighted. Sweden
is in most respects a IIhigh tax ll country, but the tax rules for insurance
companies are foresighted and logical. The companies are allowed to load
premiums and loss reserves up to high amounts taxdeductible, thus building up
substantial IIhidden ll catastrophe reserves to be used when the loss experience
turns to a severely bad one. Colombia and Mexico are on their way in the same
direction having stipulated that 80 and 60 percent respectively of the earthquake
premiums have to be put aside each year to an accumulating earthquake fund, and
that these dispositions should be taxfree.
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There is, in fact, no sense in having to pay tax on what seems to be
profit from the earthquake premium during years without damaging events.
The effects of such a taxation is even disastrous. What happens during say
a 50 years return period between two damaging earthquakes is, that only
50 %of the premium can be funded, if the corporate tax is 50 %. This
means that either the insureds must be charged twice the premium needed,
or the insurers will loose money. To charge double premium would only
increase the population's reluctance to buy earthquake coverage even more.
Hopefully the governments will realize that the premium for the catastrophe
business should be funded without a prior heavy taxation.

Thus insurers and reinsurers already today have to tackle some
intricate problems related to earthquake coverages. It is however easy
to envision one future problem which may very well outwheigh the present
ones. That is the situation which will arise when fairly reliable
earthquake predictions will be publicly announced, also for major quakes.

All insurance operations are based on the assumptions that neither
the insured nor the insurer knows when a loss will occur, but that the
losses should occur in accordance with some kind of stocastic process for
which the mean value, and preferably the variance, of the loss distribution
can be fairly well estimated.

Already before lithe prediction era ll earthquake insurance falls a little
outside these conditions. It is true that insureds or insurers do not
know when a loss will occur, but the frequency of damaging quakes in anyone
area is so low that the rating procedure is hardly a pure actuarial or
statistical task. Statistical date are too inadequate. Professor Clarence
R. Allen has pointed out I that sometimes geologic records of the Holocene
epoch, or even of the entire Quaternary period provide better knowledge about
the seismicity of any given region than actual statistical records.

However, when successful prediction will be possible also the first
condition will no longer be fullfilled. It seems evident that such predic
tions will be possible in the near future, perhaps in 10 to 20 years time.
Such a development should deserve full support from the insurance industry,
although a voluntary earthquake insurance system no longer will be possible.
A voluntary system would result in an even less demand for coverage as long
as no strong quake is predicted, whereas the demand would increase tremendously
in an area when a prediction has been issued. At that time the insurance
companies will certainly not be able to accept new liabilities to any
premium rates but such as will in turn be unacceptable to the insureds. It
may still be possible to insure high quality earthquake resistant buildings
against an unexpected total - or nearly total - loss, since for such buildings
the destruction ratio might be regarded as random.

I Earthquake Information Bulletin, Volume 10, Number 1
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It is however, difficult to suggest a general solution although some
kind of semi-compulsory coverage seems to become unavoidable. To collect
enough premiums to cover the earthquake losses only by payments made from
areas where a quake is known to be more or less imminent will anyway not
be possible.

Also other lines of insurance may be affected by earthquake prediction,
although more indirectly. A reliable prediction will be followed up by
warnings and some loss preventing measures will be taken. For instance,
people living or working in buildings of weak construction will hopefully
be moved to safer places. In most cities large areas thus will be evacuated
for some time.

Public response to warnings has been studied in connection with other
potentially dangerous events such as floods, hurricanes and tornadoes.
The common opinion is I that people will react calmly and optimistically
and to a great extent continue their daily life. Very little panic is
expected. It is however probable that some measures will have to be taken
to avoid, or at least limit possible effects of various criminal activities
in larger evacuated areas. In all big cities there is an obvious risk for
looting and burglary surges under such extraordinary conditions.

CONCLUSIONS

The first important insurance markets to become affected by successful
predictions are probably the US and Japan where the possibilities for
sufficient instrumentation seem to be the best. The US insurance market
is by far the largest and makes up for roughly 50 %of the total world
market. Although the insurance industry does not need very long time to
adjust its products in accordance with the for~seeable development it is
therefore important that representatives of local insurers and international
reinsurers keep themselves well informed in order to find future solutions
which will provide effective protection and utilize the available insurance
capacity as far as possible. The importance of an organization like
Insurance Services Office can in this connection not be stressed enough.

I Earthquake Prediction and Public Policy, National Academy of Sciences,
Washington D.C. 1975



The U. S. Geological Survey's Role in Geologic-Related Hazards Warning

by D. R. Nichols and R. A. Matthews I

ABSTRACT

In response to the Disaster Relief Act of 1974 and subsequent
delegations of authority, and under the authority of its Organic Act,
the U. S. Geological Survey published in the Federal Register a descrip
tion of its capabilities for predicting geologic-related hazardous
events and proposed procedures for providing such information to govern~

ment officials and the general public. Three levels of geologic-related
hazard information were defined: Notice of Potential Hazards; Hazard
Watch; and Hazard Warning.

Although the procedures have not been formally adopted, examples of
four potential hazards have been brought to the attention of public
officials during the past 18 months: (a) a rockfall in Billings, Montana,
(b) an active fault in Ventura, California, (c) potential hazards from
ground fissuring and faulting in Las Vegas Valley, Nevada; and (d) a
landslide near Kodiak, Alaska.

In these cases, the Geological Survey's role was essentially one of
identificating and documentating a hazard and communicating technical
information. Recommendations or orders to take defensive action are
issued by officials of State and local government, where the police and
public safety authority rests in our governmental system.

INTRODUCTION

Although the U. S. Geological Survey has been investigating geologic
related hazards for much of its lOO-year history, except for the present
Earthquake Hazard Reduction Program, it has not had formal programs
directed at hazard identification with the objective of providing warnings
for State or local governments. Nevertheless, where volcanic, landslide,
subsidence, and other hazards have been identified and mapped incidental
to other mapping programs within the Survey, such information has been
brought to the attention of concerned officials in the past.

With the passage of the Disaster Relief Act of 1974 and the redele
gat ion of authorities contained in Section 202(b), 202(c), and 202(d) of
that Act, first to the Secretary of the Department of Housing and Urban
Development, then to the Secretary of Interior, and finally to the
Director of the Geological Survey, the Survey developed proposed procedures
for warning and preparedness for geologic-related hazards. These proce
dures, based on the authority provided under the Survey's Organic Act,
are outlined in a statement published in the Federal Register on April
12, 1977 (Volume 42, No. 70).

PROCEDURES

The Federal Register statement describes the Survey's capabilities

IHazards Information Coordinator and Deputy Hazards Information Coordinator,
respectively, U. S. Geological Survey, Reston, Virginia.
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to predict hazardous events, which are defined as those geologic proc
esses and conditions that could result in harm to people and property.
These include earthquakes, volcanic eruptions, landslides, mudflows,
subsidence, and glacier-related phenomena, such as the release of
glacier-dammed lakes and rapid ice surges or retreats. The statement
also notes that the present capability of scientists to predict hazard
ous events varies greatly with the type of event and with regard to its
time, place, and magnitude of effects. The Federal Register statement
summarizes the state-of-the-art in predicting each type of these events
and emphasizes that, except for earthquakes, there is no comprehensive
national program to identify, map, or evaluate geologic-related hazards.
It does note, however, that when and where information is obtained, the
u. S. Geological Survey will attempt to authenticate it and communicate
such information to appropriate State, local, and Federal authorities
and to the public.

Hazard Identification

When a potentially hazardous event, process, or condition is identified
by a Survey employee during the course of carrying out official duties
and responsibilities, the employee is asked to document the potential
hazard as precisely and completely as possible. As a minimum, the
documentation should describe:

(a) geologic, hydrologic, or other pertinent conditions that exist;

(b) factors that indicate that such conditions constitute a potential
hazard;

(c) location or area that may be affected:

(d) estimated severity and time of occurrence, if such estimates
are justified by available information;

(e) other pertinent supporting data, including estimates of the
size of the population likely to be affected and, if appropriate,
the number and types of structures likely to be affected;

(f) possible mitigating measures, if appropriate, and their potential
effectiveness; and

(g) where possible, a listing of the names of authorities known to
have principal responsibility for health, safety, and welfare
in the area likely to be affected (i.e., Mayor, City Engineer,
Department of Public Works, County Manager, or, if multicounty
or multistate, Governors and Offices of Emergency Services) and
Federal agencies having installations, structures, or activities
in the area.

Hazard Evaluation

Three levels of geologic-related hazard information were defined ln
the Federal Register statement: (1) Notice of potential hazard.--The
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communication of information on the location and possible magnitude of
geologic effects of a potentially hazardous geologic event process, or
condition.

(2) Hazard watch.--The communication of information, as it develops
from a monitoring program or from observed precursor phenomena, that a
potentially catastrophic event of generally predictable magnitude may be
imminent in a general area or region and within an indefinite time
period (possibly months or years).

(3) Hazard warning.--The communication of information (prediction)
as to the time (possibly within days or hours), location, and magnitude
of a potentially disastrous geologic event or process.

These terms refer to the issuance of technical information to
officials responsible for public safety and to the news media.

Information pertaining to potentially hazardous conditions or
events is submitted to a carefully selected scientific evaluation panel
for review of the scientific basis for the hazard identification. Such
panels may be established formally, such as the Survey's Earthquake
Prediction Council (now being reconstituted as the National Earthquake
Prediction Council), which relies on scientific expertise pertaining to
a specific type of hazard; or informally with membership changing
according to the need for topical or areal expertise consistent with
different types or areas of potential hazard. Upon review of the
evidence, the evaluation panel transmits its finding and recommendations
to the Director. The panel may find that: (a) a hazard to life or
property is unlikely or insufficiently defined to justify a Notice of
Potential Hazard without additional information; (b) a potential hazard
to life or property exists; (c) the potential hazard exists and that
monitoring by the Geological Survey could lead to better definition of
location or magnitude, extent, or timing of hazard; or (d) the hazard
conditions are sufficiently well-defined as to location, magnitude, and
time to warrant the issuance of a Hazard Watch or Hazard Warning.

Similarly, the Director will undertake to have reviewed and eval
uated identifications or predictions of potentially hazardous events
made by scientists outside the Geological Survey as deemed appropriate
or upon the request of the head of a concerned State or Federal agency.
The requestor will be notified promptly of the findings of the eval
uation panel and, if appropriate, a Notice of Potential Hazard, Hazard
Watch, or Hazard Warning will be issued.

Communication

The procedures to be followed by the U. S. Geological Survey in
documenting and verifying information on potential hazards and in
transmitting it to government officials and the public depend on (1) the
apparent urgency in releasing information in order to save lives and
property, (2) whether the information was developed as an objective of a
Survey project, incidental to a project, or unrelated to a specific
project but in connection with official duties. The procedures outlined
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are intended to transmit such information as soon as possible consistent
with sound scientific review.

In rare instances the initial identification of a hazardous event
may be made while the event is in process or when it is likely to occur
so soon that no time is available to contact a Geological Survey office.
If a Survey employee observes such an immediate hazard that presents a
clear risk to life and property, and there does not appear to be sufficient
time to contact a responsible Survey official for scientific evaluation
and policy review, the employee should make every reasonable effort to
communicate the observations immediately and directly to the affected
parties and appropriate local public officials.

In most instances, however, there will be sufficient time to provide
a thorough scientific review and evaluation before communicating the
information to appropriate public officials.

Transmittal of such information is commonly as a letter, followed
by a news release. The letter includes a description of the geologic
and hydrologic conditions that exist, the factors that suggest such
conditions constitute a potential hazard, and the location or area they
may affect. In most instances it will not be possible to estimate the
severity of the hazard or the time it might occur. Where potentially
hazardous conditions are monitored by the Geological Survey, local,
State, and Federal authorities will be informed periodically of the
results of such investigations. Technical assistance, to the extent
possible, will be extended as requested by these officials to assist in
developing possible mitigation measures.

Notices of Potential Hazard, Hazard Watches, and Hazard Warnings to
government agencies will also include: (a) the statement of the authority
of the Geological Survey for issuing the Notice, Watch, or Warning; (b)
copies of scientific papers or authentication reports that form the
basis of the Notice, Watch, or Warning; (c) an offer to consult with any
reviewers that the governor or governors of affected States may wish to
appoint; (d) an offer to provide appropriate technical assistance within
areas of expertise in the Geological Survey in evaluating possible
geologic hazards as it may effect people and property; (e) a statement
of what additional steps, if any, the Geological Survey proposes to take
to better define the degree or area of hazard; and (f) a list of all
parties to whom the Notice, Watch, or Warning is being transmitted.

ACTIVITIES TO DATE

Upon publication of the Federal Register statement, letters were
transmitted to the governors of all 50 States and Territories and to
some 75 Federal agencies inviting them to designate representatives with
whom the Geological Survey could develop specific procedures for trans
mitting information on geologic-related hazards. Only three States
failed to name a representative. Of those named, 25 are with State
Offices of Civil Defense or Disaster Preparedness, 18 are with State
Geological Surveys, seven are members of governor's staff, three are
from State Departments of Natural Resources, two are from State Planning
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offices, one from a State Institute for Environmental Quality, and one
is with the State university; several States named two representatives.
Since then, we have met with representatives from 18 states and other
officials as appropriate, in groups of two to four States at a time to
work out detailed procedures tailored to the interests of each State.
We have normally invited representatives from National Oceanic and
Atmospheric Administration, the Federal Disaster Assistance Administration,
and on two occasions, the Environmental Protection Agency, to these
meetings. In general, the procedures that have evolved follow the
pattern established with the State of California. The Survey's Hazards
Information Coordinator will telephone the designated State representative
to provide advance notice that a hazard communication is under considera
tion; where time permits, a draft of a letter will be sent to the State
representative for comments. If the representative is not the State
Geologist, a copy of the draft will also be sent to him. The State will
then provide their response, which will be included with the recommenda
tions of the evaluation panel and the Hazards Information Coordinator,
and will be sent to the Director.

If the Director decides to issue a Notice, Watch, or Warning, an
official letter will be sent to the State representative with copies to
all affected State agencies, such as the State Geological Survey, the
State Engineer, and the Department of Transportation; the State's
Senators and Congressional representatives whose districts are effected;
and the mayors and chairmen of Boards of Supervisors of affected local
jurisdictions. A news release for general circulation will be issued
simultaneously or shortly after the official notice. Copies of the
letter and documentation will also be sent to designated representatives
of all Federal agencies that have facilities in the affected area or
that have loan or grant programs to the State(s), local jurisdiction(s),
and organizations in the affected area.

Pending adoption of final procedures, official Hazard Notices,
Watches, or Warnings are not being issued. Nevertheless, letters that
are generally in accordance with the procedures described in the Federal
Register have been sent to four jurisdictions and are examples of what
would constitute a Notice of Potential Hazard. The first was to the
Mayor of Billings, Montana, notifying him of a potential rockfall on the
bluffs of the Yellowstone River where a block of rock, weighing approximately
20,000 tons, appears to be moving outward and endangering three to eight
residences below.

The second letter was to the State Geologist of California, who has
responsibility under the Alquist-Priolo Special Study Zone Act, to
designate areas of active and potentially active faulting. In this
case, the Survey transmitted an MF map that showed the location of the
Ventura fault, which passes through Ventura, California. The accompa
nying text provides evidence that the fault has been active within the
last 6,000 years. State law requires that the State Geologist designate
such faults as active and delineate a special studies zone a quarter
mile wide or less on either side of the active traces. A third letter
and accompanying open-file report was sent to the Nevada State represen
tative describing potential faulting and fissuring accompanying differ
ential subsidence along pre-existing faults in the alluvium of Las Vegas



1536

Valley. Should differential subsidence continue, it could result in
increased fissuring and movement along pre-existing faults which would
endanger the foundation of structures built across them. The most
recent letter and open-file report was sent to the State of Alaska's
representative describing a large landslide extending from sea level
to 1,100 feet above Kodiak Harbor. Portions of the landslide, which is
a half mile wide and more than 180 feet thick, are currently moving
slowly. If the entire mass were to fail suddenly, perhaps triggered by
an earthquake or an extremely heavy rainfall, it could generate a sea
wave comparable to the tsunami that struck Kodiak during the 1964 Alaskan
earthquake in which more than 24 billion dollars damage occurred and two
people lost their lives (Kachadoorian and Plafker, 1967, p. F17).

Several examples illustrate what might constitute a Hazard Watch.
One involved alerting State and local officials of a possible flank
eruption of Mauna Loa volcano during 1978. Survey personnel are moni
toring the volcano and have participated with State and local officials
in pre-eruption planning. Another example is the visit of the Director,
in 1976, to notify Governor Brown's office of the uplift along the San
Andreas fault in southern California and of the monitoring activities
being planned. The Survey, in cooperation with the National Geodetic
Survey and State and local agencies, has resurveyed the area and has
installed numerous instruments to detect possible precursory indicators
of earthquakes. A third example is the notification of State, local, and
Federal officials of the increased activity of Mount Baker in 1975,
which resulted in a number of measures to limit human occupation of
potential hazard areas (Frank, Meir, and Swanson, 1977, p. 39-41).
Subsequent monitoring indicated a lower level of risk and restrictions
were lifted.

There are no examples of predictions having been made that would
constitute a Hazard Warning as defined in the Federal Register. However,
if Mauna Loa continues to perform according to past history, such a
warning could be issued to the State and the city of Hilo.

In addition to meeting with State and Federal representatives to
develop specific procedures for communicating information of geologic
hazards, the Geological Survey plans to conduct workshops in areas
affected by identified geologic-related hazards to help public officials
and the public understand the nature of the hazard and possible mitiga
tion measures that could be undertaken to reduce risk. We are also
preparing leaflets, pamphlets, circulars, and a 30-minute movie to help
the public and governmental officials understand the nature of geologic
hazards and measures by which they could avoid or mitigate the effects.

PROBLEMS

The Survey recognizes that providing earth-science information in
accordance with its expertise is only the first of the inputs needed by
State and local governments and the public in mitigating the effects of
geologic hazards. The actual adoption of the most effective mitigation
measures by local authorities will result from a cooperative effort by
agencies at all governmental levels and by nongovernmental organizations
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and the public. Decisions for adoption of such mitigation measures
should be based upon a broad range of earth-science, engineering, and
socio-economic information.

Our experience to date in communicating information on geologic
hazards to Federal and State governments has been generally positive.
Most are quite receptive to the Federal government and the Survey
undertaking this role and are pleased to cooperate. However, local
government recipients of such information have been much less enthusi
astic. They are faced with two principal problems. First, they lack
the technical expertise to assess the specific risk involved and the
funding to develop possible engineering solutions to the risks where
such may be economically feasible. Second, local governments are also
faced with the possibility that, given the information, they may be
liable for any failure to reduce the hazard. Unfortunately, funds from
State and Federal agencies are generally not available to assist in
hazard mitigation until after a disaster has occurred.

The Program we have described is in the developmental stage and
will be modified as time and experience dictate. We are attempting to
assess the effects and results of the program as it proceeds and to
monitor socioeconomic research on hazard warnings to help guide our
efforts. Several areas of needed improvement have been identified.
First is the possible need for more explicit legislative authority,
coupled with an amendment to the Federal Tort Liability Act to exempt
the Survey from liability for the issuance of warnings. Such exemption
may be needed to avoid law suits seeking compensation for losses to
individuals or a community as a result of a warning. It would also
avoid liability for not issuing warnings of events of which we have no
fore knowledge. The Survey is also in the process of drafting a charter
for a National Earthquake Prediction Evaluation Council to expand the
expertise available for evaluating earthquake predictions.
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